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Abstract

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is a global epidemic and one of the
leading causes of death from an infectious organism. TB is treatable, however extended durations of
treatment and the rise of multidrug resistant forms of TB contribute towards a health crisis that continues
to hinder the global efforts in eradicating this disease. Shortening treatment regimens is a key objective
in advancing TB therapy, with the aim of reducing the potential for antibiotic resistance. This highlights
the need for the identification of essential cellular pathways in mycobacteria that can be targeted for
novel drug development. A key feature of Mtb that confers intrinsic tolerance to many antibiotics is its
complex cell envelope. The mycobacterial cell envelope is a dynamic compartment which serves as the
interface between the pathogen and its host. It supports vital physiological processes and plays a key
role in maintaining intracellular homeostasis. A unique and highly conserved structural component of
the mycobacterial cell envelope is the heteropolysaccharide, arabinogalactan. This molecule is
comprised of the galactan and Arabinan units, forming the characteristic cell wall core of mycobacterial
species. Large scale drug screens have shown that arabinogalactan strains are sensitised to known anti-
TB drugs.

The work presented in this dissertation aims to shine light on the functionality of the galactan component
of arabinogalactan, examining its role in the sensitisation of mycobacteria to known antimycobacterial
drugs and its impact on cell envelope characterisation and cell morphology. The CRISPR interference
(CRISPRI) genome editing system was used to target genes involved in galactan biosynthesis and
generate transcriptional knock down of wecA (also known as rfe, MSMEG _4947) and rfbD
(MSMEG_6369) in M. smegmatis, a widely exploited modal for mycobacterial studies. We show that
knockdown of both wecA and rfbD did not show hypersensitisation to first-line antibiotics rifampicin,
ethambutol, vancomycin or linezolid. In addition, partial transcriptional silencing of wecA altered cell
morphology, characterised by significant shortening and widening of cells, however partial
transcriptional silencing of rfbD had no significant impact on cell shape. The M. smegmatis CRISPRi
strains were finally stained with DMN-Tre, a fluorescent probe that selectively incorporates into the
mycolic acid layer of the cell envelope. Morphological analyses revealed altered DMN-Tre signal along
the medial axis of the cell, indicating a potential disruption of mycolic acid biosynthesis when galactan
biosynthesis is compromised. Notably, loss of polar incorporation of DMN-Tre suggests issues with
polar elongation. The findings of this study and its insights support the continuation of research into the
role of galactan in maintaining cell envelope integrity and its role in supporting a robust mycolic acid

leaflet.
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1.1. Background: a curable infectious disease of global concern and local
relevance

Tuberculosis (TB) is an ancient disease that has plagued humanity throughout known history (Daniel et
al., 1994). TB is caused by the obligate intracellular pathogen Mycobacterium tuberculosis (Mtb)
(Glickman and Jacobs, 2001, Jabir et al., 2018). TB is primarily a respiratory disease but can spread
throughout the body including the lymph nodes (Ganchua et al., 2018), spine, bones and kidneys and
can range from asymptomatic to life-threatening. Evidence of TB has been found in the bones of
Egyptian mummies dating back to 8000 BC (Zink et al., 2003, Prabhu and Singh, 2019) and the disease
was the leading cause of mortality in Europe during the 19" century where it was referred to as
“consumption” due to significant weight loss and wasting of those infected with the disease. The current
consensus is that just under one-third of the world’s population is infected with TB (Lee, 2016, Houben
and Dodd, 2016), with a majority of infected individuals described as having latent TB disease. Latent
TB disease is defined as the immunoreactivity to TB antigens without the manifestation of active disease
(Dartois and Rubin, 2022, Rao et al., 2019). Latently infected individuals are predominantly
asymptomatic and do not require treatment (Rao et al., 2019). However, a minority of infected
individuals do develop active TB and require treatment (Won et al., 2017). Despite modern interventions
such as antibiotics, active TB remains one of the leading causes of death from an infectious organism
worldwide (Peloquin and Davies, 2021), with an estimated 1.3 million deaths in 2022 attributed to the
disease (WHO, 2023)

TB is traditionally considered a disease of poverty (Benatar and Upshur, 2010) with active TB
prevalence being impacted by low socioeconomic status, such as overcrowding and undernutrition
(Harling et al., 2008). Malnutrition and HIV-infection are among the strongest driving factors of TB
worldwide (Getahun et al., 2015). A report published by the Food and Agriculture Organization in 2021
estimated that approximately 828 million people worldwide were undernourished, the majority living
in South-East Asia (425 million) and Sub-Saharan Africa (278 million) (UNICEF, 2021). According to
the World Health Organisation, low- to middle-income countries account for 87% of the world’s TB
burden: South-East Asia (46%), Africa (23%), Western Pacific (18%) (WHO, 2023). The TB crisis is
aggravated by the global rise in resistance to known anti-TB drugs (Borgdorff et al., 2002, Ouattara et
al., 2023). A multilevel analysis of TB infections in South Africa revealed that high levels of income
inequality were associated with an increase in active TB infections on an individual-, community- and
household level (Harling et al., 2008).
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1.2.  Tuberculosis (TB) treatment

One of the greatest impacts that medicine has had on society has been the development of antibiotics.
The first step in understanding how to treat the causative agent of TB was through its discovery by
Robert Koch in 1882 (Murray et al., 2015, Daniel, 2006). The discovery of antituberculosis drugs
targeting the bacillus took place decades later during the golden age of antibiotics (1940s to 1960s), and
in 1945 the benefits of streptomycin (STR) were announced (Rocha et al., 2021). Following the
discovery of isoniazid (INH) in 1952 the antituberculosis effects of combining STR and INH became
apparent (Murray et al., 2015, Cvetni¢ and Dugac, 2020). However, resistance to STR soon developed
in a significant portion of TB patients (Murray et al., 2015, Rocha et al., 2021). In 1963, STR was
substituted with a more effective regimen of drugs that combined ethambutol (EMB), rifampicin (RIF)
and pyrazinamide (PZA) (Rocha et al., 2021). The introduction of RIF reduced the TB treatment
regimen from 18-24 months to 9 months (Murray et al., 2015, Iseman, 2002). The introduction of PZA
further reduced the treatment regimen to only 6 months for drug susceptible TB (Iseman, 2002).

Modern drug sensitive TB treatment in adults constitutes a 6-month multidrug regimen and consists of
two main phases: (i) 2 months oral treatment combining INH, RIF, EMB and PZA, followed by (ii) a
continuous phase of 4 months’ treatment combining INH and RIF (Peloquin and Davies, 2021, Patil et
al., 2018). Drugs to treat TB target various aspects of Mth physiology (Figure 1.1). Modern TB
treatment, however, is not without side effects and difficulty in appropriately prescribing and adhering
to this protocol has proven to be major factors driving drug resistance and threat to effective treatment
(Iseman, 2002, Singh and Chibale, 2021). Second-line anti-TB drugs are administered in cases of
resistance to first-line drugs (Khawbung et al., 2021) but are often more toxic than their first-line
counterparts and require a longer period of treatment (Ramachandran and Swaminathan, 2015).
Consequently, the global TB crisis is aggravated by the rise in resistance to established anti-TB drugs
(Borgdorff et al., 2002, Ouattara et al., 2023). Drug resistance in TB can be broadly divided into 3 main
categories: (i) mono-resistance is the least common form and is defined as Mtb strains resistant to a
single first-line anti-TB drug, (ii) multi-drug resistance (MDR-TB) is the most common form of drug
resistance and is defined as resistance to the main first-line anti-TB drugs INH and RIF and (iii)
extensively drug-resistance (XDR-TB) refers to Mtb strains resistant to first-line drugs as well as at
least one second line drug or injectable agent such as kanamycin (KAN) or amikacin (AMK)
(Khawbung et al., 2021, Zumla et al., 2012).

Two recently emerged antitubercular candidates bedaquiline and delamanid have been approved and
recommended by the WHO to treat MDR- and XDR-TB (D'Ambrosio et al., 2015). Bedaquiline and

15



delamanid function by inhibiting energy metabolism and mycolic acid synthesis, respectively
(Bahuguna and Rawat, 2020). Despite evidence of the promising nature of both new drugs, there still
exists a crucial need to discover novel drug targets within other essential pathways as potential
resistance to these drugs remains a concern that may continue to hinder efforts in global TB eradication
(Somoskovi et al., 2015).

Cell wall
““Cytoplasm & Arabinosyl
/ transferases
EmbAB ' :
'\ Pyrazinamide Nutrient & %
PZA) transport & %
Ethambutol(EMB) (
Y o — ol
Rifampicin (RIF) pricA =
\ RNA
§ polymerase
Protein
w. inhA
;)w-u X Isoniazid (INH)=—— .
LUl ‘ -

Streptomycin (STR) \4

Mycolic acids

Figure 1.1. Schematic showing intracellular targets and mechanism of action of first-line anti-TB drugs. Ethambutol: inhibits the activity
of the arabinosyltranferases, EmbA,B during arabinogalactan biosynthesis resulting in loss of arabinogalactan polymerisation; Rifampicin:
inhibits the activity of DNA-dependent RNA synthesis; Isoniazid inhibits the activity of inhA in mycolic acid biosynthesis; Streptomycin:
interferes with synthesis of ribosomal proteins; PPyrazinamide disrupts membrane potential via accumulation of pyrazinoic acid resulting in
compromised nutrient uptake. In order to perform the illustrated functions, each drug needs to cross the barrier of the cell envelope. Generated
using Biorender (2025).

Although effective, antimycobacterial agents need to penetrate the cell envelope to reach their
intracellular targets and perform their functions (Figure 1.1) (Lambert, 2002). This can be challenging
as the cell envelopes of mycobacterial species are complex and rich in high molecular weight lipids
(Christensen et al., 1999). This results in high hydrophobicity and restricted access to most

antimycobacterial agents (Lambert, 2002). Relatively hydrophobic antibiotics, such as rifampicin can
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diffuse across the hydrophobic bilayer, however hydrophilic compounds cannot easily cross the cell
wall, and diffuse through porin proteins present in the cell wall (Danilchanka et al., 2008). Nevertheless,
these porins are much less abundant in mycobacteria compared to other bacterial species, resulting in
low rates of uptake of hydrophilic antibiotics (Niederweis, 2003). In addition, molecular weight of
antibiotics plays a role in its exclusion and contributes to the difficulty many antibiotics encounter when
crossing the physiochemically complex cell envelope structures (Lambert, 2002).

1.3. Origins and evolution of M. tuberculosis

During the 20" century, the traditional belief was that mycobacteria possessed animal and agricultural
origins dating back approximately 10 000 years and the disease was subsequently transferred to humans
due to close contact with cattle (Gagneux, 2012, Perrin, 2015). However molecular genetic studies by
Gutierrez et al. (2005) have provided evidence that Mycobacterium tuberculosis complex (MTBC) may
have emerged alongside early hominids in East Africa and share a common ancestor with other
mycobacterial species dating back approximately 3 million years. Gutierrez’s study supports evidence
that Mtb may have coevolved alongside its human host for centuries, and subsequently spread and
adapted as humans migrated (Brites and Gagneux, 2015, Uren et al., 2021, Correa-Macedo et al., 2019).
This probable coevolution has resulted in the long-term intricate host-pathogen interactions between
this bacterium and host immune defences (Gagneux, 2012, Correa-Macedo et al., 2019). Humans have
co-evolved due to this relationship, adapting a complex immune response against this pathogen to form
distinct granulomatous lesions in the majority of infected individuals (Zhai et al., 2019). Mtb has
devoted a large portion of its genome towards successfully establishing latency or dormancy in these
individuals (Ahmad, 2011, Khabibullina et al., 2022).

1.4. Pathogenesis of M. tuberculosis is dependent on key cell envelope
virulence factors

In infectious disease, pathogenesis refers to the mechanism by which a pathogen infects, progresses and
is resolved within its host (see Niederweis, 2003 for overview). In mycobacteria this includes the
bacterium’s ability to reside within macrophage cells and evade the antimicrobial responses of the host
immune system (Echeverria-Valencia et al., 2018). Mtb has evolved to leverage a variety of its cellular
components to facilitate growth and survival within the host (Sundararajan and Muniyan, 2021). These
include genes and components of its unique and complex cell envelope that serve as key virulence
factors (Al-Asady and Ali, 2023).

TB is primarily an air-borne disease spread via bio aerosols when an infected individual exhales, coughs

or sneezes (Dinkele et al., 2024). Following inhalation of Mtb-containing aerosols by those in proximity
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to the infected individual, the infection cycle of Mtb, in the case of pulmonary TB begins within the
lung alveolar space (Pai et al., 2016). Here, the innate immune response to Mtb is characterised by the
recruitment and accumulation of neutrophils, alveolar macrophages and dendritic cells (Bussi and
Gutierrez, 2019). Phagocytosis of the bacilli by alveolar macrophages promotes the dissemination of
Mtb to other immune cells and the lung interstitium (Cohen et al., 2018). Following phagocytosis of
Mtb by alveolar macrophages, the particle is internalised by a membranous phagosome (Chandra et al.,
2022). Standard phagosomal maturation occurs via sequential fusing with early and late endosome, a
final fusion with a lysosome and the recruitment of vacuolar ATPases, ultimately forming a
phagolysosome (Zhang et al., 2023). Conventionally the low pH within the phagolysosome releases
reactive oxygen species and activates hydrolytic enzymes crucial to the destruction of the internalised
bacterial cell (Dean et al., 2019). Mtb can traffic phagosomes and inhibit phagosomal maturation and
evade destruction by escaping from the phagosome and disseminating to other immune cells
(Echeverria-Valencia et al., 2018, Korb et al., 2016). Several cell envelope virulence factors have been
implicated in this process, including surface lipids such as lipoarabinomannan (LAMs) (Welin et al.,
2008) and phthiocerol dimycocerosates (PDIM) (Quigley et al., 2017). This immune evasion strategy
allows Mtb to occupy an intracellular niche in which the bacilli can persist and replicate (Cohen et al.,
2018), ultimately leading to the formation of granulomatous lesions (Figure 1.2). Granulomas are

characterised by a heterogenous population of immune cells surrounding the bacilli (Rao et al., 2019).

The majority of TB infections progress to latent disease (Chee et al., 2018). Approximately 5% to 15%,
however, can progress to active TB disease (Kiazyk and Ball, 2017, Campbell et al., 2020). The risk of
progression to active disease is typically affected by the integrity of the individual’s immune system,
such as those living with HIV, as well as environmental factors such as smoking, alcohol use and
malnutrition (Getahun et al., 2015). The high prevalences of HIV and malnutrition in developing
nations, such as South Africa, result in high active TB incidence. According to the WHO, South Africa
is one of the 30 countries with the highest TB incidence rates worldwide. Although there has been a
reported 50% decline in cases in South Africa between 2015 and 2022, TB incidence remains high with
a reported 468 cases per 100 000 population and 54 000 deaths in 2022 (WHO 2023).

Mtb’s remarkable success in subverting host immune responses and developing antibiotic resistance is
largely due to its unique and waxy cell envelope (Dulberger et al., 2020). It structurally and functionally
varies across the cell and may vary in comparison depending on the microenvironment and host

immunity (reviewed by Dulberger et al., 2020).
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Figure 1.2. Summarised schematic of the life cycle of M. tuberculosis. Following inhalation of Mth-containing aerosols, Mth
conventionally infects the lungs, leading to recruitment by macrophages and dendritic cells and the formation of granulomas
characterised by a heterogenous population of immune cells surrounding the bacilli. A minority of infections progress to active
disease characterised by the shedding and spread of the bacilli throughout the lungs. Generated using Biorender (2025).

1.5. The mycobacterial cell envelope

The mycobacterial cell envelope is a dynamic compartment which serves as the interface between the
pathogen and its host. It supports vital processes involved in mycobacterial physiology and plays a role
in preserving intracellular homeostasis (Garcia-Vilanova et al., 2019). The cell envelope is well studied
and plays a role in mediating the intrinsic resistance of the bacterium towards the host and
antimycobacterial drugs (Poulton and Rock, 2022). However, its high level of structural and molecular

complexity has confounded our understanding of the mechanisms underlying its role as a barrier to drug
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entry. Better knowledge of key enzymes involved in the biosynthesis of Mth’s cell envelope may aid in

the development of novel therapeutics against TB infection.

The evolutionary history that led to the development of the mycobacterial cell envelope is still not well
understood (Vincent et al., 2018). Mtb belongs to a large group of bacteria in the Actinomycetes phylum
within the Coryenobacteriaceae family (Rastogi et al., 2001, Vincent et al., 2018). Bacteria belonging
to this group are characterised by their gram-positive single cell membrane and thick peptidoglycan
(PG) layer (Pasquina-Lemonche et al., 2020, Sutcliffe, 2010). Gram-negative bacteria, in contrast,
possess both inner and outer membranes surrounding a PG layer typically thinner than that of gram-
positive species (Pasquina-Lemonche et al., 2020). However, the cell envelope of mycobacteria has a
unique architecture and is more complex than typical gram-positive organisms, as it possesses aspects
of both gram-negative, which possesses an outer membrane surrounding its PG layer, and gram-positive
species (Brown et al., 2023, Dulberger et al., 2020, Fisher and Mobashery, 2020). In contrast to typical
gram-positive bacteria, the cell envelope of mycobacteria is composed of a mycobacterial outer
membrane (MOM) covalently linked to an arabinogalactan (AG) macromolecule which is in turn linked
to the relatively thick PG layer sitting above the plasma membrane (also known as the mycobacterial
inner membrane, MIM) (Brown et al., 2023). The presence of AG macromolecules is unigque to species
within the Actinomycetes phylum (Meyer and Bramkamp, 2024). In addition, MOM is surrounded by
a matrix of polysaccharides, proteins and lipids which form the mycobacterial capsule. It is important
to note that lipids are a defining feature of mycobacteria, making up approximately 40-60% of the cell
envelope, significantly higher than the lipid composition of gram-negative species (Daffé and
Marrakchi, 2019, Chiaradia et al., 2017).

The MOM can be divided into two compartments, namely the outer and inner leaflets (Figure 1.3). The
outer leaflet of the MOM is highly complex and heterogenous. It consists of glycolipids such as
trehalose monomycolates (TMM) and a variety of phospholipids including phthiocerol dimycocerosates
(PDIM), phosphatidylinositol mannosides (PIMs) and lipoarabinomannan (LAM) (Daffé and
Marrakchi, 2019) providing shape and rigidity to the cell (Angala et al., 2014). Extracellular matrix
experiments into the molecular composition of the mycobacterial capsule (Lemassu et al., 1996, Ortalo-
Magne et al., 1995) revealed that pathogenic mycobacteria, such as M. tuberculosis and M. kansasii
secrete an abundance of outer membrane materials compared to that of non-pathogenic mycobacteria
such as M. smegmatis and M.aurum. These structures, therefore, may play an important role in the
interactions between the pathogen and host, and aid in maintaining homeostasis and protecting the
bacterium from environmental stress during the course of infection (Angala et al., 2014, Augenstreich
and Briken, 2020).
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The inner leaflet of the outer membrane consists of long chain a-alkyl-B-hydroxy fatty mycolic acids,
consisting of 60-90 carbon molecules (Batt et al., 2020b). Mycolic acids are an integral part of the
mycobacterial cell envelope and are largely responsible for the impermeability of the membrane to
many drugs (Bhat et al., 2017). The first-line anti-TB drug, isoniazid inhibits the biosynthesis of mycolic
acids by inhibiting the activity of the InhA enzyme (encoded by the inhA gene) (Figure 1.1) involved
in the synthesis of fatty acids that form mycolic acids (Bhat et al., 2017, Timmins and Deretic, 2006).
Experimental work by Chiaradia et al., 2017, revealed that mycolic acids are covalently attached to AG.

The branched AG macromolecule is unique to the Coryenebacteriaceae family of microorganisms
(Vincent et al., 2018) comprising galactose (Gal) and arabinose (Ara) sugar residues, in the furanose (f)
ring forms. These divide the molecule into two subunits: (1) three branched Arabinan chains of
approximately 30 arabinose (Araf) residues and (2) a linear galactan chain of 30 Galf residues (Daffe et
al., 1990, Justen et al., 2020). The Araf sugars of the Arabinan subunit are linked to the 5-carbon unit of
the Galf residues that make up the galactan chain, linking the two subunits (Bhat et al., 2017). The
formation of linkages between the arabinose sugars and galactan chain can be inhibited via the action
of the anti-TB drug ethambutol which interferes with the activity of the EmbB enzyme (encoded by the
embB gene) (Telenti et al., 1997, Zhang et al., 2020).

Galactan serves as a linker unit tethering the arabinose unit to the PG layer, thereby anchoring this
structure (Abrahams and Besra, 2018). This is structure is known as the mycolyl-arabinogalactan-
peptidoglycan (MAGP) complex. The PG layer of Mtb is made up of a glycan backbone consisting of
alternating units of N-acetylglucosamine (GIcNAc) and muramic acid linked by B(1—4) bonds
(reviewed by Alderwick et al., 2015). PG is essential in maintaining cell shape and protection against

changes in osmotic pressure (Angala et al., 2014).

Below the PG layer is the plasma membrane which forms the innermost layer of the cell envelope. The
plasma membrane forms a barrier and is involved in the transport of cell envelope components across
this lipid bilayer (Jackson et al., 2020). A key transmembrane protein mediating the transport of various
lipids are the MmpL (mycobacterial membrane protein large) proteins (Melly and Purdy, 2019). The
plasma membrane is therefore a vital component, not only in shaping the cell, but in the transport of
lipids that contribute to the integrity of the cell envelope and its physiological functions (Daffé and
Marrakchi, 2019). The mycolic acids, AG and PG link to form the mycolyl-arabinogalactan-
peptidoglycan complex (MAGP) of the cell envelope (Figure 1.3) (Batt et al., 2020b, Liu et al., 2020).

Intrinsic resistance of Mtb to many antibiotics have largely been attributed to the low permeability of
the cell envelope as well as the presence of several efflux systems which prevent drugs from crossing

this barrier. This cell envelope is rich drug target space (Bhat et al., 2017, Li et al., 2021), and several
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cell envelope features have been leveraged to develop antimycobacterial agents, such as ethambutol
targeting arabinan biosynthesis, and isoniazid targeting mycolic acid biosynthesis (Lee et al., 2024).
Furthermore, mAGP has been identified as a primary feature that serves as a barrier that mediates
intrinsic resistance to anti-TB drugs (Batt et al., 2020a). Cell envelope features have therefore been
validated as attractive targets for the development of novel therapeutic agents.
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Figure 1.3. Schematic representation of the cell envelope of mycobacterial species. The cell envelope of mycobacteria consists of three layers: (1)
the capsule, (2) the mycobacterial outer membrane (MOM) inner and outer leaflets and (3) the mycolyl-arabinogalactan layer and (4) the plasma
membrane (mycobacterial inner membrane, MIM). The capsule and MOM outer leaflet are complex and contain various lipoproteins and
polysaccharides non-covalently linked to the mycolic acids of the MOM inner leaflet. Arabinogalactan (AG) links the mycolic acid layer to
peptidoglycan (PG), forming the mycolyl-arabinogalactan-peptidoglycan (mAGP) complex. The plasma membrane is the inner-most layer of the
mycobacterial cell envelope and contains translocation proteins that transport cell envelope components to other outer-most layers. Generated using

Biorender (2025).

1.6. A focus on arabinogalactan biosynthesis

The mycolyl-arabinogalactan-peptidoglycan complex (mAGP) is an atypical structure that
differentiates the cell wall of Corynebacteria from other prokaryotes (Vincent et al., 2018). The
presence of this heteropolymer is partially responsible for the low permeability of mycobacterial cells
and plays a role in the development of intrinsic antibiotic resistance (Gao et al., 2003), posing a problem
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for global TB control. Arabinogalactan plays a key role in anchoring mycolic acids to the peptidoglycan
layer, securing the rigidity and robustness of the cell (Vincent et al., 2018). Disruption of
arabinogalactan biosynthesis has been shown to result in increased cell envelope permeability (Bhat et
al., 2017, Forbes et al., 1962), making this pathway an attractive target for development of novel anti-
TB treatment (Al-Jourani et al., 2023).

Two processes are involved in the biosynthesis of arabinogalactan: (1) the formation of the galactan
linker unit (Figure 1.4) and (2) the DPA pathway leading to the formation of arabinan. The synthesis
of arabinogalactan is initiated in the cytoplasm starting with the generation of the galactan linker unit
(Grzegorzewicz et al., 2016, Abrahams and Besra, 2018). The phosphoglycosyltransferase WecA
(Rv1302) initiates this process by catalysing the addition of GIcNAc-P from the sugar donor UDP-
GlcNAC to Cso-P, forming Cso-PP-GIcNAC (Huszér et al., 2017, Grzegorzewicz et al., 2016). This step
is followed by the transfer of L-Rha from the sugar donor dTDP-rhamnose onto the 3-carbon position
of the GIcNACc leading to Cso-PP-GIcNAc-Rha, catalysed by the activity of the rhamnosyl-transferase
WhbbL (Rv3265c) (Grzegorzewicz et al., 2008). The chain is finally elongated by the activity of two
galactosyltransferases, GIfT1 (Rv3782) and GIfT2 (Rv3808c), catalysing the sequential transfer of two
and twenty-eight Galf residues, respectively, from UDP-galactofuranose (UDP-Galf) (Poulin and
Lowary, 2016). This completes the formation of the galactan linker unit. The remainder of
arabinogalactan formation occurs in the periplasmic space between the plasma membrane and
peptidoglycan (Grzegorzewicz et al., 2016). Studies in M. smegmatis have proposed that the ATP-
binding cassette (ABC) transporter may be responsible for the translocation of the galactan precursor
across the plasma membrane to the periplasmic space (Savkova et al., 2021). This transporter consists
of a membrane-spanning subunit, rfoD (Rv3781) and a nucleotide-binding subunit, rfbE (Rv3783)
(Savkova et al., 2021). Studies by Dianiskova et al. (2011) showed the essentiality of the nucleotide-
binding domain in M. smegmtais. Follow-up studies by Savkova et al., 2021 revealed that the
knockdown of the membrane-spanning subunit results in the accumulation of unusually long galactan
chains in the cytoplasm. Following the translocation of the galactan chain across the plasma membrane,
the arabinofuranosyltransferases, AftA, AftB, and AftC catalyze the addition of arabinose residues onto
the galactan chain, via the transfer of several Araf residues from the lipid donor decaprenylphosphoryl-
D-arabinose (DPA) (Alderwick et al., 2015, Abrahams and Besra, 2018). The assembly of arabinans
during the DPA pathway occurs via a linear pathway involving a collection of membrane-bound

glycosyltransferases (Alderwick et al., 2015)

A promising caprazamycin derivative, CPZEN-45, is currently in the preclinical study phase (Ishizaki

et al., 2013). Caprazamycins are nucleoside antibiotics that target peptidoglycan assembly (Patel et al.,

23



B VST ITLTE OF 16
AMD WO

2019). In Bacillus subtilis, CPZEN-45 was shown to inhibit the activity of the wecA ortholog TagO

(Ishizaki et al., 2013). However, no currently available anti-TB drugs target genes involved in galactan

biosynthesis (Konyarikova et al., 2020). The fundamental role of galactan in the cell envelope integrity

of Mtb suggests a need to develop drugs that target enzymes essential to its biosynthesis (Justen et al.,

2020).
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Figure 1.4. Galactan biosynthetic pathway. The formation of galactan begins on the cytosolic side of the cell envelope. wecA initiates this pathway
via the transfer of GIcNAc-P onto a 50-carbon chain bounded to a phosphate group. wbbL1 then catalyses the transfer of a rhamnosyl group onto
GIcNACc-PP-C50, followed by the transfer of 28 and 2 galf residues, catalysed by gIfT1 and glfT2, respectively. rfbD encodes a membrane-spanning
domain and rfbE encodes a nucleotide-binding domain of an ABC exporter present in the plasma membrane. The final step in this pathway involves
the translocation of the galactan chain across the cell envelope via the ABC exporter. This is where the remainder of arabinogalactan biosynthesis
takes place. Retrieved from Batt et al. (2020a).

1.7. Targeting galactan biosynthesis using CRISPR interference
(CRISPRI)

The complete genome sequencing of mycobacteria by Cole et al., 1998 has led to the identification of
genes involved in the biosynthesis of various cell envelope components, enabling for their targeted
disruption and validation of their key roles in the pathogenesis of Mtb (Lai et al., 2020, Li et al., 2022).
Genes involved in the biosynthesis of cell envelope components are attractive drug targets, and decades

24



B ESTTLTE OF RESCTIONE DESEASS

‘B IDM%

SND MOV OULAN WEDIOINE

of TB research has led to the discovery of antimycobacterial agents against active TB infection,
including those currently being evaluated in both pre-clinical and clinical stages (Bhat et al., 2017).
Although a compound targeting the synthesis of the arabinan component of arabinogalactan is available,
no currently available drugs target genes involved in the biosynthesis of galactan (Konyarikova et al.,
2020). In addition, a compound targeting the activity of wecA has been identified and is currently in the
preclinical phase (Ishizaki et al., 2013, Patel et al., 2019). However, the potential for antibiotic resistance
remains a concern, and the fundamental role of galactan highlights the need for continued research into
genes involved its biosynthesis (Konyarikova et al., 2020).

The discovery of the CRISPR-Cas (Clustered regulatory interspaced short palindrome repeats-CRISPR
associated proteins) system allowed for regulated gene silencing (Rock et al., 2017). CRISPR-Cas
systems are a form of adaptive immunity in some bacteria and archaea, adapted as a defence mechanism
against foreign forms of DNA (Hidalgo-Cantabrana et al., 2019). This technology offers a wide range
of genome manipulation and transcription regulation tools (Hidalgo-Cantabrana et al., 2019). This
system utilises a single endonuclease cas9 directed to the endogenous gene target by a single guide
RNA (sgRNA) complementary to the target gene (Choudhary et al., 2015), cleaving the gene and
preventing its transcription (Wright et al., 2016). The magnitude of gene silencing using the CRISPR-
Cas system, however, is not tuneable and presents a challenge in achieving desired gene levels (Singh
etal., 2016).

To circumvent this challenge, the CRISPR system has been re-purposed to mediate downregulated
transcription of specific gene targets- a technology known as CRISPR interference (CRISPRI) (Figure
1.5) (Choudhary et al., 2015, Silveiro et al., 2023). In contrast to the traditional CRISPR system, the
CRISPRI system utilises a catalytically inactive Cas9 protein, deactivated via point mutations in its
endonuclease domains — this is known as dCas9 (Choudhary et al., 2015, Ghavami and Pandi, 2021,
Zhang et al., 2021). Both the dCas9 and sgRNA genes are under the control of an anhydrotetracycline
(ATc)-inducible promoter, enabling regulated expression of the target gene (Rock et al., 2017, Bosch et
al., 2021). The co-transcription of dCas9 and sgRNA complementary to the target gene allows for the
reduction or prevention of transcriptional progression through direct steric hindrance with the targeted
dCas9 protein (Rock et al., 2017, Silveiro et al., 2023).
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(2025).
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1.8. Relevance of mycobacterial models for cell envelope studies

In TB studies, a range of experimental models are used in leu of the highly pathogenic clinical Mtb
H37Rv strain (Altaf et al., 2010). Of these models, M. smegmatis (Msm) mc?155 is most frequently
utilised to investigate mycobacterial physiology (He and De Buck, 2010). Msm mc?155 is non-
pathogenic to humans and exhibits a fast-growing phenotype when compared to other mycobacterial
species (Ranjitha et al., 2020). In addition, the Msm genome encodes thousands of highly conserved
gene orthologs and shares many characteristics with pathogenic mycobacteria (Sparks et al., 2023).
Msm’s non-pathogenic phenotype makes it an ideal model to conduct TB studies in the Biosafety level
2 (BSL2) laboratory for researchers not equipped with Biosafety Level 3 training (Sparks et al., 2023).

Its fast growth also makes it an ideal organism in single cell studies.

Large genomic diversity between non-pathogenic and pathogenic mycobacterial species, however, does
exist (Orgeur et al., 2024). Cell surface proteins are virulence factors involved in lipid metabolism and
transport and play a key role in the pathogenicity of mycobacteria. Many of these proteins are absent in
Msm, these include various glycolipids and phospholipids (Etienne et al., 2005). In addition, a screen
of the LOPAC drug library for antimycobacterial agents was performed using Msm mc2155 and Mtb
H37Rv (Altaf et al., 2010). The authors discovered that 50% of inhibitors against Mtb H37Rv were
missing in the library screening of Msm (Altaf et al., 2010). The same study found similar results when
they performed screens with the NIH Diversity Set and Spectrum Collection. Overall, 30% of Mtb
H37Rv proteins were missing conserved orthologs in Msm (Altaf et al., 2010). However, it is also
important to note that antimycobacterial compounds that are effective against Mth H37Rv, such as INH,
PZN, EMB and Bedaquilines are also effective against Msm (Ranjitha et al., 2020). Although cell
surface virulent factors are absent in Msm, it shares a similar physiology to Mtb H37Rv and still remains

a useful model organism for in vitro studies (Sparks et al., 2023).

As mentioned, virulence factors of Mtb are a major determinant of pathogenesis (Echeverria-Valencia
et al., 2018). Attenuated/avirulent strains of mycobacteria can be exploited to determine the roles of
essential genes in a strain that more closely represents the clinical Mtb H37Rv strain (Malen et al.,
2011). Zheng et al., 2008 determined the complete genome sequence of an avirulent Mtb H37Ra strain
and found that the genome of this strain was vastly similar to the clinical strain, with 53 gene insertions
and 21 gene deletions. These mutations included alterations to genes encoding cell envelope proteins
involved in virulence, resulting in the attenuated virulence of this strain. Notably, proteomic studies
have previously revealed that the vast majority of shared membrane proteins were present in similar
relative abundance between the virulent and avirulent strains, with a minority of shared proteins present
in distinct abundance (Malen et al., 2011, Verma et al., 2017).
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Although the outer leaflet of the Msm mc2155 and Mtb H37Ra model organisms differ from the virulent
laboratory strain H37Rv and clinical strains, the mAGP structure is conserved across mycobacterial
species (Alderwick et al., 2015). Both organisms are therefore relevant model organisms for galactan
targeting and depletion studies. Targeting this structure in these organisms could aid in the
understanding of the potential impact of this layer on drug penetration into the cell.
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1.9. Problem statement and Rationale

This project was motivated by the ongoing global burden of TB and the need to understand underlying
factors that contribute to Mtb pathogenesis and, more specifically, to elucidate the role of cell envelope
components on the drug vulnerability of Mtb. The emergence of antibiotic resistance presents a
challenge to global TB elimination. As a result, there exists an urgent need to develop novel drugs to
treat the causative agent, Mtb. This imperative requires the identification of potential drug targets within

essential cellular pathways.

CRISPRI chemical genetics screen enrichment analysis have highlighted that the depletion of mycolyl-
arabinogalactan-peptidoglycan (mAGP) complex genes sensitises Mtb to a subset of drugs (Li et al.,
2022). In our research group, arrayed Msm CRISPRi morphotyping screens of 263 essential gene
knockdown Msm mutants revealed that disruption of genes involved in mAGP biosynthesis impacts cell
morphology, resulting in distinct changes to cell shape (de Wet et al., 2020). In addition, disruption of
the mAGP complex was previously shown to result in increased cell envelope permeability (Bhat et al.,
2017, Forbes et al., 1962). Current first line drugs include the use of ethambutol, which targets the
biosynthesis of the arabinan component of arabinogalactan (Telenti et al., 1997, Zhang et al., 2020). In
line with this, the fundamental role of the galactan component in maintaining cell envelope integrity of
mycobacteria makes it an attractive target for the development of anti-TB therapeutics (Weston et al.,
1998).

The role of galactan in anchoring the MOM of mycobacteria positions it as a critical interface for
maintaining cell envelope structure and integrity (Justen et al., 2020). Reduction in the length of this
polysaccharide was shown to increase potency to hydrophobic antibiotics and result in changes to cell
morphology (Justen et al., 2020). The galactan biosynthetic pathway comprises a highly desirable drug

target for the development of new compounds (Konyarikova et al., 2020).

It was hypothesised that silencing key genes involved in galactan biosynthesis would result in increased
antibiotic sensitisation, linked to changes to cellular functions that disrupt the integrity of the cell wall,
revealed via distinct changes to cell shape. The overall aim of the study was to confirm that known
genetic vulnerabilities of this mycobacterial biosynthetic pathway could be translated into drug
vulnerabilities. The essential requirement for galactan biosynthesis in both non-pathogenic Msm and

attenuated Mtb H37Ra supports investigations of its role in these mycobacterial model strains.
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1.10. Aims and objectives

AIM 1: CRISPRi hypomorph generation and verification in the mycobacterial model M.

smegmatis mc?155.

Objective 1: Generate M. smegmatis CRISPRi hypomorphs of two genes involved in the galactan
biosynthesis pathway (5 strains with varying targeted gene knockdown of each gene):
a) The phosphoglycosyltransferase wecA (rfe, MSMEG_4947)
b) The gene encoding the membrane-spanning domain of the ABC Transporter rfbD (wzm,
MSMEG_6369)

Objective 2: Verify knockdown of M. smegmatis wecA and rfbD by growth attenuation:

a) in both media (liquid)
b) on agar media (solid)

AIM 2: M. smegmatis CRISPRi hypomorph characterisation
Objective 1: Assess the effects of wecA and rfbD knockdown on the sensitisation of M. smegmatis to
four antimycobacterial agents:

a) Linezolid (LNZ)

b) Rifampicin (RIF)

c) Ethambutol (EMB)

d) Vancomycin (VAN)

Obijective 2: Examine the effects of wecA and rfbD knockdown on cell morphology and mycolic acid

distribution in M. smegmatis

AIM 3: CRISPRi hypomorph generation and verification in mycobacterial model M. tuberculosis
H37Ra

Objective 1: Generate M. tuberculosis H37Ra CRISPRi hypomorphs of the phosphoglycosyltransferase
wecA (Rv1302) involved in the galactan biosynthesis pathway (5 strains with varying targeted gene

knockdown).

Objective 2: Verify knockdown of M. tuberculosis H37Ra wecA by growth attenuation on agar media
(solid).
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2.1. Bacterial strains and culture conditions

The reagents used and resources generated in this study are listed in the key resources table (Table S1)
The Escherichia coli (E. coli) strain used in this study for molecular cloning is a derivative of DH5a
(Thermofisher Scientific). Electrocompetent E. coli stocks were generated as lab resources by Lucas
Raphela using the Rubidum chloride method described by Renzette, 2011. The Mycobacterium
smegmatis (Msm) strain used in this study is mc?155, an efficient transformation mutant that has been
adapted as a tractable mycobacterial model (Snapper et al., 1990). To expand this work into a closer
model of Mycobacterium tuberculosis (Mtb) an attenuated strain of Mth, Mth H37Ra, was selected for
safe usage in the Biosafety Level (BSL) 2 laboratory. When handling Mtb H37Ra, work was performed
with appropriate biosafety containment and standard operating procedures (SOPs) developed to reduce
risk and hazards. All bacterial strains used in this study are listed in Table 2.1. Aligned with this project,
work was performed in a virulent strain of Mth (Mtb H37Rv). For this work Mtb plasmids generated
within this project were utilised and the strains were generated and handled in the BSL3 laboratory by
Dr Mandy Mason.

E. coli strains were cultured in Luria-Bertani (LB) broth, a nutrient rich medium comprising; 1%
tryptone, 0.5% (v/v) yeast extract and 0.5% (v/v) NaCl, and incubated at 37°C in a shaking incubator
(IncoShake incubator, Labotec) at an orbital of 100 rpm. E. coli colonies were grown on solid media
comprising LB agar and incubated at 37°C in a stationary incubator (IncoCool incubator, Labotec). For
molecular cloning work, the E. coli strains were transformed to carry plasmids containing the
kanamycin resistance gene (KanR) as a selective marker (see Chapter 7: Appendix Figure 1 & 2). The
agar and media were supplemented with 50 pg/ml kanamycin (Kan50) to maintain selection pressure
and ensure plasmid retention. Post transformation, E. coli glycerol stocks were generated from single
picked colonies that were inoculated and expanded in LB broth and stored at -80°C in 33% (v/v)

glycerol. Glycerol stocks were thawed on ice prior to culturing and usage.

Mycobacterial strains were grown in 7H9/OADC media comprising: Middlebrook 7H9 (Difco™), 10%
(v/v) OADC, 0.2% (v/v) glycerol, and 0.05% Tween 80 and incubated at 37°C in a shaking incubator
(orbital at 100 rpm). Genetically modified strains able to express KanR were supplemented with 25
pg/ml kanamycin (Kan25) to maintain selection pressure during propagation steps (Figure 2.1).
Mycobacterial colonies were grown on solid media comprising Middlebrook 7H10 agar; 0.2% (v/v)
glycerol and 10% (v/v) OADC, supplemented with Kan25 and incubated at 37°C in a stationary
incubator. Mycobacterial stocks were generated from single colonies that were picked, inoculated and
expanded in 7H9/OADC and stored at -80°C in 33% (v/v) glycerol. Glycerol stocks were thawed on ice

prior to culturing and usage.
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Recovery of glycerol stocks, growth and passaging of mycobacterial strains were performed as
illustrated in Figure 2.1. The glycerol stocks were thawed on ice and 1 ml of the glycerol stock
added to 7H9/OADC with (for recombinant strains) or without (for non-recombinant strains)
Kan25 and incubated at 37°C while shaking. This was generally performed overnight or for 16-
24 hours for Msm and 5 days for Mth. Following this incubation period the optical density of
the cultures was measured; this was used to determine the portion of culture that was added to
fresh 7H9/OADC (with or without Kan25) and these sub-cultures were incubated at 37°C prior

to usage.
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Msm glycerol stocks inoculation of 1 ml Incubated at 37°C for Optical density of the Subculture into 15 ml
(cells in 33% glycerol) glycerol stock into 5 24 hours while culture measured at 7H9/0ADC
ml 7H9/0ADC shaking 600 nm
B
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—- .
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- L . —
— > — -l —
B
Mtb glycerol stocks inoculation of 1 ml Incubated at 37°C for Optical density of the Subculture into 20 m|
(cells in 33% glycerol) glycerol stock into 5 5 days while standing culture measured at 7H9/0ADC
ml 7H9/0ADC 600 nm

Figure 2.1. Diagram illustrating preparation of mycobacterial strains. Stationary phase glycerol stocks of A, Msm were thawed and inoculated into 5 ml
7H9/0OADC and incubated for up to 24 hours at 37°C while shaking. Optical density (ODsoo) of the stationary phase culture was taken and the culture was
passaged into 15 ml 7H9/OADC and incubated for 6 hours at 37°C while shaking to reach a final ODsoo 0f 0.4-0.5; B, Mth were thawed and inoculated into 5
ml 7H9/OADC and incubated for 5 days at 37°C while stationary. ODsoo of the culture was taken and the culture passaged in 20 ml 7H9/OADC and incubated
at 37°C for 3 days while stationary to reach a final ODsoo 0f 0.4-0.5. In the case of CRISPRi hypomorph strains, the 7H9/OADC was supplemented with Kan25.
Image generated using Biorender (2025).
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Table 2.1. Bacterial strains used and generated in this study. The strain name, genotype composition

and reference or source (where appropriate) is given.

Strain

Genotype composition

Reference

Escherichia coli (E. coli)
DHSa

F—980lacZAM15 A(lacZY AargF)U169 recAl endAl
hsdR17(rK—, mK+) phoA supE44 A-thi-1 gyrA96
relAl

Thermofisher Scientific

Mycobacterium
smegmatis (Msm)

High frequency transformation laboratory strain
mc?155

(Snapper et al., 1990)

recombinant plasmid

MSM_WT

MSM_NT Msm strain harbouring the pIRL117_NT recombinant Gift from Dr Melissa
plasmid Chengalroyen (MMRU, UCT)

MSM_clpP2 Msm strain harbouring the pIRL117_clpP2 This study
recombinant plasmid

MSM_wecA01 Msm strain harbouring the pIRL117_wecA01 This study
recombinant plasmid

MSM_wecA02 Msm strain harbouring the pIRL117_wecA02 This study
recombinant plasmid

MSM_wecA03 Msm strain harbouring the pIRL117_wecA03 This study
recombinant plasmid

MSM_wecA05 Msm strain harbouring the pIRL117_wecA04 This study
recombinant plasmid

MSM_wecA05 Msm strain harbouring the pIRL117_wecA05 This study
recombinant plasmid

MSM_rfbD01 Msm strain harbouring the pIRL117_rfbD01 This study
recombinant plasmid

MSM_rfbD02 Msm strain harbouring the pIRL117_rfbD02 This study
recombinant plasmid

MSM_rfbD03 Msm strain harbouring the pIRL117_rfbD03 This study
recombinant plasmid

MSM_rfbD05 Msm strain harbouring the pIRL117_rfbD04 This study
recombinant plasmid

MSM_rfbD05 Msm strain harbouring the pIRL117_rfbD05 This study

Mycobacterium

Mycobacterium tuberculosis (Zopf) Lehmann and

NCBI Taxonomy ID: 419947

recombinant plasmid

tuberculosis (MTB) Neumann attenuated genome sequenced strain ATCC®25177™

H37Ra

MTB_Ra WT

MTB_Ra_NT MTB_Ra carrying a non-targeting guide This study

MTB_Ra_wecA01 Msm strain harbouring the pIRL2-wecA01 This study
recombinant plasmid

MTB_Ra_wecA02 Msm strain harbouring the pIRL2-wecA02 This study
recombinant plasmid

MTB_Ra_wecA03 Msm strain harbouring the pIRL2-wecA03 This study
recombinant plasmid

MTB_Ra_wecA05 Msm strain harbouring the pIRL2-wecA04 This study
recombinant plasmid

MTB_Ra_wecA05 Msm strain harbouring the pIRL2-wecA05 This study
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2.2. Plasmid DNA extractions from Escherichia coli

To generate project stocks of CRISPRi plasmids, E. coli DH5a glycerol stocks carrying the plasmids of
interest (provided by Dr Mandy Mason), pIRL117 (plasmid#163635, addgene) and pIRL2
(plasmid#163631, addgene) were inoculated from microbank beads in 50 ml LB broth and cultured
overnight at 37°C in a shaking incubator. Plasmid DNA was extracted using the Zyppy™ plasmid
miniprep Kit as per manufacturer’s instructions as follows: approximately 1.5 ml of the overnight culture
was added to a 2 ml Eppendorf tube and centrifuged (Beckman Coulter centrifuge Allegra) at 14 000
rcf (relative centrifugal force) for 30 seconds. Following centrifugation, the supernatant was discarded,
and an additional 1.5 ml of the same culture was added to the bacterial pellet, to increase biomass, and
centrifuged as previously described. The pellet was then resuspended in 600 pl MilliQ water (dH-0).
Next, 100 pl of 7X Lysis Buffer was added to the resuspended cells and the tube gently inverted 6 times.
Within 2 minutes, 350 ul of cold Neutralization Buffer was added and the tube gently inverted 2-3
times. The culture was then centrifuged at 14 000 rcf for 4 minutes. The supernatant was transferred
into a Zymo-Spin™ IIN column, while ensuring that the cell debris was not disturbed. The column
containing the sample was then transferred into a collection tube and centrifuged at 11 000 rcf for 20
seconds. Thereafter, 200 ul of Endo-Wash Buffer was added to the sample, and the column centrifuged
at 11 000 rcf for 30 seconds. Finally, 400 ul of Zyppy™ Wash Buffer was added to the column and
centrifuged at 11 000 rcf for 1 min. The column was placed into a clean 1.5 ml microcentrifuge tube
and 50 pl of Zyppy™ Elution Buffer was added directly into the column. The column was allowed to
stand at room temperature for approximately 1 min and was finally centrifuged at 11 000 rcf for 30
seconds to collect the plasmid DNA in the clean tube. The elution containing plasmid DNA was assessed

for purity and quantified using the NanoDrop ND-2000 Spectrophotometer (Thermo Scientific).

2.3. Preparation of electrocompetent wild-type (WT) mycobacterium
smegmatis and Mycobacterium tuberculosis

All standardised DNA manipulation and molecular cloning techniques were adapted from Sambrook,
1989 and Parish and Stoker, 1998.

Glycerol stocks of stationary phase cultures of MSM_WT were thawed on ice and added to 100 ml
7H9/OADC and grown for approximately 16 hours in a 37°C shaking incubator to reach mid to late log
phase (OD of 0.4-0.8). Next, 2x 50 ml aliquots of the culture were centrifuged at 4 000 rcf for 10 mins
at 4°C (Allegra™ X-22R Centrifuge, Beckman Coulter) and the supernatant discarded. The bacterial
pellet was gently resuspended in 40 ml of 10% (v/v) glycerol and centrifuged as described above. The

supernatant was discarded, and the pellet gently resuspended in 30 ml of 10% (v/v) glycerol and
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centrifuged as above. The supernatant was discarded, and the pellet resuspended in 20 ml of 10% (v/v)
glycerol and centrifuged as above. The final supernatant was discarded, and the bacterial pellet gently
resuspended in 2 ml of 10% (v/v) glycerol. The electrocompetent cells were dispensed as 800 pl aliquots

into 1.5 ml Eppendorf tubes and stored at -80°C.

2.4. Design and assembly of CRISPRI constructs targeting specific genes

2.4.1. CRISPRI targeting sgRNA assessment and selection

Two genes essential to mycobacterial galactan biosynthesis, wecA (MSMEG_4947; also known as rfe)
and rfbD (MSMEG_6369; also known as wzm) were selected for this study with the objective of
knocking down their expression using the CRISPRI system, utilising the CRISPRI plasmids and
protocols developed by the Rock Laboratory (Rockefeller University, US) (Rock et al., 2017).

The features of each gene, including its function and the genomic and transcriptional organisation
(potential operonic structure) (Supplementary Figure S1) were assessed using Mycobrowser and the
relevant literature (see Section 1.6). The target genes and their enzymatic products are listed in Table

2.2. As these are essential genes, full knockdown of the gene product was not desirable as the bacteria
would not survive in the absence of the essential functions of these genes, which would prohibit an
interrogation of the bacterium’s phenotype. Instead, we aimed to generate CRISPRi hypomorphs

(strains with partial transcriptional silencing of the target gene).

To achieve this, the Pebble database was used for sSgRNA selection. This database is the Rock lab’s
portal for sharing information on CRISPRi gene vulnerabilities in mycobacteria (Bosch et al., 2021)
The database also contains a sgRNA Design Tool that enables researchers to select sgRNAs
complementary to a gene of interest to be targeted. Notably, each sgRNA has a distinct predicted
knockdown strength ranging from weak (0) to strong (1). Five sgRNAs with varying vulnerability
profiles were selected for each target gene (see Results, Figure 3.2). Features and design choices used
for selection included predicted strength of the guide as determined by the PAM site, and the length of

its top and bottom oligonucleotides constrained to be between 20-25 bp.

The sgRNA oligos used in this study were synthesised by Ingaba Biotec (Cape Town); each sgRNA was
synthesised at a scale of 0.01 pmol using standard (desalted) purification. The sgRNA designed to target
the gene encoding the ATP-dependent CLP protease proteolytic subunit 2 (clpP2) was supplied by
Lucas Raphela and used as a positive knockdown control with strong transcriptional silencing of the
gene (data not shown, personal communication with Lucas Raphela). A plasmid containing a SgRNA

which had no homology to the Msm genome (non-targeting sRNA) was designed and generated by Dr.
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Melissa Chengalroyen and served as a negative knockdown control (no expected transcriptional
knockdown). The Mtb non targeting plasmid was designed and generated by Dr. Melissa Chengalroyen.
The Msm oligo sequences are presented in Results, Table 3.1 and Table 3.2. The Mtb oligo sequences
are presented in Results, Table 3.3. Each oligo comprises a ‘top’ and ‘bottom’ sequence that can be
annealed to form double stranded DNA that is suited to be integrated into a linearised CRISPRIi plasmid.

Table 2.2. List of genes targeted in this study with information given regarding their Gene IDs, Uniprot
references, enzymatic product and their functions which were taken directly from the Mycobrowser
(Release 5) annotation for Mtb H37Rv

Gene name Msm Mtb Gene Enzymatic product (Mycobrowser, Function (Mycobrowser, Mth H37Rv)
Gene ID ID Mtb H37Rv)
(Unitprot (Unitprot
Reference) Reference)

Probable undecapaprenyl-phosphate Thought to be involved in AG biosynthesis,
WecA MSMEG_4947 Rv1302 : ) _

alpha-N-acetylglucosaminyltransferase catalyzing the synthesis of GIcNAc-
(rfe) (AOR211 (POWMWS5 o

Rfe (UDP-GIcNAc transferase) pyrophosphorylundecaprenol (lipid 1).

May form an ATP-driven O-

Probable O-antigen/lipopolysaccharide antigen/lipopolysaccharide export apparatus,
rfbD MSMEG_6369 Rv3265¢c . genipopaly . . g . p' P y. portapp
(wzm) (AOR5Z3 (P72049 transport integral membrane protein ABC | in association with RFBE|Rv3781.
wzm ) )

transporter RfoD Responsible for the translocation of the

substrate across the membrane.
CLP cleaves peptides in various proteins in a
MSMEG_4672 Rv2460c Probable ATP-dependent CLP protease process that requires ATP hydrolysis. CLP
clpP2 (AOR197) (POWPC3) proteolytic subunit 2 ClpP2 may be responsible for a general and central

(endopeptidase CLP 2)

housekeeping function rather than for the

degradation of specific substrates.

2.4.2. Plasmid restriction enzyme digestion

To allow for the incorporation of the sgRNA oligo into the CRISPRi backbone, the extracted circular
plasmid DNA was linearised. Linearisation of the pIRL117 and pIRL2 plasmids from Section 2.2 was
performed by cleaving two BsmBl sites in the multiple cloning site (MCS) of the plasmid (Figure 2.2).
To achieve this, 2 pg of the extracted plasmid DNA was added to a reaction mixture that included 4 pl
BsmBl restriction enzyme (40 units) (NEB), 5 pl BsmBI buffer (NEB) and nuclease-free water was
added to yield a final reaction mixture volume of 20 pl. Two undigested control (no BsmBI restriction
enzyme) reactions were run alongside the digestion reactions: (1) the undigested plasmid in BsmBI
buffer and nuclease free water and (2) the undigested plasmid in nuclease-free water only. These were

included to compare the migration of the plasmid post digestion with that of the undigested plasmid in

37


http://www.uniprot.org/uniprot/A0R211
http://www.uniprot.org/uniprot/P9WMW5
http://www.uniprot.org/uniprot/A0R5Z3
http://www.uniprot.org/uniprot/P72049
http://www.uniprot.org/uniprot/A0R197
http://www.uniprot.org/uniprot/P9WPC3

B WSTTLTE G 0-'“ o S
AND NOROLAY \0_ul‘l“.

different buffer conditions. The reactions were gently mixed and spun down at low speed to collect at
the bottom of the tube. The reaction mixtures were incubated at 55°C overnight (18-20 hours) in a
MyCycler™ thermal cycler (Bio-Rad). A portion (5 pl) of these digestion reactions were run on a 1%

TAE agarose gel alongside the undigested controls to confirm the linearisation of the plasmid.

2.4.3. Agarose gel electrophoresis

The reaction mixtures were run on a 1% TAE agarose gel (Figure 2.2) comprising 0.2 g agarose powder
(Sigma-Aldrich) in 20 ml 1 x TAE buffer (40mM Tris-acetic acid, 1 mM Na;EDTA). The agarose gel
was solubilised by heating in a microwave, it was left to cool and then supplemented with 0.5 pg/ml
ethidium bromide (EtBr). For each sample loaded, approximately 3 ul loading dye (0.025%
bromophenol-blue in 30% (v/v) glycerol) was combined with 5 pl of the digested plasmid DNA. To
allow for fragments sizes to be assessed, the Quick-Load Purple 1 kb DNA ladder (Roche Applied
Science, Germany) was loaded into lane 1. Gels were run in a Mini-Sub GT mini horizontal submarine
unit (Bio-Rad) at 80 volts for 60 mins. The bands were visualized under UV-light using the Gel Doc
(WealTech Keta Imaging System).
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Figure 2.2. lllustration of restriction enzyme digestion and agarose gel electrophoresis. (1) The pIRL117 and pIRL2 plasmid DNA were extracted from
E. coli DH5a cells, and (2) restriction digested using BsmBI restriction enzymes. (3) The plasmid reactions were incubated overnight at 55°C, and (4) 5 pl of
the reaction mixture run on an agarose gel to confirm successful restriction digestion. (5) The remaining 15 pl of the reaction mixture was cleaned up using

the Gel and PCR clean up kit to remove enzymes and buffers, and (6) the plasmid DNA stored ar-20°C. Generated using Biorender (2025).

2.4.4. Plasmid DNA clean up

To ensure the plasmid DNA used for downstream experiments were not exposed to UV damage, the
remaining 15 pl digested samples were used for ligation with the oligos (Figure 2.2). The digestion
enzymes and buffer were removed from the samples using the NucleoSpin® Gel and PCR Clean-up kit
as per manufacturer’s instructions. The plasmid DNA was mixed with Buffer NTI to a ratio of 1:2. The
sample was placed into a 2 ml collection tube and centrifuged at 11 000 rcf for 30 seconds. The flow-
through was discarded and 700 pl Buffer NT3 was added to the column and centrifuged as previous
described. The flow-through was discarded and the column centrifuged for an additional 60 seconds as
previously described. Finally, the column was placed into a clean 1.5 ml microcentrifuge tube and 30

pl Buffer NE added to the sample. The sample was allowed to incubate at room temperature for 1 min
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and centrifuged at 11 000 rcf for 1 min to elute the linearised plasmid DNA. The plasmid DNA in Buffer

NE was stored at -20°C. These were stored at -20°C prior to usage.

2.4.5. sgRNA oligo annealing

To incorporate the sgRNA insert into the linearised double stranded plasmid (Figure 2.3), the SgRNA
must be double stranded. To achieve this, the top and bottom oligos for each sgRNA (see Results
Section 3.1) were centrifuged at 11 000 rcf for 1 minute and diluted in nuclease-free water to a final
working stock concentration of 100 uM. For each oligo pair, 46 ul oligo annealing buffer (50 mM Tris,
1 mM EDTA, 50 mM NacCl, pH 7.5) was added to a PCR tube and 2 pl of the top and 2 ul of the
corresponding bottom oligo were added to the tube. Annealing reactions were run in the MyCycler™
thermal cycler at a denaturation step of 95°C for 2 mins, followed by an annealing phase comprising
declining temperature increments of 0.1°C per second, until the temperature reached 4°C. This was
repeated for each oligo pair, generating a total of 5 double stranded sgRNAS per gene. This process was
repeated for each gene, generating a total of 15 double stranded sgRNAs. The sgRNAs were then stored
at -20°C prior to usage.

2.4.6. Ligations

Following the annealing of the complementary oligos, the process of ligating the annealed oligos into
the linearised plasmid was performed (Figure 2.3). Briefly, 1 pl of the annealed oligo was added to a
reaction mixture containing 9 ng of the purified linearised plasmid from Section 2.4.4, 1 ul Quick-
ligase enzyme (NEB) and 10 pl Quick-ligase buffer (NEB) (50 mM Tris-HCI, 10 mM MgCl;, 10 mM
DTT, pH 7.5). The reaction was made up to a final volume of 20 pl using nuclease-free water. The
reaction mixtures were incubated at 25°C for 15 mins in the MyCycler™ thermal cycler. The ligated

circular plasmids were then stored at -20°C prior to usage.
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Figure 2.3. Generation of recombinant CRISPRi plasmids. (1) The top and bottom oligonucleotides were mixed and (2) annealed in annealing buffer.
(3) The annealed oligos were stored at -20°C prior to ligation. (4) The annealed oligos were then ligated into the linearised plasmid and incubated at 25°C

for 15 mins. (5) The resulting recombinant plasmids were stored at -20°C prior to usage. Generated using Biorender (2025).

2.5. Plasmid transformation and electroporation methods

2.5.1. Transformation into Escherichia coli for cloning and propagation

E. coli DH5a competent cells were thawed on ice for 10 mins and aliquoted in volumes of 100 pl into

1.5 ml Eppendorf tubes after which 2 pl of the ligation reactions (recombinant plasmids) were added.
The mixtures were then incubated on ice for 30 mins. The competent cells were briefly heated at 42°C
for 30 seconds and placed back on ice for an additional 5 mins. The competent cells were added to 900
pl LB broth and incubated at 37°C for 1 hour while shaking. Following incubation, the cultures were
centrifuged at 11 000 rcf for 1 min and the supernatant discarded. The cell pellets were resuspended in

100 pl LB broth. Two different dilutions of the cultures were plated on LB agar supplemented with
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Kan50 as follows: 1:1 and 1:10. As a control, DH5a competent cells that were not transformed were
plated onto LB agar plates with Kan50 to confirm that kanamycin was effective as a selective marker.
LB agar plates with no Kan50 were used as controls to confirm that the transformed cells were viable.
The plates were incubated overnight in a 37°C stationary incubator. Individual transformant colonies
were picked from the Kan50 plates using a plastic loop and inoculated into 10 ml LB agar supplemented
with Kan50 and incubated overnight at 37°C while shaking. Extra transformant colonies were picked
to allow subsequent screening and sequencing; these were streaked onto LB agar plates supplemented
with Kan50 and incubated for 2 days at 37°C in a standing incubator to ensure outgrowth, and stored at
4°C. The plasmid DNA was extracted from the 10 ml overnight cultures using the Zyppy™ miniprep
kit (described in Section 2.2) and the purified recombinant plasmids were quantified using the
NanoDrop ND-2000 Spectrophotometer. The purified recombinant plasmids were sent for sanger
sequencing (CAF. Stellenbosch University) to confirm successful ligation of the desired oligo pair (see
Section 2.6). The plasmids generated are shown in Table 2.3 and Table 2.4.

Table 2.3. List of Mycobacterium smegmatis plasmids used and generated in this study

Plasmid Composition Reference

pIRL117 ATc-inducible (1) TetR-regulated promoter expressing Sth1 Addgene plasmid #163635
dcas9 containing a modified Shine-Dalgardo motif, (2)

kanamycin-selectable maker and (3) a single-copy L5

integrase
pIRL117_NT Non-targeting construct ligated into the pIRL117 plasmid This study
pIRL117_clpP2 clpP2 knockdown construct made by ligating clpP2 sgRNA This study

oligo into the pIRL117 plasmid

pIRL117_wecA0l wecA knockdown construct made by ligating wecA_01 This study
sgRNA oligo into the pIRL117 plasmid

pIRL117_wecA02 wecA knockdown construct made by ligating wecA_02 This study
sgRNA oligo into the pIRL117 plasmid

pIRL117_wecA03 wecA knockdown construct made by ligating wecA_03 This study
sgRNA oligo into the pIRL117 plasmid

pIRL117_wecA04 wecA knockdown construct made by ligating wecA_04 This study
sgRNA oligo into the pIRL117 plasmid

pIRL117_wecA05 wecA knockdown construct made by ligating wecA_05 This study
sgRNA oligo into the pIRL117 plasmid

pIRL117_rfbD01 rfbD knockdown construct made by ligating rfbD_01 sgRNA | This study
oligo ligated into the pIRL117 plasmid
pIRL117_rfbD02 rfoD knockdown construct made by ligating rfoD_02 sgRNA | This study
oligo ligated into the pIRL117 plasmid
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pIRL117_rfbDO03 rfbD knockdown construct made by ligating rfbD_03 sgRNA | This study
oligo ligated into the pIRL117 plasmid

pIRL117_rfbD04 rfbD knockdown construct made by ligating rfbD_04 sgRNA | This study
oligo ligated into the pIRL117 plasmid

pIRL117_rfbD05 rfbD knockdown construct made by ligating rfbD_05 sgRNA | This study
oligo ligated into the pIRL117 plasmid

pIRL117 clPp2 clpP2 knockdown construct made by ligating clpP2 sgRNA This study
oligo ligated into the pIRL117

plasmid

Table 2.4. List of Mycobacterium tuberculosis plasmids used in this study

Plasmid Composition Reference

pIRL2 ATc-inducible (1) TetR -regulated promoter expressing Sthl Addgene plasmid #163631
dcas9, (2) kanamycin-selectable marker and (3) a single-copy
L5 integrase

pIRL2_NT Non-targeting construct ligated into the pIRL2 plasmid This study

pIRL2_wecA01 wecA knockdown construct made by ligating wecA_01 This study
sgRNA oligo into the pIRL2 plasmid

pIRL2_wecA02 wecA knockdown construct made by ligating wecA_02 This study
SsgRNA oligo into the pIRL2 plasmid

pIRL2_wecA03 wecA knockdown construct made by ligating wecA_03 This study
sgRNA oligo into the pIRL2 plasmid

pIRL2_wecA04 wecA knockdown construct made by ligating wecA_04 This study
SsgRNA oligo into the pIRL2 plasmid

pIRL2_wecA05 wecA knockdown construct made by ligating wecA_05 This study

sgRNA oligo into the pIRL2 plasmid

2.5.2. Electroporation into WT Mycobacterium smegmatis

Once confirmation of the ligation, transformation and purification of the generated CRISPRi plasmid
construct had been performed, these were electroporated into electrocompetent Msm and Mtb (Figure
2.4).

Electrocompetent stationary cultures of MSM_WT were thawed on ice for 15 mins and aliquoted (400
pl) into 2 ml Eppendorf tubes. Gene pulser Electroporation cuvettes (2 mm electrode gap, Bio-Rad)
were pre-chilled on ice. Next, for each plasmid 2000 ng sgRNA-pIL117 recombinant vector was added
to 400 pl electrocompetent MSM_WT and transferred to the pre-chilled 2 mm cuvettes. A no plasmid
control was used to show the amount of background in the transformations. The cultures were pulsed
in a GenePulser™ (Bio-Rad) using the following Exponential Protocol settings: 2500 V, 1000 Q, 25uF.
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The electroporated cells were then recovered by adding them to 1.5 ml Eppendorf tubes containing 600
pl 7H9/OADC. The cells were incubated at 37°C for 6 hours while shaking. Following the incubation
period, the cultures were centrifuged at 11 000 rcf for 1 min and diluted to 1:1, 1:20 and 1:80
suspensions in 100 pl 7H9/OADC. The dilutions were plated on 7H10 agar plates supplemented with
Kan25 and incubated at 37°C for 3 days in a stationary incubator. The cultures were also plated on 7H10
agar with no Kan25 to confirm that the cells remained viable throughout the electroporation process.
Following the incubation period, single colonies of each transformant were picked from the Kan25 plate
as previously described, and each colony was added to 5 ml 7TH9/OADC supplemented with Kan25 and
incubated at 37°C for 24 hours while shaking to yield a final ODsoo 0f 0.8-1.0 (stationary phase). The
ODeqo Of the stationary phase cultures were measured and the cultures resuspended in 15 ml fresh
7TH9/OADC supplemented with Kan25. The cultures were incubated for 6 hours at 37°C while shaking,
to yield a final ODeqo 0f ~0.4-0.8 (mid to late log phase). Following the incubation period, freezer stocks
of each of the cultures (12 strains in total) were made by adding 1 ml of the culture to 500 pl of 33%
(v/v) glycerol, and stored at -80°C. To allow for the large number of strains to be generated without
cross contamination, this process was handled in small batches (gene sets) and repeated.

2.5.3. Electroporation into WT Mycobacterium tuberculosis H37Ra

The electroporation of electrocompetent stationary cultures of MTB_Ra_WT was performed with the
same steps performed in Section 2.5.2 with the following amendments. Approximately, 500 ng of
sgRNA-pIRL2 recombinant vector was added to 300 pl MTB_Ra_WT prior to pulsing as described in
Section 2.5.2. The cells were then recovered in 700 ul 7H9/OADC and incubated overnight in a 37°C
shaking incubator. The cells were plated on 7H10 agar supplemented with Kan25 as 1:10, 1:100 and
1:1000 dilutions and incubated in a 37°C stationary incubator for 3-4 weeks. The cells were also plated
on 7H10 agar with no Kan25 to confirm that the cells were viable. Following this incubation period,
single colonies were picked from the Kan25 plate as described and added to 50 ml culture flasks
containing 5 ml 7H9/OADC supplemented with Kan25 and incubated in a 37°C stationary incubator
for 5 days. The cultures were then resuspended in a 200 ml culture flask containing 15 ml fresh
7H9/OADC supplemented with Kan25 and incubated for 3 days as described. Freezer stocks of the
cultures (6 strains in total) were made by adding 1 ml of the culture to 500 pl of 33% (v/v) glycerol and
stored at -80°C.
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Figure 2.4. Electroporation of the recombinant plasmids into Mycobacterium smegmatis and Mycobacterium tuberculosis. (1) The
recombinant plasmids were (2) transformed into DH5a E. coli cells and (3) successfully transformed cells were selected on LB agar
supplemented with Kan25. Following (4) purification of the plasmids, (5) successful ligation of the oligos were confirmed by sanger
sequencing and (6) the recombinant pIRL117 and pIRL2 plasmids electroporated into M. smegmatis and M. tuberculosis cells, respectively.

(7) Successfully electroporated cells were selected on 7H10 agar supplemented with Kan25. Generated using Biorender (2025).

2.6. Sanger sequencing of plasmid DNA

All sanger sequencing reactions were performed by the Central Analytic Sequencing Facility (CAF) at
the University of Stellenbosch using the Primer 1834 (5’-TTCCTGTGAAGAGCCATTGATAATG-3’)
(Rock et al., 2017) Sequencing data were analysed using Benchling Sequence Alignment Tool
(Benchling, San-Francisco) to confirm the presence of the expected oligo sequence insert within the
MCS of each plasmid.
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2.7. Validation of CRISPRi knockdowns

2.7.1. Spotting assays to assess growth inhibition on solid media.

Mycobacterium smegmatis

To inoculate strains, 1 ml of the stationary phase Msm hypomorph glycerol freezer stock was added to
5 ml 7H9/OADC supplemented with Kan25 and incubated to late log phase for 24 hours at 37°C while
shaking. The ODsoo measurements of these late log phase cultures were determined, and the cultures
resuspended in 10 ml fresh 7TH9/OADC supplemented with Kan25 and incubated overnight at 37°C
while shaking to reach a final OD of 0.4-0.6. The ODggo Of these overnight cultures was used to
standardised (by either diluting or concentrating in 7TH9/OADC) to a final ODggo 0f 0.4 to ensure equal
optical densities of bacterial cells among cultures. A 10 pl aliquot of each culture was sequentially added
to 90 ul 7H9/OADC to form six 10-fold serial dilutions, and 5 pl of each 10-fold dilution was spotted
on 7H10 agar plates (Figure 2.5). These were spotted on two agar media plates, one that had been
supplemented with 100 ng/ml anhydrotetracycline (ATc) and one without ATc. The dilution spots were
allowed to dry and be absorbed into the agar. The plates were lidded, inverted and covered in foil to
protect the ATc from light. The plates were then placed in a 37°C stationary incubator for 3 days. On
outgrowth of the cells into spots, images of each plate were captured using the WealTech Ketagalan

Imaging Gel doc.

Mycobacterium tuberculosis

To inoculate strains, 1 ml of the stationary phase Mtb hypomorph glycerol freezer stocks were added to
5 ml 7TH9/OADC supplemented with Kan25 and incubated to late log phase for 5 days at 37°C while
stationary. The ODeso Of these late log phase cultures were determined, and the cultures were
resuspended into 15 ml 7H9/OADC supplemented with Kan25 and incubated for 3 days at 37°C while
stationary to yield a final OD of 0.4-0.6. The ODsoo 0f these overnight cultures were used to standardise
(by either diluting or concentrating in 7H9/OADC) to a final ODggo of 0.5 to ensure equal optical
densities of bacterial cells among culture. A 10 ul aliquot of each culture was sequentially added to 90
pl 7H9/OADC to form six 10-fold serial dilutions, and 10 pl of each dilution was spotted onto 7H10
agar (Figure 2.5) plates, one was supplemented with 100 ng/ml ATc, and one without. The plates were
prepared for incubation as described above and placed in a 37°C stationary incubator for 2 weeks. The

images were then captured and exported as described above.
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Figure 2.5. Spotting assay plate format showing CRISPRi strains and dilution series. Generated using Biorender (2025).

2.7.2. Growth dynamics to assess growth inhibition of Mycobacterium smegmatis
in liquid media

To inoculate strains, 1 ml of the stationary phase Msm hypomorph glycerol stocks was added to 5 ml
7TH9/OADC supplemented with Kan25 and incubated for 24 hours at 37°C while shaking. The ODewo
of the cultures were determined and the cultures resuspended, into 10 ml 7H9/OADC supplemented
with Kan25 and incubated overnight at 37°C while shaking to yield a final ODgo of 0.4-0.6. The
overnight cultures were diluted or concentrated in 7H9/OADC to a final ODsoo 0f 0.4 to ensure equal
optical densities of bacterial cells amongst strains. Approximately 10 ul of each culture was added to
90 ul 7H9/OADC in a 96-well microtiter clear flat-bottom plate (Greiner bio-one. CELLSTAR®) with
or without 100 ng/ml ATc. The ODsqo of each well was measured every 5 minutes without shaking over
a 24-hour period in a plate reader (FLUOstar Optima, BMG LabTech) in technical replicates of 4

(Figure 2.6). Graphs were generated as ODsoo Vs time (minutes) with the hourly data plotted.
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Figure 2.6. Layout of growth curve plate with the M. smegmatis hypomorph strains

2.8. Phenotype characterisation

2.8.1. Determining reference Minimum Inhibitory Concentrations (MICs) of
known antimycobacterial drugs in wild-type Mycobacterium smegmatis

A 1 ml aliquot of MSM_WT qglycerol stock was thawed on ice and added to 5 ml 7TH9/OADC and
incubated for 24 hours at 37°C while shaking. The culture was then resuspended in 15 ml 7H9/OADC
and incubated overnight at 37°C while shaking. The cultures were standardised in 7H9/OADC to a final
ODegoo of 0.4. The culture was then diluted 1:1000 in 7H9/OADC (50 pl culture into 50 ml media).
Working stocks of the drugs of interest were made in 7TH9/OADC as follows: 1024 pg/ml rifampicin
(RIF), 32 pg/ml ethambutol (EMB), 80 pg/ml vancomycin (VAN), 64 pg/ml linezolid (LNZ). Using a
clear flat-bottom 96 well microtiter plates (Greiner bio-one, CELLSTAR®), four MIC assays were set
up as follows: 100 ul 7H9/OADC added to row A, column 1-12; 50 pl 7H9/OADC added to all
remaining wells. Next, 50 pl working stock of the drug was added to wells in column 1 rows B-G, and
50 pl of media added to well 1H to give a total volume of 100 pl all wells of column 1 (Figure 2.7).
Two-fold serial dilutions of the drug of interest were carried out, using an 8-channel multichannel
pipette, by transferring the 50 ul from the wells of column 1 (drug) into those of column 2, pipetting up
and down 5 times to mix the contents, and subsequently transferring 50 pl from column 2 into the
following column and repeating until all 12 columns have been serially diluted and contain a portion
the drug of interest. The final 50 pl from column 12 was discarded to ensure that all columns contained

50 ul of liquid. Using a 12-channel multichannel pipette, 50 ul of the 1:1000 diluted culture was added
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to the entire plate, apart from row A, columns 1-12 which was not inoculated with cells (these serve as
media only control wells). All wells contained a final volume of 100 pl of liquid. The plates were
covered in foil and incubated at 37°C in a stationary incubator for 48 hours. Following the incubation
period, 10 pl of resazurin (0.01%) was added to each well and plates re-incubated at 37°C for an
additional 8 hours. Alamar blue functions by penetrating cells and incorporates an oxidative-reduction
function by reducing the redox dye resazurin (blue) to a fluorescent product resorufin (pink) in living
cells (Dinh et al., 2023, Franzblau et al., 1998).

Fluorescent readings were taken using the FLUOstar Optima, BMG LabTech plate reader using a
fluorescence protocol containing an excitation and emission wavelength of 544 nm and 590 nm,
respectively. The raw data derived were pre-processed in Microsoft Excel. The data from each plate
were analysed independently. The average reading of the media control wells was calculated (average
background fluorescence value). Each sample well was then background corrected by subtracting the
average background fluorescence value from each sample well reading. Following this, the background
corrected value for the no drug wells (expected to be the maximum growth achieved) was calculated
(average 100% growth). The proportion of growth of each well was then calculated by dividing each
sample well by the average 100% growth value for that strain and plate. Finally, the proportion growth
value was multiplied by 100 to generate a percentage growth value. The percentage inhibition for each
well was then determined by subtracting the percentage growth value of each sample well from 100.
Data of percentage inhibition was visualized using Graphpad Prism 10.2.0 (GraphPad Inc.). The
inhibition data were graphed on an XY plot, with the drug concentration on the X axis and the
percentage (%) inhibition on the Y axis. Due to the drug concentrations being represented by 2-fold
dilution series, the X-axis was converted to a logl0 scale. A dose-response (non-linear regression
analysis) was run using GraphPad Prism and the MICy of each drug against WT Msm mc?155
determined. The determined MICgq, was compared to previously published data (see Results Section
3.4.1).
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Figure 2.7. Wild-type M. smegmatis MIC plate layout. A, Final plate layout, drug concentration decreasing 2-fold along the plate; B, final volume

of 7TH9/OADC media in each well. Final volume of contents in each well after addition of cells is 100 pl.
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2.8.2. Antimycobacterial drug susceptibility assays of CRISPRi Mycobacterium
smegmatis strains

To inoculate strains, 1 ml of the stationary phase Msm hypomorph glycerol stocks were added to 5 ml
TH9/OADC supplemented with Kan25 and incubated for 24 hours at 37°C while shaking. The cultures
were resuspended in 15 ml 7H9/OADC supplemented with Kan25 with or without 100 ng/ml ATc and
incubated for 15 hours at 37°C while shaking. The cultures were then diluted to a final ODego 0f 0.4, in
TH9/OADC supplemented with Kan25, to ensure comparable optical density of cells between cultures.
The cultures were finally diluted 1:1000 in 7H9/OADC with or without 100 ng/ml ATc. Using flat-
bottom 96 well microtiter plates, four MIC assays for each CRISPRI strain pair were set up as follows:
100 pl 7H9/OADC without ATc into row A columns 1-6; 50 pl 7H9/OADC without ATc into row A
columns 7-12; 50 pul 7H9/OADC without ATc into all wells of rows B-D. Next, 100 pl 7H9/OADC with
100 ng/ml ATc was added to row H columns 1-6; 50 pl 7H9/OADC with 100 ng/ml ATc into row H
column 7-12; 50 pl 7H9/OADC with 100 ng/ml ATc into all wells of rows E-G (Figure 2.8). The WT
MICs determined in Section 2.8.1 (see Results Section 3.4) were used as references to determine the
working concentration of the drugs against our CRISPRi hypomorph strains. Working stocks of the
drugs of interests were made in 7H9/OADC as follows: 256 pg/ml rifampicin (RIF), 4 ug/ml ethambutol
(EMB), 10 pg/ml vancomycin (VAN), 16 pg/ml linezolid (LNZ). Briefly, 50 ul of the drug of interest
was added to the wells of column 1 rows B-G. Two-fold serial dilutions of the drug (rows B-G only)
were carried out, using 6 tips loaded on an 8-channel multichannel pipette by transferring the contents
from the wells of column 1 into those of column 2, pipetting up and down 5 times to mix the contents,
and subsequently transferring 50 ul from column 2 into the following column and repeating until all
columns have been diluted. The final 50 pul from column 12 was discarded to ensure that all columns
contained 50 ul of liquid. The plate was loaded with ATc treated and untreated cells, using a 12-channel
multichannel pipette as follows: First, 50 pl of the 1:1000 diluted untreated culture was added to the
row A, columns 7-12 and to all wells of rows B-D. Second, 50 pl of the 1:1000 diluted treated culture
was added to the row H, columns 7-12 and to all wells of rows E-G. All wells contained a final volume
of 100 pl of liquid. The plates were covered in foil and incubated at 37°C in a stationary incubator for

1.5 days. Finally, 20 ul of resazurin (0.01%) was added to each well and plates re-incubated at 37°C for
an additional 4 hours. Images of each plate was captured, fluorescent readings taken and inhibition vs

log concentration graphs generated as described in Section 2.8.1.
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Figure 2.8. M. smegmatis hypomorph MIC plate layout. A, Final plate layout, drug concentration decreasing 10-fold across the plate; B, final

volume of 7H9/OADC media in each well. Final volume of contents in each well 100 pl.
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2.9. Morphotype characterisation

2.9.1. Metabolic labelling of Mycobacterium smegmatis with DMN-Trehalose
fluorescent probe

To inoculate strains, 1 ml of stationary phase Msm hypomorph glycerol stocks of strains were added to
5 ml 7TH9/OADC supplemented with Kan25 and incubated for 24 hours at 37°C while shaking, to yield
final ODggo 0f ~1.0. Following the incubation period, the ODsqo Of the cultures were determined and the
cells resuspended in 15 ml 7H9/OADC supplemented with Kan25 and incubated at 37°C in a shaking
incubator to an expected ODgoo Of 0.4. Paired cultures (one with the addition of 100 ng/ml ATc and one
without ATc) were incubated for 15 hours at 37°C while shaking. Next, 100 pl of the exponentially
replicating bacterial cells were mixed with 1 pl of 1 mM DMN-Tre (final concentration of 10 uM) and
incubated at 37°C while shaking for 2 hours. The cells were then centrifuged at 11 000 rcf for 5 mins
and resuspended in 100 ul Phosphate Buffered Saline supplemented with 0.05% Tween80 (PBST). The
cells were prepped and visualised by microscopy as described below in Section 2.9.2.

2.9.2. Fluorescence microscopy

To visualise mycobacterial cells by microscopy, the cells were prepared on agarose pad-based slides. A
2% agarose solution was made by melting 2 g low gelling temperature agarose (Sigma) in 100 ml Milli-
Q dH0. Melted agarose was pipetted onto a rectangular glass slide (LASEC) allowing the volume of
agarose to spread across the slide, this was capped by another rectangular glass slide to create a smooth
surface. The agarose was then allowed to solidify at room temperature. After cooling of the agarose, the
second glass slide was gently removed by sliding across the solidified agarose layer. Approximately 3
pl of the labelled mycobacterial cells from Section 2.9.1 were spotted onto the agar surface and allowed
to airdry on the agarose and coverslips placed over the sample. Samples were imaged using a Zeiss Axio
Observer fluorescent microscope (Carl ZEISS) using the settings listed in Table 2.5. The images and
data retrieved were analysed using ImageJ-Fiji (Shivanandan et al., 2013) and the MicrobeJ plugin (see

Supplementary Table S3 for list of settings) (Ducret et al., 2016).

Table 2.5. Microscope settings

Data Setting

Type of microscope Inverted

Obijective settings 1000X Oil Immersion
Brightfield channel settings Acquisition Mode= Widefield

Fluor= TL Brightfield
Illumination type= Transmitted
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DMN-Tre fluorescent channel settings

Acquisition Mode= Widefield
Fluor= EGFP

Illumination type= Epifluorescence
Emission Wavelength=509.0 nm
Excitation Wavelength=488.0 nm
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Chapter 3: Results
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3.1 Selection and design of sgRNAs and plasmids

The CRISPRI/dcas9 system has previously been utilised to study essential genes in many bacterial
species, including Escherichia coli (Qi et al., 2013), Staphylococcus aureus (Zhao et al., 2017), Bacillus
subtilis (Peters et al., 2016) and Corynebacterium glutamicum (Cleto et al., 2016). Additionally, several
papers have demonstrated the use of this system for knocking down essential genes in mycobacteria such
as M. abscessus (Gupta and Rohde, 2023) and M. smegmatis (Xiao et al., 2019).

* deactivated
cas9 (dcas9)

PAM site Target gene

m 3> guide RNA

Genomic DNA

-

Figure 3.1. Mechanism of sgRNA-dCas9 recognition of target gene regions of genomic DNA. The sgRNA forms a complex with the
deactivated Cas9 (dCas9) protein. This sgRNA-dCas9 complex scans the genomic DNA and recognises the PAM site. The complex encounters
then a homologous region of the DNA and binds tightly to this region to form a stable complex, blocking RNA polymerase, resulting in
transcriptional silencing of the target gene. Generated using Biorender (2025).

To generate CRISPRI strains, the design of targeting guide sequences needs to be considered and
undertaken. Single guide RNAs (sgRNAs) contain short forward and reverse oligonucleotides (oligos)
and in this project the length of each oligo was confined to 23-26 base pairs. When transcribed the
sgRNAs are designed to be complementary to the desired target sequence region of the bacterial
chromosomal DNA, and adjacent to a specific sequence called a protospacer adjacent motif (PAM), and
requires Watson-Crick base-pairing between the sgRNA and the gene target (Rock et al., 2017) A
catalytically inactive dCas9 (deactivated dCas9) is expressed from the integrated CRISPRi system and
binds to the sgRNA molecule. This complex is then guided along the DNA by the sgRNA until it

matches with the target region in the gene of interest, binding tightly to this region resulting in the
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complex sterically hindering transcription of the target gene (Rock et al., 2017, Larson et al., 2013)
(Figure 3.1). With the rise in the employment of the CRISPRi system to knock down expression of
target genes and validate their functional activity, several computational tools exist to assist in the design
and identification of sgRNA sequences (Gooden et al., 2021). For this study, the Pebble Database
(Rockerfeller University), specifically the sgRNA Design Tool, was used to select oligos for sgRNA
targeting of both M. smegmatis and M. tuberculosis strains. This database is a portal created by the Rock
Lab and is used for sharing sgRNA designs and CRISPRi genomic experiments in mycobacteria (Rock
et al., 2017). The selected CRISPRi sgRNAs for each gene in this study were derived from the Pebble
database’s SJRNA Design Tool which identifies multiple sgRNAs that target each gene of interest. The
tool supplies information relating to the potential knockdown efficacy of each sgRNA and, for this
study, the predicated strength of each guide and its target sequence length was utilised to select guides.

The selected sgRNA oligos were required to:
1) Target the region of interest
2) Encode 5’ and 3° BsmBI compatible sticky end restriction sites for ligation into the CRISPRi
plasmids
3) Have a region of target sequence homology that is 20-26 base pairs
4) Have the same PAM site strength

We designed M. smegmatis CRISPRi plasmids using the backbone plasmid pIRL117 (Addgene plasmid
#163635), with the aim of targeting two essential genes, wecA (also known as rfe, MSMEG_4947) and
rfbD (also known as wzm, MSMEG_6369). For each gene, five sgRNAs with varying predicted
strengths and vulnerability profiles were selected (Figure 3.2A & B; Table 3.1). M. tuberculosis
CRISPRI plasmids were designed to target wecA (rfe, Rv1302) using the plasmid pIRL2 (Addgene
plasmid #163631). Five sgRNAs with varying predicted strengths vulnerability profiles were selected,
each approximately 26 nucleotides long (Figure 3.2C; Table 3.2).

Non-targeting sgRNAs with no homology to genomic DNA regions (gift of Dr. Melissa Chengalroyen)
were used as non-targeting (negative) controls for both M. smegmatis and M. tuberculosis studies. It is
noted that these were generated using the original mycobacterial CRISPRi plasmid pLJR962 (Addgene
plasmid #115162). A sgRNA targeting the essential clpP2 gene, possessing a high vulnerability profile,

was used as a positive control for M. smegmatis studies, using the pIRL117 plasmid (Table 3.3).
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Figure 3.2. Overview of sgRNAs and final selection of guides for each gene and strain. A, MSM_wecA; B, MSM_rfbD;

C, MTB_Ra_wecA. Index of all Pebble Database guides given on the left (i); index of the predicted guide strength of the

selected guides is given on the right (ii). Weaker guides indicated by blue and stronger guides indicated by red. Graphs

generated by Pebble Database (https://pebble.rockefeller.edu/).
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List of sgRNA oligos selected to construct M. smegmatis CRISPRi knockdown strains of the

genes of interest. The oligo length, sequence and its SgRNA predicted knockdown strength, ranging

from weak (0) to strong (1), were obtained from the Pebble sgRNA Design Tool.

CRISPRI primer set Sequence Length (bp) | Predicted Expected knockdown
knockdown strength
strength

MSM_wecA01_FWD 5’-GGGAATCGCGGTCTGGCCCGGATC-3 o 086 <t

. ron

MSM_wecAO1l_REV 5’-AAACGATCCGGGCCAGACCGCGAT-3’ g

MSM_wecA02_FWD 5’-GGGAGGCGGTGGTCGAGGCCGCGC-3’

- - 24 0.58 Intermediate

MSM_wecA02_REV 5’- AAACGCGCGGCCTCGACCACCGCC-3’

MSM_wecA03_FWD 5’-GGGAGCGCGGTGGAAGTTGTGCG-3’

- - 23 0.53 Intermediate

MSM_wecA03_REV 5’-AAACCGCACAACTTCCACCGCGC-3’

MSM_wecA05_FWD 5’-GGGAGATCGTGCCCACTCCCCCGA-3’ ” 045 Weak

. ea

MSM_wecAO05_REV 5’-AAACTCGGGGGAGTGGGCACGATC-3’

MSM_wecA05_FWD 5’-GGGAGATCACCGCGGGCGGGTAGA-3’ o 035 Weak

. ea
MSM_wecA05_REV 5’-AAACTCTACCCGCCCGCGGTGATC-3’
MSM_rfbD01_FWD 5’-GGGAGTTCCAGATGATCGGCGTCAT-3’ - 0.86 st
. ron
MSM_rfbD01_REV 5’-AAACATGACGCCGATCATCTGGAAC-3’ g
MSM_rfbD02_FWD 5’-GGGAGATGATGATGTTGTGGGCGA-3’ )
24 0.65 Intermediate

MSM_rfbD02_REV 5’-AAACTCGCCCACAACATCATCATC-3’

MSM_rfbD03_FWD 5’-GGGAAGATGATCGGCGTCATGAAGA-3’

25 0.51 Intermediate

MSM_rfbD03_REV 5’-AAACTCTTCATGACGCCGATCATCT-3

MSM_rfbD05_FWD 5’-GGGAATGATCGGCGTCATGAAGA-3’ - 035 Weak

. ea

MSM_ rfbD05_REV 5’-AAACTCTTCATGACGCCGATCAT-3’

MSM_rfbD05_FWD 5’-GGGAATGATCAGGCCCAGCGTCACAT-3’

26 0.30 Weak

MSM_rfbD05_REV

5’-AAACATGTGACGCTGGGCCTGATCAT-3’
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Table 3.2. List of sgRNA oligos selected to construct M. tuberculosis CRISPRi knockdown strains of

the genes of interest. The oligo length, sequence and its SgRNA predicted knockdown strength, ranging

from weak (0) to strong (1), were obtained from the Pebble sgRNA Design Tool

CRISPRI primer set Sequence Length (bp) Predicted Expected
knockdown knockdown
strength strength

MTB_wecA01_FWD 5*-GGGAGCACCGGCCACCAGCACCG-3’ ’3 025 Weak

MTB_wecAO1_REV 5-AAACCGGTGCTGGTGGCCGGTGC-3’

MTB_wecA02_FWD 5’-GGGAGACCAGCGCAAGCTCACGCA-3’ o4 0.30 Weak

MTB._wecA02_REV 5-AAACTGCGTGAGCTTGCGCTGGTC-3"

MTB_wecAD3_FWD 5-GGGAGCAGCGGGACACCGGCGCCGCG-3 | 26 0.56 Intermediate

MTB_wecA03_REV 5-AAACCGCGGCGCCGGTGTCCCGCTGC-3’

MTB_wecAl5_FWD 5'-GGGAACATGACCGCCACCACCAG -3 ’3 0583 Intermediate

MTB_wecA05_REV 5-AAACCTGGTGGTGGCGGTCATGT-3’

MTB_wecA0S_FWD 5"-GGGAGCCGCGGTGTCGCGCGGGTT-3’ ” 084 Strong

MTB_wecA05_REV 5-AAACAACCCGCGCGACACCGCGGC-3’

Table 3.3. List of sgRNA oligos selected to construct CRISPRI control strains used in this study. The

oligo length, sequence and its sgRNA expected knockdown strength are listed.

CRISPRI primer set Sequences Length (bp) Predicted Expected
knockdown knockdown
strength strength

Non-targeting_FWD 5’-GGGAGCATCCGGAGCCCGTCCGTTAA-3’ 26 No knockdown None (Negative

Non-targeting REV 5-AAACTTAACGGACGGGCTCCGGATGC-3’ control)

MSM_clpP2_FWD 5’-GGGAATGTCGTCGTCCACTTGGGAACC-3’ 23 Strong knockdown | Strong (Positive

MSM_clpP2 REV 5’-AAACGGTTCCCAAGTGGACGACGACAT-3 control)
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3.2 Generation of CRISPRI constructs

To generate CRISPRi hypomorphs for the genes of interest, the oligo sets were used to generate specific
CRISPRI plasmids. Briefly, E. coli glycerol stocks of the plasmid pIRL117 and pIRL2 were obtained
(gift of Dr. Mandy Mason) and used to inoculate LB cultures and grown overnight. Amplified purified
plasmids were extracted, and BsmBI double digestion reactions performed to yield linear plasmids. Two
restriction enzyme reactions were performed and a portion of each were run on an agarose gel to
visualise the pIRL117 and pIRL2 digestion reactions resulted in clear single bands that approximately
corresponded to the expected sizes of 8580 base pairs (bp) (Figure 3.3A) and 8621 bp, respectively
(Figure 3.3B). The sizes of the digested plasmids were determined by subtracting the region of the
MCS cut out from the plasmid and the original plasmid size. In addition, two control reactions were run
alongside the digestion reactions. These include the undigested pIRL117 and pIRL2 plasmids in BsmBI
buffer as well as the undigested plasmids in nuclease-free water, neither in the presence of BsmBlI
restriction enzyme. The pIRL117 plasmid was visualised alongside the Quick-load 1 kb DNA Ladder
(Supplementary Figure S3A), while the pIRL2 plasmid was visualised alongside the Quick-load 1 kb
Plus DNA Ladder (Supplementary Figure S3B).

10 000bp ——» 10000bp —» ——

6000bp —» 8000bp —p
P

3 0C0bp >

3 000bp ———»
12000p —p

1500bp ———»

500bp ———»

Figure 3.3. A, Agarose gel electrophoresis confirming successful restriction digest of the pIRL117 and pIRL2 CRISPRi plasmid backbones. A,
Agarose gel electrophoresis confirming digestion of pIRL117 CRISPRI plasmid backbone. Lane 1: Quick-Load Purple 1 kb DNA Ladder I; Lane 2: uncut
plasmid in BsmBl NEB buffer; Lane 3: uncut plasmid in nuclease-free H20; Lane 4 & 5: digest reactions resulting in the 8 600 bp linearized plasmid
backbone. B, Agarose gel electrophoresis confirming digestion of pIRL2 CRISPRi plasmid backbone. Lane 1: Quick-Load Purple 1 kb Plus DNA Ladder;
Lane 2: uncut plasmid in nuclease-free H20; Lane 3: uncut plasmid in BsmBIl NEB buffer; Lane 4-7: digest reactions resulting in the 8631 bp linearized
plasmid backbone. (Poulton and Rock, 2022).
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The FWD and REV sgRNA oligos for each set were annealed and subsequently cloned into the
linearized plasmids (Figure 3.4). The resulting recombinant plasmids were transformed into DH5a E.
coli cells for cloning and propagation, and the cells plated on LB agar supplemented with selection
antibiotic Kan50. Colonies were observed on all transformant plates while no colonies were observed
on the untransformed MSM_WT no-plasmid control plates (data not shown), indicating successful
transformation of the plasmid. Incorporation of the guide RNAs into the plasmids were confirmed by
sanger sequencing of purified plasmids (Supplementary Figures S2, S3 & S4).

The resulting pIRL117 and pIRL2 recombinant plasmids were then electroporated independently into
MSM_WT and MTB_Ra_WT electrocompetent cells. Following electroporation, the recombinant
plasmids integrate into the attB site (Armianinova et al., 2022) on the bacterial chromosome where it
expresses the SgRNA and dCas9 under the control of an ATc inducible promoter (Rock et al., 2017) The
cells were plated on 7H10 agar supplemented with Kan25 to select for successful transformants.
Colonies were observed on the transformant plates, while no colonies were observed on the
untransformed MSM_WT no-plasmid control plate (data not shown). Random transformant colonies
were picked from the transformant plates and grown to stationary phase in 7TH9/OADC supplemented
with Kan25. Finally, 1 ml of the stationary phase cultures were added to 33% (v/v) glycerol and the
glycerol stocks stored at -80°C.
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Figure 3.4. Diagram showing the generation of CRISPRi recombinant plasmid. Cloning approach used to generate the sgRNA-CRISPRI
backbone construct. The plasmid contains an ATc regulated promoter, a kanamycin resistance gene, and a multiple cloning site (MCS) located between
two BsmBl restriction sites. The FWD and REV oligos were annealed and subsequently ligated into the digested plasmid. Generated using Biorender
(2025).
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3.3. Validation and selection of M. smegmatis and M. tuberculosis
hypomorphs

The genes targeted in this study are essential, meaning that these are necessary for the survival or growth
of the bacterium, therefore generating knockout mutants would not be feasible for this study as the total
loss of these genes would render the bacteria nonviable. We thus generated knockdown mutants with
the aim to reduce the transcription of the genes of interest (partial silencing). Investigating the impact
of the use of sgRNAs with different predicted strengths on the in vitro growth of each hypomorph is a
vital check to establish whether the knockdown profile correlates to the predicted sgRNA strength.
Growth attenuation phenotypes were used to show the direct impact of the transcriptional knockdown
of each sgRNA on a whole cell level and can be leveraged to select for the most optimal guide for
downstream experiments. For this work, the most optimal sgRNA would be determined as the guide
demonstrating strong to intermediate knockdown on solid media and in liquid media. To test this,
spotting assays were performed on solid media and growth kinetics (absorbance vs time) determined in
liquid media. This was done both in the in the absence (uninduced) and presence (induced) of 100 ng/ml
anhydrotetracycline (ATc) to induce CRISPRi-mediated transcriptional silencing of the target gene. Two
control strains were used throughout the study: (i) a strong positive control strain targeting clpP2
(MSM _clIpP2), an essential protease required for housekeeping and the degradation of prematurely
terminated peptides (Raju et al., 2012) which was used to confirm efficient gene silencing by the
CRISPRI system and (ii) a non-targeting negative control strain (MSM_NT) with no gene target which
was used to demonstrate that the induction of the CRISPRi system has no impact on cell growth and

viability, a condition that should phenocopy the wild-type strain.

3.3.1. Growth consequences of partial silencing of target genes on solid
media

To determine the impact of each sgRNA on the growth of our strains, exponential phase cultures were
spotted as ten-fold serial dilutions on 7H10 agar either with or without 100 ng/ml ATc. The strains
exhibited distinct knockdown profiles upon induction of the CRISPRi system. In these assays strong
growth inhibition is defined as no to slight evidence of growth (spots) in any of the dilutions (including
the 10° and 107* dilutions), intermediate growth inhibition is defined as spots on 10° 10 and 107
dilutions or evidence of some outgrowth (faint spots) in all dilutions, while weak growth inhibition
refers to spots with no discernible difference between their No ATc and ATc phenotypes or (spots in all

dilutions).

As expected, the MSM_NT control spots were evident in all dilutions in both uninduced and induced

conditions, displaying negligible growth attenuation in the presence of ATc (Figure 3.5). Based on this
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lack of attenuation in the MSM_NT strain, we can confirm that the addition of ATc did not impact
growth of the Msm CRISPRI strains. For all spotting assays, the growth of the positive knockdown
control, MSM_clpP2, showed growth in all dilutions in the uninduced condition but showed no growth
in the induced condition, indicating potent inhibition of Msm when transcription of this gene is strongly
knocked down. This confirmed that an ATc concentration of 100 ng/ml was sufficient to impact the
growth of a strong CRISPRi sgRNA strain (MSM_clpP2) under the assay conditions performed. It was
notable that in the wecA experimental agar plates (Figure 3.5A), the control MSM_clpP2 showed
growth of a relatively large colony in dilution 10. This was not seen in the rfbD assay which was
relatively clean of growth (Figure 3.5B). This was determined to be likely due to some level of cross
contamination and is attributed to the use of 12-channel multichannel pipettes, which are less precise
when handling, allowing the rare occurrence of aerosolised droplets from an MSM_wecA strain falling
onto the plate.

Based on the guide strength we expected the Msm strains with the lower numbers to have greater growth
attenuation than the guides with the higher numbers (Table 3.1). MSM_wecAO1 displayed strong
attenuation showing slight evidence of growth in the 10° dilution and no growth from the 10 dilutions
when induced with ATc. Again, a single colony was noted in the 10 dilution, potentially attributable to
cross contamination from co-spotting with the MSM_NT strain. MSM_wecA02 and MSM_wecA03
elicited intermediate growth inhibition, each with spots evident in the 10° dilution, and clear growth of
colonies seen in 10 and 10 dilutions in the induced condition; MSM_wecA05 and MSM_wecA05
demonstrated no growth attenuation in the presence of ATc, with growth of spots visible across all
dilutions in the induced condition that were relatively indistinguishable from the non-induced
comparison (Figure 3.5A). While for MSM_wecAO05 some spots did appear smaller than expected
(uninduced: dilution 10*; induced: 10™) this did not reflect attenuation of the strain and could be
attributed to slight pipetting error with the use of a multichannel pipette.

MSM_rfbDO01 displayed intermediate growth inhibition with spots in the 10°, 10! dilution and a colony
in the 102 dilution when induced with ATc. MSM_rfbD02 was notable in that clear spots were evident
in all dilutions, however these appeared distinct from that of the uninduced condition, being smaller and
having the appearance of smoother edges. MSM_rfbD03, MSM_rfbD04 and MSM_rfbD05 had no
growth attenuation in the induced conditions, with no discernible difference between all dilutions in the

uninduced and induced conditions and growth on all spots (Figure 3.5B).
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Figure 3.5. Assessment of wecA and rfbD sgRNA knockdown impact in M. smegmatis strains. A, wecA and B, rfbD

knockdown impact on growth of Msm was determined using a spotting assay with ten-fold serial dilution spotted on solid

7H10 agar supplemented with Kan25. Growth of Msm strains in the uninduced condition are shown in the left panel; growth
of Msm strains in the induced condition are given in the right panel.

The spotting assay phenotypes of the MTB_Ra hypomorphs in the absence and presence of 100 ng/ml
ATc are shown in Figure 3.6. Based on the guide strength we expected the Mtb strains with the higher
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numbers to have greater growth attenuation than the guides with the lower numbers (Table 3.2). All
MTB_Ra CRISPRI strains demonstrated some level of growth attenuation when induced with ATc.
Briefly, MTB_Ra_wecA02 showed the least impact on growth (weak attenuation) with spots evident in
all dilutions, though these were reduced in size as compared to its non-induced comparison.
MTB_Ra_wecA01 and then MTB_Ra_wecA03 showed intermediate attenuation with clear spots
evident in dilutions 10° and 10! and some colonies seen in further dilutions. MTB_Ra_wecA05 showed
strong attenuation of growth when induced, colonies could be seen in the 10° dilutions with low to no
evidence of outgrowth in further dilutions. The strongest attenuation was seen in MTB_Ra_wecA05
which only had very small colonies evident in 10° and 10 dilutions when induced. Interestingly, an
attenuation of the growth of MTB_Ra_NT was observed in the induced condition with attenuation of
growth (relative decrease in spot size) seen in the 10 to 10 conditions. Based on this phenotype, we
cannot confirm that the addition of ATc did not impact growth of MTB_Ra strains that contain the non-
targeting sgRNA (MTB_Ra_NT). This could point to a potential sensitisation of MTB_Ra to the
CRISPRI system. Alternatively, the non-targeting guide may be having some impact to the Mth genome.

A summary of the spotting assay shifts of each strain is shown in Table 3.4.

No ATc 100 ng/ml ATc

10° 10" 102 103 10*

Mib_Ra_NT ' . . %o

Mtb_Ra_wecA01

Mtb_Ra_wecAD2 ‘ ‘ = .
- .

Mtb_Ras_wecA03

Mth_R# wecAQ)

Mib Ra wocAl2?

Mib_Re wecAD3

Mib_R. A
B_Ra wecADd Mtb_Ra_wecAC4

M BCAL 5
th_Ro wocAUS Mth_Ra_wecA05

10-fold serial dilute 10-fold serial dilutions

Figure 3.6. Assessment of wecA sgRNA knockdown impact in M. tuberculosis strains. wecA knockdown impact on growth of MTB_Ra was
determined using a spotting assay with ten-fold serial dilution spotted on solid 7H10 agar supplemented with Kan25. Growth of MTB_Ra strains
in the uninduced condition are shown in the left panel; growth of MTB_Ra strains in the induced condition are given in the right panel.
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3.3.2. Outgrowth phenotype of M. smegmatis hypomorphs in liquid media

Characterisation of growth attenuation was also performed in liquid media in which the absorbances of
cultures were measured at 600 nm in a plate reader over a 24-hour period, in technical replicates of 4.
During the period of outgrowth, the strains were either not exposed to (uninduced) or exposed to
(induced) to 100 ng/ml ATc. As expected, for the negative control, the growth of MSM_NT was not
impacted by the ATc (Figure 3.7A), while the positive control, MSM_clpP2 showed a decline in the
growth upon CRISPRI induction (Figure 3.7B). In terms of outgrowth, both MSM_NT negative control
and MSM_clpP2 positive control displayed steady comparable growth during the first 10 hours of
incubation (approximately 4 generations). This was followed by exponential growth of MSM_NT,
while in contrast, after 10 hours, MSM_clpP2 displayed a substantial decline in growth rate in the
presence of ATc. Based on the liquid media phenotype results we can confirm that the addition of ATc
did not impact growth of strains that contained the CRISPRI system expressing a hon-targeting sgRNA
(MSM_NT). In addition, we determined that an ATc concentration of 100 ng/ml was sufficient to impact

the growth of a strong CRISPRi sgRNA strain (MSM_clpP2) under the assay conditions performed.
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Figure 3.7. CRISPRi-mediated growth kinetics of M. smegmatis control strains under uninduced and non-induced conditions. A, growth dynamics of
MSM_NT in the absence (green) and presence (purple) of 100 ng/ml ATc and B, growth dynamics of MSM_clpP2 in the absence (green) and presence (purple)

of 100 ng/ml ATc. Error bars represent standard deviations for technical repeats of 3.

The culture outgrowth kinetics of the wecA targeting CRISPRi strains, MSM_wecA01 to MSM_wecA05
are shown in Figure 3.8. Growth of all strains in the absence of ATc were similar to that seen in
MSM_NT, characterised by slightly slower growth rates (lag phase) over the first 10 hours of growth,
followed by higher rates of growth. After 20 hours, the average ODsoo tended to reach an ODeyo Of 1.0
with the exception of MSM_wecA03, which only reached an ODggo 0f 0.8 after 20 hours (Figure 3.8C).

The technical variation of absorbance readings in the uninduced experiment was averaged at 0.14
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ranging from 0.04 and 0.26. Upon induction of the CRISPRi system, MSM_wecA01-03 showed a
decline in growth rate following the 10-hour lag period (Figure 3.8A, B & C). This was not observed
in MSM_wecAO05 and 05 which showed comparable growth over this period as the uninduced condition
(Figure 3.8D & E). The technical variation in the induced experiment was similar to that of the

uninduced experiment, averaged at 0.15 ranging from 0.038 and 0.26.
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Figure 3.8. CRISPRi-mediated growth kinetics of M. smegmatis of wecA CRISPRI strains under uninduced and non-induced conditions. A, MSM_wecA01,
B, MSM_wecA02; C, MSM_wecA03; D, MSM_wecA04; E, MSM_wecA05 growth in the absence (red) and presence (green) of 100 ng/ml ATc. F, Comparison of

selected guides in the presence of 100 ng/ml ATc. Growth attenuation ranges from strong (dark red), intermediate (light pink/dark blue) to weak (light blue). Error
bars represent standard deviation for technical repeats of 3.
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A comparison of the growth curves of each strain under the induced condition is illustrated by Figure
3.8F. Strong growth attenuation in this assay is defined as strains reaching an end point ODgq of <0.5
after a growth period of 20 hours; intermediate growth attenuation is defined as strains reaching an
ODeoo of 0.5-0.7 after 20 hours and weak growth attenuation defined as strains reaching an ODegqo Of
>0.7 after 20 hours. The results showed that MSM_wecA01 and MSM_wecA02 showed intermediate
growth attenuation, MSM_wecAO3 showed strong growth attenuation, while MSM_wecA04 and
MSM_wecAO05 displayed weak growth attenuation.

The outgrowth phenotypes of the rfbD targeting CRISPRI strains, MSM_rfbDO01 to MSM_rfbD02 are
shown in Figure 3.9. Similarly to the MSM_wecA results, the growth of the MSM_rfbD strains in the
uninduced conditions are similar as that of MSM_NT, with a slower growth rate (lag phase) over the
first 10 hours of growth followed by increased growth rates. All strains except for MSM_rfbDO01 and
MSM_rfbD02 reached an endpoint ODggo 0f 1.0 after 20 hours of growth. The technical variation in the
uninduced experiment was averaged at 0.11 ranging from 0.04 and 0.21 Under ATc induction,
MSM_rfbD01 and MSM_rfbD02 showed a relatively reduced growth rate following the 10-hour lag
phase (Figure 3.9A & B), while no discernible difference in growth rate is seen in MSM_rfbD03 to
MSM_rfbDO05 presence of ATc (Figure 3.9C, D & E). The technical variation in the induced condition

was similar to that of the uninduced and averaged at 0.11 ranging from 0.04 and 0.25.

A comparison of the growth curves of each strain under the induced condition is illustrated in Figure
3.9F. The results showed that MSM_rfbD01 showed strong growth attenuation after 20 hours of growth;
MSM_rfbD02 showed intermediate growth attenuation after 20 hours, while MSM_rfbD03 to
MSM_rfbD05 showed weak growth attenuation after 20 hours of growth. A summary of the growth
curves slopes of each strain is shown in Table 3.4. An overlay of the growth trajectory of the controls
and hypomorphs are presented as log10 absorbance vs time (hours) is shown in supplementary Figure
S5.
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Figure 3.9. CRISPRI -mediated growth kinetics of M. smegmatis following rfbD under uninduced and non-induced conditions. A, MSM_rfbD01 B,
MSM_rfbD02; C, MSM_rfbD03; D, MSM_rfbD05; E, MSM_rfbDO05 growth in the absence (red) and presence (green) of 100 ng/ml ATc). F, Comparison of

selected guides in the presence of 100 ng/ml ATc. Growth attenuation ranges from strong (dark red), intermediate (light pink/dark blue) to weak (light blue
Error bars represent standard deviation for technical repeats of 3.
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Table 3.4. Summary of the Msm and Mtb spotting assays shifts, and Msm growth curve slopes. Based

on these data, an assessment of the suitability of each hypomorph for downstream assays was made

Strain name Predicted Spotting assay shift *Growth curve slope Suitability

strength
MSM_NT None Negligible 0.054 Negative control
MSM_clpP2 Strong Strong 0.009 Positive control
MSM_wecA01 Strong Strong 0.029 Yes
MSM_wecA02 Intermediate Intermediate 0.035 Yes
MSM_wecA03 Intermediate Intermediate 0.025 Yes
MSM_wecA05 Weak Weak 0.043 No
MSM_wecA05 Weak Weak 0.059 No
MSM_rfbDO01 Strong Intermediate 0.006 Yes
MSM_rfbD02 Intermediate Weak 0.03 Yes
MSM_rfbDO03 Intermediate Weak 0.062 No
MSM_rfbDO05 Weak Weak 0.051 No
MSM_rfbD05 Weak Weak 0.044 No
MTB_Ra NT None Intermediate Not performed

Negative control

MTB_Ra_wecA0l Weak Intermediate Not performed No
MTB_Ra_wecA02 Weak Weak Not performed No
MTB_Ra_wecA03 Intermediate Intermediate Not performed No
MTB_Ra_wecA05 Intermediate Strong Not performed No
MTB_Ra_wecA05 Strong Strong Not performed Yes

*Slope of the growth curve in the induced condition was determined between 10 and 20 hours of growth. Slopes
were calculated in GraphPad Prism 10.2.0.

Based on the solid and liquid media hypomorph phenotypes three of the Msm wecA CRISPRI strains

and two of the Msm rfbD strain could be considered suited for further experimentation (Table 3.4).

When strains showed no attenuation of growth on solid media these were excluded from consideration.

Downstream assays (MIC assays and single-cell phenotyping) were to be performed in liquid culture

and for this purpose the strongest guides of the set were considered to be the most appropriate for use.
MSM_wecAO1 (hereafter referred to as MSM_wecA) and MSM_rfbDO01 (hereafter referred to as

MSM_rfbD) were selected for all further Msm mc?155 experiments.

Due to the unexpected intermediate growth attenuation observed when MTB_Ra_NT (control non-

targeting strain) was treated with ATc, we could not confirm that ATc did not impact the growth of the
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MTB_Ra hypomorphs. These assays were deprioritised and the wecA targeting CRISPRI strains were
not assessed in liquid media. In conjunction with this work, we aimed to extend our Msm work into a
strain of MTB which did have an appropriate non-targeting control strain for comparison. Therefore, the
pIRL2_wecA05 recombinant plasmid (see Methods Table 2.4), displaying strong knockdown strength,
was selected and electroporated into a virulent Mtb H37Rv (MTB_Ruv) strain, in the BSL3 by Dr. Mandy
Mason. Growth attenuation of the non-targeting strain had previously been confirmed in another project
by Dr. Mason (data not shown) and an assessment of growth attenuation was performed in liquid culture
and subsequent microscopy experiments performed on this strain as a pilot study aligned with this work
(see supplementary Section 6.6).

3.4. Antimycobacterial drug susceptibility assays

Previous studies have shown that disruption of mycobacterial arabinogalactan, an essential component
of the mycobacterial cell wall, results in increased cell envelope permeability (Rombouts et al., 2012,
Justen et al., 2020). The unique architecture of the mycobacterial cell envelope makes it relatively
impermeable to most drugs, therefore, an increase in cell envelope permeability can be denoted by an
increase in drug uptake (de Keijzer et al., 2016). Hypomorph strains with partial transcriptional
silencing have proven a useful tool to infer vulnerability of mycobacterial cells to potential drugs (Evans
and Mizrahi, 2015). Dose-response studies are often used to investigate potency of a drug against
bacterial cells (Jiang and Kopp-Schneider, 2014). To evaluate the effect of disruption of wecA and rfobD
on susceptibility of Msm to known antimycobacterial compounds, microtiter alamar blue assays
(MABA) (Franzblau et al., 1998) were used to assess drug sensitivity as a consequence of disruption in
the galactan biosynthetic pathway. A small set of compounds with distinct physiochemical properties
and mechanisms of action were used in this study; these include rifampicin (RIF), ethambutol (EMB),
vancomycin (VAN) and linezolid (LNZ). Compounds and their mechanisms of action are listed in Table
3.5 below. These comprise compounds with a range of molecular weights, with two being relatively
smaller and less complex compounds (EMB and LNZ) with EMB being slightly hydrophilic while LNZ
is both hydrophilic and lipophilic and two being relatively larger and more complex lipophilic
compounds (RIF and VAN) with RIF being highly hydrophobic and VAN being highly hydrophilic.
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Table 3.5. Antimycobacterial compounds used in this study. Mechanisms of action, key physiochemical

properties (molecular weight, complexity and hydrophobicity) and PubChem CID for each compound

is given.
Compound Molecular weight Complexity Hydrophobic/ Mechanism of action PubChem
name Hydrophilic (XLogP3*) CID
Ethambutol 204.31 g/mol 109 Slightly hydrophilic Inhibits  activity of arabinosyl | 14052
(EMB) (-0.2) transferase during arabinogalactan
biosynthesis (Zhu et al., 2018)
Linezolid (LNZ) | 337.35 g/mol 472 More hydrophobic (0.7) Inhibits initial phase of protein | 441401
synthesis (Liu et al., 2020)
Rifampicin 822.9 g/mol 1620 Highly hydrophobic (4.9) Inhibition of DNA-dependent RNA | 135398735
(RIF) synthesis
(Mosaei and Zenkin, 2020)
Vancomycin 1449.2 g/mol 2960 Highly hydrophilic (-2.6) Inhibits biosynthesis of | 14969
(VAN) peptidoglycan (WILHELM, 1991)

*Negative values indicate that compound is more hydrophilic, and positive values indicate compound is more
hydrophobic with values between -1 and 1 indicating that the compound has properties that favour both states.

EMB is a first-line drug that is administered for the treatment of active pulmonary active TB (Lee et al.,
2024) (see Figure 1.1). It functions by inhibiting the activity of Mtb membrane associated
arabinotransferases, EmbA and EmbB which are essential to the synthesis of arabinogalactan (Telenti
et al., 1997, Zhang et al., 2020). Previous studies have demonstrated that mycobacterial strains with
mAGP knockdown showed sensitisation when challenged with EMB (Li et al., 2021). With this in mind,
we aimed to assess whether galactan plays a role in sensitisation to this drug by examining the effect of

exposure to this drug on galactan compromised Msm strains.

LNZ is a synthetic compound typically used in the treatment of gram-positive bacterial infections,
including pneumonia caused by methicillin-resistant Streptococcus pneumoniae and vancomycin-
resistant Enterococci (Hashemian et al., 2018). It functions by binding to the rRNA on both the 30S and
50S ribosomal subunits, thereby inhibiting the initiation of protein synthesis (see Figure 1.1). LNZ was
shown to be effective against both MDR- and XDR-TB but its use in the treatment of TB is generally
restricted due to its toxicity and the potential for development of resistance to the compound. However,
it is a useful compound to probe mycobacterial physiology. In large scale CRISPRi chemical-genetic
screens investigating drug sensitisation, it was shown that targeting the mAGP complex did not result
in sensitisation to LNZ (Li et al., 2022). Therefore, this feature was used as a control to assess a

compound that does not appear to be impacted by changes to the mAGP layer.
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RIF is a large semisynthetic compound derived from rifamycin and is a potent first-line antibiotic in the
treatment of active pulmonary TB (Lee et al., 2017). It functions by inhibiting the activity of RNA
polymerase’s B-subunit, effectively blocking the elongation step during RNA synthesis (Mosaei and
Zenkin, 2020) (see Figure 1.1). RIF was shown to be sensitised by the depletion of key enzymes
involved in the synthesis of mAGP components, including those involved in arabinogalactan
biosynthesis (Li et al., 2022). RIF’s efficacy is however compromised by its size and ability to cross the
cell envelope (Lambert, 2002). We therefore aimed to examine whether knocking down the synthesis
of galactan results in sensitisation to this compound.

VAN is a compound derived from Streptococcus orientalis and used in the treatment of severe
infections caused by gram-positive bacteria, such as methicillin-resistant and methicillin-susceptible
Staphylococcus aureus (Stogios and Savchenko, 2020, Patel et al., 2017) but is also effective against
Clostridium difficile as well as streptococci and enterococci (Patel et al., 2017). It functions by inhibiting
the polymerisation of peptidoglycan onto the bacterial cell envelope (Soetaert et al., 2015). VAN was
shown to be sensitised by the depletion of key enzymes involved in mMAGP components (Li et al., 2022).
In this study we assessed whether this drug was sensitised to mycobacterial strains with depleted

galactan.

3.4.1 Determining reference Minimum Inhibitory Concentration (MIC) in WT M.
smegmatis mc2155

Minimum inhibitory concentration (MIC) is the level of susceptibility of a bacterial population to an
applied antibiotic and is defined as the lowest concentration of an antibiotic that inhibits the detectable
growth of a bacterial population after a period of incubation under defined in vitro conditions
(Kowalska-Krochmal and Dudek-Wicher, 2021). MIC is a critical research measure to assess the in
vitro activity of drugs and confirm resistance (Andrews, 2001). The MICq refers to the concentration
of antibacterial agent required to visibly inhibit the growth of approximately 90% of a bacterial
population. In these assays, dose responses are characterized by no to low inhibition at low drug

concentrations, followed by substantial growth inhibition at increased drug concentrations.

To determine the reference MIC of each compound, dilutions of each drug were tested against
MSM_WT strains. Pre-cultured exponential phase cultures were inoculated at low density into flat-
bottom 96-well microtiter plates containing two-fold serial dilutions of each compound. Inhibition was
determined both calorimetrically (Supplementary Figure S9 & S10) and fluorometrically via alamar
blue reduction. Fluorometric measurements were plotted (Figure 3.10) and the reference MICg 0f VAN,
LNZ and RIF calculated using GraphPad Prism (see Methods Section 2.8.1). When treated with drug,

we see low growth inhibition at low drug concentrations, thereafter a rapid increase in the level of
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inhibition is observed at higher drug concentrations. The growth inhibition plateaus at 100% inhibition
as the drug reaches a maximal effective concentration. Comparing the MICq of each drug against Msm
WT to that of previously published data (Table 3.6) demonstrated that the majority of these were within
the range of previously published MICgy data in Msm mc2155. However, the determined MICg of EMB
obtained for the MSM_WT strain used in this project was 2-fold lower than that of the minimum MICg
reported in the literature (Table 3.6). An experimental repeat was performed utilising the same plate
layout and drug concentrations. The experimental repeat yielded the same MICgy values for all drugs

tested, confirming the reproducibility of the data (supplementary Figure S6, Table 3.6).
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Figure 3.10. Determination of reference Minimum Inhibitory Concentrations (MIC) of MSM_WT strains. Dose-response curves modelling
growth inhibition of MSM_WT following A, vancomycin (VAN); B, ethambutol (EMB); C, linezolid (LNZ) and D, rifampicin (RIF) treatment.
Dotted line represents the 90% inhibition and indicates where this intersects with the dose response curve. Error bars represent standard deviation of

3 technical repeats, and 2 experimental repeats were performed (see Supplementary Figure S6).
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Table 3.6. Comparison of reference MICg of each compound against our MSM_WT strain to the range

of MICqy data obtained for Msm mc?155 in published literature

Compound name Published MICg | Determined M1Cg | Determined MICy | Reference for published Msm mc?155
(ng/ml) (ng/ml) (ng/ml) MICg
Msm mc?155 MSM_WT MSM_NT
Rifampicin (RIF) 1.32-2.57 2 2 (Faulkner et al., 2021)
*2 *2
Ethambutol (EMB) 0.25-2 0.125 2 (Khoo et al., 1996, Lechner et al., 2008)
*0.125 *1
Vancomycin (VAN) 0.625-5 1.25 1.25 (Danilchanka et al., 2008, Stephan et al.,
*1.25 *1.25 2004)
Linezolid (LNZ) 0.5-4 1 1 (Wallace Jr et al., 2001)
*1.25 *2

*Determined MICgqo from repeat experiment (see supplementary data 7.3)

3.4.2. Effect of galactan depletion on the MIC90 of M. smegmatis mc?155

The determination of the reference MICg in our MSM_WT strains allowed for the assessment of the
effect of wecA and rfbD partial transcriptional silencing on the susceptibility of Msm to
antimycobacterial agents. In addition, a second measure of dose-response curves, the half maximal
effective concentration (ECsg) was also made. The ECs is an alternative parameter used for evaluating
dose-response relationships (Jiang and Kopp-Schneider, 2014) and is defined as the concentration of
compound that gives half-maximal response (Noel et al., 2018, Sebaugh, 2011). To do this, the MABA
assays described in Section 3.4.1 were performed on the CRISPRI strains that were not induced with
ATc or pre-depleted with ATc for 18 hours (see Methods Section 2.8.2). The strains were pre-depleted
to ensure the hypomorph phenotype was present on first exposure to the drug.

As a control, the MSM_NT strain, expressing a sgRNA with no homology to the Msm genome, included
in this assay and was not exposed (uninduced) or exposed (induced) to 100 ng/ml ATc (Figure 3.11).
This negative control is expected to display no differences in drug susceptibility between the uninduced
and induced conditions. As expected, for each drug no shifts in the MICq (Figure 3.11) or ECs of the
MSM_NT control was observed in the presence of ATc. These results confirm that integration of the
CRISPRi system into the mycobacterial genome and induction of ATc does not impact drug
susceptibility. For most of the drugs, the MSM_NT strain phenotype closely resembles the WT
phenotype, with the MICg of LNZ, RIF and VAN being comparable to that of the WT MICg values.
The MICgy of EMB was higher than that of the MSM_WT, however this is within the range of the

published MICg. An experiment repeat was performed utilising the same plate layout and drug
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concentrations against the MSM_NT strain. The experimental repeats showed the same MICg values
for LNZ, RIF and VAN, while the MICy of EMB was two-fold lower than the first experiment, but
within the range of the published MICq, (Supplementary Figure S7, Table 3.6).

The ECso values of each drug had less than two-fold difference between uninduced and induced
conditions and are presented in Supplementary Table S2. The colorimetric data for the MSM_NT

assays do not show a shift in the visible MIC and are presented in Supplementary Figure S9.
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Figure 3.11. Determination of MICg in MSM_NT negative control. Dose responses of MSM_NT following exposure to a range of drug
concentrations of A, vancomycin (VAN); B, ethambutol (EMB); C, linezolid (LNZ) and D, rifampicin (RIF) without (green) and with (pink) induction

of the CRISPRi system. Dotted line represents the 90% inhibition. Error bars represent standard deviation for 3 technical repeats, and 2 experimental

repeats were performed (see Supplementary Figure S7). Some error bars not visible due to low standard deviation.

The clpP2 gene is essential and was utilised as a positive transcriptional knockdown control for spotting

assays (see Section 3.3.1). This gene encodes a caseinolytic protease that plays a critical role in

proteome homoeostasis and is responsible for the degradation of misfolded or damaged proteins (Yang

et al., 2023). Considering the clpP2 gene is not directly involved in cell envelope biosynthesis, we did

not expect depletion of enzyme products that compromise the cell envelope structure. Therefore, we
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expected no observed increase in sensitisation to drugs targeting cell envelope biosynthesis (specifically
EMB) upon depletion of this enzyme, nor would there be an observed increase in sensitisation to drugs
that have difficulty crossing the cell envelope (specifically VAN and RIF) as compared to those that do
not (LNZ). These expectations were partially fulfilled (Figure 3.12). When treated with VAN, there
was no observed shift in MICq (Figure 3.12A) and a slight shift in ECso of 1.27-fold. When treated with
EMB there was no shift in either MICq (Figure 3.12B) or ECso. However, a shift was observed when
MSM_clpP2 was challenged with protein synthesis inhibitor LNZ (Figure 3.12C), corresponding to an
ECso fold-change of 2.8. Unexpectedly, a substantial shift in MICq is observed when MSM_clpP2 is
challenged with the RNA synthesis inhibitor RIF (Figure 3.12D), with an ECso shift of 38-fold. The
ECso values are presented in Supplementary Table S2. The colorimetric data of MSM_clpP2 support
these results and are presented in Supplementary Figure S9. The experimental repeats performed
against the MSM_clpP2 strain showed similar MICg for VAN, EMB and LNZ, while RIF showed a
higher MICgy than the first experiment (Supplementary Figure S7, Table 3.6).
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Figure 3.12. Determination of M1Cgin MSM_clpP2 positive control. Dose responses of MSM_clpP2 following exposure to a range of drug concentrations
of A, vancomycin (VAN); B, ethambutol (EMB); C, linezolid (LNZ) and D, rifampicin (RIF) without (green) and with (pink) induction of the CRISPRi system.
Dotted line represents the 90% inhibition. Error bars represent standard deviation for 3 technical repeats, and 2 experimental repeats were performed (see

Supplementary Figure S7). Some error bars not visible due to low standard deviation.
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Determination of sensitisation of wecA hypomorphs

The dose-responses of MSM_wecA when exposed to increasing concentrations of compound are shown
in Figure 3.13 below. As expected, the growth inhibition of all strains without ATc induction was similar
to that of the MSM_NT strain, characterized by a typical dose-response curve (Figure 3.13). The MICg
of MSM_wecA in the uninduced (no ATc) condition was comparable to that of MSM_NT strain when
challenged with LNZ, RIF and VAN (Table 3.6). The MICq of this uninduced strain when challenged
with EMB was two-fold lower than that of MSM_NT, but similar to that of MSM_WT (Table 3.6).
These results confirm that the phenotype of MSM_wecA closely resembles that of MSM_NT when the
CRISPRI system is not induced. The two-fold difference of EMB is notable but within the range of
variation that has been observed, and which is tolerated for these assays.

After induction of the CRISPRI system (18 hours of pre-depletion with 100 ng/ml ATc), no shift in
MICqois observed when MSM_wecA was exposed to VAN (Figure 3.13A). However, there was a slight
difference in ECs corresponding to a 1.9-fold change. When exposed to EMB, slight shifts in MICgy
with a minor decrease of that of the induced condition were seen (Figure 3.13B), with differences in
ECso corresponding to a 1.8-fold shift were noted. This slight sensitisation was also within the range of
technical variation observed for this assay. Similar shifts (with minor decreases of the induced
condition) were noted when this strain was challenged with either LNZ or RIF with ECs, differences of
1.7- and 2-fold, respectively. This indicates slight sensitisation, which was also within the range of
technical variation observed for this assay. While slight increases in sensitisation did appear to occur in
the induced condition only, this did not appear to be specific to the cell envelope targeting drugs nor to
a potentiation of the larger molecules. The experimental repeats performed against the MSM_wecA
strain showed similar MICq for all drugs, however, in contrast to the first experiment, no shifts in MICqy
were observed when the CRISPRi system was induced (Supplementary Figure S7, Table 3.6). The
ECso values are presented in Supplementary Table S2. The colorimetric data of MSM_wecA support

these results and are presented in Supplementary Figure S10.
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Figure 3.13. Determination of MI1Cgoin MSM_wecA hypomorphs. Dose responses of MSM_wecA following exposure to a range of drug
concentrations of A, vancomycin (VAN); B, ethambutol (EMB); C, linezolid (LNZ) and D, rifampicin (RIF) without (purple) and with (red) induction of the
CRISPRI system. Dotted line represents the 90% inhibition. Error bars represent standard deviation for 3 technical repeats, and 2 experimental repeats were run

(see Supplementary Figure S8). Some error bars not visible due to low standard deviation.
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Determination of sensitisation of rfbD hypomorphs

The dose-responses when MSM_rfbD was challenged with 2-fold increases in drug concentrations are
shown in Figure 3.14. The MICg of MSM_rfbD without ATc induction was demonstrated to be 2-fold
lower than that of MSM_NT when exposed to LNZ and RIF, but 3-fold higher when exposed to VAN
(Table 3.6). Interestingly, the MICq when MSM_rfbD was challenged with EMB was lower when
compared to MSM_NT and MSM_WT.

After induction of the CRISPRI system (18 hours of pre-depletion with 100 ng/ml ATc), no shift in
MICg was observed when MSM_rfbD was challenged with either VAN or EMB (Figure 3.14A & B),
with each of the drugs resulting of in a ECso difference of 1.33 and 1.42-fold, respectively. Similarly,
no shift in MICgy (Figure 3.14C), and 1.29 shifts in ECso observed when challenged with LNZ. When
treated with RIF, no MICg shift is seen (Figure 3.14D), but interestingly in this assay the uninduced
condition appeared slightly sensitised with a 0.77-fold shift in ECs observed. This slight sensitisation
was within the range of technical variation observed for this assay. The experimental repeats performed
against the MSM_rfbD strain showed similar MICgq for EMB and LNZ, however, the MICgy of VAN
was determined to be lower than the first experiment while the MICy of RIF was higher
(Supplementary Figure S8). The ECs values are presented in Supplementary Table S2. The
colorimetric data of MSM_rfbD support these results and are presented in Supplementary Figure S10.
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Figure 3.14. Determination of M1Cgoin MSM_rfbD hypomorphs. Dose responses of MSM_rfbD following exposure to a range of drug concentrations

of A, vancomycin; B, ethambutol; C, linezolid and D, rifampicin without (purple) and with (red) induction of the CRISPRi system. Dotted line represents the
90% inhibition. Error bars represent standard deviation for 2 technical repeats, and experimental repeats of 2 were run (see Supplementary Figure S8). Some

error bars not visible due to low standard deviation.
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3.5. Morphological profiling

3.5.1. DMN-Tre labelling of M. smegmatis hypomorphs

Decrease in cell replication and abundance is just one metric that reflects changes to cellular function
brought upon by the repression of essential genes. Single-cell morphological profiling is a method used
to assess how individual bacteria respond to perturbations, such as genetic alterations, through analysing
changes in cell shape and the organisation of other spatial features (de Wet et al., 2020). We used
guantitative imaging studies to further characterise the impact of disrupting galactan biosynthesis on
cellular functions using single cell image and analysis and examining cell-to-cell variation following
incorporation of a metabolic probe. 4-N,N-Dimethylamino-1,8-naphthalimide (DMN) is a
solvatochromic dye conjugated to a trehalose molecule to form DMN-Tre (Sahile et al., 2020) (Figure
3.15B). DMN-Tre is taken up by live mycobacterial cells and metabolically processed through the
activity of the mycobacterial Ag85 enzyme, which mycolates the molecule to mycolic acids. This
mycolated DMN-Tre molecule is then transported and incorporated into the mycomembrane, where it
undergoes fluorescence enhancement within this lipophilic environment (Figure 3.15A), allowing for
the rapid visualisation of mycobacterial strains without the need for multiple wash steps (Kamariza et
al., 2018).
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Figure 3.15. DMN-Tre incorporation into the outer leaflet of the mycomembrane and molecular structure. A, Schematic showing DMN-Tre
penetrating the mycobacterial cell envelope and the mycolation of trehalose by the Ag85 enzyme. The mycolated DMN-Tre molecule is subsequently
incorporated into the mycomembrane where it undergoes enhanced fluorescence. B, the molecular structure of DMN-Tre probe showing the DMN
dye (green) and the trehalose molecule (blue). Adapted from Kamariza et al. (2018) and generated using Biorender (2025).

A study by Sahile et al., 2020 assessed the suitability of DMN-Tre to label mycobacterial strains for
high-content drug screening, comparing this to a traditional red fluorescent protein read-out system.
They showed that the probe was able to successfully label with no toxicity to the host cell or alterations
to Mtb’s intracellular growth or other virulence features, demonstrating the potential of this metabolic

probe for use in drug discovery.

To determine the impact of partially knocking down the process of galactan biosynthesis on cellular
functions that impact cell morphology and cell envelope composition, suspensions of bacterial cultures
were probed through the metabolic incorporation of DMN-Tre, and single-cells were examined by

microscopy to determine cellular dimensions and DMN-Tre signatures.
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3.5.2. Cell shape is not impacted by experimental conditions

To confirm that addition of ATc does not impact the cellular dimensions of the strains used in this study,
exponentially growing cultures of MSM_NT were tested either in the absence or presence of 100 ng/ml
ATc. As a comparator MSM_WT strains were cultured in the absence of ATc. These uninduced and
induced cultures were mixed with 100 uM DMN-Tre and incubated for 2 hours to allow time to probe
the cell envelope. The cells were washed and subsequently visualised using fluorescence microscopy.
Single cells of the MSM_WT and MSM_NT cultures were observed and exhibited clear and distinct
fluorescence in the DMN-Tre fluorescence channel (Figure 3.16A). No difference in cell length or
width were observed in the uninduced MSM_NT CRISPRI control cell population compared to that of
the parental MSM_WT strain, indicating that the morphology of the CRISPRi negative control was
equivalent to the WT strain (Supplementary Figure S11). In addition, no differences in cell length (p-
value= 0.23) or width (p-value= 0.67) were evident between the uninduced and induced MSM_NT
conditions (Figure 3.16A), demonstrating that the addition of ATc did not impact these cellular
dimensions. As expected, higher DMN-Tre signals were observed at the poles (Figure 3.16B). These
DMN-Tre profile signals are quantified in Section 3.5.5.
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Figure 3.16. Visualisation of DMN-Tre staining in control strains MSM_WT and MSM_NT. A, Violin graphs showing
MSM_NT cellular dimensions. Comparison of cell lengths, and cell widths of MSM_NT strains with and without ATc
treatment. Approximately 100 cells analysed per strain. B, Visualisation of MSM_WT and MSM_NT cellular dimensions and
DMN-Tre localisation, with and without ATc treatment in representative single cells. MSM_WT with no ATc is indicated on
the top row, untreated MSM_NT is indicated in the middle row while treated MSM_NT are indicated on the bottom row. Left
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panel illustrates bacilli under brightfield channel; right panel illustrates bacilli under DMN-Tre fluorescence signal (GFP
channel). Scale bar 5 um. Cellular dimensions compared using a paired t-test. Comparison of MSM_NT and MSM_WT
lengths and widths are shown in Supplementary Figure S11.

3.5.3. Morphological analyses of M. smegmatis CRISPRIi control strains

Previous high-throughput screening of 263 essential Msm mc2155 genes revealed that disruption of cell
envelope components resulted in distinct alterations to bacterial single cell morphology (de Wet et al.,
2020).

Following confirmation that cell shape was not impacted by experimental conditions and that the
addition of ATc did not impact cell morphology in the CRISPRi MSM_NT strain, the cellular

dimensions of Msm hypomorph strains were analysed under the same experimental conditions.

Studies by (Raju et al., 2012) demonstrated that the absence of clpP2 in mycobacteria results in the
accumulation of non-functioning misfolded proteins. Additionally, genetically altered Msm strains with
disruption to components of DNA translation, including a CRISPRi Msm strain targeting the partner
protein in the clpP1/clpP2 complex (Supplementary Figure S13), clpP1 is known to have an elongated
cell morphology that is distinct from that of the WT strain (de Wet et al., 2020) Based on this
information, we expected to see increases in cell length upon depletion of clpP2, and thus this strain
was used as a positive control in this assay to detect single cell morphological alterations. The DMN-
Tre-stained single cell phenotypes of this strain with or without induction of CRISPRi system are shown
in Figure 3.17.

The morphological alterations in this control strain demonstrate that disruption of the essential protease,
clpP2 results in cellular elongation and variations in cell widths (Figure 3.17A). An uneven distribution
of DMN-Tre resembling the formation of foci, was noted (Figure 3.17B). No foci were observed in the
absence of ATc, and the DMN-Tre signal appeared as expected with a higher signal at the poles (similar
to that of the MSM_WT and MSM_NT described in Section 3.5.2). These DMN-Tre profile signals are
guantified in Section 3.5.5. The results of the MSM_clpP2 positive control confirms that ATc induction
of the CRISPRI system was successful, resulting in a significant difference in cell length (p-value=
0.016). While the average cell width remained unchanged (p-value= 0.49) upon induction (Figure

3.17A) the single cell widths did appear to change across the cell.
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Figure 3.17. Visualisation of MSM_clpP2 cellular dimensions. A, Violin plot showing cellular dimensions of MSM_clpP2 positive
control. Comparison of MSM_clpP2 cell lengths and average cell width with and without ATc treatment. Approximately 50 cells
analysed under ATc induction; 100 cells analysed under untreated condition. B, Visualisation of MSM_clpP2 cellular dimensions and
DMN-Tre localisation, with and without ATc treatment in representative single cells. Untreated MSM_clpP2 are indicated in the top
row, while ATc treated MSM_clpP2 are indicated in the middle and bottom rows. Left panel illustrates bacilli under the brightfield
channel; right panel illustrates bacilli under DMN-Tre fluorescence signal (GFP channel). Scale bar 5 um. Cellular dimensions
compared using a paired t-test. FOV = Field of View.
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3.5.4 Morphological profiling of galactan-compromised M. smegmatis strains

Disruption of wecA results in distinct cell morphology

Mycobacterial CRISPRI strains targeting the mAGP layer were shown to have distinct cell morphology
(de Wet et al., 2020). To further our understanding of galactan’s role in maintaining cell morphology,
the MSM_wecA strains were pre-cultured without or with ATc and then were mixed with DMN-Tre as
described in Section 3.5.2. The cells were visualised under the same experimental conditions as those
described above and are presented in Figure 3.18. Shortened cell lengths were observed in the induced
condition when compared to the uninduced condition (p-value= 0.004) (Figure 3.18A). In addition,
increased average cell widths were seen when the CRISPRI system was induced (p-value= 0.036)
(Figure 3.18A). These cellular dimensions were compared to MSM_NT and MSM__clpP2 controls and
are presented in Supplementary Figure S12A.

The DMN-Tre signature in the uninduced condition was shown to be similar to that of the MSM_WT
and MSM_NT strains with higher signals seen at the poles (see Figure 3.18B). In the induced condition,
however, a uniform DMN-Tre signal is seen along the medial axis of the cell, with a few cells showing
a higher signal at the septum (Figure 3.18B). The DMN-Tre profile signals are quantified in Section
3.5.5.
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Figure 3.18. Visualisation of MSM_wecA cellular dimensions. A, Violin plot showing cellular dimensions of
MSM_wecA hypomorphs. Approximately 150 cells analysed per untreated condition; approximately 130 cells analysed
under treated condition. Scale bar 5 um. Comparison of cell length, and width with and without ATc treatment. B,
Visualisation of MSM_wecA strains and localisation of DMN-Tre. Untreated MSM_wecA strains are indicated on the top
two rows, while ATc treated MSM_wecA strains are indicated on the bottom two rows. Left panel shows bacilli under the
brightfield channel; right panel illustrates bacilli under DMN-Tre fluorescence signal. Cellular dimensions compared using
a paired t-test. MSM_wecA cellular dimensions were compared to MSM_NT and MSM_clpP2 controls and are presented

in Supplementary Figure S12A. FOV= field of view

Disruption of rfbD does not impact cell morphology

We examined the effect of disrupting galactan’s translocation across the cell membrane on cell
morphology. MSM_rfbD strains that had either been cultured without (uninduced) or with (induced)
ATc were mixed with DMN-Tre as described in Section 3.5.2. The cells were visualised under the same
experimented conditions as described above. No change in cell lengths is observed when the induced
condition was compared to the uninduced condition (p-value= 0.4) (Figure 3.19A). In addition, no
changed in the average cell widths was observed between the induced and uninduced conditions (p-
value= 0.62) (Figure 3.19A). The cellular dimensions of MSM_rfbD were compared to MSM_NT and
MSM_clpP2 controls and are presented in Supplementary Figure S12B.

The DMN-Tre signal in the MSM_rfbD strains are similar to that seen in the MSM_wecA strains
(Figure 3.19B). The DMN-Tre in the uninduced condition was shown to be similar to that of the
MSM_WT and MSM_NT strains with higher signals seen at the poles (see Figure 3.19B). In the
induced condition, however, a uniform DMN-Tre signal is seen along the medial axis of the cell, with
a few cells showing a higher signal at the septum (Figure 3.19B). The DMN-Tre profile signals are
guantified in Section 3.5.5.
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condition. Scale bar 5 um. Comparison of cell length, and width with and without ATc treatment. B, Visualisation of
MSM_rfbD strains and localisation of DMN-Tre. Untreated MSM_rfbD strains are indicated on the top two rows, while
ATc treated MSM_rfbD strains are indicated on the bottom two rows. Left panel shows bacilli under the brightfield channel;
right panel illustrates bacilli under DMN-Tre fluorescence signal. Cellular dimensions compared using a paired t-test.
MSM_rfbD cellular dimensions were compared to MSM_NT and MSM_clpP2 controls and are presented in
Supplementary Figure S12B. FOV= field of view

3.5.5. DMN-Tre fluorescent signal and sub-cellular localisation

To quantify DMN-Tre localisation patterns and spatial distribution, a X Stat Profile visualisation was
performed in the Microbel plugin of Fiji-ImageJ (Ducret et al., 2016). DMN-Tre fluorescent signals
along the medial axis of each cell were detected to plot intensity profiles of the pixels in the fluorescent
image. The DMN-Tre fluorescent signals of 100-150 cells were averaged for 11 regions along the
medial axis of the cells with 0 and 1.0 representing the poles and 0.5 representing the midline of the
cell, and the standard deviations calculated.

MSM_NT demonstrated comparable average fluorescent intensity profiles in the absence and presence
of ATc (Figure 3.20A). MSM_NT under both conditions displayed higher signal at the poles at 4500,
with the lowest average signal observed at the mid-cell at 4000 for the untreated condition and 3000 for
the treated condition (Figure 3.20A).

No discernible difference in average fluorescent signal is observed between MSM_clpP2 and MSM_NT
in the absence of ATc (Figure 3.20A & 3.20B). The highest average DMN-Tre fluorescent signal at
4500 is observed at the poles of the MSM_clpP2 positive control, with the lowest average signal at the
septum at 3000 (Figure 3.20B). Notably, upon induction of the MSM_clpP2 strain with ATc, distinct
DMN-Tre fluorescent intensities are observed at each pole: one pole has an average intensity of 3500
while the other pole has an average intensity of 5000, while the mid-line region has a lower average
intensity of 1500. This indicates that the addition of ATc had an effect on the MSM_clpP2 strain.
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The average DMN-Tre fluorescence intensities along the medial axis of our MSM_wecA strain are
shown in Figure 3.21A. When this strain remained uninduced, the average DMN-Tre fluorescence
intensity was measured as 3500 at the poles and 2500 at the mid-line. Upon induction with ATc, a
distinct fluorescence intensity was observed: a unform distribution of average DMN-Tre intensities
along the cell of 4000. Notably, a lower average intensity was seen at the poles with average fluorescent
intensities of 3000.

A similar phenomenon was observed in the MSM_rfbD strain (Figure 3.21B), with average DMN-Tre
fluorescence intensities similar to that seen in MSM_wecA. The distribution of DMN-Tre along the
medial axis of the MSM_rfbD strain was comparable to that of the MSM_NT strain without ATc
(uninduced), with an average intensity of 3700 at the poles and an average intensity of 3000 at the

septum. In the presence of ATc (induced), a uniform distribution of DMN-Tre was observed along the
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Figure 3.20. Cellular intensity profiles of DMN-Tre signal in M. smegmatis control strains. Intensity distribution of the DMN-Tre stain across A, MSM_NT
negative control when uninduced and induced with ATc. B, MSM_clpP2 control when uninduced and induced with ATc. The X-axis represents the relative
position along the cell length where 0.5 represents the mid-cell and 0 or 1.0 represent each cell pole. The Y-axis represents the average fluorescence intensity
of the DMN-Tre stain. Error bars represent standard deviation of multiple cells measured. Approximately 100 of the MSM_NT cells analysed under both ATc

untreated and treated strains. Approximately 100 of the MSM_clpP2 cells analysed under untreated condition; 50 of the MSM_clpP2 cells analysed under
treated condition.
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cell at an average fluorescence intensity of 4000 with the lowest signals seen at the poles with average

fluorescent intensities of 3500.
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Figure 3.21. Quantification of the sub-cellular localisation of DMN-Tre in M. smegmatis hypomorphs. Intensity distribution of DMN-Tre stain across A,
MSM_wecA when uninduced and induced with ATc; B, MSM_rfbD when uninduced and induced with ATc. Approximately 100-150 cells analysed per
MSM_wecA and MSM_rfbD strain. The X-axis represents the relative position along the cell length where 0.5 represents the mid-cell and 0 or 1.0 represents
each cell pole. The Y-axis represents the average fluorescence intensity of the DMN-Tre stain. Background fluorescence not subtracted for localisation data.
Error bars represent standard deviation of multiple cells measured. Approximately 150 of the MSM_wecA cells analysed under untreated condition; 130
MSM_wecA cells analysed under treated condition. Approximately 130 of the MSM_rfbD cells analysed under untreated condition; approximately 50 of the
MSM_rfb cells analysed under treated condition.

3.5.6. Notable formation of cell aggregates upon disruption of galactan
biosynthesis

Previous studies have demonstrated that nontubercular mycobacterial species form various types of
aggregates under stressful conditions in order to survive and persist in both nonhost and host
environments (DePas et al., 2019). An additional observation made during the single cell morphological
analyses was the consistent and notable formation of aggregates in liquid culture following galactan
biosynthesis disruption. The cultures were grown to exponential phase in 0.05% Tween80 detergent to

minimise clumping and 0.2% glycerol as a carbon source. A close examination of our MSM_wecA
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(Figure 3.22) and MSM_rfbD (Figure 3.23) strains induced by ATc showed a high prevalence of small
clumps when compared to non-induced samples. This feature was not observed in the WT or MSM_NT

strains (data not shown).

Brightfield DMN-Tre

MSM_wecA
(100 ng/ml ATc)

Figure 3.22. Visualisation of MSM_wecA cell aggregates. ATc treated MSM_wecA strains with left panel showing bacilli under the
brightfield channel and right panel showing DMN-Tre fluorescence under the green GFP fluorescence channel. Scale bar 5 um.

B Brightfield DMN-Tre

MSM_rfoD
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Figure 3.23. Visualisation MSM_rfbD cell aggregates. ATc treated MSM_rfbD strains with left panel showing bacilli under the

brightfield channel and right panel showing DMN-Tre fluorescence under the green GFP fluorescence channel. Scale bar 5 pm.
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Background

The ongoing emergence of drug-resistant M. tuberculosis (Mth) strains requires attention for the
development of new TB drugs and the elimination of this disease (Tiberi et al., 2022). Current TB
treatment regimens are often compromised by their long durations, high toxicity, sub-optimal treatment
and risk of relapse due to the rise in resistant strains (Tiberi et al., 2018). Newly approved drugs against
TB are currently in the pre-clinical and clinical phases and are being integrated into experimental drug
regimens (Angulaetal., 2021). These include bedaquiline and delamanid which respectively target ATP
synthase proton pumping mechanisms (Koul et al., 2007, Hards et al., 2015) and biosynthesis of keto-
and methoxy mycolic acids (Fujiwara et al., 2018). Resistance to these compounds, however, has
already been reported in in vitro studies and clinical settings (Gler et al., 2012, Pang et al., 2017, Nguyen
et al., 2020). These findings emphasise the need to identify novel drug targets in essential components
of Mtb physiology to prime the drug discovery pipeline (reviewed by Evans and Mizrahi, 2018).

The mycobacterial cell envelope structural and biosynthetic components have been identified as
virulence factors playing a key role in the pathogenesis of Mtb as well as contributing to its intrinsic
resistance to antibiotics (Al-Asady and Ali, 2023, Poulton and Rock, 2022). Targeting genes in the
biosynthesis of specific mycobacterial cell envelope components may compromise this barrier’s
function and aid in the development of future Mtb-specific TB treatment strategies (Bhat et al., 2017).
Biosynthesis of the galactan linker unit is an essential pathway in mycobacteria (Mikusova et al., 1996).
Galactan serves as a component of the arabinogalactan molecule which is an essential component of
MAGP. It gives the cell envelope structural integrity and impermeability against host antimicrobial
agents and acts as a barrier to drug influx across the cell envelope (Konyarikova et al., 2020). Galactan
biosynthesis has remained an attractive target for novel TB drug development since the characterisation
of this enzymatic pathway (MikuSova et al., 2000), with these essential proteins involved in its
biosynthesis representing potentially useful drug targets (Konyarikova et al., 2020). However,
essentiality alone is not sufficient to prioritise a drug target. With this in mind, this study aimed to
further characterise genes involved in this pathway and examine their potential as drug targets. Given
the conservation of essential cell envelope components across mycobacterial species (Vincent et al.,
2018), the role of Mtb cell envelope proteins may be investigated through interrogation of their

orthologues in related mycobacterial species, such as M. smegmatis (Msm).

In vitro characterisation and validation of CRISPRi hypomorph strains

Interrogation of essential genes and their functions remains a vital tool to identify possible drug targets
for the development of novel anti-TB therapeutics (de Wet et al., 2020). Conventional tools to
characterise phenotypes of genes, such as transposon insertion and gene-deletion methods (Wiedenheft,

Sternberg et al. 2012, Volke, Orsi et al. 2023) were inadequate for this study as the bacteria would not
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survive the loss of the essential functions of galactan biosynthetic genes. However, new tools have been
developed to generate genetically altered strains that exhibit conditional or partial transcriptional
silencing and allow for loss-of-function studies of essential genes (Gilbert et al., 2014). In this study,
we utilise the CRISPRi/dCas9 transcriptional interference system (Choudhary et al., 2015) optimised
for mycobacteria (Rock et al., 2017) to produce Msm conditional hypomorphs with partial silencing of
genes involved in the biosynthesis of galactan. CRISPRI is tuneable and can be adjusted using the length
of the of sgRNA-target complementarity region or through the choice of PAM motif (Rock et al., 2017).
In addition, the strength of gene knockdown can be adjusted by optimising the concentration of the
anhydrotetracycline (ATc) inducer (Peters et al., 2016). By evaluating several sgRNAs complementary
to the target gene, we produced inducible transcriptional knockdowns of wecA and rfbD, that exhibited
attenuation of growth which varied depending on the computationally predicted guide strength of the
SgRNA that each strain carried (see Section 3.1).

ATc is a derivative of the tetracycline family which does not exhibit any antibiotic activity and is used
to control gene expression systems in mycobacteria (Ehrt et al., 2005). ATc is leveraged in the CRISPRI
system to induce expression of both the exogenous dCas9 protein and the sgRNA at high levels (Rock
et al., 2017). Various studies, where CRISPRi Msm strains were challenged with varying ATc
concentrations (Raphela, 2020, McNeil et al., 2021), have demonstrated that concentrations of 100
ng/ml were sufficient to elicit potent and efficient transcriptional knockdown. A study by Choudhary et
al., 2015 showed that ATc concentrations of up to 50 ng/ml does not affect the in vitro growth of Msm
CRISPRIi mutants, and that increasing the concentration of the inducer does not affect or enhance the
expression of the dCas9 protein. As expected, at an ATc concentration of 100 ng/ml, the growth of
MSM_NT (Msm strain harbouring a sgRNA with no gene target) did not display any growth attenuation
with the addition of ATc in liquid or on solid media. This confirms that the addition of ATc at this
saturating concentration had no negative impact on the viability or replication of Msm as compared to
the non-expressed CRISPRI strain, either directly by exposure to ATc or indirectly by the expression of

high levels of dCas9 and the non-targeting sgRNA molecules.

In contrast to MSM_NT, the growth of our positive control, MSM_clpP2 (Msm strain harbouring a
SsgRNA that targets the essential clpP2 gene), with the selected guide having strong predicted
knockdown. This strong growth attenuation was expected as the essentiality of clpP2 in both Msm and
Mtb has been demonstrated by Transposon insertion sequencing (DeJesus et al., 2017, Kester et al.,
2021) and using CRISPRI sequencing (Bosch et al., 2021). The clpP2 targeting CRISPRI strain was
potently inhibited by the addition of ATc. This phenotype was seen both on solid and in liquid media
and was used to confirm that the ATc induction of the mycobacterial CRISPRi system was activated

within this assay.
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When assessing the knockdown phenotypes of the CRISPRi hypomorphs, a minority of the tested
strains displayed a degree of knockdown that did not correspond to the predicted knockdown
efficiencies of the guide (see Section 3.3). Some of the strains demonstrated differing growth
attenuation in liquid media when compared to their growth attenuation on solid media, showing strong
growth attenuation on solid media while displaying intermediate growth attenuation in liquid media. As
all downstream experiments were performed in liquid media, we selected the guides that showed
intermediate growth attenuation in liquid culture. This was done to ensure the cells remain viable for
subsequent experiments and did demonstrate some partial growth attenuation. When utilising CRISPRI,
additional validation of the efficacy of transcriptional knockdown, through the quantification and direct
assessment of transcriptional silencing is often undertaken via qRT-PCR (Larson et al., 2013). This
gives insight into the relative level of molecular knockdown that has been achieved for the selected gene
and could potentially serve as a direct quantitative comparison of the strains. However, degree of
transcriptional knockdown of essential genes may not always have a direct relationship to a growth
attenuated phenotype. We, therefore prioritised measuring the growth of our strains to evaluate their
suitability for downstream assays. In addition, the molecular quantification of gene expression levels is
costly and requires specialist reagents and equipment to perform and while necessary to assess impact
of CRISPRI silencing on non-essential genes, this is not explicitly needed to assess this impact on
essential genes. In this study, we relied on growth attenuation as a tractable and informative approach
for the selection of suitable sgRNAs of interest. With only one of a set of five being utilised in the
downstream microbiological assays. While this did not fall within the scope of this current research, the
guantification of the level of transcriptional silencing of these strains would be informative to undertake

in further studies into the interrogation of the genes selected in this study.

Altogether, these results show that relying on computationally predicted guide strengths is informative,
but not sufficient to determine growth attenuation, and empirical testing of multiple guides is required
to select the most suitable sgRNAs hypomorph for downstream gene disruption and the generation of
an appropriate hypomorph phenotype for assays. The use of growth attenuation to select of guides is a

suitable method to select hypomorph strains that are suited to the conditions of each assay.

Determination of the reference Minimum Inhibitory Concentration (MIC) of WT M. smegmatis
Antimycobacterial agents exhibit potent killing of mycobacteria and exhibit a range of minimum
inhibitory concentrations (MIC). A review by Mouton et al., 2018 found that MIC values within the
same organism may differ due to several factors. Individual strains within the same species harbour
individual characteristics (strain-to-strain variations); assay variations may arise due to differences in
medium and inoculum preparation influenced by the technical skills of the researcher and degree of
training (inter- and intra-laboratory variations). As such, the MICs of antimicrobial agents can often be

interpreted as a range rather than a ‘true’ MIC value. The MICqy values of rifampicin (RIF), vancomycin

102



B ESTTLTE OF RESCTIONE DESEASS

‘B IDM%

SND MOV OULAN WEDIOINE

(VAN), ethambutol (EMB) and linezolid (LNZ) were, therefore, determined in our WT Msm
(MSM_WT) strains prior to testing in the CRISPRi hypomorphs. The MICg values refer to the

minimum drug concentration required to inhibit the detectable growth of 90% of a bacterial population.

For this study, a set of antibiotics were selected and assessed for their sensitisation in our Msm CRISPRi
hypomorphs. RIF is a hydrophobic compound and a potent first-line drug against active TB and
functions by inhibiting the activity of DNA-dependent RNA polymerase [-subunit, blocking the
elongation step during transcription (Mosaei and Zenkin, 2020). Mycobacterial strains with
compromised mycolyl-arabinogalactan-peptidoglycan (mAGP) have previously been shown to be
sensitised to RIF (Li et al., 2022), proving support for testing the sensitisation of our strains to this drug.
The MICy of RIF in our MSM_WT strains was found to be 2 pg/ml, within the previously published
range of 1.32-2.57 ug/ml (Faulkner et al., 2021). VAN is a large hydrophilic compound that inhibits the
biosynthesis of peptidoglycan (Soetaert et al., 2015), and, similar to RIF, mycobacterial species with
mMAGP knockdown were shown to be sensitised to VAN treatment (Li et al., 2022). As expected, the
MICgo of VAN in our MSM_WT strains was found to be 1.25 pg/ml, within the range previously shown
to be between 0.625 pg/ml and 5 pg/ml (Stephan et al., 2004, Danilchanka et al., 2008). EMB is a first-
line drug against active TB and functions by inhibiting the addition of arabinose residues onto the
galactan chain during arabinogalactan biosynthesis (Zhu et al., 2018). Surprisingly, the MICq of EMB
was determined to be 0.125 pg/ml, half that of the lowest value within the determined MIC range of
0.25-2 ug/ml (Khoo et al., 1996, Lechner et al., 2008). LNZ, an antimycobacterial compound that
inhibits the initial phase of protein synthesis (Liu et al., 2020), served as a negative control in this study
as it was shown to not be sensitised by compromising the mAGP (Li et al., 2022). LNZ’s MICg Was
determined to be 1 pg/ml, within the MIC range of 0.5-4 pg/ml (Wallace Jr et al., 2001). The data from
our experimental repeat supports these MICqy values. Altogether, these results suggest that the use of a
single MIC value is likely inappropriate, and to optimise for drug treatment, inherent variations in the

MIC determinant should be accounted for.

Investigation of the MICg of M. smegmatis CRISPRi non-targeting control

The selected CRISPRi hypomorph strains targeting each gene (including the MSM_clpP2 strain
previously used as a positive control), were then challenged with RIF, VAN, LNZ and EMB, with the
determined MICg values in the MSM_WT used as a reference. The MSM_NT strain was used as a
negative control to serve as a CRISPRi negative control and was expected to be non-responsive. The
MSM_NT was confirmed to closely resemble the MSM_WT strain with the MI1Cgy 0f most drugs, with
the exception being EMB, being comparable to that of the MSM_WT reference MICqo value. The MICg
when MSM_NT was challenged with EMB was 4-fold higher than that seen in the WT reference. The
CRISPRI strains used in this assay were derived from the MSM_WT parental strain with minimal

handling and passaging in the lab. It is known that laboratory mycobacterial strains may undergo genetic
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alterations due to extended cultivation in the lab setting, resulting in genomic and phenotypic variation
(loerger et al., 2010). Although our strains had not been handled or cultivated for an extended period,
the rise of subtle genetic variations among strains cannot be excluded as a possibility and may be
resolved through the use of whole genome sequencing (WGS) of both the parental and genetically
altered strains. It is important to also note that the MIC assays were performed at different times,
therefore technical issues may arise (such as slight variations of initial drug working stock
concentrations or pipetting errors) which might impact the observed growth of the strains within the
experimental set up. Within the hypomorph MIC assays the growth of the MSM_NT control strain was
determined to be the comparator. While differences in EMB MICgy were observed between the
MSM_WT and MSM_NT strains, no shift in the MICgy was observed due to the induction of the
CRISPRI system in MSM_NT, a strain that carried a sgRNA that had ho homology to the Msm genome.
Therefore, we could conclude that the addition of ATc and the induction of the CRISPRi system alone

did not impact sensitivity to any of the four drugs tested within these assay conditions.

Investigation of the MICg 0of M. smegmatis wecA CRISPRi hypomorph

The wecA gene is essential in mycobacterial species, catalysing the transfer of GIcCNAc-P onto a lipid
carrier molecule, undecaprenyl phosphate to initiate galactan biosynthesis. We reasoned that disruption
of this gene would disrupt galactan biosynthesis resulting in alterations to cell envelope permeability,
facilitating an increase in susceptibility to antibiotics. The drugs tested in study, LNZ (MW= 337.35)
and RIF (MW= 822.9), are compounds that target cytoplasmic pathways which are not directly involved
in the biosynthesis of cell envelope components. In contrast, EMB (MW= 204.31) and VAN (MW=
1449.2) directly target components of the mMAGP complex. Importantly, RIF, VAN and EMB have been
shown to be sensitised by depletion of mMAGP in mycobacteria, while sensitivity of LNZ had not been
impacted (Li et al., 2022). Selection of antibiotics with various cellular targets may provide an
informative panel to probe the phenotype of wecA depletion against a range of drugs with both
intracellular and cell envelope targets, and different physiochemical properties some of which have

been validated as drug targets through large scale CRISPRi screens.

When MSM_wecA was challenged with RIF, a 2-fold decrease in MICgo was observed in the induced
strain. These findings correspond to a previous study by Justen et al., 2020 where it was revealed that
Msm glfT2 mutant strains with truncated galactan chains developed enhanced susceptibility to
hydrophobic antibiotics, rifampicin and novobiocin. However, in contrast, no shift is seen when
MSM_wecA was exposed to VAN. Results from the same study showed that hydrophilic compounds,
streptomycin and meropenem, exhibited no change in activity in mutants with decreased galactan
lengths. However, depletion of WecA showed slight hypersensitisation to EMB, a hydrophilic

compound. The authors of this study hypothesized that their mutant with truncated galactan likely had
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an intact mycolic acid outer layer as this layer serves a major barrier to hydrophilic compounds. As
expected, no shift in MICg is observed when MSM_wecA was challenged with LNZ, consistent with
that observed by Li et al., 2022. In addition, approximately 2-fold decreases are observed in the ECso
of all drugs tested against MSM_wecA. Often in these assays, 2-fold shifts are not considered
meaningful, and due to these shifts not being supported by the experimental repeats, we consider these
shifts as technical variations within the assay. In addition, the possibility of polar effects, when targeting
wecA, is low as the target gene was the most downstream gene in its operon (see Supplementary Figure
S1).

Investigation of the MI1Cg of M. smegmatis rfbD CRISPRi hypomorph

Mycobacteria possess 28 genes that encode ABC Exporters involved in peptide transport across the cell
envelope (Cassio Barreto de Oliveira and Balan, 2020). Of these, rfbD and rfbE were identified as
transporters of membrane components and liposaccharides (Braibant et al., 2000, Cassio Barreto de
Oliveira and Balan, 2020). The rfobD gene (encoding the membrane-spanning domain of the ABC
Exporter), and the rfbE gene (encoding the nucleotide-binding domain) and are co-transcribed under a
single promoter (Cassio Barreto de Oliveira and Balan, 2020). Studies into the inactivation of rfbD and
rfbE in M. smegmatis have suggested their involvement in the biosynthesis of arabinogalactan
(Cuthbertson et al., 2010). Disruption of rfbD did not confer sensitivity to any of the tested compounds,
which are supported by the experimental repeats. These findings are interesting, as disruption of this
gene was shown to affect in vitro galactan synthesis (Diani$kova et al., 2011), and the results from our
in vitro growth attenuation experiments confirmed the essentiality of this gene in mycobacteria. Drug
sensitisation studies in Mtb strains with rfoD sgRNAs found that significant sensitisation in Mtb is seen
when challenged with high doses of RIF and LNZ (Li et al., 2022).

Phenotypic characterisation of this gene by Dianiskova et al., 2011 suggests that the functionality of
rfoD in Msm might be medium dependent: growth of ArfbD did not reveal cell envelope changes when
grown in Sauton media and, interestingly, growth of ArfbD in GAS media produces an unknown
compound when analysed via thin layer chromatography. In addition, rfbD and rfbE are co-transcribed
in mycobacteria (Cassio Barreto de Oliveira and Balan, 2020), and in our study rfbE, the upstream gene
in this operon, was still functional, therefore the possibility of polar effects is low as the target gene was
the most downstream gene in this operon (see Supplementary Figure S1 for operon). However, we
cannot exclude the possibility the nucleotide-binding domain potentially binding to another membrane-

spanning domain to compensate for the partial loss of rfbD.

Investigation of the MICgq of M. smegmatis clpP2 CRISPRi positive control
Caseinolytic proteases (Clp) are highly conserved, and essential proteases present in many organisms,
including bacteria, mammals and plants (Porankiewicz et al., 1999). Mycobacteria possess two clpP

genes, clpP1 and clpP2, which are co-transcribed under a single promoter to form the ClpP1P2 complex
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(Li et 'al‘., 2016). These genes are responsible for the degradation of mis-folded or damaged proteins,

critical to maintain protein homeostasis (Yang et al., 2023) The CIpP1 protein was shown to be
responsible for nearly all peptidase activity that breaks down proteins, while the coupling of ClpP1 and
ClpP2 is required for protein degradation (Barik et al., 2010) with CIpP2 serving as a scaffold for
chaperone binding and substrate delivery by CIpCl (Lee, 2016) (see Supplementary Figure S13).
Depletion of ClpP2 protein would impair proteolytic activity resulting in the accumulation of
undesirable protein products and has been shown to reduce growth in the presence of drugs that produce

errors in protein translation (amikacin and streptomycin) (d’ Andrea et al., 2022).

A strong clpP2 mutant was used in this study as a positive control of the CRISPRi system’s induction,
and as this gene is the most downstream gene in its operon (Supplementary Figure S1), we expect no
polar effects. We were curious to determine the effects of strong clpP2 knockdown on the susceptibility
of Msm to RIF, VAN, EMB and LNZ, as this strain does not directly target cell envelope biosynthesis,
and depletion of both clpP1 and clpP2 rather shows decreased sensitisation to the higher concentrations
of EMB assayed in CRISPRi screens in Mtb (Li et al., 2022). CRISPRi screens in Mtb strains with clpP2
SsgRNAs found that significant sensitisation in Mtb is seen when challenged with high doses of RIF and
LNZ, but not when treated with EMB (Li et al., 2022).

No alterations in sensitivity to EMB and VAN were observed in MSM_clpP2 in our assays. In our study,
clpP1 was still expected to be transcribed and translated into an enzyme with functional peptidase
activity. Barik et al., 2010 demonstrated that the clgR gene homologue in M. smegmatis,
MSMEG_2694, was involved in the upregulation of the Clp regulon in M. smegmatis, and when

challenged with VAN, resulting in an increase in the activity of this system.

Interestingly, as shown in the CRISPRI screens of Mtb mentioned above, in our study substantial
decreases in both MICg and ECso were observed when MSM_clpP2 was exposed to RIF (see Section
3.4.2), while a smaller decrease was seen when exposed to LNZ. In a study by Duc et al., 2020 the
ATPase activity of CIpC1 was shown to increase with a gradual increase in the concentrations of drugs
that include EMB, RIF and pyrazinamide (PZA), but these activities were less potent than Ecumicins,
which are known to target the activity of Clp genes. Overall, the investigation of the drug sensitisation
of a CRISPRi strain that was not directly involved in arabinogalactan biosynthesis revealed some

insights regarding the interactions between various genes in maintaining cellular integrity.

Investigation of the morphology of M. smegmatis CRISPRi hypomorphs by microscopy

The mycobacterial cell envelope plays an important role in maintaining cell shape, rigidity and osmotic
regulation, as well as protection from environmental harm (Abrahams and Besra, 2018). Screening of
essential mycobacterial cell envelope knockdown mutants of Msm revealed that disruption of essential

cell envelope components, including components of mAGP, resulted in distinct changes to cell shape
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(de Wet et al., 2020). This prompted us to examine the effects of galactan depletion on the architecture

of the mycobacterial cell envelope and its impact on cell morphology at a population level.

Microscopic analyses from our study showed that disruption of the first step in galactan biosynthesis,
catalysed by WecA, resulted in distinct shortening and widening of cells when compared to non-
depleted strains. Studies by Shen et al., 2020 indicated that dynamic remodelling of AG occurs in the
periplasmic space and work by Justen et al., 2020 showed that galactan dictates periplasm size, with
cryo-TEM visualisations of Msm strains revealing reduced periplasm size when galactan was
compromised. The presence of galactan, therefore may have a direct impact on how mycobacteria
respond to osmotic pressure and environmental stress, with the depletion of this structure affecting cell
envelope properties and potentially disrupting cell integrity.

Silencing the gene encoding the membrane-spanning domain of the exporter responsible for
translocation of galactan, rfbD however, showed regionalised bulging of the cells, but cell length and
average width were not significantly affected. A study by Savkova et al., 2021 demonstrated that
silencing the transcription of rfbD (named wzm in this study) resulted in the accumulation of lipid-
linked galactan within Msm cells, confirming its function in the transport of the galactan polymer across
the cell membrane. The same study found that silencing both rfbD and rfbE caused growth defects and
resulted in drastic changes to Msm cell morphology, these being swelling of the bacteria. However, this
swelling was not seen in our Msm cells. However, we did see localised bulging, which was also seen in

the above-mentioned study.

Examination of MSM_clpP2, not directly targeting galactan biosynthesis, revealed that silencing of this
gene resulted in significant elongation of the cells. Mycobacterial strains harbouring the clpP1 gene
contain peptidase activity, however the absence of the protein degradation activity of clpP2 likely results
in accumulation of protein peptides. Silencing the activity of CIpP2 may lead to an accumulation of
protein peptides and substrates that interfere with the cell cycle, delaying septum formation leading to
elongated cells. A large scale CRISPRi screen demonstrated that silencing of clpP1 resulted in similar
cell morphology (de Wet et al., 2020). The morphological results of our MSM_clpP2 positive control
confirm that the induction of the CRISPRi system by ATc was successful.

Investigating the cell envelope composition of M. smegmatis CRISPRi hypomorphs by fluorescence
microscopy

The galactan chain serves as a linkage between peptidoglycan and the mycolic acid layer of the
mycomembrane. As such, disrupting galactan biosynthesis may disrupt the mycomembrane of the cell
envelope. To examine this hypothesis, the cells were stained with DMN-Tre, a solvatochromic probe

that selectively incorporates into the mycolic acid layer as trehalose monomycolates (Kamariza et al.,
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2017). The change in polarity from an aqueous to lipophilic environment results in enhanced

fluorescence of this metabolic probe (Sahile et al., 2020).

Fluorescent microscopy analyses of our MSM_NT negative control showed high DMN-Tre signals at
the poles as expected (Kamariza et al., 2018), indicating the incorporation of mycolic acids in a
CRISPRI strain that does not impact galactan biosynthesis. These results confirm that the cells are
dividing and forming a robust mycomembrane, and that the metabolic probe is incorporating and is able
to be detected. Upon examination of the MSM_clpP2 strain, which targeted protein homeostasis, we
see the formation of foci, which we could speculate are possible lipid bodies formed as a result of the
accumulation of damaged and misfolded proteins. The results also show that incorporation of DMN-
Tre was not distinctly polar and appeared irregular, caused by the formation of foci.

Both MSM_wecA and MSM_rfbD hypomorphs showed a similar sub-cellular localisation of DMN-Tre
along the length of the cell. Similar to that seen in the MSM_NT strain, when the CRISPRi system was
uninduced, the DMN-Tre fluorescent signal in both MSM_wecA and MSM_rfbD appeared highest at
the poles, with the lowest signal present at the mid-cell. When expression of either wecA or rfbD were
compromised, the DMN-Tre signal appeared uniform along the length of the cell with a reduction of
signal observed at the poles. The addition of new cell envelope material in discrete zones at the poles
are a defining feature of mycobacterial growth (Hannebelle et al., 2020, Uhia et al., 2015). The data
presented here point toward obstruction in the addition of trehalose monomycolates at the poles when
galactan is compromised, implying that there has been some disruption in apical growth and polar
elongation. It has previously been reported that preventing the addition of AG onto the cell envelope
leads to a loss of the mycolic acid layer (Telenti et al., 1997). A study by Schubert et al., 2017 showed
that mycobacterial cells treated with EMB, blocking the polymerisation of arabinan onto galactan,
resulted in a loss of mycolic acids at the poles and specifically blocked cellular elongation at these
regions. This suggests that galactan formation and translocation across the cell envelope is essential to
the formation of a robust mycomembrane. In addition, it was interesting to note that disruption of both
genes resulted in clumping which were not observed in the WT or no target control strain. We could
speculate that this is due to defects in the cell division process or alterations to the cell envelope lipid
structure and hydrophobicity. Future work could resolve this using fluorescent probes that target various

components of the cell envelope (see Section 5.2).
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Chapter 5

Limitations and future work

Due to time constraints, gRT-PCR to quantify targeted gene expression was not conducted in either
Msm or Mth. This could be performed in further studies using a SYBR Green fluorescent dye where the
fluorescent signal correlates to PCR product concentration (Chengalroyen et al., 2024). This could
guantify the level of transcriptional silencing of each sgRNA and could be extended to confirm that
there were no polar effects (transcriptional alterations of downstream genes and, more rarely upstream
genes) that contribute towards strain phenotypes. To get full insight into potential impact of the
CRISPRI system at the level of the genome, transcriptomics could be leveraged to determine not only
target and neighbouring gene silencing, but also the global impact of the depletion of the target protein.
A small set of antimycobacterial compounds were tested in this study as informed by previous work (Li
et al 2022). However, this could be extended to additional drugs been found to be effective against
mycobacteria. Two drugs assayed by CRISPRi screening in our research group are promising candidates
showing sensitisation of the mAGP components. Griselimycin is a preclinical anti-TB candidate that
was shown to be effective against Mtb (Kling et al., 2015). Nargenicin is a bactericidal compound that
binds to DnaE1 and was shown to inhibit replication and induce DNA damage in Mtbh (Chengalroyen et
al., 2022). The sensitisation of mAGP strains to these drugs are yet to be validated and should be
explored in further studies. The drug susceptibility assays were informative regarding the effects of
galactan disruption on the susceptibility of Msm to a small set of compounds, however it does not
confirm increased permeability of the cell envelope. To test this, cell envelope permeability assays could
be conducted in future studies by assessing the rate of influx of Ethidium bromide across the cell

envelope (Rodrigues et al., 2011).

The use of only one probe (DMN-Tre) may limit our understanding of the effects of galactan disruption
on the composition of the cell envelope. In future studies, probes that label various regions of the cell
envelope could be used to inform about the effects of disrupting the galactan linker on the integrity of
the cell envelope. Probes such as sCy5DA (Zhang and Manley, 2023), RADA (Garcia-Heredia et al.,
2018) and HADA (Hsu et al., 2017) are fluorescent probes used for labelling peptidoglycan. These
probes could also be utilised to image mycobacterial cell and assess the effects of galactan disruption

on polar cell growth.
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Chapter 6
Concluding remarks

In this study, the utility of CRISPRi gene silencing allowed for the interrogation of two essential genes
in the galactan biosynthetic pathway. A set of CRISPRi knockdown mutants of wecA and rfbD were
successfully generated and characterised in M. smegmatis and that of wecA was characterised in M.
tuberculosis. Silencing of these genes resulted in in vitro growth defects and selection of SJRNA suited
for downstream experimental interrogation was done. Msm strains with wecA and rfoD knockdown
both did not show sensitisation to first-line antibiotics rifampicin, ethambutol, vancomycin and
linezolid. Evidently, depletion of wecA had detrimental effects on the morphology of M. smegmatis with
a decrease in cell length, and cell swelling. In contrast, depletion of rfbD had no impact on cell length
but resulted in cell envelope bulging. Disruption of galactan biosynthesis via depletion of both genes
appeared to disrupt the integrity of the mycomembrane and impact polar growth, evidenced by the loss
of DMN-Tre signal at the polar regions of the cell. The relatively higher signal at the mid-cell region
that apical incorporation is compromised. The findings of this study and its insights support the
continuation of research into the role of galactan in maintaining cell envelope integrity and its role in

supporting the generation of a robust mycolic acid leaflet.
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Chapter 7: Supplementary data
7.1. Generation of CRISPRI constructs

M.smegmatis
3 wecA operon 5

MSMEG_4948 MSMEG_4949 < MSMEG 4950

M.smegmatis
5 rfbD operon 3

: MSMEG 6364 _ MSMEG_6365 MSMEG 6366 *  MSMEG 6367 MSMEG 6369

M. Smegmatis
clpP2 operon

MSMEG_4673

Figure S1. Representation of the genomic organisation genes relative to Msm wecA (MSMEG_4947), Msm rfbD (MSMEG_6369) and Msm clpP2
(MSMEG_4672) showing the order of each gene and their operonic regions. Green genes represent the target gene. Mtb wecA gene is not part of an operon.
Adapted from Mycobrowser.
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Table S1. Key Resources Table

UMass Chan Medical School, USA
(loerger et al., 2010)

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Bacterial strains
Escherichia coli DH5a Thermofisher Scientific Cat#18265017
Mycobacterium smegmatis mc?155 (Snapper et al., 1990) N/A
Mycobacterium tuberculosis H37Ra Mycobacterium tuberculosis (Zopf) ATCC 25177
Lehmann and Neumann American Type
Culture Collection (ATCC)
Mycobacterium tuberculosis H37Rv H37Ra MA. A gift from Dr Chris Ssseti, ATCC 2729

Biological samples

Chemicals and proteins

Rifampicin, Antibiotic agent

Sigma-Aldrich (Merck)

Cat# R3501-25G

Ethambutol, Antibiotic agent

Sigma-Aldrich (Merck)

Cat# E4630-25G

Vancomycin, Antibiotic agent

Sigma-Aldrich (Merck)

Cat# V34850

Linezolid, Antibiotic agent

Biotechnology Hub Africa

Cat# HY-10394

Kanamycin, Antibiotic agent

Sigma-Aldrich (Merck)

Cat# K1377-5G

DMN-Tre fluorescent probe

Olilux Biosciences, INC

Cat# DMN-010

RADA fluorescent probe Whitehead Scientific (Pty) Ltd. Cat# 6649/5

ATc Sigma-Aldrich (Merck) Cat# 37919-100MG-R
Alamar Blue/Resazurin Celtic Molecular Diagnostics (Pty)Ltd Cat# BUF012B
Enzymes

BSmBI-v2 enzyme New England Biolabs (NEB) Cat# R0580

Quick-ligase enzyme

Ingaba biotec

Cat# NEB M2200S

Media and supplements

LB media Sigma-Aldrich (Merck) Cat# L2897-1KG
LB agar Sigma-Aldrich (Merck) Cat# L2897-1KG
7H9 BD DIFCO™ Cat# 271310

7H10 BD DIFCO™ Cat# 262710
Glycerol Sigma-Aldrich (Merck) Cat# G5516-500ML
Tween80 Sigma-Aldrich (Merck) Cat# P4780-500ML
OADC BD DIFCO™ Cat# 212240

Commercial assays

Zyppy™ Plasmid MiniPrep Kit

Ingaba Biotech

Cat# ZR D4037

NucleoSpin® Gel and PCR Clean-up kit

Sigma Aldrich

Item# 750 609.50

Oligonucleotides

See Table 3.1, 3.2 and 3.3 for information on
primers and other oligonucleotides used in this
study

Ingaba Biotech

Cat# IB OL0001

Recombinant plasmid DNA

pIRL1L7

Addgene (Rock et al., 2017)

Plasmid# 163635

pIRL117_NT_sgRNA Gift from Dr. Melissa Chengaloroyen N/A
pIRL117_wecA_sgRNA 1 This paper N/A
pIRL117_wecA_sgRNA 2 This paper N/A
pIRL117_wecA_sgRNA 3 This paper N/A
pIRL117_wecA_sgRNA 4 This paper N/A
pIRL117_wecA_sgRNA 5 This paper N/A
pIRL117_rfbD_sgRNA 1 This paper N/A
pIRL117_rfbD_sgRNA 2 This paper N/A
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pIRL117_rfbD_sgRNA 3 This paper N/A
pIRL117_rfbD_sgRNA 4 This paper N/A
pIRL117_rfbD_sgRNA 5 This paper N/A
pIRL117_clpP2_sgRNA Gift from Lucas Raphela N/A

pIRL2 Addgene (Bosch et al., 2021) Plasmid #163631
pIRL2_NT_sgRNA Gift from Dr. Melissa Chengaloroyen N/A
pIRL2_wecA_sgRNA 1 This paper N/A
pIRL2_wecA sgRNA 2 This paper N/A
pIRL2_wecA_sgRNA 3 This paper N/A
pIRL2_wecA_sgRNA 4 This paper N/A
pIRL2_wecA sgRNA 5 This paper N/A
Experimental models: Organisms/strains

Mycobacterium smegmatis mc?155 wecA This paper N/A
sgRNA 1

Mycobacterium smegmatis mc?155 wecA This paper N/A
SgRNA 2

Mycobacterium smegmatis mc2155 wecA This paper N/A
SgRNA 3

Mycobacterium smegmatis mc?155 wecA This paper N/A
sgRNA 4

Mycobacterium smegmatis mc2155 wecA This paper N/A
SgRNA 5

Mycobacterium smegmatis mc?155 rfoD This paper N/A
sgRNA 1

Mycobacterium smegmatis mc?155 rfoD This paper N/A
SgRNA 2

Mycobacterium smegmatis mc?155 rfoD This paper N/A
SgRNA 3

Mycobacterium smegmatis mc2155 rfoD This paper N/A
SgRNA 4

Mycobacterium smegmatis mc2155 rfoD This paper N/A
SgRNA 5

Mycobacterium tuberculosis H37Ra wecA This paper N/A
SgRNA 1

Mycobacterium tuberculosis H37Ra wecA This paper N/A
SgRNA 1

Mycobacterium tuberculosis H37Ra wecA This paper N/A
sgRNA 1

Mycobacterium tuberculosis H37Ra wecA This paper N/A
sgRNA 1

Mycobacterium tuberculosis H37Ra wecA This paper N/A
sgRNA 1

Web applications, Software and algorithms

Microsoft Excel Microsoft Version 2411 (Build 16.0.18227.20082)

FLUOstar Optima plate reader

BMG LabTech plate reader

https:/imww.bmglabtech.com/en/fluostar-

omega/
Biorender (Perkel, 2020) Biorender (2025)
Pebble (Rock et al., 2017) sgRNA design 2.0
Mycobrowser (Kapopoulou et al., 2011) ©2018-2025 EPFL, 1015 Lausanne

GraphPad Prism 10

GraphPad

Version 10.2.0

ZEN (blue) Imaging Software

Carl ZEISS AG (https:www.zeiss.com)

Version ZEN 3.11

FIJI (ImageJ)

Fiji/lmageJ Development (Schindelin et
al., 2012)

Java 1.8.0_322

Microbe J Plugin

MicrobeJ Contributors (Ducret et al.,
2016)

Version 5.13p
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wecA0l wecA02

Gl (I

Femplate GGGAATCGCGGTCTGGCCCGGATC GGGAGGCGGTGRTCGAGGCCCG-

BT

sequence —— GOGAATCGCGGTCTGGCCCGRATC CCGAGGCOCTGCTCRAGGL000ES

wecA03 wecA04
AN AR ANARRNARRRRARI RN AR NT NN
\GGGAGATCACCGCGGGCGGGTAGA- \GGGAGATCGTGCCCACTCCCCCGA-
3SGGAGATCACCGCGGGCGGGTAGH 3GGAGATCGTGCCCACTCCCCCGA
wecA05

GGGAGCGCGGTGGAAGTTGTGCG

LAY

GGGAGCGCGGTGGAAGTTGTGCG

Figure S2. Sequence alignments of expected wecA sgRNA guide oligo insert with M. smegmatis recombinant plasmid DNA sequences obtained by

sanger sequencing. The red base represents mismatches. Data analysed using the Benchling software Sequence Alignment Tool and the relevant sequence
region of interest extracted.
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Figure S3. Sequence alignments of expected rfbD sgRNA guide oligo insert with M. smegmatis recombinant plasmid DNA sequences obtained by sanger
sequencing. The red base represents mismatches. Data analysed using the Benchling Sequence Alignment Tool and the relevant sequence region of interest

extracted.

rfoD01

e TR T

GGGAGTTCCAGATGATCGGCGTCA-

AN A

- GGGAGTTCCAGATGATCGGCGTCAT

rfbD03

GGGAAGATGATCGGCGTCATGAAGA

ot

GGGAAGATGATCGGCGTCATGAAGA

rfbD05

rfbD02

GGGAGATGATGATGTTGTGGGCGA

:

GGGAGATGATGATGTTGTGGGCGA

rfbD04

GGGAATGATCGGCGTCATGAAGA

GGGAATGATCGGCGTCATGAAGA

GGGAATGATCAGGCCCAGCGTCACA-

’

GGGAATGATCAGGCCCAGCGTCACAT
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wecA01 wecA02

pRL2-seRNA - [ ANAR RN ANRR A ANRARANN

Templats GGGAGCACCGGCCACCAGCACCG GGGAGACCAGCGCAAGCTCACGCA
sgRNA |
sequente GGGAGCACCGGCCACCAGCACCG GGGAGACCAGCGCAAGCTCACGCA
wecA03 wecA04
[T [T T
GGGAGCAGCGGGACACCGGCGCCALG GGGAACATGACCGCCACCACCAG

GGGAGCAGCGGGACACCGGCGCCGLE GGGAACATGACCGCCACCACCAG

wecAQ05

[T
IGGGAGCCGCGGTGTCGCGCEGG--

6GGAGCCGCGTGTCOCGCOROTT

Figure S4. Sequence alignments of expected wecA sgRNA guide oligo insert with M. tuberculosis recombinant plasmid DNA sequences obtained by

sanger sequencing. The red base represents mismatches. Data analysed using the Benchling software Sequence Alignment Tool and the relevant sequence
region of interest extracted.
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7.2. Growth analysis of M. smegmatis hypomorphs in liquid media
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Figure S5. Logged graphs showing the growth of our Msm CRISPRI controls and hypomorph strains. The graphs showing the growth trajectory of the
control strains present the growth in the absence and presence of 100 ng/ml ATc. The graphs showing the growth trajectory of the hypomorph strains present
the growth in the presence of 100 ng/ml ATc. Growth attenuation is ranges from strong (dark red), intermediate (light pink/dark blue) to weak (light blue).
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7.3. Antimycobacterial drug susceptibility assays
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Figure S6. Repeats of the determination of reference MICgo of MSM_WT strains
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Figure S7. Repeats for the determination of MICgo in Msm control.
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Figure S9. Colorimetric resazurin analysis of shift in MICgo 0of M. smegmatis hypomorph controls. Shift in MICg compared between No ATc and

100 ng/ml ATc treatment. Wells A1-6 & H1-6 contain minimum growth (no growth control), wells A7-12 & H7-12 contain full growth (100% growth control).
Blue wells indicate low density of cells and higher inhibition; pink wells indicate high density of cells and lower inhibition. Red dotted line separates

the no ATc and 100 ng/ml ATc conditions.

*Repeat experiment images. Wells A1-6 & H1-6 contain full growth (100% growth control). Wells A7-12 & H7-12 contain minimum growth (no growth
control).

134



*MSM_wecA *MSM_rfoD

No ATc

RIF 100 ng/ml ATc

C - .
e e e T

N s

ALl

No ATc

* N K

EMB 100 ng/ml ATc

No ATc

VAN
100 ng/ml ATc
No ATc

LNZ

100 ng/ml ATc

Figure S9. Colorimetric resazurin analysis of shift in M1Cgo 0of M. smegmatis hypomorph controls. Shift in M1Cg compared between No ATc and
100 ng/ml ATc treatment. Wells A1-6 & H1-6 contain minimum growth (no growth control), wells A7-12 & H7-12 contain full growth (100% growth control). Blue

inhibition. Red dotted line separates the no ATc and 100 ng/ml ATc conditions.
*Repeat experiment images. Wells A1-6 & H1-6 contain full growth (100% growth control). Wells A7-12 & H7-12 contain minimum growth (no growth

control).
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Table S2. Susceptibility data showing ECsy of hypomorphs for each antibiotic tested. ECso values
obtained using non-linear regression analysis.

Drug Strain No ATc ATc (100 ng/ml) Fold decrease
MSM_NT 0.2479 0.2202 1.13

zZ

<>< MSM_clpP2 0.5703 0.4497 1.27

£

é MSM_wecA 0.8346 0.4486 1.86

g

g MSM_rfbD 1.264 0.9507 1.33
MSM_NT 1.770 1.534 153

)

E MSM_clpP2 1.827 1.834 0.99

% MSM_wecA 1.869 1.037 1.80

§

E MSM_rfbD 1.523 1.073 1.42
MSM_NT 0.4872 0.4531 1,08

g MSM_clpP2 0.3741 0.1328 2.82

2

2 MSM_wecA 0.3670 0.2122 1.73

. MSM_rfbD 0.1713 0.1327 1.29
MSM_NT 1.001 0.9865 101

IEEL MSM_clpP2 0.2928 0.007508 38.99

£

2 MSM_wecA 0.4867 0.2428 2.00

S

(74 MSM_rfbD 0.6525 0.8424 0.77
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7.4. Morphological analyses and comparison of M. smegmatis CRISPRi strains

Table S3. Microbel plugin settings

Data Settings
Channel 1 Default bright
Morphology Smooth
Attributes Area: 0.5-50

Length: 3-10
Width: 0.2-1
Angularity: 0-0.7
Range: 0.2-1
Amplitude: 0-0.5
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M.smegmatis strain M.smegmatis strain

Figure S11. Quantitation of MSM_WT and MSM_NT cellular dimensions. Comparison of A, cell lengths (in um) and B, cell widths (in pum) of

MSM_WT (reds) and MSM_NT strains before (greens) and after (purple) induction of the CRISPRi system. Between 100 to 150 cells were analysed
per strain. Error bars represent standard deviation. Ns= not significant. Cellular dimensions compared using a paired t-test. P>0.05.
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Figure S12. Quantitation of the M. smegmatis CRISPRi hypomorph cellular dimensions. Comparison of mean cell lengths (in
pm) and mean cell widths (in um) of A, MSM_wecA and B, MSM_rfbD strains in the absence (blue) and presence (purple) of 100

ng/ml ATc. Approximately 100 to 150 cells were analysed per strain. Error bars represent standard deviations. Cellular dimensions
compared using a paired t-test. P>0.05.
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Figure S13. Activity of clp proteases to regulate protein homeostasis in mycobacteria. ClpC1 (indicated in orange) recognises and binds
the misfolded/dysfunctional protein (in red) as a substrate and binds to the clpP1/P2 complex (in purple and blue). The peptidase activity of
clpP1 unfolds and breaks down the substrate in an ATP-dependent manner, Finally, the clpP1/P2 complex degrades the substrate into short

peptides. Generated using Biorender (2025).
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7.6. Investigation of the morphology of CRISPRIi M. tuberculosis H37Rv by
fluorescence microscopy

7.6.1. Metabolic labelling of Mycobacterium tuberculosis H37Rv with DMN-

Trehalose and RADA fluorescent probes

To inoculate strains, 100 pl of stationary phase glycerol stocks of Mth H37Rv hypomorph strains were
added to 5 ml 7TH9/OADC supplemented with Kan25 and incubated for 7 days at 37°C while stationary.
Following the incubation period, the cells were passaged into 5 ml 7H9/OADC supplemented with
Kan25 and incubated for an additional 3 days until they reached an expected ODgoo Of 0.6-0.8. The
cultures were then passaged in 5 ml 7H9/OADC without antibiotic supplementation and incubated for
5 days while stationary. Each culture was inoculated as pairs; one without and one with 100 ng/ml ATc.
The endpoint ODggo Of the cultures were determined and presented in Table S2. The endpoint ODggo

serves as an indication of growth attenuation in liquid media.

Next, 100 pl of the exponentially replicating bacterial cells were mixed with 1 pl DMN-Tre (10 pM)
and 1 pl RADA (2.5 pM) and incubated at 37°C while shaking for 18 hours. The cells were then
centrifuged at 6 000 rcf for 10 mins and resuspended in 100 pl PBST. 100 pl of fresh 8%
paraformaldehyde (PFA) was added to these cells and the samples incubated at room temperature for
24 hours. Post fixation samples were centrifuged at 6 000 rcf for 10 mins and resuspended in 100 pl
PBST. The cells were prepped and visualised by microscopy as described in section 2.9.2.

7.6.2. In vitro characterization and validation of CRISPRI strains

Table S4. End-point ODeoo 0f the MTB_Rv control and hypomorph strains

ODegoo (N0 ATc) ODe00 (100 ng/ml ATc) | Fold Difference
(No ATc/ATc)
MTB_Rv_NT 3.3 34 1.0
MTB_Rv_wecA 3.8 3.7 1.0
MTB_Rv_rfbD 3.8 2.0 1.9
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7.6.3. Morphological analyses of M. tuberculosis H37Rv CRISPRI control strains
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Figure S14. MTB_Rv_WT microscopy data. A, Visualisation of MTB_Rv_WT strains and localisation of DMN-Tre and RADA. Untreated MTB_Rv_WT
are shown on the top row, while treated MTB_Rv_WT are shown on the bottom row. First panel shows bacilli under brightfield channel; second panel shows
bacilli under DMN-Tre Green fluorescent channel; third panel shows bacilli under RADA red fluorescent channel; last panel shows bacilli under composite
of DMN-Tre and RADA channels. B, Intensity distribution of the DMN-Tre and RADA stains across MTB_Rv_WT in the untreated (top row) and treated
(bottom row). The X-axis represents the relative position along the cell body where 0.5 represents the mid-cell (septum) and 0 or 1.0 represent the cell poles.
The Y-axis represents the average fluorescence intensity of the DMN-Tre stain. Approximately 100 cells analysed under both untreated and ATc treated strains.
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Figure S15. MTB_Rv_NT microscopy data. A, Visualisation of MTB_Rv_NT strains and localisation of DMN-Tre and RADA. Untreated MTB_Rv_NT are
shown on the top row, while treated MTB_Rv_NT are shown on the bottom row. First panel shows bacilli under brightfield channel; second panel shows bacilli
under DMN-Tre Green fluorescent channel; third panel shows bacilli under RADA red fluorescent channel; last panel shows bacilli under composite of DMN-Tre
and RADA channels. B, Intensity distribution of the DMN-Tre and RADA stains across MTB_Rv_NT in the untreated (top row) and treated (bottom row).

The X-axis represents the relative position along the cell body where 0.5 represents the mid-cell (septum) and 0 or 1.0 represent the cell poles. The Y-axis
represents the average fluorescence intensity of the DMN-Tre stain.. Approximately 100 cells analysed under both untreated and ATc treated strains.
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7.6.4. Morphological analyses of M. tuberculosis H37Rv CRISPRi wecA
hypomorph strains
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Figure S16. MTB_Rv_wecA microscopy data. A, Visualisation of MTB_Rv_wecA strains and localisation of DMN-Tre and RADA. Untreated
MTB_Rv_wecA are shown on the top row, while treated MTB_Rv_wecA are shown on the bottom row. First panel shows bacilli under brightfield channel;
second panel shows bacilli under DMN-Tre Green fluorescent channel; third panel shows bacilli under RADA red fluorescent channel; last panel shows bacilli
under composite of DMN-Tre and RADA channels. B, Intensity distribution of the DMN-Tre and RADA stains across MTB_Rv_wecA in the untreated (top
row) and treated (bottom row). The X-axis represents the relative position along the cell body where 0.5 represents the mid-cell (septum) and 0 or 1.0 represent
the cell poles. The Y-axis represents the average fluorescence intensity of the DMN-Tre stain.. Approximately 150 cells analysed under both untreated and
ATec treated strains.
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7.6.5. Morphological analyses of M. tuberculosis H37Ra CRISPRI rfbD hypomorph

strains
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Figure S17. MTB_Rv_rfbD microscopy data. A, Visualisation of MTB_Rv_rfbD strains and localisation of DMN-Tre and RADA. Untreated MTB_Rv_rfbD
are shown on the top row, while treated MTB_Rv_rfbD are shown on the bottom row. First panel shows bacilli under brightfield channel; second panel shows
bacilli under DMN-Tre Green fluorescent channel; third panel shows bacilli under RADA red fluorescent channel; last panel shows bacilli under composite of
DMN-Tre and RADA channels. B, Intensity distribution of the DMN-Tre and RADA stains across MTB_Rv_rfbD in the untreated (top row) and treated (bottom
row). The X-axis represents the relative position along the cell body where 0.5 represents the mid-cell (septum) and 0 or 1.0 represent the cell poles. The Y-axis
represents the average fluorescence intensity of the DMN-Tre stain.. Approximately 100 cells analysed under both untreated and ATc treated strains.
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Figure 1. Diagram of the pIRL117 plasmid used in this study for M. smegmatis work. A, Fully annotated plasmid and B,

plasmid containing CRISPRI features of interest. Retrieved from Bosch et al. (2021) and addgene.
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Figure 3. Agarose gel electrophoresis image of DNA Ladders used in this study. A, Quick-Load 1 kb DNA Ladder (size range: 500 bp to 10 kb) and B,
Quick-Load 1 kb Plus Ladder (size range: (100 bp to 10 kb). Ladders are formulated with bromophenol blue dye. Retrieved from New England Biolabs
(NEB).
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