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ABSTRACT 

 

Investigation of molecular factors involved in mycobacterial stress responses  

and non-replicating persistence 

 

Nor Azian Hafneh 

Mycobacterium tuberculosis is a remarkably successful human pathogen due to its 
ability to switch into dormancy or non-replicating persistence (NRP) phase driven by 
the host stress microenvironments. Identifying the panoply of genes or pathways 
involved in dormancy will progress our understanding on latent tuberculosis infection. 
Rv2660c and Rv2661c (conserved hypothetical proteins) and Rv1675c (transcriptional 
regulator) were implicated in mycobacterial stress response and transition to 
dormancy, hence their biological importance in M. tuberculosis biology was further 
explored.  
Rv2660c and rv2661c were highly upregulated in vitro starvation and in vivo infection 
model, however, recent high upregulation of a noncoding RNA, ncRv12659 in these 
models challenged the importance of these genes for NRP. A panel of single and 
double in-frame deletion mutants and over-expressing strains of rv2660c and rv2661c 
in M. tuberculosis were generated. A deletion of rv2660c and rv2661c also resulted in 
partial inactivation of ncRv12659 and rv2662 respectively. The deletion mutants 
exhibited normal growth in vitro and in mice. Furthermore, the strains showed 
unimpaired survival under nutrient starvation, hypoxia, oxidative and nitrosative 
stresses. Quantitative RT-PCR analysis revealed that neither target gene was highly 
expressed throughout starvation, oxidative and acidic pH stresses.  
Rv1675c (Cmr) is a redox sensor that regulates the DosR signalling pathway. Cmr 
binding to DNA was severely reduced by nitrosation of the two conserved cysteine 
residues. The cmr mutant displayed survival advantage during exposure to nitrosative 
stress. The over-expression of cmr or cmrC2A form (mutated cysteines) had a mild 
inhibitory effect on growth of M. tuberculosis. The over-expressing strain of cmrC2A 
was more resistant to hydrogen peroxide, suggesting that Cmr may also control the 
response to oxidative stress.  
Our study clarified the role of Rv2660c and Rv2661c in growth, NRP and infection, and 
further highlighted a novel Cmr-mediated regulatory network involved during 
nitrosative stress and transition to dormancy. 
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 INTRODUCTION 

1.1 TUBERCULOSIS AS AN ANCIENT DISEASE WITH MODERN PROBLEMS 

Tuberculosis (TB) is an ancient scourge and has plagued humankind with the surge of 

great epidemics and then receded. However, it remains a significant public health 

challenge (Daniel, 2006). TB spondylitis that leads to Pott's disease, one of the oldest 

described diseases, is characterised by spinal deformity with progressive changes of 

the vertebral column (kyphosis) leading to damage and eventual paralysis (Boachie-

Adjei and Squillante, 1996, Spiegel et al., 2005). Paleopathological studies of human 

skeletal remains with these spinal characteristics have led to suggestions that TB 

existed from the Neolithic period (3200-2300 BCE) and was culturally associated with 

the earliest cattle breeders and also Egyptian mummies dating back from 1000 BCE to 

400 CE (Zimmerman, 1979, Crubézy et al., 1998). A combination of biomolecular 

techniques using lipid biomarkers and DNA analysis of human remains excavated 

from Atlit Yam in the Eastern Mediterranean, has shown that the earliest case of 

human TB was in the pre-Neolithic period (6200-5500 BCE) (Galili et al., 1993). 

Evidence of TB in other geographical sites in Ain Ghazal, Jordan that dated back to 

7250 BCE (El-Najjar et al., 1996, Hershkovitz et al., 2015). Further analysis of Atlit 

Yam’s remains indicated infection with ‘ancestral’ Mycobacterium tuberculosis lineage 

with TbD11 deletion that existed approximately 9000 years ago (Hershkovitz et al., 

2015, Brosch et al., 2002). Some studies have suggested that M. tuberculosis emerged 

40,000 years ago and this coincided with the expansion of “modern” human 

populations (Homo sapiens) migrated out of Africa (Wirth et al., 2008, Mellars, 2006). 

However, the time scale and geographical origin of TB remain uncertain. 

TB was also reported as phthisis by the prominent Greek physician Hippocrates (460-

370 BCE) who gave a clear description of post-traumatic kyphosis, presentation of 

                                                             

1 Human-adapted M. tuberculosis strains are grouped into seven main lineages, each 
of which is primarily associated with distinct geographical distribution. M. tuberculosis 
specific deletion, TbD1 indicates the deletion event specific for M. tuberculosis 
lineages 2 (East Asia), 3 (India and East Africa) and 4 (Europe and America) (Galagan 
et al.,2014) 
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hard tubercules in lungs and abscesses found around the lumbar region (Vasiliadis et 

al., 2009, Herzog, 1998). During the 17th century, scrofula (TB of lymph nodes) also 

known as ‘the King’s-Evil" was reported and believed to be cured by the monarch's 

touch. Through the 18th and 19th centuries, the TB epidemic had spread across Europe 

and America coinciding with western urbanisation and industrialisation. 

'Consumption', ‘the white death’ and ‘the graveyard cough’ were names describing TB 

during this catastrophic period (Frith, 2014).  

The first breakthrough in TB research was in 1865 by Jean Antoine Villemin, a French 

military surgeon who demonstrated that TB from man or cow was transmissible into 

rabbits or guinea pigs (Frith, 2014). Robert Koch’s discovery of the methylene blue 

stained-bacilli- ‘tubercule bacillus’ grown in medium containing cattle serum in 1882 

finally elucidated that an infectious bacterium, Mycobacterium tuberculosis,  detected 

in sputum samples, caused TB (Blevins and Bronze, 2010, Sakula, 1982). In 1890, Koch 

proposed an application of tuberculin obtained from M. tuberculosis culture filtrates as 

a new cure for TB. However, tuberculin failed to demonstrate any positive therapeutic 

effect (Sakula, 1982). Koch’s discovery later paved the way for the development of the 

Pirquet (von Pirquet, 1909) and Mantoux (Mantoux, 1912) tuberculin skin tests (TST) 

and Albert Calmette and Camille Guérin’s BCG vaccine (Hawgood, 2007). 

BCG is a live vaccine derived through attenuation of Mycobacterium bovis. It is the only 

licensed vaccine against TB, and this vaccine has been used as part of national 

childhood immunisation programmes for more than 80% of neonates and infants in 

countries over the last 80 years (WHO, 2015). The post-vaccination protection is not 

life-long and only lasts for 10-20 years (Sterne et al., 1998). The efficacy varies from 

none to 80%, where the lowest protection is conferred in the highest TB burden 

countries (Fine, 1995). The difficulty in establishing the protective efficacy of the 

vaccine is due to the limitation of TST. The purified protein derivative (PPD) that 

contains numerous M. tuberculosis antigens can cross-react with BCG and non-

tuberculosis mycobacteria (NTM) producing a positive TST result (O'Garra et al., 

2013). TST involves intradermal administration of PPD also called tuberculin (Nayak 

and Acharjya, 2012) and a delayed-type hypersensitivity response develops within 24–

48 hours in the form of swelling and reddening at the site of injection (Andersen and 

Doherty, 2005). TST has been replaced with the recently developed Interferon 
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Gamma Release Assays (IGRA). QuantiFERON-®TB GOLD is an IGRA test that 

measures a release of interferon-gamma (IFN-γ) by T-cells following stimulation by M. 

tuberculosis-specific secreted antigens, ESAT-6 (early secretory antigenic target 6) 

and CFP-10 (culture filtrate protein 10) (Mazurek and Villarino, 2002). These antigens 

are absent in BCG and found in very few NTM strains (LoBue and Castro, 2012), 

making it more specific in BCG- vaccinated individuals. Due to the poor efficacy of 

BCG vaccine, development of novel and effective vaccination strategies against 

pulmonary TB has become a priority in TB research.  

The global TB incidence started to decline with the introduction of streptomycin in 

1944 until most of the infected patients later developed streptomycin-resistant strains 

with minor improvement in mortality over untreated patients (Medical Research 

Council Streptomycin in Tuberculosis Trials Committee, 1948). Nevertheless, it was 

only in the early 1990s that drug-resistant TB began to receive global attention as a 

public health threat. In line with the emergence of multi-drug resistant (MDR) and 

extremely drug-resistant (XDR) TB strains, the recommended antibiotic treatment 

was prolonged and included an extended cocktail of anti-TB drugs regime for an 

effective cure (Mitchison, 2005). The combination of the toxic and lengthy treatment 

resulted in poor patient adherence to treatment further decreasing the progress of TB 

elimination (Quenard et al., 2017). In addition, the slow progress is contributed by the 

advent of human immunodeficiency virus (HIV) as well as poverty, weak TB control 

programs and the small investments in research and development (Ormerod, 2005, 

Chadha, 1997, Mayer and Hamilton, 2010). Furthermore, the challenges posed by 

resource-limited countries, which are usually the high TB burden areas, include lack of 

funding or expertise to implement a rapid and accurate point-of-care TB diagnostic 

settings. In most cases, they have to resort to sputum microscopy, the commonly 

used diagnostic method which is insensitive for HIV co-infected patients and children 

as the bacillary load is much reduced (Getahun et al., 2007). An estimated investment 

of 1- 3 trillion US dollars will be required to cover the cost of global TB treatment for 

the next ten years, presenting significant financial strains for developed and especially 

developing countries (Global TB Alliance).  
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1.2 GLOBAL STATUS OF TUBERCULOSIS THREAT 

The World Health Organisation (WHO) declared TB as a global emergency in 1993 

(WHO, 2016). In 2015, WHO reported an estimated 10.4 million new (incident) TB 

cases world wide (WHO, 2016). A global population growth to over 7 billion in 2014 

corresponds to the increase of TB burden. The six countries with the highest human 

population (India, Indonesia, China, Nigeria, Pakistan and South Africa) account for 

60% of the global TB cases (WHO, 2016, Economic et al., 2015). Countries with an 

absolute number of TB incident cases of 10000 or 1000 MDR, or TB-HIV cases per 

year, are classified as high TB burden countries as shown in Figure 1-1 (WHO, 2016). 

The number of TB deaths fell by 22% between 2000 and 2015, but TB remained one of 

the top ten causes of death worldwide in 2015 (WHO, 2016). 

In 2014 approximately 1.7 billion individuals, a quarter of the global population, were 

considered as latently infected (Houben and Dodd, 2016). Latent TB infection (LTBI) is 

characterised by the absence of clinical and radiological signs of active disease, with 

evidence of immune sensitisation to mycobacterial antigens (Barry et al., 2009). LTBI 

patients are believed to be clinically non-infectious, and infected individuals have a 

10% lifetime risk of TB reactivation (Nahid and Daley, 2006), resulting in the spread of 

M. tuberculosis to close contacts (Lillebaek et al., 2002). 

HIV co-infection is the major risk factor for progression of latent M. tuberculosis 

infection to active disease and increases the risk of TB reactivation by 20-fold 

(Getahun et al., 2010, Selwyn et al., 1989). Likewise, TB has been reported to 

exacerbate HIV infection (Whalen et al., 1995, Modjarrad and Vermund, 2010), 

accounting for about 26% of AIDS-related deaths (Getahun et al., 2010). In 2015, 

people living with HIV accounted for 1.2 million (11%) of all new TB cases (WHO, 

2016). 

In 2015, there were an estimated 480 000 new cases of MDR-TB, TB caused by M. 

tuberculosis strains resistant to at least isoniazid and rifampicin, the two most 

effective anti- TB drugs. The statistic includes an additional 100 000 people with 

rifampicin-resistant TB (RR-TB) who were also eligible for MDR-TB drug regimen. RR-

TB is defined as TB resistant to rifampicin, with or without resistance to other drugs 

including MDR-TB, and are referred to as MDR/RR-TB (WHO, 2017). Unfortunately, 

250 000 deaths from MDR/ RR-TB were reported in 2015 (WHO, 2016) with worldwide 
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treatment success of almost 50% (Zumla et al., 2015). By 2050, the number of deaths 

by MDR-TB is estimated to approach 2.5 million (TB Alliance, 2017).  

The increase of XDR-TB in 92 countries where 9.5% of MDR-TB strains have XDR-TB, 

has exacerbated the global TB burden. This strain has an additional resistance to any 

of the fluoroquinolones (such as levofloxacin or moxifloxacin) and at least one of the 

three injectable second-line drugs (amikacin, capreomycin or kanamycin). Treatment 

of patients infected with MDR-TB is expensive and requires a longer duration of more 

than two years (WHO, 2016). Total Drug-Resistant Tuberculosis (TDR-TB) is a generic 

definition for TB resistant to all first and second line drugs (Velayati et al., 2009). TDR-

TB cases were reported in Italy (Migliori et al., 2007), India (Udwadia et al., 2012) and 

South Africa (Klopper et al., 2013) where reports raise further public health concern as 

it indicated current regimen failure. 

To eliminate TB, WHO has developed a global TB strategy with a perspective beyond 

2015 in line with the Millennium Development Goals and the Stop TB Partnership 

targets (WHO, 2010, WHO, 2014 ). TB elimination is defined as a reduction of TB to 

less than one case per million population (WHO, 2014 ). The goal is to reduce global 

TB incidence from more than 1000 cases per million population today, to less than 100 

cases per million by 2035 (Raviglione and Ditiu, 2013). The STOP TB strategy launched 

in 2006 includes expansion of high quality directly observed treatment, short-course 

(DOTS) (WHO, 2010). DOTs strategy aims to detect at least 70% of the existing 

sputum smear-positive TB cases and to cure at least 85% of these newly detected 

ones (WHO, 2002). 

The strategy also addresses TB-HIV, MDR-TB, the needs of poor and vulnerable 

populations and development of new diagnostic tools, drugs and vaccines (WHO, 

2010). 
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Figure 1-1: The three high-burden countries (HBC) list each consist of 30 countries 

used by World Health Organisation for 2016-2020. The three new HBC lists each 

account for 85-89% of global burden. There are 14 countries (shown in central 

diamond in the figure) that are burdened not only with TB but MDR-TB (multidrug-

resistant TB) and TB/ HIV co-infection (WHO, 2016) 
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1.3 GENERAL CHARACTERISTICS OF MYCOBACTERIUM TUBERCULOSIS 

COMPLEX 

Human and animal TB are caused by the Mycobacterium tuberculosis complex (MTBC) 

which includes Mycobacterium africanum, Mycobacterium bovis, Mycobacterium 

microti, Mycobacterium caprae, Mycobacterium orygis, Mycobacterium pinnipedii, 

Mycobacterium mungi (van Ingen et al., 2012, Brosch et al., 2002, Alexander et al., 

2010). In addition, the actual host range for M. cannettii, the ‘smooth colony’ bacilli 

remain unknown (Gutierrez et al., 2005, Koeck et al., 2011). The members of MTBC 

exhibit more than 99.9% similarity in DNA sequences (Cole et.al., 1998). Despite the 

high overall genetic relationship, the MTBC species show variability in their 

phenotypes, host range and importance for human TB. M. bovis and phylogenetically 

related strains have a lower transmissibility for the human host compared to M. 

tuberculosis, and mutations of two-way component regulation system PhoP/PhoR 

(PhoPR) are believed to be contributing factors to this attenuation (Gonzalo-Asensio 

et al., 2014).  

The genus of mycobacteria belongs to class Actinomycetales that includes genera 

Actinomyces and Nocardia. The name myco has the meaning fungus-like alluding to 

the observation that mycobacteria grow in a filamentous manner on the surface of 

liquid culture media (Kerr and Barrett, 1917). The mycobacterial cell wall has a 

complex structure and consists of three distinct macromolecules; peptidoglycan, 

arabinogalactan and mycolic acids which are surrounded by a non-covalently linked 

outer membrane of proteins and polysaccharides. The high-density lipid formation 

gives a characteristic thick waxy lipid coat that contributes to virulence (Barry et al., 

2007, Domenech and Reed, 2009). Mycobacteria are classified as acid-fast bacilli as 

they can retain the Carbol fuchsin dye (such as in Ziehl-Neelson stain) and resist 

decolourisation with acid. Mycolic acids are predominately covalently bound to the 

arabinogalactan polysaccharide, and some are found as trehalose monomycolates 

(TMM) and dimycolates, reviewed in (Minnikin et al., 2002). The TMM contributes to 

the distinct ‘rope-like form’ or serpentine cords produced by virulent M. tuberculosis 

strains (Besra and Chatterjee, 1994).  

Members of genus Mycobacterium were also earlier classified by their growth rates 

(Stahl and Urbance, 1990). Fast-growing mycobacteria form colonies within seven 
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days, such as M. smegmatis. Slow growing mycobacteria are mostly pathogenic and 

include M. tuberculosis (generation time of 15-20 hours) (Haas and Des Prez, 1995) and 

M. leprae, take from weeks to months to form colonies (Stahl and Urbance, 1990).  

M. tuberculosis grows on liquid broth (such as Middlebrook 7H9, Dubos or Sauton’s 

medium) or egg-based solid medium such as Lowenstein-Jensen (LJ)  (Lee et al., 

2004) (Lee et al., 2004) medium. Colonies are usually dry, non-pigmented and have a 

rough surface. Due to slow growth of colonies in LJ medium (3 weeks to 3 months) 

(Naveen and PeeraPur, 2012, Mayer and Hamilton, 2010), WHO has recommended 

the use of liquid culture systems such as BD mycobacteria growth indicator tube 

(MGIT) system (Becton Dickinson, USA) to increase culture positivity. The clinical 

samples are incubated in a modified Middlebrook's medium and supplemented with 

MGIT PANTA antimicrobial mixture (Polymyxin B, Amphotericin B, Nalidixic acid, 

Trimethoprim and Azlocillin) to suppress the growth of contaminants. The MGIT tube 

contains a fluorochrome, 4, 7-diphenyl-1, 10-phenonthroline ruthenium chloride 

pentahydrate that is embedded in a silicone base, fluorescence is quenched by the 

free oxygen present in the tube. Bacterial growth results in oxygen consumption 

which would proportionally increase in the intensity of fluorescence. The monitoring 

of fluorescence is done automatically every 60 minutes, and any detectable increase 

in fluorescence will alert the operator (Siddiq and Rusch-Gerdes, 2006). The sensitive 

and rapid culture detection system also provides a more accurate susceptibility 

testing assay for isoniazid, rifampicin, streptomycin, ethambutol and pyrazinamide 

(first line anti-TB drugs) (WHO, 2007) rather than conventional agar method (Tortoli 

et al., 2002). Nevertheless, one of the drawbacks of this system is that the positive 

culture requires further investigations such as microscopy to confirm the presence of 

AFB bacilli and not due to growth of contaminants. 
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1.4 OVERVIEW OF THE TB DISEASE PROCESS 

M. tuberculosis infection is complex, and the classification of TB infection as active 

disease and LTBI had always been conceptualised simply for clinical definitions and 

treatment choices (Barry et al., 2009). The diagnosis of M. tuberculosis infection has 

been made through laboratory investigations such as microscopy and culture of 

clinical samples, TST and chest X-ray (Piccazzo et al., 2014, Esmail et al., 2014). In fact, 

TB is viewed as a continuous spectrum of infection which extends from sterilising 

immunity, to the presentation of subclinical disease, through active fulminant disease 

(active disease) characterised by a range of lesions to support bacterial replication, 

persistence or killing (Barry et al., 2009). Each stage stated above depends on the host 

immune status and infection can remain quiescent for decades (LTBI) (Schnappinger 

and Ehrt, 2016) to be later disrupted resulting disease reactivation (Barry et al., 2009). 

This section provides an overview of the different stages of events during the infection 

process from a cellular perspective for both bacilli and its host. 

Early stages- Approximately 95% of those exposed to M. tuberculosis will be able to 

control infection, and the rest will develop pulmonary pathology in the first year 

(O'Garra et al., 2013). Infection is usually initiated by inhalation of aerosolised M. 

tuberculosis expectorated by patients with active pulmonary TB and is much 

effectively transmitted through coughing (Yates et al., 2016). Infection develops in the 

apices of lungs (area of high oxygen tension) (Im et al., 1995). The inhaled bacilli are 

phagocytosed and differentially distributed by resident alveolar macrophages, 

recruited interstitial macrophages, monocytes, dendritic cells, and neutrophils 

(Srivastava et al., 2014). The phagocytosis of the pathogen is the first line of host 

defence against the pathogen. Most of the internalised bacilli are subjected to killing, 

and a proportion of the pathogen can adapt to the intraphagosomal environment 

making it a niche in which to reside and proliferate. Corresponding to this event, the 

host releases proinflammatory cytokines and chemokines such as IFN-γ and 

Interleukin (IL)- 2 and macrophages will be activated (Srivastava et al., 2014). These 

immune effector cells will then shift in their function to accommodate microbicidal 

activity and antigen presentation (Russell et al., 2009). The cellular immunity is 

initiated and mediates formation of the granuloma shortly after infection (Davis et al., 

2002, Braian et al., 2015). The response will also lead to recruitment of lymphocytes 
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(Th1 cells and CD8+ cytotoxic T cells) and migration of infected dendritic cells to local 

lymph nodes in the lungs (Sia et al., 2015).  

The ability of M. tuberculosis to persist intracellularly is contributed to by a portfolio of 

survival strategies adopted in vitro. The inhibition of phagosome-lysosome fusion was 

proposed as central to the survival of M. tuberculosis within human macrophages. 

Inhibition of the fusion is achieved by pathogen-mediated manipulation of host 

signalling pathways, which ensures that the bacteria remain in early endosome 

(Podinovskaia et al., 2013, Ehrt and Schnappinger, 2009) and thus prevents delivery of 

the bacilli to an acidic (~ pH5.2) and hydrolytic compartment (Tan and Russell, 2015, 

Ramachandra et al., 2001). Other strategies used by the pathogen involved 

phagosomal rupture mediated by the ESX-1 type VII secretion system (ESX-1 SS) 

(Simeone et al., 2015) and this was further enhanced by presence of phthiocerol 

dimycocerosates (PDIM), a mycobacterial cell wall lipid (Augenstreich et al., 2017). 

The ESX-1 SS is a critical secretion system in both M. tuberculosis and M. marinum that 

delivers at least four virulence factors such as ESAT-6, CFP-10, EspA, and EspB to the 

host macrophages during infection (McLaughlin et al., 2007, Xu et al., 2007, Fortune et 

al., 2005, Sassetti and Rubin, 2003). The rupture can lead to a cytosolic translocation 

of M. tuberculosis, a dynamic process that was speculated to facilitate the escape of 

the pathogen from intracellular environmental (Jamwal et al., 2016).  

Survival of M. tuberculosis is not only attributed by manipulating the host cell 

processes but also the ability to resist stresses induced from immunologically 

activated macrophages. Generation of reactive oxygen intermediates (ROI) and 

reactive nitrogen intermediates (RNI) are the main mechanism activated in the 

mature macrophage phagosome that inhibit M. tuberculosis proliferation in vivo 

(MacMicking et al., 1997a, Ehrt and Schnappinger, 2009). ROI are oxygen-derived 

small molecules, including oxygen radicals [superoxide (O2−), hydroxyl (∙OH), peroxyl 

(RO2∙), and alkoxyl (RO∙)] which are further converted to oxygen derivatives such as 

hydrogen peroxide (H2O2). Nitrogen-containing oxidants, such as nitric oxide (NO∙) 

are called RNI (Bedard and Krause, 2007). Together with ROI, NO generates 

peroxynitrite (a strong oxidant), and collectively these molecules damage 

mycobacterial biomolecules such as DNA, lipids and proteins. The two phagosomal 

enzymes; phagocyte NADPH oxidase, NOX2 and inducible nitric oxide synthase, iNOS 
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produce ROI and RNI respectively (Ehrt and Schnappinger, 2009). It was found that 

the iNOS-deficient mice are more susceptible to TB infection rather than NOX2-

deficient mice, however, this still indicates the vital role of both enzymes in defence 

against the pathogen (Adams et al., 1997, MacMicking et al., 1997b, Cooper et al., 

2000). Mycobacteria will initially induce transcriptional factors and approximately 70 

non-coding RNAs (ncRNAs) (Voskuil et al., 2011) (Namouchi et al., 2016) where these 

responses are required for the regulation of plethora genes responsible for sensing 

redox signals (den Hengst and Buttner, 2008), detoxifying and metabolising these 

intermediates (Voskuil et al., 2011) (Namouchi et al., 2016).  

Later stages- As cellular immunity develops, infected macrophages are killed, and 

this results in the formation of the caseous centre of the granuloma. This is 

surrounded by a cellular necrotic zone formed by blood-derived monocytes, 

epithelioid cells (differentiated macrophages) and multinucleated giant cells (also 

known as Langhans giant cells) with a rim of the T- and B-cell lymphocytes 

(Dannenberg Jr and Rook, 1994). The granuloma is considered as the hallmark of TB 

and can be presented in different formation ranging from non-necrotising 

granulomas, necrotic neutrophilic granulomas and completely fibrotic granulomas 

(Canetti, 1955, Flynn et al., 2011). A sufficient accumulation of host lipids and 

mycobacterial cells was proposed to trigger necrosis causing a cavity. This destructive 

fusion of liquefying granuloma with an adjacent pulmonary airway will allow M. 

tuberculosis to escape and infect new host cells followed by formation of new lesions 

(Hunter, 2016). Usually, there is a delay of 1–2 years between an individual being 

infected with M. tuberculosis and onset of clinical pulmonary TB where tissue 

destruction is observed (Salgame et al., 2015). Otherwise, M. tuberculosis can persist 

for decades within the granuloma structure and remain dormant until host immune 

response is compromised or other contributory factors trigger bacterial reactivation 

(Guirado and Schlesinger, 2013).  

M. tuberculosis is a ‘dual intracellular/extracellular bacterial pathogen’ (Silva, 2012) and 

is able to cause extracellular infections (systemic dissemination) after an initial 

intracellular infection (Dannenberg Jr and Rook, 1994, Cardona, 2007). Hence, M. 

tuberculosis infection is not confined only to the lungs (pulmonary TB) but can be 

disseminated to other organs and tissues via haematogenous and lymphatic spread 
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known as extrapulmonary TB (EPTB) (as reviewed by Ramírez-Lapausa, 2015 #877). 

EPTB represents 20-25% of all TB cases (Lee, 2015).  

1.5 DORMANCY AND NON- REPLICATING PERSISTENCE  

The dynamics of granuloma formation and pathology in TB represent stages of a 

pathophysiological continuum. This also corresponds to different stages of M. 

tuberculosis growth or metabolic adaptation and can further spread to the next host 

following granuloma disruption (Ehlers and Schaible, 2012). An important aspect of 

this life cycle that has been receiving attention in M. tuberculosis research is the ability 

for the actively replicating pathogen to switch into dormancy driven by the hostile 

stress microenvironments encountered during infection.  

Dormancy is termed as a reversible state of low metabolic activity, in which cells can 

persist for extended periods without division (Kaprelyants et al., 1993). Dormant 

bacilli are usually accompanied by development of phenotypic drug resistance, 

adoption of specific metabolic pathways and inability to grow in standard media 

(Wayne and Sohaskey, 2001, Shleeva et al., 2002, Gengenbacher and Kaufmann, 

2012). Wayne and Sohaskey introduced a definition of “non-replicating persistence” 

(NRP) (Wayne and Sohaskey, 2001) which also describes a prominent characteristic of 

the dormant bacilli without assuming the various mechanisms involved. Hence, both 

terminologies are used interchangeably in this thesis.  

Dormant mycobacteria have a high medical importance. The coexistence of the 

‘antibiotic tolerant’ or ‘persister’ subpopulations of dormant mycobacteria pose an 

additional challenge to be eradicated and hence, are responsible for the need for 

prolonged chemotherapy. Such bacilli could tolerate more than 50 times the minimal 

inhibitory concentrations (MICs) of isoniazid and rifampicin in vitro (Ojha, 2008 #885). 

In fact, it was shown in a in vivo NRP model such as Cornell’s mice model (McCune et 

al., 1966) (discussed in next section) that an application of higher dose of rifampicin 

(50mgkg-1) in combination of standard doses of isoniazid and pyrazinamide was 

required to eradicate these persister cells (Hu et al., 2015b). The authors have 

suggested that the high concentration of rifampicin used was very efficient to inhibit 

proliferation of the persisters by disrupting the ongoing RNA synthesis of molecular 

factors required for the survival of these bacteria in vivo (Hu et al., 2015b). In vivo 
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existence of persister cells were documented by Lenaerts and colleagues who isolated 

these cells within the acellular rim of necrotic granulomas from guinea pig lungs 

(Lenaerts et al., 2007). However, the scope of antibiotic tolerance in persister cells has 

not been fully explored due to the narrow spectrum of antimicrobials tested, different 

models of dormancy and various susceptibility methods were employed in vitro 

(Lipworth et al., 2016). 

Drug-tolerant bacilli have also been isolated in humans. Gomez and Mckinney have 

reviewed some of the classical studies that proposed specific microenvironment 

conditions present in close TB lesions and treated TB patients as a niche for the 

survival of this subpopulation of bacilli in humans (Gomez and McKinney, 2004). In 

particular, the persister cells were predominately found in human tuberculous sputum 

samples suggesting a role during TB infection (Garton et al., 2002). In addition, these 

cells are lipid body positive (Garton et al., 2008) and display a differential culturable 

phenotype (Mukamolova et al., 2010) (Chengalroyen et al., 2016) implicating the 

heterogeneity of the NRP bacilli population. The presence of lipid body positive 

(containing triacylglycerolss (TAGs) and wax esters) mycobacteria was demonstrated 

under in vitro NRP conditions such as stationary phase (Garton et al., 2008), hypoxia 

(Low et al., 2009) and during macrophages incubated in hypoxia (Daniel et al., 2011). 

The clinical relevance of lipid body- positive mycobacteria with drug tolerance was 

demonstrated recently in an in vitro study. This supported the view that these bacilli 

are phenotypically resistant to the antibiotics tested which were rifampicin, isoniazid, 

ethambutol and ciprofloxacin irrespective of the cell age of the all tested 

mycobacterial cultures (Hammond et al., 2015). The identification of lipid body 

positive mycobacteria indicates that the pathogen utilises an alternative carbon 

source for energy acquisition, an important feature to ensure survival of the pathogen 

during infection, in particular dormancy. 

The presence of ‘differentially culturable tubercle bacteria’ (DCTB) in human sputum 

(Mukamolova et al., 2010) (Chengalroyen et al., 2016) further identifies another 

subpopulation of NRP cells that also challenge the diagnosis of M. tuberculosis 

infection. To stimulate resuscitation of these dormant bacilli, they require 

supplementation of the Resuscitation promoting factor (Rpf) proteins (Mukamolova 

et al., 2010) or relief of induced stress such as the reintroduction of K+ nutrient 
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(Ignatov et al., 2015) and oxygen (Iona et al., 2016). Rpf are peptidoglycan-hydrolysing 

proteins that were discovered in Micrococcus luteus (Mukamolova et al., 1998) and are 

potential regulators of persistence and reactivation. Rpf dependent cells have been 

reported in extrapulmonary samples (O'Connor et al., 2015), infected murine 

macrophages (Biketov et al., 2000) and a murine model of infection (Turapov et al., 

2014, Hu et al., 2015b). These findings further explain the difficulty in eradicating the 

dormant DCTB that may persist in TB treated patients and cause a relapse.   

1.6 EXPERIMENTAL SYSTEMS FOR GENERATION OF DORMANT 

MYCOBACTERIA 

There are currently several well-characterised systems for generation of dormant 

mycobacteria (Figure 1-2) described below.  

 

 

Figure 1-2: Models of dormancy or non-replicating persistence (NRP) in M. 

tuberculosis. NO- Nitric oxide 

1.6.1 In vitro models 

The in vitro model systems are designed to recapitulate the conditions faced by the 

pathogen in vivo (Sikri and Tyagi, 2013). However, the general problem in establishing 

in vitro models is generating NRP bacilli heterogeneity which different metabolic 

status (Ignatov et al., 2015). 
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1.6.1.1 Hypoxia model  

The best-studied hypoxia model, Wayne’s model, was based on the controlled 

agitation of tightly sealed liquid cultures exposed to limited headspace volumes of air 

(Wayne and Hayes, 1996). Wayne’s hypoxia model involved the bacilli undergoing two 

stages of NRP. Exponential bacteria entering microaerophilic conditions where 

dissolved oxygen approaches 1% saturation (NRP-1 stage) and will start to slow their 

growth and this corresponds to termination of DNA synthesis and cell thickening. 

Next, bacilli gradually undergo anaerobiosis where dissolved oxygen drops below 

0.06% saturation, termed NRP-2 stage. Importantly, these NRP mycobacteria will 

resume replication when oxygen is introduced (Wayne and Hayes, 1996). 

In the Wayne model, the slow decline in oxygen allows M. tuberculosis to adapt to 

hypoxic conditions by shifting its metabolism and arresting growth (Wayne and 

Sohaskey, 2001, Boshoff and Barry, 2005). Some of the known genes induced in this 

model are involved in fatty acid metabolism; tgs1 (encodes triacylglycerol synthase) 

and icl (encodes Isocitrate lyase), nitrate metabolism (narK2 and narX), and alternative 

electron transport pathways (fdxA). This underlying genetic reprogramming is 

controlled by the dormancy survival regulon which is under a transcription factor, 

DosR that regulates approximately 50 proteins (Boon and Dick, 2002, Park et al., 

2003, Voskuil et al., 2004). The expression of DosR regulated genes suggests a 

compensatory mechanism for respiration through an anaerobic electron transport 

system (Boshoff and Barry, 2005). The role of DosR during dormancy will be discussed 

in a separate section. 

During adaptation to decreasing oxygen levels, mycobacteria also exhibit an 

orchestrated respiratory slowdown that involves a reduced but sustainable pool of 

ATP, maintenance of proton motive force and a shift in the NAD+/NADH ratio towards 

NADH to survive anaerobiosis (Rao et al., 2008). Due to the reduced availability of 

oxygen, nitrate is utilised as an alternative electron acceptor. Reduction of nitrate to 

nitrite provides energy for the NRP bacilli, thus inducing nitrate respiration (Sohaskey, 

2008). Moreover, the upregulation of icl in hypoxic bacilli indicates an alternative 

metabolic pathway where ICL is a key enzyme of the glyoxylate (Wayne and 

Sohaskey, 2001, McKinney et al., 2000) and the methylcitrate cycles (Gould et al., 

2006). Mycobacteria will utilise host fatty acids and cholesterol (Russell et al., 2010) 
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which are catabolise to acetyl-CoA and propionyl-CoA respectively. For energy 

acquisition, acetyl-CoA enters the glyoxylate cycle, an alternative pathway used to 

surpass the beta oxidation steps in tricarboxylic acid cycle (Pai et al., 2014) as means 

to avoid any carbon loss (Rhee et al., 2011). Acteyl-CoA is then converted to isocitrate. 

Malate synthase (MS) is another important enzyme in the glyoxylate cycle. ICL 

reversibly cleaves the isocitrate to glyoxylate and succinate, while MS will convert 

glyoxylate into malate by adding an acetyl group. Meanwhile, propionyl-CoA is 

incorporated into the methylisocitrate pathway to regenerate pyruvate and succinate, 

which can enter glyoxylate cycle (Lorenz and Fink, 2002, Munoz-Elias et al., 2006). 

These compounds influence the biosynthesis of the lipid macromolecules such as 

PDIM, TAGs and mycolic acid (Lee et al., 2013). TAGs will be incorporated as cell 

structural components or for storage, shown as lipid body positive bacilli. 

Subsequently, the most active and highly upregulated tgs1 (rv3130c) that encodes 

TAG synthase, further supports that the main storage molecule for fatty acids is TAGs 

in in vitro NRP conditions, macrophage infection and human tuberculous sputum 

(Daniel et al., 2004, Daniel et al., 2011, Garton et al., 2008). A deletion of tgs1 in M. 

tuberculosis eliminates the accumulation of TAGs demonstrated in in vitro NRP 

models including hypoxia (Daniel et al., 2004, Deb et al., 2009) suggesting the 

importance of TAGs for survival of NRP bacilli. The fatty acid metabolism of M. 

tuberculosis also shares an overlapping transcriptional response signature to that 

found in NRP bacilli induced by redox stress and hypoxia (Rodríguez et al., 2014), 

indicating a common phenomenon in stressed M. tuberculosis cells. In addition, the 

Wayne’s hypoxia bacilli were shown to develop tolerance to isoniazid and rifampin 

and sensitivity to metronidazole, a pro-drug effective for anaerobic cells (Wayne and 

Sramek, 1994), and to nitroimidazole drugs (Wayne, 1996, Wayne and Sramek, 1994).  

Other hypoxic models such as rapid anaerobic dormancy (RAD) model used rapid 

depletion of oxygen to mimic NRP-2 conditions which is anaerobiosis. Similarly, dosR 

(Leistikow et al., 2010) and lsr2 (a global transcriptional regulator) deletion mutants 

(Bartek et al., 2014) displayed impaired survival and developed a differential 

culturability phenotype indicating the role of these genes for adaption to the rapidly 

declining oxygen tension.  
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The defined hypoxia model is another model that generates constant 0.2% oxygen 

tension in culture flasks. The survival of only 1% bacteria after a week of incubation in 

this model further supports that gradual adaptation to oxygen limitation is essential 

for the generation of NRP bacilli (Rustad et al., 2008). Transcriptomic analysis of M. 

tuberculosis grown in the model revealed that DosR was only required for the initial 

adaptation to hypoxia. For maintenance of dormancy, a second response termed as 

enduring hypoxia response (EHR) was induced resulting in the expression of ~230 

genes (Rustad et al., 2008). The relevance of EHR in overall bacterial adaptation to 

hypoxic conditions and demonstration of NRP bacilli are yet to be determined. 

1.6.1.2 Nutrient Starvation 

Another system for generation of NRP is nutrient deprivation which includes 

maintenance of mycobacteria in phosphate buffer saline (PBS) where M. tuberculosis 

can survive under this condition for two years (Nyka, 1974). Transcriptome (Betts et 

al., 2002) and proteome analyses (Albrethsen et al., 2013) of starved M. tuberculosis 

revealed that these cells undergo a global down-regulation of expression of genes 

encoding proteins involved in carbohydrate/ energy metabolism, respiration 

machinery, cell division and transcription. DosR regulation is not involved during 

starvation. Instead, this global stringent response is mediated by RelA (Primm et al., 

2000) and CarD (Stallings et al., 2009) which synthesises and degrades 

hyperphosphorylated guanine nucleotides (p)ppGpp that destabilise the RNA 

polymerase (RNAP) open complex, inhibiting transcription of stable RNAs. As a result, 

DNA replication and other cellular processes are inhibited (Magnusson et al., 2005, 

Ojha et al., 2000). In addition, a drastic decrease in respiration rate over the first 96 

hours that results in the reduction of ATP levels was also reported (Loebel et al., 1933).  

Nutrient starved bacilli also developed antibiotic tolerance to isoniazid, rifampicin 

(Betts et al., 2002, Gengenbacher et al., 2010) and fluoroquinolones (Sarathy et al., 

2013). Unlike Wayne’s culture, starved M. tuberculosis bacilli are resistant to 

metronidazole indicating bacilli were not in an anaerobic state (Betts et al., 2002). The 

decreased intracellular accumulation of the tested antibiotics was proposed to be a 

result of the altered cellular permeability and not be influenced by efflux pumps or 

transporter proteins (Xie et al., 2005, Sarathy et al., 2013). Prolonged starved 
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M.tuberculosis bacilli have exhibited cell wall remodelling in lung lesions and reduced 

acid-fastness analogous to M. tuberculosis grown in distilled water or PBS (Nyka, 

1974). The changes in morphology were also evident in saline shock- starved M. 

smegmatis cells where it was proposed mycobacteria undergo starvation-induced 

differentiation (Wu et al., 2016). Although the morphological change observed in M. 

smegmatis has not been explored in M. tuberculosis, the association with NRP remains 

to be elucidated. 

In summary, the models mentioned above were demonstrated to generate NRP cells 

by contrary conditions- carbon depletion in oxygen-rich environment versus oxygen 

starvation in a nutrient-rich medium where both physiological and metabolic forms 

overlap and are identified as core features of dormancy.  

1.6.1.3 Multiple- stress model 

The multi-stress model includes exposure of M. tuberculosis to combined stresses such 

as low oxygen (5%), high CO2 (10%), low nutrient (10% Dubos medium) and acidic pH 

(5.0). It was developed by Deb and colleagues (Deb et al., 2009). The transcriptional 

response in this model was similar to the starvation and hypoxia model. Genes 

involved in the biosynthesis of wax esters and TAG were also significantly upregulated 

(Deb et al., 2009), similarly observed in hypoxia-induced bacilli (Shi et al., 2010). 

Deletion of tgs1 reduced the ability to accumulate TAG and exhibit tolerance to 

rifampicin and Isoniazid supporting a link between antibiotic susceptibility and TAG 

accumulation (Deb et al., 2009). However, generating reproducibility in data could 

present an issue as it involves manipulating different conditions in one setting and 

timely monitoring is required which can be laborious. 

1.6.1.4 Acid stress model  

Acidity is thought to be a major stress encountered by M. tuberculosis within 

granulomatous lesions (necrotic tissue, pH 6.5 and active lesion pH 5.5 or lower) and in 

the phagolysosomes of activated macrophages with pH 4.5 and lower (pH varies 

according to immunological state of activation) (Piccaro et al., 2013, Schaible et al., 

1998, Sturgill-Koszycki et al., 1994). Incubation of M. tuberculosis in Sauton’s medium 

subjected to gradual acidification (pH 8.5 to pH 5.5) for 60 days resulted in the 

accumulation of dark ovoid cells which could not produce colonies on solid media, i.e. 
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dormant cells. Oxygen was still enriched during the experiment indicating that the 

cultures were not undergoing any gradual oxygen depletion (Shleeva et al., 2011). 

Recently, it was shown that WhiB3, a putative transcriptional regulator was required 

to resist acidic pH stress at pH4.0. In addition, WhiB3 is also a regulator of redox 

homeostasis that influences the expression of virulence factors for phagosomal 

maturation and intraphagosomal survival, implying an overlapping regulatory 

network involved during adaptation to acidic pH in M. tuberculosis (Mehta et al., 2016). 

Reproducibility of acid stress models are known to be impeded by culture conditions 

used such as bacterial density and medium composition, reviewed in Vandal, 2009 

#78). As a result, the interpretation of the survival of M. tuberculosis deletion strains in 

different acid stress models were varied affecting the actual function of the tested 

genes.  

1.6.1.5 The role of Nitric Oxide in induction of NRP 

To date, there are no documented in vitro systems of NRP that model oxidative and 

nitrosative stresses. However, the effects of high concentration of NO with RNI in vitro 

induced a similar oxidative stress response that inhibits M. tuberculosis respiration and 

results in growth arrest (Voskuil et al., 2003). Subsequently, the lower concentration 

of NO ‘signals’ the significant upregulation of hypoxia-induced DosR regulon (Voskuil 

et al., 2003) that result in the reduction of respiration and replication for a long-term 

survival during dormancy (Voskuil et al., 2003). The significant upregulation of narK2, 

a nitrate transporter and member of DosR regulon during exposure to NO (Voskuil et 

al., 2003), hypoxia (Sohaskey and Wayne, 2003) and IFNγ-activated macrophages 

from NOS2-expressing mice, allows the transport of nitrate into the cell and nitrite 

out of the cell. Nitrate, along with nitrite (NO2−), is an auto-oxidation product of NO, 

which is the product of iNOS (Lundberg et al., 2004). The nitrate reduction activity is 

to induce redox homeostasis and energy production for anaerobic respiration 

(Sohaskey and Wayne, 2003, Wayne and Hayes, 1998, Cunningham-Bussel et al., 

2013). Tan and colleagues have shown that the switch to nitrate respiration was also 

essential for the survival of M. tuberculosis during exposure to acid stress and 

nitrosative stress (Tan et al., 2010), conditions that are also proposed to exist during 

macrophage infection and dormancy. In other words, NO acts as a terminal electron 
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acceptor for M. tuberculosis to adopt dormancy (Voskuil et al., 2003). At the same 

time, it was proposed that NO act as a chemoattractant and regulates the 

development of giant cells (fusion of macrophages) and epitheloid cells for 

organisation of granuloma (Choi et al., 2002, Silva Miranda et al., 2012) 

1.6.2 In vivo models 

This section will describe an overview of some of the experimental animal models 

used to demonstrate the generation of dormant bacilli by inducing latent infection or 

granuloma formation. The challenges in interpreting such experiments in vivo are the 

lack of understanding of the host-pathogen interaction involved and association to 

human TB infection. Infected non-human primates (NHP) does cause TB infection 

resembling human and develop hypoxic TB granuloma (Peña and Ho, 2015, Mehra et 

al., 2015). However, use of NHP requires a higher cost of maintenance and comes with 

public ethical pressures. Hence it was advocated to be used only to the final stages of 

preclinical stages of vaccine or drug development trials (Kaufmann, 2003). 

1.6.2.1 Cornell mice model 

The drug-induced Cornell model developed in the 1950s was the first in vivo evidence 

of dormant bacilli (McCune et al., 1966). The highly infected mice were treated with 

isoniazid and pyrazinamide for 12 weeks that resulted in unculturable M. tuberculosis. 

After 90 days post termination of treatment, TB was reactivated and isolated bacilli 

were sensitive to isoniazid (McCune et al., 1966). However, the model failed to induce 

LTBI artificially and will only generate dormant bacilli upon antibiotic treatment 

(Gupta and Katoch, 2005). Its variant models were later used to study the 

immunological status of reactivation or rate of spontaneous reactivation after 

antimicrobial treatment (Scanga et al., 1999).  

1.6.2.2  ‘Low-inoculum’ infection 

Using mice for infection experiments is cost manageable and offers genetic 

heterogeneity of a murine population (Kramnik and Beamer, 2016). One drawback in 

using mice is the inability to replicate necrotising cavities of granuloma (Flynn, 2006), 

therefore challenging in isolating NRP bacilli. A ‘low-inoculum' infection has been 

used as a model of persistence for M. tuberculosis studies (Bartek et al., 2009, 
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Woolhiser et al., 2009). Infection resulting an initial instillation of 30-100 colony 

forming units (CFUs) in lungs per mouse led to an adequate adaptive immune 

response that led to chronic infection (Flynn and Chan, 2001) demonstrated by a high 

bacterial burden and pathology in lungs. The infected mice did not present any clinical 

signs and persisted for more than a year mimicking latent infection (Flynn, 2006). 

During this period, dormant bacilli were isolated but the eventual death of mice 

indicated reactivation of infection (Orme, 1988). The use of NO synthase inhibitor, 

aminoguanidine in this model demonstrated that RNI also play a major role in 

preventing reactivation of TB (Flynn et al., 1998). The lungs of infected guinea pigs 

were shown to have a similar pathology with granulomas, as infected humans 

(Basaraba et al., 2006). Isolation of antibiotic tolerant cells surrounding the necrotic 

area of the granuloma lesion suggest generation of dormant bacilli during infection 

(Lenaerts et al., 2007). Hence, the guinea pig can be modelled for generation of NRP 

bacilli. However, there is no evidence showing that guinea pigs are able to maintain a 

persistent bacilliary population and a latent infection (Flynn, 2006). There is a 

requirement to understand further the interaction of these persister cells with the 

host during this stage of infection.  

1.6.2.3 Hollow fibre assay 

The hollow fibre (HF) assay (Gazi et al., 2016) has been used to mimic M. tuberculosis 

persistence (Karakousis et al., 2004). Mycobacterial cells encapsulated within the semi 

diffusible HFs were subcutaneously implanted in mice generated dormant bacilli and 

had increased resistance to rifampicin compared to isoniazid (Karakousis et al., 2004). 

Hypoxia and NO may have a role in intrafiber bacillary growth containment shown by 

significant induction of dosR and DosR regulon genes (Karakousis et al., 2004). A 

hypoxia-specific marker, pimonidazole that binds to thiol-containing peptides stained 

the peri fibre tissues in a dose-dependent manner (Klinkenberg et al., 2008), further 

validates the hypoxic condition of the model. 
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1.7 MYCOBACTERIAL FACTORS INVOLVED DURING NON- REPLICATING 

PERSISTENCE  

1.7.1 Transcriptional regulators (TRs) 

The complex life cycle of M. tuberculosis that involves dormancy and resuscitation is 

achieved by encoding 190 regulator proteins that include 11 two-component signal 

transduction systems (TCSSs), six serine-threonine protein kinases, and 13 alternative 

sigma (σ) factors. It implies that transcription regulation is important for M. 

tuberculosis pathogenesis (Cole et al., 1998,(Tekaia et al., 1999). The TCSSs identified 

in M. tuberculosis are PhoP-PhoR, RegX3-SenX3, DosR-DosS/DosT, Rv0600c-Rv0601-

ctcrA, narL-Rv0845, TcrX-TcrY, MprA-MprB, PrrA-PrrB, TrcR-TrcS, PdtaR-PdtaS, 

MtrA-MtrB, and KdpD-KdpE (Bretl et al., 2011).  

DosR-DosS/ DosT is a well-characterised TCSS system that is formed by one 

response regulator (DosR, Rv3133c) and activated under inducing conditions by 

transfer of the phosphosignal by either DosS (Rv3132c) or DosT (Rv2027c) sensor 

histidine kinases (Kumar et al., 2007, Roberts et al., 2004). DosR means “dormancy 

survival regulator" termed after DosR was shown to play an important role for survival 

of M. bovis BCG during long-term hypoxia (Boon and Dick, 2002). Hypoxia (Wayne and 

Hayes, 1996, Rustad et al., 2008), presence of low concentration of NO (Voskuil et al., 

2003) and carbon monoxide, CO2 (Kumar et al., 2008) have shown to increase 

expression of all 48 genes (known as the DosR regulon). Hence the O2, NO, and CO 

are modulatory ligands of these kinases, making them indispensable for induction of 

DosR regulon (Roberts et al., 2004, Kumar et al., 2007). DosR regulon also governs the 

metabolic shift from aerobic to anaerobic in M. tuberculosis to ensure the survival of 

the bacilli during hypoxia and reverts to active replication upon reaeration (Leistikow 

et al., 2010) (Rustad et al., 2009, Wayne and Sohaskey, 2001). Many of the DosR 

regulon genes are conserved hypothetical proteins (CHP) with, as yet, still unknown 

products and functions.  

It was proposed that DosR is also crucial for persistence in lungs (Boon and Dick, 

2012), however, its involvement in virulence is still unclear with contrasting outcomes. 

A dosR deleted strain does not exhibit reduced virulence in both in C57Bl/6 mice, 

probably as the mice have not developed any lesions (Rustad et al., 2008) and in 
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C3HeB/FeJ mice, even though the mice develop hypoxic lesions (Gautam et al., 

2015a). In severe combined immunodeficient mice, the mutant strain was 

hypervirulent probably due to the derepression of DosR genes (Parish et al., 2003a). 

Malhotra and colleagues have observed a significant decrease in gross lesions in 

infected organs and a reduction of 3-Log10 bacterial burden of dosR mutant in the 

spleen compared with wild-type guinea pigs (Malhotra et al., 2004). A recent macaque 

infection with dosR mutant exhibited severe growth attenuation. Bronchoalveolar 

lavage samples revealed highly elevated CCR5+ T cells in lungs (Mehra et al., 2015). 

The author also proposed that DosR is capable of inhibiting recruitment of a highly 

proliferative Th1-type response during early infection enabling M. tuberculosis to 

persist in lungs (Mehra et al., 2015).  

Mechanistic links between DosR and other "master regulators," such as WhiB3 and the 

PhoPR two-component regulatory system suggest a wider stress-associated 

regulatory network linking between hypoxia and redox adaptation (DosR-WhiB3) and 

between hypoxia and cell wall lipid biosynthesis (WhiB3-PhoP) (Galagan et al., 2013, 

Asensio et al., 2006). A recent study demonstrated a novel redox-responsive TR of the 

cyclic AMP receptor (CRP)/ fumarate nitrate reduction regulator (FNR) superfamily, 

Rv1675c (Cmr) that regulates the expression of a subset genes of the DosR regulon 

(Smith et al., 2017). The biological role of Cmr in M. tuberculosis during stress 

responses and dormancy were further investigated described in Chapter 5.  

1.7.2 Non-coding RNA (ncRNA) 

Since the first experimental confirmation of nine non-coding small RNA (sRNAs) in 

mycobacteria published in 2009 (Arnvig and Young, 2009), there has been major 

interest in identifying more functional and regulatory roles of a diversity of sRNAs. 

Small RNAs are frequently implicated in adaptive responses to environmental 

changes, such as temperature, pH and metabolism of energy, lipids, and metabolites 

(Haning et al., 2014) (Arnvig et al., 2014) and are therefore expected to play regulatory 

roles in the pathogenesis of M. tuberculosis.  

Further RNA- sequencing identified ~2000 sRNA candidates in M. tuberculosis (Pellin 

et al., 2012) and subsequent microarray analysis further confirmed 258 sRNAs 
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including intergenic sRNAs2 and 152 antisense RNA3 (Miotto et al., 2012). The 

abundance of the sRNA was reported during oxidative stress (Arnvig and Young, 

2009), stationary phase (Arnvig et al., 2011), starvation (Arnvig et al., 2011) and in 

‘unculturable’ M. tuberculosis grown in K+-deficient Sauton medium for two weeks 

(Ignatov et al., 2015). For example, ncRv13661 (MTS2833) was significantly 

upregulated in these models indicating its potential role during dormancy (Arnvig et 

al., 2011, Ignatov et al., 2015). Furthermore, ncRv11733 recently assigned as ‘DrrS’ for 

DosR Regulated sRNA where the core promoter was activated by dosR, and that 

expression was highly induced by NO treatment (Moores et al., 2017). Additionally, 

another promising biomarker of infection, ncRv12659 was also identified to be 

abundant in dormant M. tuberculosis cells (Ignatov et al., 2015). It was demonstrated 

that the 5’end of sRNA was highly upregulated by 50-fold during starvation and 6- fold 

during murine infection which further raised the mechanism of sRNA processing but 

importantly its role during NRP (Houghton et al., 2013). The recent identification of 

ncRv12659 that is transcribed on the plus strand that overlaps rv2660c locus during 

PBS starvation have further disputed the high upregulation signals contributed by 

both rv2660c and rv2661c. Both of these annotated genes have been reported to be 

significantly expressed in vitro NRP models (Betts et al., 2002, Voskuil et al., 2004) 

(Rustad et al., 2008) (Salina et al., 2009, Soto-Ramirez et al., 2017), stress response 

(Schnappinger et al., 2003) and in vivo (Aagaard et al., 2011, Gautam et al., 2015b). 

The investigation on the biological role of these genes during M. tuberculosis infection 

are described in Chapter 3 and 4. 

 

                                                             

2 Intergenic sRNAs, which are short transcripts (∼50–300 nucleotides) that act on 

distantly encoded targets (Storz et al., 2011)  
3.  Antisense RNAs (asRNAs) are small, untranslated RNA that pair to target mRNAs at 
specific regions of complementarity to control their biological function by regulating 
gene expression at the post-transcriptional level (Saberi et al., 2016) 
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1.8 AIMS AND SPECIFIC OBJECTIVES 

The overall aim of this study is to investigate the functional role of selected genes that 

have been implicated in M. tuberculosis adaptation in response to stress and 

dormancy. A set of overlapping genes, rv2660c, rv2661c and rv2662 that encode 

conserved hypothetical proteins, were associated with persistence and virulence 

through transcriptomic studies performed in various in vitro and in vivo models of 

dormancy. The expression of these genes was significantly upregulated in M. 

tuberculosis nutrient-starved cells. Furthermore, the identification of an overlapping 

ncRv12659 and significant upregulation rv2662 during starvation conditions, as 

mentioned earlier through RNA sequencing, further challenged the existence of both 

rv2660c and rv2661c.  

Rv1675 (Cmr) has recently been characterised as a redox-responsive transcriptional 

regulator of DosR regulon, indicative of an important role for entry and maintenance 

of dormancy. Nitric oxide is the major signalling molecule for inhibition of Cmr DNA 

binding causing derepression of DosR regulon. As much as the molecular 

characterisation of Cmr is slowly understood, the biological importance of Cmr to M. 

tuberculosis is starting to unravel. Cmr is not essential for growth and macrophage 

infection; however, it is essential for virulence. Unfortunately, the failure to 

complement mutant phenotype during murine infection revealed an initial evidence 

of the complexity of the regulation. 

The specific objectives of this study are as follows; 

 To determine essentiality of Rv2660c and Rv2661c in M. tuberculosis by 

generating deletion and over-expressing strains and characterising 

phenotypes of these strains during growth in vitro 

 To investigate survival of deletion and over-expressing strains of rv2660c and 

rv2661c under various in vitro stress conditions, and during macrophage and 

mice infection 

 To determine expression profiles of rv2660c, rv2661, rv2662 and ncRv12659 in 

various in vitro stress experiments by quantitative RT-PCR (qRT-PCR) 

 To investigate the role of Cmr in nitrosative and oxidative stresses.   
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 GENERAL METHODS AND MATERIALS 

 REAGENTS AND GROWTH MEDIA  

 Reagents and chemicals 

Reagents and chemicals used in the study were from Sigma-Aldrich or Fisher 

Scientific unless stated. Only molecular grade reagents, chemicals and water, H2O 

(Gibco) were used for nucleic acid manipulations. 

 Growth media and supplements 

Middlebrook 7H9 broth (Difco, Becton Dickinson) was prepared by dissolving 4.7g 7H9  

powder in 900mL Nanopure water containing 5 ml of glycerol and autoclaved at 1210C 

for 15 minutes. The broth was further supplemented with 10% (v/v) Albumin dextrose 

complex (ADC) and 0.05% (w/v) Tween 80 (designated as supplemented 7H9) for 

cultivation of M. tuberculosis strains. 

Middlebrook 7H10 agar (Difco, Becton Dickinson) was prepared by adding 19 g 7H10 

powder and 5mL glycerol to 900mL Nanopure water and autoclaved at 1210C for 15 

minutes. 10% (v/v) ADC was added to agar prior to use (designated as 7H10). 

Sauton’s medium included the following chemicals (per 1L): 500 mg KH2PO4, 500 mg 

MgSO4.7H2O, 5mg Ferric Ammonium Citrate, 4g L-Asparagine, 2g Citric Acid, 10mL 

Glycerol and 100L of 1% (w/v) ZnSO4. pH was adjusted to 7.4 by adding 10M NaOH 

before autoclaving at 1210C for 15 minutes. 

Lysogenic Broth (LB) was a mixture of 10g tryptone (Difco, Becton Dickinson), 5g 

yeast extract (Difco, Becton Dickinson) and 5g sodium chloride in 1 litre distilled 

water. Lysogenic Agar (LA) was prepared with an additional 15g of agar to the 

mixture. Antibiotics where added when required. 

Roswell Park Memorial Institute (RPMI) 1640 medium with L-glutamine and sodium 

bicarbonate (Sigma-Aldrich) was supplemented with 10% (v/v) heat inactivated 

Foetal Bovine Serum, 100 units Penicillin and 0.1mg Streptomycin/mL for 

maintenance of cell lines. 
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Albumin Dextrose Catalase (ADC) was prepared by dissolving 50g Bovine Serum 

Albumin, 20g glucose and 8.5g sodium chloride in 1 litre of Nanopure water and filter 

sterilized using a 0.2M filter unit (VWR). 

Tween 80 stock solution was prepared by mixing 5g Tween 80 in Nanopure water 

making up to a final volume of 50 ml with a final concentration of 10% (w/v). The 

solution was sterilised by filtration through a 0.2μm filter unit and aliquoted prior 

storage at 4°C. 

 BACTERIAL STRAINS 

All cultures were incubated at 370C shaking unless otherwise stated. 

Eschericia coli DH5 competent cells (Bioline) was used as a host strain for cloning and 

plasmid propagation and were grown in either LB or LA medium. Liquid cultures were 

incubated shaking at 200rpm. Media were supplemented either with antimicrobials; 

50µgmL-1 Kanamycin for plasmids p2NIL and pMV261 or 100µgmL-1 Ampicillin for 

pGoal19. 

M. tuberculosis H37Rv was used as a parenteral strain (refer Table 2-1) to construct 

deletion mutants and over-expressing strains. M. tuberculosis strains were cultivated 

in supplemented 7H9 with or without antibiotics or Sauton’s broth at 370C with 

shaking at 100rpm in either universal tubes, 125ml and 250mL Erlenmeyer flasks or 

Roller bottles. Flasks and tubes were sealed with a micropore tape, double bagged 

and incubated with shaking (unless stated otherwise) at 100 rpm. One litre roller 

bottles holding up to 200mL culture were incubated rolling at 2 rpm. 7H10 agar 

(antibiotics added when required) plates were also sealed with a tape (when required), 

double bagged and incubated at 370C.  

For over-expressing strains, culture was supplemented with 50µgmL-1 Kanamycin. An 

empty plasmid strain was used as a control in over-expression studies. 

All manipulations involving M. tuberculosis cultures were performed in a 

microbiological safety cabinet (Talaat et al., 1998) Class II in Category 3 (C3) 

containment laboratory in accordance with the approved Code of Practice.  

All strains used during the study are listed in Table 2-1. 
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Bacterial strains Designated in thesis as: Descriptions Source 

M. tuberculosis H37Rv  

(Chapter 3 and 4) 
Wild-type wild-type laboratory strain 

Dr Valerie Mizrahi, 

University of the 

Witwatersrand, 

Johannesburg, 

South Africa 

M. tuberculosis H37Rv  

(Chapter 5) 
Wild-type wild-type laboratory strain (Smith et al., 2017) 

M. tuberculosis H37Rv Δrv2660c Δrv2660c 
In-frame unmarked deletion strain of rv2660c 

and 3’end of ncRv12659 

Dr. Galina Mukamolova 

UoL 

M. tuberculosis H37Rv 

Δrv2661c:rv2660c 
Δrv2661c:rv2660c 

In-frame unmarked deletion strain of both 

rv2661c and rv2660c corresponding to 5’end 

of rv2662 and 3’end of ncRv12659 

Dr. Galina Mukamolova 

UoL 

M. tuberculosis Δcmr Δcmr 
In-frame unmarked deletion strain of cmr 

(rv1675c) 
(Smith et al., 2017) 

M. tuberculosis cmr complement ΔcmrCom
 M. tuberculosis Δcmr/cmr (Smith et al., 2017) 

M. tuberculosis H37Rv:: pMV261 M. tuberculosis pMV261 Strain harbouring empty plasmid pMV261  (Stover et al., 1991) 
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M. tuberculosis pMV261::rv2661c 
M. tuberculosis 

pMV261::rv2661c 
Strain harbouring a pMV261::rv2661c plasmid 

Dr. Galina Mukamolova 

UoL 

M. tuberculosis pMV261::rv2660c 
M. tuberculosis 

pMV261::rv2660c 
Strain harbouring a pMV261::rv2660c plasmid 

Dr. Galina Mukamolova 

UoL 

M. tuberculosis 

pMV261::rv2661c+rv2660c 

M. tuberculosis 

pMV261::rv2661c+rv2660c 

Strain harbouring a 

pMV261::rv2661c+rv2660c  plasmid 

Dr. Galina Mukamolova 

UoL 

M. tuberculosis pMV261::rv1675c M. tuberculosis pMV261::cmr Strain harbouring a pMV261::cmr  plasmid 
Dr Sarah Glenn &Khalid 

Khan,UoL 

M. tuberculosis pMV261::rv1675c 

C2A 

M. tuberculosis pMV261:: 

cmr C2A 

Strain harbouring a mutated version of 

pMV261::cmr  (C36A+C131A) plasmid  

Dr Sarah Glenn &Khalid 

Khan,UoL 

Plasmids Designated as: Descriptions Source 

p2NIL p2NIL Suicide gene delivery vector, KanamycinR 
(Parish and Stoker, 

2000b) 

pGOAL19 pGOAL19 
hygR pAg85- lacZ sacB PacI cassette, 

AmpicillinR 

(Parish and Stoker, 

2000b) 

pMV261 pMV261 
E. coli-mycobacteria shuttle vector with hsp60 

promoter; KanamycinR 
(Stover et al., 1991) 

pET28a pET28a 
Expression vector with N-terminal 

hexahistidine affinity tag 
Novagen 
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p∆rv2660c p∆rv2660c 
Suicide plasmid for in-frame deletion of 

rv2660c 

Dr. Galina Mukamolova 

UoL 

p∆rv2661c p∆rv2661c 
Suicide plasmid for in-frame deletion of 

rv2661c 

Dr. Galina Mukamolova 

UoL 

p∆rv2661c:rv2660c p∆rv2661c:rv2660c 
Suicide plasmid for in-frame deletion of 

rv2661c and rv2660c 

Dr. Galina Mukamolova 

UoL 

pGS2103   
 

pGS2103   
 

pET28a derivative for expression of cmr; KanR 
Dr. Laura Smith, 

University of Sheffield 

pGS2475 pGS2475 
pET28a derivative for expression 

cmr_C36A/C131A; KanR 

Dr. Laura Smith, 

University of Sheffield 

Table 2-1- M. tuberculosis bacterial strains and plasmids used in the study (mentioned in Chapter 3, 4 and 5).  

R- denotes resistance 
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 PREPARATION OF BACTERIAL STOCKS FOR IN VITRO EXPERIMENTS AND 

INFECTION 

 Starter culture 

Starter culture of mycobacterial strains were performed by scraping frozen culture 

stock and inoculating into 5mL supplemented 7H9 into duplicate universal tubes. 

When grown to mid-exponential phase (OD580nm 0.5- 0.7), the starter cultures were 

expanded in larger volume for use in experiments. 

 Preparation of frozen stocks of mycobacterial strains 

For general laboratory stocks, frozen bacterial stocks were prepared by mixing 200L 

of sterile 70% (v/v) glycerol and 800L of mid-exponential culture grown in 

supplemented 7H9 (OD580nm 0.5- 0.7) in 1.5mL cryogenic tubes and kept in -800C.  

For macrophage infection experiments, frozen stocks of mycobacterial strains were 

prepared by expanding the starter culture in triplicates of 10mL supplemented 7H9 

and grown to mid-exponential phase of OD580nm of 0.5-0.7. Cultures were then 

centrifuged at 2500 x g for 15 minutes and pellets were resuspended twice in 10mL of 

sterile PBS. Frozen stocks are maintained as 1mL aliquots in RPMI 1640 medium and 

kept at -800C. 

For the murine infection experiment, the frozen stocks of mycobacterial strains were 

prepared similarly from mid- exponential phase cultures but pellets were instead 

washed three times in 10% (v/v) glycerol. At the final stage, the bacterial pellet was 

resuspended in 1mL of 10% (v/v) glycerol and 100L aliquots were frozen and stored 

at -800C for up to 6 months. 

 OPTICAL DENSITY MEASUREMENTS 

The optical density of M. tuberculosis culture was measured at 580nm (OD580nm) using 

a Jenway Spectrophotometer. Culture (900L) were transferred into 1.5mL cuvettes 

and carefully sealed with autoclave tape and parafilm. The sealed cuvettes were 

swabbed with 70% (v/v) ethanol before taking it out of the MSC for measurement. The 

7H9 medium was used to blank prior to actual measurements. Cultures with OD580nm 

greater than 1 were ten-fold diluted for correct reading.  
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 COLONY FORMING UNIT COUNTS 

Colony forming unit (CFU) counts were performed according to Miles and Misra 

method (Miles et al., 1938). Bacterial inoculum was ten-fold diluted in supplemented 

7H9 and 10L of each dilution were dropped in triplicate on duplicate 7H10 plates. 

Colonies were enumerated in all six replicates and CFU count per millilitres (CFUmL-1) 

were calculated as below: 

Equation 2-1:  𝑪𝑭𝑼𝒎𝑳−𝟏 = 𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒄𝒐𝒍𝒐𝒏𝒚 𝒄𝒐𝒖𝒏𝒕𝒔 × 𝟏𝟎𝟎 × 𝑫𝒊𝒍𝒖𝒕𝒊𝒐𝒏 𝑭𝒂𝒄𝒕𝒐𝒓 

 GENERAL IN VITRO STRESS ASSAYS 

Viability of deletion and/or over-expressing strains were assessed by carrying out CFU 

counts. Where applied, percentage survival of each strain was calculated by dividing 

CFUs after each treatment by CFUs at time 0 hour (T0), then multiplied by 100. 

In addition, expression of target genes will be analysed from RNA isolated from 

exponential growth (untreated) and treated M. tuberculosis cells. Exponentially 

growing M. tuberculosis cells (T0) were used for standardization of the gene expression 

throughout the experiment and reference as the optimal condition for growth. In each 

experiment, a standardized 9mL culture was used to isolate RNA obtained during 

both exponential growth and treated samples at pre- determined time points.  

 Oxidative stress 

Bacteria were grown to mid-exponential phase (OD580nm of 0.5-0.7) in 250 mL 

Erlenmeyer flasks containing 50 mL of supplemented 7H9 broth. Individual culture 

tubes (aliquoted as 5mL) were treated with 35% (v/v) hydrogen peroxide, H2O2 (Acros 

Organics) with a final concentration of 25mM (or otherwise stated) and incubated 

without shaking. Control cultures without H2O2 treatment were set up and designated 

as untreated cultures. Each experiment was performed in triplicate. CFU counts were 

determined at 4 and 24 hours.  

 Nitrosative stress 

Fifty mL of late exponentially growing (OD580nm of 0.8-1.0) starter culture in 250mL 

Erlenmeyer flasks were initially diluted to an OD580nm 0.1 and aliquoted as 5mL in 

universal tubes. Individual culture in supplemented 7H9 were treated with a final 

concentration of 100M nitric oxide (NO) donor, 6-methoxy-5-nitropyrimidin-4-yl 
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pyrrolidine-1-carbodithioate, further designated as NO 069 (Ryabova et al., 2004, 

Ryabova et al., 2005) designated as NO donor 069. Control tubes without treatment 

of NO donor were set up and incubated at 370C without shaking. Each experiment was 

performed in triplicate. 

 Microdilution Resazurin Assay 

A stock solution of Resazurin sodium salt (Sigma Aldrich) was prepared at 1% (wt/vol) 

in distilled water sterilized by filtration, and stored at 4 °C for up to 6 months.  

Preparation NO donor, 6-methoxy-5-pyrimidin-4-yl pyrrolidine-1-carbodithiate 

(further designated as NO donor 069) for MIC determination were prepared fresh in 

C3 suite to ensure time of transportation to actual assay performed was minimal. A 

final concentration of 30mgmL -1 of NO donor was prepared in 100L DMSO. The 

mixture was further diluted 1 in 100 in supplemented 7H9 with 0.005% w/v Resazurin 

(assigned as supplemented 7H9-R) and was used as the working stock. A two-fold 

serial dilution of the working stock ranging from 0.1 to 12.8 gmL -1 (for Chapter 4) 

and 0 to 4gmL-1 of NO donor 069 (for Chapter 5) were prepared using the same 

medium. For each concentration, 100 µL were loaded in triplicate wells of clear, flat-

bottomed 96-well microtitre plates (Corning). 

For preparation of bacterial inoculum, a late exponential stage culture (OD580nm of 0.8-

1.0) was diluted to an OD580nm 0.1 on the day of experiment. An approximate inoculum 

of ~5 X 104 CFU (equivalent to 100µL of OD580nm 0.1 suspension) were added to each 

well. Control wells representing supplemented 7H9-R with bacteria were also set up.  

Plates were sealed with Petri seal adhesive sealing film (Sigma) and double bagged 

prior incubation at 37oC without shaking. A colour change in media from blue to pink 

was monitored from first week of incubation using an inverted mirror. Minimum 

inhibitory concentration (MIC) was determined as the lowest concentration of the 

compound that inhibited mycobacterial growth, with growth indicated by a visual 

colour change from blue to pink.  

 HEAT INACTIVATION OF MYCOBACTERIA FOR PCR 

The pellet from 100L culture was resuspended in same volume of H2O and heat 

inactivated at 1000C for 30 minutes. When required, the boiled cultures (when cooled) 
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were ribolysed (Fastprep) at 6.5m/s for 15 seconds. Cellular debris was removed by 

centrifugation at 12,000 Xg for 15 minutes and supernatant used for polymerase chain 

reaction (PCR). 

 DEOXYRIBONUCLEIC ACID (DNA) MANIPULATIONS 

 Polymerase chain reaction (PCR) 

Primers were designed using Primer-Blast software (Ye et al., 2012) and 

oligonucleotides were synthesized by Sigma-Aldrich. All primers used for generation 

and confirmation of M. tuberculosis strains are shown in Appendix 2-1. 

Amplification of DNA fragments required for cloning utilized a High Fidelity 

Platinum Taq DNA Polymerase (Invitrogen) using M. tuberculosis gDNA4 as the 

template. A 50L reaction mixture contained 1X High Fidelity PCR Buffer, 2mM 

MgSO4, 0.2mM of dNTP, 0.2M forward and reverse primers, 10 ng template DNA 

and 0.2µL (1 unit) of Platinum Taq DNA Polymerase. Cycling was performed using a 

Biorad thermocycler as follows: 94°C for 2 minutes for initial denaturation; 30 cycles 

of denaturation at 94°C for 15 seconds, 55°C (adjusted to melting temperature of 

primer) for 30 seconds, and extension for 68°C for 1 min/kb. 

Culture PCR was performed using GoTaq DNA polymerase (Promega) in 10L 

reaction with 1X Green GoTaq Reaction Buffer, 0.2mM dNTP, 0.5M forward and 

reverse primers, 0.25 µL (1.25U) polymerase, 10ng DNA template from heat- 

inactivated culture and H2O. Amplification cycle was as follows: 95°C for 2 minutes for 

initial denaturation; 30 cycles of denaturation at 95°C for 30 seconds, 55°C (adjusted 

to melting temperature of primer) for 30 seconds, and extension for 72°C for 1 min/kb. 

A final extension of 72°C for 5 minutes was set to complete the run. PCR products 

were analysed using agarose gel electrophoresis. 

  

                                                             

4 M. tuberculosis gDNA used for molecular work were obtained from BEI Resources, 

NIAID, NIH: Genomic DNA from Mycobacterium tuberculosis, Strain H37Rv, NR-48669 

or lab stock 
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 Agarose gel electrophoresis 

DNA fragments were separated using 1% (w/v) agarose gels in TAE buffer (40mM Tris 

base, 20mM Acetic acid, 1mM EDTA); 0.1mgmL-1 of ethidium bromide was added to 

allow visualization of the DNA with UV transillumination with a gel doc trans-

illuminator. 1L of 6X DNA loading buffer (GeneRuler) was added to 5L of the PCR 

mixture, and this was run along with 6L DNA Ladder (GeneRuler). Gels were run at 

90 volts for 1 hour. 

 DNA and plasmid purification 

Amplicons were purified directly from PCR using a Qiaquick PCR Purification kit 

(Qiagen) or excised from agarose gel slices using a Qiaquick Gel Extraction kit 

(Qiagen) as per manufacturer’s protocols.  

Plasmids were isolated from 5mL E. coli culture using a Gene Elute Plasmid Mini kit 

(Sigma), while a Qiagen Plasmid Midi kit was used for purification of low copy 

plasmids from 50mL of overnight culture as per manufacturer’s protocol.  

DNA samples were eluted with 50L of DNAse/ RNAse free water. DNA concentration 

was determined by Nanodrop before sending plasmids for sequencing to GATC 

Biotech. 

 Restriction enzyme digestion 

Diagnostic restriction digestion of DNA was carried out in a 10L reaction, while 

digestion of cloning vectors was performed in a 50L reaction using buffers and 

enzymes from New England Biolabs (NEB). Reactions contained 1μl of each enzyme, 1 

X Cutsmart Buffer and 500ng of DNA and incubated at 370C for 1 hour. 6x Loading 

buffer was added before running a gel as described above.  
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 Ligation 

Ligation of linearised vector and insert DNA was performed using T4 DNA ligase 

(Promega) as per manufacturer’s protocol. A 10L ligation mixture contained 100ng of 

purified vector, 100ng of purified insert DNA, 1L of ligase 10X buffer with 1L T4 

DNA ligase were incubated overnight at room temperature. The ligation mixture was 

used for transformation of E. coli DH5. 

 Transformation 

The ligated plasmids (2-5L) were added to 50L of - Select chemically competent 

cells (Bioline). The mixture was incubated on ice for 30 minutes and heat-shocked in 

420C water bath for 45 seconds followed by incubation on ice for 2 minutes. After 

mixing with 900L of preheated LB supplemented with 25mM MgSO4, the mixture 

was incubated for 1hour at 370C with shaking at 200 rpm. The transformation mixture 

was spread on LB plates with required antibiotics for selection of transformants and 

incubated overnight. 

 Electroporation 

Electrocompetent mycobacteria were prepared as previously described by Rindi and 

colleagues (Rindi et al., 2002). Briefly, 150mL of late logarithmic phase cultures 

(OD580nm 1.0- 1.5) grown in roller bottles were washed thrice with 10% (v/v) glycerol 

(filter sterilized) by centrifugation at 3500 Xg for 15 minutes. Finally, the pellet was 

suspended in 1.4mL of 10% (v/v) glycerol. For electroporation, 400L of competent 

cells were mixed with 500ng of replicating plasmid DNA or 5-10μg of suicide plasmids, 

incubated for 5 minutes at room temperature and transferred to a 2mm electrode-gap 

electroporation cuvettes (Eppendorf, UK). The cuvette was transferred to 

electroporation chamber of Bio-Rad Gene Pulser for a single pulse at 2500V, 25µF and 

1000Ω. The mixture was transferred to 3mL of supplemented 7H9 and incubated 

overnight at 370C with shaking. A negative control without plasmid DNA was also set 

up. After overnight incubation, the mixture was spread on antibiotics-supplemented 

7H10 plates using different volumes; 2, 20 and 200 L of electroporated cells.  
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 ISOLATION OF GENOMIC DNA FROM M. TUBERCULOSIS STRAINS 

Genomic DNA was isolated by mechanical lysis as described by Belisle and Sonenberg 

(Belisle and Sonnenberg, 1998). Pellets of 10mL late exponential growing culture 

(OD580nm 1-1.5) were resuspended in 20mL of breaking buffer [50mM TRIS-HCl pH= 

8.0 (Fisher Scientific), 10mM EDTA (Sigma), 100mM NaCl (Ambion)] with a final 

concentration of 200µgmL-1 RNAse (Qiagen) and centrifuged at 2500 Xg for 15 

minutes. The bacterial suspension in 0.5mL breaking buffer was ribolysed (Fastprep) 

at 6.5ms-1 for 10 seconds. Once tubes were cooled, lysates were treated with 0.1 

volume of 10% (v/v) SDS (Fisher Scientific) and 10µL of 10mgmL-1 Proteinase K to 

remove contaminants and incubated at 550C for the first 3 hours and then following a  

second addition of both reagents, tubes were incubated for a further 1 hour. An equal 

volume of Phenol: Chloroform: Isoamyl alcohol 25:24:1 v/v/v was then added to 

remove contaminating proteins and manually mixed by inverting the tubes for 200 

times. After centrifuging for 15 minutes at 12,000 Xg, the upper aqueous phase was 

transferred to a sterile eppendorf tube and taken out of C3 facility. For DNA 

precipitation, 0.1 volume of 3M sodium acetate (Sigma) and 1 volume of isopropanol 

were added before incubating at -200C overnight. DNA pellets were obtained by 

centrifuging at 12,000 Xg for 30 minutes at 40C and washed twice with ice cold 70% 

(v/v) ethanol and once with 100% ethanol. Air-dried pellets were resuspended in 

200µL Tris-EDTA (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0. buffer, Sigma). 

Concentration and purity of gDNA were assessed by Nanodrop and diagnostic 

digestions were analysed in 0.8% (w/v) agarose gel respectively.  

 RIBONUCLEI ACID (RNA) MANIPULATIONS  

 Preparation of Guanidine Thiocyanate (GTC) solution 

Guanidine thiocyanate (GTC) solution was prepared by mixing the following reagents 

in a graduated 1000mL duran bottle. 

590.8g Guanidine thiocyanate (Fisher Scientific) 

5.0g N-lauroyl sacrcosine 

25mL 1M sodium citrate (pH 7.0) 

5mL Tween-80 
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The solution was incubated without shaking at 37°C with some added distilled H2O to 

dissolve overnight. The solution was adjusted to 1000mL by adding more distilled 

H2O. Prior to use, 7mL β-mercaptoethanol was added to the solution. The bottle was 

stored covered in an aluminium foil and kept away from heat and light. 

 RNA extraction from M. tuberculosis 

This is a method adapted from previous work (Waddell et al., 2004). A 9mL culture 

(unless otherwise stated) was mixed with 36mL GTC solution in 50mL centrifuge tube 

and centrifuged at 2500 X g for 30 minutes. Bacterial pellets were then resuspended in 

10mL GTC solution and further centrifuged for 20 minutes. The remaining GTC 

solution was discarded and the pellets were resuspended in 1mL Trizol® reagent 

(Ambion) and disrupted using a FastPrep at 6.5ms-1 for 45 seconds. Addition of 200μL 

chloroform to cell lysates allowed a partition of aqueous and phenolic phases after 

centrifuging at 9,600 Xg, 40C for 15 minutes. The clear upper aqueous phase 

containing RNA was carefully re-extracted with an equal volume of chloroform. 

Following addition of the aqueous phase to a fresh tube, 0.8 volume of isopropanol 

was added. For RNA precipitation, the sample was incubated overnight at -200C.  

After centrifugation at 9,600 Xg at 40C for 15 minutes, the resulting RNA pellets were 

washed first with 1mL of ice-cold 70% (v/v) Ethanol and centrifuged at 9,600 Xg for 2 

minutes. Next, the second wash was followed by adding 200µL of ice-cold 95% (v/v) 

Ethanol then centrifuged at 9,600 Xg for another 2 minutes at 40C. The supernatant 

was discarded and the remaining RNA pellet was air dried by leaving the tube opened 

in a MSC Class II. The pellet was resuspended in 50μL DNAse/ RNAse free H2O.  

 RNA cleanup and purification 

To eliminate contaminating gDNA, a commercial TURBO DNA-free kit (Ambion) was 

used according to the manufacturer’s protocol. Briefly, 0.1 volume 10X Turbo-DNase 

buffer and 1μL TURBO DNase were added to the samples and incubated at 370C for 20 

minutes. Next, 0.1 volume of DNase Inactivation Reagent was added and incubated at 

room temperature for 5 minutes. Supernatant containing DNAse- free RNA samples 

were obtained after centrifugation at 10,000 Xg for 15 minutes. Concentration and 

purity of the RNA samples were assessed by Nanodrop. 
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When necessary, RNA was further purified by using an RNAse Easy minikit (Qiagen) 

where Turbo-DNase treated samples were transferred to a gDNA eliminator spin 

column and processed according to the manufacturer’s protocol. Samples were eluted 

from RNAse Easy columns using 40μL of DNAse/ RNAse free H2O and assessed for 

concentration and purity using Nanodrop. 

 Measuring RNA concentration 

Purified RNA samples (1.5μL) were used to estimate RNA concentration by Nanodrop 

with an absorbance at 260nm. H2O was used a blank for all samples. Concentration of 

RNA was expressed as ng/µL. All RNA samples were stored in -800C. 

 Reverse transcription  

First strand complimentary DNA (cDNA) was synthesized using Superscript II 

Reverse Transcriptase (Invitrogen) according to manufacturer’s insert protocol using a 

gene specific reverse primer mix in 20L reaction. Briefly, an initial 12L reaction was 

prepared with gene specific reverse primer (GSP), dNTP and RNA samples and 

incubated at 650C for 5 minutes to allow denaturation of secondary structure of RNA. 

Next, addition of 4L of 5X First strand buffer and 2L 0.1M DTT with 1L of 

RNaseOUT (Invitrogen, when required) enhanced annealing of primers at 420C for 2 

minutes. Reverse transcription was initiated by adding 1L of Superscript II RT. The 

reaction was proceeded in a thermocycler (Techne) programmed as follow; 420C for 2 

minutes and inactivation of reaction at 700C for 15 minutes.  

 Quantitative Real Time PCR (qpcr) 

An Absolute qPCR SYBR Green Mix (Thermo Scientific, 2008) was used according to 

the manufacturer’s protocol. A 25L reaction mix in 0.1mL strip tube (Qiagen) 

consisted of 1X Absolute qPCR SYBR Green Mix, 70nM GSP forward and reverse 

primer, 1L template cDNA and 8L H2O. Each run included M. tuberculosis gDNA 

standards, cDNA samples and control samples ( No-RT and NTC samples). These 

control samples were set up in parallel to the test samples to validate specificity of the 

assay. A duplicate reaction similar as above without addition of reverse transcriptase 

(designated as No-RT samples) was performed to detect the presence of 

contaminating gDNA. A no template control (NTC) contained all reaction components 



Chapter 2 

42 
 

except cDNA test samples (replaced with H2O) to monitor presence of primer dimers 

or contamination from PCR components.  

All samples were loaded in triplicate except the standard samples. All GSP primers 

used in the study are tabulated in Appendix 2. 

The assay was performed in Corbett Rotor-Gene 6000 real-time thermocycler using 

the following cycling conditions: 950C for 15 minutes to activate Taq DNA polymerase, 

followed by 40 cycles of 950C for 15 seconds, annealing at 720C for 20 seconds and 

extension step for 840C for 20 seconds (Cheah et al., 2010).  

A melting curve program was also set up by ramping 55°C to 99°C at 0.1°C per 5 

seconds. A melting curve charts the ‘melting’ of double stranded (ds) to single 

stranded DNA. The melting temperature (Tm) is indicated by a reduction in 

fluorescence indicating SYBR Green dye dissociated from dsDNA. This is better 

illustrated using a negative derivation with a -F/T (change in fluorescence/ change 

in temperature) plotted against temperature. A sharp peak for the target amplicon 

will be shown corresponding to the associated Tm, with a standard deviation of 0.50C 

will be accepted. Melt curve analysis was performed to determine the specificity of 

the assay as it detects the presence of non-specific products such as primer-dimers. 

Representative melt curves generated from each experiment are found in Appendix 7. 

The cDNA samples were later stored at -200C. 

 Analysis of qRT-PCR  

4.1.1.1.1 Genomic DNA contamination 

An important test for the quality of the RNA sample is to determine if it contains a 

significant amount of genomic DNA contamination. For each qPCR run, the 

experimental samples with their parallel no RT samples were loaded as triplicates to 

determine level of gDNA contamination. It was estimated by dividing the amplicon 

copy numbers in no-RT sample by test sample. A 10% threshold value obtained for 

each test sample will be analysed further for normalisation to 16S gene (Garton et al., 

2008). 
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4.1.1.1.2 Standard curve 

A dilution series of known M. tuberculosis gDNA concentration were used to generate 

a standard curve to determine initial starting amount of target template and to assess 

reaction efficiency, sensitivity and reproducibility. A 1 in 2 dilution of 100ng/L M. 

tuberculosis gDNA in H2O with final concentration of 1X 107 copies as the 1st standard 

sample was used for further dilutions. Using the information below, 

A- Avogadro’s number, 6.022×1023 molecules per mole,  

B- One mole per basepair (bp) weighs 650 grams(g) 

C-  The number of molecules of M. tuberculosis gDNA template i.e. 4,411,529 bp 

(Cole, 1998)  

The M. tuberculosis genome copy numbers are approximately 2.1 X107 copies 

that was calculated using the following formula: 

 

Equation 2-2: 

 

A total of eight M. tuberculosis gDNA standards ranging from 1X 107 to 1X 103 copies 

were used. After each run, both standard and melting curves were generated using 

Rotor Gene 1.7 software. A standard curve exhibits a threshold cycle, CT in y-axis 

plotted against the concentration of each standards on the x-axis and is used to derive 

parameters such as correlation efficiency (R2), slope (M) and reaction efficiency. CT  is 

used to calculate the initial cDNA copy numbers as the value is inversely related to the 

starting amount of the target transcripts. Thus, the quantity of mRNA in each reaction 

was generated from the cDNA copy number with reference to the aforementioned 

standard curve  (Forrellad et al., 2013) 

Assay performance lies primarily on a good PCR amplification efficiency, ideally 100% 

indicating a perfect cDNA doubling after each cycle during exponential amplification. 

In practice, PCR efficiency between 90- 110% corresponding to a slope of between -

3.58 and -3.10 is acceptable, using equation:  

 

Equation 2-3   

 

Number of copies = 
𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑫𝑵𝑨 (𝒏𝒈) × 𝟔. 𝟎𝟐𝟐 × 𝟏𝟎𝟐𝟑

𝑳𝒆𝒏𝒈𝒕𝒉 (𝒃𝒂𝒔𝒆𝒑𝒂𝒊𝒓) × 𝟏 × 𝟏𝟎𝟗 × 𝟔𝟓𝟎
 

𝑷𝑪𝑹 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =  10 (−𝟏 𝒔𝒍𝒐𝒑𝒆)⁄ -1 
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In addition, an ideal correlation coefficient of 1 correlates linearity of the standard 

curve. This reflected a linear dynamic range of the reaction where the highest to the 

lowest quantifiable copy number of template DNA fits in the standard curve. It is also 

a measure of replicate reproducibility (Bustin et al., 2009, Life Technologies, 2012). 

Analyses of assay performance for each experiment are compiled in Appendix 6. 

4.1.1.1.3 Gene expression analysis 

Quantitative results for cDNA copies in test samples were assayed in triplicate and 

were normalised to the chosen reference gene (16S) to obtain relative expression (RE) 

value. The aim of this was to compensate inter- (sample to sample) and intra- (run to 

run) assay variations (Pfaffl, 2001 #404). Where applicable, to determine the 

expression of low abundance genes, the copy numbers of the experimental cDNA 

samples were compared to the copy numbers of no-RT samples and was statistically 

determined. A significant difference was considered as an expression provided that it 

was not obscured with gross gDNA contamination.  

A relative expression (RE) value was then calculated by dividing the target gene copy 

numbers in test samples by mean of 16S cDNA copy numbers. The normalised value 

for each target gene can then be compared for each treatment. The RE induction ratio 

(fold- change) was determined by dividing the RE value of target genes after 

treatment (different exposure time) by RE value during exponential growth or before 

treatment.  

 STATISTICAL ANALYSIS 

All relevant statistical analysis was performed and plotted using Graph Pad Prism 

software (Prism Version 7). Statistical analyses were performed using Student t-test 

or one-way ANOVA using the Prism software.  

Statistical analyses for infection experiments were done using nonparametric tests 

including the Mann- Whitney rank sum test or the Kruskal-Wallis test. All of these 

tests pool the data and rank the values. The statistic calculates the probability that the 

observed ranking occurred by chance.  

P-values less than or equal to 0.05 were considered statistically significant. 
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 Initial investigations on determining the essentiality 

of rv2660c and rv2661c in Mycobacterium tuberculosis  

 INTRODUCTION 

Rv2660c and Rv2661c are conserved hypothetical proteins (HPs) with only 12% 

identity at the protein level. The nucleotide sequences from M. tuberculosis H37Rv 

strain alignment showed no homology with genes of other bacterial species. These 

genes are highly restricted to pathogenic mycobacteria with similar conservation 

patterns (> 99% identity) seen in M. bovis BCG (annotated as mb2678c for M. 

tuberculosis rv2660c and mb2679c for M. tuberculosis rv2661c), M. bovis and MTBC 

strains such as M. africanum and M. caprae. Both HPs are encoded in minus strand; 

rv2661c spanning 390bp in positions 2981187 to 2981576 of the genome and adjacent 

rv2660c located 2980963 to 2981190 covering 228bp (Lew et al., 2011). Within the 

operon, rv2662 is encoded on plus strand (Lew et al., 2011). This genomic organisation 

is seen in both M. tuberculosis H37Rv and M. bovis BCG (Lew et al., 2011) and suggest 

that function of these HPs is related to each other. Furthermore, a recent 

identification of nutrient-induced non-coding RNA, ncRv12659 that overlapped 

rv2660c locus highlighted the complexity of the genomic organisation (Houghton et 

al., 2013), illustrated in Figure 3-1. 

 

 

Figure 3-1: Schematic representation of the rv2660c and rv2661c genomic region 

in M. tuberculosis. Rv2660c and Rv2661c are located on Rv2660c- Rv2661c operon 

where the N-terminal region of Rv2660c extends to include part of the Rv2661c 

sequence and in the sense orientation. rv2662c overlaps by 86bp with rv2661c in an 

antisense orientation, while ncRv12659 overlaps with rv2660c sequences by 114bp 

(Lew et al., 2011). 

 

Previous published transcriptomic profiling of M. tuberculosis in various models of TB 

infection including models of NRP (Table 3-1) has highlighted the role of these 
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annotated genes to the adaptation of M. tuberculosis during dormancy and virulence. 

An initial microarray study by Betts and colleagues identified a massive upregulation 

of rv2660c (280 fold), rv2661c (27- fold), rv2662 (34- fold) from extracts of 96 hours 

nutrient starved M. tuberculosis cells in PBS (Betts et al., 2002). Furthermore, these 

genes were significantly upregulated during the transition of M. tuberculosis cells to 

‘non-culturability' state in a stationary phase that involved growing culture in a 

supplemented 7H9 medium for 62 days (Salina et al., 2009). These genes were also 

expressed in other in vitro NRP conditions such as in Wayne’s hypoxia model (Voskuil 

et al., 2004), enduring hypoxia response (Rustad et al., 2008) and exposure to 

hydrogen peroxide (Schnappinger et al., 2003). In a similar study by Schnappinger and 

colleagues, they identified these three genes in the intraphagosomal M. tuberculosis 

transcriptome of IFN-γ activated bone marrow-derived murine macrophages at 24 

and 48 hours of infection (Schnappinger et al., 2003). Recently, an in vitro fatty acid 

environment generated by growing M. tuberculosis in dextrose medium induced 

significant upregulation of rv2660c during exponential phase as opposed to different 

NRP stages (Soto-Ramirez et al., 2017). It was proposed that fatty acid, which is one of 

the lipid compounds involved in persistence might be the main stress determinants 

for expression of rv2660c (Soto-Ramirez et al., 2017).  

Further in vivo global expression profiling by microarray identified expression of 

rv2660c in the human-like caseous lungs of C3HEB/FeJ mice during later stages of 

infection, which is at 20, 30 and 80 days post-infection (Gautam et al., 2015b). 

Expression of rv2660c and rv2661 was also upregulated in lungs of BALB/c mice at 14, 

21 and 28 days after exposure (Talaat et al., 2004). These findings corroborated with 

Aagaard and colleagues’ study (Aagaard et al., 2011) that demonstrated a stable 

induction of rv2660c in lungs of M. tuberculosis-infected CB6F1 mice at 3 and 6 weeks 

of infection, analysed by quantitative RT-PCR. Hence proposing Rv2660c as a latency- 

associated antigen (Aagaard et al., 2011). The expression of rv2660c and rv2661c after 

21 days of infection suggest its involvement in also controlling dissemination in lungs 

corresponding to activation of acquired immune responses in BALB/C mice (Orme et 

al., 1993, Dunn and North, 1996). In particular, Rv2661c was also identified in a 

chronically infected guinea pig after 90 days of infection (Kruh et al., 2010). 
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Collectively, the data suggest that rv2660c and rv2661c are important for M. 

tuberculosis to adapt and survive during NRP and infection.  

A genomic scale screening study using a transposon insertion site-mapping method 

(TraSH) has identified Rv2661c as essential for M. tuberculosis survival in macrophage 

during host CD4 mediated tryptophan starvation (Zhang et al., 2013). Briefly, a library 

of M. tuberculosis transposon mutants were used to infect wild-type and CD4-deficient 

(MHC class-II-deficient, MHCII−/−) mice. The mutants with in vivo growth defects in 

MHCII−/− mice but growth in wild-type mice were identified as the 58 genes that are 

responsible for surviving the CD4 T-cell responses, termed as M. tuberculosis CD4 

counteractome. A similar approach was used to identify genes required for M. 

tuberculosis survival during CD4 mediated tryptophan starvation by using a library of 

conditional mutants generated by growth on solid 7H10 medium (to induce 

tryptophan starvation) and compare with the counteractome signature. There were 

12 genes including rv2661c and other genes responsible during tryptophan 

biosynthesis; trpB, trpD and trpE, (Lin et al., 2009). Host Indoleamine 2,3-dioxygenase-

1 (IDO-1), activated by CD4 cells via IFN-γ signaling is the first rate-limiting enzyme of 

tryptophan metabolism (Zelante et al., 2009). The host immune-mediated response 

degrades intracellular tryptophan (Zhang et al., 2013). The authors inhibited bacterial 

tryptophan synthesis with an halogenated anthranilate (a tryptophan metabolite) 

analogue, 2-amino-6-fluoro- benzoic acid (6-FABA). This compound inhibited M. 

tuberculosis growth in vivo, thus a potential anti-infective agent (Zhang et al., 2013). In 

vitro assay has shown that 6-FABA was active against M. tuberculosis at an MIC of 5 

µM (Zhang et al., 2013). Since Rv2661c was implicated to be involved during 

tryptophan biosynthesis, we hypothesised that the rv2661c deletion strain would have 

higher sensitivity to 6-FABA, resulting in decreased MIC values compared with wild-

type M. tuberculosis.  

In contrast to Rv2661c, Rv2660c has been receiving focus in vaccine development. A 

multistage vaccine that combines classical preventive target antigens (antigens 

secreted in an early infection) and highly expressed key latency associated antigen 

was developed to improve the efficacy of current bacillus Calmette- Guerin (BCG) 

vaccine. The vaccine, H56: IC31 combines Ag85B (Rv1886c) and ESAT-6 (Rv3875) with 

Rv2660c was demonstrated as a post-exposure vaccination for M. tuberculosis-
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infected individuals (Luabeya et al., 2015) and has entered clinical Phase 2 trial. The 

adjuvant IC31 (Intercell) was selected as it promoted a strong Th1 response for control 

of infection and demonstrated to have an excellent safety profile in the first TB clinical 

trial (van Dissel et al., 2010). Performance of H56 vaccine with the other two different 

adjuvants; CAF04 and CAF05 also exhibited higher IFN-γ responses which 

demonstrated the efficacy of H56 in improving disease outcomes (Billeskov et al., 

2016). A high-level Rv2660c T-cell response was elicited in BCG-immunized 

cynomolgus macaques (Lin et al., 2012). As a result, a delayed and reduced infection 

with M. tuberculosis was observed and prevented anti-TNF triggered reactivation of 

latent infection (Lin et al., 2012). However, boosting of this vaccine elicited a low level 

of Rv2660c T-cell responses in two different African groups of LTBI (Govender et al., 

2010), LTBI Chinese patients (He et al., 2015) and became transient in the active TB 

infected patients (Luabeya et al., 2015). Immunisation with a recently developed DNA 

vaccine, p846 that combines Rv2660c with Rv3615c and Mtb 10.4 resulted in a 15-fold 

decrease in bacterial load after immunisation and the immunised mice exhibited 

fewer lesions in lungs (Kong et al., 2014), further highlighting the potential use of 

Rv2660c in post exposure TB vaccine. 

In the past, microarray analysis has been the primary technology for gene expression 

analysis and has had some limitations such as cross hybridisation and the inability to 

identify novel transcripts. With the advances of high throughput genome sequencing, 

it was identified that transcription of rv2660c was actually from an antisense 

orientation in M. tuberculosis starved cells (Uplekar et al., 2013). The ncRv12659 that is 

convergent and overlaps with the rv2660c locus was massively upregulated at 24 

hours of starvation and in murine infection (Houghton et al., 2013). Furthermore, the 

Rv2660c peptide was not detected during starvation using highly sensitive targeted 

mass spectrometry (Houghton et al., 2013, Albrethsen et al., 2013). In other study, a 

14-kDa recombinant Rv2660c in M. bovis BCG over-expressing strain of Rv2660c were 

detected which were grown in acidic pH5.3 and later detected using Rv2660c 

monoclonal antibodies (Yihao et al., 2015) which further questioned the existence 

Rv2660c and upregulation of both rv2660c and rv2661c in models of NRP. 

To address these questions, a panel of in-frame deletion mutants and over-expressing 

strains of rv2660c and rv2661c in M. tuberculosis were generated by Dr Galina 
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Mukamolova and subsequently confirmed in this study . The genetic recombination 

methods commonly used for generating deletion and over-expressing strains in 

mycobacteria are briefly mentioned below. Importantly, deleting rv2660c and rv2661c 

also resulted in partial deletion of respective ncRv12659 and rv2662. Therefore, 

phenotypic changes observed in the deletion mutant can be attributed to several 

genes and non-coding RNA in this genomic region. This contribution could be further 

validated by complementation studies. In addition, this chapter also describes the 

initial investigations in determining the phenotypic characteristics of these deletion 

and over-expressing strains during growth in standard laboratory media.  



Chapter 3 

51 
 

Genes 

Nutrient 

Starvation 

(Betts et al., 

2002) 

Wayne’s 

Hypoxia Model 

(Voskuil et al., 

2004) 

Enduring 

Hypoxia 

Response 

(Rustad et al., 

2008) 

Stationary Phase 

(Salina et al., 

2009) 

5mM H2O2 

(Voskuil et al., 

2011, 

Schnappinger et 

al., 2003) 

48 hours of IFN-

Activated 

macrophages 

(Schnappinger et al., 

2003, Schnappinger et 

al., 2006) 

CB6F1 mice -20 

weeks infection 

(Aagaard et al., 

2011) 

rv2660c 282.24 9.1 2.96 19.7 3.84 3.4 860 

rv2661c 26.77 - 2.8 - 1.07 2.5 n/a 

rv2662 34.23 5.6 3.35 12.9 0.87 2.4 n/a 

Table 3-1: Expression of rv2660c, rv2661c and rv2662 in various in vitro NRP and stress models analysed by microarray. The major 

housekeeping gene, 16S rRNA was used as an internal control for the normalisation of mRNA levels in all the studies mentioned above except 

sigma factor gene Sig A for the oxidative stress assay (Schnappinger et al., 2003). Data presents mean induction ratios calculated compared 

from RNA of culture grown to mid-exponential phase in supplemented 7H9. 
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 Construction of genetic deletions in M. tuberculosis H37Rv 

Genetic manipulation tools for mycobacteria have been developed for the last 15 

years and have remained invaluable to understand the biology and pathogenesis of 

mycobacteria. They involve a construction of targeted genetic deletions to 

demonstrate gene essentiality, determine gene function and generate attenuated 

strains for vaccine research and drug development. Some previous genetic 

manipulation systems include the use of non-replicating (Husson et al., 1990, Parish 

and Stoker, 2000b) and replicating plasmids (Pashley et al., 2003), and long linear 

DNA fragments up to 40kbp (Balasubramanian et al., 1996). Gene replacement and 

deletion can be performed using suicide plasmids and homologous recombination 

approaches (Parish and Stoker, 2000a, Parish and Stoker, 2000b) or by using 

mycobacteriophage-mediated delivery (Bardarov et al., 2002). The system developed 

by Parish and Stoker (Parish and Stoker, 2000b) using pNIL/ pGOAL plasmids has 

been widely used for generation of unmarked mycobacterial mutants in M. 

tuberculosis (Chauhan et al., 2006, Cholo et al., 2006, Pang et al., 2007, Parish et al., 

2003b, Saikolappan et al., 2012, Curry et al., 2005). In this study, the delivery vector is 

constructed by in-frame fusion of upstream and downstream regions of the target 

gene in a pNIL plasmid (p2NIL series), thus generating the genetic region missing the 

entire target gene. The marker cassette containing lacZ, sacB and hyg gene is 

introduced to enable screening for single and double crossover clones as illustrated in 

Figure 3-2 creating the delivery vector. Single crossover strains containing the plasmid 

can grow on kanamycin, produce blue coloured colonies on X-gal containing agar and 

are resistant to hygromycin. On the other hand, sucrose inhibits growth of single 

crossover strains due to the presence of the sacB gene in the plasmid. Cultivation of 

single crossover bacteria without selection pressure (antibiotics) results in the loss of 

the plasmid due to second homologous recombination. These double crossover 

strains have either a wild-type genome or a deletion of the target gene (Parish and 

Stoker, 2000b) which are sensitive to antibiotics and resistant to sucrose. Application 

of PCR, Southern hybridisation or whole genome sequencing can be used for 

confirmation of gene deletion. 
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An in vitro generated specialised transducing phage has also been used for generation 

of deletion mutants (Bardarov et al., 2002, Raman et al., 2001, Sirakova et al., 2001, 

Kandasamy and Narayanan, 2014). It involves an E. coli cosmid vector containing the 

allelic exchange substrates (AES) and cloning the recombinant cosmid into a 

conditionally replicating (temperature sensitive) shuttle phasmid. Further transfection 

of the mycobacteria at the permissive temperature of 300C generated high-titre 

transducing phage. The transduction to mycobacterial host generates recombinants 

and was selected at 370C as phages could not be replicated at this temperature 

(Bardarov et al., 2002, Bardarov, 1997). A more recent improvement to this system 

involves a single-step strategy for AES by using temperature-sensitive shuttle 

phasmid that only injects its DNA and does not propagate in the infected 

mycobacterial cell at 37°C (Jain et al., 2014). An unmarked double (leucine and 

pantothenate) auxotroph of M. tuberculosis H37Rv which displayed less virulence in 

mouse studies was constructed using this system (Jain et al., 2014).  

Use of conditionally replicating temperature-sensitive phasmid as a delivery vector 

has improved reproducibility of allelic exchange in the slow- growing mycobacteria, 

allowing generation of >106 different M. tuberculosis transposon (Tn) mutants (Pelicic 

et al., 1997). Insertional mutants were positively selected where the system was a 

combined sacB gene and a mycobacterial thermosensitive origin of replication and 

then efficiently counter-selected on sucrose at 39°C (Pelicic et al., 1997). 

Generation of Tn-mutant libraries for large-scale phenotypic screening including 

genes required for pathogen adaptation to host was performed by using signature-

tagged mutagenesis (Camacho et al., 1999). Mobile elements were inserted randomly 

that the chromosome became saturated with insertions. Identification of essential 

genes by this strategy was possible as it relied on the fact that such genes are devoid 

of insertions (Wei and Rubin, 2008). Transposons Tn5367 and Tn5368 containing 

insertion sequence IS1096 (Cirillo et al., 1991) were shown to mutagenise M. bovis 

BCG giving rise to a set of auxotrophic mutants (McAdam, 1995) and in several strains 

of M. tuberculosis (Bardarov, 1997, Pelicic et al., 1997). However, detection of very rare 

allelic exchange events was hindered by low transformation efficiencies and high 

frequencies of illegitimate recombination, where no more than 100 mutants per 

experiment have only been obtained (McAdam, 1995). Identification of genes that 
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were not disrupted among the large pool of insertion mutants were improved by 

sequencing Tn-chromosome junctions known as deep sequencing of Tn insertion 

(TnSeq) libraries (Gawronski et al., 2009, Hutchison et al., 1999). It was widely used in 

dissecting essential genes in particular metabolic pathways (Griffin et al., 2011) and 

mechanisms of pathogenesis (Zhang et al., 2012, Joshi et al., 2006) in M. tuberculosis. 

These essential genes identified in studies as mentioned above were broadly 

consistent with a TraSH study mapped by DNA microarray (Sassetti et al., 2003). 

Recently, sequencing of Himar1 library led to the identification of 7 sRNAs in M. 

tuberculosis found to be essential for growth in vitro, six of which occurred in 5′UTRs 

that likely represent processed transcripts (DeJesus et al., 2017).  

The essentiality of a gene depends on the requirement and metabolic state of the 

pathogen throughout infection period. Hence, conditional gene knockdowns were 

generated to provide an additional advantage of modulating expression or repression 

at a particular defined phase of infection (Seeliger et al., 2012). Inducible systems are 

commonly used to silence genes via direct transcriptional control or expressing anti-

sense mRNA and to overexpress proteins for biochemical and structural studies 

(Savary et al., 2011). These systems will be further described in the next section which 

covers strategies for gene over-expression. For gene silencing, a straightforward 

method involved replacing the native promoter of a target gene with a tightly 

regulated promoter whose activity can be controlled experimentally. The 

theophylline-inducible artificial riboswitch has emerged as an alternative system to 

exclude the use of exogenous regulator proteins and was competent to control gene 

expression during macrophage infection (Seeliger et al., 2012, Van Vlack and Seeliger, 

2015). All regulatory elements were encoded within the 5′UTR of the mRNA, directly 

upstream of the target gene (Seeliger et al., 2012, Van Vlack and Seeliger, 2015). Its 

limitation included low-frequency homologous recombination in mycobacteria and 

retention of a residual, truncated gene copy (Van Vlack and Seeliger, 2015). Gene 

silencing by antisense inhibition has been performed in M. tuberculosis by generating 

constructs where target gene was placed in antisense orientation under an inducible 

promoter. The antisense sequences that hybridise to mRNA will repress the 

expression of the target gene upon induction and prevent translation (Parish and 

Stoker, 1997, Kaur et al., 2009). 
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The bacterial type II CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic 

Repeats) -associated only protein-9 nuclease (Cas9) from Streptococcus pyogenes has 

emerged as a recent gene silencing tool that promises a robust, manageable and 

scalable platform for regulated gene silencing (Cong et al., 2013, Deltcheva et al., 

2011). CRISPRi system involved the co-expression of DNA endonuclease-deficient 

Cas9 (dCas9) (Qi et al., 2013) and the small guide RNA specific to a target sequence, 

resulting in the DNA recognition complex that interfered with the transcription of 

corresponding DNA sequence (Jinek et al., 2012). CRISPRi system was shown to be 

competent in suppressing expression of multiple target genes in mycobacteria 

(Choudhary et al., 2015). Another group demonstrated that dCas9 protein derived 

from the CRISPRi locus of Streptococcus thermophilus (dCas9Sth1) produced the most 

robust and consistent gene silencing in Renilla luciferase reporter assay with minimal 

proteotoxicity (Rock et al., 2017). Although it induced minimal upstream polar effect, 

CRISPRi system holds promising perspective for more M. tuberculosis drug discovery 

(Rock et al., 2017) 

 Construction of over-expressing strains in M. tuberculosis 

As mentioned earlier, gene over-expression is another approach for the analysis of 

gene function (Ehrt and Schnappinger, 2006). Several plasmid-based mycobacterium 

vectors or mycobacteriophage- derived vectors have been successfully used for gene 

over-expression in both fast and slow-growing mycobacterium strains. The origin of 

replication identified in the Mycobacterium fortuitum plasmid pAL5000 (Ainsa et al., 

1996, Picardeau et al., 2000) was widely explored and quickly became a foundation for 

the development of Escherichia coli-mycobacterium shuttle vectors such as pMV261 

(Stover et al., 1991), pLA71 (Le Dantec et al., 2001), pMIP12 (Le Dantec et al., 2001, 

Lim et al., 1995) and PJK series (Kanno et al., 2016). The primary goal of plasmid 

development was to generate a stable recombinant BCG vaccine. These shuttle 

vectors were either maintained and replicated extrachromosomally in mycobacteria 

or integrated into the genome where gene expression in these plasmids was driven by 

mycobacterial promoters (Bastos et al., 2009). The heat shock protein promoters 

(Phsp60 from M. bovis BCG and Phsp70 from M. tuberculosis), the IS900 ORF promoter 

(PAN from M. paratuberculosis) and the mutated β-lactamase promoter (PBlaF* from M. 
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fortuitum) are common ones, as reviewed by Bastos and colleagues (Bastos et al., 

2009). These extrachromosomal plasmids generate high copy numbers in 

mycobacteria and have been shown to result in vitro and in vivo instability of 

recombinant vaccines caused by the unpredictable gene expression levels or protein 

toxicity (Joseph et al., 2006, Matsuo and Yasutomi, 2011). Moreover, the integrative 

vectors derived from temperate mycobacteriophages, such as L517 (Lee et al., 1991) 

or Ms6 (Dos Vultos et al., 2006) are characterised by the generation of low copy 

number. It has been reported that the vectors affected heterologous gene expression 

or interfere infection experiments in mycobacteria (Mo et al., 2007,  Yi et al., 2007). 

Hence, gene expression could be experimentally controlled through the use of 

inducible systems. In particular, the dosing control afforded by inducible regulation 

can help reduce the harmful effects of over-expression of toxic proteins (Van Vlack 

and Seeliger, 2015). The acetamide-inducible promoters controlled by two positive 

regulators, AmiC and AmiD and a negative regulator, AmiA were used for 

development of the first inducible promoter system. The system can be induced by 

the addition of short aliphatic amides, acetamide or butyramide to the growth 

medium (Mahenthiralingam et al., 1993). It was proven invaluable for generation of 

conditional mutant and protein over-expression. (Parish and Stoker, 1997, Parish et 

al., 1997, Brown and Parish, 2006). Other inducible systems include pNIT plasmids 

which carry the isovaleronitrile-inducible promoter (Pandey et al., 2009), pMY696 

which has a pristinamycin-inducible promoter (Forti et al., 2009) and tetracycline 

repressor based (TetR) systems controlled by addition of tetracycline (Blokpoel et al., 

2005, Ehrt et al., 2005).  

Any systems have limitations, and an ideal inducible promoter system should meet 

the following criteria: (i) under repressing conditions, expression should be completely 

silent, (ii) provide significant level of over- expression (i.e. >1000- fold) that can be 

controlled in a dose-responsive manner, (iii) no interference to gene’s native 

regulation under inducing conditions and (iv) rapid gene induction and protein 

depletion during in vitro growth and NRP and also during infection of host cells and 

animals (Schnappinger and Ehrt, 2014).  
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The aim of this study was to investigate the essentiality of rv2660c and rv2661c in M. 

tuberculosis during in vitro growth and during tryptophan starvation. The following 

objectives were carried out: 

 Generation of three in-frame deletion mutants: an rv2660c single deletion 

mutant, an rv2661c single deletion mutant and an rv2661c -rv2660c double 

deletion mutant Parish and Stoker method (Parish and Stoker, 2000b) 

 Generation of three over-expression strains pMV261::rv2660c, 

pMV261::rv2661c and pMV261::rv2661c-rv2660c over-expressing strains  

 Initial characterisation of deletion mutants and over-expressing strains during 

in vitro growth using standard liquid and solid laboratory media  

 Establishing the minimum inhibitory concentration of 2-amino-6-fluoro- 

benzoic acid (6-FABA) for the deletion mutants and wild-type of M. 

tuberculosis 
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 METHODS 

 Bacterial strains  

A list of deletion and over-expressing strains used in the study is found in Table 2-1. 

The E. coli DH5α competent cells (Genotype: F- deoR endA1 recA1 relA1 gyrA96 

hsdR17(rk -, mk +) supE44 thi-1 phoA Δ(lacZYA argF)U169 Φ80lacZΔM15λ, Bioline) 

was used in cloning. 

 Generation of single and double deletion of rv2661c and rv2660c strains in 

M. tuberculosis 

Deletion delivery vectors designated further in thesis as p∆rv2660c, p∆rv2661c and 

p∆rv2661c:rv2660c (Appendix 3) were constructed by Dr Galina Mukamolova (UoL) 

using homologous recombination method (Parish and Stoker, 2000b) shown in Figure 

3-2 to generate respective deletion strains; ∆rv2660c, ∆rv2661c and ∆rv2661c:rv2660c.  

Two separate flanking regions upstream (FR2) and downstream (FR1) of the gene 

were amplified from M. tuberculosis H37Rv genomic DNA using respective primers 

described in Appendix 1. These primers were designed to introduce HindIII and BamHI 

restriction sites to FR2 while with amplified FR1, both BamHI and Not1 sites 

introduced. The assigned DNA fragments used for construction of p∆rv2660c were 

2660FR2 and 2660FR1, for p∆rv2661c (2661FR2 and 2661FR1) and p∆rv2661c:rv2660c 

(2660FR1 and 2661FR2), illustrated in Figure 3-3. Both amplified fragments were 

individually cloned to E. coli pGEM®-T Easy vector (Promega) creating pGemT:: FR1 

and pGemT:: FR2 plasmids using E. coli DH5. White colonies grown on LA plates with 

50gmL-1 Ampicillin, 80gmL-1 X-gal and 100mM IPTG were selected for plasmid 

preps. Isolated constructs were sequenced to ensure no mutations created during 

PCR.  

Confirmed DNA fragments were subsequently subcloned into p2NIL vector with the 

indicated restriction enzyme sites. Gel purified FR2 excised from pGemT::FR2 using 

BamHI and HindIII enzymes was ligated to similar digested purified p2NIL (creating 

p2NIL:: FR2). The ligation mixture was transformed into E. coli DH5 and 

transformants were checked for correct insert by performing diagnostic digestions. 

Subsequently, purified FR1 was then ligated to BamH1-NotI digested p2NIL::FR2 and 

resultant E. coli transformants were selected on kanamycin. A number of digestions 
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were employed to confirm both inserts in p2NIL plasmid. Next, the PacI cassette was 

excised from pGoal19 and then cloned into the single PacI site of the p2NIL derivative 

generating respective p∆rv2661c (16438bp), p∆rv2660c (16586bp) and 

p∆rv2661c:rv2660c (16199bp) constructs.  

These final suicide delivery plasmids (10g) were electroporated into M. tuberculosis 

H37Rv. Following overnight incubation, the electroporated cultures were spread on 

supplemented 7H10 with Kanamycin and X-gal. After 6 weeks of incubation, the blue 

colonies were selected and were confirmed by PCR as single crossover clones. To 

stimulate double crossover, the blue colonies were inoculated into supplemented 7H9 

without kanamycin and grown until late exponential stage. Cultures were then plated 

on supplemented 7H10 with 2% (v/v) sucrose, 80gmL-1 X-gal and 50µgmL-1 

kanamycin. After 4 weeks of incubation, white sucrose resistant colonies were then 

streaked on two separate plates, one containing sucrose and X-Gal; other 

supplemented without kanamycin. White kanamycin-sensitive colonies were 

screened by PCR using test or gene-specific primers.  

Each of the generated deletion mutants will yield as follows; The resultant rv2660c 

strain has a 213bp deletion of rv2660c sequence corresponding to deletion of 

overlapping 114bp at 3’end of ncRv12659 sequence. The Rv2661c sequence was 

unaffected by deletion of rv2660c. As a result, only 9bp at 5’end and 6bp at 3’end of 

Rv2660c with introduced BamHI restriction site remained.  

The rv2661c strain has a 363bp deletion of Rv2661c sequence corresponding to 

deletion of overlapping 86bp at 5’end of Rv2662 sequence. Only 9bp at 5’-end and 

19bp at 3’end of rv2661c joined by BamHI restriction site followed by 187bp of Rv2662 

sequence remained in the strain.  

Subsequently, a deletion of both gene sequences will result in partial deletions of both 

Rv2662 and ncRv12659 generating ∆rv2661c:rv2660c strain. A remaining 9bp at 5’end 

of Rv2661c and 6bp at 3’end of Rv2660c sequence with 58bp at 5’end ncRv12659 and 

187bp at 3’end of Rv2662 sequence were maintained in this strain.  
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Figure 3-2: Strategy for generation of deletion mutants in M. tuberculosis using homologous recombination approach.  

Procedure were adapted from Parish and Stover (Parish and Stoker, 2000b) and were carried out as follows: (i) Two separate amplified 

flanking regions, FR1 and FR2 for target gene were cloned into p2NIL (ii) A marker gene cassette with two PacI restriction sites were excised 

from pGoal19 (iii)The PacI cassette cloned into the p2NIL/deleted gene creating the final deletion delivery vector. The purified deletion 

construct was electroporated into M. tuberculosis H37Rv to generate final deletion strain (iv) Single cross over event (v) Double cross over 

colonies containing mutant allele selected based on growth of white colonies on media without kanamycin  
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Figure 3-3: Physical map of rv2661c-rv2660c region with positions of flanking region and primers used for construction of deletion 

strains. 

Physical map of the Rv2661c-Rv2660c region (position and orientation in genome represented as block arrows, shown in scale) depicting 

positions of flanking regions (shown as rectangular blocks) used for generation of deletion strains and primers (highlighted in purple fonts) to 

confirm deletion. For southern blotting, rv2660FR2 (2292bp) were DIG-labelled and used to hybridize HindIII and NheI digested fragments of 

wild-type and deletion strains  
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 Southern Blot Hybridisation  

The gene disruption by double crossover was further analysed by Southern 

hybridization, illustrated in Figure 3-4. Genomic DNA (2g) of wild-type and three 

deletion strains was isolated and individually digested with restriction enzymes; NheI 

and HindIII, with overnight incubation at 370C. The samples of digested gDNA were 

separated on a 0.8% w/v agarose gel for 80 volts for 3 hours and ran along with 6L 

DNA Digoxigenin-labelled Ladder V11. Serial 15 minute washings were performed at 

room temperature and rinsing of gel in between washings proceeded as follows; 

depurination of DNA fragments using 0.25N HCl with two washes; denaturation with 

mixture of 0.5M NaOH and 1.5M NaCl with two washes and one wash for 

neutralisation step using mixture of 0.5M Tris-HCl (pH 7) and 3M NaCl for extended 30 

minutes. Southern blotting was carried out in 20X SSC (3M NaCl, 300mM Sodium 

citrate- pH7) using a positivity charged nylon membrane (Supply et al., 2013). After an 

overnight DNA transfer from gel to membrane, the membrane was carefully lifted and 

immersed in 2X SSC for 10 minutes. DNA was cross-linked to the membrane using UV 

Straterlinker 2400 (Invitrogen) applying automated program twice. DNA-probe 

labelling, hybridization and detection were performed using the DIG high prime DNA 

labelling and detection starter kit 1 (Supply et al., 2013). Briefly, 3g purified DNA 

fragment of 2660FR2 (2292bp) were denatured at 95C for 10minutes prior 

incorporation of DIG-11-dUTP by Klenow polymerase using DIG high prime resulting 

DIG- labelled 2660FR2 as hybridisation probe. Hybridisation was performed by 

immersing the membrane in denatured DIG-labelled probe and preheated DIG Easy 

Hub solution at 65C overnight with gentle agitation. Post hybridisation washes 

involved stringent washes twice in 2x SSC with 0.1% w/v SDS for 5 minutes and 0.5X 

SSC with 0.1% SDS for 15 minutes at 65C. For detection of hybridisation signals, the 

membrane was washed in 1X Maleic acid buffer, pH7.5 (0.1M Maleic acid, 0.15M NaCl 

with 0.3% (v/v) Tween-20 and blocked in similar buffer without Tween-20 for 30 

minutes. The membrane was transferred in anti-DIG antibody (diluted 1:5000 in 

blocking solution) conjugated to alkaline- phosphatase for another 30 minutes and 

followed by subsequent washing in 1X Maleic acid with 0.3% (v/v) Tween-20 twice for 

15 minutes. The colour reaction was performed with nitro blue tetrazolium salt and 5-
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bromo-4-chloro-3-indolyl phosphate, NBT/BCIP solution (diluted 1:50 in detection 

buffer) in the dark for 16 hours until appearance of bands was observed and reaction 

was stopped by washing membrane in H2O. 

 

 

Figure 3-4: Overview of Southern Blot hybridisation.  

(i) Genomic DNA seen as smears on agarose gel were layered according to the figure 

with positive charged nylon membrane on top to allow transfer of DNA fragments (ii) 

After overnight transfer, incubation of DNA on membrane with DIG labelled DNA 

probe resulted in complementary sequence binding (iii) Addition of anti- DIG antibody 

conjugated with alkaline phosphatase and substrate NBT/BCIP allowed colorimetric 

detection of the hybridised DIG probe to restriction DNA fragment to generate purple 

precipitate visualised on the membrane.  
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 Generation of single and double over-expressing strains of rv2661c and 

rv2660c strains in M. tuberculosis 

For over-expression of rv2660c and rv2661c, the full-length coding sequences of 

rv2660c and rv2661c were amplified by Dr Galina Mukamolova (UoL) using 

corresponding primers 2660pMVF/ 2660pMVR, 2661pMVF/2661pMVR and 

2661pMVF/2660pMVR. Amplified genes were cloned in BamHI- EcoRI sites of pMV261 

plasmid and confirmed by sequencing. Plasmid maps of each construct are shown in 

Appendix 4.  

Each recombinant plasmid (500ng) was then electroporated into M. tuberculosis and 

transformants were selected on 7H10 agar containing 50gmL-1 Kanamycin.  The 

identity of all strains was confirmed by colony PCR using pMV261 specific primers 

pMV261F and pMV261R. The PCR amplification cycling conditions used are described 

in section 2.5.1 except that a higher annealing temperature of 630C. 

 qRT-PCR 

Total RNA (300ng) extracted from mid-exponential growing cultures of over-

expressing strains was reverse transcribed and cDNA copies generated from each run 

were normalised to 16S cDNA copies. Assay performance for the two independent 

qRT-PCR runs were initially analysed and parameters such as gDNA contamination, 

correlation coefficient, PCR efficiency were all within acceptable range (Appendix 6). 

Melting curve analysis of test samples revealed single sharp peaks aligned with all 

standard M. tuberculosis gDNA samples, indicating specific amplicons were obtained 

(Appendix 7). 

 In Vitro growth analysis 

Starter M. tuberculosis cultures in mid-exponential phase were diluted to an OD580nm 

0.01 in 10mL of supplemented 7H9 medium or Sauton’s broth. Growth was monitored 

for 14 days by measuring OD at 580nm. Growth curves were generated and growth 

parameters, growth rate (k) and doubling time (DT), analysed using the exponential 

growth tab from Prism 7.0 (Graphpad) software. The software computes DT as ln (2)/K, 

where ln stands for natural logarithm. Data were represented as mean with 95% 

confidence level as recommended by the software. 
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 Determination of MIC using 2-amino-6- fluorobenzoic acid (6-FABA)  

A stock solution for 100mM 2-amino-6- fluorobenzoic acid (6-FABA) was prepared 

fresh by dissolving 15.5 mg 6-FABA (Sigma) in 1mL DMSO and kept at -20ºC. On the 

day of experiment, 1mM 6-FABA in supplemented 7H9-R was prepared and diluted 

accordingly to obtain final concentration of 1, 2, 5, 10 and 20µM 6-FABA. A detailed 

procedure of using a microdilution Resazurin assay can be found in Section 2.6.3. Mid- 

exponential stage cultures (OD580nm of 0.5-0.7) diluted to an OD580nm 0.1 were used to 

inoculate to each tested concentration. Plates were incubated at 370C and MIC was 

determined after 1 week of incubation.  
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 RESULTS 

 Confirmation of rv2661c and rv2660c deletion strains in M. tuberculosis 

H37Rv 

Earlier, individual FR1 and FR2 (illustrated in Figure 3-2) were assembled in p2NIL with 

marker genes excised from pGoaL resulting in the following suicide vectors; 

p∆rv2661c, p∆rv2660c and p∆rv2661c:rv2660c. Electroporation of individual 

recombinant plasmids into M. tuberculosis H37Rv led to DCO colonies.  

Mutant clone 6 of rv2661c, clone 12 of rv2660c and clone 3 of rv2661c: rv2660c 

were further subjected to diagnostic culture PCR and Southern hybridization (this 

study) prior to phenotypic characterisation. Two sets of test primers and two sets of 

gene- specific primers were used to confirm deletions of the respective genes. 

Expected amplicon sizes in both wild-type and deletion mutants using these primer 

pairs are tabulated in Table 3-2. Using test primer pair 2660TestF/ 2660TestR, an 

~140bp amplicon was produced from rv2660c compared with both wild-type and 

Δrv2661c that have both yielded ~350bp size band illustrated in Figure 3-5a. For 

confirmation of rv2661c deletion (Figure 3-5b), a band of 420bp (Lane 1) was observed 

from rv2661c and a much smaller 180bp amplicon was yielded from 

∆rv2661c:rv2660c (Lane 2). Furthermore, when gene specific primer for rv2660c 

sequences (RT2660F and RT2660R) were used to amplify rv2660c and 

∆rv2661c:rv2660c sequences, no product was generated and this was expected as the 

rv2660c genomic region was deleted. However, ~180bp band was observed with 

∆rv2661c (gel not shown).  

Southern blot hybridization was performed using the confirmed clones to support 

findings of culture PCR. DIG- labelled flanking region 2660cFR2 (2291bp) was 

hybridised with NheI and HindIII digested gDNA isolated from deletion strains. The 

resultant band size was compared to the wild-type M. tuberculosis. As shown in Figure 

3-6, these bands were visualised as purple precipitate after overnight incubation with 

anti- DIG antibodies. It demonstrated successful hybridisation of gDNA from each 

deletion strain to labelled DNA probe. The expected sizes of each hybridised DNA 

fragment is shown in Table 3-3. As NheI is the only enzyme that digested rv2660c 

genomic region (illustrated in Figure 3-3), a clear wide distinct size difference was 
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observed between wild-type and Δrv2660c strain which yielded ~718bp and ~4400bp 

respectively. The Δrv2661c strain yielded the smallest band size of ~360bp shown in 

Figure 3-6a.  

A faint band of ~4000bp was observed from Δrv2661c:rv2660c digested with NheI 

(Figure 3-6b). Digest with HindIII yielded ~3400bp band size which confirmed deletion 

of both sequences in Δrv2661c:rv2660c.   
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(a) 

 

 

(b) 

 

 

Figure 3-5: Gel analysis showing PCR products of wildtype and deletion strain 

genomic DNA using test primers. Primer sets used were (a) 2660TestF and 

2660TestR primers. PC- M. tuberculosis gDNA; NC-Control with water, (b) 2661Test 

and 2660TestR; Lane1- rv2661c, Lane 2-rv2661c:rv2660c, Lane 3- Negative control. 

Right gel -wildtype strain. DNA ladder; Generuler 100bp ladder 

 

Test & Gene-specific 

Primers 

Expected size (base pairs, bp) 

Wild-type rv2660c rv2661c rv2661c:rv2660c 

2660TestF + 2660TestR 349 142 349 no product 

2661TestF+ 2660TestR 776 569 42o 183 

‡RT2660F + RT2660R 182 no product 182 no product 

‡RT2661F1 +RT2661R1 80 80 no product no product 

Table 3-2: Expected sizes for each PCR products using respective test and ‡gene 

specific primers 
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Figure 3-6: Southern blot of digested wild-type and deletion strain genomic DNA. 

(A) NheI and (B) HindIII restriction enzymes were used for digestion of gDNA and 

hybridised to a DIG-labelled 2660FR2 DNA fragment. DNA Molecular weight DIG 

labelled Ladder VII, Roche (0.081- 8.57Kbp) were used as DNA ladder 

 

Lane position on blot Strains 

Restriction Enzymes with expected 

gDNA band sizes (bp) 

HindIII NheI 

1 Wild-type 4021 722 

2 rv2660c 3814 4406 

3 rv2661c 3667 368 

4 rv2661c:rv2660c 3428 4020 

Table 3-3: Expected band sizes of HindIII and NheI digested wildtype and deletion 

strains hybridised with DIG-labelled 2660FR2 DNA fragment 
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 Confirmation of the over-expressing strains of rv2661c and rv2660c in M. 

tuberculosis H37Rv 

In this study, we have confirmed over-expression of both rv2661c and rv2660c by 

performing culture PCR of the M. tuberculosis transformants and analysing the target 

gene expression in each strain using qRT-PCR. 

Initially, the coding sequences of respective annotated genes were cloned 

downstream of the hsp60 promoter in pMV261 generating recombinant plasmids; 

pMV261::rv2661c (4870bp) and pMV261::rv2660c (4705bp). Another plasmid 

construct, pMV261::rv2661c+rv2660c (5094bp) harbouring both rv2661c and rv2660c 

sequences was also electroporated into M. tuberculosis H37Rv (Appendix 4). A control 

strain of M. tuberculosis harbouring the empty plasmid of pMV261 (4488bp) was also 

generated and yielded a band size corresponding with an expected size (255bp; lane 1, 

illustrated in Figure 3-7). The culture PCR using pMV261 primer pairs yielded larger 

bands of expected size for over-expressing strains compared to the control strain as 

additional coding sequences were cloned. M. tuberculosis pMV261::rv2660c yielded a 

band corresponding with the expected size (480bp; lane 2) while M. tuberculosis 

pMV261::rv2661c yielded a larger band size (645bp; lane 5). M. tuberculosis 

pMV261::rv2661c+rv2660c yielded a faint band (869bp; lane 3), thus confirming 

insertion of both coding sequences. 

Relative expression (RE) ratio was analysed to demonstrate the magnitude of over-

expression of rv2661c and rv2660c in respective over-expressing strains, shown in 

Table 3-4. Expression of rv2660c were massively induced in M. tuberculosis 

pMV261::rv2660c with 453± 12- fold and M. tuberculosis pMV261::rv2661c+rv2660c 

with 620±380- fold compared to expression of the control strain. As expected, there 

was no enhancement of expression of Rv2660c in M. tuberculosis pMV261::rv2661c as 

rv2660c sequences were absent in this strain. This was similarly observed for rv2661c 

expression in M. tuberculosis pMV261::rv2660c. Indeed, there was also a massive 

expression of rv661c in M. tuberculosis pMV261::rv2661c with 783±398- fold and a 

538±216-fold in M. tuberculosis pMV261::rv2661c+rv2660c compared to expression in 

control strain. As a control, expression of ncRv12659 was investigated and it was 

found that it was not detected in any over-expressing strains, indicating specificity of 
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RT12659 primers in amplifying only ncRv12659. These data confirmed the over-

expression of these annotated genes in respective strains. 

 

 

 

Figure 3-7: Gel analysis showing PCR products of control (empty plasmid) and 

over-expressing strains using pMV261 primers. Lane 1: M. tuberculosis pMV261, 

Lane 2: M. tuberculosis pMV261::rv2660c, Lane 3: M. tuberculosis 

pMV261::rv2661c+rv2660c, Lane 4: Negative control, H2O, Lane 5: M. tuberculosis 

pMV261::rv2661c, M: GeneRulerTM 
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Strains Genes 

Expression normalised to 

16s (n=3) 
Relative 

Expression 

Ratio  SD Mean 
Standard 

Deviation 

pMV261 

rv2660c 6.85 X10-5 6.74 X10-5 

NA rv2661c 3.73 X10-4 6.0 X10-4 

ncRv12659 1.68 X10-3 2.21 X10-3 

M. tuberculosis 

pMV261::rv2660c 

rv2660c 6.04 X10-2 4.18 X10-2 453 13 

rv2661c 1.47 X10-4 2.32 X10-4 0.7± 1.1 

ncRv12659 5.34 X10-4 7.13 X10-4 0.3± 0.3 

M. tuberculosis 

pMV261::rv2661c 

rv2660c 7.14 X10-5 5.72 X10-5 1.2± 1.0 

rv2661c 2.40 X10-1 1.30 X10-1 783± 398 

ncRv12659 1.68 X10-3 9.36 X10-4 1.2± 0.6 

M. tuberculosis 

pMV261::rv2661c+ 

rv2660c 

rv2660c 3.57 X10-2 1.05 X10-2 620± 390 

rv2661c 1.58 X10-1 5.54 X10-2 583± 216 

ncRv12659 7.19 X10-4 6.54 X10-4 0.5± 0.4 

Table 3-4: Relative expression of rv2660c and rv2661c in control and respective 

over-expressing strains. Relative expression values were obtained by normalising 

target cDNA copy numbers to 16S and then calculating the fold difference of 

expression in the strain in question compared with the strain containing pMV261. 

Data represent mean ± standard deviation from three biological replicates  
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 In vitro growth of rv2660c and rv2661c deletion strains in standard culture 

medium 

To understand the physiological role of Rv2660c and Rv2661c in M. tuberculosis, we 

first examined the growth characteristics of the wild-type M. tuberculosis and 

respective mutants cultured in vitro. Equal numbers of the deletion strains; rv2661c, 

rv2660c and rv2661c: rv2660c (3 X 106 CFUmL-1 average starting inoculum) were 

grown in two different liquid media; supplemented 7H9 and Sautons’ medium (pH 7.5) 

shown in Figure 3-8. Growth parameters growth rate and doubling time for each strain 

grown in both media are tabulated in Table 3-5.  

Wild-type and deletion strains did not exhibit any difference in growth kinetics over 13 

days’ growth in supplemented 7H9, reaching an approximate maximum OD of 4.o 

(p=0.99, One-Way Anova). When grown on supplemented 7H10 agar plates, colonies 

appeared wrinkled and ruffled showing no differences in colony morphology between 

wild-type and deletion strains. As shown in Figure 3-9, images were taken at day 12, 

and none of the deletion strains exhibited any colony growth defects illustrated in 

each serial dilutions of the culture. 

Next, growth of deletion mutants in Sauton’s medium was compared and this also 

exhibited no difference in growth kinetics throughout the experiment (p=0.98) shown 

in Figure 3-8b. Bacterial clumping was evident in Sauton’s medium at day 3 thus 

cultures were subjected to gentle pipetting for cell dispersion to avoid massive 

variations in OD measurements. The maximum OD reached was at day 13, wildtype 

(2.43 ±0.15), rv2660c (2.52 ±0.33), rv2661c (2.33 ±0.29) and rv2661c: rv2660c (2.5 

±0.27) indicative of a much slower growth rate and doubling time compared to growth 

in supplemented 7H9 (Table 3-5). 

Overall these data suggest that single and double deletion of rv2660c and rv2661c 

have no effect on growth of M. tuberculosis in vitro. The partial deletions of rv2662 and 

ncRv12659 in respective deletion strains also suggested their non- essentiality during 

M. tuberculosis growth. 
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(a) Supplemented 7H9 medium  

 

 

(b) Sauton’s medium  

 

 

Figure 3-8: Growth curve M. tuberculosis deletion strains of rv2660c and rv2661c. 

Optical density measurements at 580nm, OD580nm was determined when grown in (a) 

Supplemented 7H9 with 10%ADC and 0.05% Tween-80 and (b) Sauton’s (pH7.5). Data 

represent mean OD580nm  standard error of mean from 3 independent experiments 

performed in triplicates  
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Strains 

Growth parameter values with confidence level, Cl % 

Growth rate/ hours-1 Doubling time (hours) 

Supplemented 

7H9 
Sauton’s 

Supplemented 

7H9 
Sauton’s 

Wildtype 
0.019 

(CI 0.019-0.02) 

0.0277 

(CI 0.027-0.028) 

25 

(CI 24.4-25.7) 

36 

(CI 35-37) 

 rv2660c 
0.019 

(CI 0.018-0.02) 

0.0279 

(CI 0.0272-

0.0286) 

24.8 

(CI 24.3-25.5) 

36 

(CI 34-38) 

 rv2661c 
0.019 

(CI 0.018-0.02) 

0.0273 

(CI 0.0269-

0.0277) 

25.4 

(CI 25-25.8) 

36 

(CI 35-38) 

rv2661c:: 

rv2660c 

0.019 

(CI 0.018-0.02) 

0.0273 

(CI 0.0266-

0.0279) 

25.4 

(CI 24.9-26.1) 

36 

(CI 35-38) 

Table 3-5: Growth parameters of wildtype and deletion strains of rv2660c and 

rv2661c grown in standard culture media. Data of growth rate and doubling time are 

expressed as mean (95% Confidence level; Lower limit- Upper limit) generated by 

Prism software. 

 

Figure 3-9: Colony morphology of M. tuberculosis wild-type and deletion strains 

rv2660c and rv2661c. Mycobacterial cultures were ten-fold serially diluted and 

spotted for each dilution (from left to right; Neat, 1:10, 1:100 and 1:1000) on 

supplemented 7H10 plate.  
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 In vitro growth of over-expressing strains of rv2660c and rv2661c in 

standard culture medium 

The constitutive over-expression of rv2661c and rv2660c in M. tuberculosis had no 

significant difference in growth kinetics compared to control strain when grown in 

supplemented 7H9 supplemented with kanamycin (personal communication, Dr. 

Mukamolova). When over-expressing strains were grown on supplemented 7H10 with 

kanamycin, the gross colony morphology of the over-expressing strains exhibited no 

observable differences compared to control strain, as shown in Figure 3-10. Colonies 

were recovered after three weeks of incubation. Colony surfaces were smooth and 

appeared flat. Rate of colony growth was also comparable with each serial dilution 

made for each strain. This suggested that over-expressing rv2661c and rv2660c has no 

toxicity effect during in vitro growth of M. tuberculosis. 

 

 

Figure 3-10: Colony morphology of over-expressing strains rv2660c and rv2661c in 

M. tuberculosis. Mycobacterial cultures were ten-fold serially diluted and spotted for 

each dilution (from left to right; Neat, 1:10, 1:100 and 1:1000) on supplemented 7H10 

with 50gmL-1 Kanamycin. Images were taken after 4 weeks of incubation. 
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 Sensitivity of rv2660c and rv2661 deletion mutants to 6-FABA compound 

Three independent experiments were performed where mycobacterial strains were 

grown in supplemented 7H9 in the absence of tryptophan with varying final 

concentration of 6-FABA ranging from 1 to 20µM. After one week of incubation, a 

colour change of resazurin was observed. The MIC of 6-FABA for wild-type and tested 

deletion strains were identical (5µM). The data demonstrated that all strains are 

equally sensitive to 6-FABA compound indicating neither rv660c, rv2661c, rv2662 and 

ncRv12659 were not specifically involved in tryptophan biosynthesis.  
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 DISCUSSIONS 

 Successful generation of deletion and over-expressing strains of rv2660c 

and rv2661c in M. tuberculosis 

The first evidence for gene essentiality arose from the failure to delete the targeted 

gene (Wei and Rubin, 2008). However, the successful generation of unmarked in-

frame single and double rv2660c and rv2660c deletion mutants allowed us to conclude 

that these genes are not essential for M. tuberculosis growth. In-frame single deletion 

mutants were generated to avoid disrupting the overlap of 4bp between both genes. 

Furthermore, the system successfully generated a double deletion mutant and 

importantly aimed to reduce polar effects of downstream genes (Parish and Stoker, 

2000b). It is vital to ensure defined mutations due to the complexity of the rv2661c- 

rv2660c genomic region. The efficacy of this system was particularly reflected in some 

studies involving generation of mutants of combined gene deletions of two regulatory 

component system such as mprA-mprB (Pang et al., 2007) and senX3–regX3 (Parish et 

al., 2003b), and ceoA-ceoB for potassium uptake (Cholo et al., 2006). In addition, the 

generation of double deletion fbpA (encode Antigen 85 complex) and sapM (encode 

for acid phosphatase) further revealed another outcome of the system such as the 

discovery of a potential anti-TB vaccine (Saikolappan et al., 2012).  

Deletion of rv2660c and rv2661c has also resulted in partial deletion of the 3’end of 

ncRv12659 that overlaps with the Rv2660c sequence, and the 5’end of Rv2662 which 

overlaps with the sequence of Rv2661c. These were ascertained by sequencing the 

mutated genomic regions, followed by confirmation of PCR products with test and 

gene specific reverse primers. In addition, Southern blotting of NheI and HindIII 

digested genomic DNA of deletion strains that hybridised with DIG-labelled DNA 

fragment of 2660FR2 further confirmed the target gene deletions. NheI was selected 

as it is the only enzyme that cleaved the rv2661-rv2660c genomic region, while an 

additional HindIII blot served as supporting data. 

Gene over-expression was often sought when gene deletion was not possible or 

compensated by other genes with similar annotated function. For example, over-

expression of Lsr2, a global transcriptional regulator of M. tuberculosis using pMV261 

plasmid was used to demonstrate its protective role during oxidative stress (Colangeli 
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et al., 2009) as the gene was not able to be deleted in M. tuberculosis (Colangeli et al., 

2007). Over-expression of a universal stress protein provides information about its 

function as over-expression increases its effect on other universal stress proteins. 

Some examples are over-expression of Rv1996 that resulted in increased isoniazid 

susceptibility (Hu et al., 2015a) or over-expression of Rv2623 that arrested the growth 

of both M. smegmatis and M. tuberculosis (Drumm et al., 2009), while over-expressing 

its neighbouring rv2624 increased the survival of the strain during hypoxia and 

macrophage infection (Jia et al., 2016).  

In this study, we have also successfully overexpressed rv2660c and rv2661c using an 

extrachromosomal E. coli- mycobacterial plasmid vector, pMV261 vector (Stover et 

al., 1991). The purpose of creating these over-expressing strains was to increase the 

phenotypic effect in the M. tuberculosis strains. PCR analysis of the over-expressing 

strains confirmed that respective plasmids: pMV216:rv2660c, pMV216:rv2661c and 

pMV216:rv2661c+rv2660c were still intact, and demonstrated that additional coding 

sequences of individual genes were inserted. The expression of these genes that have 

been placed under the control of a heat shock protein promoter, Phsp60 resulted in high 

level of expression (Stover et al., 1993, Hickey et al., 1996) during exponential growth 

phase. When both genes are simultaneously overexpressed, the comparable massive 

expression suggest that these genes were co-transcribed from the same promoter. 
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 Deletion and over-expression of rv2660c and rv2661c in M. tuberculosis did 

not affect growth in vitro 

All assayed strains (deletions and over-expressing strains) demonstrated comparable 

growth with the wild-type or control strain. These findings suggest that these genes 

are not essential for in vitro growth. The absence of growth defects from over-

expressing strains indicated that over-expressing these genes has not triggered any 

abnormal activity, or caused any pathway modulation which could cause toxicity 

effects (Moriya, 2015). Our findings also support previous studies that have listed 

rv2661c and rv2660c to be non-essential. These studies involved using growing 

libraries of transposon mutants on supplemented 7H10 medium identified using 

TraSH (Sassetti et al., 2003) and also genome-wide transposon mutagenesis using 

highly parallel Illumina sequencing (Griffin et al., 2011). 

However, the over-expression of ncRv12659 in M. tuberculosis H37Rv caused a 

detectable growth impairment in standard medium and resulted in a significant 

upregulation of more than 50 genes, in particular PhiRv2 prophage genes; rv2659c 

and rv2658c (Houghton et al., 2013). Another gene, desA3 was shown to be highly 

downregulated (7-fold). In another parallel analysis, they investigated the expression 

of desA3 in PhiRv 2-negative strain, N0072 and M. bovis BCG with and without the 

over-expressing ncRv12659 construct and did not demonstrate any pronounced 

reduction in desA3 expression in any strain. Their finding suggests that ncRv12659 was 

unlikely to influence the physiological growth of the over-expressing strain in M. 

tuberculosis H37Rv but rather the PhiRv2 genes. However, the mechanism and 

functional role of these genes remained to be determined (Houghton et al., 2013).  
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 Deletion of rv2660c and rv2661c do not affect sensitivity of M. tuberculosis 

to 6-FABA 

Halogenated anthranilates such as 6-FABA are known potential anti- infective 

compounds for Pseudomonas aeruginosa (Lesic et al., 2007). These anthranilic acid 

(AA) analogues were shown to inhibit 4- hydroxy- 2- alkylquimolines (HAQs) synthesis 

by competing with AA for the active site of PqsA, responsible for HAQ biosynthesis. 

AA, a primary precursor of HAQ is responsible for activation of a LysR-type 

transcriptional regulator, MvfR which is involved in one of the quorum sensing 

regulatory pathways in P. aeruginosa (Santos et al., 2012, Lesic et al., 2007). In 

addition, these compounds could perturb tryptophan production by competing with 

AA for TrpD, the initial enzyme in the tryptophan biosynthesis which utilises AA as a 

substrate. An introduction of exogenous tryptophan would rescued growth of bacteria 

when grown in 6-FABA. (Lesic et al., 2007).  

Similarly, in M. tuberculosis, it was proposed that these halogenated anthranilates 

were bactericidal and affect tryptophan biosynthesis. Both 6- FABA and 5-FABA was 

active against wild- type M. tuberculosis with an MIC of 5µM as compared to M. 

smegmatis (MIC of 65µM). Moreover, the introduction of 6-FABA to M. tuberculosis 

deletion strains of trpE and trpD resulted in a pronounced reduction of CFU counts by 

~1 X106 fold compared to the untreated inoculum (Zhang et al., 2013), further 

speculating other inhibitory effects in the tryptophan biosynthesis pathway. 

Since Rv2661c was implicated to be involved during tryptophan biosynthesis (Zhang 

et al., 2013), we have employed similar approach by assessing the sensitivity of 

deletion strains of rv2661c and rv2660c to 6-FABA by microdilution resazurin assay. 

However, none of the tested deletion strains showed any difference in sensitivity to 

the compound. We conclude that rv2660c, rv2661c, rv2662 and ncRv12659 have no 

direct role during tryptophan biosynthesis pathway and hence, unlikely to contribute 

during tryptophan starvation.  
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 CONCLUSIONS 

The studies in this chapter are as follows: 

 The ability to generate deletion and over-expressing strains of rv2660c and 

rv2661c in M. tuberculosis and the demonstration of no growth impairment 

indicated that these genes are non-essential for M. tuberculosis. The partial 

deletion of the overlapping gene, rv2662 and 3’ end of non-coding RNA, 

ncRv12659 on the plus strand also suggest its lack of importance in the 

aforementioned growth condition.  

 Genes located in the rv2661-rv2660c locus, including ncRv12659 have no direct 

role in tryptophan biosynthesis. 
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 Investigating the role of rv2660c and rv2661c in 

Mycobacterium tuberculosis during infection 

4.1 INTRODUCTION  

The successful generation of deletion and over-expressing strains of rv2660c and 

rv2661c (including partial deletions of rv2662 and ncRv12659) in M. tuberculosis 

established the non-essentiality of these genes for growth in vitro. This chapter 

further describes phenotypic characterisation of the mutants and over-expressing 

strains when exposed to individual stresses thought to mimic intracellular conditions 

in activated macrophages (MacMicking et al., 1997a) and during NRP (Wayne and 

Sohaskey, 2001). The two most common in vitro NRP models used in the investigation 

were nutrient starvation (Betts et al., 2002) and Wayne's hypoxia model (Wayne, 

1996,  Wayne and Hayes, 1996) where these annotated genes and ncRv12659 were 

significantly induced (Houghton et al., 2013, Cortes et al., 2013,  Voskuil et al., 2004). 

In line with their upregulation in other stress conditions (Schnappinger et al., 2003, 

Schnappinger et al., 2006), the survival of these strains under oxidative and nitrosative 

stresses in vitro as well as during macrophage infection, were also investigated. The 

experiments aimed to clarify the biological importance of the significant upregulation 

of the annotated genes and ncRv12659 during adaptation to dormancy and stress 

responses. 

Expression of rv2660c and rv2661c was previously detected in M. tuberculosis from 

infected lungs of BALB/c (Talaat et al., 2004, Aagaard et al., 2011) and C3HEB/FeJ 

mice (Harper et al., 2011, Gautam et al., 2015b), suggesting a potential role for these 

genes during infection. Hence, in vivo murine infection experiments were employed to 

get insights into the survival of the double deletion mutant during actual 

mycobacterial infection.  

Previous transcriptomic data that have been published on the upregulation of these 

annotated genes were based on microarray analysis. Since the publication of the first 

whole genome sequencing data for M. tuberculosis (Cole et al., 1998), whole genome 

microarrays have been employed in mycobacterial research. Microarray involves 

hybridisation of fluorescently labelled cDNA produced from mRNA with an array of 

probes (DNA fragments or oligonucleotides) immobilised on a solid surface. The 



Chapter 4 
 

85 
 

technology was used to analyse the transcriptomics of the pathogen's response to an 

anti-TB drug, isoniazid (Wilson et al., 1999) or understanding the adaptive responses 

of M. tuberculosis by transcriptional profiling wild-type and mutant strains in 

established in vitro models such as macrophage infection, starvation in PBS and 

hypoxia (Betts et al., 2002, Rustad et al., 2008, Rohde et al., 2012, Deb et al., 2009). 

Over the years, the technology was still preferred due to lower cost, less labour and 

feasibility of high throughput analysis.  

Nevertheless, advances in RNA sequencing (RNA-Seq) technologies provide an 

opportunity to extend these studies. The benefits of RNA-Seq outweigh microarray, 

such as relatively low background signal, highly reproducibility and accuracy in 

quantifying RNA expression and identification of the precise location of 

transcriptional boundaries up to single base resolution (Wang et al., 2009). RNA-Seq 

provides more transcriptomic insights through dynamic transcript coverage, resulting 

in discovery of novel ncRNA involved in post-transcriptional regulation, which 

contribute to the mycobacterial responses to varying physiological conditions (Arnvig 

et al., 2011, Arnvig and Young, 2012, Pellin et al., 2012). A current example related to 

this study is the identification of highly upregulated ncRv12659, transcribed opposite 

rv2660c locus (Houghton et al., 2013). In addition, the discovery of leaderless 

transcripts using a combination of genome TSS mapping and protein abundance 

analysis have revealed the physiological contribution of these transcripts during M. 

tuberculosis starvation (Cortes et al., 2013). 

These technologies have limitations in their application for cDNA or RNA 

quantitation. While both microarray and RNA-Seq involve the whole genome 

transcriptome, qRT-PCR is often used for comparable analysis to quantify specific 

cDNA target copies. It is a standard practice to confirm results of microarray analysis 

by quantitative RT-PCR. qRT-PCR is used to detect gene expression through 

amplification of complementary DNA (cDNA) transcripts from mRNA by reverse 

transcriptase, followed by PCR and quantification using DNA-intercalating fluorescent 

dyes or fluorescent probes (Bustin et al., 2005). The previous authors have also 

employed qRT-PCR in parallel to the RNA-Seq data and found only the 5’end 

amplicon of ncRv12659 that was induced by 50-fold during starvation and not the 

3’end of ncRv12659 (corresponding to rv2660c sequences) (Houghton et al., 2013). 
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Taken into the account the information gathered from the published studies and 

results obtained from the survival of the mutant strains during starvation, the 

reassessment of the expression of rv2660c and ncRv12659 using qRT-PCR was 

necessary. Together, it will also provide a comprehensive expression analysis of the 

other two genes; rv2661c and rv2662 during nutrient starvation but also in several in 

vitro conditions. 

The aim of this study was to further establish the role of annotated genes and non-

coding element located in the rv2661c-rv2660c locus during infection. The objectives 

were; 

 To investigate survival of deletion and/ or over-expressing strains of rv2660c 

and rv2661c during nutrient starvation, Wayne’s hypoxia model and under 

oxidative and nitrosative stresses 

 To investigate intracellular growth and replication of double deletion mutant 

in resting and IFNγ activated macrophages  

 To investigate intracellular growth and replication of double deletion mutant 

during mouse infection.  

 To optimise protocols for evaluation of low level expression genes 

 To analyse levels of expression of rv2660c, rv2661c, rv2662 and ncRv12659 

during starvation, oxidative and acidic stress conditions and compare these 

with previously published data 
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4.2 MATERIALS AND METHODS 

4.2.1 In vitro non-replicating persistence models and stress experiments 

4.2.1.1.1 Nutrient Starvation 

The assay was performed according to Betts et al. (Betts et al., 2002). Starter cultures 

of mycobacterial strains were grown to late-exponential phase (OD580nm 0.8-0.9) in 

supplemented Middlebrook 7H9 medium without shaking and then diluted 1:100 into 

a roller bottle in 100 ml of supplemented 7H9 with 0.0025% (v/v) Tween-80. Once 

growth had reached mid-exponential phase (OD580nm 0.5-0.7), the 100mL bacterial 

suspensions were transferred to 50mL centrifuge tubes and centrifuged at 2400X g for 

15 minutes. Cell pellets were washed twice in sterile phosphate buffer saline (PBS) 

before final resuspension in the same buffer. Addition of sterile methylene blue 

(Sigma) at a final concentration of 1.5 gmL-1 cultures in PBS allowed a visual 

indication of oxygen depletion over starvation period. Control tubes with PBS and 

methylene blue without bacterial culture were also set up. Cultures were incubated at 

370C without shaking. CFU counts were determined from 5mL aliquots of culture at 1, 

2, 3 and 6 weeks of incubation. RNA was isolated from two independent experiments 

and performed in triplicate at 0 (T0), 24 and 96 hours. 

4.2.1.1.2 Oxidative stress 

For assessment of viability, oxidative stress experiment can be referred in Section 

2.6.1. Final concentrations of 10mM and 25mM H2O2 were used to evaluate resistance 

of deletion mutants and wild-type strain to oxidative stress. CFU counts were 

determined at 0, 4 and 24 hours post treatment from culture performed in triplicate.  

For RNA extraction, culture conditions and time points were used as adapted from the 

work of Schnappinger and colleagues (Schnappinger et al., 2003). Exponentially 

growing cultures of M. tuberculosis H37Rv (OD580nm 0.5-0.7) were diluted 1:100 in 

125mL Erlenmeyer flasks containing 25mL supplemented 7H9 and allowed to grow to 

early-log phase, OD580nm 0.3-0.4. Individual 10mL aliquots with required final 

concentration of H2O2 ; 5mM and 25mM were set up. After 40 minutes and 4 hours of 

incubation without shaking, 9mL of culture were processed for RNA isolation and the 
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remaining    1 mL was used for CFU counts to monitor any loss of viability post 

treatment. 

4.2.1.1.3 Wayne’s Hypoxia Model 

The assay was conducted as described by Wayne and Hayes (Wayne, 1996). Starter 

cultures were grown to mid-exponential phase (OD580nm 0.5-0.7) and diluted 100-fold 

in 50mL supplemented 7H9 using 250mL Erlenmeyer flasks (Corning). When OD580nm 

reached 0.4, mycobacterial strains were further diluted 100-fold in supplemented 7H9 

medium containing 1.5 gmL-1 of methylene blue. Individual 12.7mL diluted culture 

were aliquoted in a sterile screw-capped round bottom polypropylene tube (15 X 

152mm) (BD Biosciences) containing a 8mm Teflon coated magnetic stir bar (Fisher 

Brand™). Control tubes with methylene blue without bacterial strains were also set 

up. All test tubes were tightly sealed with a PVC insulation tape (19mm x 33mm, 

Sivitek) and double bagged before incubation. All tubes were placed in transparent 2 

litre polypropylene beakers and positioned on a multi stirring magnetic stirrer (Stuart, 

SB 161-3). Stirring speed was set at mark ‘3’ to generate slowly stirring cultures. Tubes 

were incubated for 12 weeks. At each designated time point, OD measurements were 

taken followed by CFU counting. After sampling, tubes were carefully disposed. 

Experiments were performed using three biological replicates.  

 

4.2.2 Thin Layer Chromatography (TLC) of phthiocerol dimycocerosate (PDIM) 

analysis 

Semi-quantitative analysis of PDIMs was done as previously described (Besra, 1998, 

Dobson et al., 1985).  

M. tuberculosis H37Rv and rv2661c: rv2660c in 100 ml supplemented 7H9 were grown 

to mid exponential phase and later aliquoted as 20mL culture in 50mL centrifuge 

tubes. Cells were harvested by centrifugation at 3500X g for 20 minutes, followed by 

washing with sterile PBS. Bacterial pellets were heat inactivated at 85C for 2 hours 

before removing from the C3 containment laboratory.  

The next procedure in the experiment was performed by Malgorzata Wergrzyn and Dr 

Natalie Garton (UoL). Bacterial pellets were resuspended in 2mL 10: 1 (v/v) Methanol: 

0.3% (w/v) aqueous NaCl to which the same volume of petroleum-ether (boiling point 
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40- 600C) was added. After 15 minutes of vigorous mixing, the samples were 

centrifuged at 700X g for 10 minutes to allow phase separation where the upper 

(petroleum-ether) phase containing non- polar lipid extracts was removed. Addition 

of another 2mL petroleum ether allowed final extraction from the lower methanolic 

phase and dried under stream of nitrogen at 350C. Lipid samples were resuspended in 

250μl chloroform prior to TLC analysis.  

Aluminium-backed silica TLC plates pre-coated with fluorescent indicator F254 

(Macherey Nagel™) with dimension of 6.6 x 6.6cm (this is used for two- dimensional 

TLC analysis. Using a syringe with borosilicate glass barrel (Hamilton MicroliterTM), 

1L of the lipid extract was spotted at the origin of the plate. For detection of PDIMs, 

plates were run three times in petroleum ether (60- 800C) /ethyl acetate (98:2, v/v) in 

first dimension, followed by petroleum ether (60- 800C): acetone (98: 2, v/v) once in 

the second dimension. The position of menaquinone was initially marked using a 

handheld UV lamp and the plate was subsequently developed after spraying the plate 

with 5% (w/v) molybdophosphoric acid in ethanol, followed by heating the plate with 

a heat gun.  

 

4.2.3 Macrophage infection and microscopy 

4.2.3.1.1 General methods 

Recovery of macrophage cell lines from liquid nitrogen- Eukaryotic cell batches 

frozen down in liquid nitrogen (main stock) were carefully retrieved and quickly 

thawed under warm running tap water. To avoid contamination from water, vial was 

thoroughly wiped with 70% (v/v) Ethanol and then centrifuged at 100 Xg for 5 minutes 

to remove storage medium. The cell pellet was resuspended in 10mL of pre-warmed 

supplemented RPMI-1640 containing 10% (v/v) heat-inactivated FBS, 100 units 

Penicillin and 0.1mg Streptomycin (hereafter as supplemented RPMI). Cell 

suspensions were then transferred to 75cm2 vented culture flasks (Corning) and 

allowed to proliferate to 1 X106 cells prior subculturing. All cell lines were incubated of 

at 37oC in a humidified atmosphere of 5%CO2  

Preparation of working frozen stock- Culture grown from main stock was split into 

two 75cm2 vented flasks and grown to 70-80% confluency. Cells were transferred into 
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50mL centrifuge tubes and centrifuged at 200 Xg for 5 minutes. Cell pellets were 

resuspended in pre-warmed ‘freezing’ medium (8mL supplemented RPMI, 1mL FBS 

and 1mL sterile dimethyl sulphoxide, DMSO). Aliquots of 1mL in screw top cryovial 

tubes (with rubber sealing O rings in the lid to prevent liquid nitrogen entry) were 

initially frozen overnight in -800C freezer before final storage at -1500C. 

Maintenance- Cells were resuscitated from -1500C and thawed according to the 

‘Recovery of macrophage cell line’ protocol stated above. Both J774.1 and THP-1 cell 

lines were maintained in 10mL supplemented RPMI in vented 75cm2 flasks. Cells were 

passaged twice a week by splitting using a 1/5 dilution and transferred for incubation.  

Trypan Blue Viability Test- A 20µL mixture made from equal volume of 0.4% Trypan 

Blue solution (Sigma) and cells were prepared. Ten (10) µL of the mixture were 

spotted on a haemocytometer. Cells were counted cells in four 1x 1mm squares of 

chamber under 20X magnification. Two separate counts were kept: one as total cells 

and also a non-viable cell count (seen as blue cells). Each square of the 

haemocytometer, with a cover-slip in place, represented a total volume of 0.1 mm3 or 

10-4 cm3 which was equivalent to approximately 104 cells mL-1. Hence, the total 

number of cells and the viability of cells were determined as follow: 

 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑢𝑛𝑡𝑠 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 ×  𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (2)  

×  𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘𝑠 ×   104  

 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 (%) =
𝑇𝑜𝑡𝑎𝑙 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙s (𝑢𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑)

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 (𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑎𝑛𝑑 𝑢𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑)
 ×  100 

 

Preparation of cell lines prior infection- Cells (20mL) were cultivated in a vented 

225cm2 tissue culture flask and centrifuged at 200X g for 5 minutes using 50mL 

centrifuge tube. Pellets were washed twice with RPMI-1640 before adjusting to the 

required density in RPMI -1640 with 10% v/v FBS (designated further as RPMI-I) and 

seeded in 24-well tissue culture plates (Corning).  

Preparation of bacterial strains for infection- On the day of infection, frozen M. 

tuberculosis stocks were thawed. The medium was replaced with pre-warmed RPMI-

1640 and subjected to centrifugation at 12,000X g for 20 minutes. The bacterial 
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suspensions were carefully syringed using a 23G blunt end needle (Harvard Apparatus 

Limited) inserted into a 2mL Luer lock syringe (Fisher Scientific, TWT-450-010S). 

Syringing was performed thrice to ensure single cell suspensions and used for 

infection of cell monolayers at various multiplicities of infection (Jones-López et al., 

2013). 

Preparation of macrophage lysates for CFU assay- Infected macrophages were 

initially washed in pre-warmed sterile PBS thrice and lysed with sterile cold PBS 

containing 0.25% v/v Triton X-100. The cells were incubated for 10 minutes at room 

temperature. Using a P1000 pipette and tip, adherent cells were carefully scraped and 

transferred into a screw capped 1.5mL Eppendorf tube. Lysates were further serially 

diluted for CFU assay. Plates were returned to incubator immediately for further 

incubation. 

4.2.3.1.2  Murine J774.1 infection 

At 24 h prior to infection, the pre-washed J774.1 cells in RPMI-I were initially checked 

for viability and found to be 85-90%. A total of 1x 105 cells were seeded per well for 

proliferation and adherence to bottom of well overnight. Approximately 2x 105 cells 

were used for infection.  

J774.1 monolayers were infected with M. tuberculosis and rv2661c:rv2660c using an 

MOI 10 and incubated for 3 hours. Repeated washings with pre-warmed PBS (three 

times) aimed to remove adherent extracellular bacilli. The medium was replaced with 

RPMI-I. Viability of intracellular mycobacteria was monitored post 3 (designated as 

time= 0 hour, T0), 24, 48 and 96 hours of incubation and assessed by CFU counts. 

4.2.3.1.3 Human Monocytic Leukemia Cell Line, THP-1 infection 

THP-1 cells (laboratory stock, 2 X 105 cells mL−1) in RPMI-I were initially supplemented 

with 100 ngmL−1 phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich). PMA, an 

inflammation inducer, was used to terminate cell proliferation (Tsuchiya et.al, 1982) 

and to differentiate adherent macrophages (Theus et al., 2004). Only actively growing 

THP-1 cells from low (4-6) passage cultures with viability of 98% and above were used 

for infection. The homogenous THP-1 cells (1mL) were seeded into 24-well tissue 

culture plates in triplicate and for microscopy, 0.5mL THP-1 cells was aliquoted into 4-

chamber slide system (Chamber Slide™ System, Thermo Scientific™). Macrophage 
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differentiation was carried out for 72 hours and adherent cells were washed with 

RPMI-1640 medium twice to remove remaining PMA solution before cultivation in 

RPMI-I for an additional 72 hours.  

IFNγ activation of THP-1 macrophages was performed by treating these cells with 

15ngmL−1 of human recombinant IFNγ (InVivoGen) for 24 hours in similar medium 

prior infection.  

Resting and IFNγ activated THP-1 monolayers were infected with the required MOI 

and incubated for 3.5 hours (unless stated otherwise, also designated as T0) at 37C. 

To ensure inactivation of extracellular bacteria, infected cells were treated with 

amikacin at final concentration of 200ngmL-1 for one hour followed by three washings 

with pre-warmed sterile PBS. Control wells containing RPMI medium without 

amikacin were also set up. Infected cells were maintained in RPMI-I for 8 days.  

Viability of THP-1 cells was maintained by replacing medium every two days and cells 

were visually inspected for confluent growth using an inverted mirror. For assessment 

of viable intracellular bacilli, CFU counts of M. tuberculosis strains were determined 4.5 

(designated as time= 0 hour, T0), 24, 96 and 192 hours of infection.  

Microscopy- Fluorescence microscopy was carried out to confirm the presence of 

intracellular bacilli during infection. A similar infection protocol was followed as above 

and performed in 4-well chamber slides. Infected monolayers were fixed using vapour 

from 23% (w/v) formaldehyde solution and stained with Auramine-O. On each 

chamber, 10% (v/v) glycerol was placed and a microscope slide was carefully mounted 

prior microscopy. Infected cells were examined with an inverted microscope (Nikon 

Eclipse Ti) under X100 objective oil immersion. The first image of M. tuberculosis -

infected macrophages was taken under phase contrast and the second fluorescence 

image was detected using an Auramine filter (Chromas 31015 bespoke) with 

fluorescence imaging parameters (excitation 460 ±25nm; emission 550 ±25nm). 

Acquired images were optimised using NIS Elements image analysis software (Nikon). 

4.2.4 Murine infection 

Murine infection experiments were carried out in accordance with the Animals 

(Scientific Procedures) Act of 1986 and Home Office project licence. Experiments 
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were approved by the University of Leicester Research Ethics committee. The 

experiments were performed by Dr Galina Mukamolova and Dr Sarah Glen (UoL). 

For infection, 100L frozen aliquots of M. tuberculosis H37Rv and rv2661c:rv2660c 

were thawed and centrifuged at 12,000X g for 10 minutes. The supernatants were 

discarded and pellets were resuspended in PBS to generate a bacterial suspension 

with an approximate count of 2 x 106 CFUmL-1. Eight to ten week-old female BALB/c 

mice (Charles River Laboratories, United Kingdom) were lightly anesthetized with 

2.5% (v/v) isofluorane over oxygen at 1.6 to 1.8 liters min-1 and infected intranasally 

with 50µL of the inoculum. Bacterial loads of each strain were assessed in respective 

lung, spleen and liver from five infected mice at each time point; 24 hours post-

infection, 1, 2, 4 and 6 weeks of infection. Organ tissues were homogenized in 5mL 

sterile PBS with beads of diameter 6.35mm or ¼inch using Fast Prep at 6.0 ms-1 for 30 

seconds. Homogenates were serially diluted for CFU assay to assess bacterial loads. 
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4.3 RESULTS  

4.3.1 Phenotypic characterisation of rv2660c and rv2661c deletion and over-

expressing strains of M. tuberculosis H37Rv during in vitro non-replicating 

persistence and under stress exposure  

4.3.1.1.1 Nutrient starvation  

A mean starting inoculum of 1.27X 108  2.4 X107 CFUmL-1 of wild-type and deletion 

strains in 5mL sterile PBS were used for the experiment. After one week of incubation, 

CFU counts for all tested strains increased by 2-fold with a mean 2.2 X108 9.5 X106 

CFUmL-1. With further incubation, there was no considerable net decrease in CFU 

counts of tested strains; the CFU counts maintained in the range of (1.8- 2.5) X108 

CFUmL-1 until week 6 (Figure 4-1) The plateau in CFU counts suggested cells were still 

viable despite nutrient limitation for 6 weeks.  

To note, there was a 1.5-fold difference in CFU counts between wild-type and 

rv2661c:rv2660c at 6 weeks, but the difference was not statistically significant 

(p=0.39). There was no colour change of Methylene blue supporting the notion that 

viable cells had reduced respiratory activity throughout starvation (Loebel et al., 1933,  

Betts et al., 2002). Cell aggregation was observed at 3 weeks, probably due to the 

absence of Tween-80 but dispersed readily upon careful pipetting.  

These findings suggest that the single or double deletion of rv2660c and rv2661c 

including the partial deletion of rv2662 and ncRv12659 had no influence on survival of 

M. tuberculosis during prolonged incubation in PBS.  
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Figure 4-1: Survival of rv2660c and rv2661c deletion strains of M. tuberculosis 

H37Rv during nutrient starvation. Tested strains were M. tuberculosis H37Rv (black 

line), M. tuberculosis rv2660c (blue line), M. tuberculosis rv2661c (green line) and M. 

tuberculosis rv2661c:rv2660c (purple line). Data represent mean CFUmL-1  SEM from 

two independent experiments performed in triplicates presented in Log10 scale graph.  

 

4.3.1.1.2 Wayne’s model 

A starter inoculum of 1.2 X106 CFUmL-1 (M. tuberculosis) and 2 X106 CFUmL-1 

(Δrv2661c:rv2660c) were used. OD and CFU counts were obtained to assess growth 

and survival of tested strains. Both strains grew exponentially reaching a mean 

maximum OD 0.65  0.04 (Figure 4-2A) at day 8 corresponding to mean (9.83 1.17) 

X107 CFUmL-1 (Figure 4-2B). With further incubation, growth rate started to decline 

exhibiting no net increase in OD580nm. Importantly, the CFU counts for these strains 

remained comparable with no significant net decrease until the final week of the 

experiment, where at week 12, CFU counts of Δrv2661:rv2660c were (7.0X106  5.57 

X105) CFUmL-1 showing no statistical differences in counts compared to wild-type 

strain, (1.67 X107 6.67 X105) CFUmL-1 (p=0.10). Both observations were shown to be 

consistent where cells began to cease replication from day 8 and gradually adapting 

to the  
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lower oxygen saturation environment (Wayne, 1996, Wayne and Hayes, 1996). 

Corresponding to this, discolouration of methylene blue in cultures from week 3 

indicated oxygen depletion indicative of the NRP stage 2 and metabolism shut down 

(Wayne, 1996).  

The presence of pellicles in all replicates was observed from week 6 onwards (Figure 

4-3B). Samples were carefully pipetted from the middle section of the bacterial 

suspensions to avoid sampling pellicles and cell deposits or sediments settling at the 

bottom of the tubes. Since there was no significance difference in growth and viability 

of Δrv2661:rv2660c compared to the wild-type strain, the data suggest that rv266oc, 

rv2661c, rv2662 and ncRv12659 were not required for the survival of M. tuberculosis at 

any stage of Wayne’s NRP model.  

 

A) 
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Figure 4-2: Growth and survival of M. tuberculosis wild-type and  Δrv2661c:rv2660c in Wayne’s Hypoxia Model.(A) Optical density 

(OD580nm) and (B) Viability counts were assessed for both M. tuberculosis ,wt (black line) and Δrv2661c:rv2660c,dko (purple line).Images 

represent strains compared to Control tube (Ctl, medium with methylene blue only) at day 7 (Exponential stage), day 21 (early NRP2, 

methylene blue decolorized) and day 84 (Late NRP2, pellicles circled In red seen as early as week 6). Data represent mean CFUmL-1  SEM 

performed in triplicates presented in Log10 scale graph 
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4.3.1.1.3 Oxidative stress responses 

The experiment was initiated by growing wild-type and deletion strains; rv2660c, 

rv2661c and rv2661c:rv2660c (mean inoculum of 2.88 X107 CFUmL-1) in 

supplemented 7H9 with a final concentration of 10mM hydrogen peroxide (H2O2). 

However even after 24 hours of exposure, CFU counts of all strains were doubled 

indicating resistance to the effects of 10mM H2O2 (data not shown). 

Using a higher concentration of 25mM H2O2, a mean inoculum of mycobacterial 

strains of (2.0X108 1.65 X107) CFUmL-1 were exposed for 2 hours and a 97% reduction 

in survival of all strains was observed (Figure 4-3A). The results were consistent in two 

independent experiments. With 4 hours of exposure, the survival of all strains declined 

further, to 2.47 2.32% (wild-type), 1.11 0.54% (rv2660c), 0.55 0.18% (rv2661c) 

and 0.63 0.34% (rv2661c:rv2660c) with no statistical difference between strains 

(p=0.51). Ultimately after 24 hours of exposure, no colonies were recovered indicating 

that the concentration of H2O2 was detrimental for all strains (LOD= 66 CFUmL-1).  

The survival of over-expressing strains of rv2660c and rv2661c was also investigated 

using a similar concentration of H2O2. After 4 hours of exposure, pMV261::rv2661c 

(5.98 2.79%) and pMV261::rv2661c+rv2660c (7.58 4 .80%) have showed enhanced 

survival compared to control strain (0.640.61%) (Figure 4-3B). However, there was 

no statistical difference in percentage survival between tested strains (p=0.22). The 

survival of pMV261::rv2660c could not be assessed because of the large variation in 

values obtained from three independent experiments (% survival: 19.09%; 41.7% and 

1.29%).  

The experiments demonstrated that deletion and over-expression of rv2661c and 

rv2660c have no significant effect on the survival of M. tuberculosis during oxidative 

stress. 
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Figure 4-3: Effect of oxidative stress on the survival of both deletion and over-

expressing of rv2660c and rv2661c. Survival of (A) deletion and (B) over-expressing 

strains in supplemented 7H9 with final concentration of 25mM H2O2. Data represent 

Mean SEM from three independent experiments performed in triplicates [two 

experiments for 2 hours time point shown in (A)] 

(A) 

(B) 
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4.3.1.1.4 Nitrosative stress 

The nitric oxide (NO) donor, 6-methoxy-5-pyrimidin-4-yl pyrrolidine-1-carbodithiate 

(further designated in the thesis as NO donor 069) was chosen as it was shown to 

release NO spontaneously and under enzymatic catalysis conditions (Ryabova et al., 

2004, Ryabova et al., 2005). According to the published results, it produced the 

greatest amount of nitrite anion and released disulphides (Ryabova et al., 2005) that 

aided NO liberation. Survival of M. bovis BCG was significantly reduced after 24-hour 

exposure demonstrating bactericidal properties of this NO donor (Sanyi, 2016). 

Initially, the minimum inhibitory concentration (MIC) of the compound for both panels 

of deletion (rv2660c, rv2661c and rv2661c:rv2660c) and over-expressing strains 

(M. tuberculosis pMV261::rv2660c, pMV261::rv2661c and pMV261::rv2661c+rv2660c) 

were determined using a resazurin microdilution assay (section 2.6.3 for protocol). 

Three independent experiments were performed for each panel of strains. All deletion 

mutants were inoculated at (2.05 X 105 4.84 X 104) CFU per well, and the plates were 

examined after 2 weeks of incubation. The MIC for all deletion strains and wild-type 

strains were 0.8 gmL-1. For over-expression strains and the control strain, a mean 

inoculum of (6.951 4.84) X 104 CFU was used. The MIC was determined to be 6.4 

gmL-1. The results demonstrated that deletion and constitutive over-expression of 

both and either gene did not affect the sensitivity of M. tuberculosis to the NO donor 

069.  

Next, the bactericidal effect of NO donor on deletion and over-expressing strains was 

investigated. A mean inoculum of (1.95X 107 4.61 X 106) CFUmL-1 of mycobacterial 

strains was grown in supplemented 7H9 with a final concentration of 100M NO 

donor 069. The concentration of the NO donor used for deletion strains was ~100 fold 

and for overexpressing strains was ~16- fold from the determined MIC. The variability 

of all strains was unaffected after 4 hours of exposure. It was only following further 

incubation to 20 hours that CFU counts started to decline. For the deletion strains, 

their survival was comparable to the wild-type strain (Figure 4-4A). There was also no 

statistical difference between strains (p=0.71). 

At 24 hours of exposure, the survival of over-expressing strains was further reduced by 

more than 1 - log10 fold compared to 4 hours exposure (Figure 4-4B). However, survival 
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of M. tuberculosis pMV261::rv2660c (7.05 6.82), M. tuberculosis pMV261::rv2661c 

(0.78 0.79%), M. tuberculosis pMV261::rv2661c+rv2660c (0.48 0.48%) and control 

strain (3.78 1.95%) exhibited no statistical difference between strains (p=0.44).  

Collectively, our data demonstrated that the deletion and over-expression of rv2661c 

and rv2660c did not impair the survival for M. tuberculosis during 24 hours of exposure 

to the NO donor. 
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Figure 4-4: Effect of nitrosative stress on the survival of both (A) deletion and (B) 

over-expressing of rv2660c and rv2661c. Survival of mycobacterial strains grown in 

supplemented 7H9 with final concentration of 100M 6-methoxy-5-pyrimidin-4-yl 

pyrrolidine-1-carbodithiate shown in Log10 scale graph. Data represent Mean  SEM 

from two independent experiments. 

(B) 
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4.3.2 Intracellular replication and survival of rv2661c and rv2660c deletion strains 

in macrophages  

4.3.2.1.1 Murine J774.1 macrophages 

The murine J774.1 cell line was infected with an MOI of 10 using a mean inoculum of 

1.88 X 106 CFUmL-1 (M. tuberculosis wildtype) and 1.22 X 106 CFUmL-1 

(rv2661c:rv2660c). Control wells with macrophages only were included for visual 

comparison of macrophage detachment during the time course of the experiment. 

After 4 hours of infection (T0), CFU recovered from the infected cell culture wells were 

reduced to 18958 6418 CFUmL-1 (M. tuberculosis wildtype) and 27000 5880 CFUmL-1 

(rv2661c:rv2660c) showing no significant difference in uptake (p=0.19) shown in 

Figure 4-5. To take into account the variations between the inoculum of tested strains, 

the counts obtained at T0 were expressed as a percentage of respective inocula for 

analysis of uptake efficiency. Hence, uptake of both strains was less than 2%.  

The intracellular bacterial load of both strains began to increase after 24 hours of 

infection and slowly increased until the end of the infection period. Importantly, there 

was no significant difference in CFU counts of rv2661c:rv2660c and wild-type strain 

(24h: p=0.40, 48h: p=0.70, 96h: p>0.99) throughout the experiment. 

The comparable intracellular replication of the double mutant strain and wild-type 

consistent in both experiments indicated that neither of the annotated genes nor 

ncRv12659 are important for M. tuberculosis to survive and persist in murine 

macrophage infection. 
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Figure 4-5: Intracellular replication in naïve J774.1 macrophages. Two strains: M. 

tuberculosis (red line) and rv2661c:rv2660c (blue line) were infected using MOI 10 for 

4 hours (shown as Time 0). Infection proceeded for 5 days and viability of intracellular 

bacilli was monitored with at each time point. Graph shown is a representative of the 

two independent experiments. Data represent average ± SEM from three technical 

samples. 

  



Chapter 4 
 

105 
 

4.3.2.1.2 Human THP-1 macrophage cell lines 

To compare intracellular replication of the tested strains during J774.1 infection, 

human THP-1 macrophages were used. Two validation experiments were carried out 

to establish a protocol for THP-1 infection model that included an application of 

Amikacin to kill extracellular bacilli and MOI optimisation.  

Optimisation studies- With Amikacin treatment, three different conditions including 

a control were set up. Using MOI 1 for infection, the co-cultures were incubated for 3 

hours. The infected monolayers were then washed with pre-warmed PBS for three 

times and subjected to three separate conditions: These conditions were (1) untreated 

infected cells were maintained in supplemented RPMI; (2) infected cells were treated 

with 200 µgmL-1 Amikacin for an additional one hour, washed three times with PBS 

and maintained in fresh supplemented RPMI; (3) Infected cells were maintained in 

supplemented RPMI with 20gmL-1  Amikacin throughout the experiment. 

A mean inoculum of 2.25 X105 CFUmL-1 was used to infect PMA-differentiated THP-1 

cells. The bacterial load for cells treated with higher concentration of Amikacin have 

gradually increased up to ~6-fold at 72 hours and further increased to a final (5.67 

X105 7.95 X104) CFUmL-1 at 7 days. These findings suggest an effective step in 

reducing extracellular bacilli that resulted in a robust replication of the strain when a 

low bacterial load was used to infect the macrophages. In contrast, bacterial counts in 

untreated cells increased only by 2.2- fold at 72 hours and then the CFU counts 

declined. When the lower concentration of Amikacin was maintained throughout the 

experiment, a decrease in viable counts were also observed which indicated more 

bacterial killing. 
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Figure 4-6: Effect of Amikacin on intracellular replication of M. tuberculosis H37Rv 

during resting THP-1 macrophage infection. Human THP-1 were seeded at 2 X 105 

cells/ well and differentiated to adherent macrophages with RPMI + 10% Foetal 

Bovine Serum (FBS) (RPMI-S) containing 100ngmL-1 phorbol 12-myristate 13-acetate 

(PMA) for 48 hours. RPMI-S containing PMA were replaced with RPMI-S only and 

equilibrated for 24 hours, 370C, 5% CO2. Adherent THP-1 macrophages were infected 

using MOI 1 for 3 hours. Infected monolayers were washed with pre-warmed PBS 

three times and subjected to three separate conditions: (A) Untreated monolayers 

maintained in RPMI-S (black line), (B) Infected monolayers treated with RPMI-S with 

final concentration of 200µgmL-1 Amikacin incubated for an additional one hour and 

maintained in RPMI-S (red line) (C) Infected monolayers maintained in RPMI-S with 

final concentration of 20µgmL-1 Amikacin (Purple line). On alternate days, the 

infected monolayers were replaced with respective medium. Intracellular bacilli were 

obtained by lysing monolayers with cold PBS containing 0.2% (v/v) Triton X-100 at 

different time points. Lysates were serially 10-fold diluted and plated on 

supplemented 7H10 plates. CFUs were enumerated after 2-3 weeks of 37°C 

incubation. Data represent average ± SEM from three biological replicates. 

 

A second validation experiment involved application of different MOIs; 1, 2, 5 and 10. 

With lower MOIs (1 and 2), there were comparable net increase in replication until 4 

days of infection. Subsequently to infection with MOI of 5, the replication of the 

mycobacteria was only observed after 3 days of infection indicating a delayed onset of 
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replication. In contrast, infection with MOI of 10 resulted in no net growth relative to 

the decline in intracellular CFU counts. 

Therefore, a THP-1 infection protocol with lower MOIs for 4 hours, including 

treatment of the infected co-cultures with 200gmL-1 Amikacin for 1 hour, was 

established.  

 

 

Figure 4-7: Intracellular growth of M. tuberculosis H37Rv infected with different 

MOIs in resting THP-1 macrophage infection. Human THP-1 were seeded at 2 X 105 

cells/ well and differentiated to adherent macrophages with RPMI + 10% Foetal 

Bovine Serum (FBS) (RPMI-S) containing 100ngmL-1 phorbol 12-myristate 13-acetate 

(PMA) for 48 hours. Medium containing PMA were replaced with RPMI-S only and 

equilibrated for 24 hours, 370C, 5% CO2. Adherent THP-1 macrophages were infected 

with M. tuberculosis H37Rv using MOI 1 (Red line), MOI 2 (Blue line), MOI 5 (Purple 

line) and MOI 10 (Green line) for 3 hours. Infected monolayers were washed with pre-

warmed PBS three times and subjected to Amikacin treatment (RPMI-S with final 

concentration of 200µgmL-1 Amikacin) for one hour and maintained in RPMI-S. 

Intracellular bacilli were obtained by lysing monolayers with cold PBS containing 0.2% 

(v/v) Triton X-100 at different time points. Lysates were serially 10-fold diluted and 

plated on supplemented 7H10 plates. CFUs were enumerated after 2-3 weeks of 37°C 

incubation. Data represent average ± SEM from three biological replicates. 
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Macrophage infection studies (MOI 2) 

Similar to the J774.1 infection experiment, rv2661c:rv2660c and wild-type strain were 

used to infect resting THP-1 cells. CFU counts of each strain were expressed as fold 

change relative to counts after 3.5 hours of incubation, to also account for the 

variation in inoculum used for infection. The wild-type strain has showed an uptake 

efficiency of 22% and exhibited no net increase in replication over the 192 hours of 

infection (Figure 4-8A). In contrast, the rv2661c:rv2660c strain has showed at least a 

2- fold increase at 48 and 96 hours of infection compared to T0. Importantly, there was 

no statistical difference in CFU counts between both strains at 48 hours (p=0.126) and 

96 hours (p=0.97).  

Next, the rv2661c:rv2660c strain was used to infect IFNγ-activated THP-1 cells. We 

reasoned that infecting IFNγ-activated macrophages with mycobacterial strains 

would stimulate their bactericidal effect (Kimball et al., 1995), and may result in a 

larger magnitude of difference in replication. After an overnight incubation of the 

THP-1 cells with 15 ngmL−1 IFNγ, the results obtained for both bacterial strains were 

comparable to the infection in resting macrophages (shown in Figure 4-8B) indicating 

that the concentration of IFNγ was insufficient to activate the macrophages. The 

differences observed between both strains at 48 hours (p=0.27) and 96 hours (p=0.08) 

was not statistically significant.  

Collectively, both experiments demonstrate that rv2660c, rv2661c, rv2662 and 

ncRv12659 are not required by M. tuberculosis to replicate and survive in THP-1 

macrophages. 
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(A) 

 

(B) 

 

Figure 4-8: Intracellular replication in THP-1 macrophages using MOI 2. Two 

strains: M. tuberculosis (clear bar) and rv2661c:rv2660c (grey bar) were used to infect 

in (A) resting cells for 3.5 hours and (B) IFNγ- activated cells for 4 hours. Infection 

proceeded for 8 days and the viability of the intracellular bacilli was monitored at each 

time point. Fold change was determined using each CFU count at each time point 

relative to T0. Data represent average ± SEM from two independent experiments 

performed in triplicate.  
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Macrophage infection studies (MOI 0.5)- Naïve THP-1 cells were infected with mean 

counts of (8.4  1.48 X 104) CFUmL-1 for M. tuberculosis wild type and (7.35  2.33 X 104) 

CFUmL-1 for rv2661c:rv2660c.  

After 24 hours of infection, CFU counts of rv2661c::rv2660c were significantly 

reduced to 3800 265 CFUmL-1 (p=0.02) and further reduced to 2400 361 CFUmL-1 at 

48 hours (p=0.025) compared to wild-type (Figure 4-9). It is also worth noting that 

growth of mutant was slower than wild-type strain on 7H10 agar at both time points 

suggesting potential damage of mutant cells. Interestingly, the double mutant strain 

was able to persist and began proliferating with CFU counts comparable to wild-type 

strain until the end of the experiment. Internalisation of the both mycobacterial 

strains in THP-1 cells was confirmed by fluorescence microscopy (Figure 4-10).  

The data should only be regarded as preliminary as it was only from one experiment 

and more replicates are required. However, the data indicates a transient attenuation 

of the double mutant strain at 24 and 48 hours of infection suggesting a possible role 

of the annotated genes and ncRv12659 during the early stage of infection. 

 

Figure 4-9: Intracellular replication in THP-1 macrophages using MOI 0.5. Two 

strains: M. tuberculosis wild type (red line) and rv2661c:rv2660c (blue line) were used 

to infect using MOI 0.5 in resting cells for 4 hours. Infection proceeded for 7 days and 

the viability of intracellular bacilli was monitored at each time point. Data represent 

average ± SEM three biological replicates *p<0.05, **p<0.01 analysed by Mann-

Whitney Test. 
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Figure 4-10: Microscopy images of internalised mycobacterial strains in resting THP-1 cells. Representative images from the 48 hour time 

point are presented and cells were examined using an inverted microscope (Nikon Eclipse Ti) under X100 objective oil immersion. Three 

different images were acquired to capture as follows; (i) Phase contrast image- THP-1 macrophages, (ii) Fluorescence  image - Auramine- O 

stained mycobacterial strains (Top row-wild-type strain, Bottom row- M. tuberculosis rv2661c:rv2660c) and (iii) A merged image of 

internalised fluorescence M. tuberculosis strains in THP-1 cells. Acquired images were optimised using Nikon NIS Elements image analysis 

software. Scale bar= 5M (shown in bottom left corner in each image). 
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4.3.3 Replication of rv2661c and rv2660c deletion strains in BALB/c mice  

Infected mice were culled at various time points over 6 weeks for determination of 

viable bacilli in affected organs, however results of only day 28 of infection could only 

be taken into account, as the experiment was hampered with technical complications. 

BALB/c mice were infected intranasally with wild-type M. tuberculosis and 

rv2661c:rv2660c with a mean dose of 5.03 X104  0.04 CFU and 7 X104  2.3 CFU 

respectively. At day 28, the bacterial loads in lungs of both rv2661c:rv2660c (6.49 

Log10 CFU) and wild-type strain (6.52 Log10 CFU) were comparable, as illustrated in 

Figure 4-11. In the spleen, rv2661c:rv2660c was detectable with only 96 76 CFU 

compared to wild-type, 1.25X 103 0.06 CFU (p>0.99). In the liver, there was no 

statistical difference in bacterial load between rv2661c:rv2660c (853 739 CFU) 

compared to wild- type strain, 293 189 CFU (p=0.11). These findings indicated that 

the double deletion strain was still replicating and causing disease in mice. In addition, 

there was absence of PDIMs in both deletion and wild-type strain that have no further 

effect on replication of both strains in vivo (shown in Figure 4-12). Hence, the 

comparable bacterial load between both strains suggest that the deletion of rv2660c, 

rv2661c, rv2662 and ncRv12659 from M. tuberculosis did not result in attenuation of 

the pathogen replication at 28 days of infection. 
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Figure 4-11: Intracellular growth of M. tuberculosis wild-type and 

rv2661c:rv2660c deletion strain during BALB/c mice infection. Mice were infected 

with wildtype strain (Red dot) and rv2661c:rv2660c (Blue dot).CFU counts at 28days 

of infection from five replicates (organs from individual mice); Lung (Left), spleen 

(Middlebrook et al., 1947) and liver (Right) were recovered Data represent mean  

SEM of five replicates. 

 

Figure 4-12: Phthiocerol dimycocerosate (PDIM) analysis using thin layer 

chromatography (TLC). Images represent (A) An example of elongated PDIM spot 

seen above menaquinone (MK) (Besra, 1998). PDIM was not detected in both (B) M. 

tuberculosis H37Rv and (C) M. tuberculosis ∆rv2661c:rv2660c strain.  
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4.3.4 Gene Expression Profiling of rv2660c, rv2661c, rv2662 and ncRv12659 by 

qRT-PCR 

The expression of each target transcript was investigated in three different in vitro 

conditions; nutrient starvation, oxidative stress and acidic pH stress. The mean target 

copy numbers and relative gene expression (RE) value for the transcripts in each assay 

are compiled in Appendix 8.  

Firstly, the relative expression of rv2660c, rv2661c, rv2662 and ncRv12659 during 

exponential growth in M. tuberculosis was comparably low within a RE value range of 

less than 10-4 in most assays. The relative abundance of each transcript to 16S only 

yielded 0.006± 0.003% for rv2660c, 0.005± 0.004% for rv2661c, 0.002± 0.001% for 

rv2662 and 0.04± 0.02% for ncRv12659. The low abundance of the transcripts 

suggests the lack of importance of these annotated genes and ncRNA in response to 

M. tuberculosis growth in vitro. 

During stress conditions, the expression of each target transcript was analysed as a RE 

ratio and complied in Table 4-1. During nutrient starvation, expression of the 

annotated genes; rv2660c, rv2661c and rv2662 was not detected in two independent 

experiments. There were no statistical differences between the copy numbers of the 

cDNA samples when compared to the copy numbers of the no-RT samples from 

RT2661c and RT2662 primer run. In addition, the melting curves derived from RT2660 

primer run indicated the presence of non-specific amplicons shown in Appendix 7, 

Figure 18. The starved induced samples demonstrated two peaks corresponding to Tm 

80.8±0.20C (higher peak) and actual target Tm 88.8 ±0.20C (subtle peak).The findings 

were consistently observed in two independent experiments from the starvation 

experiment and not from the other two stressed- induced cells (oxidative and acidic 

pH). The findings could only suggest an absence of rv2660c mRNA transcripts in 

starved cells or optimisation of the qPCR run is required. Nevertheless, an 

approximate 9.0 5.5-fold marked increase of ncRv12659 expression at 24hours of 

starvation (RE= 3.63 X10-3  1.04) and 9.8 6.4-fold at 96 hours compared to baseline 

level value of (3.99 1.28) X10-4 were obtained. Although the degree of upregulation 

of ncRv12659 expression was much lower than the 50- fold detected by Houghton and 
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colleagues (Houghton et al., 2013); this analysis confirms the upregulation of the non-

c0ding RNA during adaptation of M. tuberculosis to nutrient shift down but not the 

genes of interest. 

Exposure to 5mM H2O2 for 40minutes resulted in the downregulation of rv2662c by 3-

fold. In contrast, rv2660c and ncRv12659 were induced with the same level of 

expression of (2.3± 1.4)-fold and (2.3± 0.6)-fold respectively. Since only two biological 

samples were employed, further replicates are required to demonstrate, if indeed 

both transcripts respond to the similar level of oxidative stress thought to exist during 

intraphagosomal oxidative burst. When M. tuberculosis wild-type strain was exposed 

to 25mM H2O2 for 40 minutes, a different transcriptional response was observed. 

There was only a minimal increase in relative expression of rv2661c of (1.7± 1.5)-fold 

and rv2662 of (3.1± 4.4)-fold. The rv2661c transcripts were still detected after further 4 

hours of exposure. In addition, at this later time point of exposure, a low level of 

rv2660c of (2.4± 2.1)- fold compared to baseline expression level were detected. As a 

control, rv2661c:rv2660c was also included in this experiment and as expected, no 

target transcripts were detected which confirmed the specificity of primers. 

Collectively, these transcripts were only expressed at a low level in response to H2O2 

exposure that implies that the annotated genes and ncRNA might not have any 

contributory role during oxidative stress. 

Finally, exposure of M. tuberculosis to acidic pH of 5.3 after 2 hours of incubation have 

only resulted in a minimal level of rv2660c with (1.7±2.1)-fold and rv2662 with (1.4± 

1.9)-fold induction expression, compared with exponential growth. Interestingly, 

ncRv12659 was also detected with (3.0± 4.3)-fold [RE= 0.01 ± (1.85 X10-3)] relative to 

baseline level value of (4.84±1.28) X 10-4. With further exposure of 4 hours, ncRv12659 

was not detected, implying the target transcripts where only induced during initial 

exposure to acid stress. However, more replicates are required to confirm the true 

expression of the transcripts due to data variation.  
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Stress 

experiments 

Time of 

exposure 

Relative expression ratio normalised to 16S 

rv2660c rv2661c rv2662 ncRv12659 

Nutrient 

Starvation 

24 hours 
Not 

expressed 

Not 

expressed 

Not 

expressed 
9.0± 5.5 

96 hours 
Not 

expressed 

Not 

expressed 

Not 

expressed 
9.8± 6.4 

Oxidative 

stress- 5mM 

H2O2 

40 minutes 2.3± 1.4 
Not 

expressed 

Not 

expressed 
2.3± 0.6 

Oxidative 

stress- 25mM 

H2O2 

40 minutes 
Not 

expressed 
1.7± 1.5 3.1± 4.4 - 

4 hours 2.4± 2.1 1.1± 1.0 
Not 

expressed 
- 

Acidic pH 5.3 

2 hours 1.7± 2.1 - 1.4± 1.9 3.0± 4.3 

4 hours 
Not 

expressed 
- 

Not 

expressed 

Not 

expressed 

Table 4-1: Compilation of relative expression induction ratio of rv2660c, rv2661c, 

rv2662 and ncRv12659 transcripts in M. tuberculosis compared to exponential 

growth. Gene expression was analysed in conditions of PBS starvation, oxidative and 

acidic stress. Values represent Mean± SD. Values less than 1 will be denoted as not 

expressed. 
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4.4 DISCUSSIONS 

4.4.1 The rv2661c and rv2660c genomic region does not influence M. tuberculosis 

survival in PBS  

The study by Loebel and colleagues (Loebel et al., 1933) investigated the effects of 

nutrient limitation that resulted in a gradual shutdown of respiration to minimal 

levels. The bacilli remained viable and resumed growth once returned to enriched 

medium (Gengenbacher and Kaufmann, 2012). The constant CFU counts of all tested 

strains in our study suggest that they are in a viable NRP state, although parameters 

such as antibiotic tolerance or metabolic status were not investigated. The unchanged 

colour of Methylene blue in these culture supports the hypothesis that cells had low 

respiratory rate (Loebel et al., 1933, Betts et al., 2002).  

There were two other observations noted in these experiments. Firstly, initial 

incubation in PBS demonstrated a 2-fold increase in CFU counts at one week of 

incubation, reasoned probably from inadequate washings in PBS (probably needed 

more than 3 times) prior incubation might provide residual nutrient left in culture. 

Hence, the cells have doubled overnight, shown in the 1 week time point. Secondly, 

cell clumping was quite prominent, but well- dispersed when disturbed. However, cell 

clumping was thought as a survival mechanism during starvation where viable cells 

adhere to surrounding dying cells to obtain nutrients (Smeulders et al., 1999). Since 

there was no great variation in CFU counts between experiments, clumping was not 

thought to be significant. 

Importantly, single or double deletions of Rv2660c and Rv2661c, that also involved 

partial deletions of Rv2662 and ncRv12659, did not affect the ability of M. tuberculosis 

to survive. The observed phenotypic characteristics of these mutants during 

starvation were further supported by our expression data, with high ~9- fold 

upregulation ncRv12659. The difference in our value to the 50- fold in Houghton’s 

study (Houghton et al., 2013) could be due to the different dynamic range of 

techniques employed in each RNA quantification, different M. tuberculosis strains, 

volume of culture used for extraction and data analysis. However, despite of the high 

transcriptional response of ncRv12659 in starvation, the ncRNA has no biological 

importance for the pathogen to survive during long-term starvation. 
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Transcripts 

TSS-RNA Sequencing 

a-(Houghton et al., 

2013); 

b (Cortes et al., 2013) 

Microarray 

(Betts et al., 2002) 

qRT-PCR 

(This study) 

rv2660c Xa √ X 

rv2661c NA √ X 

rv2662 √b √ X 

ncRv12659 √a NA √ 

Table 4-2: Comparison of rv2660c, rv2661c, rv2662 and ncRv12659 transcripts 

detected between published studies and the current study. √- expressed; X- Not 

expressed; NA- Not Analysed. a and b are references for RNA sequencing assay 

performed. 

 

On the other hand, we have finally demonstrated that rv2660c and rv2661c were not 

upregulated during starvation which contradicted previous microarray data (Betts et 

al., 2002) (Table 4-2). It could be due to related biases introduced during cross 

hybridisation, where even a limited stretch of sequence complementarity was 

sufficient to promote hybridisation between two unrelated sequences. Hence, the 

probe would continue to generate a level of false signal masking the actual signal 

which could be lower or even undetectable (Draghici et al., 2006, Zhao et al., 2014). 

The overlapping 117bp of rv2661c and rv2662 provided a window of chance for such 

event to occur. In addition, transcription of a non-coding RNA could contribute to the 

signal (Houghton et al., 2013). The lack of statistical difference between the 

experimental and no-RT samples across six biological replicates indicated that rv2662 

was not expressed. However, further optimisation of qRT-PCR protocol or more 

replicates are required to validate this finding, as rv2662 was previously shown to be 

massively upregulated by 141-fold by RNA-Seq during starvation (Cortes et al., 2013). 

Our findings presented a similar profile to rv2557 and rv2558 that encode HPs were 

highly upregulated during starvation (Betts et al., 2002). The single and double 

deletion mutants did not affect the survival of M. tuberculosis under in vitro starvation 

and in replication in mouse model (Gordhan et al., 2006). SigF, an alternative RNA 
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polymerase sigma factor induced during starvation and other in vitro stress 

conditions, was also not required for M. tuberculosis survival during 28-days of 

starvation (Williams et al., 2007). These observations strengthen the notion that 

upregulation of a gene in certain conditions, does not mean that it is essential for 

survival in these conditions. 

 

4.4.2 The rv2661c and rv2660c genomic region does not influence M. tuberculosis 

survival during hypoxia 

Under this model, the exponential growth of M. tuberculosis began to adapt to gradual 

oxygen shift down, beginning from microaerophilic NRP Stage 1. This appears to be 

critical to hypoxic survival in anaerobic phase (NRP Stage 2) (Wayne and Hayes, 1996). 

Similar to nutrient starved bacilli, bacteria subjected to hypoxia display features such 

as persistence without multiplication, increased lipid content, reduced metabolism 

and increased tolerance to drugs, except for anaerobic bacilli that demonstrate 

metronidazole sensitivity (Wayne and Sramek, 1994, Wayne, 1996, Rodríguez et al., 

2014).  

The experiment was set up using time points similarly used by Voskuil and colleagues 

for microarray profiling of M. tuberculosis using Wayne’s model (Voskuil et al., 2004). 

They had used day 4 to represent arrest in growth for M. tuberculosis, day 6 and 8 for 

microaerophilic phase, day 10 and 20 to represent mid-anaerobic NRP stage 2, while 

day 30 and 80 represented the late stage of NRP. Their OD measurement data could 

graphically show if our experiment exhibited a three-stage OD pattern similar to other 

published results (Voskuil et al., 2004, Wayne and Hayes, 1996). In this experiment, M. 

tuberculosis strains grew exponentially to day 7 and subsequently entered 

anaerobiosis as indicated by discolouration of Methylene blue at 21 days. It was 

apparent that the microaerophilic phase would be between 10-21 days, but the exact 

timing of this was not evident due to lack of time points. The NRP stage 1 phase 

should be presented by steady state increase of OD, prior to a plateau in OD 

measurements on entering NRP stage 2 (Wayne, 1996). 

Formation of pellicles from 6 weeks was considered as a biofilm-like structure 

similarly observed by Orme and colleagues at 28 days incubation in the same model 
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(Woolhiser et al., 2007). Forming pellicles was suggested as one of the aerobe’s 

strategies. An aerotactic response would result in migration to the air-liquid interface 

for increased accessibility to oxygen (Yamamoto et al., 2011). The presence of 

mycobacterial pili might have a role in surface attachment and cell adhesion that 

leads to biofilm formation (Saiyur Ramsugit, 2014). It was shown that mycobacterial 

pellicles had abundant virulence factors such as trehalose dimycolate (cord factor) 

(Ojha et al., 2008, Kulka et al., 2012) and were observed to form on the caseum of the 

granuloma, thus they do have implications for M. tuberculosis pathogenesis during 

infection (Canetti, 1955). However, little is known about the optimal environmental 

conditions for the formation of pellicles in mycobacteria. 

The deletion of rv2661c and rv2660c did not influence survival of M. tuberculosis during 

hypoxia, despite the marked up-regulation of expression of these genes documented 

in several studies (Rustad et al., 2008, Voskuil et al., 2004). Some examples of genes 

showing similar profiles, are genes encoding Mycobactins or M. tuberculosis 

siderophores, mbtB and mbtI, that were highly induced during the NRP1 stage. 

However, deletion of these genes did not influence loss of viability during the first 28 

days of NRP (Schreuder and Parish, 2014). Rv2745c (clgR), encoding a transcriptional 

regulator that controls expression of clp, was induced under a variety of stresses 

including hypoxia but was not essential for mycobacterial survival during hypoxia 

(McGillivray et al., 2015).  

Overall, our data suggest that the deletion of the locus encoding rv2660c, rv2661c, 

rv2662 and ncRv12659 did not influence growth or survival of M. tuberculosis under 

microaerophilic and hypoxic conditions, nor, affect the pathogen’s ability to produce 

pellicles. 

4.4.3 Deletion and over-expressing rv2661c and rv2660c did not affect the ability 

of M. tuberculosis to survive during oxidative and nitrosative stress  

To elucidate the initial role of rv2661c and rv2660c in both stress conditions, we have 

investigated the survival of deletion and over-expressing strains in H2O2 (oxidative 

stress agent) and a NO donor, 6-methoxy-5-pyrimidin-4-yl pyrrolidine-1-carbodithiate 

(NO donor 069). 
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An initial attempt to determine the phenotype characteristic of the deletion strains 

was done when exposed to 10mM H2O2. The concentration of H2O2 was not lethal 

enough to cause any bactericidal effect to the strains and was proposed to exert DNA 

damage only (Voskuil et al., 2011). In contrast, another study using H37Rv strain 

demonstrated a drop of 2.55-Log10 in CFU counts after 24 hours of exposure indicating 

the difference in experimental conditions such as the volume of culture used might 

result in different observations (Hu and Coates, 2009). 

Exposure to 25mM H2O2 showed comparable bactericidal effects on all tested strains 

after 2 hours of exposure, suggesting that the deletion of genes did not impair M. 

tuberculosis survival under oxidative stress. This was supported by the over-expression 

studies. However, due to the data variability obtained for the over-expressing strains, 

more replicates are required to provide the precise estimate of the treatment effect 

on the survival of these strains (Biau et al., 2008). A similar observation was also 

identified during nitrosative stress.  

There were few technical challenges encountered that might explain variations in the 

CFU counts. Firstly, growth characteristics of the studied strains and the nature of the 

redox stress experiments required a prolonged incubation. The induced stresses have 

caused a delay in mycobacterial growth, hence a minimum of two independent 

experiments were performed. The oxidative stress experiment took two months to 

complete with the deletion strains while over-expressing strains took an additional 1-2 

weeks. The nitrosative experiment took 3- 3.5 months to complete as colonies took 

more than 1- 2 months to recover. We postulated the remaining NO donor present in 

a 10µL bacterial drop for CFU assay continued the bacteriostatic effect resulting in a 

further delay in recovery. It is usually the most dilute culture in which colonies 

appeared first. It was shown that effects from low to moderate concentrations of RNI 

resulted in more than three weeks of incubation for strain recovery (Firmani and Riley, 

2002). Secondly, changes in temperature and humidity in C3 Facility may have 

affected bacterial recovery. It was suggested that changes in temperature affected 

the solubility of oxygen, as cold temperature would caused an increase in dissolved 

oxygen concentration (Averill and Eldredge, 2012). When cells are exposed to high 

extracellular oxygen concentrations, oxygen diffuses through the membranes and 

gains electrons from various redox enzymes to produce partially reduced oxygen 
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species, such as superoxide and H2O2 (Imlay, 2008, Imlay, 2013) inducing oxidative 

stress. The event would affect the performance of an NO donor as the half-life of NO 

is also dependent on oxygen tension (Ignarro, 1989). Hence, to address additional 

stress variables, most experiments were performed in another facility with well 

controlled temperature and humidity. Lastly, the fluctuating humidity of incubators 

resulted in occasional ‘heavy’ condensation of plates and bags. Changing relative 

humidity was shown to affect the morphological colony characteristics and cell 

elasticity (Nikiyan et al., 2010). An increased humidity could also exert a positive 

effect on water absorption leading to a formation of a water monolayer on bacterial 

cells (Peccia et al., 2001). Although there was no concrete evidence of the effects of 

high humidity to delay growth in this experiment, the changing physiological 

characteristics of the strains could contribute an additional stress that affected colony 

recovery.  

In this study, the expression of the target genes was also investigated in two different 

final concentrations of H2O2 (5mM and 25mM) in supplemented 7H9 to induce 

oxidative stress in M. tuberculosis cells. The 5mM H2O2 was selected as it was shown to 

stimulate strongly transcriptional oxidative stress response genes (Voskuil et al., 

2011). It overlapped with genes expressed in response to infection of activated 

macrophages (Schnappinger et al., 2003). Hence, the concentration is more likely to 

represent the ROI level encountered by M. tuberculosis in vivo. Microarray data from 

Schnappinger and colleagues (Schnappinger et al., 2003) have revealed induction of 

the target genes at 40 minutes which prompted this investigation. In this study, we 

found that at 5mM H2O2, only rv2660c and ncRv12659 were expressed at a low level. 

Similarly, rv2660c and rv2662 were also expressed in M. tuberculosis exposed at 25mM 

H2O2. However, a concentration of 25mM H2O2 might not exist during infection, and 

the relevance of the expression of these genes can be questioned. It was proposed 

that even lethal concentrations of H2O2 (50-100mM) could be present through 

accumulation of ROI from an oxidative burst effect from prolonged exposure of ROI at 

lower magnitude (Voskuil et al., 2011). It was shown that at lethal concentration of 50-

100mM H2O2, there was a significant upregulation of some TRs such as SigB and SigH, 

genes responsible for iron- sulphur cluster repair and ROI damage, but none for DNA 

damage (Voskuil et al., 2011). We could not explain  why the genes are induced at 
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higher ROI level. However, at this stage, we can only propose that expression of these 

genes was subtle and that this may not have caused any significant phenotypic effect 

at cellular level (as demonstrated in both deletion and over-expression studies).  

4.4.4 Low transcriptional response of rv2660c, rv2662 and ncRv12659 in M. 

tuberculosis when exposed to acidic pH 5.3  

Intraphagosomal pH might be one of the earliest environmental cues by which M. 

tuberculosis sets its survival strategy responses by reprogramming its translational 

processes (Rohde et al., 2007). The ability to resist and survive a range of acidic pH 

from pH 6.4 in resting macrophages, to acidic pH 4.5 upon IFNγ - activation (Schaible 

et al., 1998, MacMicking et al., 2003) promotes successful colonisation of M. 

tuberculosis in vivo (reviewed in (Ehrt and Schnappinger, 2009). This investigation was 

prompted to investigate if indeed, rv2660c was overexpressed in acid medium and to 

relate this to the recent findings from Yihao and colleagues. (Yihao et al., 2015). The 

challenges in carrying out this experiment was the lack of information on the actual 

culture conditions used in their study (Yihao et al., 2015). Hence, we designed our 

experiments using media employed by Piddington's group (Piddington et al., 2000) to 

extract RNA from M. tuberculosis grown in supplemented 7H9 adjusted to pH5.3 

buffered with 100mM MES. The time point for exposure was selected based on a 

microarray study that has used similar medium pH to mimic intraphagosomal pH 

(Rohde et al., 2007). 

We could only detect minimal relative expression of rv2660c, rv2662 and ncRv12659 

during earlier acidic pH exposure. Due to data variations, the results should be 

considered preliminary and require more replicates. Similarly, the low response 

presented by these genes and ncRNA could not have any important role in protecting 

the pathogen in such conditions. Our experiment could also be improved by 

investigating expression at pH6.5 that represents a pH level within resting 

macrophages and to evaluate if the induction of ncRv12659 is acid pH-dependent. 

However, the detected Rv2660c protein from culture supernatant in Yihao’s study 

(Yihao et al., 2015) was questionable. Using a transmembrane Hidden Markov Model 

program (TMHMM Server, Version2.0) (Krogh et al., 2001,Sonnhammer et al., 1998) 

linked in Tuberculist (Lew et al., 2011), both HPs were predicted to lack 
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transmembrane helices. Another program, SignalP 4.1 server (Petersen et al., 2011) 

has predicted the absence of signal peptides in Rv2660c and Rv2661c suggesting a 

missing function as secretory proteins. Additional controls and confirmation of 

identified proteins by mass-spectrometry could further validate the predictions. 

 

4.4.5 Macrophage infection 

A series of macrophage infection experiments were performed to elucidate if any of 

these genes are involved during the early stage of infection. Resting/ Naïve 

macrophages were initially employed as these cells act as the first line of defence for 

rapid clearance of M. tuberculosis following IFNγ activation (Kaufmann, 2002). Hence, 

intracellular replication of mycobacterial strains in resting macrophages was initially 

investigated to mimic infection in a susceptible host.  

4.4.5.1.1 Intracellular replication of double deletion strains of rv2661c and 

rv2660c in murine J774.1 cells 

A high MOI of 10 (1: 10 CFU) was selected to infect cell lines with heavy bacterial loads 

to promote high uptake and initiate sufficient intracellular growth, however the wild-

type strain failed to demonstrate a significant net increase in replication. Similar 

results were previously obtained in the laboratory (A.Sarbybaeva, 2015, Sanyi, 2016 ). 

There are many factors that can influence the replication of mycobacteria in 

macrophages, for example, extensive washings may result in detachment of infected 

monolayers. This experiment suggests that using an appropriate MOI for infection is 

critical. The high MOI used might have resulted in significant lysis of infected J774.1 

macrophages (Butler et al., 2012, Iona et al., 2012) which would release intracellular 

bacilli into the medium. However, it is worth noting that infected monolayers were 

observed to be still attached to the bottom of the wells which implied that the cell 

lines remained viable throughout the experiment.  Microscopic examination would 

provide a more reliable indication. In addition, the poor efficiency of uptake of 1-2% 

obtained for both strains suggested an altered J774.1 phenotype, probably a 

contribution of extended passaging of the cells (Hughes et al., 2007). However, since 

the double deletion strain exhibited a comparable lack of replication as wild- type 
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during J774.1 infection, it would be interesting to compare replication in another 

macrophage model of infection.  

4.4.5.1.2 Establishing THP-1 macrophage infection model 

THP-1 macrophages were  chosen as a model as they resemble the biological 

properties of peripheral blood monocytes and human alveolar macrophages 

regarding bacterial uptake, survival and replication (Tsuchiya et al., 1980, Stokes and 

Doxsee, 1999, Theus et al., 2004). Hence, it would  allow a much closer representation 

of the interaction of M. tuberculosis with human macrophages.  

Several validation studies were performed in this study to ascertain the actual 

replication of intracellular bacilli and an adequate bacterial burden to enhance 

growth. The removal of unphagocytosed bacilli was necessary before analysing 

intracellular growth (Maurin and Raoult, 2001), thus the introduction of 200µgmL-1 

amikacin was probably efficient to inactivate remaining extracellular bacilli. The 

prolonged incubation of co-culture in a small concentration of amikacin might have 

resulted in intracellular amikacin activity developed through gradual uptake of the 

antibiotic by the eukaryotic cells (Tulkens, 1990, Maurin and Raoult, 2001). Hence, 

initial treatment with a higher concentration of Amikacin was an important step in our 

methodology.  

Data from second validation experiment supported the notion that THP-1 

macrophages were able to control mycobacterial net growth with low bacterial 

burden following infection with an MOI of 1-2. Similarly, as shown in the J774.1 

macrophage experiment, a high MOI of 10 resulted in the massive decline of 

intracellular counts. In contrast to our findings, infection of macrophages derived from 

human monocytes (hMDMs) with M. tuberculosis at MOI 10 resulted in a robust 

increase in CFU counts while with MOI 1 demonstrated no significant proliferation of 

M. tuberculosis (Raffetseder et al., 2014). Another recent study also confirmed the 

significant increase of bacillary load in both hMDMs and THP-1 macrophages with 

MOI 10 after 24 hours infection (Mendoza-Coronel and Castanon-Arreola, 2016). The 

difference in our findings regarding the higher MOI may be explained in part by the 

difference in cell systems, the virulence of H37Rv strain and specific growth cell 

conditions. However, in our hands, treating infected macrophages with 200µgmL-1 
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amikacin for 1 hour and using low MOI of 1-2 demonstrated a robust net bacterial 

proliferation in resting THP-1 cells. 
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4.4.5.1.3 Replication of double deletion strains of rv2661c and rv2660c during 

THP-1 macrophage infection 

Using a lower bacterial load to infect THP-1 cells with the established protocol, a 

similar growth kinetics of both strains were observed in resting and IFNγ activated 

macrophages. The lack of robust replication of the wild-type strain in resting 

macrophages led us to question the efficiency of the strain to survive and persist in 

this system. A parallel analysis using other virulent M. tuberculosis strains such as 

clinical strains could provide  a control and validate the former statement. The 

concentration of IFNγ was probably insufficient to promote antimicrobial activity in 

our infection system model, hence a higher concentration is proposed. 

Another infection experiment with MOI 0.5 was carried out to closely mimic in vivo 

conditions where smaller numbers of M. tuberculosis usually establish an infection and 

allow an adequate viable population of macrophages to permit intracellular M. 

tuberculosis proliferation (Zhang et al., 1998). The transient attenuation of the mutant 

strain at 24 and 48 hours of infection in this experiment indicated that it is more 

sensitive to killing due to increased physiological stress and antimicrobial activities at 

these time points (Rohde et al., 2012). Unfortunately, in a repeated experiment, a 

technical issue was encountered that affected colony recovery at both time points. 

Only data at 72 hours and 7 days of infection were reproducible indicating that the 

double mutant strain was able to replicate in the extended infection period. As this 

result is considered preliminary, the previous results in J774.1 and THP-1 macrophage 

infection highlighted that the annotated genes and ncRv12659 have no important role 

to M. tuberculosis during macrophage infection.  

4.4.6 Replication of double rv2661c and rv2660c mutant in mice  

The murine infection data was only reliable at day 28 post-infection, however, the fact 

that replication of the ∆rv2661c:rv2660c strain was unaffected indicated that it was 

not essential for M. tuberculosis virulence during active TB infection. This finding was 

line with Houghton’s study where rv2660c was not detected during 31 days of murine 

infection (Houghton et al., 2013), a similar murine model used by Anderson and 

colleagues in the development of the H56 vaccine (Aagaard et al., 2011). In contrast, 

the latter group have detected consistent expression of rv2660c at 3 and 20 weeks of 
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infection (Aagaard et al., 2011). Another murine infection experiment would be 

required to obtain the full growth profile of the deletion strain in vivo and a parallel 

reassessment of rv2660c expression for confirmation of previous transcriptomics data. 

In addition, we have also established the absence of PDIMs in both deletion and wild-

type strains,  probably lost during serial passaging (Goren et al., 1974) and this lipid 

would have no further effect on replication of both strains in vivo. 
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4.5 CONCLUSIONS 

The significant findings of this study are highlighted as follows: 

 rv2660c and rv2661c which include rv2662 and non-coding RNA, ncRv12659 

were not required for survival of M. tuberculosis during adaptation to in vitro 

NRP, oxidative and nitrosative stresses 

 In addition, these annotated genes and ncRv12659 are not required for M. 

tuberculosis intracellular survival during in vitro macrophage infection and 

murine infection 

 Gene expression analysis revealed rv2660c, rv2661c and rv2662 transcripts 

were not detected during starvation and were minimally induced during in vitro 

oxidative stress. 

 ncRv12659 was highly upregulated only during starvation. 
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 Investigating the role of rv1657c (cmr) in 

Mycobacterium tuberculosis during in vitro stress conditions 

5.1 INTRODUCTION 

Transcriptional regulators of the cyclic AMP receptor protein (CRP)/fumarate nitrate 

reduction regulator (FNR), CRP/FNR family are structurally related proteins consisting 

of approximately 230–250 amino acid residues and widely distributed in bacteria (Kolb 

et al., 1993). Typical transcription regulators have two conserved domains: a C-

terminal DNA-binding domain with the Helix- turn-Helix (Gupta et al., 2016) motif 

which fits into the major groove of DNA and an N-terminal ligand-binding domain. 

The ligand-binding domain can recognise various small effector molecules such as 

3',5'-cyclic adenosine monophosphate (cAMP), 2-oxoglutarate, NO and O2 (Matsui et 

al., 2013), hence the specificity of ligand is usually determined experimentally.  

The CRP, encoded by rv3676, (Stapleton et al., 2010, Kahramanoglou et al., 2014,  

Choudhary et al., 2014) and the cAMP macrophage regulator (Cmr), encoded by 

rv1675c (Smith et al., 2017, Ranganathan et al., 2015, Gazdik et al., 2009) are the best-

characterised members of CRP/FNR family in M. tuberculosis. cAMP, an important 

signalling molecule, is generated from ATP by adenylate cyclases. Mycobacteria 

possess 17 adenylate cyclases and one of them Rv3676 is required for virulence 

(Agarwal et al., 2009). Unlike the E. coli homologue, CRPMtb showed a relatively weak 

interaction with cAMP, resulting in a small enhancement of DNA binding (Stapleton 

et al., 2010, Agarwal et al., 2009). CRPMtb regulates transcription of several genes 

involved in persistence and resuscitation of dormant mycobacteria, including rpfA 

(Rickman et al., 2005), whiB1 (Stapleton et al., 2012, Agarwal et al., 2006) and frdA 

(Akhter et al., 2007). 

The precise role of Cmr in virulence and regulation of gene expression remains 

unclear. Originally it was found that expression of four cAMP inducible genes groEL2, 

rv1265, rv0532 and mdh (Gazdik et al., 2009) were dysregulated in the cmr deletion 

mutant. These genes were also induced during macrophage infection (Gazdik et al., 

2009). However, the cmr deletion mutant had no growth defect during mouse bone 

marrow-derived macrophage infection (Smith et al., 2017). Interestingly, the cmr 
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deletion mutant strain had attenuated replication in lungs and spleens after 30 days of 

murine infection, but not in later stages after 70 days of infection (Smith et al., 2017). 

This attenuation could not be complemented by reintroduction of the cmr gene in the 

deletion mutant (Smith et al., 2017). 

Several studies investigated Cmr binding to DNA. As mentioned above Cmr was 

required for regulation of expression of four genes. However, it had low DNA binding 

affinity to the DNA upstream regions of groEL2, rv1265 and mdh as determined by 

electromobility shift assays (EMSA) (Gazdik et al., 2009). Moreover, Cmr did not 

require cAMP for activation of groEL2 expression (Stapleton et al., 2012, Smith et al., 

2017). A ChIP-Seq (chromatin immunoprecipitation- DNA sequencing) study by 

Rangathan and colleagues has identified 368 Cmr binding sites across M. bovis BCG 

genome (Ranganathan et al., 2015). M. tuberculosis Cmr is 99% identical by 244 amino 

acid to Mb1702c in M. bovis BCG (Lew et al., 2011). The identified Cmr binding sites in 

M. bovis BCG were found clustered together within the chromosome suggesting 

cooperative binding of Cmr. They have also identified 26 closely spaced Cmr binding 

sites proximal to seven of the DosR regulon gene clusters. However, EMSA studies 

failed to demonstrate in vitro Cmr binding to individual sites and physical interactions 

between cAMP and Cmr (Ranganathan et al., 2015). A recent publication by Smith and 

colleagues (Smith et al., 2017) reported that Cmr did not bind cAMP as it lacks primary 

cAMP binding pocket (Reddy et al., 2009) and iron-sulphur clusters (Körner et al., 

2003) found in other CRP family members. In fact, Cmr DNA binding was inhibited by 

nitrosation (treatment with a nitrosating agent, S-nitroglutathione) and to a lesser 

extent by oxidation of two conserved cysteine residues; Cys36 and Cys131 (Smith et 

al., 2017). 

Recent studies have also established that Cmr regulates its own expression and binds 

to a 16-bp palindromic DNA sequence (Ranganathan et al., 2015) located between 

two cmr transcriptional start sites (TSS) (Smith et al., 2017) shown in Figure 5-1. Cmr 

binding in the cmr-rv1676 intergenic region repressed transcription from the TSS1 

located 183bp upstream of cmr start codon, but Cmr binding activated transcription of 

divergent rv1676 from the TSS2 (located 82bp upstream of cmr start site) (Smith et al., 

2017, El-Robh and Busby, 2002).  
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Figure 5-1: Genomic organisation of rv1675c (cmr) in M. tuberculosis. The DNA 

sequence covering the cmr-rv1676 intergenic region shows the location of the two 

TSSs (bold upper case), potential -10 elements (underlined), Cmr- binding site (blue 

fonts) and Cmr start codon (ATG), adapted from (Smith et al., 2017). 

 

Transcriptomic profiling of a cmr deletion mutant revealed significant upregulation of 

DosR regulon genes, suggesting that Cmr is a repressor of dosR transcription (Smith 

et al., 2017). The finding corroborated with the demonstration of Cmr binding to the 

upstream region of dosR (rv3133c) and rv3134c (Smith et al., 2017). The current 

working model for regulation of the DosR regulon in response to both nitrosative and 

oxidative stresses by Cmr is illustrated in Figure 5-2.  

This chapter is focused on investigating the effect of cmr deletion and over-expression 

on M. tuberculosis survival under nitrosative and oxidative stresses. Further into the 

study, cmr expression under nitrosative stress was tested using quantitative RT-PCR. 

Finally, single nucleotide polymorphism (SNP) analysis of wild-type and cmr mutant 

was performed to investigate possible reasons for the lack of complementation of 

cmr phenotypes. 

The following objectives of this study are as follows:  

 To generate two cmr over-expression strains; M. tuberculosis pMV261::cmr 

and M. tuberculosis pMV261::cmrC2A (cmr site-directed mutagenesis double 

mutant variant where both cysteine residues of Cmr were replaced with 

alanine)  
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 To investigate survival of deletion and over-expressing strains of cmr during 

oxidative and nitrosative stresses 

 To analyse the expression of cmr in wild-type and complemented mutant 

strains during nitrosative stress 

Part of the study was published in paper entitled “Cmr is a redox- responsive regulator 

of DosR that contributes to M. tuberculosis virulence” (Smith et al., 2017) attached in 

Appendix 10. 

 

 

Figure 5-2: A proposed model for Cmr-mediated nitrosative and oxidative stress 

responses in regulation of the DosR regulon. Cmr in its reduced state (Cmrred) will 

act as a dual regulator of its own expression, activates expression of divergent rv1676 

and also represses DosR expression. When exposed to nitrosative stress (and to a 

lesser extent with exposure to ROI) shown as CmrOX/NO, Cmr site-specific DNA-binding 

is inhibited. This results in de-repression of dosR and expression of a subset of DosR 

regulon (in the blue box). Adapted from (Smith et al., 2017).  
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5.2 MATERIALS AND METHODS 

5.2.1 Bacterial strains 

Details of strains used in this study are in Chapter 2. M. tuberculosis H37Rv wild-type 

strain, unmarked deletion strain of cmr (∆cmr) and cmr complemented strain 

(∆cmrCom) were provided by Dr. Roger Buxton from NIMR and are described in a 

published paper (Smith et al., 2017).  

5.2.2 Construction of over-expressing strains of cmr and cmr mutant variant 

Plasmids pGS2103 (pET28a-cmr) and pGS2475 (pET28a-cmr_C36A/C131A) were 

provided by Dr. Laura Smith (University of Sheffield). The cmr variant encoding the 

double cysteine mutant was generated by site directed mutagenesis (SDM) using 

QuikChange II Site-Directed Mutagenesis Kit (Agilent Genomics). This resulted in the 

replacement of the both cysteine residues at position 36 and 131 with alanine (further 

abbreviated as C2A).  

Amplification of the full coding sequence of cmr and cmrC2A variant was performed 

using pGS2103 and pGS2475 as templates. DNA fragments were individually digested 

using BamHI and EcoRI restriction enzymes and ligated to similarly digested pMV261 

plasmid. As a result, the respective coding sequences were cloned downstream of the 

hsp60 promoter to generate recombinant plasmids pMV261::cmr and pMV261:: 

cmrC2A respectively. These were constructed by Dr Sarah Glenn and Khalid Khan 

(UoL). The identity of the cloned genes was confirmed by sequencing. Plasmid maps 

of these constructs are shown in Appendix 4. 

In this study, each recombinant plasmid (500ng) was then electroporated into M. 

tuberculosis H37Rv (exact background as used for the preparation of the cmr 

mutant), and transformants were selected on 7H10 agar containing 50µgmL-1 

Kanamycin to generate an empty plasmid control Mtb pMV261 and two cmr over-

expressing strains M. tuberculosis pMV261::cmr and M. tuberculosis pMV261::cmrC2A 

respectively. The identity of all strains was confirmed by colony PCR using pMV261 

specific primers pMV261F and pMV261R. The PCR amplification cycling conditions 

used are described in Section 2.8.1 except with a higher annealing temperature of 

550C.  
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5.2.3 Combined cold and oxidative stress experiments 

The cold shock exposure was performed prior to oxidative stress experiments.  

Bacteria were grown to mid-exponential phase (OD580nm of 0.5-0.7) in 250 mL 

Erlenmeyer flasks containing 50 mL of supplemented 7H9 broth. For each strain, 6 

screw-capped tubes with 1.2mL of culture were prepared. Three tubes were incubated 

at 40C and the other three tubes - at 370C without shaking for 16 hours. Survival 

patterns of each strain after cold shock were assessed by CFU counts. The pre-

incubated cultures were treated with H2O2 (Acros Organics) to a final concentration of 

25mM for 4 hours followed by CFU count assays.  

5.2.4 qRT-PCR 

Details for RNA extraction and qRT-PCR are described in Chapter 2.  

For confirmation of cmr expression in over-expressing strains, mid exponential phase 

(OD580 0.5-0.7) cultures were used. To demonstrate the effect of nitrosative stress on 

expression of cmr, RNA was isolated from an early logarithmic phase (OD580nm 0.15-

0.2) of ∆cmr, ∆cmrcom and wild-type M. tuberculosis H37Rv cultures. For reverse 

transcription, 500ng of total RNA was employed. qRT PCR was performed using gene 

specific primers: MYCO16s (for 16S) and RT1675 (cmr). Primer sequences are in 

Appendix 2. Three technical replicates were performed for each experimental sample. 

Only samples with low genomic DNA contamination were analysed. 

5.2.5 Whole genome sequencing  

Genomic DNA of the wild-type strain and ∆cmr was isolated as previously described in 

Chapter 2. Purified genomic DNA samples were sequenced using the Illumina HiSeq 

2500 platform (Illumina, USA) at the GATC- Biotech (Constance, Germany). To 

generate high-quality data, a sliding window algorithm was applied to trim substring 

of low-quality read bases usually occurring at 3'end (Cox et al., 2010, Falgueras et al., 

2010). The first and last base’s quality scores that exceeded a specific threshold of 15 

were removed. Sequencing data were collected in paired-end mode (from both ends 

of each fragment) with a read length of 125bp. These short reads were aligned to the 

genome of M. tuberculosis H37Rv as a reference sequence (Genbank accession number 

NC_000962) using the Burrows-Wheeler Aligner Program (Li and Durbin, 2009) with 

default parameters for each sample. The depth of coverage (mean number of reads 
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covering each site over entire ~4.4MB genome) was 104.8X (M. tuberculosis) and 

141.63X (∆cmr). The single nucleotide polymorphisms (SNP), insertions and deletions 

were identified using GATK’s Unified Genotyper (McKenna et al., 2010, DePristo et al., 

2011) and any false positive variants were filtered by GATK’s Variant Filtration 

module. Detected variants were annotated in their gene context (such as amino acid 

and codon change and functional class of SNP) by snpEff (Cingolani, 2012). 

Synonymous mutations within coding sequence were not included in the final analysis 

which focused on mutations that were not likely to contribute difference in survival 

phenotype of both strains. This experiment contributed towards the publication 

shown in Appendix 10. 

 

 

Figure 5-3: Whole genome sequencing (WGS) and workflow analysis. The Illumina 

platform was employed to sequence the ends of millions or billions of DNA fragments 

in parallel and performing read assembly for analysis. After sequencing and read 

mapping steps, PCR duplicates, realignment around Indels, base recalibration, Single 

nucleotide polymorphism (SNP) and variant calling including annotations are all WGS-

specific computational analysis to extract variant information. Adapted from 

(Chaitankar et al., 2016). 
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5.3 RESULTS 

5.3.1 Confirmation of the identity of the cmr over-expressing strains in M. 

tuberculosis H37Rv 

Colony PCR of the control pMV261 strain of M. tuberculosis yielded a band of expected 

size (255bp; Lane 1) in Figure 5-4. Furthermore, colony PCR of M. tuberculosis 

pMV261::cmr and M. tuberculosis pMV261:: cmr C2A yielded similarly sized bands of the 

expected size (990bp; Lane 2 and Lane 3 respectively). The analysis confirmed the 

presence of the correct plasmids in respective strains. 

The constitutive over-expression of cmr in respective strains was further assessed by 

qRT-PCR using cmr gene-specific primers. Assay performance information and melt 

curve analysis can be found in Appendices 6 and 7. All non- reverse transcribed control 

samples produced copy numbers less than 10% of the tests, indicative of low levels of 

gDNA contamination. Comparable levels of 16S rRNA expression were obtained for all 

tested strains (p=0.8) with a mean (3.0±2.43) X 108 copies. The cmr copy numbers for 

each strain were normalised to 16S copy numbers to obtain relative expression (RE) 

values. The fold difference in expression was obtained by comparing RE value of each 

cmr over-expressing strain to the control strain as shown in Table 5-1.  

Relative expression of cmr in empty plasmid strain was used as a baseline value. There 

was significant over-expression of cmr in M. tuberculosis pMV261:: cmr with 620± 11- 

fold and in M. tuberculosis pMV261:: cmr C2A with 471± 75- fold higher expression 

relative to expression in the control strain. The qRT-PCR analysis further confirmed 

the constitutive over-expression of cmr and cmrC2A in respective over-expressing M. 

tuberculosis strain. 
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Figure 5-4: Gel analysis showing PCR products of control (empty plasmid) and cmr 

over-expressing strains using pMV261 primers. Lane 1: M. tuberculosis pMV261, 

Lane 2: M. tuberculosis pMV261::cmr, Lane 3: M. tuberculosis pMV261:: cmrC2A, Lane 4: 

Negative control, H2O, M: GeneRulerTM 

 

Strains 

cDNA copy numbers 

(n=3) 

Cmr expression 

normalised to 16S 

(n=3) 

Fold 

difference 
16s cmr 

M. tuberculosis 

pMV261 

(5.23 ±1.72) 

X 108 

1.04 X 104± 

8.93 X 103 

(1.92±1.23) 

X 10-5 
- 

M. tuberculosis 

pMV261::cmr 

(1.46 ± 2.15) 

X 109 

(5.88 ± 8.55) 

X 106 
0.012± 0.013 620± 11 

M. tuberculosis 

pMV261::cmrC2A 

1.33 X 108± 

8.69 X 107 

1.13 X 106± 

5.38 X 105 
0.009± 0.001 471± 75 

Table 5-1: Relative expression of cmr in control and respective over-expressing 

strains. Relative expression values were obtained by normalising cDNA copy numbers 

to 16S. Data represent mean ± standard deviation from three biological replicates. 
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5.3.2 In vitro growth of the cmr over-expressing strains  

Colonies of the control strain grown on 7H10 agar with kanamycin were recovered 

after 3 weeks of incubation. However, the growth of both cmr and cmrC2A over-

expressing strains was delayed compared to the control strain. The delayed growth of 

over-expressing strains was also observed when grown in a supplemented 7H9 liquid 

medium. An image of the colonies grown on the same 7H10 plate at four weeks of 

incubation is shown in Figure 5-5. Over-expressing strains produced smaller colonies 

which could be seen in culture diluted to 1:1000 and 1:10000. However, there was no 

difference in colony morphology of these strains as surfaces were smooth and 

appeared flat. This experiment demonstrated that both over-expressing cmr and 

cmrC2A slightly inhibited growth of M. tuberculosis in vitro. 

 

Figure 5-5: Colony morphology of over-expressing strain of cmr and its mutant 

variant in M. tuberculosis. Mycobacterial cultures: (a) M. tuberculosis pMV261:: 

cmrC2A, (b) M. tuberculosis pMV261::cmr and (c) Control (Empty plasmid) strains were 

ten-fold serially diluted and spotted for each dilution (from left to right; Neat, 1:10, 

1:100, 1:1000and 1:10000) on supplemented 7H10 with 50gmL-1 Kanamycin. Image 

was taken after 4 weeks incubation. 
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5.3.3 Investigating the role of cmr in survival of M. tuberculosis in response to in 

vitro stress (Published in Smith et al., 2017) 

5.3.3.1 Nitrosative stress 

NO donor 6-methoxy-5-pyrimidin-4-yl pyrrolidine-1-carbodithiate was employed to 

induce nitrosative stress as detailed in Chapter 4. The MIC of each strain to the 

compound was determined. After 2 weeks of incubation, the MIC of wild-type and 

cmr were comparable (1-2gmL-1), however cmrCom was more sensitive with a 

reduced MIC of 0.2-0.4gmL-1. The difference in MIC provided initial evidence for 

potential dysregulation of cmr in this strain (Smith et al., 2017).  

Exposure to 100µM NO donor for 4 hours did not signify any effect on the survival of 

wild-type (133± 26.3%), cmr (102.8± 18.5%) and cmrCom (65± 12.7%) strains. 

However, follwing a 20- hour exposure to the donor, there was a substantial decline of 

viable cells (Figure 5-6). Interestingly, cmr survived significantly better than the wild-

type strain in both experiments (p values from both experiments; p=0.02 & p= 0.048). 

The cmr also survived better than cmrCom (p<0.01). The lack of complementation 

indicated hypersensitivity to NO and was further investigated by analysing the 

expression of cmr. 

 

 

Figure 5-6: Effect of nitrosative stress on the survival of cmr mutant. Survival of 

mycobacterial strains grown in supplemented 7H9 with 20 hours of exposure of a final 
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concentration of 100M 6-methoxy-5-pyrimidin-4-yl pyrrolidine-1-carbodithiate. The 

results of two independent experiments (filled and unfilled bars) are shown. Data 

represent Mean % survival  SEM from three biological replicates. *p<0.05, **p<0.01 

analysed by t-test. 

5.3.3.2 Expression of cmr in wild-type and cmr complemented mutant during 

growth and nitrosative stress 

To further demonstrate if indeed cmr was dysregulated in the complemented strain, 

expression of cmr was analysed in cmrCom using qRT-PCR and compared with 

expression in wild-type strain. As a control, cmr mutant was included, and the melt 

curve analysis demonstrated multiple melt peaks corresponding to non-specific 

amplification (Appendix 7, Figure 37) which was expected as the genomic region of 

cmr was deleted. As shown in Figure 5-7, during early exponential growth culture, 

expression of cmr was ~2.2- fold increased in cmrCom relative to the wild-type strain 

(Smith et al., 2017). Exposure to 100M NO donor for 40 minutes resulted in a minimal 

1.5-fold change in cmr expression in ∆cmrCom [RE value: (3.75± 2.72) X10-4]. There was 

no significant difference in expression compared to untreated culture [RE value: (2.51± 

2.91) X10-4] (p=o.43). However, at this time point of nitrosative stress, cmr was not 

induced in wild-type strain. Therefore, the nitrosative stress had no significant effect 

on the expression of cmr in the ∆cmrCom   strain compared with wild- type strain. 
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Figure 5-7: Normalised expression of cmr during nitrosative stress. Relative 

expression of cmr in both wild-type and cmr complemented mutant exposed to 

100M NO donor 6-methoxy-5-pyrimidin-4-yl pyrrolidine-1-carbodithiate for 40 

minutes. Data represent mean  SEM from three independent experiments.  

 

5.3.4 Oxidative Stress 

Oxidation of Cmr had resulted in decreased DNA binding (Smith et al., 2017) 

suggesting that cmr could also have a potential role during oxidative stress. For these 

experiments, survival of both cmr mutant and over-expressing strains were 

investigated by exposure to 25mM H2O2. 

Initial inocula of wild-type strain (1.48 X108± 3.6 X107 CFUmL-1) and ∆cmr (1.47 X108± 

5.51 X107 CFUmL-1) were exposed to H2O2 for 4 hours, resulting in a reduction of CFU 

counts by more than 90%. In the first experiment performed, ∆cmr has instead 

exhibited a significant survival advantage compared to the wild-type strain after 4 

(p<0.001) and 24 hours of exposure. At the later time point, no colonies of the wild-

type strain were recovered. On repeating this experiment twice in December 2015, 

the ∆cmr strain showed an opposite survival pattern, presenting a poor tendency to 

survive (3.17±1.72%) with no statistical difference in survival compared to the wild-

type strain (8.38 ±5.22%, p=0.06). Further 20-hour exposure resulted in similar survival 

defect of ∆cmr (0.03± 0.04%) compared to wild-type strain, 2.32 ±3.83% (p=0.11), as 
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shown in Figure 5-8. The discrepancies in mutant phenotype were proposed to be due 

to the initial exposure of strains to the cold temperature of the laboratory prior 

oxidative stress experiment. However, the results obtained were variable and more 

experiments are required to conclude if cmr is required during oxidative stress.  

 

 

Figure 5-8: Effect of oxidative stress on the survival of cmr mutant. Both wild-type 

strain (unfilled bars) and cmr mutant (filled bar) were exposed to 25mM H2O2 for 4 and 

24 hours. Data represent Mean % survival  SEM from two independent experiments 

performed in triplicates. 

 

To investigate if cold temperature affected the sensitivity of tested strains to 

oxidative stress, the control and over-expressing strains were initially subjected to 

cold shock for 24 hours prior to oxidative stress. With an initial mean inoculum of (3.01 

X107 ± 7.25 X106) CFUmL-1, strains were incubated at both 40C and 370C (control 

culture). Based on two independent experiments, exposure to cold temperature for  

24 hours did not affect the survival of the empty plasmid strain compared with  over-

expressing strains, as shown in Figure 5-9. To note, CFU counts of M. tuberculosis 

pMV261::cmr and M. tuberculosis pMV261::cmrC2A were lower than the pre-cooled 

wild-type strain, and this was expected due to their delayed growth. Collectively, 
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these experiments demonstrated that exposure to cold temperature for 24 hours did 

not significantly affect the viability of the all tested strains. 

 

 

Figure 5-9: Effect of cold shock on the survival of cmr over-expressing strain. M. 

tuberculosis pMV261, M. tuberculosis pMV261::cmr and M. tuberculosis pMV261:: 

cmrC2A were exposed to cold stress at 40C (blue bars) and also incubated at 370C (red 

spotted bars) as control culture for 24 hours. Data represent mean ±SEM from two 

independent experiments.  

 

Next, the same pre-cooled strains were immediately treated with 25mM H2O2 and 

incubated for 4 hours. The observations from these experiments are as follows. Firstly, 

exposure to cold temperature did not increase the sensitivity of the control strain to 

oxidative stress (p=0.29), shown in Figure 5-10. Secondly, the viability of cmr over-

expressing strain was comparable to the control strain (maintained at 370C) with 

exposure to H2O2 (p=0.63) which further suggest cmr would have no protective role for 

the survival of M. tuberculosis when encountered to oxidative stress.  

Interestingly, pre-cooling of cmr over-expressing strain prior to H2O2 exposure 

resulted in a significant survival advantage when compared to empty plasmid strain 

(p=0.04). This observation suggests that exposure to cold shock increases the survival 

tolerance of cmr over-expressing strain to H2O2 exposure. 
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In addition, M. tuberculosis pMV261:: cmrC2A was included in this experiment to 

evaluate the effect of over-expressing an equivalent of a  ‘permanently reduced’ form 

of cmr in the dual stress conditions. M. tuberculosis pMV261:: cmrC2A demonstrated 

increased tolerance to H2O2  and survived better than the control plasmid strain 

(p=0.004). A similar tolerance pattern was also observed for the pre-cooled strain 

compared to M. tuberculosis:: pMV261 (p=0.002). These findings indicated that over-

expressing cmrC2A enhanced the survival of M. tuberculosis during oxidative stress and 

pre-exposure to cold temperature had no effect on its sensitivity to oxidative stress.  

 

 

Figure 5-10: Effect of oxidative stress on the survival of pre-cooled cmr over-

expressing strains. M. tuberculosis pMV261, M. tuberculosis pMV261::cmr and M. 

tuberculosis pMV261:: cmrC2A were pre-cooled (incubated in 40C, blue bars) and 

aliquoted as control (incubated in 370C, red spotted bars) culture. After 24 hours of 

cold exposure, culture in supplemented 7H9 was treated with a final concentration of 

25mM H2O2 and further incubated at 37oC for 4 hours. Data represent mean ±SEM 

from two independent experiment*p<0.05, **p<0.01 analysed by t-test. LOD denotes 

Limit of detection. 
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5.3.5 Whole genome sequencing of M. tuberculosis strains (Published in Smith et 

al., 2017) 

To understand the lack of complementation in both murine infection and nitrosative 

stress experiments, WGS was performed to determine if there were any genomic 

variations in the wild-type and cmr mutant strain. In addition, the investigation was 

carried out to establish if the cmr mutant strain had SNPs that would impair its 

virulence. 

Analysis of WGS revealed that both strains harboured only missense mutations 

relative to the reference M. tuberculosis H37Rv sequence (Genbank accession number 

NC_000962). The SNPs identified in the cmr mutant strain and H37Rv wild type used 

in this study compared with a reference H37Rv genome sequence are tabulated in 

Table 5-2. The parent strain had three SNPs resulting in E419K mutation of PpsA 

(rv2931), a component of phenolpthiocerol synthesis type 1 polyketide synthase 

involved in PDIM synthesis, R51G mutation of ParD (rv1960) antitoxin and T234I 

mutation of rv2962 (uridine 5’-diphospho-glucuronosyltransferase). The 

corresponding genes are non-essential for growth in vitro (Griffin et al., 2011). Rv2931 

is highly similar by 76.1% to M. leprae ML2357 (Tuberculist, 2017), however, has been 

shown to have five SNPs in M. tuberculosis strains (Lamichhane et al., 2003). The 

Rv1960 is part of toxin-antitoxin (TA) operon (parDE1) with Rv1959c, member of the 

ParDE family (Ramage et al., 2009) that has not been characterised yet (Tuberculist, 

2017). Furthermore, rv2962 was found to not be required in an aerosol model of 

murine infection (Hisert et al., 2004) and was proposed to be involved in the first 

glycosylation step of phenolphthiocerol which was not required for synthesis of PDIM 

(Kirksey et al., 2011).  

There were four common gene deletions associated with transposases (rv079, rv3184, 

rv3184 and rv3326) in both strains. The rv079, rv3184 and rv3184 genes encode 

putative transposases and were found to be deleted in some M. tuberculosis clinical 

isolates (Tsolaki et al., 2004). In addition to the intentional cmr deletion in the mutant, 

there were four SNPs in  genes also known to be non-essential for growth in vitro 

(Griffin et al., 2011); fadE6: SNP resulting in P71L; rv2323: SNP, L202P; rv3331: SNP, 

P423T and prpD: SNP resulting in a R9P mutation. The latter gene, a possible 

methylcitrate dehydratase (Lew et al.,2011) has been noted to have a similar SNP in a 
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monoisolate clinical strain, M. tuberculosis BTB04-172. These individual SNPs would 

unlikely to have any detrimental effect on ∆cmr strain.  

Another identified SNP in ∆cmr is in rv2984 (ppk1, ATP-polyphosphate 

phosphotransferase) which was found to be essential for growth in vitro in M. 

smegmatis (Sureka et al., 2007) but not in M. tuberculosis (Singh et al., 2013). A mutant 

of ppk1 in M. tuberculosis also exhibited growth attenuation during macrophage and 

was transiently attenuated after 40 days infection in guinea pigs (Singh et al., 2013). 

Although it is implicated in virulence similarly to cmr (Singh et al., 2013, Smith et al., 

2017), it is also unlikely that the SNP in rv2984 contributed to the survival advantage 

of ∆cmr in the earlier nitrosative stress experiment. Hence, the WGS results 

demonstrated that none of this particular polymorphisms could account for the 

inability to complement cmr mutant phenotype. 
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Strain Gene Comment Reference 

Mutant 
fadE6, 

rv0271 

SNP: P7L, the first residue in the domain acyl-CoA-dehydrogenase domain; nonessential for 

growth; pseudogene in M. leprae  

(Lew et al., 2011, Griffin et al., 

2011) 

Mutant  rv0796 Deleted (14 bp remaining); transposase; deleted in clinical isolates (Lamichhane et al., 2003) 

Mutant rv1130, prpD 

SNP: R9P; the same SNP is found in M. tuberculosis BTB04-172 (monoisolate); R9H in M. 

tuberculosis TKK-01-0058  

Erdman prpDC mutant is unable to grow on propionate; growth is severely impaired in non-

activated murine bone marrow-derived macrophages; growth and persistence in the lung and 

spleen is comparable to wild-type; absent in M. leprae  

(Lew et al., 2011, Munoz-Elias 

et al., 2006, Smith et al., 

2017) 

Mutant rv1675c, cmr Deleted (12 bp remaining) (Smith et al., 2017) 

Parent 
rv1960, 

parD1 

SNP: R51G; ParD antitoxin; nonessential for growth; absent in M. leprae; SNPs were found in 

M. tuberculosis strains: M1V; A78P; G82A 

(Kapopoulou et al., 2011, Lew 

et al., 2011, Smith et al., 2017) 

Mutant rv2323, dhaH 
SNP: L202P; multiple SNPs in M. tuberculosis strains, R30H; V72I, A120T, H201Y, T213A; 

S222N;  non-essential amidinotransferase; pseudogene in M. leprae  

(Lew et al., 2011, Smith et al., 

2017, Kapopoulou et al., 2011) 

Parent rv2931, ppsA 

SNP: E419K; Phenolpthiocerol synthesis type-I polyketide synthase; nonessential for growth; 

present in M. leprae; multiple SNPs in M. tuberculosis strains: G549S, A803T, V862I, R877H, 

H955P 

(Lew et al., 2011, Lamichhane 

et al., 2003) 

Parent rv2962 
SNP: T234I; other SNP in database H233Q; in M. leprae T234Q; non-essential uridine 5'-

diphospho-glucuronosyltransferase 

(Lew et al., 2011, Kapopoulou 

et al., 2011) 
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Mutant rv2984, ppk1 
SNP: Q476R in phospholipase domain; essential for in vitro growth; impaired stress survival; 

down-regulation results in impaired survival in macrophages 

(Lew et al., 2011, Singh et al., 

2013, Kapopoulou et al., 2011) 

Mutant rv3184 Deleted (12 bp remaining); transposase; deleted in clinical isolates 

(Lew et al., 2011, Tsolaki et 

al., 2004, Kapopoulou et al., 

2011) 

Mutant rv3185 Deleted (0 bp remaining); transposase; deleted in clinical isolates 

(Lew et al., 2011, Tsolaki et 

al., 2004, Kapopoulou et al., 

2011) 

Mutant rv3326 Deleted (8 bp remaining); transposase  (Lew et al., 2011) 

Mutant rv3331, sugI 
SNP: P423T; other SNP in database P423L (most strains); non-essential sugar transporter; 

pseudogene in M. leprae  

(Lew et al., 2011, Kapopoulou 

et al., 2011) 

Table 5-2: Single nucleotide polymorphisms (SNP) identified in the cmr mutant strain and wild type H37Rv used in this study, compared 

with an M. tuberculosis H37Rv reference sequence (Genbank NC_000962) (Smith et al., 2017) 
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5.4 DISCUSSIONS 

5.4.1 Cmr plays a significant role in the survival of M. tuberculosis during 

nitrosative stress 

The impairment of Cmr binding from nitrosation of the two cysteine residues 

implicates that nitrosative stress affects Cmr regulation. The cmr mutant displayed a 

significant enhancement in survival compared to wild-type indicating a significant role 

of Cmr in protecting the pathogen during nitrosative stress. A similar increased 

survival to RNI was observed in an M. tuberculosis serine/threonine kinase pknH 

deletion strain, where it exhibited a 2-fold increase in survival compared with wild-

type when exposed to acidified nitrite (Papavinasasundaram et al., 2005). The pknH 

mutant generated higher bacterial load in lungs of infected mice, that suggested 

further that M. tuberculosis used the PknH kinase-mediated signalling mechanism as 

an indirect or direct approach to regulate growth in vivo as part of a survival strategy 

(Papavinasasundaram et al., 2005). The similar survival pattern illustrates the 

complexity of regulatory pathways involved during nitrosative stress. 

It is also possible that the increased survival of ∆cmr could be an indirect consequence 

of derepression of the DosR regulon, which potentially acts as a compensatory 

mechanism to sense and respond to redox signals. The upregulation of a subset of the 

DosR regulon, genes such as dosR, rv3131c, rv3134c, rv2623, tgs1, fdx4 and hspX in the 

cmr mutant strain is similar to a particularly virulent of M. tuberculosis lineage, 

W/Beijing (Reed et al., 2007, European Concerted Action on New Generation Genetic 

Markers and Techniques for the Epidemiology and Control of Tuberculosis, 2006). The 

global success of W/Beijing strains is associated with its enhanced pathogenicity, 

transmission, multidrug resistance traits and underlying over-expression of DosR 

regulon in standard growth conditions in vitro (Reed et al., 2007). In comparison, non-

Beijing strains, such as those in Euro-American or Indo-Oceanic lineages (Fallow et al., 

2010), dosR was minimally induced during in vitro growth conditions. In the laboratory 

strain of M. tuberculosis H37Rv (a member of the Euro-American M. tuberculosis 

lineage), DosR regulon genes are only induced when the strain is exposed in vitro to 

hypoxia, NO or carbon monoxide (Saini et al., 2004, Voskuil et al., 2003, Shiloh et al., 
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2008). The over-expression of dosR in W/Beijing strains prior to encountering 

signalling molecules such as O2 or NO were suggested to provide an advantage 

survival strategy to pre-condition the strain before facing host’s immune defence 

mechanism (Fallow et al., 2010). This strategy was proposed in particular to prepare 

the pathogen before macrophage entry or during macrophage activation where lethal 

amounts of NO are produced (Fallow et al., 2010). This proposed advantage of W/ 

Beijing strains of infection ‘preparedness’ may hold for ∆cmr, since it shows enhanced 

survival to nitrosative stress. In addition, the downstream genes of cmr which are 

rv1671 and rv1672-rv1674c (Region of Difference 150) were found to be deleted in six 

strains from East Asia clade of W/Beijing strains suggesting that these genes could 

modulate expression of cmr resulting in over-expression of DosR regulon (Tsolaki et 

al., 2004).  

5.4.2 The lack of complementation was not caused by SNPs in either wild-type or 

cmr mutant strain.  

The inability to complement the mutant phenotype in nitrosative stress (this study) 

and murine infection (Smith et al., 2017) was further addressed in this study. The 

potential polar effect on downstream genes rv1674c-rv1672c due to the cmr deletion 

was excluded, as microarray studies demonstrated that expression of these genes was 

unaffected in the mutant strain (Smith et al., 2017). The ∆cmrcom however, had an 

increased sensitivity to the NO donor which explained its inability to survive compared 

to the two other tested strains. Furthermore, the slightly increased cmr expression in 

∆cmrcom during growth, and at 40 minutes exposure to the NO donor, relative to the 

wild-type strain further implicates dysregulation of Cmr. The findings in this 

experiment gave an initial indication that a precise amount of Cmr is required and that 

this has to be tightly controlled to ensure the survival of M. tuberculosis during 

nitrosative stress. 

WGS has been shown to provide a rapid and comprehensive view of the genotype of 

M. tuberculosis for detection of genes that are associated with virulence. It further 

contributes to the understanding of evolutionary relationships and also defines 

transmission between individuals to investigate outbreaks with the combination of 

epidemiological data (Walker et al., 2013). In addition, WGS was shown to accurately 
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predict the drug susceptibility phenotype of an isolate within a clinically relevant time 

frame, as compared to traditional antibiotic susceptibility testing (Witney et al., 2016). 

Sequencing of the genome of ∆cmr and the wild-type strain was employed in this 

study to detect polymorphisms that could have affected survival phenotype. The 

cmrcom strain was not included as it was earlier shown to be dysregulated. A similar 

strategy was also employed to investigate divergent growth phenotypes exhibited by 

Rv1248c, hoas (a thiamin diphosphate (ThDP)-dependent enzyme that functions in 

the TCA cycle) transposon and deletion mutant strains by WGS (Maksymiuk et al., 

2015).  

The majority of SNPs in the ∆cmr strain were found in putative transposases for 

insertional sequence IS6110. IS6110 is a repetitive mobile genetic DNA element 

specific for M. tuberculosis complex strains that consists of 1358bp with 30bp inverted 

repeat ends which encode two open reading frames orfA and orfB. Production of 

functional transposase (to ensure their mobility in the genome) requires ribosomal 

frameshift between these two open reading frames (Thierry et al., 1990, Millán-Lou et 

al., 2013, Siguier et al., 2014). Based on the variable copy numbers and various 

genomic locations of IS6110 in the M. tuberculosis genome, a point mutation in the 

stated transposases would not have caused a deleterious effect on the mutant strain. 

In silico analysis of individual genes with observed SNPs revealed that they would not 

have a direct cause for the increased resistance of the mutant to nitrosative stress. For 

example, the ppk1 mutant in M. tuberculosis only demonstrated marginal growth in 

vitro with a difference of less than 0.5-Log10 difference in CFU counts. It was also not 

required for oxidative, nitrosative (in acidified NANO2 at 3 days) and acidic stress 

(Singh et al., 2013). The effect of this single amino acid change would be substantially 

less deleterious than the effect of gene deletions or insertions (Tsolaki et al., 2004). 

Ultimately, to be certain it will have to be experimentally confirmed by deletion 

studies using similar experimental stress conditions. In addition, it is possible that 

interactions between, or in concert with, each polymorphic gene could cause a 

phenotypic effect change (Stucki and Gagneux, 2013). However, this is beyond the 

capacity of the study to investigate these assumptions. 

Hence, sequencing the genome of ∆cmr did not reveal potential explanations for its 

phenotype. This strongly supports the notion that it was an imbalance of cmr 
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expression that modulated the Cmr regulation process, and that the observed mutant 

phenotypes resulted from the cmr deletion.  

5.4.3 Phenotypic characterisation of cmr and cmr mutant variant (cmrC2A) over-

expressing strains in M. tuberculosis  

In this study, we have also investigated the effects of over-expressing cmr to growth 

and survival of M. tuberculosis during oxidative stress. Initial cmr deletion studies in M. 

tuberculosis have confirmed that cmr is not essential for growth in vitro as mutation 

did not affect growth in Dubos medium (Smith et al., 2017) and minimal Sauton’s 

medium (personal communication, Dr Sarah Glenn). However, the constitutive over-

expression of cmr and its mutant variant, cmrC2A in M. tuberculosis may have caused 

transcriptional dysregulation leading to delayed growth on standard laboratory 

medium.  

It was earlier established in our study that over-expression of cmr did not affect 

viability of M. tuberculosis under oxidative stress. However, the enhanced survival of 

over-expressing strain of cmrC2A during oxidative stress despite pre-exposure to cold 

temperature, further supports the view that Cmr regulation is a complex process. 

Regulation of Cmr might be further complicated by its capacity to respond oxidation 

and nitrosation of the two cysteine residues (Smith et al., 2017). The phenomenon 

could be similar to the redox activation of E. coli OxyR, a LysR-Type transcriptional 

regulator. It occurs via formation of an intramolecular disulphide bond between two 

conserved cysteine residues (Cys 199 and Cys 208) (Zheng et al., 1998, Lee et al., 

2004). Kim and colleagues have shown that a single cysteine in OxyR can yield some 

transcriptionally active forms that have a distinct structure and which generated a 

different DNA binding affinity and cooperativity of response. These findings reflected 

the ability of OxyR to sense multiple redox signals and process individual signals into 

distinct and graded transcriptional responses (Kim et al., 2002). Hence the proposed 

functional capability of OxyR could be applicable to cmr as it is also a redox sensor 

that alters its binding affinity upon oxidative and nitrosative stress. Our study has also 

demonstrated that the vital fine tuning of cmr expression level was required to ensure 

survival fitness in the wake of changing environmental signals.  
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The possible role of Cmr during cold stress could be further explored with more 

replicates. Successful TB transmission (between expulsion from an infected patient 

and inhalation by a new host) results from a multitude of determinants (Jones-López 

et al., 2013). One relevant environmental stress which M. tuberculosis will experience 

on aerolisation and to which it will respond is cold stress (Manganelli et al., 1999). The 

effect of cold stress on the expression of genes or even sRNAs has not been 

extensively studied (Manganelli et al., 1999, Shires and Steyn, 2001). However, the 

fact that some of these genes or sRNAs was shown to be highly induced indicated that 

they are essential during M. tuberculosis life cycle. Sigma factors are known as the 

general stress responders, reviewed in (Sachdeva et al., 2010), where changes in σ 

factors in response to different stresses can shift the pathogen's expression profile. 

Cold temperature induces expression of sigB, sigH, and sigI while repressing 

transcription of sigC, sigE, sigG and sigM (Manganelli et al., 1999). σI was the most 

highly induced with a 3-fold increase during 2h of mild cold shock exposure 

(Manganelli et al., 1999). A major cold-shock inducible gene in M. smegmatis, hlp, a 

DNA histone-like gene was shown to be 5.7-fold increased in expression after 

temperature shift to 100C (Shires and Steyn, 2001). Further experiments could be 

carried out to investigate the effects of cold temperature on cmr such as replicating 

similar experimental conditions with ∆cmr or analysing the transcriptional response of 

known cold-responsive genes in wild-type, mutant or over-expressing strain.  

In addition, our findings have also implied that cold temperature has no significant 

effect on the survival of plasmid control strain compared with cmr over-expressing 

strains, prior to oxidative stress. Hence, the importance of controlling or minimising 

other stresses that might affect survival of M. tuberculosis strains when performing a 

single in vitro stress experiments should be a consideration of future experiments. As a 

consequence, results could be misinterpreted, but coincidentally it has also revealed a 

possible stress determinants for Cmr regulation. 
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5.5 CONCLUSIONS 

The specific findings of this study are as follows: 

 Cmr has no significant role for survival of M. tuberculosis as the mutant 

survives better and the over-expressing strain was hypersensitive to NO. 

This is a negative correlation.  

 Cmr has no protective role in the survival of M. tuberculosis during oxidative 

stress. Data from both cmr deletion and over-expressing strains were 

variable and more replicates could confirm these observations. 

 Over-expressing cmr in M. tuberculosis caused delayed growth in standard 

laboratory medium. 

 Over-expressing cmr enhanced the survival of M. tuberculosis as it 

preconditioned the pathogen during cold stress to further resist the assaults 

of oxidative stress.  

 Survival fitness of M. tuberculosis depends on the fine tuning of cmr 

expression. This was based on observations of the study as follows 

 Over-expression of cmr failed to complement the mutant phenotype 

by exhibiting significant survival defect compared to the wild-type 

strain. The complemented strain was hypersensitivite to the NO 

donor and exhibited enhanced cmr expression level compared to 

wild-type strain  

 Over-expression of cmr double mutant (cmrC2A) variant resulted in a 

significant survival advantage during oxidative stress despite pre-

exposure to cold temperature. 
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 Final conclusions and future perspectives 

The success of M. tuberculosis as a highly adaptable human pathogen relies upon its 

ability to switch to dormancy and establish an infection, despite the assaults of the 

host’s immune system and a hostile living microenvironment. The survival strategies 

employed by the pathogen depend on transcriptional reprogramming, metabolic 

alteration and development of phenotypic resistance to antimicrobial agents. 

Dormant mycobacteria are of particular interest, since they are believed to be 

associated with latent tuberculosis infection and persisting infections. However, the 

precise pathways and genes involved in the development of dormancy remained 

poorly understood.  

The first global transcriptomic profiling of M. tuberculosis back in 2002 was considered 

as major breakthrough that provided knowledge on the regulatory pathways and 

physiological characteristics of NRP cells, in particular starved cells (Betts et al., 2002). 

Rv2660c, rv2661c and rv2662, all encoding hypothetical proteins with unknown 

function, were among the genes significantly upregulated in the starved cells 

(e.g.~280-fold up-regulation of rv2660c). This significant upregulation stimulated 

significant interest of scientific community and even resulted in introduction of the 

‘latency’ gene concept (Govender et al., 2010, Aagaard et al., 2011, Yihao et al., 2015). 

Several studies reported T-cell responses to Rv2660c peptides in samples from 

latently infected patients (Govender et al., 2010, He et al., 2015) and a new H56 

vaccine, which includes Rv2660c showed a robust boosting effect in a cynomolgus 

macaque model of latent infection (Lin et al., 2012). It has been considered as a 

candidate post-TB exposure vaccine and progressed to Phase II clinical trial. However, 

a few M. tuberculosis proteome studies involving nutrient starvation (Albrethsen et al., 

2013, Houghton et al., 2013) and in-depth proteome mapping analysis (Kelkar et al., 

2011) have failed to detect the Rv2660c peptides. Application of RNA-Seq technology 

resulted in identification of novel non-coding RNA, ncRv12659, and challenged 

previously published data on high upregulation of rv2660c and rv2661c during 

starvation (Houghton et al., 2013).  

Our study aimed to address the controversies regarding the rv2660c-rv2661c genomic 

region role in M. tuberculosis biology. Importantly, we have generated a panel of in-
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frame deletion mutants and over-expressing strains of rv2660c and rv2661c and 

investigated the biological meaning of the upregulation of these annotated genes and 

ncRNA during adaptation to dormancy and stress responses. The deletion of rv2660c 

and rv2661c in M. tuberculosis has also resulted in partial inactivation of ncRv12659 

and rv2662 respectively. Detailed phenotypic investigations have confirmed that none 

of the genes were essential for growth in vitro or in vivo. Furthermore, the deletion of 

these genes did not impair survival of mycobacteria during nutrient (PBS starvation) 

or oxygen (Wayne model) depletion. We have also found that neither target genes, 

nor, ncRv12659, were advantageous for the survival of M. tuberculosis during exposure 

to oxidative and nitrosative stresses. The reassessed expression of these genes and 

ncRv12659 during PBS starvation using qRT-PCR was indeed in accordance with 

Houghton and colleagues' findings (Houghton et al., 2013). The high transcriptional 

response of ncRv12659 in M. tuberculosis was exclusively starvation-induced and not 

found in either oxidative or acidic pH stresses. The other annotated genes were also 

minimally induced, further supporting their lack of importance in the M. tuberculosis 

response to both of these stress conditions.  

ncRv12659 originates within the PhiRv2 prophage and the ncRv12659 promoter is 

relatively repressed in the stable lysogen. It was suggested that during nutrient 

starvation, the derepression of ncRv12659 together with PhiRv2 genes such as 

rv2659c had initiated a switch to lytic production (Houghton et al., 2013). Our study 

has highlighted that ncRv12659 does not have any biological importance to the 

survival of M. tuberculosis during starvation. We propose that the ncRv12659 

starvation response is for the benefit of the prophage, whereby it contributes to 

extending the phage genome half-life by possibly switching into a pseudolysogenic 

state. Pseudolysogeny is an unstable condition which frequently arises due to 

nutrient-limited conditions where the prophage genome fails to replicate (as in lytic 

production) or establishes as a non-integrated preprophage (Feiner et al., 2015). 

When nutrient becomes available, the PhiRv2 prophage is stimulated to complete 

lytic life cycle and exploit other bacterial cells for growth. This proposed model does 

support the findings of Houghton and colleagues, whereby over-expression of 

ncRv12659 resulted in the upregulation of more than 50 genes including PhiRv2 genes 

and caused a slight growth impairment of M. tuberculosis H37Rv in standard 
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laboratory medium (Houghton, 2015). The interaction between mycobacteria and 

PhiRv2 prophage in response to the significant transcriptional upregulation of 

ncRv12659 during nutrient starvation remains to be determined. Nevertheless, our 

study has opened up a new perspective towards one of the regulatory mechanisms of 

sRNA in maintaining dormancy through the control of PhiRv2 prophage lifecycle.  

The lack of attenuation observed in the double deletion mutant in a murine infection 

model demonstrated that the genes of interest and ncRv12659 were not involved 

during active TB infection. Although the murine infection data were only limited to 

the 28 day timepoint and that a full growth profile of the double deletion mutant may 

be required, the results strongly suggest that these genes and ncRv12659 have no 

direct involvement bacterial survival in mice. The majority of the H56 vaccination data 

have shown that Rv2660c exhibited the lowest immunogenicity (Aagaard et al., 2011) 

(Luabeya et al., 2015). The success of H56 vaccine was probably through the beneficial 

fusion of the three antigens that stimulated a specific immune response that elicited 

sufficient protection to the host (Hoang et al., 2013, Dietrich et al., 2005, Aagaard et 

al., 2011). Nevertheless, as suggested previously, rv2660c may be expressed under 

specific environmental conditions (Houghton et al., 2013) but that would be an 

exhaustive search with the knowledge gathered in this study. Rv2660c was probably 

misannotated as a coding gene and its expression was mimicked by ncRv12659, but 

importantly, we have established that the rv2660-2661c region was not required for 

M. tuberculosis stress responses and dormancy. Current evidence supporting the role 

of these proteins in LTBI is also rather inconclusive. With this, we propose that 

Rv2660c, Rv2661c and Rv2662 should not be regarded as M. tuberculosis ‘latency-

associated’ antigens.  

The recent identification of Cmr (Rv1675c) as a redox sensor that controls expression 

of the DosR regulon opened as a novel regulatory mechanism for adaptation to 

growth in non-permissible conditions in M. tuberculosis. Cmr has several unique 

features that make it distinct for other mycobacterial TR. Cmr lacks an iron-sulfur 

cluster and senses redox radicals via a dithiol-disulphide switch of the two conserved 

cysteines. Cmr differs from M. tuberculosis Crp, another known member of CRP/FNR 

superfamily, where Cmr responds to NO as an effector molecule and not cAMP. In 

vitro studies confirmed that the high-affinity site-specific DNA binding is impaired by 
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nitrosative stress via nitrosation of the cysteine residues and is less affected by 

oxidation (Smith et al., 2017). To further understand the role of Cmr regulation, we 

have determined the phenotypic characteristics of a cmr mutant and over-expressing 

strains during oxidative and nitrosative stresses. Interestingly, the enhanced survival 

of the cmr mutant during nitrosative stress was proposed as to be an indirect 

consequence from the depression of DosR regulon which somehow pre-conditioned 

the mutant strain before facing further stresses (Smith et al., 2017). Cmr over-

expression studies have further revealed the complexity of Cmr-mediated gene 

regulation. Both cmr and cmrC2A over-expressing strains had impaired growth and 

produced smaller colonies on agar. Over-expression of cmr had no effect on the 

survival of M. tuberculosis during oxidative stress, however, pre-cooling the strains 

enhanced their tolerance to H2O2. Interestingly, the over-expression of cmr double 

mutant form (cmrC2A) resulted in more pronounced improvement of survival during 

oxidative stress. The C2A mutation locked the Cmr into its reduced state and resulted 

in significantly impaired DNA binding (Smith et al., 2017). Therefore, it is plausible to 

suggest that the mutated form could directly or indirectly derepress the DosR 

regulon. How this mechanism influences the survival of the over-expressing cmrC2A 

strain during oxidative stress requires further investigation. In fact, it would also be 

interesting to study the survival of over-expressing strains during nitrosative stress 

and in Wayne NRP model to further explore the hypothesis.  

The reasons for the failed complementation of Cmr phenotype remain unclear. Whole 

genome sequencing analysis showed no major additional gene variations in both wild-

type and cmr mutant suggesting that observed mutant phenotypes resulted from the 

cmr deletion. Expression of cmr is finely tuned and this tightly- controlled mode of 

regulation was presumably not restored in the complemented mutant. 

This study has demonstrated that Cmr was responsible for the regulation of M. 

tuberculosis stress responses. We have also highlighted that the survival fitness of the 

pathogen depended on a precise level of cmr expression in response to NO signalling, 

which affects the expression of the DosR regulon. A comprehensive expression profile 

of Cmr-dependent genes and DosR regulon genes in the wild-type and the cmr 

mutant strains during nitrosative and the other two stress responses, will provide a 

better understanding on how Cmr mediates responses to ensure survival and 
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persistence of M. tuberculosis. Determining the molecular mechanism behind Cmr 

regulation will also progress our knowledge on how Cmr might contribute in 

maintaining M. tuberculosis redox balance, as it was thought that redox imbalance 

would trigger other mechanisms that caused the pathogen to switch to dormancy. 

Nevertheless, the novel Cmr- dependent pathway exploited by the pathogen is a 

potential target for drugs that could be effective against dormant M. tuberculosis. 
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APPENDICES 

 LIST OF PRIMERS USED FOR CONSTRUCTION AND CONFIRMATION OF DELETION AND OVER-EXPRESSING STRAINS  

Primers Sequences 5’3’ 
Restriction 

sites 
Application 

2660FR2F CTTGGAAAGCTTTGTCACACCAAGTGTTTCGACCAG HindIII Amplification of flanking region upstream of 

rv2660c sequence, 2660FR2 2660FR2R CTGGTCGGATCCCGCTATCACGCTGTTGTCGCGTCC BamHI 

2660FR1R AGCGACTGCGGCCGCCGGCGGTCATGCGGCACCACC NotI Amplification of flanking region downstream of 

rv2660c sequence, 2660FR1 2660FR1F TTGAACGGATCCCACTAGTGGGCCGGTGGGATACTG BamHI 

2661FR1F TCGGTGGGATCCGTGGACGCGACAACAGCGTGATAG BamHI ‡Amplification of flanking regions of upstream 

and downstream of rv2661c sequence, 2661FR2 

and 2661FR1 
2661FR2R 

GAGCCGGGATCCCCTCATCGCGACCTACGACCCCTG

GAT 
BamHI 

2660pMVF AGAGGATCCAGAATAGCGGGCGTCGACCA BamHI 
Generation of M. tuberculosis pMV261::rv2660c 

2660pMVR GGAGAATTCCTAGTGAAACTGGTTCAATCC EcoRI 

2661pMVF AGAGGATCCAATGAGGGCTCGCAGCGATGCT BamHI 
Generation of M. tuberculosis pMV261::rv2661c 

2661pMVR GGAGAATTCTCACGCTGTTGTCGCGTCCAC EcoRI 

C36A_F GGATTGCGCGGGCCGTCGGTCGCGGAGGCTCG - 
Site directed mutagenesis C36A 

C36A_R CGAGCCTCCGCGACCGACGGCCCGCGCAATCC - 

C131A_F GACCCAAGCGACCGCCCTGTTCCTGGACCGG - 
Site directed mutagenesis C131A 

C131A_R CCGGTCCAGGAACAGGGCGGTCGCTTGGGTC - 
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1675pMV261 F AGAGGATCCAATGGCAGATCGGTCGGTGC BamHI Generation of M. tuberculosis pMV261::cmr and M. 

tuberculosis pMV261::cmrC2A 1675pMV261 R TAGGAATTCTCATTGAGCCCGGGCGCG EcoRI 

Test Primers Sequences 5’3’ Applications 

2660TestF GGACGCGACAACAGCGTGATAG 
Confirmation of ∆rv2660c and 

∆rv2661c:rv2660c 

2660TestR GACTACATCAGATGCCGCTTGCTT 
Confirmation of ∆rv2660c, ∆rv2661c and 

∆rv2661c:rv2660c 

2661Test GCGATACAGGCTGTGGCG 
Confirmation of ∆rv2661c and 

∆rv2661c:rv2660c 

pMV261F TGATCACCGCGGCCATGATGG For confirmation of coding sequences cloned in 

pMV261 pMV261R TCGCCCGGCCAGCGTAAGTA 

Table - 1: List of primers used for construction and confirmation of deletion and over-expressing strains in M. tuberculosis 

‡Amplification of flanking region upstream of rv2661c sequence, 2661FR2, primer set (2660FR2F and 2661FR2R) were used. For amplification 

of flanking region downstream of rv2661c (2661FR1), primers 2661FR1F and 2660FR1R were employed. For generation of M. tuberculosis 

pMV261::rv2661c+rv2660c, primers 2661pMVF and 2660pMVR were used. Bold fonts are for restriction sites. The underlined bases define 

those changed to produce the alanine variation. 
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 GENE SPECIFIC PRIMERS USED IN QRT-PCR 

Transcripts Designation Sequence 5’ 3’ 
Amplicon 

size (bp) 

16S 
MYCO 16SF GAAACTGGGTCTAATACCG 

173 
MYCO 16SR ATCTCAGTCCCAGTGTGG 

rv2660c 
RT2660F GCTTGCAGCAACAGGCCAGG 

182 
RT2660R AGTATCGCGCACCACGATTG 

rv2661c 

RT2661F GAGGCCAGTCTGTGAAGTCC 
100 

RT2661R GCCTGCGGATTATCAACGAG 

‡RT2661F1 CTGTGAAGTCCCGCACGTCGAAT 
80 

‡RT2661R1 ATCAACGAGGGCACTGATGGATGA 

rv2662 
RT2662F GAGCTTCTGGACCGATTC 

227 
RT2662R TTCTCACCAGCGCAAACA 

ncRv12659 
RT12659F CAGGTCAGACAGTATCCCA 

147 
RT12659R GTTCACGCAGCCCAGATTT 

rv1675c, 

cmr 

RT1675F AATCCGTGTCGCACAATCCA 
115 

RT1675R GTGACGATGTGTCGGCATTG 

Table - 2: List of gene specific primers used in qRT-PCR 

‡used to confirmed deletion strain of rv2661c (Chapter 3) 
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 DELETION DELIVERY PLASMID VECTORS OF rv2660c AND rv2661c 

CONSTRUCTED USING FLEXIBLE CASSETTE METHOD (Parish and Stoker, 2000b) 

 
Figure- 1: Plasmid construct for ∆rv2660c deletion delivery vector, p∆rv2660c  

 

 

Figure- 2: Plasmid construct for rv2661c deletion delivery vector, prv2661c  
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Figure- 3: Plasmid construct for rv2661c:rv2660c delivery vector, 

prv2661c:rv2660 (16,199bp) 
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 PLASMID CONSTRUCTS USED FOR GENERATION OF OVER-

EXPRESSING STRAINS 

 

Figure- 4: Plasmid construct for pMV261::rv2660c  

 

Figure- 5: Plasmid construct for pMV261::rv2661c  
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Figure- 6: Plasmid construct for pMV261::rv2661c+rv2660c  

 

  



 

171 
 

 

Figure- 7: Plasmid construct for pMV261::rv1675c / pMV261::cmr  

 

Figure- 8: Plasmid construct for pMV261::rv1675 C2A/ pMV261::cmrC2A 
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 SEQUENCE MAP OF REGION AMPLIFIED USING GENE- SPECIFIC PRIMERS FOR rv2660c AND ncRv12659 

 

Figure- 9: Sequence map of region amplified with gene specific primers for rv2660c and ncRv12659. Primers (purple arrow) used in this 

study: RT2660 and RT12659 primer pair (Govender et al., 2010). Primers used in Houghton’s study (Houghton et al., 2013) for amplifying 5’ 

end and 3’end of ncRv12659; 5’q 12659Fw + 5’q 12659Rv (green) and 3’q 12659Fw + 3’q 12659Rv (blue). Image was generated using 

Snapgene®Viewer (V3.3.3)
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 QRT-PCR ASSAY PERFORMANCE 

The parameter values for assessing qRT-PCR assay performance are correlation 

efficient, R2 (acceptable range 0.9 to 1) and PCR efficiency, shown as percentage 

values (acceptable range 90-110%). These were analysed from each individual qPCR 

assay (denoted as 1, 2 and 3). 

Assay with specific 

primers 

R2 PCR efficiency (%) 

1 2 1 2 

MYCO 16s 0.96 0.98 100 90 

RT2660 0.95 0.99 98 90 

RT2661 0.96 0.98 100 98 

RT12659 0.98 0.99 89 100 

Table - 3: QRT-PCR assay performance for confirmation of over-expressing strains 

of rv2660c and rv2661c in M. tuberculosis (Chapter 3) 

 

Assay 
R2 PCR efficiency (%) 

1 2 1 2 

MYCO 16s 0.94 0.97 98 97 

RT2660 0.99 0.99 120 100 

RT2661 0.97 0.99 94 66 

RT12659 0.98 0.98 98 90 

Table - 4: QRT-PCR assay performance for nutrient starvation experiment 

(Chapter 4) 
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Assay 

R2 PCR efficiency (%) 

5mM H2O2 25mM H2O2 
5mM 

H2O2 
25mM H2O2 

1 1 2 3 1 1 2 3 

MYCO 16s 0.90 0.96 0.89 0.90 95 98 90 92 

RT2660 0.92 0.90 0.93 0.83 90 90 87 90 

RT2661 0.94 0.98 0.96 0.97 101 92 101 94 

RT2662 0.99 0.99 0.99 0.88 89 94 99 90 

RT12659 0.98 0.99 0.96 0.74 95 82 80 98 

Table - 5: QRT-PCR assay performance for oxidative stress experiment (Chapter 4) 

 

Assay 
R2 PCR efficiency (%) 

1 2 1 2 

MYCO 16s 0.99 0.97 90 97 

RT2660 0.96 0.92 92 92 

RT2661 0.99 0.99 120 96 

RT2662 0.96 0.99 94 98 

RT12659 0.98 0.98 98 98 

Table - 6: QRT-PCR assay performance for acidic pH, pH5.3 (Chapter 4) 
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Assay with specific 

primers 
R2 PCR efficiency (%) 

MYCO 16S rRNA 0.97 94 

RT1675c 0.99 96 

Table - 7: QRT-PCR assay performance for confirmation of over-expressing strains 

of cmr and cmrC2A strains 

All three biological replicates were loaded in one qPCR run 

 

Assay 
R2 PCR efficiency (%) 

1 2 3 1 2 3 

16S rRNA 0.98 0.98 0.99 95 88 92 

RT1675 0.99 0.97 0.97 99 105 100 

Table - 8: QRT-PCR assay performance for nitrosative stress experiment 
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 MELTING CURVES 

These are representative melting curves generated from each qPCR run in each 

experiment with respective primers. The single peak in each graph corresponded to 

the melting temperature, Tm of the generated amplicons. 

a) CONFIRMATION OF OVER-EXPRESSING STRAINS OF rv2660c AND rv2661c IN 

M. TUBERCULOSIS (CHAPTER 3) 

 

Figure- 10: Melting curves for rv2660c and rv2661c over-expressing and control 

strains including No-RT and gDNA standard samples using MYCO 16s primers  

Lower peaks represent No-RT samples 

 

 

Figure- 11: Melting curves for rv2660c and rv2661c over-expressing and control 

strains including No-RT and gDNA standard samples using RT2660 primers 
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Figure- 12: Melting curves for rv2660c and rv2661c over-expressing and control 

strains including No-RT and gDNA standard samples using RT2661 primers  

 

 

Figure- 13: Melting curves for rv2660c and rv2661c over-expressing and control 

strains including No-RT and gDNA standard samples using RT12659 primers 

 

b) NUTRIENT STARVATION EXPERIMENT 

 

Figure- 14: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using MYCO 16s primers from nutrient starvation 

experiment 
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Figure- 15: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2661 primers from nutrient starvation 

experiment 

 

 

Figure- 16: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2662 primers from nutrient starvation 

experiment 

 

 

Figure- 17: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT12659 primers from nutrient starvation 

experiment 
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1st qRT-PCR run 

 

 

2nd qRT-PCR run 

 

Figure- 18: Melting curves for M. tuberculosis wild-type strain and gDNA standard 

samples using RT2660 primers 

All M. tuberculosis gDNA standards and exponential growth samples demonstrated 

expected Tm of 88.8±0.20C (shown as red and green lines respectively) while negative 

control (in black) is represented by a straight line. M. tuberculosis starved cells sampled 

at 24 and 96hours presented Tm at 80.8±0.20C compared with actual target Tm of 

88.8± 0.20C. This figures are two independent PCR runs using cDNA from two 

separate experiments. 
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c) OXIDATIVE STRESS (5mM HYROGEN PEROXIDE) EXPERIMENTS 

 

Figure- 19: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using MYCO 16s primers from oxidative stress (5mM 

H2O2) experiment 

 

Figure- 20: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2660 primers from oxidative stress (5mM H2O2) 

experiment 

 

Figure- 21: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2661 primers from oxidative stress (5mM H2O2) 

experiment 
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Figure- 22: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2662 primers from oxidative stress (5mM H2O2) 

experiment 

 

 

Figure- 23: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT12659 primers from oxidative stress (5mM H2O2) 

experiment 
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d) OXIDATIVE STRESS (25mM HYROGEN PEROXIDE) EXPERIMENT 

Samples presented in different colours as follow; gDNA standards (Red lines), M. 

tuberculosis H37Rv (Dark yellow), ∆rv2661c:rv2660c (Dark Green), M. tuberculosis 

H37Rv; No- RT samples (Light yellow), ∆rv2661c:rv2660c; No- RT samples (Light 

green)  

 

 

Figure- 24: Melting curves for M. tuberculosis wild-type and ∆rv2661c:rv2660c 

strain including No-RT and gDNA standard samples using MYCO 16S primers from 

oxidative stress (25mM H2O2) experiment 

 

 

Figure- 25: Melting curves for M. tuberculosis wild-type and ∆rv2661c:rv2660c 

strain including No-RT and gDNA standard samples using RT2660 primers from 

oxidative stress (25mM H2O2) experiment 
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Figure- 26: Melting curves for M. tuberculosis wild-type and ∆rv2661c:rv2660c 

strain including No-RT and gDNA standard samples using RT2661 primers from 

oxidative stress (25mM H2O2) experiment 

 

 

Figure- 27: Melting curves for M. tuberculosis wild-type and ∆rv2661c:rv2660c 

strain including No-RT and gDNA standard samples using RT2662 primers from 

oxidative stress (25mM H2O2) experiment 

 

 

Figure- 28: Melting curves for M. tuberculosis wild-type and ∆rv2661c:rv2660c 

strain including No-RT and gDNA standard samples using RT12659 primers from 

oxidative stress (25mM H2O2) experiment 
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e) ACIDIC pH OF 5.3 EXPERIMENTS 

 

Figure- 29: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using MYCO 16S primers from acid stress experiment 

 

 

Figure- 30: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2660 primers from acid stress experiment 

 

 

Figure- 31: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2661 primers from acid stress experiment 
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Figure- 32: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT2662 primers from acid stress experiment 

 

 

Figure- 33: Melting curves for M. tuberculosis wild-type strain including No-RT and 

gDNA standard samples using RT12659 primers from acid stress experiment 
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f) CONFIRMATION OF OVER-EXPRESSING STRAINS OF cmr AND cmr MUTANT 

VARIANT (cmrC2A) IN M. TUBERCULOSIS (CHAPTER 5) 

 

 

Figure- 34: Melting curves for cmr and cmrC2A over-expressing and control strains 

including No-RT and gDNA standard samples using MYCO 16s primers  

 

 

Figure- 35: Melting curves for cmr and cmrC2A over-expressing and control strains 

including No-RT and gDNA standard samples using RT1675 primers  
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g) NITROSATIVE STRESS EXPERIMENTS 

Samples presented in different colours as follow; gDNA standards (Red lines), M. 

tuberculosis H37Rv (Dark pink), ∆cmr (Dark Green) and ∆cmr com (Purple). 

 

 

Figure- 36: Melting curves for M. tuberculosis wild-type, cmr deletion and 

complemented strains and gDNA standard samples using MYCO 16S primers from 

nitrosative stress experiment 

  

 

Figure- 37: Melting curves for M. tuberculosis wild-type, cmr deletion (green lines) 

and complemented strains and gDNA standard samples using RT1675 primers 

from nitrosative stress experiment 
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 TARGET GENE COPY NUMBERS AND RELATIVE EXPRESSION 

VALUES 

Nutrient Starvation 

(n=6) 

mRNA transcripts 

rv2661c ncRv12659 

Exponential 

Growth 

Copy numbers  SD (1.03X 1.08) X106 (6.44X 5.37) X105 

Relative expression  

SEM 
(7.5  2.30) X10-4 (3.99 1.28) X10-4 

Nutrient 

starvation- 24 

hours 

Copy numbers  SD (1.37X 2.05) X105 (2.98X 1.42) X106 

Relative expression  

SEM 
(2.39  1.36) X10-4 3.6X10-3  9.9X10-4 

Nutrient 

starvation- 96 

hours 

Copy numbers  SD (4.28X 5.73) X104 2.33X106 8.53X105 

Relative expression  

SEM 
(5.4  2.1) X10-5 (3.94 1.04) X10-3 

Table- 1: Average target copy numbers generated and expression values of 

rv2661c and ncRv12659 post 24 and 96 hours during nutrient starvation relative to 

16S  

5mM H2O2 

(n=2) 

mRNA transcripts 

rv2660c rv2661c rv2662 ncRv12659 

Exponential 

Growth 

Copy numbers 

 SD 

3.64X104  

5.83X103 

(3.89  2.06) 

X104 

(2.27  

1.25) X104 

3.02X105  

6.97X104 

Relative 

expression  

SEM 

(2.33 1.77) 

X10-6 

(1.92 1.18) 

X10-6 

(2.10 

1.91) X10-6 

(2.41 2.06) 

X10-5 

Oxidative 

stress- 

40mins 

Copy numbers 

 SD 

(3.89  2.5) 

X104 

(8.34  4.77) 

X103 

(5.05  1.1) 

X103 

4.04X105  

3.3X104 

Relative 

expression  

SEM 

(5.27 2.33) 

X10-6 

1.13X10-6  

4.19X10-7 

(7.0 1.35) 

X10-7 

5.56X10-5  

1.03X10-6 

Table- 2: Average target copy numbers generated and expression values of 

rv2660c, rv2661c, rv2662 and ncRv12659 post 4o minutes exposure to 5mM H2O2 

relative to 16S 
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25mM H2O2 

(n=3) 

mRNA transcripts 

rv2660c rv2661c rv2662 ncRv12659 

Exponential 

Growth 

Copy numbers  

SD 
790635 49013455 22376 

(6.67 4.8) 

X104 

Relative 

expression  

SEM 

(8.18 5.29) 

X10-6 

1.20 X10-4  

9.2 X10-5 

(3.85 3.16) 

X10-6 

(6.15 4.19) 

X10-4 

Oxidative 

stress- 

40mins 

Copy numbers  

SD 
604673 51881555 304187 

(2.94 

1.58) X104 

Relative 

expression  

SEM 

(2.86 2.35) 

X10-5 

(2.09 1.05) 

X10-4 

(1.21 1.2) 

X10-5 

(8.53 6.78) 

X10-4 

Oxidative 

stress- 

4hours 

Copy numbers  

SD 
702650 1964821 9447 

(5.95 5.36) 

X104 

Relative 

expression  

SEM 

1.96 X10-5 

9.87 X10-6 

1.36 X10-4 

7.10 X10-5 

(3.66 3.60) 

X10-6 

(4.63 

4.54) X10-3 

Table- 3: Average target copy numbers generated and expression values of 

rv2660c, rv2661c, rv2662 and ncRv12659 post 4o minutes and 4 hours exposure to 

25 mM H2O2 relative to  16S 

Acid pH5.3  (n=2) 
mRNA transcripts 

rv2660c rv2662 ncRv12659 

Exponential 

Growth 

Copy numbers  

SD 

1.31 X105 

3.18 X104 

8.23 X104 

6.32 X103 

2.53 X105 

8.94 X103 

Relative 

expression  SEM 
(1.7 1.15) X10-4 

1.44 X10-4 

4.5 X10-5 
(4.841.28) X10-4 

Acid stress- 

2 hours 

Copy numbers  

SD 
(3.56 2.32) X104 (1.46 1.42) X104 (6.37 6.07) X105 

Relative 

expression  SEM 
(2.91 2.53)X10-4 (1.35 1.24)X10-4 

0.01 (1.85 

X10-3) 

Oxidative 

stress- 

4hours 

Copy numbers  

SD 
(7.85 4.71) X104 (2.01 1.37) X104 (6.17 1.23) X105 

Relative 

expression  SEM 
(3.45 2.53)X10-5 (8.07 5.63)X10-6 (3.80 3.21)X10-4 

Table- 4: Average target copy numbers generated and expression values of 

rv2660c, rv2661c, rv2662 and ncRv12659 post 2 and 4 hours exposure to acidic pH 

of 5.3 relative to  16S 
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100mM NO 069 
mRNA transcripts 

Wild-type ∆cmr com 

Exponential 

Growth 

Copy numbers  SD 1.51X104  6224 5.97X103  2605 

Relative expression 

 SD 
(7.96 5.71) X10-5 (9.02 7.93) X10-5 

Nitrosative 

stress- 40mins 

Copy numbers  SD 1.98X104  2673 7.56X103  8141 

Relative expression 

 SD 
(2.61 2.51) X10-4 (3.70 3.26) X10-5 

Table- 5: Average target copy numbers and expression values generated post 40 

minutes exposure to 100M NO donor 6-methoxy-5-pyrimidin-4-yl pyrrolidine-1-

carbodithiate relative to  16S 
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