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ABSTRACT

Background/Aim: Tuberculosis (TB), is an infectious, airborne disease caused by
Mycobacterium tuberculosis (M. tuberculosis). TB remains one of the most devastating
bacterial causes of human mortality, especially in low-income countries. Surface located
adhesins are crucial for M. tuberculosis survival, as they initiate and perpetuate host-pathogen
interactions. The adhesin, M. tuberculosis curli pili (MTP), plays a role in adhesion and
invasion of host cells and biofilm formation, whilst heparin-binding hemagglutinin adhesin
(HBHA) promotes M. tuberculosis dissemination from the site of infection. The use of
transcriptomics promises to enhance current knowledge on MTP and HBHA as virulence
factors, thereby substantiating their role as biomarkers for the development of accurate TB
diagnostics and therapeutics. Therefore, this study aimed to elucidate the role of MTP and
HBHA in the regulation of M. tuberculosis transcriptome, and to identify novel biomarkers.
This was achieved by analysing the transcriptomic perturbations in the strains lacking the MTP
adhesin, HBHA adhesin or both MTP-HBHA adhesins and the strains containing the
aforementioned adhesins.

Methods: Polymerase chain reaction (PCR) confirmed strains of M. tuberculosis wild-type
(WT), mtp-deletion mutant (Amtp), hbhA-deletion mutant (AhbhA), mtp-hbhA-deletion mutant
(Amtp-hbhA), and the respective complemented strains, were standardized and cultured until
log phase. Thereafter, the bacterial cultures were prepared for RNA extraction. RNA was
extracted via an optimized TRIzol method and sequenced using the lllumina 2x150 HiSeq x10
platform. The sequenced reads were analysed by FastQC toolkit (version 0.11.8), pre-
processed using Trimmomatic (version 0.36), mapped to the custom-built M. tuberculosis
H37Rv genome index using hierarchical indexing for spliced alignment of transcripts (HISAT
version 2.1.0), assembled by Stringtie (version 1.2.1), and further annotated and assembled the
transcripts into known and novel categories by Gffcompare, located within Stringtie. The
output files were annotated in R (version 1.2.1578) using the Ballgown package to generate the
respective fold changes (FC) between the deletion mutants and the WT, and g-values and p-
values for the differential expression. The generated results were filtered using a FC cut-off
value > 1.3 (to indicate a 1.3-fold up-regulation) and < 0.5 (to indicate a 2-fold down-
regulation) to identify significant genes and pathways. Thereafter, relevant databases and
literature were reviewed to categorize the genes into pathways. Real time quantitative PCR

(RT-gPCR) was performed on 10 selected genes, as a genotypic method to functionally confirm

XVii



the RNA sequencing data. A bacterial bioluminescence cell viability assay was performed to
elucidate the concentration of adenosine triphosphate (ATP) in the deletion mutants and

complements, relative to the WT.

Results: A total of 43 genes were significantly differentially expressed amongst the deletion
mutants. These genes were functionally categorized into: intermediary metabolism and
respiration metabolism, cell wall biosynthesis, cell wall transport and processes, lipid
metabolism, and virulence; stable RNA’s; conserved hypotheticals; proline-glutamate (PE) or
proline-proline-glutamate (PPE); insertion sequences and phages; and information pathways.
The bioluminescence assay functionally confirmed the increased utilization of ATP in the
absence of MTP and HBHA.

Discussion/Conclusion: Adhesin gene deletions caused major perturbations to the central
carbon metabolism, cell wall biosynthesis, cell transport process, lipid biosynthesis, and
virulence pathways, leading to potentially increased energy requirements; compensatory
transport of proteins to the cell wall, altered cell wall biosynthesis and decreased virulence and
pathogenicity. Additionally, deletion of these adhesins resulted in the disruption of many
processes potentially attenuating growth and replication. Thus, this study further corroborates
the adhesins, MTP and HBHA, and associated pathway genes as potential suitable targets for

TB diagnostic/therapeutic interventions.
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Introduction

Tuberculosis (TB), formerly known as “consumption”, is an infectious, airborne disease caused
by Mycobacterium tuberculosis (M. tuberculosis). TB remains one of the most devastating
bacterial causes of human morbidity and mortality, particularly in low-income and middle-
income countries (Fogel, 2015, Pai et al., 2016). It is acquired by the inhalation of infectious
aerosol particles that are released in close proximity to another individual (Comas et al., 20009,
Cruz-Knight and Blake-Gumbs, 2013). In most instances, individuals who inhale the bacteria
mount an effective immune response in the lungs, leading to successful inhibition of the growth
of M. tuberculosis resulting in dormancy of the bacteria, referred to as latent TB that is

consequently asymptomatic (Thillai et al., 2014).

In 2019, an estimated 1.4 million TB deaths and an additional 208 000 deaths from TB-human
immunodeficiency virus (HIV) co-infected individuals (World Health Organization (WHO),
2020) were reported globally. The highest incidence rate of TB in 2019 were reported in South-
East Asia (44%), Africa (25%), and Western Pacific (18%) (WHO, 2020). Approximately one
third of the human population live with latent TB infection (WHO, 2016). Latent TB infection
can progress into a more severe state of active TB that manifests as pulmonary disease, with
symptoms that are easily identified such as fever, coughing and severe chest pains (Berry et
al., 2013, Fogel, 2015). Approximately 5-10% of latent TB infection cases are at risk of
progressing to active TB (Comas et al., 2009, Cruz-Knight and Blake-Gumbs, 2013).
Immunocompromised individuals, such as those with cancer or HIV or currently taking

immunosuppressing medication pose a higher risk of progressing to active TB (Fogel, 2015).

In 2019, approximately 10 million cases of TB were reported, and of these, 8.2% were HIV
co-infected individuals (WHO, 2020). Deaths due to TB accounted for 1.21 million and 208
000 amongst HIV negative and HIV positive individuals, respectively (WHO, 2020). Between
2000 to 2015, only 49 million deaths were averted globally due to the persistent gaps in
treatment and diagnostic testing (WHO, 2016). Hence, TB still poses a global health threat
and remains one of the most significant and severe cause of death from an infectious disease
(WHO, 2020).

In 2015, Kwa-Zulu- Natal (KZN) had the highest burden of multi-drug resistant TB (MDR-
TB) and extensively drug resistant TB (XDR-TB) cases that were reported in South Africa

(Heidebrecht et al., 2016). A gross underestimation of the prevalence of TB was reported in
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both the Western Cape (Claassens et al, 2013) and KZN (Wallengren et al., 2011). This
particular underestimation was evident despite KZN reporting the highest incidence rates of
MDR and XDR-TB (Wallengren et al., 2011). Hence, rapid TB detection and treatment is
imperative in order to address the global MDR and XDR-TB crisis (WHO, 2018).

The rapid increase in drug resistance, lack of an effective vaccine and efficacious drugs
(Andersen and Doherty, 2005), and the growing HIV epidemic (Karim et al., 2009), are the
major contributors to the high TB burden in South Africa (Hughes and Osman, 2014). The TB
vaccine currently being used, developed in 1921, proves only partially effective and serves
little protection to adults (Calmette and Plotz, 1929, Andersen and Doherty, 2005). The slow
replication rate of M. tuberculosis leads to diagnostic delays as a result of slow diagnostic tests
(Vaughan et al., 1989), which significantly contribute to an increase in the transmission of TB
and its acquistion of drug resistance (EI-Sony et al., 2002). Hence, novel TB diagnostic

biomarkers that incorporate cost effective point-of-care (POC) tests, are of urgent need.

The increase in global efforts to decrease transmission of TB should focus on POC testing,
followed by prompt drug administration and the subsequent TB management, especially in
third world countries burdened by this disease (Wallis et al., 2013). A small number of the
newly designed putative diagnostic tests, such as paper-, immune- and PCR-based diagnostics,
were adopted for routine diagnosis (Parsons et al., 2011, Somoskovi, 2015). Since the current
approaches, QuantiFERON®-TB Gold In-Tube and T-Spot, show cross-reactivity (Helmy et
al., 2012), poor predictive values and are unable to distinguish between re-infections and new
infections, alternative innovative approaches and increased research efforts are in urgent need
for the design of novel drugs and rapid diagnostic tools for the eradication of TB, especially
MDR and XDR TB.

The exploration of virulence factors, biomarker discovery and genomic evolution of M.
tuberculosis has been facilitated by the availability of the complete genomes of M. tuberculosis
complex (MTBC) and nontuberculous mycobacteria (NTM). In addition to the genomes being
compared for identification of unique epitopes to M. tuberculosis, the amino acid profiles
(Brosch et al., 2002) can be analysed further to identify folding and secretion characteristics
and can be used for transcriptomic research that explores the host and pathogen-associated
biomarker discovery (Parsons et al., 2011).

M. tuberculosis pathogenesis encompasses many processes. Understanding each stage of host-

pathogen interactions allows the identification of novel biomarkers enabling the development
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of various TB diagnostics and therapeutics that could potentially eradicate this disease. An
important stage of TB infection is the initial adherence of M. tuberculosis to the host-target
tissue (Pethe et al., 2001, Sia et al., 2015). Mycobacterium tuberculosis adhesins comprises
transmembrane proteins and proteins with and without signal peptide sequence (Klemm and
Schembri, 2000, Vinod et al., 2020). The host-pathogen interaction results in adhesion of the
microbes to host cells, inducing immune response and aids in the pathogenesis of the disease
(Niemann et al., 2004, Vinod et al., 2020). Enhancing current information on adhesins will
prove to be beneficial in the development of novel therapeutic strategies, and aid in the
identification of diagnostic markers, new drug targets, and vaccine candidates (Vinod et al.,
2020). Mycobacterium tuberculosis encodes multiple adhesins, which include M. tuberculosis
curli pili (MTP) (Alteri et al., 2007) and heparin-binding hemagglutinin adhesin (HBHA)
(Pethe et al., 2001).

As a virulence factor, HBHA (Rv0475) is present during early stages of TB infection and is
responsible for the initial interaction with epithelial cells (Pethe et al., 2001). Significant
reduction in adhesion and invasion of A549 pneumocytes by M. tuberculosis HBHA-deficient
strain, relative to the wild-type (WT), depicted HBHA as a principle M. tuberculosis adhesin
crucial in its interaction with the host cell (Pethe et al., 2001). Additionally, HBHA was
observed to play a role in the binding of the pathogen to glycoconjugates of the epithelial cells
(Pethe et al., 2001). Antibody responses to HBHA, suggest it may provide additional immune
protection against M. tuberculosis (Pethe et al., 2001). Microscopy studies (Menozzi et al.,
2006), suggested that HBHA induces epithelial transcytosis, which could represent a
macrophage-independent extrapulmonary dissemination mechanism, subsequently leading to
M. tuberculosis infection. The HBHA adhesin is a noteworthy marker, distinguishing active
TB from latent TB infection (LTBI) in humans, as the presence of this adhesin induces a higher
level of interferon-y (IFN-y) in LTBI (Hougardy et al., 2007). Furthermore, the HBHA adhesin
facilitates cell adhesion and bacterial aggregation, two crucial steps in TB pathogenesis
(Esposito et al., 2012). Hence, HBHA may pose as useful target in TB diagnostics and
therapeutics (Esposito et al., 2012).

Virulence factor and putative diagnostic/therapeutic target, MTP (Rv3312A) (Alteri et al.,
2007), has been reported as another important target for vaccine and drug development.
Mycobacterium tuberculosis curli pili binds to laminin and is known to react with IgG

antibodies in TB patients’ sera (Alteri et al., 2007). Genomic studies highlighted that the mtp
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gene (Rv3312A), is a conserved gene that is unique to M. tuberculosis complex (MTBC)
pathogens (Naidoo et al., 2014). Additionally, a synthetic MTP peptide was shown to react
with IgG antibodies of patients (Naidoo et al., 2018). Functional genomics studies illuminated
the role MTP plays in adhesion and invasion of THP-1 macrophages (Ramsugit and Pillay,
2014) and A549 epithelial cells (Ramsugit et al., 2016). Furthermore, MTP is known to play a
role in biofilm production (Ramsugit et al., 2013), and may reduce chemokine/cytokine
induction in epithelial cells as a survival mechanism (Ramsugit et al., 2016). Thus, MTP may
pose as a suitable biomarker candidate for the development of a POC TB test, and TB

therapeutics.

Global transcriptomic analysis provides a fundamental link between the genome and proteome
by evaluation of global changes occurring in gene expression profiles of cells, tissues, organs
or whole organisms (Parida and Kaufmann, 2010). Transcriptomic studies, using RNA
sequencing, investigating the in vitro role of MTP in induction of host immune response,
highlighted that mtp affects A549 alveolar epithelial cell gene regulation, including cell surface
receptors (Dlamini, 2016).

Transcriptomic investigations on the combined effect of MTP and HBHA on adhesion and
invasion in a THP-1 human macrophage model, demonstrated that, in combination, these
adhesins influence transcriptional changes favouring adhesion and subsequent invasion of
macrophages (Moodley et al., 2018, unpublished). This data was supported by a functional
genomic study by Govender et al, 2018 in which bacterial growth and biomass formation was
facilitated by the MTP and HBHA adhesins, in combination (Govender et al., 2018).

Collectively, these findings indicate the potential these adhesins may represent as TB
biomarkers or novel targets for a POC diagnostic test, vaccine, and drug developments.
Therefore, with the use of functional transcriptomics, real time quantitative PCR (RT-gPCR)
and a phenotypic bioluminescence assay, this study aimed to determine the individual and

combined effects MTP and HBHA have on the bacterial transcriptome of M. tuberculosis.
Dissertation outline

This dissertation comprises of 3 chapters. Chapter 1 reviews the relevant literature. Chapter 2
presents Manuscript 1, which is ready for publication, and which investigated the individual
and combined roles MTP and HBHA play in regulation of M. tuberculosis bacterial
transcriptome, using M. tuberculosis V9124, Amtp, AhbhA, and Amtp-hbhA deletion mutants
and their respective complemented strains. Chapter 3 synthesises the eminent findings from
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the literature review and manuscript, highlights limitations and provides the conclusions and

recommendations for future studies.
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Chapter 1: Literature Review

1.1  Epidemiology of tuberculosis

Globally, tuberculosis (TB) remains the leading cause of death from a single infectious agent,
superseding human immunodeficiency virus/acquired immunodeficiency syndrome
(HIV/AIDS) (WHO, 2020). In 2019, an estimated 10 million individuals contracted TB, a
number that has very gradually declined in recent years (WHO, 2020). An estimated 1.4 million
deaths, and an additional 208 000 deaths from TB-HIV co-infected individuals were reported
in 2019 (WHO, 2020). Globally, South Africa (SA) along with India, Indonesia, Philippines,
Nigeria, China, Pakistan, and Bangladesh account for two thirds of TB related deaths (WHO,
2020). The severity of TB in SA is alarming (Figure 1.1), with more than 500 new cases per
100 000 population (WHO, 2020). An estimated 36 000 TB-HIV deaths was reported in 2019
in SA (WHO, 2020). The high prevalence of HIV infected individuals in SA, 20.4% of the
population (Avert, 2018), has potentially led to the increased TB incidence rates during the
early 1900’s, according to the National Institute For Communicable Diseases NICD, 2016).
The TB-HIV co-infection rate was estimated at 63.2% in 2015 (NICD, 2016), which dropped
to 60% in 2017 (WHO, 2018) and significantly increased in 2019 to almost 70% (WHO, 2020).

Approximately 1.7 billion people, estimated 23% of the world’s population, have latent TB
infection, and thus are at risk of developing active TB during their lifetime (WHO, 2018).
Latent TB infection is a result of the hosts’ immune system regulating the bacterial growth to

an extent to which the bacteria becomes inactive (Zufiiga et al., 2012).

Tuberculosis incidence rate and mortality is declining globally at approximately 2% and 3%
per year respectively, with 16% of TB incidents resulting in death (case fatality ratio) (WHO,
2018). To achieve the first milestone of the End TB strategy of 2020, the incidence rate should
fall between 4-5% per annum, with the case fatality ratio declining to 10% (WHO, 2018).
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Figure 1.1. Estimated global incidence rates of TB in 2019 (WHO, 2020).

1.2 Drug resistance

The phenomenon of drug resistance was first described during the very first human TB therapy
trial in 1948 (Daniels and Hill, 1952, Pai et al., 2016). The widespread emergence of resistant
strains has been described, usually, within a decade of the introduction of new anti-TB drugs
into clinical practices. Drug resistance in M. tuberculosis occurs through genetic mutations
(Gillespie, 2002). Currently, no reports have been noted of resistance developed by the
acquisition of new deoxyribonucleic acid (DNA) (Nebenzahl-Guimaraes et al., 2014, Pai et al.,
2016).

Drug resistance continues to be a public health crisis, with approximately 465 000 individuals
developing resistance to the most effective first line drug, rifampicin (R), of which 78% were
multi-drug resistant TB (MDR-TB) (WHO, 2020). Mycobacterium tuberculosis strains that
are resistant to the two most effective anti-TB drugs (rifampicin and isoniazid), are termed
MDR-TB and have been reported in virtually all countries (WHO, 2020). In 2019, SA had an
estimated 14 000 new MDR/RR- TB cases (WHO, 2020). In 2019, an estimated 3.3% of
incidence cases and 18% of previously treated cases developed RR-TB/MDR-TB (WHO,
2020). Among these cases of MDR-TB, 12 350 incidences were estimated to have extensively
drug-resistant TB (XDR-TB), caused by M. tuberculosis strains that are resistant to at least four

of the core TB drugs including, isoniazid and rifampicin, in addition to any fluoroquinolones



and second line injectables, including, amikacin and kanamycin (WHO, 2020). Approximately
619 new cases, of these 12 350 XDR-TB incidences, were reported in Africa (WHO, 2020).

Totally drug resistant TB (TDR-TB) refers to those strains of M. tuberculosis resistant to all
first- and second-line TB drugs (Parida et al., 2015). In 2012, there were 12 reported cases of
TDR-TB in Mumbai, India, that were found to be resistant to 12 TB drugs (WHO, 2013). A
study by Klopper et al., (2013), found that 93% of atypical XDR Beijing isolates from SA, had
mutations that conferred resistance to 10 anti-TB drugs, with some isolates resistant to para-
aminosalicylic acid, suggesting the emergence of TDR-TB in SA (Klopper et al., 2013).

1.3 Characteristics of Mycobacterium tuberculosis

Mycobacterium tuberculosis is a facultative anaerobic intracellular pathogen (Ducati et al.,
2006). The non-motile, capsulated (Daffe and Reyrat, 2008), non-sporing pathogen (Ducati et
al., 2006) is able to infect and persist in humans for decades despite the presence of functioning
immune cells (Kalscheuer et al., 2019). The slender rod shaped bacteria (Kumar et al., 2013),
range between 1 - 4 pum in length and 0.3 - 0.6 um in width (Ducati et al., 2006).
Mycobacterium tuberculosis optimally grows at 35 - 37°C, with the optimal pH ranging
between 6.4 to 7 (Kannan, 2016). The slow growing pathogen has an average generation time
of 15 to 24 hours in synthetic media and infected tissue (Cole et al., 1998, Kannan, 2016). In
laboratories, M. tuberculosis is grown in either Middlebrook 7H9 broth or on Middlebrook
7H11 agar plates or Lowenstein-Jensen solid media (Kannan, 2016). Mycobacterium
tuberculosis colonies on solid media start to appear at two weeks of incubation and could take
up to eight weeks to grow (Kannan, 2016). Colonies appear creamy white with a raised
elevation, irregular shape, and a wrinkled, dry surface on Middlebrook 7H11 plates, after an
incubation period of three to four weeks (Bloom and Murray, 1992, Kannan, 2016).
Mycobacterium tuberculosis is an acid-fast, Gram-positive bacteria (Kannan, 2016). The acid-
fast bacteria stain bright red through the Ziehl-Neelsen stain, which makes the cording
appearance of the pathogen more prominent under a microscope (Kannan, 2016). Additionally,
this pathogen is resistant to drying, which significantly contributes to the ease of its
transmission. Although M. tuberculosis is Gram-positive, their highly impermeable cell walls
make them difficult to stain (Kannan, 2016).



1.3.1 Mycobacterium tuberculosis cell envelope

A hallmark of M. tuberculosis survival is the complexity of its cell envelope (Kalscheuer et al.,
2019). The cell envelope is abundant with polysaccharides and lipids and has a unique chemical
structure (Angala et al., 2014, Jankute et al., 2015). The intrinsically highly impermeable nature
of the M. tuberculosis cell wall is due to the presence of mycolic acids (Kannan, 2016) and the
intricate organization of its components (Brennan and Crick, 2007). Mycobacterial cell
envelopes consist of four layers, which include: the plasma/inner membrane (IM), a
peptidoglycan-arabinogalactan complex (AGP), an asymmetrical outer mycomembrane
covalently bonded via mycolic acids to AGP, and the outer capsule (Daffe and Reyrat, 2008).
The mycobacterial capsule has a weak bond to the cell wall and can be dispensed to the growth

medium whilst retaining similar physicochemical characteristics (Lemassu et al., 1996).

Mycobacterium tuberculosis has a distinct cell wall that consists of lipids, polysaccharides, and
proteins (Kumar, 2015). A major part of the cell wall is comprised of lipids (60%) (Kumar,
2015). The distinct layers of M. tuberculosis comprise: arabinogalactan, mycolic acids,
peptidoglycan, and mycoside (Figure 1.2) (Kumar, 2015). Mycosides comprise phenolic
glycolipids or peptidoglycolipids, and form the outermost cell layer consisting of agglutinogen
antigens (Kumar, 2015). A fundamental component of the M. tuberculosis cell wall is the
mycolic acid layer (Kumar, 2015). The mycolic layer lies beneath the outermost mycoside
layer (Kumar, 2015), and comprises long a-alkyl and B-hydroxy fatty acids, bonded to
arabinose terminal units of arabinogalactan via ester bonds (Kumar, 2015). The mycobacterial
cell envelope comprises 50% of mycolic acids, that are hydrophobic in nature (Todar, 2012).
The ester bonded molecules form a lipid shell that protects the extracellular mycobacteria from
deposition in the serum, by disturbing cell surface permeability (Todar, 2012). Additionally,
mycolic acids were observed to form a protective layer within the phagocytic granule,
protecting the cell against oxygen radicals, cationic proteins and lysozymes (Todar, 2012).
Arabinogalactan is located external to the innermost peptidoglycan layer and is responsible for

maintaining the cell shape and rigidity of the pathogen (Kumar, 2015).
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Figure 1.2. The cell wall structure of M. tuberculosis (Kleinnijenhuis et al., 2011).

1.4 Pathogenesis of Mycobacterium tuberculosis

Mycobacterium tuberculosis has no known environmental reservoir except humans (host);
thus, it is both a symbiont and a pathogen (Comas et al., 2013, Pai et al., 2016). This presents
many implications in the understanding of host-pathogen interactions (Comas et al., 2013, Pai
et al., 2016). Therefore, investigation of host-pathogen interactions may enhance current
knowledge and aid in eradication of TB.

Pathogenesis of M. tuberculosis comprises four distinct stages which include: inhalation of the
bacilli, recruitment of the inflammatory cells, control of the pathogen’s growth and the

reactivation of M. tuberculosis (Zufiiga et al., 2012).

Mycobacterium tuberculosis infection is initiated by the inhalation of the bacilli into the alveoli
(Hestvik et al., 2005, Bruns and Stenger, 2014, Ryndak et al., 2015), where it encounters
resident macrophages serving as the first line of defence. If the macrophages fail to eliminate
it, M. tuberculosis initiates the invasion of lung interstitial tissue, either by direct bacterial
infection of the alveolar epithelium or migration of the infected macrophages to the lung
parenchyma epithelium (Lin et al., 2014, Pai et al., 2016) (Figure 1.3a). The pathogen is then
transported, by either inflammatory monocytes or dendritic cells, to the pulmonary lymph

nodes for T-cell priming (Lin et al., 2014, Pai et al., 2016). Cell priming then leads to



recruitment of immune cells, which include the B- and T-cells, to the lung parenchyma forming
a granuloma (Lin et al., 2014, Pai et al., 2016). Replication of the bacteria then occurs within
the growing granuloma, and once the bacterial load becomes too great, the granuloma fails to
contain the infection (Figure 1.3b), subsequently leading to dissemination to the local lymph
nodes and other organs, including the brain (Lin et al., 2014, Pai et al., 2016). At this phase in
the infection, the bacteria can re-enter the respiratory tracts to be released or enter the
bloodstream, thereby making the host infectious and symptomatic allowing for progression to
active TB (Lin et al., 2014, Pai et al., 2016).
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Figure 1.3. Active and latent M. tuberculosis infection (Pai et al., 2016).



Studies on the lungs of aerosol-infected mice have provided evidence for the extensive
replication of M. tuberculosis in non-migrating, non-antigen-presenting-cells in the alveoli
during the first 2-3 weeks post-infection (Wolf et al., 2008). The alveoli are lined by two types
of alveolar epithelial cells (AEC), namely, Type | and Type Il, which outnumber alveolar
macrophages (Crandall et al., 1991, Schneeberger, 1991). Mycobacterium tuberculosis DNA
and viable M. tuberculosis have been observed in AEC as well as other non-macrophage cells
of the spleen, kidney and liver in autopsied tissues obtained from latently infected subjects
from TB-endemic regions, indicative of systemic bacterial dissemination during the primary
infection (Ryndak et al., 2015). M. tuberculosis has been observed to rapidly replicate in A549
cells (Type Il AEC line) and acquire an increased invasiveness for endothelial cells (Ryndak
et al., 2015). These findings suggest that AEC could provide an important niche for bacterial
development and expansion of a phenotype that will promote dissemination during the primary
infection (Ryndak et al., 2015).

1.5  Current status of tuberculosis diagnosis

Despite recent insights gained on the transmission, diagnosis and the treatment of TB, much
remains unknown in understanding ways to eradicate it (WHO, 2020). Understanding the
mechanisms that this organism utilizes to cause an infection in its host, offers a novel
perspective and may define new targets that will enable the design and development of drugs
that could prove effective against both sensitive and resistant organisms (Ginsberg and
Spigelman, 2007, Govender et al., 2014), as well as provide novel perspectives in the design
and development of much needed rapid and cheap POC tests (Simmons et al., 2018). The
limited number of suitable biomarkers that have been identified hampers the design and
development of novel drugs as well as rapid TB diagnostic tools and vaccines (Simmons et al.,
2018).

The current active TB diagnosis methods relies mostly on smear microscopy, chest X-rays as
well as culture-based methods and molecular tests (Pai et al., 2016). Currently the typical
diagnostic algorithm takes approximately two weeks, during which the infected individual can
infect around 10 to 15 people before they begin treatment (Shen et al., 2019). Current
conventional methods used to diagnose active TB include the isolation of M. tuberculosis in
bacteriological culture and sputum smear (Tiwari et al., 2007, Tucci et al., 2014, WHO, 2016),

which is currently the most cost-effective option. However, sputum smear has many limitations
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including the false negative results in children and in adults co-infected with HIV due to
paucibacillary TB (Nicol and Zar, 2011), as well as low specificity and sensitivity (Nakiyingi
etal., 2013). A potential POC test recommended by the WHO is the lipoarabinomannan (LAM)
antigen detection, for use on HIV-co-infected individuals who are diagnosed sputum smear
negative (Pai et al., 2016).

The interferon gamma release assay (IGRA), through QuantiFERON®-TB Gold In-Tube
(Qiagen, Hilden, Germany) and T-Spot (Oxford Immunotec, Abingdon, United Kingdom) and
the Mantoux tuberculin skin test (TST) (Sanofi Pasteur, Lyon, France), remain TB infection
detection methods. However, QuantiFERON®-TB Gold In-Tube (Qiagen, Hilden, Germany),
T-Spot (Oxford Immunotec, Abingdon, United Kingdom) and the Mantoux tuberculin skin test
(TST) (Sanofi Pasteur, Lyon, France) fail to distinguish between the active and the latent form
of the TB infection (Pai et al., 2016). The QuantiFERON®-TB Gold diagnostic test (Qiagen,
Hilden, Germany) quantifies IGRA production in response to the early secreted antigenic target
(ESAT-6) and culture filtrate protein (CFP)-10 (Helmy et al., 2012). Although it is cost
effective, easy to use and quick, the QuantiFERON®-TB Gold (Qiagen, Hilden, Germany)
displays cross-reactivity to other Mycobacterial species including M. marinum, M. sulzgai, and
M. kansassi (Helmy et al., 2012). Unfortunately, QuantiFERON®-TB Gold In-Tube (Qiagen,
Hilden, Germany) and T-Spot (Oxford Immunotec, Abingdon, United Kingdom) exhibit poor
predictive values and prove unable to distinguish between re-infections and new infections
(Rangaka et al., 2012, Sia and Rengarajan, 2019).

The main concern regarding the detection of this devastating disease remains to be the slow
generation time of the M. tuberculosis bacilli (approximately two to six weeks in liquid media),
which leads to consequent to diagnostic delays (Asmar et al., 2015, Sulis et al., 2016). Hence,
this results in the impediment of the more accurate diagnostic methods (Hasegawa et al., 2002,
Asmar et al., 2015, Sulis et al., 2016).

There has been significant progress in the development of new diagnostic methods for TB,
resulting in the expansion of the pipeline of new diagnostic technique. Currently, various
serological, genotypic, and phenotypic methods are used in TB diagnosis. These include, the
rapid test GeneXpert MTB/RIF Ultra (Cepheid, California, USA), an automated molecular
assay, which was recommended by the WHO for diagnosis of TB due to its superior level of
accuracy (WHO, 2019). The GeneXpert MTB/RIF Ultra (Cepheid, California, USA), near-
patient cartridge-based assay, utilizes RT-gPCR to detect both TB and Rifampicin-resistant



tuberculosis (RR-TB), within two hours (WHO, 2019). Novel DNA-based diagnostic tests
identifying genetic mutations in MDR-TB vyielded results between 24 to 48 hours (WHO,
2016). This is a significant decrease in turn-around time from the lead time of three months.
Faster detection of MDR-TB allows infected individuals to begin treatment with appropriate
second-line drugs earlier (WHO, 2016).

The Determine TB-LAM diagnostic assay (Alere Incorporated, California, USA) is an
attractive POC option due to its cost effectiveness, user friendliness and rapid turnaround time
(Lawn et al., 2013). This diagnostic assay detects the presence of M. tuberculosis antigen LAM
in urine samples to diagnose TB (Lawn et al., 2013). However, it displays a lower sensitivity
in comparison to the GeneXpert MTB/RIF Ultra (Cepheid, California, USA) molecular
diagnostic assay (Lawn et al., 2013).

The GenoType® MTBDR plus strip test (Hain Life Science), a nucleic acid amplification test,
enables the detection of TB, as well as mutations on genes such as catalase peroxidase (katG),
RNA polymerase (rpoB) and enoyl reductase (inhA) that define infection with M. tuberculosis
strains resistant to isoniazid and rifampicin (Hillemann et al., 2007, Barnard et al., 2008).
Furthermore, the rapid DNA-based test, Genotype® MTBDRs1, facilitates the detection of
specific mutations that are linked to resistance of fluoroguinolones and the second-line
injectable drugs, amikacin and kanamycin (Theron et al., 2016). A study by Abanda et al., 2018
recommended the GenoType® MTBDR plus assay (Hain Life Science) to assume RR-TB based
on the failure to hybridize to the rpoB wild-type probe allowing identification of crucial
rifampicin resistant isolates, of which approximately 20% could be missed by relying on the
standard minimum inhibitory concentration (MIC) test (Abanda et al., 2018). Studies
comparing the GenoType® MTBDR plus assay (Hain Life Science) and the gold standard
phenotypic Lowenstein Jenson proportion method to detect MDR-TB reported that the
GenoType® MTBDR plus assay (Hain Life Science) performed well in the detection of drug
resistance to rifampicin, isoniazid, and MDR-TB, therefore, it is an efficient and rapid tool to
diagnose MDR-TB (Amunda et al., 2020).

Recent studies investigated biomarkers present in blood to discriminate active TB from latent
TB (Riou et al., 2017, Sia and Rengarajan, 2019).The human leukocyte antigen (HLA)-DR is
expressed on M. tuberculosis-specific CD4 T cells, and is anticipated to be a pertinent marker
that is able to distinguish active TB from latent TB in TB-HIV co-infected individuals (Riou

et al., 2017). A better understanding of antigen-specific responses to M. tuberculosis during



TB infection can be utilized in developing diagnostics to monitor infection and therapeutic

responses (Sia and Rengarajan, 2019).

Although research and development in POC tools and novel diagnostic targets have
substantially taken off, most of the current POC TB diagnostic tests lack desirable WHO target
profiles that allow its implementation (Garcia-Basteiro et al., 2018). Innovative technologies
that enable effective, timeous, and cost-effective detection of TB for low-income settings
remain limited. However, current commercial POC tests offer a better understanding of M.
tuberculosis infection and control, thus enabling the development of more effective tools within
a high-burden setting (Garcia-Basteiro et al., 2018).

1.6 Vaccine development
Developed in 1921, the BCG vaccine remains the only licensed vaccine available for protection

against M. tuberculosis infections (Calmette, 1931, Behr et al., 1999). However, this vaccine
is not reliable against pulmonary TB in adults and adolescent children (Mangtani et al., 2014,
Roy et al., 2014). Furthermore, the BCG vaccine is not recommended for use by individuals
infected with HIV and is also known to cause disseminated BCG disease in approximately 88%
of neonates (Wilkie and McShane, 2015). Currently, the pipeline for TB vaccine candidates
includes various platforms such as recombinant subunit vector vaccines, adjuvanted proteins
and whole cell vaccines (WHO, 2020). Currently the candidate vaccines; such as Ag85A
(Smaill and Xing, 2014, WHO, 2020), AEC/BC02 ( Lu et al.,, 2015, WHO, 2020),
ChAdOx185A (Wilkie et al., 2020, WHO, 2020), MVAS85A (Tameris et al., 2013), VPM100
(Grode et al., 2013), MTBVAC (Aguilo et al., 2016), that have been developed are being
investigated for prevention of primary and recurrent TB in adolescents and adults, reducing the
duration of treatment, and for BCG boosters and replacements (WHO, 2020). The goal of TB
vaccine development is to prevent TB infections and ultimately eradicate the disease (WHO,
2020).

The different stages that each vaccine needs to complete include the first-in-human Phase I,
followed by Phase Il and Phase 111 clinical trials (Martin et al., 2020). Currently, there are three
vaccine candidates in phase | trials, namely; Ad5 Ag85A, AEC/BCO02, and ChAdOx185A-
MCAB85A, and 11 in phase II/1ll trials (WHO, 2020). Adenovirus serotype 5 vector, Ad5
AQ85A, expressing antigen 85 A (Ag85A) has been evaluated for safety and immunogenicity
in previously BCG-immunized and BCG-naive individuals (Smaill and Xing, 2014, WHO,

2020). A more potent immunogenicity was displayed in volunteers that had been previously
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vaccinated with BCG (Smaill and Xing, 2014, WHO, 2020). Freeze-dried recombinant
vaccine, AEC/BCO02, expresses Ag85B and an alum salt-based adjuvant, a fusion protein CFP-
10 and ESAT-6 with CpG, from BCG ( Lu et al., 2015, WHO, 2020). Simian adenovirus,
ChAdOx185A, and recombinant pox virus, MVA85A, express antigen 85A (Wilkie et al.,
2020, WHO, 2020). These candidates are being investigated with the aim of developing a joint
heterologous prime-boost regime delivered through mucosal and systemic routes (Wilkie et al.,
2020, WHO, 2020).

Recently, the recombinant fusion protein, M72/ASO1e , was investigated in phase Ilb trials
(WHO, 2020). The fusion protein is derived from M. tuberculosis 32A (Mtb32A) and Mtb39A
antigens fused to ASO1e adjuvant system (Tait et al., 2019). This vaccine candidate displayed
significant protection against TB, in individuals exhibiting latent TB in Zambia, SA, and Kenya
(Tait et al., 2019). Final analysis of this candidate showed a 50% vaccine efficacy over a three-
year period (Tait et al., 2019, WHO, 2020). The clinical significance and strength of this
evidence is unparalleled in decades of research for TB vaccines (WHO, 2020).

Protein vaccine candidates currently investigated include; ID93/GLA-SE (Baldwin et al., 2016)
H56:1C31 (Luabeya et al., 2015), and H4:1C31 (Geldenhuys et al., 2015). Adjuvanted subunit
vaccine, H56:1C31, comprises three M. tuberculosis antigens, ESAT-6, Rv2660c, and Ag85A
(Luabeya et al., 2015). Analysis of phase Ib trials showed that the vaccine was immunogenic,
at all doses being investigated, and displayed an acceptable safety profile (Bekker et al., 2020,
WHO, 2020).

Currently, the viral vector vaccine candidates investigated include; MVA85A (Tameris et al.,
2013), VPM100 (Grode et al., 2013), and MTBVAC (Aguilo et al., 2016). Phase Ilb clinical
trials on MVAB85A vaccine candidate displayed a heightened antigen-specific CD4 T-cells
response, and no additional protection in infants, against TB (Tameris et al., 2013). Live
recombinant vaccine candidate, VPM1002, aims to improve BCG immunogenicity and vaccine
potential (Grode et al., 2013, WHO, 2020).To accomplish this, BCG was designed to evade the
phagosome by expression of lysteriolysin and enable perforation of the phagosomal membrane,
thereby enhancing major histocompatibility complex class | antigen presentation to CD8-T-
cells (Grode et al., 2013, WHO, 2020). Phase Il trials of VPM1002, investigating safety and
immunogenicity were successful (WHO, 2020). Genetically attenuated M. tuberculosis strain,
MTBVAC, lacks fadD26 and phoP genes, restricts the synthesis of several surface lipids
(Aguilo et al., 2016). Currently, phase lla trials investigating MTBVAC as a BCG replacement
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vaccine (in neonates) and booster vaccine (in adults) are ongoing (WHO, 2020). The last two
decades have reported significant breakthroughs in TB vaccinology. Thousands of potential
vaccine candidates were identified in the discovery phase during this period, of which hundreds
passed to preclinical trials and evaluation in animal models, and only a little more than a dozen
were tested in early clinical trials in humans (Martin et al., 2020). Although these vaccine
candidates display great promise, they could fall short during the ongoing clinical trials. Hence,

there is a need for the discovery of novel biomarkers.

1.7 Current antibiotic treatment of tuberculosis

The severe difficulty in TB treatment lies in the global and rapid evolution of drug resistance
as well as the predominance of drug resistant phenotypes (Mazel and Davies, 1999; Pillay and
Sturm, 2007; WHO, 2014). The current effective anti-TB strategy uses a rigorous combination
of antimicrobial drugs including, ethambutol (EMB), rifampicin (RIF) as well as pyrazinamide
(PZA) and isoniazid (INH) in an intensive two-month initial phase, followed by a maintenance
phase (four months) consisting of only INH and RIF (Nahid et al., 2016, WHO, 2019). Active
TB that is drug susceptible can be treated and cured with the four mentioned antibiotics (WHO,
2020). Additionally, patients that are at risk of neuropathy (HIV-positive patients, diabetics,
pregnant woman, and individuals with chronic renal failure) are given pyridoxine, and vitamin
B6, in conjunction with INH (Nahid et al., 2016, WHO, 2019).

Drug resistant TB is treated with a combination of antimicrobial drugs, including
fluoroquinolones, and injectable medication, such as kanamycin, amikacin, and capreomycin
(Garcia-Prats et al., 2016). Treatment for drug resistant TB usually lasts 20 to 30 months
(Garcia-Prats et al., 2016, WHO, 2018). Currently, there are a small number of new drugs being
investigated as add-on therapy to the current treatment for drug resistance. These include;
delamanid (DLM), linezolid (LZD), and bedaquiline (BDQ) (WHO, 2018). Although these
antimicrobial drugs show great promise, they are accompanied by various side effects such as

nausea, hepatitis, neurotoxicity, vestibular toxicity and jaundice (Garcia-Prats et al., 2016).

Currently, there are two treatment regimens to treat MDR-TB. The first regimen comprises a
short injectable-free option of nine to 11 months (WHO, 2019).The second regimen comprise
a long injectable-free option of 18 to 20 months (WHO, 2019). Patients are able to switch from
the initial short regimen to the longer regimen, once further relevant diagnostic information
becomes available (WHO, 2019).
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The initial shorter regimen comprises a four-month intensive phase, potentially extending to
six months if sputum results are positive at the end of month four(WHO, 2019). This regimen
has a fixed continuation phase at five months (WHO, 2019). Superior to injectables regarding
efficacy and treatment of RR-TB and MDR-TB, BDQ), is a key anti-TB drug in the shorter
regimen (Ahmad et al., 2018, WHO, 2018, WHO, 2019). Only administered in the initial two-
month period, LZD, is likely to be effective against RR-TB and MDR-TB at the start of the
treatment (Ahmad et al., 2018, WHO, 2018, WHO, 2019). Clofazimine (CFZ) and levofloxacin
(LFX), which replaces moxifloxacin (MFX), are also used in the shorter regimen (Ahmad et
al., 2018, WHO, 2018). In children younger than six years, para-aminosalicylic acid is used as
a substitute for injectables (WHO, 2019). In children aged six to 12, DLM is preferred as a
replacement for injectables (WHO, 2019). The intensive phase of this regimen encompasses a
high dose of INH, EMB, and PZA (WHO, 2019). Treatment of RR-TB/MDR-TB includes the
use of rifabutin and rifamycin, administered for six months with possible side effects such as
neutropenia and uveitis, and RIF, which cannot be co-administered with BDQ (WHO, 2019).

The longer regimen comprises five drugs administered during the intensive phase and three
during the continuation phase (WHO, 2018). A six month intensive phase is required, which
can be extended to eight months if patients display delayed culture conversion, slow clinical
responses to treatment, and extensive cavitation of bilateral pulmonary disease (WHO, 2018).
This regimen has the fixed continuation phase at 12 months (WHO, 2018). The treatment
regimen is divided into group A, group B, and group C. In group A, the anti-microbials
prioritized are MFX/LFX, LzZD and BDQ (WHO, 2018). Group B comprises
terizidone/cycloserine and CFZ (WHO, 2018). Capreomycin and kanamycin are not
recommended because of the high risk of relapse and treatment failure (WHO, 2019). Priority
is given to oral drugs, as injectables often cause pain, distress and adverse reactions in patients
leading to treatment interruption (WHO, 2019).

To eradicate the TB epidemic, development of effective TB treatment should be paralleled with
the development of accessible, affordable and rapid POC tests for diagnosis (WHO, 2020).
Thus, the discovery and the characterization of novel biomarkers is imperative in the design of
such diagnostic methods (Abebe et al., 2007, Wallis et al., 2013, Naidoo et al., 2014), as well
as effective vaccine and drugs (Wilkie and McShane, 2015).
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1.8 Biomarkers

A biomarker refers to any characteristic objectively measured and evaluated for the
identification of a particular pathogenic disease, response to pharmacological events or
biological processes (Working, 2001, Wallis et al., 2013). A biomarker candidate is considered
valid if it can be reproduced and measured accurately. There are four types of biomarkers,
which include; predictive, prognostic, diagnostic, and predisposition biomarkers (Simon,
2011, Simon, 2014). Biomarkers such as molecules, genetic materials or epitopes have been
incorporated into assays that are able to identity active TB inexpensively and rapidly, as well
as distinguish an appropriate response to anti-TB drugs, and evaluate individuals at risk for

disease progression (Nyendak et al., 2009).

Development of effective biomarkers comprises four steps; discovery, analytical validation,
evaluating the clinical efficacy, and clinical use (Quezada et al., 2017). The initial step,
discovery of a biomarker, is characterized by the analysis of various specimens that derive from
cell lines, archived samples or animal models, which highlight potential candidate biomarkers
(Vargas and Harris, 2016). Additionally, the discovery phase provides valuable insight on
molecular mechanisms contributing to the pathological state as well as potential therapeutic
targets (Goossens et al., 2015). Information obtained from this step must be deduced in the
context ensuring the most accurate and promising biomarkers are selected. The analytical
validation step is required to assess the efficacy of potential biomarkers with laboratory tools
(Goossens et al., 2015). Reproducibility of tests performed in this step is crucial (Goossens et
al., 2015).

Although numerous single biomarkers have been successfully implemented in diagnostic
prognosis, there lies a dawn of ‘omics’ technology that highlights the prospect of
biosignatures, a combination of biomarker profiles, to achieve the same goal (Du Preez et al.,
2017). Biosignatures may be valuable when single biomarkers do not exist or cannot be
identified (Du Preez et al., 2017). An interplay of several molecules, including RNA, DNA and
proteins, determine pathological state, hence the use of multilevel biomarkers are a desirable
option (Quezada et al., 2017). A biomarker’s ability to diagnose a specific clinical condition
must be enhanced in trials before clinical use. Once a candidate biomarker demonstrates
usefulness in retrospective or prospective studies, it can be approved for clinical use and

commercialized (Quezada et al., 2017).
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1.8.1 Tuberculosis biomarkers

Biomarkers used for diagnosis of TB originate from the pathogen and host (Goletti et al., 2016).
Unlike diagnostics, which describe an individual’s condition at a point in time, it is hoped that
TB biomarkers might provide prognostic information, that will allow the differentiation of TB
infection, disease, and latency (Wallis et al., 2013). There is an urgent need for biomarkers for
the three forms of TB, namely, active disease, prediction of durable success of the treatment;
latent TB, indicating risk of reactivation; and prediction of vaccine efficacy, indicative of
protection from TB with the use of vaccines (Wallis et al., 2013, Naidoo et al., 2014).

Numerous TB biomarkers have been identified and tested for diagnosis of TB, some showing
great potential whilst others have notable drawbacks. Solid and liquid culture proves a more
accurate approach in comparison to sputum smear, however, it requires sample preparation and
growth of M. tuberculosis in liquid and on solid culture takes 3-6 weeks and 14 days,

respectively (Wallis et al., 2013).

Antigen specific biomarkers, including secretory proteins like CFP10 and ESATS, are specific
to M. tuberculosis complex (MTBC) and prove capable of diagnosing latent TB infection
(Munk et al., 2001, Hopprich et al., 2012). However, in order to improve the accuracy of the
putative diagnostic tests, epitopes are required to be well characterized (Munk et al., 2001,
Hopprich et al., 2012). The interferon-y (IFN-y) response to specific antigens, a type of
immunological biomarker, was reported to have a high specificity, but remains discouraged by
the WHO due to its cross reactivity with nontuberculous mycobacteria (NTM) (Pai et al., 2004).
The inducible protein biomarker IFN- y (IP10), was detected in increased concentrations in
patients with active TB (Azzurri et al., 2005, Lighter et al., 2009, Chegou et al., 2013, Petrone
etal., 2015). Mycobacterium tuberculosis Ag85 complex is a family of enzymatic proteins with
mycolyl transferase activity (Ronning et al., 2000, Cannas et al., 2008, Minion et al., 2011). In
comparison to LAM, detected in urine samples, Ag85 complex is detected in urine and blood
samples of individuals with pulmonary TB (Ronning et al., 2000, Cannas et al., 2008, Minion
etal., 2011).

Expression of Ki-67 (proliferation marker), HLA-DR, and CD38 on M. tuberculosis CD4* T-
cells are related to M. tuberculosis load (Adekambi et al., 2012). Modulation of these specific
markers distinguishes both active and latent forms of TB infection, with a high specificity and
sensitivity (Adekambi et al., 2012, Goletti et al., 2016). Moreover, patients that successfully

completed TB therapy were accurately classified with the use of these markers (Adekambi et
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al., 2012). Proteomic fingerprinting of sera is used to identify potential diagnostic biomarker
candidates. Using this method, C-reactive protein, neopterin, and transthyretin were analysed
(Agranoff et al., 2006). Analysis revealed that these proteins might discriminate subjects with
other inflammatory and infectious conditions from those with TB, with 84% accuracy
(Agranoff et al., 2006).

Subjects infected with M. africanum and M. tuberculosis were evaluated, using metabolic and
transcriptomic profiling. Evaluations were performed before and after anti-TB therapy to
determine host factors that are associated with pathology of disease and treatment responses
and/or variations in biological processes (Tientcheu et al., 2015). No differences were observed
in gene expression profiles of peripheral blood between M. tuberculosis-infected and M.
africanum-infected patients before treatment, however, significant differences were observed
post-treatment (Tientcheu et al., 2015). Results indicated that the upstream regulator
hepatocyte nuclear factor 4-a, is capable of differentially regulating approximately 15% of the
genes between the two groups (Tientcheu et al., 2015). Furthermore, analysis on serum
metabolic profiles of the infected patients displayed similarities before treatment, however,

significant differences in profiles were observed post-treatment (Tientcheu et al., 2015).

Although there is much research on TB biomarkers (Ronning et al., 2000, Munk et al., 2001,
Azzurri et al., 2005, Agranoff et al., 2006, Cannas et al., 2008, Adekambi et al., 2012, Hopprich
etal., 2012, Chegou et al., 2013, Petrone et al., 2015), a cost effective, accurate POC diagnostic
marker is not available. The challenges associated with biomarker studies encompass those
applicable to many infectious diseases. These include, the concentration of the biomarker, in
the specimen type, that is practical in settings with limited resources and technology platforms

and the biological limitation of the biomarker (Kunnath-Velayudhan and Gennaro, 2011).

The only licensed vaccine for TB prevention is the BCG vaccine, hence, novel biomarkers are
urgently needed in the development of new effective TB vaccines. To control TB, novel and
more efficacious vaccines are required. Biomarkers can aid in developing novel TB vaccines
through many platforms, which include: identifying individuals with a high risk of disease
progression for recruitment into targeted, smaller efficacy trials, and vaccine intake or the early
assessment of vaccine immunogenicity (Fletcher and Dockrell, 2016). The first efficacy trial
of MVVAB5A, a candidate vaccine for TB prevention, has displayed no significant protective

efficacy in infants vaccinated with BCG in SA (Tameris et al., 2013). Hence, there is an urgent
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need for novel biomarker identification in the design of further efficacious vaccine

development.

Although the discovery and characterization of biomarkers proves a time consuming and
expensive process, the benefits far outweigh its limitations, especially in the case of TB, with
its associated challenges including those of diagnostic, therapeutic and preventive platforms
(Pai et al., 2016). The use of a panel of biomarkers, instead of a single biomarker, was
recommended to increase both diagnostic specificity and sensitivity (Nagler et al., 2006).
Despite the increasing evidence showing that M. tuberculosis adhesins, heparin-binding
hemagglutinin adhesin (Menozzi et al., 2006, Shin et al., 2006, Esposito et al., 2011, Lebrun et
al., 2012, Chiacchio et al., 2017, Govender et al., 2018) and M. tuberculosis curli pili (MTP)
(Kline et al., 2009, Govender et al., 2014, Ramsugit and Pillay, 2016), may be suitable
candidates for diagnostic targets, vaccines and therapeutics, their role in regulating the bacterial
transcriptome of M. tuberculosis has not been elucidated. Knowledge on this aspect would be
pertinent in supporting the validation of these adhesins, and identify novel molecular

signatures, as vaccine and diagnostic candidates.

1.9  Mycobacterium tuberculosis adhesins

Initial contact between the pathogen and its target cell is imperative for host cell entry during
infection (Krachler and Orth, 2013). Weak, non-specific forces that are induced by
physiochemical properties, induce the initial binding of the pathogen to its host (Krachler and
Orth, 2013). Subsequently, specific and transient receptor interactions allow a stronger

anchorage between pathogen and host (Krachler and Orth, 2013).

Adherence molecules (adhesins), due to their surface localization and role in host-pathogen
interaction, are potential novel targets for rapid TB diagnosis, antimicrobial drugs and vaccine
development (Kumar et al., 2013). Adhesins are structures or molecules that are present
extracellularly on the surface of the bacterial cell (Fronzes et al., 2008), and serve to fulfil a
basic role which is to initiate close contact between itself and a receptor like domain on the
host cell. This results in the formation of a fundamental link between the bacterium and host
(Gerlach and Hensel, 2007). Figure 1.4 illustrates the role that adhesins play in the infection
of their host cell. The adhesins that are present on the surface of the bacterial cell, bind to the
molecules present on the host cell (in this instance, M. tuberculosis binding to the macrophage)
(Govender et al., 2014). This results in the invasion of the bacterial cells and thereafter, its

ability to survive as well as replicate within its host cell (Govender et al., 2014). Bacterial
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adhesion allows the pathogen to manipulate host signalling, thereby promoting dissemination
of the pathogen and evasion of host immune responses (Stones and Krachler, 2015). Adhesins
have also been shown to prevent stress removal of the microorganism from the colonized host
(Stones and Krachler, 2015).

Bacterlum
o-Adhesm
ngand

Adhesion Invasion Proliferation
Figure 1.4. An illustration depicting the role of M. tuberculosis associated adhesins in
host infection (Govender et al., 2014).

Mycobacterium tuberculosis has a few potential adhesins that are central to its pathogenesis
(Figure 1.5 and Table 1.1). Mycobacterial adhesins refers to M. tuberculosis proteins that are
able to form interactions with host cell receptors in order to facilitate binding to the mammalian
components (Kumar etal., 2013, Govender et al., 2014). Malate synthase, is able bind to human
extracellular matrix (ECM) proteins, laminin and fibronectin, via an unknown mechanism of
attachment to the cell wall (Kinhikar et al., 2006). Therefore, it is characterized as an
anchorless adhesin (Kumar et al., 2013). Additionally, malate synthase is also essential for
glyoxylate detoxification in M. tuberculosis (Puckett et al., 2017). Mycobacterium tuberculosis
chaperone protein, Cpn60.2 (GroEL2 and Hsp65), is an abundant lipoprotein (Kong et al.,
1993) and acts as a CD43-dependant adhesin of the pathogen for macrophage binding (Hickey
et al., 2010). Recent studies revealed an association of Cpn60.2 secretion and M. tuberculosis
virulence (Vargas-Romero et al., 2016), and promotes M. tuberculosis survival in the
macrophage environment (Joseph et al., 2017).
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Figure 1.5. Selected mycobacterial adhesins and the various pathways that are available
for initiating host interaction and subsequent colonization (Govender et al., 2014).

The alanine-proline rich antigen (Apa) mycobacterial glycoprotein, a mycobacterial adhesin,
was initially considered to be a secretory molecule, but subsequent studies demonstrated it to
be transiently associated with the cell wall in order to allow the attachment to the pulmonary
surfactant protein- A (PSP-A) (Ragas et al., 2007, Kuo et al., 2019). Additionally, it is
considered to play a central role in stimulation of immune responses and adhesion to host cells
(Ragas et al., 2007, Kuo et al., 2019). A mycolyl-transferase enzyme belonging to the
fibronectin-binding family or antigen 85 complex, has the ability to bind to the extracellular
matrix protein fibronectin in vitro (Ronning et al., 2000, Kruh-Garcia et al., 2014). The
properties of these adhesins provide a mechanism for colonization of tissue cells. Proline-
glutamic acid, polymorphic guanine-cytosine-rich repetitive sequence (PE_PGRS) proteins
have also been observed to display these fibronectin-binding properties and are part of the
subfamily of glycine rich and polymorphic acidic proteins (Delogu et al., 2008).
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Table 1.1. Currently known Mycobacterium tuberculosis adhesins (Ramsugit and Pillay, 2016)

Adhesin Gene (s) Mediates adhesion to References
_ (Diaz-Silvestre et al., 2005,
19-kDa antigen Rv3763 Monocytes and macrophages
Esparza et al., 2015)
Alanine- and proline-rich antigen RV1860 Pulmonary surfactant protein A and (Ragas et al., 2007, Esparza et al.,
v

(Apa)

macrophages

2015)

Antigen 85 complex

Rv0129c, Rv1886c,
Rv3803c, and Rv3804c

Fibronectin and macrophages

(Abou-Zeid et al., 1988, Esparza et
al., 2015)

Cpn60.2 molecular chaperone

(Hickey et al., 2009, Hickey et al.,

Rv0440 Macrophages
2010)
o o (Alteri et al., 2007, Ramsugit et al.,
o Laminin, macrophages and epithelial _ _
Curli pili (MTP) Rv3312A/mtp I 2013, Ramsugit and Pillay, 2014,
cells
Ramsugit et al., 2016)
DnaK molecular chaperone Rv0350 Macrophages (Hickey et al., 2010)
Early secreted antigen ESAT-6 Rv3875 Laminin (Kinhikar et al., 2006)
Glyceraldehyde-3-phosphate Possibly fibronectin (as occurs in ) _ _
Rv1436 ) (Pancholi and Fischetti, 1992)
dehydrogenase group A streptococci)
Heparin-binding hemagglutinin o (Menozzi et al., 1998, Pethe et al.,
Rv0475 Epithelial cells

adhesin

2001)
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Table 1.2. Currently known Mycobacterium tuberculosis adhesins (Ramsugit and Pillay, 2016) (continued)

amidase

Adhesin Gene (s) Mediates adhesion to References

Laminin-binding protein Rv2986¢ Laminin (Pethe et al., 2001)

L, D-transpeptidase Rv0309 Fibronectin and laminin (Kumar et al., 2013)

Malate synthase Rv1837c Flprongctln, laminin, and (Kinhikar et al., 2006)
epithelial cells

) Collagen, fibronectin, and

Membrane protein Rv2599 o (Kumar et al., 2013)
laminin

Mycobacterium cell entry-1 RV0169 Epithelial cells (Chitale et al., 2001)

protein

N-acetylmuramoyl-L-alanine Rv3717 Fibronectin and laminin (Kumar et al., 2013)

PE-PGRS proteins

Rv1759c and Rv1818c

Fibronectin and macrophages

(Espitia et al., 1999, Brennan et
al., 2001)

Protein kinase D

Rv0931c

Brain endothelia and laminin

(Brennan et al., 2001, Nicholas
etal., 2012)

Type IV pili

Rv3654c-Rv3660c

Possibly macrophages and
epithelial cells

(Alteri, 2005)
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To develop accurate and effective TB therapeutics that target the initial pathogen-host interaction,
appropriate proteins involved have to be identified, characterized and classified, and their role in
pathogenesis established. Mycobacteria comprises various surface proteins that display primary
and secondary adhesin functions that interact with host receptor cells (Table 1.2) (Menozzi et al.,
2006). Amidst several M. tuberculosis adhesins, HBHA (Menozzi et al., 2006, Hougardy et al.,
2007, Esposito et al., 2011, Esposito et al., 2012, Lebrun et al., 2012, Chiacchio et al., 2017,
Govender et al., 2018) and MTP (Alteri et al., 2007, Ramsugit et al., 2013, Naidoo et al., 2014,
Ramsugit and Pillay, 2014, Ramsugit et al., 2016, Govender et al., 2018) significantly emerge as

potential biomarkers that may pose a target for intervention strategies.

1.9.1 Heparin-binding hemagglutinin adhesin

The most characterized mycobacterial adhesin is the 28kDa heparin-binding hemagglutinin
adhesin (HBHA), a surface exposed protein (Menozzi et al., 1998, Esposito et al., 2011, Esposito
et al., 2012). As a virulence factor, HBHA aids in the dissemination of M. tuberculosis from the
site of primary infection (Pethe et al., 2001), by initiating an interaction with the host epithelial
cells (Menozzi et al., 1998, Esposito et al., 2011, Esposito et al., 2012). This protein is known to
facilitate the two crucial steps in TB pathogenesis, namely cell adhesion and bacterial aggregation
(Figure 1.6) (Menozzi et al., 1998, Esposito et al., 2011, Esposito et al., 2012). Since it induces
mycobacterial aggregation, this suggests that it would mediate bacterium-bacterium interactions
as well (Menozzi et al., 1998, Esposito et al., 2011, Esposito et al., 2012). This novel adhesin is
also known to promote the agglutination of rabbit erythrocytes which is known to be specifically
inhibited by sulphated carbohydrates (Menozzi et al., 1996). This protein also allows the
attachment to the epithelial cells that are specifically inhibited in the presence of anti-HBHA
antibodies (Menozzi et al., 1998, Esposito et al., 2011, Esposito et al., 2012). An immunoblot
analysis using antigen specific antibodies performed by Menozzi et et al. (1996), indicated that
HBHA is significantly different from the fibronectin-binding proteins of the antigen 85 complex.
The comparison of the NHz-terminal amino acid sequence of the HBHA that was purified with the
data base of the protein sequence did not show any significant similarity to other known proteins
(Menozzi et al., 1998).
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Figure 1.6. HBHA-mediated aggregation of M. tuberculosis. Aggregation of M. tuberculosis
H37Ra was induced by incubating 108 bacteria/ mL with 5, 1.25, 0.15, or 0 ug protein/ mL final
concentration (left to right) of HBHA purified from M. tuberculosis H37Ra. This was visualized
on a 912 electron microscope (Carl Zeiss Inc., Thornwood, NY) (Menozzi et al., 1996).

Bacterial aggregation mediated by HBHA is instrumental in the formation of bacterial clumps,
which allow for a more effective adherence and subsequent invasion (Esposito et al., 2012, Lebrun
etal., 2012). A study by Menozzi et al. (1996) demonstrated that M. tuberculosis can be aggregated
in a dose-dependent manner with the addition of HBHA. Maximum aggregation was observed at

a starting concentration of 0.5 pg HBHA per mL (Menozzi et al., 1996).

Menozzi et al. (1996), showed a definitive role that HBHA played in facilitating host adherence
whereby, antibodies that were directed against HBHA inhibited the attachment of the
Mycobacteria to the epithelial cells. In support of this, patients that exhibit active TB have been
observed to produce anti-HBHA antibodies, which suggests HBHA expression during human
infection (Menozzi et al., 1998). This adhesin contains a carboxy-terminal domain that is rich in
lysine, and functions to recognize heparin sulphate-containing receptors that are present on the
epithelial cells (Delogu and Brennan, 1999, Pethe et al., 2001). Pethe et al. (2001) showed that the
colonization of a M. tuberculosis hbhA mutant strain in the lungs of mice displayed an equivalence
to that of the wild-type (WT) strain. However, a significant difference was observed in the reduced
capacity of the mutant to disseminate from the lungs to other regions in the body, which suggests
the role of HBHA in extrapulmonary spread (Pethe et al., 2001). The study also showed that an
antibody against the carboxyl-terminal domain of HBHA would serve to block the binding of the
bacteria to the epithelial cell receptors, and thus impede the extrapulmonary spread of M.

tuberculosis in the mouse model (Pethe et al., 2001). This suggests that the humoral immune
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response to HBHA, and possibly other mycobacterial adhesins, could potentially play a

fundamental protective role in blocking dissemination from the lungs (Pethe et al., 2001).

A study by Mueller-Ortiz et al. (2002), reported a significant decrease in the infectivity despite
having an unaltered human complement C3 binding by a AhbhA mutant of M. tuberculosis. This
study entailed the use of a HBHA mutant strain to determine if this protein’s C3-binding activity
could play arole in M. tuberculosis pathogenesis (Mueller-Ortiz et al., 2002). The results indicated
that the AhbhA mutation did not significantly reduce M. tuberculosis binding to the human C3 cell
or to J774 (Mueller-Ortiz et al., 2002). Additionally, in the absence of HBHA, and and other
molecules, such as a C3-binding protein HupB, would serve as a C3-binding molecule of M.
tuberculosis (Mueller-Ortiz et al., 2002). This data depicts the importance of HBHA in the
infectivity of M. tuberculosis. However, its ability to bind to C3 is not crucial for the adherence of

M. tuberculosis to macrophage-like cells (Mueller-Ortiz et al., 2002).

1.9.2 Mycobacterium tuberculosis curli pili

Bacterial pili or fimbriae, due to their ability to serve as extensions on the cell surface and not
integrate within the cell, are potentially a more cost-effective option for the design of diagnostic
tests (Proft and Baker, 2009). Expressed by many pathogenic bacteria as a filamentous appendage,
pili are known to function in many bacterial processes which include locomotion, uptake of DNA,
mediating the bacterial interaction, and colonizing the host (Kline et al., 2009). Pili are regarded
as important virulence factors for many diseases that include genital, gastrointestinal and urinary
infections (Proft and Baker, 2009). These appendages have been reported to play a role in various
virulence-associated functions including, colonization of mucosal surfaces, biofilm formation,
bacterial aggregation as well as agglutination of both animal and human erythrocytes (Strom and
Lory, 1993, Finlay and Falkow, 1997, Alteri et al., 2007).

Pili, the first point of contact to the host cell, are used to overcome the net repulsive forces existing
on the surface of the pathogen and host (Proft and Baker, 2009). Contact with the pili adhesins
result in the induction of the host signalling cascade and activates immune response (Sauer et al.,
2000, Craig et al., 2004). Pili, which are polymeric, proteinaceous, hydrophobic adhesive
organelles that are produced by many pathogenic bacteria, are composed of pilin, a major repeating
subunit and in some instances a minor tip associated adhesin subunit (Kline et al., 2009).

Biogenesis of Gram-negative pili involves the non-covalent homopolymerization of the major pilin
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to generate the pilus shaft (Proft and Baker, 2009). Four general assembly pathways distinguish
Gram-negative pili. These include the, type IV pili, chaperone-usher pathway, the alternate
chaperone-usher pathway, and extracellular nucleation or precipitation pathway, responsible for
curli pili assembly (Proft and Baker, 2009).

Two types of pili are observed in M. tuberculosis, namely, Type IV pili and M. tuberculosis curli
pili (MTP) (Alteri, 2005). Type IV pili, observed in Gram-negative and Gram-positive bacteria as
well as archaeal bacteria, are surface exposed flexible filaments that tend to form bundles (Alteri
et al., 2007, Berry and Pelicic, 2015). Encoded by Rv3312A (mtp) (Alteri, 2005), MTP was first
observed in M. lepraemurium by negative-staining microscopy (Draper and Rees, 1970), and
characterized by Alteri et al., (2007). Additionally, three different operons were found to encode
type IV pili, namely; pil, tad and com operons (Imam et al., 2011). Type 1V pili, in Gram-negative
bacteria, have been observed to function in host cell adhesion, microcolony formation, twitching
motility, secretion of proteins, and gliding (Aas et al., 2002, Mattick, 2002, Kirn et al., 2003,
Burrows, 2005, Han et al., 2007, Burrows, 2012).

Analysis by electron microscopy revealed the various types of pili M. tuberculosis produces,
namely; aggregative pili, fine pili and flexible pili (Alteri et al., 2007). Classified as a curli
amyloid, MTP is insoluble in sodium dodecyl sulphate and characteristically binds to Congo red
dye (Alteri et al., 2007). Subunits of MTP are observed to lack the typical B-sheet secondary
structure of curlins and do not display any primary sequence homology to curli amyloids (Alteri
etal., 2007, Ramsugit et al., 2013, Ramsugit and Pillay, 2015). Electron microscopy revealed pili
exist as bundles of long filaments resembling a rope like structure (Alteri et al., 2007). Flexible
pili were reported to be recognized by anti-MTP IgG antibodies contained in patient sera that tested
positive for active TB, indicating that the bacilli produce pili organelles, or a pili associated antigen

during the initiation of human infection (Alteri et al., 2007).

The hydrophobic nature of MTP, due to its hydrophobic amino terminal, aids in overcoming the
existing net repulsive force between eukaryote and bacteria (Finlay and Falkow, 1997, Alteri,
2005). It was postulated that pili arose in Mycobacteria through horizontal gene transfer, possibly
from Caulobacter cresentens and Pseudomonas aeruginosa (Alteri, 2005), that was supported by
evidence of the direct repeats flanking the operon (Alteri et al., 2007). Curli pili, also present in

pathogens such as Salmonella typhimurium and Escherichia coli, are estimated to be
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approximately 2-5 nm wide (Alteri, 2005). The curli pili are coiled, highly aggregative, adhesive
fibres that are assembled using the nucleation pathway that requires both the major and minor pili
subunits (Pohlschroder et al., 2011). Adherence of MTP to epithelial cells, present in the lung and

other tissues, are due to the adhesin’s great affinity to laminin (Alteri, 2005).

Previous studies showed that surface located adhesin, MTP, is encoded by a conserved gene that
is present only in M. tuberculosis strains (Naidoo et al., 2014) and sera of active patients are known
to contain 1gG antibodies against this adhesin (Alteri et al., 2007). Thus, MTP, may be a suitable
biomarker candidate for the development of a POC TB test.

1.10 The ‘Omics’ approach to better understand Mycobacterium tuberculosis

Discovery of novel biomarkers can be accomplished with the use of ‘omics’ technologies which
involves high-throughput processes (Quezada et al., 2017). Combinations of research
methodologies can aid scientists to enhance current knowledge on infection processes and
pathogenesis of M. tuberculosis (Quezada et al., 2017). Together, these methods can aid in
achieving a holistic understanding of M. tuberculosis pathogenicity (Hasin et al., 2017). A systems
biology approach that includes functional genomics, global transcriptomics and metabolomics
focussing on host—pathogen interactions would contribute significantly to the discovery of

potential novel biomarkers for the design of rapid diagnostic and therapeutic options.

1.10.1 Whole genomics

A study by Defelipe et al. (2016), focused on a whole genome bioinformatic approach to be used
to determine the potential latent specific targets in M. tuberculosis. Analysis on the M. tuberculosis
metabolic network of the whole proteome of potential reactive nitrogen and oxygen species
(RNOS) sensitive as well as relevant targets was performed, which included criteria of essentiality
and drug target ability. These results revealed new potential TB targets, that include inositol-3-
phosphate synthase (I3PS), depicting the essentiality of transcriptomic analysis (Defelipe et al.,
2016).

Functional genomics studies confirmed that mtp is crucial for piliation and facilitates biofilm
formation (Ramsugit et al., 2013). Further studies clarified the involvement of MTP in both
adhesion and invasion of THP-1 macrophages (Ramsugit and Pillay, 2014) and A549 epithelial

cells (Ramsugit et al., 2016), ascertained by the differences in levels of adhesion and invasion of
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MTP-deficient and MTP-proficient strains of M. tuberculosis V9124, obtained from a clinical drug
susceptible strain of F15/LAM4/KZN family (Ramsugit and Pillay, 2014, Ramsugit et al., 2016).
Furthermore, MTP minimally modulates the immune responses of the host cell in A549 pulmonary
epithelial cells (Ramsugit et al., 2016), in comparison to other bacterial pili (Hedges et al., 1992,
Berin et al., 2002, Xicohtencatl-Cortes et al., 2006, Ledesma et al., 2010). Although the
mechanism of interaction between MTP and THP-1 macrophages is currently unknown, it is
suggested that MTP indirectly adheres to the macrophage by the formation of molecular bridge
via a direct reaction, using membrane-bound ligands, or indirectly, with the help of host proteins
(Ramsugit and Pillay, 2014). Additionally, it was suggested that MTP reduces cytokine/chemokine
induction in epithelial cells as a survival strategy (Ramsugit et al., 2016). Furthermore, a functional
genomics study using MTP-proficient, MTP-deficient, HBHA-deficient, HBHA-proficient and
MTP-HBHA-deficient M. tuberculosis V9124 strains revealed the significance of MTP and
HBHA in facilitating bacterial growth and biomass formation, with no impact on the metabolic

viability of M. tuberculosis (Govender et al., 2018).

1.10.2 Transcriptomics

Transcriptome analysis provides a dynamic link between the genome and the proteome by
evaluating the global changes that occur in gene expression profiles in tissue, organs, cells or whole
organisms (Parida and Kaufmann, 2010). Mvubu et al. (2016b), demonstrated the use of
transcriptomics to identify differential gene expression and strain specific molecular signatures in
the pulmonary epithelial cells that were induced by different strains of M. tuberculosis, including
LAM4/F15/KZN, F28, Beijing and F11 and unique genotypes that were analysed by RNA
sequencing. The results indicated that the gene expression among the strains varied and a subset
of 292 genes was commonly induced by all the strains (Mvubu et al., 2016b). Approximately 240
of these 292 commonly induced were up-regulated, whilst 52 genes down-regulated (Mvubu et al.,
2016b). This study provided the evidence to confirm that epithelial cells play a significant role in
the innate and adaptive immune response (Mvubu et al., 2016b). Additionally, the diversity on a
genetic basis of the virulent strains stimulates strain-specific and differential immune host response
that potentially could impact clinical outcome, granuloma formation and downstream changes

(Mvubu et al., 2016b). The molecular signatures that this study identified can potentially be used
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in the design of adjunctive immunotherapies for TB infection and host-associated biomarkers
(Mvubu et al., 2016b).

A further study by Mvubu et al. (2016a), used the Ingenuity Pathway Analysis (IPA) software to
quantitatively analyse the enrichment of the canonical pathways as well as the networks and
transcriptional factor regulation that was induced by different dominant clinical strains of M.
tuberculosis, in Kwa-Zulu- Natal, SA, on pulmonary epithelial cells at a post infection of 48 hours.
This was achieved with the use of ribonucleic acid (RNA) sequencing and bioinformatic analysis
to identify differentially expressed genes. The hepatic fibrosis/hepatic satellite cell activation and
the IFN signalling pathway were among the top five canonical pathways for all strains (Mvubu et
al., 2016a). This study demonstrated the networks as well as the strain-specific molecular pathways
in epithelial cells that were induced by the clinical strains that represent major strain families in
SA and provided further evidence to support that the hyper virulent strains, such as the Beijing
strain, invoke a much lower protective host response. This was displayed by the low enrichment
of the immune related pathways in comparison to the LAM4/KZN/F15, F28 and the F11 genotypes
(Mvubu et al., 2016a).

The phenotypic adjustments of M. tuberculosis are frequently inferred from the analysis of
transcript abundance. Whilst there has been extensive analysis on the transcriptional regulation of
Mycobacteria, much remains unknown about the mechanisms regulating RNA decay rates that
shape the transcriptome. A study by Plocinski et al. (2019), aimed to identify core components of
M. tuberculosis RNA degradosome and analyse its function in RNA metabolism with the use of
an approach involving cross-linking to 4-thiouridine-labelled RNA. The engineering and the
transcriptional profiling of the strains observed to have a reduced expression level of core
degradosome ribonucleases provided crucial evidence that suggested the important pleiotropic
roles these enzymes play in the RNA metabolism of Mycobacteria, and highlights its potential

vulnerability as a drug target (Ptocinski et al., 2019).

1.10.2.1 Global transcriptomics enhances current knowledge on MTP and HBHA

A global transcriptomic study, in a mouse model of infection, investigated the role MTP plays in
pathogenesis, by evaluating its role in host-pathogen interactions and host immune responses,
using MTP-proficient and MTP-deficient M. tuberculosis V9124 strains (Nyawo, 2016). Growth
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assays revealed that the MTP-deficient strain displayed a significantly decreased growth rate,
relative to the WT, suggesting that MTP facilitates the growth rate of the pathogen (Nyawo, 2016).
Additionally, MTP plays a significant role in host-pathogen interactions leading to infection,
resulting in host immune response crucial to the host defence by triggering inflammatory and
innate immune response (Nyawo, 2016). Moreover, MTP is associated with regulation of immune
response, by cytokines and transcriptional factors (Nyawo, 2016). This study demonstrated MTP
to be a robust immunogen (Nyawo, 2016).

Investigations on the in vitro role of MTP in induction of host immune response was performed
by RNA sequencing of pulmonary A549 epithelial cells infected by MTP-proficient and MTP-
deficient M. tuberculosis V9124 strains (Dlamini, 2016). The findings suggested that mtp affects
gene regulation of A549 alveolar epithelial cells and its presence allows an increased expression
of host immune response associated genes such as cell surface receptors (Dlamini, 2016).

Previous studies investigated the combined effect of HBHA and MTP on adhesion and invasion
in a THP-1 human macrophage model (Moodley et al., 2018, unpublished). A lower bacillary load
was observed in the MTP-deficient strain, relative to the WT, at examined intervals which include
a four-hour post infection (Moodley et al., 2018, unpublished). The results suggested that these
combined adhesins influence transcriptional changes to favour adhesion and subsequent invasion

of macrophages (Moodley et al., 2018, unpublished).

1.10.3 Metabolomics

Metabolomics has proved to be an effective tool, over the last decade, in the pursuit to identify
both novel prognostic and diagnostic markers and risk factors (Dunn and Ellis, 2005). Defined as
the unbiased identification and quantification of all metabolic intermediates in a biological system,
metabolomics encompass the use of both analytical techniques and mathematical and biostatistical
analysis (Schoeman and Du Preez, 2012, de Villiers and Du Loots, 2013). A study performed by
Olivier and Loots (2012), focused on the use of a gas chromatography and mass spectrometry (GC-
MS) metabolomics approach to characterize and differentiate various infectious Mycobacterium
species, that included M. bovis, M. tuberculosis, M. avium and M. kansaii, on the basis of their
characteristic lipid profiles. The study led to the identification of 12 lipid biomarkers that were
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used to build a multivariate discriminate model that could correctly assign an unknown sample to

its respective species group with a probability ranging from 72-100% (Olivier, 2012).

A similar approach was used in a study by Che et al. (2013), to find diagnostic markers for active
TB that was not influenced by TB treatment. This was achieved by comparing the serum samples
that were collected from healthy controls and TB patients before and after they started TB therapy
(Che et al., 2013). This study demonstrated a total of nine potential diagnostic TB markers that
remained unaffected by first line TB therapy, including 5-oxoproline (Che et al., 2013). A further
study was then performed by Luies et al. (2017), to predict tuberculosis treatment outcomes with
the use of metabolomics. This was achieved by analysing urine samples that were collected at
baseline from TB-positive patients that had both successful and unsuccessful treatment outcome.
Two possible predictors were identified, which were associated with the gut microbiota imbalance
(Che et al., 2013). Hence, the findings demonstrated the capacity of metabolomics to be used to
predict TB treatment failure at the time of diagnosis which potentially offers a significant benefit
for use in individualized patient care and new drug development clinical trials (Luies et al., 2017).
These studies indicated the capacity of metabolomics to identify novel, useful biomarkers that can
be used for early prediction of a treatment outcome as well as to differentiate M. tuberculosis from
other Mycobacterium strains and its possible use in the development of new TB drugs (Luies et
al., 2017).

A metabolomics study investigating the role of MTP in modulation of M. tuberculosis metabolism
was performed using MTP-proficient and MTP-deficient M. tuberculosis V9124 strains
(Ashokcoomar et al.,, 2020). Two-dimensional gas chromatography time-of-flight mass
spectrometry and bioinformatic tools were used to analyse M. tuberculosis metabolites
(Ashokcoomar et al., 2020). The results revealed a total of 28 metabolites which were significantly
altered in the MTP-deficient strain, relative to the WT, associated with cell wall biogenesis,
reduction in amino acid synthesis and fatty acid hydrolysis (Ashokcoomar et al., 2020). This
suggests that the absence of MTP results in cell wall alterations and associated metabolic
perturbations, thus, highlighting the importance of this adhesin as a virulence factor and suitable
biomarker candidate (Ashokcoomar et al., 2020). Furthermore, a subsequent study investigated the
role of MTP in modulation of host-pathogen metabolic pathways in a A549 pulmonary epithelial

model of infection, using MTP proficient and deficient strains of M. tuberculosis V9124 (Reedoy
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et al., 2020). Significantly lower concentrations of 46 metabolites were observed in the MTP-
deficient strain, relative to the WT (Ashokcoomar et al., 2020). This indicates a significant
reduction in peptidoglycan, nucleic acid synthesis, oxidative stress, glutathione and amino acid
metabolism, highlighting the significance of this adhesin in M. tuberculosis pathogenicity (Reedoy
et al., 2020). Metabolomic investigations in a THP-1 macrophage infection model, using MTP
proficient and deficient strains of M. tuberculosis V9124, revealed significantly elevated
concentrations of nine metabolites in the MTP-deficient infection model (Ashokcoomar et al.,
2021). These observations indicated that in the absence of MTP, amino acid, carbon and fatty acid
metabolism are altered during host infection, suggesting the pertinent role of MTP in TB

pathogenesis by modulation of host metabolic activity (Ashokcoomar et al., 2021).

1.11 Significance of study

Collectively the above-mentioned studies indicate the potential of MTP and HBHA as suitable TB
biomarkers or targets for novel vaccine and drug development. However, understanding the
individual and combined role these adhesins play in the regulation of M. tuberculosis
transcriptome is yet to be deciphered. Therefore, using global transcriptomics, RT-qgPCR and a
phenotypic assay, this study assessed the influence that MTP and HBHA have on the bacterial
transcriptome, alone and combined, thereby, further substantiating their potential as suitable
candidates for intervention therapies against TB.

1.12. Research design
1.12.1 Aim

To determine the effect of MTP and HBHA on global in vitro bacterial transcriptomics using RNA
sequencing and mtp and hbhA gene knockout and complemented mutants of M. tuberculosis.

1.12.2 Objectives

1. To culture Amtp-hbhA, Amtp and AhbhA gene deletion mutants, complements and WT strains
of M. tuberculosis in liquid media
2. To confirm the gene knockout mutants using PCR

3. To perform bacterial RNA extraction on all strains from broth culture
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4. To submit RNA extracted from broth cultures for sequencing

5. To conduct bioinformatic analysis on the RNA sequencing data

6. To use RT-gPCR to validate RNA sequencing results and to determine bacterial gene
expression of selected genes involved in cellular respiration and metabolism, and cell wall
processes in M. tuberculosis

7. To perform statistical analysis to identify any significant differences between strains using
GraphPad prism to perform unpaired, parametric t-tests

8. To phenotypically validate RNA sequencing and RT-gPCR data by performing a bacterial
bioluminescent cell viability assay and statistically analyse results using GraphPad prism to

perform unpaired, parametric t-tests
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Chapter 1 delved into the current literature exploring TB epidemiology, M. tuberculosis
pathogenesis, characteristics, current therapeutics and intervention strategies against TB/LTB
infection, novel biomarkers and adhesins with the focus on HBHA and MTP and their significance
in TB research. Chapter 2 investigated the role of MTP and HBHA in regulation of respiration and
metabolism, cell wall biosynthesis, membrane transport, lipid biosynthesis and virulence pathways
in M. tuberculosis V9124, the Amtp, AhbhA, and Amtp-hbhA deletion mutants and their respective

complements.
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CHAPTER 2: Global transcriptomics reveals major perturbations in central
carbon metabolism, cell wall biosynthesis and processes, and virulence in the
absence of M. tuberculosis curli pili (MTP) and heparin-binding hemagglutinin
adhesin (HBHA)
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2.1 Abstract

Tuberculosis (TB) remains the most devastating bacterial cause of human mortality globally.
Surface located adhesins are crucial for Mycobacterium tuberculosis (M. tuberculosis) survival, as
they initiate and perpetuate host-pathogen interactions. Functional genomics, transcriptomics,
proteomics, and metabolomics analyses have identified M. tuberculosis heparin binding
hemagglutinin adhesin (HBHA) and curli pili (MTP) as significant potential targets for
intervention strategies. MTP adhesin plays a role in adhesion and invasion of host cells as well as
biofilm formation, whilst heparin-binding HBHA promotes M. tuberculosis dissemination from
the site of infection. The current study aimed to identify novel biomarkers via global transcriptomic
analyses using gene proficient and deficient M. tuberculosis strains. RNA sequencing was
performed on M. tuberculosis RNA extracted from wild-type V9124 (WT), single and double
deletion HBHA and MTP mutants, and their respective complemented strains. Validation of RNA
sequencing data and functional confirmation were conducted by RT-gPCR of selected
differentially regulated genes. A bacterial bioluminescence assay was performed to determine the
concentration of adenosine triphosphate (ATP) in the deletion mutants and complements, relative
to the WT. A total of 43 genes were significantly differentially expressed amongst the deletion

mutants. The biologically significant genes were functionally categorized into: central carbon
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metabolism, cell wall biosynthesis, cell wall transport and processes, lipid metabolism, and
virulence. The RT-gPCR genotypically confirmed expression levels of genes associated with ATP
synthase and cell wall transport and biosynthesis pathways. The bioluminescence assay
functionally confirmed the increased utilization of ATP in the absence of MTP and HBHA.
Adhesin gene deletions caused major perturbations to the respiration and metabolism, cell wall
and cell process, and virulence pathways. These perturbations lead to increased energy
requirements, compensatory transport of proteins to the cell wall and decreased virulence and
pathogenicity. Thus, this study further substantiates mtp and hbhA and associated pathway genes

as potential important targets for TB diagnostic/therapeutic interventions.
2.2 Introduction

Tuberculosis (TB), is an infectious, airborne disease caused by Mycobacterium tuberculosis, and
remains one of the most devastating bacterial causes of human morbidity and mortality,
particularly in low/middle-income countries (Fogel, 2015, Pai et al., 2016). In 2019, there was an
estimated 1.4 million TB deaths and which included 208 000 deaths from TB-human
immunodeficiency virus (HIV), co-infected individuals (WHO, 2020). The slow replication rate
of M. tuberculosis leads to diagnostic delays that significantly impede treatment initiation which
contributes to increased transmission of TB (EI-Sony et al., 2002), including multi-drug resistant
TB (MDR-TB) and extensive drug resistant TB (XDR-TB) which is virtually untreatable with the
current drugs. Drug resistance continues to be a public health crisis. Rifampicin remains the most
effective first line drug against TB, nonetheless, approximately 500 000 individuals developed
rifampicin resistant TB (RR-TB) in 2019 (WHO, 2020). Approximately 78% of the 500 000 RR-
TB individuals developed MDR-TB (WHO, 2020). In 2017, South Africa had an estimated 3.4%
of new MDR/RR- TB cases (WHO, 2018).

Development of more rapid diagnostic tools, drugs, and vaccines are still inadequate due to the
lack of suitable, accurate biomarkers. The strategy of specifically targeting the initial interaction
between pathogen and host, in the hope of preventing infection, holds great promise in the
identification of novel biomarkers. Hence, there is a need to fully characterize the function of the
proteins and putative proteins, identified to play a role in this initial interaction (Diaz-Silvestre et
al., 2002, Kinhikar et al., 2006, Alteri et al., 2007, Ragas et al., 2007, Hickey et al., 2010, Kumar
etal., 2013, Esparza et al., 2015), and the effect they have on the bacterial transcriptome.
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Adhesins have been identified as potential novel targets for rapid TB diagnosis and vaccine
development, due to their surface localization and role in host-pathogen interaction (Solanki et al.,
2018). M. tuberculosis encodes multiple adhesins, including the 28-kDa heparin-binding
hemagglutinin adhesin (HBHA) (Pethe et al., 2001) and 4-kDa M. tuberculosis curli pili (MTP)
(Alteri et al., 2007). As a virulence factor, HBHA (Rv0475) is present during early stages of
infection and is responsible for the initial interaction with epithelial cells, subsequently, facilitating
the dissemination of M. tuberculosis from the site of infection (Menozzi et al., 2006, Esposito et
al., 2011). This was evidenced by infection studies using a mouse model (Pethe et al., 2001) and

THP-1 macrophage model (Menozzi et al., 2006).

Previous studies showed that the surface located adhesin, MTP encoded by mtp (Rv3312A), is a
conserved gene that is present only in M. tuberculosis strains (Naidoo et al., 2014). In addition,
sera of active TB patients are known to contain IgG antibodies against MTP (Alteri et al., 2007,
Naidoo et al., 2018). The involvement of MTP in biofilm production (Ramsugit et al., 2013) as
well as in adhesion and invasion of THP-1 macrophages (Ramsugit and Pillay, 2014) and A549
epithelial cells (Ramsugit et al., 2016) was previously elucidated. Additionally, it was suggested
that MTP reduces cytokine/chemokine induction in epithelial cells as a survival strategy (Ramsugit
etal., 2016). Thus, HBHA (Masungi et al., 2002), and MTP may be suitable biomarker candidates
for the development of a point-of-care (POC) TB test.

Transcriptome analysis provides a dynamic link between the genome and the proteome by
evaluating the global changes that occur in gene expression profiles of tissue, organs, cells or
whole organisms (Parida and Kaufmann, 2010). The in vitro role of MTP in inducing the host
immune response of A549 alveolar epithelial cells, was previously investigated in a transcriptomic
study (Dlamini, 2016). This study reported an increased expression of the host immune response
associated genes such as cell surface receptors (Dlamini, 2016). Transcriptome investigations in a
mouse model, further evaluated the role of MTP in host defence by triggering both inflammatory
and innate immune responses (Nyawo, 2016). The MTP adhesin was associated with regulating
immune responses by transcriptional factors and cytokines (Nyawo, 2016). In addition, growth
assays showed that MTP-deficient strains displayed a significantly decreased growth rate, relative
to the M. tuberculosis V9124 wild-type (WT) (Nyawo, 2016). Transcriptome studies, in a THP-1

human macrophage model infected with the mtp-hbhA deletion mutant of M. tuberculosis,
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suggested that the combined effect of HBHA and MTP influence transcriptional changes to favour
adhesion and subsequent invasion of macrophages (Moodley, 2018, unpublished). This correlated
with a functional genomics study that demonstrated the significance of these two adhesins in
facilitating bacterial growth and biomass formation (Govender et al., 2018). Collectively, these
findings indicate the potential of MTP and HBHA when combined as a suitable TB biomarker or
a target for novel vaccine and drug development. Therefore, using functional transcriptomics, real
time quantitative PCR (RT-gPCR) and a bioluminescence assay, the present study aimed to
determine the individual and combined effects of these adhesins, MTP and HBHA, on the bacterial

transcriptome of M. tuberculosis, as well as identify novel pathogen biomarkers.

2.3  Materials and methods
2.3.1 Ethics Approval

The study was approved by the Biomedical Research Ethics Committee (BE383/18).
2.3.2 Bacterial isolates and growth conditions

The bacterial strains (Table 2.1) included M. tuberculosis wild-type (WT) V9124, a clinical isolate
of the F15/LAM4/KZN family previously isolated in Medical Microbiology, University of Kwa-
Zulu- Natal, from Tugela Ferry (Kwa-Zulu- Natal, South Africa) (Gandhi et al., 2006), mtp
deletion mutant (Amtp), mtp-complemented strain (mtp-complement), hbhA deletion mutant
(AhbhA), hbhA-complemented strain (hbhA-complement), mtp-hbhA deletion mutant (Amtp-
hbhA) and mtp-hbhA complemented strain (mtp-hbhA-complement).
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Table 2.1. The seven bacterial strains used in this study

Strains Genetic information Reference

WT Wild-type V9124 (F15/LAM4/KZN), (Gandhi et al., 2006)
expressing MTP

Amtp mtp deletion mutant, MTP adhesin deficient ~(Ramsugit et al., 2013)
overexpressing unpublished)

AhbhA hbhA deletion mutant, HBHA adhesin (Govender et al., 2018,
deficient unpublished)

hbhA-complement hbhA complemented strain, HBHA (Govender etal., 2018,
overexpressing unpublished)

Amtp-hbhA mtp-hbhA double deletion mutant, MTP and (Govender etal., 2018.
HBHA deficient unpublished)

mtp-hbhA-complement ~ Mtp-hbhA complemented strain, MTP- (Muniram, 2018. unpublished)

HBHA overexpressing

WT: wild-type; Amtp: mtp-gene knockout mutant; AhbhA: hbhA-gene knockout mutant; Amtp-
hbhA: mtp-hbhA gene knockout mutant.

Briefly, the Amtp (Ramsugit et al., 2013) and AhbhA (Govender et al., 2018, unpublished) strains
were constructed from M. tuberculosis V9124 via specialized transduction, whereby, an allelic
exchange substrate (AES) replaced specific genes with a hygromycin-resistance (HygR)-sacB
cassette (Bardarov et al., 2002). The mtp-complemented (Ramsugit et al., 2013) and hbhA-
complemented (Govender et al., 2018, unpublished) strains were constructed via
electrotransformation by insertion of the non-integrating pMV261 plasmids (Bardarov et al., 2002)
containing either mtp or hbhA genes, respectively. The Amtp-hbhA (Govender et al., 2018,

unpublished) was constructed by specialized transduction using the unmarked AhbhA single
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deletion mutant and mtp high-titre phage containing the targeted gene-specific AES (Bardarov et
al., 2002). The mtp-hbhA complemented strain (Muniram, 2018. unpublished) was constructed via
electrotransformation using electrocompetent cells and the pMV261-hbhA and pMV261-mtp
plasmids (Bardarov et al., 2002). The strains were confirmed by polymerase chain reaction (PCR)
using genomic deoxyribonucleic acid (DNA) extracted via InstaGene Matrix (Bio-Rad
Laboratories, Hercules, California, USA) (Appendix C1).

Three technical replicates of each of the seven M. tuberculosis strains (M. tuberculosis WT V9124,
Amtp, mtp-complement, AhbhA, hbhA-complement, Amtp-hbhA, and mtp-hbhA-complement)
were cultured for RNA extraction for three biological assays. All strains were retrieved from
storage at -80°C and cultured in 10 mL of Middlebrook 7H9 medium (Difco, Becton-Dickinson,
Franklin Lake, New Jersey, USA) supplemented with 10% (v/v) oleic albumin dextrose catalase
(OADC) (Difco, Becton-Dickinson, Franklin Lake, New Jersey, USA), 0.5% (v/v) glycerol
(Sigma-Aldrich, Missouri, USA), and 0.05% (v/v) tween-80 (Sigma-Aldrich, Missouri, USA). The
strains were cultured in a shaking incubator (I-26 Shaking Incubator, New Brunswick Scientific,
Canada) at 1 x g for 7-8 days at 37°C to an ODgoonm Of 1.0, equivalent to approximately 1x108
colony forming units (CFU)/mL (Larsen et al.,, 2007). The OD was determined using the
Lightwave Il Spectrophotometer (Biochrom Ltd, Cambridge, United Kingdom). The deletion
mutants and WT strains did not grow at the same rate. The strains were first grown to an ODesoonm
of 1, thereafter the strains were back-diluted to an ODsoonm Of 0.015 to standardize all replicates.
Thereafter, the strains were monitored until an OD of 1 was achieved and the cultures were

subjected to RNA extraction.
2.3.3 RNA isolation and sequencing

Prior to RNA extraction, the samples were treated with 4 M guanidine thiocyanate (GTC) (Thermo
Fisher Scientific, Massachusetts, USA) solution equal to the sample volume to prevent any
alterations in transcription and to acquire accurate mRNA representation (Stewart et al., 2002,
Butcher, 2004, Larsen et al., 2007). The samples were then centrifuged (Mikro 200R, Hettich
Zentrifugen, Tuttlingen, Germany) at 2000 x g for 10 minutes at 4°C (Larsen et al., 2007) and the
pellets resuspended in 1 mL of TRIzol reagent (Ambion, Life Technologies, California, USA). A
modified TRIzol method of RNA extraction was used, which comprised an additional wash step
to increase the purity of the RNA. The samples were mechanically lysed with 0.1 mm zirconia
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beads (BioSpec Products, Oklahoma, USA) in a Precellys tissue homogenizer (Bertin
Technologies, Montigny-le-Bretonneux, France) under continuous cooling at 2°C. Following
lysis, the samples were cooled and a volume of 300 pL of >99.5% chloroform (Sigma-Aldrich,
Missouri, USA) was added. The samples were mixed by inversion and incubated at room
temperature (25°C + 5°C) following centrifugation (Heraeus Fresco™ 21, Thermo Fisher
Scientific, Massachusetts, USA) at 27 670 x g for 15 minutes at 4°C. The aqueous layer was
collected and 500 pL of ice-cold >99.5% isopropanol (Sigma-Aldrich, Missouri, USA) was added
and the samples mixed by inversion. Samples were centrifuged (Heraeus Fresco™ 21, Thermo
Fisher Scientific, Massachusetts, USA) at 27 670 x g for 10 minutes at 4°C and the supernatants
discarded. Subsequently, the 75% ethanol (Sigma-Aldrich, Missouri, USA) wash step was
performed twice followed by the addition of 30 pL diethyl pyrocarbonate (DEPC) water (Thermo
Fisher Scientific, Massachusetts, USA) to resuspend the RNA pellet.

The concentrations (ng/ pL), purities (260/280 and 260/230 ratio) and integrities (presence of two
distinct bands on MOPS gel electrophoresis) of the RNA samples were assessed using the
Nanodrop 2000 (Thermo Fisher Scientific, Massachusetts, USA) and 3-(N-morpholino) propane
sulfonic acid (MOPS) (Sigma-Aldrich, Missouri, USA) gel electrophoresis. A single replicate of
the Amtp, AhbhA, Amtp-hbhA and WT showing the best concentration (> 500 ng/uL), integrity
(presence of two distinct bands on MOPS gel electrophoresis) and purity (260/280 and 260/230
ratio 1.9 < x < 2.3) was selected from each of the three biological assays to be sent to Omega
Bioservices (Norcross, USA) for RNA sequencing. Hence, a total of twelve RNA samples
[Biological assay 1: Amitp2, AhbhA2, Amtp-hbhA2 and WT2 (Table C1.2, Appendix C1),
Biological assay 2: Amtp2, AhbhA3, Amtp-hbhA2 and WT2 (Table C1.3, Appendix C1), Biological
assay 3: Amtp3, AhbhA2, Amtp-hbhA3 and WT2 (Table C1.4, Appendix C1)], were selected for
sequencing. The RNA was stored at -80°C in single use aliquots until shipment on dry ice. After
spectrophotometric quantification (> 500 ng/uL) (Nanodrop 2000, Thermo Fisher Scientific,
Massachusetts, USA) and sample purity assessment [RNA integrity value (RIN) 6 < x < 8] using
the Nanodrop and RNA screen tape (Omega Bioservices, Norcross, USA), the sequencing library
was prepared using the Illumina TruSeq Stranded Total RNA Library Prep Kit with RiboMinus

Transcriptome Isolation kit 2000 (Thermo Fisher Scientific, Massachusetts, USA) for removal of
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ribosomal RNA. The Illumina 2x150 HiSeqx10 platform (Illumina Incorporated, San Diego,
USA) was used to sequence 34 - 70 million, 125 bp paired-end reads of bacterial RNA.

2.3.4 Read alignment and transcript assembly

The quality of the generated reads was assessed using the FastQC toolkit (version 0.11.8;
Babraham Bioinformatics, Cambridge, UK), and pre-processed using Trimmomatic (version 0.36)
to remove low quality reads and adapter sequences (Bolger et al., 2014). The remaining clean reads
were subsequently mapped to the custom-built M. tuberculosis H37Rv genome index using
Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT version 2.1.0) to generate 12
different Binary Alignment Files (BAM) (Kim et al., 2015, Pertea et al., 2016). Mapping rates to
the reference genome ranged from 83.5 - 92.5%. The aligned reads were assembled using the
Stringtie (version 1.2.1) assembler against the M. tuberculosis H37Rv annotations as a reference.
Gffcompare, found in the Stringtie package, was used to further quantify, and annotate the
assembled transcripts into known and novel categories (Pertea et al., 2016, Sreenivasamurthy et
al., 2017). To determine the expressed transcripts as a Gene Transfer Format (GTF) file, the
Stringtie-merge option was used to merge the Stringtie assemblies built for the WT and the deletion
mutant replicates (ie. Amtp replicate 1, Amtp replicate 2, Amtp replicate 3, WT replicate 1, WT
replicate 2, and WT replicate 3 were merged into one GTF file). The merged Stringtie assemblies
of the Amtp, AhbhA, and Amtp-hbhA deletion mutants were compared to the annotated transcript
of the M. tuberculosis H37Rv genome index to generate novel isoforms and intergenic transcripts
(Frazee et al., 2015, Pertea et al., 2016, Sreenivasamurthy et al., 2017, Das et al., 2018). The
merged output files were annotated in R (version 1.2.1578) using the Ballgown package (Frazee
etal., 2015, Das et al., 2018), to obtain Fragments Per Kilobase of Transcript per Million (FPKM)
reads sequenced values (Frazee et al., 2015, Das et al., 2018). To stabilize the variance, due to the
FPKM values attached to each transcript being typically skewed, Ballgown’s incorporated
functions apply a log transformation and then fit the standard linear models to be used to test for

differential expression (Pertea et al., 2016).

2.3.5 Enrichment and statistical analysis

Further analysis was performed on Ballgown at the gene and transcript level to generate g-values

and p-values for the differential expression and the fold changes (FC) between the deletion mutants
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and the WT. The generated results were filtered using a FC cut-off value > 1.3 (to indicate a 1.3-
fold up-regulation) and < 0.5 (to indicate a 2-fold down-regulation) to identify significant genes
for pathway analysis through databases such as Kyoto Encyclopaedia of Genes and Genomes
(KEGG) (Kanehisa and Goto, 2000, Kanehisa, 2019) and BioCyc databases (Caspi et al., 2016,
Karp et al., 2019).

2.3.6 Real-time quantitative polymerase chain reaction (RT-gPCR) as a functional assay

The validation and functional confirmation of the RNA sequencing data using a genotypic assay,
RT-gPCR, was conducted on seven bacterial strains (Amtp, mtp-complement, AhbhA, hbhA-
complement, Amtp-hbhA, mtp-hbhA-complement, and WT) and used to assess gene expression
levels as a result of the hbhA, mtp, and mtp-hbhA gene deletion. Using the RNA sequencing data,
10 genes which were significantly up-regulated were selected, based on differential expression in
the ATP synthesis and cell wall biosynthesis and transport pathways, for RT-gPCR analysis, using
the primers listed in Table 2.2. The 16S rRNA was included as the housekeeping gene with the
primers listed in Table 2.2. The FASTA format for each gene was obtained from MycoBrowser
(Kapopoulou et al., 2011) and inserted into Primer3Plus (Untergasser et al., 2007) to select the
best primer set for each gene. The RNA (Amtp, AhbhA, Amtp-hbhA, and WT) used for the
subsequent cDNA synthesis was derived from the same sample sent for sequencing. The
complemented strains (Amtp-complement, AhbhA-complement, and Amtp-hbhA-complement)
were not sequenced; however, RNA concentration and integrity were used to select samples from
each biological assay for RT-qPCR. Prior to DNase treatment, as per the manufacturer’s
instruction (Thermo Fisher Scientific, Massachusetts, USA), the RNA concentrations for each
sample were standardized to 1 pug. The High-Capacity cDNA Reverse Transcription Kit (Roche
Applied Sciences, Penzberg, Germany) was used to perform the cDNA conversion as per
Manufacturer’s instructions. Prior to RT-gPCR, the primer efficiency for each primer set was
tested. The RT-qPCR was conducted using the Ssoadvanced Universal SYBR Green Supermix kit
(Bio-Rad Laboratories, Hercules, California, USA) in a 10 pL total reaction volume, in a
QuantStudio Real-Time PCR System (Applied Biosystems, California, USA). Cycling conditions
were as follows; holding stage at 95°C for 3 min, PCR stage of 40 cycles which include, 95°C for
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30 s, 60°C for 30 s and 75°C for 30 s. The melt curve analysis was determined at continuous
fluorescence set at 90 °C for 1 min, 60°C for 30 s and 95°C for 15 s.

Table 2.2. Gene and primer sequences selected for analysis of gene expression using RT-

gPCR
Gene Primer sequence (5° - 3°)
atoB Forward primer: gccacctggctcggtatgac
P Reverse primer: gcgcatctgaatggtgatcg
atoD Forward primer: atccccgagctgttcaatge
P Reverse primer: aagacgtggcccttcacacc
Forward primer: tgaagtgagcgcgattgtcc
atpF Reverse primer: gtcacgttcccgcaagacct
AtDE Forward primer: ctcatcggcggtggactgat
P Reverse primer: tatgccgcctcaaccaaacc
atoH Forward primer: tttatctggtgtggcgattt
P Reverse primer: cctgggcctctagttgttct
loaV/ Forward primer: ctgtgcgcaatggttttg
Pa Reverse primer: tactcctcctcggtegattc
SeCE? Forward primer: caaggtgatcgacatcatcg
Reverse primer: agcttgatgcggtaggtgat
RV2477¢ Forward primer: atgggggacatcaagatcaa
Reverse primer: acaacagcagtttgcacagc
RV0987 Forward primer: ccgacacgggtacgattttt
Reverse primer: actgtggtaggcgcaccttt
RV0986 Forward primer: accacatcaccttcgatttc
Reverse primer: gtgggaatcaggttgaaaaa
16S rRNA Forward pr_imer: cctacgggaggcagcagt
Reverse primer: cgtttacggcgtggactac

2.3.7 Statistical analysis

The gene expression data was normalized using 16S rRNA and analysed using the relative

quantification method. Three biological replicates and three technical replicates were performed

for each strain for each gene. GraphPad Prism (version 8) (GraphPad Software, La Jolla,
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California, USA) was used to perform the parametric, unpaired t-test analysis to determine the

significance values. All p-values < 0.05 were considered as statistically significant.

2.3.8 Determination of bacterial bioluminescence

Functional confirmation of increased ATP synthase was performed using a BacTiter-Glo™
Microbial Cell Viability Assay (Promega, Madison, Wisconsin, USA), as per manufacturer’s
instructions. Briefly, an opaque walled multi-well plate with equal volume (100 pL each) of
microbial cells (ODgoonm Of 1.0) in supplemented 7H9 broth (as described previously) and
BacTiter-Glo™ Reagent was prepared. The contents were briefly mixed and incubated (1-26
Shaking Incubator, New Brunswick Scientific, Canada) for five minutes at 37°C. Thereafter,
luminescence was recorded using the Glomax®-Multi+ Detection System (Promega, Madison,
Wisconsin, USA). The expression levels were recorded and analysed using GraphPad Prism
(version 8) (GraphPad Software, La Jolla, California, USA) to perform parametric, unpaired t-tests
to determine significance. The bioluminescence assay was performed in triplicate for each of the

three biological assays.
2.4 Results
2.4.1 Differential expression of genes induced by the deletion of MTP and HBHA

The genes were shortlisted in R using the Ballgown package, using FC and p-value (< 0.05) as
selection criteria. Additionally, due to the very low number of significant regulated transcripts a
FC > 1.30 for up-regulated genes and < 0.75 for down-regulated genes were selected. A total of
43 genes were significantly differentially expressed amongst the deletion mutants. Relative to the
WT, the Amtp displayed a significant up- and down-regulation of 13 and six genes, respectively
(Table 2.3 and 2.4). A total of eight significantly up-regulated, and eight down-regulated genes
were observed in the AhbhA, relative the WT (Table 2.3 and 2.4). The Amtp-hbhA displayed four
significantly up-regulated genes, and six significantly down-regulated genes, relative to the WT
(Table 2.3 and 2.4).
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Table 2.3. The statistically significant up-regulated genes induced by the three M.
tuberculosis deletion mutants relative to the WT.

Amtp AhbhA Amtp-hbhA

Gene FC p-value Gene FC p-value Gene FC p-value
IpqVv 1.927 0.014 fdxA 3.152 0.044 ASdes 1.706 0.015
ctaC 1.690 0.009 TB31.7 2.248 0.006 PPES9 1.694 0.021
Rv3377c  1.562 0.028 pfkB 2.088 0.005 moaAl 1.502 0.010
ppdK 1.562 0.028 secE2 1.708 0.028 IpdA 1.495 0.022
Rv0986 1.552 0.039 devS 2.224 0.002
atpF 1.434 0.041 devR 2.130 0.010
secE2 1.403 0.006 csoR 1.519 0.034
atpE 1.320 0.010 Rv3128c  1.633  0.046
ilvC 1.318 <0.001
icdl 1.300  0.006
Rv0988 1.552 0.039
Rv3857c  1.327 0.042
Rv1303 1.375 0.006

WT: wild-type; Amtp: mtp-gene knockout mutant; AhbhA: hbhA-gene knockout mutant; Amtp-
hbhA: mtp-hbhA gene knockout mutant; FC: fold change (FC > 1.3); p <0.05.
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Table 2.4. The statistically significant down-regulated genes induced by the three M.
tuberculosis deletion mutants relative to the WT.

Amtp AhbhA Amtp-hbhA

Gene FC p-value Gene FC p-value Gene FC p-value
mtp 0.041 0.004 hbhA 0.062 0.002 hbhA 0.042 <0.001
Rv2814c  0.558 0.041 mtp 0.533 0.001 mtp 0.471 0.019
serA2 0.730 0.028 Rv2642c 0.644 0.038 Rv3326 0.599 0.016
trpD 0.731 0.005 purA 0.654 0.030 Rv2815c 0.600 0.008
moeX 0.740 0.027 Rv0224c 0.705 0.027 Rv3475 0.634 0.036
mmuM 0.739 0.022 vapC5 0.733 0.034 Rv2042c 0.642 0.027

cfp2 0.747 0.018

Rv1082 0.494 0.044

WT: wild-type; Amtp: mtp-gene knockout mutant; AhbhA: hbhA-gene knockout mutant; Amtp-
hbhA: mtp-hbhA gene knockout mutant; FC: fold change (FC > 1.3); p <0.05.

2.4.1.1 Functional categorisation of significantly up-regulated and down-
regulated genes

The genes which displayed significant up-regulation between Amtp and the WT were functionally
categorized. The ppdK, icdl, and ilvC genes are involved in intermediary metabolism and
respiration, while Rv1303, atpE, atpF, and ctaC were associated with the oxidative
phosphorylation pathway (OPP) and adenosine triphosphate (ATP) synthesis (Table 2.3). The
genes, Rv0986, Rv0988, secE2, Rv3377c and IpqV were categorized into cell wall processes, and
Rv3857c¢ into hypothetical proteins (Table 2.3). Significant down-regulation was observed in genes
involved in several functional groups including: mmuM, moeX, trpD, and serA2 (intermediary
metabolism and respiration); Rv2814c (insertion sequences and phages); and mtp (Rv3312A) (cell
wall and cell processes) (Table 2.4).
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Significant up-regulation between AhbhA and the WT was observed in genes involved in the
following functional groups: secE2 (cell wall and cell process); fdxA, and csoR (intermediary
metabolism and respiration), pfkB (pentose phosphate pathway); TB31.7 (virulence, detoxification
and adaptation); devS and devR (regulatory proteins) and Rv3128c (conserved hypotheticals)
(Table 2.3). A significant down regulation was noted in the following genes and their related
pathways: hbhA, mtp, cfp2 (cell wall and cell process); purA, and Rv0224c (intermediary
metabolism and respiration); vapC5 and Rv1082 (virulence, detoxification and adaptation); and
Rv2642c (regulatory proteins) (Table 2.4).

Genes that displayed significant up-regulation between Amtp-hbhA and the WT were: moaAl and
IpdA (intermediary metabolism and cell respiration); ASdes (conserved hypotheticals); and PPE59
family (proline-glutamate and proline-proline-glutamate [PE/PPE]) (Table 2.3). Significant down-
regulation was observed in: mtp and hbhA (cell wall and cell process); Rv2042c (conserved
hypotheticals); Rv3475, Rv2815c and Rv3326 (insertion sequences and phages) (Table 2.4).

Alterations in the central carbon metabolism (CCM), ATP synthase, and cell wall transport and
processes were observed in the absence of the adhesins. Significant up-regulation of the ATP
synthase was observed in the absence of MTP, whilst significant perturbations in cell wall and
transport, virulence and regulation or proteins were observed in the absence of HBHA. In addition,
genes associated with respiration and metabolism were up-regulated in the absence of both MTP
and HBHA.

2.4.2 Alterations in central carbon metabolism, ATP synthase, cell wall and cell

processes in the absence of MTP and HBHA

Alterations in expression levels of genes associated with CCM in the absence of MTP and HBHA
might subsequently affect production and utilization of ATP. The Amtp deletion mutant displayed
significant up-regulation of ppdK, icdl, ilvC involved in CCM, and a significant down-regulation
of genes responsible for the biosynthesis of essential amino acids, tryptophan (trpD), and
methionine (mmuM). Pyruvate phosphate dikinase (PPDK) is responsible for the reversible
conversion of phosphoenolpyruvate (PEP) into pyruvate and adenosine 5’-monophosphate (AMP),
or ATP (Sauer and Eikmanns, 2005, Beste et al., 2013, Basu et al., 2018) (Figure 2.1). The

significant up-regulation of ppdK, might indicate an increase in pyruvate and AMP or an increase
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in ATP. Pyruvate is then converted to acetyl Coenzyme A (acetyl CoA), which enters the
tricarboxylic cycle (TCA) (Sauer and Eikmanns, 2005, Beste et al., 2013, Basu et al., 2018).
Probable isocitrate dehydrogenase, icdl, is responsible for the conversion of isocitrate into a-
ketoglutarate and CO> in the TCA cycle (Stryer et al., 1981, Banerjee et al., 2005). This rate-
limiting step is the initial NADH yielding reaction of this cycle (Stryer et al., 1981, Banerjee et al.,
2005). The increased expression of icdl suggests an enhancement of the carbon flux through the
TCA cycle. The ketol-acid reductoisomerase, ilvC, is involved in the biosynthesis of essential
amino acids, valine and isoleucine (Figure 2.2), and is the second enzyme involved in the essential
branched-chain amino acid (BCAA) biosynthesis (Armstrong and Wagner, 1961, Amorim Franco
and Blanchard, 2017). Significant up-regulation of this second enzyme involved in the BCAA
biosynthesis, suggests an increase in 2,3-dihydroxy-3-methylbutanoate and 2,3-dihydroxy-3-
methylpentanoate, precursors of valine and isoleucine (Armstrong and Wagner, 1961, Amorim
Franco and Blanchard, 2017).

The AhbhA deletion mutant displayed significant up-regulation of pfkB and a significant down-
regulation of purA (Figure 2.1). The up-regulation of pfkB suggests an enhancement of the carbon
flux through the glycolysis pathway. The gene purA (Table 2.4 and Figure 2.1), involved in the
purine salvage pathway, encodes an adenylosuccinate synthase which is responsible for catalysing
inosine monophosphate (IMP) to AMP (Stayton et al., 1983, Ducati et al., 2011, Kapopoulou et
al., 2011). Significant down-regulation of purA suggests a decrease in the demand for purines,
essential compounds required for replication (Stayton et al., 1983, Ducati et al., 2011). This
suggests that in the absence of HBHA, glycolysis is potentially enhanced, thus affecting ATP

concentrations within the cell.
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Figure 2.1. Transcriptomic analysis revealed alterations in central carbon metabolism.
Significant up-regulation of pfkB and ppdK is involved in production of pyruvate during
glycolysis. Down-regulation of purA indicates a decrease in AMP generation. Alterations in the
Amtp and AhbhA deletion mutants relative to the WT are depicted by blue and yellow arrows,
respectively. The genes altered in this study are depicted in red. Up- or down-regulation of genes
are depicted by direction of the arrows.
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Figure 2.2. Transcriptomic analysis revealed alterations in L-valine and L-isoleucine
biosynthesis. Transcriptomic analysis revealed a significant up-regulation of ketol-acid
reductoisomerase (ilvC) responsible for the conversion of 2-aceto-2-hydroxybutanoate to 2,3-
dihydroxy-3-methylpentanoate, involved in the production of L-isoleucine. The reductoisomerase
regulates the conversion of 2-acetolactate to 2,3-dihydroxy-3-methylbutanoate, involved in the
production of L-valine. This indicates a potential increase in essential amino acids, valine and
isoleucine (blue), reported in the Amtp deletion mutant, relative to WT. Up- or down-regulation of
genes are depicted by direction of the arrows. The genes altered in this study are depicted in red.
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2.4.3 Alterations in differential gene expression of ATP synthase

The OPP comprises five complexes of which complex IV and V depicted significant up-regulation
of the genes encoding the following: Cytochrome c oxidase (ctaC), ATP synthase (atpB, atpD,
atpE, atpF, atpH) and ATP synthase promoter (Rv1303) (Table 2.3; Figures 2.3 and 2.5-2.7), in
the Amtp . Cytochrome c¢ oxidase encoded by ctaC, ctaD and ctaE plays a role in complex IV of
OPP and feeds into complex V to generate ATP (Figure 2.3) (Sassetti et al., 2003, Rowland and
Niederweis, 2012). The mycobacterial Fo -Fi-ATP synthase is encoded by the Rv1303-
atpBEFGHDC-Rv1312 operon (Black et al., 2014). The Rv1303 gene is located upstream of ATP
synthase operon with a 7-bp overlap with atpB (Verma et al., 2014). The promoter for the ATP
synthase operon is located upstream of Rv1303 and co-transcribes the genes encoding the different
ATP synthase subunits (atpB) (Verma et al., 2014). Analysis of RNA sequencing revealed
significant up-regulation of ATP synthase promoter and synthase genes, induced in Amtp (Table
2.3). This significant up-regulation warranted genotypic confirmation to determine if the deletion
of mtp increased expression of the ATP synthase. Therefore, five ATP synthase genes, atpB, atpD,
atpE, atpF, and atpH were selected for investigation using RT-gPCR. This was also investigated
in the AhbhA and Amtp-hbhA, to determine if a more significant effect on ATP synthase was
observed in the absence of MTP alone or in combination with HBHA. Although there was no
significant up-regulation observed in the AhbhA and Amtp-hbhA, reported by RNA sequencing, a
noteworthy FC of a few ATP synthase genes (atpB, atpC, atpF) was observed (Figure 2.3,
Appendix C2.2, C2.3 and C2.4). RT-gPCR demonstrated an overall increased expression of ATP
synthase genes in all deletion mutants, Amtp (p < 0.05), AhbhA (p < 0.05), and Amtp-hbhA (p <
0.05), relative to the WT (Figure 2.5-2.7). However, the genes; atpB, atpD, atpH displayed
statistical significance (p < 0.05) in all complements relative to the WT, which could be attributed
to the construction of the complements via non-integrating over-expressing plasmids (Figure 2.5-
2.7).
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Figure 2.3. Cytochrome c oxidase and ATP synthase involved in Complex IV and V during
oxidative phosphorylation. Cytochrome c oxidase encoded by ctaC plays a role in complex IV
(green) which feeds into complex V (blue) of the OPP. ATP is generated by ATP synthase encoded
by atpB, atpD, atpE, atpF, atpH involved in complex V. Transcriptomic analysis revealed a
significant up-regulation of ctaC, atpE and atpF in the Amtp deletion mutant, relative to WT. Gene
expression analysis revealed significant up-regulation of atpB, atpD, atpE, atpF, and atpH in
Amtp, AhbhA, and Amtp-hbhA relative to the WT. Alterations in the Amtp, AhbhA, and Amtp-hbhA
deletion mutants relative to the WT are depicted by blue, yellow and green arrows, respectively.
Up- or down-regulation of genes are depicted by direction of the arrows. The genes altered in this
study are depicted in red.

2.4.4 Alterations in the cell wall and cell wall processes

Transcriptomic analysis revealed a significant up-regulation of ABC transporter, secE2, probable
adhesion components, Rv0986, and a probable exported protein, Rv0988 (Pethe et al., 2004), in
the Amtp (Table 2.3, Figure 2.4). The Rv0986 gene forms part of the ABC transporter along with
Rv0987 and secE2 (Daniel et al., 2018). Moreover, a non-significant up-regulation of Rv0987 was
observed in the Amtp (Appendix C2.2). The AhbhA displayed a significant up-regulation of secE2
(Table 2.3). Furthermore, Rv0986, Rv0987 and secE2 displayed up-regulation in the Amtp-hbhA,
however it was statistically non-significant (Appendix C2.2, C2.3 and C2.4). To determine if the
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deletion of mtp and hbhA affected the regulation of the ATP-binding ABC transporters, Rv0986,
Rv0987 and secE2 were investigated by analysing the gene expression determined by RT-gPCR.
These genes were also investigated in the Amtp-hbhA to identify if the deletion of both adhesins
affected the expression of the transporter to a greater extent. The RT-gPCR showed a significant
up-regulation of transport proteins and probable adhesion components in the absence of MTP and
HBHA, as observed by the increased gene expression of Rv0987 (p < 0.05), Rv0986 (p < 0.05),
and secE2 (p < 0.05) in all mutant strains, relative to the WT (Figure 2.5-2.8). Additionally, IpqV,
encoding a possible membrane lipoprotein (Kapopoulou et al., 2011), was significantly up-
regulated in the absence of MTP (Table 2.3). RT-gPCR showed higher gene expression levels of
IpgV, in the absence of MTP-HBHA (Figure 2.4 and 2.5-2.7). However, there is a large variance
observed in the expression of IpqV by the WT, possibly accounting for the non-significance
between the WT and Amtp and AhbhA (Figure 2.5b and 2.6b; Table C3.8). A significant up-
regulation of Rv3377c, a membrane permeable terpene nucleoside (Layre et al., 2014, Buter et al.,
2019), was reported in the Amtp. The terpene nucleoside is a naturally abundant compound in M.
tuberculosis (Layre et al., 2014, Buter et al., 2019). Significant down-regulation of the putative
secreted protein, cfp2 (Rv2376c), was observed in the AhbhA. The secreted protein is an early
secreted component of the pathogen that may play a role in the protective immune responses
(Webb et al., 1998). The significant down-regulation of this gene suggests perturbations to this
pathway. These findings suggest that the absence of the MTP and HBHA adhesins increases the
expression of the above-mentioned ABC transporters to the cell wall. The depletion of the HBHA
and both MTP-HBHA adhesins, increases expression of a lipoprotein. The depletion of only the
MTP adhesin increased expression of a membrane nucleoside, whilst the depletion of only the
HBHA adhesin decreased expression of a putative protein involved in protective immune response.
These perturbations could be a compensatory mechanism for the lack of the adhesins.
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Figure 2.4. Transcriptomic analysis revealed alterations in gene regulation of cell wall
maintenance, transport proteins and probable adhesion components. Significant down-
regulation of cfp2, involved in the maintenance of the cell wall, was reported in the AhbhA deletion
mutant. Significant up-regulation of IpqV, encoding a possible membrane lipoprotein was reported
in Amtp. The genes, Rv0986, and secE2 form part of an ABC transporter. The gene Rv0986 is a
probable adhesion component and was significantly up-regulated in the Amtp deletion mutant. The
gene secE2 was significantly up-regulated in the Amtp and AhbhA deletion mutants. Genes altered
in the Amtp and AhbhA relative to the WT are depicted in blue and yellow, respectively. Up- or
down-regulation of genes are depicted by direction of the arrows.

2.4.5 Gene expression analysis of functional RT-gPCR performed on selected genes

RNA sequencing data revealed an up-regulation of the ATP synthase complex (Amtp) (Appendix
C3), and cell wall transport and structural proteins (Amtp and AhbhA). Therefore, 9 genes (atpB,
atpD, atpE, atpF, atpH, IpgV, Rv0986, Rv0987, and secE2) were selected to functionally confirm
this data by RT-gPCR using the WT, deletion mutants, and complemented strains. The RT-gPCR
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data analysis demonstrated a cycle threshold (Ct) value below 29 for all genes, indicating a strong
positive reaction (Appendix C3). An ideal standard curve regression (R?) ranges from 0.980 to
0.999 (Wittwer and Garling, 1991, Pfaffl et al., 2009, Pfaffl, 2012). In this study, the standard
curves generated for each reaction showed R? values ranging from 0.9670-0.9970 (Appendix C3,
Figures C13-23), which was acceptable. Furthermore, the majority of the data points for each
standard curve falls on the regression line. The primer efficiencies for all genes ranged from 96.9-
116.5% (Appendix C3, Figures C13-23), indicative of good primer qualities, thus ensuring
efficient doubling of the template after subsequent cycles. The melt curves for all genes displayed
a single peak, indicative of the absence of nonspecific products in the reaction (Appendix C3,
Figures C13-23).

The Amtp strain induced a significantly higher level of gene expression (p < 0.05) for all genes,
except IpgV, in comparison to the mtp-complement and WT (Figure 2.5a-b). A significantly higher
gene expression of atpB and atpH was observed in all the deletion mutants relative to the WT
(Figure 2.5-2.7). Amongst the deletion mutants, Amtp-hbhA, induced the highest level of gene
expression of atpD, atpF, IpqV, Rv0986, Rv0987, and secE2 that was significant when compared
to the WT (Figure 2.5-2.7). Overall, the Amtp-hbhA and AhbhA induced a significantly (p < 0.05)
higher level of gene expression for all genes in comparison to their respective complements and
the WT strain. The expression means (Table C3.8) of the complements fall closer to the WT, than
their respective deletion mutants for all genes. However, between the WT and mtp-complement,
five genes displayed statistically significant difference. Relative to the WT, the hbhA-complement
displayed statistical significance of four genes, and the mtp-hbhA-complement displayed statistical
significance of six genes (Figure 2.5-2.7). The significance observed in all complements, relative
to the WT, could be attributed to the construction of the complements via non-integrating over-

expressing plasmids.
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Figure 2.5a. Real-time quantitative PCR to assess gene expression of five ATP synthase genes
(atpB, atpD, atpE, atpF and atpH) in the WT, Amtp and mtp-complement strains. Relative
quantification method of interpretation was used to assess the RT-qPCR data. The gene expression
levels were analysed relative to 16S rRNA for each gene of interest. Significance levels were
established using an unpaired, parametric t-test for data between WT and Amtp strains, and for the
WT and mtp-complement strains. Between the WT and Amtp, all of the genes displayed statistical
significance: atpB (p < 0.001), atpD (p < 0.001), atpE (p = 0.002), atpF (p < 0.001), and atpH (p
< 0.001). Between the WT and the mtp-complement, four of the genes displayed statistical
significance; atpB (p = 0.049), atpD (p = 0.002), atpE (p = 0.004), atpH (p = 0.005). The gene that
displayed no statistical significance was atpF (p = 0.068).
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Figure 2.5b. Real-time quantitative PCR to assess gene expression of four genes: adhesion
molecules and ABC transporters (secE2, Rv0986 and Rv0987), and lipoprotein (IpgV) in the
WT, Amtp and mtp-complement strains. Relative quantification method of interpretation was
used to assess the RT-gPCR data. The gene expression levels were analysed relative to 16S rRNA
for each gene of interest. Significance levels were established using an unpaired, parametric t-test
for data between WT and Amtp strains, and for the WT and mtp-complement strains. Between the
WT and Amtp, three genes displayed statistical significance: secE2 (p < 0.001), Rv0986 (p <
0.001), and Rv0987 (p < 0.001). The gene IpgV was not significant (p = 0.094). Between the WT
and the mtp-complement, one gene displayed statistical significance, secE2 (p <0.001). The genes
that were restored to the WT genotype: IpqV (p = 0.332), Rv0986 (p = 0.630), and Rv0987 (p =
0.450).
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Figure 2.6a. Real-time quantitative PCR to assess gene expression of five ATP synthase genes
(atpB, atpD, atpE, atpF and atpH) in the WT, AhbhA and hbhA-complement strains. Relative
quantification method of interpretation was used to assess the RT-qPCR data. The gene expression
levels were analysed relative to 16S rRNA for each gene of interest. Significance levels were
established using an unpaired, parametric t-test for data between WT and AhbhA strains, and for
the WT and hbhA-complement strains. Between the WT and AhbhA, all the genes displayed
statistical significance; atpB (p < 0.001), atpD (p < 0.001), atpE (p = 0.001), atpF (p < 0.001)
and atpH (p < 0.001). Between the WT and the hbhA-complement, three gene displayed statistical
significance: atpB (p < 0.001), atpD (p = 0.008), and atpH (p = 0.004). The genes that were
restored to the WT levels: atpE (p = 0.300), and atpF (p = 0.656).
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Figure 2.6b. Real-time quantitative PCR to assess gene expression of four genes: adhesion
molecules and ABC transporters (secE2, Rv0986 and Rv0987), and lipoprotein (IpgV) in the
WT, AhbhA, and hbhA-complement strains. Relative quantification method of interpretation
was used to assess the RT-gPCR data. The gene expression levels were analysed relative to 16S
rRNA for each gene of interest. Significance levels were established using an unpaired, parametric
t-test for data between WT and AhbhA strains, and for the WT and hbhA-complement strains.
Between the WT and AhbhA, three genes displayed statistical significance: secE2 (p < 0.001),
Rv0986 (p < 0.001), and Rv0987 (p = 0.001). The gene IpqV was not statistically significant (p =
0.060). Between the WT and hbhA-complement, one gene displayed statistical significance: secE2
(p < 0.010). The genes that displayed non-statistical significance were IpgV (p = 0.349), Rv0986
(p = 0.960), and Rv0987 (p = 0.710).
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Figure 2.7a. Real-time quantitative PCR to assess gene expression of five ATP synthase genes
(atpB, atpD, atpE, atpF and atpH) in the WT, Amtp-hbhA and mtp-hbhA-complement strains.
Relative quantification method of interpretation was used to assess the RT-gPCR data. The gene
expression levels were analysed relative to 16S rRNA for each gene of interest. Significance levels
were established using an unpaired, parametric t-test for data between WT and Amtp-hbhA strains,
and for the WT and mtp-hbhA-complement strains. Between the WT and Amtp-hbhA, all the genes
displayed statistically significant differences: atpB (p < 0.001), atpD (p < 0.001), atpE (p < 0.001),
atpF (p < 0.001), and atpH (p < 0.001). Between the WT and mtp-hbhA-complement, four genes
displayed statistical significance: atpB (p < 0.001), atpD (p = 0.010), atpF (p < 0.001), and atpH
(p < 0.001). The gene that displayed no statistical significance was atpE (p = 0.210).
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Figure 2.7b. Real-time quantitative PCR to assess gene expression of four genes: adhesion
molecules and ABC transporters (secE2, Rv0986 and Rv0987), and lipoprotein (IpgV) in the
WT, Amtp-hbhA, and mtp-hbhA-complement strains. Relative quantification method of
interpretation was used to assess the RT-gPCR data. The gene expression levels were analysed
relative to 16S rRNA for each gene of interest. Significance levels were established using an
unpaired, parametric t-test for data between WT and Amtp-hbhA strains, and for the WT and mtp-
hbhA-complement strains. Between the WT and Amtp-hbhA, all genes displayed statistical
significance: IpgV (p = 0.011), secE2 (p < 0.001), Rv0986 (p < 0.001), and Rv0987 (p < 0.001).
Between the WT and mtp-hbhA-complement, two genes displayed statistical significance: Rv0986
(p = 0.020), and Rv0987 (p = 0.040). The genes that displayed no statistical significance were
IpgV (p = 0.460) and secE2 (p= 0.950).
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2.4.5.1 Comparison of gene expression differences between RNA sequencing
and RT-gPCR
A comparison between the expression obtained from the RNA-sequencing and RT-gPCR was
performed using the fold-changes of the ATP synthase genes. A parametric unpaired t-test was
used to determine the significance between the techniques. Keeping in mind that the statistical
analysis was performed using a sample mean test, which compares the mean value of each sample
group (Yim et al., 2010), the statistical non-significance can be explained by the inconsistent
expression values of each gene between the two techniques (the up- and down-regulation of atpD,
atpE, atpF and atpH in AhbhA and atpD, atpE and atpF in Amtp-hbhA), as observed in Figure 2.8.
Although the expression is inconsistent, there is no radical difference between the fold-changes of
the two techniques. Therefore, there is no statistically significant difference between the
techniques. The comparison between the techniques provides a valuable understanding of the two
technologies and the possible drawbacks. The RNA sequencing was unable to provide statistically
meaningful outcomes for the ATP synthase genes, whilst RT-gPCR repeatedly generated reliable
statistically significant gene expression of the synthase. The comparison figure, along with the
expression data show that RT-gPCR was the more accurate technique at detecting the subtle
changes in gene expression. Therefore, while RNA sequencing is still relatively in its infancy, it
has value in broadly elucidating global gene expression in M. tuberculosis, and should be
supported where necessary, by RT-gPCR data that may be viewed as a more accurate

representation of the altered transcriptome.
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Figure 2.8. Comparison of RNA sequencing data and RT-qPCR for ATP synthase (atpB,
atpD, atpE, atpF, atpH). Real time quantitative PCR was performed on RNA from Amtp, AhbhA,
and Amtp-hbhA deletion mutants and WT strains using a QuantStudio Real-Time PCR System
(Applied Biosystems, California, USA) and Ssoadvanced universal SYBR green supermix (Bio-
Rad Laboratories, Hercules, California, USA). Relative quantification method of interpretation
was used to assess the RT-gPCR data. The gene expression levels were analysed relative to 16S
rRNA for each gene of interest. The RT-gPCR expression results and the RNA sequencing
expression results for three biological assays in triplicate are represented as fold change, relative
to the WT. Parametric unpaired t-tests showed no statistically significant difference between RNA
sequencing and RT-gPCR (p = 0.6521), due to the fold-changes displaying a slight deviation from
1 between the techniques, despite the visual differences in the bars depicting up-regulation or
down-regulation for the two techniques.
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2.4.6 The luciferase assay phenotypically confirms increased ATP utilization or lower
ATP production in the absence of MTP and HBHA

The bioluminescence assay revealed a significantly decreased concentration of ATP in the deletion
mutants, relative to the WT (Figure 2.9). The RNA sequencing analysis and RT-qPCR expression
analysis showed an increased expression of ATP synthase genes in the absence of the adhesins.
Collectively, this is suggestive of either a higher ATP consumption in the mutants, or a lower ATP
production via alternative pathways, such as a reduced proton motive gradient (Rao et al., 2008,
Black et al., 2014). Although the RT-gPCR data suggested that the respective complements
relative to the WT showed no statistically significant difference in expression of ATP synthase,
the increased level of ATP in the cell could possibly be attributed to the construction of the
complements via non-integrating over-expressing plasmids. Additionally, if the deletion of the
adhesins potentially resulted in a reduced proton motive gradient, it is postulated that the over-
expressing complements, viz., the non-integrating pMV261 plasmids, will potentially increase the
proton motive gradient, thereby, explaining the increased concentration of ATP in the

complements.
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Figure 2.9. Bioluminescence assay depicting lower ATP levels in Amtp, AhbhA, Amtp-hbhA
in comparison to M. tuberculosis V9124 WT. Significance levels were established using an
unpaired, parametric t-test for comparison of WT to mutants and their respective complements.
The results were statistically different between the mutants and wild type; Amtp (p < 0.0001),
AhbhA (p <0.0001), Amtp-hbhA (p = 0.0083) as well as between the complemented strains and
WT; mtp-complement (p <0.0001), hbhA-complement (p <0.0001), mtp-hbhA-complement (p <
0.0001).
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25 Discussion

Global “omics” approaches in previous studies highlighted the importance of the surface located
adhesins as putative biomarkers and potential targets for therapeutic interventions. Several studies
involving transcriptomics (Dlamini, 2016, Nyawo, 2016), functional genomics (Ramsugit and
Pillay, 2014, Ramsugit et al., 2016, Govender et al., 2018), and metabolomics (Ashokcoomar et
al., 2020, Reedoy et al., 2020, Ashokcoomar et al 2021) highlighted the role of the MTP adhesin
in TB pathogenesis. Furthermore, functional genomics (Menozzi et al., 2006), proteomics (Shin et
al., 2006, Esposito et al., 2011), and immunological (Chiacchio et al., 2017) studies provided
evidence that the HBHA adhesin plays a role in TB pathogenicity. Functional genomics and
transcriptomic studies investigating the combined effect of HBHA and MTP demonstrated the
impact of these two adhesins in facilitating bacterial growth and biomass formation (Govender et
al., 2018) and influencing transcriptional changes to favour adhesion and subsequent invasion of
macrophages (Moodley, 2018, unpublished). Collectively, these studies indicated the potential of
MTP and HBHA in combination, as suitable TB biomarkers or targets for novel vaccine and drug
development. Therefore, using functional transcriptomics, this study aimed to determine the
individual, as well as the combined effects, of these adhesins on the bacterial transcriptome of M.

tuberculosis.

In the current study, RNA sequencing revealed a total of 43 genes to be significantly differentially
expressed among the Amtp, AhbhA, and Amtp-hbhA strains, relative to the WT strain. Previous
RNA sequencing studies (Aguilar-Ayala et al., 2017, Gomez-Gonzalez et al., 2019, Ptocinski et
al., 2019) focusing on the M. tuberculosis transcriptome detected more than 100 significantly
differentially expressed genes when compared to their respective reference strains. In the current
study, the lower number of significantly differentially expressed genes in the deletion mutants
relative to the WT may be due to the use of a relatively new sequencing analysis platform (HISAT),
which is a more efficient, user-friendly platform that requires fewer resources (Kim et al., 2015,
Pertea et al., 2016). Only a portion of the significant genes are of known function and have been
annotated on currently available databases. This exposes the dire need for further M. tuberculosis
transcriptome studies. Moreover, the significant perturbations observed in the absence of these
adhesins indicates the relevance of MTP and HBHA in M. tuberculosis pathogenicity, which could

be further elucidated in future host infection studies. In contrast to the mutants, the majority of the
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selected genes displayed non-significant expression between the WT and complemented strains
through RT-gPCR assays. These findings suggest that differential expression of several M.
tuberculosis genes were due to the deletion of mtp and hbhA, individually or in combination. The
biologically significant genes identified in the mutants compared to the WT strain were
demonstrated to play a functional role in CCM, cell wall biosynthesis, cell wall transport and

processes, regulation and virulence.

A comparison of the two technologies, RNA sequencing and RT-gPCR, revealed the differences
in detection of gene expression. Although various transcriptomics (Parida and Kaufmann, 2010,
Mvubu et al., 2016, Plocinski et al., 2019) elucidated the urgent need of this technology to
understand pathogen and host cell types, this study observed the discrepancies in this technology
in detecting subtle fold changes. Holistically, the data obtained from this study, point toward RT-
gPCR being the more accurate technique to detect the more subtle gene expression changes in the

altered bacterial transcriptome.

2.5.1 Therole of MTP and HBHA in cell wall biosynthesis

M. tuberculosis has a distinct cell wall consisting of a highly impermeable lipid-rich outer layer
aiding in its success as a pathogen (Minnikin, 1982). Alterations in various cell wall associated
pathways were observed in the deletion mutants relative to the WT. There was significant down
regulation of cfp2 (Rv376c) observed in AhbhA (Table 2.4; Figure 2.3). Significant up-regulation
of IpgV (Rv1064c) was evident in Amtp while ASdes was significantly upregulated in Amtp-hbhA.
The N-terminal sequence of the putative membrane lipoprotein, IpqV, is postulated to be involved
in the lipid attachment site (Kapopoulou et al., 2011). This 19kD lipoprotein is hypothesized to be
a probable toll-like receptor 2 (TLR-2) ligand and plays a role in the development of the immune
response (Gehring et al., 2004). In order to determine whether this gene displayed a significantly
increased gene expression in the absence of MTP, HBHA and MTP-HBHA, RT-gPCR was
performed on the WT, deletion mutants and complemented strains. Gene expression analysis
revealed a significantly increased expression of IpgV in the Amtp-hbhA, relative to the WT.
However, Amtp and AhbhA displayed a non-significant increased expression relative to the WT.
The majority of the complements displayed no significant differential expression relative to the

WT, indicating that they were partially restored back to the WT genotype. This data suggests that
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both the hbhA and mtp-hbhA alter synthesis of a membrane protein in order to compensate for the

lack of the deleted adhesins.

The small regulatory RNA, ASdes, is involved in mycolic acid biosynthesis and postulated to play
a role in regulation of lipid metabolism (Singh et al., 2016). Significant up-regulation suggests a
putative role for MTP and HBHA, in combination, in increasing lipid biosynthesis in the cell
membrane. Putative secreted protein, cfp2 (Rv2376c), is an early secreted component of the
pathogen that may play a role in the protective immune responses (Webb et al., 1998). A study
that investigated the profile of CFP-2-induced cytokines in early TB patients and healthy controls,
in comparison to those induced by the 30-kDa antigen, reported that the CFP-2 protein plays a
vital role in proinflammatory responses through mitogen-activated protein kinase (MAPK)
pathway during the early stages of infection in humans (Lee et al., 2006). However, the T-cell
immunoreactivity of the CFP-2 protein is weaker than that of the 30-kDa (Lee et al., 2006). The
significant down-regulation of this gene suggests a down-regulation of CFP-2 pathogen-associated
molecular patterns (PAMPSs), which stimulate the production of proinflammatory molecules in
recipient macrophages (Lee et al., 2006, Bhatnagar and Schorey, 2007, Smith et al., 2017, Wang
et al.,, 2019). The deletion of both mtp and hbhA, in combination, results in perturbations to
lipoprotein biosynthesis, potentially increasing membrane lipoproteins to accommodate for the
lack of adhesins. Additionally, the deletion of hbhA confers perturbations potentially resulting in

a decreased immune response.

2.5.2 MTP and HBHA modulate energy production in M. tuberculosis by regulating
central carbon metabolism

The CCM is defined as the enzymatic repurposing of carbon substrates through various pathways

which include: gluconeogenesis, tricarboxylic acid (TCA) cycle, glycolysis and the pentose

phosphate shunt (Rhee et al., 2011). In the present study, alterations in several pathways of CCM

were observed in the absence of the adhesins.

2.5.2.1 MTP and HBHA influence gluconeogenesis/glycolysis pathways linked to
the TCA cycle

The genes involved in glycolysis/gluconeogenesis such as ppdK, ilvC, and icdl were up-regulated
in the absence of mtp (Table 2.3; Appendix C2.2- C2.4; Figure 2.1). The AhbhA deletion mutant
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displayed significant up-regulation of pfkB and a significant down-regulation of purA (Table 2.3
and 2.4; Appendix C2.2- C2.4; Figure 2.1).

Fructose-6-phosphate, by way of fructose-1,6-biphosphate, is converted into either
glyceraldehyde-3-phosphate (which undergoes glycolysis/gluconeogenesis), or dihydroxyacetone
phosphate (which utilizes nicotinamide adenine dinucleotide hydrogen (NADH) to produce
glycerol-3-phosphate (G3P) (Kapopoulou et al., 2011, Phong et al., 2013). Since pfkB is the
enzyme responsible for the rate determining step of the glycolysis pathway (Kapopoulou et al.,
2011, Phong et al., 2013), the significant up-regulation of this gene in the absence of HBHA,
indicates an enhancement in the carbon flux increasing production of pyruvate. The conversion of
glyceraldehyde-3-phosphate to 1,3-biphosphosphoglycerate to phosphoenolpyruvate (PEP) is
catalysed by triose phosphate isomerase, phosphoglycerate mutase and enolases, respectively
(Rhee et al., 2011). Pyruvate phosphate dikinase (PPDK), is the enzyme that drives both
gluconeogenesis and glycolysis (Kayne, 1973, Noy et al., 2016). Under conditions of low oxygen
levels, PPDK drives the glycolysis pathway towards pyruvate production with the release of ATP,
and under conditions of higher oxygen levels PPDK drives the gluconeogenesis pathway towards
PEP production with the release of adenosine 5’-monophosphate (AMP) (Kayne, 1973, Noy et al.,
2016). Apart from PPDK, pyruvate kinase (PK) is one of the rate-limiting steps of glycolysis,
therefore, potentially controlling the flux through and out of glycolysis (Kayne, 1973, Noy et al.,
2016). Pyruvate and PEP can either serve as precursors for anabolism or enter the TCA cycle via
acetyl Co-A (Sauer and Eikmanns, 2005, Beste et al., 2013, Basu et al., 2018). The significant up-
regulation of ppdK, along with the up-regulation in the TCA cycle suggests an enhancement of the
carbon flux through glycolysis and indicates the pathogens preference toward carbohydrate

consumption to produce ATP, in the absence of mtp.

Adenylosuccinate synthase (ADSS), purA, is responsible for the first committed step in the
conversion of IMP to AMP in the purine salvage pathway (Stayton et al., 1983, Ducati et al., 2011,
Kapopoulou et al., 2011). The significant down-regulation of purA suggests a reduced need for
purine synthesis, due to the deletion of HBHA potentially supressing replication. Thus, in the
absence of MTP and HBHA individually, the pathogen favours carbohydrate metabolism by
enhancing glycolysis to compensate for the lower lipid metabolism through the TCA cycle,

resulting in less efficient ATP synthesis.
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2.5.2.2 MTP influences the citric acid cycle

Significant alterations in the citric acid cycle (TCA) were observed in Amtp, including an up-
regulation of ilvC and icdl and down-regulation of serA2 and mmuM. Pyruvate enters the TCA
cycle for energy generation (Sauer and Eikmanns, 2005, Beste et al., 2013, Basu et al., 2018).
Pyruvate is involved in the generation of serine, an essential amino acid for bacterial growth
(Chattopadhyay et al., 2007, Agren et al., 2008). Synthesis of 3-phosphoglycerate, precursors of
L-serine, is catalysed by serA2 (Rv0728c), and serC (Chattopadhyay et al., 2007, Agren et al.,
2008). The deletion of the MTP adhesin results in perturbations in metabolism that slow down
replication, potentially decreasing the requirement of proteins, thereby decreasing expression of
genes responsible for synthesis of amino acids like serine, from the intermediates of carbohydrate
or lipid metabolism. Pyruvate is converted to either hydroxybutanoate or acetolactate which is
converted to methylpentanoate or methylbutanoate, respectively, by a probable isocitrate
dehydrogenase (ilvC) (Figure 2.2) (Banerjee et al., 2005, Stryer et al., 1981). Increased expression
of this ketol-acid reductoisomerase suggests an increase in precursors involved in the biosynthesis
of the essential branched-chain amino acids (BCAAs), valine and isoleucine (Armstrong and
Wagner, 1961, Amorim Franco and Blanchard, 2017). Microorganisms produce signalling
molecules called alarmones (Hauryliuk et al., 2015, Fang and Bauer, 2018), which are regulated
by alarmone synthetase/hydrolase, Rel (Shivers and Sonenshein, 2004, Hauryliuk et al., 2015).
This enzyme contains an ACT domain that plays a probable role in controlling amino acid
metabolism (Shivers and Sonenshein, 2004, Hauryliuk et al., 2015). Studies on Rhodobacter
capsulatus observed that the ACT domain in the Rel alarmone synthase hydrolase binds to
BCAAs, valine and isoleucine (Fang and Bauer, 2018). This study indicated that the cellular
concentrations of these BCAAs directly affect the alarmone activity (Fang and Bauer, 2018). Thus,
the significant up-regulation of the BCAAs, valine and isoleucine, potentially suggest stimulation

of the pathogens alarmone signalling the pathogen is in stress, in the absence of mtp.

The conversion of isocitrate into a-ketoglutarate and COy, catalysed by a probable NAD"-
dependant isocitrate dehydrogenase (icdl), is a vital rate-limiting step in the TCA cycle (Banerjee
et al., 2005, Stryer et al., 1981). Significant up-regulation of icdl indicates an increase in the flux
through this pathway. M. tuberculosis has a B12-independent methionine synthase responsible for

the synthesis of L-methionine from L-homocysteine. Methionine is a precursor for succinyl-coA,
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component of the citric acid cycle (Warner et al., 2007). Synthesis of L-methionine can also be
catalysed by mmuM, a homocysteine S-methyltransferase (Warner et al., 2007). Studies have
reported that MmuM is absent in rapid growing mycobacteria, however, it is conserved in the
reduced genome of M. leprae (Pejchal and Ludwig, 2004, Young et al., 2015). Since L-methionine
initiates the synthesis of most proteins (Pejchal and Ludwig, 2004, Warner et al., 2007, Young et
al., 2015), the significant down-regulation of mmuM suggests a decrease in the pathogens’
replication in the absence of the adhesin. Therefore, the deletion of mtp potentially results in an
increased flux through the TCA pathway and stimulation of alarmones, which decreases

replication resulting in a general decreased synthesis of amino acids such as serine and methionine.

2523MTP and HBHA modulate ATP synthesis via the oxidative
phosphorylation pathway

Substrate-level phosphorylation encompasses ATP generation via utilization of free energy
produced during various processes in metabolic pathways (Butlin et al., 1971, Black et al., 2014).
It also provides a fast source of ATP through a process that is not dependant on electron acceptors
(Butlinetal., 1971, Black et al., 2014). During OPP, ATP is generated via the F1Fo-ATP synthase
enzyme, coupled to the proton motive force (PMF) (Butlin et al., 1971, Black et al., 2014).
Classified as a facultative anaerobe, M. tuberculosis is dependent on OPP for growth and survival
during pathogenesis (Butlin et al., 1971, Black et al., 2014). The mycobacterial F1 -Fo-ATP
synthase is encoded by the Rv1303-atpBEFGHDC-Rv1312 operon (Black et al., 2014). The cf (0)
subunit, of the ATP synthase, is involved in translocation of protons across the membrane and cf
(1), which is the catalytic portion, is responsible for conversion of adenosine di-phosphate (ADP)
to ATP (Kapopoulou et al., 2011). The PMF is important for the final generation of ATP through
the F1 -Fo-ATP synthase (Rao et al., 2008, Black et al., 2014), and is established through the
development of the transmembrane proton gradient (Rao et al., 2008, Black et al., 2014). The
proton gradient occurs when electrons move through the electron transport chain resulting in the
establishment of membrane potential (Rao et al., 2008, Black et al., 2014). The electron transport
chain and PMF are vital components for the generation of ATP, a crucial requirement for metabolic
processes. The proton gradient is responsible for the conversion of electrochemical potential
energy produced by PMF into chemical energy, ATP (Kuroda and Tsuchiya, 2009, Black et al.,

2014). The OPP is the predominant source of energy production in mycobacteria and ATP synthase
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represents the pivotal enzyme in ATP generation in mycobacteria (Black et al., 2014). M.
tuberculosis is known to survive at low PMF (- 110 mV) (Rao et al., 2008), therefore the ATP
synthase needs to be adapted to allow efficient energy usuage at this low PMF for ATP synthesis
(Luetal., 2014). It was previously hypothesized that M. tuberculosis ATP synthase may be active
at a lower PMF, in comparison to other organisms or mitochondria (Bald and Koul, 2010).
Furthermore, with the deletion of the surface located adhesin and increased expression of the ATP
synthase, it is postulated that the proton gradient may be altered, potentially resulting in a
decreased ATP production via this pathway. Subsequently, this decrease may potentially signal
attempts to increased ATP synthesis via ATP synthase.

The synthesis of ATP via OPP is fed by cytochrome c oxidase (ctaC) located in Complex 1V, (Shi
etal., 2005, Rowland and Niederweis, 2012), and is largely mediated by ATP synthase of Complex
V (lino and Noji, 2013) (Figure 2.3). The F1-Fo-ATP synthase is encoded by ATP synthase genes
such as atpB (Rv1304), atpC (Rv1311), atpD (Rv1310), atpE (Rv1305), atpF (Rv1306), atpG
(Rv1309), and atpH (Rv1307). The Rv1303 gene is located upstream of the ATP synthase operon
with a 7-bp overlap with atpB (Verma et al., 2014). The promoter for the ATP synthase operon is
located upstream of Rv1303 and co-transcribes the genes encoding the different ATP synthase
subunits, such as atpB (Verma et al., 2014). The probable A-chain (atpB), has been postulated to
play a direct role in the translocation of protons across the membrane, whilst probable lipid-binding
protein C-chain (atpE) and B-chain (atpF) make up parts of the three non-enzymatic chain
components (Kapopoulou et al., 2011). Linking cf (0) to cf (1), is the probable 8-chain (atpH)
which is implicated in proton conduction (Kapopoulou et al., 2011). Lastly, the probable B-chain
(atpD) is predicted to produce ATP from ADP in the presence of a proton gradient (Kapopoulou
etal., 2011).

In the current study, genes involved in Complex IV (ctaC) and V (atpE and atpF) and ATP
synthase promoter (Rv1303) of the OPP (Table 2.3; Figure 2.3 and 2.5-2.7) were significantly up-
regulated in Amtp, relative to the WT, suggesting a Mycobacterium that attempts to increase
synthesis of ATP via this pathway under low PMF conditions created by the adhesin depletions.
Alterations in complex V were observed in Amtp-hbhA (statistically non-significant up-regulation
of atpB, atpC and atpH) and AhbhA (statistically non-significant up-regulation of atpB). In order

to determine whether ATP synthase and ATP generation were perturbed via OPP in the absence
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of MTP, HBHA and MTP-HBHA, a few genes (atpB, atpD, atpE, atpF, and atpH) were
investigated further by RT-gPCR in all three deletion mutants. Gene expression analysis
demonstrated a significantly increased expression of ATP synthase in Amtp, with few genes
displaying statistical significance between the WT and complement, suggesting the complement
was partially restored to the WT genotype. The significance between the complements and WT
could be attributed to the construction of the complements via non-integrating over-expressing

plasmids.

The expression analysis conferred an increased expression of ATP synthase in all deletion mutants,
suggesting attempted increase in ATP generation via this pathway. The Amtp-hbhA and AhbhA
displayed a significantly increased expression of ATP synthase relative to the WT via RT-qPCR,
whilst the RNA sequencing demonstrated a statistically non-significant down-regulation of these
genes. Furthermore, their respective complements showed no significant differences relative to the
WT. The contradicting RNA sequencing and RT-gPCR observations may be attributed to the use
of only one housekeeping gene for normalization of gene expression, and limitations of the
mapping strategies as a result of the dearth in M. tuberculosis annotated transcriptomic data. The
RNA-sequencing analysis revealed up-regulation and down-regulation (statistically non-
significant) of a few ATP synthase genes in Amtp-hbhA and AhbhA, which are co-transcribed by
the synthase promoter. Since the synthase is encoded by Rv1303-atpBEFGHDC-Rv1312 operon,
the up/down-regulation within the synthase could be attributed to the mapping strategy used. Since
RNA sequencing broadly elucidates M. tuberculosis global gene expression, it should be aided

when needed by a more accurate representation of the alterations such as RT-qPCR.

The functional ATP assay showed a significantly decreased concentration of ATP in the deletion
mutants, relative to the WT. This decrease could be attributed to either a decrease in ATP
generation via PMF or an increase in ATP consumption via ATP-dependant ABC transporters and
adhesion molecules. The percentage of ATP generated by each cellular pathway (PMF, OPP,
glycolysis) may be determined by further bioenergetics studies in future research. A significantly
increased concentration of ATP was observed in the complements, relative to the WT. This could
be attributed to either a higher energy storage observed in the complements, particularly Amtp-
and Amtp-hbhA-complements, relative to the WT, or an increase in ATP generation via PMF.

Collectively, the data suggests that MTP and HBHA perturb ATP synthase potentially increasing
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ATP synthesis, which may potentially be signalled by perturbations in the proton gradient resulting
in a decreased ATP generation via PMF. The decreased concentration of ATP in the deletion
mutants could be the result of a decrease in ATP via PMF or increased ATP consumption via ATP-
dependant ABC transporters.

Moreover, significant up-regulation of IpdA (Rv3303c), a lipoamide dehydrogenase (Akhtar et al.,
2006), was evident in Amtp-hbhA. The IpdA gene is predicted to manage oxidative stress in
pathogenic bacteria (Argyrou and Blanchard, 2001, Argyrou et al., 2004, Leung et al., 2017).
Although the effect of IpdA on drug resistance in M. tuberculosis remains unknown, its
involvement in regulation of the redox equilibrium suggests a potential association with drugs that
require bacterial catalase activation (Leung et al., 2017). Taken together, the perturbation of OPP
pathways and oxidative stress management in the absence of MTP-HBHA, suggests the potential
effect of these two adhesins in combination, on the regulation of the OPP.

2.5.3 Therole of MTP and HBHA in transport across the cell wall and cell membrane

M. tuberculosis has numerous cell wall transport proteins that aid in its survival and persistence
(Youm and Saier Jr, 2012). In the current study, alterations to various transport proteins and
operons were observed suggesting an increase in cell wall transport in the absence of the adhesins.
Rv0986, Rv0988, and secE2 (Rv0379) in Amtp, and secE2 in AhbhA were significantly up-
regulated in the current study (Table 2.3 and 2.4; Appendix C2.2- C2.4; Figure 2.1). In M.
tuberculosis, Rv0986, Rv0987 and secE2 encode an ATP-binding cassette (ABC) transporters
which are involved in energy coupling to the transport system (Pethe et al., 2004, Rosas-
Magallanes et al., 2006). The ABC transporters require ATP for transport of adhesion molecules,
Rv0987, and are dependent on energy production in the cell (Kuroda and Tsuchiya, 2009, Black et
al., 2014). The genes Rv0986 and Rv0987 are predicted to be involved in active transport of
adhesion components across the membrane and attachment (Pethe et al., 2004, Rosas-Magallanes
et al., 2006). Moreover, secE2 (Rv0379), encodes possible ABC transport protein of the subfamily
F (Kapopoulou et al., 2011) and displays a strong ATPase activity (Daniel et al., 2018). Gene
expression analysis was performed on Rv0986, Rv0987 and secE2 of the ATP-binding cassette
(ABC) transporters due to the significant up-regulation of the different ABC transport genes in the

deletion mutants. The expression of these genes was significantly increased in Amtp, AhbhA and
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Amtp-hbhA, relative to the WT. The mtp- and hbhA-complemented strains displayed no significant
expression of Rv0986 and Rv0987 relative to the WT, whilst the mtp-hbhA-complement displayed
no significant expression of secE2 relative to the WT. Overall up-regulation of these genes points
toward increased transport of proteins to the cell membrane/wall via ATP utilization in the absence
of MTP and HBHA. Additionally, Rv0988, a probable exported protein (Pethe et al., 2004, Rosas-
Magallanes et al., 2006) was significantly up-regulated in Amtp, suggesting alterations in

membrane associated proteins in the absence of the pili.

2.5.4 The regulatory role of MTP and HBHA
2.5.4.1 The regulatory role of MTP in molybdenum cofactor biosynthesis

Molybdenum is an essential trace element central to many large enzymes including nitrate
reductase, xanthine oxidoreductases, sulphite oxidase and nitrogenases (Schwarz et al., 2009).
Molybdopterins are a class of co-factors that bind to active metals found in most molybdenum
enzymes (Schwarz et al., 2009). The molybdopterin and molybdenum complex is regarded as the
molybdenum cofactor (Schwarz et al., 2009). M. tuberculosis expresses moaAl (Rv1309), moaBl,
moaC1 and moaD1 that encode key enzymes involved in the synthesis of molybdopterin, a pterin
based molybdenum cofactor (Schwarz et al., 2009, Lopez et al., 2010). The initial step in
molybdopterin synthesis is predicted to start with the conversion of guanosine triphosphate (GTP)
into cyclic pyranopterin monophosphate (cPMP) catalysed by moaAl and moaAC1 (Schwarz et
al., 2009, Lopez et al., 2010). Subsequently, molybdopterin synthase converts cPMP to meta
binding pterin dithiolate (Schwarz et al., 2009, Lopez et al., 2010). The insertion of molybdenum
into molybdopterin is predicted to be catalysed by moaB1 (Schwarz et al., 2009, Lopez et al.,
2010). Significant up-regulation of moaAl in the Amtp-hbhA suggests an increase in molybdenum
cofactor precursors. Moreover, a significant down-regulation of moeX (Rv1681) was observed in
Amtp. The moeX is a possible molybdopterin biosynthesis protein involved in molybdenum
cofactor biosynthesis (Schwarz et al., 2009, Lopez et al., 2010). Therefore, significant down-
regulation of moeX suggests a decrease in molybdenum cofactor biosynthesis. The deletion of
MTP and MTP-HBHA alters molybdenum cofactor biosynthesis, indicative of the possible effect
MTP could have on this process.
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2.5.4.2 The role of HBHA in copper and iron regulation

Copper and iron are essential nutrients in bacteria (Arredondo and Nufez, 2005). Excess or
deficiencies of these nutrients causes impaired cellular functions and cell death (Arredondo and
Nufiez, 2005). A systemic deficiency in copper generates cellular iron deficiency (Arredondo and
Nurfiez, 2005). Copper is required for the function of several proteins, including metalloenzymes
such as cytochrome c oxidase (ctaC) (Spagnolo et al., 2004). Iron is required for numerous proteins
and electron chain transport and microsomal electron transport proteins (Arredondo and Nufiez,
2005). The genes fdxA and csoR were significantly upregulated in AhbhA. The CsoR regulon was
elucidated to be a copper responsive transcriptional repressor (Liu et al., 2007, Marcus et al., 2016).
However, the CsoR regulon, rather than copper sensitive operon repressor csoR (Rv0967), are
primarily responsible for the direct mitigation of the harmful effects of copper stress (Liu et al.,
2007, Marcus et al., 2016). The significant increased expression of csoR could be attributed to an
increase in ctaC expression, which in turn, may lead to an increased expression of ATP synthase
(complex V of the OPP). The induction of csoR could potentially indicate a harmful concentration
of copper, which causes impaired cellular functions. The fdxA (Rv2007c) encodes an orthologue
ferredoxin iron-sulphur protein that acts as an electron carrier (Kapopoulou et al., 2011). The
significant up-regulation of fdxA suggests an increase in electron transfer, possibly involved in
electron transfer chain. Therefore, the deletion of HBHA significantly alters csoR regulation
possibly induced by increased expression of ctaC (displayed non-significant up-regulation;

Appendix C2.3) and increases expression of electron carriers.

2.5.4.3 The role of MTP-HBHA in regulation of DevR-DevS

The DevR-DeVsS is a two-component system that permits bacteria to sense and adapt to diverse
environmental conditions (Gao and Stock, 2009). The DevR-DevS system is one of the most
characterized two component systems in M. tuberculosis and is induced by various gaseous
stresses such as hypoxia (Bretl et al., 2011), and vitamin C (Taneja et al., 2010). The DevR regulon
induces expression of approximately 48 genes involved in dormancy (Gao and Stock, 2009). Under
the inducing conditions mentioned, DevR is activated by the transfer of phosphosignals from both
DevS and DosT (Roberts et al., 2004). Studies investigating the aerobic expression of this regulon
in laboratory-manipulated overexpression strains reported that overexpression of DevR

circumvents DevS and DosT sensor kinase-mediated or small molecule phosphodonar-dependant
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activation (Sharma and Tyagi, 2016). Moreover, it was suggested that aerobic overexpression of
DevR increases the concentration of .10 helix-mediated active dimer species above the threshold
level, as during induction by hypoxia, enabling expression of the regulon (Sharma and Tyagi,
2016). Infection studies in a mouse model reported that the deletion and reduced expression of
devR, in comparison to the M. tuberculosis H37Rv WT strain, resulted in a hypervirulent strain of
M. tuberculosis that grew more rapidly in the acute stage of infection in immunocompetent mice
and in IFN-y activated macrophages (Parish et al., 2003). The significant up-regulation of only
devS and devR, no significant up-regulation of dosT, in the AhbhA suggests overexpression of devR
under aerobic conditions. Additionally, up-regulation of the OPP further corroborates the
overexpression of devR under aerobic conditions. Thus, in the absence of HBHA, the alterations

in DevR regulation could potentially affect the pathogens virulence in vivo.

2.5.4.4The role of MTP-HBHA in regulation of insertion sequence element
1S6110

The Amtp-hbhA demonstrated a significant down-regulation of several genes (Rv3326, Rv2815c,
and Rv3475) involved in the transposition of insertion sequence element 1S6110 (Cloete et al.,
2016). Insertion element 1S6110, identified as a repeated sequence, is crucial in deciphering the
transmission dynamics of this pathogen and was reported to play a role in pathogenicity (Cloete et
al., 2016). Although there is limited understanding of these genes, they are postulated to be
probable transposases required for the transposition of 1S6110 (Cloete et al., 2016). A significant
decreased expression of these genes may alter the transposition of this insertion element and
related pathways in the absence of MTP and HBHA.

Interestingly, a significant down-regulation of mtp (Rv3312A) was observed in the AhbhA. Since
these two adhesins are located at different loci (Kapopoulou et al., 2011), the deletion of hbhA was
not expected to affect mtp during the construction of the AhbhA. Given that these genes encode
surface located proteins responsible for adhesion, hypothetically the organism may compensate
for a single deletion by expressing more proteins with a similar function. However, the opposite
was observed from the transcriptomic analysis in this study. Therefore, it is postulated that hbhA
could play a role in regulation of a promoter/regulator for other adhesins such as mtp. Since there

is a vast number of unannotated hypothetical genes in the M. tuberculosis transcriptome, one of
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these adhesin promoters could be unannotated. Hence, there is a need to further understand the

transcriptome so that these adhesins and their potential regulatory roles can be elucidated.

2.5.5 The role of MTP and HBHA in virulence

M. tuberculosis has various proteins that enhance its virulence such as, virulence associated
proteins (Vap) BC toxin-antitoxin (TA) systems and chaperonin proteins (Kong et al., 1993, Hu et
al., 2008). The VapB, of VapBC, is the inhibitor and VapC is the PilT N-terminal domain
ribonuclease toxin (Gerdes et al., 2002, Van Melderen and De Bast, 2009). Additionally, VapBC
operons were found to be associated with repetitive elements, virulence factors and transposases
which suggest they play a role in maintenance of virulence factors (Arcus et al., 2005). It was
postulated that the various subsets of VapBC TA systems could be activated in response to various
stressors enabling the organism to adapt to different environmental conditions (Arcus et al., 2005,
Arcus et al., 2011). The significant down-regulation of VapC5 (Rv0627) observed in the AhbhA,
suggests a significant disruption in overall MRNA cleavage and maintenance of stress induced
peptides and attenuation of efficient macrophage binding. Hence, the deletion of the HBHA
adhesin could potentially render the pathogen more susceptible to environmental stressors and

disrupt efficient macrophage binding.

The Amtp displayed a significant down-regulation of trpD (Rv2192c), a probable anthranilate
phosphoribosyltransferase involved in tryptophan biosynthesis (Smith et al., 2001, Lott, 2020).
Infection studies using M. tuberculosis trpD deletion mutants and murine bone marrow-derived
macrophages and mice reported that over 90% of trpD mutants were killed during a 10-day period
(Smith et al., 2001, Lott, 2020). The trpD mutant was essentially avirulent in an
immunocompromised mouse host (Smith et al., 2001, Lott, 2020). Vaccine studies in which mice
were pre-treated with the trpD mutant revealed better protection than BCG against M. tuberculosis
H37Rv (Smith et al., 2001, Lott, 2020). The trpD is essential for M. tuberculosis virulence, and
strains that exhibit a disruption of trpD show strong potential as a vaccine candidate (Smith et al.,
2001, Lott, 2020). Thus, the significant down-regulation of trpD results in alterations in tryptophan

biosynthesis potentially decreasing virulence in the absence of MTP.

The PPE and PE are highly conserved N-terminal domains (Phelan et al., 2016) and are predicted
to be virulence factors involved in host-pathogen interactions (Sampson, 2011). M. tuberculosis

encodes the protein PPE59 (Rv3429), ascribed to elicit low T-cell immune response in comparison
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to other inducers (Al-Attiyah and Mustafa, 2008), and have a low homology in the C-terminal
regions with other mycobacterial species (Chen et al., 2009). This protein was predicted to be an
inducer of cell-mediated response by interleukin-1 and IFN-y (Al-Attiyah and Mustafa, 2008). The
significant up-regulation of PPE59 reported in Amtp-hbhA suggests a role for increased induction
of cell mediated response thereby, potentially decreasing the response to T-cells in vivo thus
making the pathogen susceptible to death. Collectively, these findings are suggestive of the role
that MTP and HBHA play in modulation of the host immune response to ensure establishment of

early infection as a survival mechanism.

A limitation of the present study is that the impact of MTP and HBHA was elucidated in a bacterial
transcriptome model and cannot be directly extrapolated to an infection model. Moreover, only
one housekeeping gene was included for normalization. Although numerous studies (Patel, 2013,
Herricks et al., 2020, Gani et al., 2021) performed the bioluminescence assay as per manufacturer’s
instructions on various M. tuberculosis strains, future studies could include an additional lysing
step to ensure the cells are exhaustively lysed, thus detecting the most accurate levels of ATP.
Future studies could include a secondary housekeeping gene, such as recA or sigA to provide a
stronger representation of differential expression. In addition, future bioenergetic studies should
provide the percentage of ATP generated by each cellular pathway (PMF, OPP, glycolysis) in
order to determine alterations in ATP generation. Moreover, alterations in the ATP synthase only
were further investigated via RT-gPCR and a bioluminescence assay. Future studies could
investigate the alterations observed in the CCM to determine which specific pathways are altered
in the absence of MTP and HBHA. Dual RNA-sequencing in in vitro and in vivo infection models
would provide a more holistic view of the role these adhesins play during host-pathogen
interactions. Moreover, additional functional protein studies could provide more insights into their
role and impact on the transcriptome. This study was limited to one clinical strain which may not
be representative of other clinical strains. Therefore, future research could make use of infection
models analysing the impact of these two adhesins on the host and bacterial transcriptomes during
infection, and further protein studies could confirm alterations made to the end-products of the
perturbed pathways. Furthermore, in vivo investigations on survival kinetics in mice could be

performed to determine whether the deletion of MTP potentially attenuates virulence of the
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pathogen. Despite the above limitations, this study provides a novel and valuable insight on the

roles that MTP and HBHA play in the regulation of the M. tuberculosis transcriptome.
2.6 Conclusion

Bioinformatic analysis coupled with gene expression and a bioluminescence assay revealed
perturbations to the bacterial transcriptome caused by the deletion of the mtp and hbhA genes in
M. tuberculosis. The major perturbations were associated with respiration and metabolism, cell
wall and cell process, and virulence. An overall increased expression of ATP synthase was
reported in Amtp suggesting attempts of the adhesin depleted mutant bacteria towards increasing
the generation of ATP via this pathway which could possibly be attributed to alterations in the
PMF. The bioluminescence assay displayed reduced concentrations of ATP in all mutants, relative
to the WT, suggestive of either increased ATP consumption or decreased ATP generation via PMF.
The perturbations reported may disrupt many processes, increase flux through the TCA pathway
and stimulate alarmones, which decrease replication subsequently resulting in a general decreased
synthesis of amino acids such as serine and methionine, which may be exacerbated by alterations
to CCM. Moreover, the distinct alterations in expression levels of genes associated with cell wall
biosynthesis and structure in strains lacking MTP, is indicative of the potential role this adhesin
plays in the regulation of the cell wall. The observed decreased expression of specific virulence
genes could potentially indicate that the deletion of the adhesins attenuates virulence and decreases
pathogenicity. In the absence of HBHA, alterations in iron and copper regulation were observed,
thus indicating the potential role the adhesin plays in regulation of these elements. The deletion of
both adhesin genes (Amtp-hbhA) displayed a greater impact on cell wall biosynthesis and transport,
ATP consumption and virulence, in comparison to the single deletion of each adhesin gene (Amtp
and AhbhA). Additionally, the alterations in regulation of virulence associated genes suggest that
MTP and HBHA potentially modulate host immune response as a survival mechanism. Therefore,
this study further supports the use of MTP and HBHA in combination as an important target for

TB diagnostics and therapeutic interventions.
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Chapter 2 investigated the role of MTP and HBHA in regulation of respiration and metabolism,
cell wall biosynthesis, membrane transport, and virulence pathways. The absence of MTP was
implicated with altered cell wall biosynthesis and decreased virulence whilst the absence of HBHA
resulted in decreased virulence due to the significant down-regulation of virulence associated
proteins (Vap) BC toxin-antitoxin (TA) systems. The data suggested that the absence of both MTP
and HBHA resulted in attempts to increase ATP production via ATP synthase, transport of proteins
and adhesion components to the cell wall and membrane, and decreased virulence. Observations
point toward a potential increased energy requirement for transport of proteins to the cell wall and
an altered cell wall or a decreased ATP generation via PMF. Chapter 3 synthesizes the important

findings from the previous chapter with limitations and future recommendations.
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Chapter 3: Synthesis of research findings, conclusions, and recommendations

Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains the foremost cause of death
from a single infectious agent (World Health Organization, WHO, 2020). The ongoing challenges
such as increased drug resistance, growing HIV epidemic (Karim et al., 2009), lack of effective
point of care (POC) diagnostics, effective vaccines and efficacious drugs (Andersen and Doherty,
2005), warrant more attention being directed toward early detection and prevention of TB (Stones
and Krachler, 2015). Research focusing on M. tuberculosis pathogenicity during early infection
stages may aid in the search for novel accurate biomarkers for the development of improved
diagnostics and treatment. Hence, bacterial adhesins are a promising target as they have
immunogenic characteristics and are easily accessible (Stones and Krachler, 2015). Recent studies
suggest that the surface located, heparin-binding hemagglutinin adhesin (HBHA) and M.

tuberculosis curli pili (MTP), show great promise as potential biomarkers and vaccine candidates.

The HBHA (Rv0475) adhesin is a virulence factor present during the early stages of TB infection
(Pethe et al., 2001). Infection studies, using A549 pneumocytes, reported a significant reduction
in adhesion and invasion by a M. tuberculosis HBHA-deficient strain, relative to the wild-type
(WT). Additionally, antibody response to HBHA may provide further immune protection against
M. tuberculosis (Pethe et al., 2001). Moreover, it was suggested that HBHA induces epithelial
transcytosis, which could represent a macrophage-independent extrapulmonary dissemination
mechanism, leading to M. tuberculosis infection (Menozzi et al., 2006). Furthermore, as a
diagnostic antigen, the presence or absence of HBHA is capable of distinguishing between active
and latent TB infection (LTBI) in humans, due to the ability of the adhesin to induce a higher level
of interferon-y in LTBI (Hougardy et al., 2007). Hence, HBHA may pose a promising target in the
development of TB diagnostics, vaccines and therapeutics (Esposito et al., 2012).

The MTP (Rv3312A) adhesin binds to laminin and reacts with IgG antibodies in patients’ sera
(Alteri et al., 2007). Additionally, MTP plays a role in biofilm production (Ramsugit et al., 2013),
and is unique to the M. tuberculosis complex (MTBC) pathogens (Naidoo et al., 2014). Infection
studies, using THP-1 macrophages (Ramsugit and Pillay, 2014) and A549 epithelial cells
(Ramsugit et al., 2016), elucidated the role MTP played in adhesion and invasion. The MTP

adhesin may reduce chemokine/cytokine induction in A549 epithelial cells as a survival
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mechanism (Ramsugit et al., 2016). Thus, MTP shows great promise as a suitable biomarker for

the development of a POC TB test, therapeutic intervention, and a potential vaccine candidate.

Despite the growing research efforts elucidating the influence of MTP and HBHA in M.
tuberculosis pathogenesis, their individual and dual role in regulation of the M. tuberculosis
transcriptome has not been explored. Therefore, in this study, the effect of mtp and hbhA deletion
on the M. tuberculosis transcriptome was assessed by RNA extraction and sequencing of M.
tuberculosis strains [M. tuberculosis V9124 (WT), MTP-deficient (Amtp), MTP-proficient (mtp-
complement), HBHA-deficient (AhbhA), HBHA-proficient (hbhA-complement), MTP-HBHA-
deficient (Amtp-hbhA), MTP-HBHA-proficient (mtp-hbhA-complement)], global transcriptomics,
genotypic confirmation of selected pathway genes by real-time quantitative PCR (RT-qPCR), and
phenotypic confirmation by a bioluminescence cell viability assay. The data demonstrated
perturbations in central carbon metabolism (CCM), adenosine triphosphate (ATP) synthesis, cell

wall biosynthesis, membrane transport and virulence in the absence of MTP and HBHA.

3.1 MTP and HBHA influence central carbon metabolism (CCM) and the tricarboxylic
acid (TCA) cycle in Mycobacterium tuberculosis

In the present study, perturbations in several CCM pathways were observed in the absence of MTP
and HBHA. Increased expression of genes responsible for the breakdown of fructose and the
reversible conversion of phosphoenolpyruvate (PEP) into pyruvate and adenosine 5°-
monophosphate (AMP), suggest an increase of precursors feeding into the CCM pathway and an
increase in the initial reactions in the TCA cycle, in the absence of MTP. Moreover, a decreased
expression of genes responsible for conversion of inosine monophosphate (IMP) to ATP in the
CCM indicates alterations in this pathway in the absence of HBHA, thus potentially decreasing

ATP generation.

Significant alterations in the citric acid cycle, were observed in the absence of MTP. The
perturbations observed suggest an increased flux through this pathway, and the stimulation of
alarmones via increased expression of branched-chain amino acids (BCAAs), valine and
isoleucine. Stimulation of alarmones decreases replication, resulting a general decreased synthesis

of amino acids such as serine and methionine.
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3.2 MTP and HBHA play a role in regulation of ATP synthesis in Mycobacterium

tuberculosis

Mycobacterial ATP synthases show promise as targets for antimicrobial drugs (Cook et al., 2009,
Bald and Koul, 2010, Lu et al., 2014). Perturbations resulting in increased expression of genes
involved in complex IV (cytochrome c oxidase) and V (ATP synthase) of the oxidative
phosphorylation (OPP) were observed in Amtp, while AhbhA and Amtp-hbhA showed a non-
significant up-regulation of few ATP synthase genes. This was validated by genotypic (RT-qPCR)
and phenotypic (bioluminescence assay) assays. The increased expression of the ATP synthase is
suggestive of a potential decreased proton motive gradient (Bald and Koul, 2010), which is
postulated to be perturbed by the absence of the surface located adhesins. The perturbations in the
proton gradient may subsequently decrease ATP generation via proton motive force (PMF),
potentially signalling the increased expression of ATP synthases. Future bioenergetics studies may
eludicate the percentage of ATP generated by each cellular pathway (PMF, OPP, glycolysis) to
identify the perturbed pathways. Furthermore, with the deletion of the surface located adhesin and
increased expression of the ATP synthase, it is postulated that the proton gradient may be altered,
potentially resulting in a decreased ATP production via this pathway. Subsequently, this decrease

may signal increased ATP synthesis via ATP synthase.

It was therefore postulated that there is either an increased consumption of ATP in the deletion
mutants which may be sequestered into cell wall biogenesis and ATP dependant ABC-cell wall
transporters, or a decrease in ATP generation via the proton motive gradient. Future bioenergetic
studies could be used to determine the percentage of ATP generation by each cellular pathway to

elucidate which pathway is perturbed in the absence of the adhesins.

3.3  MTP influences cell wall biosynthesis in Mycobacterium tuberculosis

The highly impermeable lipid-rich outer layer of M. tuberculosis cell wall aids in its success as a
pathogen (Minnikin, 1982). Perturbations reported in this study, suggest a disruption in the
mycobacterial cell wall biosynthesis in the absence of MTP and HBHA.. Deletion of the adhesins,
alone or in combination, resulted in perturbations in membrane lipoprotein synthesis resulting in
an increased expression of membrane lipoproteins, to potentially compensate for the lack of

adhesins. Moreover, the deletion of hbhA resulted in alterations in regulation of genes associated
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with immune response, potentially resulting in an increase in the pathogen’s susceptibility to

killing by the host.

3.4  MTP and HBHA influence transport across the cell wall and cell membrane

M. tuberculosis has several cell wall transport proteins aiding in its survival and persistence (Youm
and Saier Jr, 2012). Up-regulation of several ATP-binding cassette (ABC) transporters (Pethe et
al., 2004, Rosas-Magallanes et al., 2006), were observed in all deletion mutants (Amtp, AhbhA,
and Amtp-hbhA). These transporters are involved in active transport of adhesion components
(Kapopoulou et al., 2011), mycobacterial translocation with a high ATPase activity (Daniel et al.,
2018), and translocation of proteins (Sharma et al., 2003). This was genotypically validated by
RT-gqPCR, thus potentially explaining the increased requirement of ATP for transport and

translocation of proteins and adhesion components in the absence of MTP and HBHA.
3.5 MTP and HBHA play a role in transport and regulation

Alterations resulting in a decrease in molybdenum cofactor biosynthesis and transposition of
insertion sequence element 1S6110 were observed in the absence of both MTP and HBHA. These

perturbations suggest a potential role of both MTP and HBHA in the regulation of these pathways.

The absence of HBHA resulted in a significant up-regulation of genes involved in iron and copper
regulation. The up-regulation of the copper sensitive operon (csoR) could potentially be attributed
to the increased expression of copper-dependant metalloenzyme ctaC (Liu et al., 2007, Marcus et
al., 2016), which may lead to an increased expression of the ATP synthase (complex V of the
OPP). Increased expression of ferredoxin iron-sulphur protein suggests an increase in electron
transfer, and possible involvement in the electron transfer chain. Collectively, these perturbations
suggest a potential role of HBHA in regulation of electron transfer and copper-dependant
metalloenzymes. Moreover, increased expression of only devS and devR, in the absence of HBHA,
suggest overexpression of devR under aerobic conditions. Therefore, these perturbations suggest a

potential role for HBHA in DevR regulation.
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3.6 MTP and HBHA influence virulence

Down-regulation of virulence associated proteins (VapBC), involved in maintenance of virulence
factors (Arcus et al., 2005), as well as chaperonin proteins that prevent misfolding and promote
refolding (Kong et al., 1993, Hu et al., 2008, Kapopoulou et al., 2011) was reported in the absence
of HBHA. This suggests a disruption in overall mRNA cleavage and maintenance of stress induced
peptides and attenuation of efficient macrophage binding rendering the pathogen more susceptible
to environmental stressors and disrupt efficient macrophage binding. The deletion of mtp resulted
in alterations in tryptophan biosynthesis potentially resulting in decreased virulence. Furthermore,
perturbations in the regulation of an inducer of cell-mediated response by interleukin-1 and
interferon gamma (Al-Attiyah and Mustafa, 2008), was reported in the absence of MTP-HBHA.
This suggests a potential decrease of the T-cell mediated response, thus making the pathogen more
susceptible to killing by the host. Collectively, these findings are suggestive of the role that MTP

and HBHA play in modulation of the host immune response as a survival mechanism.

3.7 Conclusion

In the absence of MTP and HBHA, alterations in expression of specific genes led to perturbations
in important pathways, underlining the significant effect of each adhesin. A total of 43 genes was
significantly differentially expressed among the Amtp, AhbhA, and Amtp-hbhA strains, relative to
the WT strain. The significant perturbations to the related pathways indicate the relevance of MTP
and HBHA in M. tuberculosis pathogenicity. The absence of MTP alone, was associated with
decreased virulence, and perturbations in cell wall biosynthesis, ATP synthesis and the CCM. The
lack of HBHA suggested decreased virulence, perturbations in iron and copper regulation, DevR
regulation, and the CCM. The absence of both adhesins, MTP and HBHA, resulted in an increased
ATP synthesis, and cell wall transporters, decreased virulence, and alterations in regulation of
insertion elements. Thus, the double knockout deletion mutant displayed the most significant effect
on the mentioned pathways, substantiating the use of MTP and HBHA, in combination, as notable
virulence factors with potential as accurate biomarkers for the development of novel TB

diagnostics and therapeutic interventions.
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3.8 Limitations

Although the global transcriptomics approach used is advantageous in the discovery of novel
accurate biomarkers, it is limited to a bacterial transcriptome model and therefore, cannot be
extrapolated to an in vitro or in vivo infection model. Furthermore, since a single representative of
the F15/LAM4/KZN strain was used in this study, the findings cannot be extrapolated to other
clinical strains of the same family, or other strain families of M. tuberculosis. A comparison of
bacterial transcriptomic findings with an in vitro infection model would provide a more holistic
view of the roles these adhesins play during infection. Additionally, it was not possible to perform
further functional genotypic and phenotypic studies of all the interesting up- and down-regulated
pathway genes that may have provided better insight into the role of these adhesins and their
influence on M. tuberculosis transcriptome. Furthermore, only one housekeeping gene was
included for normalization. The bioluminescence assay measured the total ATP concentration
within the cell, but did not determine the cellular pathway (PMF, OPP, glycolysis) by which the
ATP was generated. Lastly, only alterations in the ATP synthase were further investigated via RT-
gPCR and a functional assay, thus leaving the CCM to be investigated in more detail. Despite these
limitations, this novel study has produced new knowledge and increased the understanding of the
contributions of two important adhesins in TB pathogenesis and their potential role in regulation

of the M. tuberculosis transcriptome.

3.9 Recommendations for future research

The impact of MTP and HBHA on the host and bacterial transcriptome should be studied in
infection models in vitro to understand the intertwined relationship. The successful application of
dual RNA-sequencing in a host infection model using these deletion mutant strains will support
the use of this technology in future infection models. A comparison between the two technologies
revealed the differences in detection of gene expression. Holistically, the data obtained from this
study point toward RT-qPCR being the more accurate technique to detect the more subtle changes
in gene expression in the altered transcriptome. Therefore, future studies could include a second
confirmatory technique to corroborate RNA sequencing data. Future studies could include the use
of a second housekeeping gene, such as recA or sigA, to provide a stronger representation of
differential gene expression in RT-gPCR. Additionally, in vivo investigations in mice analysing

survival kinetics may be used to determine if the deletion of the MTP adhesin potentially attenuates
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virulence of M. tuberculosis. Moreover, future bioenergetic studies could be used to elucidate the
percentage of ATP generated by each cellular pathway (proton motive force, the OPP, glycolysis)
to determine alterations in ATP generation. In addition, although there are studies (Patel, 2013,
Herricks et al., 2020, Gani et al., 2021) that performed the bioluminescence assay as per
manufacturer’s instructions on various M. tuberculosis strains, future studies could include
additional lysing steps to ensure the cells are exhaustively lysed, thus detecting the most accurate
levels of ATP. Future studies could also investigate the perturbations observed in the CCM through
genotypic and functional assays, to determine the altered pathways in the absence of MTP and
HBHA.. Functional confirmation of the disruption of cell wall polymers, in the absence of MTP,

could be confirmed by measurement of galactose-1-phosphate concentration.
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Appendix B: Media, solutions and reagents

1. Middlebrook 7H9 broth (1 L) (BD Difico)
4.7 g Middlebrook 7H9 powder
900 mL distilled water
10 mL 50% (w/v) glycerol
100 mL OADC
2.5 mL 20% Tween-80
Middlebrook 7H9 powder was dissolved in distilled water and autoclaved at 121 °C for 15

min. Glycerol, OADC and Tween-80 were added aseptically after cooling at 56 °C in a water

bath. Media was mixed well and stored at 4 °C.

2. 4 M G guanidine thiocyanate (GTC) (200 mL)
259 GTC (4 M GTC) in 50 mL autoclaved water

0.25 g Sodium N-laurylsarcosine (0.5%) in 50 mL autoclaved water

0.5g Trisodium citrate (25 mM) in 50 mL autoclaved water

0.375 2-mercaptoethanol (0.1 M) in 50 mL autoclaved water

Dissolve all components individually in the respective volumes of autoclaved water to
dissolve. Once all components are dissolved combine GTC, Sodium N-laurylsarcosine and

Trisodium citrate. Only add the diluted 2-mercaptoethanol solution prior to RNA extraction.

3. Diethylpyrocarbonate (DEPC)
1 mL 0.1% DEPC
1 L distilled water
DEPC was added to the distilled water, mixed well and left at room temperature (25°C = 5°C)

overnight. Thereafter, the water was autoclaved at 121 °C for 15 min and allowed to cool prior

to use.
4. 0.5 M EDTA

9.3059 EDTA
40 mL DEPC water
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EDTA was dissolved in DEPC water and brought to 50 mL volume with DEPC water.

Thereafter, the solution was autoclaved 121 °C for 15 min and allowed to cool prior to use.

. 37% Formaldehyde

1.85 g paraformaldehyde

3.5mL H20

90 uL 1 N NaOH.

Water was added to paraformaldehyde and heated in a boiling water bath. NaOH was added
and the mixture was agitated for ~1 min. Thereafter, it was cooled and sterilized by filtration

through a 0.22 um membrane

. 10 X MOPs Buffer (1 L)

41.9 g MOPS

8.2 g Sodium acetate. 3H20

3.72g EDTA

DEPC-treated water

The MOPS, Sodium acetate and EDTA were dissolved in 800 mL DEPC-treated water, and
the volume made up to 1 L with DEPC-treated water. Thereafter, the solution was autoclaved

for 121 °C for 15 min and aliquoted in 200 mL amounts.

MOPS gel (1.5%)

3 g agarose

144 mL DEPC-treated water

20 mL 10X MOPS buffer

36 mL 37% Formaldehyde

DEPC-treated water was added to the agarose and gently swirled to mix. The mixture was

heated in a microwave until dissolved, and cooled to 60°C, after which the 10X MOPS buffer

was added. Thereafter, formaldehyde was added to this mixture in a fume hood. The gel was

poured into a casting tray, avoiding air bubbles, and allowed to set for 30 min.
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Appendix C: Chapter 2 Supplementary Material

C1. PCR confirmation of bacterial strains

InstaGene Matrix (BioRad) was used to perform total DNA extraction for all strains. This method
was selected based on standardizing the DNA extraction for the inclusion of both genomic and
plasmid DNA given how the mutant and complemented strains were constructed. The crude DNA
from each strain was used to perform conventional PCR reactions using the specific primers and
their respective annealing temperatures reported in Table C1. The expected PCR product of 861
bp was observed in Figure 1a for the wild-type (Lane 2), mtp-complement (Lane 4), and mtp-hbhA-
complement (Lane 6 and 7). These samples indicate the presence of the mtp gene which is absent
in Amtp (lane 3) and Amtp-hbhA (lane 5). The expected PCR product of 624 bp was observed in
Figure 1b for the wild-type (Lane 5), hbhA-complement (Lane 7), and mtp-hbhA-complement
(Lane 8). These samples indicate the presence of the hbhA gene which is absent in AhbhA (lane 5)

and Amtp-hbhA (lane 7).

Table C1.1 PCR target and primer sequences used for confirmation of three strains

PCR _ Annealing
target Primers tempsrature
(C)
i Hyg-F:
Rf’}'f’g@"f 5-ACC CCC CAT TCC GAG GTC TT-3’ "
Hyg-R:
Casselle  55.CCG GAA GGC GTT GAG ATG CA-3’
Mtp-LL:
Upstream 5 CCCGGCACTTGGATGCATTC 3'
: 50
AES Universal uptag
5’GATGTCTCACTGAGGTCTCTs3’
Mtp-F:
5 CTCATGGGTCACAGCGAGTA 3
mtp gene Mip-R: 60
5' ATGACAGGTTCCCTTCAAGC 3'
HbhA-F:
5 TTTTTTGAATTCATGGCTGAAAACTCGAACAT 3°
hbhA gene 65

HbhA -R:
5’ TTTTTTAAGCTTCTACTTCTGGGTGACCTTCT 3’

hyg®: Hygromycin resistance; AES: allelic exchange substrate; mtp: gene encoding MTP; hbhA:

gene encoding HBHA.
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Figure C1.1 Gel electrophoresis images of PCR products confirming bacterial strains run at
70V for 3 hours on a 1.5% agarose gel using 100 bp (BioLabs) marker. (a) PCR targeting the
mtp gene. (Lane 1) Molecular weight marker, (Lane 2) wild-type (V9124), (Lane 3) Amtp, (Lane
4) mtp-complement, (Lane 5) Amtp-hbhA, (Lane 6) mtp-hbhA-complement, (Lane 7) mtp-hbhA-
complement, (Lane 8) negative control.(b) PCR targeting the hbhA gene. (Lane 1) Molecular
weight marker, (Lane 2) negative control, (Lane 4) AhbhA, (Lane 5) wild-type (V9124), (Lane 6)
Amtp-hbhA, (Lane 7) hbhA -complement, (Lane 8) mtp-hbhA-complement.

Selection of RNA samples for sequencing

The concentration (as per nanodrop reading), 260/280, 260/230 and the integrity of the RNA (as
per MOPS gel analysis) were used as selection criteria. Samples that had concentrations >500 ng/
ML, a 260/280 ratio that fell between 1.8-2, a 260/230 ratio closest to 1, and exhibited intact 16S
and 23S rRNA (visualized on the MOPS gel) were selected.
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Table C1.2. RNA concentrations and purity ratios obtained for all strains for biological
assay 1

Sample Replicate Concentration 260/280 260/230
1 635.4 1.95 2.03
2 852.5 1.99 1.89
Amtp 3 721.7 1.94 2.08
MTP 1 1293.5 1.99 2.04
complement 2 1313.1 1.98 2.00
3 1480.9 2.02 2.07
1 347.7 1.90 1.99
AhbhA 2 639.7 1.98 1.68
3 471.3 1.89 2.03
HBHA 1 2136.3 2.01 1.93
complement 2 1343.2 2.01 2.22
3 1351.9 2.01 2.18
Wildtype 1 839.9 1.95 2.18
2 514.5 1.95 2.19
3 20.5 1.68 0.23
mtp-hbhA- 1 80 1.85 1.03
complement 2 1155.6 1.98 2.14
3 1036.4 1.98 2.24
Amtp-hbhA 1 1378.2 2.03 2.27
2 2151.9 2.01 2.17
3 88.5 1.97 2.31

Samples selected for sequencing are highlighted in grey.
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Figure C1.2. Gel electrophoresis images RNA extractions from M. tuberculosis strains
(Biological Assay 1) run at 90V for 3 hours on a 1.5% MOPS gel using a molecular riboruler
marker. (Lane 1) represents the molecular weight marker. Lanes 2-4 correspond to Amtp sample
(Replicates 1-3) from Table C2. Lanes 5-7 correspond to wild-type (Replicates 1-3). Lanes 8-10
correspond to AhbhA (Replicates 1-3). Lanes 11-13 correspond to hbhA-complement (Replicates
1-3). Lanes 14-16 correspond to Amtp-hbhA (Replicates 1-3). Lanes 17-19 correspond to mtp-
complement (Replicates 1-3). Samples that were selected for sequencing are indicated by a yellow

asterisk.
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Table C1.3. RNA concentrations and purity ratios obtained for all strains for biological assay
2

Sample Replicate Concentration 260/280 260/230
1 588.6 1.96 2.08
Amtp 2 1333.9 1.97 2.32
3 741.4 1.94 2.16
MTP 1 1252.1 1.95 2.27
complement 2 1308.8 1.95 2.22
3 1003.9 1.93 2.23
1 2158.5 1.97 2.29
AhbhA 2 838.4 1.92 2.28
3 2748.4 2.02 2.24
HBHA 1 954.5 2.02 1.94
complement 2 1739.6 2.02 2.00
3 2291.1 1.98 2.13
Wildtype 1 562.9 1.93 2.06
2 590.7 1.90 2.14
3 272.0 1.86 2.18
mtp-hbhA- 1 926.3 1.92 2.24
complement 2 1158.7 2.0 2.24
3 397 1.92 2.14
Amtp-hbhA 1 1542.4 1.98 2.17
2 1340.5 1.94 2.19
3 1087.8 2.01 1.50

Samples selected for sequencing are highlighted in grey.
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Figure C1.3. Gel electrophoresis images RNA extractions from M. tuberculosis strains
(Biological Assay 2) run at 90V for 3 hours on a 1.5% MOPS gel using a molecular riboruler
marker. Lanes 1-3 correspond to mtp-complement (Replicates 1-3). Lanes 4-6 correspond to
Amtp-hbhA (Replicates 1-3). Lanes 7-9 corresponds to Amtp sample (Replicates 1-3). Lanes 10-
12 correspond to AhbhA (Replicates 1-3). Lanes 13-14 correspond to the wild-type (Replicates 1-
3). Lane 15 represents the molecular maker. Samples that were selected for sequencing are

indicated by a yellow asterisk.
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Table C1.4. RNA concentrations and purity ratios obtained for all strains for biological assay
2

Sample Replicate Concentration 260/280 260/230
1 436.1 1.88 2.13
Amtp 2 758.5 1.93 2.19
3 816.6 1.96 2.12
MTP 1 3281.1 1.98 0.87
complement 2 3031.6 1.96 0.76
3 3189.0 1.94 0.73
1 1519.2 1.97 2.13
AhbhA 2 11225 1.95 2.29
3 1120.8 1.95 2.34
HBHA 1 1626.6 1.96 2.18
complement 2 473.2 1.87 2.20
3 1509.7 1.97 2.12
Wildtype 1 164.5 1.85 2.30
2 499.8 1.91 2.25
3 489.7 1.86 2.20
mtp-hbhA- 1 2612.9 2.06 2.23
complement 2 1898.8 2.02 2.18
3 2404.2 1.97 2.07
Amitp-hbhA 1 1163.9 1.97 2.22
2 1758.3 1.96 2.17
3 1266.3 1.98 2.05

Samples selected for sequencing are highlighted in grey.
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Figure C1.4. Gel electrophoresis images RNA extractions from M. tuberculosis strains
(Biological Assay 3) run at 90V for 3 hours on a 1.5% MOPS gel using a molecular riboruler
marker. (Lane 1) represents the molecular weight marker. Lanes 2-4 correspond to Amtp sample
(Replicates 1-3) from Table C2. Lanes 5-7 correspond to AhbhA (Replicates 1-3). Lanes 8-10
correspond to wild-type (V9124) (Replicates 1-3). Lanes 11-13 correspond Amtp-hbhA (Replicates
1-3). Lanes 14-16 correspond to mtp-complement (Replicates 1-3). Lanes 17-19 correspond to
hbhA-complement (Replicates 1-3). Samples that were selected for sequencing are indicated by a

yellow asterisk.
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Figure C1.5. Gel electrophoresis images RNA extractions from M. tuberculosis strains
(Biological Assay 1-3) run at 90V for 3 hours on a 1.5% MOPS gel using a molecular
riboruler marker. (Lane 1) represents the molecular marker. Lanes 2-4 represent wild-type from
(biological assay 2) (Replicates 1-3). Lanes 5-7 correspond to mtp-hbhA-complement (biological
assay 1) (Replicates 1-3). Lanes 8-10 correspond to mtp-hbhA-complement (biological assay 3)
(Replicates 1-3).
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C2. Bioinformatic Analysis

The sequenced reads were analysed by FastQC (version 0.11.8). The reads were then trimmed and
pre-processed using Trimmomatic (version 0.36) and analysed once again by FastQC (version
0.11.8). The FastQC report of the Amtp, AhbhA, Amtp-hbhA and the WT are depicted in Figures
C5-C8. The trimmed reads passed the QC and was then mapped to a custom built M. tuberculosis
H37Rv genome index using Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT
version 2.1.0). The mapping rates are shown in Table C5. The mapped reads were further analysed
using Stringtie (version 1.2.1), and further annotated and assembled transcripts into known and
novel categories by Gffcompare, located within Stringtie. The output files were annotated in R
(version 1.2.1578) using the Ballgown package to generate the respective fold changes (FC)
between the deletion mutants and the WT, and g-values and p-values for the differential
expression. The extended table of generated up- and down-regulated genes are shown in Tables
C6 and C7.
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Figure C2.1. Summary analysis of FastQC report for the trimmed Amtp. (1a) Amtp Replicate
1 R1 (mapped in a 5’-3’) and (1b) R2 (mapped 3’-5°). (2a) Amtp Replicate 2 R1 (mapped in a
5°-3’) and (2b) R2 (mapped 3’-5°). (3a) Amtp Replicate 3 R1 (mapped in a 5°-3°) and (3b) R2
(mapped 3°-5”) Results indicated that Amtp passed the overall QC, as the box-whisper plot

remains in the green zone.
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Figure C2.2. Summary analysis of FastQC report for the trimmed AhbhA.(1a) AhbhA
Replicate 1 R1 (mapped in a 5°-3”) and (1b) R2 (mapped 3°-5”). (2a) AhbhA Replicate 2 R1
(mapped in a 5°-3”) and (2b) R2 (mapped 3’-5°). (3a) AhbhA Replicate 3 R1 (mapped in a 5’-
3’) and (3b) R2 (mapped 3°-5°). Results indicated that AhbhA passed the overall QC, as the

box-whisper plot remains in the green zone
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Figure C2.3. Summary analysis of FastQC report for trimmed Amtp-hbhA. (1a) Amtp-hbhA
Replicate 1 R1 (mapped in a 5°-3°) and (1b) R2 (mapped 3°-5”). (2a) Amtp-hbhA Replicate 2
R1 (mapped in a 5°-3”) and (2b) R2 (mapped 3°-5°). (3a) Amtp-hbhA Replicate 3 R1 (mapped
in a 5°-3”) and (3b) R2 (mapped 3’-5”). Results indicated that Amtp-hbhA passed the overall

QC, as the box-whisper plot remains in the green zone.
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Figure C2.4. Summary analysis of FastQC report for the trimmed WT. (1a) WT Replicate 1
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Table C2.1. Overall alignment percentages for each replicate for each strain, relative to M.

tuberculosis H37Rv

Strain Replicate Overall alignment
1 89.38%
Amtp-hbhA 2 86,48%
3 88,86%
1 90.79%
Amtp 2 86.01%
3 92.52%
1 88.70%
Wild-type (WT) 2 86.36%
3 88.24%
1 90.55%
AhbhA 2 90.72%
3 89.21%

WT: wild-type; Amtp: mtp-gene knockout mutant; AhbhA: hbhA-gene knockout mutant; Amtp-
hbhA: mtp-hbhAgene knockout mutant.

Subsequent to identification of novel transcripts, known transcripts were analysed and filtered
using a fold-change (FC) FC cut-off value > 1.3 (to indicate a 1.3-fold up-regulation) and < 0.5
(to indicate a 2-fold down-regulation), between the deletion mutants and the WT. The extended

table comprising FC and p-values of up- and down-regulated genes are listed below.
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Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3
Up-regulated genes

ilvC MSTRG. 174.3111 151.8738 181.4549 103.8889 144.3416 110.069 1.318103 0.000183
1993

PE_PGRS62 | MSTRG. 297.2071 238.2724 334.0728 168.8085 262.5674 166.8093 1.304867 0.00497
2517

Rv3126¢ MSTRG. 238.3167 219.9807 263.7231 133.4774 223.3391 142.6992 1.319902 0.005034
2055

Rv1303 MSTRG.896 | 176.8377 182.0453 202.713 116.4416 149.6191 121.8141 1.37470742 | 0.00573457

3 5

icdl MSTRG.219 | 200.7752 163.3776 198.0125 120.9552 162.1805 117.4838 1.300575 0.005753
4
MSTRG.167 | 6,745447 3,280484 0,033402 1,533323 0,058227 1,104459 2.3400 0.2880

Rv2477c o
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Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3
RV0987 MSTR 15,35297 9,879573 15,27272 4,255792 5,419528 9,130246 1.9900 0.9400
Vv
G.691
£ MSTRG.786 | 3,958146 2,374119 1,662446 1,623254 0,293548 2,247858 1.8888 0.0968
me
MSTRG.958 | 2,2144 2,064136 0,004701 1,995149 0,013513 0,062759 1.7910 0.3359
gap
tesA MSTRG.193 | 0,76501 1,165443 1,455025 0,826464 0,044087 0,638361 1.5940 0.0658
es
7
secE2 MSTRG. 177.9619 144.4083 177.8106 89.0626 148.2808 84.59483
2681 1.4030 0.0058
ctaC MSTRG.146 | 20.09757 22.25016 18.88117 11.27138 11.2156 13.67248 1.6900 0.0088
1
PPES6 MSTRG.219 | 24.86207 17.24185 25.02412 1.690388 2.109151 4524411 6.424851 0.008765
7

133




Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3

atpkE MSTRG.897 | 378.2178 388.4163 394.937 286.2736 312.7594 258.8344 1.320119 0.01006

PPEG7 MSTRG.244 | 215.9785 197.4763 248.0787 127.0865 182.1322 146.5528 1.347423 0.010159
8

IpgV MSTRG.753 | 2.26351 0.901948 2.753061 0.023385 0.822865 0.016766 1.927874 0.014122

Rv1928c MSTRG.128 | 0.906623 0.610487 0.871895 0.204096 0.390482 0.357743 1.317304 0.019255
7

ppdK MSTRG.217 | 1.14352 0.854585 1.179834 0.602121 0.149667 0.392017 1.374694 0.025655
9

Rv3377c MSTRG.783 | 63.96148 74.92075 67.11469 4444081 55.05516 44.21109 1.562306 0.028147

Rv0988 MSTRG.221 | 1.942971 1.500834 1.489486 0.583174 0.580481 1.083535 1.384304 0.032545
2

atpF MSTRG.691 | 485.9854 413.2196 434.4684 338.9169 315.4052 264.3184 1.552266 0.039138
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Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3

Rv3857c MSTRG.898 | 261.4347 255.8223 345.8023 179.2441 237.9914 182.8822 1.381781 0.043375

PE25 MSTRG.256 | 571.4044 418.9909 465.5733 311.348 376.6409 304.1723 3.84764 0.044147
1

SecE2 MSTRG. 177.9619 144.4083 177.8106 89.0626 148.2808 84.59483 1.403147 0.005828
281

atpB MSTRG. 460.2688 484.7766 396.3477 275.7222 347.5646 243.7619 1.49262 0.049617
896

atpH MSTRG. 417.9018 366.2022 372.9645 294.8143 274.8796 175.9374 1.530809 0.114219
899

atpA MSTRG. 286.2702 246.4708 263.2965 214.0836 216.2528 175.4323 1.280266 0.061659
900
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Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3

atpG MSTRG. 273.5947 264.8813 248.6554 215.4467 199.9504 134.0745 1.426541 0.138981
901

atpD MSTRG. 245.5496 225.5711 243.0976 189.2383 185.6675 136.7313 1.363638 0.07986
902

atpC MSTRG. 217.9742 222.4428 256.6363 202.9863 201.9573 128.5401 1.266942 0.26619
903

Down-regulated genes

mtp MSTRG.217 | 61.13174 64.62286 69.53075 117.9687 212.2222 110.8945 0.410205 0.004053
5

Rv2814c MSTRG.187 | 2.633282 0.724852 2.850949 1.509956 6.106334 2.611971 0.558418 0.041403
1
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Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3

serA2 MSTRG.511 | 79.76093 64.57289 85.27908 77.23531 116.3066 97.00468 0.731102 0.02777

trpD MSTRG.146 | 2.206974 1.881347 2.713622 2.699429 4.116653 2.527276 0.731415 0.005471
1

ruvA MSTRG.174 | 112.8308 74.69458 114.819 98.76666 156.6116 106.9883 0.738218 0.037299
7

mmuM MSTRG.166 | 107.4678 81.17094 134.2105 99.43321 174.6356 106.8598 0.739279 0.022163
2

moeX MSTRG.112 | 83.75152 80.06928 105.3587 96.5335 146.609 88.44745 0.739879 0.027279
3
MSTRG.136 | 35.00646 28.31617 42.55465 22.2387 27.66067 30.16794 0.3535 0.1940

Rv2026¢
8

00 MSTRG. 0.060095 0.293458 0.029485 1.82033 3.844659 0.16581 0.3770 0.1030

co
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Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3
dxsl MSTRG. 0.00798 0.152956 0.939203 2.227821 4.026626 0.090908 0.4040 0.1439
XS
3 MSTRG. 4.606488 2.352699 1.62033 2.609289 8.434713 10.99448 0.4536 0.2135
msr
“e MSTRG. 24.20935 15.75667 20.0102 16.38443 59.8269 48.5135 0.4578 0.1182
a
R3693 MSTRG.240 | 110.4871 98.71408 128.5447 96.16892 143.6528 94.4115 0.5084 0.3060
Y
2
MSTRG.967 | 7.150163 0.390068 1.6742 0.978985 6.253993 5.724941 0.5310 0.4220
Rv1456¢
" MSTRG.778 | 0.022677 0.029967 0.022021 0.02331 0.447098 2.625268 0.6040 0.3557
gn
oE MSTRG.921 | 0.086561 0.123215 0.109682 0.129642 0.213385 4.242808 0.6468 0.5208
glg
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Table C2.2 Differentially expressed up- and down-regulate genes induced by the Amtp deletion mutants relative to the wild-type.

Gene Gene ID FPKM FPKM FPKM FPKM FPKM FPKM FC p-value
Amtpl Amtp2 Amtp3 WT1 WT2 WT3
D MSTRG.427 | 4.677025 21.99951 5.80978 14.5262 27.84254 3.857115 0.6667 0.6580
mce
HALS MSTRG.181 | 1.247352 0.4642 0.820953 0.513409 1.905665 1.884415 0.7030 0.2421
ec
2
T MSTRG.448 | 87.38976 67.41986 65.36688 74.88635 118.3477 93.84309 0.7188 0.0909
galTa
a1 MSTRG.143 | 0.015978 0.013567 0.012366 0.027221 0.184748 1.613364 0.7264 0.4186
wag
7

(FPKM), p <0.05 was considered significant.
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l
Up-regulated genes

hspX MSTRG | 39.33716 1472.034 1862.074 101.5714 1119.784 793.4222 6.0139 0.1005
1224

Rv2030c MSTRG | 22.5371 463.7529 541.5175 90.91164 441.7668 216.1086 3.610667918 | 0.025677926
1223

fdxA MSTRG | 64.57011 748.399 1052.281 184.5936 697.0797 461.0035 3.15175812 | 0.04475168
1207

hrpl MSTRG | 27.50744 299.6852 515.6089 95.00924 370.4746 197.4117 2.923359645 | 0.031725129
1891

Rv3134c MSTRG | 38.389187 247.97406 405.370361 | 110.127777 | 297.03717 190.038986 | 2.252538507 | 0.040043161
2378

TB31.7 MSTRG | 29.23027 262.4276 373.4244 122.833 332.1042 162.2937 2.247760832 | 0.006439429
.1888

devS MSTRG | 54.8864 237.3781 324.0018 111.2764 257.3765 135.7297 2.224354974 | 0.002141911
2377
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

devR MSTRG | 62.85395 276.2814 384.5554 128.8909 370.3603 167.6869 2.130182373 | 0.009860649
2377

pfkB MSTRG | 22.15677 201.56 209.1792 91.64476 223.4125 105.0169 2.088419114 | 0.004453102
1222

PPES7 MSTRG | 0.762887 2.070162 4.550397 1.074833 2.21355 1.284409 1.909289475 | 0.049836143
2535

PE12 MSTRG | 0.067747 0.123852 0.632654 0.645222 0.005189 0.032721 1.84385648 | 0.041301726
618

Rv0482 MSTRG | 11.21626 55.60949 93.16769 34.72536 77.17987 45.52669 1.828513237 | 0.035718914
1421

secE2 MSTRG | 24.25459 147.9241 146.6986 89.67889 149.4047 85.59721 1.708454881 | 0.028609752
1336
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

Rv2028c MSTRG | 24.55163 176.5223 189.1088 106.3481 206.683 123.2315 1.635933997 | 0.033434856
1222

Rv3128c MSTRG | 58.41698 319.693 426.4213 204.2645 399.3027 267.7664 1.633664424 | 0.045521753
2373

serT MSTRG | 39.51354 209.1746 187.2323 125.1723 235.6404 118.3144 1.599436328 | 0.027393344
2797

mprl7 MSTRG | 88.50262 266.924 211.1838 142.8192 234.986 148.6242 1.587783245 | 0.039190237
.2596

Rv2005c MSTRG | 52.81059 215.9812 332.3335 146.4234 343.468 193.5525 1.585895928 | 0.043185903
1205

csoR MSTRG | 83.52833 284.5811 254.0524 158.5629 276.4202 195.7747 1.518881601 | 0.034415785

484




Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

Rv2004c MSTRG | 40.55251 152.9136 210.4625 105.3865 240.1092 128.959 1.511244598 | 0.020554131
1204

phoH2 MSTRG | 37.69875 3.331741 12.36124 3.564123 3.394532 0.326391 2.6035 0.3528
.560

romG1 MSTRG | 69.12332 441.5842 184.5275 110.2679 154.4569 159.5765 2.2300 0.1774
1237

romB2 MSTRG | 44.26603 290.4057 149.5706 91.70711 125.8018 111.1051 2.1400 0.1339
1237

glnu MSTRG | 49.11441 495.3003 219.8441 193.0665 409.825 166.4166 1.7589 0.2557
2208

Rv2477c MSTRG | 13.44296 2.113231 3.662921 1.543982 0.058668 1.117584 1.7339 0.1003
.1850
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

eccAS MSTRG | 0.335099 1.886061 2.125872 0.533836 0.645787 1.278151 1.7330 0.1299
1019

Rv1461 MSTRG | 20.75254 20.71076 20.39624 9.74939 19.93507 12.64938 1.6300 0.1429
841

glpQ1 MSTRG | 406.8954 349.825 428.1983 178.7321 442.3802 251.6407 1.6320 0.2558
.2863

romJ MSTRG | 6109.842 2990.484 2441.201 1991.121 1336.892 1605.301 1.4946702 0.022748033
2522

PPE39 MSTRG | 793.6209 727.949 611.8809 449.4208 393.1288 451.1813 1.490427218 | 0.009114777
1751

Rv2624c MSTRG | 19.6208 160.0454 213.4221 121.8138 254.5644 134.4763 1.48702405 | 0.052027566
.1889
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

Rv2885c MSTRG | 62.19757 233.532 217.1311 139.4542 246.0377 167.1307 1.472784632 | 0.030178335
2125

rsfB MSTRG | 96.6495 272.1294 240.7912 166.5467 293.4629 177.222 1.443466858 | 0.032812292
.2699

infA MSTRG | 7975.321 3616.887 2862.066 2234.528 1638.354 2183.839 1.436645333 | 0.016130149
2523

Rv2628 MSTRG | 45.72569 171.2548 203.7106 125.7012 226.4752 137.7727 1.420609359 | 0.002828234
.1906

Rv3196A MSTRG | 62.60093 189.4726 188.2155 132.976 211.994 136.1313 1.391386003 | 0.00596255
2292

leuX MSTRG | 62.60093 189.4726 188.2155 132.976 211.994 136.1313 1.348138578 | 0.009120602
534
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

Rv2625c MSTRG | 32.51238 154.4425 181.5053 123.2851 246.4574 127.6836 1.324546702 | 0.001144668
.1890

atpB MSTRG | 619.411316 | 280.931519 | 351.375488 | 277.630096 | 350.199005 | 246.65033 1.105901 0.736091
716

atpC MSTRG | 181.509201 | 158.908112 | 182.529129 | 204.390869 | 203.488022 | 130.063217 | 1.078707 0.990118
723

ctaC MSTRG | 442.145142 | 402.893341 | 335.870758 | 271.135986 | 379.530823 | 288.634918 | 1.2327 0.3246
1619

Down-regulated genes

mtp MSTRG | 13.81234 56.14729 67.49126 118.785 213.8307 112.2085 0.533492514 | 0.00109665

2411
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhAl

hbhA MSTRG | 2.498533 10.17263 5.902902 133.6487 251.4865 133.4202 0.06153387 | 0.001504369

1416
00 MSTRG | 0.014679 0.02538 0.015892 2.968723 4.615386 0.189638 0.3980 0.2375
co

2135

MSTRG | 86.53638 72.21209 86.00369 156.5173 144.9753 86.52316 0.6515 0.2059
groEL2

1384

MSTRG | 135.5824 95.00311 106.8143 146.1758 186.3456 114.8229 0.7232 0.2565
vapC38

1831

MSTRG | 0.645379 1.485734 3.49694 4111334 2.673649 4.226442 0.7248 0.4257
Rv2650c

1959
A MSTRG | 1.025221 0.783057 1.726346 1.826245 3.56191 1.922438 0.7255 0.2712
co

562
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

833 MSTRG | 125.9363 89.61166 113.2298 123.6264 149.8421 145.1767 0.7371 0.1285

val

P 18130

Rv2928 MSTRG | 13.13711 6.941485 6.181803 10.88956 10.31946 13.27747 0.570643 0.011792663
2192

purA MSTRG | 2.073925 5.111541 4.780717 8.325025 8.878793 8.38393 0.654165923 | 0.030224634
1319

Rv2642 MSTRG | 22.97967 77.08738 63.46792 108.3547 180.6468 104.6858 0.643913258 | 0.037801337
1955

Rv1353c MSTRG | 0.004063 0.008324 0.043649 0.893441 1.181884 0.465909 0.589387568 | 0.03920523
.768

Rv1082 MSTRG | 0.977851 0.012522 0.358866 1.804373 1.238027 0.929535 0.493709993 | 0.044102018
.560
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Table C2.3 Differentially expressed up- and down-regulate genes induced by the AhbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM FPKM FPKM WT1 | FPKM WT2 | FPKM WT3 | FC p-value
AhbhA2 AhbhA3
AhbhA1l

atpke MSTRG | 497.453674 | 272.643188 | 292.051086 | 288.254486 | 315.129944 | 261.901459 | 0.982322 0.88
717

atpF MSTRG | 576.72583 239.177032 | 317.622101 | 341.262146 | 317.795868 | 267.450439 | 0.890928 0.582856
718

atpH MSTRG | 479.013641 | 183.472672 | 286.75174 296.85434 276.963074 | 178.022125 | 0.953372 0.856205
719

atpA MSTRG | 272.308136 | 151.063187 | 198.821594 | 215.564987 |217.891846 | 177.511047 | 0.883165 0.465694
720

atpG MSTRG | 338.703644 | 156.746658 | 184.822205 | 216.937561 | 201.465927 | 135.663239 | 0.927565 0.803041
721

atpD MSTRG | 233,766907 | 130,505646 | 161,886475 | 190,547821 | 187,074738 | 138,351517 | 0.853589 0.512922
122

WT: wild-type; AhbhA: hbhA-gene knockout mutant; fold change (FC); Fragments per kilobase of transcript per million mapped reads
(FPKM), p <0.05..
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Table C2.4 Differentially expressed up- and down-regulate genes induced by the Am¢p-hbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM A FPKM A FPKM FPKM FPKM FC p-value
Amtp- Amip-hbhA 2 | Amtp-hbhA 3 | WT1 WT2 WT3
hbhA1l
Up-regulated genes
ASdes MSTRG. | 8.499549 10.66415 8.09766 6.916006 4.436069 5.741576 1.7061 0.0153
592
PPES59 MSTRG. | 1.632053 1.875318 1.134236 0.488049 0.498046 0.423956 1.6938 0.0207
2473
moaAl MSTRG. | 1.090256 1.258118 1.298246 0.542891 0.403701 0.81757 1.5022 0.0099
2244
IpdA MSTRG. | 188.7717 182.7458 189.6203 83.53325 150.491 82.73969 1.4947 0.0223
2397
atpB MSTRG. | 268.6685 433.0232 264.2791 276.4777 348.9817 244.4468 1.23843 0.928766
971
atpH MSTRG. | 269.8682 318.5572 216.8346 295.6222 276.0003 176.4317 1.031709 0.908862
974
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Table C2.4 Differentially expressed up- and down-regulate genes induced by the Am¢p-hbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM A FPKM A FPKM FPKM FPKM FC p-value
Amtp- Amitp-hbhA 2 | Amtp-hbhA 3 | WT1 WT2 WT3
hbhA1l
atpC MSTRG. | 195.2074 215.6235 172.436 203.5425 202.7807 128.9012 1.036397 0.870821
978
secE2 MSTRG. | 240.226 145.5616 150.7794 89.30666 148.8853 84.83249 1.297687 0.116409
283
Rv0986 MSTRG. | 2.48211 7.071077 2.942366 2.585641 2.233383 3.076322 1.506125 0.298005
731
Rv0987 MSTRG. | 20.79475 61.92069 30.06477 19.24612 20.4594 24.75195 1.7552 0.2548
731
iniB MSTRG. | 4.744889 2.104063 0.023535 0.006332 0.009999 2.669574 1.7669 0.5627
240
mas MSTRG. | 2.012033 1.925537 0.051068 0.015196 0.226519 0.012665 1.7009 0.3126
2128
efpA MSTRG. | 0.055832 6.956303 8.950564 0.051389 4.92113 0.213795 1.6689 0.6852
2058
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Table C2.4 Differentially expressed up- and down-regulate genes induced by the Am¢p-hbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM A FPKM A FPKM FPKM FPKM FC p-value
Amtp- Amitp-hbhA 2 | Amtp-hbhA 3 | WT1 WT2 WT3
hbhA1l
metE MSTRG. | 7.53155 4.65986 1.212931 5.15886 1.272789 1.447414 1.6042 0.5309
840
cysG MSTRG. | 0.812702 1.4511 0.017982 0.019014 0.026048 0.015262 1.5951 0.2642
2058
Rv2652c MSTRG. | 2.621811 1.224613 2.322058 1.12877 0.874918 1.139035 1.4688 0.1603
1918
Rv3256¢ MSTRG. | 191.015 130.4797 183.4209 85.56055 118.3392 103.8679 1.4514 0.0895
2360
Down-regulated genes
hbhA MSTRG. | 6.247754 7.03305 8.830567 133.094 250.6123 132.2282 0.0415 0.0005
363
Rv3312A/mtp | MSTRG. | 79.27003 70.95984 95.74751 118.2919 213.0874 111.2061 0.4706 0.0192
2406
MSTRG. | 18.27863 14.8242 13.76989 13.62322 31.59735 19.01274 0.5989 0.0157
Rv3326 2414

152




Table C2.4 Differentially expressed up- and down-regulate genes induced by the Am¢p-hbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM A FPKM A FPKM FPKM FPKM FC p-value
Amtp- Amitp-hbhA 2 | Amtp-hbhA 3 | WT1 WT2 WT3
hbhA1l
MSTRG. | 45.07672 39.23551 36.8853 34.08397 86.29191 40.31591 0.6002 0.0080
Rv2815c 2056
MSTRG. | 24.86111 18.7321 18.658 17.83681 37.47012 26.26255 0.6341 0.0356
Rv3475 2503
MSTRG. | 0.02874 0.00305 0.097335 0.036113 0.936653 0.186634 0.6424 0.0267
Rv2042c 1473
5.407008 4.322682 22.210196 14.566113 27.955986 3.867906 0.5149 0.4880
mce2D MSTRG.
453
MSTRG 0.430199 0.078672 0.292399 0.043776 1.175426 1.750476 0.5960 0.2540
PE_PGRS26 1046
1.438699 0.591306 1.019056 1.696533 2.760498 0.928811 0.5979 0.0610
MSTRG.
Rv1377c 1022
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Table C2.4 Differentially expressed up- and down-regulate genes induced by the Am¢p-hbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM A FPKM A FPKM FPKM FPKM FC p-value
Amtp- Amitp-hbhA 2 | Amtp-hbhA 3 | WT1 WT2 WT3
hbhA1l
aprA MSTRG. | 3.246228 10.96353 0.467055 10.44725 7.882983 0.956195 0.6108 0.6755
1736
0.220625 3.992121 0.536228 1.03853 4.920024 0.15833 0.6253 0.5806
Rv0487 MSTRG.
368
24.86111 18.7321 18.658 17.83681 37.47012 26.26255 0.6341 0.0356
Rv3475 MSTRG.
2503
2669.317 1835.483 561.0939 3278.263 1789.627 1812.08 0.6352 0.5499
ncrMT1234 MSTRG.
888
0.0144 1.240411 0.104641 1.796884 1.233723 0.921231 0.6470 0.2996
RV1096 MSTRG.
810
atpkE MSTRG. | 304.0207 370.4341 219.3473 287.058 314.0345 259.5616 0.96702 0.8807
972
atpF MSTRG. | 298.2995 369.4603 241.3163 339.8457 316.6912 265.061 0.967342 0.8717
973
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Table C2.4 Differentially expressed up- and down-regulate genes induced by the Am¢p-hbhA deletion mutants relative to the wild-type.

Gene Gene ID | FPKM FPKM A FPKM A FPKM FPKM FPKM FC p-value
Amtp- Amitp-hbhA 2 | Amtp-hbhA 3 | WT1 WT2 WT3
hbhA1l
atpA 196.2348 224.0662 162.2335 214.6702 217.1344 175.9252 0.961492 0.61665
MSTRG.
975
atpG 184.653 218.6242 152.6178 216.0371 200.7656 134.4512 0.973881 0.91618
MSTRG.
976
atpD 159.4179 187.3604 161.2693 189.7569 186.4244 137.1155 0.988502 0.845504
MSTRG.
977

WT: wild-type; Amtp-hbhA: mtp-hbhA-gene knockout mutant; fold change (FC); Fragments per kilobase of transcript per million

mapped reads (FPKM), p <0.05 was considered significant.
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C3. Real time quantitative PCR (RT-gPCR) raw data

Conversion of cDNA

DNase treatment was performed using the DNase I, RNase-free kit, as per the manufacturer’s
instruction (Thermo Fisher Scientific, Massachusetts, USA). The RNA concentrations for each

sample were standardized to 1 pg.

Table C3.1 DNase treatment mastermix

Reagent Concentration
RNA 1ug

10x reaction buffer with MgCl> 1pL

DNase I, RNase free 1L (1V)
DEPC treated water Up to 10 pL

The reagents were added into a RNAse free tube and incubated at 37°C for 30 minutes. Thereafter,
1 yL of EDTA (50 mM) was added and the samples were incubated at 65°C for 10 minutes. The
RNA was quantified using the nanodrop (Nanodrop 2000, Thermo Fisher Scientific,
Massachusetts, USA).

The High-Capacity cDNA Reverse Transcription Kit (Roche Applied Sciences, Penzberg,

Germany) was used to perform the cDNA conversion as per Manufacturer’s instructions.

Table C3.2 cDNA synthesis mastermix

1 reaction
(10 uL)
10x RT Buffer 2
25x ANTP Mix (100 mM) 0.8
10x RT Random Primers 2
MultiScribe™ Reverse Transcriptase 1
RNase Inhibitor 1
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The treated samples were placed on ice and mixed gently. The samples were briefly centrifuged
(Heraeus Fresco™ 21, Thermo Fisher Scientific, Massachusetts, USA) at 27 670 x g for 30
seconds to spin down the contents and eliminate air bubbles. The samples were placed into the
thermocycler to start the transcription run.

Conditions:

Step 1: 25°C for 10 min
Step 2: 37°C for 120 min
Step 3: 85°C for 5 min
Step 4: 4°C for co min

Confirmation of cDNA

Conventional PCR was performed to confirm cDNA conversion. Each sample was used and a

negative control (no template DNA). The run was performed using 16S primers.

Table C3.3. cDNA mastermix (10 pL reaction ) using cDNA Reverse Transcription Kit (Roche
Applied Sciences, Penzberg, Germany)

Reagent Volume (uL)

nfH20 5.75

dNTPs (100 mM) 0.2

10x Forward Primer 1

10x Reverse Primer 1

10x Buffer with MgCl: 1

Taq 0.05

cDNA (1 pg/ 10 pL) 1

TOTAL 10
Conditions:

Initial denaturation @ 94°C for 2 min
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30 cycles of 94°C for 30 s
60°C for 30 s

72°C for 1 min

Final extension @ 72°C for 7 minutes
The PCR products were then run on a 1.5% agarose gel at 70 V for 1 hour.

The PCR was successful and showed the RNA was converted to cDNA (Figure C9 and C10) as

single bands were observed within the range.

Figure C3.1. Gel electrophoresis images of cDNA confirmations from M. tuberculosis strains
run at 70V for 3 hours on a 1.5% agarose gel using 100 bp (BioLabs) marker and 16S rRNA
primers. (Lane 1) represents the molecular weight marker. Lane 2 represents the negative control.
Lanes 3-5 correspond to Amtp sample (Replicates 1-3). Lanes 7-9 correspond to AhbhA (Replicates
1-3). Lanes 11-13 correspond Amtp-hbhA (Replicates 1-3). Lanes 15-17 correspond to mtp-

complement (Replicates 1-3).
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Figure C3.2. Gel electrophoresis images of cDNA confirmations from M. tuberculosis strains
run at 70V for 3 hours on a 1.5% agarose gel using 100 bp (BioLabs) marker and 16S rRNA
primers. (Lane 1) represents the molecular weight marker. Lanes 2 represents the negative control.
Lanes 3-5 correspond to hbhA-complement samples (Replicates 1-3). Lanes 7-9 correspond mtp-
hbhA-complement (Replicates 1-3). Lanes 11-13 correspond the wild-type (WT) (Replicates 1-3).

Lane 18 represents Amtp replicate 1.

Primer efficiency calculations and dilutions

Prior to RT-qPCR primer efficiency was determined for each of the primer sets using the following
concentrations: 10 uM, 5 uM and 2.5 pM concentrations and WT DNA with the following
conditions.

Hold stage: 95 °C for 3 min

PCR stage (40 cycles of): 95°C for 30 s
60°C for 30 s
72°C for 30 s
Melt Curve: 95°C for 1 min
60°C for 30 s
95°C for 15 s
Analysis on the amplification plots and melt curve showed the cycling conditions used and
following primer concentrations for each primer to be most desirable:
-atpB: 5 uM -atpD: 10 uM

159



-atpE: 5 uM -atpF: 5 uM

-atpH: 10 uM -lpgqV: 10 uM
-SecE2: 10 uM -Rv2477c: 10 pM
-Rv0986: 2.5 pM -Rv0987: 10 uM

The number of molecules/copies were calculated for each gene specific to its product size and
concentration and used in the generation of the standard curve (Table C3.4). The dilution for the
WT DNA for each standard curve for each gene was done using 5 standards: 10*°,10° 108,107
,108.

Number of copies = (ng of DNA x 6.022x10%) / (genome length x 1x10° x650)

Table C3.4. Copy number and product sizes of selected RT-qPCR genes

Gene Product Size (bp) Copy Number
atpB 165 5.61 x 1010
atpD 329 2.82 x 10%
atpE 329 2.82 x 10%
atpF 178 5.2 x 1010
atpH 228 4.06 x 10%°
lpgV 185 5.01 x 10%
SecE2 165 5.61 x 10%
Rv2477c 250 3.71 x 10%
Rv0986 226 4.1 x 10%
Rv0987 270 3.43 x 10%
16S rRNA 471 1.97 x 1010
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Table C3.5. RT- gPCR mastermix (10 pL reaction) (Ssoadvanced Universal SYBR Green
Supermix kit) (Bio-Rad Laboratories, Hercules, California, USA)

Reagent 1 rxn (uL) 120 rxns
1 X SYBR green 5 600
Foreword primer 1 120
(2.5,5,10 uMm)

Reverse Primer 1 120
(2.5,5,10 uM)

cDNA (100 ng) 1 -

nfH20 2 240
Total 10 1080

nH20: nuclease-free water.
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Table C3.6. Transcriptome number obtained for each gene and sample generated after the RT-
gPCR run

atpD |atpH |Iqu |secE2 |R\/2477c |Rv0986 |Rv0987 |ath |atpE |ath
0,6128 0,65 0,588 0,6324 0,61748 0,57683 0,56927 0,6769 0,6812 0,6688
0,6024 0,7049 0,4398 0,6253 0,62238 0,58751 0,52398 0,6959 0,6565 0,6792
0,6237 0,6658 0,5907 0,625 0,62969 0,59873 0,5647 0,6651 0,6874 0,6922
0,6344 0,6714 0,6028 0,6225 0,59627 0,57994 05713 0,6886 0,6788 0,6942
0,678 0,7207 0,6329 0,637 0,6498 058612 0,58625 0,6873 0,6928 0,6789
Wild-type 0,6645 0,6818 0,6253 0,6224 0,62474 0,59447 0,55047 0,6948 0,6755 0,6889
0,7024 0,7339 0,6344 0,6706 0,6804 0,62187 0,60643 0,7525 0,7035 0,7517
0,7036 0,7452 0,6066 0,6711 0,67749 0,62439 0,60929 0,7607 0,7322 0,7456
0,6695 0,7317 0,6298 0,6666 0,68389 0,62574 0,60622 0,7544 0,8004 0,7475
0,676 0,7236 06161 0,666 0,67262 0,61347 0,61011 0,7717 0,7435 0,7572
0,6984 0,7453 0,6187 0,6666 0,66485 0,62437 0,61219 0,7733 0,7218 0,7395
Amtp 0,7272 0,7774 0,6142 0,6711 0,66654 0,62337 0,6037 0,7683 0,7334 0,7663
0,6651 0,7367 0,6045 0,651 0,66001 0,6036 057023 0,6944 0,6925 0,7258
0,6701 0,6942 0,5952 0,654 0,66555 0,60093 0,58282 0,6898 0,7206 0,7095
0,6712 0,6906 0,6171 0,6446 0,61651 0,55957 0,56303 0,6869 0,7098 0,6554
0,7057 0,6939 0,6059 0,6511 0,65164 0,66965 0,58275 0,699 0,7016 0,6887
0,6689 0,6872 0,6251 0,6463 0,65024 0,57311 0,57698 0,6838 0,7064 0,6643
mtp -complement 0,6563 0,6764 0,611 0,6385 0,65266 0,56717 0,53921 0,6568 0,6925 0,7159
0,7064 0,7437 0,6425 0,6616 0,67204 0,60866 0,59817 0,7634 0,7248 0,7208
0,7012 0,7117 0,6301 0,6575 0,668 0,62952 05999 0,7278 0,7332 0,7268
0,6578 0,812 0,6499 0,8004 0,68129 0,61944 0,59126 0,7662 0,7055 0,758
0,673 0,9812 0,6469 0,79 067618 0,61719 059651 0,7885 0,7559 0,7717
0,6763 0,7789 0,6415 0,8009 0,6831 0,61291 0,60585 1,0056 0,703 0,7768
AhbhA 0,672 0,775 0,6393 0,7906 0,67383 0,61044 0,60325 0,8055 0,7638 0,7719
0,6881 0,6858 0,6103 0,644 0,65762 0,55248 05697 0,696 0,6959 0,7071
0,6648 0,6871 0,6082 0,6408 0,66504 0,57056 0,56438 0,6911 0,6789 0,6696
0,6903 0,6964 0,6241 0,6436 0,66273 0,56509 0,57381 0,6997 0,6867 0,6052
0,6967 0,6919 0,6017 0,6435 0,64325 0,56156 0,56214 0,6912 0,6808 0,6278
0,6477 0,6796 0,5962 0,6363 0,63922 058402 05554 0,696 0,6728 0,6651
AhbhA- complement 0,6301 0,6938 0,6113 0,6386 0,66188 0,5697 0,56127 0,7183 0,7014 0,6687
0,695 0,732 0,6268 0,6474 0,6809 0,80693 0,68359 0,7546 0,7397 0,7527
0,6904 0,7624 0,6192 0,6479 0,66555 0,82826 0,6844 0,7296 0,7239 0,7469
0,7061 0,7585 0,7141 0,7905 0,72318 0,89671 0,59292 0,8211 0,7641 0,7927
0,7149 0,7645 0,7241 0,8101 0,73852 0,89553 0,81653 0,8381 0,7934 0,8185
0,7985 0,8559 0,8038 0,902 0,78896 0,60901 0,90358 0,7869 0,8191 0,8427
Amtp-hbhA 0,7774 0,8538 0,7957 0,8969 0,78243 0,71575 0,88639 0,861 0,8203 0,8466
0,7244 0,7564 0,6062 0,6312 0,66491 0,59561 0,58406 0,7228 0,6873 0,6894
0,7967 0,84 0,5884 0,6368 0,62157 0,59973 0,58621 0,7201 0,6933 0,7068
0,7019 0,743 0,6088 0,632 0,67421 0,60926 0,59864 0,7234 0,6642 0,6939
0,7008 0,7438 0,6002 0,6236  0,6937 0,59417 0,59074 0,7104 0,701 0,6915
0,6491 0,7087 0,61 0,6223 0,68021 0,60648 0,55943 0,7136 0,6895 0,7081
Amtp-hbhA- complement | 0,6576 0,7694 0,6007 0,6201 0,65215 0,5926 0,59484 0,6912 0,6967 0,6949
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Table C3.7 The Cycle threshold (Ct) values for each gene for the different M. tuberculosis deletion mutants and respective

complemented strains

Sample CT for each gene
atpB atpD atpe atpF atpH secE2 Rv0986 Rv0987 IpqVv 16S rRNA

Amtp 14.128 15.682 13.846 14.539 15.014 20.680 18.401 18.571 20.258 4.597
Amtp 13.817 16.016 14.166 14.699 14.835 20.883 19.635 19.276 21.457 4.663
Amtp 13.906 15.489 16.081 16.399 14.593 20.577 18.340 18.488 20.347 4.456
Amtp 13.118 16.012 15.052 15.173 13.995 20.733 19.394 18.335 20.916 4.453
Amtp 13.113 15.623 11.673 14.623 14.126 22.502 19.776 19.849 20.856 4.522
Amtp 13.609 15.301 13.736 14.340 13.809 22.211 19.783 20.345 21.240 4.800
Amtp 15.390 14.883 14.893 14.322 14.456 21.946 20.830 19.784 20.849 4.486
Amtp 14.001 14.901 13.731 14.657 14.033 22.979 19.646 20.198 21.427 4.569
Amtp 14.302 16.184 10.566 14.346 14.401 22.189 18.299 18.237 21.264 4.313
Amtp 14.118 15.923 13.051 13.958 14.787 22.656 18.213 18.450 21.705 4.343
Amtp 15.777 15.175 14.229 14.965 14.083 21.609 18.364 18.254 20.133 4.627
Amtp 15.577 14.795 14.601 14.723 13.613 23.806 19.610 20.662 21.384 5.623
AhbhA 13.904 11.546 13.628 14.096 13.598 21.366 19.594 20.144 20.132 5.325

12.726 14.603 13.396 14.291 13.922 22.344 20.802 19.195 27.544 Undetermi
AhbhA ned
AhbhA 14.506 14.879 15.087 14.389 14.209 21.373 18.962 22.137 19.988 4.689
AhbhA 14.546 15.433 12.840 14.060 14.415 22.478 18.942 19.863 20.782 5.076
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AhbhA 16.728 17.183 15.459 16.013 15.525 22.029 19.129 20.221 19.853 4.919
AhbhA 16.525 16.529 15.500 16.392 16.672 21.788 19.100 19.250 19.982 4.927
AhbhA 13.771 16.236 15.412 15.859 15.658 22.008 19.641 18.930 20.067 4.743
AhbhA 15.208 16.273 15.121 15.445 16.336 21.852 24.137 24.043 20.024 4.558
AhbhA 19.686 22.659 20.947 19.908 17.495 27.637 24.734 23.907 27.187 11.040
AhbhA 18.500 22.545 19.304 19.097 10.945 27.205 25.163 23.945 28.387 10.679
AhbhA 10.893 22.703 19.387 19.317 18.764 27.544 24.813 23.618 27.789 11.117
AhbhA 17.943 22.032 20.059 19.164 18.569 28.640 16.108 15.537 28.248 10.760
Amtp-hbhA 13.872 15.811 15.947 15.121 14.738 20.230 16.915 15.569 20.236 4.527
Amitp-hbhA 14.932 16.129 14.518 14.920 14.656 20.609 19.017 19.059 19.975 4.614
Amtp-hbhA 14.717 16.163 14.842 12.951 15.535 20.327 14.354 18.840 19.990 4.542
Amtp-hbhA 14.615 15.748 14.358 15.535 13.134 19.902 15.981 15.821 20.115 4.420
13.736 15.883 14.249 14.531 15.247 23.018 14.875 16.041 20.619 Undetermi

Amitp-hbhA ned

Amtp-hbhA 15.252 15.778 13.544 14.757 14.636 22.709 19.323 19.324 20.648 4.651
Amitp-hbhA 13.840 15.129 13.257 14.197 14.265 23.663 19.565 19.780 20.423 4.392
Amitp-hbhA 15.030 15.381 13.993 14.499 14.293 22.612 16.739 16.662 20.787 4.455
Amtp-hbhA 17.629 20.304 18.216 18.677 19.414 22.058 16.723 16.720 22.225 11.023
Amtp-hbhA 17.784 20.635 17.889 18.495 19.898 21.913 17.531 16.898 22.507 11.772
Amtp-hbhA 22.563 20.580 19.894 20.621 19.772 22.654 17.441 17.263 22.603 14.744
Amtp-hbhA 20.026 21.128 19.742 20.382 19.716 22.402 18.913 19.757 22.735 14.625
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mtp- 16.076 16.771 15.631 16.118 15.993 21.789 19.483 21.753 21.645 4.805
complement
mtp- 15.690 16.717 14.605 15.361 15.232 21.856 19.140 18.965 22.167 5.004
complement
mtp- 18.387 16.275 14.651 14.643 14.756 21.321 18.840 20.166 20.918 4.519
complement
mtp- 15.237 15.104 15.336 15.625 14.720 21.717 20.573 19.540 21.663 4.916
complement
mtp- 16.831 16.511 14.938 15.588 16.380 23.131 18.775 20.062 20.706 4.687
complement
mtp- 16.691 16.745 15.206 15.257 16.200 23.021 19.255 19.458 21.012 4.287
complement
mtp- 17.054 16.722 14.891 16.177 16.277 23.087 19.174 19.513 20.898 4.552
complement
mtp- 16.267 16.610 16.157 18.273 16.343 23.026 21.410 21.384 21.204 4.278
complement
mtp- 17.550 17.473 16.662 17.400 17.396 24.139 21.788 21.551 21.543 4.968
complement
mtp- 17.750 17.884 13.931 18.077 17.797 24.133 20.759 21.022 21.678 11.322
complement
mtp- 17.405 16.600 14.791 18.340 19.708 24.374 20.769 30.354 21.716 4.852
complement
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mtp- 16.708 17.741 14.099 14.718 18.632 24.633 19.356 19.713 22.033 4.491
complement
hbhA- 16.201 15.810 13.984 15.099 14.932 22.598 19.372 20.710 20.390 4.848
complement
hbhA- 16.279 16.706 11.851 14.584 15.338 22.703 19.327 19.440 20.701 4.707
complement
hbhA- 14.769 15.757 15.563 15.728 15.313 22.383 19.347 19.351 20.608 4.902
complement
hbhA- 14.268 15.507 16.309 16.491 12.255 23.238 20.377 19.966 20.570 4.930
complement
hbhA- 16.364 17.341 15.679 15.944 16.646 23.186 20.000 20.072 21.262 4.563
complement
hbhA- 16.448 18.236 16.067 16.823 16.730 23.186 21.473 20.202 21.194 4.730
complement
hbhA- 16.688 17.810 16.309 16.838 16.217 23.060 20.750 19.882 21.264 4.606
complement
hbhA- 16.973 17.012 15.145 16.319 16.475 23.198 20.966 20.316 21.402 4.678
complement
hbhA- 16.561 13.227 15.286 15.998 16.991 23.142 21.299 20.740 20.722 4.652
complement
hbhA- 17.180 17.360 15.074 15.771 16.603 23.397 20.282 20.457 21.844 4.927
complement
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hbhA- 16.880 17.538 15.492 16.038 16.373 23.174 21.616 21.571 22.004 4.829
complement
hbhA- 16.852 17.088 13.103 14.960 16.352 23.437 20.822 20.848 22.141 5.910
complement
mtp-hbhA- 15.569 15.638 14.420 14.603 15.272 23.280 19.909 19.686 21.540 6.448
complement
mtp-hbhA- 13.747 15.695 13.921 14.948 15.025 23.516 19.973 19.815 21.448 9.618
complement
mtp-hbhA- 15.223 15.340 12.842 14.215 14.516 23.027 19.387 19.177 21.222 4.997
complement
mtp-hbhA- 16.529 15.670 15.487 16.348 14.789 23.478 19.800 19.278 21.526 5.333
complement
mtp-hbhA- 16.492 17.679 15.716 15.838 16.075 22.455 19.526 20.691 21.761 5.072
complement
mtp-hbhA- 15.611 17.058 15.696 16.277 13.139 23.240 19.949 19.195 22.277 4.755
complement
mtp-hbhA- 16.046 17.519 13.436 15.373 16.509 22.719 19.856 20.673 21.673 5.103
complement
mtp-hbhA- 15.692 17.200 14.816 12.024 16.491 22.873 21.012 19.869 21.869 4.873
complement
mtp-hbhA- 15.877 16.641 15.507 16.899 16.189 23.318 19.533 19.814 21.151 4.428
complement
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mtp-hbhA- 15.694 17.224 15.179 16.080 15.987 23.935 20.181 19.388 21.511 4.386
complement
mtp-hbhA- 16.636 15.712 16.419 16.617 16.586 23.190 19.413 20.303 20.435 4.296
complement
mtp-hbhA- 15.937 15.526 16.332 18.328 16.932 23.088 16.916 21.822 20.708 4.277
complement
WT 19.180 19.251 17.091 17.598 18.633 23.987 19.951 20.267 22.514 5.081
WT 16.535 19.428 15.787 17.062 15.931 24.257 19.885 19.947 28.406 4,711
WT 17.188 18.518 16.068 16.888 17.666 23.648 19.614 19.908 22.164 4.733
WT 16.759 17.968 14.044 16.044 17.331 23.614 19.792 20.793 21.589 4.625
WT 13.560 16.771 9.783 15.445 15.919 22.758 20.672 19.598 20.963 5.484
WT 13.830 16.711 14.446 14.991 16.931 22.789 20.115 19.770 20.706 4.696
13.990 16.765 14.537 15.566 | Undetermi | 22.698 19.680 20.339 20.842 4.955
WT ned
14.674 16.510 15.231 16.674 Undetermi 22.726 20.176 20.757 20.528 4.801
WT ned
WT 17.765 16.919 15.302 16.852 17.213 23.392 20.159 20.154 21.006 4.859
WT 16.532 14.498 16.334 17.664 17.051 23.524 19.464 20.142 20.892 4.422
WT 18.229 17.228 15.880 16.845 15.899 23.467 11.182 12.204 21.026 4.781
WT 16.753 17.616 12.759 13.297 15.732 23.133 11.669 11.754 20.582 4.295
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Table C3.8 The RT-qPCR expression means and standard deviations for each gene for the M. tuberculosis WT, deletion mutants, and

their respective complements

Wild-type Amtp mtp- AhbhA hbhA- Amtp-hbhA mtp-hbhA
complement complement complement
Gene Mean | SD Mean | SD Mean | SD Mean | SD Mean | SD Mean | SD Mean | SD
atpB 0.668 | 0.012 | 0.764 | 0.009 | 0.685 | 0.015 | 0.78 | 0.02 | 0.699 | 0.010 | 0.799 | 0.051 | 0.714 | 0.012
atpD 0.621 | 0.024 | 0.705 | 0.018 | 0.673 | 0.017 0.69 | 0.01 | 0.670 | 0.027 | 0.730 | 0.046 | 0.693 | 0.054
atpE 0.679 | 0.013 | 0.739 | 0.033 | 0.704 | 0.011 | 0.73 | 0.03 | 0.686 | 0.011 | 0.777 | 0.041 | 0.689 | 0.013
atpF 0.669 | 0.006 | 0.751 | 0.009 | 0.693 | 0.029 0.75 | 0.02 | 0.672 | 0.018 | 0.800 | 0.044 | 0.697 | 0.008
atpH 0.644 | 0.029 | 0.743 | 0.019 | 0.697 | 0.021 | 0.77 | 0.04 | 0.689 | 0.006 | 0.788 | 0.053 | 0.760 | 0.044
IpqV 0.580 | 0.071 | 0.635 | 0.016 | 0.610 | 0.010 0.64 | 0.01 | 0.609 | 0.010 | 0.714 | 0.079 | 0.602 | 0.008
secE2 0.627 | 0.006 | 0.669 | 0.003 | 0.648 | 0.006 | 0.75 | 0.05 | 0.641 | 0.003 | 0.759 | 0.063 | 0.628 | 0.007
Rv0986 0.587 | 0.008 | 0.627 | 0.015 | 0.596 | 0.040 0.62 0.01 | 0.587 | 0.002 | 0.784 | 0.048 | 0.600 | 0.007
RV0987 | 0561 | 0.021 | 0.611 | 0.006 | 0.569 | 0.017 | 0.61 | 0.01 | 0.564 | 0.007 | 0.765 | 0.072 | 0.586 | 0.014

WT: wild-type; Amtp: mtp-gene knockout mutant; AhbhA: hbhA-gene knockout mutant; Amtp-hbhA: mtp-hbhA-gene knockout mutant.
SD: standard deviation.
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A dilution series of the WT DNA and each gene amplicon were used as a standard template for

the individual standard curves and ranged from 10%° -108 copies per PCR reaction.

Cycle threshold (Ct value) refers to the number of cycles required for the fluorescence signals to
cross the threshold (background noise). Ct levels are inversely proportional to target nucleic acid
in the sample; therefore, a lower Ct value correlates to a higher concentration of nucleic acid. A
Ct value less than 29 are strong positive reactions indicative of abundant target nucleic acid. The

Ct values of all genes were below 29, indicating a strong positive reaction.

The Ct values are used to plot the standard curve. In the standard curve the Y-intercept is the
expected CT value for a 1 ng/pL sample. The R? measures how well the regression line fits the
data values. An R2 value of 1 equates to a perfect regression. A lower R? value is indicative of
scattered data. In this study, all R? values ranges from 0.976-0.997 (Figures C13-C23 in appendix)
and majority of the data points for each standard curve fall on the regression line. This indicates a
high-quality standard curve. Slope measures the efficiency of the RT-qPCR reaction. A slope of -
3.3 indicates a perfect reaction. The slope for all genes tested in the RT-gPCR were approximately

-3.2 (Figures in appendix), indicating a strong reaction.

Efficiency of 100% represents a doubling of the template after each cycle. Efficiency between 90-

120% is acceptable. The efficiency percentages for all genes tested ranged from 96.972-116.568%.

Melt curves are used to determine the presence of any nonspecific products. The melt curves for
all genes display a single peak (Figures in appendix) indicating that there are no nonspecific

products in the reaction.
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C3.3. RT-gPCR analysis for Rv0986. Results generated a slope = -3.208, R? = 0.976, efficacy=
104.975%, error = 0.176 and Y-intercept = 45.027, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C3.4. RT-gPCR analysis for Rv0987. Results generated a slope = -2.671, R?= 0.976, efficacy=
116.569%, error = 0.192 and Y-intercept = 39.55, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C3.5. RT-gPCR analysis for atpD. Results generated a slope = -3.287, R? = 0.982, efficacy=
101.496%, error = 0.157 and Y-intercept = 45.662, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C3.6. RT-gPCR analysis for Rv2477c. Results generated a slope = -3.397, R?= 0.982, efficacy=
96.972%, error = 0.164 and Y -intercept = 46.485, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C3.7. RT-gqPCR analysis for 16S. Results generated a slope = -3.286, R? = 0.987, efficacy=
98.689%, error = 0.156 and Y-intercept = 46.829, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C3.8. RT-gPCR analysis for atpB. Results generated a slope = -3.399, R? = 0.987, efficacy=
98.869%, error = 0.192 and Y-intercept = 48.129, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C3.9. RT-gPCR analysis for atpF. Results generated a slope = -3.201, R? = 0.9800, efficacy=
103.306%, error = 0.172 and Y-intercept = 46.404, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).

Malt Curve Plot
Standard Curve b

Tarests ATPE Slopa 2223 Ylser 45423 g 0976 EfM 104314 frren 0.192 g e Geen

Amplification Plot

L

C3.10. RT-gPCR analysis for atpE. Results generated a slope = -3.223, R? = 0.9876, efficacy=
104.314%, error = 0.192 and Y-intercept = 45.123, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C3.11. RT-gPCR analysis for secE2. Results generated a slope = -3.078, R?= 0.9760, efficacy=
111.288%, error = 0.184 and Y-intercept = 46.27 depicted, by the standard curve (a), melt curve
(b) and amplification plot (c).

Standard Curve Mailt Curve Plot

ccccc

C3.12. RT-gqPCR analysis for IpqV. Results generated a slope = -3.129, R = 0.981, efficacy=
108.733%, error = 0.154 and Y-intercept = 46.462, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).

175



Mealt Curve Plot
a : ; b

Standard Curve

ccccc

C3.13. RT-gPCR analysis for atpH. Results generated a slope = -3.312, R? = 0.997, efficacy=
100.395%, error = 0.061 and Y-intercept = 46.87, depicted by the standard curve (a), melt curve
(b) and amplification plot (c).
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C4. ATP synthase genes used in a comparison of RNA sequencing to RT-gPCR

RNA-sequencing data was further validated by comparing the calculated FC to RT-gPCR, relative

to the WT. Graphpad prism was then used to calculate the respective p-values.

Table C4.1. RNA- sequencing fold changes for each mutant compared to RT-qPCR fold change,
relative to the WT, for ATP synthase genes.

Amtp Amtp AhbhA AhbHA Amtp-hbhA  Amtp -hhA
RNA RT-gPCR RNA RT-gPCR RNA RT-qPCR
sequencing FC sequencing FC sequencing FC
FC FC FC

atpH 1,53 1,154 0,933 1,120 0,9333 1,224
atpB 1,492 1,143 1,1059 1,169 1,02 1,195
atpF 1,4339 1,123 0,8709 1,128 0,9673 1,196
atpD 1,343 1,135 0,8535 1,112 0,96 1,760
atpE 1,32 1,089 0,9723 1,077 0,9723 1,144

WT: wild-type; Amtp: mtp-gene knockout mutant; AhbhA: hbhA-gene knockout mutant; Amtp-
hbhA: mtp-hbhAgene knockout mutant
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C5. Bioluminescence raw data

The bioluminescence assay was performed for three biological assays (BA) in triplicate. The
average for each sample per BA is shown in Table C13. The average for the three biological assays
was calculated for each sample. A control comprising BacTiter-Glo™ Reagent and no sample was
used to record the baseline luminescence. Expression levels were recorded in relative light units

(RLU), relative to the control, and are shown in Table C13.

Table C5.1. The average bioluminescence absorbance values of three biological assays and the

respective expression level (RLU)

Biological Biological Biological Average Expression
Assay 1 Assay 2 Assay 3 level
(RLU)

Control 2.06E+03 2.27E+03 5.16E+03 3.16E+03

WT 3.99E+06 3.81E+06 3.99E+06 3.93E+06 3.93E+06
Amtp 2.08E+06 2.14E+06 2.16E+06 2.13E+06 2.12E+06
AhbhA 2.03E+06 2.05E+06 2.01E+06 2.03E+06 2.03E+06
Amtp-hbhA 3.46E+06 3.51E+06 3.21E+06 3.39E+06 3.39E+06

Mtp-complement 2.72E+07 2.69E+07 2.70E+07 2.71E+07 2.71E+07

hbhA-

complement 4.90E+06 4.93E+06 5.01E+06 4.95E+06 4.94E+06
Mtp-hbhA-

complement 2.58E+07 2.69E+07 2.64E+07 2.64E+07 2.64E+07
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