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Definitions

Bioinformatics

The science of collecting and analysing complex
biological data such as genetic codes

Dysbiosis

Dysbiosis is a term for a microbial imbalance on or
inside the body

Metagenomics

Metagenomics is the study of the collective
genome of microorganisms from a sample to
provide information on the microbial diversity and
ecology of a specific environment

Microbiome

The microorganisms in a particular environment
including parts of the body

Polymerase chain reaction

The method of making multiple copies of a
Deoxyribonucleic acid (DNA) sequence, involving
repeated reactions with a polymerase

Resistome

The collection of all antibiotic resistance genes and
their precursors in pathogenic and non-pathogenic
bacteria

Sequencing

The process of determining the precise order of
nucleotides within a DNA molecule

Shotgun metagenomics

Shotgun metagenomics refers to the clipping of
DNA extracted from a sample and sequencing the
small fragments
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Abstract
Globally tuberculosis remains one of the leading causes of mortality from any infectious
agent. Evidence has shown that there are links between TB and the human microbiome
and that alterations to the host micro flora in response to TB infection and subsequent
treatment may have a powerful impact on both treatment outcome and patient health.
Research regrading several factors surrounding TB and the microbiome, for example
the resistome require urgent attention. Along with this there is also a constant need for
new methods to study TB and the microbiome as the research field progresses. The
first objective of this study was to determine the suitability of DNA extracted by means
of the NWU lysis method for bacterial microbiome analysis; and amplicon-based next
generation sequencing (NGS) in comparison to DNA obtained by various commercial
kits; and the second objective was to examine changes in the bacterial microbiome of
the respiratory tract during the process of TB therapy over time in human participants
(sputum) by whole genome shotgun sequencing in comparison to the respiratory
microbiomes of healthy controls. Applying the NWU lysis method to a mock microbial
community, did not reveal any conclusive results. Following analyses on more complex
samples revealed that the NWU lysis method has potential for downstream microbiome
analyses but further optimisation will be required. The second objective was to examine
changes in the respiratory tract microbiome during the process of TB therapy over time
in the sputum human participants. Results revealed significant changes in both
taxonomic composition and within the associated resistome. Overall microbiome
diversity was increased in response to treatment, suggesting that microbial
perturbation in response to treatment may give foreign or less abundant, potentially
more resilient bacteria a chance to proliferate. Results also revealed a increase in the
presence of acquired aminoglycoside resistance genes (aadA, aadE, aac(2')-I, aph(3')I, aph(3'')-I, aph(3''')-III, and aph(6)-I) linked with patient samples. The results obtained
could thus be a cause for concern, especially considering the high prevalence of
HIV/AIDS amongst individuals infected with TB, but further studies will be required to
determine if there is any physiological or clinical significance to these observations.

Keywords: Microbiome, Antibiotic resistance, Metagenomics, Tuberculosis
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Chapter 1 – Problem statement, scope of the
study, aims and objectives
This is an introductory chapter to the thesis, it defines the scope of the study as it
relates to current challenges/problems associated with tuberculosis and the
microbiome and outlines the aims and objectives of the study in order to address some
of the challenges that have been highlighted.
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1. Background

Tuberculosis (TB) is recognised as one of the oldest known human diseases and
occurs as a result of infection by Mycobacterium tuberculosis (MTB) and/or any other
Mycobacterium forming part of the Mycobacterium tuberculosis complex (MTBC).
Today TB remains a major global concern affecting up to 10 million people each year
and for the past couple of years has been the leading cause of death from any single
infectious agent, even surpassing the human immunodeficiency virus infection and
acquired immune deficiency syndrome (HIV/AIDS) (Corbett et al., 2003; World Health
Organisation, 2020). Human immunodeficiency virus infection is the strongest
recognised risk factor for TB, and estimates indicate that South Africa (SA), with 0,7%
of the world’s population contributes up to 17% of the global burden of HIV (Karim et
al., 2009). The increasing global burden of TB is directly linked to HIV infection;
weakened immunity due to HIV increases the risk of activating or reactivating latent TB
infection, while also increasing the risk of infection and reinfection in general (Corbett
et al., 2003; Getahun et al., 2010). According to the World Health Organisation (WHO),
South Africa ranks as one of the highest in the world in terms of TB burden, while
O’Donnel et al. (2015), states that the majority of reported cases of extensively drug
resistant tuberculosis (XDR-TB) is from South Africa (World Health Organization, 2017;
World Health Organization, 2020).

Tuberculosis therapy is a long and tedious process: standard treatment regimens
consists of an intensive phase of two months, followed by a continuation phase of four
months. This may be extended by up to seven months in instances of severe infection
(Department of Health: Republic of South Africa, 2014; World Health Organisation,
2017; World Health Organization, 2020). The WHO guidelines recommend rifampicin,
ethambutol and pyrazinamide for up to nine months with the addition of
fluoroquinolones in the instances where the specific Mycobacteria strain has
concomitant resistance to ethambutol or pyrazinamide (Gegia et al., 2017; World
Health Organisation, 2017. Anti-microbial treatment commonly used during first line TB
therapy includes isoniazid (INH), pyrazinamide (PZA), ethambutol (EMB) and
rifampicin (RIF). Narrow spectrum antibiotics such as INH, PZA and EMB, are said to
have very little effect outside the Mycobacterial genus, but rifampicin, fluoroquinolones
2

as well as aminoglycosides, such as streptomycin, are all broad spectrum antimicrobial
agents affecting various bacteria (Nahid et al., 2016; Melander et al., 2018; Wang et
al., 2020; Hu et al., 2020).

Intensive use of antibiotics for several purposes has over time caused severe antibiotic
pollution, subsequently promoting dissemination and accumulation of antibiotic
resistant bacteria and antibiotic resistance genes (ARGs) into the natural, and in some
instances, clinical environment (Canton, 2009; Jia et al., 2017; Hu et al., 2020). The
human gut microbiome/resistome has been described as a reservoir of antimicrobial
resistance by several studies but very little attention has been paid to the rest of the
human microbiome (Salyers et al., 2004; Penders et al., 2013; Duranti et al., 2017). In
studies involving the sputum microbiome of cystic fibroses (CF) patients, the sputum
microbiome/resistome as a potential reservoir for ARGs has been described. This
occurrence is attributed to the frequent use of antibiotics during acute exacerbations
associated with CF, leading to the emergence and selection of multidrug-resistant
(MDR) bacterial species (Fancello et al., 2011). Other disease conditions, such as TB,
has not been as extensively studied in this regard (Fancello et al., 2011; Hong et al.,
2016; Wang et al., 2020; Hu et al., 2020). A review of literature suggests that the
microbiome of TB patients has only very recently received attention and evidence
suggests that the gut and lung microbiome are associated with TB infection and
disease (Salyers et al., 2004; Wood et al., 2017; Wang et al., 2020). There is a rapidly
growing body of evidence linking the TB microbiome to TB disease, progression and
clinical outcome; but more importantly, the severe impact of TB therapy causing
extensive dysbacteriosis has also been highlighted. To date, the resistome of TB
patients that have undergone extensive anti-microbial therapy remains completely
unexplored. It is thus of great import to study these effects to determine whether there
is the potential for the proliferation of pathogens and resistant strains of bacteria
carrying ARGs (Wu et al., 2013; Wipperman et al., 2017; Hu et al., 2019; Wang et al.,
2020; Hu et al., 2020).

Another problem identified when attempting to study TB and the microbiome includesis
variation, due to a lack of standardised methods. Sample collection, sequencing
platforms and particularly deoxyribonucleic acid (DNA) extraction methods may all
3

cause variation in the final results (Mackenzie et al., 2015; Hong et al., 2016). Some
bacterial cells such as those of Mycobacteria are extremely hard to lyse, and some
commercially available DNA extraction kits do not sufficiently lyse all bacterial cells in
a sample to give an accurate representation of the microbial community. The use of
more robust methods containing bead beating steps have thus become favoured for
these types of studies (Mackenzie et al., 2015).

There are currently several methods available for the diagnosis of TB but the sole
purpose of many of these tests are identification of TB and determining its antibiotic
resistance profile. All these methods though are designed to either chemically or
mechanically lyse difficult to lyse Mycobacteria, but not all are equally effective at lysing
these cells and in some instances DNA yields are still low (Sulis et al., 2016;
Mohammadi et al., 2017). The NWU TB diagnostic method (NWU-TB test) has a very
robust cell lysis step consisting of both chemical and mechanical lysis, which may make
it ideal for DNA extraction to evaluate microbial communities (Mutingwende et al.,
2015). It is thus important to start adapting and evaluating current available methods
such as the NWU TB diagnostic method (NWU-TB test) to carry out evaluations on
other aspects relating to TB and disease as well, for e.g. the microbiome (Mutingwende
et al., 2015; Sulis et al., 2016).

2. Research problems

The research problems identified to be addressed include the following:


Evidence suggests that the microbiomes of the gut and respiratory tract are
associated with TB infection, but more etiological and longitudinal research is
required before any true conclusions can be made. This study will be, as far as
we could ascertain, the first focussing on longitudinal change in the sputum
microbiome in clinical sputum samples, during TB therapy; it will also be the first
to exclusively attempt to characterise the resistome of patients undergoing antiTB therapy.

4



The true clinical relevance of the respiratory tract microbiome during TB infection
is still unknown. The study results will thus be used to contribute to the debate
of whether the respiratory tract microbiome has any true clinical relevance in
regards to the potential development and dissemination of antibiotic resistance
determinants within the respiratory resistome.

Parts of the human microbiome has been described as a reservoir of antimicrobial
resistance. In view of the air borne infectious route as well as the drug resistant profile
of TB patients, the following questions need to be addressed:


Does exposure to TB drugs select for resistant strains of bacteria that form
part of the respiratory tract microbiome?



Is it possible for the respiratory tract microbiome to act as a reservoir for
ARGs during and after TB therapy?



Does the respiratory tract microbiome have an impact on the dissemination
of ARGs and airborne infection spread?

3. Scope of the study, aims and objectives

The above questions delineated the scope of the study and resulted in formulation of
the following aims and objectives to address the some of the various research
questions described above:

3.1 Aims

The following aims have been identified:


To evaluate the NWU TB diagnostic method as preferential tool for downstream
microbiome analyses;



To examine shifts in the respiratory tract microbiome of TB positive patients,
during the course of tuberculosis treatment;
5



To determine the presence, and if present, the abundance of clinically relevant
ARGs in clinical respiratory samples during the treatment process.

3.2 Objectives

The aims of this study will be achieved by accomplishing the following objectives:


Comparative methods: To determine the suitability of DNA extracted by means
of the NWU lysis method for bacterial microbiome analysis; and amplicon-based
next generation sequencing (NGS) in comparison to DNA obtained by various
commercial kits;



To examine changes in the bacterial microbiome of the respiratory tract during
the process of TB therapy over time in human participants (sputum) by whole
genome shotgun sequencing in comparison to the respiratory microbiomes of
healthy controls.

4. Structure of the thesis

This thesis was submitted in full fulfilment of the requirements of a Doctor of Philosophy
degree in Pharmaceutics at North-West University, Potchefstroom Campus, South
Africa.The study was supported, and the manuscript compiled with the support of
funding provided by the South African Department of Science and Innovation (DSI) in
conjunction with the International Mouse Phenotyping Consortium (IMPC). Opinions
expressed, findings and concluding statements are those of the authors and are not
necessarily attributed to the South African Department of Science and Innovation or
the International Mouse Phenotyping Consortium (IMPC). This thesis is submitted in a
manuscript format in accordance with the General Academic Rules (A.7.5.7.4) of the
North-West University. Each chapter is written in accordance with specific guidelines
as stipulated by the journals intended for publication.

Manuscript 1 has been accepted for publication in Data in Brief and, and is in the final
stages of review and minor amendments; manuscript 2 has been provisionally
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accepted pending review and a preprint has been published, pending finalisation of the
review process and final decision. Manuscript 3 has been submitted to Nature
Communications and currently with the editor to determine the suitability of the
manuscript for the journal.

5. Dissemination of findings

The manuscripts emanating from this project were written to distribute the findings of
the study. The articles will mainly cater for the academic community, laboratory
technologists and clinicians.

6. Declarations

The contribution for each author in the manuscripts is as follows:

B.C. Mann (PhD candidate)


Conceptualisation of the research project



Planning and design of the studies



Experimental work



Interpretation of results



Writing of the manuscripts and final thesis.

Prof. A.F. Grobler (Principle investigator/co-supervisor)


Refinement of the concept



Supervision of the planning and design of the studies



Assistance in the interpretation of results



Supervision and critical review in the writing of the manuscripts and thesis



Sourcing of funding for the study.
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Dr. J.J. Bezuidenhout (Supervisor)


Supervision of the planning and design of the studies



Assistance in the interpretation of results



Supervision and critical review in the writing of the manuscripts and thesis



Sourcing of funding for the study.

DR. Z.H. Swanevelder


Assistance with the planning and design of the studies



Critical review in the writing of some of the manuscripts.

Mr. U. Vermeulen


Design and manufacturing of some of the special equipment used in this study



Critical review in the writing of some of the manuscripts.

Mrs. C. Wepener


Experimental work



Interpretation of results.
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Chapter 2 – Literature review
This chapter reviews all available relevant literature on tuberculosis and the
microbiome. It includes all available information on both animal and human studies that
have been published to date with an emphasis on the potential for the development
and dissemination of anti-microbial resistant bacteria and their associated genes.
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1. Tuberculosis infection and prevalence

Tuberculosis (TB) caused by bacteria the Mycobacterium tuberculosis complex
(MTBC) is a potentially deadly disease currently listed amongst the top 10 causes of
death worldwide. The MTBC complex consists of Mycobacterium tuberculosis (MTB),
M. africanum , M. bovis, M. caprae , M. canettii, , M. microti, M. mungi, M. pinnipedii,
M. suricattae (Sinha et al., 2016; World Health Organisation, 2020a). Non-tuberculous
mycobacterial (NTM) infections caused by organisms such as

M. avium

complex (MAC), M. kansasii, and M. abscessus and M. intracellulare have also been
on the rise (Johnson & Odell, 2014; Sinha et al., 2016). Mycobacteria are aerobic nonmotile, non-spore producing, slow growing acid fast bacteria characterised by an
exceptionally strong cell wall described as being hydrophobic, waxy and rich in mycolic
acids, providing an almost impermeable barrier to compounds such as antimicrobials
(Delogu et al., 2013). Besides being the causative agent of TB, there is a growing body
of evidence suggesting that M. tuberculosis may also be associated with various other
human conditions and diseases, such as autoimmune diseases, metabolic syndromes
and pulmonary complications. The M. tuberculosis bacterium can also interact with and
effect the human microbiome which in recent times has been described as playing an
integral role in immune balance and human health (Hu et al., 2019; Namasivayam et
al., 2020).

The bacilli are generally inhaled in aerosol droplets and enter into the lungs, here the
Mycobacterium cells encounter a first line of defence; consisting of airway epithelial
cells and alveolar macrophages. If this first line of defence is successful in eliminating
the Mycobacterium cells the infection is aborted; but if this first line fails the bacterium
starts to multiply and spread while evading the immune system by hiding inside alveolar
macrophages (Figure 1) (Martino et al., 2019). As seen in figure 1, TB can be present
in an active or latent state, active TB can be classified as either pulmonary TB or extra
pulmonary TB, with pulmonary TB being the most prevalent. Symptoms of pulmonary
TB include a cough with sputum and blood at times, chest pains, weight loss, weakness
and fever (Delogu et al., 2013; Sinha et al., 2016). One of the hallmarks of a TB
infection is the development of a granuloma and its subsequent degeneration and
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necrosis (Orme et al., 2014). Granulomas consist of organised collections of
macrophages, often with distinctive morphological variations; along with various other
and other immune cells they act as a defensive mechanism triggered by the host
immune response to wall off an invading pathogen. This inflammatory mononuclear
cell infiltrate is capable of restricting the growth of Mycobacterium tuberculosis; but
simultaneously also provides a unique survival niche in which the bacteria may
replicate, and from which they may disseminate (Ehlers et al., 2012; Orme et al., 2014).

Figure 1: Illustration of TB transmission and infection of pulmonary TB (Image generated with the aid of
SMART - Servier Medical ART and biorender).

In the majority of cases though the immune response either eradicates the pathogen
or manage to contain it leading to latent tuberculosis infection. Someone can be
classified as having latent TB if they are infected by the bacterium but do not exhibit
any clinical manifestation, however there is a possibility that they may develop active
TB later in life (Sinha et al., 2016; Ilievska-Poposka et al., 2018; World Health
Organisation, 2018).
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In recent years the majority of new cases were registered in the South-East Asia and
Western pacific regions at around 60%, followed by Africa at roughly 25%. A smaller
proportion of cases occurred in the Eastern Mediterranean regions at 8.1%, regions of
the Americas at 2.9% and the European region at 2.6%. A total of 87% of all estimated
incident cases worldwide were attributed to the 30 high TB burden countries (Figure
2); with India, China, Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh and
South Africa accounting for two thirds of all new TB cases worldwide (World Health
Organisation, 2019).

Figure 2: Incidence per 100 000 population per year (Image generated with the aid of mapchart.net and
numbers drawn from the Global tuberculosis report 2019 - World Health Organisation).

According to the World Health Organisation (WHO) Global Tuberculosis Report (2018),
around 10 million people fell ill with TB in 2017, and around 1.6 million died from the
disease. In addition to active infection, current statistics suggests that potentially up to
one third of the global population amounting to 2.3 billion individuals are carrying a
latent TB infection (Houben & Dodd, 2016). TB is currently the leading cause of death
among persons living with HIV, especially in low and middle-income countries such as
South Africa (Houben & Dodd, 2016; World Health Organisation, 2019). Along with the
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high risk associated with Human Immunodeficiency Virus (HIV), the continued
development and spread of susceptible, multi and extensively drug resistant TB
remains one of the greatest public health crises of our time (Maningi et al., 2018; World
Health Organisation, 2019).

2. Tuberculosis in South Africa

Previous statistics suggest that despite being home to just about 0.7% of the world’s
population South Africa nevertheless accounted to around 17% of the global burden of
HIV. South Africa is home to a blend of several social economic and other risk factors
such as overcrowded living or working conditions, poor nutrition, smoking, alcoholism,
diabetes and exposure to indoor air pollution. These factors along with the high burden
of HIV all contribute to the current dire TB crisis (Abdool Karim et al., 2009; Naidoo et
al., 2017). Human Immunodeficiency Virus infection is the most influential risk factor
associated with both latent TB and rapid progression of active TB infection. Due to all
these factors the WHO has currently ranked South Africa as one of the world’s top 8
highest contributors to the global TB burden, contributing to roughly 3% of the total
burden of tuberculosis worldwide (World Health Organisation, 2019). According to
Naidoo et al. (2017), there were an estimated 454 000 incident cases, at a rate of
approximately 834 cases per 100 000 persons with around 50% of new cases being in
HIV-co-infected patients, suggesting that HIV is a major contributing factor to the TB
problem in SA (Abdool Karim et al., 2009).

Along with the overall prevalence of TB in South Africa the prevalence of multi-drug
resistant (MDR)-TB has also reached alarming proportions. Current statistics suggest
that up to 9.6% of all TB cases reported in South Africa can be classified as multi-drug
resistant, thus ranking South Africa as one of the highest MDR-TB burden countries in
the world (Streicher et al., 2012). To further exacerbate the problem data would
suggest that up to 10.5% of MDR cases in South Africa are in fact extensively drug
resistant (XDR)-TB. Another problem faced in combating TB in South Africa is
adherence to the prescribed treatment regimens (O’ Donnell et al., 2014). Adherence
to the prescribed treatment is critical for positive treatment outcomes, and failure to do
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so could lead to the development of resistance not only among mycobacteria but
several other bacterial species as well (Axelsson, 2013). Treatment for TB is very
readily available in South Africa but poor adherence to treatment is a very common
occurrence due to the aforementioned social economic environment and various other
risk factors present in South Africa, leading to the rapid development of both MDR- and
XDR-TB (Streicher et al., 2012; O’ Donnell et al., 2014).

3. The human microbiome in health and disease

Millions of people get sick with or acquire latent TB infection every year without the
presence of any of the traditionally known risk factors suggesting that there may be an
additional risk factor such as the microbiome playing a key role (Hu et al., 2020;
Namasivayam et al., 2020).The microbiota or microbiome can be defined as a
community of commensal, symbiotic and pathogenic microorganisms, and generally
includes archaea, protists, fungi, viruses, bacteria and the genes they carry (Ursell et
al., 2012). Since the onset of the human microbiome project in 2007 it has been found
that the human microbiome consist of trillions of microorganisms including archaea,
protists, and especially viruses, fungi and bacteria. These organisms and their
associated genes provide us with several traits we have not had to evolve on our own
and contributes to the notion that we are supraorganisms composed of both human
and microbial components (Turnbaugh et al., 2007). The microorganism composing
the human microbiome are found at various sites on and inside the human body
including the nasal passage, oral cavity, skin, urogenital tract and gastrointestinal tract
with the gut microbiome being the primary focus of most studies (Barko et al., 2018).

The human microbiome is seen as an integral component in the general health of the
host, and various studies have found links between the microbiome and various states
of human health and disease (Lloyd-Price et al., 2017). Microorganisms forming part
of the human microbiome play a role in host energy metabolism and immunity, and
thus significantly influence development of a variety of human diseases (Liang et al.,
2018). The microbiome has been described as a defining factor influencing the host’s
energy balance, increasing the host's ability to produce energy from digested food,
while

also

producing

various

microbial
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products

such

as

metabolites,

lipopolysaccharides, short-chain fatty and secondary bile acids. These microbial
products in turn act as signalling molecules modulating energy uptake, storage and
expenditure as well as gut motility and appetite (Heiss & Olofsson, 2018). Commensal
microorganisms have also been said to play an integral role in the host immune system.
Evidence suggests that microbes not only play a role in the development of the immune
system but also continue to play a role in the regulation there off by the production of
various metabolites that regulate the immune system via host receptors and other
target molecules (Nash et al., 2017; Kim, 2018).

Figure 3: The human microbiome in health and disease (Image generated with the aid of SMART Servier Medical ART and biorender).

The gut microbiome has in the past been the primary focus of microbiome based
studies and has been associated with various diseases such as asthma, obesity,
metabolic syndrome, inflammatory bowel disease, cardiovascular disease, immune‐
mediated conditions, cardiovascular disease, neurodevelopmental conditions and
even TB (Figure 3) (Hong et al., 2016; Barko et al., 2018). In spite of the gut being the
primary focus in recent times, more and more attention is now being directed towards
other parts of the human microbiome such as the respiratory tract as well, where it has
been implicated to play a role in various diseases such as pneumonia, cystic fibrosis
and even TB (Krishna et al., 2016; Dickson et al., 2016).
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There is a growing body of evidence suggesting the microbiome is of great relevance
in the clinical outcome of tuberculosis (Wu et al., 2013; Wipperman et al., 2017; Hu et
al., 2019). In addition to this, anti-tuberculosis therapy is a long and tedious process,
which often requires frequent or long term use of various antibiotics that frequently
induce severe dysbacteriosis of the human microbiome (Wipperman et al., 2017; Hu
et al., 2019). Beyond the initial antibiotic induced dysbactyeriosis, in many instances
the necessary therapeutic dose of an antibiotic can be present at sub-inhibitory
concentrations for host-associated bacteria. This presents another unique problem, as
the presence of these sub-inhibitory concentrations may in turn increase the selection
for resistant strains of bacteria harbouring antibiotic resistance genes (ARGs), and
increase the potential for horizontal transfer of these genes (Sultan et al., 2018;
Ghanbari et al., 2019).

4. The human microbiome as a reservoir for antimicrobial resistance

The human microbiome consists of complex, densely populated microbial communities
associated with various sites in the body, such as the gut, skin and respiratory tract
(Casals-Pascual et al., 2018; MacLean & San Millan, 2019). The majority of bacteria
found over various sites in the body are harmless commensals that do not cause
disease and exists in a mutually beneficial relationship with the host, often
outcompeting or directly inhibiting invasive pathogens by various means. It has,
however, become evident that these commensal microbial communities can act as a
reservoir for ARGs, due to the various means by which antibiotic resistance
determinants can disseminate and spread within microbial communities (CasalsPascual et al., 2018). Drug resistant bacteria and the associated genes can be
acquired by several different mechanisms: First of all, exogenous drug resistant
bacteria can be attained by the host from the surrounding environment or by ingestion
and secondly by the development of resistance through selection and/or induction of
antibiotic-resistant mutants mediated by exposure to antibiotics at sub inhibitory
concentrations or by gene transfer events (Sommer & Dantas, 2011; Casals-Pascual
et al., 2018). Furthermore, several studies have indicated that numerous antibiotic
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resistance genes present in infants may have been acquired from maternal sources
(Moore et al., 2013; Fouhy et al., 2014; Casals-Pascual et al., 2018).

Figure 4: Illustration of the impact of antimicrobials on the microbiota and the subsequent selection and
proliferation of drug resistant strains (Image generated with the aid of SMART - Servier Medical ART
and biorender).

The extensive and irresponsible use of antibiotics has led to the frequent exposure of
the human microbiome to various antimicrobial substances (Figure 4), greatly
contributing to the development and spread of antibiotic-resistant bacterial species
carrying an ever increasing abundance of antibiotic resistance genes. Antibiotic
therapy thus positively selects for those microorganisms that harbour such genetic
features; increasing the chances that both these organisms, and their associated
antibiotic resistance determinants can continue to spread (Casals-Pascual et al.,
2018). Similar to intrinsic and acquired resistance as previously discussed; the
resistome can also be sub-divided into the intrinsic and the mobile resistome. Intrinsic
ARGs are generally immobile, but can be captured by mobile genetic elements (MGEs)
and eventually become mobile. Once mobile, these genes can easily disseminate by
means of horizontal gene transfer (HGT), along with various other MGEs that may
already be present among the microbial population (Jeong et al., 2019). In many
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instances, these genes are harboured by harmless commensal bacteria, which can
under the correct circumstances become opportunistic pathogens; or mediate the
transfer these genes to invading pathogens (Casals-Pascual et al., 2018; Relman &
Lipsitch, 2018).

As previously mentioned Tuberculosis is one of the leading disease-based causes of
morbidity and mortality worldwide; and treatment often involves the co-administration
of various antimicrobials for extremely long period’s time. To date, several studies have
started to explore the link between the microbiome and tuberculosis but the impact of
many of these antimicrobials on the microbiome and the associated resistome to date
has not been extensively researched (Wu et al., 2013; Wipperman et al., 2017; Hu et
al., 2019; Namasivayam et al., 2020).

5. Existing in use anti-tuberculosis agents that may impact the
microbiome and resistome

Treatment regimens for TB differ depending on the target population and whether the
infection is classified as susceptible, rifampicin resistant (RR-TB) or multidrug resistant
– TB (MDR-TB), but are in general modelled on the WHO guidelines for treatment of
tuberculosis and the WHO consolidated guidelines on drug-resistant tuberculosis
treatment (World Health Organisation, 2010; World Health Organisation, 2020b). A
summary of these drugs and their current accepted spectrum of activity can be found
in Table 1.
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Table 1: Summary of common anti-tuberculosis agents
Drug

Mechanism

Spectrum

TB Specific

Isoniazid

Mycolic acid synthesis inhibitor

Narrow spectrum

Yes?

Ethambutol

Arabinosyl transferase inhibitor

Narrow spectrum

Yes?

Pyrazinamide

Enzyme fatty acid synthase I inhibitor

Narrow spectrum

Yes?

Rifampicin

DNA-dependent RNA polymerase inhibitor

Broad spectrum

No

and amikacin

Protein synthesis inhibitors

Broad spectrum

No

Moxifloxacin and levofloxacin

Inhibiting DNA gyrase and topoisomerase IV

Broad spectrum

No

Ethionamide

Mycolic acid synthesis inhibitor

Narrow spectrum

Yes?

racemase, and alanine permease inhibitor

Broad spectrum

No

Bedaquiline

Mycobacterial ATP synthase inhibition

Narrow spectrum

Yes?

Linezolid

Protein synthesis inhibitors

Broad spectrum

No

Clofazimine

Debatable

Broad spectrum

Yes?

Para-aminosalicylic acid

Thought to limits folic acid production

Uncertain

Uncertain

Susceptible TB

RR and MDR - TB

Streptomycin,

kanamycin

Tetrizidone and cycloserine

D-alanyl-D-alanine

synthetase,

alanine

5.1 Drug susceptible TB

First line anti-tuberculosis drugs for drug susceptible TB generally include isoniazid
(INH), pyrazinamide (PZA), ethambutol (EMB) and rifampicin (RIF), with the addition
of aminoglycosides or fluoroquinolones in some instances. Treatment includes an
intensive phase lasting 2 months in which the combination of INH, RIF, EMB and PZA
are used to quickly kill the TB cells. During the 4 month continuation phase, treatment
with INH and RIF continues to eliminate any remaining TB cells. For the treatment of
extra-pulmonary TB, the standard six month treatment is as effective as it would be in
pulmonary disease, but in instances of complicated disease, such as TB associated
meningitis, the continuation phase is generally prolonged to 7 months from the initial 4
(McIlleron & Chirehwa, 2018; World Health Organisation, 2019).
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5.1.1 Isoniazid, pyrazinamide and ethambutol

Isoniazid, also known as isonicotinylhydrazide, is a narrow spectrum prodrug that is
bactericidal among rapidly dividing bacteria and bacteriostatic in slower dividing
bacteria. Isoniazid needs to be activated by a bacterial catalase-peroxidase enzyme
found in Mycobacterium tuberculosis called KatG. This drug works by the formation of
a nicotinoyl-NAD adduct that binds to the enoyl-acyl carrier protein reductase InhA.
This in turn blocks the action of fatty acid synthase, thus inhibiting the synthesis of
mycolic acids, which are essential components of the mycobacterial cell wall (Stagg et
al., 2017).

Pyrazinamide is a fairly narrow spectrum antimicrobial, and like INH only exhibits
activity against Mycobacteria. Pyrazinamide diffuses into M. tuberculosis cells where
pyrazinamide is converted to pyrazinoic acid by the enzyme pyrazinamidase.
Pyrazinoic acid slowly leaks from the cells and under acidic conditions converts to the
protonated conjugate acid, which easily diffuses back into the bacilli and accumulates
there. The effect of this process is that more pyrazinoic acid accumulates inside the
cells at the acid pH generated than at a neutral pH (Zhang & Mitchison, 2003). PZA
then acts to exert various effects including disruption of membrane energy function,
acidification of cytoplasm and inhibition of the trans-translation process. The main role
of PZA during the treatment process is to kill off any non-replicating persisters that the
other drugs in the TB regimen fail to kill (Chang et al., 2011; Zhang et al., 2013). A
recent study on the effect of anti-tuberculosis treatment on a murine model indicated
statistically significant changes in certain species present in the gut microbiome of mice
treated only with INH or PZA, suggesting that the drugs may have a broader effect on
the microbiome than previously thought. Further study is needed to elucidate if this
could potentially play any role in the selection for resistant strains among bacterial
groups other than MTB (Namasivayam et al., 2017).

The exact mechanisms of ethambutol is said to be unknown, but evidence suggests
that the drug acts by inhibiting arabinotransferases involved in the biosynthetic
pathway of mycobacterial cell wall (Dookie et al., 2018). In addition to this, recent
studies have demonstrated a synergistic effect with isoniazid (INH). EMB is said to bind
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to a possible transcription factor encoded by the Rv0273c gene, leading to the
repression of inhA and thereby an enchanced mycobactericidal effect of INH (Zhu et
al., 2018). As with INH and PZA, EMB is a narrow spectrum antimicrobial, which
studies suggest is in-fact specific to only the genus Mycobacterium, but no NGS based
studies have been done to evaluate if this drug has any individual effect on the
microbiome (Dookie et al., 2018).

5.1.2 Rifampicin

Rifampicin is a broad spectrum antimicrobial that forms a stable drug enzyme complex
that in turn inhibits bacterial RNA polymerase, the enzyme responsible for the
transcription of DNA (Campbell et al., 2001). Unlike other first line anti-tuberculosis
drugs, rifampicin exhibits activity against several other bacterial species such as
Staphylococcus spp., Streptococcus spp., Legionella spp., Neisseria spp., Bacteroides
fragilis, Yersinia pestis, Coxiella burnetii and Haemophilus influenza. The development
of resistance to RIF in several of these organisms has previously been reported but
there are very few studies in which the extent to which the broad use of RIF contributes
to the selection of resistant strains in both the clinical and natural environment were
assessed (Campbell et al., 2001; Durão et al., 2016).

5.2 RR- and MDR-TB

As with other forms of drug resistance, RR- and MDR-TB is very difficult to treat, and
treatment varies based on the drug resistance profile of the TB isolate responsible for
the infection. According to the World Health Organisation, treatment for MDR-TB
should include at least four possibly effective drugs, but preferably as many as can be
tolerated for treatment durations of up to 24 months or longer based on clinical
outcomes (WHO, 2010; WHO, 2019; WHO, 2020b). XDR-TB is a subgroup under
MDR-TB that includes isolates that are resistant to isoniazid, RIF, any fluoroquinolone
and at least one of three injectable second-line drugs. Treatment for XDR-TB is
extremely difficult and usually requires at least 18–24 months of treatment with up to
six second-line anti-TB drugs, or other new and repurposed drug alternatives (Hughes
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& Osman, 2014; Silva et al., 2018). In the case of XDR-TB third line drugs such as
bedaquiline, linezolid, clofazimine and para-aminosalicylic acid (PAS) are added to
standard MDR-TB treatment regimens, but treatment regimens are highly personalised
(Hughes & Osman, 2014; WHO, 2019).

5.2.1 Aminoglycosides and fluoroquinolones

Streptomycin, kanamycin and amikacin are broad spectrum aminoglycosides, primarily
forming part of the second line anti-tuberculosis drugs, but are often also included
alongside first line treatment drugs (WHO, 2019). Both kanamycin and streptomycin
are protein synthesis inhibitors. Kanamycin binds to the 30S subunit of the bacterial
ribosome, resulting in incorrect alignment with the mRNA, resulting in non-functional
peptide chains due to the wrong amino acids being built into/incorporated into peptides.
Streptomycin on the other hand, binds to the small 16S rRNA of the 30S subunit,
thereby interfering with the binding of formyl-methionyl-tRNA to the 30S subunit,
ultimately resulting in codon misreading and inhibition of protein synthesis (Krause et
al., 2016). Resistance to aminoglycosides arises through a variety of intrinsic and
acquired mechanisms such as target site gene mutations and/or multidrug efflux
pumps (Garneau-tsodikova & Labby, 2016). The global spread of aminoglycoside
resistance has been well documented, but to date there is very little information
available as to what extent this drug may contribute to the spread and dissemination
of antimicrobial resistance within the context of anti-tuberculosis therapy (Yamane et
al., 2005; Garneau-tsodikova & Labby, 2016).

Fluoroquinolones on the other hand act by inhibiting DNA gyrase and topoisomerase
IV, which is necessary to separate replicated DNA before bacterial cell division.
Moxifloxacin and levofloxacin are two broad spectrum antimicrobials forming part of
the second line TB drug treatment regimen (Hooper, 2001). Fluoroquinolones have
been extensively used in both human and veterinary settings and resistance to these
agents is on the rise (Redgrave et al., 2014). Resistance to these antimicrobials is
multifactorial and can be by means of one or more target site gene mutations,
modifying enzymes, target-protection proteins and/or multidrug efflux pumps.
Fluoroquinolones are primarily used for the treatment of MDR-TB but their use for the
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treatment of drug susceptible TB is increasing. As with aminoglycosides, there is very
little information available as to what extent this drug may contribute to the spread and
dissemination of antimicrobial resistance within the context of anti-tuberculosis therapy
(Redgrave et al., 2014; Jabeen et al., 2015)

5.2.2 Ethionamide

Similar to INH, ethionamide is a prodrug activated by the enzyme ethA found in M.
tuberculosis (Vannelli et al., 2002). Ethionamide acts by the formation of a NAD+ adduct
which inhibits InhA in the same way as isoniazid, thus disrupting the synthesis of
mycolic acids, which are essential components of the mycobacterial cell wall (Vannelli
et al., 2002; Jeeves at al., 2015; Stagg et al., 2017). Ethionamide is a very narrow
spectrum antimicrobial with action specific to M. tuberculosis; as with INH very little has
been done to evaluate its potential effect on the broader human microbiome (Vannelli
et al., 2002; Jin et al., 2018).

5.2.3 Tetrizidone and cycloserine

Cycloserine and a better tolerated analogue tetrizidone are both broad spectrum
antimicrobials often forming part of second line TB treatment regimens. The drug acts
by inhibiting the enzymes D-alanyl-D-alanine synthetase, alanine racemase, and
alanine permease. Studies on tetrizidone are scarce and its safety and efficacy are still
debateable. The drug is thus not widely used for the treatment bacterial infections other
than those associated with MDR-TB; as such information regarding its effect on other
microorganisms or the microbiome in general is extremely limited (Mulubwa & Mugabo,
2018).

5.2.4 Bedaquiline

Bedaquiline, belonging to the diarylquinoline group, is a novel compound approved
during the last 5 years for the treatment of XDR-TB. It is the only anti-tuberculosis drug
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known to target the metabolism of mycobacteria by inhibiting mycobacterial ATP
synthase (Pontali et al., 2018). According to Andries et al. (2005), the drug appears to
have a narrow spectrum of activity and exhibits little activity beyond the mycobacterial
species. The study by Andries et al. (2005), has found that bedaquiline had much
higher minimum inhibitory concentrations (MIC’s) for various other bacterial pathogens
but none the less a measurable MIC was obtained using the standard NCCLS methods
of susceptibility testing. To date there is no acceptable protocol to test bedaquiline
susceptibility and more studies are thus required to determine if the drug could
potentially have an impact on the broader microbiome (Pontali et al., 2018).

5.2.5 Linezolid

Linezolid is the first of a new class of antibiotics referred to as oxazolidinones.
Oxazolidinones act by inhibiting the synthesis of bacterial proteins: The drug acts by
joining itself to the bacterial ribosome preventing the formation of the functional
initiation complex 70S and thus inhibits translation (Pérez-Cebrián et al., 2015).
Linezolid is a broad spectrum antimicrobial with activity against several bacterial
species other than mycobacteria, but very little research has been done to elucidate
the impact of this drug on various other microbes (Maartens & Benson, 2015).

5.2.6 Clofazimine

Clofazimine is classified as a lipophilic riminophenazine antibiotic considered to have
both antimicrobial and anti-inflammatory activities (Swanson et al., 2015). The main
clinical application of clofazimine since its discovery has been in the treatment of
multibacillary leprosy. The drug exhibits impressive activity against Mycobacteria and
most gram positive bacteria as well as yeasts and certain parasites (McGuffin et al.,
2017). Clofazimine’s mechanism of action has not yet been fully elucidated, but current
evidence has demonstrated that clofazimine is prodrug which releases reactive oxygen
species upon natural reoxidation by O2 after it has been reduced by type 2 NADHquinone oxidoreductase (NDH-2). It is said that clofazimine competes with
menaquinone, the only quinone present in mycobacteria, and an essential cofactor in
the mycobacterial electron transfer chain, for reduction by NDH-2 (Lechartier & Cole,
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2015). Although recent studies have shown that clofazimine is safe, effective and does
not increase the prevalence of drug resistance among Mycobacterial species, the
potential impact of this drug on other microbes is still poorly understood (Swanson et
al., 2015; Swanson et al., 2018).

5.2.7 Para-aminosalicylic acid

Para-aminosalicylic Acid (PAS), also known as 4-aminosalicylic acid is one of the last
drug options available to treat XDR-TB. Until recently the mechanism of action of PAS
was still unknown, but recent studies have indicated that PAS is a prodrug targeting
Dihydrofolate Reductase (DHFR). The drug acts as a metabolic precursor that is
incorporated into the folate pathway by Dihydropteroate Synthase (DHPS) and DHFS,
thus generating a toxic dihydrofolate analogue inhibiting DHFR activity (Zheng et al.,
2013). Original studies on PAS conducted in the 1940’s, described that the
antimicrobial activity of PAS has been evaluated on several pathogenic and nonpathogenic bacterial species. Most of these test organisms exhibited very high
minimum inhibitory concentrations with only Mycobacterium spp. being extremely
susceptible (O’ Connor, 1948). In general PAS is considered to be a TB specific prodrug, but some studies have indicated activity against a broader range of bacterial
species (Zheng et al., 2013; Saifullah et al., 2014; Maier et al., 2018). From this
summary it is clear that several of the commonly used anti-tuberculosis drugs have a
great potential to impact the host microbiome and possibly also the resistome during
the course of MTB infection and subsequent treatment, in particular some of the prodrugs previously thought to be specific only to MTB (Namasivayam et al, 2017).

6. Impact of MTB infection and anti-tuberculosis therapy on the
microbiome

6.1 Animal studies

Evidence suggests that both the gut and lung microbiome are associated with TB
infection and disease, with the respiratory tract receiving most of the attention as the
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primary site of infection (Wipperman et al., 2017; Hu et al., 2020). Studies evaluating
the effect of TB infection and concurrent treatment on the microbiome are still fairly
limited; to date there are only 7 published animal studies and 14 human studies; with
only 7 of these focussing on the respiratory tract. The animal studies published to date
are summarised in Table 1 below. The study by Winglee et al. (2014), is the earliest to
have evaluated the effect of MTB infection on the gut microbiome of an animal model.
They found that infection lead to rapid gut dysbacteriosis, followed by recovery to a
significantly different composition in response to MTB infection. The study goes on to
mention that there was a significant decrease in members of the orders Clostridiales
and Bacteroidales; both of which may play a role in the immune response to MTB
infection, and that their change in abundance may be due to immune system activation,
followed by recovery as soon as bacterial load and immune activity have reached
equilibrium. This study only evaluated the effects of infection and not of the effect of
subsequent treatments on the microbiota.

During a study by Khan et al. (2016), the authors examined if antibiotic driven
dysbacteriosis provoked host susceptibility to enteric infection. The study was
conducted by using a pre- and post-antibiotic model. In the pre-antibiotics model,
animals were treated with broad spectrum antibiotics prior to MTB infection, imitating
conditions where the individuals undergo treatment with antibiotics prior to being
exposed to MTB, which may have some impact on the progression of TB. In the postantibiotics model, animals were treated with antibiotics after MTB infection. They found
that antibiotic induced dysbacteriosis led to a significant increase in MTB burden in the
lungs and additional dissemination of MTB to the spleen and liver. They also noted an
elevated number of regulatory T-cells (Tregs) and a decline of IFN-γ- and TNF-αreleasing CD4 T-cells. Following a faecal transplant, the affected animals displayed
improved Th1 immunity and a lower regulatory T-cell number. The authors concluded
that these findings may indicate that the change in the gut microbiome can potentially
facilitate the progression of MTB infection. A very important note in regard is that the
results of this study also suggest the elimination of antibiotic sensitive bacteria, thus
leading to the proliferation of antibiotics resistant microbes (Khan et al., 2016).
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Table 2 : Animal studies
Study

Specimen/Animal

Time points

Antimicrobials administered

Key findings

Winglee et al., 2014

Stool/mouse

Prior to infection and throughout infection

Untreated

Mouse gut microbiota changes in response to MTB infection. Decrease in
Clostridiales and Bacteroidales, changes in abundance may be due to
immune activation.

Khan et al., 2016

Namasivayam et al., 2017

Stool/mouse

Stool/mouse

Single time points

Vancomycin,

Several time points

polymixinB,

Change in the gut microbiome can potentially facilitate the progression of

carbenicillin, trimethoprim, and

MTB infection, and the prevention and/or treatment of dysbacteriosis may

amphotericin B

improve treatment outcomes.

RIF+ INH + PZA, RIF + PZA,

Significant decrease in diversity (mainly class Clostridia in phyla

RIF + INH, RIF alone, INH

Firmicutes). Dysbiosis occurs mainly because of antimicrobial treatment

alone, PZA alone

and not due to infection by MTB. The main driver for dysbiosis is rifampin.
Treatment results in long lasting dysbiosis.

Cadena et al., 2018

BAL fluid/primate

2 weeks prior to infection, and 1, 4, and 5 months

Untreated

MTB-driven microbial reorganization occurs within the lung. Large degree

post-infection

Dumas et al.,2018

Lung homogenate and stool/mouse

of variability among subjects.

Single time points

Ampicillin,
neomycin

vancomycin,
sulphate

and

The host microbiome contributes to early protection of lung colonization
by MTB, potentially through sustaining MAIT cell function.

metronidazole.
Namasivayam et al., 2019

BAL fluid/primate

Pre- and post- infection

Untreated

Large degree of inter-individual variability in microbiomes of Rhesus
Macaques.

Clostridiaceae and Lachnospiraceae increased while

Streptococcaceae decreased in monkeys who were more susceptible to
disease.

Khan et al., 2019

Stool/mouse

Single time points

RIF or INH+PZA

Increases in Bacteroidetes and Verrucomicrobia were observed with a
decrease in Firmicutes (family level Lachnospiraceae). Host resistance to
MTB infection is compromised by pre-treatment with INH/PZA, but MTBspecific T-cell responses were not affected. Macrophage bactericidal
activity (innate immune response) in the lungs are impacted due to INH &
PZA-induced dysbiosis of the gastrointestinal microbiome.

Abbreviations: Rifampicin (RIF), Isoniazid (INH), Pyrazinamide (PZA), Broncho alveolar lavage (BAL), Mycobacterium tuberculosis (MTB), Mucosal-Associated Invariant T (MAIT).
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A more frequent study by Namasivayam et al. (2017), evaluated the longitudinal
outcome of a conventional anti-tuberculosis treatment regimen consisting of isoniazidrifampin-pyrazinamide (HRZ), as well as the effects of each of the individual antibiotics
alone and in different combinations. The study found a decrease in Clostridiales
following infection, in agreement with the previous study conducted by Winglee et al.
(2014), but noted that these changes were minor when compared to the dysbacteriosis
caused by the concurrent anti-tuberculosis therapy. The standard HRZ treatment
regimen was found to result in significant decreases in the following genera:
Acetivibrio, Robinsoniella, Alkaliphilus, Stomatobaculum, Butyricicoccus, Acetanaero
bacterium, Tyzzerella, Ruminococcus, and Peptococcus; while also noting decreases
in genera primarily belonging to the class Clostridia. Increases were limited to the
genera Erysipelatoclostridium and Eggerthia.

The study goes on to mention that anti-tuberculosis therapy leads to rapid and long
lasting (3 months) dysbacteriosis of the gut microbiome, but more importantly found
that certain pro-drugs such as INH and PZA triggered statistically significant decreases
in the relative abundance of various species with no obvious relationship to the
mycobacteria for which they should be specific. The authors conclude that in addition
to the possible presence of hidden mycobacterial species or unrelated bacteria sharing
similar drug target and/or activating enzymes, the reason for this impact of isoniazid
and pyrazinamide on the microbiome remains undetermined. Another frequently used
pro-drug, ethambutol, has not yet been evaluated in this regard (Namasivayam et al.,
2017). In a follow-up study the same authors employed a nonhuman primate rhesus
macaque model to continue examining the possible relationship of the microbiome with
TB disease and outcomes. During the course of the study it was evident that alterations
observed in the gut microbiota due to MTB infection was lower in magnitude when
compared to the variability seen between individual monkeys. However, the gut
microbes of the monkeys who developed severe disease was distinct from those with
less severe disease, noting that bacterial families Clostridiaceae and Lachnospiraceae
were increased while Streptococcaceae were decreased in monkeys who were more
susceptible. Similar to some previous studies the aim was to assess the impact of MTB
infection and no evaluation of the impact of TB treatment on this animal model was
included during the course of the study (Namasivayam et al., 2019).
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The most recently published mouse study, also by Khan et al. (2019), demonstrated a
similar trend as that observed by Namasivayam et al. (2017), namely that mice treated
with either RIF or the combination of INH and PZA presented with significantly altered
gut microbiota following treatment. RIF pre-treatment resulted in an increase in
Bacteroidetes and Verrucomicrobia with a decrease in Firmicutes; while treatment with
INH/PZA increased the representation of Bacteroidetes. At the family level similar
changes were observed with an increase in Bacteroides, Verrucomicrobiaceae and a
decrease in Lachnospiraceae for mice treated with RIF and an increase in
Clostridiaceae for mice treated with INH/PZA. The authors go on to report an effect on
the innate immune response with an impact on alveolar macrophages. Results of the
study demonstrated that macrophages had decreased expression levels of MHCII,
while also noting a decrease in the production of TNFα and IL-1β. Additionally the
authors also demonstrated that macrophages from INH/PYZ-treated mice exhibited a
decrease in basal respiration, spare respiratory capacity, maximal respiration and ATP
production; suggesting that the TB therapy promotes the oxidative phosphorylation of
alveolar macrophages leading to an environment more permissive for MTB growth.
Interestingly the study also demonstrated that the treatment of mice with the INH/PZA
led to an increased MTB bacterial burden, which was reversible by faecal
transplantation from untreated animals. This indicates that a specific gut microbial
composition may be critical for preserving the integrity of the immune response to MTB
infection, further strengthening the importance of the gut–lung axis in host defence.
The authors conclude that for the time being it is unclear how anti-microbial induced
dysbiosis led to an altered metabolic state in alveolar macrophages, but mention an
exciting prospect. It could be that metabolites generated by the gut microbiota and
accumulate in the blood are altered following INH/PYZ treatment, inducing changes in
the metabolic state of alveolar macrophages, which is critical in determining the
function of a macrophage in response to MTB (Khan et al., 2019).Similar to the
previous study by Namasivayam et al (2017), the study also demonstrates that the
mechanisms involved with the INH/PZA induction of dysbacteriosis has not been
determined yet (Namasivayam et al., 2017; Khan et al., 2019).
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During the course of this review only two studies were found that have focussed on the
respiratory tract microbes of an animal model during MTB infection (Cadena et al.,
2018; Dumas et al., 2018). The first involved the use of a non-human primate model.
Several macaques were infected with MTB, following which infected and uninfected
lung lobe washes were collected by bronchoalveolar lavage during the course of
infection. As with the previously mentioned study, there was no monitoring of the
impact of treatment on the microbiome, the main focus of the study being the impact
of infection itself on the host microbes. At one month post infection, the authors found
that an increase in microbial diversity that normalized by 5 months post infection in all
subjects; in addition to this they also found that numerous taxa usually related to the
oral microbiome increased in relative abundance. In conclusion they found that
although there were various changes in the respiratory microbiome the effect was
somewhat unassertive, and the effects observed were also very variable among
subjects (Cadena et al., 2018).

Similar to previous studies by Khan et al. (2016) and (2019), the study by Dumas et al.
(2018), investigated whether the host microbiome contributes to any form of protection
against colonisation by MTB in a C57BL/6 mouse model. Although the study did not
make use of NGS technology like many of the others, it did establish that MucosalAssociated Invariant T (MAIT) cells may be involved in the early microbiota-mediated
control of M. tuberculosis infection for example through the production of IL-17A. To
demonstrate this effect, the authors made use of mice that have been depleted of
microbes using broad spectrum anti-microbials in comparison to controls not receiving
any treatment prior to MTB infection. A reduced number of MAIT cells were observed
in mice treated with antibiotics prior to TB infection when compared to untreated
animals. It is stated that these cells preferentially reside in the mucosal tissues of the
lungs and gut and their development can be influenced by on the host microbiota. In
addition to the lowered count of MAIT cells, the study also indicated that the correction
of microbial dysbiosis through faecal transplant reversed these phenotypes within the
antibiotics-treated animals, improving the ability of MAIT cells to proliferate. This study
is complementary to the results obtained by Khan et al., (2016) and (2019), enforcing
the concept of the gut-lung-axis and its role in response to TB by demonstrating that
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the microbiome and its functional capacity has a protective effect against MTB infection
and disease progression (Khan et al., 2016; Dumas et al., 2018; Khan et al., 2019).

Overall results obtained from studies performed in mouse models seem to indicate that
MTB infection in itself does cause a shift in the gut microbiome, but the magnitude of
the shift is negligible in comparison to the more profound impact that can be observed
with the administration of general TB drugs (Winglee et al., 2014; Khan et al., 2016;
Namasivayam et al., 2017). A common trend emerged from several of these studies,
suggesting that the gut microbiome may play an important role in immune-modulation
during the course of MTB infection (Winglee et al., 2014; Khan et al., 2016;
Namasivayam et al., 2017; Khan et al., 2019). In addition to this it is also evident that
severe dysbacteriosis induced by TB therapy may further negatively affect the immune
response, as demonstrated in the studies described by Khan et al. (2016), and (2019),
where an improved response to infection was observed among animals that received
faecal transplants and thus maintained a healthier microbiome.
6.2 Human studies – The gut microbiome

Studies focussing on MTB infection and the effect of treatment on the human
microbiome are extremely limited; a summary of published studies on the gut
microbiome during TB disease and treatment can be found in Table 3. The earliest
such study involved a single case study of a patient in France. Although the study
makes no significant mention of the importance or in fact relevance of the microbiome
during TB progression and treatment; it very importantly states that caution should be
applied during treatment of TB with broad-spectrum antibiotics and preventative
measures need to be taken to avoid invasive infection by bacterial pathogens other
than MTB, as the patient eventually succumbed to a Streptococcus pneumoniae
infection (Dubourg et al., 2013).

Like in the animal studies, the authors also mention that the gut microbiota is said to
be able to regulate immune defences against infection, and that severe perturbation of
the gut microbiome may have contributed to the outcome (Winglee et al., 2014; Khan
et al., 2016; Namasivayam et al., 2017). The study makes no mention of susceptibility
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testing for the Streptococcus pneumoniae isolate in question, but several of the
antibiotics prescribed to the patient (Amikacin, adiazine and cylcoserine) should have
successfully treated the infection unless the isolate was resistant. Whether the
Streptococcus pneumoniae isolate was present and merely proliferated due to the
elimination of antibiotic sensitive bacteria or whether it was introduced as a nosocomial
infection remains undetermined. There should thus be a cause for concern that this
potentially multidrug resistant infection may have been a direct consequence of the
long term antibiotic treatment administered to treat the MTB infection (Dubourg et al.,
2013; Baron et al., 2018).

During a study by Wipperman et al. (2017), a total of four groups were enrolled in the
study. The study included individuals with no MTB infection, latently infected
individuals, individuals receiving TB therapy (INH, RIF, PZA and EMB) for drug
sensitive tuberculosis and several cases cured of active MTB infection. Overall they
found that there is a depletion of multiple species of Bacteroides, Eubacterium,
Lactobacillus and Ruminococcus, among patients receiving TB therapy, accompanied
by a simultaneous increase in Erysipeloclostridium and Prevotella. The authors also
note that with the change in abundance of various species, there was also a significant
shift in microbiome function. Many of these bacteria have been associated with host
immunity and as such HRZE induced dysbacteriosis may thus have a significant effect
on the host immune response (Wipperman et al., 2017; Lazar et al., 2018). The findings
of this study also agree with the findings of the previous animal studies by
Namasivayam et al. (2017) and Khan et al. (2019), noting that:
(i)

overall diversity is preserved;

(ii)

there is a significant decrease in the abundance of several bacterial genera
in response to TB therapy;

(iii)

the induced dysbacteriosis may have a significant effect on the host immune
response;

(iv)

it is clear that in both humans and mice there is a persistent and long lasting
dysbacteriosis after the completion of TB therapy (Namasivayam et al.
(2017; Wipperman et al., 2017).
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Table 3: Studies involving TB and the gut microbiome
Study

Country

Specimen

Population group

Sample size

Dubourg et al., 2013

France

Stool

A case of MDR - TB with

One

prior treatment failure

controls

onset of treatment

Preventative measures need to be taken to avoid invasive infection

Luo et al., 2017

China

Stool

New

pulmonary

37 subjects (19 NTB

Single time point, one week

Prevotella and Lachnospira significantly decreased in new and recurrent

subjects

and 18 RTB) and 20

into treatment

TB

tuberculosis

(NTB), recurrent pulmonary
tuberculosis

Time points

subject,

no

Single

time

Key findings
point

before

controls

Gut flora significantly depleted by long term antibiotic treatment.

patient

with

subjects

groups.

CD4

these

T-cell

counts

genera

positively

correlated

in

new

subjects, and Escherichia in recurrent subjects

(RTB) and healthy controls
Wipperman et al.,

Haiti

Stool

2017

Individuals with no or latent

38

subjects

MTB infection, individuals

currently

on

currently on treatment and

standard

treatment

those previously cured of

and 19 that have

infection

previously
cured)

(19

Single time point during or

Overall

diversity

is

not

perturbed

by

treatment,

after treatment

immunologically significant commensals are depleted. This perturbation

75

controls (50 with no
MTB infection and
25 with latent MTB
infection).

Maji et al., 2018

India

Stool

Individuals identified as TB

6 subjects and 6

Three time points. Before the

positive and one blood

controls

onset of treatment, one week

relative acting as a healthy

after treatment has begun

control

and then one month after the
start of treatment

37

several

can persist for long after the end of therapy potentially at least 1-2 years

been
and

but

Significant enrichment of propionate‐producing bacteria

Hu et al., 2019

China

Stool

TB patients (TB), newly

46 subjects (30 TB,

Single time point, during

Significant decrease in diversity. Decrease in short-chain fatty acids

diagnosed pulmonary TB

16 NTB) and 31

treatment or before the onset

producing

patients (NTB) and healthy

controls

of treatment

inulinivorans, and Roseburia hominis classification model and SNPs of

controls

bacteria.

Haemophilus

parainfluenzae,

Roseburia

B. vulgatus can assist with discrimination between healthy and diseased
states

Wang et al., 2020

China

Stool

Untreated

controls

6

MDR

subjects

Single time point

MDR-TB treatment induced lasting gut dysbacteriosis, leading to

diagnosed with pulmonary

receiving treatment,

adverse changes in patient lipid profiles. Changes associated with the

TB,

18

following

MDR-TB

group

subjects

that

genera:

Coprococcus,

Adlercreutzia,

Eubacterium,

Butyricicoccus,

have recovered and

MDR-TB group that have

two

recovered.

groups of 24 and 28

Healthy controls, patients

10 controls, 21 MTB

Two time points, one prior to

MAF patients have microbiomes distinct from those of MTB patients,

diagnosed

subjects and 20 MAF

treatment

elevation Enterobacteriaceae that positively correlates with enhanced

subjects

months after

untreated

Clostridioides,

Akkermansia,

receiving treatment and a

Erysipelatoclostridium,

Fusicatenibacter, Klebsiella, Psychrobacter,
Streptococcus.

respectively
Namasivayam et al.,
2020

Mali

Stool

with

Mycobacterium africanum
(MAF)

infection

and

one

two

inflammatory gene expression in peripheral blood, reversed after

and

initiation of TB therapy. MAF and MTB microbiomes may be reflective

individuals diagnosed with

of the degree of difference in susceptibility of Africans to these infections

MTB.
Abbreviations: New pulmonary tuberculosis subjects (NTB), recurrent pulmonary tuberculosis subjects (RTB), TB patients (TB), M.tuberculosis (MTB), Mycobacterium africanum (MAF), Single Nucleotide
Polymorphism (SNP)
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Although the Wipperman study did make use of Shotgun Metagenomic Sequencing for
a sample group to evaluate functional changes in the gut microbial community, there
is no mention of changes in the resistome associated with the taxonomic variations
mentioned. Nevertheless, within the scope of this review the long lasting dysbiotic
effect is significant since the study demonstrates both a shift in abundance and in
functionality that persists long after treatment has ended (Wipperman et al., 2017). This
would suggest that any perturbation of the resistome, or the proliferation of resistant
genotypes that occurs during this period of time could potentially also persist long after
treatment has ended (Wipperman et al., 2017; Gasparinni et al., 2019; Schwartz et al.,
2020). In addition to the potential impact on the host immune response, it is clear from
several of these studies that the abundance of healthy commensal bacteria in the gut
tends to decrease during the course of TB therapy, leading to an increased chance for
the proliferation of potentially resistant strains of bacteria, whether they be now
resistant commensals or potential pathogens (Namasivayam et al., 2017; Wipperman
et al., 2017; Khan et al., 2019).

This notion is further supported by a study conducted by Luo et al. (2017). The study
shows that in patients with recurrent tuberculosis i.e. that have already undergone
treatment and/or are still undergoing extended treatment had a clear increase of
Actinobacteria and Proteobacteria known to contain many pathogenic species; while
the phylum Bacteroidetes, which contains many healthy commensals, was reduced
when comparing the recurrent TB patients with healthy controls. Luo et al. (2017), also
demonstrated that there is a positive correlation between the gut microbiota and
peripheral CD4+ T cell counts in the patients, and demonstrates that the relative
abundance of the genera Prevotella and Lachnospira were associated with peripheral
CD4+ T cell count in patients. Additionally, the study indicates that along with the
reduction in Lachnospira there was also a reduction in the genus Roseburia in patients,
which may impair short chain fatty acids (SCFAs) production. SCFAs such as butyrate
are well known for playing an integral role in gut health, first by maintaining intestinal
mucosa integrity and secondly by playing a role in the regulation of the host immune
response. Similar to previous animal studies the authors conclude that specific gut
microbes may be associated with the hosts immune status and could thus play a role
in the prognosis and outcome of TB infection, but conclude that further identification
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and characterization of the microbes involved is urgently required before any further
conclusions can be made (Khan et al., 2016; Luo et al., 2017; Dumas et al., 2018; Khan
et al., 2019).

Another study evaluating the gut microbiota during MTB infection by Maji et al. (2018),
found that there was a significant enrichment of propionate‐producing bacteria like
Faecalibacterium, Roseburia, Eubacterium and Phascolarctobacterium in TB patients.
Both butyrate and propionate play an intricate role in host immunity and nutrient
metabolism, thus strongly implicating the gut microbiome in the pathophysiology of
MTB infection. The study found an increase in SCFA producers like Faecalibacterium,
Coprococcus, Phascolarctobacterium and Pseudobutyrivibrio, in the TB infected
group, and also demonstrated a trend of increased mean abundance of butyrate
producers Roseburia inulinivorans and Faecalibacterium prausnitzii among the
infected patient group. The authors conclude that this in turn leads to a decline in the
biosynthesis of vitamins and amino acids in favour of increased metabolism of butyrate
and propionate, but state that more elaborate studies are required to determine if
changes SCFA production has any implications regarding TB. These finding are
contradictory to the findings of Luo et al. (2017), who described a decrease in SCFA
producers for example Roseburia.

A study by Hu et al. (2019), evaluating the gut microbiome during MTB infection
investigated changes in the gut microbiota, focussing primarily on functional changes,
by comparing newly identified tuberculosis patients in comparison to healthy controls
by shotgun sequencing. The study reported significant decreases in microbial diversity;
characterised by a great decrease in SCFA-producing bacteria as well as associated
metabolic pathways. The study indicated that a classification model based on
Haemophilus parainfluenzae, Roseburia inulinivorans, and Roseburia hominis allowed
for the discrimination between healthy and diseased patients, and that discrimination
between healthy and diseased states can also be conducted by assessing single
nucleotide polymorphisms (SNPs) in B. vulgatus (Hu et al., 2019). The noted decrease
in SCFA producers is in agreement with the results obtained by Luo et al. (2017), and
contradictory to the results of Maji et al. (2018), who reported an increase in SCFA
producers. Taking this into account all three the aforementioned studies indicate that
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the microbiome and its functional pathways play an intricate role in TB disease, and
that any level of dysbiosis that affect these pathways may further contribute to TB
infection, progression and outcome (Luo et al., 2017; Maji et al., 2018; Hu et al., 2019).

The contradictory results warrants further investigation before any conclusions can be
drawn. One discernible difference observed between the two studies when doing an
overall comparison of the methodology and study design, was that the two
complimentary studies were conducted one Chinese population group, while the
contradictory study was conducted on an Indian population group, which may indicate
population specific response to TB infection and microbiome response in regards to
TB infection (Luo et al., 2017; Maji et al., 2018; Hu et al., 2019). Similar to the study
conducted by Wipperman et al. (2017) and Maji et al. (2018), Hu et al. (2019), also
made use of Shotgun Metagenomic Sequencing for a sample group to evaluate
functional changes in the gut microbial community, but similarly did not evaluate or
mention any changes in the resistome at the time of writing (Wipperman et al., 2017;
Maji et al., 2018; Hu et al., 2019).

One of the more recent studies conducted by Namasivayam et al. (2020), evaluated
changes in the gut microbiome in response to MAF and MTB infection. In addition to
this a blood transcriptome analysis was also done, the results of which were crosscompared with the same individual’s microbiota. In agreement with the study by Maji
et al. (2018), lower levels of Prevotella were observed in response to MTB infection,
an effect that was not seen in MAF infected patients. Additionally other impacted taxa
that were observed in studies by Maji et al. (2018) and Luo et al. (2017), were not
recognised as differentially enriched when comparing MTB patients with healthy
controls during the course of this study. The authors note that these discrepancies may
be due to differences in environmental, geographical and dietary induced differences
of the populations included in the studies. One of the key findings revealed during the
course of this study was that MAF patients have microbiomes distinct from those of
MTB patients, and that an increase in Enterobacteriaceae positively correlated with
increased inflammatory gene expression, an effect later reversed by the
commencement of TB therapy. The study concluded that MAF and MTB microbiomes
may indeed be reflective of the degree of difference in susceptibility of Africans to these
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infections (Namasivayam et al., 2020). Additionally, the results of this study again
confirmed that MTB infection causes only minor alterations in the intestinal microbiome
in comparison to the alterations induced by TB therapy (Khan et al., 2019;
Namasivayam et al., 2019; Namasivayam et al., 2020).

The most recently published study involving the gut microbiome and TB, and also the
only one focussing primarily on MDR-TB, found that MDR-TB treatment induced long
lasting gut dysbacteriosis, associated with diverse changes in patient lipid profiles. The
alterations in lipid profiles were associated with several changes in the gut microbe
composition, primarily involving the phylum Firmicutes and Verrucomicrobia and the
genera: Adlercreutzia, Akkermansia, Butyricicoccus, Coprococcus, Clostridioides,
Eubacterium, Erysipelatoclostridium, Fusicatenibacter, Klebsiella, Psychrobacter, and
Streptococcus. A previous study by Wipperman et al. (2017), noted that dysbacteriosis
of the gut microbiome can persist for up to 1.2 years after the cessation of standard TB
treatment. In comparison the current study by Wang et al. (2020), found that as one
would expect with the longer and more intensive treatment period required for MDRTB, gut dysbacteriosis can last for much longer, in this instance between 3 and 8 years
after recovery. The study by Wipperman et al. (2017) also demonstrated that changes
in the functional profile also persist long after treatment has ended, and it seems in the
case of MDR-TB treatment this also holds true, as the gut dysbacteriosis was
associated with an adverse lipid profile including increased LDLC and TC long after
treatment has ended (Wang et al., 2020). This is especially concerning, as previously
mentioned, this could mean that if any perturbations to the resistome were to occur
during the course of MDR-TB treatment, these may persist for years after treatment
has ended (Wipperman et al., 2017; Gasparinni et al., 2019; Schwartz et al., 2020;
Wang et al., 2020).
6.3 Human studies – The respiratory tract microbiome

To date only 6 studies that focus on the microbiome and the respiratory tract during the
course of TB disease progression and subsequent treatment have been found (Table
4). Studies by Cui et al. (2012) and Cheung et al. (2013), revealed that the microbiota
in the sputum of pulmonary tuberculosis patients were more diverse than those of
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healthy participants with the presence of several foreign bacteria. Both studies
concluded that the foreign bacterial inhabitants may play a role in the onset or
development of pulmonary tuberculosis. The first study by Cui et al. (2012), found
several foreign bacteria such as Comamonas, Cupriavidus, Diaphorobacter,
Methylobacterium, Mobilicoccus, Pseudomonas, Stenotrophomonas, Sphingomonas
and Thermus to be present in patients with pulmonary tuberculosis. Contrary to the first
study, the latter demonstrated that Bacteroidetes were enriched in individuals infected
with MTB. Other phyla that were also found to be enriched included Proteobacteria in
MTB patients, while Firmicutes were more predominant in controls. The study by
Cheung et al. (2013), additionally identified 16 major genera, of which Actinomyces,
Fusobacterium, Leptotrichia, Prevotella, Streptococcus, and Veillonellaz may
represent the core genera of the TB sputum microbiome. Although the study found that
there was a change in relative abundance, the diversity of microbiota was similar when
comparing TB and control samples (Cheung et al., 2013). Neither of these studies
continued monitoring the sputum microbiome of the enrolled subjects during and after
treatment but do demonstrate that the sputum of pulmonary tuberculosis patients is an
ecological niche that can support a high variety of bacteria, some of which may
potentially be pathogenic (Cui et al., 2012; Cheung et al., 2013).

This phenomenon may be further exacerbated by treatment with antimicrobials,
especially if healthy commensals are more susceptible to decline during the treatment
process by giving these foreign potentially more resilient bacteria a chance to
proliferate (Khan et al., 2016; Namasivayam et al., 2017; Khan et al., 2019). Although
the first two studies by Cui et al. (2012) and Cheung et al. (2013), laid the ground work
to characterise the genera present in the sputum samples when comparing newly
infected TP patients with healthy controls, unlike previous gut microbiome studies no
possible functional changes were mentioned. When attempting to compare these
studies to those done in animal models it becomes evident that there is a lack of focus
on the respiratory tract among the animal studies and thus we do not yet know if these
changes observed occur in animal models frequently used to study TB and if this could
have any impact on future findings (Winglee et al. 2014; Khan et al. 2016;
Namasivayam et al. 2017; Cadena et al. 2018; Dumas et al. 2018; Khan et al. 2019;
Namasivayam et al. 2020).
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Wu et al. (2013), described the first study to include a more comprehensive cohort of
patients, and sought to evaluate the sputum microbiota associated with M. tuberculosis
infection in newly infected, recurrent-, and treatment failure TB cases (Cui et al., 2012;
Cheung et al., 2013; Wu et al., 2013). The study involved 75 cases divided into several
categories including: patients with newly developed TB, pulmonary TB patients who
had been treated, cured and relapsed and a treatment failure group. The study thus
represents examples of the sputum microbiome in various conditions. However, the
studies did include any attempt to monitor these changes during the course of
treatment, i.e. to obtain several samples from the same patient over a period of time.
The Wu et al. (2013), study did find reduced frequency and abundance of some genera
in

recurrent

TB

patients.

In

addition,

they

found

that

the

ratio

Pseudomonas/Mycobacterium was higher in recurrent TB than that in new TB patients,
while Treponema/Mycobacterium was lower in recurrent TB patients when compared
to that of new TB patients. Disruption of these bacteria due to antibiotic therapy for
example may thus be considered as a risk factor for recurrence (Wu et al., 2013).
Similar to the results obtained by Cui et al. (2012), the authors also note that the
microbiome of TB patients was distinct from that of healthy controls, but unlike the
previous study they found that the healthy microbiome is more diverse. This also differs
with the results obtained by Cheung et al. (2013), who found no significant differences
in diversity between controls and TB sputum microbiomes. The authors elaborate on
several potential reasons for this including increased sequencing depth, differences in
sample size and the individuals used as controls. These differences demonstrate the
urgent need for standardised methods and control groups when studying TB and the
microbiome (Cui et al., 2012; Cheung et al., 2013; Wu et al., 2013).
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Table 4: Studies involving TB and the respiratory tract microbiome
Study

Country

Specimen

Cui et al., 2012

China

Sputum

Wu et al., 2013

China

and

Population group

Sample size

Time points

Key findings

oropharyngeal

New pulmonary tuberculosis

31 subjects and

Single time point, before

Respiratory tract microbiome of pulmonary tuberculosis subjects

pharyngeal secretions collected by

subjects (NTB) and healthy

24 controls

onset of treatment

is more complicated than that of healthy controls.

deep coughing

controls

Sputum and oropharyngeal swabs

New pulmonary tuberculosis

75 subjects (25

Before or after treatment

Streptococcus, Gramulicatella and Pseudomonas enriched in TB

subjects

NTB,

(NTB),

pulmonary

recurrent

tuberculosis

subjects (RTB), treatment

30

RTB

subjects. Pseudomonas more abundant and more commonly

and 20 TF) and

present in TF subjects. Certain bacteria and the dysbiosis of lung

20 controls

microbiota may be related to both the onset of TB but also its

failure subjects (TF) and

recurrence.

healthy controls
Cheung et al.,

China

Sputum

2013

New pulmonary tuberculosis

22 subjects and

Single time point, before

Actinomyces, Fusobacterium, Leptotrichia, Prevotella, Streptoco

subjects and healthy controls

14 controls

onset of treatment

ccus, and Veillonella found in all TB samples. Microbiome of TB
subjects enriched in Moryella, Mogibacterium, and Oribacterium.

Botero et al.,

Colombi

Sputum, oropharyngeal and nasal

Pulmonary TB subjects and

6 subjects and 6

Single time point, before

Respiratory tract microbial communities were comparable in

2014

a

specimens

healthy controls

controls

onset of treatment

terms of the core phyla identified, but varied in terms of relative
abundance and diversity. Oropharynx samples can be utilized to
study community structure changes associated with TB.

Zhou

et

al.,

China

2015

Bronchoalveolar lavage fluid and

Pulmonary TB subjects and

32 subjects and

Two weeks after the

More Cupriavidus in subjects; Mycobacteria and Porphyromonas

saliva specimens

healthy controls

24 controls

onset of treatment at a

inside TB lesions may be a co-factor in lesion formation.

single time point
Krishna et al.,
2016

India

Sputum

Pulmonary TB subjects and

23 subjects and

Single time point, before

Presence of diverse opportunistic pathogens in TB subjects

healthy controls

16 controls

onset of treatment

increases

microbiome

complexity.

More

Firmicutes

and

Actinobacteria in subjects vs controls; Neisseria, Veillonella and
Streptococcus the most dominant genera in subjects.
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Hu et al. 2020

China

Bronchoalveolar lavage fluid

Pulmonary
(MTB+)

TB
and

patients

30

patients

subjects and 30

diversity and functional signatures. 16S rDNA sequencing

MTB- subjects

underrepresents Mycobacterium.

representing with respiratory

MTB+

Single time point

MTB+ and MTB- lung microbial communities have distinct

symptoms but testing TB
negative (MTB-)
Abbreviations: New pulmonary tuberculosis subjects (NTB), recurrent pulmonary tuberculosis subjects (RTB), treatment failure subjects (TF), TB patients (TB)
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Regardless of the conflicting results, the increased presence of some specific bacteria,
such as Pseudomonas, which may be associated with treatment outcome especially in
recurrent and treatment failure patients, is particularly noteworthy. Although bacterial
co-infection with MTB is not a common occurrence, a recent study has demonstrated
that co-infection does occur (Attia et al., 2019). Attia et al. (2019), found that around
33% of the tuberculosis patients that formed part of their study had a bacterial coinfection and that Klebsiella and Pseudomonas spp. were commonly isolated.
Pseudomonas aeruginosa is one of the leading causes of morbidity and mortality in
both chronic obstructive pulmonary disease and cystic fibrosis, and although the study
by Wu et al. (2013) did not conclusively detect these species in samples, it remains a
point of concern. Pseudomonas spp. such as Pseudomonas aeruginosa are known to
be susceptible to RIF, especially in combination with other antimicrobials, but within
the context of standard TB therapy, RIF and various other non-Pseudomonas specific
antimicrobials may be employed at sub-inhibitory concentrations, which may lead to
the selection of resistant mutants, with future consequences (Boyer et al., 2011; Hu et
al., 2019)

The origin of collected samples, as well as the sampling procedure (see Chapter 3),
are factors to consider when analysing the microbiome. Botero et al. (2014), examined
changes in the microbiota of the sputum, oropharynx, and nasal respiratory tract, in
patients with pulmonary TB in comparison to healthy controls. Although the study did
not mention any major findings relating to TB and the microbiome, they did suggest
that both oropharyngeal and sputum specimens had similar bacterial and fungal taxa,
and that these were distinct from that of the nasal specimens. The study concludes
that even though there are differences in abundance when comparing oropharyngeal
and sputum specimens, the diversity of microbes remained the same; suggesting that
oropharynx samples can thus be utilized to study community structure changes
associated with TB (Botero et al., 2014). During a more recent study utilising Broncho
alveolar lavage fluid instead of sputum, significant changes were also observed when
comparing the microbiome of the respiratory tract of TB patients when compared to
healthy controls. The patients in this study were placed on a two week long TB
treatment regiment, consisting of INH, RIF, PZY and EMB. The authors found a
significant change when comparing the microbiota of the lower respiratory tract of TB
patients in comparison to healthy controls (Zhou et al., 2015).
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In addition to this they also evaluated the microbiota of intra/extra-TB lesions. The
results from this study revealed Cupriavidus as the most dominant bacterial genus, and
furthermore found that the difference in abundance of Mycobacteria and
Porphyromonas inside TB lesions may also be a co-factor in lesion formation. Although
the study by Zhou et al. (2015) focussed on the microbiota in intra- or extra-TB lesion
areas, it again highlights that it is difficult to draw any direct comparison to the previous
studies due to different sampling methods as well as the addition of TB treatment,
especially since the majority of studies have taken samples from individuals in various
disease states at single time points. This draws attention to the fact that there is a
urgent need for longitudinal studies examining the microbiomes of the same patients
starting from infection all the way through treatment until cured (Cui et al., 2012;
Cheung et al., 2013; Wu et al., 2013; Zhou et al., 2015).

The most recently published study focussing on the respiratory tract microbiome of an
Indian population group, reported significantly different core microbiome when
compared to those identified by previous studies focussing on a Chinese population
(Cheung et al., 2013; Krishna et al., 2016). It is important to note that similar to studies
by Cui et al. (2012) and Cheung et al. (2013), patients did not receive any TB drugs
prior to sampling, and changes were thus primarily attributed to the effects of MTB
infection (Krishna et al., 2016). The study demonstrates that although communities are
similar at the phylum level, there is a difference in representation, for example, there
was an increase in Firmicutes in Indian TB patients contrary to the Chinese population
where Firmicutes were more dominant in control samples. Upon comparison of the
genus level, the authors also found a different core group including Actinomyces,
Rothia, Granulicatella, Lactobacillus, Streptococcus, Veillonella, Leptotrichia, and
Neisseria as opposed to those found in previous studies (Cheung et al., 2013; Krishna
et al., 2016).

Most importantly and as highlighted by Khan et al. (2016) as well; the presence of
diverse opportunistic pathogens in TB patients further increases the complexity of the
sputum microbiome. As such the characterisation of the sputum microbiome is likely to
provide important pathogenic insights into pulmonary TB. The presence, emergence
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and potential proliferation of opportunistic pathogens is of particular concern as it has
not yet been elucidated whether their proliferation is due to the elimination of antibiotic
sensitive bacteria, while the resistant microbes flourish (Khan et al., 2016; Krishna et
al., 2016). The study by Krishna et al. (2016) also highlights the importance of taking
population groups into account when attempting to elucidate the role of the microbiome
in TB since the microbiome, although similar at the phylum level, differs quite
significantly at the genus level based on the specific population group included in the
study (Cheung et al., 2013; Krishna et al., 2016).

The most recent pilot study, and the only one thus far to investigate the respiratory tract
by means of shotgun metagenomics, revealed a lower alpha diversity in the MTB+
group and a significant difference based on beta diversity when comparing the MTB+
and MTB- patients. Employing shotgun metagenomics the authors were also able to
do a functional comparison of the microbiome between MTB+ and MTB- patients,
discovering a significantly reduced gene abundance for PRPP biosynthesis in MTB+
patients, corroborated by a decreased abundance of genes associated with pentose
phosphate and purine metabolism; additionally one pathway for aerobic respiration was
also found to be more active in the microbiome of MTB+ patients (Hu et al., 2020). The
authors simultaneously also evaluated the fungal microbiome associated with the
respiratory tract and found that fungal sequences were primarily classified as belonging
to the phylum Ascomycota and Basidiomycota, a result in agreement with previous
finding by means of ITS sequencing by Botero et al. (2014).

Very importantly the study demonstrated that MTB+ lung samples were dominated by
MTB, a phenomenon not previously demonstrated by any previous studies that made
use of a 16S sequencing approach (Cui et al., 2012; Cheung et al., 2013; Wu et al.,
2013; Hu et al., 2020). Mycobacteria are notoriously difficult to lyse, and as such he
authors suggest that low abundances may be observed due to insufficient lysis; or more
likely due to the fact that MTB tends to have only one or two 16S copies per genome,
and are thus expected to be under-represented by 16S rDNA amplicon sequencing
(Hu et al., 2020). Surprisingly several of the previous studies evaluating the respiratory
microbiome and TB, have made use of kits that only incorporate chemical lysis without
any mechanical disruption, and no mention is made of additional steps to ensure
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efficient lysis of MTB cells. This may thus very well be one of the main reasons for
underrepresentation of Mycobacteria in 16S sequencing data along with the fact that
MTB have very few 16S copies (Cui et al., 2012; Cheung et al., 2013; Wu et al., 2013;
Botero et al., 2014; Zhou et al., 2015; Hu et al., 2020).

However, care also needs to be taken with the results of the study by Hu et al. (2020),
as the study in itself is not without its limitations. The study does not mention if samples
were stored or processed immediately after collection. In regards to DNA extraction the
study incorporated the QIAamp DNA Microbiome Kit (Catalogue 51704, Qiagen,
Hilden, Germany), a kit that includes both mechanical and chemical lysis steps, but
also includes a host DNA depletion step. This method greatly reduces the sequencing
depth required to evaluate the respiratory microbiome by removing host contaminating
DNA, but may in some instances lead to biased results. As stated in the Kit Handbook
“Freeze–thaw cycles can compromise bacterial integrity, so the Benzonase treatment
for the degradation of host DNA might lead to loss of exposed bacterial DNA.” If the
integrity of any of the easier to lyse Gram-negative microbes have been impacted by
pre-treatment or storage at low temperatures prior to the host DNA removal steps, the
DNA of these organisms may also be removed, and as such results could be skewed
towards the more difficult to lyse bacteria such as Gram-positive and/or Mycobacteria
(Stinson et al., 2018; Hu et al., 2020). The study also pooled samples prior to
sequencing, although previous studies have demonstrated this to be a feasible strategy
it may be problematic once it comes to the evaluation of host microbiomes in response
to treatment (Ray et al., 2019; Hu et al., 2020). A recent study by Namasivayam et al.
(2020), observed a large degree of inter-individual variability in antibiotic induced
microbiome perturbations, which may impact results if samples are pooled
(Namasivayam et al., 2020). Nevertheless, the study is the first of its kind to investigate
the airway microbiome using a shotgun sequencing approach, delivering a lot of
meaningful results, highlighting the need for both 16S and/or follow-up shotgun
sequencing in order to truly evaluate TB and the microbiome. The study did not go as
far as to evaluate the resistome, but very importantly it highlighted the urgent need for
standardization of sample collection and sequencing methods when investigating TB
microbiome interactions (Hu et al., 2020).
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At the time of writing there were no studies available on the respiratory tract microbiota
and TB in regards to the impact of long term TB therapy on changes in the respiratory
microbiome; or any studies focussing on functional changes or impacts of treatment on
the resistome. None the less the data presented by the above mentioned studies
suggests that the presence of certain bacteria and dysbiosis of the respiratory tract
microbiota may be associated with the onset of TB, its recurrence and treatment failure.
The lung microbiota thus potentially plays a role in pathogenesis and treatment
outcome of TB and should be considered during treatment and control of TB (Cui et
al., 2012; Cheung et al., 2013; Wu et al., 2013; Zhou et al., 2015; Krishna et al., 2016)

7. Mycobacterium tuberculosis, the microbiome, resistome and TB
therapy: key messages, research opportunities, and concluding
remarks

Upon examination of the various studies conducted so far, various factors requiring
attention can be identified. With regards to technical variation, consideration needs to
be given to the origin of sample, the sampling method, the DNA extraction and
sequencing methodology employed as well as population groups included in these
studies (Fiedorova et al., 2019; Sui et al., 2020). Several bacteria present in the human
microbiome, like MTB, are incredibly hard to lyse and the employment of a cell lysis
method that does not adequately lyse these cells may lead to a skewed representation.
Care thus needs to be taken to ensure adequate lysis of the entire microbial community
(Fiedorova et al., 2019; Greathouse et al., 2019; Sui et al., 2020). A large degree of
variation can also be introduced by the sequencing methodology employed. For
example, long vs. short reads or 16S vs. whole metagenome. The majority of the
studies reviewed relied on 16S metagenomic sequencing and although cost effective,
it can only provide taxonomic information down to the genus level, and provide a
prediction of functionality. Whole genome shotgun sequencing on the other hand,
which is employed by some of the above mentioned studies, can provide species/strain
level resolution and provide a much more comprehensive picture of functionality. The
latter method is more costly and computationally intensive but has several advantages
over standard 16S metagenomic sequencing, allowing the user to comprehensively
51

evaluate all genes present in the microbial community, including those of a functional
capacity (Jovel et al., 2016; Brumfield et al., 2020). Additional consideration needs to
be given to sequencing depth, as some of the studies reviewed relied on relatively low
sequencing depth, which may lead to rare genera or species being overlooked (Cui et
al., 2012; Wu et al., 2013).

The sample types and population groups used also need consideration; stool samples
have their drawbacks but remain one of the most frequently used non-invasive sample
types used to evaluate changes in the gut microbiome (Liang et al., 2020). Obtaining
the ideal respiratory sample remains a more complicated affair. Broncho alveolar
lavage would be ideal but the procedure is invasive and requires specialist personnel
to obtain the sample. More research is required as to which less invasive sample type,
e.g. sputum, is best suited for the continued study of the TB microbiome. As with
patients, similar care and standardisation are required with regards to controls (Cui et
al., 2012; Cheung et al., 2013; Hu et al., 2019; Hu et al., 2020). Recent studies have
shown that there are significant variations in the microbiome composition of healthy
individuals from different races and ethnicities, often making it difficult to infer direct
relationships between the microbiome and various states of health and disease
(Fettweis et al., 2014; Kemppainen et al., 2015; Gupta et al., 2017). The human
microbiome composition from various body sites has been characterised over the past
several years, and it has been shown that the skin, vaginal, gut, oral and even
respiratory tract microbiomes differ depending on various factors including race,
geography, ethnicity, subsistence or exposure to environmental variables (Fettweis et
al., 2014; Kemppainen et al., 2015; Leung et al., 2015; Li et al., 2014; Gupta 2017).

A comparison of the studies by Cheung et al. (2013) and Krishna et al. (2016),
highlights the importance of inter-population variation; the authors noted that although
similar at the phylum level, the respiratory tract microbiome composition differs quite
significantly at the genus level. However, inclusion of vulnerable subpopulations such
as HIV positive individuals in any of the studies was lacking or scarce. Eight countries
account for the majority of new TB cases, with India leading the count, followed by,
China, Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh and South Africa.
Several of these countries, such as Nigeria and South Africa also have a relatively
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large HIV burden, necessitating that TB and microbiome research be expanded to
include these high risk population groups (Bruchfeld et al., 2015; World Health
Organisation, 2019).

More longitudinal research on the microbiome is required to evaluate the impact of
disease progression as well as the impact of treatment in animal models. No study
other than that of Namasivayam et al. (2017), monitored the microbiome throughout
the entire process of both infection and TB treatment. A similar trend was observed
with studies that included human participants. There is also little evidence of a
concurrent evaluation of the respiratory tract and the gut microbiome. As a matter of
fact, several studies have emphasized the importance of the gut lung axis especially
in a primarily pulmonary disease like tuberculosis (Cervantes et al., 2017; Dumas et
al., 2018). Current evidence suggest that there is bidirectional immunological
interaction between the gut and the lung microbiome during MTB infection, disease
progression and possibly during the course of treatment, and that dysbacteriosis of the
microbiome may impact disease outcomes. The study by Dumas et al. (2018), was the
only one to simultaneously evaluate both the gut and lung during MTB infection and
found that treatment induced dysbacteriosis may lead to impaired metabolism of
alveolar macrophages. Several studies have also highlighted the importance of
SCFAs, and that the microbiomes functional pathways, especially that of the gut play
an intricate role in TB disease. At this point in time, contradictory results between
studies suggest that more research is required before any conclusions can be drawn
(Luo et al., 2017; Maji et al., 2018; Hu et al., 2019).
This review highlights a major gap in research – that of the resistome and its
involvement with long term TB treatment, as well as the potential for the proliferation
of resistant bacteria during the course of TB therapy. The human gut has been shown
to provide an ideal environment for the occurrence of horizontal gene transfer between
commensal flora as well as to pathogenic bacteria that pass through the intestine, and
has been very well characterised as a reservoir for antimicrobial resistance
determinants (van Schaik, 2015; Casals-Pascual et al., 2018; Li et al., 2019; Willmann
et al., 2019). Even though the gut resistome has been very well characterised, studies
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have begun to assess the impact of generally used TB drugs on the microbiome only
recently.
The presence of ARG’s in the respiratory microbiome has not been comprehensively
studied in any regard, but various studies focussing on patients with cystic fibrosis (CF)
have indicated that the respiratory tract microbiome may act as a reservoir for
antimicrobial resistant bacteria and their associated genes (Dickson et al., 2016; Taylor
et al., 2018). Cystic fibrosis is a chronic pulmonary disease caused by mutations in the
cystic fibrosis transmembrane conductance regulator gene, leading to thickened
mucus secretions, which cannot be easily cleared. The mucus is colonised by bacteria
and enables the development and perseverance of pulmonary bacterial infection
(Sherrard et al., 2014). Antibiotic therapy has contributed tremendously to increased
survival rates of people with CF, but in many instances chronic use of multiple
antibiotics is required to improve life expectancy (Chmiel et al., 2014). The chronic use
of multiple antibiotics has increased the potential for the development of multidrug
resistance and several studies have indicated that the respiratory tract of CF patients
receiving regular antimicrobial therapy do carry an unappreciated diversity of ARG’s
(Chmiel et al., 2014; Sherrard et al., 2014). Upon review of previous studies on CF, it
becomes clear that the respiratory tract can, as is the case with the gut microbiome,
act as a reservoir for ARG’s under the right conditions, especially where there is chronic
or long term infection and thus also frequent exposure to antimicrobials. Again, as with
the gut microbiome, other pulmonary conditions requiring long term antimicrobial
therapy with several antimicrobials, like TB infection has not previously been evaluated
in this regard (Hong et al., 2016; Namasivayam et al., 2017; Kidd et al., 2018; Hu et
al., 2019; Hu et al., 2020).

A comprehensive search of literature did not reveal any studies dedicated to the impact
of TB therapy on the resistome but several studies reviewed did indicate long lasting
perturbation of the microbiome in terms of both diversity and functionality following antituberculosis therapy (Namasivayam et al., 2017; Wipperman et al., 2017). Additionally,
there is some evidence that this long term treatment does potentially generate a unique
ecological niche where commensals are depleted, giving rise to the possible
enrichment of more resilient bacteria, which may be pathogens or opportunistic
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pathogens (Khan et al., 2016; Namasivayam et al., 2017; Khan et al., 2019). It is thus
imperative that we continue to evaluate the potential for the development and
progression of antimicrobial resistance amongst bacteria of the various human
microbiomes, especially where there is poor regulation of, poor adherence to and a
high prevalence in the use of antibiotics (Llor & Bjerrum, 2014; Ventola, 2015; Martens
& Demain, 2017).
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Chapter 3 – Initial evaluations of the NWU lysis
method for downstream microbiome analyses
This chapter consists of a data article accepted for publication in Data in Brief pending
final minor revisions. Supplementary material mentioned in the manuscript can be
found at the link to Mendeley Data mentioned in the “Data Accessibility” section of the
specifications table within the manuscript. The author guidelines followed in submitting
to the Journal can be found in Annexure A. The manuscript is presented in this thesis
and has been published. Since the journal format allows only for the presentation of
data sets generated during the experimental process, the remainder of the information
relating to the initial evaluations is represented in article format, following the Data in
Brief manuscript. The chapter addresses the first objective of the study as outlined in
Chapter 1. Personal contributions to the below manuscript included the following: Initial
conceptualization, preforming all wet laboratory work associated with the manuscript,
assisting with the generation of the below mentioned workflow, data generation,
testing, application and data analyses with the presented workflow and also personally
writing the final manuscript.
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2. Additional Background

It is a well-known fact that the human microbiome, consisting of millions of microbes
living on and within human beings, is a complex assemblage of organisms that have
been demonstrated to play an intricate role during various states of human health and
disease (Eloe-Fadrosh & Rasko, 2013; Wang et al., 2017). Advances in next
generation sequencing (NGS) technology have shown that the microbiome plays a role
in various biological processes, including modulating the immune system (Claesson et
al., 2010; Wang et al., 2017). Other than immune regulation the human microbiome
has been linked to various diseases such as inflammatory bowel disease, chirrosis,
metabolic syndrome, Clostridium difficile and potentially even Mycobacterium
tuberculosis infection (Wang et al., 2017; Wood et al., 2017; Samarkos et al., 2018).
NGS technology has seen major development in the field of diagnostics in the past few
years, but several barriers and limitations slowed progress in the field. These include,
but are not limited to, assay validation, data management, interpretation of results,
choice of sequencing technologies, IT requirements and most importantly, very high
initial infrastructure costs. However, new and emerging technology like the MinION
developed by Oxford Nanopore Technologies (ONT), have slowly begun to overcome
many of these limitations (Singh et al., 2016; Quainoo et al., 2017; Besser et al., 2018).

Sequencing of the 16S gene is a method often employed to evaluate changes in the
bacterial microbial community in clinical samples, and several studies have stressed
that effective bacterial lysis is required in order to properly profile the microbiome (Lim
et al., 2018; Pollock et al., 2018). Several commercially available DNA extraction kits
are freely available for several applications, and methods often vary in how the lysis of
bacterial cells is achieved. The process depends on the kit employed and usually
consists of a combination of heat, chemical, enzymatic, or mechanical lysis steps (Lim
et al., 2018). Previous studies have highlighted that in order to prevent bias when
profiling microbiome samples, a combination of lysis methods is ideally required to
ensure that more resistant microbial cells are effectively lysed (Lim et al., 2018; Pollock
et al., 2018).
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The NWU-TB test is a highly sensitive and specific current TB diagnostic tool making
use of an automated Lyser device (NWU lysis system). The lysis portion of the NWUTB test is a highly efficient lysis process making use of heat, chemical and mechanical
means to accomplish cellular lysis. In addition to this, the process is extremely safe
with the entire process taking place within a lysis micro tube (LMT) (Mutingwende et
al., 2015). The decision was thus made to evaluate DNA obtained by means of the
NWU lysis method as preferential tool for downstream microbiome analyses in
comparison to two commercially available DNA extraction kits: the QIAamp DNA
microbiome kit (Qiagen, Germany) and the GenElute™ Stool DNA Isolation Kit (Sigma,
USA), using the ZymoBIOMICS™ Microbial Community Standard (Zymo, USA).

3. Additional experimental design, materials and methods

3.1 Epi2me workflow

In addition to the experimental design, materials and methods described in the Data in
Brief manuscript, the raw sequencing data was also analysed with the Oxford nanopore
native bioinformatics pipeline with the aid of the Epi2me agent for a comparison to the
workflow described in the manuscript (Kai et al., 2019; Winand et al., 2020). The raw
data generated from the ZymoBIOMICS™ Microbial Community Standard sequencing
run on the MinION™ was obtained as fast5 files; using ONT’s MinION™ sequencing
software (version 19.06.8). The fast5 files were base called using ONT’s Guppy™
sequencing software (version 3.2.4). The fastq files obtained were then uploaded to
the ONT Epi2me agent (version 2019.7.9), and run through the 16S workflow according
to the ONT16S protocol for the ONT 16S Barcoding Kit (SQK-RAB204). The ONT
workflow is designed to quality control reads, sort them according to barcode; and then
BLAST base called sequences against the NCBI 16S bacterial database containing
18,927 16S sequences from different organisms. Each read is classified based on the
% coverage and identity and the output is visualised in the form of a taxonomy tree.
Quality control (QC) metrics and read assignments were accessed using the Epi2me
agent (Kai et al., 2019; Winand et al., 2020). The current ONT 16S workflow making
use of the Epi2me agent only provides QC metrics and the IDs’ of the main genera
identified; it does not currently provide any tools to further explore the data generated.
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The bioinformatics pipeline described in the manuscript was thus designed to perform
additional analyses of the 16S reads generated.

4. Results

4.1 Yield and quality of extracted nucleic acids
The concentration and quality of the extracted nucleic acids from the ZymoBIOMICS™
Microbial Community Standard and the selected sputum sample, extracted by various
means were compared. Extraction by the various methods yielded different nucleic
acid concentrations, based on Nanodrop and Qubit quantification as seen in Table 2
of the manuscript. The nucleic acid concentration measured by nanodrop was
significantly higher with method H (NWU lysis and extraction) when compared to both
methods S and Q (p < 0.05); while there was also a significant difference between
methods S and Q (p < 0.05). Upon examination of the qubit measurements a similar
pattern was observed: the average nucleic acid concentration obtained by means of
method H was again significantly higher compared to both methods S and Q (p < 0.05);
but there was no significant difference in nucleic acid concentration between methods
S and Q (p > 0.05). All methods had an A260/A280 absorbance ratio between 1.7-2.0,
suggesting the extraction of pure nucleic acids (Table 2). There was no significant
difference concerning the methods as far as the A260/A280 ratio is concerned, but
there was a significant difference between method H and Q when examining the
A260/A230 ratios. All methods had A260/A230 value below 2. The integrity of the
extracted DNA was assessed by agarose gel electrophoresis. Both method S and Q
yielded high molecular weight intact DNA without smearing, while method H produced
a smear evident of shearing of the DNA.

4.2 NGS analysis of bacterial diversity and composition from various DNA
extraction methods
A single sequencing run on a MinION™ flow cell of R9.4 chemistry, produced
6 016 210 reads from 9 DNA barcodes. Platform QC analysis preceding the
sequencing run revealed a total of 1356 available pores, split into 4 groups. The mean
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read length was 1424 base pairs (bp), with an average Phred score of 9.83. Individual
sample metrics can be found in Table 3. Sample Q1 failed to amplify and was not
included in any further analyses. Using the Epi2me platform, a total of 5 850 982 reads
were classified with an average accuracy of 87%. Taxonomy tree outputs from the
Epi2me platform were summarised in Table 4 and 5. Figure 5 includes an example of
the Epi2me taxonomy tree output.

Figure 5: Taxonomy tree generated with the Oxford nanopore native bioinformatics pipeline for 16S
microbial composition analyses.

Analysis with the Epi2me workflow at a 1% abundance cut-off (Table 4), yielded varying
results between the different extraction methods applied. The Epi2me workflow, in
conjunction with method H and S, yielded the expected results at the phylum level with
both a 1% and 0.1% identity cut-off; identifying the phyla Firmicutes and
Proteobacteria, method Q on the other hand only identified the phylum Firmicutes at
the 0.1% abundance cut-off. Upon examination of the genus level identifications,
method H managed to identify 8/8 of the organisms present in the sample, the use of
method S led to the identification of 7/8 and that of method Q to 5/8. The use of method
S did not lead to the identification of the genus Lactobacillus at the set 1% abundance
cut-off, which is one of the hard to lyse Gram-positive genera present in the sample,
while method Q did not identify any of the Gram–negative genera that should be
present in the sample.
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Table 4: Genera identified at a 1% abundance cut-off (Epi2me workflow)
Genus

Gram

H

S

Q

Salmonella

-

X

X

Escherichia/shigella

-

X

X

Pseudomonas

-

X

X

Bacillus

+

X

X

X

Staphylococcus

+

X

X

X

Listeria

+

X

X

X

Enterococcus

+

X

X

X

Lactobacillus

+

X

X

When reducing the abundance cut-off to 0.1%, the use of method S allowed the
identification of 8/8 organisms, the same as method H; but method Q again only
allowed identification of 5/8. An additional problem encountered at a cut-off of 0.1% is
the identification of several genera that are not present in the mock community
highlighted in Table 5.

Table 5: Genera identified at a 0.1% abundance cutoff (Epi2me workflow)
Genus

Gram

H

S

Q

Salmonella

-

X

X

Escherichia/shigella

-

X

X

Citrobacter

-

X

X

Enterobacter

-

X

X

Klebsiella

-

X

X

Vibrio

-

X

X

Pseudomonas

-

X

X

Bacillus

+

X

X

X

Staphylococcus

+

X

X

X

Listeria

+

X

X

X

Enterococcus

+

X

X

X

Lactobacillus

+

X

X

X

At the time of writing there was no way to set a more stringent identity cut-off, which is
problematic due to the error prone nature of ONT reads. The Epi2me workflow does
provide a csv file that could be manually formatted into a counts table but there is
currently no way to do any downstream statistical analyses to compare samples using
the Epi2me 16S workflow; thus the bioinformatics pipeline described in the manuscript
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was tested for further downstream analyses. When evaluating the in house workflow,
3 740 890 reads were left for classification after initial demultiplexing and filtering; a
total of 3 659 253 reads were classified to the phylum level, and 1 138 882 reads were
classified to the genus level.

Table 6: Genera identified at a 0.1% abundance cutoff (In house workflow)
Genus

Gram

H

S

Q

Salmonella

-

X

X

Escherichia/shigella

-

X

X

Pseudomonas

-

X

X

Bacillus

+

X

X

X

Staphylococcus

+

X

X

X

Listeria

+

X

X

X

Enterococcus

+

X

X

X

Lactobacillus

+

X

X

X

The in-house workflow classified fewer reads than the Epi2me workflow, but managed
to identify the organisms known to be present in the sample at a 0.1% abundance cutoff without the addition of several reads matched to wrong identities. The decision was
thus made to use outputs from the in-house workflow for all further downstream
analyses of the sequencing reads generated for the initial evaluations. Rarefaction
curves were generated (Figure 6) and the alpha diversity based on the number of
Observed species, Chao1 and Shannon diversity indices, was compared according to
the DNA extraction method (Figure 2).

Figure 6: Rarefaction analysis of 16S libraries from each sample of the ZymoBIOMICS™ Microbial
Community Standard.
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Statistical testing between methods showed no significant difference in alpha diversity
observed for the Shannon diversity index, the Chao1 or observed indices (p > 0.05).
Beta diversity principal coordinates analysis, based on Bray–Curtis distances (Figure
3), show samples subjected to various extraction methods differed significantly
(ANOSIM R: 0.78231; p-value = 0.012). Samples extracted with various methods
formed 2 distinct clusters. Cluster 1 consisted of the samples extracted with method H
and the second cluster consisted of samples extracted with method Q. Samples from
method S ordinated closely to those of H but no distinct clustering for this method was
observed.

A second clustering analyses was performed by means of a hierarchical clustering heat
map, which revealed two clusters (Figure 4). Cluster one, consisting of method S and
H, indicated a slightly higher relative abundance of Gram-negative genera for method
S; while method H had a higher abundance of Gram-positive genera. With method Q
on the other hand, complete absence of the DNA from all Gram-negative organisms
during the extraction process was observed. None of the samples extracted with any
of the methods matched the theoretical abundance (Z) of the ZymoBIOMICS™
Microbial Community Standard (Figure 1).

5. Discussion

The yield and quality of the DNA extracted by various methods were assessed and
compared between the various extraction methods. In this study, 2 commercial
mechanical lysis kits were compared with an automated in-house procedure in terms
of DNA recovery from a mock microbial community. The DNA extracted by these
different methods was assessed based on the quantity and quality of nucleic acids, as
well as the microbial community composition. ZymoBIOMICS™ Microbial Community
Standard based on Qubit quantification did not differ significantly between methods Q
and S, but both differed significantly when compared to method H, from which the
highest quantity of DNA was recovered. The ZymoBIOMICS™ Microbial Community
Standard comes prepared in a storage solution (DNA/RNA Shield, Zymo, USA), which
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according to the manufacturer is inhibitory and as such the lysate produced with the
NWU lysis method had to undergo an additional clean up prior to PCR. The increased
DNA yield may be due to the use of magnetic beads in comparison to the other 2
methods, which both employ filtration through a silica membrane. Magnetic bead
based systems provide more surface area for the binding of DNA when compared to
the column based methods, but there is currently no consensus as to which provides
a higher yield of nucleic acids (Peng et al., 2013 ; Ali et al., 2017).

The A260/A280 ratio is viewed as the primary measure of DNA purity, and DNA with a
ratio between 1.70 and 2.00 is generally accepted as pure (Lucena-Aguilar et al., 2016;
Teng et al., 2018). All methods evaluated produced pure DNA when examining the
A260/A280 absorbance ratio; although the A260/A230 ratio was low. The expected
value for the A260/A230 absorbance ratio is between 2.0 and 2.22. The low A260/A230
may be due to several factors, such as carbohydrate carryover, proteins, lipids, EDTA,
phenol or salts such as guanidine HCL, which is a common substance found in various
preparations used in commercial DNA extraction kits. Nonetheless, the A260/A230
ratio is viewed as a secondary measure for DNA quality due to the instability of this
value when certain elution buffers are used to elute the DNA (Lucena-Aguilar et al.,
2016).

PCR amplicons were successfully obtained from all samples, thus results indicate that
all methods yielded nucleic acid of sufficient quality and quantity for sequencing of 16S
rRNA gene (Pollock et al., 2018). Fragmentation of DNA was assessed by agarose gel
electrophoresis. The DNA extracted with methods S and Q yielded high molecular
weight DNA, but method H produced a smear evident of shearing. Method H was
originally designed to form part of a TB diagnostic system and as such the lysis
procedure is incredibly robust. The method involves heat, chemical and mechanical
lysis of samples as described under the materials and methods section in the above
manuscript, producing damaged and sheared DNA by the end of the process
(Mutingwende et al., 2015).

NGS analysis of bacterial diversity and composition was compared between different
extraction methods. A single sequencing run on a MinION™, produced several high
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quality reads for all samples with the exception of sample Q1. Analyses with the
Epi2me workflow revealed several wrongly identified organisms when the abundance
cut-off was reduced to a point (0.1 %) where all 8 of the bacteria present in the Mock
microbial community could be identified; the decision was thus made to base the
remainder of the discussion on the results obtained with the-in house work flow, which
correctly identified all organisms present in the sample without any wrongful
identification at an abundance cut off of 0.01% (Table 6). There was no significant
differences between extraction methods when examining alpha diversity, while beta
diversity did show significant clustering based on extraction method.

None of the samples matched the theoretical composition of the mock microbial
community (Figure 1) but this may be due to several factors such PCR bias or bias
introduced by the sequencing technology itself that could contribute to this. According
to Pollock et al. (2018), while bias can be introduced at any methodological stage of a
microbiome study, the main factor that needs to be kept in mind is consistency from
start to end of a study. What was evident is that the pre-processing involved with
method Q removed all Gram-negative organisms from the sample prior to DNA capture
and elution (Table 4). Method Q was designed to remove host DNA, and the kit has a
very specific warning that it may impact samples that are compromised due to freezing,
storage buffers etc. The ZymoBIOMICS™ Microbial Community Standard comes
frozen and stored in the DNA/RNA shield buffer. According to the manufacturers, the
buffer does act as an inactivation buffer; the Gram-negative organisms present may
already have been compromised, resulting in the removal of their DNA during the host
DNA removal pre-processing with method Q (Stinson et al., 2018; Hu et al., 2020). This
indicates another limitation of the use of the ZymoBIOMICS™ Microbial Community
Standard for these evaluations, as the cells are already compromised prior to
extraction; additionally, this also points to a major limitation of method Q, which is thus
only compatible with freshly collected samples. It has been proven in the past that longterm stool storage at −80 °C had only limited effects on the microbiota, and as such
samples are frequently collected and stored for future analyses (Tap et al., 2018;
Stinson et al., 2018; Hu et al., 2020). Current results did not allow drawing a final
conclusion on which method can be deemed more appropriate, due to the limited
complexity of the sample; thus further evaluation of a more complex samples is
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required. Although no clear conclusion could be drawn the current results revealed
several important variables to consider:

(i) There are limitations on the use of mock microbial communities for assessments
based on the principle of the DNA extractions kits used. There are also
limitations regarding these products, in relation to how they are stored. The
storage media and methods of storage (e.g. freezing), of these products prior to
shipment may have an impact on both cell and DNA integrity which could
influence downstream results.
(ii) DNA extraction kits, especially the next generation, incorporating methods for
host DNA removal can have limitations, due to the fact that they may induced
bias if samples are in any way compromised, and this is not clearly stated when
purchasing the kits or in the manuals accompanying the kits.
(iii) The study also revealed that more tools are urgently needed to assess long read
16S sequences generated by the ONT MinION, as the current native workflow
offered by ONT, although user friendly to use at the time of this study, is still
very limited in the downstream assessments that can be done.

In conclusion, the study revealed several shortfalls and will aid in the experimental
design and implementation to assess the NWU lysis method on more complex clinical
samples. In addition, the study also served as an opportunity to develop and test a custom
workflow for the downstream analyses of ONT generated 16S reads.
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Chapter 4 – Evaluations of the NWU lysis
method for downstream microbiome analyses
on more complex samples
This chapter consists of a method article submitted and under the review in Molecular
Biology Reports. The author guidelines followed in submitting to the Journal and the
supplementary material can be found in Annexure B. The manuscript is presented in
this thesis as it appears online as a preprint prepared by the journal. The publicly
available preprint is available with the figures in a separate folder instead of the main
article body. Figures thus referred to in text and supplementary information can be
found directly following the manuscript. The chapter addresses the continuation of the
first objective of the study as outlined in Chapter 1. Personal contributions to the below
manuscript included the following: Initial conceptualization, all wet laboratory work
associated with the sputum samples mentioned in the below manuscript, data
generation, data analyses, assisting and supervising the student working on the gut
samples mentioned in the below manusrcipt as part of their M.Sc., reviewing of data
generated by the student prior to addition to this manuscript and also personally writing
the final manuscript.
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2. Manuscript 2 figures and supplementary figures

Figure 1: Alpha-diversity, measured by Shannon, Chao1 and observed diversity indices for the selected clinical sputum sample
(A) and the representative gut sample (B). Error bars show the standard error of the mean (SEM). Methods sharing a common
lower case letter belong to the same group according to one way ANOVA with Tukey’s post-hoc test for multiple pairwise
comparisons. These values do not differ significantly according to the test (p > 0.05). Values not sharing a common lower case
letter indicate a statistically significant difference in comparison to a value belonging to other groups (p < 0.05).
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Figure 2: Hierarchical clustering heat map based on the relative abundance of the most abundant genera classified to the genus
level for the selected clinical sputum sample. Individual cells in the heat map are colour-coded according to the row Z-scores.

116

Figure 3: Hierarchical clustering heat map based on the relative abundance of the most abundant genera classified to the genus
level from the representative gut sample. Individual cells in the heat map are colour-coded according to the row Z-scores,
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Supplementary Figure 1: Principal coordinates analysis based on Bray–Curtis distances of samples extracted by various methods
for selected clinical sputum sample (A) and representative gut sample (B). Samples that are more similar to one another are
ordinated closer together.

Supplementary Figure 2: Lysis micro tube (LMT).
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Supplementary Figure 3: NWU automated lyser device.
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Chapter 5 – Insights into the TB resistome
This chapter consists of a full length article submitted to Nature Communications and
is currently in the process of editorial decision on the articles suitability for the selected
journal. The author guidelines followed in submitting to the Journal and the
supplementary material can be found in Annexure C. The manuscript is presented in
this thesis as it was submitted to the journal. Figures, referred to in text and
supplementary information can be found beneath the manuscript. The chapter
addresses the second objective of the study as outlined in Chapter 1. Personal
contributions to the below manuscript included the following: Initial conceptualization,
all wet laboratory work associated with the below manuscript, data generation, data
analyses and also personally writing the final manuscript.
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2. Manuscript 3 supplementary figures and tables

Supplementary figure 1: The relative abundance of major taxa at the phylum level for all samples in
this study. The initial letter refers to the group: C = Control, S = Drug susceptible treatment group and
DR = Drug resistant treatment group. The first number denotes the individual and the second the time
point (e.g. C1_1 = control sample 1, time point 1; S2_2 = drug susceptible treatment group patient 2,
time point 2).
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Supplementary figure 2: The relative abundance of major taxa at the genus level for all samples in this
study. The initial letter refers to the group: C = Control, S = Drug susceptible treatment group and DR =
Drug resistant treatment group. The first number denotes the individual and the second the time point
(e.g. C1_1 = control sample 1, time point 1; S2_2 = drug susceptible treatment group patient 2, time
point 2).
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Supplementary Figure 3: Beta-diversity estimates were calculated for the Control vs Drug susceptible
group (A) (p < 0.05), Control vs Drug resistant group (B) (p < 0.05) and the Drug susceptible vs Drug
resistant group (C) (n.s), using the Bray-Curtis dissimilarity index and represented here on a twodimensional NMDS plots. Circles denote samples from time point 1 and triangles denote samples from
time point two. Statistical significance was calculated using Analysis of Similarities statistic (ANOSIM)
with 999 permutations. The non-metric multidimensional scaling (NMDS) ordination plot showing the
Bray-Curtis dissimilarity matrices between all the samples based on the relative abundance (RPKM) of
ARGs. (D) (n.s), Control vs Drug resistant group (D) (p < 0.05) and the Drug susceptible vs Drug resistant
group (E) (n.s), using the Bray-Curtis dissimilarity index and represented here on a two-dimensional
NMDS plots. Circles denote samples from time point 1 and triangles denote samples from time point
two. Statistical significance was calculated using Analysis of Similarities statistic (ANOSIM) with 999
permutations and is indicated for each comparison (n.s. = not significant).
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Supplementary table 1: Meta data table of patients and controls selected for inclusion in the study
Participant
Susceptible 1
Susceptible 2
Susceptible 3

Drug-resistant 1

Drug-resistant 2

Sample
S1_1
S1_2
S2_1
S2_2
S3_1
S3_2

Time point
1
2
1
2
1
2

DR1_1

1

DR1_2

2

DR2_1

1

DR2_2

2

DR3_1

1

Drug-resistant 3

Control 1

Control 2

Time between
samples (Months)

Age

Sex

HIV status

9

45

M

Reactive

9

45

M

Reactive

7

51

M

Non-reactive

13

56

M

Reactive

4

11
DR3_2

2

M1

1

M2

2

F1

1

F2

2

6

6

36

M

51

M

23

M

21

F

Isoniazid (INH), pyrazinamide (PZA), ethambutol (EMB) and rifampicin (RIF) with the addition of streptomycin (STREP)
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Culture results
MTBC - Susceptible
Negative
MTBC - Susceptible
Negative
MTBC - Susceptible
Negative
MTBC - ISO-R,RIF R,ETHA - R,STREP R,KAN - R
Negative
MTBC - R, - ISO-R, RIF R
Negative
MTBC ISO - R,RIF R,ETHA - R,STREP - R
Resistant

Smear results
Positive
Negative
Positive
Negative
Positive
Negative

Negative

NEgative

Negative

NA

NA

Negative

NA

NA

Negative

NA

NA

Negative

NA

NA

Non-reactive

Reactive

Negative
Negative
Positive
Negative
Positive

Supplementary table 2: Antimicrobial resistance genes present in each sample
Resistance type

C1_1

C1_2

C2_1

C2_2

DR1_1

DR1_2

DR2_1

DR2_2

DR3_1

DR3_2

S1_1

S1_2

S2_1

S2_2

S3_1

S3_2

Antibacterial free
fatty acids

FARB

FARB

FARB

FARB

FARB

FARB

-

FARB

FARB

FARB

FARB

FARB

FARB

FARB

FARB

FARB

-

AADE,
APH(3''')-III,
APH(6)-I

AADE

AADE, APH(3')-I,
APH(3'')-I, APH(3''')III, APH(6)-I

-

-

AAC(2')-I,
KSGA

-

APH(3'')-I,
APH(6)-I,
KSGA

AADA, AADE, APH(6)-I

-

-

BACA

BACA

-

-

BACA

-

BACA

-

MecA/PBP1A, PBP2X,
MecB/PBP1B, PENA

MecA/PBP1A, PBP2X,
MecB/PBP1B, PENA,
CFXA2,
TEM

MecA/PBP-1A, PBP-2X,
MecB/PBP-1B, TEM

Aminoglycoside

-

-

-

-

AADE,
APH(3'')-I,
APH(3''')-III,
APH(6)-I

AADE,
APH(3')-I,
APH(3'')-I,
APH(3''')-III,
APH(6)-I

Bacitracin

BACA

BACA

-

-

BACA

BACA

Beta-lactam

MecA/PBP-1A, PBP-2X,
MecB/PBP-1B, PENA

MecA/PBP-1A, PBP-2X,
MecB/PBP-1B, PENA,
CFXA2

MecA/PBP-1A, PBP-2X,
MecB/PBP-1B, PENA,
CFXA2, TEM

MecA/PBP-1A, PBP-2X,
MecB/PBP-1B, PENA,
TEM

MecA/PBP1A, PBP-2X,
MecB/PBP1B, PENA,
CFXA2, TEM

MecA/PBP1A, PBP-2X,
MecB/PBP1B, PENA,
CFXA2, TEM

MecA/PBP1A, PBP-2X,
MecB/PBP1B, PENA,
CFXA2

MecA/PBP1A, PBP-2X,
MecB/PBP1B, PENA,
CFXA2, TEM

MecA/PBP-1A,
PBP-2X,
MecB/PBP-1B,
PENA, CFXA2

MecA/PBP-1A,
PBP-2X,
MecB/PBP-1B,
PENA, CFXA2, TEM

MecA/PBP1A, PBP2X, CFXA2

MecA/PBP1A, PBP2X,
MecB/PBP1B, PENA

MecA/PBP1A, PBP2X,
MecB/PBP1B, PENA,
CFXA2

Diaminopyrimidine

-

DFRC

-

-

-

-

-

-

-

-

-

-

-

-

-

DFRC

Fluoroquinolone

PATB

PATB

PATB

PATB

PATB

PATB

PATB

PATB

PATB, PATA

PATB

PATB,
MFPA

PATB

PATB

PATB

PATB

PATB, PATA

MEL,
MEFA,
LSAC,
ERMB,
MACB,
MACA,
MEFE,
RLMA(II)

MEL,
MEFA,
LSAC,
ERMB,
MACB,
MACA,
ERMC,
RLMA(II)

MEFA, LSAC, MACA, ERMX,
ERM(37), ERMC, LMRC,
MEFE, RLMA(II)

MDTG,
MTRC,
MTRD,
MDTK,
MTRE
,MTRR

MDTG,
MTRC,
MTRD,
MDTK,
MTRE
,MTRR

MDTG, MTRC, MTRD,
MDTK, MTRE

MEL,
MEFA,
LSAC,
ERMB,
MACB,
MACA,
LMRC,
MEFE,
MSRE,
RLMA(II)
MDTG,
EMRB,
MTRC,
MTRD,
MDTK,
MTRE
,MTRR

MLS

MEL, MEFA, LSAC,
ERMB, MACB, MACA,
ERMX, ERMF, RLMA(II)

MEL, MEFA, LSAC,
ERMB, MACB, MACA,
ERMX, ERMF, RLMA(II)

MEL, MEFA, LSAC,
ERMB, MACB, MACA,
ERMX, ERMF, RLMA(II)

MEL, MEFA, LSAC,
ERMB, MACB, MACA,
ERMX, RLMA(II)

MEL, MEFA,
LSAC,
ERMB,
MACB,
MACA,
ERMF,
MEFE,
RLMA(II)

MEL, MEFA,
LSAC,
ERMB,
MACB,
MACA,
ERMF,
MEFE,
RLMA(II)

MEL, MEFA,
LSAC,
ERMB,
MACB,
RLMA(II)

MEL, MEFA,
LSAC,
ERMB,
MACB,
MACA,
RLMA(II)

MEL, MEFA,
LSAC, ERMB,
MACB, RLMA(II)

MEL, MEFA, LSAC,
ERMB, MACB,
MACA, MEFE,
RLMA(II)

MEL,
MACB,
ERM(37),
RLMA(II)

MEL,
MEFA,
ERMB,
RLMA(II)

Multidrug

MDTG, EMRB, MTRC,
MTRD, MDTK, MTRE
,MTRR

MDTG, EMRB, MTRC,
MTRD, MDTK, MTRE
,MTRR

MDTG, EMRB, MTRC,
MTRD, MDTK, MTRE
,MTRR

MDTG, EMRB, MTRC,
MTRD, MDTK, MTRE
,MTRR

MDTG,
EMRB,
MTRC,
MTRD,
MDTK, MTRE
,MTRR

MDTG,
EMRB,
MTRC,
MTRD,
MDTK, MTRE
,MTRR

MDTG,
MTRD,
MDTK

MDTG,
MTRC,
MTRD,
MDTK, MTRE
,MTRR

MDTG, EMRB,
MTRD, MDTK,

MDTG, EMRB,
MTRC, MTRD,
MDTK, MTRE
,MTRR

-

MDTG,
MDTK

Nitroimidazole

-

-

-

-

-

-

-

-

-

-

-

-

MSBA

-

-

-

Nucleoside

-

-

-

-

SAT-4

SAT-4

-

SAT-4

-

-

-

-

-

-

SAT-4

-

Peptide

UGD

UGD

-

-

-

-

-

-

UGD, PGPB

-

-

-

-

-

-

-

Phenicol

CATA

-

CATD, CATS

CATD, CATS

CATQ

CATQ

-

-

-

CATQ

-

-

-

-

CATA

-

Sulfonamide

-

-

-

-

SUL2

SUL1, SUL2

-

-

-

SUL2

-

-

-

SUL2

SUL2

SUL1, SUL2

TETA(46),
TETB(46),
TETM, TETR,
TETW,
TETA(60),
TETB(60),
TETA, TETC,
TETO,
TET32, TETQ
, TET37

TETA(46),
TETB(46),
TETM, TETR,
TETA, TETC,
TETO, TET32
,TETQ

TETA(46),
TETB(46),
TETM, TETR,
TETW,
TETA(60),
TETB(60),
TETA, TETC,
TETO,
TET32,
TETQ, TET37

TETA(46),
TETB(46), TETM,
TETW, TETA(60)
,TETB(60), TETO,
TET32, TETQ,
TET37

TETA(46),
TETB(46), TETM,
TETR, TETW,
TETA(60),
TETB(60), TETA,
TETC, TETO,
TET32, TETQ,
TET37

TETM,
TETA(60)
,TETB(60),
TETQ,
TET37

TETA(46),
TETB(46),
TETM,
TETW

TETA(46),
TETB(46),
TETM,
TETW,
TETA(60),
TETB(60),
TETQ

TETA(46),
TETB(46),
TETM,
TETW,
TETB(60),
TETQ,
TETL

TETA(46),
TETB(46),
TETM,
TETR,
TETW,
TETA(60),
TETB(60),
TETA,
TETC,
TET32,
TETQ,
TET37,
TETL

TETA(46), TETB(46), TETM,
TETR, TETB(60), TETA,
TETO, TET32, TETQ, TET37,
TETL

-

-

-

LUXR,
PUROMYCINRESISTANCE_PR
OTEIN

-

-

-

ARLR

-

CPXR

CAMPREGULATORY_PROTEIN,
PUROMYCINRESISTANCE_PROTEIN

Tetracycline

TETA(46), TETB(46),
TETM, TETR, TETW,
TETA(60), TETB(60),
TETA, TETC, TETO,
TET32, TETQ

TETA(46), TETB(46),
TETM, TETR, TETW,
TETA(60), TETB(60),
TETA, TETC, TET32,
TETQ, TET37, TETB

TETA(46), TETB(46),
TETM, TETR, TETW,
TETA(60), TETB(60),
TETA, TETC, TET32,
TETQ, TET37, TETB

TETA(46), TETB(46),
TETM, TETR, TETW,
TETA(60), TETB(60),
TETA, TETC, TET32,
TETQ, TETB

TETA(46),
TETB(46),
TETM, TETR,
TETW,
TETA(60)
,TETB(60)
,TETA ,TETC
,TETO
,TET32
,TETQ
,TET37

Unclassified

CAMPREGULATORY_PROTEIN,
ARLR

CAMPREGULATORY_PROTEIN,
ARLR

CAMPREGULATORY_PROTEIN

CAMPREGULATORY_PROTEIN

-
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Supplementary table 3: Organisms know to be opportunistic or potential pathogens and the samples they were
present in
Opportunistic/potential pathogens

Sample

Actinomyces oris
Gemella haemolysans
Haemophilus influenza
Moraxella nonliquefaciens
Neisseria cinerea
Neisseria flavescens
Neisseria sicca
Rothia mucilaginosa
Parvimonas micra
Prevotella denticola
Prevotella melaninogenica
Streptococcus gordonii
Streptococcus mitis
Tropheryma whipplei
Veillonella parvula

S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR1_1, DR1_2, DR2_2, DR3_1, DR3_2
S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR1_1, DR1_2, DR2_1, DR2_2, DR3_1, DR3_2
S1_1, S2_1
S1_1
S2_1, S2_2, S3_2
S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR1_1, DR1_2, DR2_1, DR2_2, DR3_1, DR3_2
S2_1, S2_2, S3_1, S3_2, DR1_2, DR2_2, DR3_1
S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR1_1, DR1_2, DR2_1, DR2_2, DR3_1, DR3_2
S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR2_2, DR3_1
S1_1, S1_2, S3_1, S3_2, DR1_1, DR1_2, DR2_2, DR3_2
S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR1_1, DR1_2, DR2_1, DR2_2, DR3_1, DR3_2
S1_2, S2_2, S3_1, S3_2, DR2_1, DR3_1
S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR1_1, DR1_2, DR2_1, DR2_2, DR3_1, DR3_2
S1_1
S1_1, S1_2, S2_1, S2_2, S3_1, S3_2, DR1_1, DR1_2, DR2_1, DR2_2, DR3_1, DR3_2
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Chapter 6 – Summary and future prospects
This chapter starts with a review of the objectives of the studies combined in this thesis,
followed by the central findings in each of the studies, and finally highlights potential
areas for future research.
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1. Introduction

Globally tuberculosis remains one of the leading causes of death from any infectious
disease among adults, with millions becoming newly infected each year (WHO, 2020).
In recent times, evidence has begun to surface surrounding the link between TB and
the microbiome and how shifts in the microbiome in response to TB infection and
subsequent treatment may have a profound impact on both treatment outcome, and
the long term health of patients. (Cui et al., 2012; Cheung et al., 2013; Botero et al.,
2014; Krishna et al., 2016; Luo et al., 2017; Wipperman et al., 2017; Maji et al., 2018;
Hu et al., 2019; Hu et al., 2020; Namasivayam et al., 2020; Wang et al., 2020).

To date only 21 studies have been published regarding TB and the resistome, 7 of
which were in animal models, 7 focussed on the gut microbiome of human participants
and the final 7 focussed on the respiratory tract of human participants. However none
of the respiratory tract studies have elucidated the impact of drug resistant TB
treatment on the microbiome, and neither have any of the studies attempted to evaluate
the overall changes in the accompanying resistome (Luo et al., 2017; Wipperman et
al., 2017; Maji et al., 2018; Hu et al., 2019; Namasivayam et al., 2020; Wang et al.,
2020).

In addition to the gaps in research regarding TB and the microbiome, it is a well-known
fact that the mycobacterial bacillus is encompassed by an extraordinarily elaborate cell
wall structure. This makes the organisms incredibly hard to lyse and several studies
have demonstrated that optimal DNA extraction methods are required to carry out
studies with regards to TB (de Almeida et al., 2013; Kolia-Diafouka et al., 2018). As
such, the research community is constantly in need of new and more robust methods
to conduct studies on both TB and the associated microbiome. The NWU TB diagnostic
method (NWU-TB test) has a very robust cell lysis step and was thus selected for
evaluation during the course of this study to perform TB and microbiome associated
studies (Mutingwende et al., 2015; Sulis et al., 2016).
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The aims and objectives for the study were as follows:


Comparative methods: To determine the suitability of DNA extracted by means
of the NWU lysis method for bacterial microbiome analysis and amplicon-based
next generation sequencing (NGS) in comparison to DNA obtained by various
commercial kits;



To examine changes in the bacterial microbiome of the respiratory tract during
the process of TB therapy over time in human participants (sputum) by whole
genome shotgun sequencing.

2. Summary of study design, execution and results

2.1 Objective 1

Applying the NWU lysis method to a mock microbial community, followed by
sequencing on the Oxford Nanopore Technologies (ONT) MinION Platform did not
reveal any conclusive results, but did lay the ground work for a proper evaluation of the
technology. The works described in Chapter 3 revealed that the use of mock microbial
communities for assessments of lysis efficiency has several limitations, while also
revealing some limitations regarding the extraction kits themselves. Mock microbial
communities like the ZymoBIOMICS™ Microbial Community Standard (Zymo, USA)
often come stored in a special protective inactivation media for ease of use and
transport. Unfortunately this means cell integrity is not always maintained. This is
especially problematic when incorporated with some DNA kits that include an
additional step for the selective lysis of host cells. As demonstrated in Chapter 3, the
host DNA removal steps of the QIAamp DNA microbiome kit (Qiagen, Germany),
completely removed all Gram-negative bacterial DNA from the samples during the
extraction process. In addition to this the works done during Chapter 3 revealed that
more tools are urgently needed to assess long read 16S sequences generated by the
ONT MinION. At the time of writing the current native workflow, although easy to use,
only allows the identification of the bacterial genera present in a sample, but does not
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offer any means by which to estimate relative abundance or any means to do further
downstream statistical analyses. Thus as part of this Chapter a bioinformatics workflow
was designed and validated, using the ZymoBIOMICS™ Microbial Community
Standard, as it is a sample of known composition. The study revealed that the
customized workflow turned out to be more accurate in identifying the bacterial species
present and had fewer miss-classifications, due to the fact that a stricter identity cutoff could be applied, an option missing from the current native ONT workflow. This
workflow would then be applied in the following Chapter 4, for the assessment of
sequencing reads generated from a more complex clinical sputum sample sequenced
on the ONT MinION.

Chapter 4 continued with evaluations of the NWU lysis method, this time with
application to more complex samples, and included the results from two studies: one
data set originating from this PhD and the other dataset from a concurrently running
MSc, co-supervised as part of this PhD and focussing on TB/microbiome related
research. Samples included clinical sputum samples and gut samples from a
concurrently running study, representing less and more complex microbiome samples
respectively. The final results were compounded into the manuscript presented in
Chapter 4. Results from Chapter 4 revealed that the NWU lysis system is a promising
prospect for microbiome studies due to its lysis efficiency, but only if incorporated with
short read sequencing. The lysis method is very robust, as its initial purpose was the
complete lysis of hard to lyse mycobacterial cells. Due to the robust lysis process, the
DNA produced is of a sheared nature. This does not seem to impact shorter
sequencing reads of the 16S gene used for sequencing on platforms like the Illumina
Miseq, but it is troublesome when attempting to incorporate it with technology like the
ONT MinION. The primers targeting the 16S gene in this instance flank the entire gene,
and if the DNA is of a highly sheared nature, it is very likely that bias may be introduced
during PCR prior to sequencing if full length DNA fragments are to be amplified. To
conclude, Chapters 3 and 4 addresses the first objective successfully. The work done
demonstrates that the NWU lysis method has potential for downstream microbiome
analyses but further optimisation will be required.
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2.2 Objective 2

The second objective was to examine changes in the bacterial microbiome of the
respiratory tract during the process of TB therapy over time in the sputum human
participants by whole genome shotgun sequencing. Initial plans included the
recruitment of patients from the Potchefstroom Hospital, North-West Province, South
Africa. Unfortunately, due several delays relating to the initial ethics applications, the
Covid-19 crisis and other difficulties in obtaining samples, a different approach had to
be undertaken to obtain samples. Luckily, with permission and aid from HANKS TB
Diagnostics (Pty) Ltd, samples, were identified from their TB biobank that would be
suitable to complete the second objective. A total of 12 samples from 6 patients were
included in the study, 3 testing positive for drug susceptible TB (labelled as Susceptible
or S) and 3 testing positive for drug resistant TB (labelled as Drug-resistant or DR). To
generate a baseline for comparison, samples from individuals acting as healthy
controls were taken in the form of oropharyngeal swabs. The study, a first of its kind,
aimed to characterise changes in the respiratory microbiome in response to drug
resistant tuberculosis therapy, and also to attempt to characterise the associated
resistome. The results as shown in Chapter 5 revealed significant changes in both
taxonomic composition and within the accompanying resistome. Alpha diversity
metrics did reveal a trend where overall microbiome diversity was increased in
response to treatment. This is in contradiction to several gut studies where microbial
diversity was found to be significantly reduced, but additional studies on a larger and
more diverse cohort of patients will be needed to determine whether the TB treatment
is the main driving force behind this phenomenon. Regardless, overall evaluations of
taxonomic composition agrees with previous studies that have noted that antimicrobial
treatment may give foreign or less abundant, potentially more resilient bacteria a
chance to proliferate. This occurrence is even more likely if the drugs in question
deplete the more susceptible healthy commensals. Additionally the study also provided
the first evidence of a complex resistome associated with TB patients, which is in some
instances significantly different from that of healthy controls. The most important
observation regarding the resistome was the clear influx of acquired aminoglycoside
resistance genes (aadA, aadE, aac(2')-I, aph(3')-I, aph(3'')-I, aph(3''')-III, and aph(6)-I)
associated with patient samples. Considering the high prevalence of HIV among
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individuals receiving treatment for tuberculosis and drug resistant tuberculosis, these
findings may be a cause for concern, but further studies are required to determine if
there is any physiological or clinical significance to these initial observations.
Nonetheless the results aided in the completion of objective two and in the investigation
of changes in the bacterial microbiome of the respiratory tract during the process of TB
therapy over time in human participants (sputum) by whole genome shotgun
sequencing.

3. Future prospects

In relation to the completed objectives, several future prospects have been identified.
The areas for further research include the following:

1. In its current form, the DNA produced with the NWU lysis method is too sheared,
and further optimisation will be required before it can be incorporated with
portable long read sequencing devices like the ONT MinION. Such research
would include:
a. Optimisation of the lysis conditions to produce intact high molecular
weight DNA; and
b. Optimisation of the lysis buffer to provide additional protection and
stabilisation of the DNA during the lysis process.

2. In relation to TB and the microbiome within the context of available literature
(Chapter 2), as well as the results from the current study, several key points
have been identified that require further attention:
a. Evaluation on a larger, more diverse sample cohort to properly determine
whether the increase in diversity observed is primarily related to the
administration of TB drugs or also connected to the HIV status of
individuals; and;
b. to determine whether the changes in the resistome observed, especially
the influx of aminoglycoside resistance genes, is a frequent occurrence
across a larger sample group; and finally;
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c. to determine whether changes in the resistome persist long after
treatment and whether there are any long term health implications;
d. the results also open the door to future prospective studies, to determine
if treatment regimens designed with the aim of causing a lesser degree
of dysbiosis, or treatment regimens supplemented with probiotic
beneficial bacteria, could lead to improved treatment outcomes by
maintaining the balance and presence of beneficial host flora.
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