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ABSTRACT  

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is a primordial affliction that 

continues to torment humankind since its known history and prehistory. TB is among the major 

causes of ill-health and death in the world with an estimated 1.8 million cases of death recorded 

yearly. The situation is worsened by the emergence of the strains of TB that are regarded as 

resistant. Recently, Mycobacterium bovis bacillus Calmette-Guerin (BCG), has been the only 

available vaccine for TB. An intense understanding of Mtb’s biology, should reveal new 

perceptions that can lead to the improved treatment, diagnostics, vaccines and highly needed 

control measures. Throughout infection, Mtb produces some proteins into the host environment 

to play critical role in pathogen host interactions. Close to half of the Mtb genome consists of 

genes with unknown functions. Among those genes is Rv3218 gene which was identified in the 

study by Chiliza et al., 2019. The Rv3218 gene is hypothesised to have a Diacylglycerol kinase 

activity. This study aimed at characterising the function of Rv3218 gene in Mtb with the 

purpose of coming up with ideas of how that can be used in the development of more effective 

and convenient diagnostic tools, therapeutics, or the total elimination of TB. There is a vast 

amount of molecular techniques that are currently used to characterise unknown genes. Here 

we employed a CRISPRi dCas9 system for the silencing of the Rv3218 gene in Mtb. We also 

used a number of Bioinformatics tools for in silico analysis of the gene and construction of all 

relevant primers necessary for this molecular cloning. The Rv3218 knockdown repressed by 

Anhydrotetracycline (ATc) was constructed for assaying the effect of this gene silencing 

compared to the MtbH37Rv wild type. We then conducted growth curves and MICs (Minimum 

Inhibitory Concentrations) to check if this gene has an impact on antimicrobial susceptibility 

and growth of Mtb. We also tested its activity as a diacylglycerol kinase via osmolarity assay 

as it is said that dgk mutants do not grow well on nutrient media of low osmolarity. On 

bioinformatics analysis, we found that the gene has cell wall and transcription regulatory 

functions and possesses a similar structure as diacylglycerol kinase. However, the in vitro 

analysis was contradictory to these findings. We found that the Rv3218 gene has no impact on 

the growth of Mtb and it’s susceptibly to the antimicrobial drugs that were used in this study. 

On the osmolarity assay, there was no observable difference between the growth of the wild 

type and the knockdown strain in all the concentrations of osmolarity. Judging from these 

findings, we then concluded that this gene does not function as a diacylglycerol kinase. We 

then suggested that, more advanced experimental studies still need to be conducted in order to 

confirm this hypothesis as we were unable to do them due to the short time frame for this study.  
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Chapter 1: Literature Review 

 

1.1 Introduction to Tuberculosis Epidemiology  

 

Tuberculosis (TB) is a contagious disease that is the main cause of sickness and one of the 

leading cause of death throughout the world (WHO, 2021; WHO 2022). Tuberculosis has been 

the main source of death from a single infectious agent, ranking slightly above Human 

Immunodeficiency Virus and Acquired Immunodeficiency Syndrome (HIV/AIDS) before the 

onset of the coronavirus (COVID-19) pandemic (WHO, 2021). According to forecasts from 

the Pan American Health Organization for 2022, close to 28,000 people get sick with this 

avoidable and treatable disease every day, and over 4100 people die from TB (POHA, 2022). 

Since the year 2000, it is projected that 66 million lives have been spared due to global efforts 

to combat tuberculosis (POHA, 2022). However, years of gains in the struggle to end TB have 

been reversed by the COVID-19 pandemic, with death cases of 2020 returning to the level of 

2017 (WHO, 2021; POHA, 2022) and the first observed year-to-year rise of 5.6 % since the 

year 2005 (WHO, 2021). The largest global decline was noticed in the reported number of 

people receiving a new TB diagnosis (WHO, 2021; WHO, 2022). This dropped to 5.8 million 

in 2020 from a peak of 7.1 million in 2019, returning to the level last seen in 2012 (WHO, 

2022). A modest rebound occurred in 2021, reaching 6.4 million (the level of 2016–2017) 

(WHO, 2022). The biggest challenge was that, finances and all the essential resources had been 

shifted to COVID-19 management, testing, and diagnostic capabilities since the pandemic’s 

emergence (WHO, 2022).  

Tuberculosis has had a massive impact in resource poor countries. Lack of rapid diagnostic 

tests and effectual drugs pose a greater challenge in the eradication of TB. Two thirds of the 

incidence cases worldwide were reported in 8 of the top 30 high TB countries: India (26 %), 

Indonesia (8.5 %), China (8.4 %), Philippines (6 %), Pakistan (5.7 %), Nigeria (4.4 %), 

Bangladesh (3.7 %), and South Africa (3.7%) (WHO, 2020). South East Asia (44%), Africa 

(25 %) and the Western Pacific (18 %) had the most incident cases (WHO, 2020). In South 

Africa, the incidence of TB was predicted to be 615 cases per 100,000 people in 2019, ranging 

from 427 to 835 cases per 100,000 people (Dlatu et al, 2022). This is in spite of the fact that 
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since the year 2009, the incidence of TB has been sharply declining in South Africa (Dlatu et 

al, 2022). 

 Globally, 10 million people contracted the illness in 2021, and 8.2% of those were HIV 

positive. The global TB burden is growing as a result of rising treatment resistance, HIV co-

infection, and a lack of efficient vaccines. South Africa is included on the top 3 lists created by 

the WHO to identify nations with a high prevalence of TB, TB-HIV co-infection, and 

multidrug-resistant TB (MDR-TB). Close to 7 700 of the 227 224 cases of TB that were 

recorded in South Africa in 2021 were drug-resistant strains (WHO, 2022). In 2021, TB 

claimed the lives of almost 1.3 million persons who were HIV-negative and 0.3 million people 

who were HIV-positive (WHO, 2022). In sub- Saharan Africa, the TB epidemic is spreading 

and HIV infection is rising (UNAIDS, 2017; Mohammed et al., 2018). Close to 72 % of the 10 

million new cases of TB recorded in 2021 were among people living with HIV (Figure 1.1) 

(WHO, 2022). In 2021 alone, HIV-TB co-infection caused 208 000 fatalities (WHO, 2022). 

Human immune deficiency virus weakens a patient’s immune system, which makes them more 

vulnerable to TB. People living with HIV have an increased risk of contracting TB 18 times 

greater than that of HIV-negative people (WHO, 2022). The global estimation of the prevalence 

of HIV-TB co-infection in 2022 is illustrated in figure 1.1 below:  

 

Figure 1.1: A worldwide estimate of the prevalence of HIV-TB co-infection in 2022 (WHO, 

2022). The estimation is amongst new and relapse TB cases for all ages reported in percentage 

(%). 
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          1.2. The structure and Morphology of Mtb 

 

Mycobacterium tuberculosis is a facultative intracellular pathogen (Kalscheuer et al., 2019), 

gram- positive and acid fast with a G+C content of 60 % to 70% (Cook et al., 2009). They are 

irregular rods with a diameter of 0.3-0.5 µm, and are aerobic with variable lengths (Cook et 

al., 2009). The major components of the Mtb’s cell wall are the mycolic acids (Cook et al., 

2009). The morphology, physiology and behaviour of Mtb and other mycobacteria is mainly 

controlled by the mycobacterial cell envelope which mainly comprises of highly structured 

sugars and lipids (Chiaradia et al., 2017). This cell envelope is critical for the physiology of 

the bacteria because it harbours a lot of essential processes which include receptor adhesion, 

bacterial defence mechanism against hostile environments, transportation of solutes and 

proteins, and mechanical resistance (Chiaradia et al., 2017). About 40 % of the cell dry mass 

is mainly lipids, although this figure may differ depending on the type of isolates, species and 

growth conditions (Jackson, 2014). The complex structuring of the components of the Mtb’s 

cell envelope (illustrated in figure 1.2) elucidates some of the Mtb cell wall’s low permeability 

for many drugs (Kalscheuer et al., 2019; Maitra et al., 2019). This limited permeability may 

be the major cause of Mtb’s antimicrobial resistance and pathogenesis (Maitra et al, 2019). The 

mycobacterial cell envelope comprises of four layers: (i) the plasma membrane or inner 

membrane (IM), (ii) the peptidoglycan-arabinogalactan complex (AGP), (iii) an asymmetrical 

outer membrane (OM) or'mycomembrane,' which is attached covalently to AGP through 

mycolic acids, and (iv) the outermost capsule (Kalscheuer et al., 2019). 



 

4 

 

 

Figure 1.2: Schematic representation of the Mtb cell envelope. (Jackson, 2014). Blue symbols 

represent arabinose residues, red represent galactose residues, brown represents mannose 

residues, and black circles represent glucose, dark green represent mycolic acids.  

One of the main constituents of the pathogenic mycobacterial cell was is the poly-L-

glutamine/glutamate (PLG) which is a polymer that is synthesized by the enzyme glutamine 

synthetase (GS) (Garg et al., 2014). This enzyme’s direct involvement in the production of the 

polymer PLG was confirmed when the glnA1 gene of Mycobacterium bovis was expressed 

ectopically in the Mycobacterium smegmatis saprophytic strain, which does not have PLG in 

the cell wall, which then produced it in large numbers (Garg et al., 2014). The glnA1 gene is 

very important for bacterial growth and survival and its disruption can lead to changes in the 

characteristics of the cell wall and a decrease in the production of PLG (Garg et al., 2014). 

             1.2.1 The inner membrane (Plasma Membrane) 

The Mycobacterium tuberculosis innermost membrane, which is the plasma membrane, 

appears to be almost similar to that of other bacteria excepts for the fact that Mtb’s plasma 

membrane consists of the mycobacterium specific components which are lipoglycans, (lipo)-

proteins and (glyco)-lipids (Angala et al., 2014; Jackson, 2014). Among the lipoglycans that 

are present in the Mtb’s plasma membrane, decaprenyl phosphate (Dec-P) functions as a 

transporter of activated sugars during the production of crucial cell envelope polymers which 

include PG, AG, LM, and ManLAM (Jackson, 2014). This simply means that the lipids of the 

Mtb’s plasma membrane have intrinsic roles in the physiological processes such as DNA 
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replication, synthesis of ATP, transportation of electrons and biosynthesis of other cell 

envelope components, also functions as the selective permeability bearer around the cell 

(Jackson, 2014).  

1.2.2 The peptidoglycan–arabinogalactan complex (AGP) 

Arabinogalactan (AG) is the polysaccharide that is formed of arabinose and galactose subunits 

(Niederweis et al., 2010) that covalently joins the mycolates to the peptidoglycan through a 

distinctive linker unit at its reducing end and is also found below the mycolic acid domain of 

the mycobacterial cell wall (Dover et al., 2004). Mycolic acids are unusually lengthy fatty acids 

that account for 30 % to 40 % of the mass of the cell envelope (Niederweis et al., 2010). 

Peptidoglycan (PG) is a composite macromolecular structure instated outside of almost all 

eubacterial plasma membranes (Alderwick et al., 2015). The peptidoglycan mesh-like 

positioning provides rigidity, allowing the cell to resist osmotic pressure while maintaining cell 

intergrity and shape (Alderwick et al., 2015). 

1.2.3. The Capsule 

Mycobacterium tuberculosis capsules are made up of neutral polysaccharides, proteins, and 

trace amounts of lipids (Kalscheuer et al., 2019). Polysaccharides were discovered to be the 

paramount capsular constituents in mycobacterial species that are slow growers whereas 

proteins appear to be the main constituents in fast-growing mycobacterial species such as M. 

smegmatis (Kalscheuer et al., 2019). The cell envelope outer compartments, also known as the 

'capsule, is made up of a polysaccharide, protein, and lipid mixture (Daffe and Etienne, 1999).  

They are regarded as capsular not in the sense that its components are not non-covalently bound 

to the cell wall, but because its outermost compartments function and act like the capsule (Daffe 

and Etienne, 1999). A study by Daffe and Etienne argued that the essense of the capsule may 

be much more bacterial than that of host origin. They also stated that what seemed to be a 

capsule could be noted in a variety of pathogenic mycobacteria published images as an Electron 

Transparent Zone (ETZ) exterior the bacterial wall but enclosed by the phagosomal membrane 

and frequently by host origin material (Daffe and Etienne, 1999). 

 

1.3 Mycobacterium tuberculosis Pathogenesis  

 

Tuberculosis is mainly disseminated via aerosolized droplets, which are 1-5 µm in diameter 

(Ahmad, 2011), containing an infectious Mtb from the cough of an individual infected with 
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lung Mtb, normally called an Active Pulmonary Disease (Glickman and Jacobs, 2001; Ahmad, 

2011; Sia et al., 2011). There are several factors that determine the risk of infection. These 

include the size of the inhaled bacilli, the source of infection, distance from contact, and the 

immunity status of the possible host (Ahmad, 2011). 

1.3.1 Latent TB 

After inhalation, the Mtb bacilli embed themselves onto the terminal air spaces of the lung from 

where they replicate within the alveolar macrophages (Glickman and Jacobs, 2001). 

Macrophages are critical white blood cells that help in the elimination of foreign particles and 

initiating an immune response. In that way, since Mtb is a foreign substance, it is easily 

phagocytized by the alveolar macrophages and can easily be killed due to the initiated immune 

response (Delogu et al., 2013). However, it can be difficult for the alveolar macrophages to 

completely eliminate Mtb because of its various virulence factors which include the high 

mycolic acid content found in the Mtb’s outer capsule, and the cord factors that can impair the 

macrophages (Jilani et al., 2022). Once phagocytized by the host macrophages, Mtb inhabits 

the membrane-bound vacuole from where it enhances its own intracellular survival mechanism 

by deliberately modifying the maturation of this phagosomal compartment (Glickman and 

Jacobs, 2001; Jilani et al., 2022). If by any chance the bacilli survive this first survival mode, 

it starts replication within the macrophages from where it starts disseminating to the nearest 

cells inclusive of epithelial and endothelial cells, reaching a high bacterial burden (Delogu et 

al, 2013). From there, Mtb spreads to other organs of the body via the lymphatics where it can 

infect other cells through haematogenous dissemination (Delogu et al., 2013). Once the 

adaptative immune response starts, a cellular infiltrate that later resembles a typical structure 

of a granuloma is formed. This granuloma is formed by the relocation of the Mtb bacilli to the 

site of earliest infection of neutrophils, lymphocytes and other immune cells, which are 

attracted by the chemokines and cytokines produced by the macrophages in the lungs (Delogu 

et al., 2013; Jilani et al., 2022). At this stage, the Mtb bacilli remain encapsulated inside the 

granuloma, which is prior covered by the fibrotic components, and protected by the host 

immune response (Smith, 2003; Delogu et al., 2013). In this stage, a lesion called the Ghon 

complex is formed and it is thought to be the refuge for the Mtb bacilli. Inside the Ghon 

complex, the Mtb bacilli becomes dormant in a non-metabolically active state and can remain 

that way for years and even for eternity (Smith, 2003; Delogu et al, 2013). This is called the 

latent infection, where Mtb remains non-functional, inactive, asymptomatic and non-
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contagious. In individuals with a sturdy immunity, the infection may remain arrested 

permanently (Smith, 2003).  

1.3.2 Active TB 

If the individual becomes immune-compromised by Human Immunodeficiency Virus (HIV), 

aging, lack of nutrition, drugs and other factors, the Active TB disease may develop (Smith, 

2003). In this case, the granuloma centre, which was healed during latent infections, becomes 

precipitated by an unknown process and then acts as a rich medium for the newly resuscitated 

Mtb to replicate in an unmanageable way (Smith, 2003). The live Mtb can now move from the 

granuloma and disseminate to the lungs from where they form an active pulmonary TB, and to 

other organs through the lymphatic systems and the blood where it causes Extrapulmonary TB 

(Smith, 2003). At this stage, the individual becomes highly contagious and requires urgent need 

of antibiotic therapy (Smith, 2003). The process for the pathogenesis of the Mtb bacilli is 

clearly illustrated in figure 1.3 bellow:  

 

Figure 1.3: A diagrammatic illustration of Mycobacterium tuberculosis pathogenesis (Smith, 

2003). 
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1.4 Development of Tuberculosis Vaccines and Drugs 

    1.4.1. Vaccines 

On the present days, the development of novel and up-to-date vaccines is the main stream of 

Research and Development (RD) in the attempts to curb TB infection and tackle the 

dissemination of MDR/XDR-TB (Ahsan, 2015). Currently, the Bacille Calmette-Guérin 

(BCG), which was developed in 1921, is the only available, licensed vaccine against TB (Scriba 

et al, 2020; Behr et a.l, 1999). The major drawback of the BCG vaccine is that it is not reliable 

against pulmonary TB in adults and adolescents (Roy et al., 2014). These age groups are the 

leading transmitters of TB making them a priority target population for the development of TB 

vaccines (Scriba et al., 2020). Currently, there are 12 candidate vaccines that are being tested 

in clinical trials (Tammeris et al., 2013; Gonzalo-Asensio et al., 2017). 

A variety of candidate vaccines under development are grouped into different classifications 

namely; the live-attenuated whole-cell vaccine, the inactivated whole-cell vaccine, viral-

vectored vaccine, and adjuvanted protein vaccines (Gonzalo-Asensio et al., 2017; WHO, 2020; 

Gopalaswamy and Subbian, 2022).  The live attenuated whole-cell vaccines involves the use 

of a whole Mtb in modified and weakened state (Whitlow et al., 2020). The examples of these 

vaccines include the recombinant BCG VPM1002 which is known to be the most progressive 

live-attenuated vaccine in clinical development (Gonzalo-Asensio et al., 2017). The rBCG 

VPM1002 entered the efficacy experiments directed at averting TB infection in newborns with 

and without HIV infection (Gonzalo-Asensio et al., 2017). The other live-attenuated whole-

cell vaccine is the MTBVAC which was the first and distinctive live attenuated vaccine 

accredited into clinical trials in the year 2012 (Gonzalo-Asensio et al., 2017; Pérez et al, 2020). 

The MTBVAC is unique in the sense that it was the first developed vaccine that involves the 

attenuation of the genetically modified form of the human pathogen Mtb and it is used for both 

infants and adults (Pérez et al., 2020; Tarancon et al, 2020). The inactivated whole-cell 

vaccines were developed to boost the efficacy of BCG (von Reyn et al., 2017) and the example 

includes the SRL 172 whole-cell vaccine acquired from a non-tuberculous mycobacterium 

(Kaufmann et al., 2016; von Reyn et al., 2017). Another example of inactivated vaccines is the 

inactivated RUTI vaccine, which consists of disintegrated and detoxified Mtb cells in 
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liposomes (Whitlow et al., 2020). Inactivated vaccines are mostly regarded as being the safest 

in comparisons with the live vaccines particularly since they do not contain any infectious 

agents (Whitlow et al., 2020). The adjuvant protein subunit vaccines also fall under safe 

vaccines since they only consist of determined parts or subunits of the pathogen. The most 

commonly used proteins for this type of vaccine development include ESAT6, MPT64, Ag85B, 

and Ag85A (Whitlow et al., 2020). The recombinant viral-vectored vaccines are known for 

their ability to induce vigorous immune responses by imitating the actions of the invading 

pathogens leading to the emergence of the long-lasting immune memory (Hu et al., 2022). The 

most modern recombinant vaccines include MVA85A, ChAdOx1.85A, AdHu35, and AERAS-

402 (Stylianou et al., 2015; Hu et al., 2022).  

The goal for TB vaccines development is to reduce the spread of the disease and to protect all 

the individuals that are at a greater risk of being infected, hospitalised, and potentially dying 

from this infectious disease. Since the only licenced vaccine against TB offers limited 

protection and is only effective against pulmonary TB in new-born babies, there is an urgent 

need for the development of novel vaccines that will be highly effectual against TB in all 

generations; infants, adolescents and adults in order to end TB, combat its spread, and to 

prevent its progression to drug resistance (WHO, 2022).  

  

1.4.2 Tuberculosis Drugs 

The correct diagnosis and medical treatment of tuberculosis represent a keystone in the 

management and control of Tuberculosis (Sotgiu et al., 2015). Antibiotic treatment which is 

critical for the depletion of bacterial burden in the lungs, can be useful in the reduction of 

probability of transmission, along with other public health measures, such as isolation and 

cough etiquette (Sotgiu et al., 2015). Tuberculosis medications are categorized into two main 

groups; the first line and the second line of drugs (Sia et al., 2011). The first line drugs are the 

most commonly used drugs and they include Isoniazid (INH) in combination with rifampin 

(RIF), pyrazinamide (PZA) and ethambutol (EMB) (Sia et al., 2011; Bendre et al., 2021; 

American Lung Association, 2020). These drugs are usually used to treat active pulmonary TB 

that is not drug-resistant (Bendre et al., 2021). Bedaquiline (BDQ), 

Aminosalicylate, Kanamycin, Cycloserine, Ethionamide, Amikacin, Capreomycin, 

Thiacetazone,  and Fluoroquinolones fall under the second-line of drugs category and are 

mainly used in the treatment of M/XDT TB (Bendre et al., 2021; Sia et al., 2011; Joshi, 2011).  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/bedaquiline
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/kanamycin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cycloserine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ethionamide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/amikacin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/capreomycin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/quinolone-derivative
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Individuals that are infected with the active TB usually undergo what is called anti-tubercular 

chemotherapy which is a two-phased therapy consisting of a first rigorous phase with three or 

more drugs, and a second continuation phase with just two to three drugs (Joshi, 2011). The 

short course chemotherapy, which is the first phase, usually takes about two months, and the 

continuation phase takes about four months (Unissa and Hanna, 2017). The initial intensive 

phase regimen includes all four of the drugs falling under first-line of drugs (RIF, INH, PZA 

and EMB) (Unissa and Hanna, 2017). The continuation phase of the chemotherapy 

encompasses a choice of a variety of options including INH and RIF for four months, or 

alternatively, INH and EMB or thiacetazone for six months, with INH being the most effective 

drug (Joshi, 2011; Unissa and Hanna, 2017).  

1.4.2.1 Isoniazid (INH)  

Since its first discovery in the 1950s, Isoniazid (INH) remains a centrepiece of anti-tubercula 

chemotherapy for active TB (Diacon et al., 2020; Timmins and Deretic, 2006). Isoniazid is one 

of the main antibiotics that are rapidly bactericidal both in vitro and in vivo for the treatment 

of Mtb infections (O’Connor and Brady, 2022; Diacon et al., 2020). Isoniazid’s mode of actions 

includes its initial entry to mycobacterial cell through passive diffusion where it acts as a 

prodrug that is activated by the by the mycobacterial enzyme called the KatG (Timmins and 

Deretic, 2006). This is done because INH on its own is not toxic to the bacterial cell (Timmins 

and Deretic, 2006). The enzyme KatG, is a catalase-peroxidase that has many other activities 

including peroxynitritase and NADH oxidase (Timmins and Deretic, 2006). This is a process 

that formulates several radicals and adducts that prevent the mycobacterium’s production of 

mycolic acids that form its cell wall (O’Connor and Brady, 2022). This activity is the main 

reason why INH is regarded as a powerful antibacterial agent (O’Connor and Brady, 2022). 

However, as powerful as INH is, it can also be prone to mutations via the disruption of the 

KatG which may lead to resistance in INH therapy (O’Connor and Brady, 2022). This 

resistance may only develop when INH monotherapy is used for the treatment (O’Connor and 

Brady, 2022). 

1.4.2.2 Rifampin   

Rifampin, a semisynthetic derivative of rifamycin, is an antibacterial agent used to prevent and 

treat many gram-positive cocci, Mycobacteria and other gram-negative bacteria including 

Neisseria meningitides (Suresh et al., 2022; Unissa and Hanna, 2017). Due to the high 

sterilization function of RIF; which is its ability to kill persistent or metabolically dormant Mtb, 
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it has formed a cornerstone of the short course chemotherapy in conjunction with INH and PZA 

(Unissa and Hanna, 2017). Clinically, RIF is used for pathogens whose identities are known 

and their drug susceptibility has been determined (Suresh et al., 2022). Its mechanism of action 

includes the production of bactericidal antimicrobial activity either by sterically blocking the 

path of the elongating RNA at the 5′ end or by decreasing the affinity of the RNA polymerase 

for short RNA transcripts all leading to the inhibition of the DNA dependent RNA polymerase 

activity (Suresh et al., 2022). This simply means that the main function of RIF is to halt further 

RNA synthesis of Mtb, by inhibiting the microbial RNA polymerase activity (Pang et al., 2013; 

Suresh et al., 2022).  

1.4.2.3 Pyrazinamide (PZA) 

Since its clinical use in 1952, the mode of action of Pyrazinamide (PZA) has been mysterious, 

contradictory, and unconventional (Zhang et al., 2013).  Pyrazinamide is different from the 

other commonly used antibiotics that function against the growing bacteria and no or little 

activity for non-growing persisters (Zhang et al., 2013). Even though PZA has a powerful 

sterilizing activity in vivo, it is said that it has no activity in vitro under normal culture 

conditions at neutral pH, but is active only at an acid pH (from pH 5.5 to pH 6) as seen in the 

phagosomal compartments in vitro (Whitfield et al., 2015; Zhang et al., 2013). For PZA to be 

toxic to Mtb under acidic conditions first requires its conversion to its functional form called 

pyrazinoic acid with the assistance of the enzyme pyrazinamidase encoded by the pncA gene 

(Che et al., 2021). Pyrazinamide is also known for its excellent ability to kill non-replicating 

persisters that other TB drugs cannot kill, which makes it an important drug to be included in 

any drug combination for treating drug resistant TB (Zhang et al., 2013).  

 

  1.5   Mycobacterium tuberculosis Drug Resistance  

 

Mycobacterium tuberculosis drug resistance is a biological incident that has been perceived 

since the discovery of streptomycin, the first ant-TB drug (Seung et al., 2015). Tuberculosis 

therapy and the effectual disease control strategies are challenged by the emergence of 

multidrug resistant (MDR) and extensively drug resistant (XDR) TB, and now poses a major 

threat to global public health (Palomino and Martin, 2014; Seung et al., 2015; Singh et al., 

2019). Drug resistance in TB is mainly effectuated exclusively by chromosomal mutations 

which interfere with the drug target itself or the bacterial enzymes that activate pro-drugs 
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(Unissa and Hanna, 2017). Multidrug resistant TB is caused by the resistance of the Mtb strains 

to at least two of the main drugs of TB therapy, which are INH and RIF (Palomino and Martin, 

2014). The Centre for Disease Control (CDC) state that many factors contribute to the 

resistance to anti-TB drugs. These factors include the misuse and mismanagement of these 

drugs, for instance, when wrong treatment is prescribed by health-care workers, when patients 

do not complete their full treatment course, the wrong prescribed time and dose for taking the 

treatment, poor quality of drugs, and when the supply of drugs is not always available (CDC, 

2016). Two broad categories of Mtb drug-resistance mechanisms have been reported and they 

are intrinsic drug resistance and acquired drug resistance. The intrinsic resistance is where the 

Mtb is not only resistant to the already introduced drugs but also to the ones that are newly 

introduced (Swain et al., 2020). The acquired drug resistance is inaugurated due to the origin 

of chromosomal mutations under selective pressure (Swain et al., 2020). These chromosomal 

mutations may include the mutations on the peroxide enzyme (KatG) associated with resistance 

to INH, and also chromosomal mutations in the quinolone resistance-determining region in 

position 90 to 94 of gyrA associated with resistance to fluoroquinolone (Palomino and Martin, 

2014). 

Drug resistance in Mtb progresses through a variety of procedures which include clonal 

interference, epistasis, cell envelop impermeability, efflux pump, drug degradation and 

modification, compensatory evolution, target mimicry and phenotypic drug tolerance (Al-

Saeedi and Al-Hajoj, 2017; Rojas et al., 2019). The drug-resistant TB advancement can be 

regulated by ensuring swift and suitable diagnosis, accurate and prudent utilization of drugs for 

therapy, sufficient infection management in the facilities of TB treatment, adherence of patients 

to drug processes and social perceptions on TB management (Singh et al., 2019; Dartois and 

Rubin, 2022). Better interventions can have a very important and considerable result on the 

capacity to lessen the mortality and morbidity related to the disease and to halt further spread 

of the disease (Dartois and Rubin, 2022). These interventions could also be improved by firstly 

understanding the biochemical, molecular and genetic core of resistance in order to be able to 

draw up novel therapeutic strategies and fight drug resistance (Singh et al., 2019). 

1.6 Mycobacterium tuberculosis genome and hypothetical proteins 

1.6.1 The Mtb genome 

Since its first isolation in 1905, the MtbH37Rv strain still remains the most pathogenic strain 

and has been extensively used worldwide in biomedical research leading to the clarification of 
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the metabolism, biology and evolution of this pathogen (Cole et al., 1998; Loerger et al., 2010; 

Camus et al., 2002). The Mycobacterium tuberculosis H37Rv is made up of 4.4 million base 

pairs and it contains approximately 4000 genes with an average G+C content of 65.6 % (Cole, 

1999; Smith, 2003; Advani et al., 2019). The H37Rv strain has been widely used in laboratories 

because of its ability to retain its virulence since its identification (Cole et al., 1998; Loerger et 

al., 2010). Mycobacterium tuberculosis has some unique features shown by its annotation with 

over 200 of its genes being annotated as encoding fatty acids metabolism enzymes (Smith, 

2003; Kootery and Sarojini, 2022). This large number of genes that function in fatty acids 

metabolism may be related to this pathogen’s ability to grow in the tissues of an infected host, 

where the main carbon source may be the fatty acids (Smith, 2003; Loerger et al., 2010).  

According to Cook et al., the Mycobacterium genus encompasses about a hundred of closely 

related species as judged by their 16sRNA sequence comparisons (Cook et al., 2009). This is 

in relation to 50 genes encoding stable RNA species and 3294 genes encoding proteins that 

were identified by means of Bioinformatics (Cole et al., 1999). This rapid diversification of 

this genus is based on the innovation of the Polymerase Chain Reaction (PCR) for DNA 

sequences amplification and the 16srRNA sequences recognition as phylogenetic markers 

(Cook et al., 2009).  

1.6.2 The Hypothetical Proteins (HPs) 

A study by Muzandu and Mulder state that, in the face of a constantly growing amounts of 

biological data, including primary data, such as genomic sequences, and functional genomic 

data from high-throughput experiments, there is an insufficiency in the functional annotation 

for a vast amount of recently sequenced proteins (Muzandu and Mulder, 2012). Hypothetical 

Proteins (HPs) are proteins that are thought to be expressed from an open reading frame but do 

not have experimental verification of translation (Ijaq et al., 2019; Yang et al., 2019). In many 

bacterial genomes, for example, about 40 % of identified proteins are classified as 

“uncharacterized” or “unknown” or “hypothetical” proteins, or with similar identification that 

it simple means that there is no functional indication for the open reading frame in question 

(Doerks et al., 2012; Muzandu and Mulder, 2012; Raj et al., 2017). The hypothetical proteins 

have known-unknown regions whose biological properties have not been identified and no 

functional links that are discovered (Ijaq et al., 2019).  

Mycobacterium tuberculosis genome sequence is available on the National Centre for 

Biotechnology Information (NCBI) database and consists of 4019 genes encoding 3906 
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proteins (Raj et al., 2017; Yang et al., 2019). The Mtb H37Rv whole genome has been 

sequenced for better understanding of the Mtb virulence and immunity (Yang et al., 2019). 

Hypothetical proteins are thought to have some crucial roles in the progression of the diseases 

and the survival of the pathogen in many species (Gupta et al., 2016; Yang et al., 2019). A few 

of these hypothetical proteins such as the Rv0079 and Rv3873, have been studied 

experimentally and characterized. The Rv0079 was discovered to be a DosR regulon that 

prevents protein synthesis and interacts with TLR2 to elevate cytokine secretion (Mishra, 2009; 

Yang et al., 2019). The Rv3873 was discovered as being a member of the protein family that 

is essential for the Mtb’s endurance in different environmental conditions (Daugelat et al., 

2003; Yang et al., 2019). These results prove that hypothetical proteins can have critical 

functions in the survival of Mtb, even though their functions are still unclear (Yang et al., 

2019). 

Several bioinformatics tools were utilized for the forecast and comprehension of these 

hypothetical proteins (Raj et al., 2017). Only 250 of the Mtb’s hypothetical proteins were 

analysed using several bioinformatics web tools including Basic Local Alignment Search Tool 

(BLAST), INTERPROSCAN, and Protein Families (PFAM) database to name a few. 

However, more work and research still needs to be conducted for the analysis of the function 

of 1055 uncharacterized proteins that were isolated from the Mtb’s H37Rv strain (Raj et al., 

2017).  

Proteins with unknown functions account for roughly half of the Mtb genome (Muzandu and 

Mulder, 2012). This big number of uncharacterized proteins limits the potential to utilize these 

data (Muzandu and Mulder, 2012). One of the vital duties in the post genomic era is genome 

annotation, where functions to gene products are allocated according to amino acid sequences 

(Muzandu and Mulder, 2012). The biological examination of organisms has advanced from a 

single gene approach to a whole genome focus, allowing a chance to explore the genes inside 

their context in a cell (Muzandu and Mulder, 2012). 

1.7. The Rv3218 gene, a hypothetical Diacylglycerol Kinase 

According to Mycobrowser database, the Rv3218 gene is a conserved hypothetical protein, also 

labelled as Non-essential gene. Rv3218 gene was identified during a study conducted by 

Chiliza et al., 2019. Like other hypothetical proteins, the Rv3218 gene may have some crucial 
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roles in the survival of the pathogen and the progression of the diseases caused by Mtb. A 

deeper understanding of this gene might give insights on the development of novel vaccines 

and other crucial TB diagnostic tools. It is thought to be bound in the membrane of Mtb H37Rv 

and is hypothesised to have a Diacylglycerol kinase activity. Diacylglycerol kinase (DGK) is 

the enzyme which phosphorylates diacylglycerol (DG) using Adenosine triphosphate (ATP) as 

a source of the phosphate resulting in the production of phosphatidic acid (PA) (Shirai and 

Saito, 2014). Diacylglycerols and Phosphatidic acids are deep-rooted second messengers 

(Giusto et al, 2010; Sakane et al., 2020) and are both very critical signaling molecules (Shirai 

and Saito, 2014; Eichmann and Lass, 2015). Diacylglycerol kinases serve as regulators of the 

balance between DG and PA since they are DG consumers and PA generators (Sakane et al., 

2020). Diacylglycerol controls the activity and localization of a number of proteins such as 

chimerins, protein kinase C (PKC), Unc-13, and Ras guanyl nucleotide-releasing protein 

(RasGRP) (Shirai and Saito, 2014). Phosphatidic acids on the other hand activate a number of 

enzymes including phosphatidylinositol 4-phosphate 5-kinase, mammalian target of rapamycin 

(mTOR), and atypical isoforms of PKC (Shirai and Saito, 2014). In that way, DGK is known 

to be a main enzyme essential for the regulation of a number of cellular responses by controlling 

the balance of the two lipid messengers (Shirai and Saito, 2014). 

A study by Van Horn and Sanders state that Diacylglycerol kinase (DAGK) activity was 

initially discovered in Escherichia coli (E.Coli) by Pieringer and Kunnes in 1965, then Chang 

and Kennedy demonstrated that DAGK is not frequently the primary source of PA, which is 

essential for the route of de novo glycerophospholipid formation. Rather, successive acylation 

of 3-phosphoglycerol typically produces this pool of PA. After locating the dgkA gene that 

codes for DAGK in 1978, Raetz and Newman used genetic and biochemical research to 

demonstrate that one of DAGK's primary roles in E.coli is to engage in the membrane-derived 

oligosaccharide (MDO) cycle (Figure 1.4) (Van Horn and Sanders, 2012; Möbius et al., 2019). 

The MDO pathway includes conveying phosphoglycerol from the phosphatidylglycerol (PG) 

in the exterior leaflet of the plasma membrane (Van Horn and Sanders, 2012). This process 

creates a diacylglycerol which is in turn phosphorylated by DAGK right after it crosses the 

plasma membrane to reach the innermost leaflet (Van Horn and Sanders, 2012). This means 

that DAGK acts as a converter of a lipid (DAG) into a non-toxic phosphatidic acid (PA), which 

is the central intermediate in the biosynthesis of glycerophospholipids in bacteria (Möbius et 

al., 2019). 
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Figure 1.4: Physiological role of diacylglycerol kinase in the membrane-derived 

oligosaccharide (MDO) cycle of bacteria (Möbius et al., 2019). 

In the beginning of the 1980s, it is stated that the dgkA gene and the neighbouring DNA were 

sequenced and it was found that trans-acting mutations in a locus called the dgkR can augment 

the transcription of this gene (Van Horn and Sanders, 2012). The dgkA gene was also noted to 

be situated closer to the plsB gene which is thought to encode the 3-phosphoglycerol 

acyltransferase that functions in the commencement of the phospholipid formation pathway in 

E. Coli including the PA as a vital intermediate (Van Horn and Sanders, 2012).

1.8. The Phosphatidic Acid (PA) 

Phosphatidic Acid is the comprehensible glycerophospholipid with an ancient known function 

of acting as a cornerstone for the formation of a variety of categories of glycerophospholipids 

(Kooijman and Burger, 2009; Thakur et al., 2019). Bacteria can produce a puzzling number of 

phospholipids that have important roles in the adjustment to the environment (Yao et al., 2013). 

Phosphatidic acid is also known to be a ubiquitous forerunner required for the formation of 

these molecules (Yao et al., 2013). Literature also suggest that phosphatidic acids are mainly 

the biosynthetic result of the esterification of two fatty acids onto the two hydroxyl groups 

of sn-glycerol-3-phosphate (G3P) (Yao and Rock, 2013). Beside its function in lipid 
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biosynthesis, phosphatidic acid is also thought to serve as the signaling molecule that regulates 

a number of aspects in cell biology as well as membrane transport (Kooijman and Burger, 2009; 

Thakur et al., 2019). 

1.9. Significance of the study 

Collectively, most parts of the above mentioned literature suggest that the hypothetical proteins 

may have some crucial roles in the survival of the pathogen and the progression of the diseases 

caused by many species. This means that the Rv3218 gene which is also hypothesized to be a 

Diacylglycerol Kinase (DAGK) might have very important roles in Mtb pathogenesis and 

survival. However, the function and the role of this gene is yet to be studied. This study focused 

on the characterization of the function of the Rv3218 gene in Mycobacterium tuberculosis 

further authenticating its potential as prospective candidates for interventions for TB therapies, 

diagnostics and vaccinations.  

   1.10. Study design 

1.10.1. Aim 

The aim of this study is to characterise the function of Rv3218 gene in Mtb through gene 

silencing and investigate its role during cell growth and bacterial pathogenicity. The goal is to 

construct a knockdown of the Rv3218 gene using a CRISPRi method on the Mtb chromosome 

so that the phenotypes of the mutant can be characterized and compared to wild type cells.  

1.10.2. Objectives 

1. To analyse and perform insilico cloning of the Rv3218 gene using a variety of

Bioinformatics tools such as; Mycobrowser, Pfam, Itaser, STRING, and clone manager

software

2. To construct Rv3218 knockdown mutant strains using the CRISPRi method

3. To phenotypically characterize the differences between the wild type and the Rv3218

mutant strains following these gene specific assays:

 Osmolarity assay

 Minimum Inhibitory Concentration assay
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Chapter 2: Materials and Methods. 

 

2.1. Ethics Approval  

 

The current study was approved by the Biomedical Research Ethics Committee (BREC), 

University of KwaZulu-Natal (BREC/00001516/2020).  

 

2.2. Bacterial Isolates and growth conditions 

 

Bacterial strains and plasmids that were used in this study are listed in Table 2.1 and 2.2 

respectively. Bacterial stocks were prepared for each strain on sterile nutrient broth media 

containing 200 mL of 100% Glycerol. 

 

2.2.1. Growth of E.coli XL-10 ultracompetent cells 

Escherichia coli XL-10 ultra-competent cells were grown on nutrient broth at 37°C overnight 

with shaking at 100 xg and the media was supplemented with 50 µg/mL of kanamycin. The 

strains were also grown on solid nutrient agar media containing the same concentrations of 

kanamycin and incubated at 37°C overnight.  

 

2.2.2 Growth of Mtb strains  

Mycobacterium Tuberculosis (Mtb) strains (Mtb H37Rv wild type and transformed Rv3218 

Knockdown) were grown in Middlebrook 7H9 liquid media supplemented with 0.5 % glycerol, 

0.05 % Tween 80, Oleic Acid Albumin Dextrose Catalase (OADC) (Sigma Aldrich) and 

appropriate antibiotic where necessary (kanamycin) at 37 °C (herein referred to as 7H9 media) 

with shaking at 100 xg unless stated otherwise. Antibiotic concentrations used were as follows: 

Kan 25 μg/mL.  Bacterial strains were also grown on Middlebrook 7H11 solid media 

supplemented with 0.5 % glycerol, OADC (Sigma Aldrich) and appropriate antibiotics 

(kanamycin) at 37 °C unless stated otherwise (herein referred to as 7H11 media). 
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Table 1.1. Bacterial strains used in this study 

Strains Genetic information References  

 

Escherichia coli 

XL10-Gold 

 

Mtb H37Rv  

 

 

 

Tetrr, endA1, recA1, relA1, 

laclqZ∆M15, gyrA96, Supe44, Hte 

 

 

 

A virulent Mtb reference strain,4.41 

Mbp long, 45 tRNA genes, 4081 

protein genes; 13 pseudogenes, 3 

rRNA, 30 ncRNA, 2 miscRNA genes, 

high G+C content   

 

 

(Agilent Technologies, 

USA) 

 

 

 

 

(Cole et al., 2006) 

 

 

Rv3218 KD 

 

 

A derivative of Mtb H37Rv carrying 

PLJR965.Rv3218KD, Kanr  

 

 

(This study) 

Tetr: tetracycline resistance, endA1: endonuclease deficient, recA1: recombinant deficient, 

laclqZ∆M15: blue-white screening. Kanr: Kanamycin resistance. Mbp: Million base pairs, 

tRNA: transfer RNA, rRNA: ribosomal RNA, ncRNA: non-coding RNA, G+C: guanine and 

cytosine.   

 

Table 1.2. Plasmids used in this study 

plasmid Genotype  Reference  

PLJR965 

Mtb CRISPRi  backbone that contains  

Sth1 dCas9 gene, TetR, kanr 

(Wong and Rock, 2021) 

PLJR965.Rv3218KD A derivative of PLJR965 plasmid 

carrying annealed oligos; kanr 

(This study) 

   

 

 

                

2.2.3 Brief description on the strains and plasmids used in this study 

 

The Mtb H37Rv is the virulent strain of Mycobacterium tuberculosis with a genome that is 

4.41 million base pairs long. The strain has a vast amount of genes that enable its survival and 
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growth, these include the tRNA and rRNA genes that assist in protein synthesis, the high 

Guanine-Cytosine composition which makes a very strong double helix structure (Cole et al., 

2006). 

  

The Escherichia coli XL10 Gold is the strain designed to exhibit the highest efficiency of 

transformation of larger plasmids and ligated DNA leading to faster growth and larger colonies. 

This high transformation efficiency is as a result of the Hte phenotype expressed in the strains. 

The XL10-Gold strain is endonuclease and recombination deficient for the improvement of the 

quality and standard of the DNA and the assurance of insert stability. The strain is tetracycline 

and chloramphenicol resistant (Kamal et al., 2013).   

 

The PLJR965 plasmid is used in the expression of the Sth1 dCas9 gene and the sgRNA from a 

Tetracycline Repressor (TetR)-regulated promoter. This plasmid consists of the L5 integrase 

which allows it to insert into the Mtb chromosome in the attB site. The Kanamycin resistance 

of the plasmid permits for plasmid transformants selection (Wong and Rock, 2021). 

 

 

2.3 Bio-informatics analysis of proteins for insilico cloning  

 

The delineation of Hypothetical Proteins (HPs) by bioinformatics is of utmost importance in 

the understanding and advancement of genes and proteins, with its main aim being to designate 

some details and data to these sequences (Silva et al., 2020).  One other important aspect of 

bioinformatics is gene annotation, which its main purpose is to associate functional elements 

across the sequence in a genome, thereby granting meaning to it (Salzberg, 2019). Annotation 

of hypothetical proteins in a genome plays an important role in comprehending the gene 

regulation, biological role, novel target identification, gene function and metabolic pathway 

analysis (Thakur et al., 2020).  In order to predict protein structure and to predict the gene 

function, bioinformatics analysis was conducted using different databases and online tools. The 

Rv3218 protein and gene sequences were downloaded from Mycobrowser database 

(https://mycobrowser.epfl.ch). Protein domain determination was carried out using the Sanger 

institute Protein families (pfam) tool (http://pfam.sanger.ac.uk/). Protein structure predictions 

and structure-based annotations were determined using Iterative Threading ASSEmbly 

https://mycobrowser.epfl.ch/
http://pfam.sanger.ac.uk/
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Refinement (I-TASSER) (https://zhanggroup.org). Protein-protein interaction functional 

enrichment analysis was performed on the Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING) database (https://string-db.org). Primer3 and celBiol (the bio-web) 

software were used for the designing of Polymerase Chain Reaction (PCR) primers 

(https://primer3.ut.ee) (http://www.cellbiol.com), primer sets for gene of interest were 

designed to contain a forward and reverse complement primer pair for designing the annealing 

oligonucleotides. Clone manager software (CMSuite9) was used for insilico cloning.  

 

 

2.4 Plasmid extraction  

  

   2.4.1 Bulk PLJR965 plasmid extraction using GeneJet plasmid midiprep kit  

This extraction was done according to manufacturer’s instructions (Thermo Fisher Scientific, 

SA). Briefly, 1 mL PLJR965 plasmid frozen stock was aliquoted into 50 mL of nutrient broth 

supplemented with 50 µg/mL of kanamycin. The PLJR965 culture was then grown overnight 

at 37 °C on the shaking incubator (Incubator shakers, Polychem Supplies). The cells were then 

harvested by centrifugation (Multifuge 3 S-R, Thermo Scientific, Germany) for 10 minutes at 

5000 × g. The supernatant was discarded and the pellet was re-suspended in 2 mL resuspension 

solution supplied in the kit. A volume of 4 mL solution II was added followed by mixing. The 

reaction was then allowed to sit at room temperature (25 °C -/+ 5 °C) for 5 min followed by 

mixing with 3 mL solution III. The reaction was then incubated on ice for 10 min followed by 

centrifuging (Multifuge 3 S-R, Thermo Scientific, Germany) for 40 min at 4000 × g. This step 

was done to pellet cell debris and chromosomal DNA. The supernatant was then transferred 

into a 15 mL tube (supplied in the kit) by decanting. A volume of 3 mL of 96 % ethanol 

(Thermo Scientific) was added and mixed immediately by inverting the tube 5 to 6 times. A 

volume of 5.5 mL of the sample was transferred to the supplied column pre-ensemble with 15 

mL collection tube (supplied in the kit). The sample was then centrifuged (Multifuge 3 S-R, 

Thermo Scientific, Germany) for 3 min at 2,000 × g in a swinging bucket rotor. The flow 

through was then discarded and the column was placed into the same collection tube. This step 

was repeated to process any remaining lysate through the purification column. A volume of 4 

mL of Wash Solution I was added to the purification column followed by centrifugation 

(Multifuge 3 S-R, Thermo Scientific, Germany)  for 2 min at 3,000 × g in a swinging bucket 

rotor. The flow through was discarded and the column was placed back into the sample 

https://zhanggroup.org/
https://string-db.org/
https://primer3.ut.ee/
http://www.cellbiol.com/
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collection tube. A volume of 4 mL of Wash solution II was added to the purification column, 

centrifuged (Multifuge 3 S-R, Thermo Scientific, Germany)   for 2 min at 3,000 × g in a 

swinging bucket rotor. The flow through was discarded and the column was placed back into 

the collection tube. The column was washed with Wash Solution II step was repeated followed 

by centrifugation (Multifuge 3 S-R, Thermo Scientific, Germany)  for 5 min at 3,000 × g in a 

swinging bucket rotor to remove residual Wash solution. The collection tube containing the 

flow-through was discarded. The column was transferred to the fresh 15 mL (supplied in the 

kit) collection tube. A volume of 0.35 mL of the elution buffer was added to the centre of the 

purification column membrane, incubated for 2 min at room temperature  (25 °C ± 5 °C)  and 

centrifuged (Multifuge 3 S-R, Thermo Scientific, Germany)  for 5 min at 3,000 × g in a 

swinging bucket rotor to elute plasmid DNA. The purification column was then discarded and 

the purified plasmid DNA was stored in -20 °C.  

 

2.5 Restriction digest for PLJR965 plasmid  

 

Before restrictions, the extracted plasmid was firstly quantified using a NanoDrop 2000 

(Thermo Fisher Scientific, Massachusetts, USA). Restriction digests were carried out using 

ThermoFischer restriction digest enzymes and the reactions were carried out according to 

manufacturer’s instructions. Briefly, 1 µg PLJR965 DNA was mixed with 2 µL 10X Tango 

Buffer (THermo Fisher Scientific), 20 mM Dithiothreitol (DTT) (Thermo Fisher Scientific), 1 

µL Esp3I (BsmBI) (10 U/µL) (Thermo Fisher Scientific, ER0451)  and 15 µL sterile distilled 

water. The reaction was then incubated at 37 °C for 1 hour, followed by heat inactivation at 80 

°C in a heating block (Dry bath incubator, MRC) for 10 min. This reaction was carried out on 

0.5 mL PCR tubes (MicroAmp reaction tubes, Thermo Fisher Scientific). 

2.6 Agarose gel electrophoresis 

 

Separation of high molecular weight DNA was accomplished by using 0.8 % agarose gel   made 

in 1 x Sodium Borate Buffer (made from a 20 x that contained 47 g boric acid (Merck Millipore) 

and 8 g sodium hydroxide (Sigma-Aldrich) mixed in 1 L distilled water (Merck Millipore, ). 

Electrophoresis was conducted in 1 x sodium borate buffer at 100 Volts (V) in electrophoresis 

tanks (Bio-Rad laboratories). To estimate the size of the bands, DNA molecular weight ladder 

(1 kb GeneRuler, Thermo Fisher Scientific) was used. Gels were visualized using G: Box 
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SYNGENE (Vacutec) system in conjunction with the GeneSys image acquisition software 

(Syngene v 1.8.0.5).  

 

2.7 Construction of a Knockdown using the CRISPRi system 

 

In this study, for the construction of a knockdown, the CRISPR/Cas9 system has been followed 

which allows for the coherent genome editing without leaving any other genomic scars. The 

Clustered Regularly Interspaced Short Palindromic Repeats interference (CRISPRi) is a 

genomic editing technology that utilizes the catalytically inactive CRISPR-associated protein 

(dCas9) and single guide RNA (sgRNA) to repress sequence-specific genes (Choudhary et al., 

2015). The sgRNA molecule contains the 20-nulceotides long sequence complementary to the 

target DNA, fused with the trans-activating CRISPR RNA which acts as a binding scaffold for 

the cas9 nuclease. The Cas9 protein contains four functional domains that assist in its mode of 

action namely; the REC I, the Bridge helix, the RuvC and HNH domains. The REC I is the 

largest domain that is in charge of binding the sgRNA and the Bridge Helix domain is important 

for initiating cleavage activity on binding of the target DNA. The role of the HNH and the 

RuvC, as nuclease domains, is to cut single stranded DNA (Qi, et al., 2013). 

The Cas9 binds to the sgRNA and forms a protein-RNA complex. The protein-RNA complex 

then binds to the specific DNA targets adjacent to the Protospacer Adjacent Motifs sequence 

(PAM), which are used to mark proper target sites, leading to the cleavage of the target DNA 

as a result of the Cas9 nuclease activity by the RuvC and HNH domains (Qi et al., 2013). The 

Protospacer Adjacent Motifs is a very short DNA sequence, usually 2-6 bpd long that follows 

the DNA region targeted for cleavage by the Cas9. The CRISPR/Cas9 system can be modified 

or altered for target gene regulation other than gene disruption. The major components of this 

modification is a catalytically dead cas9; termed dCas9, that lacks the endonuclease activity 

(Zhao et al., 2017). In the case of a nuclease-deficient dCas9, which consists of two 

substitutions in the nuclease domains (D10A and H840A), if the target DNA sequence locates 

inside the Open Reading Frame, the dCas9-sgRNA-DNA complex will block the movement of 

the RNA polymerase from binding to the promoter leading to transcription inhibition of the 

target gene, thereby causing gene silencing (Zhang et al., 2001). This hindrance of transcription 

occurs in the sgRNA base-pairing genomic locus (Peters et al., 2016).  
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Figure 2.1: Schematic representation of CRISPRi approach for gene silencing. RNAP: RNA 

polymerase, sgRNA: single guide RNA, Cas9: CRISPR-associated protein 9 (Qi et al, 2013). 

 

To achieve the Rv3218 knockdown in Mtb H37Rv, the Rv3218 specific complementary 

sequence was cloned into the sgRNA expression cassette in the PLJR965 plasmid. This 

included firstly the manual design of the single guide-RNA that targets the Rv3218 gene 

sequence. The sgRNA was designed to target the non-template strand within the ORF of 

Rv3218 which allows for the most efficient gene silencing, and the targeting required the 

Watson-Crick base pairing and the use of suitable strong PAM sequence which was identified 

from the list of PAM sequences in table 1.2. This was then followed by the digestion of a large 

plasmid (PLJR965) with a restriction enzyme (BsmBI) to clone the sgRNA. The transcriptional 

repression was mediated by the exploitation of the Anhydrotetracycline (ATc) which was 

directed to the specific DNA target by ATc-inducible sgRNA which inhibits transcription 

initiation or elongation.  
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Table 1.3. The list of published PAM sequences together with their fold repression 

ability and their standard deviation 

 

 

2.7.1 Primer design 

 

To clone the Rv3218 sg-RNA, two oligonucleotides were designed; forward primer which 

corresponded to the sgRNA sequence, and the reverse primer which was the reverse 

complement of the forward primer. Firstly, the PAM sequence for designing the sg-RNA was 

identified downstream of the target sequence on the non-template strand. The sg-RNA 

sequence was designed to be 20 nucleotides long. Since transcription in mycobacterial species 

initiates most efficiently with the nucleotide A or G, the sequences were designed in a way that 

the 20th nucleotide is A or G. The primers were designed to have the dcas9 handle sequences 

for binding with the dcas9 from the CRISPRi backbone vector PLJR965. The BamHI sequence 

was included in the primers for plasmid DNA confirmation or screening. Primers used in this 

study were ordered from Inqaba Biotechnologies, South Africa.  
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Table 1.4. Primer sequences used in this study 

Genes  Primer sequence (5’ – 3’) Description  

Rv3218  

Forward: gggaggatccgcggctttcgagggcgtgcg 

Reverse: aaaccgcacgccctcgaaagccgcggatcc 

 

21’ bp of the Rv3218 

sequence yielding an 

sgRNA that binds to the 

dCas9  of PLJR965 

 

Knockdown 

screening  

Forward: gcggctttcgagggcgtgcg 

 

Reverse: ggagaaaggcggacaggtat 

 

Screening primers that 

yield a 507 bp amplicon. 

Forward primer binds at 

155 to 174 bp of Rv3218 

sequence and reverse 

primer binds at 561 to 681 

bp of PLJR965  

   

Bold: dCas9 handle sequences, Bold: BamHI sequence  

 

      2.7.2 Annealing of the oligonucleotides  

 

The annealing process involves two single stranded oligonucleotides that have complementary 

sequences with heating followed by cooling. Heating is said to break all the hydrogen bonds 

leading to the disruption of any secondary structure within each oligonucleotide and cooling 

facilitates hybridization as new hydrogen bonds form between the complementary sequences. 

The oligonucleotides that were used in this study were annealed using a thermocycler (Bio-

Rad T100 Thermal Cycler, Lasec). Briefly, a volume of 4 µL of each oligo (forward and reverse 

strand; stock concentrations 100 µM in water) was added to 42 µL of annealing buffer (10mM 

Tris, pH7.5; 50mM NaCl; 1Mm EDTA) to a total of 50 µL. The reaction was performed in 0.5 

mL PCR tubes. The primers were annealed in a thermal cycler (Bio-Rad T100 Thermal Cycler, 

Lasec) with the following program: heating at 95 °C for 2 min followed by cooling at 25°C for 

15 min.  
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2.7.3 Ligations of the CRISPRi backbone (PLJR965) DNA and the annealing oligos 

The ligation reactions were carried out using Fermentas T4 DNA ligase (5 U/µL) (Thermo 

Fisher Scientific). For optimal ligation conditions, the molar ratios of 1:1 and 1:2 vector: insert 

were used in all reactions. A constant amount of 9 ng of BsmBI-digested and heat killed 

CRISPRi backbone was used for all ligation reactions. 

 Ligation reactions were set up in 20 µL volumes containing 9 ng digested PLJR965, 1 µL and 

2 µL annealed oligos (for 1:1 and 1:2 reactions respectively), 2 µL ligase buffer (Thermo Fisher 

Scientific), 1 µL T4 DNA ligase and was filled up to 20 µL with sterile distilled water. The 

reactions were then incubated at room temperature for 2 hours.  

2.7.4 Preparation of chemically ultra-competent cells 

The XL-10 Gold ultra-competent cells were used because of their highest transformation 

efficiency and they exhibit faster growth and they generate larger colonies. The XL-10 

Ultracompetent cells (5 x 100 µL) were ordered from Agilent Technologies, USA. For making 

a stock, 5 µL was taken from a 100 µL vial and plated on nutrient agar plate containing 100 

µg/mL ampicillin. The plate was then incubated at 37 °C overnight (CO2 incubator, Thermo 

Scientific). The Carbon dioxide incubator was used to maintain an optimal environment for 

cell growth by providing carbon dioxide control in a humidified atmosphere with constant 

temperatures. The colony was then picked from the plate and re-suspended aseptically on 10 

mL of nutrient broth containing 50µg/mL chloramphenicol which was then incubated by 

shaking at 37 °C overnight. Stocks were made by aliquoting 800 µL of the culture into 200 µL 

sterile glycerol (Thermo Scientific) on 1 mL micro centrifuge tubes (Eppendorf) and stored at 

-80°C.

For competent cells, a vile of the frozen stock was added to 10 mL of nutrient broth containing 

50µg/mL chloramphenicol on a conical flask and was then incubated by shaking overnight at 

37 °C. This step was done to allow treatment of the cells with antibiotics to control 

contamination. A volume 1 mL of the overnight culture was then added into 50 mL nutrient 

broth and was then incubated by shaking at 37 °C for 2 hours to ensure that the cells have 

reached exponential phase. The culture was immediately transferred to 50 mL falcon tubes 

(Thermo Scientific) and was placed on ice for 10 min followed by centrifuging at 4000 x g for 
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10 min at 4 °C. The supernatant was discarded and the pellet was re-suspended gently in 1 mL 

ice cold 100 mM calcium chloride (CaCl2) then transferred into a fresh micro centrifuge  

(Eppendorf) tube. The cells were centrifuged at 15 000 xg on a table top centrifuge (Centrifuge 

5415 D, Eppendorf) for 30 seconds. The supernatant was discarded and the pellet was re-

suspended gently in ice cold 100 mM CaCl2. The cells were then incubated on ice for 2 hours.  

 

2.7.5 Transformation of XL-10 ultracompetent cells 

 

This method was followed according to standard procedures for XL10-Gold ultracompetent 

cells transformation (Agilent, USA). Briefly, two 14-mL BD Falcon polypropylene round-

bottom tubes (Thermo Scientific) were pre-chilled on ice (one tube was for the experimental 

transformation and one tube was for the Puc18 control). The NZY+ broth (detailed on the 

appendix section) was pre-heated on 42 °C on a water bath (Labotec) for 15 min. The ultra-

competent cells were thawed on ice. A volume of 100 µL of cells was gently mixed and 

aliquoted into each of the pre-chilled 14-mL BD Falcon polypropylene round-bottom tubes. A 

volume of 4 µL of the ß-Mercaptoethanol (Agilent Technologies) mix was then added to each 

aliquot of cells. The tubes were swirled gently followed by incubation on ice for 10 min, with 

swirling every 2 min. A volume of 2 µL of the ligation mixture were added to the tubes for the 

experimental transformation. The Puc18 control DNA was diluted 1:10 with sdH20, then 1 µL 

of the diluted Puc18 DNA was added to the other aliquot of cells. The tubes were swirled 

gently, then incubated on ice for 30 min. the tubes were then heat-pulsed in a 42 °C water bath 

for 30 seconds. The tubes were incubated on ice for 2 min. 0.9 mL of pre-heated (42°C) NZY+ 

broth was added followed by incubation at 37 °C for 1 hour with shaking at 225 × g . A volume 

of 200 µL of the transformation mixture was plated on nutrient agar plates containing the 

appropriate antibiotic (kanamycin). For the Puc18 control transformation, 5 µL of the 

transformation was plated on kanamycin plates. All the plates were incubated at 37 °C 

overnight.  

2.7.6 Confirmation of colonies containing the CRISPRi Knockdown 

 

For the confirmation of the colonies containing the knockdown plasmid, bulk plasmid 

extraction (GeneJet midiprep kit as previously describe in this study) was performed from each 

colony. After extraction, the DNA was then quantified using a NanoDrop. The extracted 

plasmid was then digested with BamHI for the analysis of the presence and the orientation of 
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the insert and for the plasmid size. The restriction digest protocol was as follows: BamHI (10 

U/µL), 10X red buffer, and 50 ng of knockdown plasmid DNA. The extracted and restricted 

plasmids were then separated using gel electrophoresis with the expected band size of 8636 

base pairs for the extracted plasmid and double bands for the restricted plasmid; 6067 bp and 

2569 bp.   

2.8 Electroporation into Mtb 

Mycobacterium Tuberculosis (Mtb) was grown at 37 °C for 7 days to an OD600nm of 0.6 - 0.8 

in a final volume of 100 mL 7H9 media, using a stationary phase pre-culture as an inoculum. 

The cells were harvested at 2 630 × g for 10 min at 4 °C and the pellet was then washed 4 times 

by gentle resuspension in consecutive steps of 45 mL, 20 mL, 10 mL and 5 mL of ice-cold 10 

% glycerol, followed by centrifugation at 2 630 × g for 10 min at 4 °C. The final cell pellet was 

re-suspended in 2 mL ice-cold 10 % glycerol and these competent cells were used immediately. 

Up to 5 μg plasmid DNA was added to a 400 μL aliquot of Mtb competent cells. This was 

transferred to a 0.2 cm electroporation cuvette (Bio-Rad laboratories) and pulsed using the 

following conditions: 2.5 kV, 25 μF and 1000 Ω in the Electro Cell Manipulator (BTX ECM 

630). The cells were rescued immediately with 800 μL 2 × TY for at least 3 hours at 37 °C and 

thereafter plated on Middlebrook 7H11 media containing the appropriate supplements and 

antibiotics, followed by incubation for 5 weeks at 37 °C before scoring Colony forming units 

(CFU). 

2.9 DNA manipulation 

      2.9.1 Cetyltrimethylammonium bromide (CTAB) DNA extraction 

Bacterial strains were grown on 7H11 agar for 5 weeks and the resulting cells were harvested 

by pool scraping the surface of the agar plate and resuspending the cells in 500 μL TE buffer 

followed by incubation at 65 °C for 35 min. The cells were incubated at room temperature to 

cool down. Thereafter, a 50 μL aliquot of lysozyme (10 mg/ml) was added to the sample and 

incubated at 37 °C for 1 hour, subsequently 70 μL of 10 % SDS and 6 μL of proteinase K (10 

mg/mL) was added and the sample was incubated at 65 °C for 2 hours. Following incubation, 
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100 μL 5 M NaCl and 80 μL pre-warmed CTAB/NaCl was added, mixed and incubated at 65 

°C for 10 min. An equal volume of 24:1/Chloroform:Isoamyl alcohol was added, followed by 

mixing and centrifugation at maximum speed for 5 min at room temperature. The aqueous layer 

was subsequently transferred into a fresh Eppendorf tube followed by the addition of 0.6 

volume equivalent isopropanol and centrifugation for 20 minutes at room temperature. The 

supernatant was discarded, and the pellet was washed in 70 % ethanol followed by drying using 

an Eppendorf Concentrator 5413 D. The DNA pellet was resuspended in 50 μL sterile distilled 

water (sdH2O) and quantified using NanoDrop and stored at 4 °C. 

2.9.2 Screening of positive knockdown mutants 

The extracted DNA was then used in PCR reactions using DreamTaq (Thermus aquaticus) 

Polymerase for the screening of positive knockdown mutants. Taq polymerase was chosen 

because of its ability to amplify fragments at much higher temperatures without denaturing. 

PCR reactions were set up in 25 µL volumes containing 1X DreamTaq polymerase buffer, 0.2 

mM dNTP, 0.5 µM forward and reverse primers (Rv3218 gene specific forward and CRISPRi 

universal reverse), 50 ŋg template DNA and 1.25 U DreamTaq DNA polymerase. The reactions 

were then incubated in a thermo cycler with the following parameters: the initial denaturation 

at 95 °C for 3 minutes, followed by denaturation at 95 °C for 30 seconds for about 35 cycles, 

annealing temperature which was dependable on each set of primers used for 30 seconds, then 

first extension at 72 °C for 1 minute, which was then followed by the final extension at 72 °C 

for 10 minutes.  

2.10 Analysis of bacterial growth 

         2.10.1 Growth patterns analysis 

For the analysis of the growth patterns of wild type and knockdown strain, growth curve 

experiments were conducted. For this, a pre-culture was set up by inoculating 1 mL of frozen 

culture into 10 mL 7H9 containing 25 µg/mL Kanamycin for the mutant strain. The cultures 

were then incubated overnight at 37 ºC shaking at 100 rpm. The preculture was then diluted to 

a final OD600nm of 0.05 in 50 ml 7H9 media. The cultures were made in triplicates; Wild type, 

Rv3218 mutant without ATc and Rv3218 mutant with 100 ng/mL ATc. The cultures were then 
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incubated at 37ºC for 16 days. Growth was determined by recording OD600nm 

measurements at 24 hour intervals and data was displayed as a line chart.  

2.11 Minimum Inhibitory Concentrations (MICs) 

The Minimum Inhibitory Concentrations (MIC) for each agent against the Mtb H37Rv wild 

type and the Rv3218 knockdown were determined by means of broth microdilution method 

using the Middlebrook 7H9 broth (Difco, United States). Each antibiotic was preliminary 

dissolved to obtain a stock solution which was then diluted to get an appropriate starting 

concentration. The solvents that were used in this study were water and alcohol, depending on 

the type of antibiotics. All the required antibiotics that were used in this study were from 

Sigma-Aldrich (St. Louis, USA) and they are: Ofloxacin, Meropenem, Erythromycin and 

Colistin sulphate salt. Stock for Ofloxacin (1mg/mL) was prepared using sterile distilled water, 

Meropenem (100mM) was also dissolved with sterile distilled water, Erythromycin (10mg/mL) 

was dissolved in 95 %ethanol and Colistin sulphate salt (50mg/mL) was dissolved in sterile 

distilled water. The working concentrations were as follows: Ofloxacin (25.6 – 0.02) µg/mL, 

Meropenem (128 – 0.02) µg/mL, Colistin Sulphate salt (32 – 0.03) µg/mL, Erythromycin (160 

– 0.12) µg/mL.

Bacterial strains were grown until an OD600nm of 0.3 was reached. Microtiter plates were set 

up using 96 well plates containing 12 rows (row 1 to row 12) with rows 11 and 12 containing 

the positive and the negative controls respectively. The positive control was the bacterial 

cultures without antibiotics, and the negative control was sterile 7H9 broth. Antibiotic stocks 

containing the initial concentrations for each antibiotic (Ofloxacin 25.6 µL/mL, Meropenem 

128 µL/mL, Colistin Sulphate Salt 32 µL/mL, Erythromycin µL/mL) were set up on 1 mL 

tubes (Eppendorff). Thereafter, a 100 µL volume of the antibiotic stocks was inoculated into 

first row of the microtiter plate for each antibiotic.  Following that, a volume of 50 µL of 7H9 

media was inoculated into row 2 to row 10. An aliquote of 50 µL of the antibiotic stock from 

row 1 from each antibiotic was inoculated into row 2 followed by mixing, and 50 µL was 

aliquoted from row 2 into row 3. This was done through to row 10 and 50 µL was aliquoted 

from row 10 and discarded since row 11 and 12 were controls. The bacterial cultures (OD600nm 

0.3) were diluted 1000 folds on 14 mL tubes and 50 µL of the diluted cultures was added to 
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each well (excluding row 12). The plates were sealed on plastic bags and incubated in an 

atmosphere of 5 % CO2 with a relative humidity of 37 °C for 7 days. Plates were checked after 

24 and 72 hours for contamination. The plastic bags were critical to prevent evaporation of the 

culture in the wells and was also essential for biological containment. This was also done to 

prevent the risk of accidental spillage during handling. The plates were read inside the 

biological cabinet. For all the antibiotics, the lowest antimicrobial concentration with no visible 

growth was considered to be the MIC. 

 

2.12 Osmolarity Assay  

 

Osmolarity is a dynamic and fundamental physiochemical property of microbial environments. 

Different microbial species use different characteristics, including their cell wall components 

and cell wall genes for survival in different osmolarity conditions. In Mtb, the Rv3218 mutant 

(hypothesized to be a dgk), is said to not grow competently on nutrient media of low osmolarity 

(Raetz and Newman, 1977). In this study, to assess whether the Rv3218 mutant strains grow 

on nutrient media of low osmolarity, growth of the wild-type strain was compared to the growth 

of the knockdown strain on a liquid media with altered osmolarity. Sauton’s media was the 

media of choice and Sodium Chloride (NaCl) was the base that was used to adjust the 

osmolarity.  

Sauton’s Minimal Media with different NaCl concentrations (0 %, 0.5 %, 2 %, 5 % and 10 %) 

were prepared. Firstly, 1 mL frozen stocks of each strain; wild type and mutants, was grown 

onto 10 mL 7H9 broth on 50 mL cell culture flasks (Lasec) until OD600nm of 1.6 was reached. 

Following this, the wash step was required for the total removal of the 7H9 since a different 

media (Sauton’s media) was going to be used. This was conducted by transferring the bacterial 

culture into 50 mL falcon tubes (Lasec) and centrifuging (Multifuge 3 S-R, Thermo Scientific, 

Germany) for 20 minutes at 4000 xg. The supernatant was then discarded and the pellet was 

resuspended in 10 mL Sauton’s Minimal Media (without NaCl). The wash process was 

repeated 2 times to be certain that the 7H9 media was completely washed off. The pellet from 

the second wash was then resuspended in 10 mL Sauton’s Minimal Media in order to obtain 

the inoculum. From the inoculum, the OD reading was taken to check if the OD readings taken 

before washing did not change. Following that, for each NaCl concentration, three 20 mL 

minimal media cultures were set up on 200 mL cell culture flasks with ventilation caps (Lasec), 

these included (i) Wild type, (ii) Knockdown with no ATc, (iii) Knockdown with ATc (100 
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ng/mL). The cultures were set up with a starting OD600nm of 0.05 and incubated at 37 °C in a 

CO2 incubator (Thermo Scientific). Growth patterns of wild type and knockdown strains were 

determined by conducting growth curve experiments. Optical Density readings were taken 24 

hours apart for 15 days until death phase. 

 

2.13. Statistical analysis 

 

All data for all the triplicate cultures from the conducted experiments were recorded into 

Microsoft Excel sheet and were then analysed using a statistical analysis t-test. The data was 

tabulated using OD 600 nm readings, mean (AV), and standard deviation (SD). The mean was 

necessary for finding the p-value which determines the statistical significance between the 

samples, and the standard deviation was necessary for determining the error bars for each 

experiment. A p-value ˂0.05 was used as a reference to institute statistical significance of 

comparisons. 

 

 

Chapter 3: Results  

 

3.1 Bioinformatics analyses of the Rv3218 gene 

 

In this study, we allowed use of some bioinformatics softwares and tools to predict the function 

of a hypothetical protein, Rv3218 identified from the Mtb H37Rv genome (strain ATCC25618).  

As the initial means of identifying the function of the Rv3218 gene, we first searched it on 

Mycobrowser (Mycobacterial browser), which is a comprehensive and extensive genomic and 

proteomic data receptacle for infectious mycobacteria. It provides manually-curated gene 

annotations and suitable tools to advance proteomic and genomic research of these organisms. 

On mycobrower, the Rv3218 gene was found to be 966 bp long, located at 3594468 bps on the 

positive strand of the Mtb genome and is situated 519 bp downstream of Rv3217c (Figure 

3.1.1) the protein product of which is a probable conserved integral membrane protein, and 700 

bp upstream whiB1 gene which is a regulatory protein involved in transcriptional mechanism.   

The Rv3218 gene was found to have a molecular mass of 34474.5 Da, isoelectric point of 
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9.2926 and a protein length of 321 amino acids. Also found to be similar to several hypothetical 

bacterial proteins which include the Q9F3M0|2SC7G11.03c from Streptomyces coelicolor 

(322 aa), Q9A0J4|SPY0752 from Streptomyces pyogenes (340 aa) and O31502|YERQ from 

Bacillus subtilis (303 aa); where aa stands for amino acids. Overall, from the findings above, 

the Rv3218 gene is predicted to code for a probable cell wall protein and functions in cell wall 

processes, and is also thought to be a transcription regulator.  

One other important aspect to look at when searching for a function of a hypothetical protein 

is to look at its orthologues. Orthologues are defined as proteins or genes in dissimilar species 

that are thought to have evolved from the same or a common ancestral gene by speciation, and 

as a result, orthologues keep the same function or activity during the course of evolution (Fang 

et al., 2010). By looking at and knowing the function of the orthologues of the gene, one can 

be able to predict the function of a given gene. The identification of orthologues is an evaluative 

process for reliable forecast of gene function in recently sequenced genomes. The Rv3218 gene 

orthologues include Mb3244 from M. bovis, ML0805c from M. leprae, MMAR_1339 from M. 

marinum, MSMEG_1920 from M. smegmatis. These orthologues are conserved proteins that 

are predicted to have kinase activities. Figure 3.1.1 shows the location of the Rv3218 gene on 

the Mtb genome, and the neighbouring genes as seen on Mycobrowser.  

 

 

 

Figure 3.1.1: illustration of the localisation of the Rv3218 gene and the neighbouring genes on 

the Mtb genome on the Mycobrowser online tool.  

  

Searching for functional domains and crucial regions of the protein is another important stride 

on Hypothetical protein function prediction and characterization. Domains are structural and 

https://mycobrowser.epfl.ch/genes/Mb3244
https://mycobrowser.epfl.ch/genes/ML0805c
https://mycobrowser.epfl.ch/genes/MMAR_1339
https://mycobrowser.epfl.ch/genes/MSMEG_1920
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functional parts of a protein, which are normally associated to particular function or interaction, 

partaking to the functionality of the protein at large (Basu et al., 2009; Silva et al., 2020). In 

this regard, pfam was used. Pfam is one of the most useful databases of protein families and 

their domains that is extensively used to study novel genomes, metagenomes and to conduct 

experimental activity on certain proteins and systems (Mistry et al., 2021). When the protein 

sequence of Rv3218 was searched on pfam, it was found to have a predicated molecular 

function of a kinase activity where it is predicted to be involved in the catalysis of the transfer 

of a phosphate group, usually from ATP, to a substrate molecule. The similar proteins were the 

DAGKc domain-containing proteins from different species which include Colletotrichum 

fioriniae and many more. Searching for Rv3218 conserved domains on InterProScan was 

feasible to identify important components that corroborate with Mycobrowser results, 

conveying that Rv3218 has domains that are mainly conserved in different families of kinases, 

mainly the diacylglycerol kinase.  

 

 

Figure 3.1.2: Results for functional domains, families and essential regions of the Rv3218 

hypothetical protein. Results obtained by InterProScan platform. Purple lines represent the 

closely related domains, blue line represents the homologous superfamily, and the strong blue 

lines represent the neighbouring superfamilies.  

Specifically, figure 3.1.2 (extracted from InterProScan) shows domains and the homologous 

superfamilies’ of Rv3218 gene. A homologous superfamily is a family or a group of proteins 

that have the same evolutionary origin, shown by their structural similarities (Bray et al, 2000). 

 

 

 

https://www.ebi.ac.uk/interpro/protein/UniProt/A0A010QEP1/
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The Rv3218 protein shares similar catalytic domain with the number of Diacylglycerol kinases 

that serve as protein kinase C activators with their catalytic domain presumed from the 

discovery of bacterial homologues including the Escherichia coli YegS protein. Rv3218 gene 

also shows regions of resemblances with some proteins of a homologous superfamily, 

Diacylglycerol kinase, including the Nicotinamide Adenine Dinucleotide (NAD) kinase which 

also function in cell wall processes. This shows that not only that the protein may be related to 

kinase metabolism, but it indicates that Rv3218 probably shares evolutionary origins with the 

other proteins in this homologous superfamily. On InterProScan it was also shown that the 

closely related structure of Rv3218 protein (Figure 3.1.3) was the diacylglycerol kinase 

structure that represented 100% similarities. Figure 3.1.4 shows the Rv3218 most similar 

structural models from other microorganisms as seen on iTASER. The most closely related 

(model A and B) are both YegS genes from E. coli and Salmonella typhimurium which are also 

annotated as probable lipid kinases. 

 

 

A                                                                              B 

 

 

Figure 3.1.3. Predicted 3D structural depiction of the hypothetical protein Rv3218 performed 

by comparison with the 3D structure of Diacylglycerol kinase. The Rv3218 protein structure 

(A) represents 100% similarity with the Diacylglycerol kinase structure (B).  
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D  E 

Figure 3.1.4: Illustration of Rv3218 closely related structural models from iTASER. Relation 

decreases from A to E. The most closely related (model A and B) are both YegS genes from E. 

coli and Salmonella typhimurium which are also annotated as probable lipid kinases. 

Another way of predicting the protein function is to look at its interactions. Proteins and their 

functional interactions institute the foundation of the cellular machinery and the way they are 

connected needs to be considered for the comprehensive knowledge of biological phenomena 

(Szklarczyk, 2019). The STRING (v11.5) database focuses on collecting, scoring and 

integrating all publicly obtainable origins of protein–protein interaction details, and to 

supplement these with computational forecasts. Its main objective is to attain a comprehensive 

and objective global network, including both physical and functional interactions (Szklarczyk, 

2019). Figure 3.1.5 below (STRING v11.5) shows Rv3218 protein interaction with other 
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proteins. Coloured circle nodes represent  proteins that are first shell of interactors, and the 

lines represent protein-protein associations, meaning that  the Rv3218 proteins jointly 

contributes to a shared function with each protein that appears on the list and this does not 

automatically mean that they are physically binding to each other. The known interactions are 

represented in blue lines.  

 

 

 

Figure 3.1.5: Illustration of Rv3218 gene and its interacting protein. Image extracted from 

STRING database.   

On STRING, we also looked at gene co-occurrences. Co-occurrence of proteins and genes in 

sequenced genomes depends on the fact that proteins do not work or function in isolation and 

are reliable on other proteins, either as direct binding partners, or as catalysts of substrates 

(Muller and Ancuso, 2008). We found that gene co-occurrence in MtbH37rv strain denoted a 

100% similarity between the Rv3218 protein and diacylglycerol kinase. 
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Figure 3.1.6: Schematic representation of the co-occurrence between Rv3218 and 

Diacylglycerol kinase in different bacterial species, including the Mtb H37Rv. The black arrow 

points at Mtb H37rv. The darker shades represent 100 % similarity and the lighter shades 

represent no similarity.  

Overall, these results indicate that the Rv3218 protein is similar to Diacylglycerol kinase. 

However, laboratory experiments were done in order to confirm this hypothesis.  

3.2. Construction of Rv3218 knockdown 

Gene knockdown is a molecular technique which is one of the major strategies that have been 

used in molecular and cell biology research to establish the function or role of a particular gene. 

In this study, we followed the method of a CRISPRi system that is based on the ability of dead 

Cas9 protein in compound with the sgRNA to bind specifically to the target gene and sterically 

block transcription and elongation at the sgRNA base-pairing genomic locus (Evsyutina et al., 

2022). 

In the approach that was followed, dCas9 is directed by inducible  sgRNA to a target sequence 

in the genome, from where it binds but does not cleave the DNA. Consequently, the dCas9 can 

prevent transcription when it binds to the regulatory region or the promoter of the targeted gene 

which in this case its Rv3218 gene. The DNA sequence does not get altered, so when the cell 

naturally clears the dCas9 enzyme, the targeted gene is free to be expressed again.  

For a specified gene knockdown, we synthesized, annealed and cloned the target-specific 

complementary oligonucleotide sequences into BsmBI-digested PLJR965 backbone that 

carries the dcas9 cassette as described in Materials and Methods section. The BsmBI special 

restriction enzyme introduces editable overhangs in order to circumvent the addition of more 

nucleotides in the course of the assembly of the sgRNA. For marking the proper target site for 

binding, the PAM sequence, situated below the specific forward primer in the Rv3218 

https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM
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sequence, was found to be AGCAG, which is amongst the list of the PAM sequences that are 

regarded as ‘strongest’ from the published PAM consensus for Sth1 dcas9 (Rock, 2017) as 

illustrated on Materials and Methods section. The sgRNA was designed in a way that it is made 

up of mainly two regions, the 5′ variable region that is specific for target DNA binding, and 

the 3′ constant region that binds to the dCas9.  

 

For in vitro experiments, we firstly did bulk plasmid extraction of PLJR965 plasmid followed 

by digestion with BsmBI. The restricted plasmid was then heat killed at 85 °C on a heating 

block. Heating at higher temperatures result in the complete inactivation of the restriction 

enzyme so that it does not compete with the ligase enzyme during ligations. The plasmid was 

then run on an agarose gel electrophoresis (using a 1kb GeneRuler) as described on the 

Materials and Methods section. Figure 3.2.1 confirms that the restricted plasmid displayed 

expected sizes predicted for the PLJR965 plasmid which is 8606 bps for the cut plasmid. 

Figure 3.2.1 A corresponds with the predicted plasmid map and the expected banding patterns. 

The extracted and restricted plasmid was then ligated with the annealed oligos followed by 

transformation as described in the Materials and Methods section. After transformation, four 

colonies were picked after an overnight incubation. Bulk plasmid extraction was performed on 

the chosen colonies, the plasmid DNA was then digested with BamHI followed by 

fragmentation on gel electrophoresis as described previously. The sizes were 8636 bps for the 

unrestricted knockdown plasmid, and for the restricted knockdown it was 6067 bps and 2569 

bps.   
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Figure 3.2.1: (A) Illustration of the PLJR965 plasmid construct that was used in this study. 

The plasmid map was generated using SnapGene viewer and the clone manager software. (B) 

Shows the plasmid sizes after restriction. (C) Gel image of unrestricted (lane 1) and restricted 

PLJR965 (lane 2 and 3; 8606 bp) 

. 

Restriction 
Enzyme 

Expected sizes (bp) 

BsmBI 8606 
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A                                                                                          B 

                                                                                         

C 

              

 

 

Figure 3.2.2: Illustration of the Rv3218 gene knockdown plasmid constructed using a CRISPRi 

dcas9 system. A Shows the knockdown plasmid map generated on clone manager. B shows the 

prediction of band sizes for the digested Rv3218 gene knockdown as shown on clone manager 

software. C shows the gel image (using 1 kb generuler) of unrestricted knockdown (lane 1 - 4) 

at the band size of 8636 bps and restricted knockdown (lane 6-9) at the band size of 6067 bps 

and 2569 bps as seen on clone manager. 

                                                                                             

Restriction 
enzymes 
       

Expected 
sizes (bp) 

BamHI 6067 
 
2569 
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After confirming the colonies with the Rv3218 gene knockdown, the knockdown plasmid was 

introduced to Mtb cells via electroporation as described in the materials and methods section. 

After electroporation, the cells were plated on Middlebrook 7H11 media containing the 

appropriate antibiotics as described on materials and methods section, followed by incubation 

for 5 weeks at 37 °C before scoring Colony forming units (CFU).  

After scoring the colony forming units, DNA was extracted from the colonies using the CTAB 

method as described in the Materials and Methods section. We then used the DNA (489.5 

ng/uL) for the screening of positive knockdown mutants via a polymerase chain reaction. 

Figure 3.2.3 shows a fragment (507 bp) generated by amplifying the CRISPRi universal 

reverse primers and specific forward primers.  

                          

 

 

                      

 

Figure 3.2.3: Gel image results for the screening of positive mutants showing amplification at 

507 bps. Lane 2 shows the correct band size (507 bp).  

From these results, we can conclude that the CRISPRi dcas9 gene knockdown was successful 

as all the predicted size for all the steps were obtained. From here, we then further on tested 

the effect of this gene knockdown on the growth of Mtb on 7H9 media and stated on the 

materials and methods section. 

  

507 bp 
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3.3 Growth patterns analysis 

Bacterial growth can be more prone to variations due to changes in internal and environmental 

conditions (Vidal et al., 2022). The analysis of bacterial growth play a principal role in the 

discovery of the regulation of gene expression and in the development of modern microbial 

physiology (Klumpp and Hwa, 2014). Here, we distinguished growth patterns of Mtb wild type 

strain in comparison with the Rv3218 knockdown (without ATc and with 100 ng/ml ATc) on 

7H9 media by conducting growth curves. ATc was added to the culture to mediate the 

repression of Rv3218 gene transcription. The PLJR965 plasmid consist of a Tet promoter (Ptet) 

which controls the binding of RNA polymerase for transcription. When ATc is added, it binds 

to the Tet promoter, inhibiting the binding of the RNA polymerase which prevents the initiation 

or the elongation of transcription. Higher concentration of ATc (100 ng/ml) was chosen to 

ensure the highest efficiency of transcription regulation (Rock et al., 2017).

Growth curves define the cell population density in liquid culture over time, usually obtained 

by measuring OD of cell populations. Bacterial growth for all the strains showed no statistically 

significant difference as the p-value results from the t-test showed a p-value greater than 0.05 

(p= 0,2). It is quite evident on figure 3.3.1 that there was no much observable difference in the 

growth rate of the wild type strain compared to the knockdown strain (with and without ATc), 

as they reached the stationary phase (OD 600nm of 2) on the same time point (day 13). In the 

approach taken here, the results are presented in a form of a line graph which consists of OD 

measurements with respect to time in intervals of 2 days.  
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Figure 3.3.1: Growth curves of MtbH37Rv Wild type and Rv3218 Knockdown (KD) with ATc 

and without ATc, grown on 7H9 media. Each point in the graph is equivalent to the average of 

three determinants. Error bars were identified using the standard deviation of the triplicate 

cultures. The black line represents the Wild type, green line represents the Rv3218 Knockdown 

without ATc, and the purple line represents the Rv3218 Knockdown supplemented with 100 

ng/ml ATc.  

 

3.4. Minimum Inhibitory Concentrations (MICs) 

 

Inefficiency of medical therapies employed to treat patients infected with bacteria requires not 

only to actively search for novel therapeutic strategies but also to attentively choose antibiotics 

based on a number of parameters. Minimal inhibitory concentration (MIC) describes in vitro 

levels of susceptibility or resistance of particular bacterial strains to applied antibiotic. 

Definitive evaluation of MIC has a crucial impact on the choice of a therapeutic procedure 

which may affect the coherence of an infection therapy (Kowalska-Krochmal and Dudek-

Wicher, 2021). The objective of this study was to determine minimum inhibitory 

concentrations (MIC) of frequently used antimicrobials for Mtb and to evaluate possible 

differences in MIC between WT and mutants. This was done to check if the silencing or the 

repression of the Rv3218 gene will have an impact on the susceptibility of Mtb to certain 

antibiotics.  

0

0,5

1

1,5

2

2,5

3

1 2 3 4 5 6 7 8 9 10 11 12 13 14

O
D

 6
0

0
 n

m

Time (Days)

WT KD KD + Atc (100 ng/ml)



 

47 

 

 

The strains were tested for antimicrobial susceptibility using broth microdilution. The MIC 

plate layout showing the different antibiotics used in this study and their concentrations on each 

well is listed in the appendices section as table 3.1. Antibiotics were chosen with the following 

objectives; the one that functions in cell wall synthesis, one that inhibits replication, one that 

inhibits protein synthesis, and one that targets the cytoplasm. Ofloxacin blocks immoderate 

supercoiling of DNA during replication or transcription, in other words, it inhibits normal cell 

division (Graham and Tripp, 2022). Meropenem functions in cell wall synthesis by infiltrating 

through bacterial cells and interfering with the synthesis of crucial cell wall constituents, 

leading to cell death (Dhillon, 2018). Colistin Sulphate Salts target the cytoplasm by inserting 

its hydrophobic terminal acyl chain leading to the enlargement of the exterior outer membrane 

monolayer (Andrade et al., 2020). Erythromycin inhibits protein synthesis simple by binding 

to the 23S rRNA in susceptible bacteria (Farzam et al., 2022).  

 

 

 

Figure 3.4.1: Graphic representation of the Minimum Inhibitory Concentration of four 

antibiotics on Wild type vs Knockdown strain (with and without ATc). Error bars were 

identified using the standard deviation of the triplicate cultures and were plotted on the graph. 

Oflo: Ofloxacin; Mero: Meropenem; Coli: Colistin Sulphate Salt; Ery: Erythromycin.  
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From the results illustrated above, we observed that there was no much noticeable difference 

between the wild type strain and the knockdown strains for Ofloxacin and Colistin sulphate 

salt, with slight differences in growth of the strains against Meropenem and Erythromycin. The 

MIC of the wild type strain for Ofloxacin was 0.8 µg/ml which is equivalent to the knockdown 

strain both with and without ATc. For Meropenem, the wild type and the knockdown strain 

supplemented with ATc had the same MIC which is 1µg/ml. the MIC values for Colistin 

sulphate salt was 1µg/ml for all the strains. For Erythromycin, the wild type had the MIC of 

10µg/ml, similar to that of the knockdown strain supplemented with ATc. Based on these 

results, we can suggest that the knockdown of the Rv3218 has no impact on susceptibility of 

Mtb to the tested antibiotics. The t-test showed no statistically significant differences between 

the wild type and the knockdown strain as the p value was greater than 0.05 (p˂0.05).  

3.5. Osmolarity Assay 

Osmotic stress is among a variety of environmental hazards encountered by microbes 

throughout the course of contamination (Hatzios et al., 2013). Bacteria have an ability of 

adapting to exceedingly different microenvironments, but in a number of organisms, the 

transcriptional programs, signaling pathways, and downstream physiological changes that 

occur during adaptation are of uncertainty.  The bacterial reaction to extracellular signals 

depend on varied transcriptional regulators (Hatzios et al., 2013).  

As Mtb continues to cause havoc in public health, understanding of the Mtb-host relations is of 

greater importance as it has a huge potential in revealing novel junctions which can be targeted 

for diagnostic and therapeutic purposes. The comprehension of the Mtb-host interaction can be 

possible firstly by uncovering the dimensions of the native environment that this 

microorganism respond to, and also looking at how the basic aspects of Mtb biology relate to 

responses from the environment and success of colonization, (MacGilvary and Kevorkian, 

2019). As hypothetical proteins have unknown functions, it can be highly possible that they 

have major roles in assisting the pathogenic bacteria to survive on different environmental 

conditions. In this study, Rv3218 gene is hypothesized to have a diacylglycerol activity. A 

study by Raetz and Newman, 1977; indicates that strains that bare the dgk mutant do not grow 

well on media of low osmolarity. To confirm whether the Rv3218 gene really has a function of 
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a dgk, we conducted the osmolarity assay where a media with different osmolarity levels was 

made. Consequently, we cultured Mtb H37Rv in Sauton’s minimal medium containing 0%, 

0.5%, 3%, and 5% (w/v) NaCl for 16 days. These concentrations were chosen because they 

simulate common hypotonic medium formulations and physiologic concentrations of NaCl 

encountered in the host niches where Mtb resides (MacGilvary and Kevorkian, 2019). For this 

assay, we firstly had to choose suitable osmolyte and a medium that can be modified to 

establish different osmolarity conditions. In this case Sauton’s minimal media and NaCl were 

chosen as the media of choice and an osmolyte respectively.  

To study the effects of this media on the mutant strains compared to the WT strain, growth 

curves were conducted and were monitored by OD 600 nm for 15 days. The OD 600 nm was 

measured against time (24 hrs apart). Shown below are the growth curves from Sauton’s 

minimal media with varying osmolarity (indicated by different NaCl concentrations). The 

results show that the number of alive cells in Sauton’s minimum media supplemented with 0% 

(Figure 3.5 A) and 0.5% (Figure 3.5 B) is significantly higher than at other concentrations, 

which are 3% (Figure 3.5 C) and 5% (Figure 3.5 D). This result is compatible with previous 

reports that increased concentrations of Osmolarity by NaCl inhibits the growth rates of other 

bacterial species (Pang et al, 2020). However, according to what the statement says ‘the dgk 

mutants do not grow well in media of slow osmolarity’, the results are somehow in 

disagreement with what is stated.  The results show the lowest osmolarity having the highest 

growth, and the highest osmolarity with the most inhibited growth. No growth difference was 

observed between the Wild type and the mutant strains in all the concentrations. 3% NaCl 

shows very slow growth with no growth detected in 5% NaCl. 
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A   B 

C  D 

Figure 3.5: Growth of Mtb wild type (WT) vs Rv3218 knockdown (KD) (with and without 

ATc) on media of different osmolarity adjusted by varying concentrations of NaCl. A and B 

show growth of strains in low osmolarity (0% and 0.5% NaCl); C and D show growth in high 

osmolarity (3% and 5% NaCl). Each point in the graph is equivalent to the average of three 

determinants. Error bars were identified using the standard deviation of the triplicate cultures. 

The black line represents wild type, orange line represents Knockdown (KD) without ATc, and 

purple line represents Knockdown with ATc.  

0

0,02

0,04

0,06

0,08

0,1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

O
D

 6
0
0
 n

m

Time (Days)

5% NaCl

KD WT KD = Atc (100 ng/ml)

0

0,5

1

1,5

2

2,5

3

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

O
D

 6
0
0
 n

m

Time (Days)

0% NaCl

WT KD KD +Atc (100 ng/ml)

0

0,5

1

1,5

2

2,5

3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

O
D

 6
0

0
 n

m

Time (days)

0.5% NaCl 

WT KD KD +Atc (100 ng/ml)

0

0,5

1

1,5

2

2,5

3

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

O
D

 6
0
0
 n

m

Time (Days)

3% NaCl 

WT KD KD+Atc (100 ng/ml)



 

51 

 

From these results, it is observable that the knockdown strain (both with and without ATc) is 

growing similarly with the wild type. No statistical significant difference was found amongst 

the strains in all osmolarity levels as p value was greater than 0.05 (p=0.1 at 0% NaCl; p=0.09 

at 0.5% NaCl; p=0.14 at 3% NaCl; p=0.3 at 5% NaCl). This is in contradiction with the 

statement that the dgk mutants do not grow well on nutrient media of low osmolarity as there 

was much abundance of growth on 0% NaCl and 0.5% NaCl which are regarded as of low 

osmolarity. This can possibly mean that the Rv3218 gene does not have the dgk activity as low 

osmolarity did not affect the growth of all the strains.  

 

Chapter 4: Discussion  

 

Mycobacterium tuberculosis (Mtb) is a recurrent bacterium that causes tuberculosis and still 

persists as a prime pathogen for mortality. This etiological medium of human TB has been 

identified by Robert Koch for over a century (Chai et al., 2018),  meaning that a vast amount 

of time has passed since this discovery and we are still nowhere near close to eliminating this 

fatal disease (Mishra and Surolia, 2018). As a matter of fact, this infectious agent still continues 

to be a major drawback for human health. Besides causing TB infection, there is a developing 

evidence that indicates Mtb’s association with numerous other human diseases including 

autoimmune diseases, pulmonary complications, and metabolic syndromes (Chai et al., 2018). 

The emerging of current drug-resistant strains of Mtb further complicates the condition, leading 

to greater difficulties of treatment by regular therapy regimens (Mishra and Surolia, 

2018). Humans are the sole reservoir for Mtb’s existence and dispersion, meaning that it will 

be much more difficult to eradicate until the extinction of the human race (Mishra and Surolia, 

2018). The global consequence of multidrug-resistant TB (MDR TB) is reported by the World 

Health Organization (WHO) as being a major public health crisis (Sullivan and Amor, 2016). 

This resistance is caused by Mtb’s exceptional ability to interfere with the antimicrobial 

response of the host (Parbhoo et al., 2022). This pathogen utilizes detailed tactics to cope with 

varied host-induced stressors by regulating its physiological state and metabolism for the 

extension of its survival (Parbhoo et al., 2022).  

A variety of genes have different functions that aid at Mtb’s virulence and survival to different 

environments. In general, genes are the functional sections of a DNA which have an ability to 

express themselves and are each responsible for a specific characteristic. Determining the 
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important genes and predicting their function is of greater significance in assisting with the 

understanding of Mtb’s pathogenesis for the successful eradication of this pathogen 

(Sivashankari and Shanmughavel, 2006). Even though the Mtb’s genome has been broadly 

explored for more than two decades, about 27% of its proteins still have no functions assigned 

to them, and they are annotated as hypothetical proteins (Yang et al., 2019; Silva and, 2020). 

The genome of any species contains hypothetical proteins that have crucial involvement in 

several signaling pathways and cellular processes (Naveed et al., 2022). Hypothetical proteins 

play critical roles in the mechanism of the disease, host adaptation, vaccine production, 

designing of drugs and production of antibiotics (Naveed et al., 2022). 

By understanding the importance of Hypothetical proteins, in the current study, we explored 

the characterization of the function of the Mtb hypothetical protein, the Rv3218 protein which 

has a hypothetical function of a diacylglycerol kinase. We first exploited a number of 

bioinformatics tools for recovering and analysing the gene’s biological data in an attempt to 

assign the function of this protein. On Mycobrowser, we found the size, neighbouring genes, 

and the location of Rv3218 in the Mtb genome. The location describes the exact position of the 

gene on the chromosome. Knowing the location also made it feasible to determine the closest 

genes that are already annotated. The significance of analysing the physicochemical variables 

of hypothetical proteins is mainly useful in the transition from the insilico analysis to in vitro 

studies (Silva et al., 2020). For example, knowing the isoelectric point of a protein will make 

it possible to adjust the pH for experimental analysis of the given protein (Silva et al., 2020) 

and knowing the gene length can be essential for the construction of a recombinant DNA 

plasmid.  From the insilico analysis, we also found that the Rv3218 protein shares a variety of 

similarities and traits with the Diacylglycerol kinase, including the domains, interactions, and 

protein structures as well as belonging to the same superfamily of kinases. This led to high 

possibilities that the Rv3218 gene is a diacylglycerol kinase with cell wall functions, 

particularly lipid biosynthesis. Diacylglycerol kinases, located in the plasma membrane (Van 

Horn and Sanders, 2012), are large members of a conserved and distinctive family of 

intracellular lipid kinases that function in the catalysis of the conversion of Diacylglycerol into 

phosphatidic acid (Merida et al., 2008). Phosphatidic acids are connected to a variety of 

functions in the cell wall, including membrane trafficking, cell growth, migration and 

differentiation (Wattenberg and Raben, 2007; Merida et al, 2008). 

There are several studies that focused at characterising the functions of hypothetical proteins 

in Mtb via gene deletion. These studies include a study by Owens et al., who proved that Mtb 
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Rv2252 encodes a diacylglycerol kinase involved in the biosynthesis of phosphatidylinositol 

mannosides (PIMs) (Owens et al., 2006).  In the present study, to prove that the Rv3218 is a 

diacylglycerol kinase, we exploited a CRISPRi dcas9 molecular system to construct a targeted 

gene knockdown in Mtb for in vitro analysis of the Rv3218 gene. CRISPRi focuses on mediated 

repression of transcription by a (Ptet) dcas9  inducible by Anhydrotetracycline (ATc), which is 

directed to the specific DNA targets by an ATc-inducible  expressed sgRNA, which prevents 

transcription initiation or elongation (Rock et al., 2017).  There is a variety of published studies 

that have shown successful transcription repression using the CRISPRi dCa9 system which 

include repression in E, coli (Tong et al., 2021), Staphylococcus aureus (Penewit and 

Salipantse, 2020), and Acitenobacter baumanni (Wang et al., 2019). However, the system has 

some major shortcomings which include the partial or incomplete inactivation of the gene of 

interest and potential off-target effects (Karlson et al., 2021). Our results suggest that our 

attempt to construct a gene knockdown was successful, the sgRNA 20-nt base-pairing region 

was able to bind to the target DNA by complementary base pairing and to the dcas9 via the 

dcas9 handle site leading to the formation of the sgRNA-dcas9-DNA complex (Myrbråten et 

al., 2019). This is consistent with several findings from other studies that used the CRISPRi 

system for gene silencing, including the study by Choudnay et al., where they constructed a 

CRISPRi system for gene silencing in mycobacteria for the characterization of essential genes 

in the mycobacterial genome.  

To test the effect of the repressed transcriptional expression of the Rv3218 gene on growth and 

survival of Mtb, we firstly conducted growth curves for the analyses of the growth patterns on 

the wild type strain compared to the Rv3218 knockdown strain. This was done to observe 

differences in growth of Mtb when the Rv3218 gene is suppressed in comparison with the 

MtbH37Rv wild type. Our growth curve results show that the knockdown strains were growing 

at the same rate as the wild type. The statistical analysis did not show any significant difference 

among the strains. This means that this mutation did not interfere with the critical growth 

properties which may include the utilization of essential carbon or nitrogen sources necessary 

for growth (Hibbing et al., 2010). This can imply that the Rv3218 gene can be classified under 

non-essential genes as growth was not inhibited under its repressed transcription (Fang et al., 

2005). However, this contradicts the findings from Mycobrowser which denoted that this gene 

has cell wall and transcriptional functions. 

After conducting growth curves, we then performed biological assays to investigate and 

analyse the function of Rv3218 gene. We conducted antimicrobial susceptibility testing (MICs) 
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to test the effect of the Rv3218 gene knockdown on Mtb comparing susceptibility of the wild 

type strain to the knockdown strains. The MICs were conducted to test if this hypothetical 

protein plays an important role in Mtb drug resistance since it is stated that some hypothetical 

proteins may possibly play crucial roles in disease progression and survival of the pathogens 

(Gazi et al., 2018). Antimicrobial susceptibility testing is a crucial step in the development of 

effective and efficient treatment regimens (Getahun et al., 2022). For obtaining the proper MIC 

results, we considered some few elements including proper method choice, precise adherence 

to labelling rules, and adequate interpretation of the results (Kowalska-Krochmal and Dudek-

Wicher, 2021). The MICs of Ofloxacin, Meropenem, Colistin sulphate salt and erythromycin, 

were determined against Mtb strains (wild type and knockdown) by the standard broth 

microdilution methods on microtiter plates using antibiotic concentrations ranging from 0.02- 

25.6 µg/ml for Ofloxacin, 0.12-128 µg/ml for Meropenem, 0.03-32 µg/ml for Colistin Sulphate 

Salt, and 0.12-160 µg/ml for erythromycin. This method of susceptibility testing was chosen 

because of numerous advantaged including faster reporting of results as compared to other 

methods, and the microtiter plates method is much easier to set up and provides accurate 

reading of results (Hall et al., 2011). The MICs were delineated as the lowest concentrations at 

which no visible turbidity was observed (Shandil et al., 2006; Kowalska-Krochmal and Dudek-

Wicher, 2021). Our findings suggest that the silencing of the Rv3218 gene showed no pivotal 

impact in the antimicrobial susceptibility of Mtb against all the antimicrobials that were tested 

in this study as there was no significant differences on the MIC results of the knockdown as 

compared to the wild type strain. The results also suggest that this gene does not play major 

roles in antimicrobial susceptibility of Mtb to these antimicrobials.  

The understanding of the bacterial factors that mediate the survival of Mtb in the host 

environment is a challenge to our understanding of mycobacterial pathogenesis (Owens et al., 

2006). Throughout the Mtb’s cycle of infection, Mtb experiences and lives in distinct 

environments within the human body including nutrient deficient, nitrosative, acidic, and 

hypoxic niches, instituted both extracellularly and intracellularly. It also experiences different 

osmolar and electrolyte stresses (Larrouy-Maumus et al., 2016; Fen Li et al., 2021).  Osmotic 

stress is a physiological debilitation formed by an unexpected alteration in the concentration of 

the solutes around a cell which leads to a swift change in the motion of water across its cell 

membrane (Csonka, 1989). The deeper understanding of how microbes perceive and counter 

act to the changes in extracellular osmolarity is still not clear (Hatzios et al., 2013), although it 
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is said that osmotic variations change the turgor pressure which can damage metabolic activity 

and protein folding.  

In this study, we followed a statement by (Raetz and Newman, 1977) that states that dgk 

mutants do not grow well on nutrient media of low osmolarity. As dgk leads to the synthesis 

of high amount of lipids, it makes it hard for the cell wall to absorb enough solutes that are 

essential for growth. Low osmolarity media means not enough solutes. Cell wall rich in lipids 

needs more solutes that will serve as emulsifiers to break down the lipids to allow for more 

nutrient absorption necessary for growth (Escorbar et al., 2017). Our attention on osmotic stress 

was also persuaded by the fact that Mtb has the great abilities to adjust to different changes in 

osmolarity of the environment as it moves between mucosal epithelia, airborne droplei nuclei, 

alveolar macrophages, caseous granulomas, and mecrotic cells (Hatzios et al., 2013). As 

Rv3218 is hypothesized to have a dgk activity, we sought to develop an osmolarity assay to 

check if there’ll be any difference in the growth of MtbH37rv strain in comparison with the 

Rv3218 knockdown strain.  

The osmolarity of Sauton’s minimal media was adjusted by adding NaCl to final concentrations 

of 0%; 0.5%; 3%, 5% (w/v), with the notion that the higher the NaCl concentration, the higher 

the osmolarity.  NaCl has been used in a number of published studies to adjust osmolarity of a 

nutrient media including a study by (François Gagné, 2014); (Schwan et al, 2002) and 

(Rebollo-Ramirez and Larrouy-Maumus, 2019). We conducted growth curves of Mtb Wild 

type and mutant strains for all the concentrations of NaCl. We observed that the highest 

osmolarity (5%) resulted in the inhibition of the growth of all the strains, with 3% showing 

very slow growth. This may be due to the fact that the cell envelope composition is greatly 

affected by drastic changes in osmolarity (Larruoy-maumus, 2019). The cell envelope 

functions in cell protection, cell interactions with the environment, and most importantly, cell 

growth (Holst et al, 2009). Any distraction to the cell envelope interrupts the state of cell 

electrolytes, which can then lead to the activation of death pathways such as apoptosis (Silhavy 

et al., 2010). We also found that the number of viable cells in Sauton’s minimal media 

supplemented with 0% and 0.5% NaCl (low osmolarity) was remarkably higher than on other 

tested osmolarity levels. This may be as a result of Mtb’s Peptidoglycan structure that forms a 

strong, hard layer exterior the plasma membrane permitting the bacterium to withstand the 

consequences of changes in different osmotic pressure (Angala et al., 2014; Pavelka et al., 

2014). These findings are similar to the findings by Rebollo-Ramirez and Larrouy-Maumus, 
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2019, where they were characterizing the response of Mtb to osmotic stress using physiological 

varies of NaCl. They also found that as osmolarity levels increase, the more the Mtb growth is 

inhibited. The results are also compatible with the preceding reports that showed the elevated 

osmolarity levels inhibit growth patterns of most if not all bacterial species (Schwan et al., 

2002). This can be due to the fact that fluctuations in osmolarity change the turgor pressure 

which then leads to the impairment of metabolic activity and protein folding (Hatzios et al., 

2013; Auer and Weibel, 2017). 

 

CONCLUSION 

 

In sum, we constructed an in vitro assembled dCas9/sgRNA system to silence Rv3218 gene in 

order to characterize its function in Mycobacterium tuberculosis. The gene is hypothesized to 

have a diacylglycerol kinase activity. First and foremost, it can be taken into consideration that 

hypothetical proteins do not have enough published data that can assist in their study and 

research. In this study, the findings provide the first evidence of Growth curves, MICs, and 

osmolarity experiments conducted on the Rv3218 gene. These experiments have shown that 

the Rv3218 gene has no impact on the growth of Mtb and no impact on the antimicrobial 

susceptibility of Mtb to the antimicrobials that were used in this study. Our findings also 

suggest that the Rv3218 gene does not act as a diacylglycerol kinase as it is hypothesized to be. 

However, before concluding that this gene does not act as hypothesized, we suggest that more 

advanced studies; that may include the use of a gene knockout where a gene is completely 

deleted rather than silenced; still need to be conducted in order to confirm the hypothesis as we 

could not do them due short time frames.  
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APPENDICES 

Appendix A: Culture media: 

 

Nutrient Broth (NB): 

 

15g nutrient broth powder, 1000 ml sdH20 

 

Middlebrook 7H9: 

 

4.7 g Difco Middlebrook 7H9 powder, 2 ml glycerol, 900 ml dH2O, 10 ml 100X glucose-salt,  

2 ml Tween80 

 

Middlebrook 7H11: 

 

19 g Difco Middlebrook 7H11 powder, 5 ml glycerol, 900 ml dH2O, 10 ml 100X glucose-salt 

 

Sauton’s minimal media (pH 7.2): 

 

4 g asparagine, 0.5 g magnesium sulphate, 2 g citric acid, 0.5 g potassium 

dihydrogenorthophosphate, 0.05 g ammonium ferric citrate, 48ml glycerol then sterilized by 

filtration. 

NZY+ broth: 

10 g NZ amine (casein hydrolysate), 5 g yeast extract, 5 g NaCl, 1 litre dH2O, (pH 7.5 adjusted 

using NaOH then autoclaved). Add filter-sterilized 12.5 ml of 1 M MgCl2, 12.5 ml of 1 M 

MgSO4, 10 ml of 2 M glucose. 

 

Tween80 (25 %): 

 

10 ml Tween80 dissolved in 40 ml dH2O then sterilized by filtration 
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Appendix B: Solutions 

DNA manipulation solutions: 

1 M Tris-HCl         : 60.56 g Tris, pH 8.0 with HCl, 500 ml dH2O final volume 

0.5 M EDTA         : 18.6 g powder, pH 8.0 with NaOH, dH2O 

Soln I  : 50 nM glucose, 25 mM Tris-HCl, 10 mM EDTA, pH 8.0 

Soln II  : 0.2 M NaOH, 1.0 % SDS 

Soln III : 5 M potassium acetate, 11.5 ml glacial acetic acid, 88.5 dH20, pH 4.8 

Sodium Borate Buffer: 47 g Boric Acid, 8 g Sodium Hydroxide, 1000 ml sdH20 

Chloroform: Isoamyl alcohol   :  24 ml chloroform, 1 ml isoamyl alcohol 

Phenol: chloroform     :   1 ml phenol, 1 ml chloroform 

Sodium acetate :  3M sodium acetate dissolved in dH2O (autoclaved) 

CTAB/NaCl :    4.1 % NaCl, 10 % N-cetyl-N, N, N-trimethyl ammonium bromide 

  dissolved in dH2O (filter sterilized) 
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Appendix C: Molecular weight markers 

 

  

 

 

 

 

Appendix D: Bioinformatics analysis: 

 

Rv3218 gene sequence from Mycobrowser: 

gggcccggaagctgcctgactggccgaccggcccgctgcccaaggtacgcgtcgccgccgcccttccg
ccacctgccgactacctgacccggatcggccgcgcacgggatctgctggccgccttcgacggcccgtt
gcacaaagtggtgctcgcgcgcgccgtgcaactgaccgccgatgctccgctggacgcgcgggtactgt
tgcgcaggttggtcgtcgccgacccgaccgcttacggctatctcgtcgacctcacctctgcgggcaac
gacgacaccggggcagccctggtcggcgccagcccagagcttctggtcgcacgatccggcaatcgcgt
catgtgcaagccatttgccggctcagccccacgcgccgccgaccccaaactcgacgccgccaacgcgg
ccgcactagccagttcggccaagaaccgacacgaacaccaattggtcgtcgacacgatgcgggtagcc
ctagagccactatgcgaggacctgacaatcccagcccagccccagttgaaccgcaccgcagccgtttg
gcatctgtgcaccgcgatcaccggccggctgcgcaacatctcgacgacggcaatcgatctggctttgg
cgctacatcccaccccggcggttggtggggtcccgacaaaagctgccaccgagctcatcgccgaactc
gagggcgaccgtggcttctacgccggcgcggttggttggtgcgacggccggggcgacggccattgggt
ggtgtctatccggtgcgcgcaactttcggctgatcgacgcgcagcccttgcgcacgctggcggtggca
tcgtcgccgaatcagaccccgatgacgaacttgaagaaaccacaacgaagttcgccacgatattgacc
gcactgggagttgagcagtgaccgataccatccgccgcgctacaccggcggataccgccgacatcgtg
gccatgattcacgcgctgggcggaattcgagtatgccgccgatcaatgcactgtcaccgaaacacaaa

      1 Kb GeneRuler  
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tacatacagcacttttcggagatttcccgacgatgcgaggccacgtcgctgaggttaatggcggagtt
gccgcgatggcgctgtggtttctgaacttttccacctgggacggcgtcgcgggcatctatgtggagga
cttgttcgtctggccgaggtttcgccgccgcggcttggcccgtggcctgctgtcgacgctggccagag
aatgcgtcgacaaccgctacacgcggttggcctggtcggtgctgaactggaattccgatgcaatcgca
ctgtatgaccgcatcggcgggcaaccgcagcacgagtggactatctatcgactgtcaggaccgcggtt
ggctgcgctggccgcaccacgctgatcacgcccggcggcccagcggatcgaaggcggactgaacagca
ataccagcacgccaagcgcgatgattcccaccgggatcccgatcgccggctgatgcgaacccacaatc
agataccacgccaccggcagcagcagcagctgggcgaacaccgccagcccgcgaccccaaagcttgcc
aaccgccagcctgcatccggcggcgagcactgctccgccgaccagtacgaaccaacctgcggtgccca
ggccattgacgatgtgctggtcggcgcccgcgagtccgcgcaccagcaacgccgcggccaccaccagg
gcggccccaccctgcacggcgacgatcagtccggcgccgcgcacggcggccggggctcgaacaggcac
agcatcagcgtagtcacccggccgtgaccggcccgcatcgtcacaccacccaggcccattgccgtcct
cctcaacgggccgacccggcccgcatcgtcacacggcctaggcccattgccgtcctcctcaacgggcc
gacccggcccgcatcgtcacacggcctaagcccattgccgtcctcctcaacgggccgacccggcccgc
atcgtcacacggcctaagctcgtgcgtcatgcgtgcagtgctgatcgtcaaccccactgcgaccgcca
ccacaccagccggccgcgacctgctggcgcacgccctcgaaagccgccttcagctcacggttgagcac
accaaccaccgcggtcacgggaccgaactcggacaggcggcggtagccgacggggtggacctggtcgt
ggtgcatggcggcgatggcacggtaagcgccgtagtcaacggcatgctggggcgccccggcacgacgc
cggtccgaccggtgccagccgttgcggttgtgcccggcggctcggccaacgtactagctcgcgcgcta
gggatttccgcggacccgatcgctgccaccaaccaactcatccagctgctcgacgactacggccgcca
ccagcagtggcgccgcatcgggctgatcgactgcggtgagcggtgggcggtgttcaacgccggcatgg
gcgtcgacgccgaggtcgtggccgcggtagaggccgaacgcgacaaaggcggcaaggttacggcgtgg
cgctatattcgcgctgcggtgcgcgcggtgctcgcctgcactcgtcgcgaaccggctcttacgctgca
acttcccaaccgcgatccaattaccggagtgcactttgtgttcgtgtccaactccagtccgtggactt
acgcaaacaaccggccggtatggaccaatcccgactgcaggttcgagtcggggctgggagtgttcgcc
accaccagcatgaaggtggtcccgaccctgagggtggttcggcagatgttcgcaaaacagcccaagtt
cgagttcaaccacgtcatcaacaacgacgacgtcgcgtgtctacgcgtcacctccatggggcccccga
tcgccagccaattcgacggggactacctcggcgtgcgcgagacgatgacgttccgagctgttcccgac
gccctcgccgtagttgccccgcccgcaagaaagcggatctgagctgcagaaacaaagatgtgatgggt
gtgcgacacaaacgttgggcgaaactggcagcgtagtgtagtacaactgggtaagggctgtggaacga
gatcgccagagtgagatagcccacgcgcttacgtaacactattgacatctgttgagcctgtgaaacga
tcaaaaggttgcatgtagagaaatgtaggggtacagaagcctttcttgtgcacccgttaccagccaag
aagaaacgcctgtgcgtaccgctgcgcacatagtgaggagtaacgactaatggattggcgccacaagg
cggtctgtcgtgacgaggatccggaactgttcttcccggtaggaaacagtggtccggcacttgcgcag
atcgctgacgcgaaactggtctgtaatcggtgcccggtcaccacagagtgcctcagctgggcactgaa
taccggccaggactcgggcgtctggggaggcatgagcgaagacgagcggcgcgcgctgaagcgtcgca
acgcccgcacgaaagcccgtaccggggtctgacgactcagttctgcacagtgcggccccgacatacgt
cggggccgcactgttgcgtagcgcgctacagcatcaaccgtccccggcgtccgaccggtacccgtagc
accacatcggtgccacgttcgcgggcgtcccgcatacctaacgagccgtccaattccgcagagaccaa
ggtccgcacgatctgcaggcccaggctgtccgacttctccaggctgaaaccttgcggcagaccaagcc
cgtcgtcgtgcacgacgacatcgagccaacgcgcagagcgttccgctcgaatcgtcacggacccttcc
gccgccgccgggtcgaacgcatgctcgatcgcgttctgcaccagctcggtgatcaccatgatcagcgc
cgtggcgcggtcggagtcgagcacaccgaggtcgccaacccgatttatccggatcggcctgtccaccg
atgccacatcgttcatgatcggcagaatccggtcgatgacctcgtcaaggttcacctgctcgtccacc
gacatcgacaacgcatcgtggaccaaggcaatcgacgacactcggcgcaccgactcgatcagcgcttc
ccgcccctcggcgttggacgtccggcgagcctgcagccgcaacagcgcggccaccgtctgcaggttgt
tcttaacccgatgatggatttcccggatcgtggcgtccttggatatcagggctcggtcgcgccgcttc
acctcggtcacgtcgcggatcaatatcgcggcgccgacattgcgaccagctaccaccagcggcagagt
ccgcagcagcaccgtggcgccgccggcgtcgacctccatccgcataccctttccatccccggccagca
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agtcctgcacatgctcgtctacctcgtgcgcctcgaacgggtccgagatcagcgggcgcgtcgcgtca
atgagattgacgccctccaactcggtggtcaaacccattcggtggtaagccgatagggcattggggct
ggcgtaagagaccacaccgtcgacatcgagacggatgaagccgtcacccgcgcgcgggctagatcgcg
acatcgccacgtcccctgcgtcgggaaaggtgccctccgccagcatccggagaagatctgtggcgcac
aaccgataggcggtctccaggtggccggatctacgtcgcgccgccagttcgggttgatgccgtgtcag
caccgccaccacctgatcgccaaagcgcaccggggagacttcgacactgtggccgtcgtgttgacatg
aattctgttggccgacagcgccttcccgtcccgggacaccaccggagaaggtcgcggcgaccagcggc
atgctattggcggcgacgacggtgcctaccgcgtcggtatgcaccaccgtcggcccggtgttcggccg
gcattgcgcaacgcacaccaggacaccgtcgtcgcggcgaacccacatcaggtaatcggcaaacgaca
ag 

Rv3218 protein sequence from Mycobrowser: 

In silico ligation of Rv3218 sgRNA and PLJR965 plasmid on Clone manager: 

MRAVLIVNPTATATTPAGRDLLAHALESRLQLTVEHTNHRGHGTELGQAAVA

DGVDLVVVHGGDGTVSAVVNGMLGRPGTTPVRPVPAVAVVPGGSANVLARA

LGISADPIAATNQLIQLLDDYGRHQQWRRIGLIDCGERWAVFNAGMGVDAEV

VAAVEAERDKGGKVTAWRYIRAAVRAVLACTRREPALTLQLPNRDPITGVHFV

FVSNSSPWTYANNRPVWTNPDCRFESGLGVATTSMKVVPTLRVVRQMFAKQ

PKFEFNHVINNDDVACLRVTSMGPPIASQFDGDYLGVRETMTFRAVPDALAV

VAPPARKRI 



62 

Appendix E: additional information: 

Table 3.1. MIC table representing a Microtiter plate layout for Wild type and 

Knockdown strains.  

Concentrations (µg/mL) 

Drugs 1 2 3 4 5 6 7 8 9 10 

Ofloxacin 
25.6 6.4 3.2 1.6 0.8 0.4 0.2 0.1 0.05 0.02 

Meropenem 128 32 16 8 4 2 1 0.5 0.25 0.12 

Colistin Sulphate 

Salt 

32 8 4 2 1 0.5 0.25 0.13 0.06 0.03 

Erythromycin 160 40 20 10 5 2.5 1.25 0.63 0.32 0.12 

Table 3.2: MIC tabulated results 

Strain Antibiotic MICs (µg/ml) 

WT Oflo 

Mero 

Coli 

Ery 

0.8 

1 

1 

10 

KD without ATc Oflo 

Mero 

Coli 

Ery 

0.8 

2 

1 

20 

KD+ ATc (100 ng/ml) Oflo 

Mero 

Coli 

Ery 

0.8 

1 

1 

10 
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Appendix F: Ethics approval 
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