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Abstract

Tuberculosis is an ancient menace causelllyigobacterium tuberculos{®. th). Nearly, 1.4

million lives are claimed due to this diseasnnually. Upon infectioriyl. tb is engulfed by

al veol ar macrophages to form a granul oma as
the infection. The conditions within the granuloma are hostile which can cause DNA damage
resulting in spontaneous mations, drug resistance or leading to cell death. However,
mycobacteria have several repair pathways including the base excision repair (BER) pathway
which is important for repairing damaged single nucleotides for continued growth and
maintenance of genamintegrity. DNA glycosylases are the first enzymes in the BER pathway
that recognize and excise damaged nucleotides. Previous work has shown that endonuclease
[l (nth) has antimutator properties and a synergistic relationship with the two endonuclease
VIII (nel) homologs in maintaining mycobacterial genome stability under oxidative stress
conditions.

However, DNA repair deficiency may not be the only driver of mutagenesis in mycobacteria.
Mycobacteria require oxygen for metabolism and therefore, under oxigpeted
environments growth dfl. tb will cease.M. tb can also alternate between energy patysv

and upregulate specific genes of the electron transport chain (ETC) under hypoxic conditions
thus, enhancing the survival of the bacteria under unfavourable conditions. Therefore, both the
BER pathway and the ETC conff. tb with the ability to toleate high oxidative stress
environments generated within the host during pathogenesis. Hence, we hypothesized that
deficiency of critical genes in the ETC pathway would exacerbate reactive oxygen species
(ROS) levels resulting in increased levels of DNA dgm that could be catastrophic in the
absence of crucial DNA repair enzymes (from the BER pathway), leading to mutagenesis and
eventually to cell death.

In this study, we aimed to generate and characterize combinatorial mutants deficient in genes
in boththe BER and the ETC pathways in the fpathogenidVl. smegmatistrain to gain an
understanding of the interplay between these two pathways in the maintenance of
mycobacterial genome integrity. Previous findings have reported that mutants deficient in
sinde genes in either of the pathways play a role in genome maintenance under unfavourable
conditions. Based on this we hypothesized that combinatorial mutants deficient in genes from
both the BER and ETC pathways when exposed to stress conditions, aréetgre Ishow

increased mutagenesis.



CHAPTER 1
LITERATURE REVIEW

1.1 TB background
Tuberculosis (TB) is an ancient menace which has tormented humankind throughout history.
It is hypothesised thahycobacteriaoriginated more than 150 million yegiBarberiset al,

2017) M. tbwas present in East Africa as early as 3 million year§@gterrezet al, 2005)

TB disease is caused . tb species, which belongs to th&lycobacteriaceadamily, the
Actinomycetalesrder andActinobacteriaphylum as shown in Figure Mohammadipanah
and Dehhaghi, 2017)he Actinobacteriaphylum consists of 6 classe6 orders, and 14
suborders (Mohammadipanah and Dehhaghi, 201Additionally, species from the
Mycobacterium genus are further classified into three major groups navhalgpacterium
tuberculosiscomplex (MAC), Mycobacterium lepraeand nortuberculous mycobacteria
(NTM) also known as mycobacteria other than tuberculosis (M@SyRes and Gunivioore,
2013)

Kingdom Bacteria

Phylum Actinobacteria

Class Actinobacteria
Order Actinomycetales
Family Mycobacteriaceae
Genus Mycobacterium

Figure 1. Taxonomic classification dflycobacteria Adapted fromMohammadipanah and Dehhaghi,
2017).

All the modern members of the MAC, including not oflly tb but its African variants
Mycobacterium africanum, Mycobacterium smegmadgcobacterium canettias well as
Mycobacterium bovijshad a common African ances{@utierrezet al, 2005) The bacteria in
theMAC are acid fas(Sevillaet al, 2015)characterised by a 99% similarity at the nucleotide
level and have almost identical 16S rRNA sequences betweer({Athemu et al, 2016)



1.2 TB epidemiology

Tuberculosis is ranked in the top 10 life threatening diseases claiming nearly 1.4 million lives
every yeat(Annabelet al, 2019) Globally, an estimated 10 million people were reported in
2019 per 100 000 populations infected with TB (Figure 2)thadlecrease in the number of
these cases has been a stming process over the yeg/HO, 2020) Based on global
statistics, approximately 56% (men), 32% (women) and 12% (children) accdontdte
number of individuals who developed T®/HO, 2020) About 8.2 % of TB infected people
were also living with Human Immunodeficiency Virus (HIV) dise@a#H0O, 2020)

However, the TB and HIV cemfection incident have merged to deliver a deadly synergy
worldwide, notably in the suBaharan African regio(Annabelet al, 2019) Approximately,

1.2 million mortality cases dfllV negative patients that are infected by TB and 208 000 cases
in HIV positive patients were document@IHO, 2020) The emergence of the HIV pandemic
has escalated the TB mortality and mortyidiate as the HIV virus compromises the host
immune system, providing an opportunity for the latent TB bacteria to cause dseaabel

et al, 2019)

South Africa ranks fourth amongst nations that have the highest TB burden due to the HIV
epidemicand living conditions of most people, making them highly susceptible and vulnerable
to the TB infectionfWHO, 2017) The South African Department of Health in 2019 reported
that the TB burden in South Africa was 36 000 for HIV positive pati@figsding, 2020)
Moreover, human mortality is escalating due to the emergence of drug resistdcpresent

TB antibiotics.
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1.2.1 Drug resistance burden

The second most significant barrier to the eradication of TB is the emergence of rapid multidrug
resistant (MDR) and extensively drug resistant (XDR) TB whiclchasedn a sharp increase

in the burden of the disease. Rifampicin resistance-TRRand MCR-TB is TB that is
resistant to rifampicin only (RRB) and resistant to both rifampicin and isoniazid, the two
most powerful first line ar{T B drugs that impels treatment with a sectind regimen(WHO,

2017) XDR-TB is a form of MDRTB resistant to at least one fluoroquinolone and one of the

injectable agents used in MDRB treatment regimens (WHO, 2016).

Statistically an estimated 3.3% of nemses and 18% of previously treated cases wer@ RR

MDR totalling to 465 000 cases worldwide in 2019 resulting in 182 000 deaths in that year
(Annabelet al, 2019) Nearly 50% of the MDRIB cases were distributed in India (27%),
China (14%) and th&®ussian Federation (8%) making these countries to carry the highest
burden of drug resistant TB (Figure 8) that year South Africa had an MDRB burden of

14 000 cases. Figure 3 shows the MDR/RRincidence cases for countries with at least 1000

cases.



(_P'PN__‘-‘/‘:'__ -
— T
— q g;\ H
Russian Federation
- el g
d -
.’E}_—_—___ - A
/ D
/ h I
!J’ - ~ \_J_ {{}“ k 1
L [ T A s
m\_"\ y ‘!-._\f
'\."'.. M | e |\ Chin
[ L »F ; ﬂ 3
\\:_ S / , Q:'
\6‘2':7 .IK | .\'i e 4]
By ),\ [ o '{} 5
g W e = - o
i \\*\‘J‘ ""I}IPI’.'-FU oo
India "\“J" \_)fw‘ -y
e, J gl Q
o Number of I L PN -
o incident cases |l
L 4
00 1000 /TN L
10000
|
i JI
100000 - L, h
] & )k
S b
v &
150 000 South Africa

Figure 3. Estimated incidence of MDR/RRB in 2019, for countries with at least 1000 incident cases
(WHO, 2020)

Due to the public health burden of TB, more knowledge on the diffarecihanisms employed
by the bacteria to cause infection and overcomes the host immune defence strategies is of need.

Hence, the transmission, clinical presentations and physiology of bacteria will be discussed.

1.3Transmission,pathogenesisand clinical presentations

1.3.1 Transmission

TB is an airborne disease that primarily affects the alveolar macrop{iayeell, 2016) TB

spreads from an infected person to a susceptible person through droplet nuclei containing the
tubercle bacilli (Turner, 2015). The droplet nuclei are transported by smnefasneezing,
coughing and close contacts talking. The average human cough bursts 1.5 um of air out of the
lungs containing about 3000 droplets of saliva at speeds of up to 80(Korfelles and
Schlesinger, 2017However, the most effective droplets to transmit the bacteriurb-afe

pm (Flagan, 2011ps droplets greater in size generally fall to the ground with gravity or get
potentially deposited in the upper airways during close contact and are therefore, less effective
in diseae transmissiofiTorrelles andschlesinger, 2017)



Transmission occurs more efficiently indoors where airflow is limited, and residents are
concentrated in a small space. Common indoor environments for potential transmission include
homes, hospitals, prisons, shelters, schools arstl )Mmades of transportatig@reswell, 2015)
Although some transmission occurs durs, the effect is less likely to cause infection
primarily due to the dilution of infectious droplet nuclei in the(@ineremisinoff, 2018Main

factors that play a role in transmission include, the source of infectiousness, cough aerosols,
nature and proximity of contact with the bacteffcuiaVillaordufia et al, 2018) As
transmission is difficult to measure, uncontrolled transmission is another factor that is

responsible for fuelling the TB epidemic.

1.3.2Pathogenesis

Inhalation of the droplet nuclei containing the tubercle bacteria is followed by the translocation
of the bacilli to the lower respiratory tract where it will encounter the alveolar macrophages.
The macrophages are the first cells to be afibtty the TB bacteria and engulf bacilli upon
interaction(Getahuret al, 2015) However, if the innate immune system (first line defence)
fails to eliminate the bacteria then the digeadl progress, and the tuberclecberia invades

the lung tissueThis route can either directly infect the epithelial cells or indirectly by
translocation of the infected alveolar macrophage across the epithelium to the lung
parenchyma. Entry to the Igrparenchyma leads to the host immune system to develop a
specific immunity, wherebW. tb-specific lymphocytes migrate to the site of infection and
accumulates to form granulom@sicholaset al, 2016) The granuloma consists offected
macrophages encased by a variety of immune cells including foamy cells, epithelicahdells
multinucleated giant cell§Suirado and Schlesinger, 201&ranulomas serve to regulate the
growth of intracellulaiM. tb and to limit the spread of the bacilli to other locations allowing
the bacteria to enter a state of latent pulmonary TB infe@@oirado and Schlesinger, 2013)
Conversely, when the granuloma has reached its maximum containment capacity, it is likely to
burst releasing the bacilli which can than infect other parts of the body to cause active TB
diseasg Ahmad, 2010)

Notably, M. tb hasemergednechanisms to evade the host immune system, which include the
prevention of phagosorrigsosome fusion, the hindering of antigen presentation and
modulating cell death pathways in macrophafé®iss and Schaible, 2015puring the
engulfment of the bacteria by the macrophage, the bacilli are stored in the phagosome which
matures by fusing with the lysosor{\&eiss and Schaible, 2015)his fusion will expose the

bacterium to hostile conditions including nutrient starvation, acidic pH, RNIs and ROS
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resulting in DNA damag@Neiss and Schaible, 201%)nder these conditiorfailure to repair
damaged DNA drives the process of mutagenesis leading to compromised genome integrity.
During TB treatment antibiotics results in the emergence of drug resistance due to mutations
in the bacterial chromosomal DNA which the bactemiéize as a survival strategy to cause

further disease.

1.3.3 Clinical presentations

When active TB occurs, the bodybés i mmune sys
of the bacteria takes place leading to the different signs and symptoms ofetom The

resultant symptoms tend to develop over a perioddW2eks, months or even yeéfanget

al., 2016) Coughs lasting for more than 3 weeks, drastic weight loss, low grade fever, night
sweats, and fgue are some of the main examples of the clinical manifestations for active
diseasd€Tanget al., 2016)

1.4 Treatment and prevention

Effective drugs were developed in the early 1940s to treat and combat the increased mortality
rate due to the TB disea$&/HO, 2017) There are foufirst line drugs (Isoniazid (INH),
Rifampin (RIF), Pyrazinamide (PZA) and Ethambutol (EMB) given to patients diagnosed with
active susceptible TB for a period of 6 months (PZA,EMB,RIF AND INH for the first two
months followed by RIF and INH only, for themaining four monthsfWHO, 2017)
However, treatment may fail due to patients not taking the medication regularly as prescribed,
incorrect diagosis, wrong dose of the drug, poor penetration of the drug to the site of infection

and use of antagonistic combination of drugs which may lead to the path for drug resistance.

With the emergence of the drug resistant TB epidemic, the drug regimeniedxtended to

9-12 months which included the addition of injectable diygslO, 2017)such as, kanamycin

(Kan), amikacin, streptomycin, capreomyand fluoroquinolones such as, levofloxacin,
ofloxacin, moxifloxacin, and gemifloxacif®WVHO, 2017) However, resistance of MDRB

strains againghe second line drugs leads to XOB (Kenddl et al, 2017) XDR-TB can be

treated with two repurposed drugs, Bedaquiline and Pretomanid which shows unprecedented
potential to effectively cure patients with second line drugs resistance (WHO, 2017).

In terms of preventative measures, there is only one licensed TB vaccine; Bacille Calmette
Guérin (BCG)which has been used for 99 yedksica and Mihaescu, 2013)evelopment of
this vaccine took about 13 yedtsica and Mihaescu, 2013lthough, this vaccine effectively

prevent disease for children from the age of 2 years to adolescence, but it is ineffective in



adults. Although research to find a vaccine that surpasses BCG is ongoing for several decades,
currently there is no developments in a vaccine for adults. Howewverasérials have been
conducted to develop TB vaccines and from the phase Il outcomes the M72/AS01E candidate
is showing promisé¢van Der Meereret al, 2018)

1.5 Host immune response to infection
Although the M. tb bacilli primarily replicate within the macrophages it can however,

disseminate into the lymph nodes due to both lymphatic and haematogenous diffusion
(Torrelles and Schlesinger, 201 This resultan multiple organs of the body being infected,
eventually giving rise to extraulmonary diseas€Getahunet al, 2015) The complement
receptors (CR1, CR2 and CR4) omatlar macrophages then recognise the bacilli triggering
the phagocytosis proce@hilips and Ernst, 2012Phagosome formation facilitates engulfing

and killing of the bacteria by increasing acidification and release of reactive oxygen and
nitrogen species, which then affect the bacterial DNA and otherromatecules
(Gengenbacher and Kaufmann, 2012)

DNA is one molecule that is constantly exposed to damage from both external and internal
factors. Damage to DNA can be caudsdseveral factors including varying wavelengths of
ionizing radiation and ultraviolet rays, highly reactive oxygen radicals and chemicals in the
environment. Moreover, there are other several modifications that can cause DNA damage
including, crosslink hkages which are lesions that are caused by UV radiation that leads to
reactive interactions that causes the DNA to form linkg@aslet and Davies, 20173ingle

or double base pair mismatches are duBN#\ bases that interconvert and single or double
strand breaks which are caused by the cell 6:
cause DNA damage by blocking the DNA replication prod€ssdet andDavies, 2017)

Hence, oxidative stress damage due to reactive radical production is the focus of this study it
will be discusedin detail.

1.6 Oxidative stress andDNA damage

Oxidative stress is the overproduction of ROS and RNIs as part of the cells host defence
mechanism to contain the infection. ROS include free andneerradical molecules such as
hydrogen peroxide, hydroxyl radical, superoxide anion, singlet oxygeimyaodhlorous acid

while RNIs include nitric oxide, dinitrogen dioxide, dinitrogen trioxide, peroxynitrous acid and
nitrosoperoxycarbonatéSharmaet al, 2012) Presence of these various types of stresses
results inuncontrolledoroduction of ROS causing progression of oxidative damage to nucleic

acids and proteins, enzyme inhibition, apoptosis and eventually ah @éittler, 2002)
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Thus, efficient antoxidative systems that scavenges or detoxify excess ROS and RNIs and
repair pathways that repair DNA damage are crucial for cell sur{ifmldahet al, 2014)
Antioxidants are compounds that can counteract unstable molecules like free radicals that cause
damage to DNA and other macromolecules of the cell. The antioxidative system for bacterial
organisms include superoxide dismutase,aghibne peroxidase and catalésénse and Pal,

2015) Since free radicals lack a full complement of electrons, normally the antioxidants then
neutralise these free radicals by giving off some of their electrons. The&idatits also serve

to remove the free radicals (ROS and RNIs) produced during cellular metabolism to prevent

cell damage due to oxidative strésimse and Pal, 2015)

Oxidative damage due to ROS can compromise thengesantegrity and consequently cause
damage to different macromolecules such as lipids, proteins, and DNA. Oxidative damage in
DNA can cause strand breakage, deoxyribose oxidation,-pigtein crosslinks and mostly
single nucleotide base modificatiofimlay and Linn, 1988)ROS affects all four nucleotides

in different ways, it converts thymine to thymine glycol which can block DNA replication
(Valerie and Povirk, 2003and can cause spontaneousdakive deamination of cytosine
resulting in uracil. Guanine is converted int@lihydro-8-oxoguanine (8xo0G) by oxidation

and adenine isoxidised the same way as the guanine base resultin@-axo-7, &
dihydroadenine as the produ@izrahi and Andersen, 1998, Wallace, 2002)

Oxidative damage is an inevitable consequence of cellular metabolism which results in
detrimental base lesion§he effects of DNA daige can lead to different types of mutations
including transversions and transitions. For instance, deamination of cytosine to uracil
produces G: CYT: A (Gedi&and Cotlins,2005while 8-axoG painsswvith
adenine and cause G: CY ([Caeias and rSteenkem, 200@)n  mu t &
mycobacteria, the ox8-gaunine is the most common mutagenic lesion during DNA damage

as guanine can rotate on its glycosidic boaulipg with undamaged alkylated base in its sync
conformation(Gedik and Collins, 2005)Further, guanine can pair with deaminated alkglate

bases in its anttonformation(Gedik and Collins, 2005)herefore, oxé8-guanine damaged

bases if not repaired during DNA synthesis msult in mutations in the cell.

Mycobacteria have a high (67%) G+C content, therefore, guanine is more prone to mutations.
Moreover, due to its low redox potential between midpdirit7 mV on the nickel hydrogen
electrodgCandeias and Steenken, 20@Xcess oxidized guanine products are prodiwdeen
exposed to RO$ranagaweet al, 1992) Lack of repair of damaged lesbefore replication



can result in the mutation being permanently incorporated into the genome, causing pre
mutagenic lesions leading to further cytotoxic lesions in subsequent replications and eventually

cell death.

1.7 DNA repair pathways

Maintenanc@f t he cel |l 6s genome i s essential for
organisms are continually exposed to different external or internal source of damages that
constantly alter the integrity of the cell and if not monitored large amountdlafamage will

occur. However, cells have evolved multiple mechanisms to repair damage and safeguards the
genomic integrity of the cell. These include the mismatch repair system (MMR), SOS response
and mutagenesis, nucleotide excision repair (NER) asd ezcision repair pathway (BER)

which is the focus in this study.

1.7.1 Mismatch repair(MMR) system
The MMR systemrepairs mismatched base pairs due to errors that occur during DNA

replication, forming a heterduplex between homologous DNA stran(ldizrahi and
Andersen, 1998)in E. colithe MutHLS pathway is responsible for rectifying the mismatches
during DNA replicationMarti et al, 2002) The MutS protein repattamagey binding to the
mismatch and then activates the MutL and MutH endonucleases by ATP hydrolysis. Following
this, the MutH incises the methydal dam sites and allows DNA helicases to unwind the
strands. Polymerase lll then facilitatessymthesis of the DNA strands and DNA ligase seals
the nicks(Marti et al,, 2002)

However, bioinformatics analysis of the genome sequence has revealed that the mycobacterial
genome oM. th, M. smegmatisM. lepraeand M. bovislack the MMR since genes encoding

the MutS and MutL MMR proteins could not be identifiddizrahi and Andersen, 1998,
Springeret al,, 2004) Springer and colleagustowed thiswhere frameshifts mutation rates

were high inM. smegmatigparental strainn comparison to normal mutation rateg MutS

deficient straingSpringeret al, 2004)

1.7.2 SOS response and mutagenesis

The SOS response mechanism is due to DNA damage caused by cell cycle arrest, thereafter
DNA repair and mutagenesis is induced to rectify the damage. This is facilitated by the LexA
and RecA proteins where Laxs a repressor that binds to the uninduced state of the SOS box
(Dos Vultoset al,, 2009) When DNA damage occurs due to DNA replication blockage, single
stranded regions suffice. RecA then controls the expression of genes that promote survival after
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DNA damage by binding to single stranded regions of the DNA to form a nucleoprotein
filament which stimulates the autocatalytic cleavage of Lks Vultoset al, 2009) This
results in the repression of LexA and an increase in SOS gene expres$vntblall the
essentl regulatory elements for a functional SOS system are available exceptfotBlzend
umuDgenes which are associated with the SOS response and mutagenesis sksteati in
(Daviset al.,2002)

1.7.3 Nucleotide excision repai(NER) pathway

TheNER is a repair pathway that acts on the removal of lesions that distort the DNA double
helix that interferes wittbase pairing resulting in the blockage of DNA transcription and
duplication(Costaet al, 2003) This damage is commonly associated with bulky lesions like
pyrimidine dimers all induced by chemical agents and UV light radiation. To repair the
damage, the Uvr protein system recognises the damage with UvrB playing a central role in the
repair pathwayKurthkotiet al, 2008) Helicases and endoriaases will open the double helix

and cleave the damaged strafdirthkoti et al, 2008) Thereafter,removal of the DNA
segment containing the lesitilows. Thereafter, gap polymerisation using an intact strand as

a template to repair the damage follows.

In M. smegmatighe NER pathway has been simto play an essential role. A UvrB deficient
mutant displayed sensitivity when exposed to acidic conditions as generated by sodium nitrate
and hydrogen peroxid@urthkoti et al, 2008) Similarly, aM. tb mutant deficient in UvrB
displayed sensitivity to UV radiation and hypoxic conditigbgrwin and Nathan, 2005)
These findings showed that in mycobacteria the UvrB protein of the NER pathway is essential
and plays an important role in DNA repair in mycobacteria.

1.7.4 Base excision repair (BER) pathway

The BER pathway is a muitunctional DNA repair system that deals with the repair of base
modification like alkylation, oxidation and deaminati@€urthkoti et al, 2020) This system
requires various enzymes working in synchrony to excise anctesthla damaged nucleotide

with the correct appropriate base.

BER pathway is facilitated by DNA glycosylases which are the first enzymes in the pathway
thatrecognizeand excise the damaged DNA bgKerthkoti and Varshney, 2011The DNA
glycosylase cleaves the-glycosidic bond between the sugar and base isulyarphosphate
backbone to release the damaged l{&semmeet al, 2004) This cleavage resulis an

apurinicapyrimidinic (AP) site and the resulting gap is filled by DNA polymerases that insert
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the correct base with DNA ligase finally sealing pfesphatesugarbackboneof the DNA
(Dianov and Lindahl, 1994Yhe various steps of the BER pathway are shown in Figure 4.

Base excision repair pathway
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Figure. 4 An illustration of the base excision repair pathway, facilitated by different DNA enzymes

(glycosylese, polymerase, and ligas€&his figure is modified fronfKurthkoti and Varshney, 2011)

1.8 DNA glycosylases

DNA glycosylases fall under two families based on their structure and sequence homology
(Olsenet al, 2009) These are divided into the formamidopyrimidine family of endonucleases
which constitutes enzymeBpg/MutM/Fapy that recognizeand exciseoxidized purines
(Wiederholt et al, 2005) whilst endonucleasesVIlI Nei) repair oxidatively damaged
pyrimidines(Wallace, 2002)The endonuclease INth) superfamily, is similato Nei in that

this glycosylase also has the ability to remoxelizedpyrimidine (Cunningham and Weiss,
1985) Moreover, mycobacteria have genetic redundancy in the BER system as bioinformatic
analysis have identified two homologues for MutM and Nei DNA glycosylases as well as four
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MutT homologues, that deal with damaged DNA bases in the nucleotidékuotitkoti and
Varshney, 2012, Mizrahi and Andersen, 1998)e role of each of these enzymes in repairing

damaged DNA is discussed in detail below.

The endonucleases VIINgi) and endonuclease I[Nth) superfamilies repair oxidatively
damaged pyrindines (Moolla et al, 2014) The Nth enzyme is widely distributed among
prokaryotes, eukaryotes and archaea while Nei is found mostly @opaatteria, actinobacteria
and metazoan@Vallaceet al, 2003) In mycobacteria there is a single Nth homologue whilst
there is a duplication of both the MutM and Nei homologues in ldogmegmatiandM. tb
suggesting that this duplication may be delibefatethe survival of mycobacteria under
unfavourable conditns (Sidorenko et al, 2008) Moreover, studies have showed an
overlapping function between the Nth and Nei DNA glycasggWallaceet al, 2003, Guo

et al, 2010, Moolleet al, 2014) The Nth and Nei DNA glycosylase can recognise and excise
different oxidised basesuch as urea,, ®-dihydrouracil, 5Shydroxyuracil, 3hydroxycytosine

and methyl hydantoirand both are capable of excising thymine glycol. MutM (Fpgl)
recognises and exciseo&0G and Fapy lesio{&uoet al, 2010) Nei has also been shown to
have uracil DNA glycosylasactivity, hence duringatalysis, the Nerminal proline moiety of
Nei attacks the C16 atom of the damaged nucl
of a Schiff base intermediafEropachewet al, 2006)

The MutM (Fpg) DNA glycosylase acts on modified purines and catalyses the excisien of 8
0xoG to rectify the damage. In addition to the DNA glycosylases, theMatif homologues
involved in scavenging the nucleotide pool for oxidised dGTPs ensures that the neabase
will be inserted by the DNA polymerase is undamag@egliaret al, 2013) Studies show that
MutT expressing cé&d have more resistance to oxidative stress when treated with hydrogen
peroxide (HO), as well as increased growth both in vivo and in vitro tE&gsliar et al,

2013) In addition, another DNA glycosylase MutY, is present in mycobacteria and is able to
identify 8-0xoG mis pairs such as adenine bases witbxd@&s (Manuelet al, 1996) MutY
removes the mipaired adenine base thereby providing a second chance for the Fpg/Nei DNA
glycosylases to regathe damaged -8xoG lesion. Deficiency oMutY in M. smegmatis
affected transversion mutations with an escalation in mutation rates and sensitivity to oxidative
stress suggesting thadutY plays a role in maintaining mycobacterial genome integrity
(Hassimet al, 2015) The redundancy of enzymes in the BER suggests that mycobacteria are

well equipped to deal with oxidative damage for survival under oxidative stress conditions.
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1.9 Energy metabolism

In addition to DNA repair mycobacteria also require efficrespiration pathways for energy
metabolism and growth. Due to the metabolic flexibility of mycobacteria, adaptation to
stressful conditions during pathogenesis allows for survival of the organism. When the electron
transport chain (ETC) is energized anaintained throughout the pathway, it allows the
bacteria to maintain the metabolic activity and keeps the cell viable. Therefore, energy in the
form of adenosine triphosphate (ATP) is required and this activity is driven by the ETC

pathway which is elucidad further below.

The ETC maintains the electrochemical gradient of protons in the intermembrane space and
electrons in the periplasmic space of the cell for efficient respiration. A disturbance in the
electron transport results in the cytochrome termixédases unable to accept electrons nor
donate protons for the formation of cellular energy in the form of ATdishet al, 2000)
Therefore, electrons will accumulate and form ROS wiktpropel mutagenesiéLiu et al,
2002)whilst unpumped protons into the intemembrane space to generate energy will result

in cell death.

In prokaryotes, the ETC is made up of several enzymes and enzyme complexes that are found
in the cytoplasmic membrane. There are four distinct complexes in the ETC; cor\pkal
regulates the oxidative phosphorylation pathway to generate a proton footiegor ATP
synthesis (Figure 5). Complex | and Il are two electron donors to the menaquinone pool.
Complex | constitute the NADH dehydrogenase which oxidises NADH to gD electron
transfer is initiated to the menaquinone pool while protons are gdimp (Figure 5). In
complex Il succinate is oxidised to fumarate by the succinate dehydrogenase enzyme and
electrons are transferred to the menaquinone pool (Figure 5). Complex Il is a cytochrome
reductase which oxidises ubiquinol (QH2), reduces cytoubc and pumps protons into the
intermembrane space (Figure 5). Complex IV is a cytochrorogidase, which oxidises
cytochromec and reduces molecular oxygen to water, coupled with pumping of protons (Figure
5). Finally, complex V (ATP synthase) catagdormation of energy in the form of ATP using

the adenosine diphosphate (ADP) and inorganic phospha{€igre 5).
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Figure 5. Stepwise flow of theETC pathwayof prokaryotic bacteriaThe electrons flow from
mitochondrial matrix to the innenitochondrial spaceNADH or FADH to the menaquinone pool
Thereafter they move through the cytochrome charinellse inner mitochondrial spac&he ATP

synthase in the plasma membrane is an energy generating co@@iamlex HV is shown with an
additional ATP synthase complex for energy synthasesTh}s figure was modified fronflLodish et

al., 2000)

1.9.1 Mycobacterial ETC

Mycobacteria employ a branched respiratory chain in whsttreins are shunted from NADH
dehydrogenases and succinate dehydrogenases complexes into the menaquinone pool, from
where they are transferred to either of the two terminal oxidases; the cytochromesupzaa
complex or cytochrome b@Matsoscet al, 2005) The cytochrome bd oxidase plays a crucial

role during adaptation to an oxygen depleted environiiMatsosoet al, 2005)

The cytochrome bcc/aa@mplex consists of a menaquinoytochrome c¢ oxidoreductase
named becomplex which is encoded by the grcCAB operon whilst theyp® cytochrome ¢
oxidase family is encoded by ctaBCOBoshoff and Barry, 2005)Cytochrome bcc/aa
complex serves as an energy efficient complex as well as a target of the imidopyridine class of
drugs(Bloomet al, 2012, Pethet al, 2013)but yet no drug candidates have been targeted to
cytochrome bd yet. It is also considered as a less energy efficraplecosince, it does not

show additional proton pumping activity resulting in lower protons/electrons ratio and less
efficient ATP compared to cytochrome bcg/@diller and Gennis, 1985)This complex has

been shown to be essential for mycobacterial growth as generafibnsofiegmatisnutants
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lacking the cytochrome bfaa showed a growth defect that resulted in the cytochrome bd to
be pregulated to compensate partially for the defi€éanaet al, 2001) However, cytochrome

bd has been shown to play a crucial role during host infection under stressful conditions which
is of high interest latelgKanaet al, 2001)

Cytochrome bd is an integral membrane protein complex that constitutes of two sudydAits,
andcydB(Borisovet al2011). ThecydAsubunit consist of the active quinol binding site and
three heme groups (Safarianal, 2016).M. tb shares the two subunits and contain genes that
encodexydDCwhich is a putative ABC transporter that has been reported to be essential for
biogenesis of cytochrome bdkn coli(Sherperd 2015). However, M. smegmatithecydDC

genes are in a separate operon within the same gene clusgdA8Aung et al2014).

In E. coli,cytochrome bd displays a higher affinity for oxygen, which may facilitate bacterial
survival under hypoxic conditions (Poole and cook, 2000). A study by Mascolo and Bald
reported findings that confirm thigt. tb cytochrome bd has a high o affinity and may be

an essential factor for metabolic flexibility during host infection, enabling the pathogen to
survive the various rapidly changing unfavourable conditiviascolo and Bald, 2019)
Cytochrome bd is also essential under anaerobic conditions as a cukurenoégmatigrown

under oxygen deplateconditions in rich medium showed no significant reduction in the
viability of the orgaism (Kana and Bernewt al 2014). In addition deletion of the
mycobacterial cytochrome bd genes revealed impaired growth in vitro under microaerophilic
conditions (Kana et al., 2001)and impaired survival under oxidative stress conditions as
generated by hydrogen peroxide showedédt al 2015).

1.10Previous findings that led to this study

Much research has been done at the CBTBR to evaluate the role of the different DNA
glycosylases in mycobacteria over the past few years. The bioinformatics analysis conducted
by Goosens confirmed the previous findings showed that there were two copies Epgh

and Netrencoding genes in both. tb and M smegmatis(Goosens, 2009, Mizrahi and
Andersen, 1998, Kurthkogt al, 2008) To further understand the function and/or redundancy

of these genes in DNA repair, single and combinatorial mutants deficient in these genes were
generated and assessed under standard culture comdmidroxidative stress conditions as
generated by hydgen peroxide(( / in M. smegmatisa nonpathogenic close relative of

M. tb. These mutants displayed no difference in viability and survival under the conditions
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tested suggeting that other DNA glycoyslases or DNA repair enzymes in the BER pathway

werecompensating for the loss of the Fpg/Nei homologues.

Next the role of théNth DNA glycosylase was investigated individually and in combination
with the NeiDNA glycosylases as these two enzymes although structurally dissimilar are
functionally similar in maintaining genomestability (Moolla et al, 2014) Moolla and
colleagues showed thaith displaysantimutatorproperties as deletion ofth resulted in
increased spontaneous mutation rates against rifampicin and decreased survival under
oxidative stress conditions as generated(by (Moolla et al, 2014) However, under
standard aerobic conditions all mutant strains displayed similar growth kinetics to the wild type
strain indicating that thEpg/Neifamily and theNth superfamily of DNA glycosylases are not
essential for growtl{Moolla et al, 2014) In addition, thenth single deletion mutant when
tested under UV induced conditions showed an increased mutation frequency that was not
observed for any of the other single DNA glycosylase deletion mutants suggesting thtt the
gene had antimutator properti@doolla et al, 2014) As the Nth DNA glycosylase shares
functional similarity with the Nei homologues a deletion mutant lacking bothnthe
homologuedogether with thenth gene displayed reduced survival and increased mutagenesis
compared to the individual gene deletion mutants, suggesting a synergistic interplay between
thenthandneigenesn the maintenance of genome integrityMnsmegmatisinder oxdative

stress condition@Voolla et al, 2014) To further interrogate the individual role of the tiNei
homologues, double deletion mutariacking theneil or the neill DNA glycosylase in
conjunction withnth were generated (Rantsi, 2017 unpublished). Phenotypic analysis of the
deletion mutants indicated that the Neil homologue seems to have a greater role in DNA repair
for the maintenancef cell integrity compared to Neill (Rantsi, 2017, unpublished). In this
study these DNA repair deficient mutants were further manipulated to include deletion of genes
in the ETC to better understand the impact of oxidative stress on the survival of nigdaba

cells.

With respect to the respiratory chain pathway in mycobacteria, several studies have shown that
the terminal cytochrome of the ETC may be a potential drug target for development of novel
drugs for TB(Lodish et al, 2000, Kanaet al, 2001) Particularly the cytochrome bd a
inhibition of the complex resulted in impaired functioningvbfsmegmatisMutant strains of

M. smegmatifacking the cytochrome bd quinol oxidase displayed no growth defects compared
to the parental strain under standard culture conditions but showed a reduction of bacterial
growth under anaerobic conditioftsanaet al, 2001) Exposure of the cytochrome bcl/aa3
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deficientstraintd / hadl i tt 1l e ef fect «ydAdeficienvincytachromehi | st

bd quinol pathway displayed 99% decreased cell viability within an hofr/of exposure
(Lu et al., 2015h)In oxygenlimiting conditions, cytochrome bd quinol oxidaseupregulated
and this increase could play a role in preventing the collapse of the electron flow during

infection thus, ensuring the provision of energy for the(8sney and Cook, 2010)

As mycobacterial respiration and energy metabolism provide potential opportunity as drug
targets for TB chemotherapy, the ETC has gained much research interest in these past few
years. As described above, understanding DNA repair mechanisms and théir dolg
resistance is of paramount importance if we are to overcome the persistent current burden and
effects of drug resistant TB. Thus, the various mutants lacking genes in the BER pathway and
the ETC available at the CBTBR provided a unique opportunityenerate novel deletion
mutants defective in both these pathways to explore the role and or interplay between the
various genes in maintaining mycobacterial genome integrity and survival under stressful

conditions.

AIMS AND OBJECTIVES OF THE STUDY

This studyaimedto generate and phenotypically characterize combinatorial mutant strains of
M. smegmatideficient for genes in both the BER and ETC pathways to understand the synergy
between these two pathways in maintaining mycobacterial genome intaupity oxidative

stress conditions.

Objectives
Mutants deficient in DNA repair and energy metabolic pathways genes were previously
generated at the CBTBR (Chapter 2, Table 1). Hence to achieve the aim of the study the

following was conducted:

1 Generatiorof combinatorial deletion mutants lacking genes encoding cytochrome bd
oxidase terminal of the ET@YdA and the DNA glycosylasegh andneil using the
two-step allelic exchange methodolo@yordhan and Parish, 2001)

1 Confirmation of the genotype of the combinatorial deletion mutants by &€R
Southen blotmethod

1 Assessment of the viability of the mutants under oxidative stress conditions generated
by hydrogen peroxide and menadione.

1 Assessment of oxidative stress signal within the cell generated by Cumene

hydroperoxide, Dithiothreitol and menadewith Flow cytometry.
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Comparison of the spontaneous mutation rates of the various mutants and the
respective parental strains using the fluctuation assay.

Phenotypic characterization of the mutants under biofilm culture conditions to assess
growth undehypoxic conditions.
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CHAPTER 2

METHODS AND MATERIAL S

2.1 Bacterial strains

The parental and mutaM. smegmatistrains (Table 1) were grown in Middlebrook 7H10
solid media supplemented with 0.5% glycerol and 1% glucose sMisldiebrook7H9 liquid

media supplemented with 0.2% glycerol, 1% glucose salts and 0.05% Tween 80 with shaking
at 3B (Labcon incubator). For selection, the media was supplemented with Kan at 25 pg/ml,
75% sucrose and 2%-&al when necessary. All culturing of theastrs wascarried outin a
Bio-safety level 2 laboratory. All cultured strains were stored as freezer stocks in 66% glycerol
in the-803 freezer. The composition of the components mentioned above are discussed in

detail in Appendix A.

Table 1.M. smegmatisand E. coli strains used in this study

Strain Featurs Source

mc? High-frequency Snappeet al, 1990
transformation mutant

oqnth Derivative  of mc155| Moollaet al, 2014
carrying a 570bp deletion i
thenthgene

gnei Derivative  of mc155| Goosens MSc dissertatid
carrying a 486bp deletion i unpublished, 2009
theneil

oqnthomeil Derivative of & ®155/| T. Rantsi MSc dissertatio

carrying a 570bp deletion if unpublished, 2017
the nth geneand a 486by
deletion in theneil gene
onthomeill Derivative of & ®155| T. Rantsi MSc dissertatio
carrying a 570bp deletion i unpublished, 2017

the nth geneand a 486Dy
deletion inneill gene
grydA Derivative  of mc155 /| (Kanaet al, 2001)
carrying a marked deletig
in cydA Km'
gnthgrydA A derivative o f nthg This study
carrying a marked deletio
in cydA Km'
gnthgneilgrydA A derivative o f nthgnei | John,Honoursdissertation
carrying a marked deletig unpublished, 2018
in cydA Km'
PcydA An E.coli  derivative| (Kanaet al, 2001)
carrying a marked deletio
in cydA Km'
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mc2-GFP

gpn {GRP

pn eGFP

pnt heirRe i |
Qpc y-GHP

pnt h p@APd A

gpnt h gpn e-GAPmC Yy

Derivatives of the nc155
carrying the plasmid
expressing mycoredoxih
coupled with a redox
sensitive GFP tagGFR
reporter).

This study

Km' =kanamycirresistantGFP=greeriluorescent protein

2.2Chemicals and reagents

All cloning vectors (Table 2) and primers (Table 3) used in this study were supplied by Ingaba

Biotech Company. Enzymes were provided by Roche, New England Biolabs or Fermentas.

Table 2. Cloning vectors usedh the study for mutant generation.

Vector Characteristics Size Culture media | Reference
pCYDAaphKO pBkl carrying| 13 055 bps LA/LB with amp | Kanaet al., 2001
cydAaph hsp60 and X-gal
sacB,andhsp60lacz;
used for targete
knockout of M.
smegmatis cydA&Km'
pTweety Mycobacterial 5308 bps 7H10 with Xgal| Pham et al,
integrating  vector and kan 2007
Km", oriE, int

Km'=kanamycin resistant; int = integrating site, OriE = origin of replicati@m=kanamycin
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Table 3.PCR primers used for conformationof strains.

Gene Pri mer sequence (560 Annealing | Amplicon
temperatur | sizes (bp)
e
NthCF GGCATATGAGTGCGGGTGCCGCCCGG | 653 WT=833
NthCR GCGCCTGCAGTCACCAAACCGCCAGCGC MUT=270
NeiF GGCCCCGGGATGAGGGGCACACCCTG | 633 WT=801
NeiR GGCGGATCCTCAGGACTGAGGTGGG MUT=270
CydUSscrF | CTTCTCCTCGTAGCTGCGC 573 WT=157
CydDSscrR | CGTCCTTCTCGGTCCTCAC MUT=1400

WT= wild type strain; MUT=mutant

2.3Generation of mutants by homologous recombination

The twastep homologous recombination method was tised g e n enthgoyd®detetioe @
mutant described b§Gordhan and Parish, 200 suicide vector (pydAaphKO containing

a nonfunctional copy oftydAdisrupted by thephgene encoding for kanamycin (kan) with
selectable marker gendadZ,andsacB (Kanaet al, 2001)was introducedhto theqpn DKA
glycosylase deficient strain. A single crossover (SCO) event between the chromosome and one
of the regions of homology on the vector results in the integration of the vector into the
chromosome. Post electroporation clones that have gmaea SCO event were identified on
7H10 media supplemented wikan antibiotic and Xgal for blue/white selection. THacZ

gene breaks down-gal to 5bromo4-chloroindoxyl resulting in blue colonies. The SCO
containing both the wild type and truncaie@lA genes together with the selectable marker
genes dph lacZ, and sacB than underwent a second crossover selection process. Counter
selection of the SCO clones to identify double cross over (DCO) clones containing the mutated
cydAallele were identifid on sucrose supplemented 7H10 media. SduBgene encodes for
levansucrase which breaks downs sucrose to levan which is toxic to cells and results in death.
Hence, only colonies that have lost 8sBand thelacZ genes during the second cross over
event will be white and resistant to sucrose. These colonies were then screeneddndPCR
Southern blot analysi® identify the positive deletion mutant strains. An illustration of the

homologous recombination technique is shown in Figure 6.
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upstream downstream
Chromosome
1 2

Cross over can occur at either position 1 or 2
Suicide vector ( \

to yield SCO1 or SCO2
upstream downstream
scol — sacB B cydA

upstream downstream

Selection of SCOs on sucrose to identify DCO deletion mutant

upstream, downstream A
oco L —

Wild type

(1f crossover occurs on the same side) (If crossover occurs on the second side of SCOs)

uistream downstream

mutant

Figure 6. Illustration of the cydA gene deletion by homologous recombinatioim the gpn tDNA

repair deficient mutants to generate tip;n t h cpmutadtAstrain. A suicide vector containing the
mutatedcydAgene can crossover into the chromosome at either site 1 suléng in single cross over
(SCO1 or SCO2) mutants both the wild type and trunceyeldh genes together with the selectable
marker genesaph, lacZ andsacB. Counterselection of the SCO on sucrose supplemented media
allowed for the second cross owevent to occur resulting in either the wild type genotype if the

crossover took place on the same side or the mutant strain if the crossover occurred on the second side

2.3.1 Preparations of competenM.smegmatisells

A 100 ml culture for all strains fro freezer stocks was grown to may phase of OByonm=

0.5-0.8 overnight. Cells were harvested by centrifugation at 2360 xganor410 minutes.

The bacterial cell pellet was-saispended in 10 ml of 10 % glycerol (ice cold) and harvested

as mentionedThe washing steps were repeated three times to make the cell wall weaker.
Thereatfter, the cell suspension was resuspended in 1 ml of cold 10% glycerol and dispensed
into 300 pl aliquots in micro centrifuge tubes and stored on ice until use

2.3.2 Electroporation into compententM.smegmatiscells

The BIORAD GENE PULSER XCell system was used to perform electroporation using
parameters; 2500V, 25 OF, 1000Y and 0.2 c¢m.
Hg, and 30ug) of plasmid DNA pcydAaphKQ was added to separate aliquots of the electro
competent cells and mixed gently by inverting up and down, then transferred to 0.2 cm
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electroporation cuvettes. The control samples: posipiMavéety 1 ug) and negative (cells
only) were also mixed with theells and transferred into an electroporation cuvette. The cells
were pulsed and 800 ul of Y was added to the samples and incubated overnight to allow
for phenotypic expression of the selectable marker gémesgndsacB. Thereafter, the cells
werespread on 7H10 plates supplemented with 2gaKandKan and incubated for 7 days at
373 .

2.4DNA Extraction from M. smegmatis.

2.4.1 Small scale genomic DNA extraction (colony boil).

A single colony (10 mm diameter) . smegmatisvas resuspended in® ul of distilled

water, mixed into a suspension and boiled at 96r 2-3 minutes in the heating block. The
mixture in the 1.5 ml micro centrifuge tubes was cooled on ice for a minute and then centrifuged
at 12470 xg for 5 minutes to separate theutaiidebris. Chloroform (50 ul) was added to the
suspension and mixed by tapping to lyse the cells. The suspension was centrifuged at 12470
xg for 5 minutes and the top aqueous layer containing the DNA was transferred into a sterile
1.5 ml micro centrifuge tubwithout disturbing the cellular debris. The DNA was used for PCR

as described in section 2.8.1.
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2.4.2 Large scale genomic DNA extractions

The cetyltrimethylammonium bromide (CTAB) method was used to isolate chromosomal
DNA from solid culture. Loopful®f cells from a full solid culture plate was resuspended in
500 pul of TE buffer. Cells (500 pul) were heat killed as7%or 20 minutes then cooled on ice

for 5 minutes followed by the addition of 50 ul lysozyme (10 mg/ml) to the suspension and
incubation 8373 for an hour to break down the cell wall. Thereafter, 6 ul of proteinase K (10
mg/ml) and 70 ul 10% SDS were added to the suspension, mixed by gently tapping the tube
and incubated for 2 hours at®5or protein digestion. Following this, 100 pl ofNd NaCl

and 80 pl ofwarm CTAB/NaCI solutions were added to the suspension and incubates at 65
for 10 minutes to aid in the separation of proteins bound to the DNA. An equal volume (750
ul) of chloroformisoamyl alcohol (24:1) was added, mixed then cargatl at 12470 xg for

10 minutes. The top aqueous layer was aliquoted into a fresh 1.5 ml micro centrifuge tube
containing 450 pl of isopropanol and the DNA was precipitated by centrifugation at 12470 xg
for 20 minutes. The pellet was washed with 1 ml fo7€thanol (ice cold) by centrifugation

at 12470 xg for 5 minutes. The pellet was dried at 60 the speed vac (Thermo Fischer
Scientific™) for 10 minutes and then resuspended 160 pl of TE buffer.

2.4.3 Mini-prep plasmid DNA extraction
An E. coliculture grown in 2 ml LB media to stationary phase, was centrifuged4tQL2g

for 5 minutes, the supernatant discarded, and the pellet was resuspended in 100 pl of solution
l. The cells were incubated at room temperature for 10 minutes before addpig266Iution

Il. The contents of the tube were mixed by inverting thegu8 times and incubated in ice

for 5 minutes. Next 150 pl of precooled solution Il was added, mixed and the tube incubated
on ice for 5 minutes. The suspension was then cegét for 5 minutes and using a 200 pl
pipette, the supernatant was transferred into a fresh Eppendorf tube to which 100 pl of RnaseA
was added and incubated at3Zor 10 minutes. The DNA was precipitated with the addition

of 450 pl of isopropanol and ceifugation at 12470 xg for 20 minutes. The supernatant was
discarded making sure the pellet is not dislodged. The pellet was washed with 70% cold ethanol
(1 ml) and centrifuged at 1470 xg for minutes. The supernatant was poured off and the pellet
was vauum dried for 10 minutes 803 . The pellet was resuspended in 50 pl distilled water
and quantified using the nanodrop (section 2.5). The DNA wasdsabr20 3 until use for

downstream experiments.
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2.5Nucleic acid quantification
The DNA was quantified using the Nanodrop NR000 spectrophotometer (Nanodrop

Technologies). The system quantifies DNA by measuring absorbance of the sample at a
wavelength of 260 nm.

2.6 Restriction digestion of plasmid and genomic DNA

Restriction enzymes are enzysnihat cleave DNA at specific sites. All restriction enzymes
used were purchased from New England Biolabs (NEB) or Roche Apf@liede manager
software was used to select the enzymes to cut the genomic DNA of the parental and mutant
strains. A master mifor the genomic DNA digestL(-20 ul reaction) was prepared with the
components; 1 pl buffer, 1 ul enzyme, 3 pl nuclease free water and 5 pl of DNA. The DNA
was digested by incubation at the recommended temperature for the chosen enzyme. For
plasmid screeng, about 0.5L pug of plasmid DNA jjcydAaphKQ was digested in a reaction
volume of 1620 ul (master mix as stated in above reaction) and incubated ato8an hour

whilst genomic DNA for Southern blot analysis was digested overnight (not more than 16

hours). The digested DNA was analysed and viewed on an agarose gel (Section 2.7).

2.7 Visualisation of DNA by agarose gel electrophoresis

Gel electrophorgis was used to separate DNA fragments according to size. A 1% agarose gel
was prepared using 1x TAE buffer to which ethidium bromide (0.5 pg/ml) was added. Ethidium
bromide intercalates between the DNA and fluoresces under UV light therefore, allowing
visualization of the DNA. The DNA samples were mixed with loading dye to allow for the
samples to sink into the wells of the gel and for tracking the DNA sample during
electrophoresisAn appropriate Roche Applied Science molecular weight marker was selected
to determine the size of the DNA fragments. The electrophoresis process was performed in 1x
TAE buffer at a voltage of 80 and geisualizationwas done under UV light, using the
SYNGENE Gbox system (BIORAD).

The percentage of gels used differs basecherpbre sizes which are directly related to the
migration of the different DNA fragments. For instance, for small fragments 2% gels were used
for good separation whilst large fragments were separated on 0.8% gels. Gels were poured on
a level surface and maat a low voltage for even separation of the fragment. High voltage
generates heat causing the gel to swell and enlarge the pore size which, causes the bands to

diffuse.
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2.8 DNA manipulations

2.8.1 DNA amplification to confirm mutant strains by PolymeraseChain Reaction

Polymerase Chain Reaction (PCR) is a screepingedurehat amplifies a specific region of

a DNA target. The PCR reactions were made to a volume Aif\@Bh the components: 2.5 pl

of 10x buffer, 5 pl 5x GC Rich solution, 4 ul of dANTPgdck concentration 2.5 mM), 2.5 ul

(10 mM) forward and reverse primers each, 0.2 ul of Roche Faststart Taq polymerase, 3.3 yl
of nucleasdree water and 5 pl of template DNA (at a concentration betweehOBOng).
Control reactions (netemplate controlyvere included in all PCR reactions to rule out DNA

contamination or nospecific amplification.

The thermo cycler system (BRad laboratories) was used to carry out the reaction. Cycling
conditions used were as follows; one cycle of initial denaturati®da for 4 minutes in order

for the DNA polymerase to be heat activated, 30 cycles of denaturatiosn atd®80 seconds

to break down the hydrogen bonds of double stranded DNA into single strands, 30 cycles of
annealing for the primers at primer spactemperature to bind to the single stranded DNA,

30 cycles of initial elongation at 32for 30 seconds to synthesize new complementary DNA
and a final single elongation step at37Zor 5 minutes to ensure all the single stranded DNA
have been fully elongated. Notably, the annealing temperature was specific for each primer set
used (Table 3). This PCR reaction method was used for the confirmation of existing and newly

generated delsn mutant strains.

2.9 Southern blot analysis to confirm deletion of a gene in the mutant strains

Southern blot i methodthat allows for thedentification ofa specific DNA sequence within

a chromosomeThe digestedDNA fragments are separated by semed charge using gel
electrophoresis and identified using a radioactively labelled hybridising prbieevarious
steps involved in this process are discussed below and shown in Figure 7. In thihetudy t

genotype of mutants at the deletion site wasiomefd bythe Southern blotmethod
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Figure 7. Schematic illustration of the Southern blot analysis methadVl. smegmatiparental and
mutant strains genotypes were confirmed with Southern blot analysithd I)NA was digested with

the appropriate enzyme overnight and thereafter the DNA was rui) @oaagarose gel for 2 hours

(2). (3-4) Following the gel was transferred onto the nitrocellulose membrane with electrophoresis. (5)
Hybridisation with the spefic probe was performed overnight at 42 . Stringency washes and
immunological detection of the membrane was done (6) then finally the exposure of the nitrocellulose

membrane to the Xay film for 30 minutes wasarried out

2.9.1 Electro-blotting

Briefly, approximately 5 pg of genomic DNA frothe parental strain, SCO and DGfwutants
was digested witkitherKpnl, Pstl at 33 overnight(Figure 7 (1) asdetailedin sectior2.6.
The DNA was then separated on a 0.9% agarodeggthemwith markerlV for approximately
2 hours(Figure 7 (2) and 7(3))An image of the gel was taken using a ruieder UV light,
using the SYNGENE @ox system (BIORAD)Thereafter, the separated DNA waspared

for transfer to a nitrocellulose membraiégure 7 (4))

The gel wasoaked in denaturation solutigf.2M HCI) for 15 minutes with shaking every 5
minutesWhen heloadingdyeon the geturned yellow because of the lower jpi¢naturation
solution was decanted, the gel was rinsed withh@st/ice The DNA wasdenaturatd by the
addition ofdepurination solutiof0.5M NaOH/ 1.5 M NacCl) to the gel and left for 30 minutes
with shaking every 5 minute®nce the incubation period was over depurinataat®n was
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decanted, anthe gel wasquilibraedin 1  TBE bufer. Thereafterthe gel wagransferred

to the nitrocellulose membrane (6.5 9.5 elimersham Bioscience#) a sealed cassette as
follows. Two spongesoaked in TBE buffer were placed on the base of the cassette followed
by two soaked filter paperd\(hitman) then thegel (well side facing updn top of which the
nitrocellulose membrane with a cut on the right comas placed. Finallytywo more soaked

filter papersand two spongesvere placed on top of the nitrocellulose membrane and the
cassettesealed.The cassettewas placed in afOmniPAGEElectreblotting Unit (Cleaver
Scientific Ltd CS300V) and the DNA transferred from, the gel onto thigrocellulose
membranefor 2 hours at 0.5V, 0.6A. The DNA was crdsgked at 2000 mJ/cfin a strata
linker onto the nitrocellulose membran@Amersham Biosciences) using a UVC 500

Crosslinker (Amersham BiosciencéB)jgure 7 (4))

2.9.2 Probe labelling

An appropriate probe was designed to bind specifically to the relevant homologous regions of

the genomic DNAo allow identification of the DCO mutant from the SCO and the parental
strains. PCR DI G Probe Synthesis kit (Roche)
generate the labelled dUTP probe. The PCR reaction was prepared with the same components
asmentioned in sectioB.8.1 except with the addition of labelled dNTPs (EdGTP;2.5 pl)

to the components. The annealing temperature used was 57°C @ydtpemers and 65 °C

for Nth primers. An unlabelled control was included, and the fragments wdysathan a 1%

agarose gel. The labelled DIBJTP is expected to run slower than the unlabelled amplicon as

it has a higher molecular weight.

2.9.3 Hybridisation

Nitrocellulose membrarsewith the bound DNA wre pre-hybridised using the Hybaid HB
OV-BM roller bottle (Thermo Scientific) for 30 minutes in 12 ml DIG Easy Hyb solution from
the DNA High Prime DNA labelling and Detection Starter kit Il (Roche biochemicals). The
labelled probes were denatured as 9%r 10 minutes then 22 pl was added to the- pre
hybridisation solutionHybridisation was carried out overnight at 42°GHiybaid HBOV-BM
roller bottles(Figure 15)). After the hybridization period he Hyb buffer and probe were
transferred into &alcon tubeand stored a203 . Thereafter, membranes were subjected to
stringency washes (to remove unbound probe and to detheasekground otheblots.First

the membrane was washed twicasatutionl (2x SSC, 0.1 % SDS{t68°Cfor 5 min followed

by two washes withsolution 11(0.5 x SSC, 0.1 % SD&t 683 (Figure 7 (6))
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2.9.4 Immunological detection

For immunological detection of the signile membrane was placed in blocking solution for

30 minutes followed by incubation in antibody solution for 30 minutes. The membrane was
washed twice and briefly equilibrated for 5 minutes in detection buffer. The membrane was
then placed in a hybridizaim bagwith 1ml of substrate (CSPD) and incubated as 3ibr 10
minutes. The membrane was exposed H#@xfilm (CL-Xposurem Film, Thermo Scientific)

for an hour(Figure 7 7)) and developed by placing itdeveloper fluid for 4860 seconds with
shaking then rinsed with wateihe developed film was then immersedixer fluid for 40

60 seconds with shakingnsed with wateanddried by hangingt up on a string (Figure 7

(7).

2.10 Phenotypiccharacterization of deletion mutants

2.10.1 Growth Kinetics under normal culture conditions.

Briefly, a preculture of the parentdll. smegmatisnd mutant strains eth, nese nteemell,
acydA ntberydA andanthameilacydA was started from a 1 ml freezer stock in 5 ml 7H9
media and incubateat 37 °C overnight with shaking at 100 rpm. The overnighicpitire

was diluted to an Ofdonm= 0.01 in 50 ml 7H9 media and incubated at 37°C with shaking at
100 rpm. The growth rate was determined by monitoring the&kat 3hour intervals for 24
hours. Colony forming units (CFU) counts were also computed to confirm the number of
bacteria by making tld serial dilutions at each time point and select dilutions were spread
on 7H10 agar plates. The plates were incubated at 37°CAfda$s, followirg which colonies
were counted and CFU/ml was determined. Thesdo¥ data for the growth rate was

represented as scatter plots and bar charts for the CFU counts.

2.10.2 Survival of various deletion mutants under oxidative stress conditions

The ability of bacterial strains to survive under oxidative stress conditions as generated by
hydrogen peroxide was tested. The pareNtasmegmatia nd mut a nnth, sieler ai n s
anthameil, cyab ntberydA andanthameilaxydA were grown in 30 ml 7H9 supplemented

with Kan where necessary to an @hmof 0.35. Hydrogen peroxide (2.5 mM) was added to

each culture, the flasks were covered in foil to prevent degradatiopOafaldd incubated at

373 with shaking. For each straian untreated culture was included as the control. Viability

of the cells for the treated and untreated cultures was monitored at 2 hourly intervals over 6

hours. These cultures were serially diluted 0@ pl aliquots of the appropriate dilutions were

30



plated on 7H10 plates and incubated ag3Tor 3-4 days before scoring colonies for growth.

The details of the experimental procassshown in Figure 8.

Pre-culture

Treated / \Jntreated

Treat each culture for each strain
with equal amounts of H,0,

H;0,

Take each sample (untreated/&treated) and process

!

VT | 1.
Aliquot sample
into cuvette /

2.
{ Q‘l/ sample \ s
— —_— ’ l
“’ - i’ y

Check optical density : | ‘
value using — L
spectrophotometer , Spread appropriate Score colonies

» o 4.  dilutions and Incubate for erowth

N TANA A A for 3-4 days at 37°C &
[,

3. RSN =S, .
F B I~ Iz I~ !
900ul - /900 u}- B00ul— ‘goou‘r Csonuk 900ul— |

media | /media, /media\ / media, / media /media\ /

Culture

Perform 10 fold serial dilutions

Figure 8. lllustration of the hydrogen peroxide assayl'he wild type (mé and mutant strainseith,
aei 1, &nt henei 1landaeey d Aen t) desocypasAd td dxidative stressCh)
to assess the ability of the strains to survive under these unfavourable conlifiohise culture of
each strainvas aliquoted into a cuvette which wiasserted into the spectrophotometer to check the
OD600m (2). Thereafter, serial dilutions were prepa(8jiand the appropriate dilutions were spread

on the plates then incubated fed 8lays at 32 (4). Finally, the plates are scored for groysih

2.10.2.1 Redox state assessment of the Glakarked mutant strains using CHP, DTT and
menadione.

The redox heterogeneity of cells was assessed for oxidative stress response to cumene
hydroperoxide (CHP) oxidant, dithiothreitol (DTT) reductant and menadioneCHfeand

DTT treatments serve as controls to represent 100% oxidation and 100% reduction respectively
of the cells. A plasmid expressing mycoredekicoupled with a redegensitive GFP tag
(Bhaskar, 2014) was introduced into tfle smegmatiparental strim and the various mutant
strains (Table 1). These straifmc>-GFP,s&en {GHF P, ®F ®i 1 een-GR&®neietydA
GF P, @&n {GH&c yad sheilEmydAlGFP)were grown to exponential phase (§96m
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= 0.50.8). The cells were treated separately with GHFnM), DTT (40mM) and menadione
(Img/ml) in a total volume of 1500 ul for 5 muites. After treatment, the cells were harvested

and resuspended in phosphate buffered saline (PBS). Ab@@02€ells were analysed for

each strain using the Beckman Coultaall®s flow cytometer (Beckman Coulter, USA).
Excitation of the cells was measured by the biosensor between 405 and 488 nm. The redox
potential of the cells was measured at an emission of 510 nm. Data was analysed using the

FCSalyzer software.

2.10.3 Biofilms
2.10.3.1 Biofilm culturing

Bacteria have the ability to attach to solid surfaces and form biofilms that constitutes a matrix
of polysaccharides, proteins and nucleic a¢klemming and Wingender, 2010Jhis matrix

aids inprotectingoacteria against exposure to desiccation, biocides, and antikiBleaming

and Wingender, 2010)During formation of the biofilm microorganisms on the surface

consume oxygen creating arygendepleted (hypoxicgnvironment.

M. smegmatiparental strain and the mutant strains were grown in 10 ml 7H9 media overnight

at 3B until stationary phas@Dsoonm = 2). The cells were harvested andsuspended in
Sautonds media (0. 4P, 082% gima aaid, D.06% amntonilnSfesic Mg S
citrate and 60% glyceroBnd washed twice in the same media, after which the pellet was
resuspended in 1 mlofaSut ondéds medi a. The ceorint Bandmkeer e di |
appropriate volumaasaliquoted into a 24 well plate. The plates were sealed with biohazard

tape and incubated at®87for 7 days for biofilm formation (Figure 9).

2.10.3.2 Microscopy tovisualize biofilm formation.

The Zeiss Stemi 2000 stereomicroscope, together with the Zen software was used to capture
images of colonies growing on solid media and in biofilms for the parental and mutant strains
to identify any morphological variationsid to deletion of the various BER and ETC enzymes
(Figure 9 (1)). o magnification points were used to view the biofilms at 1x and 1.25x at a
scale of 100 pixels.

2.10.3.3 Biomass quantification of biofilms

Biomass quantification of biofilms is a methdbat asseses the biofilm maturity by
guantifying the formed biofilmStainingwith crystal violet dyevascarried outo quantify the
biofilm biomass. Once the biofilms are formed, 1 ml of crystal violet (10 ml 95% ethyl alcohal,
0.4 g ammonium citrate mohydrate and0 ml deionized water) wadigquotedto each well
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and allowed to stain at room temperature for 10 minutes. The cells beneath the biofilm were
removed with a pipette without disrupting the biofilms. One ml of absolute ethanol was added
to eachwell and cellular material from the sides of the well were dislodged from the edges,
mixed, and incubated for 15 minutes at room temperature. Each sample was diluted to 1:100
and the OlghonmWas measured (Figure 9 (2)). The data were represented agiafuifdhe

biomass for each strain. The experiment was done in triplicate for statistical significance.

2.10.3.4 Cell adherence capacity of biofilms

Cell adherence is a method that assesses how cells attach to the biofilm surfaces. The contents
of the bofilm plates were decanted by turning the plates over into a container. Crystal violet
was added to each well to stain any remaining cells on the sides of the well and the plates
incubated at room temperature for 10 minutes after which the crystal vadeemoved. Plates

were dried (upside down) for 10 minutes and 1 ml of 100% ethanol was added to each well and
incubated for 15 minutes. While incubating, the mixture in each well was mixed with a pipette
tip to disperse the cellular material. Each sanwaées diluted 1:100 and the @anm was
measured (Figure 9 (3)Jhe data were represented as a function of cell adherence for each

strain and the experiment was done in triplicate for statistical significance.
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Figure 9. Schematic representation of thdiofilm formation and assessment of strainsThe wild
type (mé) and mutant straingn t h, a@&@nei 1, @a&nt h aeasataneilsoydddvére

@&nt h &

grown into biofilms for 7 days. The biofilms once formed were viewed under the microscopy for

morphologychanges (9 (1)). Thereafter the biofilms were quantified using crystal violet staining

(Figure 9 (2) This was to assess the maturity of the biofilm and its cell adhesion @bitityre9 (3)).

2.10.4 Minimum inhibitory concentration (MIC) Assay

The broth micro dilution minimum inhibitory concentration assay was used to determine the

lowest concentration of the menadione required to inhibit the growth of replicating wild type

and mutant strains deficient in genes from the DNA repair and ETC patMeaadione is a

stable ketone compound that plays a vital role as a precursor in the synthesis of vitaoon K

et al, 2010) Through redox cycling, the compound can generate ROS which may lead to DNA

damage and cell déh.

Each strain was cultured overnigitt37 °Cin 10 ml of 7H9 media supplemented wklan

where required to log phase (@bym= 0.5). The next day the cells were diluted 1:10 t@dHa

= 0.05. Stocks for menadione were prepared at 1mg/ml.
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Usinga mulichannel pipette 50 pl of 7H9 was added to each well in a 96 well microtiter round
bottom plate, in rows 2 to 12. In the first row of wells, 100 pl of media and an equivalent
concentration of DMSO used to make up the required menadione concentrationksiteds d

in media and added to the first and second wells of the first row, respectively. While 100 pl of
menadione (1mg/ml) was added to the remaining 6 wells, therefore each strain was evaluated
in triplicate on one plate. After menadione was aliquoteherfirst row, a Zold serial dilution

was performed by pipetting out 50 pl of liquid from row 1 using a multichannel pipette and
adding it to row 2. The liquid in row 2 was mixed and 50 ul from row 2 was taken out and
added into row 3. Thistepwas repated until row 12 and at the end of the dilution series, 50

pl from row 12 was discarded, to bring the volume in each well to 50 pl. Thereafter, 50 pl of
1:500 diluted cells for each strain were added to all the wells. The details of the plate set up is
shown in Figure 10 (1). The plates were packed into zip lock bags and incubated at 37°C in an

incubator overnight

2.10.4.1 Alamar blue survival assay

Alamar blue (Thermdisher™) was used to determine the viability of cells. After incubation

of the plateovernight at 37°C, approximately 10 pl (1:10) Alamar blue was added to each well
in row 1-12 and incubated at 37°C ford3hours (Figure 10 (2)). The MIC of menadione
required for survival of the cells was measured using a spectra max Gemini EM plate reade
(Molecular devices) at wavelength 570 nm (Figure 10 (3)).

Menadione

...... )(IOOquersqution) ..".‘..
00280000

0CCoCCO0
CCCOCOH00
— 00000000 —
0CG8C000D
02C00C0o0
00000000
00000000
Q0000000
00000000
00000000

Media
DMSO

NI I I I IV
2-fold dilutions

MIC set up plate with media, DMSO MIC plate after Alamar blue was
and culture sample added and incubated for 3 hours

Plate reader at 570 nm

Figure 10. Schematic representation of minimum inhibitory (MIC) assay.The wild type (mé) and
mutant strains(aan t h , enei 1, &nt h en and mthemedlexydd)Awere ggowin h eec y d A
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overnight at37°C to ORoonm= 0.5. Thereafter, the cultures were treated with menadione at 1mg/ml in
an MIC plate(1). The plate was incubated at 37°C overnight then treated with Alamar blue dye for 3
hours(2) before assessing for the minimal concentration reqdimedrowth inhibition at wavelength

570 nm using a plate read&).

2.10.5 Assessing mutation rates by fluctuation assay.

The fluctuation assay is based on the use of parallel cultures to determine the distribution of

the number of mutations in a given cultiteiria and Delbrick, 1943Briefly, a culture of

each strain nf¢ ntee nei nteemeil, cyahy nteeeydAa n chtheaeeilaydAwas grown

in 7H9 media until late log phase (@m=1) at 3B with shaking. The culture was diluted

from 1-10® CFU/mland the appropriate dilutions (3208 CFU/mI) were spread on 7H10

media plates in duplicate to determine initial cell coun).(Nne ml of this culture was spread

in duplicate on7H10 media plates supplemented with 200 pg/ml rifampicin to check for the
presence of prexisting mutations (Figre 11 (A)).The culture was diluted from (30.0%) by
adding 100 Ol culm@yYrefi MtHO® 9Nn0m &0 (md fl ask
1BCFU/ ml . This culture was then vortexed for
(0 of 7aH9 mmeadniot her 50 ml Tfileas K anh ddfivieountt i¢ochre d
was aliquoted into 99 Ml coofnt7aHMiing a %@ rmll
culture was vortexed for 10s and pllsacdkead mmnt
clump at the bottom of the flask. Usihg 25
culture were dispensed into 30 parallel 15 m
at 3 W7yt h s hakitemstatiohaoymphasde (Figare 14.(B)). After 7 days 5 random tubes

were selected, and diluted P1D0®) and appropriate dilutions (PaL0®) were spread in

duplicate on 7H10 media plates to determine total cell coup{Figure 11(C)). The contents

of the remaining 25 tubes were poured onto 7H10 media plates supplemented with 200 pg/ml
rifampicin to determine the mutation rate for each strain (Figure 11(B)). The initial cell count

was compared with the total cell count by determining the colony formiitg (@FU/ml) to

calculate the number of mutational events per cultdrgation rate was calculated using the

formula: u4 £ m /N (Luria and Delbriick, 1943jhere m= number of mutational events

per culture and) = total number of cells in the culture using a previously created excel
spreadsheet (E. Machowski, CBTBR).
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Figure 11. Schematic representation of the fluatation assay.(1) A starter culture of 10 ml was
grown overnight and 100 pl of appropriate dilutions were spread on 7H10 plates to get the initial
bacterial count (No) and 1 ml of the neat culture was spread in duplicate on a RIF supplemented 7H10
plate toassess for prexisting mutants(2) The starter culture was diluted to?Hhd 2 ml of the culture

was aliquoted to 30 parallel tubes and incubated for 7 days atwdh shaking.(3) Of the 30 tubes,

five were selected randomly and diluted down’{10°) thereafter appropriate dilutions were spread

on 7H10 plates which were incubated for 3 days at 8iid CFU/ml were calculated to obtain the total
population size (N. (3) Lastly, the remaining 25 tubes were spread on 7H10 plates supplemented with
RIF and incubated for 7 days at 37 °C before scoring fofrBistant colonies. The Luri®elbruck
method was used to calculate the mutation rates of the parental and matastRtische and Foster,
2000)

2.10.5.1 Jones median estimator method

Alternatively, to the LuriaDe | br uck és met hod two additional
mutation rates observed amongst bacterial populations. The Jones estimator method although
new method in the field, it is still reliable when the mutation raidsetcalculated are low to
moderatgJoneset al, 1994) Ther represents the number of mutants observed while m is the
number of mutations per cultu(Rosche and Foster, 200()he formula for calculating the

mutation rates is as follows:
m=
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2.10.5.2 Koch Quartiles method
In this method the mean number of mutations m and my are calculated per obse

number of colonies on the rifampicin pla@ch and Wang, 1982)This will calculate the
number of observed mutations (r) at thé"26:), 50" (Q2) and 7% (Qs) position of the
distribution of mutations per stra{Rosche and Foster, 2000, Sarkaal, 1992) To get the

m values the respectiv@ values aranserted into the equation. Based on the number of
observed mutations; if the m is the same for all 3 experiments then m can be defined, however
if the m values are different, then this may indicate variation in the assumptions of the Luria
Delbruck method(Rosche and Foster, 200@hich is that the initial number of cells is
negligible compared to the final number of céRosche and Foster, 2000)he formula for

calculating the mutation rates includes:
my=1.7335+0.4474Q 0.002755(Q)?
m2=1.1580+0.230Q - 0.000761(Q)
m;=0.6658+0.1497¢ 0.0001387(Q)*

2.10.6 Data analysis

GraphPad prism8 software was used to construct tables, figures, and graphs in this study. The
statistical significance to rule out the differences between the data groups was assessed by the
unpai r ed-testusind) &SnaghPad. t
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Chapter 3

RESULTS

3.1 Genotypic confirmation of previously generated strains using PCR screening.

The first aim of this study was to confirtime genotyp®f previously generateldl. smegmatis

mutantstrains at the CBTBRT@ble 1)by PCR screening. Three primer sets specific for the

nth, nell andcydA genes were used for the genotypic confirmation (T8plé&egative and

positive controls were included during the reaction to rule out any traces of contamination.

3.1.1 Confirmation with the neil primers
Theneilprimersin the wildtype strainis expected to amplify the fulengthamplicon of 801

bp whilstthe mutant allele due to the deletion of the geselts in a smalle&250 bpfragment

In Figure 12C, Lane 2of the agarose gel represents ¢éxpected 801 bp fragment amplified

from thewild type strainwhile lanes4, 5and 7represent thamplicon from thenutant strains

lacking neil gene whichall showed the expecte&2b0 bpband sizeln the case of themth,

axydAandantheeydAmutant strainglane 3, 6 and 8) the wildtype fragment is expected as

these mutants have theil gene intact.

A.

MSMEG_

MSMEG_ MSMEG_ MSMEG_

Wild type < 1754

»
¢ 80Lbp U<

Mutant MSMEG_

1754

MSMEG_ MSMEG_ MSMEG_

:‘] 1755 Aneil l 1757 : 1758 :
o 250bPT <

mc?

Anth

Aneil

AnthAneil
AcydA
AnthAcydA
AnthAneilAcydA

Expected fragment
size (bp)

801

801
250
250
801
801
250

C.

Marker VI

mc?

Anth
Aneil
AnthAneil
AcydA
AnthAneilAcydA
AnthAcydA

154

NTC

> 801bp
———>250bp

Figure 12. PCR screening fomeil mutants with neil specific primers A Genomic map showing the

wild type and mutant band sizes generated using clone manager sdWaedle showing the strains

and the expected fragment siz€s.1% agarose gel electrophoresis showing the expected band sizes
for each strain. The expectédgment sizes for the wild typeeil allelewere801 bp and 250 bp for
the mutant alleleThe FPandRP notation stand for forward and reverse primer.

39



3.1.2 PCR confirmation using cydA primers.

ThecydA primers were used to amplify thel lengthand mutantydA gene inM. smegmatis
using PCR. In the wildlype straina 157 bpampliconis expected whdt for the mutant allele
1400 bp is expectedn this case the mutant allele is larger than the parental allele since the
disruption of thecydA genewas arninserton of theaphgene coding fokanamycinresistance
(Figure 13A)YKanaet al,, 2001) The mutants deficient in the DNA repair genes only amplified
the intact parental 157 bp fragmeWMthile the mutants deficient in the energy metabolism
genes amplified the mutant allele fragrmeh1400 bp(Figure BC).

A. c 3
Q
= = SRS
H i~
[ < q
Wild type ?;;:EG_ cydD cydB :‘;’:‘EG‘ =< £ 3 <
> < <
>
rp 157bp AP
MSMEG MSMEG_
Mutant 230 " cydD cydB 3233
o RIS
2176
- 1400bp <
B. 1230 1400 bp
1033
Expected fragment 653
: 517
size (bp) wox
394
298
. 157 220/234 157bp
154
Anth 157
Aneil 157
AnthAneil 157
AcydA 1400
AnthAcydA 1400
AnthAneilAcydA 1400

Figure 13. PCR screening using theeydA primers for mutant strain confirmation . (A) Genomic
map showing the wild type and mutant band sizes generated using clone manager sBjtWdedl¢
showing strains and the expected fragment si@esl% agarose gel electrophoresis showing the
expected band sizes for each strain. The expected fragment sizes for the wildifyakelewerel57

bp and 1400 bp for the mutant allel&P represents forward primer and RP represents reverse primer.

3.1.3 Confirmation with the nth primers
Thenth primers were used to amplify tifidl lengthand the deletedth gene inM. smegmatis

using PCR. In the wildype strain an amplicon length 883 bp is expected wistia 270 bp
fragmentis expectedor all the mutant strains with theth deletion PCR confirmed the
presence of the expected basizk (833 bp)in thewild type strainandthe 270 bgragment in
the mutant straingontaining thenth deletionin lane3, 5 and7 (Figure #C). In lane6, the
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grydAmutant also displayed the wild type allele fragment of 833 bp as exgeaeade XC).
However, thapn t h getrainlahe 8)amplified the wild type amplicor883 bp for nthgene
indicating thathenth gene wastill intact(Figure 4). Thereforetheqpn t h goouyat strain
wasre-generatedy deleting theydAgene inthegpn tdckground

A C.

Wild type

MSMEG_ MSMEG_ MSMEG_ MSMEG_
6185 6186 nth 6189

o B33bp T

nthAneilAcydA

Marker VI
nthAneil
AnthAcydA

Mutant MSMEG_ MSMEG_

MSMEG_ MSMEG_
6185 6186 Anth 5188 6189
Fp” 270bp Yo,
B. 833 bp
Expected fragment 653
. t"
size (bp) 3
298 -— - - > 270 by
s p

mc2 833

Anth 270
Aneil 833
AnthAneil 270
AcydA 833
AnthAcydA 270
AnthAneilAcydA 270

Figure 14. PCR screening withnth primers. (A) Genomic map showing the wild typed mutant

band sizes generated using clone manager softvBye (able showing strains and the expected
fragment sizeg(C). 1% agarose gel electrophoresis showing the expected band sizes for each strain.
The expected wild type allele is 833 bp whilst tmutant allele is 270 bp with tim¢h primers The

forward and reverse primer are notated with FPRIRdespectively

3.2 Confirmation of the pcydAaphKOvector by restriction digest analysis
For generation of thgpn t h coouyadt e cydAdeletion vectopcydAaphKQKanaet d.,

2001)was usedPlasmid DNA was extracted froPcydAstrainusing the NucleoBond Xtra
Midi/Maxi kit. The vector was profiledith variousrestriction enzymeto ensure that it had

not undergone any genetic rearrangentafiore use (FigurésA). The plasmids digested as
expected withAcc65, Pstl, Smal, and Pvull enzymes and showed all the expected band
fragments as shown in Figur&B. However, the Sphl enzyme showed a similar fragment
pattern tathe uncut DNAindicating that the enzyme did not ¢be DNA (Figure BC). The

Hindll enzyme partily digesedthe DNA asan extra band between the sizes 1902 bp and
1080 bpwas observedFigure BC). The BamHI digest alsalid not show 2654p and 2212

bp fragmentssuggesting thathe DNA wasalso partiallycut (Figure BC). In theseinstances,
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it couldbethat thedigestionconditions for theSphl Hindll and BamHlenzymedigess were

not conduciveHowever asfive out of the seven enzymes showed the correct banding pattern,

the suicide vector was deemed to be correct.

A. C
Smal S
. Pvull P
Hindll pvull || | , il <
_."Ig‘cz-albﬁa" Al 2 E
HindII Phsp60 ) Smal g = - o -
4 lacz B X Neor ! jév § s g % £
HindII \J/Nrul S 5 v « & v
Pvull "lacZ-alpha’ X Nrul
BamHI _J Y
Nl 2 4 peopcydAaphKO  ya ‘
_ laczZ-alpha' \ 4 [ pstr
HIndIL/ 4 a7 alpha aph J0 N,sul
SPLY N » / Smal
Pwull \ bl "cydA
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"lacZ-alpha frobic B'?,f,}ﬂ
— ) Pvull
Sphl
Kot 3514
Acc65I
11 2701
B. 1681
Enzymes Fragment sizes (bp) DI e
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SphI-HF 8892, 4163
Acc651 8277, 3360, 1118
Pstl-HF 8301, 3514, 1240
Smal 7424, 2701, 1681, 1249
BamHI-HF 5069, 3072, 2654, 2212, 48
HindIl 10357,9501,1902,1080
Pvull 3999,2820,2557,1564,861,747

BamHI

Hindll

Pvull
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1902 2557

1564

1080 861

747

Figure 15. Restriction profile of the pcydAaphKO vector. (A) The pcydAaphKO vector map
generated using the Clone manager software. The vector was digested with 7 different gi&ymes.
Expected fragment sizésr eachof the enzymes used ttigestthe plasmid DNA. C) 1 % agarose gel
indicating the expected DNA band sizes; lafldrker V), lane 2 (Sphl), lane 3 (Acc651), lathe

(Pstl), lane 5 (Smal), lane 6 (BamHlI), lane 7 (Hindll) and lane 8 (Pvull).

As both the DNA repair deficient mutant strains andayeAdeletion vector wereonfirmed
to becorrect generation of combinatial mutant strains lacking both théh and cydAyenes

was pursued.

3.3 Generation of theqgpn t h gomuytashtAising homologous recombination.

Thetwos t e p

homol ogous

42

recombi nat i mhgrydAdetetioo d
mutant as described I&yordhan and Parigléordhan and Parish, 2008n illustration of the
homologous recombination technique is shown section 2.3 The suicide vector

(pcydAaphKQ containing a notfunctional copy ottydAdisrupted by th@phgene encoding
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for kanamycinand selectable marker genetadZ, and sacB (Kana et al, 2001) was
electroporated at various concentratiof®s pg, 10 pg, 20 pg, 30ug, and 40ughto
electrocompetent cell generated foh @th @PIA glycosylase deficient strags described in
section 2.3.1 and 2.3.Post electroporatioafter phenotypic expressiohe cells were spread

on 7H10 media supplemented wi#h pg/ mlikan and2% X-gal to identify clones that had
undergone &ingle cross over everithese cloneareidentified asblue coloniedbecause of
thelacZgenewhichencodes for betgalactosidase briag down X-gal to 5broma4-chloro-
indoxyl. The single crosever strain (SCO)l&b ot h t he wi | dtcydhAgeneand t r
together with the selectable marker genke€Z, and sacB. A positive controlplasmid
(pTweety was used to assess the transformation efficiency whichapm®ximatelys5x10’
transformantfug of DNA. Due to the white background of the picture in Figuéé,lthe
colonieson the positive control platgere not visible as they were also whAs.thenegative
controlelectrocompetertellswith no plasmidvas used to assess sensitiatyhe cellgo kan
andrule out contamination with any plasmid. The plates from the electroporation are shown in
Figurel6A.

The blue single cross over colonies wgirewn in the absence &fan and counter screened by
spreading arial dilutions of the cultus(10? -10") on 7H10plates supplemented with 2%

gal and 75% sucrode select forthe double crossover mutanfEhe sacBgene encodes for
levansucrasean enzyme thdtreaks down sucrose to levan which is toxic to cells and results
in cell death. Hencepnly colonies that Ist the sacBand thelacZ genes during the double
crossover evenwould bewhite and resistant to sucro&tue/white colonies weralentified

indicating that the single cross of colonies underwent a second cross over event @Byure 1

To further confirmthat the white colonies haaist the vectosequence together with the marker
genesthesewhite colonies werspottedonto 7H10plates supplemented with-gal, kan and
plugminus sucroseThis selection process enstitbat only colonies that have lost teacB
cassettareable to survive in the presence of sucr@@@gure16C). About 21white sucrose

resistanclones were identified gmssiblegpn t h quoybld deletion mutants

These colonies were then screened by PCR using primers listathle3 and Southern blot

analysigto identify the possible deletion mutants
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Figure 16. Plate showing the knockout mutant process carried out by two stegallelic exchange

(A) Electrocompetengmthcellswere transformed with thacydAaphKOplasmid and were selected on

7H10 plates supplemented with 2%g4l and 25 pg/ ml kanamycin. Negative control contains cells
only (gnth), positive control gTweety andblue colonies were obtainéor all concentrations of DNA
electroporated (5L0, 20 and 30 pgout onlythe platefor 5 pgis shown)(B) Clonesselected on 7H10

plates supplemented with 2%g&l and 75% sucrose to identify DCOs. Different dilutions of the blue
colony suspension were plated front*10 107 (only 10*-102 is shown)(C) The counter selection

clones that underwent the second crossover event were spotted on 7H10 plates supplemented with X
gal plusKan and Xgal plus sucrose to confirm the vector backbone had been lost during the second
cross over evenGrowth of the white colanies on the Xgal plus sucrose plat®nfirmedthat the second

cross over event was successful.

3.4 Confirmation of newly generated double deletion mutanby PCR screening

Five white, sucrose resistant clones were screened using PCR to ideatiBletion mutants
for cydAin thenth mutantbackground

3.4.1. PCR screening witmth primers

The nth primers were used to amplify tlmth gene inthe 5 possiblenutant straingogether
with the wild type strainAs expectedthe wild type strainshowed he expectedull-length

amplicon of 833 b@andthe mutant allel®f 270 bpfor clones 1-5. The nontemplate control
was included to rule out contaminatiofhese data confirmed that th@th mutation is still

retained in the double deletion mutéRigure 17).
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A.

Wild type
MSMEG_ MSMEG_ MSMEG_ MSMEG_
6185 6186 nth 6188 6189

— 833bp
FP RP

Mutant MSMEG_ MSMEG, MSMEG

6185 Anth | 6188 I 6189 '
' ' —» 270bp <« —
FP RP

B.
Expected fragment
sizes (bp)
mc? 833
AnthAcydA 270

Figure 17. PCR screening withnth primers (A) Genotypicmap that shows the expected fragment
sizes of the mutant and wild type strain generated using clone manager s¢B)vaadle showing the
expected fragment sizésr thepossibleppn t h guapsitideMutans. (C) 1% agarose gel showing the
confirmation by PCR of clone-3 using thenth primers. The parental strain, frkhowed the expected
wild type band (833bp), all possible mutant clones showed the expected mutant band (270fp). The
template control in lane 8 showed no amplification confirming the absence of contamifi&ton.

forward and reverse primer are represented by FP and RP.

3.4.2 PCR screening witlcydA primers
The5 possible mutardlones were also screened with ¢iydA primers. For the wildype allele

an amplicon of 157 bp was expected while for the mutant allele 1400 bp was exp#died.
clonesscreenedmplified the expected 400 bp fragmerand thewild type strainthe 157 bp
fragmentwhilst the nortemplate contsl showed no amplification confirming that there was

no contamination in the PCR reacti@tigure B).
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MSMEG_

MSMEG,
Wild type 3230 cydD cydB 3233
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MSMEG_ MSMEG_

Mutant 3230 cydD cydB 3233
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> 1400bp €
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Figure 18. PCR screening withcydA primers A. Genotypicmap that shows the expected fragment
sizes of the mutant and wild type strain generated using clone manager s@twaigleshowing the
expected fragmensizesfor the 5 clones and the parental strath 1% agarose gel showing
confirmation by PCR of clone-3 usingcydAprimers.The parental straimc? showed the expected
wild type band (157 bpand the fivemutant clones showed the expected mutant ba@O(bp with

the cydA primers. No template control showed no band corifigmo contaminationFP and RP

indicateforward primer and reverggimer,respectively

3.5 Genotypic confirmation of the various mutants by Southern blot analysis

On c e nthorgdA dpuble deletion maints were confirmed by PCR they were further
confirmed by Sout heathgqeyddCOo The pamegta straie (candi t h
previously generated mutant straingpr(t h , I, goenyed AtbpmeilgrydASCO and
gnthgmeilgrydA were also rescreened to enstlirat all strains were genotypically correct.
Genomic DNA was digested overnight aB3With Pstl and screened timh probe (Figure

19) whilst genomic DNA digested witpnl was screened with tlogd probe (Figure 20).

3.5.1 Southern blot analysis of therarious deletion mutants with thenth probe

Southern blot analysis was conducted to confirm positive mutants. Genomic DNA of the strains
was digested with the Pstl enzyme and the rest of the steps were performed as per method in
section2.9. The wild typeallele was expected to be 5315 bp while the mutant allele was
expected to be 4745 bp. The wild type strainfjmiisplayed 5315 bp while the mutant strains

on (4R45 bp)gpn 1g5315 bp)pn t hld#T4d bp)ogpc y GB3AS bp)pn t h qd7sdbp),
gnthcydASCO(4745 bp) andpn t hlgo ¢ @745 bp) displayed the expected mutant bands,
respectively. However, with trggn t hlgpo ¢ d ArSual the expected band size 5315 bp
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was seen except there was also an extra baatld\ arrowin figure 19C) which was higer

than expected which would account for unspecific binding of the probe for this mutant.

A. C.
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Figure 19. lllustration of the southern blot analysis withnth probe (A). Clone manager map with
Pstl restriction enzyme showing the expected band sizes for mutant and wild type Blel@9%o
agarose gel showing the restriction profile of thie gene cut with thé®>st enzyme overnight.Q).
Southern blot analysis wits351bp band for wild type andi745bp for the mutant allele band
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3.5.2 Southern blot analysis of the various deletion mutants with theydA probe

Moreover, with southern blot analysis with ihedA probe the expected band size for the wild
type allele was 2420 bp while for the mutant allele was 3360 bp witiKpimé enzyme
digestion.The wildtype strain (nf) displayed 2420 bp while the mutant straips t(2420
bp), nle (2420 bp),pn t hig(d4@0 bp),pc y 43860 bp),pn t h 3860 Ap),
gnthcydASCQ(3360, 2420 bp)pnt hligpo ¢ d A 242@3360 bp) andont hipo g d A
(3360 bp) displayed the expected mutant bands, respectively. Howevep,ntigei eand
pnt h gpangght h pc ylhdS e faintThis was due to low signal ehe probe
during exposure of the nitrocellulose membrane to thayxfilm. Overall, genotypic

confirmation of strains was considered correct.
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Figure 20. lllustration of the southern blot analysis withcydAprobe (A). Clone manager map with
Kpnl restriction enzyme showing the expected band sizes for mutant and wild type Ble@9%o
agarose gel showing the restriction profile of ¢gdAgene cut with th&pnl enzyme overnight.Q).

Southern blot analysis witB860bp band for wild type angd420bp for the mutant allele band

Southern blot analysis with tmeil probe was previously done at the CBTBR lab (Rantsi, unpublished
2017), thus repetition was not necessary as the strains had been confirmed with PCR and are correct.
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PHENOTYPIC CHARACTERISATION
Oncethedouble and triple deletion mutarften t h gqemdoxh Apkilgpc y)avére genotypically

confirmed to be correct they wguhenotypically characterideand compared to the respective
parentalsingle and double deletionutant strainglevoid in enzymes from tH2ER and ETC
pathways The growth kinetics of the mutants was assessed under normal culture conditions
and under hypoxic conditions as generatedblmfilm cultures. Microscopic analysis was
conducted on bacteriaawn in biofilms to assess for changes in morphology. The mutant
strains were also assessed, feurvival underoxidative stress conditions as generated by
hydrogen peroxidand menadiondn addition, thefluctuation assayvas used t@ssess the
mutation ates of each straiand compared to the parental strain to determine if deletion of
genes in the BER and ETC pathways led to increased mutagehlesge analyseare

discussed in detail below.

3.6 Growth kinetics assessmentf strains

The growth kineticsof all the strains (nfcan t h , 1, seremitl, h seseey d A, &nt hac
an t h demydA) wasassessed under normal culture conditiorssses# the growthrateof

the variousstrainswas comparable This was important to validate the interpretation of all
downstreamphenotyping.An overnight preculture of the various straing/as diluted to an

ODsoonm = 0.01 in 10 ml 7H9 media supplemented wiitle appropriate antibiotic where
necessary and incubated at 37 °C with shaking at 100 rpm. Therdstgrowth rag¢ was

determined by monitoring the Qé&xm at 3hour intervals for 24 hourgn addition, at each

time point viability of the cells was measured as CFU/ml as it is a far more accurate measure

of growth rates. The data for both experimesnfgesented asé average of three experiments.

The ODyoonmmeasurements showed that the wild type and the mutant strains deficient in the

BER genesdn tghnledn t hiypgresviat a fasterate compared to strains with treydA

deletion (pcy d A, gand dpoptc lylgh & ¢)deardless of the background deletions
(Figure21A). Statistical analysis using the two tailed t test in Graph pad prism 8 software was

done to assess the correlation betweercyigé deletionmutant strains anthe parentaland

DNA repair deficient mutangtrain The mutants with theydAdeletion showea significant

difference as the-palue was less than 0.05<0.001)for all strains (Figur1A). | cont r ast ,

t hGFU data displ ayatdtacandis,a pei Gr ownwvbcs s ¢ f e & nC
bet ween the parenttdapey alnudg medidaemn GtRB)ASKSI qur e
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Figure 21. Line graphs showing the growth kinetics for the parental and the various deletion
mutant strains (M, e&en tabn B eent hlemey,deh t h end Alsen g)d Gowth was
monitored at dhour intervalsover a period of 24 hours by measuring the ORgdHr CFU/mI
evaluation growth was monitored ah8ur intervals over a period of 24 hours by spreading appropriate
dilutionsof each of the strains in duplicate 7H10 media. Plates were incubated far @ays before
colonies were counteérror bars represent the standard error of the mean (SEM) for three biological
replicatesA. The OD60@»measurementshowed a significant difference in the growth patferrthe
mutants containing theydAdeletionscomparedto the mutants containing only deletions in the DNA
repair genes and thld type strain(p<0.0001) B. CFU/mI data showed no significant difference in
the growth rate of all the strains (p>0.08)}* is the pvalue representing significance Whnsis the
p-value for norsignificarce

3.7 Assessment of the sensitivity of the various mutant strairte hydrogen peroxide

In this experiment the viability of theariousbacterial strainsvas assessashder oxidative
stress conditionsis generatedoy hydrogen peroxideThe oxidative stress conditions were
optimized with the parentaktrain before testing the various steio ensure the correct

conditions to measure survival were established.

Based on the Odgonmvalueshydrogen peroxidevas effectively killing theparentalstrain as

the growth declined ovethe 6-hour period (Figure 22A). Ho we v e r when CFU®G
evaluated at the same time pojritee hydrogen peroxidéilled the strains within the first 2

hours of incubation after treatmt (Figure 22B). These conditions were applied to test the

mutant strain under oxidative stress conditions.
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Figure 22. Line graphs showing the ODsoonm and CFU/ml values of the parental strain under
oxidative stress conditions with hydrogen peroxidg2,5mM). A. Hydrogen peroxideshowed a
steady decline in survival over then6ur period B. Hydrogen peroxide showed a decline in growth
within the first 2 hours of treatment

Nextthese conditions were applied to telitthe othemutantstrainsunder oxidative stress.
Exponentially growing wildype and mutant strains were exposed to hydrogen peroxide (2.5
mM) and at2-hour intervals over a period of 6 hotine OD&onmand CFU/ml was measured

andenumeratedespectivelyfor each strain.

Based o the ODyomm readingsthe DNA repair deficient mutantgp(n tgbnledon t hiypn e i
showed decreased survival comparedhi® wild type strainand the singlecydA deletion
mutant. However, in contrastthe gon t h gpand @b\t higpo g dtrAinsappeared to be
resistant tohydrogen peroxide treatmeimis they displayedn ascendinggrowth pattern

compared to the parental strain (FiguBA}R

Subsequently when the CFUs are analyasdbserved with the parental strain, all the mutant
strainsshowed completkilling within 2 hours of exposurexcept thess t h s enytahithat

did not have any colonies observed for all the time pdkitgire 2B). This could have been

due to experiment technicalities when growing the sfragan t h )ee%s hZydirégen peroxide

is a highly unstable compound it poses several challenges for reproduciliilgydatawas

not useful in dissecting out the growth kinetics of each of the strains under oxidative stress
conditionsand thereforea more stable compound, meiate was usetb assesthesurvival

of the various strain® oxidative stress.
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Figure 23. Line graph showing the viability of the various mutant and parental strains under
oxidative stress conditions with hydrogen peroxide (5 mM). A. The wild type straingpc y ané

the DNA repair deficient mutantgpn t h |, gomnetl) argpsusceéptible to hydrogen peroxide whilst
pnt h gendogrhA hlgo g stréins are resistar. Line graph showing the viability of the various
mutant and parentaltrains under stress conditions by hydrogen peroxidg.phasecultures were
treated with hydrogen peroxide (2.5 mM) and viability was assessed by plating appropriate dilutions at
each time point. Althe strainglied after 2 hours of exposute hydroga peroxide For presentation

purposes lastrains that had zermolonieswere changed to 0dn thelog scale.

3.8 MIC determination with menadione

The susceptibility of the strains to menadione was assessed usbrgtthdilutionminimum
inhibitory concentration (MIC) procedure. This compoasdnentioned before is more stable
in comparison to hydrogen peroxisie we anticipated that it would better delineate the survival

kinetics of the various strains under oxidative stress

First the MIC of the parental strain to menadione was assessed to obtain a baseline value for
comparison of the MIC of the various muta&gure 2). Using the broth microdilution
methodin a 96 well plate the menadione was dilutefdl@ twelve times anthen all the wells

in the plate inoculated with a diluted culture of the parental strain. After overnight incubation
Alamar blue whichis usedo determine the viability of cellwas added to the entire plate and
growth was measured using a plate readdéamar blue is aresazurirbased solution that
guantitatively measusaviability by using the reducing power of living celldence, growing

cells will reduce theesazurinfrom apurple colorto pink whilst no growth a convertto the

purple dye The datafrom three replicate experiments wenealyzedand plotted as a graph

which showed aMIC 0.01560 mg/ml for thgarental strain againstenadiongFigure 21).
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Figure 24. Graph showing the MIC of menadione required to killM. smegmatiswild type strain.
The parental strain was exposed to menadione for one day in a 96 well plate and then expased to Al
blue for 3 hours before the MIC was determined at wavelength 500 nm on a plate reader. The MIC was

calculated as the average from thexperimergand was taken as 0.01560 mg/ml.

Next theMIC of the variousmutant strainscon t h ,1, compreti,h qogpceyid A, amont h qpcy
pn t hlgpo ¢)@dgainst menadione was assessed and compared to the parent@figiieen

25). All the mutant strains displayed an MIC @D0780 mg/mhgainst menadionexcept for

thegpc y ™ukant strain whickhowed a Zold lower MIC 0f0.00390 mg/mto this compound

Most of the mutant strains showed a twoRl difference in MIC compared to eéhparental

strain which isconsiderednsignificant. However, the-fbld difference in MIC observed for
thecydAdeletion mutant may deecause obxidative stress condition generated by menadione.

Why this effect was not seen for strains in whigldAwas deleted in combination with the

DNA repair enzymes is unknavand needs further investigation.
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Figure 25. Graph showing the MIC of menadione required to killM. smegmatisvild type and the
various mutant strains. The strains were exposed to menadifor one day then exposed tcaddar
blue for 3 hours before the MIC was determined at wavelength 500 nm using a plateTieadiC

is the point before the growth dropszero.TheMIC for all strains was approximately 0.00780 mg/ml
e X c e pt cyddmutart wheech stpowed aféld lower MIC 0.00390 mg/ml compared to the parental
strain (Q 01560mg/ml).

As the MIC of all the strains was similave nextchecled whether treatment of the various
strains with menadioneesults inredox heterogeneityrhis assessment was importaitice

hydrogenperoxidekilled all the strains after 2 hours

3.9 Measurement of redox heterogeneity of the wild type and mutant strains with

cumene hydroperoxide, dithiothreitol and menadiondreatment

Theparental andl. smegmatisnutant strainsvere markedvith a GFP reporteto gauge the
oxidative stress response to cumene hydroperoxide (CHP) oxidant, dithiothreitol (DTT)
reductant and menadionEhe two compounds were included in this experiment as controls to
calibratethe response of all the strains to either a 100% reduced (DTT) or 100% oxidized
(CHP) environmentMoreover,GFP is a sensitivaeporterfor gene expression in cel&s
measured byfluorescence by flow cytometrySoboleskiet al, 2005) Flow cytometry
guantitivelyanalyses the fluorescent intensitiyeretheintensity of the GFP reporter directly
proportional to the GFP fluorescent in the marked o@isboleskiet al, 2005) In this
experiment, theeporterserved as aignal when oxidative stresssults influorescenceThe

signalwould show redox heterogeneity of either oxidation or reduction.
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M. tb during oxidative stress conditions produces millimolar concentrations of mycothiol
(MSH), which acts as a cytoplasmic redox buffnaskaret al, 2014) Thus, to measure the
redox potential (ksH) of strainsvarious gating optionsn the flow cytometewere usedThe
strains were grown to the exponential phase and treated with the different compounds. After
treatment, the cells were resuspended in PBS before analysis with flow cytorheti@FP
population of the strains were divided into three-papulations: msnx-oxidized, Eusk-
reduced, and WsH-basal. The number of events per population was represented as the
percentage of each syopulations displayed asbar graphsin Figure 26). Analysis is
presented as th&um of the redox (oxidization and reduction) potentialeaich compound
treatment for all the straitn addition, dot plots were also used to represent the shift in each
population towards oxidized or reduced conditions after treatwigntthe CHP, DTT and

menadione, respectiveind these are shown AppendixC.

A. Untreated cells
When the cells containing the GFP reporter were untreated, their response to the redox reaction

system varid. The wildtype GFP marked strainrage a fully reduced signalFigure BA).
Some of the mutantgpn 1GRP,pn IeGFP,qpn t h p@HRP)tdksist of cellsmostly in the
reducedstate with a small portion in thexidized statgFigure BB, C, and ff. The remaining
mutants(cpn t hlegpirRR gc y-GFP andpn t higpo ¢-&FPR) showed both reduced and
oxidized cells, along with cells in a basal redaate(Figure D, E and G. Conclusively,
these findingsndicate that untreated cells for all thteainswere ina reduced state. Thedata
are alsssummarizedn Figure Z using theGFP markegbarental strain as a control to confirm

the conclusion drawn.

B. CHP treatment
With the CHP treatmenés expected thec>-GFPstrainwas fully oxidized (100%s well as

thegpnle@FPandgn t h p@HP thitant strains whilst thgpn {GRPandgn t hlegoiR i
were98%oxidized(Figure BA, B, C,D andF). Lastly theppn t hligo g-&FP was oxidized

at 99%(Figure BG). In thegpc y-@HP cells only 61%xidation was measurd&igure 26E)
suggesting thathis strainis resistah to change it redox state, even if an oxidant is used for

treatment.

C. DTT treatment
DTT treatment, displayed a 9480% reduction rate for all strains except for tyd AGFP

strains. The nfeGFP, qpn 4GRP, qpn leGFP, qon't h (p@AP @Ml cpn t higpo ¢-GFP
strainswerefully reduced (100%jvhilstpn t hleirRewas reduced at 99% and the y-d A
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GFP was reduced at 98%hese results are shownkigure26 under the DTT treatment label

in all panels

D. Menadione
Treatment ofthe variousstrainswith menadione resudtlin 100% oxidationin strainsmc-

GFP, ipn {GRP, pn leAFP, pn t hlepirRe pnt h pGARP & qon t hligpno g-GFP
(Figure26A, B, C,D, F and G. However, thepc y-@HP cells were oxidized at an 80% rate
(Figure BE). Thereducedresponse of ik strain to menadione wakke that observeavith
CHP indicating that deletion of theapc y dnduces othercompensatoryrespiratory

genes/pathways thabntrols the oxidative stress
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Figure 26. Bar graphs illustrating the redox heterogeneity of seven GFP marked strainStrains(mc>-GFP, aath-GFP, ameil-GFP, n ¢ h @R,

aeydAGFP,an t h sedGiFRaAdan t h #emyd AGFP) were grown to exponential phase (§44~=0.5-0.8) andtreated with different concentrations of CHP
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(10mM), DTT (40mM) and menadione (1mg/mhhe progranFCSalyzemwas used to analyse and categorise each population (basal, oxidized and reduced).
The bar graphs represent the percentage of cells that fadidatoof the subpopulations. The dattawedhat the CHP oxidant and menadione compound were
able to oxidise all strainsata 290 0 %) r at ecydd&FRPenptant. DT eedugiant, reduced the strains at-A@08%o) rateThe untreated strains were
reduced at the same rg&0-100%) as the DTT compounitdicatingthat theM. smegmatistrains arén a reduced state

This experimentlearlyshowsthat CHP and menadiomaninduce oxidative stress at a-200% rate in all the muté strains excephe qrydA
GFPmutant Moreover, the data show thatemthough thestrains succumb to oxidative stress conditions, someczihift toa reduced or basal
statemost likelyas a survival strategys the strains irtheir untreatedtate show a reduced phenotype ranging frora@D% ratehey validate

the oxidation measuremer{iSgure ) and these finding wemxplored furtheas discusseih section 3.1.
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3.9.1 Confirmation of the redox heterogeneity system of th&l. smegmatisnutants
To show that the results achieved in secB8dhare reversible, we used the wilgbe strain

(m-GFP) as a control to show how thelde smegmatisstrains respond to successive
menadione and DTT treatmems our assumptiobased on the above datas that the strains

are originally in a reduced stateeatment with both menadione and D3Aouldcause a redox

shift from oxidised toa reduced stateln the bar graphas expected there & redox shift
response from reduction pxidationwhen the cells are treated with menadionetard back

to the reduced statehen treated with DTT (MenDTT{Figure Z). Thesedata also suggest
thatmycobacteriafter being exposed to oxidative stress conditions can survive in the cell and

recover by shifting to their original state (reduced).
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Figure 27. Bar graphs illustrating the redox heterogeneity of wild type GFP marked strainThe
parentalstrain was grown to log phase of 0.5 in &aw. thereafter it was treated with CHP (10mM),

DTT (40mM), menadione (1mg/ml) and menadione (1mg/ml) followed by DTT (40toMssess if
overwhelming of the cells with compounds will enhance their redox state or not. CHP oxidant oxidizes
the strain fully (100%), DTT fully reduces the strain as expeaigdeated cells displayed both reduced

and basal states. Menadione alone oxidized the strain and the menadione and DTT treatment

demonstratethe reversal of thexidized state.

Based on these data, menadione is a useful oxidative generating compoumddddos
optimized to further analyse the various mutant strains. Unfortunately, due to time constraints

this could not be explored further in this study.
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3.10 Assesment of mutation rates with the fluctuation assay.

To determine the mutatiatistribution of each mutant and parental strain, mutation rates were
evaluated using the fluctuation assaye Tluctuation assaysesparallel cultureso determine
the mutational events in a population of each stiHimee differenimethods were emploge

in this study includinghe LuriaDelbrick, Jones Median estimator, and the Quartiles Koch
method to assess the mutatrates, respectivelyrhis was to account for any limitations that
each method has and to get accurate data as posBi@seafter aalysis was done by
calculating the fold change of each mutant strain relative to the parental Biamously
Moolla and colleagues showed that deletion of the DNA repair getiear(dnei) increases
mutagenesiéMoolla et al, 2014) In thisstudywe investigated the impact of deletiongeines
from both theBER and ETC pathway on mutagenesis.

Luria -Delbrick fluctuation method

The mutatiorrates were calculated using the LuDalbriick fluctuation method for the wild
type and mutant straingp(n t h |, qomnetlih gqomceyid A, ampgpn b dpy @ &Ae) .
Luria Delbrick method follow certain assumptions to draw conclusimnsa successful
experiment which includesd) the likelihood of mutation is constarthroughout thecell6 s
lifetime, (b) the probability of mutatioduring thelifetime of the celldoes not vary during the
growth of the culture(c) the proportion of mutants is alwagmall, (d) the initial number of
cells is negligiblan comparisorto the final number of cellgg) the growth rates of mutants
and noamutants araimilar, (f) the reverse mutations aménor, (g) death ignsignificant (h)

all mutants are detected afix) no mutantoccurafter selectiorfRosche and Foster, 2000)

The mutation rates (¢) ar e depmnndtleenentreon t h
population Nt) (Rosche and Foster, 2000)he mutation events for this method should be
between 0.3 and 2.3 for mutation rate to be considered correct. In thisxaseglespreadsheet
createdat the CBTBR was used generatehe maximum kelihood curve to estimate time

value required to calculate the mutation rgddachowskiet al, 2007) The fluctuationassay

was conducted in three independent experimentsll the straingand the wild type straiwas

used as mexampleto illustrate how the MSSMaximum likelihoodcurve is analysedrhis
method computes the Luria Delbruck distribution by calculating the mean number of observed
mutants.Using the excel spreadshettte m-valuewas calculated dt.61(red arrowin Figure

28), the final mmber of cells (§) was 2.10 107, and thus inserting these values in the formulae
pu=l £ m/N (Luria and Delbriick, 1943he( ewpscalculated a5.31 102 for the parental

strain in experiment 1.
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Figure 28. MSS distribution LC curve used to estimate the mutation rate for the parental strain

This graph shows the peak at which thevatue for thewild type strain isdetermined. Then value
represents the distribution of the mutations and it was used to calculate the mutation rate for the parental
strainby the use the excel spreadsheet created at the CBTB®Iathowskiet al, 2007) In this
spreadsheet, the possible values of m were plotted ondRis xand equation 17 data was plotted on

the yaxis (Machowskiet al.,, 2007). The peak on the graph (red@m) is the most probable m value
(1.61).

Similarly, the mutation rates of all the mutant straarsl the parental strain for the three
independent experimentsas calculated andelative fold changesn mutation rates was
calculated for eachtrainin relationto the wild type strain for each independent experiment
(Table 4)
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Table 4. Analysis of mutation rates by comparing the relative fold changes with Luria
Delbruck method.

Strains Mutation rates per experiment (30 Relative fold changeelative to wild
type strain (m®

Experimen | 1 2 3 1 2 3

t

mc 5.17 1.70 7.93 1.0 1.0 1.0

anth 6.08 141 1.65 171 8.29 0.208

amnell 0.403 14.0 6.44 0.078 8.24 0.812

ant h éen 0658 230 2.79 0.127 135.3 0.351

acydA 0.183 1.03 1.92 0.035 0.605 0.242

ant hec90.6 12.0 2.33 17.5 7.05 0.293

ant hén 0355 9.44 0.315 0.069 555 0.039

acydA

3.10.1 Analysis of mutation rates by comparing the relative fold changes.

Based on the data the mutation rates between the three expemasmst consistentOnly
experiment 2 showed a shift in mutation rates for all the strains excegtyfdA The single

DNA repair deficien{gon tartdogn I mutants showe8-fold increase in mutation ratehilst

thegpn t hlguomeinatoriamutantshowed a massivacreasdyellow highlight)in mutations

(Table 4)which agreedwith the observations of Moola et @loolla et al.,, 2014)Plates with

RifR coloniesgreater than 158nd vary from the rest of the data were considered jackpots and
therefore,were excluded from the calculatiori3eletion of thecydAgene isfrom the ETC
pathway(cpc y)dsiow naincrease in spontaneous mutations howevken genes from both

the ETC and BER pathway are missif@@n t h goang tdeApn t hlgno g)dh&re is an
increase in the mutation rates (Table Fhese datashowthat underspontaneous oxidative
stress conditionghe absence of gengsboth the BER and ETC pathways leads to increased
mutagenesis suggesting that the cell in the absermaéigene is experiencing higher levels

of oxidative stress leading to increased DNA damage which in the absence of the DNA repair
enzymes is struggling to maintain genome stability and eventually the cell will die. These data
show the importance of thmth he ETC and BER pathways in maintaining cell viability under

oxidative stress conditions however, this experiment will need to be repeatisas
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conclusionsare based on one experiment only. The reason for the low mutatésnformost
of the strainsn experiments 1 and 2 may be due to technical errors and therefore, requires

further experimentation.

The Quartiles Koch method

The quartiles Koch method uses the upper and lower quartiles with the median to determine
the mutation rates. To get the numbé&mutational events, the numberRif? colonies were

used to calculate the mediahich was themsed to determine the mutation rates based on the
position of ther (median number of mutants in a culture) whether it falls under the upper or
lower quartie. According toFoster the values of m should bbetween 2 and 14 for the method

to be correct for usgRosche and Foster, 2000, Foster, 2006)ot, the method is considered

undefined.

This analysisalso showedincreased mutagenesis for then t hlgnutant (Table 5, green
highlight) compared to the individual deletion mutasestf andamneil) as observed with the
in the Luria Delbruck analys{able4, yellowhighlight). Similarly, thecydAdeficient mutant
did not show any distinguishable variatimnmutation rategTable 5) However,deletion of
cydAin combination with the BER enzymégn t h qdanddn t h demydA) showedan
increase in mutation rat¢fable 5)

Table 5. Analysis of mutation rates by comparing the relative fold changes with the
Koch quartiles method

Strains Mutation rates per experiment (20 Relative fold change relative to wi
type strain (m®

Experimen| 1 2 3 1 2 3

t

mc 6.15 2.55 16.8 1.0 1.0 1.0

anth 9.40 24.0 5.37 1.52 9.41 0.319

aneil 0.415 62.9 20.4 0.067 246 1.21

ant hdenlo7 504 6.27 0.320 197.6 0.372

acydA 0.965 2.95 10.4 0.156 1.15 0.619

ant heaeq23l 16.3 12.2 37.5 6.39 0.73

ant hd&nl0s 15.2 2.87 0.170 5.96 0.170

acydA
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The Jones median Estimator method

Lastly theJones median estimator metheds explored for analysis of tmeutation ratesn
these experiment$he Jones estimator methodhi@mally usedvhen m is between 1,5 and 10 or
when the median is 0,8Joneset al, 1994) If these criteria are not met then timethod is
considered unreliable amuefficient (Joneset al, 1994) As shown in table most of theutation
rates across the 3 experiments werdefined (UD) because the median was 0 which made the
m value undefined and thus the mutation rates could not be detertdigreck, this method
was not useful in calculating the mutation rates for most of thestbut does maintain like
the previous two methods that the double deletion mutgort { hliypdisplays greater
mutagenesiseikperiment land2 in Table 6 highlighted in blug In this analysis theydA

deletion mutants did not yield comparable mutation rates as the previous 2 methods.

Table 6. Analysis of mutation rates by comparing the relative fold changes with Jones
median estimator method.

Strains Mutation rates per experiment (20 Relative foldchange relative to wilg
type strain (m®

Experiment| 1 2 3 1 2 3

mc2 4.64 1.55 uD 1.0 1.0 ub

anth 5.19 15.1 uD 112 9.7 ub

aneil 0.236 uD 13.8 196 ubD ub

acydA ubD uD uD ub ubD ub

ant haeeclUD 145 uD ub 0.106 ub

ant h s 0431 11.09 ubD 1.076 0.139 ub

cydA

UD = undefined

Overall, the comparative analysis for calculating mutation rates suggest thatirihe

Delbrickmethod may be the most accurate.
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3.10.2 Determining the morphologies of spontaneous rifampicinesistarnt mutants.

As there was a change a mutation rates between the various mutant strains, it was interesting
to determine if the morphology of the Rivas different for the various strains. The colonies
obtained on the Rif plates for the various mutamd parental strains were viewed under the

Zeiss Stemi 2000 stereomicrosc@melanalyzedusingthe Zen software

Microscopc analysisvas donet three different magnification8.65x 1xand 1.25x at a scale

bar of 100 pixeldor each strainFigure D). Thewild type straindisplayeda bulgy cod
morphology which wasalsoobserved for the DNA repair single deletion mutapts tarkd

gneil (Figure 2). The double deletioipn t hlgutantshowed aslightly bulgier cading
morphology around theeriphery of theolony. This shoved that with increased loss génes

from the BERpathway results in aexaggerated phenotype. This result is consistent with the
mutation rates data that displayed increased mutagenesisqnrttte hlcptmam iThe energy
metabolism deficientnutantdisplayed avery differentmorphologycompared to the parental

or the DNA deficient mutargtrains The colonies were flashiny,and displayed noordng.

(Figure @). However, when the DNA repair genes are also deleted witbyti®gene in the

pnt h gecryd Agnidp d ypausamts the mutants start to regain tberding effectwhich

is more pronouncedvhen boththe repairgenes are deletedp(h t hlgno g)dFgure D).
However, the cording is not the same as observed for the parental strain and the BER deletion
mutants suggesting that deletion of tyelAgene in the background of the BER genes does
have an impact in maintaining cell fidelityhese datalsocorrelatewell with the oxidative

stress survival and mutagenesis observations as in all these experimepts thé lgoukle
deletion mutant showed a more exaggerated phenotype compared to the individual single
mutants. ThecydA single deletion mutant does nditsplay a dramatic phenotypbut
combinatorial deletion of this gene together with BER genes resulem exaggerated
phenotypeof anincreased mutagenesis. These observations point to the fact that both the BER
and ETC pathways work isynery in DNA damae toleranceand survial underhostile

conditions.
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mc? AnthAnei AcydA A AnthAneiAcydA

0.65x

Figure 29. Microscopic analysis ofthe parental and mutant strains coloniesunder rifampicin
treatment. Colonies were viewed using 3 different magnifications; first row represents 0.65x, second
row represents 1x and 1.25x is represented by the third row for each strapar&htal mestrainand

the singleDNA repair genaleletion mutantsgon &ardgon 1@ displayeda bulgy cordingmorphdogy.
Thegn t hlgnatanishoweda bulgierphenotype compardd the single deletion mutant straifi$ie

pc y displayed a distindlat and shinyphenotypecompared tall the straindut this phenotype is

lost asstrains deficient in genes from both the BER and ETC pathway show a recovery efffett in
these comimatorial mutants start regaining the cording morphology which is more pronounced with

loss of both the DNA repair genes.

3.11 Biofilms
In addition to oxidative stress, the various mutants were also assessedxyuger limiting

conditionsas createdby biofilms. During infection, themycdacteriaare engulfed by the
alveolar macrophages as a host immune respdhgeprocess can resaitherin some bacilli
developing into active TB disease or most bacilli progredsinigvelop latent TB. The latent
TB staterenders the tubercle bacilliactiveand contains it in granulomawvhere the bacteria
can survive under oxygen limiing conditions. Thus to understand the adaption of
mycobacteriakells underhypoxia conditions these various mutant strains tbge with the

parental strainvas assessddr survival under biofilm conditions

Bacteria on biofilm surfaces consume oxygen creatingogygendepleted (hypoxic)

environment.The generatediofilms werequantified forbiomass and cell adherenas well
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as microscopic assessment to identify any differences between the various mutant strains and

the parental strain.

3.11.1 Microscopyanalysisof biofilms for wild type and mutant strains
Once the biofilms were grownhe Zeiss Stemi 2000 stereomicroscope wsed to capture

images of the biofilms for the wiltype and mutant strairag two different magnification (1X
and 1.25X}o identify any morphological changes due to deletion of the various BER and ETC

enzymes.

Biofilms of both he wildtype andpn tstiain showedh thick, ruffled, and intact morpholgg
whilst the gon Emutantstrain showeda moretubularand granular morphology but biofilm
was stillintact(Figure30). This phenotype was further enhanced in the double deletion mutant
gpn t hidgrgare30) suggesting that deletion of both th#h andnei genes affects bacterial
growth and survival as previously obsen(®tbolla et al, 2014) Thegc y deltion mutant
wasunableto form abiofilm but instead showedsediment of cells at the bottom of the well.
The inability of thegrydA mutant to form biofilmswas alsoobservedby N. Narrandes
(unpublished, 2018)in contrast deletion of theydA gene in combination with the BER
enzymes Nth and/or Nei resulted in stragna t h gqeenggaunA hlgo ¢ frAing biofilms

that displayed aather smooth, thin, and flat morphologVhis recovery in biofilm formation
which despite not being as robastthe parental strain suggested that other repair enzymes in
the BER pathwayor examplethe second Nei homologue maybe having a compensatory role

allowing theqgpn t h qecry dd Adh dppceyitd Wlerate hypoxic conditions.
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mc? Anth Oneil Anthdneil AcydA AnthAcydA AnthdneilAcydA

1x

Figure 30. Microscopy analysis of biofilm formation in the parentalM. smegmatisand the various
mutant strains. Once the biofilms were grown, they were examined under the microscope at t
magnifications (1x and 1.25xinder the microscop&he second row represents the 1x magnification
while the third row is the 1.25%hewild type strain and the DNA repair deficient mutant stragpsi(t h ,
pnledn t hiypmeeeiable to form solid biofilms that displayed some morphological difference as
multiple repair genes were deleted. In contrasgplee y mufant was unable to form intact biofilms but
mutants deficient in genes from both pathwagen(t h cpangigdrAt hlgpo g)siHowed a slight
recovery in biofilm formation which was flat and thinner in @amson to the parental and the DNA

repair deficient mutants.

3.11.2 Biomass quantification of biofilms
Crystal violet staining was used to quantify the biofilm biomaks. cells beneath the biofilm

were removed with a pipette without disrupting thefilms and stained. Each sample was
diluted to 1:100 and the QBnmwas measured.

The data showed that the wild type strain and the DNA repair deficient mutant straas had
higher biomassvhilst, as expected thgpc y ihudanthad a lower biomass dits inability to
produce intact biofilmsStatistically, theqpc y dndtant was significantly different from
pn t h gehicldcAuld form smooth, flat moderate biofilms (Fig@® asthe p value was

less than 0.05 (p<0.0Q1Klowever,there was no significant ffierence (p>0.05) betweeal

the other mutant strairendthe parentastrains(Figure31). These preliminarglatasuggests

that with theincremental loss oDNA repair enzymegogether with deficiency in the
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respiratory gene perhaps results in a critical level of hypoxic stress that forces other genes in

the repair pathway to be activated for DNA repair to occur for cell survival.

1.54
M el
%k %k %k %k - Mth
Bl Anei
£ 1.0
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o mn AcydA
é 0.5- Ml AnthAcydA
' mm AnthAneiicydA
0.0-
Strains

Figure 31 Bar graph showing the biomass quantification of theM. smegmatisparental and
mutant strains. Wild type strain and the DNA repair deficient mutant strains dhijjher biomass
compared to thepc y whudantdue toits inability to produce intact biofilmsError bars represent the
standard error of the mean (SEM) for #tgological replicatesThe ttest was used for the statistical

analysis on the GraphP8&doftware ***represents the gralueof significance of 0.05
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3.11.3 Cell adherence quantification of formed biofilms
The ability of theparental and the mutahiofilms toattach to thelatesurfacesvas measured
Contents of the formed biofilnvere poured outand the remaining cells westained then

guantified.Each sample was diluted to 1:100 and the;§@R was measured

Wild type strain and the DNA repair fitgent mutant strains haahigher cell adhesion ability
(Figure32) whilst thegpc y lthé a lower cell adherence due to shainsinability to produce

intact biofilms (Figure 32). Statisticalanalysis showedo significant differencéetween all

the strains and the wild type stras the pvalue wasgreaterthan 0.05.These data indicate

that even though the strains are exposed to hypoxic conditions they are still able to survive and

adhere to the surfa¢€igure32).
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Figure 32 Bar graph showing the cell adhesion quantification of thél. smegmatigparental and
mutant strains. Wild type strain and the DNA repair deficient mutant strains had higher cell adhesion
whilst thegpc y lthd\a lower cell adherence due togtrainsinability to produce intact biofilmdgrror
barsrepresent the standard error of the mean (SEM) for three biological repligatphPad software

was used to calculate the data and analysis was done biettd hep valuewas not significant (ns)

Our p h eanabysisyopmutantshowsthat increasing the oxidative stress by deleting the

cydA mutants in the background of BER pathway genes results in increased mutagenesis
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suggesting thathese genes in these two pathways are crucial for the mamnuierof DNA

integrity and cell survival.

DISCUSSION
TB continues to be a globdhreat despite the efforts to combat the disease through TB

treatment and bettaccurataliagnostic techniques to detect the disease rapidly. However, the
surge in drug and intrinsic resistance of mycobacteria to antimicrobial agents has exacerbated
the challenges in TB treatment. Since mycobacteaonstantly exposed to DNA damaging
condtions, understanding the different methods that the cellular machinery uses to repair DNA
damage is also crucial as a key feature of virulence for the pathogen, etihie study we
aimedto understand the interactitretweengenesinvolved in the BER ad ETC pathway

and elucidate theeffectson cell survival under unfavorablgrowth conditions.

Thesignificanceof DNA repair enzymes in the survivaldf smegmatisnder oxidative stress
conditions has been previously discusgdoplla et al, 2014)(Tebogo Rantsi, unpublished
2017). Moolla and colleagues showed timal displaysantimutatorproperties as deletion of
thenth generesulted in increased spontaneous mutation rates against rifampicin and decreased
survival under oxidative stress conditidhsit weregenerated by hydrogen peroxide (

(Moolla et al, 2014) Combinatorial deletion of thethVnei genes further exacerbated this
phenotype, suggesting that baith andnei play a crucial synergistic rolan the maintenance

of genome integrity itM. smegmatisinder oxidative stress conditions.

Mycobacteria respire by oxidative phosphorylation that terminates with two branches;
cytochrome beype quinol oxidase and cytochrome {43 type oxidas@.u et al, 2015b)

M. smegmatismutants lacking bcl/aa3 cytochrome oxidase results in decreased growth
compared to the parental strain but showedegulationof cytochrome bdLu et al, 2015b)
suggesting that mycobacteria have the ability to shift to an alternative respiratory pathway
when bcl/aa3 cytochrome is absent, ensuring the survival success of the bacteria under
unfavorableconditions(Kanaet al, 2001) Since inhibition of energy metabolism and DNA
repair pathways shows impaired functioningvbfsmegmatisinder anaerobic conditions and
oxidative stress conditions respectively, it opens a unique avenue to simultaneously study these
pathways to better undstand the link between ROS and its impact on DNA damage and cell
death.Ourapproactwasto inhibit the ETC and BER pathway to examine if there would be an

energy deficit that would lead to mutagenedikis was investigatedby generating mutant
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strainsdeficient in select genes in these two pathways and analysis of these mutants under

varying stress conditions.

M. smegmatiswild type and mutant strains are not essential for growthactivity under
normal culturing conditions.

Comparison of th@arentaland mutant strains under normal culture conditions, displayed the
same growth rate with no significant differer{€&gure 21 B) Thisindicated thatthese genes

do not play any crucial role in the growth activity of mycobacté?iaviously, Moolla and
Gooseris studies showed that the single deletion mutants of the DNA glycosylases enzymes
had no defects under normal growth conditigivoolla et al, 2014, Goosens, 2009)
Additionally, a study that investigated the role of BER genesisteria monocytogenes
survival and DNA damage repair, demonstrated ithdt. monocytogenedeletion mutants
growth was indistinguishable to that of the wild typdicatingthat these BER enzymes are
not essential for growtfZzhanget al, 2020) Our dataalso showed that tHeTC enzymesire

not essential for growtltonfirming that loss of these genes has no eftecM. smegmatis

growth.

Sensitivity of M. smegmatisstrains to hydrogen peroxide antibiotic

Hydrogen peroxide is a natural oxidant that causes oxidative damage to biological
macromolecules leading to DNA mutations, drug resistance and cell Beatfously Moolla

et alreported that combinatorial deletion of thté, fpglandfpg2lead to a margal reduction

in viability of strains under oxidative stress by hydrogen pero@vella et al, 2014)while
sequential deletion of theh gene in theneideficient mutanbackgroundgsignificantly reduced
survival by 3 4 log after 4 hours of exposure to oxidative stress compared to the parental strain
(Moollaet al, 2014) Additionally, Ping Lu and colleagueshowed that the energy metabolism
mutan® Bypersensitivity to hydrogen peroxide is not due to a growth defect but the oxygen
scavenng and catalyse activity that thesezgmesdisplay (Lu et al, 2015a)whereinthe
catalase activitypf the cytochrome hdlirectly metabolises peroxidgsoviding aprotective

role against hydrogen peroxide stress conditiornmevent thgrodudion of ROS

In this study, exposure of exponentially growing stramd$ydrogen peroxide at 2.5mM
concentration displayed a rapid decline in cell viability for all strains within the first 2 hours
aftertreatment based on the CFU/ml measurement. The strains éidplagry high sensitivity
response to the compound, such that we weedle to concludehe effect ofROS on the

survival of these various mutant straikBwever, because these strains were killed by the

67



compound it means the catalyse activity togethign the oxygen scavenger roles were not
activated.As hydrogen peroxide is a light sensiti@ed unstable compound a second more

stablecompound, menadione wasel to assess oxidative straadM. smegmatis

Susceptibility of M. smegmatisstrains to meradione

To get a bettennderstandingf the survival kinetics of th®l. smegmatiparental and mutant
strains under oxidative stress conditioriert susceptibilityto menadionewas investigated
using the MIC methodlhe MIC for the parental straiagainst menadione was 0.01560 mg/ml
whilst for the mutant stragthe MIC was0.00780 mg/mIThegc y mudant showed 4-fold
differencein MIC compared to the wild type strain léletion ofcydAtogether with the DNA
repair genes did not retain or exdize the MIC against menadiorhe reason for this is

unclear anduture investigationare required.

Sensitivity of M. smegmatisstrains responsewith CHP, DTT and menadionetreatment

CHPis an organic hydroperoxide that chemically reacts with hydrogen atoms of the biological
macromolecules and cause oxidative stress which eventually leads to the loss of cell viability
(Patel and Mehr&017, Akaikeet al, 1992) A previous study investigated oxidative stress in

M. smegmatiscells treated with a stibhibitory concentration of 152 mg/mL CHP and
displayed no apparent effect on cell viabi(Batel and Mehra, 201 MHlowever, increasg the

CHP to 380 mg/mL showed increased ROS legfeitel and Mehra, 2017)hese datahows

that CHP oxidant can enhance stress levels in the cell by producing radicals.

DTT acts as a reducing agent and was used in the studyoasral ¢o calibrate the response

of all the strains to a 100% reduced environment. Interestingly, the redox state of the untreated
strains was not significantly different when compared to those treated with DTT. This
hypothetically could mean that the stiithat encompasses the GFP reporter are already in a

reduced state which is why when they are treated with a reductant, they show no effect.

In this studywe markedVl. smegmatisnutant strains with eedoxsensitiveGFP reporter to
assess the redox heaigeneity in each strain. About 4®90% of the cells were oxidized by

CHP which increases the likelihood that these strains will suffer damage from oxidative stress.
However, thegpc y-@GHP showed a resistance to changing its redox state from reduced to
oxidised when treated with CHP. This means thatjft\protein has the potential to act as a
reducing agent that protects the cell from radicals that seek to oxidise the cell. But with the
constant presence of a strong oxidising agent, most cells end gpox&ised probably due

to more radicals being produced in the cell since the ETC pathway (cytochrome bd) has been
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disturbed. The essentiality afy/dAis however revealed thateletionof the cydAgene can

cause the cell to be compromisedddicals leanhg to oxidative stress.

Moreover, menadione a compound that generates intracellular ROS at multiple cellular sites
through redox cycling was also used to treat strains for an oxidative stress rgtponss

al., 2010) Previous studies have shown that high levels of menadione oxidants generates ROS
which can lead to damage of macromolecules like DNA, RNA, and proteins, eventually this
can trigger cell death. Furthermore, with low levels of menadione the oxidants ativas ac
redox transduction signals which trigger protection of the cell against oxidative stress damage
(Heinzelet al, 2005)

This study, menadione oxidized the straatsa (991 0 0 %) rat e ecyd&@RFPt f or
mutant. This result was the same as CHP treatment of strains. Overall, these strains showed a
high sensitivity to menadione. However, to show that the redox environment is dynamic and
that these treatments are reversible, we subjected the wild tgpetstboth menadione and

DTT. The experiment displayed thist. smegmatistrains are originally in a reduced redox

state, and after being exposed to harmaé@uiditionsthey are still able to return to their initial
reducedstate.This mechanism showedatbacteri:employdifferent ways to survive in the

cell under oxidative stress

Increased mnutation rates observed by Luria -Delbrick, Kochbés quartil es,
median estimatoranalysisunder rifampicin treatment.

Rifampicin is used as an assay drugduse it targets thgpoB gene which is prone to
approximately 95% of rifampicin resistance mutations occurring in the 81bp Rifampicin
Resistance Determining Region (RRDORINg et al, 2008) Single base mutations in thEoB

gene lead to the development of resistance againsim@kig itsuitable for mutation rates
assessmen{Zhanget al, 2020) Spontaneous mutations occur because of cellular processes
that lead to DNA damage. Mutation rate is the expected number of mutations thaperccur
bacterial populations in a cell during its lifetirféosteret al, 2015) Mostly, mutation rates

are determined by the Luria and Delbruck method which was a model created for understanding
the distribution of mutant clones per culture (Rosche and Ft848). However, for accurate
calculation of mutation rates, the strength and limitations of the fluctuation assay should be

optimised properly.

Although the fluctuation assay was carried out in triplicate only one experimensefas for

analysisAll the mutant strains displayed no increase in mutation rates relative to the wild type
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strain except thepn t hlgnutant thatshoweda sharp increaseompared to the individual
mutantgTable 4 5and 6) The variationgn mutant rates between the three experimentitd

be explained by technical variations of the fluctuation assay namely, inoculum size, initial
number of cells undergoingpultiplication which may result in differences in the total final
number of viable ells that were plated anfampicin. Thisdata is comparatively like a study

done by Tebogo Rantsi (unpublished, 2017) where the single mutant étrainst h ,andeen e i 1
ameill) displayed no change in mutation rates yet the combinatorial deletion mutants

( aenh adhdsplayeda 6-8-fold increase in mutation rateshilst thean t h ad maitants
showeda 2-fold increase in the mutation rategloolla and colleagueslso showedhat
combi nat or i al nii/eabigenesodisplaygedl elevated speataneous mutation
frequencies compared to the winthandegmga strai
crucial synergistic rolen the maintenance of genome integritfinsmegmatisinder oxidative

stress conditionéMoolla et al,, 2014)

TheaxydAmutant did not show an increasenmutation ratesuggesting that the disturbance

in the energy metabolism pathy does not cause sufficient DNA damage that cannot be
repaired by tha8ER genes. However, whaydAwas deleted together with the DNA repair
enzymes the mutation rate was elevated suggestintp#tahe DNA damage caused increased
oxidative stressaused by the loss of the cydA gene is unable to be repaired in the absence of
the key BER enzymes. These data indicated that both the ETC and BER pathways are important

in maintaining cell viability under oxidative stress conditions.

Microscopic analysisof M. smegmatisolonies under rifampicin treatment

It has been previously outlined that the aggregation of mycobacterial cells that resemble cords
is mostly associated witiMycobacterium tuberculosisomplex and theMycobacterium
marinumspecieqJulianet al, 2010) Here we assessed whetliee colonies for the various
mutant strainexposed to rifampiciisplayed any differences morphology Microscopic

data displayed rough, bulgy cords morphology for the wild type stcaim,t h ,I, argbn e i
pon t hilgutants.Thepc y ohudant did not display this morphology but rather a thin and
flat colonybut whengenes irboththe BER and ET@athwayswveredeleted the morphology

is restoreddpn t h gpc yqunA hagmodg sugesting thahere is someompensatory role

in theDNA repairpathway 6r mycobacteria.
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Survival of M. smegmatisstrains under oxygen limiting conditions.

Biofilms are surfaces known to protect pathogens from phagocytosis and other adverse
conditions by creating an oxygen depleted environment. Previddslstnegmatidias been
reported to have the ability to survive in hypoxic conditiand inthis study tis phenotype

was exploredor thedifferent mutant strains dfl. smegmatis

Exponentially growing strains which were washed and grown to biofilms for 7 wdidlys
incubation at 37°C displayed varying phenotypader the stereo microscopehe wildtype
strain was able to forrmtact andruffled biofilms which confirms thatM. smegmatican
survive under oxygen depleted environmeblisder a scanning electron microscopy, a strong
cellular aggregation with dense matt biofilm formation was discoverld smegmatig¢Abidi

et al, 2014) These resultgorrelateto our findings that for growth and survivahder
unfavoumble conditionsbiofilms can bea protective system for bacteria. DNA glycosylases
deficientmutantswere also characterised for biofilm formation apd stiain showed ruffled,
thick, and intact morphologies of biofilms. While ttgen leandgon t hlicptraims displayed a
tubular, ruffled, and intact morphology. Thnglicatethat loss of these DNA repair gerdeses

not impair growth and survival tfiesestrains as they are able to form the biofilm phenotype

and still survive hypoxic conditions

The enegy metabolism cytochrome bd genalAhas been reported to be unableororf intact
biofilms by N. Narrandes (unpublished, 20E8)d the same findingsvere observed in this
study. Lack of thecydA gene displaye@ phenotypic defect in biofilm formation stving
sediments of cells at the bottom of the watherthan intact biofilms. However, when genes
from the BER pathways was deleted togethvdth the cydA gene (ppnt h pandd A
mn t higpo g)dha strains were able to form biofilnasid thisa recoverycould be due to

compensation by other DNA repair genes in the BER pathway.

Further, quantification of biofilms (biomass and cell adherence) displayed th@kanatype
dueto thegpc y mhudantunableto form biofilms,which resultedin the low efficiency for the
cells to adhere to surfaces and thducedcell quantity compared to the parental strain and
other mutants. However, tioen t h gendgrhA higo g rukant straingncreasediomass
and cell adherence of the celtsice aga suggesng thatother DNA repair enzymes of the
BER are most likely compensating for the loss of the Nth and Nei homologussrimaal

underhypoxic conditions.
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CONCLUDING REMARKS

Overall, the aim and objectives of this study were achieved in evajudite phenotypes
displayed byM. smegmatigparental and mutant strains under standard wfdvourable
conditions.A betterunderstanding@f how the BER and ETC interplay ading the survival

of the cell and maintenance of the bacterial genome integnyer harsh environmengs

also achievedt is important to note thgthenotypic analysikighlighted thasingledeletion
mutantsweremoreprone to be affected by the unfavourable conditions. Howexeen the
double or triple mutants are exposed to the stress conditionsyéneyesistant and revesad
arecoveryrole in enhancing survival of the celMutagenesis was also assessed, and it was
confirmed that when essential genes from the DNA repé#imzgy and ETC are deletéded

to a high rate of mutations which could lead to resistance and eventually cell death if they are
not rectified.Therefore, théinding of thisstudyindicateshat thathe two pathways (ETC and
BER) has contributed substia information whichcan beapplied toM. tb to better understand
the development of resistance and how the bacterium is able to pedishaintain genome

integrity under oxidative and hypoxic conditions.

FUTURE STUDIES

The redox potential systemvpuld be useful tasses mutagenesisf the GFP markechutant
strainsafter the strains have beemposed twxidative stress condition$his assay system
provided a much better and stable assay to measure mutagenesis in comparison to measuring
survival under oxidative stress conditions as generated by hydrogen perbDxideto the
instability and light sensitivity of hydrogen peroxide it poses several technical challenges for

reproducibility and robustness of data.
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Appendix A: Materials
1. MEDIA preparations and solutions for M. smegmatis

Difco 7H9 media
Weigh 4.23 g of 7H9 difco powder in a 1 limatoclaved bottle. Add 890 ml of distilled water

and 5 ml of glycerol. Mix the solution until dissolved then autoclave as per conditions (Mode
2 at 121°C for 15 minutes). After autoclaving is done, cool media then add 10 ml of glucose
salts solution also%6 1 ml tween solution. Additionally, the media can also be supplemented

with antibiotics of choice.

Non-difco 7H10 media

Weigh 17.1 g of 7H9 nodifco powder in a 1 litre autoclaved bottle. Add 890 ml of distilled
water and 5 ml of glycerol. Mix the solah until dissolved then autoclave as per conditions
(Mode 1 at 121°C for 25 minutes). After autoclaving is done, cool media then add 10 ml of
glucose salts solution. Additionally, the media can also be supplemented with antibiotics of

choice.

Luria-Bertan Agar (LA)

Weigh 6 g yeast extract, 10 g tryptone, 10 g NaCl and 1is @)l litre autoclaved bottle. Add
890 ml of distilled water. Mix the solution until dissolved then autoclave as per condition
(Mode 1 at 121°C for 15 minutes). However, the media also be supplemented with

antibiotics of choice.

Luria- Bertani Broth (LB)
Weigh (5 g yeast extract, 10 g tryptone andglRacCl) dissolved in 1L sdiD in a 1 litre

autoclaved bottle. Add 890 ml of distilled water. Mix the solution until dissdivwexd autoclave
as per condition (Mode 2 at 121°C for 15 minutes). However, the media can also be

supplemented with antibiotics of choice.
2TY

10 g yeast extract, 16 g tryptone and 10 g NaCl dissolved in 1L sdH20.
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Table Al Supplements for media

Mediasupplements

components

Glucose salts (100X)

20 g glucose and 8.5 g NaCl dissolved in |
ml sdH20.

Tween (20%)

10 ml Tween80 dissolved in 40 ml sgBi

X-gal (25%)

1 g X- gal dissolved in 50 ml deionized DM

Sucrose (25%)

75 g sucrose dissolved 190 ml sdH20

NaCl

5 M NaCl insdH20(autoclaved)

Table A2 Solutions for DNA extraction

Solutions components

CTAB/NacCl 4.1% NaCl and 10% N acetyt N, N, N'T
trimethyl ammonium bromide dissolved
sdH20. Filter sterilize.

TE buffer 10 mM Tris HCI (pH 8) and 10 mM EDTA

dissolved in sdH20. Autoclave.

Chloroform: Isoamyl alcohol

24 ml chloroform and 1ml isoamyl alcoho

Sodium Acetate

3 M sodium acetate dissolved in sdH
(pH5.2). Autoclave.

Solution | 50 mM Glucose, 25mMTris-HCI, 10mM
EDTA dissdved in sdH2OAutoclave.

Solution Il 1% SDS, 0.2M NaOHiissolved in sdH20

Solution Il 3M Potassium acetate, 11.5% acetic g

dissolved in sdH20

Table A3 Solutions to make Agarose gels.

TAE

50 X stock solution: 242 g Tris base 57.1
glacial acetiand 100 ml EDTA (pH 8) mad
up to 1L with sdH20.

Ethidium bromide

10 mg/ml dissolved in sdH20.
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Table A4 Agarose powder

Gel %

Amount of agarose (g) to use in 50 ofl
buffer

0.8 0.4
1 0.5
2 1
Table A5 Southern blot solutions
Reagents Components

Denaturation solution

1.5 M NaCl and 0.5 M NaOH dissolved
sdH20.

Depurination solution

0.25 M HCI dissolved in sdH20.

TBE (1X) 100 ml 10 X TrisBorateEDTA (Sigma)
dissolved in 900 ml sdH20.
SSC (20X) 0.3 M Sodium citrate and 3 M Na(

dissolved insdH20.

SDS (10%)

10 g SDS powder dissolved in 100
sdH20.

Solution 1

0.1% SDS and 2 X SSC dissolved in sdH]

Solution 2

0.1% SDS and 0.5 X SSC dissolved
sdH20.

Maleic Acid Buffer

1.5 M NaCl and 1 M Maleic acid dissolvg¢
in sdH20. Adjusted to pH.5 with NaOH

pellets.

Wash buffer

0.1 M Maleic Acid Buffer and 0.39

Tween20.

Blocking solution (Roche)

1 X blocking solutions dissolved in Male
Acid Bultter.

Detection buffer

0.1 M NaCl and 0.1 M Tri#¢dCl dissolved in
sdH20 (pH 9.5)

Antibody solution(Roche)

Dilute 1: 10000 in blocking solution.

Stripping solution

0.2 M NaOH and 0.1% SDS dissolved
sdH20.
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Molecular markers used.

19329
—— 7743
— 5526
— 4254
— 3140
— 2% 2176
—~ 1882
—— 1489 1766
—— 1150
— 925 1230
— 807 1033
—_— 421
653
517
453
394
298
234/220
154

Figure A1 DNA molecular weight markers used in this study.
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Appendix B: Supplementary figures

Fluctuation assay databased on the Lurielbruck method
B1: Fluctuation assay 1
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Figure 33 MSS distribution LC curves used to estimate the mutation rate for the parental and

mutant strains for experiment 1 of the fluctuation assayThese graphs show the peak at which the

strains mvalue is determined. The m value represents the distribution of the mutations and it was used

to calculate the mutation rate for the parental strain by the use the excel spreadsheet created at the

CBTBR lab(Machowskiet al, 2007) In this spreadsheet, the possible values of m were plotted on the
x-axis and equation 17 data was plotted on thziy.

Table B1 shows the m valuedor the wild type and mutant strains for fluctuatiassay

experimentl, 2and 3 Thesevalues werecalculatedvith the excel spreadsheet that was created

by (Machowski et al, 2007) To calculate the mutation ratghe m value was incorporated in

equation 17 in the spreadsheet.
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Table B1. The value of m (hnumber of mutations per culturejor 3 experiments

Strain Experiment 1 Experiment 2 Experiment 3
Mutations per culture (m)
mc? 1.61 0.92 0.58
Anth 1.02 0.82 0.73
Anei 1.43 0.27 0.39
AnthAnei 2.21 1.61 0.82
AcydA 0.27 0.82 0.22
AnthAcydA 0.73 1.43 0,27
AnthAneiAcydA 0.82 1.43 0.17
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B2: Fluctuation assay 2
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Figure 34 MSS distribution LC curves used to estimate the mutation rate for the parental and

mutant strains for experiment 2 of the fluctuation assayThese graphs show the peak at which the
strains mvalue is determined. The m value represents the distribution of the mutations and it was used
to calculate the mutation rate for the parental strain by the use the excel spreadsheet created at the
CBTBR lab(Machowskiet al.,, 2007)In this spreadsheet, the possible values of m were plotted on the

x-axis and equation 17 data was plotted on thziy.
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B3: Fluctuation assay 3
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Figure 35. MSS distribution LC curves used to estimate the mutation rate for the parental and

mutant strains for experiment 3 of the fluctuation assayThese graphs show the peak at which the
strains mvalue is determined. The m value represents the distribution of the mutations and #dvas us

to calculate the mutation rate for the parental strain by the use the excel spreadsheet created at the
CBTBR lab(Machowski et al., 2007)n this spreadsheet, the possible values of m were plotted on the
x-axis and equation 17 data was plotted on thay.
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Appendix C
Flow cytometry dot plotfor assessment of the redox heterogeneity of the parental and mutant
GFP-markedstrains with CHP, DTT and menadione
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5. qwydAGFP
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7. gnthgmeilqeydAGFP

Figure 36. Flow cytometry graphs illustrating the redox heterogeneity of seven GFP marked

strains. Strains(mc®-GFP, amth-GFP, aneil-GFP, n & h x6FPj atydAGFP, am t h aGFRI A
andan t h $emyd AGFP) were grown to exponentighase (Olbonn=0.5-0.8). These were treated

with different concentrations of CHP (10mM), DTT (40mM) and menadione (1mgfim) program
FCSalyzewas used to analyse and categorise each population (basal, oxidized and reduced). The dot
plots for each mutdarshowemission of the fluorescence thie redox state shift when treated with the

3 compoundsThebrilliant violet (BV510) is anauto fluorescencehannel represeing adye that can

be measured usiran optical filtethat measures signals between 500 and 520nm. The fluorescein
isothiocyanate (FITC) represents a fluorescent dye wldekects increased sensitivity and
environmentally insensitive fluorescendde dot plodisplaythe shift towards oxidizing or reduction

state respectively. Yellow represent oxidised, blue is for reduced and red dot for basal state.
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