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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')-1, aph(3')-
[, aph(3")-1, aph(3™)-11l, and aph(6)-1) 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.



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
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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



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 vyields 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 anti-

TB therapy.



e 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:

e Does exposure to TB drugs select for resistant strains of bacteria that form

part of the respiratory tract microbiome?

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

e 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:

e To evaluate the NWU TB diagnostic method as preferential tool for downstream

microbiome analyses;

e To examine shifts in the respiratory tract microbiome of TB positive patients,

during the course of tuberculosis treatment;
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e 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:

e 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;

e 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
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e Conceptualisation of the research project
e Planning and design of the studies
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e Interpretation of results

e Writing of the manuscripts and final thesis.
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e Sourcing of funding for the study.
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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 non-
motile, 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).
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Figure 1: lllustration 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; llievska-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 products such as metabolites,
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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).
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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 (Casals-
Pascual 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).

— .. ® Antibiotics - ® T ®
7
\ &
« " l @ - . »
gk %Y. e i
% - “ S
| !
o
Pre exposure Exposure Post exposure/Recovery

100
S0

70

Diversity

Pre exposure Exposure Post exposure/Recovery
Point

M Bacteria W Resistant bacteria

Figure 4: lllustration 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

Susceptible TB

Isoniazid Mycolic acid synthesis inhibitor Narrow spectrum Yes’®
Ethambutol Arabinosyl transferase inhibitor Narrow spectrum Yes?
Pyrazinamide Enzyme fatty acid synthase | inhibitor Narrow spectrum Yes’®
Rifampicin DNA-dependent RNA polymerase inhibitor Broad spectrum No

RR and MDR - TB

Streptomycin, kanamycin
and amikacin Protein synthesis inhibitors Broad spectrum No
Moxifloxacin and levofloxacin  Inhibiting DNA gyrase and topoisomerase |V Broad spectrum No
Ethionamide Mycolic acid synthesis inhibitor Narrow spectrum Yes?
Tetrizidone and cycloserine D-alanyl-D-alanine synthetase, alanine

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

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
(Mcllleron & 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

24



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; Duré&o 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-Cebrian 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 NADH-
quinone oxidoreductase (NDH-2). It is said that clofazimine competes with
menaguinone, 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 non-
pathogenic 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 pro-
drug, 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 pro-

drugs 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 post-
antibiotics 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-y- and TNF-a-
releasing CD4 T-cells. Following a faecal transplant, the affected animals displayed
improved Thl 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

Antimicrobials administered

Key findings

Study Specimen/Animal Time points

Winglee et al., 2014 Stool/mouse Prior to infection and throughout infection

Khan et al., 2016 Stool/mouse Single time points

Namasivayam et al., 2017  Stool/mouse Several time points

Cadena et al., 2018 BAL fluid/primate 2 weeks prior to infection, and 1, 4, and 5 months

post-infection

Dumas et al.,2018 Lung homogenate and stool/mouse  Single time points
Namasivayam et al., 2019  BAL fluid/primate Pre- and post- infection
Khan et al., 2019 Stool/mouse Single time points

Untreated

Vancomycin, polymixinB,

carbenicillin, trimethoprim, and

amphotericin B

RIF+ INH + PZA, RIF + PZA,

RIF + INH, RIF alone,

alone, PZA alone

Untreated

INH

Ampicillin, vancomycin,

neomycin sulphate

metronidazole.

Untreated

RIF or INH+PZA

and

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

immune activation.

Change in the gut microbiome can potentially facilitate the progression of
MTB infection, and the prevention and/or treatment of dysbacteriosis may

improve treatment outcomes.

Significant decrease in diversity (mainly class Clostridia in phyla
Firmicutes). Dysbiosis occurs mainly because of antimicrobial treatment
and not due to infection by MTB. The main driver for dysbiosis is rifampin.

Treatment results in long lasting dysbiosis.

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

of variability among subjects.

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

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.

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 MTB-
specific 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 isoniazid-
rifampin-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 TNFa and IL-1B. 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 hon-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 Mucosal-
Associated 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:
0] overall diversity is preserved;
(i) there is a significant decrease in the abundance of several bacterial genera
in response to TB therapy;
(i)  the induced dysbacteriosis may have a significant effect on the host immune
response;
(iv)  itis 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 Time points Key findings
Dubourg et al., 2013  France Stool A case of MDR - TB with One subject, no Single time point before Gut flora significantly depleted by long term antibiotic treatment.
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
tuberculosis subjects and 18 RTB) and 20 into treatment TB patient groups. CD4 T-cell counts positively correlated
(NTB), recurrent pulmonary  controls with these genera in new
tuberculosis subjects subjects, and Escherichia in recurrent subjects
(RTB) and healthy controls
Wipperman et al, Haiti Stool Individuals with no or latent 38 subjects (19 Single time point during or Overall diversity is not perturbed by treatment, but several
2017 MTB infection, individuals currently on after treatment immunologically significant commensals are depleted. This perturbation
currently on treatment and  standard treatment can persist for long after the end of therapy potentially at least 1-2 years
those previously cured of and 19 that have
infection previously been
cured) and 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  Significant enrichment of propionate-producing bacteria

positive and one blood
relative acting as a healthy

control

controls

37

onset of treatment, one week
after treatment has begun
and then one month after the

start of treatment



Hu et al., 2019 China

Wang et al., 2020 China

Namasivayam et al., Mali
2020

Stool

Stool

Stool

TB patients (TB), newly
diagnosed pulmonary TB
patients (NTB) and healthy
controls

Untreated controls
diagnosed with pulmonary
TB, MDR-TB group
receiving treatment and a
MDR-TB group that have

recovered.

Healthy controls, patients
diagnosed with
Mycobacterium africanum
(MAF)
individuals diagnosed with
MTB.

infection and

46 subjects (30 TB,
16 NTB) and 31

controls

6 MDR subjects
receiving treatment,
18 subjects that
have recovered and
two untreated
groups of 24 and 28
respectively

10 controls, 21 MTB
subjects and 20 MAF

subjects

Single time point, during
treatment or before the onset

of treatment

Single time point

Two time points, one prior to

treatment and one two

months after

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

producing bacteria. Haemophilus parainfluenzae, Roseburia
inulinivorans, and Roseburia hominis classification model and SNPs of
B. vulgatus can assist with discrimination between healthy and diseased

states

MDR-TB treatment induced lasting gut dysbacteriosis, leading to
adverse changes in patient lipid profiles. Changes associated with the
following genera: Adlercreutzia,

Akkermansia, Butyricicoccus,

Coprococcus, Clostridioides, Eubacterium, Erysipelatoclostridium,
Fusicatenibacter, Klebsiella, Psychrobacter,

Streptococcus.

MAF patients have microbiomes distinct from those of MTB patients,
elevation Enterobacteriaceae that positively correlates with enhanced
inflammatory gene expression in peripheral blood, reversed after
initiation of TB therapy. MAF and MTB microbiomes may be reflective

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

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 cross-
compared with the same individual’s microbiota. In agreement with the study by Maiji
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 MDR-
TB, 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 Population group Sample size Time points Key findings
Cuietal, 2012 China Sputum and 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
Wuetal.,, 2013  China Sputum and oropharyngeal swabs New pulmonary tuberculosis 75 subjects (25 Before or after treatment  Streptococcus, Gramulicatella and Pseudomonas enriched in TB
subjects (NTB), recurrent NTB, 30 RTB subjects. Pseudomonas more abundant and more commonly
pulmonary tuberculosis and 20 TF) and present in TF subjects. Certain bacteria and the dysbiosis of lung
subjects (RTB), treatment 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 New pulmonary tuberculosis 22 subjects and Single time point, before  Actinomyces, Fusobacterium, Leptotrichia, Prevotella, Streptoco
2013 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 Bronchoalveolar lavage fluid and Pulmonary TB subjects and 32 subjects and Two weeks after the More Cupriavidus in subjects; Mycobacteria and Porphyromonas
2015 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.,, India Sputum Pulmonary TB subjects and 23 subjects and Single time point, before  Presence of diverse opportunistic pathogens in TB subjects

2016

healthy controls

16 controls
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onset of treatment

increases microbiome complexity. More Firmicutes and
Actinobacteria in subjects vs controls; Neisseria, Veillonella and

Streptococcus the most dominant genera in subjects.



Hu et al. 2020 China Bronchoalveolar lavage fluid Pulmonary TB  patients 30 MTB+  Single time point MTB+ and MTB- lung microbial communities have distinct

(MTB+) and patients  subjects and 30 diversity and functional signatures. 16S rDNA sequencing
representing with respiratory MTB- subjects underrepresents Mycobacterium.

symptoms but testing TB

negative (MTB-)

Abbreviations: New pulmonary tuberculosis subjects (NTB), recurrent pulmonary tuberculosis subjects (RTB), treatment failure subjects (TF), TB patients (TB)

46



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 co-
infection 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
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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 anti-
tuberculosis 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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1. Manuscript 1

Article Title

MinlON 16S datasets of a commercially available microbial community enables the
evaluation of DNA extractions and data analyses

Authors

Mann, B.C.!, Bezuidenhout, J.J.%’, Swanevelder Z.H.2 & Grobler, A.F. *
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Abstract

New advances in sequencing technology and bioinformatics analysis tools have significantly
supported the culture-independent analysis of complex microbial communities associated with
environmental, plant, animal and human samples. However, previous work has shown that DNA
extraction can have a major influence in the community profile. As such there is a constant need
for new methods to efficiently and rapidly prepare and analyze DNA for microbiome research,
especially in the case new and emerging technology like the Oxford Nanopore Technologies
(ONT) MinlON. A commercial standard was used, in triplicate, to evaluate three DNA extraction
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protocols, including two commercially available and one "in-house” DNA extraction method. All
DNA extractions were done as per manufacturer’'s instructions and prepared with the same
commercial ONT 16S sample preparation Kit, prior to being analysed using MinION sequencing.
Eight MinlON 16S datasets of this microbial reference community were obtained. Reads were
initially base called and demultiplexed using ONT’s Guppy ™ sequencing software (version 3.2.4),
filtered using NanoFilt and then classified using Usearch. A set of R scripts are presented to
process sintax files generated from Usearch and produce an OTU table that can be used for
further analyses. All datasets were deposited into the SRA (NCBI) database. These datasets will
allow future extraction kit comparisons using MinlON sequencing since a standardize laboratory
process using commercially available components, such as the MinlON 16S sample preparation
kit, microbial reference community and extraction kits, were used. The current ONT 16S workflow
making use of the Epi2me agent only provides QC metrics and the ID’s of the main genera
identified and does not provide any tools currently for further downstream community comparison.
The analyses scripts provided in the supplementary material will thus further enable the testing of
new datasets against these reference sets and provide users the ability to compare their
workflows with ours, thus standardising comparisons and workflows.

Keywords

Full length 16S meta-barcoding microbiome, reference community standard, long read
sequencing

Specifications Table

Subject Biological sciences

Specific subject area | Targeted reference metagenomic comparison of DNA extractions
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Type of data

Raw fastq files

Filtered and merged fastq files
Table

Figure

Diagram

R scripts

How data were
acquired

ONT MinlON platform was used for sequencing of eight (9) 16S
amplicon libraries

Data format

Raw and analysed

Parameters for data
collection

DNA from a single ZymoBIOMICS™ Microbial Community
Standard (Zymo, USA) was extracted with two commercially
available kits, and one in-house developed method. All 16S
amplicon libraries were prepared with the same sequencing
preparation kit prior to sequencing according to the recommended
ONT 16S Barcoding protocol. All reactions were performed in
triplicate.

Description of data
collection

DNA from the ZymoBIOMICS™ Microbial Community Standard
was extracted using three methods. The two commercially available
kits included a standard beat beating kit (GenElute™ Stool DNA
Isolation Kit, Sigma, USA) and a kit with a host DNA removal step
prior to DNA extraction (QlAamp DNA microbiome kit, Qiagen,
Germany). The in-house kit used a “lyses micro tube” to extract
DNA. 16S libraries were generated and multiplexed using same the
ONT 16S Barcoding Kit (SQK-RAB204, ONT, UK). MinION
sequencing was carried out with the aid of the MinKNOW software
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(ONT, UK), with the fast5 files obtained converted to fastq with the
ONT’s Guppy™ sequencing software (version 3.2.4. Resulting fastq
sequences were analysed with available opensource software and
a set of R scripts included as part of the dataset.

Data source location

Institution: North-West University

City/Town/Region: North-West, Potchefstroom

Country: South Africa

GPS coordinates: Latitude: -26.7167 Longitude: 27.1000

Data accessibility

Raw fastq and, filtered and merged MinlON sequence data is
available at NCBI under the BioProject No. PRINA675451. SRA
accession numbers: SRR13011317 - SRR13011324 and
SRR13632466 - SRR13632459.

SRA link:
https://trace.ncbi.nlm.nih.qov/Traces/sra/sra.cqi?cmd=search obj&
m=&s=&term=PRJNA6754518&go=Search

Supplementary material has been deposited on Mendeley data at
the following link:
https://data.mendeley.com/datasets/yhv4rsr426/
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Value of the Data

The work presented provides raw fastq files obtained following sequencing of a standard
microbial community on the MinlON nanopore sequencer along with the already filtered
and merged fastq files. Additionally, a simplified, rapid workflow for the analyses of ONT
16S reads is provided with the MinlON dataset to act as a standard workflow for

comparison.

The data sets provided generates useful information for researchers involved in the
application of long read 16S metagenomics especially those working with 16S data
obtained by MinlON sequencing.

The 16S sequencing data provided is of a commercially available microbial community
standard of known composition, and as such, can be used to test newly developed
laboratory workflows by comparing datasets with these already existing workflows
needed to process the 16S data produced by the MinlON platform. The workflow
provided with the R scripts will enable the testing of new workflows and datasets against
the data sets provided as a reference.

1. Data Description

Samples for the sequencing dataset were based on a comparison study of various DNA
extraction methods using a reference microbial community (ZymoBIOMICS™ Microbial
Community Standard, Zymo, USA). Dataset 1 represents the obtained raw fastq data after
sequencing by the ONT MinlON 16S Barcoding Kit, as well as the filtered and merged fastq files
that can be used directly with the supplied workflow of dataset 2. Dataset 2 represent a series of
text files (Supplementary material) containing instructions and R script for processing of the data
once quality control and demultiplexing have been done. The set of files included in the
supplementary files include the R scripts (Database and sintax generation.txt, Script 1 — Multiple
files.txt, Script 2 — Final version.txt, Script 3 — Final version.ixt, Script 4 — Final version.txt, Script
5 — Final version.txt) applied in the workflow as depicted in Table 1. Additionally the
supplementary files also contain the expected outputs (st_pre.txt, presum.ixt, for_xls.txt,
MA_OTU.txt, Summary_out.xlsx) when processing the supplied fastq files for each sample with
the provided workflow from Table 1 as well as an example mapping file (Mappingfile_eg.txt).
The MinlON 16S sequencing dataset contains a total of 5, 427, 602 reads. Table 1 provides a
summary of the supplied pipeline that was established for bicinformatics analysis of the long
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sequencing reads obtained from a single sequencing run on a MinlON™. Table 2 contains a
summary of the observed, and thus expected DNA quality metrics seen after extraction of the
ZymoBIOMICS™ Microbial Community Standard with the 3 applied methods, while Table 3
contains a summary of the subsamples following sequencing — sample Q1 failed at PCR and
thus no values were recorded. Figure 1 represents an example of the abundance graphs that
can be drawn using the excel output from step 5 the workflow described in Table 1. Figures 2, 3
and 4 represents the expected outputs such as alpha (chao1, observed and Shannon index),
beta diversity and heatmap examples generated as part of the workflow.

Table 1: Summarised workflow steps for the simple and rapid analyses of 16S reads produced by

the ONT MinION 16S barcoding

Step | Description | Software | Input file(s) Output files and data
1 Install Usearch Usearch NA NA
2 Database Downloaded database file (RDP 16S g
generation Usearch training set v16 (RTS)) Database ready for classification
3
S Merged and filtered fastq files for each .SINTAX file ready for processing using
Classification Usearch demultiplexed sample R
4 Script 1 — Pre- 5 Temporary output file for Script 2
processing R SINTAX file/files (st pre.xt)
Script 2 — Pre- ; . Temporary output file for Script 3
processing R Temporary file for Script 2 (st_pre.txt) (presum.ixt)
Script 3 — Pre- : ; Temporary output file for Script 4
processing R Temporary file for Script 3 (presum.txt) (for_xls.txt)
5 Script 4 —
Generate Excel | R Temporary file for Script 4 (for_xls.txt) Excel summary
summary
6 Script 5 —
Generate OUT R Temporary file for Script 4 (for_xls.txt) MA_OTU.txt
table
7 . MA_OTU.txt
:\:;E::)r:)igr:?e Web Mapping file (generated by user, see
aralyst application example supplied in supplementary
y material)

Table 2: Summary of expected DNA quality following extraction of the ZymoBIOMICS ™ Microbial

Community Standard. Sample H refers to the average values obtained for the in-house kit, S refers
to the GenElute™ Stool DNA Isolation Kit and Q to the QlAamp DNA microbiome kit

Method Nanodrop Concentration Qubit Concentration A260/A280 A260/A280
(ng/uL) (ng/pL)
H 27.73+0.87° 15.23 +3.72° 1.9+0.012 1.72 £0.08 2°
S 20.46 +2.02° 1.33£0.21° 1.82 £0.03 2 1.76 £0.02°
Q 12.8+1.232 1.97 £0.09 2 1.81£0.02° 1.4+0.1°2

ab¢ Methods sharing a common letter belong to the same group according to one way ANOVA with Tukey 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 letter

indicate a statistically significant difference in comparison to a value belonging to other groups (p < 0.05).
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Table 3. SRA dataset matrices, including each triplicate repeat’s, raw reads, filtered reads, and
percentage of surviving reads after filtering that should be expected after running the presented
data analyses pipeline. Sample H refers to the in-house kit repeats, S refers to the repeats for the
GenElute™ Stool DNA Isolation Kit and Q to the repeats for the QlAamp DNA microbiome kit

Sample Barcode Reads prior to processing Reads post filtering Percentage retained
H1 1 219,020 170,943 78.05%

H2 2 113,7251 759,743 66.81%

H3 3 365,529 279,836 76.56%

S1 4 151,1825 993,650 65.73%

S2 5 443,793 351,756 79.26%

S3 6 973,672 648,025 66.55%

Qt* 7 NA NA NA

Q2 8 523,226 370,027 70.72%

Q3 9 253,286 166,910 65.90%

* Sample Q1 failed at PCR

Genus
Q3 | [
Q2 | e |
S3 I I IR
- 52 I —— [ ]
o)
= S I | 1
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=3 S [ .
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1 s [ D
Z — L |
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Relative Abundance (%)
= Staphylococcus m Salmonella = Listeria Lactobacillus
®m Pseudomonas = Enterococcus m Bacillus m Escherichia/Shigella

Figure 1: Relative abundance chart of the bacterial genera from each sample above a 0.01% abundance
cut-off. Subsamples extracted with the GenElute™ Stool DNA Isolation Kit, QlAamp DNA microbiome kit
and the in-house methods have been labelled S, Q and H respectively. The expected relative abundance
from the published reference community standard is labelled as Z in the figure.
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Figure 2: An example of Alpha-diversity, measured by Observed (A), Chao1 (B) and Shannon diversity (C)
indexes for the ZymoBIOMICS™ Microbial Community Standard.
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Figure 3: An example of Principal coordinates analysis based on Bray—Curtis distances of samples

extracted by various methods for the ZymoBIOMICS™ Microbial Community Standard using the presented
workflow
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Figure 4: The hierarchical clustering heat map based on the relative abundance of the most abundant
genera classified to the genus level for ZymoBIOMICS™ Microbial Community Standard generated with
the presented workflow. Individual cells in the heat map are colour-coded according to the row Z-scores

2. Experimental Design, Materials and Methods

2.1 DNA extraction methods evaluated with a commercial standard

DNA from the same ZymoBIOMICS™ Microbial Community Standard (Zymo, USA) was
prepared by 3 different DNA extraction methods, with the standard being divided into 9 aliquots
(75 pl at 26.7 ng/pl) prior to DNA extractions in triplicate. Commercial kits selected included both
chemical lyses and mechanical shearing to ensure that DNA extraction from difficult to lyse
bacteria occurred. QlAamp DNA microbiome kit (Qiagen, Germany) and GenElute™ Stool DNA
Isolation Kit (Sigma, USA) were used as the commercial kits that acted as “industry controls” to
which we’ve compared a NWU in-house cell lysis method as previously described
(Mutingwende et al., 2015). Briefly 250 pl of sample was mixed with 250 pl of a proprietary lysis
buffer. A lyses micro tube (LMT) was placed on the pre-set (95 °C and 3600 rpm) lyser device
for 7 min. Bacterial cell lysis was then concurrently achieved through chemical, thermal and
mechanical means (Mutingwende et al., 2015). Samples were labelled as “S” for the
GenElute™ Stool DNA Isolation Kit, “Q” for the QlAamp DNA microbiome kit and “H” for the
NWU in-house cell lysis method. DNA concentration was assessed using the Qubit 4
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Fluorometer (Thermofisher Scientific, USA) along with the Qubit BR assay kit (Thermofisher
Scientific, USA), while quality was determined by nanodrop spectrophotometry on a
Nanodrop One (Thermofisher Scientific, USA), summarised in Table 2. All isolated DNA
samples were stored at -20 °C until further processing.

2.2 Amplicon library and flow cell preparation

Sequencing of the ZymoBIOMICS™ Microbial Community Standard was carried out at the
Agricultural Research Council’s (ARC) Biotechnology Platform using the ONT 16S
Barcoding Kit (SQK-RAB204) according to the ONT protocol. Polymerase chain reaction
(PCR) barcoding amplification was conducted in 50 pl reactions consisting of 1 pl of 16S
barcode primer, 25 pl of LongAmp Taq 2X master mix (New England Biolabs, USA), 14 pl
nuclease-free water and 1 pl of template DNA (10 ng). A total of 9 samples, 3 extracted by
each kit were prepared for sequencing. PCR cycling conditions were set at 95 °C for 1 min
followed by 25 cycles of denaturation at 95 °C for 20 s, annealing at 55 °C for 30 s,
extension at 65 °C for 2 min and a final extension step of 65 °C for 5 min before holding at
4 °C. PCR products were cleaned using AMPure XP beads (Beckman Coulter, USA) and
eluted in 10 pl of 10 mM Tris-HCI pH 8.0 with 50 mM NaCl. Following PCR, 1 ul of eluted
sample was quantified using a Qubit fluorometer to pool the DNA barcoded libraries into an
equal ratio. All barcoded libraries were pooled in the desired ratios to a total of 50-100
fmoles in 10 pl of 10 mM Tris-HCI pH 8.0 with 50 mM NaCl. Platform quality control (QC)
was carried out using MinKNOW ™ on a new R9.4.1 chemistry MinlON™ flow cell before the
flowcell was primed. In total 75 ul of sequencing mix, consisting of the DNA library,
sequencing buffer and library loading beads, was prepared according to the manufacturer’'s
instructions and added in a drop-wise fashion via the SpotOn sample port. The standard 48

h sequencing script was chosen with 1D live base calling.

2.3 Bioinformatics analysis

The raw data generated from the ZymoBIOMICS™ Microbial Community Standard was
acquired as fastb files using ONT’s MinlON™ sequencing software (version 19.06.8). The
fast5 files were base called and de-multiplexed prior to adapter and primer sequence
removal with ONT’s Guppy™ sequencing software (version 3.2.4). These barcode-sorted
fastq files were merged prior to further processing and renamed according to sample. Reads
were filtered to remove reads with a Phred score below 7 and keep lengths between 1200
and 1500bp
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NanoFilt (https:/github.com/wdecoster/nanofilt) [5]. The passing reads were processed with the
bioinformatics workflow described in Table 1. The first part of the workflow (steps 1 — 3) includes
the installation of Usearch, database generation and classification. Usearch takes quality
controlled and demultiplexed fastq files containing ONT generated 16S reads from each sample
as input and assigns taxonomy to each read using the Usearch sintax command and the
selected 16S database (RDP 16S training set v16, RTS) [2]. Detailed instructions can be found
in the Database and sintax generation.txt file supplied in the supplementary information file.

Following classification the generated .SINTAX files are pre-processed in step 4 with a set of R
scripts. Step 4 involves pre-processing and includes the use of scripts 1 to 3. The pre-
processing scripts import and merge the .SINTAX files generated for each sample during step 3,
remove any unnecessary information and generate a counts table (i.e. “for_xIx.txt”,
supplementary files). Following pre-processing, the script for step 5 takes the output from the
final script of step 4 (Table 1) and generates an excel sheet (i.e. “Summary_out.xlsx”,
supplementary file). This excel output allows easy and simple generation of relative abundance
graphs at several taxonomic levels as demonstrated by Figure 1. Finally, the scripts (step 6)
take the output from step 4 (Table 1) and generate an OTU table (i.e."MA_OTU.txt”",
supplementary file). The OTU table, along with a mapping file (step 7, Table 1), can then be
imported into the Microbiome analyst (https://www.microbiomeanalyst.ca/) online software suite
for further evaluation which included alpha and beta diversity determination and clustering
analyses [1, 3]. As an example, by importing of the output file from step 6 into microbiome
analyst the following standard analyses were carried out in a demonstration: Data was
normalized using total sum scaling (TSS) and the alpha diversity of samples was measured by
observed, chao1 and Shannon diversity indexes as demonstrated with Figure 2. Additionally,
beta-diversity was determined and visualized using principal coordinate analysis plots (PCoA)
based on Bray—Curtis distances, and compared using the nonparametric analysis of similarities
(ANOSIM) test (Figure 3). Finally, a heatmap (Figure 4) of the most abundant genera classified
to the genus level was generated using complete hierarchical clustering by Euclidian distance
[1, 3, 6]. Detailed descriptions and directions for the use of each script and links for all software
used and packages required in R, are provided in the supplementary material within the R

scripts.
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2.4 Statistical analysis

The influences of each extraction method on the DNA quantity (yield) and quality (A260/A280
and A260/A230) was evaluated with ANOVA (one-way analysis of variance) and Tukey post hoc
test for multiple pairwise comparisons [4]. This statistical testing was carried out using statistica
(v13.1) (Statsoft, Inc, USA) and visualised in GraphPad Prism (v8) (GraphPad, Inc., USA).
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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 MinlION
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 NWU-
TB 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 MinlON™ was obtained as fast5 files; using ONT’s MinlON™ 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 Epi2Zme 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 MinNION™ 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.

Escherichia
Salmaonella

Shigella

Pseudomonas

Bagcillus

root

Listeria

Staphylococcus

Enterococcus

Lineage
Taxa - Not Classified Lactobacillus
Taxa - Classified

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 0
Escherichia/shigella X X U
Pseudomonas X X O
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 g
Escherichia/shigella X X 0
Citrobacter X X g
Enterobacter X X g
Klebsiella X X g
Vibrio - X X 0
Pseudomonas X X g
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 O
Escherichia/shigella X X 0
Pseudomonas X X g
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 cut-
off 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, Chaol and Shannon diversity indices, was compared according to
the DNA extraction method (Figure 2).
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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 Chaol 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 MinlON™, 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 long-
term 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

96



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.

(i) 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.

(iif) The study also revealed that more tools are urgently needed to assess long read
16S sequences generated by the ONT MiInION, 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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Abstract

Efficient DNA preparation is essential for accurate and reproducible microbial data acquisition. In this
study an in-house method (NWU lysis system), involving a lysis micro tube (LMT) was employed to
determine its suitability for safe, rapid and accurate characterisation of the bacterial microbiome
associated with clinical samples in comparison to two available commercial DNA extraction kits. During
the experimental setup, it was confirmed that the LMT is suitable for downstream bacterial microbiome
analyses with the incorporation of short read sequencing; but due to the fragmented nature of the DNA its
suitability is highly dependent on the sequencing technology applied downstream. The study also served
to demonstrate that shearing of DNA can have a significant impact on downstream microbiome
analyses, based on the sequencing technology used; and that care must be taken especially if long read
sequencing is to be used employed.

Introduction

Since the onset of next generations sequencing (NGS) the field of clinical genetics has been rapidly
changing (Vrijenhoek et al., 2015). The swift progression of NGS technology and its use in clinical
laboratories has allowed for remarkable progress in the genetic diagnosis of both inherited disorders and
infectious diseases, as well as the provision of methods for studying accompanying risk factors such as
the microbiome (Di Reste et al,, 2018). Novel interactions between the human microbiome and health and
disease are continuously emerging, and important host—microbiome interactions are increasingly used
as targets for both diagnostics and personalised therapeutics (Behrouzi et al., 2019). The majority of NGS
platforms still carry high initial infrastructure costs, have extensive computing requirements and are not
of a compact and portable nature. These limitations have resulted in the introduction of platforms such
as the MinlON developed by Oxford nanopore technologies (ONT), as well as rapidly reducing the cost
associated with current technologies such as the lllumina Miseq (Besser et al., 2018). Taking the rapid
development, improvement and reduction in costs of various NGS platforms into account, many clinical
laboratories and research entities are preparing and/or are already in the progress of adapting their
diagnostic process to incorporate or focus mainly on NGS approaches Vrijenhoek et al., 2015.

Sequencing of the 16S gene is a commonly employed method to evaluate the microbial community in
clinical samples (Pollock et al., 2018). Previous studies have emphasized that effective DNA preparation
is crucial for the accurate characterisation of the complex bacterial populations often present in clinical
samples, and that lysis efficiency is a major limitation, especially with samples containing hard to lyse
bacteria (Lim et al., 2018). Several methods are currently available for effective DNA preparation prior to
16S sequencing, in the form of various commercial kits. These approaches to cellular lysis of available
commercial DNA preparation methods differ, and the lysis method may depend on heat, chemical,
enzymatic, or mechanical lysis. Additionally, the specific DNA isolation techniques used also differ, such
as spin column-based methods or the use of magnetic beads; while others have opted for direct DNA
amplification of crude lysates, forgoing conventional DNA purification (Videvall et al., 2017; Pollock et al.,
2018; Fiedorova et al., 2019)
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The NWU-TB test is a molecular-based sensitive and specific TB diagnostic tool. The NWU-TB system
consists of three sequential steps: cell lysis in a LMT (Supplementary Fig. 2), using an automated lyser
device (NWU lysis system: Supplementary Fig. 3) completely inactivating TB within 7 minutes, followed
by multiplex-PCR within 25 min. The lysis step of the NWU-TB test is a highly efficient and cost effective
process that is based on the use of heat, chemical and mechanical means to achieve cellular lysis. In
addition to its lysis efficacy, the lysis process is also extremely safe, with lysis occurring within the
confines of a lysis micro tube, offering the potential for this system to be used with decreased biosafety
measures (Mutingwende et al., 2015).

Authors of recent studies have emphasized that the inclusion of mechanical lysis in conjunction with
other lysis methods is essential to minimize possible biases due to some microbial cells being more
resistant to lysis than others (Lim et al., 2018; Pollock et al., 2018)

The decision was thus made to evaluate DNA obtained by means of the NWU lysis method as preferential
tool for downstream microbiome analyses on two sample types: a clinical sputum sample evaluated with
long read sequencing technology (ONT MinlON), representing a lower complexity sample and a more
complex gut sample evaluated with short read sequencing technology (lllumina Miseq), focussing on 16S
amplicon-based sequencing in comparison to DNA obtained with the use of various commercially
available kits.

Materials And Methods
Samples and DNA preparation

DNA obtained by means of the NWU lysis method (method H) was compared to DNA obtained by means
of two available commercial kits on both the caecum contents from an available mouse study
(representing a gut sample), and a previously collected less complex clinical sputum sample; thus
representing two samples types of varying complexity. The two commercial kits selected for comparison
included the QlAamp DNA microbiome kit (Qiagen, Germany) and the GenElute™ Stool DNA Isolation Kit
(Sigma, USA), and were labelled as method Q and S respectively. These kits were selected on the basis
that both were bead-beating kits, and thus included both chemical and mechanical lysis to ensure that
difficult to lyse bacteria are properly lysed during the DNA preparation process.

Sputum sample

For the evaluation of a low complexity clinical sample, a sputum sample of sufficient volume was
collected from a concurrently running study. The sample was initially collected, snap frozen and stored at
-80°C until processing. The selected sample was divided into 12 x 250 pl aliquots before further
processing. Aliquots were extracted in triplicate using either method Q or S; while lysate was prepared
with the NWU in-house cell lysis method (H) with and without additional purification (carried out with the
spin column technology of method Q and labelled as HQ).
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Extractions with method Q and S were done according to the manufacturers’ instructions. Freeze—thaw
cycles may compromise bacterial integrity, and the benzonase treatment used during the host DNA
removal Protocol of method Q may lead to a loss of exposed bacterial DNA. The decision was thus made
to omit the host DNA removal step from method Q considering the samples have been previously frozen.
Preparation of the crude lysate using the NWU in-house cell lysis method was done according to
previously described methods (Mutingwende et al., 2015). For the NWU cell lysis method, lysis was
carried out using the NWU lyser device: 250 pl of sample was mixed with 250 pl of a proprietary lysis
buffer. The LMT was placed on the pre-set (95°C and 3600 rpm) lyser device for 7 min. Bacterial cell lysis
was concurrently achieved through chemical, thermal and mechanical means (Mutingwende et al., 2015).

DNA concentration was assessed using the Qubit 4 Fluorometer (Thermofisher Scientific, USA) along with
the Qubit BR assay kit (Thermofisher Scientific, USA), while quality was determined by nanodrop
spectrophotometry on a Nanodrop One (Thermofisher Scientific, USA). The integrity of extracted genomic
DNA was evaluated by visualization of a 1.5% (w/v) agarose gel using GelRed® dye (Biotium, USA), after
electrophoresis in the presence of a 1kb ladder as size reference standard.

Representative gut sample

The caecum content from a concurrently running mouse study was investigated as a complex sample. As
part of the initial study the caecums were dissected, snap frozen and stored at -80°C prior to further
analysis. To generate sufficient sample volume, three caecums from C3HeB/JeF mice were physically cut
open and the content was added to phosphate buffered saline (PBS). The mixture was vortexed at high
speed for 2 minutes to generate a homogenized sample; 250 pl of this mix was then used for DNA
extraction and lysate preparation in triplicate. DNA was extracted and/or prepared, subjected to quality
control and samples were labelled as described under Sect. 2.1.1

Amplicon library and flow cell preparation

Two sequencing runs were carried out; one for the sputum sample and one for the gut sample. For the
sputum sample a 16S rRNA sequencing library was constructed according to the 16S Barcoding Kit (SQK-
RAB204) Protocol (Oxford Nanopore Technologies, Oxford, UK) for sequencing on the ONT MinION
platform. Library construction for the gut sample was performed according to the 16S metagenomics
sequencing library preparation protocol (lllumina, San Diego, CA, USA) for sequencing on the lllumina
MiSeq platform.

Sputum sample

Sequencing of the sputum sample was carried out at the North-West University using the ONT 16S
Barcoding Kit (SQK-RAB204) according to the ONT Protocol with the only difference being the use of an
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inhibitor tolerant high-fidelity polymerase. Polymerase chain reaction barcoding amplification was
conducted on a C1000™ Thermal Cycler (Bio-Rad, US). A 50 pl reaction volume consisting of: 1 pl (10 pM)
of 16S barcode primer (Oxford Nanopore Technologies, Oxford, UK), 25 pl of Invitrogen Platinum SuperFi
DNA Polymerase master mix (Thermo Fisher Scientific, USA), 10 pl of GC enhancer (Thermo Fisher
Scientific, USA), 13 pl nuclease-free water (Sigma-Aldrich, USA) and 1 pl of template DNA (10 ng/pl) was
prepared for each sample. In the case of the lysate produced by the NWU in-house cell lysis method, 1 pl
of sample was added to the reaction mixture. PCR cycling conditions were set at 95°C for 1 min followed
by 25 cycles of denaturation at 95°C for 20 s, annealing at 55°C for 30 s, extension at 65°C for 2 min and
a final extension step of 65°C for 5 min before holding at 4°C. PCR products were cleaned using AMPure
XP beads (Beckman Coulter, USA) and eluted in 10 pl of a buffer containing 10 mM Tris-HCI pH 8.0 and
50 mM NaCl. Following PCR, 1 pl of eluted sample was quantified using a Qubit fluorometer in order to
pool the DNA barcoded libraries at an equal ratio. All barcoded libraries were pooled in the desired ratios
to a total of 50-100 fmoles in 10 pl of 10 mM Tris-HCI pH 8.0 and/ 50 mM NaCl. Platform quality control
(QC) was carried out using MinKNOW™ on 2 new R9.4.1 chemistry MinlON™ flow cells before the flow cell
was primed. In total 75 pl of sequencing mix consisting of the DNA library, sequencing buffer and library
loading beads was prepared according to the ONT Protocol and added in a drop-wise fashion via the
SpotOn sample port. The standard 48 h sequencing script was chosen with 1D live base calling.

Representative gut sample

The V3 and V4 regions of the 16S rRNA gene from the isolated microbiome were amplified on the C1000™
Thermal Cycler (Bio-Rad, US). A 25 pl reaction volume consisting of: 1 pl (5 uM) of forward primer, 1 pl (5
uM) of reverse primer, 12.5 pl of Invitrogen Platinum SuperFi DNA Polymerase master mix (Thermo Fisher
Scientific, USA), 5 pl of GC enhancer (Thermo Fisher Scientific, USA), 4.5 pl nuclease-free water (Sigma-
Aldrich, USA) and 1 pl of template DNA (20 ng/ul) was prepared for each sample. In the case of the lysate
produced by the NWU in-house cell lysis method, 1 pl of sample was added to the reaction mixture. The
following PCR conditions were used during amplification: initial denaturation at 98°C for 30 s, followed
by 25 cycles of 98°C for 10 s, 55°C for 10 s and 72°C for 30 s and a final elongation step at 72°C for 300
s. After amplification, PCR products were purified using the Agencourt AMPure XP PCR Purification kit
(Beckman Coulter, USA); and transported to the Agricultural Research Council Biotechnology Platform
(ARC-LNR), Pretoria, South Africa, for sequencing on the lllumina MiSeq platform according to the
standard protocol.

Bioinformatics analysis

Fast 5 files generated from the sputum sample sequencing runs on the MinlION™ were base called and de-
multiplexed, followed by removal of adapter and primer sequences using ONT's Guppy™ sequencing
software (version 3.2.4). The resultant fastq files were then filtered to remove reads with a Phred score
below 7; and lengths below 1200 and above 1500bp, using NanoFilt
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(https://github.com/wdecoster/nanofilt) (De Coster et al., 2018). Taxonomy was assigned to sequences
using the sintax command from Usearch (Edgar, 2018), with a sintax cut-off of 0.8. Sequences were
classified using the RDP 16S training set v16 (RTS) database comprising 13,212 sequences belonging to
2,126 genera. Following classification, the output sintax files were processed with in-house R scripts to
produce OTU tables and excel summary files. The OTU table along with a mapping file were then fed into
the MicrobiomeAnalyst online software suite for further evaluation, which included alpha and beta
diversity determination, rarefaction curve generation and clustering analyses (Dhariwa et al,, 2017; Chong
etal., 2020).

Fastq files produced by the lllumina MiSeq platform were processed and analysed using the mothur
(version 1.42.3) shell program (Schloss et al., 2009). The sequences were aligned with SILVA-based
bacterial reference alignment (version July 2019). Chimeric reads were filtered out using the abundant
sequences (dereplicate =t) as a reference with the VSEARCH command in the shell program. Host DNA
sequences along with other undesirable sequences were removed with the remove.lineage command
where the DNA of chloroplasts, mitochondria, archaea and eukaryotes were removed. Sequences that
shared a minimum of 97% pairwise nucleotide identity were clustered into operational taxonomic units
(OTUs). OTUs were classified up to species level using the 16S rRNA RDP reference (version 16) and the
classify.otu command in the mothur shell program. The abundance file obtained using the make.shared
command and the taxonomy file obtained using the classify.otu command was exported for further
analyses (Schloss et al., 2009).

Statistical analysis

To evaluate the influence of each extraction method on the DNA quantity/yield and quality (A260/A280
and A260/A230); ANOVA (one-way analysis of variance) was employed with Tukey’s post-hoc test for
multiple pairwise comparisons [15]. Statistical testing was carried out using Statistica (v13.1) (Statsoft,
Inc, USA) and visualised in GraphPad Prism (v8) (GraphPad, Inc., USA). Statistical analyses and
visualisation of microbiome data were done with the assistance of MicrobiomeAnalyst on default
settings unless specified otherwise (Dhariwa et al,, 2017; Chong et al., 2020). Data was normalised using
total sum scaling (TSS). The alpha diversity of samples was measured by observed, Chao1 and Shannon
diversity indexes (Corcoll et al., 2017). The observed and Chao1 indices act as measures of species
richness. The observed species index measures the number of distinguishable taxa in every sample;
whereas the Chao1 index is a qualitatively measure, which beside species richness also takes into
account the ratio of singletons, and hence gives more weight to rare species. The Shannon diversity index
on the other hand, is a measure of both richness and evenness of the microbes of the given sample; thus
addressing the question of whether there is evenness and possible domination in the main
genera/species found in the sample (Xia & Sun, 2017).

Beta-diversity calculations, which describes the diversity in a microbial community between different
samples, were visualized using principal coordinate analysis plots (PCoA). Beta-diversity PCoA plots were
based on Bray—Curtis distances, and compared using the nonparametric analysis of similarities
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(ANOSIM) test. Heat maps of the most abundant genera classified to the genus level were generated
using complete hierarchical clustering by Euclidian distance (Dhariwa et al,, 2017; Xia & Sun, 2017; Chong
et al., 2020). These tests were performed at the feature level with only the higher abundance taxa (>0.1%
of total).

Ethics

This study was approved by the North-West University Research Ethics Committee under ethics numbers:
NWU-00127-18-A1 and NWU-00584-19-A5.

Results
Yield and quality of prepared nucleic acids

The concentration and quality of the prepared nucleic acids were compared for the various methods used
for both sample types as summarised in Table 1. Method H without the addition of a purification step
yields a crude lysate and thus no quality assessments could be obtained.

Table 1

DNA Quality
Sample Nanodrop Concentration (ng/pL) A260/A280 A260/A230
Sputum sample
H . . g
HQ 15,03+0,13 2 1,95 0,03 2 1,96 0,38 b
Q 186,53+ 5,89 P 1,87+0P 2,15+016°
S 20,2+0319 2122003 © 0,13+0,12 9
Gut sample
H = . 5
HQ 10.43+2.74 2 1.77+0.01° 1.33+0.27 b
Q 610.5+111.49° 2.06+0.04 2 1.86+0.41P
S 79.87+23.7232 1.96+0.05 2 0.67+0.34 2
Values sharing a common 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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Sputum sample

Initial nanodrop results (Table 1) indicate the nucleic acid concentration obtained with method Q was
significantly higher (p < 0.05) when compare to HQ, and S. All methods with the exception of method S
(2.1) had a A260/A280 absorbance ratio between 1.7-2.0, suggesting the preparation of pure nucleic
acids. Both methods HQ and Q had A260/A230 ratios within the acceptable range, while method S had a
significantly lower A260/A230 ratio. The integrity of the prepared DNA was assessed by agarose gel
electrophoresis. Method S yielded high molecular weight intact DNA with minimal shearing, while method
Q produced large amounts of high molecular weight DNA, but shearing was also evident. Method HQ on
the other hand produced sheared low molecular weight DNA.

Representative gut sample

Upon examination of DNA obtained from the gut sample, a similar pattern in the average nucleic acid
concentrations obtained can be seen (Table 1). Method Q again had a significantly higher nucleic acid
concentration when compared to other methods.

Again all had acceptable A260/A280 absorbance ratios between 1.7-2.0, while only method Q had
A260/A230 ratios within the acceptable range. DNA integrity was assessed by agarose gel
electrophoresis and revealed similar results to those obtained with the selected sputum sample.

NGS analyses of bacterial diversity and composition of samples from various DNA preparation methods

NGS analyses of bacterial diversity and composition from various DNA preparation methods were carried
out on sequencing reads produced for both sample types.

Sputum sample

A single sequencing run on a MinlON™ flow cell of R9.4 chemistry, produced 5 169 844 reads from 12
DNA barcodes. Platform quality control (QC) analysis preceding the sequencing run revealed a total of
1356 available pores, split into 4 groups. The mean read length was 1352 base pairs (bp), with an
average Phred score of 10.01. The alpha diversity based on the number of observed species, Chao1 and
Shannon diversity indices, was compared according to the DNA preparation method (Fig. 1: A).

As seen in Fig. 1A, there was no significant difference between methods HQ, Q and H, based on the
Shannon, Chao1 and observed indices, while method S ranked significantly higher than any of the other
methods for all three alpha diversity measures. Clustering analyses were performed by means of a
hierarchical clustering heat map (Fig. 2), which revealed three clusters: Cluster one, consisting of method
H and HQ, and one cluster each for methods Q and S respectively. In samples extracted with method S,
Gram-negative bacterial genera were more abundant, while samples extracted with method Q resulted in
an increased abundance for Gram-positive bacterial genera.
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Principal coordinate analysis of beta-diversity yielded similar results, showing significant clustering
according to the method. Methods H and HQ clustered together, while methods Q and S formed unique
clusters (Supplementary Fig. 1(A)). Analyses of similarity confirmed significant variability among the
preparation methods (JANOSIM] R: 0.74691; p-value <0.001).

Gut sample

The resulting run on the lllumina Miseq platform produced 4 582 278 reads for 12 samples, with an
average quality of 32.58 and an average length of 453 bp. Again the alpha diversity based on the number
of observed species, Chao1 and Shannon diversity indices, was compared according to the DNA
preparation method (Fig. 1: B). For the representative gut sample, there was no significant difference
between methods H, HQ, Q and S based on the Shannon, Chao1 and observed indices. Clustering
analyses performed by means of a hierarchical clustering heat map, revealed random clustering among
samples, also suggesting no statistically significant difference based on the various preparation methods
(Fig. 3).

This was again confirmed by principal coordinate analysis of beta-diversity (Supplementary Fig. 1(B)),
which revealed no statistically significant difference between samples based on preparation method.
Analyses of similarity confirmed no significant variability among the preparation methods ([ANOSIM] R:
-0.11728; p-value < 0.759).

Discussion

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 relatively pure DNA when examining the A260/A280 absorbance ratio; although the
A260/A230 ratio was generally lower for all methods evaluated, especially for method S. The expected
value for the A260/A230 absorbance ratio is between 2.0 and 2.22. The low A260/A230 may be due to
such factors as carbohydrate carryover, proteins, lipids, EDTA, phenol or salts such as guanidine HCL, a
common substance found in various commercial DNA extraction kits (Lucena-Aguilar et al., 2016). None
the less, the A260/A230 ratio is viewed as a secondary measure of 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 the results indicate that all methods yielded
nucleic acid of sufficient quality and quantity for sequencing of the 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. Method H was originally designed to form part of a TB
diagnostic system and as such the lysis procedure is incredibly robust primarily producing sheared single
stranded DNA. The method was originally incorporated with real time gPCR, involving the amplification of
short fragments of DNA; and the potential impact of shearing on larger PCR products has not been
previously investigated (Kennedy et al., 2009).
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NGS analyses of bacterial diversity and composition were compared between different DNA preparation
methods and with two sequencing approaches. Evaluations of a representative gut sample with the
incorporation of short read sequencing on the lllumina Miseq platform indicated no statistically
significant difference between either DNA preparation methods at the end of analyses of the microbiome.
Analysis of the sputum sample with the incorporation of long read sequencing, on the other hand showed
a statistically significant difference when compared to one of the commercial methods (S). When
comparing methods H and HQ it is evident that purification of the DNA obtained with method H did not
have any significant impact on the end results and that the differences observed were the result of the
level of integrity of the DNA and the sequencing method applied. The DNA obtained with methods H, HQ
and Q was consistently sheared, which may not be a problem when sequencing short fragments; but for
single molecule or long-read sequencing technologies, particularly those from Pacific Biosciences
(PacBio) and ONT, this can be a major issue (Lim et al., 2018). The MinlON 16S workflow incorporates
full length 16S amplicons of around 1500bp, and it would thus follow that a workflow incorporating
larger amplicons will fail to capture the true diversity of a sample if there is a low amount of intact DNA,
as illustrated by the current results.

A limitation of the present study was the use of only one representative sample for each evaluation. It
was therefore not possible to determine whether the variation between the preparation methods was less
than the inter-subject variation. According to previous studies the inter-subject variation generally tends to
be greater than the technical variation. Hence, it is expected that analysis of additional samples would be
in accordance with those of prior accounts (Lim et al., 2018; Kennedy et al., 2014). This study focussed
on an evaluation of a new method, producing a crude lysate and its efficiency in comparison to already
existing validated commercial DNA extraction methods (Wagner Mackenzie et al.,, 2015; Lim et al., 2018).
Various studies tend to use mock microbial samples of known composition to evaluate new methods, but
these mock samples also have their limitations: They are often presented in a liquid or broth and as such
lack the complexity of real biological samples such as sputum, in which the viscosity of the sample is a
major stumbling block. Furthermore, mock microbial communities tend to have a lower degree of
diversity when compared to actual clinical samples, which harbour a much more diverse bacterial
population. Given the growing significance of the microbiome, new products and tools are consistently
being developed to study the human microbiome and its various relations to health and disease
(Mohajeri et al., 2018). Despite the mentioned limitations, the current study provides useful information,
describing the potential of a LMT to carry out downstream microbiome analyses with improved speed
and safety.

Conclusion

To conclude, the NWU lysis system is a promising prospect for clinical microbiome studies due to its lysis
efficiency. In addition to lysis efficiency the system also provides improved safety due to the fact that
lysis of clinical specimens take place within a closed container. In its current form though the lysis
method is only compatible with short read sequencing because of the sheared nature of the DNA

produced and further optimisation will be required before the lysis step can be incorporated into a
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portable sequencing technology such as the ONT MinION. In addition, this study also highlights the
importance of evaluating the integrity of DNA, as shearing may greatly impact the final composition of
the microbiome depending on the sequencing technology employed.
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Figure 1: Alpha-diversity, measured by Shannon, Chaol 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.
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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
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Abstract

Microbiome dysbiosis has adverse health effects on the human body. Both drug susceptible
and multi-drug resistant tuberculosis (TB) treatment require long term use of a variety of
antibiotics, sometimes for more than 20 months. This continued use of antibiotics may
induce severe microbiome dysbiosis. The aim of this study was to elucidate the impact of
drug susceptible and drug resistant TB treatment on the respiratory tract microbiome and the
associated resistome by a metagenomics approach. The study included 3 patients on
treatment for drug susceptible TB treatment and 3 patients on multi-drug resistant TB
treatment, as well as 2 healthy controls. An altered microbiome and an increase of richness
were observed in both treatment groups. Significant changes in microbiome composition
may give foreign and less abundant, bacteria a chance to proliferate, especially if the healthy
commensals are depleted during the treatment process. In addition to this an altered
resistome at the subtype level was observed, with a noticeable increase in the presence of
detectable aminoglycoside resistance genes. Collectively, both drug susceptible and multi-
drug resistant TB treatment induced dysbiosis of the respiratory microbiota, accompanied by
changes in the resistome at the subtype level.

Keywords: Microbiome, Tuberculosis, Metagenomics, Antimicrobial Resistance,

Bioinformatics
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Introduction

Since its declaration as a global emergency by the World Health Organisation, tuberculosis
(TB) has been, and still remains a major challenge around the globe. TB is now recognised
as the leading cause of death by a one single infectious agent, and one of the top 10 causes
of death worldwide [1]. Caused by the bacillus Mycobacterium tuberculosis, and other
members of the Mycobacterium tuberculosis complex (MTBC), the disease is generally spread
when those who are ill, expel bacteria into the air for example by coughing [1, 2]. TB is
unusually difficult to treat; and as such tuberculosis therapy is an exceptionally long process,
often requiring a minimum of 6 months of treatment with several first line antimicrobials to treat
the disease. In the case of drug resistant and multidrug resistant TB, treatment can last up to
2 years with the daily administration of second line antimicrobials [1, 3, 4]. The fight against
TB is furthermore hampered by poor adherence and non-compliance to treatment regimens,
which often occur due to side effects, social stigmatization, illiteracy and insufficient
information on the part of patients [5]. Poor adherence and non-compliance have been found

to be the major causes of treatment failure and of the emergence of drug-resistant TB [6].

Beyond drug resistant tuberculosis, the vast and negligent use of the antibiotics has
contributed significantly to the proliferation of both multidrug resistant (MDR) and extensively
drug resistant (XDR) bacteria. Organisms such as the ESKAPE pathogens, consisting of
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp., are becoming increasingly
difficult to treat [7,8]. The collection of organisms and factors associated with antimicrobial
resistance in the microbiome can collectively be referred to as the resistome. Studies have
shown that the administration of antibiotics can affect the human microbiome, and thus the
resistome in various ways; including altering the diversity, increasing the abundance of drug
resistant bacteria and increasing the overall load of antibiotic resistance genes (ARGs) [2, 9,
10].

Conventional first line anti-tuberculosis drug regimens generally consist of rifampicin (RIF),
isoniazid (INH), pyrazinamide (PZA), and ethambutol (EMB). While it is known that RIF is a
broad spectrum antimicrobial, the remainder are said to target only Mycobacteria; a claim

recent studies have demonstrated to not necessarily be the case [3, 11]. This intense long
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term antimicrobial exposure has been shown to have a severe dysbiotic effect on the
microbiome of both the respiratory tract and gut in human and animal studies [3, 11, 12, 13].
Current literature suggests that this antibiotic-induced dysbiosis includes not only a shift in
abundance and diversity, but also a shift in the functionality of the microbiome, which can
persist for years after treatment has ended [11, 14]. Additionally, there is evidence that
tuberculosis therapy may generate a distinctive ecological niche where commensals are
depleted, giving rise to the potential enrichment and proliferation of resistant genotypes, some
of which may be opportunistic pathogens [3, 4, 11, 15]. At the time of writing, several studies
have drawn connections between the microbiome and tuberculosis, but characterization of the
associated resistomes have not been described. The aim of this study was the evalaution the
resistome of patients that are known to be on tuberculosis therapy at various time points in
comparison to those of healthy controls.

Results

Demographic and treatment characteristics of the participants

The study included 2 healthy controls, 3 patients receiving treatment for drug susceptible TB
and 3 patients receiving treatment for drug-resistant TB. All individuals were endemic to the
North-West Province, South Africa. The TB status was determined by smear, culture and
Xpert assay. Patients were already on treatment at the first selected time point and were all
culture and smear negative by the second time point. The mean age of the TB patients was
47, all participants except one control were male and the time between the collected
samples ranged from 4 to 11 months for TB patients and 6 months for controls. A table with
detailed participant data can be found in Supplementary Table 1. Patients were treated
according to the National Tuberculosis Management Guidelines [21], the Management of
Drug Resistant TB Policy Guidelines [22] and the New drugs and regimens for the
management of drug-resistant TB in South Africa framework [23]. Treatment for drug
susceptible TB patients included treatment with isoniazid (INH), pyrazinamide (PZA),
ethambutol (EMB) and rifampicin (RIF) with the addition of streptomycin (STREP) during the
intensive phase followed by RIF and INH during the continuation phase. The MDR-TB
treatment for the patients is highly individualized and changes according to the patients’
tolerance and toxicity. It was therefore difficult to determine precisely which drugs these

patients were exposed to throughout the treatment period. Nonetheless, according to current
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guidelines, these patients were treated with a minimum of 4 drugs likely to be effective but
most probably as many as were tolerated. A standardised approach to MDR-TB treatment is
recommended for all newly diagnosed MDR- or XDR-TB patients. This includes an intensive
phase with kanamycin or amikacin, moxifloxacin, ethionamide, terizidone or cycloserine and
PZA, followed by a continuation phase of moxifloxacin/ levofloxacin, ethionamide, terizidone
or cycloserine and PZA. In some instances clofazimine, bedaquiline and linezolid are also

added at the clinician’s discretion.

Changes in the relative abundance of the core microbiota at taxonomic level

At the phylum level, the core phyla of the controls were found to consist of Firmicutes and
Proteobacteria with low abundances of Fusobacteria, Bacteroidetes and Actinobacteria.
Patients on treatment for drug susceptible TB and drug resistant TB had a similar core
microbiome, but with increased abundances of Actinobacteria, Bacteroidetes and
Fusobacteria (Supplementary figure 1). At the genus, level the core genera associated with
healthy controls consisted of Streptococcus, Haemophilus, Veilonella, Gamella, Rothia,
Neiseria and Fusobacterium. The core genera associated with that of patients undergoing
treatment showed a large degree of inter-individual variability regarding abundance,
Streptococcus was present in all samples and was found to be the most abundant;
Actinomyces, Gemella, Haemophilus, Neisseria, Prevotella, Rothia and Veillonella all
featured prominently among all patient samples, but abundances varied between patients
and time points (Supplementary Figure 2). Additionally the following genera were found in
various patient samples but not in the healthy controls: Treponema, Dialister, Klebsiella,
Parvimonas, Peptostreptococcus, Corynebacterium, Capnocytophaga, Tannerella,
Bacteroides, Actinobaculum, Kocuria, Tropheryma, Olsenella, Abiotrophia, Lautropia,

Morococcus, Moraxella.

At the species level, controls did show variation in abundance between time point one and
two, although the species making up the majority of the microbiome remained relatively
consistent. Control microbiomes were primarily dominated by streptococcal species
including: Streptococcus oralis, Streptococcus parasanguinis and Streptococcus salivarius.
Among patients the most abundant species varied between patients and time points,
indicating a constantly shifting microbiome during the course of treatment. The over-all
comparison revealed that patient samples were also dominated by streptococcal species,
including: Streptococcus oralis, Streptococcus parasanguinis and Streptococcus salivarius,
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but in addition exhibited an increased abundance of Streptococcus mitis. Several species

including: Prevotella melaninogenica, Gemella haemolysins, Streptococcus gordonii,

Veillonella parvula, Actinomyces odontolyticus, Neisseria flavescens and Rothia

mucilaginosa were found to be differentially enriched among patient samples in comparison

to samples from healthy controls as seen in Figure 1. The core genera making up the

majority of the microbiome remained similar from time point one to two in both treatment

groups with changes observed in the relative abundance of these genera present between

time points. Comparison using the paired Wilcoxon signed-rank tests revealed that none of

the major microbial taxa present in samples were found to be significantly altered at the

species level when comparing samples from time point one and time point two, for either the

susceptible or resistant treatment groups. Thus these samples were grouped for further

downstream comparison.
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Figure 1: The relative abundance of major taxa at the species 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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The Wilcoxon rank sum test comparison of species found to be present in the majority of
samples when comparing the control group to the susceptible treatment group and the
susceptible treatment group to the resistant treatment group revealed significant increases
and decreases of several of the most abundant taxa as depicted in Figure 2.
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Figure 2: Significant increases (p < 0.05) and decreases (p > 0.05) observed between the major taxa
present when first comparing the control group to the susceptible treatment group followed by
comparison of the susceptible treatment group to the drug resistant treatment group.

Over-all initial comparisons of taxonomy revealed that the core microbiota remains present
but there are significant changes in the abundance of several of the microbes present in
response to treatment in the drug susceptible treatment group. Upon examination of the drug
resistant treatment group, it is noticeable that there is further enrichment in the abundance of
select species and the majority of the species found to be enriched among the susceptible
treatment group are now significantly reduced in response to the drug resistant TB
treatment.Additionally the following species: Actinomyces oris, Alloprevotella tannerae,
Corynebacterium matruchotii, Haemophilus influenzae, Moraxella nonliquefaciens, Neisseria
cinerea, Neisseria sicca, Parvimonas micra, Prevotella denticola, Prevotella shabhii,
Solobacterium moorei, Tannerella sp oral taxon HOT 286 and Tropheryma whipplei, were

found to be present in various patient samples, but not in samples from controls.

These observations reveal that although the majority of species remain present, there is a
large degree of dysbiosis, while there is also an increased prevalence of species not found
to be present in healthy controls. Several of the enriched taxa and those found present
exclusively in patient groups are known to cause opportunistic infection; these include
Actinomyces oris. Moraxella nonliquefaciens, Neisseria cinerea, Neisseria sicca,
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Parvimonas micra, Prevotella denticola, Streptococcus mitis, Prevotella melaninogenica,
Gemella haemolysans, Streptococcus gordonii, Veillonella parvula, Neisseria flavescens and
Rothia mucilaginosa. Haemophilus influenza and Tropheryma whipplei, also found in patient
samples are both well-known pathogens [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36].
A summary of potential/opportunistic pathogens and the samples they were identified in can
be found in Supplementary Table 3. Mycobacterium tuberculosis was only identified in two of
the samples from the drug susceptible group at time point 1 only, which is to be expected, as
the patients were already on treatment at the time the samples were collected.

Alpha and beta diversity metrics

Next the microbiota richness, diversity and evenness were calculated at the species level.
The microbiota richness was determined by the Observed and Chao1 indices. The
microbiota diversity was measured by the Shannon index, which is based on both the
number and the evenness of the observed features. For alpha diversity analyses, controls
were grouped and patients’ samples were grouped into drug susceptible and drug resistant
treatment groups. The Wilcoxon rank sum test comparison indicated a significant increase in
diversity among treatment groups according to the Observed and Chao1 indices (Figure 3 A
and B) when comparing the healthy control group to the susceptible TB treatment group (p <
0.05) as well as the drug resistant treatment group (p < 0.05). Regarding the Shannon index
(Figure 1C), there was a significant increase in diversity for both groups when compared to

those of the healthy controls (p < 0.05).
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Figure 3: Alpha diversity of the control, drug susceptible and drug resistant treatment groups
estimated using the Shannon (A), Chao1 (B) and Observed (C) indices. Error bars indicate minimum

and maximum values.
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Additionally, similarities and differences of the microbial communities among groups was
assessed by pair-wise beta diversity clustering analyses using the Bray-Curtis dissimilarity
matrix to compare the bacterial community structure between the three groups, as visualised
by two-dimensional NMDS. The Analysis of Similarities statistic (ANOSIM) revealed a
significant difference in microbial composition when comparing both the drug susceptible
and drug resistant treatment groups to the samples obtained from healthy controls
(Supplementary Figure 3, A and B). The microbiota of the drug resistant treatment group
clustered separately from the healthy control group, while samples from the drug susceptible
treatment group were more dispersed. Samples from the control group formed a close
cluster, suggesting high sample similarity as opposed to widespread clustering of samples
for the treatment groups, reflecting high cohort variability.

A degree of heterogeneity was observed among samples from the susceptible treatment
group as well as the samples from time point 1 for the drug resistant treatment group.
Samples from time point 2 tended to cluster closer together. The beta-diversity analyses of
the bacterial communities comparing the two treatment groups indicated that these two
groups were not significantly different from each other, although samples from the drug
resistance treatment group did cluster closer together, indicating a higher degree of
variability among samples from the susceptible treatment group (Supplementary Figure 3,
C). Beta dispersion analyses revealed that the dispersion among the susceptible treatment
group was significantly different when compared to that of the control group (p < 0.05), but
no significant differences were observed when comparing the drug resistance group to either
to susceptible or control group (p > 0.05).

Resistome

An investigation of samples for the presence of antibiotic resistance genes using DeepARG
revealed that the resistome is rather similar for all samples at the Type level, with the
exception of an influx of aminoglycoside, sulphonamide and nucleoside resistance genes
among patient samples (Figure 4, A). An antibiotic resistant determinant was referred to as
part of the core if found to be present in the majority of samples assessed within each group.
Upon examination of control samples at the subtype level, a core resistome consisting of the
following genes was identified: farB, MecA/PBP-1A, PBP-2x, MecB/PBP-1B, penA, patB,
mel, mefA, RImA(ii), IsaC, ermB, ermF, ermX, macA, macB, mdtG, mdtK, emrB, mtrC, mtrE,
mtrD, mtrR, tetA(46), tetB(46), tetA(60), tetB(60), tetC, tetM, tetR, tetA, tetc, tetQ, tetW, tet32
and ugd (Figure 4, B).
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Figure 4: Relative abundance of resistance genes to different types (A) and subtypes (B) of

antibiotics across all samples in this study, based on the relative abundance (RPKM) of ARGs.

Although differences in relative abundance of the antibiotic resistance genes present were

noted, the genes present within controls were largely identical for both individuals at both

time points (Figure 4, B, and Supplementary Table 2). Subtypes identified within patient

samples exhibited a large degree of inter-individual variability regarding the

presence/absence of genes and their relative abundance, both between patients from both

groups and from time point 1 to 2 among all samples:

(a)

For the drug susceptible treatment group, the following core group of resistance
determinants were identified: MecA/PBP-1A, PBP-2x, MecB/PBP-1B, penA, patB,
mel, ermB, mdtG, tetM.
Within the drug resistant treatment group on the other hand, the following core genes
were identified: aadE, farB, MecA/PBP-1A, PBP-2x, MecB/PBP-1B, penA, CfxA2,
patB, mel, mefA, RImA(ii), IsaC ermB, mdtG, rpoB2, mtrD, tetA(46), tetB(46),
tetA(60), tetB(60), tetA, tetC, tetM, tetQ, tetR, tetW, tet32, tet37.
The following genes were found to be conserved in both treatment groups in
comparison to healthy controls: RImA(ii), MecA/PBP-1A, PBP-2x, MecB/PBP-1B,
penA, patB, mel, ermB, and mdtG.
The genes mel, mefA, tetA(46), tetB(46), tetQ and mdtG were found to be conserved
in above 90% of samples.
In addition to this, several genes were found to be present in samples that were not
present in healthy controls. These include several aminoglycoside, and multidrug
resistance genes as summarised in Table 1. A detailed summary of presence and
absence of genes found in control and both treatment groups can be found in
Supplementary Table 2.
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Table 1 : Antimicrobial resistance genes identified in patient samples, but not found in
samples from healthy controls

Resistance type Genes identified

. ) aadA, aadE, acra, AAC(2)-1, APH(3)-1, APH(3")T, APH(3")-1, APH(3")-Ill, APH(6)-
Aminoglycoside @) @) @) (3" (3") )

I, ksgA
Fluoroquinolone mfpA, patA
Phenicol catQ
Sulphonamide sult, sul2
Nucleoside SAT-4
MLS ImrC, mefE
MDR baeR, acrA, efpA, emrB, emrE, emrR, hmrM, marA, mexX, mtrA
Unclassified luxR, camp-regulatory_protein, puromycin_resistance_protein

Differences regarding the resistome associated with the samples were assessed by pair-
wise beta diversity clustering analyses using the Bray-Curtis dissimilarity matrix to compare
the bacterial community structure between the three groups, visualised by two-dimensional
NMDS. The non-metric multidimensional scaling (NMDS) ordination plot showing the Bray-
Curtis dissimilarity matrices between all the samples based on the relative abundance of
ARGs (RPKM) revealed that there was, however, a significant difference when comparing
the healthy control group to the drug resistant treatment group (Supplementary Figure 3, E).
The resistome of controls clustered closely, and remained relatively stable. No significant
difference was observed when comparing the control and drug susceptible treatment groups
or the drug susceptible and drug resistant treatment groups (Supplementary Figure 3, D and
F)

Discussion

This study is to our knowledge only the second to explore the lung microbial communities
associated with pulmonary tuberculosis using shotgun metagenomics sequencing
techniques, and the first noting changes to the respiratory resistome of patients undergoing
drug resistant tuberculosis therapy. In addition, at the time of writing we found no previous
studies that attempted to elucidate changes in the respiratory tract resistome associated with
pulmonary tuberculosis in response to treatment [37, 38, 16, 39, 40, 14, 41, 42, 13, 43, 44,

40]. In view of the fact that the study is the first to explore the respiratory microbiome in
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response to drug resistant tuberculosis therapy and the TB associated resistome, and
because of the limited number of participants included in the study, the results need to be

interpreted with particular caution.

Several studies on the gut microbiome have indicated that significant shifts in microbiome
composition occurs in response to tuberculosis drug administration, but there is a lack of
similar studies focussing on shifts in the respiratory microbiome in response to treatment [13,
14, 40, 41, 43, 44]. Earlier studies characterising the TB respiratory microbiome have
focused primarily on the changes in the microbiome in response to TB infection rather than
evaluating changes in the respiratory microbiome in response to treatment [16, 37, 38, 39,
42]. Based on the results of this study, there is a clear shift in microbiome composition in
response to treatment, and alpha diversity metrics did reveal an interesting trend. Whereas
several gut studies found that microbial diversity was significantly reduced in response to
treatment, this study found an overall increase in the respiratory tract microbiome diversity
when comparing the two treatment groups to those of healthy controls [4, 43, 44]. Since
some of the patients included in this study have been identified as HIV positive, the results
should be interpreted within that context - previous studies have demonstrated that infection
with HIV could lead to a more diverse lung microbiome. Additional studies will be needed to
determine whether HIV, the TB treatment or a combination of the two are responsible for the
observed increase in diversity [45].

At the time of writing, two studies have been found that have assessed changes in the
microbiome in response to drug susceptible tuberculosis therapy, and no studies have been
found that have attempted to assess the impact of multi-drug-resistant tuberculosis therapy
on the respiratory microbiome [12, 46]. One of the two studies that have assessed the
respiratory microbiome in response to treatment by Zhou et al. [46], found that Cupriavidus
replaces Streptococcus as the most abundant genera when comparing TB patients with
healthy controls. The second study by Wu et al. [12], where a recurrent TB and a treatment
failure group were included, can be used as a point of comparison for changes induced by
treatment. The study by Wu et al. [12], found that healthy controls were dominated by
Prevotella, Streptococcus and Neisseria. This finding is contradictory to the results of the
current study where the composition of the microbiome samples from healthy controls at the
genus level consisted primarily of Streptococcus, Haemophilus and Veilonella. When
examining the groups that received treatment, the Wu et al. study found that Pseudomonas
was more abundant and more commonly present in treatment failure and recurrent TB
subjects, while also demonstrating that although there is a decrease in Prevotella,

Streptococcus and Neisseria still remain the most dominant genera in the groups that have
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received treatment. Similarly to the study by Wu and colleagues, this study also found
Streptococcus be one of the most dominant genera among all patient samples, but beyond
that there was a large degree of inter-individual variability regarding abundance of the main
genera present in patient samples. Actinomyces, Gemella, Haemophilus, Neisseria,
Prevotella, Rothia and Veillonella all featured prominently although at varying abundances.
No clear correlations between the findings of these prior studies and the current study could
be found, but this could be explained by the differences in methodology applied as well as
the differences associated with the populations sampled, which makes it difficult to compare
the results of the different studies. This is the first study to approach TB and the microbiome
with a cohort of South African patients and controls, and previous studies on the topic have
demonstrated that there can be differences based on population groups [40, 41, 42]. The
study also demonstrates that, although there was no significant difference between the
cohort of patients receiving drug resistant tuberculosis therapy and the group of patients
receiving treatment for drug susceptible TB based on beta diversity testing, the microbiome
was significantly altered when compared to that of healthy individuals. In addition to this, the
drug resistant treatment group also showed a lower degree of variability.

A recent study by Wang et al. [44], has begun elucidating the long-term effects of multi-drug-
resistant tuberculosis treatment on gut microbiota and its potential health consequences
[44]. The authors found that MDR-TB treatment induced a lasting gut microbiota dysbiosis,
with reduced richness and a radically altered taxonomic composition that still persists up to 8
years after recovery. The altered taxonomic composition may have health implications. In
the current study, clustering of the samples for time point two (Supplementary Figure 3)
suggests that the microbial communities might reach some point of homeostasis in response
to MDR-TB treatment. If these changes in community structure persists similarly to that of
the gut microbiome as demonstrated by Wang et al. [44], it remains to be seen whether the
change has any severe health implications. Regardless, the overall evaluations of changes
in taxonomic composition has highlighted that antimicrobial treatment may give foreign/less
abundant, potentially more resilient bacteria a chance to proliferate, especially if the healthy
commensals are more susceptible to decline during the treatment process [3, 4, 11]. The
results of this investigation of the TB resistome and its response to treatment demonstrate
that along with the significant changes in microbial composition there is also, as expected, a
shift in the resistance profile of the patients undergoing treatment. The resistance gene
profiles at both the type and subtype level for healthy controls remain fairly unperturbed from
time point one to time point two.
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A core resistome associated with resistance to beta-lactam, fluoroquinolone, tetracycline and
macrolide, lincosamide and streptogramin (MLS) antibiotics was identified. Resistome
studies regarding the respiratory tract are hard to come by, but a recent study by Mac
Aogain et al. [47], assessed the airway resistome associated with several chronic respiratory
disease states (severe asthma, chronic obstructive pulmonary disease (COPD), and
bronchiectasis) in comparison to non-diseased (healthy) individuals in order to characterize
airway resistomes. Similar to this study, the authors demonstrated the presence of a core
resistome, dominated by genes from common antibiotic classes including macrolides, -
lactams, and fluroquinolones unrelated to antibiotic exposure amongst healthy controls. In
addition to this, the Aogain et al. study [47], established that broad changes in the resistome
is observed under disease conditions like COPD and bronchiectasis, where frequent use of
antibiotics may be required [47]. This phenomenon is also seen in the current study,
although a core resistome associated with resistance to beta-lactam, fluoroquinolone,
tetracycline and macrolide, lincosamide and streptogramin (MLS) antibiotics remains largely
maintained at the type level, when comparing healthy controls to the treatment groups; there
is a clear influx in the relative abundance of genes conferring resistance to aminoglycosides,
with a large shift in overall resistome composition at the subtype level (Figure 4). At the
subtype level, significant changes in composition can be seen when comparing the control
group to the susceptible treatment group and the drug resistant treatment group respectively
(Supplementary Figure 3). The most noteworthy change is the trend of increasing
aminoglycoside resistance genes present among various patient samples (Figure 4 and
Supplementary Table 2).

Aminoglycosides are potent, highly bactericidal antibiotics and are commonly used to treat
serious Gram-negative bacterial infections (e.g., Escherichia coli, Klebsiella

pneumoniae, and Pseudomonas aeruginosa), certain gram-positive pathogens (e.g.
Staphylococci) and some mycobacterial infections, while often also being employed as
prophylaxis in high risk cases [48. 49. 50]. With the advent of safer antimicrobials there has
been a shift away from the prolonged administration of aminoglycosides, but growing
instances of resistance among several pathogens to commonly used antibiotics has shown
that several aminoglycosides still have clinical utility [49]. This is especially true in instances
where pathogens and opportunistic pathogens exhibit resistance to other safer
antimicrobials, for example the treatment of multidrug-resistant Acinetobacter and
Pseudomonas infections or infections caused by extended-spectrum B-lactamase-

bearing Enterobacteriaeceae species [49, 51]. Similar to other antibiotics, resistance to
aminoglycosides is growing and consequently failure of treatments with aminoglycosides is
becoming more common [49, 50].
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During the course of this study several aminoglycoside resistance genes were identified within
both the susceptible and drug resistant treatment groups of the genes identified (Table 1). Of
the genes identified: aadA, aadE, AAC(2')-, APH(3')-I, APH(3")-I, APH(3")-Ill, and APH(6)-
have all been described as acquired resistance genes, suggesting their increased presence
may be directly related to exposure to this class of antimicrobial during the course of treatment
[62]. APH(3')-I, APH(3")-I, APH(3™)-1ll, and APH(6)-1 as well as the sulphonamide resistance
genes sul1, sul2 have previously been described as plasmid mediated ARGs, and their
presence should be a cause for concern, particularly if they become persistently maintained
in the microbiomes of TB patients over the long term [44, 53].

Evidence suggests that the prolonged use of antibiotics is associated with alterations in the
resident population with a possible increase in the occurrence of opportunistic microorganisms
[54]. Previous studies, and the current one have demonstrated that foreign or less abundant,
potentially more resilient bacteria may have a chance to proliferate among the TB infected
population groups receiving tuberculosis therapy, while functional changes and changes in
the presence and abundance of ARGs are also impacted [3, 4, 11]. Approximately 1.7 million
people are newly infected with human immunodeficiency virus (HIV) every year, with a global
estimate of around 38 million people living with the disease [55]. HIV infection is one the
strongest risk factors for TB infection and subsequent progression to TB disease. This is a
particularly concerning issue, especially in low and middle income countries. In addition to the
increased risk for TB infection, HIV infected individuals are exceptionally prone to other
opportunistic infections [56]. Considering the high prevalence of HIV among individuals
receiving treatment for tuberculosis and drug resistant tuberculosis, and their increased risk
for opportunistic infections, the perturbations of the microbiome as well as the shifts recorded
in the resistome, especially an increased prevalence in aminoglycoside resistance genes, may
be a cause for concern, especially if these genes are maintained in the resistome over time
[9, 57, 58].

In conclusion the study highlights that similarly to treatment of drug susceptible TB treatment,
drug resistant TB treatment also has a significant impact on the respiratory microbiome.
Furthermore, the study demonstrates that the associated resistome changes with treatment,
as characterised by an increase in aminoglycoside resistance genes. However, extensive
studies on larger cohorts of patients will be central to determining the physiological and
potential clinical significance of these initial observations.
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Materials and methods

Sample collection and DNA extraction

Primary sputum samples were originally collected by staff at the Orkney AngloGold Ashanti
Health Westvaal Hospital (the Westvaal Hospital for short) by qualified staff members of the
TB Laboratory as a part of clinical work. The study population included newly and previously
diagnosed TB individuals being treated at the health care facility. Sputum samples were
coded by the Westvaal Hospital: Samples were anonymized and meta-data pertaining to
each sample (collection date, age, sex, TB treatment status, HIV status, smear test results
and culture results) was collected. A portion of each sample collected was refrigerated at 2-8
°C, until collected from the Westvaal Hospital, after which they were frozen at -80 °C. These
samples formed part of a biobank, some of which were used for this study. Several patient
samples from the biobank were identified for inclusion in this study. Inclusion criteria for
patients were that the patients had to test positive for TB, the patient had to be on treatment
for tuberculosis, and samples had to be available at, at least two different time points; one
where the patient was on treatment, and one several months later or once the person has
tested negative. 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 oral-pharyngeal
swabs [16]; all controls were non-smokers, and did not take any antibiotics for at least 2
months prior to the onset of the study. Swabs (Sigma Transwab®, MWE, UK) were taken at
an initial time point and again 6 months later. Two individuals were included to act as
controls (2 samples each at 2 time points). DNA was extracted with the use of the
NucleoSpin® DNA Stool kit (Macherey-Nagel, Germany). This method incorporates
chemical, enzymatic and mechanical lyses. For sputum samples, 1 mL of sputum was mixed
with 1 mL of extraction buffer (ST1), with the addition of 20 ul Proteinase K (20 mg/mL)
(Macherey-Nagel, Germany). The mixture was incubated at 56 °C for 20 minutes; 1 mL of
this mixture was then used for extraction according to the manufacturer’s protocol. In the
case of the swab samples, samples were originally eluted in 1 mL of the provided transport
media, as described above. DNA quality was assessed with the use of the Tapestation
genomic DNA Assay (Agilent Technologies, CA, USA), and quantity was assessed with the
Qubit 2.0 DNA HS Assay (Life Technologies, Grand Island, NY).
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Metagenomic sequencing and data processing

To deplete host DNA, samples were treated with the NEBNext® Microbiome DNA
Enrichment Kit (New England Biolabs, UK) prior to sequencing. Whole-genome shotgun
sequencing of the extracted DNA was conducted by Admera Health (SouthPlainfield, USA).
Library preparation was done using the KAPA Hyper Prep kit and sequencing was carried
out on the lllumina HiSeq 2000/2500 (lllumina, San Diego, USA) platform. The samples were
sequenced with a 150-bp read length for paired-end sequences at a sequencing depth of 7.5
GB. Initial quality assessment was done using FastQC, following which low quality reads
were removed and adapters were trimmed using fastp. The subsequent cleaned FASTQ
files were mapped to the GRCh38 assembly of the human genome using bowtie 2. Reads
that passed quality control (QC) and did not map to the host genome were extracted and

used for subsequent downstream analyses.

Microbial taxonomy, alpha and beta diversity metrics and resistome analyses

MetaPhlAn 3.0 was used for metagenomic profiling, to assign taxonomy and determine
relative abundance. MetaPhlAn relies on a reference database containing unique clade-
specific marker genes selected from 17,000 reference genomes in order to identify the
putative bacterial taxonomies and their relative abundances. Species were filtered by 10%
occurrence across all samples and the relative abundances of remaining species were used
for further statistical comparisons. Differential abundances were evaluated by the Wilcoxon
rank sum test and paired Wilcoxon signed-rank tests, respectively. The Benjamini-Hochberg

correction was applied to adjust p-values for multiple tests in R [17].

Community analyses was carried out in R with the aid of the vegan package [18]. The within
sample alpha diversity was calculated using the Observed, Chao1 and Shannon indices; for
alpha diversity analyses, data was rarefied and normalised using total sum scaling (TSS).
The alpha diversity of samples was measured by Observed, Chao1 and Shannon diversity
indices. The Observed and Chao1 indices act as measures of species richness. The
Observed species index measures the number of distinguishable taxa in every sample,
whereas the Chao1 index is a qualitative measure; besides species richness it also takes
into account the ratio of singletons, and hence gives more weight to rare species. The

Shannon diversity index on the other hand, involves a measure of both richness and
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evenness of the microbes of the given sample. Statistically significant differences between
groups were evaluated by means of the Wilcoxon rank sum test. Beta diversity was
estimated by Non-metric multidimensional scaling (NMDS) analysis based on the relative
abundance of taxa identified. The Bray-Curtis dissimilarity index was utilized to estimate
beta-diversity and this index was visualized on a two-dimensional NMDS plot generated
using ggplot2 in R. Significant dissimilarities of ordination between groups were assessed
using the Analysis of Similarities statistic (ANOSIM) with 999 permutations to test the
statistical significance of differences between groups. To evaluate whether one group tends

to vary more than another group, Vegan's betadisper() function was applied.

Resistome analyses

Following taxonomic evaluation, reads were then queried for antibiotic resistance genes
using DeepARG (version 1) [19]. Considering the clinical nature of the samples, more
stringent parameters than the default were selected, including 60% coverage with a
minimum probability cut off of 0.8, E-value cut off of 1e-10 and an 80 percent (80%)
minimum of identity. The reads per kilobase of read per million (RPKM) was calculated for
each sample as the number of reads divided by the total number of library reads per million,
then divided by the gene length in kilobases. This approach normalizes the datasets based
on gene length and sample sequencing depth, making the abundance comparable between
samples [10, 20]. Non-metric multidimensional scaling (NMDS), using Euclidean distances
between transformed normalized counts (RPKM), was used to ordinate samples based on
resistome composition. Significant dissimilarity of ordination between groups was assessed
using ANOSIM at both the ARG type and ARG subtype level. Hierarchical clustering
analyses of ARG profiles based on transformed normalized counts (RPKM) were based on
the Euclidean distance using the Ward agglomeration method. The resistome was
characterised at the Type level, referring to the class of antibiotic to which resistance is
conferred and at the subtype level, referring to the actual genes involved with resistance to
specific classes of antibiotics at the type level.

Ethics Statement

This study was approved by the North-West University Health Research Ethics Committee
(HREC: NWU-00127-18-A1). Written informed consent was obtained from the individuals
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recruited to act as healthy controls. In the case of patient samples, the patients did not sign
any informed consent for the production of sputum specimens as it is a non-invasive
procedure; for a patient who voluntarily presents to a health care facility there is implicit
consent for non-invasive processes that only require verbal discussion and assent. All
specimens used in the present study are anonymous. A study number (Laboratory number)
was allocated to each specimen, and investigators involved in this study were, and still are
blind to the identity of the individual patients with the identity key held by the clinician. The
specimens were collected as a part of clinical work up, and a portion of each specimen was

stored in the biobank.

Data availability

The raw sequence files are available under NCBI Bioproject PRINA679716.
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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 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. 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).

149



Supplementary table 1: Meta data table of patients and controls selected for inclusion in the study

Time between

Participant Sample Time point samples (Months) Age Sex HIV status Culture results Smear results

_ S11 1 _ MTBC - Susceptible Positive

Susceptible 1 9 45 M Reactive _ _
S12 2 Negative Negative
. S2_1 1 . MTBC - Susceptible Positive
Susceptible 2 S2 2 5 9 45 M Reactive Negative Negative
: S31 1 . MTBC - Susceptible Positive
Susceptible 3 S3 2 5 7 51 M Non-reactive Negative Negative

MTBC - ISO-R,RIF -
. DR1 1 1 . R,ETHA - R,STREP - Negative
Drug-resistant 1 13 56 M Reactive R.KAN - R

DR1 2 2 Negative Negative

MTBC - R, - ISO-R, RIF - "
Drug-resistant 2 DR2_1 1 4 36 M Non-reactive R Positive
DR2 2 2 Negative Negative

MTBC ISO - R,RIF -
DR3_1 1 R,ETHA - R,STREP - R Positive
Drug-resistant 3 11 51 M Reactive Resistant

DR3 2 2 Negative NEgative

M1 1 Negative NA NA

Control 1 M2 2 6 23 M Negative NA NA

F1 1 Negative NA NA

Control 2 6 21 F _
F2 2 Negative NA NA

Isoniazid (INH), pyrazinamide (PZA), ethambutol (EMB) and rifampicin (RIF) with the addition of streptomycin (STREP)
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Supplementary table 2: Antimicrobial resistance genes present in each sample
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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 S11,S1 2,82 1,S2 2,S3 1,S3 2,DR1 1,DR1 2,DR2 2,DR3 1,DR3 2
Gemella haemolysans S11,S12,S2 1,S2 2,S3 1,S3 2,DR1 1,DR1 2,DR2_1,DR2 2,DR3_1,DR3 2
Haemophilus influenza S1.1,S2 1

Moraxella nonliquefaciens S11

Neisseria cinerea S2 1,82 2,S3 2

Neisseria flavescens S1.1,S1 2,S2 1,S2 2,S3 1,S3 2,DR1_1,DR1 2,DR2_1,DR2_2,DR3_1,DR3_2
Neisseria sicca S2 1,S2 2,S3 1,S3_2,DR1 2, DR2_2,DR3_1

Rothia mucilaginosa S1.1,S1 2,S2 1,S2 2,S3 1,S3 2,DR1_1,DR1 2,DR2_1,DR2_2,DR3_1,DR3_2
Parvimonas micra S1.1,S1 2,52 1,52 2,S3_1,S3 2,DR2_2,DR3_1

Prevotella denticola S1 1,S1 2,S3 1,S3 2,DR1_1,DR1 2,DR2_2,DR3_2

Prevotella melaninogenica S1.1,S1 2,S2 1,S2 2,S3 1,S3 2,DR1_1,DR1 2,DR2_1,DR2_2,DR3_1,DR3_2
Streptococcus gordonii S1 2,S2 2,S3 1,S3 2,DR2_1,DR3_1

Streptococcus mitis S1.1,S1 2,S2 1,S2.2,S3 1,S3 2,DR1_1,DR1 2,DR2_1,DR2_2,DR3_1,DR3_2
Tropheryma whipplei S1.1

Veillonella parvula S11,S12,S2 1,82 2,S31,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; Maiji 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:

e 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;

e 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) MinlON 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 QlAamp 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 cut-
off 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 lllumina
Miseq, but it is troublesome when attempting to incorporate it with technology like the
ONT MinlON. The primers targeting the 16S gene in this instance flank the entire gene,
and if the DNA is of a highly sheared nature, itis 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")-1, aph(3™)-lIl, 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. Inits 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 MinlON. 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;

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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GUIDE FOR AUTHORS

INTRODUCTION

Data in Brief only publishes Data in Brief data articles that describe research data you've made
publicly available either through a repository or directly in your Data in Brief article. These articles
ensure that your data, which is often buried in supplmentary material, is actively peer-reviewed,
curated, formatted, indexed, given a DOI and publicly available to all upon publication. All Data in Brief
submissions must contain data produced and owned by either the author or the author's institution.
Data in Brief will not accept any submissions that contain datasets with scant variables or samples.

Article Structure
We ask all authors to use our Data in Brief template when preparing their manuscript. All Data in
Brief articles must contain the following sections:

Title, authors and author affiliations Abstract A completed Specifications Table 3-5 bullet points that
explain why the data is valuable to other researchers A direct link to the deposited data (when
applicable) A complete description of the experimental design and materials and methods References

For a quick, easy guide see our Data in Brief at a Glance

Submit your own Data in Brief

To submit a Data in Brief article directly to Data in Brief: Fill in this template. Submit the document
along with any computer code used to analyze the data through the journal's online submission
system. Important: choose 'Data Article' as the article type when submitting directly, even if your
data article is linked to another publication.

OR to submit via another Elsevier journal (a Co-submission):

Fill in this template Submit your Data in Brief article, alongside your original research article to your
Elsevier journal of choice. Upon acceptance of your article, your Data in Brief article will be sent to
Data in Brief for editorial review and publication.

This step by step video guide will also tell you how to complete the template correctly to maximise
your chances of acceptance.

Algal Announcements Article Collection

Data in Brief is partnering with Algal Research and Harmful Algae for data announcements to the
algal research community including announcements of Harmful Algae Blooms (HABs) as well
as announcements of new algal strains. The objective is to provide freely available information
that will benefit researchers, policymakers, entrepreneurs, water managers, engineers and other
readers. As this is a different type of data article, a new article type has been created called
"Algal Announcement" and it is intended to communicate the following: New algae strains (including
macroalgae, microalgae, and cyanobacteria) and their biological and biochemical characteristics, as
well as their isolation or collection, identification, culturing, and molecular profiles. These may include
new isolates from prospecting studies or from environments where the algae were found/isolated
in conjunction with other organisms. Harmful algal blooms announcements, including location, the
number of samplings, the date(s) of collection, water quality data and description of toxins.

Authors who wish to submit an Algal Announcement article should use this template to prepare
their manuscript and select the article type "Algal Announcement" article type when submitting their
manuscript.

Submission Checklist

You can use this list to carry out a final check of your submission before you send it to the journal for
review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:
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e E-mail address
e Full postal address

All necessary files have been uploaded:

Manuscript:

e Include keywords

¢ All figures (include relevant captions)

» All tables (including titles, description, footnotes)

* Ensure all figure and table citations in the text match the files provided
» Indicate clearly if color should be used for any figures in print

where applicable)

Supplemental files (where applicable)

Further considerations

e Manuscript has been 'spell checked' and 'grammar checked'

» All references mentioned in the Reference List are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including the
Internet)

e A competing interests statement is provided, even if the authors have no competing interests to
declare

» Journal policies detailed in this guide have been reviewed

» Referee suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.

BEFORE YOU BEGIN

The Data in Brief peer review process
Because Data in Brief articles are pure descriptions of data they are reviewed differently than a typical
research article. The Data in Brief peer review process focuses on data transparency.

Reviewers review manuscripts based on the following criteria:

Do the description and data make sense? Do the authors adequately explain its utility to the
community? Are the protocol/references for generating data adequate? Data format (is it standard?
potentially re-usable?) Does the article follow the Data in Brief template? Is the data well documented?

Data in Brief that are converted supplementary files submitted alongside a research article via another
Elsevier journal are editorially reviewed by the Data in Brief editor. In these cases, the supporting
data has already been peer reviewed as a part of the research article peer review process. The Data in
Brief editor then performs a final review on the Data in Brief article using the same criteria mentioned
above before the Data in Brief may be accepted for publication.

Ethics in publishing
Please see our information pages on Ethics in publishing and Ethical guidelines for journal publication.

Studies in humans and animals

If the work involves the use of human subjects, the author should ensure that the work described
has been carried out in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans. The manuscript should be in line with the
Recommendations for the Conduct, Reporting, Editing and Publication of Scholarly Work in Medical
Journals and aim for the inclusion of representative human populations (sex, age and ethnicity) as
per those recommendations. The terms sex and gender should be used correctly.

Authors should include a statement in the manuscript that informed consent was obtained for
experimentation with human subjects. The privacy rights of human subjects must always be observed.

All animal experiments should comply with the ARRIVE guidelines and should be carried out in
accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/EU for animal experiments, or the National Institutes of Health guide for the care
and use of Laboratory animals (NIH Publications No. 8023, revised 1978) and the authors should
clearly indicate in the manuscript that such guidelines have been followed. The sex of animals must
be indicated, and where appropriate, the influence (or association) of sex on the results of the study.
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Data gathered using social media

Using data from social media platforms (e.g. Twitter, Facebook, etc.) poises ethical concerns regarding
consent. Firstly, authors need to determine if the data collection needs ethical approval from
appropriate institutional review boards and ethics committees. Particular attention is needed to
determine if informed consent from possible identifiable participants is needed or to ensure that these
are properly anonymized. Secondly, authors need to consider the data redistribution policies
from the platform used to gather information and ensure they have the right to share these data.
Policies vary among platforms and are updated regularly therefore it is the author?s responsibility to
ensure that their work complies with platforms? policies.

All authors must disclose any financial and personal relationships with other people or organizations
that could inappropriately influence (bias) their work. Examples of potential competing interests
include employment, consultancies, stock ownership, honoraria, paid expert testimony, patent
applications/registrations, and grants or other funding. Authors should complete the declaration of
interest statement during the submission process under Additional Questionnaire. This statement will
be published within the article if accepted.

Submission of an article implies that the work described has not been published previously (except in
the form of an abstract, a published lecture or academic thesis, see 'Multiple, redundant or concurrent
publication' for more information), that it is not under consideration for publication elsewhere, that
its publication is approved by all authors and tacitly or explicitly by the responsible authorities where
the work was carried out, and that, if accepted, it will not be published elsewhere in the same form, in
English or in any other language, including electronically without the written consent of the copyright-
holder. To verify originality, your article may be checked by the originality detection service Crossref
Similarity Check.

Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing policy.
Sharing your preprints e.g. on a preprint server will not count as prior publication (see 'Multiple,
redundant or concurrent publication' for more information).

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to differences,
and promotes equal opportunities. Content should make no assumptions about the beliefs or
commitments of any reader; contain nothing which might imply that one individual is superior to
another on the grounds of age, gender, race, ethnicity, culture, sexual orientation, disability or health
condition; and use inclusive language throughout. Authors should ensure that writing is free from bias,
stereotypes, slang, reference to dominant culture and/or cultural assumptions. We advise to seek
gender neutrality by using plural nouns ("clinicians, patients/clients") as default/wherever possible
to avoid using "he, she," or "he/she." We recommend avoiding the use of descriptors that refer to
personal attributes such as age, gender, race, ethnicity, culture, sexual orientation, disability or health
condition unless they are relevant and valid. These guidelines are meant as a point of reference to
help identify appropriate language but are by no means exhaustive or definitive.

For transparency, authors need to submit an author statement outlining their individual contributions
to the paper using the relevant CRediT roles: Conceptualization; Data curation; Formal analysis;
Funding acquisition; Investigation; Methodology; Project administration; Resources; Software;
Supervision; Validation; Visualization; Roles/Writing - original draft; Writing - review & editing.
Authorship statements should be formatted with the names of authors first and CRediT role(s)
following. More details and an example

'AII'au'thofs should have made substantial contributions to all of the following: (1) the conception and
design of the study, or acquisition of data, or analysis of data, (2) drafting the article or revising it
critically for important intellectual content, (3) final approval of the version to be submitted.
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Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To request such
a change, the Editor must receive the following from the corresponding author: (a) the reason
for the change in author list and (b) written confirmation (e-mail, letter) from all authors that they
agree with the addition, removal or rearrangement. In the case of addition or removal of authors,
this includes confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will be suspended. If the manuscript has already been published in an online issue,
any requests approved by the Editor will result in a corrigendum.

Upon acceptance of an article, authors will be asked to complete a 'License Agreement' (see more
information on this). Permitted third party reuse of open access articles is determined by the author's
choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement then this should
be stated.

Please visit our Open Access page for more information.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The "Learn" environment at Researcher Academy
offers several interactive modules, webinars, downloadable guides and resources to guide you through
the process of writing for research and going through peer review. Feel free to use these free resources
to improve your submission and navigate the publication process with ease.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a mixture of
these). Authors who feel their English language manuscript may require editing to eliminate possible
grammatical or spelling errors and to conform to correct scientific English may wish to use the English
Language Editing service available from Elsevier's Author Services.

Our online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used in
the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your article for
final publication. All correspondence, including notification of the Editor's decision and requests for
revision, is sent by e-mail.

Submit your article
Please submit your article via https://www.editorialmanager.com/dib.

Referees

Please submit the names and institutional e-mail addresses of several potential referees. For more
details, visit our Support site. Note that the editor retains the sole right to decide whether or not the
suggested reviewers are used.
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PREPARATION

This journal operates a single anonymized review process. All contributions are typically sent to a
minimum of two independent expert reviewers to assess the scientific quality of the paper. The Editor
is responsible for the final decision regarding acceptance or rejection of articles. The Editor's decision
is final. Editors are not involved in decisions about papers which they have written themselves or have
been written by family members or colleagues or which relate to products or services in which the
editor has an interest. Any such submission is subject to all of the journal's usual procedures, with
peer review handled independently of the relevant editor and their research groups. More information
on types of peer review.

Use of word processing software

It is important that the file be saved in the native format of the word processor used. The text
should be in single-column format. Keep the layout of the text as simple as possible. Most formatting
codes will be removed and replaced on processing the article. In particular, do not use the word
processor's options to justify text or to hyphenate words. However, do use bold face, italics, subscripts,
superscripts etc. When preparing tables, if you are using a table grid, use only one grid for each
individual table and not a grid for each row. If no grid is used, use tabs, not spaces, to align columns.
The electronic text should be prepared in a way very similar to that of conventional manuscripts (see
also the Guide to Publishing with Elsevier). Note that source files of figures, tables and text graphics
will be required whether or not you embed your figures in the text. See also the section on Electronic
artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check’
functions of your word processor.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention to the online
article. The graphical abstract should summarize the contents of the article in a concise, pictorial form
designed to capture the attention of a wide readership. Graphical abstracts should be submitted as a
separate file in the online submission system. Image size: Please provide an image with a minimum
of 531 x 1328 pixels (h x w) or proportionally more. The image should be readable at a size of 5 x
13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office
files. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of theirimages
and in accordance with all technical requirements.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research (e.g., providing language help, writing assistance
or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx, yyyy];
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes
of Peace [grant number aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and awards. When
funding is from a block grant or other resources available to a university, college, or other research
institution, submit the name of the institute or organization that provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.
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Units
Follow internationally accepted rules and conventions: use the international system of units (SI). If
other units are mentioned, please give their equivalent in SI.

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae in
line with normal text where possible and use the solidus (/) instead of a horizontal line for small
fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers of e are often
more conveniently denoted by exp. Number consecutively any equations that have to be displayed
separately from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors build footnotes into the text, and this feature may be used. Should this not be the case,
indicate the position of footnotes in the text and present the footnotes themselves separately at the
end of the article.

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

e Embed the used fonts if the application provides that option.

e Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, Symbol, or
use fonts that look similar.

¢ Number the illustrations according to their sequence in the text.

¢ Use a logical naming convention for your artwork files.

» Provide captions to illustrations separately.

» Size the illustrations close to the desired dimensions of the published version.

e Submit each illustration as a separate file.

* Ensure that color images are accessible to all, including those with impaired color vision.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel) then
please supply 'as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork is
finalized, please 'Save as' or convert the images to one of the following formats (note the resolution
requirements for line drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000 dpi.
TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum of
500 dpi.

Please do not:

e Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically have a
low number of pixels and limited set of colors;

e Supply files that are too low in resolution;

e Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF) or
MS Office files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear in
color online (e.g., ScienceDirect and other sites). Further information on the preparation of electronic
artwork.

Illustration services

Elsevier's Author Services offers Illustration Services to authors preparing to submit a manuscript but
concerned about the quality of the images accompanying their article. Elsevier's expert illustrators
can produce scientific, technical and medical-style images, as well as a full range of charts, tables
and graphs. Image 'polishing' is also available, where our illustrators take your image(s) and improve
them to a professional standard. Please visit the website to find out more.
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Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure. A
caption should comprise a brief title (not on the figure itself) and a description of the illustration. Keep
text in the illustrations themselves to a minimum but explain all symbols and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results' or
'Personal communication'. Citation of a reference as 'in press' implies that the item has been accepted
for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online links to
the sources cited. In order to allow us to create links to abstracting and indexing services, such as
Scopus, CrossRef and PubMed, please ensure that data provided in the references are correct. Please
note that incorrect surnames, journal/book titles, publication year and pagination may prevent link
creation. When copying references, please be careful as they may already contain errors. Use of the
DOI is highly encouraged.

A DOI is guaranteed never to change, so you can use it as a permanent link to any electronic article.
An example of a citation using DOI for an article not yet in an issue is: VanDecar J.C., Russo R.M.,
James D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of the Lesser Antilles slab beneath
northeastern Venezuela. Journal of Geophysical Research, https://doi.org/10.1029/2001J8000884.
Please note the format of such citations should be in the same style as all other references in the paper.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing them
in your text and including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), year,
and global persistent identifier. Add [dataset] immediately before the reference so we can properly
identify it as a data reference. The [dataset] identifier will not appear in your published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations in
the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support Citation Style Language
styles, such as Mendeley. Using citation plug-ins from these products, authors only need to select
the appropriate journal template when preparing their article, after which citations and bibliographies
will be automatically formatted in the journal's style. If no template is yet available for this journal,
please follow the format of the sample references and citations as shown in this Guide. If you use
reference management software, please ensure that you remove all field codes before submitting
the electronic manuscript. More information on how to remove field codes from different reference
management software.
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Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following
link:

http://open.mendeley.com/use-citation-style/data-in-brief

When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice.

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual authors
can be referred to, but the reference number(s) must always be given.

Example: '..... as demonstrated [3,6]. Barnaby and Jones [8] obtained a different result ...."'

List: Number the references (numbers in square brackets) in the list in the order in which they appear
in the text.

Examples:

Reference to a journal publication:

[1] ]. van der Geer, J.A.]. Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci. Commun.
163 (2010) 51-59. https://doi.org/10.1016/j.5¢.2010.00372.

Reference to a journal publication with an article number:

[2] J. van der Geer, J.A.). Hanraads, R.A. Lupton, 2018. The art of writing a scientific article. Heliyon.
19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

[3] W. Strunk Jr., E.B. White, The Elements of Style, fourth ed., Longman, New York, 2000.
Reference to a chapter in an edited book:

[4] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in: B.S. Jones, R.Z.
Smith (Eds.), Introduction to the Electronic Age, E-Publishing Inc., New York, 2009, pp. 281-304.
Reference to a website:

[5] Cancer Research UK, Cancer statistics reports for the UK. http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/, 2003 (accessed 13 March 2003).

Reference to a dataset:

[dataset] [6] M. Oguro, S. Imahiro, S. Saito, T. Nakashizuka, Mortality data for Japanese oak wilt
disease and surrounding forest compositions, Mendeley Data, v1, 2015. https://doi.org/10.17632/
xwj98nb39r.1.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation sequences as a part of your data article. Authors who
would like to describe video or animation files in their data article are strongly encouraged to include
links to these within the body of the article. This can be done in the same way as a figure or table
by referring to the video or animation content and noting in the body text where it should be placed.
All submitted files should be properly labeled so that they directly relate to the video file's content.
In order to ensure that your video or animation material is directly usable, please provide the files in
one of our recommended file formats with a preferred maximum size of 150 MB. Video and animation
files supplied will be published online in the electronic version of your article in Elsevier Web products,
including ScienceDirect http://www.sciencedirect.com. Please supply 'stills' with your files: you can
choose any frame from the video or animation or make a separate image. These will be used instead
of standard icons and will personalize the link to your video data. For more detailed instructions please
visit our video instruction pages at https://www.elsevier.com/artworkinstructions. Note: since video
and animation cannot be embedded in the .pdf version of the article, please provide text for both the
electronic (.html) and the .pdf version for the portions of the article that refer to this content.

Authors may either upload their data into an appropriate data repository, or publish it as
supplementary material alongside their data article. Supplementary files supplied will be published
online alongside the electronic version of your article in Elsevier Web products, including
ScienceDirect: http://www.sciencedirect.com. In order to ensure that your submitted material is
directly usable, please provide the data in one of our recommended file formats, or ensure that, if it
is in another format, the file(s) is/are bundled into a .zip file. Authors should submit the material in
electronic format together with the article and supply a concise and descriptive caption for each file.
For more detailed instructions please visit our artwork instruction pages at https://www.elsevier.com/
artworkinstructions.
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For data submitted as supplementary material, there is a limit 500MB. Special accommodations can
be made for larger files, on a case-by-case basis.

Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053;
PDB: 1XFN).

AFTER ACCEPTANCE

To ensure a fast publication process of the article, we kindly ask authors to provide us with their proof
corrections within two days. Corresponding authors will receive an e-mail with a link to our online
proofing system, allowing annotation and correction of proofs online. The environment is similar to
MS Word: in addition to editing text, you can also comment on figures/tables and answer questions
from the Copy Editor. Web-based proofing provides a faster and less error-prone process by allowing
you to directly type your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, including alternative methods to the online
version and PDF.

We will do everything possible to get your article published quickly and accurately. Please use this
proof only for checking the typesetting, editing, completeness and correctness of the text, tables and
figures. Significant changes to the article as accepted for publication will only be considered at this
stage with permission from the Editor. It is important to ensure that all corrections are sent back
to us in one communication. Please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading is solely your responsibility.

The corresponding author will be notified and receive a link to the published version of the open
access article on ScienceDirect. This link is in the form of an article DOI link which can be shared via
email and social networks. For an extra charge, paper offprints can be ordered via the offprint order
form which is sent once the article is accepted for publication. Both corresponding and co-authors
may order offprints at any time via Elsevier's Author Services.

Additional information
Questions, ask the managing editor, at dib-me@elsevier.com

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch.

You can also check the status of your submitted article or find out when your accepted article will
be published.

© Copyright 2018 Elsevier | https://www.elsevier.com

AUTHOR INFORMATION PACK 12 Mar 2021 www.elsevier.com/locate/dib 15

174



Annexure - B

Molecular Biology Reports
An International Journal on Molecular and Cellular Biology

e Journal home
e Submission guidelines

Submission guidelines

Contents

« Instructions for Authors
o General
o Original Research Article Guidelines
o Guidelines for Short Communication Articles
o (Mini-) Review Article Guidelines
o Abstract Format
o Manuscript Submission
o Title page
o Text
o References
o Tables
o Artwork and lllustrations Guidelines
o Supplementary Information (SI)
o English Language Editing
o Additional Information
o Ethical Responsibilities of Authors
o Authorship principles
o Compliance with Ethical Standards
o Conflicts of Interest / Competing Interests
o After acceptance

o Open Choice

175



« Open access publishing

Instructions for Authors

General

The cover letter must include a valid institutional email address for each
author. If this is not

possible, the cover letter must include a means of verifying each author —
such as an ORCID ID (that contains information on publications, do not
include empty IDs) or Scopus ID or a link to their publication record(s).

Authors are encouraged to suggest suitable reviewers and/or request the
exclusion of certain individuals when they submit their manuscripts. When
suggesting reviewers, authors should make sure they are totally
independent and not connected to the work in any way. It is strongly
recommended to have a mix of reviewers from different countries and
different institutions. When suggesting reviewers, the Corresponding
Author must provide an institutional email address for each suggested
reviewer, or, if this is not possible to include other means of verifying the
identity such as a link to a personal homepage, a link to the publication
record or a researcher or author ID in the submission letter. Please note
that the Journal may not use the suggestions, but suggestions are
appreciated and may help facilitate the peer review process.

Please be sure to check the Compliance with Ethical Standards section.
Conflict of Interest statement, ethical approval for animal studies and

ethical approval together with informed consent for human studies are
mandatory.

Back to top
Original Research Article Guidelines

1. Maximum Word Count: 5,000 words
2. References: 50 or less

3. Results and Discussion: sections should be separate, not combined,
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4. Figures and/or Tables: maximum 5 separate figures/tables. A figure
should have a maximum of 4 panels.

Back to top
Guidelines for Short Communication Articles

1. Maximum Word Count: 2,500 words

2. References: 25 or less

3. Results and Discussion: sections may be combined

4. Figures and/or Tables: 3 or less (4 panels maximum per figure)
Back to top

(Mini-) Review Article Guidelines
1. Maximum Word Count: 10,000 words (5,000 words for mini-review)
2. References: 100 or less (60 or less for mini-review)
3. Figures and/or Tables: 4 or less
4. Content/Format suggestion: A review article should focus on a single
topic of a field and should discuss the most recent findings. They should
not be focused on the author's own work but should try to incorporate the
work of several different researchers. Language should be simple, new
concepts should be defined and specialized terminology must be explained.
The main text of the review article should be divided into sections.

Back to top
Abstract Format

Max Word Count: 250 words
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Format: The abstract should be presented divided into subheadings as
follows (unless it is a mini or full review article):

I. Background: Brief summary of basic, relevant background info (2-3
sentences). Rationale and

purpose of the study.

[Il. Methods and Results: Brief explanation of experimental procedure and
presentation of

significant results. Include sample sizes as well as animal species if
applicable.

[ll. Conclusions: Succinct interpretation of results as well as significance of
findings. Statement

of the main conclusion of the study. Emphasis should be on new
information found during the study.

Back to top

Manuscript Submission

Manuscript Submission

Submission of a manuscript implies: that the work described has not been
published before; that it is not under consideration for publication
anywhere else; that its publication has been approved by all co-authors, if
any, as well as by the responsible authorities — tacitly or explicitly — at the
institute where the work has been carried out. The publisher will not be
held legally responsible should there be any claims for compensation.

Permissions

Authors wishing to include figures, tables, or text passages that have
already been published elsewhere are required to obtain permission from
the copyright owner(s) for both the print and online format and to include
evidence that such permission has been granted when submitting their
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papers. Any material received without such evidence will be assumed to
originate from the authors.

Online Submission

Please follow the hyperlink “Submit manuscript” on the right and upload all
of your manuscript files following the instructions given on the screen.

Please ensure you provide all relevant editable source files. Failing to
submit these source files might cause unnecessary delays in the review and
production process.

Back to top
Title page
Title Page

Please make sure your title page contains the following information.
Title

The title should be concise and informative.

Author information

« The name(s) of the author(s)

- The affiliation(s) of the author(s), i.e. institution, (department), city,
(state), country

« A clearindication and an active e-mail address of the corresponding
author

. If available, the 16-digit ORCID of the author(s)

If address information is provided with the affiliation(s) it will also be
published.

For authors that are (temporarily) unaffiliated we will only capture their city

and country of residence, not their e-mail address unless specifically
requested.
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Abstract

Please provide an abstract of 150 to 250 words. The abstract should not
contain any undefined abbreviations or unspecified references.

For life science journals only (when applicable)
Trial registration number and date of registration

Trial registration number, date of registration followed by “retrospectively
registered”

Keywords

Please provide 4 to 6 keywords which can be used for indexing purposes.

Declarations

All manuscripts must contain the following sections under the heading
‘Declarations'.

If any of the sections are not relevant to your manuscript, please include
the heading and write 'Not applicable' for that section.

To be used for all articles, including articles with biological applications

Funding (information that explains whether and by whom the research was
supported)

Conflicts of interest/Competing interests (include appropriate
disclosures)

Availability of data and material (data transparency)
Code availability (software application or custom code)

Authors' contributions (optional: please review the submission guidelines
from the journal whether statements are mandatory)

180



Additional declarations for articles in life science journals that report the
results of studies involving humans and/or animals

Ethics approval (include appropriate approvals or waivers)
Consent to participate (include appropriate statements)
Consent for publication (include appropriate statements)

Please see the relevant sections in the submission guidelines for further
information as well as various examples of wording. Please revise/customize
the sample statements according to your own needs.

Back to top

Text

Text Formatting

Manuscripts should be submitted in Word.

« Use a normal, plain font (e.g., 10-point Times Roman) for text.

« Use italics for emphasis.

« Use the automatic page numbering function to number the pages.

« Do not use field functions.

o Use tab stops or other commands for indents, not the space bar.

« Use the table function, not spreadsheets, to make tables.

« Use the equation editor or MathType for equations.

« Save your file in docx format (Word 2007 or higher) or doc format
(older Word versions).

Manuscripts with mathematical content can also be submitted in LaTeX.

LaTeX macro package (Download zip, 188 kB)

Headings

Please use no more than three levels of displayed headings.

Abbreviations
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Abbreviations should be defined at first mention and used consistently
thereafter.

Footnotes

Footnotes can be used to give additional information, which may include
the citation of a reference included in the reference list. They should not
consist solely of a reference citation, and they should never include the
bibliographic details of a reference. They should also not contain any
figures or tables.

Footnotes to the text are numbered consecutively; those to tables should
be indicated by superscript lower-case letters (or asterisks for significance
values and other statistical data). Footnotes to the title or the authors of the
article are not given reference symbols.

Always use footnotes instead of endnotes.

Acknowledgments

Acknowledgments of people, grants, funds, etc. should be placed in a
separate section on the title page. The names of funding organizations
should be written in full.

Back to top

References

Citation

Reference citations in the text should be identified by numbers in square
brackets. Some examples:

1. Negotiation research spans many disciplines [3].
2. This result was later contradicted by Becker and Seligman [5].

3. This effect has been widely studied [1-3, 7].

Reference list
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The list of references should only include works that are cited in the text
and that have been published or accepted for publication. Personal
communications and unpublished works should only be mentioned in the
text. Do not use footnotes or endnotes as a substitute for a reference list.

The entries in the list should be numbered consecutively.

If available, please always include DOlIs as full DOI links in your reference list

(e.g.

"https://doi.org/abc”).

Journal article

Gamelin FX, Baquet G, Berthoin S, Thevenet D, Nourry C, Nottin S,
Bosquet L (2009) Effect of high intensity intermittent training on heart
rate variability in prepubescent children. Eur J Appl Physiol 105:731-
738. https://doi.org/10.1007/s00421-008-0955-8

Ideally, the names of all authors should be provided, but the usage of
“et al” in long author lists will also be accepted:

Smith J, Jones M Jr, Houghton L et al (1999) Future of health
insurance. N Engl J Med 965:325-329

Article by DOI

Sliftka MK, Whitton JL (2000) Clinical implications of dysregulated
cytokine production. J Mol Med.
https://doi.org/10.1007/s001090000086

Book

South J, Blass B (2001) The future of modern genomics. Blackwell,
London

Book chapter

Brown B, Aaron M (2001) The politics of nature. In: Smith J (ed) The
rise of modern genomics, 3rd edn. Wiley, New York, pp 230-257
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o Online document

Cartwright J (2007) Big stars have weather too. IOP Publishing
PhysicsWeb. http://physicsweb.org/articles/news/11/6/16/1. Accessed
26 June 2007

o Dissertation

Trent JW (1975) Experimental acute renal failure. Dissertation,
University of California

Always use the standard abbreviation of a journal’'s name according to the
ISSN List of Title Word Abbreviations, see

ISSN.org LTWA

If you are unsure, please use the full journal title.

Authors preparing their manuscript in LaTeX can use the bibtex file
spbasic.bst which is included in Springer’s LaTeX macro package.

Back to top

Tables

« All tables are to be numbered using Arabic numerals.

« Tables should always be cited in text in consecutive numerical order.

« For each table, please supply a table caption (title) explaining the
components of the table.

« Identify any previously published material by giving the original
source in the form of a reference at the end of the table caption.

« Footnotes to tables should be indicated by superscript lower-case
letters (or asterisks for significance values and other statistical data)
and included beneath the table body.

Back to top

Artwork and Illustrations Guidelines

Electronic Figure Submission
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Supply all figures electronically.

Indicate what graphics program was used to create the artwork.

For vector graphics, the preferred format is EPS; for halftones, please
use TIFF format. MSOffice files are also acceptable.

Vector graphics containing fonts must have the fonts embedded in
the files.

Name your figure files with "Fig" and the figure number, e.g.,
Fig1.eps.

Line Art
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Definition: Black and white graphic with no shading.

Do not use faint lines and/or lettering and check that all lines and
lettering within the figures are legible at final size.

All lines should be at least 0.1 mm (0.3 pt) wide.

Scanned line drawings and line drawings in bitmap format should
have a minimum resolution of 1200 dpi.

Vector graphics containing fonts must have the fonts embedded in
the files.

Halftone Art
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« Definition: Photographs, drawings, or paintings with fine shading, etc.

« If any magnification is used in the photographs, indicate this by using
scale bars within the figures themselves.

« Halftones should have a minimum resolution of 300 dpi.

Combination Art
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« Definition: a combination of halftone and line art, e.g., halftones
containing line drawing, extensive lettering, color diagrams, etc.
« Combination artwork should have a minimum resolution of 600 dpi.
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Color Art

o Color art is free of charge for online publication.

« If black and white will be shown in the print version, make sure that
the main information will still be visible. Many colors are not
distinguishable from one another when converted to black and white.
A simple way to check this is to make a xerographic copy to see if the
necessary distinctions between the different colors are still apparent.

o If the figures will be printed in black and white, do not refer to color
in the captions.

o Color illustrations should be submitted as RGB (8 bits per channel).

Figure Lettering

o To add lettering, it is best to use Helvetica or Arial (sans serif fonts).

» Keep lettering consistently sized throughout your final-sized artwork,
usually about 2-3 mm (8-12 pt).

« Variance of type size within an illustration should be minimal, e.g., do
not use 8-pt type on an axis and 20-pt type for the axis label.

« Avoid effects such as shading, outline letters, etc.

« Do not include titles or captions within your illustrations.

Figure Numbering

- All figures are to be numbered using Arabic numerals.

« Figures should always be cited in text in consecutive numerical order.

« Figure parts should be denoted by lowercase letters (a, b, ¢, etc.).

 If an appendix appears in your article and it contains one or more
figures, continue the consecutive numbering of the main text. Do not
number the appendix figures,"A1, A2, A3, etc." Figures in online
appendices [Supplementary Information (Sl)] should, however, be
numbered separately.

Figure Captions

« Each figure should have a concise caption describing accurately what
the figure depicts. Include the captions in the text file of the
manuscript, not in the figure file.

« Figure captions begin with the term Fig. in bold type, followed by the
figure number, also in bold type.
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« No punctuation is to be included after the number, nor is any
punctuation to be placed at the end of the caption.

« Identify all elements found in the figure in the figure caption; and use
boxes, circles, etc., as coordinate points in graphs.

« ldentify previously published material by giving the original source in
the form of a reference citation at the end of the figure caption.

Figure Placement and Size

« Figures should be submitted separately from the text, if possible.

« When preparing your figures, size figures to fit in the column width.

« For large-sized journals the figures should be 84 mm (for double-
column text areas), or 174 mm (for single-column text areas) wide
and not higher than 234 mm.

« For small-sized journals, the figures should be 119 mm wide and not
higher than 195 mm.

Permissions

If you include figures that have already been published elsewhere, you must
obtain permission from the copyright owner(s) for both the print and online
format. Please be aware that some publishers do not grant electronic rights
for free and that Springer will not be able to refund any costs that may
have occurred to receive these permissions. In such cases, material from
other sources should be used.

Accessibility

In order to give people of all abilities and disabilities access to the content
of your figures, please make sure that

« All figures have descriptive captions (blind users could then use a
text-to-speech software or a text-to-Braille hardware)

« Patterns are used instead of or in addition to colors for conveying
information (colorblind users would then be able to distinguish the
visual elements)

« Any figure lettering has a contrast ratio of at least 4.5:1

Back to top
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Supplementary Information (SI)

Springer accepts electronic multimedia files (animations, movies, audio,
etc.) and other supplementary files to be published online along with an
article or a book chapter. This feature can add dimension to the author's
article, as certain information cannot be printed or is more convenient in
electronic form.

Before submitting research datasets as Supplementary Information, authors
should read the journal's Research data policy. We encourage research data
to be archived in data repositories wherever possible.

Submission

« Supply all supplementary material in standard file formats.

« Please include in each file the following information: article title,
journal name, author names; affiliation and e-mail address of the
corresponding author.

o To accommodate user downloads, please keep in mind that larger-
sized files may require very long download times and that some users
may experience other problems during downloading.

Audio, Video, and Animations

o Aspect ratio: 16:9 or 4:3

o  Maximum file size: 25 GB

« Minimum video duration: 1 sec

« Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg,
flv, mxf, mts, m4v, 3gp

Text and Presentations

« Submit your material in PDF format; .doc or .ppt files are not suitable
for long-term viability.
« A collection of figures may also be combined in a PDF file.

Spreadsheets
« Spreadsheets should be submitted as .csv or .xIsx files (MS Excel).

Specialized Formats
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« Specialized format such as .pdb (chemical), .wrl (VRML), .nb
(Mathematica notebook), and .tex can also be supplied.

Collecting Multiple Files
« Itis possible to collect multiple files in a .zip or .gz file.
Numbering

« If supplying any supplementary material, the text must make specific
mention of the material as a citation, similar to that of figures and

tables.
« Refer to the supplementary files as “Online Resource”, e.g., "... as
shown in the animation (Online Resource 3)", “... additional data are

given in Online Resource 4".
« Name the files consecutively, e.g. "ESM_3.mpg", “"ESM_4.pdf".

Captions

« For each supplementary material, please supply a concise caption
describing the content of the file.

Processing of supplementary files

« Supplementary Information (SI) will be published as received from the
author without any conversion, editing, or reformatting.

Accessibility

In order to give people of all abilities and disabilities access to the content
of your supplementary files, please make sure that

« The manuscript contains a descriptive caption for each
supplementary material

« Video files do not contain anything that flashes more than three
times per second (so that users prone to seizures caused by such
effects are not put at risk)

Back to top

English Language Editing
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For editors and reviewers to accurately assess the work presented in your
manuscript you need to ensure the English language is of sufficient quality
to be understood. If you need help with writing in English you should
consider:

« Asking a colleague who is a native English speaker to review your
manuscript for clarity.

« Visiting the English language tutorial which covers the common
mistakes when writing in English.

« Using a professional language editing service where editors will
improve the English to ensure that your meaning is clear and identify
problems that require your review. Two such services are provided by
our affiliates Nature Research Editing Service and American Journal
Experts. Springer authors are entitled to a 10% discount on their first
submission to either of these services, simply follow the links below.

English language tutorial

Nature Research Editing Service

American Journal Experts

Please note that the use of a language editing service is not a requirement
for publication in this journal and does not imply or guarantee that the
article will be selected for peer review or accepted.

If your manuscript is accepted it will be checked by our copyeditors for
spelling and formal style before publication.
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Additional Information

Authors should suggest six to eight individuals with position, affiliation,
country, email address and expertise. To avoid possible bias and conflicts of
interest, authors are not allowed to suggest reviewers from the same
institute. Non-American authors must list at least four reviewers from
outside their country of origin. Papers may be returned without review if
authors do not adhere to the above rules.

Back to top
Ethical Responsibilities of Authors

This journal is committed to upholding the integrity of the scientific record.
As a member of the Committee on Publication Ethics (COPE) the journal will
follow the COPE guidelines on how to deal with potential acts of
misconduct.

Authors should refrain from misrepresenting research results which could
damage the trust in the journal, the professionalism of scientific authorship,
and ultimately the entire scientific endeavour. Maintaining integrity of the
research and its presentation is helped by following the rules of good
scientific practice, which include*:

o The manuscript should not be submitted to more than one journal
for simultaneous consideration.

« The submitted work should be original and should not have been
published elsewhere in any form or language (partially or in full),
unless the new work concerns an expansion of previous work. (Please
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provide transparency on the re-use of material to avoid the concerns
about text-recycling (‘self-plagiarism’).

« Asingle study should not be split up into several parts to increase the
quantity of submissions and submitted to various journals or to one
journal over time (i.e. ‘'salami-slicing/publishing’).

« Concurrent or secondary publication is sometimes justifiable,
provided certain conditions are met. Examples include: translations or
a manuscript that is intended for a different group of readers.

« Results should be presented clearly, honestly, and without fabrication,
falsification or inappropriate data manipulation (including image
based manipulation). Authors should adhere to discipline-specific
rules for acquiring, selecting and processing data.

« No data, text, or theories by others are presented as if they were the
author’s own (‘plagiarism’). Proper acknowledgements to other works
must be given (this includes material that is closely copied (near
verbatim), summarized and/or paraphrased), quotation marks (to
indicate words taken from another source) are used for verbatim
copying of material, and permissions secured for material that is
copyrighted.

Important note: the journal may use software to screen for plagiarism.

« Authors should make sure they have permissions for the use of
software, questionnaires/(web) surveys and scales in their studies (if
appropriate).

« Research articles and non-research articles (e.g. Opinion, Review, and
Commentary articles) must cite appropriate and relevant literature in
support of the claims made. Excessive and inappropriate self-citation
or coordinated efforts among several authors to collectively self-cite
is strongly discouraged.

« Authors should avoid untrue statements about an entity (who can be
an individual person or a company) or descriptions of their behavior
or actions that could potentially be seen as personal attacks or
allegations about that person.

« Research that may be misapplied to pose a threat to public health or
national security should be clearly identified in the manuscript (e.g.
dual use of research). Examples include creation of harmful
consequences of biological agents or toxins, disruption of immunity
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of vaccines, unusual hazards in the use of chemicals, weaponization
of research/technology (amongst others).

« Authors are strongly advised to ensure the author group, the
Corresponding Author, and the order of authors are all correct at
submission. Adding and/or deleting authors during the revision
stages is generally not permitted, but in some cases may be
warranted. Reasons for changes in authorship should be explained in
detail. Please note that changes to authorship cannot be made after
acceptance of a manuscript.

*All of the above are guidelines and authors need to make sure to respect
third parties rights such as copyright and/or moral rights.

Upon request authors should be prepared to send relevant documentation
or data in order to verify the validity of the results presented. This could be
in the form of raw data, samples, records, etc. Sensitive information in the
form of confidential or proprietary data is excluded.

If there is suspicion of misbehavior or alleged fraud the Journal and/or
Publisher will carry out an investigation following COPE guidelines. If, after
investigation, there are valid concerns, the author(s) concerned will be
contacted under their given e-mail address and given an opportunity to
address the issue. Depending on the situation, this may result in the
Journal's and/or Publisher's implementation of the following measures,
including, but not limited to:

« If the manuscript is still under consideration, it may be rejected and
returned to the author.

o If the article has already been published online, depending on the
nature and severity of the infraction:

- an erratum/correction may be placed with the article
- an expression of concern may be placed with the article
- or in severe cases retraction of the article may occur.

The reason will be given in the published erratum/correction, expression of
concern or retraction note. Please note that retraction means that the
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article is maintained on the platform, watermarked “retracted” and the
explanation for the retraction is provided in a note linked to the
watermarked article.

« The author’s institution may be informed

« A notice of suspected transgression of ethical standards in the peer
review system may be included as part of the author’s and article’s
bibliographic record.

Fundamental errors

Authors have an obligation to correct mistakes once they discover a
significant error or inaccuracy in their published article. The author(s) is/are
requested to contact the journal and explain in what sense the error is
impacting the article. A decision on how to correct the literature will
depend on the nature of the error. This may be a correction or retraction.
The retraction note should provide transparency which parts of the article
are impacted by the error.

Suggesting / excluding reviewers

Authors are welcome to suggest suitable reviewers and/or request the
exclusion of certain individuals when they submit their manuscripts. When
suggesting reviewers, authors should make sure they are totally
independent and not connected to the work in any way. It is strongly
recommended to suggest a mix of reviewers from different countries and
different institutions. When suggesting reviewers, the Corresponding
Author must provide an institutional email address for each suggested
reviewer, or, if this is not possible to include other means of verifying the
identity such as a link to a personal homepage, a link to the publication
record or a researcher or author ID in the submission letter. Please note
that the Journal may not use the suggestions, but suggestions are
appreciated and may help facilitate the peer review process.

Back to top
Authorship principles

These guidelines describe authorship principles and good authorship
practices to which prospective authors should adhere to.
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Authorship clarified

The Journal and Publisher assume all authors agreed with the content and
that all gave explicit consent to submit and that they obtained consent
from the responsible authorities at the institute/organization where the
work has been carried out, before the work is submitted.

The Publisher does not prescribe the kinds of contributions that warrant
authorship. It is recommended that authors adhere to the guidelines for
authorship that are applicable in their specific research field. In absence of
specific guidelines it is recommended to adhere to the following
guidelines*:

All authors whose names appear on the submission

1) made substantial contributions to the conception or design of the work;
or the acquisition, analysis, or interpretation of data; or the creation of new
software used in the work;

2) drafted the work or revised it critically for important intellectual content;
3) approved the version to be published; and

4) agree to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.

* Based on/adapted from:

ICMJE, Defining the Role of Authors and Contributors,

Transparency in authors’ contributions and responsibilities to promote
integrity in scientific publication, McNutt at all, PNAS February 27, 2018

Disclosures and declarations

All authors are requested to include information regarding sources of
funding, financial or non-financial interests, study-specific approval by the
appropriate ethics committee for research involving humans and/or
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animals, informed consent if the research involved human participants, and
a statement on welfare of animals if the research involved animals (as
appropriate).

The decision whether such information should be included is not only
dependent on the scope of the journal, but also the scope of the article.
Work submitted for publication may have implications for public health or
general welfare and in those cases it is the responsibility of all authors to
include the appropriate disclosures and declarations.

Data transparency

All authors are requested to make sure that all data and materials as well as
software application or custom code support their published claims and
comply with field standards. Please note that journals may have individual
policies on (sharing) research data in concordance with disciplinary norms
and expectations.

Role of the Corresponding Author

One author is assigned as Corresponding Author and acts on behalf of all
co-authors and ensures that questions related to the accuracy or integrity
of any part of the work are appropriately addressed.

The Corresponding Author is responsible for the following requirements:

« ensuring that all listed authors have approved the manuscript before
submission, including the names and order of authors;

« managing all communication between the Journal and all co-authors,
before and after publication;*

. providing transparency on re-use of material and mention any
unpublished material (for example manuscripts in press) included in
the manuscript in a cover letter to the Editor;

« making sure disclosures, declarations and transparency on data
statements from all authors are included in the manuscript as
appropriate (see above).

* The requirement of managing all communication between the journal and
all co-authors during submission and proofing may be delegated to a
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Contact or Submitting Author. In this case please make sure the
Corresponding Author is clearly indicated in the manuscript.

Author contributions

In absence of specific instructions and in research fields where it is possible
to describe discrete efforts, the Publisher recommends authors to include
contribution statements in the work that specifies the contribution of every
author in order to promote transparency. These contributions should be
listed at the separate title page.

Examples of such statement(s) are shown below:

* Free text:

All authors contributed to the study conception and design. Material
preparation, data collection and analysis were performed by [full name],
[full name] and [full name]. The first draft of the manuscript was written by
[full name] and all authors commented on previous versions of the

manuscript. All authors read and approved the final manuscript.

Example: CRediT taxonomy:

« Conceptualization: [full name], ...; Methodology: [full name], ...; Formal
analysis and investigation: [full name], ...; Writing - original draft
preparation: [full name, ...]; Writing - review and editing: [full name], ...;
Funding acquisition: [full name], ...; Resources: [full name], ...; Supervision:
[full name],....

For review articles where discrete statements are less applicable a
statement should be included who had the idea for the article, who
performed the literature search and data analysis, and who drafted and/or
critically revised the work.

For articles that are based primarily on the student’s dissertation or

thesis, it is recommended that the student is usually listed as principal
author:
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A Graduate Student’s Guide to Determining Authorship Credit and
Authorship Order, APA Science Student Council 2006

Affiliation

The primary affiliation for each author should be the institution where the
majority of their work was done. If an author has subsequently moved, the
current address may additionally be stated. Addresses will not be updated
or changed after publication of the article.

Changes to authorship

Authors are strongly advised to ensure the correct author group, the
Corresponding Author, and the order of authors at submission. Changes of
authorship by adding or deleting authors, and/or changes in
Corresponding Author, and/or changes in the sequence of authors

are not accepted after acceptance of a manuscript.

« Please note that author names will be published exactly as they
appear on the accepted submission!

Please make sure that the names of all authors are present and correctly
spelled, and that addresses and affiliations are current.

Adding and/or deleting authors at revision stage are generally not
permitted, but in some cases it may be warranted. Reasons for these
changes in authorship should be explained. Approval of the change during
revision is at the discretion of the Editor-in-Chief. Please note that journals
may have individual policies on adding and/or deleting authors during
revision stage.

Author identification

Authors are recommended to use their ORCID ID when submitting an
article for consideration or acquire an ORCID ID via the submission process.

Deceased or incapacitated authors

For cases in which a co-author dies or is incapacitated during the writing,
submission, or peer-review process, and the co-authors feel it is
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appropriate to include the author, co-authors should obtain approval from
a (legal) representative which could be a direct relative.

Authorship issues or disputes

In the case of an authorship dispute during peer review or after acceptance
and publication, the Journal will not be in a position to investigate or
adjudicate. Authors will be asked to resolve the dispute themselves. If they
are unable the Journal reserves the right to withdraw a manuscript from the
editorial process or in case of a published paper raise the issue with the
authors’ institution(s) and abide by its guidelines.

Confidentiality

Authors should treat all communication with the Journal as confidential
which includes correspondence with direct representatives from the Journal
such as Editors-in-Chief and/or Handling Editors and reviewers' reports
unless explicit consent has been received to share information.

Back to top
Compliance with Ethical Standards

To ensure objectivity and transparency in research and to ensure that
accepted principles of ethical and professional conduct have been followed,
authors should include information regarding sources of funding, potential
conflicts of interest (financial or non-financial), informed consent if the
research involved human participants, and a statement on welfare of
animals if the research involved animals.

Authors should include the following statements (if applicable) in a
separate section entitled “Compliance with Ethical Standards” when
submitting a paper:

« Disclosure of potential conflicts of interest
« Research involving Human Participants and/or Animals
« Informed consent

Please note that standards could vary slightly per journal dependent on
their peer review policies (i.e. single or double blind peer review) as well as
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per journal subject discipline. Before submitting your article check the
instructions following this section carefully.

The corresponding author should be prepared to collect documentation of
compliance with ethical standards and send if requested during peer review
or after publication.

The Editors reserve the right to reject manuscripts that do not comply with
the above-mentioned guidelines. The author will be held responsible for
false statements or failure to fulfill the above-mentioned guidelines.

Back to top
Conflicts of Interest / Competing Interests

Authors are requested to disclose interests that are directly or indirectly
related to the work submitted for publication. Interests within the last 3 years
of beginning the work (conducting the research and preparing the work for
submission) should be reported. Interests outside the 3-year time frame
must be disclosed if they could reasonably be perceived as influencing the
submitted work. Disclosure of interests provides a complete and
transparent process and helps readers form their own judgments of
potential bias. This is not meant to imply that a financial relationship with
an organization that sponsored the research or compensation received for
consultancy work is inappropriate.

Interests that should be considered and disclosed but are not limited to the
following:

Funding: Research grants from funding agencies (please give the research
funder and the grant number) and/or research support (including salaries,
equipment, supplies, reimbursement for attending symposia, and other
expenses) by organizations that may gain or lose financially through
publication of this manuscript.

Employment: Recent (while engaged in the research project), present or
anticipated employment by any organization that may gain or lose
financially through publication of this manuscript. This includes multiple
affiliations (if applicable).
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Financial interests: Stocks or shares in companies (including holdings of
spouse and/or children) that may gain or lose financially through
publication of this manuscript; consultation fees or other forms of
remuneration from organizations that may gain or lose financially; patents
or patent applications whose value may be affected by publication of this
manuscript.

It is difficult to specify a threshold at which a financial interest becomes
significant, any such figure is necessarily arbitrary, so one possible practical
guideline is the following: "Any undeclared financial interest that could
embarrass the author were it to become publicly known after the work was
published."

Non-financial interests: In addition, authors are requested to disclose
interests that go beyond financial interests that could impart bias on the
work submitted for publication such as professional interests, personal
relationships or personal beliefs (amongst others). Examples include, but
are not limited to: position on editorial board, advisory board or board of
directors or other type of management relationships; writing and/or
consulting for educational purposes; expert witness; mentoring relations;
and so forth.

Primary research articles require a disclosure statement. Review articles
present an expert synthesis of evidence and may be treated as an
authoritative work on a subject. Review articles therefore require a
disclosure statement.Other article types such as editorials, book reviews,
comments (amongst others) may, dependent on their content, require a
disclosure statement. If you are unclear whether your article type requires a
disclosure statement, please contact the Editor-in-Chief.

Please note that, in addition to the above requirements, funding
information (given that funding is a potential conflict of interest (as
mentioned above)) needs to be disclosed upon submission of the
manuscript in the peer review system. This information will automatically be
added to the Record of CrossMark, however it is not added to the
manuscript itself. Under ‘summary of requirements’ (see below) funding
information should be included in the ‘Declarations’ section.
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Summary of requirements

The above should be summarized in a statement and placed in a
'‘Declarations’ section before the reference list under a heading of 'Funding’
and/or ‘Conflicts of interests’/'Competing interests’. Other declarations
include Ethics approval, Consent, Data, Material and/or Code availability
and Authors’ contribution statements.

Please see the various examples of wording below and revise/customize the
sample statements according to your own needs.

When all authors have the same (or no) conflicts and/or funding it is
sufficient to use one blanket statement.

Examples of statements to be used when funding has been received:

« Partial financial support was received from [...]

« The research leading to these results received funding from [...] under
Grant Agreement Nol...].

« This study was funded by [...]

« This work was supported by [...] (Grant numbers [...] and [...]

Examples of statements to be used when there is no funding:

o The authors did not receive support from any organization for the
submitted work.

« No funding was received to assist with the preparation of this
manuscript.

« No funding was received for conducting this study.

« No funds, grants, or other support was received.

Examples of statements to be used when there are interests to declare:

« Financial interests: Author A has received research support from
Company A. Author B has received a speaker honorarium from
Company Wand owns stock in Company X. Author C is consultant to
company Y.
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Non-financial interests: Author C is an unpaid member of
committee Z.

. Financial interests: The authors declare they have no financial
interests.

Non-financial interests: Author A is on the board of directors of Y
and receives no compensation as member of the board of directors.

« Financial interests: Author A received a speaking fee from Y for Z.
Author B receives a salary from association X. X where s/he is the
Executive Director.

Non-financial interests: none.

- Financial interests: Author A and B declare they have no financial
interests. Author C has received speaker and consultant honoraria
from Company M and Company N. Dr. C has received speaker
honorarium and research funding from Company M and Company O.
Author D has received travel support from Company O.

Non-financial interests: Author D has served on advisory boards for
Company M, Company N and Company O.

Examples of statements to be used when authors have nothing to
declare:

« The authors have no relevant financial or non-financial interests to
disclose.

« The authors have no conflicts of interest to declare that are relevant
to the content of this article.

« All authors certify that they have no affiliations with or involvement in
any organization or entity with any financial interest or non-financial
interest in the subject matter or materials discussed in this
manuscript.

« The authors have no financial or proprietary interests in any material
discussed in this article.
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Authors are responsible for correctness of the statements provided in the
manuscript. See also Authorship Principles. The Editor-in-Chief reserves the
right to reject submissions that do not meet the guidelines described in this
section.

Back to top

After acceptance

Upon acceptance, your article will be exported to Production to undergo
typesetting. Once typesetting is complete, you will receive a link asking you
to confirm your affiliation, choose the publishing model for your article as
well as arrange rights and payment of any associated publication cost.

Once you have completed this, your article will be processed and you will
receive the proofs.

Article publishing agreement

Depending on the ownership of the journal and its policies, you will either
grant the Publisher an exclusive licence to publish the article or will be
asked to transfer copyright of the article to the Publisher.

Offprints

Offprints can be ordered by the corresponding author.

Color illustrations

Online publication of color illustrations is free of charge. For color in the
print version, authors will be expected to make a contribution towards the
extra costs.

Proof reading

The purpose of the proof is to check for typesetting or conversion errors
and the completeness and accuracy of the text, tables and figures.
Substantial changes in content, e.g., new results, corrected values, title and
authorship, are not allowed without the approval of the Editor.
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After online publication, further changes can only be made in the form of
an Erratum, which will be hyperlinked to the article.

Online First

The article will be published online after receipt of the corrected proofs.
This is the official first publication citable with the DOI. After release of the
printed version, the paper can also be cited by issue and page numbers.

Back to top
Open Choice

Open Choice allows you to publish open access in more than 1850 Springer
Nature journals, making your research more visible and accessible
immediately on publication.

Article processing charges (APCs) vary by journal — view the full list
Benefits:

« Increased researcher engagement: Open Choice enables access by
anyone with an internet connection, immediately on publication.

« Higher visibility and impact: In Springer hybrid journals, OA articles
are accessed 4 times more often on average, and cited 1.7 more
times on average*.

« Easy compliance with funder and institutional mandates: Many
funders require open access publishing, and some take compliance
into account when assessing future grant applications.

It is easy to find funding to support open access — please see our funding
and support pages for more information.

*) Within the first three years of publication. Springer Nature hybrid journal
OA impact analysis, 2018.

Open Choice

Funding and Support pages
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Copyright and license term - CC BY

Open Choice articles do not require transfer of copyright as the copyright
remains with the author. In opting for open access, the author(s) agree to
publish the article under the Creative Commons Attribution License.

Find more about the license agreement

Back to top

Open access publishing

Molecular Biology Reports publishes open access articles. Authors of open
access articles published in this journal retain the copyright of their articles
and are free to reproduce and disseminate their work.

Visit our Open access publishing page to learn more.

Back to top
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Annexure - C

Brief guide for submission to Nature Communications

This guide outlines key points for preparing primary research
manuscripts for submission to Nature Communications.

The corresponding author should be familiar with the Nature
journals’ editorial policies and is solely responsible for communicating
with the journal and managing communication between coauthors.
Before submission, the corresponding author ensures that all authors are
included in the author list and agree with its order, and that they are
aware the manuscript is to be submitted. For more information on
editorial and authorship policies please review our Guide to Authors.
Cover letter
Although optional, the cover letter is an excellent opportunity to briefly
discuss the context and importance of the submitted work and why it is
appropriate for the journal. Please avoid repeating information that is
already present in the abstract and introduction. The cover letter is not
shared with the referees, and should be used to provide confidential
information, such as conflicts of interest, and to declare any related
work that is in press or submitted elsewhere.

Main manuscript

The Nature journals are flexible with regard to the format of initial
submissions. Within reason, style and length will not influence
consideration of a manuscript. If revisions are requested, the editor will
provide detailed formatting instructions at that time. For information on
length and formatting consult Nature Communications' content types.
Title. If possible, this should be 15 words or fewer and should not
contain technical terms, abbreviations, punctuation and active verbs.
Authors. Corresponding author(s) should be identified with an asterisk.
Abstract. Provide a general introduction to the topic and a brief non-
technical summary of your main results and their implication.

Text length and formatting. Attention to the following details can help
expedite publication if we invite a revision after external review.

e Articles: an abstract of approximately 150 words, unreferenced;
main text of no more than 5,000 words and 10 display items
(figures, tables). As a guideline, Articles allow up to 70 references.
Section headings should be used and subheadings should appear in
‘Results' and ‘Methods’.

Methods. The Methods section appears in all online original research
articles and should contain all elements necessary for interpretation and
replication of the results. Methods should be written as concisely as
possible and typically do not exceed 3,000 words but may be longer if
necessary. We encourage you to deposit any step-by-step protocols used
in your study in Protocol Exchange, an open resource maintained by
NPG. These protocols are linked to the Methods section upon
publication.

References. These may only contain citations and should list only one
publication with each number. Include the title of the cited article or
dataset.

Acknowledg (op 1). Keep acknowledgements brief and do
not include thanks to anonymous referees or editors, or effusive
comments. Grant or contribution numbers may be acknowledged.
Author contributions. You must include a statement that specifies the
individual contributions of each co-author. For example: "A.P.M.
‘contributed’ Y and Z; B.T.R. ‘contributed’ Y,” etc. See our authorship
policies for more details.

Competing interests. Submission of a competing interests statement is
required for all content of the journal.

Materials & Correspondence. Indicate the author(s) to whom
correspondence and material requests should be addressed.

Tables. Each table should be prepared using the Table menu in Word or
the table environment in TeX/LaTeX and accompanied by a short title
sentence describing what the table shows. Further details can be
included as footnotes to the table.

Figures

High-resolution image files are not required at initial submission, but
please ensure that images are of sufficient resolution for referees to
properly assess the data.

Should your manuscript be accepted, you will receive more extensive
instructions for final submission of display items. However, some
guidelines for final figure preparation are included below and here if
you wish to minimize later revisions and possible delays.

Provide images in RGB color and at 300 dpi or higher resolution.
Use the same typeface (Arial or Helvetica) for all figures. Use
symbol font for Greek letters.

Use distinct colors with comparable visibility and avoid the use of
red and green for contrast. Recoloring primary data, such as
fluorescence images, to color-safe combinations such as green and
magenta or other accessible color palettes is strongly encouraged.
Use of the rainbow color scale should be avoided.

Figures are best prepared at the size you would expect them to
appear in print. At this size, the optimum font size is between 5pt
and 8pt.

We prefer vector files with editable layers. Acceptable formats are:
.ai, .eps, .pdf, .ps and .svg for fully editable vector-based art;
layered .psd and tif for editable layered art; .psd, .tif, .png and .jpg
for bitmap images; .ppt if fully editable and without styling effects;
ChemDraw (.cdx) for chemical structures.

Please use the Nature Research Chemical Structures Guide and
ChemDraw template for formatting of chemical structures.

Figure legends should be <350 words each. They should begin with a
brief title sentence for the whole figure and continue with a short
statement of what is depicted in the figure, not the results (or data) of
the experiment or the methods used. Legends should be detailed enough
so that each figure and caption can, as far as possible, be understood in
isolation from the main text.

Statistical information

Comprehensive information on the statistical analyses used must be
included in the paper. The Methods must include a statistics section
where you describe the statistical tests used and whether they were one-
or two-tailed. Please ensure that the error bars are defined throughout
the figures. For all statistics (including error bars), provide the EXACT
n values used to calculate the statistics (reporting individual values
rather than a range if n varied among experiments). For representative
results, report the number of times that the measurements were
repeated. Where relevant, provide exact values for both significant and
non-significant P values. For ANOVAs, provide F values and degrees
of freedom. For t-tests, provide t-values and degrees of freedom. Please
specifically define the replicates.

Supplementary information

Please submit supplementary figures, small tables and text as a single
combined PDF document. Tables longer than one page should be
provided as an Excel or similar file type. For optimal quality video files
please use H.264 encoding, the standard aspect ratio of 16:9 (4:3 is
second best) and do not compress the video. We encourage submission
of step-by-step synthesis procedures for chemical compounds and data
on compound characterization. Supplementary information is not copy-
edited, so please ensure that it is clearly and succinctly presented, and
that the style and terminology conform to the rest of the manuscript.
Data availability

Please provide a data availability statement as a separate section after
the Methods section but before the References, under the heading “Data
Availability”; detailed guidance can be found in our data availability
and data citations policy. Certain data types must be deposited in an
appropriate public structured data depository (details are available here)
and the accession number(s) provided in the manuscript. Full access is
required at publication. Should full access to data be required for peer
review, authors must provide it.

We encourage provision of other source data in unstructured public
depositories such as Dryad or figshare, or as supplementary
information. To maximize data reuse, we encourage publication of
detailed descriptions of datasets in Scientific Data.
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Crystallographic data

Manuscripts reporting new crystallographic structures of small
molecules must be accompanied by a standard .cif file. A structural
figure with probability ellipsoids should be included in the main
supplementary information file. The structure factors for each structure
should also be submitted, preferably embedded in the main .cif file,
although they may be provided as a separate .hkl and/or .fcf file. Use of
the latest version of the program SHELXL, which embeds the structure
factors information in the main .cif file, is encouraged. The structure
factors and structural output must be checked using IUCr's CheckCIF
routine and a pdf copy of the output supplied, explaining any A- or B-
level alerts.

Computer code

Any previously unreported custom computer code used to generate
results reported in the manuscript that are central to the main claims
must be made available to editors and reviewers upon request. Any
practical issues preventing code sharing will be evaluated by the editors
who reserve the right to decline the manuscript if important code is
unavailable. At publication, Nature journals consider it best practice to
release custom computer code in a way that allows readers to repeat the
published results.

Authors of such research papers will also be asked to fill out a code
and software submission checklist that will be made available to editors
and reviewers during manuscript assessment. The aim is to make
studies that use such code more reliable by ensuring that all relevant
documentation is available and by facilitating testing of software by the
reviewers. Further detailed guidance and required documentation at
submission and acceptance of the manuscript can be found here.

For all studies using custom code that is deemed central to the
conclusions, a statement must be included under the heading "Code
availability", indicating whether and how the code can be accessed,
including any restrictions to access. Code availability statements should
be provided as a separate section after the data availability statement but
before the References.

Reporting guidelines

To improve the transparency of reporting and the reproducibility of
published results, authors of life sciences, behavioural & social sciences
and ecological, evolutionary & environmental sciences research articles
must provide a completed reporting summary that will be made
available to editors and reviewers during manuscript assessment. The
reporting summary will be published with all accepted manuscripts.
Guidance and resources related to the use and reporting of statistics are
available here.

All authors must also complete an editorial policy checklist to ensure
compliance with Nature Research editorial policies.

Please note: because of the advanced features used in these forms,
you must use Adobe Reader to open the documents and fill them out,
instead of opening them in a web browser.

Other reporting checklist

To improve the transparency of reporting and the reproducibility of
published results in certain other research areas, you may be asked to
complete a different checklist and provide the requested information
prior to peer review.

Source data

For relevant manuscripts, we may request a source data file in Microsoft
Excel format or a zipped folder. The source data file should, as a
minimum, contain the raw data underlying any graphs and charts, and
uncropped versions of any gels or blots presented in the figures. Within
the source data file, each figure or table (in the main manuscript and in
the Supplementary Information) containing relevant data should be
represented by a single sheet in an Excel document, or a single .txt file
or other file type in a zipped folder. Blot and gel images should be
pasted in and labelled with the relevant panel and identifying
information such as the antibody used. We also encourage authors to
include any other types of raw data that may be appropriate. An
example source data file is available demonstrating the correct format.
Human subject data

If you are reporting phase II or phase III randomized controlled trials
you must refer to the CONSORT Statement for recommendations to

facilitate the complete and transparent reporting of trial findings.
Reports that do not conform to the CONSORT guidelines may need to
be revised before peer review.

We encourage authors reporting prognostic studies with tumor
markers to follow the REMARK reporting guidelines.

Before the start of patient enrollment prospective clinical trials must
be registered in www.clinicaltrials.gov or a similar public repository
that matches ISMJE criteria and the trial registration number reported in
the manuscript. (Trials in which the primary goal is to determine
pharmacokinetics are exempt.)

For describing human biospecimens, we recommend referring to the
BRISQ reporting guidelines and ensuring at least Tier 1 characteristics
are provided (doi: 10.1002/cncy.20147).

Related manuscripts

It is a requirement of submission that you alert us to any related
manuscripts with overlapping authorship that are under consideration
(including under appeal) or in press at other journals (see our editorial
policies on duplicate submissions for details). Copies of these
manuscripts should be clearly marked and included as separate files
with your submission. Abstracts or other unrefereed preprints do not
compromise novelty.

Preprint servers

Nature Research journals support posting of primary research
manuscripts on community preprint servers such as arXiv and bioRxiv.
We do, however, ask you to respect our policies on posting. citation and
licensing of preprints.

Transparent peer review

For published original research articles, the reviewer comments to the
authors and the author rebuttal letters of revised versions are published
online as a supplementary "peer review file". Authors may opt out of
this scheme at the completion of the peer review process, before the
paper is accepted. If the manuscript was transferred to us from another
Nature journal, we will not publish reviewer reports or author rebuttals
of versions of the manuscript under consideration at the originating
Nature journal. For more information, please refer to our FAQ page.
Reviewer information

In recognition of the time and expertise our reviewers provide to Nature
Communications’ editorial process, as of November, 2018, we formally
acknowledge their contribution to the external peer review of articles
published in the journal. All peer-reviewed content will carry an
anonymous statement of peer reviewer acknowledgement, and for those
reviewers who give their consent, we will publish their names alongside
the published article. We will continue to publish peer reviewer reports
where authors opt in to our separate transparent peer review scheme. In
cases where authors opt in to publication of peer reviewer comments
and reviewers opt in to being named, we will not link a reviewer’s name
to their report unless they choose to sign their comments to the author
with their name. For more information, please refer to our FAQ page.
Double-blind peer review

To participate in double-blind peer review, please prepare your
manuscript in a way that conceals the identities of all the authors (see
checklist) and tick the appropriate box during online submission. Please
note that editors do not ensure that the paper is properly anonymized;
that is the responsibility of the authors.

Transferring your manuscript

If an editor is unable to offer publication of your manuscript, you have
the opportunity to transfer all manuscript materials, the decision letter
and any referee comments to a selection of Springer Nature journals
without re-entering submission information. Use the link in your
decision letter to explore suggested alternative journals. You may then
initiate the transfer process to the journal of your choice or submit
elsewhere. Please see this page for more information.

Appeals

Authors who feel that they have strong grounds for appealing a decision
may contact the journal to request the opening of an appeal, after which
they may upload a cogently argued rebuttal letter that addresses the
referees’ and/or editor’s comments in a point-by-point manner.
Decisions are reversed on appeal only if the editors are convinced that
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the original decision was made in error, or if critical new information or
data has been added.

Comments on published articles
Important scientific comments and clarifications on content published in
Nature Communications may be submitted as Correspondence.

Questions and manuscript submission

General editorial enquiries should be addressed to the Editor at
naturecommunications @nature.com. Manuscripts should be submitted
through our online submission system. Further submission details are
available here.

Open access

As of January 2016, the journal only publishes open access content, and
legacy subscription content published in Nature Communications prior
to 2016 has been made freely accessible. All articles are published
under a CC BY license (Creative Commons Attribution 4.0
International License). We offer APC waivers for papers whose
corresponding authors are based in the world’s lowest income countries
as defined by the World Bank. Discretionary APC waivers for authors
will be considered on a case-by-case basis, and may be granted in cases
of financial need. All applications for discretionary APC waivers should
be made at the point of manuscript submission; requests made during
the review process or after acceptance will not be considered. To
request a waiver please contact apcwaivers@springernature.com. Full
details of our APC waiver and discount policies can be found here.
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