
Investigating RNase HI as a synergistic
target for Mycobacterium tuberculosis

antibiotics

Arneak Kooner

A thesis submitted in partial fulfilment of the requirements for the degree of 
Master of Biomedical Science

University of Auckland

September 2021



 i 

Abstract  

 

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), infected 10 

million people and accounted for 1.5 million deaths globally in 2019. Global infection rates 

for M. tuberculosis remain high, with an estimation that latent infections affect one in every 

three people. Treatment of tuberculosis is severely challenged by rising resistance against 

front-line anti-tubercular drugs such as rifampicin. Synergy testing in Mycolicibacterium 

smegmatis, the laboratory model of M. tuberculosis, has revealed that the genetic depletion of 

the endonuclease, - ribonuclease HI (RNase HI) which resolves RNA:DNA hybrids produces 

a 100-fold enhancement of bacterial cell killing by rifampicin highlighting RNase HI as a 

valuable new drug target. Validation of RNase HI as a candidate drug target requires insight 

into the cellular consequences of its inhibition, specifically: its ability to generate mutants 

towards its synergistic partner. The effect RNase HI inhibition has on preventing mutagenesis 

to rifampicin resistance, or re-sensitizing rifampicin resistant mutants to treatment is currently 

unknown.  

 

In this thesis the complex relationship between length of antibiotic exposure, concentration of 

the antibiotic pressure applied and the generation of genotypic or phenotypic resistors was 

investigated in a context which closely mimicked the dynamic antibiotic exposure cells 

experience within a host’s internal environment. A diffusion-based agar plate assay capable 

of producing a gradient of antibiotic concentrations was created which could be modified to 

produce different ratios of phenotypic to genotypic rifampicin resistors. Colonies isolated 

from this assay, displayed identifiable mutations to rifampicin, validating this approach. This 

work confirmed that the way in which an antimicrobial pressure is applied can itself generate 

antimicrobial resistance. It also provides a facile way to screen compounds that can disrupt 

phenotypic adaptation. The developed assay was validated to both generate mutants towards 

rifampicin treatment and to monitor the effects of varying rifampicin concentration on the 

generation of phenotypic versus genotypic resistance. This assay is facile, quick and 

inexpensive, suggesting that it will find broad utility for assaying other antibiotics and other 

organisms.   
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1. Introduction

1.1 Rise of Antimicrobial Resistance

The widespread emergence and continued development of antimicrobial resistance (AMR) has led

to a decrease in the successful treatment of various bacterial and viral infections.1 When an

antimicrobial treatment fails to effectively eliminate a pathogen, the underlying infection may

persist and increase the chances of pathogen transmission and adaptation, which in serious cases

may result in death.1 Currently, the rate at which antimicrobial drugs are developed is much slower

than the rate at which AMR is developing.1 The O’Neill Report (2016) attributes 700,000 annual

deaths to drug resistant strains of common pathogens, e.g. Staphylococcus aureus, Klebsiella

pneumoniae, Pseudomonas aeruginosa, and the Enterobacter species, HIV, Mycobacterium

tuberculosis (M. tuberculosis) and malaria.1 In particular, the 2020 World Health Organisation

(WHO) report cites the bacterial pathogen, M. tuberculosis, as the leading cause of death from a

single infectious agent, accounting for nearly a third of all AMR related deaths.2 Should AMR

remain unresolved, it has been projected that by 2050, it will account for approximately 10 million

deaths.1-2 Evidently, unresolved AMR is likely to result in severe medical and economic

consequences globally.1 Whilst low income countries are likely to suffer these consequences

disproportionately more than high income countries, the latter is not completely immune.1-2 High

income countries with low risks are still vulnerable to transmission via migration and travel.1-2

1.2 Tuberculosis: A global disease

M. tuberculosis, the causative agent of tuberculosis (TB), infected 10 million people and accounted

for 1.5 million deaths globally in 2019.1 Despite a BCG vaccine being available for over 100 years,

global infection rates for M. tuberculosis remain high with an estimation that latent infections affect

one in every three people.1,3 Although the discourse around the vaccine’s benefits and drawbacks

continues, it is generally accepted that it efficiently protects children against early manifestations of

TB.3 However, estimations of its efficacy in protecting against adult pulmonary TB range anywhere

from 0-80%.3 It is thought that the vaccine is unable to produce a strong initial immune response,

leading to weak immune activation during subsequent encounters with the pathogen.3 Such

drawbacks to preventative TB treatment has resulted in large infection pockets, particularly in low

income countries with insufficient healthcare, malnutrition, overcrowding and a general lack of

sanitation.4
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As a response to the high disease burden, the WHO implemented a 20 year plan in 2005 named

‘End Tuberculosis,’ detailing their aims to reduce TB-associated deaths by 95% by 2035.2 Figure 1

highlights the reduction of deaths WHO needed in 2019 to be on track to achieve their 2020 and

2025 milestones compared to the actual number of TB deaths recorded for the same year.2 Despite

projections of 1.2 millions deaths in 2019, in reality actual TB deaths differed significantly and

remained stable from 2018 at 1.5 million.2 Additionally, although TB incidence rates are also

decreasing, they are not decreasing fast enough to meet the 2020 milestone which aimed for a 35%

reduction between 2015 and 2020.2 In reality, the cumulative reduction in incidence between

2015-2019 was only 14% less than half of what was projected.2

Figure 1. WHO’s 10-year ‘End Tuberculosis’ projections for the reduction in tuberculosis
deaths required to achieve the 2020 and 2025 milestones. The 2020 WHO TB report indicates
that in 2019 a total of 1.5 million died from TB (solid line), which is approximately 300,000 more
deaths than the projected (dashed line) 1.2 million deaths for the same year. Figure modified from
WHO 2020 End Tuberculosis Report.2

Unfortunately, the COVID-19 pandemic and the consequent disruption to health services is

threatening to halt the progress made so far, with projections that the global toll for TB deaths could

increase by 0.2-0.4 million in 2021 if the number of people being diagnosed and treated for TB

decreases by 25-50%.2 Between January and July 2020 alone, the WHO cited a major drop in the
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reported number of people being diagnosed with TB within India, Indonesia, South Africa and the

Philippines which together account for 44% of global TB cases.2 A considerable number of

countries also reported widespread negative impacts on TB services due to COVID-19 including;

reallocation of tools for diagnostic testing, reassignment of staff from national TB programmes to

COVID-19 duties, a reduction in health facilities providing in and outpatient care and a reduction in

data collection and reporting.2

High income countries like New Zealand which are generally considered low risk, still reflect the

global TB issue mainly due to immigration from high disease burden countries.5-6 The TB incidence

rate in New Zealand has remained relatively stable since 2007 at 6.4 cases per 100,000

individuals.5-6 In 2017, 308 cases of TB were reported, of which 83.4% cases were of international

origin.6 That same year, the most commonly reported risk factor for new cases within New Zealand

was being born in either India or the Philippines.6 A closer look at only domestic cases reveals a

differential burden on Asian and Māori/Pacific groups and areas of socio-economic deprivation.

2017 case numbers reveal the three ethnic groups to account for 66.5% and 19.48% of total

domestic cases respectively compared to the European group who only accounted for 7%.6

Furthermore, of the 97.9% of TB cases which could be assigned a New Zealand Index of

Deprivation score, 60.9% of those cases were located within areas with a score of quintile 4 or 5,

representing areas with the lowest socioeconomic status.5-6 Collectively, such statistics allude to the

need for more vigilant screening processes in individuals travelling from high disease burden

countries. This would not only allow for a tighter control on disease transmission between

developed and developing nations but also increase the chances of fully eliminating TB in countries

such as New Zealand.

1.3 Tuberculosis Disease Pathogenesis

TB is an infectious respiratory disease caused by the inhalation of M. tuberculosis bacilli,

non-motile, aerobic bacteria characterised by their slow growth (generation time of 20-24 hours),

and distinctive cell wall morphology.7-8 It has been largely established that disease outcome

following a primary infection with M. tuberculosis is grossly dependent on the host environment.8

Development of an active TB infection is observed in only 10% of all infected cases.1,7-8 In the

remainder of cases, an infected individual’s immune system is capable of controlling the bacterial

proliferation, driving the bacterium into a dormant state, but still fails to fully eradicate the

organism, leading to an undefined period of asymptomatic latency in which the infected individual
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does not develop the clinical form of the disease nor transmit the pathogen to others.9-10 However,

the ability of M. tuberculosis to remain in this dormant state is also a cause for concern with some

latent infections becoming active 33 years post the initial infection.7-10

When M. tuberculosis is deposited onto the alveolar surface, the bacteria are phagocytosed by

tissue-resident alveolar macrophages.9-10 Once internalised however, the bacteria may prevent the

fusion of phagosomes to lysosomes, structures which are involved in bacterial digestion.9-10 Over

time, failure of the immune system to fully eradicate the bacteria results in an organised

accumulation of infected macrophages, aggregated immune cells and cellular debris which

physically confines the bacterial load.7-10 These necrotic, nutrient-limited structures, termed

granulomas, allow the bacteria to exist within the macrophages in a non-replicative state leading to

a latent infection.9-10 An active infection manifests when replication is re-induced, facilitating the

escape and dissemination of M. tuberculosis from within the granuloma.9-10 These processes are

illustrated in Figure 2.

Figure 2. Mechanism underlying an active vs latent M. tuberculosis infection. In a latent
infection (top) macrophages phagocytose the bacilli, undergo lysis and are destroyed, resulting in
recruitment of other macrophages to phagocytose newly released cellular debris. A collection of
free and phagocytosing macrophages accumulate, leading to the activation and recruitment of
immune cells which physically confine the bacteria in a granuloma. In an active infection (bottom)
the host fails to sustain immune control leading to bacterial escape from within the granuloma.
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An active M. tuberculosis infection initially manifests as a chronic cough.11-14 Eventually, this may

lead to coughing fits resulting in the appearance of blood in the sputum, chest pains, fever, weight

loss and fatigue.11-14 In addition to pulmonary TB, in severe cases, M. tuberculosis migration via the

lymphatics or through the bloodstream from the lungs can lead to infections of the central nervous,

genitourinary and lymphatic systems, targeting vital organs such as the brain, liver, kidney or

bone.12-13 The highest incidence of such extra-pulmonary TB cases has been observed in children

and individuals with compromised immune systems e.g. HIV positive individuals or transplant

patients.15-16 Extra-pulmonary involvement has previously been identified in close to 50% of all

individuals suffering from concurrent AIDS and active TB infections.12,15-16 Additionally, a 2014

study cited 6% of all recent renal transplant patients to also exhibit signs of extra-pulmonary TB.15

In such cases, it is highly likely that increased patient susceptibility drives increased or easier

bacterial dissemination.

1.4 Treatment of Tuberculosis

Standard treatment for an active, drug-susceptible TB infection is delivered via the ‘directly

observed treatment short course’ (DOTS) in which a multidrug combination is administered under

supervision for a minimum of 6 months.17-18 The current DOTS regimen of anti-M. tuberculosis

drugs target six core metabolic activities within the organism.17-19 A summary of the individual

antibiotics and their respective target sites can be seen in Figure 3.
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Figure 3. Six validated drug targets for tuberculosis treatment. Contains an example drug for
each target and identifies it as either a first, second or third line antibiotic. Figure modified from
Bhat et al., (2018).19

The development of both phenotypic persistence and inherited genetic resistance underlies the

requirement for treating TB using multidrug combinations.20-21 DOTS requires the administration of

four key antibiotics: isoniazid (INH), rifampicin (RIF), pyrazinamide and ethambutol.20 An

intensive phase sees the administration of all four antibiotics for two months, followed by an

extensive phase in which only RIF and INH are administered for four additional months.20 The use

of multiple antibiotics prevents bacterial survival should the bacteria develop resistance to any one

of the given antibiotics.20-21 Whilst the ‘short course’ is fairly lengthy in order to target bacteria

persisting within macrophages, the extended treatment time also increases the chances of

non-adherence.20 Abandoning treatment midway results in increased opportunities for the selection

and proliferation of resistant bacteria.21 Additionally, formation of granulomas may prevent

antimicrobial agents from efficiently reaching their cellular targets.22 Drug resistant (DR) strains are

defined as developing resistance against either one of RIF or INH whilst multidrug resistant (MDR)

strains are resistant to both.21 Treatment of resistant strains consists of administering second line

antibiotics such as moxifloxacin and ciprofloxacin over a lengthened time span of 18-24

months.20-21 In severe cases, resistance to both front and second line antibiotics results in extensively

drug resistant (XDR) strains, with substantially reduced infection clearance rates and higher fatality

rates.20-21 With the development of novel antibiotics being much slower than the emergence of

antibiotic resistant strains, there is an urgent need for more efficient TB treatments despite third line

drugs such as bedaquiline slowly filtering into the new regimens.
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Currently, the global cure rates for MDR strains of TB range from 50-60%, a substantially lower

rate than drug-sensitive TB which has a cure rate of 93-95%.1, 23 XDR strains of TB have a lower

cure rate still at 30-50%.23 Reduced cure rates are a cause for concern considering that in 2019, of

the ~500,000 RIF resistant TB cases reported, 78% of cases were classified as multidrug

resistant.1, 23 Longer treatments for resistant strains are closely associated with higher costs.

According to a 2018 report, TB has cost the world economy $616 billion between the years

2000-2015.24 Additionally, high disease burden areas like Africa and southeast Asia are

experiencing economic losses exceeding 1% of their gross domestic product.24 In New Zealand, the

total cost of treating drug susceptible M. tuberculosis is $17,000 per person.25 Similar to global

trends, treatment of MDR strains are associated with even higher costs.24-26 A 2016 MDR case in

New Zealand where the patient required treatment for 18 months cost approximately $350,000.26

The substantial increase in both treatment time and cost that is associated with MDR strains

highlights the challenges that low income countries are facing in an attempt to control the disease.

Such costs, paired with increases in the global emergence of resistant strains, emphasise the critical

need for either novel M. tuberculosis drug targets or improved, highly efficient treatment regimens.

1.5 Resistance and persistence in M. tuberculosis

Metabolic flexibility and acquisition of antibiotic resistant genes in bacterial pathogens such as

M. tuberculosis, are key factors driving the rapid development of drug resistance.26-29 Novel

antibiotics are unlikely to prevent this issue entirely, partly due to classic drug development failing

to account for the arsenal of compensatory mechanisms bacterial pathogens are equipped with.30

Throughout the course of infection, M. tuberculosis bacilli are exposed to various antibiotic and

environment induced stressors e.g. hypoxia, acidification and the generation of reactive oxygen

species (ROS).26-29 The resulting bacterial DNA damage may then lead to one of two outcomes: an

increase in cell killing or the development of resistance via mutagenesis and the up-regulation of

bacterial stress response genes or DNA-repairing low fidelity polymerases.31,32 The latter in

particular introduces widespread genomic errors, increasing the rate of mutagenesis and providing

the bacteria with more opportunities to overcome its stressor.31,32 In Escherichia coli (E. coli),

extensive antibiotic-mediated damage which cannot be repaired by homologous recombination,

induces the expression of pol II, IV and V DNA polymerases.33 Whilst these polymerases repair

double stranded DNA damage, the introduction of genomic errors either causes such extensive

damage that the cell is no longer viable or drives the emergence of resistance.33 Some key
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compensating mechanisms observed in M. tuberculosis include: up-regulation of the SOS response,

upregulation of exporters which control drug influx/efflux, production of biofilms and reversible

cell cycle arrest.32,34 The latter is of particular importance as it drives the emergence of persistor

populations.35

Bacterial persistence is a form of non-inheritable antibiotic resistance which emerges in a small

subset of the cellular population.36 A persistor cell, when exposed to unfavourable conditions, may

temporarily halt cell growth and later enable restoration of the greater cell population once the

stressors are removed.36-38 The restored population however displays the same antibiotic sensitivity

as the original population.36-38 It has been hypothesised that factors such as: pH changes, depletion

of oxygen or nutrients, and the generation of growth suppressing molecules play a role in driving

cells into a persistent state.36-38 For example, conditions within necrotic granuloma centres are

typically depleted of oxygen and are highly acidic, causing the bacteria residing within these

regions to undergo metabolic changes.37 These persister cells functionally differ from the general

population, typically characterised by slower growth, smaller cell size and decreased levels of

protein synthesis.36-38 It is postulated that bacterial persistence reflects a more general strategy used

by microbes to develop adaptations against numerous external stressors aside from antimicrobials.37

Additionally, as the modes of action for most antibiotics require actively replicating bacteria,

persistor populations present further hurdles against effective TB treatment.36-38

Although a temporary solution for resistance is administering antimicrobials over a longer time

period, this is not always the safest route for the patient. RIF for instance is not only associated with

a plethora of side effects (including abdominal pain, jaundice, vomiting and loss of appetite) but

also shows extensive cross-reactivity with oral contraceptives and non-steroidal anti-inflammatory

medications.39-40 Additionally, RIF has been observed to interact with antipsychotic medications,

reducing their effectiveness, and is recognised as a major up-regulator of cytochrome P450, an

enzyme family associated with hormone synthesis and breakdown.41 Such interactions have been

linked to precipitating severe forms of various mental disorders including: anxiety, depression and

psychosis.40-41 Given the adversity of the side effects associated with TB medication, increasing the

dosage to overcome compensatory pathways is neither an effective nor sustainable solution. A more

effective solution to overcoming both resistance and persistence is the development of synergistic

treatments that target essential metabolic functions in addition to the compensatory pathways.
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1.6 Synergy in new antibiotic design

The classic drug development pathway generates novel antibiotics in isolation from pre-existing

treatments.42 Additive effects with other antibiotics are often identified much later in the drug

development pipeline.42-43 In comparison, synergistic drug development proposes an early rational

selection of antibiotic combinations to produce a combination therapy that provides a substantially

more effective treatment outcome than merely the sum of the effects of individual

administration.42-43 By attacking context-specific multi-target mechanisms, synergistic combinations

of agents reduce the need for higher doses of single drugs and aid in overcoming the increased

toxicity and side effects associated with treating resistant populations.42-43 A promising treatment

currently in development against invasive fungal infections caused by Cryptococcus neoformans,

consists of the widely available antifungal fluconazole and dicyclomine, a synergising

anticholinergic drug. Whilst the former drug alone only inhibits fungal cell growth, addition of

dicyclomine results in an increase in fungal cell wall permeability and inhibition of nutrient uptake,

facilitating complete fungal cell eradication and decreasing lengthy treatment times.44

Although the current body of work strongly highlights the benefits of developing synergistic

treatments with multi-target effects, few active compounds targeting nucleic acid metabolism have

been developed thus far. The inhibition of essential gene products e.g. RNase HI may provide a

synergistic effect when combined with antimicrobials and represents an exciting path in novel

synergistic drug development.

1.7 R-loop formation

During transcription, synthesis of a RNA strand complementary to the DNA template strand is

carried out by RNA polymerase (RNAP).45 The generation of an 8-10 base pair RNA-DNA duplex

within the transcriptional complex precedes the release of the nascent RNA from the hybrid, so that

it may be available for downstream processing.45 Occasionally, the nascent RNA re-hybridizes with

its DNA template resulting in the formation of a R loop- a three stranded nucleic acid structure

consisting of a RNA-DNA duplex and the newly displaced non-template DNA strand.45-47 It is

widely accepted that R loops are likely to form in accordance to the thread back model, which

suggests that once RNA exits the RNAP, it anneals to the DNA template in cis, before the

re-annealing of the DNA duplex is possible, creating the three stranded strucutre observed in Figure

4.45-47 R loop formation in eukaryotic cells can also arise as a result of the RNA strand annealing in
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trans to the complementary DNA strand, mediated by recombinase Rad51.45-47 Once R-loops form,

they are thermodynamically stabilized and cannot be displaced easily.45-47

Figure 4. Formation of a R loop. A stalled RNA polymerase, results in nascent RNA threading
back into the DNA duplex creating a 3 stranded nucleic acid structure containing a RNA-DNA
hybrid and a displaced DNA strand. Gene transcription in this region will be silenced.

Although R-loops are naturally occurring, studies in topA E. coli mutants lacking topoisomerase I,

an enzyme which removes negative supercoils, showed an increase in R-loop formation.48 The

accumulation of negative supercoiling behind the RNAP results in an underwound DNA duplex.48-49

This increases the likelihood of nascent mRNA re-annealing to the DNA template strand.49

Additionally, genome mapping of R-loops in Saccharomyces cerevisiae indicated R-loop formation

is more likely to occur in regions with high GC content.50 Non-template single stranded DNA

containing GC rich sequences are known to form G4 quadruplexes, which force the DNA into an

open conformation, again increasing the likelihood of R loop formation.51

R-loop intermediates are recognised for their involvement in diverse cellular functions. For

instance, in T4 bacteriophage they are required for the initiation of replication whilst in higher

eukaryotes they have been linked to immunoglobulin class switching and the broader regulation of

gene expression due to their impact on transcription initiation and termination processes.52-53

However, persisting R-loops have been shown to induce genomic instability via two main

mechanisms. Firstly, the displaced non-template DNA strand is very unstable, increasing its

susceptibility to DNA damaging molecules and downstream mutagenesis.46-47 Secondly, R-loops
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may cause replication fork stalling during which replication and transcription machinery collide.46-47

Fork stalling may induce DNA double strand breaks, resulting in downstream DNA recombination,

hypermutation and most important gene silencing.46-47

1.8 R loop resolution by RNase HI

RNase HI endonucleases, present in all cells, play a critical role in the removal of R-loops by

meditating the cleavage of RNA from RNA-DNA duplexes.54-60 Deletion of the RNase HI encoding

gene in Bacillus subtilis resulted in R loop accumulation and an increase in replication/transcription

fork collapses.54-60 Conversely, growth defects in S. cerevisiae and genomic instability caused by

mutations in eukaryotic genes involved in mRNA processing e.g. BRCA, associated with increased

R-loop formation, were reversed when RNase HI was overexpressed.54-60 Despite the enzyme

varying in size, sequence and specificity across eukaryotes, bacteria, archaea and retroviruses, in

most bacteria RNase HI is described as a single domain protein encoded by a single gene. 54-60

In M. tuberculosis, RNase HI is encoded by the rnhC (Rv2228c) gene and forms a two domain

protein.56 The N-terminal domain, pictured in Figure 5, is homologous with other pro- and

eukaryotic RNase HI domains and carries the RNase HI activity, whilst the C-terminal domain, for

which a structure has not yet been solved, encodes an α-ribazole phosphatase and is known as

CobC.56,59 The significance of the pairing between the N- and C- terminal domains remains to be

fully elucidated. Additionally, although RNase HI encoding genes are commonly non-essential

genes in most prokaryotes, deletion of rnhC in M. tuberculosis has proven the gene to be essential.

Furthermore, the observed lethality is due to loss of the RNase HI domain alone.56-59
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Figure 5. Crystal structure of the M.tuberculosis RNase HI N-terminal domain. Alpha helices
and beta strands are represented by blue and yellow respectively. Conserved acidic residues- Asp
123, 73, 8 and Glu49 within the active site are represented by purple. Reproduced with permission
from Watkins and Baker, (2010).56

Although RNase HI activity is also essential in the mycobacterial laboratory model strain,

Mycolicibacterium smegmatis (M. smegmatis), it differs from M. tuberculosis as it encodes two

RNase HI enzymes via two separate genes.58-59 In addition to the ancestral rnhC-encoded

two-domain protein, it also possesses a single domain protein encoded by rnhA (Figure 6).58-59

Consequently, it is possible to create knockout strains in which either rnhA or rnhC has been

deleted, allowing researchers to study the effects of differing levels of RNase HI activity. 58-59
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Figure 6. RNase HI enzymes in M. tuberculosis and M. smegmatis. Both M. tuberculosis and M.
smegmatis carry the ancestral two-domain protein encoded by rnhC. M. smegmatis however has an
additional RNase HI enzyme encoded by a separate rnhA gene, acquired by horizontal gene transfer.
Knockdown phenotypes can only be studied in M. smegmatis via inactivation of either gene one at a
time.

Knocking out either rnhA or rnhC in M. smegmatis leads to an increase in R-loop formation (Figure

7) (Al-Zubaidi et al 2021).61

Figure 7. Dot blot showcasing R loop accumulation within parental and gene knockout strains
of M. smegmatis. The dot blot produced using a monoclonal antibody that was specific for
RNA:DNA hybrids indicates that both knockout strains have an accumulation of R loops compared
to the wild type strain that shows no R loop formation. (A. Alzubaidi,2019).61

1.9 RNase HI as a promising new drug target

Bacterial RNase HI has not been considered a viable drug target, largely due to many bacteria

possessing alternative enzymes which may compensate for the loss of the endonuclease. However,

RNase HI activity has proven to be essential in human immunodeficiency virus (HIV).62 Inhibition
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of the RNase HI domain of reverse transcriptase has become an attractive goal for HIV therapy due

to its vital role in the viral replication process, particularly reverse transcription.56,57 Over the last

two decades, substantial progress has been made in discovering novel HIV-RNase HI inhibitors

with widespread binding modes, selectivity and specificity for the enzyme which exert an antiviral

effect within infected cells.62

Recent work highlighted an exciting link between M. smegmatis RNase HI inhibition and

transcriptional inhibition through rifampicin (RIF) as RNase HI knockout strains showed increased

sensitivity towards RIF as seen in Figure 8.61 RIF acts as a transcriptional inhibitor, targeting

bacterial DNA-dependent RNA polymerase.63 The drug functions via a steric-occlusion mechanism

whereby it binds to the β subunit of the polymerase, creating a stable drug-enzyme complex,

physically blocking RNA elongation.63 Mutations within the structure of the RNA polymerase β

subunit underlie the emergence of RIF resistance.63

Figure 8. M. smegmatis RNase HI strains treated with varying rifampicin concentrations
between 44μM-1.5 nM. Compared to the parental and rnhC complemented strains (red and purple
respectively), the rnhC and rnhA strains (blue and green respectively), had lower MIC50 values,
indicating increased sensitivity towards rifampicin. Specifically, the rnhC knockout showed a
100-fold reduction in MIC50 value whilst the rnhA knockout strain showed a 4 fold decrease. (A.
Alzubaidi, 2019).61

R-loop accumulation was also shown to increase when rnhC knockout strains were treated with

sub-minimum inhibitory concentrations (MIC) of RIF. 61 Synergy between RNase HI depletion and

RIF resulted in a 100 fold enhancement of bacterial growth inhibition.61

As mentioned in Sections 1.6-1.7, R-loop formation induces genomic instability and gene silencing

through the disruption of replication and transcription processes.48-51 Most organisms are equipped
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with at least one enzyme, typically RNase HI, which resolves these structures.62 RNase HI in

Mycobacteria is essential which may be partially attributed to the high GC content found within the

mycobacterial genome.58-59 Additionally, studies in macrophages infected with rnhA E. coli mutants

found a stronger activation of the innate immune system compared to macrophage infection by the

wild type strain.64 Together, such findings strongly paint inhibition of this mechanism as an

extremely attractive antibiotic target. As there is currently no potent inhibitor effective against

M.tuberculosis RNase HI, chemical inhibition cannot be directly investigated. However, by

investigating the phenotypes of the different M. smegmatis RNase HI knockout strains it may be

possible to better understand the cellular consequences of RNase HI inhibition, which currently, is

poorly understood.

The previous Lott laboratory findings not only suggest that RNase HI activity may be compensating

for RIF mediated RNAP inhibition, but they highlight RNase HI inhibition as a means to

re-sensitise and treat both RIF resistant and sensitive M. tuberculosis strains alike.61

1.10 HIV RNase H inhibitors are effective against M. tuberculosis RNase HI

Dr Abeer Alzubaidi has previously identified a series of HIV RNase HI inhibitors which strongly

inhibit recombinant M. tuberculosis RNase HI in vitro.61 Initial studies by James Cheung from Prof.

Greg Cook’s lab at the University of Otago found weak inhibition of in vitro M. tuberculosis

growth.61 When tested in conjunction with RIF, four HIV RNase HI inhibitors- NSC353720,

NSC600285, NSC18806 and NSC99726 (Figure 9) all displayed synergistic activity, resulting in a

strong promotion of cell inhibition as seen in Table 1.61

Table 1. M. tuberculosis cells treated with NSC353720, 600285, 18806 & 99726 and ¼ MIC of
Rifampicin (5 nM) show a synergistic effect. The minimum inhibitory concentration (MIC)
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represents the lowest concentration of an agent required to prevent visible bacterial growth. The
fractional inhibitory concentration (ΣFIC) index represents the sum of all FIC values corresponding
to each tested agent i.e ΣFIC = FICA + FICB where FICA = the MIC of drug A in the
combination/MIC of drug A alone e.g. FIC (NSC18806) = (MIC of NSC18806 + MIC of RIF) /
MIC of NSC18806 alone. The same should be done for FICB. If the ΣFIC is ≤ 0.5 the combination
is considered to be synergistic, 0.5-2 the combination is considered indifferent and >2 the
combination is considered antagonistic. These findings indicate only four NSC compounds,
highlighted in yellow, showed a synergistic effect when combined with RIF.61

These experiments not only validated the findings from the genetic studies in M. smegmatis but also

strongly indicated that these four compounds are likely to be on-target inhibitors of M. tuberculosis

RNase HI, due to their synergy with RIF.61

Figure 9. Chemical structures of NSC compounds that showed synergistic effects when
combined with RIF. NSC18806 is a well characterised HIV RNase HI inhibitor, however
NSC600285, NSC353720 and NSC99726 have yet to be successfully crystallised. These
compounds do not share many similarities with known inhibitor scaffolds for which structures have
been solved.

NSC18806 (β-thujaplicinol) is the most well characterised HIV RNase HI inhibitor.65 The

hydroxylated tropolone inhibits RNase HI action by chelating metal ions within the enzyme’s active

site with three oxygen groups located on the tropolone ring (Figure 10)65. Structure determination of

the RNase HI domain of HIV-RT in complex with β-thujaplicinol has shown the binding of the

inhibitor within the active site, directly interfering with RNA cleavage.65
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Figure 10. Crystal structure of HIV RNase HI with NSC18806 bound in its active site. The
active site residues and NSC18806 are represented by the red ball & stick model, and the blue
colour respectively. The pink ball & stick model and purple spheres represent a tryptophan residue
and magnesium metals respectively. The tryptophan residue close to the active site in HIV RNase
HI is conserved in M. tuberculosis RNase HI.

Kinetic studies with M. tuberculosis RNase HI have indicated that NSC18806 has a competitive

mode of action, binding to the endonuclease-substrate complex to form a ternary structure.61

Interestingly, the binding affinity of the inhibitor appears to increase in the presence of substrate,

making it an attractive solution when one considers the large amounts of substrate that is typically

present within the cell.61 Whilst the inhibitor has low activity on E. coli RNase HI, indicating

specificity towards HIV and mycobacterial RNases HI, it has also shown some activity against

human RNase HI.65 This indicates the need to further modify the compound to increase specificity

for M. tuberculosis RNase HI to prevent host toxicity.

NSC600285 is similar to NSC18806 in that it does not inhibit E. coli RNase HI but is active against

human RNase HI.61 As the inhibitor-enzyme complex has not yet been crystallised, little is known

about the inhibitor’s binding site although initial kinetic studies suggest a competitive mode of

binding.61 Interestingly, this inhibitor was least effective on its own against M. tuberculosis whole

cells, but still promoted synergy with RIF.61 Additionally, NSC600285 was found to have lower

toxicity than NSC18806.61 This difference may be attributed to its inability to penetrate mammalian

cell lines or the latter having off-target toxic activity.61
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Currently there is minimal data available on NSC353720 structure and toxicity however

observations of its activity against a range of proteins including- DNA polymerase β, Intestinal

Alkaline Phosphatase and tyrosyl-DNA phosphodiesterase-1 indicates the inhibitor may display

large off-target activity within humans.61 Kinetic studies have indicated NSC353720 has a mixed

mode of action- both competitive and non-competitive, and is unlikely to be metal-chelating as not

all known targets are metal-dependent proteins.61

Similar to NSC353720, NSC99726 has not been crystallised in complex with RNase HI as these

inhibitors are not from known scaffolds with solved inhibitor-RNase HI complexes.61 Whilst kinetic

studies have indicated NSC99726 is a competitive M. tuberculosis RNase HI inhibitor, little is

known about its binding site.61

Although the synergy displayed by these inhibitors and rifampicin in M. tuberculosis mirrors that

shown by RNase HI-depleted mutants of M. smegmatis, and strongly supports the hypothesis that

these inhibitors also target RNase HI in the cellular milieu, it remains possible that these inhibitors

may instead be targeting an unknown mechanism in the cell. Characterisation of genetic mutants

resistant to these inhibitors can help to identify the cellular target, and also provide insight into

where they might bind. The rnhA strain of M. smegmatis relies solely on rnhC to provide RNase HI

activity, and therefore would be a useful strain for this purpose.

These findings indicate that RIF synergy screens are capable of identifying even weak on-target

RNase HI inhibitors which can now be modified to achieve greater M. tuberculosis RNase HI

enzyme inhibition. An abiding concern, however, especially with synergistic combinations of

inhibitors, is how mutants to one of the components can affect activity of the other. Mansfield

(2020) determined that the mutation rate of RNase HI depleted strains was slightly raised,

suggesting RNase HI inhibition may be promutagenic, as has been found for other inhibitors of

nucleotide metabolism.66 Rifampicin resistance arises mostly within a defined region of the rpoB

gene.67 Intriguingly, a larger range of mutations in rpoB was discovered in laboratory settings than

found in clinical strains, suggesting that some mutations are strongly selected against in vivo, but

not in vitro.67 Some mutations alter the speed of RNAP, which could be expected to alter the

dynamics of R-loop formation and affect the sensitivity of these mutants to RNase HI inhibition.68

Rifampicin is also able to drive persister formation, but the mechanism behind this currently

remains unknown. Nonetheless, it is possible that RNase HI inhibitors may be able to subvert this
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process. It is imperative that all the variables discussed above be taken into consideration when

evaluating RNase HI as a novel drug target within Mycobacteria.

1.11 Use of M. smegmatis as a model for M. tuberculosis

M. smegmatis is considered an attractive surrogate model for M. tuberculosis due to its decreased

pathogenicity, ease of genetic manipulation, suitability for electroporation transformations and

faster growth rates.70 In comparison to M. tuberculosis which doubles every 18 hours, M. smegmatis

doubles every 3 hours leading to single colony growth on agar within 3 days as opposed to a

month.70 Recently, comparative genomics and studies investigating GC content of the

mycobacterium caused the laboratory model to be renamed from Mycobacterium smegmatis to

Mycolicibacterium smegmatis.69-70 Despite this recent re-classification, M. smegmatis remains an

excellent model for M. tuberculosis due to its susceptibility to anti-tubercular drugs and expression

of similar genes.69 Should the findings in this project and future work require evaluation within a

disease model, Mycobacterium marinum, which better resembles M. tuberculosis growth should be

utilised.

1.12 Research Aim and Objectives

The overarching hypothesis proposed within this research project is that the compounds

NSC600285, NSC353720 and NSC99726, identified through RIF synergy screens, are weak

on-target inhibitors of RNase HI which are candidates for future modification to develop new

antibiotics targeting RNAse HI. Potent RNAse HI inhibitors may aid in the re-sensitisation of

RIF-resistant M. tuberculosis strains to the antibiotic.

To investigate this hypothesis, two main objectives were developed to establish a rapid screening

tool which may be utilised to confirm the cellular targets of the proposed RNase HI inhibitors as

well as genetically probing the inhibitors’ mode of action. These objectives are:

1. Establish an effective and rapid screening tool which can generate RIF and RNase HI

mutants

2. Investigate whether the mutants generated encompass a wide spectrum of mutations

including mutations of clinical relevance
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2. Materials and Methods

2.1 General Materials

All general materials utilised in this research were sourced from- Invitrogen, BioRad USA,

GoldBio and Greiner Bio-one. All primers utilised were either ordered and synthesised by

IDT or gifted by Dr. Abeer Alzubaidi and Phd student Evie Mansfield from the University of

Auckland.

2.1.1 Strains used in this research

The strains used in this research were kindly donated by either Mansfield, Dr. Stephanie

Dawes or Dr. James Dickson from the University of Auckland.

Table 2. All strains with corresponding nomenclature and antibiotic resistance utilised
in this research.

2.1.2 Media and Antibiotics

All media and antibiotic stocks were prepared using MilliQ purified water. All antibiotics

were diluted 1000-fold when added to any media. Details on all the media and antibiotic

stocks used in this research including their individual components are listed below. In order

to reduce bacterial cell clumping, 0.05% v/v Tween80 from a sterile 20% stock was added to

Luria-Bertani medium before it was autoclaved at 121°C for 15 minutes.
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Table 3: All media utilised in this research project broken into their components.

Table 4: All selective antibiotics utilised in this project. Where applicable, stock
concentrations have been specified for use in either E. coli and M. smegmatis strains.
Working concentrations indicate stock dilutions into media.

2.1.3 Primers

Primers used in this research that weren’t gifted were designed and ordered from IDT Inc.

Primers were designed to amplify the rifampicin resistance determining region of the

M. smegmatis rpoB gene for DNA sequence analysis. The DNA sequences required for

M. smegmatis mc2155 and all subsequent alignments were carried out using the NCBI Basic

Local Alignment Search Tool (BLAST) https://blast.ncbi.nlm.nih.gov/Blast.cgi. All primer

stock solutions were made to a concentration of 100 μM using 1xTAE buffer and stored at

-20 °C. 5 or 10 μM working concentrations of primers were made using MilliQ purified water

and utilised for sequencing samples or running diagnostic PCRs respectively. Diluted primers

were also stored at -20 °C and thawed when required to avoid contamination of the 100 μM

primer stocks. Below is a table indicating which gene was amplified in addition to the
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expected PCR product size. All primers were 18 base pairs in length and had melting

temperatures within 5°C of each other to avoid hairpin formation.

Table 5. All primers used for each strain in this research project. Primers were either
gifted by researchers at the University of Auckland or ordered from IDT Inc. All primer
stocks were made up to 100 μM using 1 x TAE buffer.

2.2 Mycobacterial Growth

2.2.1 Aerobic Growth of M. smegmatis Cells

Agar plates for each M. smegmatis as summarised in Section 2.1.1, Table 2 were prepared by

autoclaving the agar mix (Section 2.1.2, Table 3) for 15 minutes at 121°C. Exactly 20 mL of

the warm mixture was then poured onto an agar plate inside a laminar flow hood. Each plate,

poured per strain was supplemented with the corresponding antibiotic (Section 2.1.2, Table 4)

at a 1:1000 dilution. All plates were poured 3-4 hours prior to usage to allow adequate drying

time. Aliquots of mc2155 and mc2155 ΔrnhA were provided by Mansfield (The University of

Auckland) from -80°C stocks. Aliquots were streaked out onto plates supplemented with the

correct antibiotic and sealed with parafilm. Sealed plates were left to incubate at 37°C for 3

days to allow for the appearance of single colonies. To grow larger volumes of each strain,

single colonies from each strain were picked off the agar plate and first inoculated into test

tubes containing 2 mL of Luria-Bertani medium with the appropriate antibiotic (Section

2.1.2, Table 4). Cells were grown overnight in a shaking incubator set to 37°C, 180 rpm until
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an OD600 of approximately 0.7-0.9 was measured. The overnight cultures were then diluted

into fresh flasks containing 30 mL Luria-Bertani media prepared as described above. To

ensure consistency, all freshly inoculated cultures were further diluted with Luria-Bertani

media if required so that each flask had a starting OD600 of 0.3.

2.2.2 M. smegmatis Growth Curves

Aerobic growth of M. smegmatis cells was measured through turbidity of the cultures, as

recorded by a spectrometer set at OD600. The 30 mL cultures prepared in Section 2.2.1 were

incubated at 37°C in a shaking incubator set at 180 rpm. 3 flasks were prepared per strain per

trial. A 1 mL sample was collected from each flask every 3 hours and optical density was

recorded at the 600 nm wavelength, against a sterile Luria-Bertani medium blank. Readings

were taken up to 50 hours to ensure cells had entered the stationary phase. To maintain a

linear relationship between OD and biomass, any samples with an OD reading higher than 0.5

were diluted either 2, 5, 10 or 20 fold. Experiments detailed in Sections 2.2.1 and 2.2.2 were

all conducted in triplicates.

2.2.3 Colony Forming Units

Colony forming units per millilitre of medium was determined in order to provide a more

accurate description of how many mycobacterial cells were present in culture at any given

time throughout cell growth and how that related to the corresponding OD measurements. As

per the experiment described in Section 2.2.2, from each 1 mL sample that was taken, 100 uL

of the sample was diluted into 900 uL of autoclaved water in a 10 fold dilution. 10 uL of this

dilution was then added to fresh 900 uL of water and so on in a series dilution ranging from

10-1 to 10-7 cells. Dilutions were carried out according to the amount of growth i.e. as OD

increased, so did the dilution factor of the sample however at smaller ODs e.g. 0.3 serial

dilutions were only done up to 10-2. Anywhere from 300-500 μL of the serial dilution (picked

according to the OD) was then plated onto a Luria-Bertani agar plate and left to dry

completely before being sealed with parafilm and incubated at 37°C for 3 days to allow for

the appearance of single colonies. After exactly 3 days, the colonies were counted and the

CFU/mL determined in accordance with the following formula:

(Number of Cells x Dilution Factor) ÷ Volume of culture plated (mL)
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2.2.4 Freezing M. smegmatis glycerol stocks

Cell cultures for both strains were grown up as described in Sections 2.2.1 and 2.2.2 until an

OD600 of approximately 0.9 i.e. in mid-log phase. Cells were then transferred to 50 mL falcon

tubes and centrifuged for 1 minute at 4,000 g in order to pellet any cell clumps. A final

reading of the resulting supernatant was taken and if need be was diluted down with fresh

Luria-Bertani media to an OD600 of 0.3. Supernatants for both strains were then aliquoted into

1 mL eppendorf tubes with 25% glycerol (w/v) to minimise cell damage when freezing.

Liquid nitrogen was used to flash freeze the aliquots, and these were stored at -80°C, to be

used throughout the research project.

2.3 PCR Protocols

2.3.1 DNA purification for PCR

M. smegmatis DNA was extracted for colony PCR by suspending a loopful of cells in 100 μL

of MilliQ water. This mixture was then incubated at 100°C for 5 minutes before being chilled

on ice for an additional 10 minutes. The chilled mixture was then centrifuged at 24°C for 5

minutes at 14,000 g. The resulting supernatant was utilised for colony PCR.

2.3.2 Colony PCR for identifying the mc2155∆rnhA strain

Section 2.1.3, Table 5 indicates that the mc2155∆rnhA strain has a 1315 bp kanamycin

cassette disrupting the 512 bp functional rnhA, generating a final amplicon size of 1827 bp.

To confirm the identity of the rnhA knockout strain the iProof High-Fidelity PCR Kit

(Bio-Rad Laboratories) was utilised. All required reagents were kept on ice whilst the PCR

master mix was prepared according to kit instructions. To set up a 5x master mix, 2.5 μL of

10 mM dNTP mix, 6.25 μL of forward primer, 6.25 μL of reverse primer, 72.5 μL milliQ

water, 6.25 μL of DMSO (final concentration 5%) and 1.25 μL of iProof enzyme and 25 μL

of GC buffer was added to 3μL of target DNA (Section 2.6.1). The dNTP mix was prepared

by adding 10 μL of each A, T, G and C to 60 μL of milliQ water. The forward and reverse

primer stocks were diluted from 100 μM to 10 μM before use in milliQ water. Amplification

of the target region was carried out according to the PCR settings listed in Table 6. The

correct PCR product size was then confirmed by loading 5 μL of each PCR sample with 6x
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loading dye added to a final concentration of 1x. This was run on a 1% agarose gel which

contained 0.5 μg/mL of the ethidium bromide at 100 volts for 45-55 minutes (BioRad, USA)

and imaged on the BioRad Molecular Imager Gel Doc on the ethidium bromide nucleic acid

stain setting (BioRad, USA).

Table 6. PCR protocol used for the amplification of the non-functional rnhA. Each PCR
reaction was carried out with three mixtures.

2.3.3 Colony PCR for amplification of the rifampicin resistance determining
region

Section 2.1.3, Table 5 indicates that I utilised forward and reverse primers to amplify a

section of the rpoB gene containing the rifampicin resistance determining region. The final

amplicon size of this region was 345 bp. All PCR reactions were set up and PCR products

analysed according to Section 2.6.2 however the PCR reactions were conducted at different

settings as detailed in Table 7. This protocol was in accordance with the research paper from

which the primer design was replicated.
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Table 7. PCR protocol used for the amplification of the rifampicin resistance
determining region

2.3.4 PCR product purification for sequencing

Purification of PCR products generated from Section 2.6.3 was performed using the

NucleoSpin® Gel and PCR Clean-up kit (Machlery-Nagel, Germany). Purification was

conducted according to kit instructions and the concentration of the final products was

measured using a Nanodrop spectrophotometer (Implen, New Zealand) whilst purity was

confirmed via measuring absorbance of the samples at 260nm/280 nm and 260/230 nm.

Purified samples were sent to Kirsten Boxen of the University of Auckland Genomics centre

along with 5μL of the rpoB reverse primer at a 5 μM concentration (Section 2.1.3, Table 5)

per sample. Sequencing results were analysed using NCBI BLAST and 4 peaks.

2.4 Disc Diffusion Assay

Cells were grown up according to Section 2.2.2 until they reached an OD600 of 0.9. Cells

were then spun down as described in Section 2 and the cell count was confirmed to be 1010

CFU/mL. 1 mL of the resulting supernatant was plated evenly across the agar plate using a

sterile inoculation loop to spread the supernatant. Care was taken to ensure that each agar

plate poured was exactly 20 mL and had been left to dry for exactly 1 hour prior to plating as

both the thickness and the dryness of the agar has been shown to decrease the zone of

inhibition. All 6 mm Whatman filter discs (Sigma-Aldrich, USA) used in the disc diffusion

assays were first autoclaved at 121 °C for 15 minutes along with the tweezers used for their

handling to ensure complete sterility. All agar plates were set up in a laminar flow hood and

plates were parafilmed immediately after the lawn of bacteria had dried. Sealed plates were
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incubated at 37°C for 3 days to allow for the emergence of single colonies. Emergence of

colonies was tracked via photographs of the plates taken on the BioRad Molecular Imager

Gel Doc on a custom agar plate setting (BioRad, USA). All disc diffusion assays discussed in

Section 3 were conducted using a stock RIF (GoldBio) solution of 50 mg/mL. 500 μL

aliquots of the stock solution were pipetted into 1.5 mL eppendorf tubes and stored at -20°C.

If there was any precipitation present within the stored solutions upon thawing, the tube was

vortexed until the precipitation disappeared.
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3. Results

3.1 Aerobic growth of M. smegmatis

Growth of M. smegmatis wild-type and rnhA knockout strains have been well characterised in

the literature, with consistent growth patterns observed across a range of liquid media

including: Luria-Bertani media, Middlebrook 7H9 media supplemented with either glycerol

or succinate, and Lowenstein-Jensen medium.71-72 Mansfield has previously demonstrated that

there are no differences in the growth rates between the wild-type and rnhA knockout strains

in 7H9/glycerol medium.66 Additionally, Mansfield showed similar patterns in the wild-type

strain transformed with a multi-copy, non-integrated empty pAL5000-based plasmid,

indicating that plasmid carriage also has no significant effect on M. smegmatis growth in

these media.66 The goal of the following experiments was to achieve a reproducible M.

smegmatis growth curve that was consistent with previous findings, allowing any results from

this study to be benchmarked against published data. Some discourse exists around the use of

Luria-Bertani media in physiological studies mainly attributed to imbalances in its carbon

source availability and variations in its composition, particularly when compared to more

well defined media.73 However, catabolizable amino acids as the carbon source, in lieu of

glycerol, is likely to be a more accurate representation of what Mycobacterial cells growing

within the body have available to them.74 To ensure reproducibility of results, care was taken

to consistently harvest similarly aged colonies for starter cultures. Care was also taken to

ensure sampling of all growing cultures was rapid so as to minimise disruption to their

shaking incubation. Prolonged changes in temperature could alter growth patterns as cells

may be forced to alter their metabolic states more frequently. Additionally, disruption to the

shaking of the cultures could cause cells to settle at the bottom of the flask where oxygen

availability is significantly limited.
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Figure 11. Normoxic growth of both strains in Luria-Bertani medium. Starter cultures
grown to mid-log phase were inoculated into LB medium supplemented with the appropriate
antibiotics (Table X, Section 2). All cultures incubated at 37℃, 180 rpm for 60 hours. Optical
density was measured every 3 hours. This experiment was conducted in triplicate as indicated
by the error bars which represent the standard deviation of the measurements. Each strain has
been identified with its respective strain shorthand.

Figure 11 shows that after controlling for the listed variables, growth patterns of wildtype and

rnhA knockout strains in Luria-Bertani media were consistent with the wider literature, and

the knockout strain did not exhibit any distinguishable changes in growth compared to the

wild type. Comparison of Figure 11 to previous findings from Mansfield (2020) show no

significant changes in the growth rates observed between the two media for any of the strains

tested.

3.1.2 PCR identification of M. smegmatis rnhA knockout strain
To confirm the identity of the M. smegmatis rnhA knockout strain, primers designed by

Mansfield (2020) which amplified both the rnhC and rnhA genes were used in a colony PCR.

Section 2.1.3, Table 5 indicates the primer pairs used and their expected PCR product sizes.

For the rnhA knockout strain, the non-functional rnhA disrupted by a kanamycin resistance

cassette yields a PCR product 1827 bp in size. All PCR products were analysed on a 1%

agarose gel (Figure 12).
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Figure 12. DNA gel electrophoresis of M. smegmatis colony PCR to confirm the identity
of the RNase HI rnhA knockout strain. Lanes 1 and 8: 1KB plus ladder (Invitrogen). Lanes
2-4 : isolated rnhA PCR products (1827 bp), each PCR product represents a different colony
picked from the plate. Lane 5: Negative control (PCR mix with no DNA in sample). Lane 7:
Positive control- DNA sample taken from Mansfield (2020) rnhA stock previously confirmed
to be the correct strain.

Figure 12 clearly indicates that the colony PCR successfully confirmed the expected

genotype for the rnhA knockout strain. Absence of a band at 512 bp, corresponding to a

functional rnhA gene, indicated that the culture was not mixed either i.e there is no

contamination from wild-type or rnhC knockout strains.
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3.2 Generating, sequencing and analysing M. smegmatis Rifampicin
mutants

As discussed in Section 1.9, Dr Alzubaidi has previously carried out preliminary experiments

identifying several HIV RNase HI inhibitors which have shown a synergistic effect in

M. tuberculosis when administered in conjunction with RIF.61 Whilst these experiments

provided reasonable preliminary evidence that the identified compounds were likely to be

on-target RNase HI inhibitors, further evidence is required to definitively state RNase HI as

the true cellular target. Assigning a target to a compound is a fairly standardised practice in

which researchers generate resistant mutants towards the test compound and prove that the

mutation, when transferred back into the native strain, confers resistance to that compound.75

This practice is further supported by techniques such as whole genome sequencing which

may identify any off-target mutations such that one does not falsely conclude a mutation to be

responsible for resistance when it is not.75 Further developing Dr Alzubiaidi’s work, I

reasoned that development of a pre-screen capable of generating inhibitor-resistant mutants

which  genetically map back to RNase HI would definitively prove RNase HI as the target.

Traditionally, mutant selection requires plating of an organism on compound concentrations

many times the MIC value i.e. 1x, 2x, 5x, 10x and 20x.76 This relies on the growth of a

culture where mutations may arise stochastically. Cells carrying the appropriate mutations

once plated on the antimicrobial of interest may then grow and thus are selected.76 However,

currently there is no precedent for mutant selection in RNase HI encoding genes of

mycobacteria. Consequently, the appropriate concentrations of antimicrobial compounds to

test remains unknown. A possible solution would be to test for mutant generation beginning

with 1x MIC and gradually increasing the concentration. Given the weak inhibitory nature of

the inhibitors, together with the limited quantities supplied, I proposed to create an assay in

which I may be able to test a range of antimicrobial concentrations within a single plate so

that the guessing work could be removed. In order to develop and test such an assay, RIF,

which is readily available, a critical contributor to the development of drug resistant

tuberculosis strains and has been proven to synergise with RNase HI inhibition, was chosen

as a test compound to establish the assay.
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3.2.1 Existing mutant generation techniques require large amounts of
antimicrobials as they arbitrarily choose antimicrobial concentrations for testing

The use of plate-based assays for the generation of mutants towards different antimicrobial

agents has been well characterized in the literature.77-78 However, these methods fail to

account for antimicrobial-specific properties which can greatly affect the assay outcome. For

instance, RIF is an unusual antimicrobial, well known for its ability to generate both

phenotypic resistance in which there are short term, reversible changes to a cell’s metabolic

status, transcriptional and/or translational processes, and genotypic resistors in which there

are changes within the DNA sequence.79-80 As both types of resistance contribute to the

development of AMR, it is vital to not only detect the presence of, but also to identify the

nature of the resistance so that downstream diagnosis and treatment of drug resistant strains is

more accurate. In a traditional plate-based assay, the pathogen of interest is first grown to

stationary phase, after which cells are plated onto a range of antimicrobial concentrations

which have been chosen arbitrarily by the researcher.81 The significance of using stationary

phase cultures for traditional assays stems from evidence that indicates beneficial mutations

are exponentially more likely to occur within later phases of cell growth.82 As mentioned, the

range of concentrations which are chosen typically span values that are equal to or are above

the MIC value of the antimicrobial e.g. anywhere from 1x-10x MIC and more rarely 20x the

MIC value.76 Whilst these traditional plate-based assays have proven to be capable in

generating genotypic resistors, a major issue with utilizing this set-up is a lack of prior

experiments in which M. smegmatis rnhC mutants have been successfully generated. The

relatively small size of the rnhC gene, paired with a general lack of knowledge pertaining to

successful mutant generation frequencies at specific antimicrobial concentrations would

make the arbitrary selection of varying MIC values wasteful given the limited amounts of

NSC compounds available.

3.2.2 Investigating disc diffusion assays as an improved model for mutant

generation
To address the issues raised in Section 3.2.1, and given the general lack of knowledge

surrounding successful rnhC mutant generation, it was hypothesised that use of a disc

diffusion assay in lieu of plating M. smegmatis cells onto a set antimicrobial concentration

would be a more useful approach. By creating a selective plate in which there is effectively a

diffusion gradient of antimicrobial concentrations from a central point , one can reduce the
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risk of failing to test effective mutant selection concentrations through arbitrary selection and

maximise the amount of screening which may be done with a limited amount of compound.

A traditional disc diffusion assay requires the inoculation of an agar plate with the pathogen

prior to the placement of an antimicrobial soaked disc in the centre, resulting in the

simultaneous growth of the bacteria and the diffusion of the antimicrobial.81 Cell growth in

the presence of the antimicrobial compound occurs only when cells are not susceptible to the

inhibitory effects of the antimicrobial.81 The area in which this growth has not been achieved

and where bacteria remain susceptible represents a death zone, deemed the zone of inhibition

(ZOI).81 Colony growth within the ZOI signifies a mutant that is able to withstand

antimicrobial concentrations that a majority of the cell population cannot.81 Several groups

have utilised disc diffusion assays, a routine clinical screening tool, as a means to investigate

antimicrobial susceptibility across a range of pathogens and antimicrobials. For example, Liu

et al (2016), found the disc diffusion assay to be highly suitable and reliable for monitoring

susceptibility and testing for resistance of N. gonorrhoeae isolates to cephalosporins within a

larger population.83

Studies have previously found the MIC value for RIF against M. smegmatis to be 36 μg/mL.84

In line with the literature and with the aim to create a selective plate with a diffusion gradient,

720 μg of RIF was loaded onto a 6 mm filter disc. It was assumed that, over time the

antimicrobial would diffuse evenly across the 20 mL agar plate, resulting in a RIF

concentration that is equal to 36 μg/mL at all points of the plate. A key point of investigation

in this experimental set-up was to gauge the speed of RIF diffusion against the rate of

mycobacterial cell growth. As M. smegmatis colony formation requires three days, should the

rate of RIF diffusion be slow or too fast, it is unlikely that cells would experience all

sub-MIC, MIC and above-MIC concentrations of RIF.

It is known that the rate of diffusion across agar is slower than the rate of release of the

antimicrobial from the disc and that the concentration of an antimicrobial typically shows a

logarithmic reduction as it diffuses further away from the centre.81 Direct visualisation of this

movement is not ideal in Luria-Bertani agar as the red-orange colour of RIF is masked by the

darker-coloured agar. For easier observation of this movement, plain agar was chosen as a

more suitable medium. The rate of antimicrobial diffusion is largely dependent on the

diffusion and solubility properties of the drug in agar.85 Meuller-Hinton agar, considered the
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gold standard media for antibiotic susceptibility testing, is specifically recognised for being a

loose agar, with a large pore size.85 This helps to mediate the rate of antimicrobial diffusion

more effectively.85 Neither Luria-Bertani or plain agar share this distinguishing feature with

Meuller Hinton agar, indicating that perhaps diffusion of an antimicrobial may occur more

slowly. A slower diffusion rate may increase the likelihood of setting up a stable gradient and

make it easier to track the wave of RIF as it moves across the plate, increasing the appeal of

the former two mediums. Furthermore, no evidence suggests that nutrient content of agar has

a significant effect on antimicrobial diffusion. Thus, for the purpose of monitoring its

movement, it was assumed that RIF would behave similarly between either plain or LB agar.

To visualise antimicrobial diffusion, filter discs loaded with 720 μg of RIF were placed on

top of plain agar plates without bacterial inoculation. Care was taken to consistently pour

plates with exactly 20 mL of agar so that the depth of the agar into which the antimicrobial

diffused remained constant. This is of particular importance as changes to the depth of agar

can affect the rate of diffusion.81 Figure 13 presents a visual representation of RIF movement

across the agar plate over the first hour.

Figure 13. Image time-lapse of RIF diffusion from a central filter disc on plain agar.
6 mm Whatman filter discs were loaded with 720 ug of rifampicin and placed on top of
freshly poured 15% agar plates. Plates were kept in the dark at room temperature and
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diffusion was visualised every 10 mins using a Leica M80 stereo microscope at 20x
magnification.

As expected, Figure 13 shows that during the first hour, the rate of RIF diffusion across the

plate is extremely rapid. As time progresses, this diffusion rate slows, as the concentration

gradient between the centre and the outer edge of the plate equilibrates. Observing Figure 13,

it may also be concluded that the cells located within the peripheral regions of the plate are

unlikely to be exposed to strong concentrations of RIF rapidly. Considering this, I wished to

further investigate whether this diffusion eventually results in a stable concentration gradient

across the plate. If so, I wished to investigate the time frame in which this stabilisation

occurs, what the resultant gradient is and how this gradient is affected by the initial loading of

RIF onto the central disc. Whilst in theory, RIF should eventually distribute across the plate

evenly, the time frame in which it does so may be inadequate for the purpose of exposing

cells to a large gradient of antimicrobial concentrations.

3.2.3 Quantitatively tracking rifampicin diffusion revealed it takes 144 hours for

the concentration gradient across an agar plate to stabilise
In order to achieve the goals described in Section 3.2.2, I wished to quantitate the results

from Figure 13. Quantitatively tracking RIF diffusion would not only offer key insights into

the time-frame required for stabilising the RIF concentration gradient across the plate but

would also provide a means to accurately determine the exact RIF concentration a cell at a

particular place on the plate is exposed to at a particular time. As RIF is a coloured molecule

with an absorbance maximum at 475 nm, RIF concentration across the plate could be tracked

using absorbance.86 Thus, spectrophotometry was utilised in order to quantify RIF diffusion.

The principle underlying spectrophotometry is that every compound absorbs light over a

certain range of wavelengths and that by measuring the light intensity of a beam passing

through a sample, it is possible to measure the amount of chemical substance present within

that sample.87
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Figure 14. Creating a standard curve for the measurement of RIF concentration using
absorbance. Top panel: plates with exactly 20 mL of agar containing either 9, 18, 36 or 72
μg/mL of RIF were poured and allowed to set. Once set, six 5 x 5 mm wide and 0.3 mm deep
squares were cut from random positions across the plate and read for absorbance using the
Spectramax ID3 96 well plate reader. Bottom panel: Standard curve of rifampicin absorbance
produced from the experiment detailed in the top panel. Mean values were plotted and the
experiment was carried out in triplicate, with the errors bars representing the standard
deviation of the measurements. Equation generated from the standard curve and the R2 value
are included on the figure.

Firstly, a positive control was established by pouring five 20 mL plates of plain agar made up

of known RIF concentrations (0, 9, 18, 36 and 72 μg/mL). Once set, six 5 x 5 mm cubes of

agar were cut from random locations around the plate as seen in Figure 14. The choice of

preparing 5 x 5 mm cubes was so that each agar cube would fit perfectly within a 96 well

clear plate which would be utilised later for taking absorbance readings. Particular care was
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taken to ensure that each agar cube had the same depth of 0.3 mm as changes in either could

directly affect absorbance readings.

Once cut, samples were immediately measured for absorbance at a wavelength of 475 nm.

Figure 14 displays the standard curve produced from these readings. This experiment was

repeated 3 times (6 technical replicates) to ensure valid and accurate results. Readings of

plain agar squares (i.e. a control for no RIF), produced a small absorbance value of 0.0571.

This value was subtracted from all other readings to account for the absorbance of agar alone.

To quantify the RIF movement visualised in Figure 13, discs loaded with 720 μg of RIF were

placed on top of plain agar plates and stored in the dark at room temperature. This was done

in accordance with the manufacturer’s instructions which stated RIF is most stable when

protected from direct light and is chemically stable at room temperature for at least two

months. Following the initial set-up, a strip of agar (5 mm wide) was carefully removed and

further subdivided into 5 x 5 mm cubes at varying time intervals. This process is visually

represented in Figure 15.

Figure 15. Schematic depicting an experimental set-up used to quantitatively measure
RIF diffusion. Filter discs loaded with either 360, 720 or 1440 μg of rifampicin were placed
on top of plain agar plates and stored in the dark at room temperature. At timely intervals,
squares of agar were cut across the plate as depicted and measured for absorbance using the
Spectramax ID3. Triplicate plates for each quantity of rifampicin were set up as each plate
allowed for only 8 measurements. The entire experiment was completed in triplicate.
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The Spectramax ID3 plate reader which was used to take all absorbance measurements, reads

the plate from the centre of the well and therefore the centre of the agar cube. This was taken

into consideration when cutting the 5 x 5mm cubes so that the point at which each absorbance

was measured was always the same range of distances away from the centre of the disc e.g 6,

11, 16, 21, 26, 31 and 36 mm. The standard curve in Figure 15 was then used to quantify the

movement of RIF as it diffused outwards from the central disc. Final calculations revealed

the concentration in μg/mL of RIF at a particular distance, at a specified time point as seen in

Figure 16. As each plate could only be used for 8 different time-point measurements, multiple

plates were set up at the same time to allow monitoring of RIF across several days until there

was evidence of a stabilisation within the RIF concentration gradient. This experiment was

also run three individual times.

Figure 16. Differences in the movement of rifampicin across the plate over 7 days when
the filter disc is loaded with either 360, 720 or 1,440 μg of rifampicin. Panels A and B
present fairly similar concentration gradients between the various amounts of rifampicin
loaded onto the central filter disc. Panels C and D indicate time points at which significant
changes between the gradients occur resulting in significantly changed conditions across the
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plates. All experiments were performed in triplicate, mean values were plotted with errors
bars representing the standard deviation of the measurements.

Figure 16 indicates that the RIF concentration gradient continues to develop up to 7 days or

163 hours post experimental set-up, at which time the gradient for the highest concentration

tested (1440 μg) spans a range of 4x MIC to 1x MIC. A comparison between panels A and B

reveals that within the first 50 hours of set-up, the concentration gradient across all loaded

amounts is fairly similar. The periphery of the plate has yet to experience any RIF exposure

whilst the innermost regions are experiencing a concentration equal to 5x MIC. Panel C

represents the earliest time point at which a significant difference between the various

concentration gradients is seen. From this point on, cells plated on the periphery of a plate

loaded with 1440 μg RIF are likely to see higher concentrations of RIF earlier than cells on

plates loaded with 720 or 360 μg. Comparison of panels B and C, indicate that the rate of

change at the points further away from the filter disc i.e. 26mm, 31mm and 36 mm is much

faster in the 1440 μg loaded gradient than in the other two. Additionally it appears that the

gradient established from 360 μg of RIF stabilises at hour 96. Panel D further reiterates these

findings. At hour 163, the gradient established from 1440 μg of RIF would expose cells at the

periphery to a concentration equal to 2x MIC whilst 720 μg and 360 μg of RIF would only

expose them to concentrations below MIC. Again the rate of change at the furthermost

distances i.e. 31mm and 36mm is much faster for the highest loaded concentration with an

increase of 22 μg/mL and 34 μg/mL respectively between hour 96 and hour 163. In

comparison there is only a 10 μg/mL increase at 31 mm for the other two gradients, with

almost no change at 36 mm between the same time frames. Most importantly however,

Figure 16 clearly indicates that the gradients established at hour 163 by both the 1440 μg and

720 μg of RIF, both produce a reasonable area of the plate that is over 1x MIC which may be

used to select mutants on. For instance, 1440 μg of RIF results in a gradient in which the

entire plate experiences a concentration above MIC, whilst 720 μg of RIF results in a gradient

in which close to 25 mm of the plate from the centre disc experiences above MIC

concentrations.

These findings were critical as they indicated that cells plated 6 days post the experimental

set-up would be exposed to a range of antibiotic concentrations which was not possible in the

traditional plate based assays previously discussed.
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3.2.4 Plating cells 144 hours post experimental set-up generates a mix of

phenotypic and genotypic RIF resistors
Given that the RIF concentration gradient takes approximately 6 days to stabilise, I then

wished to evaluate the effectiveness of this gradient in generating RIF mutants. LB agar

plates were set up as previously described, loaded with a range of RIF amounts (720 and

1440 μg) and left in the dark for 6 days. Meanwhile, M. smegmatis wild type and rnhA

knockout strains were grown until they reached stationary phase, following which 1 mL of a

1010 CFU/ml culture was plated onto the stabilised gradients. Plates were immediately sealed

and incubated at 37℃ for 3 days, after which they were analysed for colony growth within

the ZOI (Figure 17). This experiment was carried out in triplicate, using three individual

cultures for each strain. Figure 18 interestingly reveals a higher frequency of rnhA knockout

colonies emerging within the ZOI compared to WT. Over the course of three trials, in which a

total of 40 colonies were isolated, 16 colonies were WT whilst 24 colonies were rnhA

knockout. Although Figure 18 hints at the possibility of a trend, the number of colonies

generated from these experiments are too low to reach statistical significance. However, this

observation was seen across both the tested amounts- 720 μg and 1440 μg .

Figure 17. Example photographs of emerging colonies within a ZOI. The photographs
represent a ZOI generated after plating cells 30 hours post experimental set up. The same
principle applies for cells that were plated 6 days after experimental set-up, parafilmed and
incubated at 37℃ for 3 days. Any emerging colonies (circled in red) were harvested for
additional experiments. Panel A provides an example of the WT strain whilst Panel B
provides an example of the rnhA knockout strain. Several plates of both 720 μg and 1440 μg
of RIF were made for both strains and this experiment was run more than 3 times.
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Figure 18. A higher frequency of rnhA KO colonies emerged consistently within the ZOI
when compared to the WT strain. 3 plates for each tested amount (720 μg and 1440 μg)
were poured within each trial i.e 12 plates for each strain across all trials. All plates are
represented in the data. All colony counts shown are total colony counts across all 3 plates
per trial i.e. some plates did not show any colony growth within the ZOI. Regardless of the
amount loaded onto the disc, there was a slightly higher number of rnhA knockout RIF
resistant mutants emerging within the ZOI compared to WT.

3.2.4.1 Identifying genotypic resistors from phenotypic resistors
RIF is one of many antimicrobials that has been associated with the emergence of ‘adaptive

resistance’ in which bacterial populations that are subjected to gradual increases in

antimicrobial concentration may display rapid resistance to the drug, which can then be

equally, rapidly reversed to a non-resistant phenotype when the antimicrobial is removed

from the medium. Zhu et al (2018), found RIF treatment to cause a homogenous

M. smegmatis bacterial population to diverge into two distinct subgroups: one, which upon

exposure to lethal concentrations of RIF resulted in cell death or no growth, and another,

which appeared to continue undergoing active growth.88 They also discovered bacterial

growth at RIF concentrations beyond the minimum inhibitory concentration, an observation

that was only limited to RIF and no other TB drug e.g. INH, kanamycin or streptomycin.88

Such findings may arise from the fact that M. smegmatis, unlike M. tuberculosis, carries an

additional RIF inactivating gene, making RIF bacteriostatic for the former but bactericidal for

the latter.89 Indeed, the ratio between the concentration of RIF required to kill cells vs the

concentration of RIF required to stop growth determines the nature (either bacteriostatic or

bactericidal) of the effect. In order to determine if the colonies emerging in Figure 17 were

genotypic resistors towards RIF, rather than phenotypic resistors arising from adaptive
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resistance, colonies were picked and grown in Luria-Bertani medium without the presence of

RIF to allow the temporary persistence phenotype to revert in the absence of selective

pressure to an antibiotic sensitive phenotype. Once cells reached mid-log phase, cultures were

split and plated onto agar containing a RIF concentration equal to the MIC value and agar

containing no RIF. The expected outcome is that a culture derived from phenotypic resistors

would show no growth on the plate containing RIF whilst a true genotypic resistor would

show similar growth between the two plates (Figure 19).

Figure 19. Representation of phenotypic resistor growth vs mutant growth on LB agar
with no and 36 μg/mL of rifampicin. Emerging colonies within the ZOI were picked and
grown in LB media without RIF stress to mid-log phase. Cultures were then equally spread
out onto LB agar plates containing no RIF (-RIF) and 36 μg/mL of RIF (+RIF). If growth
appeared similar between the plates (top panel) the colony was deemed to be a genotypic
resistor. If there appeared to be greater than 90-95% killing between the two plates (bottom
panel) the colony was deemed to be a phenotypic resistor.

The type of resistance generated was evaluated for each colony that arose within the ZOI

across all the plates that were set up. These experiments were run multiple times given that

the yield of resistant colonies in each round was relatively low, despite plating 1 ml of a 1010

CFU/mL culture. Although emergence of RIF resistance is a stochastic event with a relatively

high spontaneous mutation rate, with Karunakaran and Davies (2000) quoting >2.4 x 10-5 per

base pair per generation, it is quite plausible for a number of mutations to be present within

the lawn surrounding the ZOI from which it would be impossible to pick a single colony.90
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Pre-treating cultures with additional mutagenic agents e.g. ciprofloxacin may further enhance

the mutation rate, increasing the emergence of colonies within the zones of inhibition.66

Multiple rounds of plating and resistance testing revealed that whilst the stabilised gradient

produced some true genotypic RIF resistors, a significantly larger number of phenotypic

persistors were also observed (Table 8).

Table 8. Plating cells on a stabilized gradient produced a mixture of genotypic and
phenotypic resistors. Of the 20 colonies that emerged across a total of 24 plates (2 plates per
trial for two amounts of RIF 720 and 1440 μg tested for each strain), 14 colonies when tested
as described above were revealed to be phenotypic resistors, whilst only 6 colonies were
identified as genotypic RIF mutants.

The findings in Table 8 indicated the need for further investigation and evaluation of the disc

diffusion model in its ability to generate genotypic RIF resistors. In an attempt to decrease the

frequency of the phenotypic resistors generation in lieu of genotypic resistors, I hypothesised

that modifying the concentrations of RIF to which the cells are exposed to may have an effect

on the type of resistance generated. This hypothesis was supported by the wider literature

which alludes to the fact that it is the antimicrobial concentration to which cells are exposed

that determines the type of resistance that emerges.91 As mentioned in Section 3.2.2, this is

especially relevant to RIF, which has consistently proven to generate persistor phenotypes.88

Given this, I wished to investigate whether plating cells at time point zero, where the cells are

being exposed to higher levels of RIF, may skew the frequency of mutant generation.

3.2.5 Plating cells at time point zero generates only phenotypic resistors
Loading of the central filter discs was completed as described previously, with the same

range of concentrations tested. However, no time was given to allow RIF diffusion across the

plate prior to plating the cells. Instead, stationary phase cells at 1010 CFU/ml were plated first

and allowed to dry, after which the RIF-loaded discs were placed on top within 30 minutes of

cell plating. Plates were then sealed and incubated at 37℃ for 3 days after which they were

monitored for colony growth within the ZOI (Figure 20).
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Figure 20. Plating cells at time point zero generates only phenotypic resistors. Plates
were set up as previously described and cells plated at time point zero. Panel A depicts a ZOI
generated from this plating, colonies circled in red represent colonies which were picked for
harvest and further testing for the nature of their resistance. Panel B indicates that all colonies
emerging within the ZOIs were phenotypic resistors. Data taken from a total of 24 plates (2
plates per trial for two amounts of RIF 720 and 1440 μg tested for each strain). 3 trials were
completed in total.

Analysis of the type of resistance the colonies arising within the ZOI displayed was

conducted as described in Section 3.2.4.1 and revealed an extremely interesting finding. As

seen in Figure 20, plating cells at time point zero resulted in no genotypic resistor generation.

Instead, every arising colony exhibited reversible phenotypic resistance. This finding in

conjunction with what was observed in Table 8 indicated that perhaps there is a specific

time-frame at which the RIF concentration gradient is ideal for the generation of genotypic

RIF resistors. The observation of only phenotypic resistance may also be in part due to the

selection of clumps, in which there is likely to be a mix of cell populations, which would

present as phenotypic resistors when re-plated on 36 μg/mL of RIF. An example of this may

be seen in the bottom red circle of Panel 1, Figure 20. Nonetheless, as indicated by Figure 16,

cells plated close to the central disc may experience antimicrobial concentrations up to 5x

MIC. Such findings provide supporting evidence for the hypothesis that the exposure of

mycobacterial cells to RIF higher than its MIC value favours the emergence of phenotypic

resistance.88 However, given that the window of time between time point zero and day six
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post set-up is rather large, I wished to identify the time point at which mutant generation is

first observed.

3.2.5.1 Plating cells 30 hours post experiment set-up generates the largest

frequency of genotypic resistors
As previously mentioned, comparison of Panels A and B in Figure 16 indicates that the rate

of change in the RIF concentration gradient appears to slow down between hours 30 and 50

post experimental set-up. During this 20 hour time frame, the rate of RIF change at any given

point on the plate is relatively slow, at times resulting in no change. Given this observation, I

plated cells 30 hours post experimental set-up and analysed the type of resistance displayed

by the emerging colonies (Figure 21).

Figure 21. Plating cells at hour 30 post experimental set-up generates the highest
frequency of genotypic RIF resistors. Comparison of panels A/C to B indicates that plating
cells 30 hours post-experimental set up provides the best outcome for genotypic resistor
generation. Plating cells 114 hours prior to complete gradient stabilisation, resulted in the
generation of 11 genotypic RIF resistors vs the 5 observed when cells were plated at hour
144. Data taken from a total of 24 plates (2 plates per trial for two amounts of RIF 720 and
1440 μg tested for each strain). 3 trials were completed in total.
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As seen in the centre panel of Figure 21, plating cells 30 hours post experimental set-up

generated the highest frequency of genotypic RIF resistors thus far, although the numbers are

too small to reach statistical significance. Particularly, the stochastic nature of mutant

generation may result in more mutants in one culture than in others. Interestingly, when

compared to time point zero, the frequency of phenotypic resistors also decreased from 25 to

14. Comparison of all three plating time points together, indicates that there is likely a sweet

spot somewhere between hour 30 and hour 144 in which the concentration gradient of RIF is

the most ideal for the isolation of genotypic resistors. However, one must also consider the

possibility that the mutants isolated in panel B may be a mixture of both de novo RIF mutants

arising from a small window of pro-mutagenic sub-MIC exposure and pre-existing mutations

which stochastically arose during culture grow up that have now been selected for.

Particularly, the stochastic nature of mutant generation may result in more mutants in one

culture than in others. Considering this, it is plausible that plating on a stable gradient

produces colonies in which pre-existing mutations have been selected for, whilst plating on a

changing gradient provides a small time frame in which mutation rate is elevated and de-novo

generation as well as phenotypic resistance may develop. Notably, the dynamic exposure to

antimicrobial concentrations much higher than the MIC value is greatly reminiscent of what

cells within the body are likely to be observing following treatment.92

The traditional plate-based assays previously mentioned fail to incorporate this dynamic

exposure, given that once plated, cells are exposed to a constant stress (i.e. a set antibiotic

concentration).81 Given that this assay delivers a shifting antibiotic concentration gradient as

the stressor, the range of RIF concentrations to which the cells are exposed allows us to better

model the ‘waves’ or changing levels of antibiotic exposure cells within different body niches

are likely to experience i.e. intracellular bacteria (cells trapped within phagosomes),

extracellular bacteria (cells trapped within granuloma) and bacteria which are not confined in

any way.92 Additionally, by spatially mapping out these varying concentrations, any colonies

which grow within the ZOI and either do or do not map back to a clinically relevant RIF

resistant mutation provide a deeper understanding into the complex relationship between the

concentration of antibiotic exposure, the nature of the exposure and the type of resistance

generated.

This novel assay not only provides a quick and simple method to generate both genotypic and

phenotypic resistors but does so in a way which is more biologically relevant than traditional
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plate-based assays. Most importantly, an assay such as this shows great potential as a novel

tool for investigating various combination treatments and identifying which co-antibiotics

might possess the ability to disrupt this gain of phenotypic tolerance. Given this exciting

development, I then wished to investigate the antimicrobial-cell interactions occurring within

the ZOI. By further deepening my understanding of how antibiotic exposure may select for a

particular type of emergence, I may be able to create a few rules to aid in both identifying

RIF resistant mutants and monitoring the effectiveness of other inhibitors in their ability to

disrupt the development of phenotypic tolerance.

3.2.6 When plated at time zero, cells at the edge of the ZOI do not experience

antibiotic concentrations equal to MIC for 18 hours post plating
Analysis of Figure 20 indicated that perhaps cell exposure to antimicrobial concentrations

higher than the MIC value favours the emergence of only phenotypic resistors. In order to

gain a deeper understanding into why this may be occurring, RIF concentrations at the edge

of the ZOI (identified through previous experiments to be 16.8 mm) were monitored

quantitatively as described in Section 3.2.3. Filter discs loaded with 1440 μg of RIF (a

sufficient amount to yield the highest testing concentration of 72 μg/mL when diluted into a

20 mL plate) were placed on top of plain agar plates and the diffusion was measured at

various intervals from time zero to sixty hours post experimental set-up. Figure 22 indicates

the concentration of RIF at the edge of the ZOI created when cells are plated at time point

zero.
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Figure 22. Between plating at time point 0 and selection of colonies 3 days later, the RIF
gradient at the edge of the ZOI changes significantly. Panel A depicts the changing RIF
gradient across the entire plate between time point 0 and 3 days later when emerging colonies
were picked. The photos above the graph depict which area of the plate the x axis is
representing. Panel B depicts the changing rifampicin at 16.5mm only (the edge of the ZOI,
measured from the centre of the filter disk) and follows change in this single location over 60
hours. All experiments were performed in triplicate, mean values were plotted with errors
bars representing the standard deviation of the measurements.

Figure 22 (panel A) clearly indicates that between the time the cells are first plated and when

the colonies emerge and are picked there is a significant change in the RIF concentration at

the edge of the ZOI. At the point at which the colonies are picked, the RIF concentration has

increased by 125 μg/mL (3.4x MIC). Interestingly, cells within the lawn just on the outside of

the ZOI only experience a RIF increase of 57 μg/mL (1.5x MIC), whilst cells plated close to

the central disc where there is no growth experience a RIF increase of 175 μg/mL (4.8x

MIC). Evidently, the ZOI represents an area in which there is a gradient spanning 3-5x MIC.

Panel B indicates that cells at the ZOI experience 1x MIC by 18 hours after plating, which is

relatively slow when considering the generation time of M. smegmatis is 3 hours. By the time

the cells have been exposed to any potentially lethal amount of RIF, they have already gone

through 6 rounds of replication and have only been exposed to sub MIC levels of rifampicin.

Plating at time point 0 led to all 25 emerging colonies being phenotypically resistant (Figure
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21, panel A). This in conjunction with findings from Figure 22 provide further evidence that

exposure to high MIC levels typically favours the development of phenotypic resistors. The

slow rise in exposure to antibiotic (Fig 22, panel B) offers key insights into the importance of

the initial interaction between cells and an antimicrobial compound. It may very well be

postulated that although the overall change in RIF between time 0 and 3 days is significant,

the initial slow exposure to that increase, as the RIF diffuses outwards, allows the cells a

window in which to adapt so that they may withstand a larger antibiotic stress in the future. In

this time, cells may switch metabolic states or up-regulate proteins that facilitate their

survival and growth under subsequent higher concentrations of RIF. It is likely that the nature

of the initial interaction plays a greater role in the type of resistance which emerges. These

findings may be a cause for concern, considering a similar wave of antibiotic stress occurs

within the body whereby RIF plasma concentrations have only shown to increase to 1x MIC

and above MIC levels 7 hours post ingestion.92

3.2.7 Plating at hour 30 post experimental set-up increases the ZOI and changes

the experience of cells at the edge of the boundary
From the experiments discussed in Section 3.2.5.1, and as can been seen in Figure 23 (panel

A), when cells were plated 30 hours post experimental set-up, there was an increase in the

ZOI by 8.2 mm.

Investigation at the new boundary in a similar fashion to Section 3.2.6, reveals an entirely

different experience for cells growing within that region. As can be seen in Figure 23 (panel

B), cells plated at the previous ZOI (16.5mm) are immediately exposed to a RIF

concentration of 75 μg/mL (2x MIC) which increases to 125 μg/mL (3.4x MIC) over 3 days.

Compared to the previous set up, cells within this region do not have the window of

opportunity in which to undergo metabolic switching. Immediate exposure to greater than 1x

MIC results in cell death. At the new edge of the ZOI (25 mm) cells are plated on 3 μg/mL of

RIF which is significantly below 1x MIC. Over 72 hours (102 hours total post experimental

set-up), the change in the RIF gradient at this location is much less rapid than seen in Figure

X13, with an increase in RIF concentration to only 48 μg/mL (1.3x MIC). The relatively slow

change in concentration may be explained by Figure 16 (panels A/B) which depicts a

somewhat slow change in the gradient between hour 30 and hour 50 as the rate of change

decreases temporarily to almost zero. Comparison of Figures 22 and 23 indicate that despite
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both having an initial exposure to sub-MIC levels of antibiotic, the rate of RIF gradient

change was much faster when cells were plated at time point zero. In the same time frame

that cells plated at time point zero experienced an increase in RIF concentrations from

sub-MIC to 3.5x MIC, cells plated at hour 30 experienced an increase in RIF concentrations

from sub-MIC to only 1x MIC. It can therefore be concluded that cells at the edge of the new

ZOI were experiencing sub-MIC concentrations of RIF much longer than cells plated at time

point zero.

Figure 23. Between plating cells 30 hours post experimental set up and selection of
colonies 3 days later (hour 102) the change in RIF gradient is less drastic. Panel A
highlights the increase in the ZOI when cells are plated at time point 0 and 30 hours post
set-up. Panel B depicts the changes to the RIF gradient across the entire plate during the 3
days it takes for colonies to begin emerging. All experiments were performed in triplicate,
mean values were plotted with errors bars representing the standard deviation of the
measurements.
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This observation sits well with other studies that have shown exposing cell populations to

antibiotic concentrations equal to or less than the MIC is more likely to generate genotypic

resistance either through increased mutagenesis or greater selection of pre-existing

mutations.91 These conclusions are further supported by Figure 21 (panel B) in which an

increase in RIF mutants is seen between hour 0 and hour 30. Additionally, the larger ZOI

generated from plating at hour 30 now includes a RIF gradient that spans 4x-1x MIC as

opposed to the previous smaller ZOI in which RIF concentration only spanned 5x-3x MIC.

Evidently, a larger ZOI with a wider gradient of MIC is more beneficial for my purpose of

attempting to generate mutants using a wide range of concentrations in a single plate assay.

3.2.8 Plating at hour 144 post experimental set-up creates a kill zone that spans

1x - 4x MIC similar to a kill zone created from plating at 30 hours
In accordance with the trend noted in Figure 23 (panel A), plating cells at day 6 post

experimental set-up resulted in an even larger ZOI of 35 mm (Figure 24, panel A).

Similar to Sections 3.2.6 and 3.2.7, analysis of the changing RIF concentration at the edge of

a larger ZOI (35 mm) reveals that cells in this region are plated on 2 μg/mL of RIF,

substantially below 1x MIC. Over 72 hours (216 hours total post experimental set-up), the

change in the RIF gradient at this location is assumed to be relatively slow, in line with

observations of little to no change between hour 144 and hour 163. From the time of plating

to the time of picking colonies, the RIF concentration only increases to 50 μg/mL (1.3x

MIC). Again this slow change may be explained by Figure 16 (panel D) which indicates that

at hour 163 the concentration gradient shows stabilisation. As there is only a 19 hour window

from when the cells are plated to the time at which the gradient was last tested, it is safe to

assume that the rate of change will be slow.

51



Figure 24. Plating cells hour 144 post experimental set-up shows a similar trend to
plating 30 hours post set-up. Panel A depicts the increase in ZOI when cells are plated at
time point 0, 30 hours and 6 days post experimental set-up. Panel B depicts the changes to the
RIF gradient across the entire plate during the 3 days it takes for colonies to begin emerging.
All experiments were performed in triplicate, mean values were plotted with error bars
representing the standard deviation of the measurements.

Cells at the ZOI when plated at time point zero experienced an increase in RIF from 0-125

μg/mL μg/mL in an exponential wave (Figure 22). Cells at the ZOI when plated at hour 30

experienced an increase in RIF from 0-50 μg/mL in what is also expected (but not tested) to

be an exponential exposure. However cells at the ZOI when plated at hour 144, are

experiencing 36 μg/mL from the moment of plating. This concentration then increases slowly

by only 15 μg/mL. Although currently undetermined, based on findings from Figure 24, it

may be safe to assume that the change in RIF concentration from there on is minimal,

potentially reaching a max of 54 μg/ml or 1.5x MIC.
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Similar to what was observed in Figure 23, cells at the edge of the ZOI experience an initial

slow exposure to sub-MIC levels of antibiotic which gradually increases to but does not

exceed 1.3x MIC. Further comparison of the two figures reveals a similar gradient spans the

ZOI. Despite the size of the ZOI, Figure X15 reveals the RIF concentration to span 1x - 4x

MIC, similar to what was seen with a smaller ZOI of 27 mm. Evidently, waiting to plate at

day 6 may not be required considering the kill zones produced at day 6 and hour 30 include

the same 1x - 4x MIC gradient. This finding supports the hypothesis made in Section 3.2.5.1

where I reasoned that there is perhaps a sweet spot between hour 30 and day 6 for generating

the largest number of genetic mutants.

3.2.9 Sequencing the rpoB gene of rifampicin resistant colonies reveals a wide

spectrum of mutations

As previously described in Section 1.9, RIF targets bacterial DNA-dependent RNA

polymerase by binding to the rpoB encoded β subunit of the polymerase, creating a stable

drug-enzyme complex and blocking RNA elongation.63 Mutations within the rpoB gene and

therefore the structure of the β subunit underlie the emergence of RIF resistance.63 Studies

conducted by Jin and Gross (1988) in the rpoB gene of E. coli identified three major mutation

clusters between codons 507-533, 563-572 and at codon 687 respectively.93 A vast majority

of known mutations however occur within an 81 base pair region in cluster I, termed the

rifampicin resistance determining region (RRDR).94 Regions of rpoB in which mutations are

most likely to make a phenotypic difference are commonly conserved across organisms.94

Hetherington et al. (1995), found that of the 3,752 bases within M. smegmatis rpoB that they

sequenced, there was 85% identity with M. tuberculosis rpoB.95

In order to further validate and evaluate the effectiveness of my assay in generating genotypic

resistors, I wished to sequence and analyse the rpoB gene for mutations. To do so, a section

of the rpoB gene containing the RRDR was amplified by PCR and purified. A reverse primer,

90 base pairs outside of the RRDR was utilised for sequencing as stated in Section 2.1.3.

Sequencing was performed by Kristine Boxen at the University of Auckland Genomics

Centre and generated sequences were aligned using BLAST against the M. smegmatis

genome sequence (taxid:1772) to check for the presence of any mutations. A phenotypic

resistor identified from a previous experiment was sequenced and analysed as a control. As
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expected, there were no changes within the DNA sequence, indicating that the emergence of

this colony within a ZOI was likely due to its ability to adapt to antibiotic stress through short

term changes such as reversible cell cycle arrest or regulation of cell wall exporters rather

than a heritable change within its genome.

Following this, two wild-type genotypic resistors harvested from plates loaded with 720 μg

and 1440 μg of RIF and two rnhA knockout genotypic resistors harvested from plates loaded

with 720 μg of RIF were sequenced (Table 9).

Table 9. Summary of mutations generated across wild type and rnhA KO strains. The
left column indicates the codon change and the position at which the change occurred. The
central column indicates the amino acid change which occurred as a result of the nucleotide
change. The right column indicates the equivalent mutation in M. tuberculosis where
applicable. Amino acid changes highlighted in yellow indicate silent mutations, where the
nucleotide change did not result in a new amino acid substitution.

Each genotypic resistor sequenced had multiple mutations within the rpoB gene. Out of the 8

different mutations identified across both of the strains, 4 mutations were located within the

RRDR (codons 378-385) whilst 4 mutations were located outside the RRDR (codons

412-457). Of the 2 different silent mutations generated, R381R appeared in both the wild type

and the rnhA knockout strains. S385F and H442P both represent clinically relevant

mutations, the corresponding M. tuberculosis mutation for which have been listed.
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Figure 25. Schematic representation of the approximate location of each mutant
identified in Table 9. Green squares represent silent mutations, grey squares represent new
mutations which do not have clinical relevance and orange squares represent clinically
relevant mutations. Four mutations occurred within the RRDR and four mutations occurred
outside the RRDR.
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4. Discussion

4.1 Slow exposure to Rifampicin drives the emergence of adaptive
resistance

An interesting observation made in Chapter 3 was the selection of only phenotypic RIF

resistant colonies when cells were gradually exposed to rifampicin concentrations up to 5x

MIC (Section 3.2.5, Figure 21). Gradual increases in antibiotic pressure have been linked to

the emergence of adaptive resistance in which the rapid emergence of resistance is then

equally rapidly reversed to a non-resistant phenotype as soon as an antibiotic stress is

removed.80,88 Extensive environmental changes, as seen with the dynamic RIF gradient, are

capable of generating both unstable metabolic changes and more permanent adaptations seen

as phenotypic and genotypic resistors respectively.96-98 Recent studies have identified factors

such as epigenetic activity, heterogeneity in gene expression patterns and accidental gene

expression as potential drivers of adaptive resistance.96-98 Studies performed in E. coli found a

direct correlation between variability in the expression of Mar/AcrAB efflux pumps and the

emergence of adaptive resistance to nalidixic acid.96 Additionally, the literature proposes that

methylation drives epigenetic-mediated adaptive resistance.99 Elevated expression of DNA

adenine methylase (DAM) in E. coli for instance has been linked to a 5-fold increase in the

survival rate of cells when they were placed under antibiotic stress.98 M. tuberculosis possess

three adenine methyltransferases (MamA/B and HsdM) of which a homolog of MamA has

been identified in M. smegmatis.100 It is plausible that MamA activity could be responsible for

the heterogeneity in gene expression profiles and be a driver of increased mutation rates

typically seen in methylated genes. Furthermore, the speed at which the resistant phenotype

reverts back to the non-resistant phenotype (less than 24 generations in M. smegmatis) once

the antibiotic stress is removed from the surrounding environment again hints at the

possibility of underlying epigenetic modifications.96-98 The overarching issue with epigenetic

modifications occurring early within the transcriptional processes is that they allow the

bacterial population to withstand antibiotic stress long enough that they may eventually

develop a more long term, effective resistance i.e. through stochastic events.96-98 As evident

from the results discussed in Sections 3.2, the nature by which the antibiotic pressure is

applied (slow, gradual increase from sub-MIC to 5x MIC or rapid increase from 1x MIC to

5x MIC) dictates the type of RIF resistance which emerges. It may be postulated that the

faster changing RIF gradient did not allow epigenetically modified phenotypic resistors
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enough time to acquire permanent, heritable resistance, whilst the slower-changing RIF

gradient did. Heterogeneity in gene expression profiles has also proven to mediate the

emergence of adaptive resistance even in the absence of an environmental stimulus.96-98

Sánchez-Romero et al. (2014), noted the possibility of cell-cell fluctuations which may

preadapt select cells within a culture to later survive a lethal antibiotic pressure.97 These

‘lucky’ survivors may then generate sub-populations of cells displaying increased antibiotic

resistance.97 Phenotypic heterogeneity within an isogenic population is thought to arise as a

consequence of stochastic events in the absence of environmental cues, pre-programmed

epigenetic events or gene amplification which may occur randomly within a small subset of

cells.96-98 Although the field of adaptive resistance is relatively unexplored, there is certainly

strong evidence to suggest that a mixture of epigenetic modifications, heterogeneity in gene

expression, stochastic mutations and variable regulation of efflux pumps all contribute in

some manner to the overall emergence of phenotypic resistors.96-98 Unfortunately, even with

the identification of these factors it is unlikely that the emergence of adaptive resistance may

be fully eradicated or even stalled within the near future. Consequently, it is important that

the phenomena of adaptive resistance be considered when designing novel treatment

regimens. A closer inspection of M. smegmatis methylation patterns may provide further

evidence for the hypothesis stated above.

An additional point of discussion with regards to the experiments carried out in Section 3.2 is

the incubation of the plates at room temperature (24℃) whilst the RIF was allowed time to

diffuse outwards. Once cells were plated (hour 30 and hour 144) these plates were incubated

at 37℃ for a further 72 hours. Currently there is limited data published describing the effect

temperature may have on the overall effectiveness and accuracy of a disc diffusion assay.

Previously, Said et al. (2018) have evaluated the effect temperature has on the size of the ZOI

generated using E. coli.101 They cited no significant differences in the effectiveness of the

assay between temperatures 30℃-37℃.101 Additionally, of the several antibiotics tested

against E. coli they only observed a change in the resistance profile of gentamicin between

25℃-44℃.101 Theoretical correlation testing revealed no change in the diameter of the ZOI

when cefotaxime was tested at a range of temperatures from 0℃ to 65℃.101 Michel and

Basslaert have previously reported that the ZOI diameters may differ by 7 to 8 mm across

incubation temperatures of 22℃ and 37℃, however the resistance profile is unlikely to

change.102 Importantly, both studies indicate that there seems to be an antibiotic specific

response to changing temperatures.101,102 It is not known whether incubating RIF at a higher
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temperature has a significant effect on its diffusion rate or not. For the purpose of the

experiments conducted in Section 3.2 it was assumed that the temperature effect was

minimal. Future work should compare gradient stabilisation at room temperature with

gradient stabilisation at 37℃. It is plausible that setting up the gradient at a higher

temperature may lead to larger ZOI which may encompass a wide range of MIC values

earlier following set up. This would shorten the waiting time between loading a filter disc

with RIF and plating cells in a time frame which will favour genotypic resistor formation.

4.2 Exposing cells to a changing antibiotic stress provides a better mimic
for drug action within the body

As discussed briefly in Section 3.2, mutant selection typically occurs by plating an organism

on antimicrobial concentrations many times the MIC value i.e. 1x, 2x, 5x, 10x and 20x.76 In

the assay I developed, mutant generation occurred while the antimicrobial stress was being

actively applied i.e sub-MIC stress moving to MIC or much higher. As shown in Section

3.2.6, Figure 22 this resulted in growth stasis within a small sub-population of cells but not

death eventually leading to the emergence of RIF resistance. Evidently a major set-back of

the traditional set-up is that by only applying a singular kind of antibiotic stress i.e. only

plating cells at 20x MIC, the assay fails to accurately mimic the patterns of RIF exposure

mycobacterial cells within an infected person’s body experience.92 In reality, mycobacterial

cells within a bodily context experience a mix of both evolving antibiotic stress (where there

are changes from sub-MIC to MIC and beyond MIC) and static antibiotic stress similar to a

traditional plate set-up.92 Of course the relationship between drug intake and drug

concentration at the target site is one which is both dynamic and complex. A report on the

clinical pharmacokinetics of rifampicin stated that repeated administration of RIF resulted in

a decrease of its half life and serum concentrations over time until an equilibrium was

reached.92 The values at this equilibrium were lower than the values recorded following a first

dose.92 Figure 26 illustrates plasma RIF concentrations following a single oral dose in six

subjects over 2 consecutive days.92 Evidently, ingesting RIF on an empty stomach results in a

rapid sharp increase in plasma RIF concentrations followed by a gradual decrease.

Alternatively, ingesting RIF on a full stomach results in a gradual increase in plasma

concentrations. Regardless of the context in which the drug was taken it is observed that RIF

plasma concentrations are initially greater than the M. tuberculosis 1x MIC value of 1 μg/mL
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(9x MIC in day 1 and 2x MIC in day 2). In both cases, RIF plasma concentrations decrease to

sub-MIC within 8 hours.

Figure 26. Plasma rifampicin concentrations following administration of a single oral
dose of 450 mg in six individuals across 2 consecutive days. Coloured circles represent
dosage on an empty stomach whilst clear circles represent dosage on a full stomach. The MIC
for M. tuberculosis is 1 μg/mL as indicated by the red line. Figure modified from Acocella et
al., 1978.92

The correlation between this finding and the findings in Section 3.2.7, Figure 23 and Section

3.2.8 Figure 24 in which a prolonged exposure to sub-MIC resulted in the emergence of

phenotypic resistors is both interesting and cause for concern. In order to prevent a prolonged

exposure to sub-MIC levels between RIF doses, infected individuals would need to take

multiple doses of RIF daily. Considering the current treatment schedule restricts RIF

administration to a single daily dose capped at 600 mg it may be postulated that the dosing of

RIF itself is indirectly contributing to the rise of adaptive resistance subsequently increasing

the likelihood of downstream genotypic RIF resistor formation.

An additional factor to consider is the effects of drug metabolism. Figure 27 illustrates the

serum concentrations of RIF in six individuals given a single 600 mg dose each day for a

period of two weeks.92 It is evident from the figure that the serum concentrations of RIF day

one of treatment are markedly higher than the serum concentrations at day 14. Specifically,

the figure indicates that with each repeated dose, the RIF is metabolised quicker by the body.
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This results in a smaller peak serum concentration of RIF (day 1: 22 μg/mL, day 14: 12

μg/mL) and a shorter time frame between the peak and the time at which serum

concentrations fall below MIC of 1μg/mL.92

Figure 27. Serum rifampicin concentrations at specified intervals over 14 days in six
individuals treated with a single daily dose of 600 mg RIF. Graphs are plotted with the
mean values, error bars represent the standard error. Figure modified from Acocella et al.,
1978.92

If only day 14 is considered, again it is evident that despite mycobacterial cells experiencing

a RIF concentration close to 12x MIC for 2 hours, there is a relatively fast drop off to

sub-MIC. Similar to the conclusions drawn previously, the long exposure to sub-MIC levels

of RIF between the different dosages is likely to contribute to emergence of adaptive

resistance.91 Most importantly however, both Figures 26 and 27 confirm that traditional

mutant selection does not accurately account for the dynamic interactions occurring between

RIF and mycobacterial cells within the body.92 By plating cells on a changing gradient

however, I was able to better mimic the pharmacokinetics of RIF and expose cells to a

dynamic selection pressure.

4.3 The range of MIC values captured in a larger ZOI mirror the
conditions found within cavitary lesions

Sections 3.2.7 (Figure 23) and 3.2.8 (Figure 24) discussed that plating cells either 30 hours or

144 hours post experimental set up generated large zones of inhibition (25 mm and 35 mm

respectively). These zones were sufficient in size to capture a range of antibiotic

concentrations typically spanning 1x - 4x MIC. A key finding within my investigation,

supported by Figure 21, was the generation of both phenotypic and genotypic resistors within

the same zone, dependent on where the colony emerged. The same report by Acocella et al.
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(1978) observed the concentrations of RIF within tubercle cavitary fluid of an individual

undergoing continuous RIF treatment for a week (Figure 28).92

Figure 28. Rifampicin concentration found within tubercle caitary fluid of an individual
on continuous antibiotic treatment. Figure modified from Acocella et al., 1978.92

Comparison of Figure 28 to both Figures 23 and 24 provides further evidence for the

hypothesis stated in Section 3.2.5.1 where it was postulated that perhaps there is a sweet spot

between hour 30 and hour 144 for generating the largest number of genetic mutants. A rather

exciting observation which can be made here is that the range of 1x - 4x MIC that spans the

larger zones of inhibition, forms a rather strong parallel to the range of MIC seen with a

cavitary lesion. The smaller zones of inhibition generated from plating cells at time point

zero, as one would do in a traditional disc diffusion assay, are unable to capture this range of

concentrations and therefore represents a poorer mimic of RIF-mycobacterial cell interactions

within the body. Once again it may be concluded that the assay developed in Section 3.2

provides a better mimic for drug action in a body context. Future work may aim to

specifically compare the exact locations phenotypic and genotypic colonies emerge within

the same ZOI so as to further understand the complex relationship between antimicrobial

exposure and the type of resistance generated.

4.4 The spectrum of mutations generated encompass a mix of clinically
relevant and laboratory mutants

Section 3.2.9, Table 9 revealed a histidine to proline substitution at codon 442 (H442P) in the

wild type strain. Jain et al. (2007), have previously reported this mutation by plating wild
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type M. smegmatis on 50 μg/ml (1.3x MIC).103 Additionally, Koch et al. (2014), have

identified the equivalent histidine in M. tuberculosis at position 526 to be frequently mutated

in RIF resistant isolates.104 The alignment of E. coli and M. tuberculosis β-subunit RIF

regions reveals H526 to be conserved across both organisms.105 This amino acid has also

been shown to directly interact with RIF within the T. aquaticus RNAP.105 Considering the

high level of conservation, it is highly likely the M. smegmatis and M. tuberculosis histidines

also directly interact with RIF. As proline lacks an amide proton, its main chain amide is

unable to form hydrogen bonds.106 In addition to its rigid pyrrolidine ring restricting the main

chain dihedral angle close to -65°, proline has also been shown to restrict the conformation of

preceding residues within a protein sequence.106 Consequently, the substitution of proline in

place of histidine may result in destabilisation of the protein, resulting in major changes in its

interaction with the binding RIF.106 Importantly, there is evidence which suggests a histidine

to proline mutation may be of clinical relevance. Williams et al. (1998) report the H526P

M. tuberculosis mutation to be linked to four clinical cases of RIF resistant TB infection in

Japan, Peru and the United States.107 Identification of a clinically relevant mutant is exciting

for future work where it would be useful to evaluate whether this mutant is more or less

resistant to RNase HI inhibitors and whether the RIF resistance may be reversed.

Table 9 further reveals a serine to phenylalanine substitution within the RRDR of the

M. smegmatis wild type strain at codon 385. Sinha et al. (2020), observed a similar

substitution within the RRDR region of M. tuberculosis at codon 531, describing it as new

mutation.108 Although Williams et al. (1998) have reported a clinical case of RIF resistant

M. tuberculosis carrying the S531F mutation in the United States, this mutation appears to be

rather rare.107 Alignment of E. coli and M. tuberculosis RNAP indicates the serine at position

531 to be directly involved in interactions with RIF.105 Phenylalanine has a large hydrophobic

side chain, whilst serine has a small polar side chain. Substitution of phenylalanine in place

of serine may therefore lead to RIF resistance due to the larger side chain physically blocking

RIF binding to RNAP. Similar to the H442P mutation, as there is some evidence of this

mutation within the clinic, further RNase HI inhibitor testing on this mutant would be

beneficial in providing stronger evidence of synergy between RIF and RNase HI inhibition.

A look at the mutations arising within the M. smegmatis rnhA knockout strain revealed a

phenylalanine to leucine mutation at codon 421. Sinha et al. (2020), have identified a similar

mutation in codon 506 within the M. tuberculosis rpoB gene describing it as a new
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mutation.108 An additional similarity between the two is that they both lie outside of the

RRDR. There is no current evidence suggesting this mutation is of clinical relevance.

Similarly, the substitution of glutamate with lysine at codon 457 found in the rnhA knockout

strain, the arginine to proline mutation at codon 412 and the asparagine to isoleucine

mutation at codon 378 in the wild type strain (Table 9) all appear to be new mutations with no

current literature citing any similar mutations within either M. smegmatis or M. tuberculosis

strains. Despite not having any clinical relevance, it may be interesting to further investigate

these ‘laboratory mutants’ and observe by how much their resistance towards RIF has

increased.

In addition to what has previously been discussed, Table 9 validates the effectiveness of my

assay. Not only did the single plate assay allow me to select for both genotypic and

phenotypic resistors, but of the genotypic resistors selected, a wide spectrum of mutations

both in and outside of the RRDR were generated. Furthermore, these mutations represented

both clinically relevant and rare genotypic mutations. Its ability to generate clinically relevant

mutations provides further evidence for the conclusions reached in Section 3.2.5.1 in which I

stated this assay may provide a better representation of what Mycobacterial cells within an

infected person’s body may experience. Alternatively, the appearance of rare mutations which

may not have any clinical relevance, may be further investigated to determine the effects

specific amino acids have on the emergence of RIF resistance.

As this assay has now been validated, future work would involve testing of the NSC

compounds in a similar fashion to determine the presence of any mutations towards RNase

HI. The mutants which have been collected from this assay may also be further investigated

in terms of sensitivity to RIF and potential synergy with RNase HI inhibitors. Testing mutant

generation with the RNase HI inhibitors would of course require a much larger quantity of

mutants to be generated and sequenced in order to provide strong evidence that RNase HI is

in fact the true cellular target of the previously identified NSC compounds.
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Conclusion

The primary aim of this research project was to validate RNase HI as a candidate drug target

by gaining valuable insight into the cellular consequences of RNase HI inhibition.

Specifically, we wished to create a screening tool, which may investigate both the ability of

RNase HI inhibition to prevent mutagenesis towards rifampicin resistant strains and its ability

to re-sensitise rifampicin resistant mutants to rifampicin treatment. A requirement of this new

screening tool was that it use minimal amounts of antibiotic, so that it may be advantageous

when testing inhibitory compounds that are currently limited in supply.

I successfully developed a novel diffusion based agar plate assay in which the antibiotic

stress applied to the cell population evolved over time to produce a gradient of concentrations

that spanned 1x-4x MIC within a single plate. A detailed investigation into the process of

gradient stabilisation across the plate by qualitatively tracking rifampicin movement revealed

a complex relationship between the length of time a cell is exposed to antibiotic selection

pressure, the strength of that selection pressure and the type of resistance that emerges within

the cell population i.e. phenotypic resistance: in which cells display short-term, reversible

metabolic changes or genotypic resistance: in which a cell’s genome undergoes a permanent

change that facilitates its survival at high antimicrobial concentrations. More specifically, it

was revealed that the nature of the initial interaction between cells and an antibiotic may

dictate the type of resistance which emerges regardless of what happens downstream of this

interaction. For instance it was revealed that when cells were plated at time point zero

(generating only phenotypic resistance) cells experienced a rapid change in antibiotic

selection pressure from sub-MIC to 4x MIC over 3 days. In contrast, cells plated at hour 144

(where a mix of both genotypic and phenotypic resistors arose) experienced an incredibly

slow change in the antibiotic selection pressure from just slightly below 1x MIC to slightly

above 1x MIC over 3 days. Evidently, the key difference here is the initial plating: sub-MIC

in the latter case and over MIC in the former case. It is postulated that perhaps plating cells

on sub-MIC provides cells the correct amount of stimulation to speak so that they may

change their metabolic processes and upregulate survival tools such as drug efflux pumps

which buys them additional time downstream in which to accumulate more permanent,

heritable resistance through stochastic events.

In accordance with the second objective, the novel diffusion based agar plate assay was

capable of generating a spectrum of rifampicin resistant mutations which could be mapped
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back to the rpoB gene. The assay was able to successfully generate clinically relevant

rifampicin mutants namely H442P and S385F. The equivalent mutations in M. tuberculosis

are H526P and S531F respectively. This result was significant in validating the assay, as

H526P is a common mutation seen in the clinic. Additionally, the assay generated some new

‘laboratory’ mutations that had not been reported by other studies nor had been recorded in

the clinic. The significance of these findings is that future work may investigate these

mutants for changes in sensitivity when treated with a combination of RNase HI

inhibitors/rifampicin and rifampicin alone. Additionally, the successful generation of rpoB

mutants indicates that this assay is capable and will be useful for generating mutants towards

RNase HI inhibitors in the future. In doing so the assay would aid in determining their

cellular target. The quick and inexpensive nature of this assay additionally allows the utility

of this assay to be extended to a range of other antibiotics and organisms.
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