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Abstract

Mycobacterium tuberculosi@M. tuberculosi¥ is the caudave agent of tuberculosis (TB)
infection and diseaseSince its discovery, various diagnostic toolsendeen developed to
detect bacteriain sputum samples from TFBifected patientsincluding bacterial culture,
auramine stainingnd nucleic acid amplification tests (NAAT&ecent studies havevealed
adistinctpopulation of bacteria in sputummsples frompatientswith drug susceptible TBat

are undetected by standard culturing techniques. These badiefired as differentially
culturable tubercle bacteria (DCTR)xist in a norreplicaing state thais reactivateanly in

liquid media, supplemented with growth factors, and not on solid media. Laboratory models
thatinducethis differentially culturable state are important for studyingpghgsiology and
metabolism of thesbacteria to ultimately develop new diagnostic testsTBr In thisstudy

we tested and optimised vitro stressmodek in laboratory mediaising the laboratory strain
H37Rv,to determine the condiins that robustly geerateDCTB. The quantity oDCTB was
assessed using the most probable number assay and colony forming units. In addition, the
phenotypeof these cells was analysed using microscopy and flow cytometry, with metabolic
probeghat target remodelling of theeptidoglycan (PG) component of thacterial cellall.
Ourresults indicated thapplication of thecarbon starvation mod#d clinical M. tuberculosis
strains (Beijing and LAM)produced robust levels of DCT&sillustrated by limited growth

on agamplatesand enhanced growth in liquid media supplemented with culture filtrate from an
axenic culture oM. tuberculosis These DCTB cells were neaeplicating and significantly
shorter compared to cells grown in normal medsing probes that report &G biosynthesis
representing metabolically active celtonfirmeda lack of de novobiosynthesis in DCTB,
providing evidence for the establishment of a-neplicating state. Microscopy revealed a lack

of metabolic probe uptake in a large proportion of HI&ETB populationwhich was restored
when the bacteria were resuscitatée alsodemonstratedhat Beijingstrains have greater
propensity to prodte DCTB compared to LAM strain€ollectively, our observations allow

for theimprovementof experimental systems that enable further investigation of DCTB and
how these bacteria contribute to treatment respdmseldition,these efforts wilfurtherallow

for the development of a shertTB regimen, with reduced daily pill burden and limited side

effects.

XV



1. Introduction

1.1 Background

Tuberculosis (TB), caused ycobacterium tuberculosi®. tuberculosi¥ is currently the

leading cause of deatty an infectious diseasa South Africa(WHO, 2019) Globally TB
infects a quarter of the worl ddés populati on
deaths annuallpWWHO, 2Q19). M. tuberculosigs transmittedo humans through inhalation of
aerosolized droplets or particles containing the bacteftinengalroyen et al., 2016; Rosser,

Stover, Pareek, &ukamolova, 2017)M. tuberculosianfection can present asrange of

disease in the human host, spanning from asymptomatic infection, active granuloma disease to

latent infection.

1.1.1 Active Tuberculosis (TB) infection
M. tuberculosiacteria whiclevadeclearancdy the host immune systemayreplicate and

cause active TB diseas&he developmenbf active disease is present in less than 10% of
exposedcasegChao & Rubin, 2010; WHO, 2019)n the remaining 9@5% of individuals,
infection does not progress to diseasestingasa clinically latent statéBhatt & Salgame,
2007; Chao & Rubin, 2010Pne of the hallmarks of an active TB infection is the presence of
a granulomahat creates an immune microenvironmeatcontrol the infection(Schluger,
Condos, Lewis, & Rom, 1994fzranulomas are composed of a variety of cell tyypéh
alveolar macrophages beirige primary cellular component responsible for itarfation
(Schuger & Rom, 1997For M. tubeculosisto effectively cause infectig it has to survive

by modulating the immune responseuced byalveolarmacrophagegGlickman & Jacobs,
2001) The bacteam strikes a balance between the prdlammatory and antinflammatory
cytokines both of which are producedas part of the immune responsereduce or antrol
bacterial proliferatiorfSasindran & Torrelles, 201X hemokineg released by infectedveolar
macrophageattract the firstwave of inflammatory cel including neutrophils, monocyte
derived macrophages, natural killer NK cells, and T cells, whaciiectively promote
inflammation and tissue remodellinActor, Hunter, & Jagannath, 2008pnce initial
inflammatory cells are lo¢ed to the site of infection,-€dls are primed to differentiate into
activated TFcells (Lockhart, Green, & Flynn, 2006 heseprimed pathogerspecific T-cells

are responsibldor adivating macrophags and hinderingnycobaderial growth within
developing granuloma@North & Jung, 2004)Figure 1.1) The presence of activatedcElls



initiate the organisation of the granuloma, whemcrphages infected witkl. tuberculosis
are drawn to the centre and are surrounded by lympho@yteth & Jung, 2004)Within the
granuloma there is a constant battle between pathogen amdrthme system, which causes
cell death and recruitment of nemvmunecells together withvascular and tissue remodelling
(Actor et al., 2008)Caseous granulomas are formed wimacgrophages surrounding alakdr
region, become necrotic and die creating a cae@iorth & Jung, 2004; Okada & Shirakawa,
2005) Bacteria within the agsium are releasedto the lungwhen acavityis formed and these
bacteriaarethenspreadnto the aiby coughing(Keane, Remold, & Kornfeld, 2000; North &
Jung, 2004)
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Figure 1.1 Granuloma formation in humans upon infection withM. tuberculosis A) Visual representation of
the steps involved irgranuloma formation(1) M. tuberculosisbacteria are engulfed by alveolar macrophages
which inducedchemokine signalling(2) Arrival of immune cells from the chemokinsgynalsreleased. 3)
Formation of a granulom#hrough the recruitment of pinflammatory cells such as neutrophils, monocytes and
natural Killer cells4) Maturation of the granuloma&ontaiiment of infection can be characterized filyrotic
encapsulatiol) Graphs showing bacterial growitineticsduring granuloma formationhe graph represents the
change in bacterial load -gxis) over a period of time post infection-dxis). This image was adapted from
(Harris, Hope, & Lavelle, 2009)



TB is a curable diseag®wever, effectivaliagnosis and compliance to treatment is essential
to achieve positive outcomg€astelnuovo, 2010)as nonadherenttherapy can facilitate
emergence of resistant bactgiiMuwaha, 1998)Resistance occurs when the bacterial genome
acquires mutationgn the drug target gerthat increase survivah the presence of tharug
(Castelnuovo, 2010; Muture et al., 2011; Nuwaha, 198B¢re are two ways in wtt drug
resistant TBcan arise in patientscquiredor transmitted. Acquiredesistances when a TB
infected patient develop®sistance duringreatmentand transmittedesistanceas when a
persongetsinfected witha M. tuberculosisstrain harbouringore-existing drug resistance
conferring mutationgDartois, 2014; Nuwaha, 1998%outh Africa is among the 10 highest
burdened countriewith drugresistant TB, placed fourthfter China, India and Russia, with

an estimated 6900 cases of multidrug resistarpdigannun{MDR-TB) (WHO, 2017) Active
drugsusceptibld B disease is treated by a daily dose of combination chemotherapy including
the firstline drugs:Rifampicin (RIF), Isoniazid (INH), Pyrazinamide (PZA) and Ethambutol
(EMB) for six months Resistance to INtnd RIF is consideret be MDR-TB and is found

in 3.3% of new TB cases and 20% of previously treated ¢&¢El®©, 2017) In 2016, there
were 967 cases of extensively dmggistant TB (XDRTB) in South Africa defined as
resistance to INH, RIF and additional resistance to a fluoroquinolone or one of the three
injectable second line drugs: Amikacin (AMIK), Kangcin (KAN) or Capreomycin (CAP)
(WHO, 2017)

1.1.2 Cainfection of Tuberculosis (TB) with Human immunodeficiency
Virus (HIV)
TB infection is more prevalent in South Africdue to the canfection with Human

immunodeficiency Virus (HIV) The subSaharan African countries have the highest TB and
HIV co-incidence rates and mortalifHO, 2017) In South Africa more thar60% d new

TB cases areéliagnosed in patientsith HIV (Mayosi et al., 2009)In patients who are €o
infected, the immune system is a major component that contributes to the complexity of the
diseasgAbdool, Churchyard, Karim, & Lawn, 2009 these patients, thd. tuberculosis
infection is not confined to the lungs, anthybedisseminatedo other orgag such as the
spleen, lymph nodes, liver and kidn@bdool et al., 2009; Wood, 20Q7)he lower level of

the CD4T-cell counsin these patiestimits the formation of granulomas that confine bacteria

to the lung(Bloom et al., 2017; Gandhi et al., 2006; North & Jung, 200daddition to this,

poor socieeconomic conditionsreduced patientcompliance to treatment and a high



proportion of undiagnosed infecti@all aid in driving the TBHIV pandemicin South Africa
(Ahmad, 2010; Gomez & McKinney, 2004)

1.1.3 Latent TB infection (LTBI)
Latent TB infection (LTBI) is definedisthe absence of clinical symptoms despite being

infected with M. tuberculosis(Bhatt & Salgame, 2007; Bloomt al., 2017; Gomez &
McKinney, 2004) LTBI is diagnogdby a positive tubercle skin te@ ST), whichmeasures a
delayed hypersensitivity response M tuberculosisproteins or antigens injected tia
dermally(Munoz, Stag, & Abubakar, 2015; WHO, 2017)n South Africa one third ofthe
population carry latent TB, whicls probably arunderestimabn as individuals with LTBI are
asymptotic, ananay remainundetectedLeung, Lange, & Zhang, 2013; WHO, 201With
regards to bacterial turnoverthere are two hypotheses associated with LTBie first
hypothesisstates that LTBIlis characterisedyba population of both growing and dying
organismsthe balance of whictsimaintained by an efficient immune systémung et al.,
2013) Initially fibrotic granulomas were thought to beell structured with activated
macrophages able to control proliferation of bacteria resulting in L(BBiry et al., 2009;
Scanga et al., 19994 study by Holby and colleagues in 1973 revealed that viable tubercle
bacteria were able to be cultured from 78% of closed necrotic or healed legatients who
had received TB treatment. The authors concluded that surWlitgperculosiells appear

to be in asuppressed metabolic statedwhen the immune pressure was removed, the bacteria

were able to proliferatHobby, Holman, Iseman, & Jones, 1973)

The second hypothesis states thaingLTBI, bacteria are present in a dormiikeé state and

the transition to active disease is the result of reactivation of these dormant orgaeisnts

et al.,, 2013) In the literaturethe terms latency and dormancy are used interchangeably,
howeverfor the purposes of this dissertatiagloymancy is derm used to describe the bacteria
thatare quiescendr metabolically inactiveand latency is éerm used to describe the state of
infectionwhen nosymptomsare displayedDartois, 2014; Lin & Flynn, 2010Bacteria enter

a low metabolic state when faced with stressful conditions andttitis can be reversey
resumption of growtkvhen conditions beconfavourable(Scanga et al., 1999%trains from

the gemisBacillus (defined as granpositive, rodshaped bacillipdopta dormant state under
stressful conditionghat isphenotypically differenfrom actively growing cells. The dormant
phenotypes include the formation of spores and elementary bodies which protect genetic

mateial by nucleoid condensatigiiggins & Dworkin, 2012; Meneghini, 2015 owever,



unlike Bacillus speciesmycobacteriaare norsporulating andack the genes necessary for
entry irto sporelike states (Higgins & Dworkin, 2012) In vitro studies withMycobacterium
smegmatis(M. smegmatis a nonpathogenic, faster growing model organism 1dr
tuberculosishasshownthat mycobacteria are able to adopioanid morphologyin nitrogen
limited media withow metabolic activity These cells displaycreased resistante heatand
antibiotics as well as the inability to be cultured on solid med@esembling a dormant
phenotypgAnuchin et al., 2009)Although M. tuberculosiscanadopt a danantlike statein
vitro, an association with LTBI is yet to be determined

1.1.4 The progression fronLTBI to active disease
Individuals with LTBI carry a risk of progression to activB diseaseThis risk is minimised

in individuals withacompetent immune systettmatis capable of limitindbacteridreplication
(Actor et al., 2008; Bloom et al., 2017; Chee, Sester, Zhang, & Lange,. 20d8¢ver, in
immune compromised individuals such iadividuals with HIV co-infection, thoseunder
going tumour necrosisactor (TNFU ) therapy, being treated f
transplant paents and patients with autoimmune diseases, thetegber risk for progressn

to active TB(Ahmad, 2010; Barry et al., 2009; R. Kumar et al., 20®pouth Africathe risk

of reactivatiordiseases significantly increas#due to the high prevalence of-sdection with

HIV (Abdool et al.,, 2009; WHO, 2017)Once reactivation has occurrediB disease
presentation is heterogeneomspathology spanning fronactive TB diseasein the lungs
(pulmonary TB) to TBdiseaseutside the lungs (extra pulmonary T@)orth & Jung, 2004)
Factors that contribute to therdad spectrum of disease presentation include bacterial
replication, bacterial load, host i&t®nce, immune activation and inflammat{dfuture et al.,
2011; Nuwaha, 1998; Okada 8hirakawa, 2005)As aresult, TB diagnosis ixomplex and

remainsa major issuén TB-endemic area

1.2 TB diagnosis

1.2.1 Mycobacteral culture
Since the discovery dfl. tuberculosisby Robert Kochin 1882 the standard methoidr

detecting tubercle bacilli is the culturing of the bacterium from sputum sarfipleset al.,
2018; WHO, 2017)The initial method of culturing involved the growthMf tuberculosisas
colonies on Lowensteidensen (LJ) medi@ubin, 2018; Sulis et al., 201®l. tuberculosiss
a slow growing organism with a replicative cycle ofH#irs; thus,it can take between-@

weeks to confirm TB diagnosis. Following thuse of the LJ method of culturingother



improvedculturing method$iave beereveloped in order to decrease the turnaround time to
confirm a TB diagnosis, such as the BACTEC mycobacterial growth indicator tubes (MGIT)
(Gupta & Kakkar, 2018; Nguyen, Antdre Berre, Bafuls, & Nguyen, 201WGIT isaliquid
culture based systeitinatcontains a fluorescent compound embedded in silicone at the bottom
of the tube(Yu et al., 2011) The fluorescent compound is sensitive to the consumption of
oxygen, thus actively respiring organisms constime@xygen and allow fothefluorescence
signal to be observed using UV lightlowever, apositive MGIT test result still needs
confirmation forM. tuberculosisas other actively respiring organisms from sputum, can lead
to false positive(Ahmad, 2010; Yu et al., 2011Advantages and disadvantages of the various

diagnosis tests are described in table 1.1.

1.2.2 Smear microscopy
Smear microscopys thecurrentgold standard fofiTB diagnosis This techniques rapid and

reliable for patients with pulmonary TB with bacterial loads of more than 5000 bacilli/ml of
sputum(WHO, 2017) However, smear microscopy issensitive and more difficult,for
patientswith low bacterial loads and LTB([Desikan, 2013)Initially bacteria vere stained
using the ZiehNeelsermethodwhich stains acid fast bacterkayt later theauramine staiwas
used to detect bacteria in sputum as it is more sensitive and cfpapian, 2013; Van Rie

et al., 2008) One of the major downlla of auraminestainingis that it is no-specificand is
able to detechontuberculous mycobacteria additionto M. tuberculosisand therefore can
result in misdiagnosisThe reliability of smear microscopy depends on the quality of sputum
as well as the accuracy of the preparation and interpretation of Blde<Rie et al., 2008)
Thus, this diagnostic test requirglslled, trainedaboratory techniciangith regularquality
control checks to produce reliable res@itan Rie et al., 2008; WHO, 201 Dueto the poor
sensitivity with low bacterial loads, many TB emiic countries are shifting away from the use

of smear, with greater reliance on molecular diagnostics.

1.2.3 Molecular diagnostics

1.2.3.1 GeneXpert
There isa constant need to develop better and faster diagnostic erudsthe one recent

advancement has beehe development of Nucleic Acid Amplification TesfNAATS).
NAATS s use polymerase chain reaction (PCR) to amplify Déractedfrom bacteria in
sputum(Rubin, 2018; Sulis et al., 20183 urrently, the most widely used NAAT system for
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TB diagnosis ighe GeneXper{Cephaid). This system is able sonultaneously detedhe
presence dfl. tuberculosisand resistance to RIF in sputihdguyen et al., 2019; Rubin, 2018;
WHO, 2019) More recentlythe GeneXpertechnology wasmprovedwith the development
of a GeneXpert Ultra cartridgbatcan detecas low as 10 organisms/ml of sput(@ioom et
al., 2017; Rufai et al., 2014nd making ituseful fordiagnosingpatients withlow bacterial
loads. These currenimolecularbaseddiagnostictools have already improvedreatment

outcomes and transmission B (Nguyen et al., 2019; Rufai et al., 2014)

1.2.3.2 Hain LPA
The Hain Line probe assaya different NAAT which is comprised c stripbased DNA test

that candentify bacterial strains from tHdycobacterium tuberculossomplex MTBC) and

drug resistance profile through binding patteoi DNA amplicons to probeswhich target
common speciation and resistance markdeghavitharana et al., 2017Although the WHO

has approved Hain LPA for the rapid detection of resistance to first and second line TB drugs,
some mutatios that lead to resistancan falloutside the range covered by tesay(WHO,

2019) Therefore, a&ompleteresistance profilenay not bedetermined and in some cases a
phenotypicdrug sensitivity testl§ST) is necessaryComparison oL PA to GeneXpertresults

for patients with moo-resistant RIFshowed thathe LPA (sensitivity 90.0% and specificity
99.1%) had a better performance compared to GeneXpert (sensitivity 62.50%, specificity
96.50%)(Rufai et al., 2014)

1.2.3.3 LAM Urine Assay
Lipoarabinomannan (LAM) is a lipopolysaccharide substrate, typically found in the cell wall

of M. tuberculosisandcan be detectedian i nf e ct e drinei(Gupta & Kakkara | 6 s
2018) Based on thisa laboratory urindbased ELISA was developed as a diagnostic test at
point of care facilitieglskandar, Nursiloningrum, Arthamin, Olivianto, & Chandrakusuma,
2017) The LAM assay is a rapid, disposable assay that can diagnose TB in 20 minutes.
However, several studies have demonstratedithidét the LAM assay has adequate diagnostic
specificity, it haspoor sensitivity thusit is usedin combination withsmear mgroscopy to
increase sensitivityMathabire Rucker et al., 2019)heintensityof LAM band producedn

the assaylso gives an indication 6 the bacterial load; the thicker the batide higher the
bacterial loadGupta & Kakkar, 2018)



Table 1.1Advantages anddisadvantages of various TB diagnostic test
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1.2.2The gap in TB diagnostics

Despite the fact that the use of NAATs has become routine and has the potential to shorten
diagnostic procedurethe major limitation is that thedeols cannot distinguistbetweenlive

and dead bacteriaAs a resultcultureis still the gold standard for TB diagnosis and drug
susceptibilitytesting(Gupta & Kakkar, 2018 However culture may also be limited if bacteria

are unable to emerge under standard culture conditm2610, Mukamolovat al, described

that 80 to 99.9% of viabl&. tuberculosisn the sputum of TB patients prior to treatment
initiation, were undetectable by the standard colony forming units (CFU) assay, which
guantifies the growth of colonies on agar plgtdskamolova, Turapov, Malkin, Woltmann,

& Barer, 2010) Instead, these sputum samples contained a hidden populatiactefia

t e r mifikrenfiy Culturable Tubrcle Bacteria (DCTR) . These bacteri a
cultured on solid media bebuld be stimulatetb growin liquid media whensupplemerdd

with mycobacterialculture filtrate (CF) which presumablycontairs growth stimulatory
moleculegChengalroyen et al., 2016; Kato, Haruta, Cui, Ishii, & Igarashi, 2008; Rosser et al.,
2017; Sasindran & Torrelles, 201Theseobservations were recently corroborated by another
study that described several distinct DCTB populationsrpt®m treatment initiation
(Chengalroyen et al., 201@ased on these results, current TB diagnostic toolast likely

failing to detect a largproportion of bacteapresent in sputum

1.3 The spectrum of culturability
Exponential growth of bacteria outside a laboratory setting isasala@boratory growbacteria

aresupplemented with growth enhancers in mé@hao & Rubin, 2010; Chee et al., 2013)

The natural environment fdvl. tuberculosisgs constantly limiting and fluctuating and as a
result the bacterium encounters nutrieleprivation(Ayrapetyan, Williams, Baxter, & Oliver,

2015; Gibson, Harrison, & Cox, 2018t present, little is known abouhe metabolism of
DCTB however, it is hypothesizedatthe complex microenvironment within the granuloma
exposes bacteria to hostile conditions such as acidification, hypoxia, starvation and reactive
oxygen and nitrogen speci@@amford et al., 2017; Keane et al., 208@manich et al., 2000)

To adapt totheseenvironmentalstresses mycobacteria enter neneplicating statesand

C



becomedifferentially culturable(Anuchin et al., 2009)It has been proposed that duriiis
periodmost bacilli persisti a dormant stajevith a fewbacteriain an active replicating state
whichar e known a(Buerges et al.u2012;Hertahz gt@l., 2008)ese scout cells

are an evolutionargurvival mechanism to facilitate microbial wakening. The scout cell model
proposed by Buerger and colleagues in 2012 statesithatf a s coutergroathl s f or
permissive conditions, it will establighnew population, thus achieving the main objee:

the multiplication of the population genome. Once the environmental conditions become
adversarial again the revived population retaio dormancy, initiating a new round of the
cycle. The model thus proposes that a generalised microbial popukatitieves survival

under hostile conditions, and growth favourable ones by cycling between dormancy and
activity (Buerger et al., 2018) The regulatory mechanism to form scout celés/et to be
identified, but it is proposed that at any given time thereea bact eri a that ar e
environment for signals to restart growth, and can scout for several decades before extinction
(Gibson et al., 2018)'he presence of scout cells and environmental ssaffsct the bacterial
population growth rate leat to heterogeneous populations with a spectrum of culturability,
spanning from metabolically active cells which are able to grow on solid media, to DCTB that
are nonplatable(Chengalroyen et al., 2016; Kana et al., 2008g latter includes bacteria that
require a combination of growth factors to reeq includingresuscitation promoting factors
(Rpfs). Rpfs are growth stimulatory molecules, identified in CF, which enhance the recovery
of DCTB (Chengalroyeret al., 2016; Kana et al., 2008; G. Kumar et al., 2017; Mukamolova

et al., 2010) Different DCTB populations have been identified in sputum, including CF
independent DCTB, Rgfindependent DCTB and Gifependant DCTBexplained in figure

1.2 (Chengalroyen et al., 2016)
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Figure 1.2 Spectrum of culturability indicating different culturable states based on metaboliactivity of

the bacterium. The left side of the spectrum shows the metabolically active bacteria that can grow on solid and
liquid media (blue) while the right side shows a spectrum ofreplicating bacteria representing the DCTB
population that are unable to grow on solid mexdid require various factors to recover (green to red) in liquid
media(Chengalroyen et al., 2016)

1.4 Antibiotic treatment and DCTB

Antibiotics generally target actively growing bacteaiad as a resuylthe DCTB statenay be
associated with an increased drtgerance (Bamford et al., 2017; Kim, Chowdhury,
Yamasaki, & Wood, 2018Antimicrobial therapies are designed to target the entire bacterial
populationandassune thatall cellswill be equally sensitivéAnuchin et al., 2009; Ayrapetyan

et al., 2015; Kim et al., 2018)Vithin genetically identicabacterial populations, there are sub
populations with differemal drug susceptibility. These bactdriaubpopulations display
phenotypic heterogeneitgAyrapetyan, Williams, & Oliver, 2018; Chao & Rubin, 2010;
Fonseca et al., 2009henotypic heterogeneity is an evolutionary selectableatnéih plays

an essential role in the fitness of the bacter{yrapetyan et al., 2018; Fonseca et al., 2009;
Lin & Flynn, 2010) T h e

efficacy of antibiotics against nemeplicating bactea in the absere of known genotypic

term Ophenotypic antibiotic tole
resistanc€Honeyborne et al., 2016; Jones, 200)r a pathogen to be successfuhiistbe

able to persist in the host tissue hence, the presence efeplarating, phenotypically

antibiotic tolerant bacterisuch asDCTB might aid M. tuberculosisto persist and could

contribute to the need for prolonged drug therapying active TB diseas€dGomez &

McKinney, 2004; Nguyen et al., 2019; Stewart, Robertson, & Young, 2003)
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1.51n vitro models for DCTB

Metabolic activity is quantified by the synthesif nucleotides, proteins and metabolites, to
allow growth and replicabn (Alnimr, 2015; Ayrapetyan et al., 2018JJhe production of ATP

as energy is essential in maintaining metabolic activity and disruptiemergy processes
results in metabolic quiescen¢@lnimr, 2015; Higgins & Dworkin, 2012)Exposure to
environmental stress, such as nutrient starvation, hypoxia, pH imbalances and temperature
fluctuations, cause disruption in energpgesses and force the bacterium to conserve energy
(Alnimr, 2015; Anuchin et al., 2009; Meneghini, 201BJycobacterl speciesconserves

energy by selectively expressing essential genes and transcripts to enable survival under these
conditions(Buerger et al., 2012}t is unclear if the reduction in metabolighat is expected

to occur during the DCTB staig due to the absence r@quiredmetabolic precursors such as
carbon, nitrogen and phosphorus or if the bacterium is strategically using less to minimize its
nutritional need¢Buerger et al., 2012; Glickman & Jacobs, 200here are severah vitro

stress models that attempt to recapitulate the DCTB or dormant state, these are summarized in
table 1.2.
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Table 1.2-Summary of thevarious in vitro stress models

activated macrophages.

environment. The bacteria enter an anaerobic state

with reduced replication and respiration.

DCTB model Description State of the bacteria Authors
1. Wayne model | Gradual depletion of oxygen, as abrupt depleti¢ The bacteria in thestistage have reduced replication, Wayne et al,

of oxygen leads to cell death. The depletion is | however there is still ATP production and some acti| 1996
done in two stage3he P! stage often referred to| mechanisms of DNA repair. The anaerobic
as the microaerophilic stage, as oxygen levels | environment induces the DosR regulator, which is
reduced to 1%. The'®stage iclose to the essential for survival under hypoxic conditions and
aneerobic stage, as oxygen levels are reduced | bacterialn the second stagbacteriaransition intoan
0.06 %. NRP*.

Starvation The culturing oM. tuberculosisn nutrient rich | When the bacteria are cultured in PBS respiration | Loebel et al,

model media, before transferring the culture into PBS| levels slowly decrease as the bacteria transition int¢ 1933 and Bettg
with no carbon source. nonreplicative state that is reversible. etal, 2002

Chemostat Chemostat is used to tightly control conditions | Prolonged stationary phase results in gradual nutrig Shleeva et al,

culture system such as temperature, oxygen and pH. A culturg depletion in cultures. The bacteria have a populatio| 2002
M. tuberculosigs grown with oxygen levels unculturable cells on solid media that can be grown
reduced to 50%. This culture is then maintaine( liquid. However, after 80 days the bactenia able to
until all nutrients have been depletedr the restart growth aa result of adaption to the new
media. environment.

Biofilm model | Biofilms are complex structures which, are The formation of the biofilm createshaterogonous | Kukla et al,
formed at the airmedia interface whehl. microenvironment consisting of both hypoxia and | 2012
tuberculosigs cultured inSautonsminimal nutrient starvation.
media.

Potassium M. tuberculosids cultured inSautongninimal Potassium is crucial for maintaining an Salina et al,

depletion media, before transferring tloalture in potassiun electrochemical gradientegulating intracellular 2014

model depleted &utons media. osmotic pressure and phl bacteria. When potassium

ions are depleted from tmeedia, the bacteria are abls

to switch toalternative metabolism
Nitric Oxide | M. tuberculosigs exposed to low levels of Nitric| When the bacteria are exposed to R@gcts as an Voskuil et al,
model Oxide (NO) to mimic immune response in inhibitor of aerobic respiration and creates a hypoxif 2003

*NRP- nonreplicating persister

13



1.5.1Starvation model
One of the firsin vitro models of nofreplicating persister bacteria (NRP) was discovered in

1933 when Loebel and colleagues transferrdtl tuberculosisulture grown in nutrient rich

media intophosphatéuffered salineRBS and faund that respiration levels slowly decreased

whilst the culture remained in an early stationary pl{asebel, Shorr, & Richardson, 1933)
Loebel and col | ienaepsssiclefor kl.ltubelcalabis toréive tor efitended
periods of time in PBS and that this virulen
to depress its oxygen consumption and live off previously stored foodLsteiffel et al.,

1933)0 Conditions within t homthgse ancountecathaitro. di f f e
Despite this differengen vitro carbon starve. tuberculosidias a similar morphology to the
phenotype of bacteria from theaguloma, suggesting that carbon starvation is an essential
environmental stress that the bacteria encounter within the gran(\l\dmasengenbacher, &

Dick, 2016) Betts andtolleaguesleveloped a model based on Loéb@bservations/herein

anM. tuberculosigulture was suultured in PBS fo7 days, in a sealed container to generate

a carbon starved environmg(tetts, Lukey, Robb, McAdam, & Duncan, 200Buring this

period the transcriptional profile of th&l. tuberalosis showeddecrease transcription in

processes involving energy metabolism, lipid biosynthesis and cell division in order to maintain
long-term survival These observations weire concurrence with previous observations made

by Loebel and colleagudBetts et al., 2002)However, when the starved bacteria in sealed
container were monitored for oxygen consumption, there was no indication of hypoxia
therefore, indicating that instead of consuming oxygen, the bacteria slowed down thei
respiration rate and enezt a NRPstate(Betts et al., 2002; Lipworth et al., 2016)

Recently an in vitro model was described to produce DCTB that requires two sequential
stresses: starvation with phosphate buffered saline (PBS) and drug expdRifFg3aito et

al., 2017) The authors concluded that the generation of DCTB is speciRtR@xposure, as
inhibitors of baterial macromolecular synthesis can exdifferential effectson individual
genes or gene produgctatherthanhalt transcriptior{Saito efal., 2017) Saito et .akpeculated

that treatment ofstarved bactém with RIF rather than halting trangption altogether
selectively affect the transcription of different genes way that allows the bacterium to enter

a DC statéSaito et al., 2017)
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1.5.2 Biofilm model
Anothermodel that could be used to generate DCTB is the biofilm model. Biofilms are formed

when bacteria undergo stress in minimal meg#ialka, Hatfull and Ojha, 2012)Nutrients,

ions, and carbon sources influence bacterial behaviour and have a regulatory role in biofilm
formation(Esteban and Garci@oca, 2018)Biofilm formation is initiated by the adherence of

a single microorganism to a surfadéowever,some mycobacteria can also develop these
structuresat the airmedia interfacesf stationary culturedue to the high lipid content of the
mycobacterial cell wal{Ojha et al., 2008Biofilms consist oheterogeneousonditions, with

a constant balance between consumption and diffusfiorutrients(Brennan, 2017; Kulka,
Hatfull, & Ojha, 2012) A study done on mixed species heterotrophic biofilms revealed that
oxygen concentrations at the biofiiid interface was reduced to 40%ompared to
planktoniccultureand continued to decrease with increasing depth of the biofilm. Furthermore,
any nutrient that is consumed in the biofilm will also decrease with increasing depth into the
biofilm and distance from the nutrient sour@esteban & Garci&oca, 2018)In a mature
biofilm, threedistinctive physiological states can be found. The first stage consists of cells that
are located near the biofikair interface, which grow by aerobic metabolism as oxygen will be
available(Kulka et al., 2012; Solokhina, Brickner, Bonkat, & Braissant, 20h7)he next

state, which is located in the middle of the biofii@tween thair-biofilm interface and the
biofilm-fluid interface, the cells grow by fermentation, as oxygen is sparingly scimbles

the usually the first metabolite to be deplegi®dlokhina et al., 2017 he third stage in located
deeper in the biofilm at the biofilifiuid interface, and consist of a region where oxygen and
substra¢ have been depleted and cells become inactive or begin(@otidkhina et al., 2017)
Adaption to these varying stages of environmental strest likely contributsto phenotypic
heterogeneity. Recent studies have demonstrated that genetic variants in the population have
arisen in biofilms due to mutations in scholastic gene expression following biofilm growth in
a strestul environment(Esteban & Garci®€oca, 2018; Kulka et al., 2012; Solokhina et al.,
2017) The presence of varying stresses and genetic variation-pogubationscould aid in

the generation of DCTB.

1.5.3lon deficiency model
Another nutrient depletion condition that bacteria need to adapthe hostis the changes in

ion concentrations. Mycobacteria engulfed by macrophages are subjegtetgsium (K)
depletion in the phaglysosame caused by Kefflux pumps(Actor et al., 2008)K* ions are

essential for many cellular functigngicluding the maintenance of matellular pH and
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membrane osmotdy (Rodriguez, Ocampo, Salazar, & Patarroyo, 201Bptassium
concentrations within bacterial cells range from 0.1 to 1 M, compared to 140 mM found in
eukaryotic cell{TreunerLange, Kuhn, & Dirre, 1997Mycobacteria are dependent on K+
ions to maintain pH in mildly acid conditions, thdstuberculosidas several tightly regulated
pathways to regulate disruptions in potassium {@i®lo, van Rensburg, & Anderson, 2008;
Salina et al., 2019)One of the major pathways involved in potassium regulation is the
inducible KDP potassium ion transport system, which is encoded ydiheE geneqgCholo

et al., 2008; X. Liu et al., 2020Yhe potassium ion isnportant forthe function of NaK*
transporting ATPases in mycobacterla the early stages of potassium limitaticthe
membrane becomes hyperpolarized and disrupts ion transport activity by induction of the high
affinity ATP KDP transport systerfCholo et al., 2008; X. Liu et al., 2020)

In 2015, Salina and colleagues revealed gieneration of noftulturable bacteriaccuredin

media deficient of potassium, when cultured for minimum of 28 days in minimal 1{&adiaa

et al., 2014)M. tuberculosigells grown under potassium limitation, displayed changes in cell
morphology. The cedl appeared coccoid with intact membranes aodndensed cytoplasm

that closely resembled forms associated with dormant phenotypes. These bacteria were not
sensitive to INH andl,3-benzothiazird-ones (BTZ) antibiotics that target cell wall
biosynthesis paways but were sensitive to RJFsuggesting that transcription was still

occurring

1.6 The relationship betweerM. tuberculosisgenotype and DCTB

1.6.1Evolution and strain lineage of clinical strains ofM. tuberculosis
The MTBC has evolved intgix lineags based ortheir geographical locatiarTheseinclude,

East Asian, EurdAmerican, West Africa 1 and 2, Inddceanic and &st Africarindian
(Figure 1.3)(Gagneux & Small, 2007; Shabbeer et al., 2012)addition to geographical
location, the six lieages of MTBCare classified by the variations in large sequence
polymorphisms (LS$§) and single nucleotide polymorphisngSNFs) (Van der Spoeban Dijk,
Makhoahle, Rigouts, & Baba, 2016Jhese strains can be further subdivided into two
categoriesancient or modernbased on the deletion of the Thibdgion The Indeoceanic
lineage, West Africa 1 and West Africa 2 ateains that contain éhTbD1 region and are
classified as ancient strains, whilst East Asian, EAmeerican and EasAfrican-Indian are

classified as modern strai(Shabbeer et al., 2012 each lineage, strains are typed based on
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the variabilityfound in the direct repeat (DR) locus, which contains a variable number of short
direct repeats. The presence or absence of these repeats at 43 spaces on the DR locus determines
the spoligotype family, which are sdineages within the main lineag&agneux & Small,

2007; Glickman & Jacobs, 2001These strain types include: Beijing, (Latin American
Mediterranean (LAM), Tstrains, Sfamily, X-strains, Central Asian strai(CAS), East
African-Indian (EAI), Haarlem antycobacterium africanuraubtype 1 (AFRI)as shown in

figure 1.3
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% Euro America ]
: J
= |/ .
% East Asian i Beijing I
§ y,
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} CAS
Indian
M. tuberculosis —
\
4 N\
Indo-Oceanic EAI
| J
Q
oo
@ r N\
Q
£ West African 1 AFRI 2 AFRI 3
)
c - Y,
Q
E ' ~
< West African 2 AFRI 1
| J

Figure 1.3 Evolution of M. tuberculosisPhylogeny oM. tuberculosiglinical strains and their classification.
Adapted from(Gagneux& Small, 2007)
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1.6.2Strain diversity in South Africa
In South AfricaseveraM. tuberculosistrain types, includg Beijing, LAM, CAS, Sfamily,

X and T1strains which have evolved from the six lineage strans well distributeqFigure
1.4) (Chihota et al., 2018; Gagneux, 2013; Hanekom et al., 20’h}§ diverse distribution is
a result of the founder effect where certdintuberculosistrains were initially introduced into
the country as a result of colonization and sea teauk later weralistributed around the
country througp the movement of individua{€hihota et al., 2018; Hanekom et al., 20TT)e
TB epidemic in South Africa is dominated by four strain types: LAM, Beijingtrains and

X-strains(Chihota et al., 2018Beijing and LAM strains have been the subject of intensive

studies directed to unravelfjinthe mechanistic basis for thencreased penetration in the
human populatioiChihota et al., 2018; Hanekom et al., 2011)

Figure 1.4 A world map indicating the distribution patterns of strain typesderived from(online SITVIT
databasewww.pastewguadeloupe.fr:8081/SITVIT_ONLINE On the rights a map of South Africa shamg that
the LAM, X, Beijing and T strains are the dominate strain fpfecting the populatian

The Beijing strain, first identified in 1995, has evolved into a successful strantoits
increased virulence and transmissipropertiesrelative to other clinical straingGlynn,
Whiteley, Bifani, Kremer, & van Soolingen, 2002; Y. Liu et al., 2Q1Since its origin in East
Asia, the strain has spread globadlyd was introduced to South Afri¢eurrently infecting
20% of diagnosed patient$jrough trade routg€Chihota et al., 2018; Hanekom et al., 2010)
This increase in prevalence of the Beijiligeagein South Africa, is speculated to be due to
the HIV epidemiqParwati, van Crevel, & van Soolingen, 2010he suHineage strain LAM,

is thought to have been introduced to Southern Afiiitaugh expeditions and trade from
Portugal. A LAM derivativeF15/LAM4/KZN strain has been associated WiDR-TB, and
was responsible for the first caseXdR-TB in South Africa(Ashiru, Pillay, & Sturm, 2010;
Gandhi et al., 2006)Furthermorga LAM3/F11 derivativestrain, hasbeenshown to be as
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successful as Beijing, in contributing to the TB epidemic in the Western(Chj®ta et al.,
2018) Part of the success of LAM and Beijingdominatingthe TB epidemic, islue b the
increased transmissibility associated with these strAimscent stug based on the collection

of clinical isolates in the Western Cape sleolhat Beijing strains had high to very high
transmissiomate whilst the LAM strains had a moderate to high transmission rate in a guinea

pig infection mode(Hanekom et al., 2011Jigure 1.5).

I =

LAM

Haarlem

T-strains

—

Figure 1.5The transmissibility of clinical strains. The spectrurshows the range sftrain transmissioandwas
derivedfrom the work done byShaney et al., 2018). The authors selecthd dominanstrain types from the
WesternCape, South AfricLAM, Beijing, Haarlem, Samily and Fstrains)thathad undergone epidemiological
genetic typing to determine the transmissibility of the strairmasmissibility was calculated in four categories:
not transmissible (NOT), moderate transmissibility (MT), higlansmissibility (HT) and very high
transmissibility (VHT)

1.6.3The impact of clinical strains on treatment outcomes
M. tuberculosisclinical strains were considered to be genetically monomorphic with high

levels of genome sequence similarity (99.95#8nce,it was assumed that bmgse of this
high level of similaritythetreatment outcomes between patientsctedwith different clinical

strainswould be insignificanfCoscolla & Gagneux, 2014; Gagneux & Small, 206i9wever,

19



advances in whole genome sequencing have showihératis10-20 functional differences

due to unigue SNPketweenthe various M. tuberculosisclinical isolates(Gagneux, 2013;
Murase, 2011)indicating thatthe geetic diversity of M. tuberculosishas been greatly
underestimated. Recent studies in animal models and human epidemiology have demonstrated
that the variability amongst clinical isolates include adaptions for stress survivamisaion

and pathology. fiese variousadaptionsamongst clinical straindlave consequences for

treatment outcomeand can result in treatment failui@oscolla & Gagneux, 2014)

1.6.4 Adaptive mechanism of strains (Beijing and LAM)
Numerous studies have shown that Beijing and LAM strains possess a unique genotype and

phenotype compared to other clinical strains. The Beijing and LAM associated phenotype
includes characteristicsuch asalternative host modulation, pathological features and drug
resistanc€Glynn et al., 2002; Keane et al., 2000; G. Kumar et al., 2017; Y. Liu @0A4l7)

A study by Pheiffeet al. demonstrated that the Beijing strain had decreased levels of cell wall
mannoprotein Pstl compared to the H37Rv laboratory gPaieiffer, Betts, Flynn, Lukey, &

van Helden, 2005)Pst1 is a phospHoinding lipoprotein that stimulates host activation of B
and T cells, thus reduced levels of this protein in the Beijing strain @ftowevasion of the

host immune respongklanekom et al., 2011; Parwati et al..12)

In addition the Beijing straishaveincreased expression of the dormancy regulon geoneR
Rv3130¢chspX fdxAandnarX (Reed, Gagneux, Deriemer, Small, & Barry, 200Rese genes
are involved in the adaptive response under hypoxic and nitrosatise ctreditiongAnuchin
et al., 2009) The basal transcription levels of the DosR regulon wal8Ohigher in the
Beijing strain compared tbAM and other clinical strainfReed et al., 2007Yhis increased
expression of the regulon in the Beijing strasnspeculated t@llow bacteria to alter its

metabolism in order to survive under host derived stress conditions.

LAM and Beijing strains have evolved alternative mechanism to evade detection by the host
immune system, through immunomodulation of phenolic glycolipid (PGlagneux2013)
Most M. tuberculosi<linical isolates, and the laboratory strains H37Rv do not produce PGL
due to a frameshift mutation in the polyketide synthase plksits/1Gagneux & Sma| 2007,
Lipworth et al., 2016)PGL is a component of the mycobacteria membrane and whilst the
composition of the membrane is highly conserved amongst mycobatheriadividual lipid
constituents can differ in clinical strain isola{g€sie et al., 2017; Parwati et al., 2010AM
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and Beijing strains have an intgatsb/1 and are known producers of PGL, allowing these
bacteria to survive the host immune respdmsenmunomodulation of the Thtiype cytokines,
which are responsible for the praflammatory responsgHanekom et al., 2010; Rindi, Lari,
Cuccu, & Garzelli, 2009)

In the clinical setting, Beijing strains have commonly been associated with drug resistance and
have the highest BIR prevalence of 17.5% compared to +®ajing strains(Y. Liu et al.,

2017) This increased association with drug resistance suggested that the Beijiggewas

either more transmissible or had an increased inherent propensity to evolve drug resistance.
Kong et al, concluded that the Beijing strain favours transmission ratlaer doquisition of
resistance, as MDRB casesappeared toesult from patiento-patient transmission and not

from thede novaacquisition of resistance during treatm@fong et al., 2007; Sebastian et al.
2017) In addition to the Beilig lineage, there is emerging evidence suggesting that molecular
features of other strain types may influence the ability to evalwg r@sistance. As an example,

LAM and Haarlem strains have a predisposition to developing RIF resistance due to an
evolution of compensatory mutations, such as single nucleotide polymorphismsrpo@e

gene(Herranz et al., 2018)

In summarythe abovementioned dagations of Beijing and LAM strains provide the bacteria
with an advantage to survive and persist within the host for decades before reactivessen.
observations suggest that thenetic variation of clinicall. tuberculosissolates is important
for patlogenesis, virulence, transmission and treatment outcdmédittle is known about
their ability to enter a DC state, dwetdiscovery of DCTB is recenthus, thefocus of this
study was to determine the propensity of clinical strains to inithef®CTB stateby modelling
environmental conditions such as nutrient depletion encounterddl. iberculosisduring

host infection.
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1.7 Rational of the study
1.7.1Aim

To devel opianadniodpetbismitzoe generate DCTB, as wel
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2.Materials and Methods

2.1 Materials used
A detailed list of materials used in this study can be found in Appendix A

2.2 Strains and culturing conditions
Table 2.1- Laboratory M. smegmatisand M. tuberculosisstrains usedin this study

Strain

Description

Origin

M. smegmatis
mc?155

Mutant of mé6 that displays a highly efficient plasm
transformation phenotypeM. smegmatiss used in this
study as it is a noepathogenic, model strain fdvl.

tuberculosis In this study M. smegmatisis used tg
optimizein vitro models for generatio of differentially
culturableM. smegmati$DCMS).

(Snapper, Melton,
Mustafa, Kieser, &
WR Jr, 1990)

M.
tuberculosis
H37Rv

H37Rv was initially derived from a clinical isolate, H!
obtained from a patient with TB in 1905his strain hag
undergone serial passage become a laboratory strai
used to study the bacteridn this study H37RV
Johannesburg straiwas used (ACCT: 2618) In this
study, M. tuberculosisis used to optimise a carbg
starvation model for generation of DCTB.

(loerger et al., 2010)

Beijing stains

Five Beijing strains (Beijing 1, Beijing 2, Beijing !
Beijing 4, Beijing 5) were isolated from TB infectg
patients (57165, 59129, 57134, 57154, 59014) in the
clinical studies (BMG and MGIT plus) conducted at
Centre of Excellence for Biomedical TB Research
(CBTBR).I n both <clinical st
was collected and tested for the presence of DCTB, U
the MPN and CFU assay. After analysis patient sam
were stored for future use in this studyhe Beijing
strains have undergone sal passages to becon
laboratory strainsin this study Beijing strains are use
to observe the generation &@CTB using a carbot
starvation model.

BMG and MGIT plus
(Julian Peterst al
Manuscript in
progress 2020)

LAM strains

Five LAM strains (ILAM 1, LAM 2, LAM 3, LAM 4,

LAM 5) were isolated from TB infected patients (571
59129, 57134, 57154, 59014) in the two clinical stug
(BMG and MGIT plus) conducted at the CBTBIR both
clinical studi es, the p
tested fo the presence of DCTB, using the MPN and C
assay. After analysis patient samples were storeg
future use in this study.he LAM strainshave undergon
serial passaged become laboratory strairia.this study,
LAM strains are used to observe thegetion of DCTB
using a carbon starvation model.

BMG and MGIT plus
(Julian Peterst al
Manuscript in
progress 2020)
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2.2.1Culturing conditions
The M. smegmatitaboratory strain nfd55usedin this study was grown in Middlebrook 7H9

liquid media supplemented with 10X glucose salt and 0.05 % T%€eM. smegmatisvas

also grown on solid Middlebrook 7H10 media supplemented with 10X glucose salt.

The M. tuberculosidaboratory straitH37Rv andclinical strains (Beijing and LAMjrom table
2.1, used in this study were grown liquid Middlebrook 7H9 media supplemented with 92
glycerol, Middlebrook oleic acigalbumindextrosecatalase (OADC), and 0.05% Twé&80,
unless otherwise stateM. tuberculosisvas also grown on soliB B L  Middlebrook 7H11

media supplemented with OADC.

2.2.2Clinical strains used inin vitro analysis
In this study, five Beijing clinical strains and five LAM clinical strains (TaBl&) that

produced DCTBgputum specimensad a resuscitation index greater than 1) were selected at
random forin vitro analysis. These samples were thawed and streakedndBtB L  E
Middlebrook 7H11 media, and incubated for 3 weeks at 37°C. Single colonies were selected
and subcultured twice for 7 days at 37 °C in 5 ml of Middlebrook 7H9 media supplemented
with OADC andPolymyxin B, Amphotericin B, Nalidixic acid, Trimethom and Azlocillin
(PANTA). During the first round of subculturingouble the recommended dose of PANTA
was addedo ensure that majority of the contaminating bacteaekilled while the second
exposure to PANTA was nsurghe sample contained only. tuberculosisTo confirm this

the culture was streaked out BrB L Middlebrook 7H11 plates and incubated for 3 weeks at

37 °C, after which single colonies were selected and spoligdt{®ection 2.3.2), to reconfirm

the strain type.

2.3 Genotyping of M. tuberculosisstrains

2.3.1Genomic DNA extraction

2.3.1.1Large scale DNA extraction
The M. tuberculosidaboratory strain (H37Rv) and the clinical strains Beijing and LAM were

grown on7H11 Middlebrook BBLplates from which two to four loops tife culture were re

suspended iBOO0 pl of TE buffer until a homogenous mixture was formed. The cells were then

killed by heating the suspension at°@sfor 20 minutes before 7 | of lysozyme (1
was added and incubated at°&7for 1 hourFollowing lysozyme treatmerie | rotdéinase

K and 70 ¢l of 10% SDS wer e aduoeusat®5°G he s u:
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after which 1 0 0 ¢ | of NacCcCl (-viaivhpd CT ABdNa@ @as added anfd the r e
mixed suspension incubated at 65°C for 10 minutes.relfier, an equal volume of
chloroform:isoamyl alcohol (24:1 v/v) was added and the suspension mixed vigorously before
centrifuggtion at 1240xg for 5 minutes.The top aqueous lay@ontaining the DNAwas

decanted into a fredBppendortube without disturimg the proteininterphase. ThBNA was
precipitated wittd 5 0 ¢ | i sopr opanol xdfgr 20cnenntesratia€. Gilgat i o n
DNA pellet was washed with 70% ethagi centrifugationfor oneminute. The DNA pellet

was dried ina speedvacandsei s pended in 100 ¢l of sdH2O.

2.3.1.2Colony boil method
M. tuberculosidaboratory strain (H37Rvandthe of LAM and Beijingclinical strains were

grown on 7H11IMiddlebrookplates supplemented with OADC and a loopful of the bacteria
was resuspended in 50l of TE buffer. The samples were placeda heating block fot5
minutesat 90°C, to kill the bactaa. After heat killing the samples wereentrifugedat 1240

xg for 10 minutes. The top aqueous layer comtgirthe DNA was removedo a fresh
Eppendorf tube andsed for spoligotyping

2.3.2Spoligotyping
Spoligotyping is a method used to classify the lineagkl.ofuberculosisclinical strains.In

each lineage, strains are typed based on the variability found in the direct repeat (DR) locus,
which contains a variable number of short direct repeats. Tisenque or absence of these
repeats at 43pacesn the DR locus determiseghe spolgotype family Figure 2.1 shows the

various steps for spoligotypinghich are further described in detail in the following text.
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The results are The spoligotyping Unbound PCR PCR products are Biotin labelled PCR products
analysed using TB- membrane was products are hybridized to the are added to a spoligotyping
insight: spotclust exposedto an X-ray washed away and spoligotyping membrane containing DNA
biocinformatics tool film and developed remaining products membrane spacer sequences.

are detected using
ECL

Figure 2.1Spoligotyping procedure A flow diagram showing # various steps involvad the spoligotyping

procedure DNA is extracted from bacteria, and bR region is amplified using PCR. The amplified DNA

products are hybridised to a spoligotyping membrane, which contains bound oligo spacer sequences. The bound
productsare detected usingnhanceahemiluminescencgeCL).

2.3.2.1Polymerase chain reactior(PCR)
The first step in spoligotyping procedure requiresifreregions in DNA of the clinicaM.

tuberculosisstrains to be amplified by polymerase chain reacfite DRa and DRb primer
(Table 22) supplied in thespoligotypingkit wereused taamplify theDR regiorsfrom genomic

DNA extracted fromthe H37Rv, Beijing and LAMstrains. The Ra primer contains nen
radioactive biotin molecule, which integrates into the amplified DR regions, and can later be
detected by a chemical reaction using streptavitlie DRa and DRIprimers were received

as a 10QuM stock and were reconstituted inrl of nuclease free water

Table 2.2- PCR primers used for the conformation ofclinical strains.

Primer Primer oligonuci3é&qgt i|Annealing Storage temp
(Tm) of primer

DRa GGTTTTGGGTCTGACGAC 55°C 4°C

(506 b

DRb CCGAGAGGGGACGGAAAC -20°C
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TheReady Mi xE Taq PsOfplied vetla thetki{StymaAldriclx) contained 15

el of ReadyMix,6.5 pl of dHO, 2 €l of DRa primer, 21 of DRb primer to which2 ¢ lof
template DNAwas addedo makeup a25 ul reaction. The PCR reaction was briefly spun
down for 15 seconds to ensure that all components were mixed h@émiag the tubes to

the Bio-Rad thermocyclermachine. The following cycling conditions were used: an initial
denaturation step at 9& for 3minutes followed by 35 cycles sample denatationat 95°C

for 30 secondsanneahg at 55°C for 1 minute and elongan at 72°C for 30 secondslhe

PCR was completed with final elongation step at 7Z for 10 minutes. Once the PCR was
completed, the reaction was stored at 46€ not longer than a week if it was not used
immediately for spoligotyping

2.3.2.2Hybridization and detection

The next step of spoligotyping involves the hybridization of the biotin labelled PCR products
to a spoligotyping membranthat contains immobilized membra#fmund spaceligo
nucleotide of the DR region. The extracted DNA is hybridised on the spoligotypiembrane

and the bound PCR products are detected with streptgwloxidase together with an
enhanced chemiluminescen@eCL) reagenbn an Xray film. The bound DNA is detected by
presence of spacer sequences representeldlagk square. The absence or presence of a black
square reveals a pattern that is used to determine the strain type. A detailed description of the

process is ned below.

To the B pl PCR reaction, 1501 of 2X SSPE/ 0.1%odium dodecyl slphate (2XSSPE/0.1%
SDS) was addednd the tubéransferred to th8io-Radthermocyclefor 10 minutes at 99C
to heat denature the PCR product. The tubexe immediatelyplaced onice until they were
ready to be loaded onto the membrémprevent the DNA from reannealing.

The spoligotyping membrane was washed twic{r8§SPE/0.1% SDS and placed in the oven

at 60°C for five minutes after every washhewashednembrane waplaced on a cushion in

the mintblotter in the correct orientation, with all the marked sides lined up and the slot of the
mini-blotter running paralleio the line pattern on the membrafégure2.2). Any excess fluid
waswipedwith apaper towel, before the mibiotterwastightly sealedusing plastic screws.

Any residual fluidwasremoved from the slots ¢fie mini-blotterby aspirationusing a syringe

and a vacuum pump (Figure 2.2)
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Figure 2.2 Spoligotyping blot orientation. A flow diagram showing the steps involved in placing the membrane
in the correct orientation othe miniblotter. The miniblotter is opened and the membrane is placed in the
corrected orientation marked by the cut edgd positioed runningparallelto the open slots marked by the red
rectangle. Excess fluid is wiped away and aspirated using a pipette.

The sealed minblotter was placed on a horizontal surface and 160 pl of the DNA mixture was
loaded into the slots of the mibiotter. The firstand the last wells of the 45 well membrane
were filled with 2X SSPE/0.1% SDS$he PCR reaction using DNA from H37Rv and BCG
(supplied in the kit) together with a no DNA template reaction were included as controls for
each runThe miniblotter was then trassferred to the hybridization oven and incubatedon
horizontal surface at 60C for one hour. After hybridizatiomany remainingsample vas
removed from the mirblotter by aspiratiorbefore removing thenembrangrom the mint
blotter. The membrangas washed twice in 2X SSPE/0.58®DSfor five minutes at 60C.

Next the hybridized biotitabelled PCR productdound to spacenligos on the membrane

were detected using chemiluminescent detection. The membrane was placed in a roller bottle,
containing a miture of 40 ml of 2X SPPE/0.5% SD@&nd 10 ¢ |Streptavidinperoxidase
conjugate (500U/mLandincubated at 42C for one hourThe membrane was washed twice
with 2XSSPEOQ0.5%5DS and incubated at 42 °C for 5 minutes. An ECL detection kit (GE
Healthcare) was used, and 10 ml of detection solutiandlsolution 2vas added t@a glass

bowl containing the membrane. Both solutions were swirled in the glass container for 90 s,
afterwhichthe solution was discarded.he membranwas therplaced in a clear plastic sleeve
andexposed tdhree light sensitive Xay film sheets for 20 minutes. Therdy films were
developed manually ithedark room Thespoligotypingmembrane was stiged by incubation

in 10% SDSat 80°C for an houland stored in 2QM EDTA at 4°C for reuse
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The spoligotype pattern was displayégl the presence or absence of black squares on the
membrane represeng the spacer sequences. The black squaeesallocated a binary value

of 1 whilst the blank spac#asallocated a binary value of 0. The 43 character binary value
was entered into the spotclust spoligotyping website to determine the strain type
(http://tbinsight.cs.rpi.edu/run_spotclust.htif\fitol et al., 2006).

2.41n vitro stress models

2.4.1Carbon starvation model

2.4.1.1The Betts et.al, starvation model
M. tuberculosiglaboratory and clinical strainghdM. smegmatisveregrown in triplicate to

log phase ir20 ml of 7H9 Middlebrook media, to an optical density (€36 between 0.5 and
0.8, which corresponds to a CFU/ml betweefith01(P. The cultures wereentrifuged4000
xg for 10 minutesand washed twice in phosphate buSafine, with 0.05% tyloxapol (1X
PBSTXx), After the second wasthe cell suspension in IRBSTx wascentrifugedat 123 xg
for 8 minutes with no deceleraticl@ generate a single cell suspensidie single cell
suspension was diluted to @ohm= 0.1in a 25ml culture and the colony forming units/ml
(CFU) was determined by plating serial dilutions in duplicate on 7Miallebrook media for
M. smegmatignd H11 Middlebrook medidor M. tuberculosis Theremainingculture was
incubated without shaking at 37 °C, 20%, @nd 5% CQ for 1 week(M. smegmatjsor 2
weeks(M. tuberculosiy After 1 or 2 weeks, three 1 ml aliquots of the starved cultured was
removed for (1) MPN and GQFanalysisasdescribed in section 2.5, (2) flow toynetry as

described in section 2.7 and (3icnescopyasdescribed in section 2.8

2.4.1.2Saito et.al, sequantial stress DCTB model
The bacteriavereinitially starved following the protocol descritbén Method 24.1.1. After

starvationfor 1 week in PBS at 37C, the culturesvereswirled gently to remove any excess
bacteria on the side of the flask. The cultwassplit into five equal volumes im new flask
(each flask containing 5 ml culturédur of the flasks wretreated withRifampicin(RIF) (25
MM, 50 uM 75 uM and 100uM) whilst the othefflask wastreated with DMSO as a control.
All flaskswereplaced inadarkplastic container as RIF is sensitive to liglindincubated at
37 °C, 20% @, and 5% C@, withoutshaking or agitation for Week.After 1 week, three 1 ml
aliquots of the starved cultured treated with RIF was removed for (1) MPN dodu@&iysis
asdescribed in section 2.5, (2) flow cytome&ydescribed in sgion 2.7 and (3) mroscopy

asdescribed in section 2.8
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2.4.2Biofilm model
Sautongminimal meda was prepared by adding @%f KHPQy, 0.5g of MgSQ, 49 of L-

Asparagine, & of Citric acid, 0.05 of Ferric Ammonium Citrateand 60 ml of glycerol in

900 ml of water. The pH of the media was adjusted to 7.0 with NaOH. The media was then
autoclaved, cooled and sterile ZnSas addedtb a final concentration of 0.1% wjlyst before

using the mediaM. smegmatisvas growrto an ORoonm=0.8-1in 10 ml of 7H9 Mddlebrook
media and resuspendada 1:100dilution in Sautors minimal media One ml & the mixture

was removedor plating on H10 Middlebrook media to determindné CFU/ml of the
inoculum, using the procedure described in section 2B millilitre aliquots of the
remainingcells were dispensed into each wellao24 well plate. Thelosedplatewassealed

with biohazard tape and incubated undisturbed for gate87°C. Platesontaining the biofilm
wereviewed after7 days, using a dissecting microscope

2.4.2.1Removal of bacteria from biofilm
Once the biofin wasfully formed, the bacteriaereremoved and assessed REMS by the

MPN and CHRJ assay, following the protocol described in section 2.5. Baociesiaremoved
by scrapinghe top layer with an inoculation loop and placing it in @l5conicaltube. The
bottomaqueous layer was then removesing a pipette and placed in the same tilibethe 5
ml tube, containing both the top and bottom layer of the biofilm, Ors#&er?80 and 3mm
glassheadsvereadded. The mixture wdken rocked gently overnight to create a bgenous
mixture. The mixture was extremelscous and diluted ta1:10 ratiowith Sautonsminimal
mediain three 1ml aliquots forthe assessment of DCMS kL) MPN and CFU assags
described in section 2.5, (2) flowtoynetryasdescribed in section 2ahd (3) nicroscopyas

described in section 2.8

2.4.2.2Treatment of biofilms with RIF
After the biofilm wasfully formed, it wastreated with varying concentration of RIFOO UM,

150uM, 200uM and 300uM, in order to enhance the productiorD€MS. RIF was applied

to the biofiimasdrops to the centre of the biofilm aafter afew minutesthe plates were
resealed to allow the RIF to diffuse throughout the struciithre.plates were placed back in
the ircubator for 3, 5, or 7 dayAfter treatment with RIF, the bacteria from the biofilms were

removed following the protocol described in section 2.4.2.1.
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2.4.3Potassium depletion model
Sautors minimal media, without potassium ions waeparedollowing the recipe described

in section 2.4.2, and the 0.5g KH.POs was substitutedby adding 0.5 of NaPQs. M.
smegmatisvas grown to at®Deoonm= 0.6-0.8, in 10 ml of 7H9 mediaThe culture was spun
down and washed twice with Sautons minimal meldigleted opotassium ions,dfore being
sub-culturedto an OBoonm= 0.1in potassium depleted media. The culture imasbated over

a period of 24rs, 72hrs, 120hrs, 168hrs and 36 hrs at 37°C, with shaking Three 1ml
aliquots of culturevereremoved at each time point fibreassessment of DCMS [§%) MPN
and CFU assagescribed in section 2.5, (2) flowtoynetry described in section 2.7 and (3)

microscopy desribed insection 2.8

2.4.3.1Formation of biofilms in potassium depleted media
Sautongninimal media with and without potassium ionasaprepareds describeéin section

2.3.2.1 and 2.3.3. The inoculum was prepared by groingmegmatiso an ORoonm= 0.8

1. The inoculum was diluted to a 1:100 ratioairFalcon tube containingautons minimal
media with and without potassium ions and 1ml of the mixture was removed to be plated on
7H10 Middlebrook media plates to determine the inoculum CFU/ml. Theimerganixture

was gently swirled, before addingnd into a well on a 24 well plate. The platascovered

with a lid, sealed with biohazard tape and incubated undisturbed fors/atl®y °C. Plates
wereviewed after 7 days for biofilm formation.

2.5Assessment of differentially culturable bacteria

2.5.1Most probable number (MPN) assay
The MPNassay, determines an approximatenber of bacterian liquid media using a

limiting serial dilution and #&oisson distributioncalculation.The limit of detection in the
MPN assay is dependent on the dilution factor, number of dilutions set up and number of

replicates.

2.5.2Culture filtrate preparation
Culture filtrate (CF), contains a collection of growth stimulatory molecthlasthe bacteria

release into the media, during growth. In this study, CF is used to suppleyehtediaand

aid in the resuscitation &CTB.

Axenic cultures ofM. tuberculosis(laboratory and clinical strains) amd. smegmatisvere

prepared by inoculatinglaml freezer stocko 8 ml of7H9 Middlebrook media and grown for

31



to an ODBRoonm= 0.5. The preculture was added to 42 ml of 7WN8ddlebrookmedia ad grown
to an ODsoonn= 0.6-0.8. The culture wasentrifugedat 3000 xg for 10 minutes. The supernatant
was filtersterilized using a 0-2 m f antdilited in a 1:1 ratio with 7H9 Mdlebrook

media, before use.

Samples of th&€CF were tested formycobacterial contaminatioly spreadingsO0pul of the
sample onto &H11Middlebrookplate and 1 méliquots of CF weréncubated at 37C. The
aliquots were checked weekly for contamination, while the 7H11 Middlebrook plates were

checked after 3 weeks.

2.5.3The setup of the MPN assay in a 96 well plate

In a 96 well microtiter plate, 180 of 7H9 Middlebrook media or CF was added to each well
across the plat@-igure2.3). To column 2B2F, 20ul of thesamplewas added, after the sample
was vorterd3 times for 10 secondBigure 2.3) The wells containing the sample were mixed
by pipettingthe 100 pl volume using a multichannel pipette. A X6ld serial dilution was
performedacross the plate, by transferrid@ul of 2B-2F into 3B3F and mixing. This process
was repeated until column 11BLF (Figure 2.3) andthe last set of 2Ql was discarded. The
MPN plates were sealed using biohazard tape and placedenlabldag. The MPN plates
were incubated at 37TC for 5 weeksAll experiments were conducted withree biological
replicates, and six internal replicates to increase the accuracy of the MPN calculator.

10-fold serial dilution
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Added 180 pl of 7H9 media /CF, _Addedd 20 pl of the sample to six wells Performed a serial dilution of the
to the entire 96 well plate in 2" row (28-2G) (dark blue) sample across the plate (dark
(green) blue- white) until column 11,
discarded 20 pl from the last well
(red circles)
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From the MPN plate, 15 pl is
removed from rows B2-B6 (serial

"
e®88e000C

MPN and CFU plates were sealed
and placed in an incubator at
37°C for 3-5 weeks

25 pl of each dilution and the
original sample (10°), was spotted
and spread on quarter 7H11 BBL
Middlebrook plates

dilutions 10! to 10°°), and
transferred to a new 96 well
microtiter plate, to make a final
volume of 120 pl

Figure 2.3. The setup of the MPN and CFU protocol. A Visual representation on how the MRissay is
performed MPN assay calculates the number of bacteria in a liquid culture using a limiting serial dilution of the
samplerepresented in blue, acrosS@&well plate. In this study a i0Id serial dilution was performed across
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the 96 well plate. A sample was extracted from théN\WRateandplaced in a separate plate for the CFU count,
to ensure that thesgereno discrepancieis experimental set upetween the liquid and solid assay. BotRIWM
and CFU plates were sealed and incub&ted-5 weeks at 37C

2.5.4 Resuscitation of DCTB
In addition to a 96 well plate, 200pul of the staneedturesfrom sectior2.4.1was added ta

24 well plate to monitor the resuscitation of the DCTB. The experiment was up scaled to ensure
the sample volume would be sufficient for further analysisa 24well microtiter plate, B8

ml of media was added to 12 wells of the plates whail.of CF wasdiluted with media in

a 1:1 ratio before it waadded to the remainder of the wells in thierotiterplate. To the entire
plate,200 W of culture was added to each well. The 24 well microtiter plates were sealed and

incubated at 37C for 7 daysAll experiments were conducted with three biological replicates.

2.5.5Incubation and plate reading using an MPN calculator

The MPN plates were incubated at°8and scored for growth aftérweeksausing an inverted
mirror. Wells which contained growth were recorded as positivéhe MPN calculator
program.The total number of bacteria recovered from the MPN assay was estimated using
software (available at

http://www.wiwiss.fuberlin.de/fachbereich/vwl/iso/ehemalige/wilrich/index.html

2.5.6Colony forming units (CFU) Assay

CFU analysis was carried out using the protocol described by Saito et al., (2017). The serial
dilutionsweretaken from the MPN plate, containing media. From the MPN platg| t&s
removed from rows BB6 (serial dilutions 18to 10°) as depicted in figure 2and transferred

to anew 96 well microtiter plate. This procesasrepeatedor rowsG2-G6in Figure 2.3 and

each row was transferred into the satnerdinaterow in the new 96 well microtiter plate.
There was a total of 120 for each dilution(10* to 10°) in each well Thereafter25 pl of

each dilution and the original sample {lOwas spottecand spread on quarter BBE
Middlebrook7H11 plates. Experiments were conducted with three biological replicates. The
CFU was done in duplicate for each replicate of cultures and the plates were incubated at 37

°C for 3-5 weeks.

33


http://www.wiwiss.fuberlin.de/fachbereich/vwl/iso/ehemalige/wilrich/index.html

After 5 weeks the 7H1Middlebrook plates were analysed for growth, by counting the number

of coloniesfor each dilution. The CFU/ml was determined using the following formula:

5 Oft ¢ MDE 6 G QD E a ¢ MG 6 QD £ |
0 a
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2.5.7 Calculation of resuscitation index
The resuscitation index was calculated by comparing growth on liquid media (MPN value) to

solid media (CFU/mI) using the following the formula:

o~ D000 O DA WO DR OOA GO d GO €
00 Yo 50N

2.6Incorporation of metabolic probes
The metabolic activity of DCTB induced by the carbon starvation moded@tasminedusing

a fluorescent TANRA (5-(and6)-carboxytetramethylrhodamingiccinimidyl estermolecule
attached toa D-alanine &bbreviated asTADA) probe which incorporates into the
peptidoglycan (PG) layer of the cell wall. The terminaldlanineis the last molecule to be
incorporated into th€G side chainduring PG subunitsynthesis. Mycobactedd replicaion
requiresthe production of new cell wallthereforethe TADA probewill incorporate into
actively replicating cellsnly and notinto nonreplicating cel (Figure 2.4 (Kuru et al., 2012)

d\ IESSSTEN | Capsule like layer |

Mycolic acids

. 9 y —
TAMRA D-alanine OOCX '..“.... Arabinogalacatan
(TADA)

| L Peptidoglycan
m— [ — | |
." Cell membrane

Non-replicating

Figure 2.4Incorporation of the metabolic probeinto the cell wall of the bacterium A visual
representation of the incorporatiohthe tanma D-alanine (TADA) probe into the peptidoglycan layer of
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replicating mycobacteria, represented by the red cell wall. The TADA probe does not get incorporated into
nonreplicated bacteria represented by the dark blue cell wall.

2.6.1Labelling of M. smegnatisand M. tuberculosiscultures with TADA
Samples were stained withi 2 of TADA and incubated for 24 hours at SZ. Cells were

harvested by centrifugation (308¢ for 10 minutes) and washed twice wahequal volume

of 1X PBS.After washing, the cells were fixed in an equal volume of 2.5% glutaraldehyde for
3 hourdM. smegmatjsand 24 hours\. tuberculosiy Metabolic fixed andabelledcells were
harvested by centrifugation (300¢y for 10 minutes), and then washed twice wi¥hRBS,
before being resuspended in 300of 1X PBS. All experiments were conducted with three

biological replicates.

2.7Flow cytometry assessment of stained bacteria

2.7.1Fluorescent channels
After labelling and fixatiorof the various cells with TABR, 200ul of the sample was analysed

using the Beckman Coulter CyteLEX (B9662) and compared to a control unlabelled
population of\. tuberculosiggrown in 7H9 mediaThe CytoFLEX has 4 different lasers, and
the 488 nm blue laser for the PE channel (585/42 Bijsused to detect the TADA probe.
Fluorescence data was obtained for 100,000 cells per sample and processethaising
CytExpert software (version 1.2). Experiments were conducted with three biologiczd el

Using the CytExpert software, the samples were grouped into to three cate§adesial
populations were analysed using fluorescent counts, to display differences in mean fluorescent
intensity. The F' categoryrepresentedeplicating bacterisdbased ona mean fluorescent
intensity signal that appeared with the range of a labelled exponentially grown ¢biguoée

2.5red graph) The 29 category was the nereplicating bacteridased ora mean fluorescent

signal that appeared within the range of the unlabelled cdfFigire 2.5grey graph) The 3
category was theacteria with reduced replicatimased om mean fluorescent intensity signal

that appeared between category 1 and caye®)fFigure 4.5-green double side arrow)
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Figure 2.5Gating strategyto determine metabolic activity. A visual representation of various categories.
Category one ia measure dhbelled replicating bacteri@ed graph) Category twaepresentsinlabelled
bacteria fon-replicating)(grey graphandcategory threeneasuresnycobacteria with reduced replication
(green doublesided arrow)

2.8 Cytological assessment of strained bacteria

2.8.1Microscopy
After labelling andixation, cells were haested by centrifugation (300 for 10 minutes),

and then washed twice wiftX PBS before being resuspended indl®f 1X PBS Five ul of

cell suspension was spotted onto slides, covered with coverslips, and sealed with adhesive
Microscopy was performed on a Nikon AXRorescentmicroscopeequipped with a Plan

Fluor 100X oil immersion 1.3D0 numerical aperture objective. This instrument is equipped
with NIS-Elements AR software (Nikon In¢yvhichwas used to process images. illage
acquisition and processingere executed under identical conditions for control and test

samples.

2.8.2Fluorescent staining patterns
One hundred cellsper replicate (experiment done in triplicat@ere visualized for the

incorporation of the metabolic probe anthe PG layer of the cell wall, using a Zeiss Elyra
super resolution confocalmicroscope. Theslides were prepared following the protocol
described in section 2.8.1, and viewed with the Zeiss Elyra equipped Ridimapochromat

100X 1.46 Oil aperture. The brightfield images were captured under the PLAM storm
application whilst the fluorescent images were captured under the structural illuminatien super
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resolution application. The captured images were process thgngtructural illumination
software from the Zen blacEach cell was analysddr the presence of a fluorescent signal,
thereafter,in cells where a fluorescent signal was seen, the staining patterns were recorded.
There were 6 cagories for staininggitern: uniform staining, polar staining, side wall staining,

Polar and septal staining and strong and weak pole and uneven staining.

2.8.3Cell length measurements

One hundredcellsper replicate (experiment done in triplicate) weistialized for cdllength.
Cell length was measured and recorded in the Nikon softwaré @éghents AR)Cell length
was recorded for allOOcells and the mean, median and interquartile ranges were determined

for each data setsing Graphpad prism 6.

2.9 Addition of CF from clinical strains to MGIT tubes

2.9.1Addition of CF from different clinical strains to starved H37RV
Thirty mycobacterl growth indicator tubes (MGITs) were prepared to test if CF tlogfive

Beijing and five LAM strains would improve time to detection in staridtuberculosis
(H37Rv) samples. The 30 MGIT tubes were dividgd 3 groups: CFrom H37Rv, CF from
Beijing strains and CF from theAM strains with 1 MGIT tube serving as a conttding a
pipette 3.5 ml of media was removed from tMGIT tubes except for the control tulaed
replaced with 3.5 ml of H37RV CF or clinical CF produced as describetktmods section
2.4.1.1and graphically depicted ifigure 2.4 In this experimenthe CF was diluteth al:1
ratio in medigbefore it wasdded to the MGIT tube. AMGIT tubeswere inoculated with 800
eL of Polymyxin B, Amp hmetheprim and Azloddlin (PANTA)i di X i
reconstituted n OADC. H37Rv was starvedfollowing the protocol described imethods
section2.3.1 and 500 pl of the starved cells were added to the MGIT tubash tube was
incubated in the BACTEC MGIT 960 instrumentdathe time to positivity was recorded. All

experiments were done in triplicate.
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Figure 2.14 Addition of clinical CF to MGIT tubes. Flow diagram showing the steps involved in removing
the media and adding CF from clinical strains to MGIT tubes. Media is shogreen;H37Rw+CF is shown in
red; Beijing-CF is shown in blue and LAM CF is shown in pur@dTB cells added to the MGIT tubevere
produced using the carbon starvation model.

2.9.2Addition of CF from Beijing and LAM to starved Beijing and LAM
MGIT tubes were setp following the protocol described in section 2.fladdition, for this

experiment starved H37Rv, Beijing and LA#frainswere produced following the protocol
described in Method 2.3.1. CF from the Beijing strain was only added to tubes containing
starved Beijing samples, and CF from the LAM strain was odbed to tubes containing
starved LAM strains. Both Beijing and LAM CF was added to tube contabi@i@gl ofstarved
H37Rv. Each tube was incubated in the BACTEC MGIT 960 instrument, and the time to

positivity was recorded. All experiments were done iplitate

2.10 Data Analysis

GraphPad prism 6 is a data management and analysis software and was used to construct
graphs and figures for data analysed from this study. Additionally, it was used for statistical
analysis to compare statistically significalifferences between data groups

A detailed list of bioinformatics argbftware used can be found ippgendix B
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3. Results

3.1.In silico analysis of he propensity of clinicalM. tuberculosisstrains to
adopt the DC state

The objective of thixomponent of thestudy was to test the propensity Mt tuberculosis
clinical strains to adopt tHeCTB state by compiling a metanalysis of datgenerated itwo
previous clinical studies completed at the CBTBR. The studiesquestionwere (1)
Mycobacerial biomarkers of TB response and success in adult patients: A prospective cohort
(BMG phase 1Peters J, et al,. In preparation, 2020) and (2) Operational assessment of a novel
acid-fast bacilli detection process and procurement of sputum specimemsstcitation
promoting factors study (MGIT plusMclvor A et al,. In preparation, 202@thics clearance

for both clinical studies, and this studss obtained from Human Research Ethicsnnittee

of theUniversty of WitwatersrandWits HREC)(Refer to Appendix D for ethics certificajes

3.1.1.Selection criteria

Study participants were selected through the Perinatal HIV Research Unit (PHRU), University

of the Witwatersranddbs TB diagnostic clini
participation in both studies was based on a positive GeneXpertrisBLlE obtanedfrom the

National Health Laboratory Service (NHL®atients were recruited into the study before the
commencement of treatmefithere were severahclusioncriteria adults at least 18 years of

age, able to produce a sputum s ampmphoeprioof O 3
history of treatment for TB. Exclusion criteriacluded: RIF resistance at baseline and

clinical/social characteristics suggesting ttit patient may not complete treatment

One hundred and fortfpur (144) patients were enrolled in the BMG phase 1 study and 119
patients were enrolled in the MGIT plsisidyfor acombined total of @3 patientsin this study
(Figure 3.1). However, a tatl of 99 patients(64 from BMGphase Jand 35 from MGIT plus)
were later removed from the studiedue to one ofseveral reasons includingechnical
problems, screen failure, consent withdrawal, previous history of TB, patient relocation,
treatment defaulandbr death.The remaining 160 treatment naifl®seline)samples, were

genotypedisingspoligotypng for thefurtheranalysis in thistsidy.
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Figure 3.1. Selection criteria flow chart: A flow chart showing the selection process for the clinical samples
from BMG phase land MGIT plus studies forin silico analysis Purple brackets indicate the work done by the
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authors of the original study and green brackets indicate the work done as part of this study. A total of 233 patients
were recruited into both clinical studies through Perinatal HIV Research Unit (PHRIgf dfinSoweto and
Klerksdorp. From each study thedtersdepict patients that were removed from the studies for various reasons.

3.1.2.Strain type distribution

In the remaimg participants (n=16Q)nycdoacteria in the sputum samples from both clinical
studies weregenotyped foclassifcationinto strain types using spobtyping. Spoligotyping

is a PCR based method, which can differentibteuberculosistrain types based on the spacer
sequence in the direct repeat regioMofuberculosiggenomeFrom the 160 patients analysed
strain type distribution patterns indicated that there were five dongtiains in the pooled
population between Soweto aKderksdorpincluding theT-strain, Beijing, LAM S-family
and X-strains(Figure 3.2). Genotypes of strairs could notbe determined in 8 patientlsie to

contamination or too littl®NA, whilst 6 patients presented with mixed infections.

W T-strains
W Beijing

W S-family
uLAM

W X-strains
W Family 33
W Haarlem
M Other

® Mixed /ND

Figure 3.2 Strain type distribution in the BMG phase 1 and MGIT plus cohorts A pie chart showing the
dominant strain types from both BMG phasanttMGIT plus and studies (n=160)

3.1.3.Strain type affects the ability of bacteria to adopt the DC state

Next, we investigied the propensity of different clinical strains to adopt the DC state by
stratifying the samples according to strain type. Certain samples were excluded from the total
population of 146 for further analysis. The exclusions were strain types with les&Ghan
samples, samples with an unidentified genotype or mixed infections. A total of 124 specimens
remained for further analysis. From these, 15 samples were subsequently excluded: 8 samples
dues to a lack of bacterial growth in MPN and CFU assays afteeksvesd 7 samples due to

contamination.

41



After applying these exclusion criteria, 5 strain types dominated the remaining samples:
Beijing, LAM, S-family, T-strains and Xstrains. Within these five dominant strain types,
samples were separated into twoegatries: sputum samples with or without DCTB. In this
study, DCTB positive sputum specimens had either ad€gendant or Gkhdependent
resuscitation index equal to or greater than one calculated by [log (MPN/CFU)]. The
resuscitation index measures the amtoof DCTB present by comparing the growth of the
bacteria on solid media to growth in liquid media. The ratio of DCTB to no DCTB was
examined for each strain type, and results showed that sputum from patients infected with
Beijing strains had the highgstopensity to contain DCTB (80%), whilst patients infected with
T-strains had the lowest (44%) (Figure 3.3). TB sputum samples detected as HaAMil\5

and T-strain had significantly lowerfg al ue OO0. 05) propensity to p
the Beijing strain using a Ckequared-test (Figure 3.3).
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Figure 3.3 Propensity of clinical strains to adopt the DC stateGraphshowingthe percentage afputum

specimens wittDCTB (n=124). The DCTB population was determined by a positive resuscitation index (log
(MPN/CFU)) under CF dependant or @flependent conditions. The resuscitation index needed to be positive

only in one of the conditions, not in both. The strains typeish had less than 10 samples were exclude from the
analysis.Beijing strains induced significantly alue©O0 . 05) more DCTB infected pat.i
S-family and Tstrains,using a chisquared-test.

3.1.4.The effect strain type has on thejuantity of DCTB induced

The analysis the fivedominait clinical strains(Beijing, LAM, S-family, T-strains and X
strains)were analysed for the quantity of DCTB produded 66)in figure 3.3. With the

exceptionof Beijing (p=0.062)mostM. tuberculosiglinical stainsproduced increasddvels
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of DCTB inthe presence @F compared to Ckhdependent conditionshich was statistically
significant using a Mann Whitney u tg§tigure 3.4). Thus, these dat@onfirm previous data
from our group(Chengalroyen et al., 2016) thdgmonstratetiow CF significantly ai@dthe
resuscitation of DCTB from sputum @B patients.Interestingly in patients infected with
Beijing strains, DCTB can be partially resuscitated undefndEpendent conditions (@ire
3.4). Furthermore, patients infected with Beijing strains showed the highest median
resuscitation index for both Géfependant and CGirdependent DCTB compared to the other
clinical strains (Figure3.4). Patients infected with Beijing strairfsad highe levelsof CF
dependant DCTBn their sputum(p=0.0518) compared tihoseinfected with LAM strains
(Figure3.4). Sputum samplesith Beijing straincontainedsignificantly more CHndependent
DCTB compared to patients infected witksfrains, LAM strainsand X strains (Figura.4).
Surprisingly sputum samplewith X-strainsdid not contain significant leve{SFindependent
DCTB. Overall,these results indicate Beijing strains have the highest propensitippa the
DCTB staterelative to other clinical strain@assessed in this study. This observation was

consistent under GBependant and Cirdependent conditions

p=0.0518
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Figure 3.4 Effect of CF on resuscitationof DCTB. For each strain typé¢he resuscitation index was calculated
for CFindependent and Gé#ependanDCTB across all samples using IggIPN/CFU) (n=66). The mean and
guartile ranges were calculated using GraphPad statistical tool. The ability to resusCitatgamsignifican(p-
value<0.05) in Beijing strains compared to LAM and X strains using the Mann Whitagistical test. Beijing
strains were able to produce more DC{fBvalue=0.0518)when CF was preseabmpared to LAM strains using
the Mann Whitney statistical tesf* = p-value <0.05, **= p-value < 0.01 and **%= p-value < 0.001)
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3.2. Optimization of in vitro models inM. smegmatido generate
DCTB

One of theotherobjectivesof this studywas todevelopanin vitro modelto robustly generate
DCTB. For this,M. smegmatisa norpathogenic modelstrainfor M. tuberculosiswasused
to test and optimize thrae vitro stress model$or the ability to robustly generate DCTB

carbon starvation, biofilformationand potassium depletion
3.2.1.Carbon starvation model

Growth of bacteria under carbon starvation conditidraspreviously been showto induce a
nonr epl i cat i n g infingcobaateagMtDibnosgh, &Kress, & Bloom, 1993; Nyka,
1974) It hasfurther beershown thatvhenM. tuberculosigs culturedin phosphatéuffered
saline PBS, a carbon deplete mediurpacteria gradually shutdown respiiah while still
remaining viableas they argecoveable in nutrient rich mediglLoebel et al., 1933)The
carbon starvation model discovered llmebel et ain 1933 has been refined over the years.
One of the wetlknown variations of the model was developed by Betts and colleagues wherein
M. tuberculosiswas sulxultured in PBS for 1 weeland as a result, demonstrated
downregulation of aerobic respiratigmoteintranslation, celdivision and lipid biosynthesis
(Betts et al., 2002)A recentadaptation ofhe carbon starvation model was develope&aiyo

et al that made use of two sequential stres3d® bacteriawere incubated in PBSnd
subsequently treated with Rt& generate DCTBSaito et al., 2017)

In this study we used ithtwo-stepstress model developed by Saito and colleagues to generate
DC bacteria inM. smegmati$mc?155) as described in the materials and methodsose
2.21.2 and depicted ifigure 3.5A. We termed liese bacteridifferentially culturableM.
smegmati$DCMS) and the quantity of DCMS induced wadstermined usingie resuscitation
index (MPN/CFU) M. smegmatigproduced significantly highefp-v al u e levdls.0d 1)
DCMS after starvation flstress eventput exposure to 10uM RIF (2'9 stress event)
repeatedly showed a decrease in the amount of DCMS (Figure Bltd3e observationsere

in contrast tdsaito and colleagues who reported @ased levels of DC bacteria after treatment

of the carbon starved cells wiRIF. The reason for this differenegemainsunclear and it is
plausiblethatthe decrease in resuscitation index could either be due to the RIF concentration
being lethal, othatthe starved bacteria had an increased sensitivity to what is otherwise a

tolerable concentration of RIBEnder normalconditionsin 7H9 media To test tke first
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hypothesis lower concentrations of RIF 25 uM, 50 uM and 75 pM weraitilised as a
secondary tsess after carbon depletionlowever,even at these concentrations there was a
significant declingp-v a | u e in@@ reSudcitation index of DCMS compared to untreated
starved cells (axenic culture) using a oy ANOVA statistical test. (Figure 3.1). Also,

with increasing concentrations of RIF, there was a gradual decline of CFU/ml of the starved
cells compare to the untreated cells (Figure &9 indicating that the starved bacteria are
indeedsensitive to RIF. Exposure of starved bacteria to the lowest concentration of RIF (25
UM) resulted in approximately $@FU/mI remaining,(Figure 3.5-C), which suggesd that
theseare most likely persistera population obacteriahat remain viable after exposure to an
antimicrobial agent at concentrations that kill the vast majofity populatior), and not DC
bacteria as the resuscitation index is still signifigalower compared to the untreated starved
bacteria (Figure 3:8). Therefore, undethe laboratory conditionsve usedthe culturing of
bacteria in PBSvithout any treatment witRIF wassufficient to producéigh levels oDCMS.

As a resulttheseconditions were used for all further experiments
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Figure 3.5 RIF negatively affects the generation of differentlly culturable (DC) bacteria in starved cells

A- A schematic representation of the two sequential stress miethtiee generation of DC logeria. The yellow
lightning bolt represents the first stress event (bacteria starved in PBS for 1 week) and the red lightning bolt
represents the second stress event (treatment with RIF for 3 Bay&gsuscitation index comparinmtreated

bacteria (axeic culture), starved bacteasi and starved bactexitreated with different concentratiord RIF
comparedo anuntreatedaxenic culture using a onveay ANOVA statistical tes{** =p v al ueC. MPIN. 0 1) .
and CFU assawere done to determine the amount of DCMS produced by comparing the growth on the MPN
plate to the CFltount The esuscitatiao index was calculated as tMPN/CFU ratio C- Growth kinetics of

carbon starved celshowingadrop-in cell count as the conceation of RIF increasef®ata represent the average

of three independent experiments
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3.2.1.1.Metabolic activity of the bacteria produced by the carbon starvation model

A common adaption of bacteria to environmental stress, is a reduction in metabolic activity
(Baker & Abramovitch, 2018; Gomez & McKinney, 2004;r€eet al., 2008; Kim et al., 2018;
Lipworth et al., 2016; Loebel et al., 1933)nder stressful conditions,abteria shift to
alternative energy metabolism pathways to consemeegy and maximise survivlbomez &
McKinney, 2004; Kato et al., 2008; Kim et al., 2018; Muttucumaru, Roberts, Hinds, Stabler,
& Parish, 2004)Thus, a reduction in metabolic activitggxpected to bene of the hallmarks

of DCTB. To further explore the metabolic activity of DCNi®lucedby the two sequential
stressmode| bacteria generated under these conditions were stainedawfitiorescent
TAMRA D-alanine prob€TADA). This probesincorporatel into thePGlayer of thebacterial

cell wall either during mycobacterial replication when new cell wall is synthesised or when the
existing PG layer is remodelleBlow cytometry was el to assegsrobe incorporation ah

thus,the metabolic activity of DCMS bacteria

A sample of DCMS bacteria generated from the two sequential stress model was tested for
probe uptakafter each stress event and compared to cells grown in axenic culture. The cells
at exh stage as shown figure 3.6A, andwere labelled and fixed following the protocol
describedn the material and methalsection 2.61. Labelled DCMS bacteria were analysed

for by flow cytometry and compared to a labelled and unlabelled exponentially grown axenic
culture (Figure 3.6B). A shift of the fluorescent peator the TADA labelled starved cells
towardsthe unlabelled populatiowas observed (Bure 3.6B). This suggested thagarbon
starvationwas able tonduce a nonreplicating population. Whildor the starvd cellstreated

with RIF, the fluorescent peak positishifted between the labelled and unlabelled population,

suggesting that these bacteria have reduced metalotiiady.

In figure 3.6.C the mean fluorescence intensity of the labelled and unlabelled axenic
populationsvascompared to the starved cellsngia oneway ANOVA test. The starved cells
showed asignificant (pvalueO 0 . ek pf metabolic labellingas these cells displayed the
same level of fluorescence as the unlabellexponentially grown axenic cultyrehus
providing definitive evidenceof the establishment of a noeplicating staté¢Figure 3.6C).
Although starved cells treated with RIF showed a reduction in metabolic labelling and cell
count, the reduction was insignificant-yplue=0.08) when compared to the labelled
exponentially gravn culture thus, confirming that in our hands carbon starvation is sufficient
for the induction of DCMS.
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Figure 3.6. DCMS produced by the two sequential stress modelisplays reduced metabolic activity. A A
schematic representation of the metfimitbwed for flow cytometryand microscopyThe yellow lightning bolt
represents the first stress event ¢(sutiured bacteria in PB®r 1 weel and the red lightning bolt represents the
second stress event (treatment with ®IF3 day3. B-Flow cytomety graphs of untreated afiF treated starved
bacterg, stained for Jirs at 37°C witithe TADA probe, compared to a labelled and unlabelled axenic culture
grown to an of Okyonmbetween 0.50.8.C - Flow cytometry analysis of the mean fluorescent intertfityeated

and untreated starved bactesirained for Jirs withthe TADA probe compared to labelled and unlabelled axenic
culture grown to an of Ofonmbetween 0.50.8, usingthe oneway ANOVA statistical test**=p-valueO 0 . .0 1)
Data represent the average of three independent experiments

3.2.1.2.Cytological profiling of the bacteria produced by the carbon starvation model

In addtion to assessing the metabolic activity, the labelled DCMS cells from the two sequential
stress model and exponentially grown axenic culture were also analysdiffdognces in
staining patterndy fluorescent microscopyA sample of DCMS bacteria frorthe two
sequential stress model was removed at each stress event, labelled with the TADA probe and
fixed as described inigure 36-A. One hundred bacteria were visualised per replicate
(experiment done in triplicate), except in the case of the starlisdreated with RIF, where

due to low cell number (Figure 3B), a total of 100 cells were visualised across all three

48



replicategFigure 3.7B). The resulting data demonstrakat only 2% ofuntreated an8% of
treatedstarved cells were fluorescentiyained compared to 95% of staining observed for the

axenic cells (Figure 3-B). Thisconfirmedthat under carbon starvationnditions, DCMSare
in a nonreplicative state.

In response to environmentdtess, bacteria not only alter theietabolic stee but also display
morphologicdifferences such as change in cell lengtbmpared to actively growing cells
(Anuchin etal., 2009) Moreover, nycobacteria starved in PBS develop a small resting cell
(SMRC) phenotypdyy shortening their cell length in order to store energy and survive longer
under unfavourable conditiofé/u et al., 2016)To test if similarphenotypegrevaikedin our
model the cell length of 100 bacteria per replicate (experiment done in triplicate) from the two
sequential stress model was measured at each stress event aatedaim@an exponentially
grown culture. Starved cells were significantly shorative to the exponentially grown
culture (Figure 3.-A), corroborating greviouslystudyby Wu and colleague®Vhen these
starved bacteria were treated with RIF, shevivingbacteriadisplayeda similar mean length
compared to an exponentially grown culturbe reason for this difference is currently unclear
we speculate that sinaegrbon treated cells are kel by RIF it is plausilbe that the larger cells

represent surviving persestcells.

A B

Axenic culture Starved in PBS Starved cells

10, F——

Unstained
2
5

% Percentage stained

W stained

Cell length (um)

DIC

v,
TADA

Merged

Figure 3.7 Starved DCMS produced by the two sequential stress model have reduced cell length:
Microscopy analysis of cell lengthf starved and starved cells treated with RIF, comparad &xenic cultured
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using a onavay ANOVA statistical tes¢*** =p valueO 0 ..B-Qsinp a fluorescent microscope, 100 bacteria
per replicate weranalysedor the presence of a fluorescent signal in the TADA chafiited.DIC channel, is the
phase view of the bacteria and the merge channel is the DIC channel overlapped with the TADA Statael.
barrepresent$ um

3.2.2.The Biofilm model

The biofilm structure is complex and contains regions of hypoxic gradients which is thought
to promote persistence and drug tolerafitsteban & Garci&€oca, 2018; Kulka et al., 2012
Solokhina et al., 2017These hypoxic regions mimic conditions found within granulomas and
was therefore chosen as a model to test for DCMS gene(&tsteban & Garci€Coca, 2018)
(Figure 3.8A). Biofilms of M. smegmatisvere formed over 5 days in Sautons media and then
DCMS generation was assessed using the MPN and CFU assays. The resuscitation index
measured as the ratio of MPN/CFU showed that axenic cultivie shegmatisvas unable to
produce significant @v a | u @5) a6unts of DCMS compared to bacteria from biofilms.
We also tested to see if additionRif to the biofilm would promote the formation of PIS

as biofilms are more tolerant to antibiotics relative to starved ba¢Bsiakhina et al., 2017)

Our results suggested that biofilms treated with 100 uM of RIF for 3 days significantly
increased (v a | ue Om@susifaton ihdaxecompared to an exponentially grown culture
(axenic culture) indicating that in the biofilm model, RIF treatment has the potential to generate
more DCMS. Higher concentrations of RIFR0 uM, 200 uM and 300 puMvere tested oM.
smegmatibiofilms for 3 days to establish if DCMS levels could be correlated to higher drug
concentrationgFigure 3.8B). Surprisingly, increasing concentrations of RIF reduced the
amount of DCMS produced (Figure 383. Furthermore, at these higher drug concdiuns,

the integrity of the biofilm structure was completely lost. The CFU/mI of the biofilm also
decreased with increasing concentration of RIF (Figur&€3.8hese observations suggtsit

at increased concentrations of RIF, the bacteria in the m®flecome sensitive to RIF.
Increasing the concentration of RIF resulted in the decrease of both DCMS and culturable
bacteria.Therefore, under the laboratory conditions we tested, biofilms treated with 100 pM

of RIF was sulfficient to produce high levelSRCMS.

It has been shown previously that biofilms treated with increasing concentrations of RIF had a
negative impact on the amount of DCMS produced, however it was hypothesised that instead
of increasing the concentration, increasing the exposure tovBUfd further improve the
amount of DCMS producg@olokhina et al., 2017Biofilms were exposed to 100 uM of RIF

for 3, 5 and 7 days followinthe procedure described in materials and methods section 2.4.2.
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Our results showed that exposure to RIF over a longer period of time resulted in a decreased
amount of DCMS (Figure 3:B). The CFU/ml at 3 days, was reduced when compared to an
untreated biblm. However, at 5 days, there is increase in the CFU/ml and then at day 7,
CFU/ml drops (Figure 3-&). Therefore, despite the steady decrease in the DCMS over a
longer period of time, the number of bacteria present in the biofilm does not drop bé&low 10
CFU/ml. These observations suggest that the increased length of exposure to RIF, creates an
increase in the persister population rather than an increase in the DCMS poplleieiore,

biofilms treated with 100 uM of RIF was sufficient to produce DCMS.
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Figure 3.8 RIF negatively affects the generation oflifferentially culturable bacteria in biofilm cells: A- A
schematic representation of the biofilm model, at different concentration of RIF. Red lightning bolts indicate the
treatment of biofilms with RIFB- Resuscitation index comparing biofilm bacterium treated with different
concentrations of RIF to an untreditbiofilm and axenic culture, using omeay ANOVA statistical test (*
indicates g-valueO 0 ).\ MPN and CFU assay were done to determine the amount of DCMS produced by
comparing the growth on the MPN plate to the CFU. Resuscitation index was calculated using (MPRCFU).
Growth kinetics of biofilm cells treated with RIShowing a drop in cell courds tle concentration of RIF
increasesD- Resuscitation index coparing bacteria exposed to 100 jof RIF, over a period of 7 dayssing a
oneway ANOVA statistical test (*=p-valueO 0 .).E-5Growth kinetics of biofilmcellstreated with 100 puM of
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RIF showing afluctuation in cell count as the exposure of bacteria to RIF incre@aés.represent the average
of three independent experiments

3.2.2.1.Metabolic activity of the bacteria produced by the biofilm model

We sought tassesshe metabolic activity of DCM$ untreated and treated biofilnasing

the TADA probe as described in the nmaials and methods, section A2.éand graphically
depicted infigure 3.9 A. The fluorescent peaks of TADA labelled cells for the treated and
untreated biofilmspositioned between the labelled and unlabelled axenic population,
suggesting that these bacteria have reduced metabolic activity (F&B)e3Probe
incorporation measured by mean fluorescence intensity of the TADA probe, reveatesdber

a significant differenceptvalue O 0 .) Between the labelled and unlabelled exponentially
grown cultures. However, there was no significant difference in mean fluorescent intensity of
labelled cells compared to the untreated and treaitafdms (p-value = 0.12 and-palue =
0.13, respectively) (Figure 3®). Therefore bacteria from the biofilm model displayed a
slightly reduced metabolic activity compared to the exponentgbynculture, andhusdid

not displayanonreplicating fnenotypethat is akin to that seen in the carbon starvation model.
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Figure 3.9 Biofilm cells contain a heterogeneous population of replicating and nereplication bacteria A-
schematic representation of the method followed for flow cytonagttymicroscopyRed lightning bolts indicate

the treatment of biofilms with RIB-Flow Cytometry charts of treated and untreated biofilms stained for 3 hrs
with the TADA probe comparedb labelled and unlabelled axenic culture with ansg#nbetween 0.9.8 C-

Flow cytometry analysis of the mean fluorescent intensity in treated and untreated biofilms strairtad foitl3

the TADA probe compared to labelled and unlabele@nic culture grown to an of Q§nmbetween 0.50.8,
using a onavay ANOVA statistical tet (** indicates a pr a | u e [Data.reprisent the average of three
independent experiments

3.2.2.2.Cytological profiling of the bacteria produced by the biofilm model

In addtion to metabolic activity, the labelled DCMS cells from untreated, treated biofilms and
exponentially grown axenic cultisavere analysed fodifferences in staining patterns as
described in mzrialsand methods section 218and depicted inigure 39-A. One hundred
bacterigper replicatdexperiment done in triplicat&yere analysetb determinehe proportion

of TADA stained cells to unstainedlls Figure 3.10B). Our results showed that a proportion

of cells in both the untreated biofilms and biofilms treated with RIF did not stain, even though
cellsappeared to bmetabolicallyactive when assessed by flow cytomefriiis result further
confirmed that both unéated and treated biofilms induced a heterogeneous population of cells

with varying metabolic activityas previously observed by flow cytometry (Figure 38)0

Thecell lengtts of 100bacterigper replicate (experiment done in triplicafieym untreatedand
RIF treated biofilms wasieasure@énd compared to an exponentially grown cult@ells from
untreated biofilms were significantly longer-¢plue O 0 . YcOnipared to an exponentially
grown culture, (Figure 3.18). Furthermore, our results revealédtta longer cell phenotype
is not a feature of DCMS bacteria, assiantreated biofilms did not produce a significant
amount of DCMS when compared to an exponentially grown culture or the biofilms treated
with RIF, as shown previously in results secthB.2. Interestingly when these long bacteria
derivedfrom the biofiimmodelwere treated with 100 uM of RIF, tiseirvivingbacteria were
shorte and had a similar median cell lengthen comparetb theexponentially grown culture.
Thereforethe biofilm model produces longer cetist when these were treated wRiF, these
decreased in length

54



A B 5 [ Axenic culture Untreated Biofilm | Biofilm treated
£ with 100 uM RIF
Jedede g g
15+ g
£
g T— &
R
2 10-
o=
-
D
o
2 == :
S 1 1
0 T T T
o N
\"‘)‘ .é‘\& \XS. <
Oo Q\ N a
oo g
’\0 b \Q L)
ol 3
& Cid &
v & &
N &
Q:b
R
Q\\é‘
.0 )
& H
b
2

Figure 3.10DCMS produced by the biofilm model have increased cell length- Microscopy analysis of cell

length of bacteria in untreated biofilms and biofilms treated with RIF, compared to an axenic cultured using a
oneway ANOVA statistical tes{*** p-value= O 0 . Y0 B- Using a fluorescent microscope, 100 bacteria per
replicate wereanalysedor the presence of a fluorescent signal in the TADA charied. DIC channel, is the

phase view of the bacteria and the merge channel is the DIC channel overlappbd WADA channel.Scale
barrepresentd pm Data represent the average of three independent experiments.

3.2.3.The Potassium depletion model

The potassium depletion model developed by Salina and colledgmeEmnstratethat without
the presence of potassium iaaguired for the maintenance ofriatellular pH M. tuberculosis
entes a DCTB state(Salina et al., 2019; Salina et al., 201Zherefore the effects of
potassiumin reldion tothe production oDCMS were testedin the initial protocoteveloped
by Salina and colleaguell. tuberculosidacteria wee incubatedor a period of 2 weeks
Sautonsninimal media depleted of potassium idKsdepleted Sautonsis M. smegmatiss
a faster growing pathogeaoells were initially incubated ipotassium depletechediaovera
period of24 hours. Sautonsninimal media is a nutrient limiting medidaus bacteria cultured

in Sautonsninimal media for 3 days was added as a control to ensure that production of DCMS
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seen from the model was from the removal of potassium ion and not from the other components
of the media.The model was produced following the pedare described in nexials and
methods section 2.4&hd graphically depicted iilgure 3.11A

Our results showed that bacteria cultured foh@drs without potassium ions had a reduced
resuscitation index compared bmth bacteria grown exponentially and bacteria grown in
Sautonsminimal media indicating thatbCMS were not generated under these conditions.
Hence, the incubation period in the paias cepleted mediavas increased té2 hours, 120
hours, 168hours and 336iours to ascertain if the extended incubation period would enhance
the production of DCMST he resulting datauggestethat the optimal time for the production
of DCMS s 168 hourg(Figure 3.11B). Decreasing the incubation of bacteria in potassium
depleted media (2Bours and 72hours) resulted in significantly less-{mlue 00.05) DCMS
bacteria. Ater 168hours, therewas a decline inheamount ofDCMS producedFigure 3.11

B). There wasa decreasen the CFU/mlwith increased exposure to the potassium depleted
medig suggesting that the bacteria lrsing culturability andransiting intothe DC statewith

the prolonged incubatioperiod (Figure 3.1-C). Therefore, undethe laboratoryconditions

we testedincubation without potassium ions for 168 produced significantly more DCMS

bacteria compared to axponentially grown culture.
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Figure 3.11 Baceria cultured in potassium depletedSautonsfor up to 168 hrs,increases the generation of
DCMS A- A schematic representation of the potassium depletion nmBd@tsuscitation index comparing
bacteria exposed to potassium depleted media over a pei3@é dirsto an exponentially grown axenic culture
with an ODRonm0.5-0.8, using a onavay ANOVA statistical test (=p-v a | u e . MPMN ar@l EFU assayvere
performed to determine the amount of DCMS prodwateshch time poirtty comparing the growth on the MPN
plate to the CFUC- Growth kinetics of bacteria cultured in potassium depleted media showing a déteake
countwith increasecdxposire of baatria to the potassium depleted media.

3.2.3.1.The importance of potassium ions in biofilm formation

In the potassium depletion model, the primary media from which potassium ions are removed
is Sautons minimal media. Sautons minimal media is also the primary media for biofilm
formations and therefore it was hypothesised thahe absencef potassium ion biofilm
formationwill be disruptedand increase theroduction of DCMSBIofilmswere cultwed with
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and without potassiunons following the procedure in mai@ls and methods section 2.4.3.1

and graphically depicted figure 3.12A.

After 5 days incubation at 37°@iofilm formation was hindered in media deplete of potassium
ions (Figure 3.1:B). Extended incubation for and 14 daysf these platedid notaid in the
formation of biofilms. A possible reason for this ikat the longer cells are cultured without
potassiumthere is aeduction in the bacterial population, as seen previoudigime 3.11C.

Therefore instead othe bacteria growingp form a biofilm, thanajority of cellsare dying.

A
1 2 3 4
Diluted to an OD ggop,m, O A OQOO
0.5 in Sautons minimal
media. "
—_—
10000
M. smegmatis (mc*155) grown
to an ODgggy,y, 0f0.4-0.8,in 7TH9 Added the inoculum asa
media 1:100 dilution in a 12 well
plate and incubated for 5
days at 37°C
Diluted to an OD ¢y, O
0.5 in K-depleted Sautons
minimal media.
G
B &

‘)& K-depleted Sautons

Figure 3.12 Removal of potassium ios from Sautonsmedia prevents the formation of biofilms. AT A
schematic representation thie method for potassium depleted biofilm formati®M. smegmatisvas cultured
in 7H9 mediawashed and resuspendedSautongninimal media with and without potassium. Tiespective
bactera were aliquoted o a 12 well microtiter plate. Plates were incubatedsfdiand 14days and viewed for
the development of a biofilmmages show the biofilm formation after incubationfdrdays, wells indicate that
the experiment was done in triplicate

58



3.2.3.2.Metabolic activity of the bacteria produced by the potassium depletion model

Next, the metabolic activity of DCM&duced inSautonsminimal media with and without
potassium ions was assesbgdneasuring the uptake thie TADA probe A sample of DCMS
bacteria cultured in Sautons minimal media with and without potassium ions and an
exponentially grown culture were labelled and fixetlolwing the protocol described in the
materials and methods section .2.&nd graphically depicted ifigure 3.13A. The TADA
stained cells weranalysed by flow cytometry (Figure 3:-B3. A clear shiftin the fluorescent
peaks of TADA labelled cells cultted with and without potassium iongas observed
suggesting that these bacteria have reduced metabolic achntgyestingly the bacteria
cultured in Sautons minimal medidisplayed two peaks, indicatindpe presence of two

populationsa nonreplicatng and repliating population (Figure 3.1B).

Probe incorporationvhich was measured as the mean fluorescence intensity of the TADA

probe in the labelled and unlabelled cells revealsig@ificantlack of metabolicdbelling of

bacteria cultured in $#&ons minimal media wh and without potassium ionp-¢ al ue OO .

and pvalueO0 . 00 1 r ewherearpared ¢olayape/led exponentially grown culture
(Figure 3.13C). The reductiof metabolic labelling indicated lack of de novo biosynthesis

of the PG similar to that found in the carbon starvation modek(esults section 3.2.1). The
mean fluoresence intensity of the bacteria cultured with and without potassium ions was at
the same level as the unlabelled exponentially grown axenic gutuseproviding evidence

for the establishment of a n@aplicating staten these cells.
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Figure 3.13Bacteria cultured in potassium depleted mediaontain a larger population of non-replicating
bacteria, compared to an axenic culture. AA schematic representation of the model followed for flow
cytometryand microscopyB-Flow cytometry charts of bacterieultured with and without potassium ions in
Sautons minimal media strained for 3 hrs with TADA probe compared to labelled and unlabelled axenic culture
with an ODyonm between 0.8.8. C- Flow cytometry analysis of the mean fluorescent intensity of bacteri
cultured with and without potassium igregrained for 3hrs with TADA proband compared to labelled and
unlabelled axenic culture grown to an &fambetween 0.50.8, using a ong&vay ANOVA statistical tes{** =

pval ueOO0. Salpvahde*©06. 001)

3.2.3.3.Cytology of the bacteria produced by the potassium depletion model

In addtion to metabolic activity, the labelled DCMS cells cultured in Sautons minimal media
with and without potassium ions and exponentiallywgr axenic culture were analysed for the
cytology of the bacteria by fluorescent microscopy as describedatarias and methods
section 2.8L and depicted inigure 3.B-A. One hundredacteriaper replicateglexperiment
done in triplicate)were analysed for thproportion of stained and unstained populations,
(Figure 3.14B). Our results confirmed the flow cytometry resultealy 17% of cells cultured

in potassium depleted medihowed staining, indicatiripe establishment of a naaplicative

state. Asobserved previously in section 3.2.3dacteria cultured in Sautons minimal media
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confirmed the presence of two populations, a-replicating population (unlabelle¢6%) and
a replicating population (laded-54%).

Salina and colleagues showed that tuberculosiscells grown under potassium depletion
conditions displayed changes in cell morphology resulting in a coccoid shape with intact
membranes and condensed cytoplasm that closely resembled formatagseth dormant
phenotypegSalina et al., 2014)Therefore, he cell length of 100bacteriaper replicate
(experiment done in triplicatejrom cells cultured with and without potassium ionsrev
measuredand compared to an exponentially grown cultacteria cultured in potassium
depleted media were significantly shorter compareshtexponentially grown culture but were

not coccoid in shape as previously seen by Salina and colleagues (Figufgd.3Al@ossible
reason for the difference could be that in this study the model was optimigednmegmatis

The bacteria cultured inaBtons minimal media appear to have a larger range of cell length,

but have a similar median length compared to an exponentially grown culture.
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Figure 3.14 DCMS produced under the potassium depletion model have decreased cell lengti-
Microscopy analysis of cell length of bacteria cultured with and without potassium ions were compared to an
axenic culture using a oneay ANOVA statistical test (**= p-v a | ue B G\.1@ Mdcieriger replicate
wereanalysed for the presence of fluscent signal in the TADA channdlhe DIC channel, is the phase view of

the bacteria and the merge channel is the DIC channel overlapped with the TADA clsuatelbarepresents
5 pm
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3.2.4.The role of CF in the detection of DCMS produced byin vitro models

Previous studies have shown tlX€TB have reduced metabolic activignd therefore are
unable to growon solid media (Mukamolova, Turapov et al. 2018pwever,CF from M.
tuberculosishas been shown to increase the detection of DCTB in South African TB patients,
providing evidence that DCTEquireadditional growth factors to resume metabolic processes
and growth(Chengalroyen et al., 2016)herefore, we tested whether media supplemented
with CF, would enhance the detection of DCMS in theghm®dels discussed above. CF from
M. smegmatigmc?155) was used to supplement 7M@ddlebrookmedia in the MPN assay
for the enhanced detectioh DCMS bacteria in each of the modelhe recoverability ofthe
DCMS was determinedsing tworesuscitatiorconditions:1) CFdependan{growth in 7H9
media, supplemented witBF) and 2) CFindependen{growth in 7H9 media without CF
supplementation)

In thecarbonstarvation model, the addition of growth factors in the form of CF did not improve

the detection of DCMS (Figure 3.-B9. Resuscitation of these bacteria was equivalent under

both CFdependant and Cidependent conditions. However, bacteria starved in PBS and
treated with 100 uM RIF displayed @fependant resuscitatipmexhibiting signficantly

improved (pvalueO0 . 05) detecti on o fFinddpehdest resuscitgpicen,r e d ¢
using a tweway ANOVA statistical test

In the biofilm model both th&IF untreatedand treated cells showed enhanced detection of
DCMS with the additionof growth factors present in CHowever, this increase in detection
wasinsignificant when compared @CMS detectedh mediaonly, using a tweway ANOVA
statistical tes{Figure 3.15B). Similarly, the addition ofCF didnotimprove the detectionf
DCMS, cultured inSautonsninimal media with and without potassium ioasing a tweway
ANOVA statistical test(Figure 3.15B), indicating that in the potassium depletion model,
DCMSresuscitation is Cliindependent.

Overall, the carbon starvation model produced significantly more bacteria bode/CH
dependant and Cidependent conditions compared to the exponentiatiyy culture and
the other DC producingnodels using a twavay ANOVA statistical tes{Figure 3.15B).
Therefore, his model was used fail further work.
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Figure 3.15 The effect of CFon the resuscitation of DCTB in the various models tested\-A Schematic
representation of resuscitatiof the DC producing model (carbon starvatidsue, biofilm modeli pink and
potassium depletion modelyellow) with CFsupplementation(CFdependent:growth in 7H9 media,
supplenented with CHed) and CFindependent (growth in 7H9 media without CF supplementajfieen).B

Resuscitation index was calculated using (MPN/CFU). All models were testeplicate. All models showed
no significane dfference between media and @fen no RIF was addedsirg a twoway ANOVA statistical
test**=pval ue O6pwIGO0* ®O1 amwal*re *O0. 0001) .
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3.2.4.1 Metabolic activity of the bacteria produced by variousin vitro the models

The metabolic actity of DCMS induced by the carbon starvation model, biofilm model and
potassium depletion modelerecompared using the mean fluorescent intensity data from the
flow cytometry experimet discussed in sections 3.2.1.1, 3.2.2.1 and 3.Z'Beloverall results
indicated that the carbon starvation model and potassium depletion model showed the greatest
reduction in metabolic activity, evidenced by a reduction in mean fluorescent intensity which
was similar to the unlabelled population (Fig#.16). A norreplicative state was confirmed

in the bacteria cultured ithese modelsApproximately 100 cells per replicate displayed
negligible fluorescent signaby microscopy(Figure 3.17). Both data sets confirmed the

establishment of a nereplicaive statein these two models

100000 =

Mean fluorescence intensity (TADA)

Figure 3.16 Carbon s$arvation and growth in potassium depleted mediaboth induce nonreplicating

bacteria. Flow cytometry analysishowing the mean fluorescent intensity of DCMS bacteria producéigeby

various modelsThesébacteriavere incubated for 3hrs with TADA probe at 37fGhe media of the modeThe

mean fluorescent intensity for all samples were analysédpiicate and compared to labelled and unlabelled

axenic culture grown to an QBnmbetween 0.50.8 using a ong&vay ANOVA statistical tes¢** =pv al ue.O0. 01)
These data are a secondary analysis of the data presefitprd@s3.6, 3.9 and 3.13
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Figure 3.17Microscopy analysis of probe incorpordion in DCMS bacteria from the variousmodels In all casesDCMS sanples fromthe various models were incubated
for 3 hrs with TADA probe at 37°C in the medif the model. All samples were analysedriplicateand compared to labelled axenic culture grown to agéabbetween
0.5 0.8.0ne hundredbacteriaper replicataverearalysed for the presence of fluorescent signal in the TADA chafihelDIC channel, is the phase view of the bacteria and

the merge channel is the DIC channel overlapped with the TADA chaBoele barepresentd um. These data are a secondary analykibe data presented figures3.7,
3.10, 3.14
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3.2.4.2.Cytological profiling of the bacteria produced by the variousn vitro models

In addtion to metabolic activity, thestaining profileof the labelled DCMS cells from the
carbon starvation model, biofilm model and potassium depletion madehpared to
exponentially grown axenic culture were analysed by fluorescent microse&Sstarved
bacteria and bacteria culturedSautongninimal media in the absence of potassium iwese
significantly shorter compared to an exponentially grown culture (Figure 3ril8hntrast,
bacteria from the biofilm model were significantly longer compared to an exponentially grown
culture. Our results rea¢ed that a longer cell phenotype is not a feature of DCMS bacteria, as
the untreated biofilms did not produce a significant amount of DCMS when compared to an
exponentially grown culture as shown previously in results section JlZ2nodels with the
highest DCMS production display a SMRC phenotyipeerefore, bacteria starved in PBS and

bacteria cultured in potassium deplete media best resemble the DC state.

In summarythe carbon starvation mod@bduced the highest quantity of DCMS compared to
the otherin vitro DC producing modelsThe bacteria from the model had a reduction in
metabolic activitywhich is consistent with a neneplicative statendwere shorter compared
to exponentially grown culture. Thereforthe carbon starvation model robustly generates
DCMS andwas used for the generation@ETB.

[EELLE 1

s |
157 b=

Celllength (mam)
i
o

HTH

Figure 3.18 Carbon starvation and Potassiuntdepleted models, produce shorteM. smegmat cells Box
and whisker plots showing the cell length of DCMS from the various models. A 100 cells were measured for
each model. Mean and quartile ranges were calculated using GraphPad statistical toolaf ANOVA

66



statistical test show that the starved cells and bacteria cultured in the absence of potassium are significantly
shorter compared to an exponentially grown axenic cultur@{falueO0 . 0 5p-v &l*ue ODpvaluk, * * *
00. 001 amwal*ue HO0. 0001

3.3.Optimization of an in vitro carbon starvation model inM.

tuberculosis

As the carbon starvation model robustly genat@@€MS, the methodology watested ad
optimized for the generation dlifferentially culturable bacteria in th®l. tuberculosis
laboratory strain (H37Rv) using tipeotocol describednder materials and method 2.24d
depicted irfigure 3.19A. Briefly, H37Rv was grown to exponential phd&s00nm0.5-0.8),

and a single @l suspension of the culture was created by low speed centrifugation without
deceleration. The single cell suspension w@scultured into PBS media supplemented with
tyloxapol, and incbated for 1 and 2 weeks at 37°The viability and recoverability othe
starvedM. tuberculosiswas determinedising two resuscitationconditions: CFdependant
(growth in 7H9 media, supplemented with)Gihd CFindependen{growth in 7H9 media
without CF supplementation) he resuscitation indexascounted as eneasure of DCTB.

After one week, cells starved in PBS showed an increas®th CFdependent and CF
independenDCTB, compared to an exponentiatirown axenic culture (Figure 3-B). This
increasevasnotsignificant(p-value=0.06 for CFlependanDCTB and pvalue=0.09 for CF
independentDCTB), using a tweway ANOVA statistical testwhich, suggestedhat M.
tuberculosisrequiredionger exposure to starvation conditiammnpared tdVl. smegmatiso

induce the DC statdndeed,cells starved in PBSor two weeksshowed a significantly
increased resuscitation index compared to an exponentially grown culture under both CF
dependant and Cidependent conditionsising a tweway ANOVA statistical test (Figure
3.19B). Under these conditions there aignificantlymore CFdependant DCTEp-v al ue O
0.01)compared to CF independent DCTUBing a onavay ANOVA statistical test, indicating

that the DCTB bacteria generated under carbon starvation required growth stimulatory
molecules from the CF, in ordey exit the DC state. Thuthese findingslemonstratedhat

the carbonstarvation model can robustly generate DC
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Figure 3.19The effect of CF in the resuscitation of DCTB in the carbon starvation model: Achematic of the carbon starvatimodel and MPN assays us&ellow
light bolt represents the stress of starving bacteria in PBS for 2 wel87Rv starved in PBS for 1 and 2 weeks compared to an axenic culture of H37Rv in 7H9 with an
ODy,,,,,(0.50.8). The bacteria were resuscitated with media and CF, in a 96 well plate. Resuscitation index was calculdteM&@NtGFU ratio. The experiment was

done in triplicate. Cultures starved for 1 and 2 weeks in PBS and resuscitated in CF anditmeaiaCFwere significantly different GvalueO0 . 0 5)
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3.3.1.Metabolic activity of M. tuberculosisbacteria produced under the carbon

starvation model

We rextaccessethe metabolic actity of bacteria cultured in carbon depleted madianga
TADA probeuptake as a proxyrheDCTB generatedrom the carbon starvation modster

1 and 2 weekwere labelled following the protocdescribed in material and methods section
2.6.1 and graphically depicted ifigure 3.20A. The starved cells showed sagnificanty
reduced level (v a |l ue 0metabolclidbelling of cells using a omay ANOVA
statistical test, indicating a lack of de novo biosynthesis of théFRfare 3.26B). The cells
starved in PBSisplayed a similar meafluorescent intensityelative tothe unlabelled
exponentially grown axenic culturthus providing definitive evidence for the establishment

of a nonreplicating stat€Figure 3.26C).

A B
Multi-sample: All Events
. = H37Rv in 7H3
N e | It H37Ry starved in PBS 1 week
i, [ s ] I ,.‘,,\| [ H37Ry starved in PBS 2 weeks
1 1 ) o0 1 EIHS7Rvin 7HS Unlabelled

] y 1| W

M. tuberculosis (H37Rv) grownto an  Sub-cultured to an OD goq,, 0f i L

ODgggyy, 0£0.5-0.8 0.1in PBS and incubate, for 1
- and 2 weeks at37°C

Removed 1ml of N
axenic culture
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Figure 3.20Carbon starvation induces nonreplicating bacteria. A- A schematic representation of the method
followed for flow cytometry Yellow light bolt represents the stress of starving bacteria in PBS for 2 wBeks.
Flow cytometry analysisH37Rv starved cellfor 1 and 2 weeks and H37Rv grown in 7H9 media to ag OD

between 0.8.8were incubated with the TADA probe for Bds at 37°C. All samples were analysed in triplicate

and, compared to labelled and unlabelled axenic culture. H37Ryv starved cells produced a fluorescent signal, that

was similar to the unlabelled population, thus confirming anepficative stateC- Meanfluorescent intensity
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of starved cells after 1 and 2 weeks compared to a labelled and unlabelled exponentially grownstnguae
oneway ANOVA statistical test (****=p-v al ue OHB7RY &tddived for 1 and 2 weeks had the same mean
fluorescent intasity as the unlabelled population.

In addition to confirming the nereplicative state of DCTB produced using the carbon
starvation model, rencorporation of the metabolic TADA probe during resuscitation in media

and CF was also assess¥fk speculatehatby deciphering the mechanisms of probe uptake
duringresuscitationcluesasto howbacteria exit the DC stateay be obtainedro test this,

samples were removed at 3, 5 and 7 days after resuscitation with media and CF, following the
protocol described imaterials and method section 2.%4dd depicted graphically ifiigure

3.22-A. Our results indicated that after 3 days there was no signifiifi@tence in the mean
fluorescent intensity with cells resuscitated either with 7H9 medialjgee = 0.11) or CF {p
value=0.07) compared to an exponentially grown culture, using-wap@ANOVA statistical

test. Analysis of these cells by flow cytomed#ifyer 3 days of resuscitation, showed a low cell

count, suggesting that the bacteria required a longer period for resuscitation. After 5 days of
resuscitation, flow cytometry analysis showed an increase in cell count, represented by a larger
peak. The meafiuorescent intensity of the samples indicated that there was a significant
difference (pvalueO0 . 05) bet ween cells resuscitated i
exponentially grown culture using a eway ANOVA statistical testFigure 3.21B&C).

Sevean days of resuscitationith CFyielded afurther increase ibacterialcell count as seen by

the shift of the flow cytometry trace to the right indicative of increased metabolic activity
(Figure 3.21B). Measurement of the mean fluorescent intensity std@&gnificant increase

in metabolic activity in bacteria resuscitated both with 7H9 media(peO0 . 05) and CF
valueO0. 01) compared to an exponenitwaydANOWA gr own
statistical tesfFigure 3.21C). These results cldg indicated that the reduction in metabolic

activity associated witstarved cells, can be restored and increased after 7 days of resuscitation
with either 7H9 media or CF (Figure 3:BDKRE). Thus, the noneplicating state that bacteria

enter during cartn starvation is reversible and the carbon starvation model developed in this

study can be used to robustly produce and study DCTB.
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Figure 3.21Resuscitation of starved bacteria in CF restored the nereplicating bacteria to their active state after 7 daysA- A schematic representation of method
followed for flow cytometryYellow light bolt represents the stress of starving bacteria infBBSweek®B-Flow cytometry analysiBacteria resuscitated in media and CF
at 3,5and7 days and H37Rv in 7H9 samglere incubated for 24rs with TADA probe at 37°C. All samples were analysed initape and, compared to labelled and
unlabelled axeic culture grown to an OR), ~ between 0.8.8using a tweway ANOVA statistical test (= p-valueO 0 . 05p-valte® 0 . .C-IMean fluorescent intensity

of bacteria resuscitated in media and CF compared to a labelled and unlabelled exponentially growk-chaae.fluorescent intensity of cells starved in PBS, bacteria
resuscitated in media and CF compared to a labelledrdablelled exponentially grown cultui@- Flow cytometry analysidtH37Rv starved cells at 1 and 2 weeks, resuscitated
cells and H37Rv in 7TH9Samples were incubated for 2Ars with TADA probe at 37°C.
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3.3.2.Cytological profiling of DCTB produced by the carbon starvation model

In addition to flow cytometry analysis, fluorescenticroscopy was used to confirm
incorporation of the metabolic prob&hree experimental conditions were testedHBYRv
starved in PBS2) H37Rv resuscitatedith 7H9 media an®) H37RV resuscitated with CF

In each case, cellwere stained with TADA andhen visualised following the protocol
described itTmaterial and method section 28and depicted ifigure 3.22A. One hundred

cells per replicate (experimemone in triplicate) were visualised and analysis for the
incorporation of the metabolic TADA probe, and cell length of the bacteria were measured.
Incorporation of the TADA probe was measured by the percentage of cells that produced a
fluorescent signalAs with M. smegmatisfluorescent microscopy confirmed theck of
metabolic probe uptake in a largeoportion of theM. tuberculosigH37Rv) cellscultured in

carbon depleted media (labelté@%), compared to an exponentially grown culiiméelled

70%) (Figure 3.22D). Additionally, a small subset of cells displayediefective spatial
incorporationof the metabolic probeMetabolic labelling was storedin majority of the
population when resuscitated using CF orH9 media after 7 daygqFigure 3.22D).
Furthermore, microscopy revealed #h DCTB from the carbon starvation model were
significantly shorter(p-v a | ue  Q@mparédotdap exponentiallygrown culture In
contrastpacteriaresuscitated in 7H9 media-ppa | ue OO . 0 Gwall)u ea n@BreCOF0 O 1p)

significantly longercompared to an exponentially grown cult{ifegure 3.22C).
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Figure 3.22 H37Rv starved in PBS for 2 weekproduce shorter DCTB cells: A- schematic representation of method followed for microscBgy37Rv in 7H9, H37Rv
starved in PBS and starved H37Rv resuscitated in media and CF samples were viewed under the m&tasenpeells were shorter and did not incorporate the probe
compared to cells grown in 7H8- Box and whisker plots showing the length of H37Rv cells starved in PBS, starved H37Rv resuscitated in media and CF configared to ce

grown in 7H9. Mean and qude ranges were calculated, cells sthin PBS were significantly{p a | u e

Pshddter,vhil6t H37RV resuscitated in media and CF were

significantly longer(p-valueO 0 . 0 €ohdajed to cells grown in 7HAsing a onavay ANOVA statistical testD-H37Rvwasgrownin Middlebrook7H9, starved in PBS
resuscitated in CF andsuscitated imedia after 7 dayssamples were incubated for Bds with TADA probe at 37°C. H37Rv starved in PBS and starved H37Rv resuscitated
in CF and media samples were compared to labelled and unladzigtown in 7H9 to an O&onm0.5- 0.8. H37Rv starved in PBS appeared within the unlabelled population,
whilst starved cells resuscitated in CF were brighter compared to the H37R9.iThree hundrecells per sample were analysed for staining using a fluorescent microscope,

to confirm flow cytometry results.
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An in-depth analysi®f PBS starved H37Rbacteriaresuscitatd in 7H9 media and CF was
performed using a fluorescent super resolution structured illumination microssSiN),
following the protocol describe imaterials and method section 2.&2d compared to an
exponentially grown culture. Under all three conditions-SR microscopy revealed 6
staining patternsUniform staining (bacteria were metabolically active, but not actively
replicating),Polar stainindbacteria werenetabolically ative and actively replicatingt both
poles),cell wall stainingcell , polar and septal staining (bacteria which were metabolically
active and about to divide), strong and weak pole staining (bacteria were metabolically active,
and actively replicating aine pole) and uneven staining (bacteria were metabolic active, and
remodelling the cell wall) depicted ifigure 3.23A. One hundred cells per replicate
(experiment done in triplicate) were viewed d@hdn categorised into one of the six staining

patternsoutlined above

The results showed that the bacteria resuscitated with CF showed higher incorporation of the
metabolic probe at the cell pole compared to the exponentially growing culture (Figure 3.3.5
B). In-depth analysisf the incorporation of the reolic TADA probe in 10% of the bactelria
populationrepresented ifigure 323-C confirmed a strong torporationof the TADA probe

cell polesin bacteria resuscitated in mediapplemented witlCF, whilst an exponentially
grown culturehaduniform stairng (Figure 3.23B&C). Bacteria resuscitated in CF had a more
distinct polarstaining pattercompared to cells resuscitated in media. Mycobacteria replicate
by polar extension, therefore an increase in probe incorporation at the pole suggeststhat
resuscitated with CEisplayincreased metabolic activity comparedatoexponentially grown

axenic cultureor starved bacterieesuscitated with media

These combined observations indicate that the carbon starvation model, indnoes a
replicative DC staten M. tuberculosisandthatculturability can be restored by the addition of
CF. This model is thereforelealmodel to study the DC state in clinical strains.
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Figure 3.23Resuscitated bacteria have increase metabolictivity A- Grouped representation of the six staining groups visualised usi®MeRB- Distribution ofthe

six staining patterns H37Rvgrownin 7H9, starvedindresuscitated in CF and media aftedags. Samplewere incubated for 2Ars with TADA probe at 37°CStarved

and subsequenthesuscitatedellsin CF and media were comparedcailsgrown in 7H9 to an OEonm (0.5 0.8). One hundreaells per sampléexperiment done in

triplicate were analysed for staining using-SRM fluorescent microscgp C- Staining distribution plots, 10% of the total population of resuscitated bacteria were analysed
and compared to an exponentially grown axenic cylivith a mear(blue line)and media (red line)trend line
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3.4.The propensity of clinical M. tuberculosisstrains to adopt the

differentially culturable (DC) state

Anotherobjective of this study was to test the propensitiylotuberculosilinical strains to
adopt the DC statasing the previously optimised vitro carbon starvation modé&eeresults
section 3.3 for the laboratory strait. tuberculosisH37Rv. The carbon starvation model
generatedCTB robustly, whenH37Rv was cultured in carbon depleted médigawo weeks
Thus, the carbon starvation model wastéd on clinicaM. tuberculosisstrains for the ability

to generate DCTB.

3.4.1.Selection and confirmation ofM. tuberculosisclinical strains

Previous data from the megaalysis of two clinical studies: BMG phase one and MGIT plus
described iresults section 3.1 indicated that Beijing strairad the highest propensity to
produceCFindependenand CFindependenDCTB compared to other clinicatrains.Our

data further suggesteatiat Beijing strainavere better adapted to produce DCT8lativeto

LAM and other clinical strainsHence we decided to test the optimiséd vitro carbon
starvation model on clinical isolates of LAM and Beijing stains. ConsequédividyBeijing
clinical strains and fivelAM clinical strains were selecteahd passaged through multiple
culturing steps following the protocol described iaterials and methods section.3.2A8ngle
colonies for each clinical strainwvere selected and spoligotyped following the protocol
described in mizrials and methodsstion2.3.2 to reconfirm the strain typé\s depicted in
figure 3.24 andigure 3.25, the spoligotypes of the five Beijing and flu&M strainsmatched

the previously annotated spoligotgpavith the exception of the third LAM straiffFigure
3.25).In this case, the mismatched LAM strain was initially classified as a LAM 3 strain,
whereas subsequent testing suggested it was a LAM 8 genotype. The reason for this
discrepancy remains unclear but it may be due to human error when itberpitee

spoligotype pattern. This discrepancy should not have a significant impact on the groupings.

3.4.1.1.Growth kinetics of M. tuberculosisclinical strains

To determine the growth kinetics of LAM and Beijing strains, the growth rates of all 10 clinical
isolates in 7H9 media were analysetticompaedto the laboratory strain H37Ryv, following
the protocol descriltein materials and methods section 2.2.1. Adidated infigure 3.24
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Beijing strains showedtentical growth rates tothe laboratory strain H37Rv, whilst LAM
strairs showed reduced growth rate during the exponential growth phase compared to the
H37Rv laboratory strain (Figure 3.25). These diffeesin growth ratedbetween thd. AM

and Beijing straingould be associated with the many other variations noted betivesae
strainsin theliterature(Hanekom et al2011; Kong et al., 2007; G. Kumar et al., 2017; Parwati

et al.,, 2010) Several studies have previously assessed the intracellular gobviéijing

clinical strains in macrophages and hagportedthat Bejing genotypes grow significantly
faster than noiBeijing genotype strainsand therefore,have been associated with
hypervirulencgHanekom et al., 2011; Parwati et al., 2010; Reed et al., 2007)

NS0
A Strain PatIeLnQ st " . 2nd - . Octal number B E x E’g’g‘g 2
poliogotyping poliogotyping 523 SimniEnS
results results Tz 538 gg g
Beijing 1 57165 Beijing Beijing 000000000003771
Beijing2 | 59129 Beijing Beijing 000000000003771
Beijing3 | 57134 Beijing Beijing 000000000003771
Beijing4 | 57154 Beijing Beijing 000000000003771
Beijing 5 | 59014 Beijing Beijing 000000000003771
C
44
— Beijing 1
— Beijing 2
34
e — Beijing 3
s ) — Beijing 4
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Figure 3.24Genetic Confirmation and growth kinetics of Beijing strains A- Table of the 5 Beijing strains
selected, the patiementificationnumber spoligotyping results and octal numbémspresent a unique banding
pattern)B-Spoligotyping resultsf the repeatedpoligotypingfor the5 Beijing strains and controls (H37Rv,
BCG and no template control [NTC])- Growth kinetics of the 5 Beijing stains compared to H37wowing
thatthe Beijing strains and H37Rv have a similar growth fasta are representative of three independent
experiments.
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Figure 3.25 Genetic confirmation and growth kinetics of LAM strains. A-Table of the 5 LAM strains
selected, the patient numbspoligotypingresults and octal numberspresent a unique banding patteBy).
Spoligotyping results from the repeatgubligotypingmembranef the 5 LAM strainsaand controls (H37Ryv,
BCG and no template control [NTC-Growth kinetics of the 5 LAMsttains compared to H37Rv, showing
that LAM strains have a significantly slower growth rate compared to H37Rv

3.4.2.The propensity of starved clinical strains to adopt the DC staten carbon depleted

media

DCTB were generated fathe clinical Beijing and LAM strains and compared to DCTB
produed by the laboratory strai(H37Rv) usingthe carbon starvation modasdescribed in
materials and ethodsection 2.3.1A sample of exponentially grown axenic culture of Beijing,
LAM and H37Rv strains werassessed for the presence of DCTB as a coritha@ results
indicated tlat cultures of Beijing, LAM and H37Rv did not contain any DCTB bacteria before
undergoing carbon starvation (Supplementary figurd).CBeijing and H37Rv strains
incubatedin carbon dpleted media for 2 weeks producédth CFdependant and CGF
independenDCTB (Figure 3.26A). Under these condition§AM strains did not show any
CFKindependenDCTB (resuscitation index was less than 1, represented by the back line on
Figure 3.26A & C), but did produceCFdependanDCTB. LAM 1 and LAM 2 produced
significantly lessCFdependanDCTB compared to Beijing 1 and H37Rv. Only one isolate of
the Beijing strains (Beijing 1) showed a significant differeqee a | u e dhe detedtion

of DCTB bateria between media and GHpplementationusing the two-way ANOVA
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statistical test.Overall, there was a significant difference between the-dépendant
resuscitation and CGkdependent resuscitation between Beijing and LAM stains, using
statistical #test as depicted in Figure 3.26 B & C). These results suggested that clinical strains
of M. tuberculosisstarved of carbon sourcesbustlygeneratedCTB. The abilityof Beijing

strains toproduceboth CFdependant and GirdependenDCTB whilst LAM strains only
producedCFdependanDCTB, somewhat reflects the resuftem section 3..where sputum

samples carrying Beijing strains were more likely to have DCTB when compared to the LAM

strain.
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Figure 3.26 Beijing strains have an increasd propensity to produce DCTB compared to LAM strains-
Beijing and LAM strains starved in PBS for 2 wealerecomparedo H37Rv starved in PBfr the same period

The bacteria were resuscitated with media and CF, in a 96 well plate. Resuscitation indecwated using
MPN/CFU ratio. The experiment was done in triplicaeijing 1 and H37Rv resuscitated in CF and media
detected significantly more {palueO 0 .) DATB compared to starved cultures of LAM 1 and LAM 2, using a
two-way ANOVA statistical tesB- Grouped analysis based on figure A, comparing the effect of CF in all the
Beijing strainC -Grouped analysis based on figure A, comparing the effect of @lFthre LAM strains. Grouped
analysis showed that both Beijing and LAM strains resuscitated significantly modepg@RdantDCTB
compared to CindependenDCTB.

3.4.2.1.Metabolic activity of the M. tuberculosisclinical bacteria produced by the

carbon starvation model
Next the metabolic activity of DCTB from clinical isolates of Beijing and LAM strains were
investigatedusingthe TADA probe. Due to time constraints only one Beijing strain (Beijing

2) and one LAM strain (LAM 5) were selected at randé&ir. each of the strainssample of
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DCTB from the carbon starvation model as well as an exponentially grown cuéisiegwlled
with the TADA probe and fixed following the protddoom materials and methods 216
Labelled DCTB bacteria from starved Beijing and LAM strains were analysed for TADA probe
incorporation, and compared to a labelled and unlabelled exponentially grown exinie
for the respectivestrain using flow cytometry (Figure 3.2 and Figure 3.28) and hese

results were confirmelly microscopy.

Beijing 2 and LAM 5 hd a significant reductionw al ue O0. 01) in metabol
is consistent with a mereplicative state, when cultured in carbon depleted media using a one

way ANOVA statistical test (Figure 3.2X and Figure 3.28\). However, when the starved

Beijing and LAM bacteria were resuscitated in media, there was an increase in metabolic
activity, but the increase wasgnificantly lower (v al ue OO0. 05) compared t
grown culture These findingsverein contrast to previous datebserved fothe laboratory

strain (results section 3.3.4) suggegthat LAM and Beijing strains requ additional growth

factors in order to exit the neneplicative statéo become metabolically active. Subsequently,

when the starved Beijing and LAM bacteria were resuscitated in CF, the metabolic activity of

the bacteria was restored to that of an erptially grown culturgFigure 3.27A and Figure

3.28A). These results were in contrast to previous data from results section 3.3, where the
starved laboratory stin (H37Rv) displayed restored metabolic activity when resuscitated in
media and increased metabolic activity when resuscitated in CF compared to an exponentially
grown culture. This indicates that clinical strains need additional growth fantorsler b

shift fromthe DCTB stateto anactivegrowth.
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Figure 3.27Metabolic activity of Beijing analysed by flow cytometryand microscopy.A- Flow cytometry
analysisshowingmean fluorescent intensity of Beijing cells cultured in 7H9 (labelledustabelled), Beijing

cells starved cells for 2 weeks, starved Beijing cells resuscitated in media and CF. Analysis was daoatm tripl

and all samples were incubated for 24rs with the TADA probe at 37°Cand compared to an unlabelled
exponentially grow culture of Beijing, using a ongay ANOVA statistical test *p-v a | ue Gvaloe5, * *
O00. 01 -=aprvaue® G .* 0BXANg hundred cellger replicate (experiment done in triplicatére analysed

for staining using a fluorescent microscope
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Figure 3.28 Metabolic activity of LAM analysed by flow cytometryand microscopy.A- Flow cytometry
analysisshowingmean fluorescent intensity of LAM cells cultured in 7H9 (labelled and unlabelled), starved cells
for 2 weeks, resuscitated in media and BRalysis was don@ triplicateand allsample were incubated for 24

hrs withthe TADA probe at 37°Cand compared to an unlabelled exponentially grown culture of uaiMg a
oneway ANOVA statistical test (xpv al ue ©pval0e®0 . 0% =aprvalue® O .* 0B¥ANg hundred
cellsper replicate (experiment done in triplicategre analysed for staining using a fluorescent microscope
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3.4.3.Cytological profiling of the M. tuberculosisclinical bacteria produced by carbon

starvation the model

Beijing and LAM strains grown in 7H9, grown in CF (as a conteosijjresuscitated with media
and with CF were stained with the TADprobeand visualisedising SRSIM. Furthermore, a
random 10 % othe bacteriapopulation was selected and analysed for the distribution of
staining along the cell length to determine thean and mediastaining patternas described

in materials and methods section 2.TiBder allfour conditions, SRSIM microscopyevealed

6 staining patternsuniform staining, polar staining, side wall stainingyolar and septal

staining, strong and weak pole staining and enestaining (Figure 3.28).

Beijing cells cultured in 7H9 had the highest proportion of cells wittiorm staining and
strong staining at the polegath starved Beijing cells resuscitated in medisodisplaying a
similar phenotype (Figure 3.28). A closer look at the incorporation of the metabolic TADA
probe in 10% of the bactelipopulationis represented ifigure 3.30 and confirms the strong
incorporationof the probe at theell poles Starved Beijing bacteria resuscitated in CF
displayed a mixture of uniforstaining, strong polar staining and a portion of uneven staining.
A closer lookof the incorporation of the metabolic TADA probe in 10% of the badteria
populationrepresented ifigure 3.30 confirmed thaBeijing bacteriaculturedin CF have
strong incorporatiof the TADA probe amid-cell of the bacterium whilst starved Beijing
cdls resuscitated in CF had a strong interactdthe TADA probe along the side waif the
bacterium, but thdistribution of probe incorporatiomas uneven. These results suggested that
bacteria growrand resuscitateith CF havea heterogenous populatiowith a high metabolic

rate, as a result of the growth stimulatory molecules found in CF

When viewed under the microscoptarved Beijingcellswere significany shorter (pvalue
0O0.0001) compared to an expo nresetstareet bagterigg r o wn
were resuscitated in medthe cell length increased slightly, nonetheless the bacteria were still
significantly shorter (valueO0 . 0 1) compared to an exponent.
However, when the starved bacteria weraisegated in CF, the cell length was restored to

that of an exponentially grown culture (Figure 3@P These results compareckll to the

laboratory strain (H37Ruested under the same conditions
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Figure 3.29 Cytological profiling of Beijing strain analysed by fluorescent microscopyBeijing samples
grownin 7H9with CF, starved in PBS angsuscitated in media and CF were viewed under the micrqacsipg
SR-SIM. Scale bare representgi®1. B- Distribution ofthe sixstaining patterng cellsresuscitated in CF and
media after 7days. Samplewere incubated for 2#rs with the TADA probe at 37°CStarved Beijing cells
resuscitated in CF and media samples were comparBdijing grown in 7H9 to an OEonm (0.5 0.8). One
hundredcells per sampléexperiment donén triplicate were analysed for staining ugia SR-SIM fluorescent
microscopeC- Box and whisker pts showing the length of Beijintgls starved in PBS, starved Beijing cells
resuscitated in media and CF comparedéijing cells grown in 7H9. Mean and quartile ranges shown

Beijing cells starved in PB&nd resuscitated in media were significantly shorter ¢pl ue OO v@lu@0land p
00.01 respectivel y) , resushitatéds CF, rad asimilae cell IEhgttiojparadgto cells | | s
grown in 7H9 using a onavay ANOVA statistical tes(*=p-v al ue G@-va&d,0 .*0* =apvdlue* * *
00.001)
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Figure 3.30Incorporation of the metabolic probe along theside wall in Beijing cells- Staining distribution

plots, 10% of the total population of resuscitated bacteria were analysed and compared to an exponentially grown
axenic culture using the data from figur@®.A mean trend line (be) and median trend line (red) was calculated

on 30 cellgo determine general pattern of probe incorporation along the cell wall
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LAM cells cultured in 7H9 to exponential phase had the highest proportion of cells with
uniform staining and strong staining at the pobasd displayed a similar phenotypestarved

LAM cells resuscitatedni media(Figure 3.31B and Figure 32). These results were similar

to those obtained for the Beijing strain and H37Rv and suggested that bacteria grown or
resuscitated in media are actively replicating. LAM cells grawd resuscitateth CF
displayed uniform staining and strong staining at tipeles whilst starved LAM bacteria
resuscitated in CF, displayed large proposionf cell with uniformstaining. A closer look of

the incorporation of the metabolic TADA probe in 10% of the badtpopulationrepresented

in figure 3.32 confirmed that LANbacteria cultured imediahas a strong interaction of the
TADA probe at the poles of theacterium whilst.AM bacteria cultured andesuscitated in

CF also had a strong interaction of the TADA probe attigecell of the bacterium. These
results were irparallelto thedata obtained for thBeijing strains suggeshg that LAM and

Beijing bacteria grown and resuscitateidh CF are metabolically active.

Starved LAMcellswere not significantly shorter {gpalue=0.07) compared to an exponentially
grown LAM culture However,LAM cells grown in CF werssignificantly shorter (pvalue

O 0 . Buithe cell length increased slightly-yplueO 0 . OHen these starved bacteria were
resuscitateavith medig compared tdhe exponentially grown LAM cultureHowever, when

the starved bacteria were resuscitated in CF, the cell length was restored to that of an
exponentially grown culture (Figure 3-8). These results were in contrast to Beijing and
H37Ryv, suggesting straispecific effects However, the LAM stins grown in 7H9 had a
lower median cell length (2.53uM) when compared to Beijing cultured in 7H9 (3.48uM) and
H37Rv cultured in 7H9 (3.65uM). This decrease in cell lengty be attributableéo the

reduction in growth rate described in results sectidrl3l and depicted fiigure 3.4.2.
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Figure 3.31Cytological profiling of LAM strain analysed by fluorescent microscopyLAM sampleggrown

in 7H9,in CF, starved in PBSesuscitated in media and CF were viewed under the micrqusipgSR-SIM.
Scale bar representsu®1. B- Distribution ofthe sixstaining patterns in CF and media aftelays. Samplewere
incubated for 24rs withthe TADA probe at 37°CStarved LAM cellsresuscitated in CF and media samples
were compared tbAM grown in 7H9 to an Olkhonm (0.5 0.8). One hundredells per sampléexperimenidone

in triplicate were analysed for staining usiBR-SIM fluorescent microscop€- Box and whisker pits showing
the length of LAM cells starved in PBS, starved LAM cefisuscitated in media and CF comparedA™ cells
grown in 7H9. Mean and quartile rangase shownLAM cells starved in PBS weneot significantly (p
value=0.07) shorter, whilst LAM de cultured in CF were significantly short@hencompared to cells grown in
7H9. LAM cells resuscitatedn mediawere significantly longer compared to cells grown in 7AB analysis
done wing a onavay ANOVA statistical tes(* =p-v a | ue OGBvalle®) . 01 =apwvaued0 *00 1)
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Figure 3.32The incorporation of the metabolic probe along he cells wall in LAM cells Staining

distribution plots, 10% of the total population of resuscitated bacteria were analysed and compared to an
exponentifly grown axenic culture using the data from figurg13 A mean trend linebjue) and median trend
line (red) was calculated to determine general pattern of probe incorporation along the cell wall
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