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Professor Sarah M. Fortune Richa Gawande

Investigating the Rates and Drivers of Drug Resistance in Mycobacterium tuberculosis
ABSTRACT

The emergence and transmission of drug resistant strains of Mycobacterium tuberculosis
(Mtb) calls for urgency in understanding the barriers to effective treatment. Here we developed a
chemostat cultivation system to measure the mycobacterial mutation rate during periods of slow
growth versus fast growth. We found that mutants accumulated at the same rate per unit time
during slow growth and during fast growth, suggesting that mutation rate does not vary in
accordance with growth rate. By competing genetically barcoded mutant strains at fast and slow
growth rates and using a mathematical model to estimate mutant fitness, we confirmed that there
is not aggravated loss of mutants at fast growth rates, but that equivalence in mutation rate per
unit time reflects time-based mutation rather than replication-based mutation.

To investigate a possible driver of replication-independent mutation, we developed a
mass-spectrometry-based analytic method to detect DNA damage during metabolism of fatty
acids, a major component of the bacterial diet in vivo. We discovered that a novel glyoxylate-dG
adduct forms when cells use the glyoxylate shunt to metabolize fatty acids, and that the levels of
this adduct increase in the absence of nucleotide excision repair. Using fluctuation analysis to
measure the mutation rate in these conditions, we found that fatty acid metabolism is mutagenic
in nucleotide repair deficient cells. Finally, cholesterol metabolism was mutagenic in both wild-
type and repair-deficient backgrounds. These findings demonstrate that metabolic state can drive
both mutation and DNA damage.

Many patients develop recurrent tuberculosis (TB) despite receiving adequate treatment
for TB, yet the causes of recurrent disease are poorly understood. We used whole-genome
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sequencing (WGS) and MIRU-VNTR typing to investigate the cause of recurrent infection in 13
HIV-infected individuals who had been successfully treated as part of their enrollment in a
prospective cohort study in KwaZulu Natal, South Africa. By comparing the genetic relatedness
in the presenting and recurrent strains, we found that 7 of the 13 recurrent episodes appeared to
represent relapse of the primary infection, despite the force of TB transmission in KwaZulu
Natal and the successful HIV and TB treatment history. Results from MIRU-VNTR typing were
concordant with WGS for highly related and highly divergent strains, but only WGS analysis
could resolve intermediate genetic distances. Patients presented with relapsed infection and
reinfection up to 3 years after completion of treatment, and no difference was found between the
timing of relapse and reinfection cases. Strains causing relapsed infection were more likely to
harbor genetic polymorphisms associated with changes in INH susceptibility or acquisition of
INH resistance despite being phenotypically drug sensitive, suggesting a possible role for low-

level or undiagnosed drug resistance in tuberculosis relapse.
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CHAPTER ONE: INTRODUCTION

1.1 Scope of the Global Tuberculosis Burden

Tuberculosis is a devastating disease that kills 2 million people per year. The causative
agent, Mycobacterium tuberculosis (Mtb), has persisted in the human population for tens of
thousands of years and continues to evolve strategies to successfully infect and transmit between
humans. The modern era of antibiotics is no exception. Mtb strains have evolved resistance to
almost every antibiotic in our arsenal: 3.5% of all incident TB cases are multidrug-resistant
(MDR), and 5.5% of MDR cases are likely to be extremely drug resistant'. Moreover, the co-
morbidity of HIV and Mtb has only exacerbated the difficulties in Mtb treatment and necessitates
urgency in development of new antibiotics and a better understanding of the barriers to
treatment.
1.2 Mycobacterium tuberculosis Infection

TB infection occurs when aerosolized Mtb is inhaled and establishes residence in the
lung’s alveolar macrophages. Infection results in a variable course of disease. Approximately
10% of infected individuals develop active disease, in which rapid bacterial growth causes a high
bacterial burden and stimulates recruitment of immune lymphocytes, leading to clinical
symptoms. The remaining 90% of infected individuals develop latent infection, characterized by
immune control of bacteria, reduced bacterial burden and potentially reduced growth and
mutation”. There is growing appreciation for the continuum of bacterial growth states during
latent infection™. Latently infected individuals are at a 10% risk for reactivation over their
lifetime, a probability that increases significantly with HIV infection. Treatment for active
infection is designed to suppress the emergence of drug resistance and intended to cause a
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sterilizing cure. This regimen and its delivery have been codified over the last twenty years as
Directly Observed Therapy — Short Course (DOTS), and involve a multi-drug regimen over 6-9
months, requiring coordination of diagnostic, pharmacological, and community resources.
Treatment of drug-resistant strains involves additional regimens whose implementation requires
increased resources, supervision and up to two years of treatment. While DOTS has resulted in a
75% increase in case notification rates, successful treatment of 56 million people and has saved
22 million lives, there are still major gaps in our understanding of how to achieve successful
treatment’. Recurrent infection occurs in 5-20% of successfully treated cases, and incomplete
treatment occurs in 10-20% of drug-sensitive cases and 50-80% of drug-resistant cases; thus,
drug resistance is a major driver of treatment failure”**'*!"-2,
1.3 Drug resistance in Mycobacterium tuberculosis

In most other bacteria, drug-resistance occurs by both chromosomal SNPs and by
horizontal gene transfer (HGT). In mycobacteria, drug resistance occurs only by chromosomal
SNPs, due to a lack of molecular machinery necessary for HGT as well as a relatively microbe-
poor niche'®. Efforts to understand the mutation rate in Mtb have been, until recently, limited to
in vitro studies, yielding estimates of approximately 2.4 x 10™'? per base pair per generation
despite the fact that mycobacteria lack mismatch repair, which contributes to several orders of

141316 " The probability of one drug-resistant

magnitude in genomic fidelity in most other bacteria
cell arising in a mycobacterial population is a product of the SNP rate specific for that drug, and
the population size. Even across the wide range of feasible bacterial population sizes in different
stages of infection, mathematical models place the rate of acquiring sequential resistance to

multiple drugs in a single bacterial cell significantly below the in vitro SNP rate, which means

that multi-drug resistance should be exceedingly rare'’. The prevalence of MDR is high; while



most new cases of MDR are assumed to result from transmission to new patients'®, several cases
of de novo emergence of multi-drug-resistance within individual patients have been

19,20,21,22
documented 7"

, indicating that the rates and drivers of drug resistance are poorly
understood.

Recently, there has been a growing appreciation for bacterial variability at both the
genetic and phenotypic levels that can contribute to a cell’s ability to survive antibiotic
treatment. Since the advent of whole-genome sequencing technology, the genetic sources of
variability are particularly ripe for investigation. Recent efforts to determine the degree of inter-
and intra-patient diversity during infection suggest that the ability of Mtb to acquire genetic
diversity in vivo is greater and more complex than previously appreciated.

In the last decade, whole-genome sequencing of clinical strains has revealed at a high-
resolution the extent of global diversity across the 5 phylogeographically-defined lineages of
Mtb****. Although there is restricted genetic diversity across the global population of Mtb
compared with other human pathogens™, there are genetic and phenotypic sources of variability
that have been associated with considerable variability in drug resistance outcomes. In
particular, many strains in the East Asian lineage have been associated with high rates of clinical

. : 26,27,28
drug resistance and more severe disease”™ "

. Whole genome sequencing has made it possible
to study the genetic basis of complex phenotypic traits such as drug resistance. Strains from this
lineage were recently shown to have higher numbers of drug-resistance-associated genetic
polymorphisms and have been experimentally associated with higher in vitro mutation rates,

suggesting that these strains may be biologically predisposed to drug resistance in part because

of higher mutation rates'*.



1.4 Genetic diversity in vivo

It is largely unknown during which stages of infection, and at what rate, drug resistance
mutations are acquired in vivo. A macaque model of Mtb was developed to mimic the variable
course of human Mtb infection®”. In this model, whole-genome sequencing was applied to
estimate the SNP rate over the course of infection. Mutation rate was expressed as a function of
time rather than generation, because it was unknown how many generations had elapsed during
infection. The number of SNPs that accumulated in individuals with latent, active, and
reactivated disease over the same amount of time was similar, suggesting a similar mutation rate
per day in all three disease states’’. Groups have taken a similar approach to measure the
accumulation of intra- and inter-patient diversity in human transmission chains. Gardy et a/ used
whole genome sequencing to identify two simultaneous Mtb outbreaks within the same
community in British Columbia®'. Further analysis by Ford et al revealed that rate of
accumulation of genetic diversity in outbreak strains compared with historical isolates from the
same area was similar to the estimates in the previous in vitro and macaque models'*. In larger
analyses Walker et al. and Bryant ef a/ showed a similar rate of mutation in within-patient isolate

3233 These studies introduced the

pairs and isolate pairs from epidemiologically linked clusters
idea that mutations accumulate at similar rates in vitro as during different disease states in vivo.
Bryant et al further showed that the inclusion of drug-resistance mutations obscures the ability to
estimate the mutation rate, due to potentially different selective pressures operating in antibiotic
resistant and sensitive strains, suggesting that issues of fitness and sampling need to be further
investigated to achieve more sensitive estimates of in vivo mutation rates.

Mutations could accumulate at similar rates in different disease states either because the

Mtb replication time during latency is similar to or faster than the in vitro replication rate, or



actively replicating populations of bacteria are being selectively sampled. As it is unknown to
what extent bacteria in sputum capture the entire “cloud” of genetic diversity within the
individual, it is possible that there are populations of bacteria that are not represented within the

34,4

sputum™". However, all studies attempting to estimate replication time during latency support a

model of slower growth and metabolism®>¢37*

. The idea that slow growing bacteria could
achieve the same amount of genetic diversity as rapidly growing bacteria runs counter to the
prevailing replication-centric understanding of mutation: replication errors are the primary
source of mutation, and therefore only actively replicating bacteria are capable of developing the
mutations that cause drug resistance'”. An alternative explanation is that accumulation of
mutations may be driven by mechanisms other than errors in replication. The spectrum of
mutations for both the macaque and human analyses shows enrichment for products of oxidative
damage, suggesting that DNA damage may be a source of mutations in vivo . However, the
contribution of DNA damage to mutations is largely unexplored in mycobacteria. Here, we are
interested in uncovering mechanisms of mutation that are independent of DNA replication.
Given the importance of latency in the M¢b life cycle, acquiring genetic diversity during periods
of slow growth may be an important evolutionary adaptation.
1.5 DNA Damage and Repair During Infection

The main sources of chemically reactive species during Mtb infection are inducible nitric
oxide (iNOS) and superoxide radicals produced by activated macrophages***'. iNOS-/- mice
are severely attenuated during Mtb infection, suggesting that oxidative and nitrosative damage is
a critical defense against Mtb*. Reactive species can damage all intracellular macromolecules,
including DNA, lipids, and proteins. Studies on the transcriptional response during macrophage

and mouse infections show induction of a wide range of bacterial defenses against oxidative



stress including antioxidants and scavenging enzymes, as well as base excision repair (BER) and
nucleotide excision repair (NER), the main pathways for DNA damage repair in
mycobacteria®***>40:47,

Base excision repair (BER) plays a central role in repair of lesions created by reactive
species™. Work in Mycobacerium smegmatis (Msm), a non-pathogenic soil bacterium whose
BER machinery is homologous to the BER machinery found in Mtb, revealed that BER enzymes
repair mutagenic DNA damage even in the absence of the immune pressure. Individual deletions
of key BER glycosylases resulted in defective repair of in vitro DNA damage substrates, an
increase in mutation frequency during basal growth conditions, and sensitivity to oxidative
stress. Mycobacterial BER is unique compared with the E. coli counterpart in that there are
additional DNA glycosylases, differing substrate activities of BER enzymes, four separate genes
encoding mutT oxidized nucleotide cleansing enzymes (8-oxodGTPase: compared to one in E.

#9503132 and a high level of redundancy among BER components™, suggesting that this

coli)
pathway may play a unique role in mycobacteria. While mismatch repair is a primary
component of damage-induced mutation repair in other organisms, Mtb may use NER to achieve

this task>*>

. While NER is best known for its role in repair of UV damage, it also plays a role in
protecting against a variety of insults. NER is achieved by the coordinated actions of UvrA, B, C,
DI, and D2. It is largely unclear which damage products this system is responsible for repairing
during infection®®",

If DNA damage is a considerable source of genotoxicity during infection, strains
deficient in DNA damage repair should be attenuated during infection. Genetic essentiality

screens have revealed that components of both NER and BER are essential for growth during

different stages of infection. Specifically, UvrB was required for growth in the mouse and



macaque model of infection, and during growth on acidified nitrite, a condition designed to
recapitulate the intracellular environment of the macrophage®”. UvrD1 was required for growth
in both the mouse and macrophage models of infection®. Components of BER such as the uracil
glycosylase, Ung, are required for growth in in vitro models designed to recapitulate certain
features of the in vivo environment, such as exposure to hypoxia, cholesterol, and starvation-

. 61,62,63,64
induced slow growth” >~

. Together with results from studies examining the role of other
replication and repair enzymes such as recA and the stress-induced error prone polymerase,
DnaE2, these findings revealed that there are differential requirements for replication and repair
machinery in different environments, suggesting that the selections imposed, and/or the
bacterium’s capacity for lesion repair may not be equal in each environment. Thus, there may be
differential damage and mutational spectra for each of these host environments. In particular, the
attenuated survival of the Ung transposon mutant during growth in cholesterol suggests that
DNA damage may be a bigger stress when carbon is limited®, yet nothing is known about the
direct genotoxic effects of Mtb metabolism.

Damaged nucleotides can result in mutagenic pairing or stalled replication and
transcription, causing stress-induced error-prone replication®®®”%®, The high genomic GC
content makes Mtb disproportionately vulnerable to guanine damage, as guanine is the most
susceptible base to oxidation because it has the lowest redox potential of the four bases. In the
presence of oxidative stress, hydroxyl radical can react with the guanine base, forming the
oxidized adduct 8-hydroxy-deoxyguanosine (8-0xoG) or reduced to FAPy-guanine, depending
on the redox potential of the environment. 8-0xoG is one of the most common DNA damage

species”’. The mutation spectrum of the macaque SNP data suggests that 8-0xoG formation and

cytosine deamination into uracil may be specific drivers of mutation in in vivo environments’.



Yet, whether a mutation arises from a DNA lesion depends on the integrated actions of the
oxidative environment and the bacterium’s capacity to repair the lesion. Little is known about
the relationship between damage, repair, and mutation, though given the rich oxidative
environment of the TB granuloma and the importance of DNA damage repair enzymes during
infection, DNA damage is a primary candidate for sources of replication-independent mutation.
1.6 Summary of Aims

In this dissertation I have investigated the factors driving the evolution of drug resistance
in Mtb. Application of whole-genome sequencing technology combined with the power of
prospective cohorts has allowed us to ask more sophisticated questions about the evolution of
drug resistance in in vivo and in in vitro models designed to mimic aspects of the in vivo
environment.

In Chapter 2, we tested the hypothesis that mutations can accumulate independent of
growth rate using chemostat cultivation to precisely regulate growth rate in vitro. The finding
that mutations accumulate at similar rates during stages of infection in which growth rate was

30,31,32,33

thought to be very different suggests that mutation rate and growth rate may be
uncoupled in vivo. Using the mutant accumulation assay in Mycobacterium smegmatis as a
model for mutant accumulation in Mtb, mutants were found to accumulate at similar rates per
day across fast and slow growth rates. The chemostat model combined with genetic barcoding
allowed us to explore the effects of selection on accumulation of genetic diversity, a feature that
has challenged previous studies investigating in vivo mutation rates. We could not attribute the

above finding to a significantly different selective pressure in fast and slow growth rates. The

ability of Mtb to acquire mutations during slow growth in the chemostat and during periods of



presumed slow replication in the host suggests a model of replication-independent mutation
(Ford et al., 2011).

In Chapter 3, we tested the hypothesis that mutation accumulation can be driven by
metabolic states that bacteria encounter in the host. We found that fatty acid metabolism is
genotoxic, inducing a previously unknown DNA adduct. Adduct levels increased in the absence
of nucleotide-excision repair, suggesting a role for this pathway in fatty acid metabolism.
Consistent with the mutagenic effect of this adduct, fatty acid metabolism was found to be
mutagenic in the absence of nucleotide-excision repair. This work demonstrates metabolically
induced genotoxicity and mutagenesis, and highlights the importance of studying the evolution
of drug resistance mutations in conditions that mimic the in vivo environment.

In Chapter 4, we studied the cause of recurrent infection in a prospective cohort of HIV-
infected individuals living in a high TB-burden area of South Africa. The causes of recurrent
infection may be multiple, including drug-resistance of the infecting strain, reinfection by a new
strain, poor adherence, and/or inappropriate drug regimens. We found that over half of recurrent
infections represent true relapses of an earlier infection despite completion of successful
treatment. Despite being phenotypically drug-sensitive, the strains associated with relapse had
an enrichment of drug-resistance associated polymorphisms, suggesting that undiagnosed low-
level drug-resistance may biologically predispose these strains for survival.

Together, the work presented in this dissertation reveals previously unappreciated
capacity for mutation during in vivo conditions and reveal undiagnosed drug-resistance as a

potential driver of TB relapse.



CHAPTER TWO

Use of the Chemostat to Investigate Replication-Independent Mutation in Mycobacteria

Richa Gawande', Nicolai Panikov', Aditya Bandekar?, J eremy Rock', Constance Martin', J effrey
Wagner', Chris Sassetti’, Sarah Fortune'

'Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston,
g]%:partment of Microbiology and Physiological Systems, University of Massachusetts Medical
School, Worcester, MA
Author contributions R.G. and N.P., and S.F. designed the experiments. R.G. and N.P.
performed the experiments, mathematical modeling, and data analysis (R.G.: construction of
barcoded strains, chemostat sampling and plating, qPCR experiments, adaptation of
mathematical model to MATLAB, optimization of parameters and data fitting; N.P.:
methodological development and maintenance of chemostat cultivation, development of
chemostat media, empirical determination of growth kinetics, chemostat sampling and plating,
development of mathematical model). A.B and C.S. performed preliminary experiments and
data analysis and provided valuable discussion. J.R. provided strains and valuable discussion.
C.M. designed and optimized the barcoding strategy and qPCR primers. J.W. adapted the
mathematical model to MATLAB and provided valuable discussion. R.G. and S.F. drafted the

manuscript.
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2.1 Abstract

The rapid emergence of drug resistant strains of Mycobacterium tuberculosis requires a
better understanding of how drug resistance evolves during infection. Recent findings suggest
that mycobacteria can acquire mutations at the same rate per day during active and latent disease
as during in vitro growth. Yet, the replication rate of Mtb is presumed to be faster in active
disease than in latent disease, and still faster during in vitro growth, raising the question of
whether mycobacteria have a similar capacity to generate genetic diversity across multiple
growth rates. To test this hypothesis, we developed a chemostat cultivation system to control the
bacterial growth rate and performed a mutant accumulation assay at fast and slow growth rates.
Mutants were found to accumulate at similar rates per day at fast and slow growth rates,
consistent with replication-independent mutation. This observation can also be explained by
replication-dependent selection, where relative fitness of mutant strains compared to wild-type is
growth-rate dependent. To distinguish between these two hypotheses, we competed genetically
barcoded mutant strains with wild-type strains at fast and slow growth rates. When we applied a
mathematical model to fit the resulting growth kinetics, mutant growth parameters were found to
be similar relative to wild-type at fast versus slow growth rates. Together, our findings suggest
that that the mutant accumulation rate is similar at fast versus slow growth rates, supporting a
time-based model of mutation, consistent with the preceding in vivo studies. These findings
challenge the current replication-dependent understanding of the evolution of drug resistance and
provide a new framework for molecular mechanisms underlying genomic fidelity in

mycobacteria.
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2.2 Introduction

The rapid emergence and global spread of drug resistant TB calls for a better
understanding of the rates and drivers of drug-resistance in conditions relevant to infection.
Multi-drug resistance is emerging in up to 20% of previously treated TB cases”. The prevailing
view is that the mutations driving TB drug resistance, which are chromosomally encoded in the
Mycobacterium tuberculosis (Mtb) genome, arise because of spontaneous errors in DNA
replication in populations of actively dividing mycobacteria'. From this, the capacity for
mycobacteria to acquire drug resistance is thought to be reduced during periods of slow or no
growth. Recent findings suggest that Mtb’s mutational capacity over time may be similar in
states where the replication rate is thought to be different, from studies using whole-genome
sequencing in human transmission chains and in the macaque model of TB***'"%* These
findings point to the possibility that mycobacterial populations could acquire mutations as a
result of processes other than errors made during chromosomal replication. This could account
for the equivalent rate of accumulation of mutations during latent disease seen in macaques™.
These studies are complicated by the fact that little is known about the growth rate during
different disease states, though estimates from experimental models of infection vary from 45 to
135 hours per generation®®’"""

It is important to understand whether the mutational capacity is reduced during latency,
as 90% of individuals are latently infected, this disease state underlies this organism’s success.
Moreover, it is clinical practice to treat individuals who have latent TB infection with INH
monotherapy based on the limited evidence that latent bacteria in humans have a reduced
capacity for growth and therefore mutation. Indeed, where it has been studied, individuals with

latent TB infection treated with INH prophylaxis do not have higher drug-resistance rates’””.
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However, it is unknown whether these patients harbor higher numbers of drug-resistant
organisms, which could potentially be transmitted or selected for in the face of treatment.

There is a precedent in experimental models of slow-growing E. coli for relatively rapid
mutation accumulation during slow growth, where chemostat cultures of E. coli maintained at
different growth rates acquired phage-resistance at similar rates per day’*. There is also
precedent for higher numbers of drug-resistant bacteria accumulating in aging colonies, and this
increased rate of accumulation has been attributed to either an increased mutation rate during
starvation or an increased fitness of mutants during starvation. Stress-induced mutagenesis has
been recognized as a source of mutations in E. coli, yeast, and human cells. In E. coli,
recruitment of error-prone polymerases to repair double-strand breaks during a stress condition
has been shown to be a mechanism of stress-induced mutagenesis””. In P. putida, stress-induced
DNA damage is mutagenic in the absence of DNA damage repair during starvation, but not in
growing cultures, again showing a condition-dependent induction of mutation’®. While little is
understood about these processes in mycobacteria, these findings point to a possible source of
mutations that arise independently of errors in chromosomal replication, and could help explain a
possible mechanism driving mutations in states where the bacteria are thought to be dividing at
different rates.

We investigated the dynamics of mutant accumulation during periods of rapid and slow
growth for the soil-dwelling mycobacterium, Mycobacterium smegmatis (MSm), whose DNA
replication and repair pathways have a high degree of homology to those in Mtb’’. To control
growth rate, we developed a chemostat cultivation system, which allowed for maintenance of
MSm cultures in a defined state for many generations at different growth rates. Mutants were

tracked over time, and mutation rate was estimated by the mutant accumulation assay’®. As
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compared to other methods to measure mutation rate such as fluctuation analysis or whole-
genome sequencing, chemostat cultivation allows maintenance of a large enough number of cells
for enough generations such that the probability of spontaneous mutations arising is 1 for every
generation even at very low basal mutation rates, and mutant accumulation can be tracked over a
relatively short period of time. Growth rate can be altered by altering dilution rate. If mutants
arise only due to replication errors, mutant accumulation per day should vary proportional to
replication rate, resulting in a higher mutant accumulation per day with higher growth rates. We
compared the rate of accumulation of antibiotic-resistant mutants at fast and slow growth rates to
determine whether mutation is entirely growth-rate dependent. On the contrary, we found that
the growth kinetics of mutants was similar across slow and fast growth rates, and this could not
be explained by differential loss of mutant strains at fast growth rates, suggesting that the

mutation rate per unit time was the same.

2.3 Results
Chemostat cultivation of M. smegmatis

We established a chemostat cultivation system for MSm, shown in Figure 2.1. A log-
phase batch culture of MSm mc*155 was used to inoculate the chemostat vessel, which was
maintained at 37 degrees with constant stirring. A steady drip of fresh medium was pumped in at
d the dilution rate. An overflow tube set the volume of the culture in the vessel, through which
the culture was pumped out at the same rate that fresh medium was pumped in. Cultures were
fed a chemically-defined minimal medium, limited by glycerol as the only carbon source. After
a period of exponential growth during which the initial glycerol was consumed, the cultures

reached steady state, characterized by a steady biomass and CO; output. At this point, glycerol
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became limiting in the growth vessel and growth rate was approximately equal to d, the dilution
rate.

MSm mc®155 was grown under glycerol-limited conditions at four different growth rates
(.015, .028, .11, .23, corresponding to doubling time = 46 h, 24 h, 6 h, and 3 h, respectively).
Temperature, CO,, pH, and optical density were monitored regularly, and cultures were sampled
daily. We established the upper limit of growth of MSm mc?155 to be 2.7 hours per generation
and the lower limit to be greater than 60 hours per generation. Steady state was defined by

steady CO; output, OD, and CFU.
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Figure 2.1 Schematic of chemostat cultivation in M. smegmatis. Glycerol-limited continuous
cultures of M. smegmatis were grown in 1-liter bioreactors fitted with a sealed top plate. Inflow
media was contained in a 10L reservoir and addition of nutrients to chemostat cultures was
controlled by a peristaltic pump. Sample outflow was regulated using an overflow tube fitted to
another pump. Culture was stirred constantly, temperature was regulated using a heating blanket
set to 37 degrees, and temperature, pH, and dissolved O, measurements were automated. A
defined air mixture was provided through a sterile filter in the top plate. Effluent gas was passed
through a cooling condenser and CO; gas was analyzed continuously.
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Tracking mutant accumulation in the chemostat

In order to determine the relationship between growth rate and mutation rate in MSm, we
tracked concentration of antibiotic resistant mutants in steady-state chemostat cultures grown at
four different growth rates. Chemostat samples were plated daily on 200ug/mL of rifampicin
and 2ug/mL of ciprofloxacin once chemostats had reached steady state. Inherent in the mutant
accumulation assay is the presumption that mutants will accumulate. We defined the period of
time during which mutants accumulated and defined the rate of increase for each growth rate.
The overall pattern of mutant accumulation in the three growth rates was similar for both Rif and
Cip mutants, when expressed as maximum mutant frequency, distribution of mutant frequencies,
or slope of a linear regression fit to each curve (Figure 2.2). When these data are plotted as a
function of generations, the approximate per-generation rate of mutant accumulation varies with
growth rate (Figure 2.3a). Plotting these data as a function of time shows an approximately
equal accumulation rate, ~1x10” mutations per cell per day, for all three growth rates. This is
despite the growth rates varying by 7-15 fold (Figure 2.3b), suggesting that the rate of MSm

mutant accumulation can be uncoupled from its growth rate.
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Figure 2.2 Mutants accumulate at similar rates per-day across multiple growth rates. Top
panel: Maximum mutant frequency; Middle panel: distribution of mutant frequencies; Bottom
panel: the slope of a linear regression fit to the mutant increase, for Rif and Cip mutants, for D =
.015, .11, and .23, corresponding to td = 46 h, 6 h, and 3 h, respectively).
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Figure 2.3 The mutant accumulation rate is time-dependent, not replication-dependent.
Rate of mutant increase plotted as a function of a) generation and b) time for Rif mutants (top)
and Cip mutants (bottom). Points represent actual data; dotted lines represent linear regression
fits. Data are shown for mutant accumulation for chemostats run at doubling times of 46 hours,
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The role of selection on mutant growth kinetics

According to chemostat theory, if mutants have approximately the same growth rate as
the parent, the density of the mutant strain is expected to increase linearly with growth’’®,
When we extended the time series, we did not observe a continued increase in mutant frequency;
instead the mutant population collapsed, highlighting the problem of competition within the
chemostat (Figure 2.4). These dynamics raise the possibility that there are differential fitness
effects of Rif and Cip resistance at different growth rates. If mutant fitness were growth-rate
dependent, this would support an alternative interpretation of the above data: rather than growth-
rate-independent mutant accumulation, both mutant accumulation and mutant wash-out could be
growth-rate dependent. This could result in apparent growth-rate-independent mutant
accumulation due to a disproportionately higher rate of both mutation and mutant loss at fast
growth rates. While rpoB (target of rifampicin) mutants have been shown to have fitness defects
in batch culture experiments, little is known about the fitness of 7poB mutants in different growth
conditions. We thus investigated whether mutant fitness is growth-rate dependent in the
chemostat.

One feature of decreased fitness may be a decrease in the mutant population’s genetic

diversity due to reduced survival of less fit mutants’*’

. To determine whether the diversity of
mutants changed with growth rate, we focused on Rif-resistant mutants and sequenced the rpoB
Rif-resistance determining region in ~50 Rif-resistant mutants isolated across time from
chemostats run at slow (t; = 46 hr) and fast (t; = 3 hr) growth rates (Figure 2.5). The overall

rpoB target size was similar at the two growth rates, 12 nucleotides for the slow growth rate and

10 nucleotides for the fast growth rate, consistent with previous in vitro estimates of rpoB target
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Figure 2.4 Mutant populations collapse after an initial increase. Accumulation of antibiotic-
resistant mutants at steady state for a) Rif and b) Cip, for four growth rates (D =.015, .028, .11,
.23, corresponding to td =46 h, 24 h, 6 h, and 3 h, respectively).
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Figure 2.5 rpoB target size is not significantly different for RIF-resistant isolates in fast
versus slow chemostats. The Rif-resistance determining region (RRDR) was PCR-amplified
and Sanger-sequenced for approximately 60 isolates over time for the fast and slow chemostats.
There were also no significant differences in the temporal distribution of these isolates between
fast and slow chemostats (not shown).
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size'®, suggesting that selective pressure in the fast chemostat does not significantly reduce the
genetic diversity compared to the slow chemostat. There were also no major differences in the
temporal distribution of these isolates across growth rates, though the sample size was small for
each mutant type (data not shown). There were differences in the representation of each mutant
at the two growth rates, including in the group of mutants that did not harbor genetic mutations
in the rpoB RRDR. These mutants may harbor mutations elsewhere in rpoB, or in another gene.
While rpoB sequencing allows an estimate of the breadth of genetic diversity at the two
growth rates, it is difficult to gain temporal resolution with this sample size. To gain higher
temporal resolution into the rate of mutant wash-out at the two growth rates, we performed a
competition experiment in which we competed abundant and rare »poB RRDR mutants and wild-
type strains isolated from the fast growth rate (d = 3hr) and slow growth rate (d = 46hr)
chemostats. Mutants were competed against wild-type MSm at fast and slow growth rate to
determine whether selection against mutants increased with growth rate. Each strain was tagged
with a unique genetic barcode and a common constant region, allowing for strain tracking,
enumeration of total genome count, and normalization across samples by quantitative PCR. Data
are plotted in Figure 2.6. The top panel shows competition among 7 rpoB mutants and three
wild-type MSm strains at fast and slow growth rates. All rpoB mutants showed a competitive
disadvantage compared to wild-type MSm at both growth rates, though not all mutant strains
competed equally. At both growth rates, mutants harboring the H526Y and S522L mutations
had a growth advantage compared to the other mutants, and additionally, strain S512W appeared
to have a growth advantage at the slow growth rate but not the fast growth rate. Not all wild-
type strains competed equally. At the slow growth rate, two wild-type strains out-competed the

rest, while at fast growth rate, all three wild-type strains persisted, with one dominant strain and
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two intermediate strains. When the same seven mutants plus three additional mutants were
competed in the absence of wild-type strains (bottom panel), the same three dominant mutants
(carrying the H526Y, S512W, and S522L mutations) plus the mutant with the Q513K mutation
out-competed the rest at both the slow and fast growth rates. Three of these four strains had been
previously adapted to a slow growth rate chemostat, while the Q513K mutant had been

previously adapted to a fast growth rate chemostat.
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Figure 2.6 Competition among rpoB mutants and wild-type strains is similar at slow and
fast growth rates. Top panel: 7 rpoB mutants and 3 wild-type strains were competed at fast a)
and slow b) growth rates. 10 rpoB mutants were competed at fast c) and slow d) growth rates.
Data are plotted as a percent of the total genomes present at that time-point. Y-axis is biomass in
mg of the mutant strain.
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The fitness of poB mutants appeared to be qualitatively similar between the fast and
slow growth rates. In order to make a quantitative estimate of the fitness parameters for each
strain, we simulated these competition dynamics using the Monod model of bacterial growth in
the chemostat. In the Monod model, growth of each strain depends on the dilution rate, d,
glycerol concentration, S, glycerol consumption K (the Monod constant), and piy,x, the

maximum growth rate (Figure 2.7)"*"%!

. Using the concentration of each strain in the inoculum
as the initial conditions for the model, we approximated K and pmax for each strain, at low and
high dilution rates. The simulated competition experiment is plotted along with the actual
experimental data in Figure 2.8a and b. Raw best-fit parameters are listed in the Methods, and
data normalized to the most-fit strain are plotted in 2.8¢c and d. Consistent with the visual
analysis, the competitive advantage of mutants appeared to be overall similar between the two
growth rates. The mutant carrying the S512W mutation and the WT3 strain were both slightly
more fit relative to the other strains at the slow growth rate compared to the fast growth rate. All
other strains were more fit at the fast growth rate than the slow growth rate. In fact, the baseline
fitness was higher for almost all strains at the fast growth rate than the slow growth rate. We

concluded from these experiments that the fast growth rate does not impose a significantly more

severe selection on mutants than the slow growth rate.
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Figure 2.7 The Monod model of bacterial growth in the chemostat. The above two-strain
model was adapted for 11 strains to simulate inter-strain competition in the chemostat.
Parameters for S, S;, Q, and initial biomass conditions were chosen based on empirical
measurements; a parameter range was chosen for pmax, Ks, and then optimized to fit the
empirical data.
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Together, our findings show that the mutant accumulation and wash-out rates are similar
across growth rates. These data are in support of a replication-independent relationship between

mutation rate and growth rate.

2.4 Discussion

Here we used chemostat cultivation to study mutant accumulation in MSm at multiple
growth-rates. We found that mutants accumulated at a similar rate over time in both fast and
slow growth rates. These findings bring up two main considerations.

Balance between mutation and selection in the chemostat: We were interested in
comparing the rate of evolution of antibiotic resistant mutants at multiple growth rates. The
relative fitness of these mutants is continually changing over time based on the rate of
“background” evolution in the chemostat. The chemostat population is under constant selection
to consume the limiting substrate at a rate fast enough to keep up with the dilution rate.
Therefore, affinity for the limiting substrate is a major driver of evolution the chemostat, and
may explain why we observed a different competitive advantage among the three wild-type
strains in Figure 2.7. Previous work in E. coli chemostat cultures where glucose was the limiting
substrate, showed that the overall affinity of the population for glucose increased significantly
over time, and this was accompanied by selective sweeps of strains that had faster and faster
growth rates in this medium®. We found that the rate of mutant accumulation, reflecting a
balance of mutation and selection, was similar across growth rates. Using Rif-resistant mutants
to explore this balance further, we found that mutants had decreased fitness compared to a

83,84

number of wild-type strains, consistent with previous findings™™"". However, we did not find a

significant decrease in their relative fitness at fast growth compared with slow growth,
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suggesting that the similar rates of accumulation may reflect similar rates of mutation. In order
to better track the accumulation and loss of mutants, the mutant accumulation assay could be
performed with a library of uniquely barcoded strains. A library with diversity of 150,000
unique barcodes could be expanded by 10X to produce enough inoculum for a small-volume
chemostat. This library could be plated on Rif, followed by Sanger sequencing of the barcode to
identify the starting mutant set. Though the probability of drawing the same barcode twice is
high with this much expansion, the probability of getting the same Rif mutation in two identical
barcodes is exceedingly low. Use of a counter-selectable marker would purge pre-existing
mutants. Once chemostat cultivation begins, samples could be regularly plated on Rif and target
sequencing of resistant mutants could be performed to track appearance of new mutants versus
expansion of existing mutants.

Contribution of replication-dependent and replication-independent mutation: Our
mutant accumulation data could be explained by a combination of both replication-dependent
and replication-independent mutational processes. Investigations into the mediators of genomic
fidelity in mycobacteria suggest that both replication-dependent processes such as DNA
proofreading, and replication-independent processes such as DNA damage repair and error-prone
polymerases, contribute to the mutation rate®. Little is known about the relative contribution of
these processes during infection, though genetic essentiality studies in experimental models
suggest a role for DNA damage repair, and whole-genome sequencing of clinical isolates shows
polymorphisms in these areas (unpublished work, our lab). In particular, oxidative damage may

be one primary driver of DNA damage during infection®”**#!:4%%%

. The spectrum of mutations
in Mtb populations isolated from macaque lesions points to an oxidative damage signature,

consistent with the observations that Mtb is exposed to oxidative radicals during infection™.
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There is also a precedent in the literature for stress-induced mutagenesis, though little is known
about this in mycobacteria’”. Studies of aging colonies in E. coli suggest that the proportion of
Rif-resistant mutants increases as a colony ages, but like mutant accumulation in the chemostat,
this rate reflects a balance of mutation and selection — studies conflict as to the degree of
contribution from an increased mutation rate versus an increase fitness compared to wild-

8687 Novick and Slizard observed that the growth-rate dependence of mutation differed

type
depending on which growth medium they used’”®. Because of the potential for different growth
media to exert different mutational and selective pressures, each growth medium may be
associated with its own balance of mutation and selection.

In our mutant accumulation data, it is possible that the relative contribution of each
mutational process is not constant across growth rates. From work in glucose-limited E. coli
chemostats, and in metabolic studies of Mycobacterium bovis BCG, lower concentrations of
residual glycerol in chemostats run at low dilution rates suggests that there may be stronger
selection for glycerol affinity at low growth rates compared to high growth rates®*™. Our
measurements of residual glycerol at fast and slow growth rates are consistent with this (data not
shown). More limited nutrient concentration could lead to more stress-induced mutagenesis.
Supporting this, a study of genetic requirements for survival during fast and slow growth in BCG
showed differential survival for the Ung transposon mutant, deficient in DNA damage repair®.
In order to begin to parse the differential contribution of replication errors, DNA damage, and
stress-induced mutagenesis, the mutant accumulation assay could be performed in the genetic
background of mutants deficient for these processes — a differential increases in mutant

accumulation at fast and slow growth rates would point to differential contribution of each

mutational process.
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A working model: Our findings point to a number of important factors that should be
included when considering the inter-dependence of growth rate, fitness, and mutation rate.

While more complex mathematical modeling is required to capture the dynamics that we
observed in the chemostat, a schematic for how these parameters may interact is illustrated in
Figure 2.9. Mutant accumulation can be driven by time-dependent mutation (including mutation
arising from DNA damage or stress-induced mutagenesis) or replication-dependent mutation.
Mutant wash-out is driven by the dilution rate, and the relative fitness cost compared to the
current most-fit strain. The wild-type population is also continually evolving, there are periodic
genetic sweeps accompanied by an overall increase in population affinity for residual glycerol.
The mutant population may collapse due to the accompanying loss in relative fitness, or the
mutant population may collapse because it has exceeded the threshold for the given combination
of fitness cost and growth rate for this chemostat. Indeed, we adapted the Monod model used in
Figure 2.8 to simulate simple mutant accumulation assay in which mutants arise as a function of
growth rate. We varied the parameters d, K and pimax for the mutant strain across a physiological
range, and we found that with a high enough starting mutant concentration, the mutant
population collapses immediately (Supplementary Figure 2.1a). We also found that the K and
Umax parameters are interdependent and together with growth rate, determine the timing and
shape of mutant growth kinetics (Supplementary Figure 2.1b-d).

Further work investigating the molecular drivers of replication-independent mutation will
elucidate possible links between slow growth, starvation, stress, and mutation. Molecular
drivers may include components of the SOS response and DosR regulon, the error-prone and
translesion polymerases DnaE2 and DinB, and components of DNA damage repair. Important in

future experiments will be comparisons of transcript levels and assessing changes in mutant
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accumulation rates in fast and slow growth for strains deficient in these components. Because a
hallmark of Mtb’s life cycle is the ability to enter a latent state, it will be important to investigate
further the drivers of replication-independent mutation, potentially an important mechanism for

continued adaptive evolution during latency.
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Figure 2.9 Possible contributors to time-dependent and replication-dependent mutation in
the chemostat. Mutant accumulation can be driven by replication errors or time-dependent
mutation. Replication errors (red arrows) may be constant per replication cycle. Time-
dependent mutation may arise as a constant “tick” of DNA damage (orange arrows) due to
metabolic byproducts or as a more punctuated event (purple arrows) such as mutation arising
from stress-induced mutagenesis. Stress-induced mutagenesis may occur during periods of
transition that result in temporary severe nutrient limitation, such as start of chemostat pumps, or
emergence of a more fit “wild-type” strain resulting in increased competition for the limiting
substrate. Here mutant wash-out is driven by the dilution rate and the relative fitness cost
compared to the current most-fit strain. The wild-type population is also continually evolving;
there may be periodic genetic sweeps accompanied by an overall increase in population affinity
for residual glycerol (star). The mutant population may then collapse due to the accompanying
loss in relative fitness, or the mutant population may collapse because it has exceeded the
threshold for the given combination of fitness cost and growth rate for this chemostat.
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2.5 Materials and Methods

Bacterial strains and media

M. smegmatis mc¢*155 was used for all experiments. Plating was performed on 7H10 plates (BD
Biosciences) supplemented with albumin (Sigma), dextrose, and catalase (VWR) and 20%
Tween 80 (Sigma). Antibiotic concentrations were as follows: rifampicin (Rif) (200ug/mL);
ciprofloxacin (Cipro) (2g/mL), kanamycin (20ug/mL) (Sigma). Some culturing was performed
in 7H9 media (BD Biosciences), supplemented with albumin/dextrose/catalase and 20% Tween-
80. Chemostat media was defined as follows: For 1L of media: ImL of 1000X trace elements
1 (CoClLyx6H,0 (0.5g/L); CuSO4x5H,0 (0.5g/L); FeSO4x6H20 (7g/L); KI (0.2g/L);
MnS0O4x4H20 (0.4g/L); Na2MoO4x2H20 (0.2g/L); NiCI2 anhydrous (0.2g/L); ZnCI2 (1g/L),
ImL of 1000X trace elements 2 (H3BO3 (0.2g/L); Na-EDTA (15g/L)), 2mL of 10% tyloxapol,
2mL of 50% glycerol. 1g of (NH4),SO4, 0.2g of MgS04x7H,0, 0.04g of CaCl,x2H,0. pH was
adjusted to 6.5-7. Volume was brought to 1L with sterile, de-ionized, distilled H>O and the 1L
was autoclaved. Autoclaved separately in S0mL of de-ionized, distilled H,O was 0.8g of
KH,POy4, 1.2g of Na,HPOy,, and after cooling, was combined with the 1L of media.

Continuous culture of M. smegmatis

Glycerol-limited continuous cultures of M. smegmatis were grown in 1-liter bioreactors fitted
with a sealed top plate (Applikon Biotechnology). Inflow media was contained in a 10L
reservoir and addition of nutrients to chemostat cultures was controlled by a peristaltic pump
(Watson Marlow). Sample outflow was regulated using an overflow tube fitted to another pump.
Culture was stirred constantly using an Applikon 1032 stirrer controller fitted with a tissue
culture impeller set. Temperature was regulated using a heating blanket, set to 37 degrees.

Temperature, pH, and dissolved O, measurements were automated through use of an Applikon
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1010/1025 Bio-controller and console and accompanying probes. A defined air mixture was
provided through a sterile filter fitted in the top plate. Effluent gas was passed through a cooling
condenser and CO, gas was analyzed continuously.

Identical 100uL aliquots of mc*155 freezer stocks were used to start all chemostat experiments.
Starter cultures were inoculated with a freezer stock aliquot and grown in 50mL of chemostat
media in 150mL PETG square bottles (Nalgene, Rochester NY). When the starter culture was
turbid, it was transferred into the 1L vessel via syringe through a sterile rubber septum fitted into
the top plate. Cultures were then grown in batch culture mode (without inflow or outflow pumps
running) until nearly all residual glycerol was consumed, at which point pumps were started at
dilution rates of 0.15 to .01 h™' . Steady state was defined as equilibration of CO, output,
biomass, and optical density.

Mutant accumulation assays

Chemostats were sampled daily and plated (20mL) on Rif plates and (SmL) on Cipro plates.
Wherever possible depending on sample volume constrains, plating was performed in duplicate
or triplicate. Daily microscopy of cultures and plating for CFU was also performed regularly on
7H10 plates containing no antibiotics to check for contamination or any changes in cell
morphology. Rif plates were enumerated at 5 and 7 days, Cipro plates were enumerated at 3
days. The slope of the

Genetic barcoding and rpoB sequencing

For genetic barcoding experiments, chemostats run at doubling time = 46 hours and 3 hours were
sampled and plated on Rif (200ug/mL) as part of mutant accumulation assays. Approximately
120 Rif-resistant colonies were picked and used as templates for colony PCR of the Rifampicin

resistance-determining region of 7poB, and amplicons were sent for Sanger sequencing. A
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subset of colonies was grown further in 10mL 7H9 cultures. Aliquots of these cultures were
frozen for future experiments, and the remaining culture was prepared for electroporation by
centrifugation followed by washing in 10% glycerol, repeated three times. Electrocompetent
cells were transformed with one of 11 integrating plasmids containing a genetic “barcode,” each
containing a constant region (identical across barcodes) and a unique region (unique to each
barcode). Barcodes have been described previously®®. Barcode sequences were optimized such
that TagMan probes and primers could be used to amplify multiple barcodes in a single gPCR
reaction. qPCR analysis was optimized further in the Fortune Laboratory (Martin et al.,
unpublished). Primer pair efficiencies were confirmed for each pair separately for every run by
calculating slope of crossing threshold values from 10-fold serial dilutions of plasmid template.
Competition experiments

To perform chemostat competition experiments, frozen stocks of barcoded strains were grown in
SmL of chemostat media to an optical density of approximately 1, and then expanded to 50mL
cultures until turbid. 50mL cultures were normalized by optical density and combined in a
laminar flow hood to produce the inoculum. Slow growth rate was achieved in a continuous
culture chemostat, d = .015h™ Daily sampling was performed in triplicate.

Fast growth rate was achieved using a serial-fed batch culture model of chemostat growth, where
20mL of chemostat media was inoculated with 10mL of inoculum in a 50mL PETG square
bottle. Cultures were grown overnight until the optical density ~ 1. 20uL of each culture was
transferred to 20mL of fresh chemostat media under a laminar flow hood. Cultures were grown
for 24 hours, and the 1:1000 dilution into fresh media was repeated daily. Serial batch cultures

were performed in technical duplicates.
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For each competition experiment, SmL of chemostat culture was sampled in triplicate from the
slow growth rate chemostat, and in duplicate from the serial-fed batch culture, daily. Samples
were stored at 4 degrees Celsius until 1 week’s worth of samples could be batch-analyzed
together. DNA was then extracted from each sample using a phenol:chloroform:isoamyl alcohol
purification with bead-beating, followed by isopropanol precipitation.

qPCR analysis was performed on the sample triplicates from the slow growth rate chemostat and
on the sample duplicates from the fast growth rate serial-fed batch culture. Each qPCR
amplification reaction was performed in technical triplicates (3 wells per primer pair). As the
proportion of each competing strain was nearly identical across sample replicates (determined by
overlapping mean and standard deviation), only one replicate is plotted for simplicity.
Mathematical modeling

The Monod model of bacterial growth was adapted from Monod ef al. as shown in Figure 2.7

and expanded to 10 strains according to the following set of equations’**"*’:

(1) dy(D)=y(1)*(m-D)
(2)  dy(2)=y(2)*(u2-D)
(3)  dy3)=y(3)*(us-D)
4 dy(4)=y(#*(us-D)
(5)  dy(5)=y(5)*(us-D)
(6)  dy(6) =y(6)*(u6-D)
(1) dy(7) =y(7)*(us-D)
(8)  dy(8)=y(8)*(us-D)
9 dy(9) =y(9)*(1-D)

(10)  dy(10) = y(10)*(mo-D)
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(1) dy(11) = D)*(Si-y(11) - (W *y(1))Q - (n2*y(2))/Q - (u3*y(3))/Q - (a*y(4))/Q -
(15*y(5))Q - (16*y(6))/Q - (7*y(71))/Q - (us*y(8))/Q - (no*y(9))/Q - (m0*y(10))/Q

Where pl = pmax1 *(y(11)/(ki+y(11))) where k; = the Monod constant for strain 1
Simulations were performed in MATLAB. The equations were parameterized as follows.
Slow growth rate chemostat

SO0 =2 mg/L

Si =900 mg/L

Q=04

D=.015""

Time = 0 to 280 hours

Inoculum for each strain: [0.134 0.178 0.104 0.129 0.112 0.128 0.093 0.113 0.124
0.1491*250mg

ks and pimax

ks =[230 190 260 270 270 190 200 210 178 183] mg/L

Umax = [.180 .185 .175 .175 .175 .20 .215 .185 .23 23] h'

For the serial-fed batch cultures:

Serial-fed batch culture was modeled with doubling time = 0, and a 1:1000 dilution every 24
hours, starting on day 2. Initial dynamics during the first 24 hours were not included in the
model.

SO = 1000 mg/L

Si = 1000 mg/L

Q=05

Total time = 0 to 192 hours
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Inoculum for each strain: [0.17 0.18 0.18 0.22 023 0.15 0.125 0.18 0.200
0.142]*.01mg

ks and pimax

ks =170 170 210 220 220 170 200 165 185 183] mg/L

Umax = [21 219 .185 2.19 .22 .205 .226 .239 23] h’'
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3.1 Abstract

Recent studies of the bacterial mutation rate during Mycobacterium tuberculosis infection
suggest that replication-independent processes may govern mycobacterial genomic fidelity.
Here we investigate DNA damage as a possible source of replication-independent mutation.
Little is known about the types of DNA damage that mycobacteria sustain during infection, and
whether this damage is associated with mutation. Here we focus on fatty acid metabolism, a
major component of the bacterial diet in vivo, as an endogenous source of DNA damage and
mutation. We found that a byproduct of fatty acid metabolism, glyoxylate, reacts with DNA to
produce a previously undiscovered DNA adduct. Using a novel LC/MS-MS method to detect
and quantify these adducts in Mycobacterium smegmatis (MSm) cells, we found that glyoxylate
adduct levels increased during fatty acid metabolism, and that levels further increased in the
absence of nucleotide repair (NER), suggesting a role for this pathway in glyoxylate adduct
repair. Further, fatty acid metabolism was mutagenic specifically in the absence of nucleotide
repair and not in the absence of other repair pathways, suggesting that NER repairs mutagenic
DNA damage in this condition. Addition of exogenous glyoxylate increased the mutation rate of
NER-deficient cells, consistent with glyoxylate as a potential driver of fatty acid-induced
mutagenesis. Finally, we found that metabolism of cholesterol, another major carbon source
during infection, is highly mutagenic to wild-type and repair-deficient cells. Our work is the first
demonstration of metabolically-induced DNA damage and mutation in mycobacteria, and offers
one potential mechanism for replication-independent mutation. Further understanding of the
relationship between DNA damage and mutation will help elucidate the rates and drivers of drug

resistance during infection.
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3.2 Introduction

The rapid emergence of drug resistant Mycobacterium tuberculosis calls for a better
understanding of the rates and drivers of drug-resistance mutations during infection. Results
from the macaque model of Mtb from human transmission chains, and from in vitro measures of
mutation in strains across different global lineages have contributed to a growing appreciation
for the mutational capacity of mycobacteria. These studies have revealed that mutations
accumulate at a similar rate per day across different in vivo infection stages as they do in vitro,

. . 14,30,31,32,33
and that rates can vary from lineage to lineage ™"~

. Furthermore, we showed in Chapter 3
that mutants can accumulate in the chemostat at similar rates at slow and fast growth rates. The
idea that slow growing bacteria could achieve the same amount of genetic diversity as rapidly
growing bacteria goes against the understanding that replication errors are the primary source of
mutation, and therefore only actively replicating bacteria are capable of developing the mutations
that cause drug resistance. An alternative explanation is that accumulation of mutations may be
driven by mechanisms other than errors in replication. An analysis of the spectrum of mutations
that had accumulated during both the macaque and human infection showed enrichment for
products of oxidative damage, suggesting that DNA damage may be a source of mutations in
vivo™,

Oxidative damage is one of the major defenses against mycobacteria during infection.
The main sources of reactive species during Mtb infection are inducible nitric oxide (iNOS) and

superoxide radicals produced by activated macrophages®***!

. INOS-/- mice are severely
attenuated during Mtb infection, suggesting that oxidative and nitrosative damage are critical

defenses against Mtb*?. Transcriptional analyses of Mtb growth in the mouse model of infection
g p y g

showed induction of the main pathways for DNA damage repair in mycobacteria, base excision
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repair (BER) and nucleotide excision repair (NER). Confirming the importance of these
pathways during infection, genetic essentiality screens have revealed that components of both
NER and BER are essential for growth in different stages of infection. Specifically, UvrB was
required for growth in the mouse and macaque model of infection, and during growth on
acidified nitrite, a condition that recapitulates the intracellular environment of the macrophage.
The uracil glycosylase, Ung, is required for growth in in vitro models designed to recapitulate
certain features of the in vivo environment, such as exposure to hypoxia, starvation-induced slow

growth, and cholesterol®*>%¢!64

. The attenuated survival of the Ung transposon mutant during
growth on cholesterol and during slow in vitro growth suggests that even in the absence of host
superoxide and iNOS defenses, there are endogenous processes that can cause DNA damage.
Finally, the damage-induced error-prone polymerase, DnaE2, was shown to be required for
virulence in the mouse model of Mtb®. Yet almost nothing is known about whether
endogenous processes are directly genotoxic to mycobacteria, and whether this genotoxicity lead
to mutation.

In order to investigate whether there are replication-independent are sources of mutation
in mycobacteria, we considered whether there could be endogenous metabolites that are
mutagenic. Studies from other organisms suggest that intermediary metabolism can generate
electrophilic species that have the potential to be genotoxic. These include acetyl coA from
glycolysis and fatty acid oxidation, succinyl coA from the TCA cycle, and aldehyde-containing
compounds, which are capable of reacting with nucleophilic sites in DNA and proteins’*”"*,
While one study has shown that electrophilic species can react with DNA to produce a

mutagenic adduct, it is unknown which electrophiles are produced during mycobacterial

metabolism, and whether these products are mutagenic’.
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Mycobacteria rely heavily on metabolism of fatty acids during infection. Fatty acid
metabolism redirects carbon away from the TCA cycle and through the glyoxylate shunt,
allowing conservation of carbon through formation of glyoxylate instead of loss as carbon
dioxide. Transcription of glyoxylate shunt enzymes is highly elevated during a dormancy model
of infection. In addition, mutants that are unable to enter the glyoxylate shunt are attenuated for
survival in the mouse model of infection, and cannot survive on media containing fatty acids as
the only carbon source’. The glyoxylate shunt is similarly important for proper growth and

development in plants during stress conditions”>*®

. We noted that glyoxylate is an aldehyde-
containing compound that is likely to be electrophilic. We hypothesized that the aldehyde acts as
a functional group that can modify nucleic acids and proteins in the same manner as

97,98

formaldehyde and acetaldehyde””". While glyoxylate treatment was shown to be mutagenic in
some Salmonella species, this finding has not been further investigated””.

Jumpathong et al (2014) recently developed a reduction-based analytical method to show
that glyoxylate is capable of reacting with 2-deoxyguanosine to form the unstable adduct, N2-

carboxyhydroxymethyl 2’-deoxyguanosine (N2-CHMdAG)'"

. Here we applied the method to test
the hypothesis that this adduct accumulates during fatty acid metabolism, and explore the
relationship between adduct levels, adduct repair, and mutation. We found that a shift from the
TCA cycle to the glyoxylate shunt leads to elevated levels of glyoxylate adduct. We then tested
the role of the major DNA damage repair pathways during growth in these conditions and found
a specific role for NER in reducing the number of glyoxylate adducts. Further, consistent with
the mutagenic effect of this adduct, we found that fatty acid metabolism is mutagenic in the

absence of NER, but not in the absence of other repair pathways, and that addition of exogenous

glyoxylate had a mutagenic effect in the absence of NER, further pointing to the specific role of
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NER in repair of metabolically-induced adducts. Finally, we found a general mutagenic effect of
other carbon sources that require the glyoxylate shunt, suggesting that the scope of

metabolically-induced mutation extends beyond acetate.

3.3 Results

In order to determine whether use of the glyoxylate shunt causes glyoxylate-DNA
adducts, we developed an analytical method to detect novel glyoxylate-DNA adducts, which we
predicted would form as a result of using the glyoxylate shunt. This work has been detailed in
Jumpathong (2014) and is briefly summarized here'”. dG was reacted with ethyl glyoxylate and
the only product formed was identified by chromatography-coupled mass spectrometry as N2-
carboxyhydroxymethyl 2°-deoxyguanosine (N2-CHMdG). The structure was analyzed by high-
resolution mass spectrometry with collision-induced dissociation. Characterization of N2-
CHMUAJG revealed that it is unstable and degrades to release dG with a short half-life. Reduction
of N2-CHMAG led to the formation of N2-carboxymethyl-2’-dexyguanosine (N2-CMdG), which
was to be stable for weeks. With this stable adduct, an isotope-dilution, chromatography-coupled
tandem mass spectrometric method was then developed to quantify N2- CHMdAG as N2-CMdG
in calf thymus DNA treated with glyoxylate. The method proved to be extremely sensitive and
revealed a dose-response relationship for the formation of N2-CHMAG in glyoxylate-treated
DNA.

We expected that we might be able to detect adducts in vivo in conditions in which
metabolic flux is shifted to the glyoxylate shunt. We grew MSm in minimal media
supplemented with acetate as the only carbon source. We focused on acetate because is a simple,

two-carbon fatty acid that is metabolized entirely through the TCA cycle/glyoxylate shunt and
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doesn’t require additional pathways like the methylcitrate cycle, which is required for
metabolism of propionate or cholesterol. We generated a knockout of a TCA cycle enzyme,
isocitrate dehydrogenase, whose function is to bypass the glyoxylate shunt. In order to test
whether adducts form in these conditions, we grew wild-type MSm or icdA in rich and acetate
media. As the icdA strain does not grow in acetate media (we attribute this to a deficiency in
alpha-ketoglutarate, data not shown), we measured glyoxylate-dG in this strain in rich media
only. We isolated DNA using a method adapted to stabilize the glyoxylate adduct (see
Methods), and then used LC-MS/MS to quantify adducts. Glyoxyl-dG adducts were present in
wild-type cells grown in rich media, suggesting that there is basal use of the glyoxylate shunt.
Adduct levels increased when wild-type cells were shifted to acetate media, but this increase was
not significantly different. IcdA cells had a significantly higher level of adducts than wild-type

cells grown on either rich or acetate media. (Figure 3.1).
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Figure 3.1 Forcing carbon flux through the glyoxylate shunt results in an increase in
glyoxyl-dG adducts. Wild-type MSm mc”155 and the icdA strain were grown to mid-log phase;
DNA was extracted using acidified phenol and cyanoborohydrate to stabilize the glyoxylate
adduct. Glyoxyl-dG adducts were quantified by LC/MS-MS. Data are representative of three
independent experiments. * p <.05, unpaired t-test.
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The increase in adducts led us to consider whether fatty acid metabolism induces an
increase in the steady-state level of the cytoplasmic glyoxylate pool. An LC-MS/MS method to
detect glyoxylate in MSm cell extracts using an aldehyde reactive probe (ARP) with an external

standard was described in Jumpathong (2014)'"

. The levels of cytoplasmic glyoxylate were
similar among strains and conditions (Figure 3.2).

As mutation reflects a balance of damage and repair, we considered whether the increase
in adducts would be accompanied by a corresponding increase in mutation rate in these
conditions. We considered three possibilities: one possibility is that the adduct is mutagenic in
the presence of repair, the adduct is getting repaired and therefore is not mutagenic in the
presence of repair, or the adduct is not mutagenic. We measured mutagenesis in the presence or
absence of repair to distinguish between these possibilities. We first measured mutation rate by
performing fluctuation analysis in the icdA strain or during growth on acetate. Both wild-type
MSm grown on acetate and the icdA had equivalent mutation rates as compared to wild-type
Msm grown in rich media (Figure 3.3). Growth on propionate did not significantly change the
mutation rate.

We then considered whether glyoxylate adducts are mutagenic but are repaired
sufficiently such that they don’t cause an increase in mutation rate. To test the relationship
between DNA repair, glyoxylate adducts and mutagenesis, we created DNA damage repair
mutants in the two major DNA damage pathways, BER and NER. Specifically, we made
mutants deficient in uracil repair (Ung), base-excision repair (Fpg and Fpg2), and nucleotide-
excision repair (UvrC). We performed fluctuation analysis in these strains under rich and fatty

acid growth conditions.
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Figure 3.2. Cellular glyoxylate concentrations do not change upon shift to fatty acid
metabolism. Glyoxylate pools were measured in cell extracts of wild-type mc*155 and icdA
cells using an aldehyde-reactive probe with external calibration. Data are representative of two
independent experiments. Concentrations are normalized to the estimated number of cells per
culture (3 x 10%), with an estimate of cellular volume of 0.65 um®.
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Figure 3.3 Mutation rate does not change upon shift to fatty acid metabolism. Fluctuation
analysis was performed to determine the rifampicin resistance rate (200ug/mL) in wild-type
mc’155 cells grown in rich media, minimal media with either acetate or propionate supplemented
as the only carbon source, and icdA cells grown in rich media. Grey circles represent the mutant
frequency of an individual fluctuation analysis culture; boxes represent the Luria Delbruck
estimation of the mutation rate; error bars represent the 95% confidence interval.
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The UvrCA strain was the only strain to have a significantly higher mutation rate when shifted to
fatty acid as compared to rich media, and also as compared to wild-type or the complemented
strain grown on fatty acids. The UvrCA strain’s basal mutation rate in rich media was also
reproducibly higher than wild-type or the complemented strain, but this difference was not
statistically significant. While the UngA strain had a higher basal mutation rate than the wild-
type and complemented strains, this rate did not further increase upon a shift to fatty acid media.
Finally, the FpgA strain did not have an increased basal mutation rate compared to wild-type or
the complement in rich media, but there was a reproducible trend for an increased mutation rate
upon the shift to fatty acid media, but this change was not statistically significant (Figure 3.4).
These data suggest that fatty acid metabolism is mutagenic specifically in the absence of
NER. We further explored the carbon-source specificity of this mutagenesis. We first measured
the mutation rate under minimal media conditions with glycerol as the only carbon source. We
did not see a statistically significant increase in the mutation rate of UvrCA strain compared to
the complement or wild-type. As the metabolism of fatty acids could cause accumulation of
genotoxic metabolites, we explored whether the increase in mutation rate on fatty acid media in
the absence of repair could be rescued by addition of glucose as an additional carbon source.
When we supplemented acetate media with glucose, (Figure 3.5), the UvrCA strain mutation rate
was significantly lower than its mutation rate in the absence of glucose, but still higher than
compared to the complemented strain, suggesting that the absence of repair in the presence of
fatty acid is sufficient to cause mutagenesis, though to a lesser extent when glucose is also
present. We explored whether the mutation rate of the UvrCA strain would be differentially
responsive to a shift to an odd-chained fatty acid, such as propionate. We found a similar

increase in mutation rate for the UvrCA strain in propionate as compared to acetate, suggesting
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Figure 3.4 uvrCA cells have a higher mutation rate when grown on fatty acid compared
with rich media; ungA cells have a higher mutation rate than wild-type mc?155 when
grown on rich media but this rate does not increase upon a shift to fatty acid media.
Fluctuation analysis was performed to determine the rifampicin resistance rate (200ug/mL) in
wild-type mc®155 cells, ungA cells, fpgA cells, uvrCA cells, and the respective complemented
strains grown in rich media or minimal media with acetate. Grey circles represent the mutant
frequency of an individual fluctuation analysis culture; boxes represent the Luria Delbruck
estimation of the mutation rate; error bars represent the 95% confidence interval. * represents
significance at 5% by non-overlapping error bars. Data are representative of three experiments.
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Figure 3.5 Addition of glucose partially rescues the increase in mutation rate for uvrCA
cells that is observed upon shift to acetate alone; propionate media induces a similar
increase in mutation rate as acetate. Fluctuation analysis was performed to determine the
rifampicin resistance rate (200ug/mL) in wild-type mc®155 cells, uvrCA cells, and uvrC
complemented cells grown in rich media, minimal media supplemented with acetate and
glucose, or propionate. Grey circles represent the mutant frequency of an individual fluctuation
analysis culture; boxes represent the Luria Delbruck estimation of the mutation rate; error bars
represent the 95% confidence interval. * represents significance at 5% by non-overlapping error
bars. Data are representative of three experiments.

51



that the overall balance of damage and repair is not significantly different during
propionate metabolism compared with acetate metabolism. The above data suggested that there
may be a link between the glyoxyl-dG adducts, repair by UvrC, and mutagenesis during growth
on fatty acid media in the UvrCA strain. While glyoxyl-dG adducts increased in wild-type MSm
grown on acetate media compared to rich media, growth on acetate media was only mutagenic
for the strain lacking NER. We hypothesized that if the UvrCA strain is responsible for repairing
glyoxyl-dG adducts, there would be more adducts in the UvrCA strain grown on acetate than the
complemented or wild-type strains in this condition, corresponding with the increase in mutation
rate. We measured glyoxyl-dG adducts in wild-type, UvrCA, and complemented strains grown
in acetate media. There was an increase in glyoxyl-dG adducts in the UvrCA strain compared to
the complement and WT (Figure 3.6). These data suggest that UvrC is responsible for glyoxyl-
dG adduct repair during acetate metabolism.

We hypothesized that lack of repair of glyoxyl-dG adducts is responsible for the
increased mutation rate in the UvrCA strain grown on acetate. To elucidate whether glyoxylate
is directly mutagenic to DNA, we performed a blue/white mutagenesis assay in glyoxylate-
treated plasmid DNA containing the lacZ gene and a Kanamycin-resistance marker. When
plasmid was exposed to increasing doses of either UV irradiation or glyoxylate and then
transformed into UvrCA or UvrC complemented MSm, the transformation efficiency decreased
for both strains, consistent with general toxicity of these treatments (data not shown). However,
there was no significant increase in the white/blue ratio across any of the conditions for either

strain, suggesting that this assay is not sensitive enough to reveal mutagenesis.
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We instead treated cells directly with glyoxylate and looked for differential toxicity in the
absence and presence of NER. The UvrCA and complemented strains were grown in glycerol-

containing minimal media with or without glyoxylate and their growth rates were compared.
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Figure 3.6 uvrCA cells have a higher concentration of glyoxyl-dG adducts than the wild-
type mc’155 or complemented strains. Wild-type MSm mc*155, uvrCA, and uvrC
complemented strains were grown to mid-log phase; DNA was extracted using acidified phenol
and cyanoborohydrate to stabilize the glyoxylate adduct. Glyoxyl-dG adducts were quantified
by LC/MS-MS. * indicates p < .05, unpaired t-test.
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Figure 3.7 Addition of glyoxylate to minimal media supplemented with glycerol does not
significantly change the relative growth rates of uvrCA or uvrC complemented strains.
50mL cultures grown in the indicated media with varying concentrations of glyoxylate (25mM,
100mM, or 150mM) were inoculated with frozen stocks of either uvrCA, uvrC complemented, or
wild-type mc®155 strains at a calculated OD600 of ~.001. OD600 measurements were taken at
the indicated times. Error bars represent the standard deviation of three technical replicate
cultures for each strain/media combination.
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While the UvrCA strain showed a general growth defect compared to the complemented
strain, this defect was not accentuated by the presence of glyoxylate. Both strains grew normally
at low concentration of glyoxylate, but showed a growth defect on high concentrations of
glyoxylate (> 100mM) (Figure 3.7).

We then measured the mutation rate in cells treated with a non-toxic concentration of
glyoxylate (25mM). The UvrCA strain had an increased mutation rate compared with wild-type
and complemented strains in the presence of glyoxylate, whereas in the no-glyoxylate condition,
the mutation rate of all strains were equivalent (Figure 3.8). The UvrCA strain trended towards
an increased mutation rate in the presence versus absence of glyoxylate, consistent with a
mutagenic effect of glyoxylate, but this difference was not statistically significant. Further work
will elucidate the dose response for glyoxylate mutagenesis and glyoxylate-dG adduct
accumulation.

We then expanded our study to investigate the mutagenic effects of cholesterol
metabolism, which has been suggested to involve production of toxic metabolites. Because
cholesterol metabolism involves use of the glyoxylate shunt for beta-oxidation, we hypothesized
that growth on cholesterol may have a mutagenic effect similar to growth on acetate. We
measured the mutation rate of wild-type MSm and the DNA repair mutants in the presence or
absence of cholesterol (Figure 3.9). The mutation rate increased by ~10-fold for all strains; there
was no significant difference in mutation rate across repair mutants, suggesting that the
relationship between DNA damage, repair, and mutation during cholesterol metabolism may be

complex and involve multiple components.
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Future experiments will be required to elucidate the dose response of the mutagenic
effect, to develop assays to identify known and unknown DNA adducts induced in response to

cholesterol metabolism, and further probe the role of repair pathways.
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Figure 3.8 Addition of 25mM glyoxylate results in an increase in mutation rate in uvrCA
cells compared with the mutation rate of uvrC complemented or wild-type mc*155 cells in
the presence of glyoxylate. Fluctuation analysis was performed to determine the rifampicin
resistance rate (200ug/mL) in wild-type mc?155 cells, uvrCA cells, and uvrC complemented cells
grown in minimal media supplemented with glycerol, with or without the addition of 25mM
glyoxylate. Grey circles represent the mutant frequency of an individual fluctuation analysis
culture; boxes represent the Luria Delbruck estimation of the mutation rate; error bars represent
the 95% confidence interval. * represents significance at 5% by non-overlapping error bars.
Data are representative of three experiments.
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Figure 3.9 Cholesterol metabolism causes a uniform increase in mutation rate across wild-
type mc’155, uvrCA, fpgA, and ungA cells. Fluctuation analysis was performed to determine
the rifampicin resistance rate (200ug/mL) in wild-type mc*155, uvrCA, fpgA, and ungA cells
grown in minimal media supplemented with cholesterol. Grey circles represent the mutant
frequency of an individual fluctuation analysis culture; boxes represent the Luria Delbruck
estimation of the mutation rate; error bars represent the 95% confidence interval. * represents
significance at 5% by non-overlapping error bars. Data are representative of two experiments.
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3.4 Discussion

In the current work, we discovered and characterized a DNA adduct formed in the
reaction between DNA and glyoxylate, an electrophilic metabolite. We found that this adduct
was induced by growth conditions that were predicted to require the glyoxylate shunt such as
acetate metabolism and in the absence of the TCA cycle enzyme, isocitrate dehydrogenase. This
is the first evidence of genotoxicity associated with use of the glyoxylate shunt, a pathway
critical to the pathogenesis of Mtb in vivo. Further, we defined a role for nucleotide excision
repair in modulating the levels of this adduct during growth on fatty acid.

We show that fatty acid metabolism is mutagenic in the absence of nucleotide excision
repair, demonstrating the relationship between metabolism, DNA damage, DNA repair, and
mutation. Our data point to glyoxylate as a potential cause of the increased mutagenesis during
fatty acid metabolism. Previous findings have focused on byproducts of inflammation in
mammalian cells. A few studies on glyoxylate in Arabidopsis suggests that enzymes that reduce
glyoxylate are likely to play an important role in redox balance and stress response'*"'*>'?*. Our
discovery and detection of glyoxylate-induced DNA adducts highlights a direct relationship
between metabolic state and DNA damage that was previously uncharacterized in mycobacteria.
Our finding of the NER in glyoxylate adduct repair highlights the role of DNA damage repair as
a metabolically-driven guardian of genomic fidelity. It had been known that DNA damage repair
is important to DNA fidelity, but little is understood about for what lesions and in what
conditions. Ung-deficient cells were previously shown to have a higher mutant frequency during

104,105

basal conditions, but formal measurements of mutation rate were not made . In our study,

fatty acid metabolism was mutagenic in the absence of NER, but the mutation rate didn’t change
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for Ung or Fpg deficient cells, suggesting an NER-specific mutagenesis. Future work will
elucidate the role of other repair pathways, if at all, in glyoxylate adduct repair.

The glyoxylate adduct was detected when repair was intact, suggesting that there may be
a low-level basal use of the glyoxylate shunt. It is possible that fatty acids present in rich media
or catabolism of endogenous cell wall fatty acids are metabolized through the glyoxylate shunt.
However, mutagenesis occurred only in the absence of NER during fatty acid growth conditions,
suggesting that there may be a concentration threshold for glyoxylate adducts above which
glyoxylate is mutagenic. Creation of an icdA/uvrCA double mutant could represent a genetic
mimic of the uvrC/fatty acid condition, and could reveal a further increase of glyoxylate adduct
levels and associated mutagenesis. In our study, free glyoxylate concentrations did not change
significantly between rich media and fatty acid conditions. As glyoxylate is extremely reactive,
it is possible that most of the cellular glyoxylate is in a bound form; cellular macromolecules
such as DNA, lipids, and proteins may act as a glyoxylate “sink,” obscuring our ability to detect
increases in free glyoxylate. The relationship is between cytoplasmic glyoxylate pools,
glyoxylate adducts, and mutagenesis remains to be understood. It is possible that in order for
mutagenesis to occur, the glyoxylate adduct levels must reach a concentration above the
threshold of the repair pathway, determined by both spatial and temporal features of adduct
formation and repair enzyme availability. Treatment with higher doses of glyoxylate and
measurement of adducts in these conditions will further elucidate the dose-response in
glyoxylate-induced mutagenesis.

Metabolism of odd-chained fatty acids and sterols involves a more complex coordination
of metabolic pathways than metabolism of acetate. We expanded our study to investigate the

mutagenic effect of cholesterol metabolism. Cholesterol is a major source of carbon for Mtb
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during late time-points in the mouse model of infection and involves use of the glyoxylate shunt
for beta-oxidation, and the methylcitrate cycle and/or the methylmalonyl coA cycle for sterol

106197 1 our study, cholesterol

degradation into acetyl-coA, propionyl-coA, and pyruvate
metabolism was mutagenic in repair-proficient cells and was equally mutagenic for UvrCA,
UngA, and FpgA mutants. To our knowledge, this is the first demonstration of the mutagenic
effect of cholesterol metabolism. Previous work on Mtb mutants that have defects in cholesterol
metabolism showed that in vitro growth defects in these mutants cannot be rescued with the
addition of another carbon source, but both in vivo and in vitro growth defects can be partially
rescued in a background where cholesterol metabolism is completely avoided, either in a
cholesterol-important mutant, or where the entire pathways are deleted. These results have been

108,109 .
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broadly interpreted as evidence that cholesterol metabolism involves toxic byproducts
possible that cholesterol metabolism may be genotoxic, and the mutagenic effect that we observe
could be due to unrepaired DNA damage or DNA damage-induced mutagenesis. Further work
involving mass spectrometry analysis could elucidate whether cholesterol metabolism can be
linked to known or novel types of DNA damage. Cholesterol metabolism may also produce
byproducts that alter the function of DNA replication and repair pathways, leading to increased
mutagenesis due to increased replication errors or decreased repair. We did not observe a
differential mutagenic effect in the three DNA damage repair mutants that we tested. If multiple
repair pathways are involved, single deletions may not be sufficient to reveal an effect. It is also
possible that the cholesterol-induced mutations are repaired by pathways not involved in NER
and BER.

Our data reveal that DNA is sensitive to metabolic state. Given the a paucity of

information regarding the changes in metabolic state of mycobacteria during in vivo growth,

60



DNA damage could be a useful probe to understand what mycobacteria encounter in the in vivo
environment. While the spectrum of mutations is not a sensitive read-out of metabolic state
since many types of damage can lead to the same mutation, the spectrum of DNA damage can be
highly specific to metabolic state. There are hundreds of known adducts, and many novel
adducts that we know nothing about yet. It is possible that there are differences in the carbon
metabolism of MSm (soil-dwelling) versus Mtb (human pathogen), as their environments may
call for a different metabolic balance. For example, MSm has an intact methylcitrate cycle
(MCC) to metabolize propionate, whereas the Mtb ic// is a bifunctional enzyme that plays a role
both in the GC and MCC, though it is unclear whether these differences lead to functional
consequences' . Further work in both MSm and Mtb will elucidate whether there are
differences in the relationship between carbon metabolism, DNA damage, and mutation in these
species. If there is metabolically-driven mutagenesis in Mtb, this may suggest that the mutation
rate is higher in vivo than our in vitro estimates predict. Taken in light of the recent finding that
some clinical strains have higher mutation rates than others'", it is possible that differential DNA
replication and repair, as well as differences in central metabolism and lipids to mop up toxic
byproducts could all contribute to the mutational capacity of mycobacteria in vivo. Further work
will continue to elucidate the complex relationship between metabolism, DNA damage, DNA

repair, and mutation.
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3.5 Materials and Methods

Isolation of glyoxylate adduct and quantitation of cytoplasmic glyoxylate using an aldehyde
reactive probe

Please refer to Jumpathong (2014)

Bacterial strains and media

M. smegmatis mc¢*155 was cultured in Middlebrook 7H9 salts (BD Biosciences) supplemented
with albumin/dextrose/catalase (ADC), 5g/L glycerol, and 0.05% Tween-80 (Sigma). Selection
was performed on 20ug/mL kanamycin, 150ug/mL hygromycin, 10ug/mL zeocin, or 50ug/mL
nourseothricin (NAT) (Sigma) on 7H10 plates (BD Biosciences) supplemented with ADC and
5g/L glycerol. Minimal media was defined as follows: For 1L of media: 1mL of 1000X trace
elements 1 (CoCl,x6H,0 (0.5g/L); CuSO4x5H,0 (0.5g/L); FeSO4x6H20 (7g/L); KI (0.2g/L);
MnS0O4x4H20 (0.4g/L); Na2MoO4x2H20 (0.2g/L); NiCI2 anhydrous (0.2g/L); ZnCI2 (1g/L),
ImL of 1000X trace elements 2 (H3BO3 (0.2g/L); Na-EDTA (15g/L)), and 2mL of 10%
tyloxapol. 1g of (NH4)2SO4, 0.2g of MgSO4x7H,0, 0.04g of CaCl,x2H,0. pH was adjusted to
6.5-7. Volume was brought to 1L with sterile, de-ionized, distilled H,O and the 1L was
autoclaved. Autoclaved separately in S0mL of de-ionized, distilled H,O was 0.8g of KH;POy,
1.2g of Na,HPO,, and after cooling, was combined with the 1L of media.

Media was supplemented with either 1g/L glycerol, 1g/L sodium acetate, 1g/L sodium
propionate, 1g/L glucose, or .01% cholesterol dissolved in ethanol as described elsewhere®”.
Controls for cholesterol experiments were performed in the same concentration of ethanol.
Construction of deletion mutants and complementing strains

Deletion of ung, uvrC, fpg, and icd from M. smegmatis mc*155 was performed using

recombineering as previously described''’. 3’ and 5° flanks were 250bp long, designed such to
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preserve the transcriptional start site, and synthesized by Genscript (Piscataway, NJ) into puc57-
simple. Flank constructs and corresponding antibiotic markers flanked by /loxP sites were
double-digested using Pacl and Spel and cloned together using T4 Ligase, transformed into
DH5a competent E. coli. Antibiotic markers for each deletion construct are as follows: ung:
NAT uvrC: NAT fpg: zeocin icd: hygromycin Plasmids were extracted using Qiagen mini-prep
kits, and the recombineering substrate was PCR-amplified using custom primers. The substrate
was then electroporated into M. smegmatis expressing the recombineering plasmid;
transformants were selected on kanamycin. DNA was isolated from transformants using a
phenol:chloroform:isoamyl alcohol extraction with beadbeating, and an isopropanol
precipitation. Deletions were confirmed by PCR validation using the following 4 sets of
primers: within the gene to be deleted (no product expected), 5> within the MSm genome and 3’
within the antibiotic marker; 5 within the antibiotic marker and 3’ within the MSm genome; and
5’ and 3’ within the antibiotic marker. Complementing strains were created by gene synthesis by
Genscript (Piscataway, NJ) and Gibson assembly (New England Biolabs, Ipswich, MA) to clone
constructs into the integrating vector, pJEB402''?. Knockout strains were cured of the
recombinase plasmid using counter-selection on 10% sucrose followed by confirmation of loss
of plasmid by plating on kanamycin(+) and (-) plates with the appropriate selection marker for
each deletion strain. pJEB402 containing the complementing gene was electroporated into cured
deletion strains and transformants were screened by growth on kanamycin, and for restoration of
phenotype by UV susceptibility assays (for uvrC) or by fluctuation analysis (for ung).
Fluctuation analysis

14,78

Fluctuation analysis was performed as described previously '*. In brief, a starter culture was

grown from a freezer stock to an optical density (OD600) =1 in 7H9 media. The same set of
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freezer stocks was used for all strains for all experiments to ensure reproducibility. The starter
culture was used to inoculate 140mL of media to an effective cell concentration of 2.4 x 10
cells, and this culture was divided into 25 SmL cultures grown in 15mL conical Falcon tubes
(BD Biosciences). Cultures were grown until they reached an approximate OD of 0.8-1, and all
but 3-5 cultures were harvested by centrifugation at 4000RPM. Pellets were plated onto 7H10
plates containing 200ug/mL Rifampicin (Sigma) and spread using plastic loop spreaders. The
remaining cultures were used to perform 5 10-fold serial dilutions, and these dilutions were then
plated on 7H10 plates containing no antibiotic. CFU plates were enumerated after 3 days of
incubation at 37 degrees and Rifampicin plates were enumerated after 5 and 7 days of
incubation. Drug resistance rate was determined by calculating the estimated number of
mutations per culture using the analytic and statistical methods and MATLAB (Natick, MA)

. . 14,78,113
scripts described elsewhere ™™™ .
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4.1 Abstract

The risk of recurrent tuberculosis infection is highest in HIV-infected populations where
TB is endemic. In South Africa, many patients with HIV who are apparently successfully treated
for TB will develop TB again. Little is understood about why patients develop recurrent
infection following apparently successful treatment. Here we investigated the cause of recurrent
infection in the first 13 HIV-infected individuals enrolled in a prospective cohort study, TB
Recurrence Upon Treatment with Highly Active Antiretroviral Therapy (TRuTH), in KwaZulu
Natal, South Africa.

The TRuTH study seeks to establish the incidence of recurrent infection in HIV-TB
coinfectected patients who have been initiated on highly active antiretroviral therapy (HAART)
and received apparently adequate treatment for TB infection. Patients were followed for up to 60
months after TB treatment for evidence of recurrent TB. Here we analyzed the presenting and
recurrent Mtb strains for the first 13 patients who developed recurrent disease using used 24-
locus mycobacterial interspersed repetitive units and variable number tandem repeat (MIRU-
VNTR) typing and whole-genome sequencing (WGS). We found that 7 of the 13 recurrent
episodes appeared to represent relapse of the primary infection based on a high degree of genetic
similarity between the presenting and recurrent strains. Results from MIRU-VNTR typing were
concordant with WGS for highly related and highly divergent strains, but only WGS analysis
could resolve intermediate genetic distances. In contrast with previous reports that relapsed
infections are most likely to occur soon after the end of treatment, patients presented with
relapsed infection and reinfection up to 4 years after completion of treatment and no difference
was found between the timing of relapse and reinfection cases (p <.55). Finally, while we found

no differences in phenotypic drug susceptibility as measured by the 1% proportion method
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between relapse and reinfecting strains, Mtb strains that caused relapsed infection were more
likely to harbor genetic polymorphisms associated with changes in susceptibility to isoniazid
(INH) or the acquisition of INH resistance (p <.03).

Despite the force of TB transmission in KwaZulu Natal and the successful HIV and TB
treatment history, over a half of the 13 recurrent episodes represented relapse of the initial
infection. Strains causing relapsed infection are more likely to harbor genetic polymorphisms

associated with changes in INH susceptibility or acquisition of INH resistance.
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4.2 Introduction

The introduction of directly observed therapy for tuberculosis (TB) has cured
approximately 56 million people, and saved 22 million lives''*. Yet, patients who receive
successful TB treatment can develop recurrent tuberculosis infection. The WHO estimates that
recurrent infection represents 5% of all new tuberculosis infections, though the rate can vary
tremendously and may be as high as 20% in some places”®”'*!"'>!1> HIV infected individuals
who present with TB infection, representing approximately 12% of new TB cases, are at greater

115,116 . .
*7°. Recurrent infection also

risk than HIV-negative individuals for recurrent TB infection
poses a greater treatment challenge in HIV-infected individuals, in whom even standard first-line
TB treatment regimens are not uniformly effective'".

Despite the burden of recurrent infection, little is understood about why some patients
develop recurrent infection following apparently successful treatment. Studies to identify risk
factors for recurrence are complicated by the fact that recurrent infection represents both
reinfection with an exogenous strain of TB and relapse of the primary infecting strain. The risk
of relapsed infection, reflecting treatment failure, is thought to be highest soon after the end of
treatment. By contrast, the rate of reinfection is thought to be steady over time and driven by the
local rates of ongoing TB transmission''°.

Here we investigated the cause of recurrent infection in the first 13 HIV-infected
individuals enrolled in a prospective cohort in KwaZulu-Natal, South Africa, where 60% of TB
patients are HIV-positive, and whose TB incidence is among the highest in the world''*. Where
estimated, the burden of recurrent infection in South Africa is high, ranging from 15-20% of

7,12

successfully treated patients™ ~. In this study, we assessed the genetic relatedness of presenting

and recurrent Mtb strains first using standard molecular typing, and because these typing
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techniques are limited by low discriminatory power, then through whole-genome sequencing
(WGS). Despite apparently successful treatment, we found that over half of the recurrent
episodes appeared to represent relapse of the primary infection. Patients presented with relapsed
infection and reinfection up to 4 years after completion of treatment; indeed, no difference was
found between the timing of relapse and reinfection cases. Only one patient in this study
presented with drug-resistant Mtb, as assessed phenotypically by drug-susceptibility testing.
However, as compared to the Mtb strains causing reinfections, the Mtb strains in relapsed
infections were more likely to harbor genetic polymorphisms associated with either changes in

susceptibility to isoniazid (INH) or the acquisition of INH resistance.

4.3 Results
MIRU-VNTR typing to estimate genetic distance between presenting and recurrent Mtb
strains

We investigated the cause of recurrent TB infection in 13 HIV-infected patients who
were enrolled in the prospective cohort study, TB Recurrence Upon Treatment with Highly
Active Antiretroviral Therapy (TRuTH), at the Center for the AIDS Programme of Research in
South Africa (CAPRISA) in KwaZulu Natal. The TRuTH study aims to determine the incidence
of recurrent TB infection in patients being treated with highly active antiretroviral therapy
(HAART) who were previously treated for a TB infection. Patients were treated for an initial TB
infection during their participation in the Starting AIDS Treatment at Three Points in TB
Treatment (SAPIT) study, which was designed to determine the most effective timing of
HAART during TB treatment''’. 700 patients with a known TB outcome were enrolled and then

followed up for up to 60 months in the TRuTH study. We assessed the cause of recurrent TB in

69



first 13 patients who developed recurrent disease by analyzing the M. tuberculosis (Mtb) isolates

from presenting and recurrent episodes (Table 4.1).

Table 4.1 Patient characteristics

Category Relapse Reinfection p-value
Total 7 6
HIV positive 7 6 1.00
Months until recurrent infection (25%,75%) 28.3(19.9,39.7) 24.08 (15.4, 30.9) 582
HIV suppression at the end of treatment 4 3 1.00
Previous history of TB 3 2 1.00
Number cured 6 6 1.00
Number receiving delayed ART in SAPIT study 1 4 .102
Lung infiltrates (both lungs) 6 4 .559
Lung cavitation (one lung) 3 3 1.00
SPOT sputum (+++) 4 1 266
EMS sputum (+++) 2 0 46

We sought to determine whether episodes of recurrent infection represented a relapse of
the initial infection or reinfection with an exogenous strain. We first performed 24-locus MIRU-
VNTR typing on each patient’s presenting and recurrent Mtb strains. MIRU-VNTR typing
separated the patients into two populations: 7 patients had 0 MIRU-VNTR loci differences
between their initial and recurrent isolates and 6 patients had 10+ MIRU-VNTR loci differences
(Figure 4.1a). In molecular epidemiology applications, strains with 0-1 MIRU-VNTR loci
differences are interpreted as being identical, while strains differing by multiple loci are
considered distinct strains. According to this classification, 7 of the 13 patients developed
recurrent tuberculosis due to the same strain of Mtb, apparent relapsed infections. The remaining

6 appeared to have been reinfected with distinct strains of Mtb.
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Figure 4.1 MIRU-VNTR typing and whole-genome sequencing are concordant in
estimating genetic diversity between initial and recurrent strain. a) MIRU loci difference
between initial and recurrent infection; b) SNP difference between initial and recurrent infection;
¢) Pairwise comparison of all isolates by MIRU type and corresponding SNP distance. Circle
size corresponds to the number of patient pairs that matched the given (MIRU, SNP) distances.
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No differences in timing of recurrent and relapsed infection

Only one of the 7 patients with apparently relapsed infection had documented interruptions in TB
treatment. Given the successful HIV and TB treatment history of the remaining patients and the
force of transmission in KwaZulu Natal, the relatively high proportion of relapsed infection was
surprising. In addition, despite expectations that risk of relapse would be highest soon after
completion of treatment, which would be interpreted as treatment failure, no difference was
found between the timing of relapse and reinfection (Figure 4.2). Indeed, we found apparently
relapsed infections that occurred up to 50 months after apparently successful treatment for both

TB and HIV.
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Figure 4.2 Rate of relapse is equivalent to rate of reinfection over time. The time from the
end of treatment for the initial TB infection is indicated for each patient (black circles). The x-
axis is time (months) after TB treatment when the patient presented with recurrent infection.
Negative values indicate the patient was still in treatment when they had relapsed TB. Patients
who had relapsed TB did not have significantly different timing of recurrent infection than
patients who were reinfected by a new strain (p = .55, unpaired t-test).
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Whole-genome sequencing offers higher resolution than MIRU-VNTR typing in estimating
genetic distance between strains

Based on these considerations, we thought it possible that MIRU-VNTR typing, which
relies on a limited number of loci, misidentified relapsed infections. We therefore performed
whole-genome sequencing, in order to define the differences between primary and recurrent
infecting strain with higher genetic resolution. Sequencing was performed in technical replicates
for each Mtb isolate at an average depth of 80-fold, with an average genome coverage of 95%.
While we could document some instances of within host evolution of the infecting Mtb strain,
we found no evidence of mixed infection in these samples. Indeed, most heterologous base calls
were a result of mis-alignment and could not be confirmed by resequencing.

Whole genome sequencing also separated patients into two distinct populations, one with
few single-nucleotide polymorphism (SNP) differences between their initial and recurrent
isolates (< 4), and one with hundreds of SNP differences (400-1900) (Figure 4.1b). These SNP
distances were concordant with the MIRU-VNTR typing results for these patient pairs, again
suggesting that the 7 patients with nearly identical initial and recurrent strains represented
relapsed infections, while the 6 remaining patients were exogenously reinfected.

Though MIRU-VNTR typing performed similarly to whole genome sequencing in
estimating the relatedness of two isolates from the same patient, when pairwise comparisons
were made between all isolates (676 possible pairwise comparisons among 26 isolates), the

differences in the resolution of the typing methods became apparent. MIRU-VNTR typing and
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whole-genome sequencing were in agreement for isolate pairs differing by less than 5 SNPs or
greater than 200 SNPs. However, MIRU-VNTR incorrectly identified 6 isolate pairs differing

by intermediate SNP differences (30-70 SNPs) as identical.

Investigation of phenotypic and genotypic drug-resistance in presenting Mtb strains

The number of polymorphisms that can arise within a clonal infection of a given
individual is unclear and similarly it is unclear how many polymorphisms are expected to
separate isolates of a given strain as it is transmitted between individuals. Small SNP differences
(0-3) have been deemed consistent with both within-host evolution and clonal transmission in

. . . . 32.33
previous molecular epidemiology studies™

. Although we interpreted genetic distances of less
than 5 SNPs as evidence of relapsed infection because they were consistent with previous
estimates of within-host evolution, we could not exclude the possibility that these individuals had
been reinfected with a highly related strain. We therefore sought to identify clinical or biologic
features that were specific to putative relapse cases, focusing on the 12 of 13 patients who
completed treatment without interruption.

Previous studies have reported that lung cavitation and high bacterial burden in sputum
are predictors of treatment failure''®. In this small group of patients, we found no major
differences between the clinical course of primary infection in patients who we classified as
having developed recurrent tuberculosis as a result of relapse versus reinfection. However, it is
important to note that in this early analysis, we lacked the statistical power to robustly detect
clinical differences (Table 4.1).

We considered instead whether the presenting strains among patients who appeared to

have relapsed were biologically predisposed to treatment failure. At the time of treatment, we
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performed drug-susceptibility testing (DST) using the using the 1% direct proportion method.
One patient was identified as being infected with multi-drug-resistant Mtb and was treated as
such, but all other isolates were deemed phenotypically drug-susceptible. Conventional DST
identifies strains that have high-level drug resistance. Strains may be otherwise poised to fail
therapy because they have low-level drug resistances. We reasoned that polymorphisms that
have been associated with the acquisition of drug resistance might be associated with treatment
failure in our study, even in the absence of high-level phenotypic drug resistance. To test this
hypothesis, we assembled a database of polymorphisms associated with altered susceptibility to
first and second line antibiotics as reported in the TB Drug Resistance Database, including
polymorphisms demonstrated to alter minimum inhibitory concentration (MIC) and
polymorphisms whose effect on MIC has not been determined but have been previously found to
be enriched in or harbored by drug resistant strains (Supplementary Table 4.1-4.3)''*"2%1% " In
this analysis, we excluded synonymous polymorphisms and polymorphisms located in repetitive
regions that are prone to sequencing and alignment error. We also excluded lineage specific
polymorphisms as we found that though isolates belonging to Lineage 2 harbored the highest
number of drug resistance associated polymorphisms consistent with a previous study'*,
Lineage 2 and Lineage 4 were similarly represented across putative relapse and reinfection
isolates (Figure 4.3a).

We tested the hypothesis that relapse-associated strains were predisposed to treatment
failure because they carried polymorphisms specifically associated with resistance to first line
antibiotics. We restricted our analysis to the primary isolates from the 12 patients who had

successfully completed treatment, but included the one isolate assessed as phenotypically drug-

resistant. We found that INH-associated polymorphisms were significantly enriched (p <.03) in
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Figure 4.3 Drug-resistance-associated polymorphisms harbored by infecting strains. a)
Lineage 2 strains have more drug-resistance associated polymorphisms than Lineage 4 strains (p
=.007, Mann-Whitney U Test); b) Polymorphisms associated with INH-resistance are enriched
in relapse patients (p = .03, Mann Whitney U test); ¢) Timing of recurrent infection does not
correlate with the number of first-line drug-resistance associated polymorphisms harbored by the
primary strain for both relapse and reinfection cases (p = .25; p = .19, respectively, for test of
departure from O for slope of linear regression fits).
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the primary isolates associated with relapse as compared to the primary strains in which recurrent
disease was due to exogenous reinfection (Figure 4.3b). There was a trend for enrichment of
polymorphisms associated with altered susceptibility to first-line drugs more broadly in the
strains associated with apparent treatment failure though this did not reach statistical significance
(p<0.06) (Table 4.2). By comparison, polymorphisms associated with altered susceptibility to
second line drugs were uniformly distributed across the primary strains associated with
recurrence due to both relapse and reinfection (p = 0.5). Interestingly, we also find no
correlation between the timing of recurrent infection and the number of drug-resistant
polymorphisms harbored by the presenting strain (Figure 4.3c); indeed, the patient with multi-
drug resistant TB relapsed 42 months after apparently successfully completing appropriate

therapy.
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4.4 Discussion

In this study we assessed whether recurrent TB episodes in HIV-infected patients
enrolled in the TRuTH study represented relapse or reinfection by analyzing the primary and
recurrent Mtb isolates from these patients.
We used both conventional MIRU-VNTR typing and whole-genome sequencing to assess the
relatedness of bacterial strains. One goal of our work was to define the added value of whole
genome sequencing in Mtb strain analysis. Both methods unambiguously divided the patients
into two groups, characterized by small and large genetic differences. These data suggest that
MIRU-VNTR typing provides similar information to WGS in terms of distinguishing relapse
from reinfection in a single patient over time. However, consistent with previous studies, when
we performed pairwise comparisons in which the 26 strains in this study are treated as
independent to mimic population scale datasets, we find that MIRU-VNTR typing significantly
underestimates genetic distance between strains that differ by intermediate SNP distances. These
results are concordant with a previous study of Mtb transmission chains in which MIRU-VNTR
typing was found to both underestimate genetic diversity in pairs that differed by intermediate
SNP differences, and in some cases, overestimate genetic diversity in pairs that differed by 5 or

fewer SNPs 2,
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Table 4.2 Drug-resistance-associated polymorphisms in patient strains

Polymorphism | # Relapse patients | # Reinfection patients

Polymorphisms with impact on drug MIC or harbored by resistant strains in known drug-resistance associated genes

2154724 katG R463L 2 1
1673432 inhA/fabG1 P
2102990 ndh V18A
2155168 katG S315T
2158919 kasA G269S
4242803 embC VI981L
4247429 embB M306V
761161 rpoB L452P
2288785 pncA T153+G (Asn)
4407640 gid V188G
4408156 gid L16R
3505298 fadE24 P
1793769 Rv1592¢ P
7362 gyrA E21Q
7585 gyrA S95T
9304 gyrA G668D
5520 gyrB P133L
6140 gyrB V340L
8040 gyrA G247S
9138 gyrA Q613E
3073868 thyA T202A

SO~ = WU NN\ WPFE WODOoODOoOOo OO OoOo

N = = O = NN\ DN — DN = e e e e = N = =

3
INH: p=.03
first-line: p =.06
second line: p=0.5
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In our patient group, roughly half of the cases of recurrent TB were clearly due to
exogenous reinfection. The other patients developed recurrent TB with a strain of Mtb that was
nearly identical to their primary strain. While this provided strong presumptive evidence for
relapse, we could not from these data alone rule out reinfection with a highly similar strain.
Previous studies suggest a cutoff of 5 SNPs for the amount of diversity that can evolve in an Mtb
population over 5-15 years, reflecting an evolution rate of 0.3-1 SNPs/year, estimated in these

. 32,33
studies and elsewhere™”

. However, these criteria apply equally to the diversification of an Mtb
population within a given individual and as the strain is transmitted between individuals.

Indeed, there are data to suggest that the purifying selection associated with transmission might
actually restrict the diversity that emerges during a transmission chain as compared to that within

a single individual'*'

. Thus, these criteria do not a priori distinguish between relapse of the
primary strain and exogenous reinfection by a derivative of the primary strain circulating in a
private transmission chain (for example within a family).

However, analysis of the genome sequencing data indicates that in cases where the
recurrent strains differs by <5 SNPs from the primary strains, the primary strains are also
biologically distinct from strains in which the recurrent case was clearly reinfection, supporting
their classification as true relapses. Across relapsed isolates, there was a significant enrichment
for polymorphisms associated with either an increase in the MIC to INH, or with clinical INH
resistance although 6 of these 7 strains were phenotypically drug susceptible. It is possible that
the constellation of polymorphisms in each patient may contribute individually, or in
combination, to changes in susceptibility to first line antibiotics that are not manifest as high

level resistance as detected by the 1% proportion method, thereby predisposing to treatment

failure in the face of first-line drug-treatment. Two of the phenotypically drug-sensitive strains
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harbored the R463L mutation in the katG gene, and one strain harbored the V18A mutation in
the ndh gene; these are polymorphisms that have been detected in INH-resistant strains but
whose direct impact on INH MIC is still unclear. One phenotypically drug-susceptible strain
harbored the S315T mutation in katG, which has been reported to result in high-level INH
resistance, indicating a discordance between the phenotypic drug-susceptibility data and the
genome sequencing data. A diagnosis of INH mono-resistant TB would not have altered the
treatment regimen at the time that this patient was treated, as WHO recommendations for
standard of care was equivalent for INH-mono-resistant and pan-susceptible TB. Recently, in a
study investigating recurrent infection after successful treatment in a Malawi population cohort,
phenotypic INH resistance was associated with a higher risk of recurrent disease, where the
primary strains in relapse cases were slightly more likely to be INH resistant than in reinfection
cases. Genotypic analyses suggested that the S315T katG mutation was significantly enriched in
primary strains causing relapse as compared to strains isolated from patients for whom a
recurrent infection could not be documented. Our findings contribute to the growing body of
evidence that INH resistance may be a driver of recurrent disease, and more specifically
implicate polymorphisms associated with both low- and high-level INH resistance in relapse as
compared with reinfection'”.

Although we did not detect significant enrichment of other drug resistance associated
polymorphisms among relapse-associated strains (Supplementary Table 4.1-4.3), as this analysis
was limited by a small sample size, we cannot exclude the influence of other polymorphisms that
have been reported as significantly enriched in drug resistant strains according to three recent

sequencing studies, or polymorphisms that fall in regions that have a high level of genetic
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. o . . 119,120,135
diversity in drug-resistant strains’

. A larger prospective study could contribute to our
understanding of the role of drug-resistance polymorphisms in treatment failure.

The timing of relapse and reinfection cases was distributed similarly in our study; both
occurred up to 4 years after the completion of treatment. The late relapses do not neatly fit the
model set forth in recent studies where relapse is thought to be driven by incomplete drug
treatment and occurs soon after the apparent completion of treatment, and while reinfection is
thought to be driven by the local TB incidence rate and therefore occurs uniformly over time”''°,
Our study includes only patients who were carefully monitored and successfully treated, and thus
we would not expect to see the early relapses. Nevertheless, our study suggests that after
apparently successful treatment, patients can harbor Mtb bacteria for years and then go on to
reactivate.

Recent studies indicate that INH mono-resistance, prevalent at 7% in new TB cases, is
associated with higher rates of treatment failure, recurrent infection, and acquired drug-
resistance, compared to infection with pan-susceptible strains'®''®'*2, The recent WHO
recommendation that INH preventative therapy (IPT) be incorporated into standard care for HIV-
infected individuals'*® aims to decrease TB incidence based on evidence that IPT reduces the risk

124

of progression from latent to active disease in this population ~*. IPT, while not expected to

increase prevalence of high-level INH mono-resistance in treated patients’>'*’

, may impose
purifying selection on the Mtb population enriching for isolates that have altered susceptibility to
INH, ultimately serving to increase the circulation of low- or high-level INH-resistant strains in
the community. Indeed, a mathematical model suggested that community-wide rollout of IPT

could drive prevalence and incidence of drug-resistant TB at the community-level, even if the

individual-level risk of developing INH-resistant TB is not altered””. In view of this, our
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findings may expand the scope of poor treatment outcomes associated with INH mono-
resistance, and suggest that the role of both low- and high-level changes in INH susceptibility
and potential causative genetic polymorphisms merits further consideration, particularly given
the expected increase in organisms with altered INH susceptibility in the setting of IPT.
Finally, our data indicate that completion of the standard treatment regimen was not
sufficient to fully cure TB in some patients. There are data to suggest that altering treatment
regimens may reduce the risk of treatment failure, both in the settings of HIV and INH mono-
resistance. Post-treatment INH prophylaxis reduced rates of recurrent infection in HIV-infected
individuals'*®, and daily dosing during the intensive phase of treatment and longer duration of
PZA treatment reduced risks of treatment failure in patients with pretreatment isoniazid
resistance'’. Our study highlights the need for further research into altered treatment regimens
designed to suppress relapse in HIV-infected patients, particularly as the scope of INH mono-

resistance increases in this population.
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4.5 Materials and Methods
Study description

Patients were enrolled in the prospective cohort study, TB Recurrence Upon Treatment
with Highly Active Antiretroviral Therapy (TRuTH), at the Center for the AIDS Programme of
Research in South Africa (CAPRISA) in KwaZulu Natal. The TRuTH study aims to determine
the incidence of recurrent TB infection in patients on highly active antiretroviral therapy
(HAART) who were previously treated for a TB infection (registered with ClinicalTrials.gov,
number NCT01539005). As described previously, patients were treated for an initial TB
infection during their participation in the Starting AIDS Treatment at Three Points in TB
Treatment (SAPIT) study, which was designed to determine the most effective timing of
HAART during TB treatment' .

Written informed consent was obtained from all study participants, and the University of
KwaZulu-Natal Biomedical Research Ethics Committee approved this study (reference no BF
051/09).

Drug susceptibility testing

The 1% direct proportion method was used to assess phenotypic drug-resistance. Culture
conditions and the following critical drug concentrations were used: INH (0.2ug/mL); RIF
(40ug/mL); EMB (2ug/mL);

Genomic DNA isolation

Patient sputum was cultured using the BACTEC MGIT 9607 system. Cultures were
plated on Lowenstein Jensen medium, and colonies were harvested by scraping the entire plate,
and resuspending in 7H9 medium. Genomic DNA was isolated from each sample by the CTAB

method. Briefly, scraped colonies were heat-killed and incubated in lysozyme, followed by
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sodium-dodecyl-sulfate and Proteinase K incubation. Samples were incubated in NaCl-CTAB
buffer, followed by chloroform:isoamyl alcohol extraction and isopropanol precipitation.
MIRU-VNTR Typing

24-locus MIRU-VNTR typing was performed by GenoScreen, Inc. (Campus de I'Institut
Pasteur de Lille, France).
INlumina sequencing library construction

Libraries were constructed in technical replicates using the Illumina Nextera XT sample
preparation kit. Paired-end sequencing was performed in-house on the Illumina MiSeq with a
read length of 101 bases, with an average read-depth of 80X and an average genome coverage of
95% for all samples. No discrepancies were found between technical replicates.
Bioinformatic analysis

Reads were processed according to the Broad Institute’s GATK guidelines. Briefly, reads
were mapped to H37Rv (NC_000962) using bwa mem. Aligned output was coordinate-sorted
and duplicate reads were marked using Picard. GATK was used for base-quality recalibration,
using a list of known high-quality SNPs for calibration. SAMtools mpileup was used to generate
pileup files. Mpileup output was processed in custom Python scripts to call high-confidence
SNPs as follows. Repetitive regions of the genome such as PE/PPE, IS671/0 and transposable
elements were removed. SNPs and small insertions/deletions were defined as positions in which
the variant comprised at least 90% of reads, with a variant read depth of greater than 10, a
mapping quality of 60, and a base quality of 30 or higher. There was an average of 80
heterogeneous positions per patient sample. Heterogeneous positions meeting the following
criteria were considered for PCR-resequencing validation: positions with a mapping quality of

60 and a base quality of 30 or higher, in which less than 85% and greater than 10% of reads
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differed from the reference genome, with the minor variant having a read depth of at least than 7,
represented by at least 3 reads on either strand. Positions were discarded if they were within
10bp of other heterogeneous positions or insertions or deletions. This pipeline was validated in
a mixing experiment in which H37Rv and Erdman strains were combined at known ratios, and
whole-genome sequencing was performed to an average read depth of 80X. 98% of expected
heterogeneous sites were identified, and no heterogeneous sites were identified that were not
expected. Candidate heterogeneous positions from patient samples that passed the above filters
were PCR-validated and those positions that appeared homogeneous by PCR-validation were
then additionally checked for unique mapping to the genome by BLAST analysis; reads that
mapped to multiple positions were discarded. Remaining positions were visually inspected in
Integrated Genome Viewer for any additional artifacts such as abrupt drops in read depth or
proximity to many heterogeneous sites. 0-3 heterogeneous sites per patient sample passed the
above filters and were confirmed by PCR-validation as heterogeneous.
Drug resistance database

A drug-resistance polymorphisms database (Supplementary Table 4.1-4.3) was compiled
with three categories: (1) polymorphisms with experimentally proven impact on MICs, as listed
in the TBDreamDB'*® (2) polymorphisms statistically associated with phenotypic drug-

: . . - 119,120,135
resistance in three recent large-scale sequencing studies

, and (3) genomic regions
associated with a high degree of genetic polymorphism in drug-resistant strains. Lineage-
specific polymorphisms and SNPs which fell into repetitive regions were removed. Only isolates

from patients who completed successful treatment were considered for genotypic drug-resistance

analysis.
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CHAPTER FIVE: CONCLUSION

The rapid emergence of drug-resistant strains of Mtb calls for new ways of understanding
the processes that lead to drug resistance. The observations that underlie this work suggest that
the capacity of mycobacteria to evolve resistance to antibiotics is greater and more complex than

. 30,31,32,33,129 . . .
previously expected . Specifically, recent whole genome sequencing studies showed

30313233 However, it has remained to be

that mutation rate may not vary with replication rate
understood whether and how mutations can be driven by replication-independent processes.
Here, we harnessed technology that has not been used widely in mycobacteria to study whether
mutation rate is replication-independent and how this might be an important driver of mutation.

We showed that the rate of accumulation of antibiotic-resistant mutants does not vary in
accordance with replication rate in a chemostat model of Mycobacterium smegmatis. To rule out
the possibility that selection against less fit mutants would differentially affect our ability to
detect mutants at fast versus slow growth rates, we used genetic barcoding to track the growth
kinetics during competition of mutants of different genotypes at two different growth rates.
When we applied a mathematical model to fit the resulting growth kinetics, mutant fitness was
found to be lower than wild-type but the selection force did not vary with growth rate. These
findings suggest that that the mutant accumulation rate is similar at fast versus slow growth rates,
supporting a time-based model of mutation put forth by preceding in vivo studies®™'>*>.

We went on to investigate one possible driver of time-based mutation in our study of
metabolically-induced mutation. Our work revealed a new DNA adduct induced by fatty acid

metabolism, and an accompanying mutagenesis when nucleotide excision repair was absent. We

further showed that metabolism of cholesterol alone was sufficient to induce mutagenesis. Our
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work demonstrates that endogenous metabolic processes can drive DNA damage, and that these
conditions are also associated with increased mutation rate.

Together our findings suggest that mycobacterial genomic fidelity may be governed by
enzymes not strictly involved in replication and repair, but rather could be expanded to processes
that can contribute to time-based mutation such as those involved in DNA damage repair,
oxidative stress defense, stress-induced mutagenesis, and carbon metabolism. Insight into the
molecular mechanisms driving time-based mutation will elaborate the role of contributing
pathways. In these studies, it will be important to focus on infection models and conditions that
mimic in vivo conditions in order to reveal the balance of damage, stress, repair, and mutation
over the course of infection. Previous findings in both Msm and Mtb suggest that this balance
shifts across conditions; essentiality of DNA damage repair components has been shown to be
conditional on environment, strains deficient in these components exhibit conditional
mutagenesis, and different mutational spectrums have been observed in vitro compared with
those observed in clinical isolates in vivo " >% 01 6+6>130,

One biological implication of this expanded view of genomic fidelity is that a wide range
of genetic polymorphisms may affect the balance of damage, repair, metabolism, and mutation.
Mutator strains of other pathogens are characterized by increases by orders of magnitude in
mutation rate and are commonly associated with loss of one genetic process, mismatch
repair’>'*>13*13% " Clinical strains of mycobacteria are instead associated with a more modest
continuum of mutation rates, but may harbor polymorphisms in a multitude of contributing
pathways. The East Asian lineage has been associated with increased mutation rates compared
with the Euro American lineage and increased mutation frequencies compared with the East

14,115

African Indian lineage . Beijing lineage strains were associated with higher rates of drug
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resistance in the presence of rifampicin and in the mouse model of non-compliance, compared
with East African Indian strains' . There also exist phenotypically resistant strains for which no
genetic resistance has been detected'”. Further investigation into the molecular mechanisms
driving mutation rate will improve our ability to predict whether and where other strains lie on
the continuum of increased mutation rates. The clinical consequences of even modest increases
in mutation rate become clear when considered in the context of a time-based model of mutation.
When Ford et al incorporated time-based mutation into a mathematical model to estimate the
effects of 5-40X increases in mutation rate, the probability of emergence of multi-drug-resistance
in humans was found to be orders of magnitude higher than previously expected based on a
replication-based model'*'” .

Time-based mutation could allow Mtb to maintain genetic diversity during periods of
slow growth, enabling continued adaptability in a changing fitness landscape. Clearly Mtb
populations withstand major bottlenecks in both space and time. Theories about the co-evolution
of Mtb and humans suggest that Mtb has withstood major changes in the structure of its host
population as humans have evolved from small, isolated communities to more interconnected,
larger, more dense communities'*®. Is time-based mutation a general evolutionary strategy to
balance both the need to preserve sites essential for survival, and the need to adapt to a changing
environment? An analysis of mutation rates in mammalian species has challenged the prevailing

137 The mutation rate at sites that are

view of the growth-rate dependence of mutation rate
predicted to be truly neutral was found to be constant per year across 326 species characterized
by considerable differences in generation times. While variability was found across lineages,

this variability did not correlate with generation time, suggesting an overall model of time-based

mutation. Further work will be required to determine the source of variability in estimates of
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mutation rate within and across studies, such as systematic differences in analytic methods, the
effect of selection on presence of variants in a population, and sources of true heterogeneity in
mutation rates within a population'®,

In mycobacteria, the combined effect of fitness and the ability to detect genetic variants is
likely to influence estimates of mutation rate. Work on antibiotic-resistant mutants highlights
that mutant fitness can change based on the condition, as the spectrum of rpoB mutants was
shown to change upon reduction in pH"’. Acquisition of antibiotic resistance itself has been
associated with increases in mutation rates. For example, upregulation of the error-prone
polymerase DnaE2 upon acquisition of Rif resistance may cause further downstream genetic

polymorphisms that could affect fitness'*’

. Bryant ef al. showed that an estimate of the mutation
rate using whole genome sequencing of isolates from human transmission chains was
significantly affected by the inclusion of drug-resistance mutations, suggesting that a clock-like
signal of mutation accumulation can be obscured by the presence of variants whose fitness is
significantly different than others®. Efforts to use neutral reporters of mutation and to gain a
better understanding of the effects of fitness will improve our ability to estimate the mutation
rate in mycobacteria. In addition, it is unknown the extent to which sputum samples are
representative of the entire population diversity within a patient; deeper sampling across multiple
sites over the course of an infection will help elucidate the total “cloud” of genetic diversity
within a patient. Recent studies in both human and macaque Mtb infections revealed additional
heterogeneity detected when performing deep sequencing of sputum samples versus sequencing
of individual colonies, suggesting that greater resolution allows detection of additional

4,129

variants . It is likely that sampling from other sites not proximal to airways will reveal

variants that are not present in the sputum”.
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Clearly, high-level drug resistance is a major driver of treatment failure in Mtb. Yet
further work is required to understand whether mutations that lead to low-level drug resistance
also drive treatment failure. In our analysis of recurrent infection in HIV-infected patients in
South Africa, we found that over half of cases were true relapses of an earlier infection, ranging
from 6 months to 5 years from the start of treatment. There was an enrichment in relapse-
associated strains for polymorphisms associated with first-line drug resistance, suggesting that
strains associated with relapse may be biologically predisposed to treatment failure because of
undiagnosed drug resistance. In a different population, phenotypic INH resistance was found to
be enriched in strains associated with relapse, and has been previously associated with treatment

. 10,141
failure™

. Deeper genotype/phenotype analyses will be required to establish the genetic basis
of drug resistance and the relationship between drug resistance and various parameters governing
a strain’s success, such as transmission, severity of disease, and mutation rate.

The recent progress in developing new antibiotics for TB represents renewed hope for
treating strains recalcitrant to current therapies, and shortening and simplifying existing
treatments' **. Critical to predicting the success of these treatments will be a more thorough
analysis of the rates and genetic processes driving drug resistance. Our work and the work of

others suggests that the capacity for mycobacteria to acquire genetic diversity during different

conditions may be higher and more complex than previously appreciated.
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APPENDIX 1
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Supplementary Figure 2.1 Growth kinetics of mutants in a simple two-strain
simulation of bacterial growth using the Monod model. a) Initial concentration of
mutants (as indicated) determines collapse of population. b and c) Rate of approach to
steady state is proportional to fitness (Ks and pmax were varied as indicated) in fast b) and
slow c¢) growth rates. d) Varying Ks and mu-max at fast and slow growth rates shows that
each parameter is differentially sensitive to growth rate — fast growth rate is more
sensitive to varying Wmax, slow growth rate is more sensitive to varying Ks. Y-axis is

biomass of the mutant strain in mg.
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Supplementary Table 4.1 Polymorphisms listed in TBDreamDB for which there
have been documented increases in MIC (Ref. 128)

Gene Name Nucleotide Polymorphism Estimated Codon
Position Position

rpoB CCT/CTT 564
rpoB GAA/GGA 562
rpoB ACC/CCC 508
rpoB GGC/AGC 507
rpoB ACC/GCC 508
katG 823 ACC/CCC 275
rpoB TTC/TTG 505
rpoB TTC/TTA 505
pncA 357 TGG/TGC 119
rpoB ATC/TTC 572
katG 85-1059 del 29
katG 823 ACC/TCC 275
katG 2180 GCC/GAC 727
katG 920 GGA/GAA 307
katG 745 CGC/TGC 249
katG 982 TGG/GGG 328
katG 1054 CAA/TAA 352
katG 984 TGG/TCG 328
pncA 158 GAC/GCC 53
pncA 428 ins GG 143
rpoB CAC/TTC 526
rpoB GGG/GCG 523
rpoB CAA/TAA 513
rpoB CAA/AAT 513
rpoB ACC/CAC 508
rpoB GGC/GAT 507
ITS 904 C/A 904
rpoB del GAC 517
rpoB ACC/AGC 508
katG 1464 G/C 488
katG 1360 GAG/CGA 454
katG 1069 GAC/CAC 357
katG 1069 GAC/AAC 357
katG 984 TGG/TGT 328
katG 961 TGG/TAG 321
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Supplementary Table 4.1 (continued)

katG 962 TGG/TTG 321
katG 962-963 TGG/TCC 321
katG 963 TGG/TGT 321
katG 946 GGC/AGC 316
katG 941 ACC/AAC 314
katG 941-942 ACC/ACG 314
katG 931 GAC/TAC 311
katG 931-932 GAC/TTC 311
katG 926 GGT/GTT 309
katG 926 GGT/GCT 309
katG 926-927 GGT/GTC 309
katG 919 GGA/CGA 307
katG 920 GGA/GCA 307
katG 913 GGC/GCC 305
inhA 581 ATC/ACC 194
katG 943 AGC/CTA 315
katG 103 AAC/GAC 35
pncA 263 TCG/TAG 88
pncA 38 TTC/TCC 13
pncA 215 ins 29bp 72
pncA 1 del 8bp 1
ethA, aka, etaA 167 GAC/GCC 55
ethA, aka, etaA 1322-1323 del GC 441
ethA, aka, etaA 127 GGC/AGC 43
ethA, aka, etaA 1174 ACG/GCG 392
ethA, aka, etaA 1154 GGC/GAC 385
ethA, aka, etaA 110 del A 37
ethA, aka, etaA 768 del G 256
ethA, aka, etaA 736 CAG/TAG 246
ethA, aka, etaA 703 del T 234
rpsL 262 AAG/CAG 88
embB 880 GGC/AGC 294
embB 878-879 ATT/AAC 293
embB 860-861 TTT/TGC 287
embB 859-861 TTT/GTG 287
embB 844 GTG/CTG 282
embB 841 GCG/CCG 281
embB 841-843 TTT/CTG 281
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Supplementary Table 4.1 (continued)

embB 814 AGC/TGC 272
embB 815-816 AGC/ATT 272
embB 812 GCG/GTG 271
embB 680-681 GTG/GGC 227
embB 673-674 GCG/AGC 225
embB 662-663 GCG/GGC 221
katG 1300 CAG/TAG 434
katG 372 ins G 124
katG 1559 ins 64bp 521
pncA 446 del 8bp 149
pncA 206 CCA/CGA 69

ITS 426 G/C 426
katG 836 GGC/GAC 279
katG 270 TGG/TGA 90

katG 1513 TGG/CGG 505
katG 1271 GCG/GTG 424
katG 413 AAC/ACC 138
ndh 37 CGT/TGT 13

katG del 8bp 10

rpoB CTG/CCG 533
inhA 62 ATC/ACC 21

embB 1889 ACC/ATC 630
katG 1759 CTG/ATG 587
pncA 137 GCA/GTA 46

pncA 137 GCA/GAA 46

pncA 415 GTG/ATG 139
pncA 413 TGT/TCT 138
pncA 341 del C 114
pncA 301 ins G 100
katG 311 CGG/CTG 104
pncA 187 GAC/CAC 63

pncA 162 del G 54

pncA 422 CAG/CCG 141
pncA 413 TGT/TAT 138
pncA 288 del G 96

iniA 501
iniA 308
rmlD 257
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Supplementary Table 4.1 (continued)

rmlA2, hddC, 152
manB

iniB -89 C/T -89
rmlD -71 G/T -71
rpoB TCG/TTG 574
pncA 297 TAC/TAG 99
pncA 233 GGC/GAC 78
pncA 212 CAT/CGT 71
pncA 185 CCG/CGG 62
pncA 416 GTG/GGG 139
pncA 403 ACC/CCC 135
pncA 395 GGT/GAT 132
pncA 388 ins GAGGTCGAT 129
pncA 136 ins G 46
pncA 152 CAC/CCC 51
pncA 152 CAC/CGC 51
pncA 128 CAC/CCC 43
pncA 340 ACG/CCG 114
pncA 287 ins T 96
pncA 188 GAC/GGC 63
pncA 50 GGC/GAC 17
pncA 297 TAC/TAA 99
pncA 20 GTC/GGC 7
pncA 199 TCG/CCG 67
pncA 123 TAC/TAA 41
pncA 101 TAC/TCC 34
pncA 515 CTG/CCG 172
pncA 424 ACG/GCG 142
pncA 389 GTG/GGG 130
pncA 312 AGC/AGG 104
pncA 29 CAG/CCG 10
pncA 395-411 del del 16bp 132
pncA 437 GCG/GTG 146
ahpC 7 CTG/AAG 3
rpoB TCG/TAT 531
rpoB CAC/CAG 526
pncA 203 TGG/TCA 68
pncA 52 ins GG 17
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Supplementary Table 4.1 (continued)

pncA 29 CAG/CGA 10
pncA 289 GGT/AGT 97
pncA 213 CAT/CAG 71
pncA 420 ins GG 140
pncA 420 ins G 140
pncA 288 AAG/AAT 96
pncA 287 AAG/ACG 96
pncA 254 CTG/CCG 85
pncA 24 GAC/GAG 8
pncA 214 TGC/CGC 72
pncA 162 ins T 54
pncA 14 ATC/AGC 5
pncA 100 ins T 34
pncA 98-216 del 118bp 33
pncA 77 GCG/GGG 26
pncA 518 ins 5bp 173
pncA 475 del C 158
pncA 446 ins 8bp 149
pncA 443 del G 148
pncA 425 ACG/AAG 142
pncA 425 ACG/ATG 142
pncA 40 TGC/CGC 14
pncA 416 del TG 139
pncA 410 CAT/CCT 137
pncA 394 GGT/AGT 132
pncA 391 del G 130
pncA 35 GAC/GCC 12
pncA 34 GAC/AAC 12
pncA 312 del C 104
pncA 28 del C 10
pncA 1 del 11bp 1
pncA -11 A/C -11
katG 4 CCC/TCC 2
katG 1649 GCC/GAC 550
katG 50 AGC/AAC 17
katG 727 GCC/TCC 243
katG 56 GGC/GAC 19
katG 926 GGT/GAT 309
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Supplementary Table 4.1 (continued)

katG 790 GCG/ACG 264
katG 196 GCG/CCG 66
katG 193 GCC/ACC 65
katG 1010 TAC/TTC 337
katG 773 AAC/AGC 258
mabA, fabG1 -8 T/G -8
inhA 280 TCG/GCG 94
mabA, fabG1 -24 G/T -24
katG 514 GCG/ACG 172
katG 412 AAC/CAC 138
katG 412 AAC/GAC 138
katG 413 AAC/AGC 138
katG 419 AGC/AAC 140
katG 1471 GGC/TGC 491
katG 1574 CAG/CCG 525
katG 350 GAC/GCC 117
katG 1760 CTG/CCG 587
katG 583 G/A 195
katG 2 GTG/GCG 1
katG 944 AGC/ACC 315
katG 2098 TCC/CCC 700
katG 1849 ins AC 617
katG 1048 GCT/TCT 350
katG 898 TGG/GGG 300
katG 785 ACA/AGA 262
katG 944-945 AGC/ACA 315
katG 464 TAC/TCC 155
katG 1003 ATC/GTC 335
katG 945 AGC/AGA 315
rpoB GTC/TTC 146
rpoB GTC/TTC 146
katG 670 CAG/GAG 224
inhA 233 GTG/GCG 78
inhA 140 ATT/ACT 47
katG 157-168 del 52
CCGTCGCTGACC

inhA 47 ATC/ACC 16
ITs 865 C/G 865
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Supplementary Table 4.1 (continued)

katG 820 ACC/GCC 275
rpoB del AAC 519
embA 2498 GAC/GGC 833
embA 1385 GCG/GTG 462
embA 1049 GGC/GAC 350
embA 961 GGC/AGC 321
embA -16 C/T -16
embB 2876 GAC/GCC 959
embB 983 GAT/GGT 328
embB 889 TCG/GCG 297
embB 3070 GAC/AAC 1024
embB 2999 ATG/AGG 1000
pncA 415 GTG/CTG 139
pncA 309 TAC/TAA 103
pncA -7 T/C -7
pncA 7 GCG/CCG 3
pncA 419 del 68bp 140
pncA 341 ins 1355bp 114
pncA 353 AAT/ACT 118
pncA 403 ins CC 134
pncA 368 ins AG 123
pncA 436 del G 145
pncA 260 ACG/ATG 87
pncA 192 ins A 64
pncA 485 GGT/GAT 162
mabA, fabG1 -17 G/T -17
ethA, aka, etaA 338 ins A 113
pncA 224 ATG/ACG 75
mabA, fabG1 -17 G/T -17
Rv3124 -16 A/G -16
katG 31 ACC/GCC 11
katG 98 ins A 33
katG 109 del G 37
katG 185 ins C 62
katG 181 GCG/ACG 61
katG 30 del C 10
rpoB TTC/TTG 514
pncA 206 CCA/CGA 69
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Supplementary Table 4.1 (continued)

embB 1381-1383 CCG/AGC 461
embB 1193 TTT/TAT 398
embB 1123-1124 CCG/GCG 375
embB 1106 GTG/GCG 369
embB 931-932 GAC/CGT 311
embB 928-930 GCG/CGT 310
embB 926-927 GTG/GGC 309
embR 718-720 GGC/CGT 240
embB 931 GAC/CAC 311
embC 761 GCC/GGC 254
embC 752 CTG/CGT 251
embB 1105 GTG/CTG 369
embB 845 GTG/GGG 282
gid, gidB TGG/TGC 45

gid, gidB TGG/CGG 148
pncA 464 GTG/GGG 155
pncA 308 TAC/TGC 103
pncA 139 ACC/CCC 47

embC 2941 GTG/CTG or 981

GTG/TTG

1Ts 904 C/G 904
embB 352 AAC/CAT 318
embB 888 AAT/AAA 296
embR 669 GAT/GAA 223
embB 1203 ACG/ACA 401
embB 1078 GTG/ATG 360
embB 991-993 GGC/CGT 331
pncA 59 del C 20

katG 195 ins CCCC 65

katG 1888 GGC/AGC 629
katG 1010 TAC/TGC 337
katG 842 GCC/GTC 281
katG 506 GGC/GCC 169
katG ? GAC/AAC 73

katG 34 ACC/CCC 12

katG 932 GAC/GGC 311
katG 271 TGG/CGG 91

embB 897 GAC/GAA 299
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Supplementary Table 4.1 (continued)

katG 1225-1226 GCC/CGC 409
gid, gidB 223 C/G 75
gid, gidB 118 G/T 40
gid, gidB 47 CCT/CGT 16
gid, gidB 115 del C 39
gid, gidB 212 G/T 71
Irs 887 G/A 887
gid, gidB 208 A/C 70
gid, gidB 164 T/G 55
gid, gidB 563 T/G 188
gid, gidB 276 GAA/GAC 92
gid, gidB 210 C/A 70
gid, gidB 140 G/A 47
gid, gidB 413 C/T 138
gid, gidB 102 del G 34
rpsL 257 CGG/CCG 86
Irs 907 A/G 907
ITs 907-908 ins T 907
Irs 906 A/C 906
ITs 513 A/T 513
embA -43 del CG -43
embR 1136 CAG/CGG 379
embR -273 ins A -273
rpoB GCG/GTG 381
rpoB GCG/GTG 381
ethA, aka, etaA 1013 ATC/AGC 338
embB 1217 GGC/GCC 406
embB 918 ATG/ATA 306
embB 918 ATG/ATT 306
embB 918 ATG/ATC 306
embA -11 C/A -11
embR 599-600 GAA/GCG 200
embR 556-558 CGT/GGC 186
embB 716 CTC/CcCcC 239
embB 1354 GTG/CTG 452
embB 1200 AAC/AAA 400
embB 1150-1152 TAT/AAC 384
embB 1130-1131 GTG/GGC 377
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Supplementary Table 4.1 (continued)

embB 953 AAC/AGC 318
embB 943-945 TAT/CTG 315
embB 917-918 ATG/ACG 306
embB 916 ATG/TTG 306
embB 1412-1413 CGT/CCG 471
embB 1406-1407 CGT/CCG 469
embB 1393-139%4 ATT/GAT 465
embB 1337-1338 CCG/CAT 446
embB 1103-1104 GAA/GCG 378
embC 925-927 TAT/AAC 309
embC 859-861 GTG/TTT 287
embB 1291-1293 GCG/ACC 431
embB 1289 CCG/CTG 430
embB 1135-1137 GCG/ACC 379
embR 1106-1107 ATT/ACC 369
embB 1069-1071 GCG/AGC 357
embR 1066-1068 CGT/GGC 356
embR 1053 CAT/CAG 351
embR 1049-1050 GTG/GGC 350
embR 977 AGC/AAC 326
embR 958 CTG/GTG 320
embR 631 CTG/ATG 211
embR 541-543 AGC/CGT 188
katG 2053 GGC/CGC 685
gyrA 265 GAC/AAC 89

gyrA 263 GGC/GCC 88

embB 1490 CAG/CGG 497
embB 1490 CAG/AAG 497
embB 1216 GGC/TGC 406
pncA 245 CAT/CGT 82

pncA 503 ACC/AAC 168
iniB 47

embB 1216 GGC/AGC 406
embB 1000 TAC/CAC 334
embB 982 GAT/TAT 328
embA 601 GCG/ACG 201
embA -12 C/T -12
rpoB TCG/GCG 553
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Supplementary Table 4.1 (continued)

rpoB GAG/GAT 541
rpoB TCG/CAG 522
embB 1190 GGC/GCG 406
embB 1190 CCG/CAG 397
embB 1138-1140 AGC/CGT 380
embB 1103-1104 GAA/GCG 368
embR 157 GAT/CAT 53
embB 1376-1377 GGC/GCG 459
embR 94-96 ACC/CCG 32
embB 954 AAC/AAA 318
katG 1765 CCC/ACC 589
ndh 53 GTG/GCG 18
embC 976-978 TGG/CGT 326
embC 889-891 ATT/TTG 297
embB 1343-1344 GGC/GTG 448
embB 1217 GGC/GAT 406
embB 1189-1190 CCG/ACC 397
embB 1139 AGC/AAC 380
embB 1102-1104 GAA/CAG 368
embB 1073-1074 GGC/GTG 358
katG 2084 GAC/GCC 695
rpoB AAG/AAT 527
embA 2737 CCG/TCG 913
rpoB CcGc/cce 528
mabA, fabG1 -15 C/T -15
pncA 290 GGT/GAT 97
pncA 174 TTC/TTG 58
embB 2234 GGC/GAC 745
Rv3125¢ 54
embB 1217 GGC/GAC 406
embA 10 GAC/AAC 4
iniC 351
embB 988 TTC/GTC 330
embB 916 ATG/CTG 306
embB 916 ATG/GTG 306
embR 20-21 GTG/GGC 7
embC 889-891 ATT/CTG 297
embB 991 GAT/TAT 331
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Supplementary Table 4.1 (continued)

embB 965 TAT/TGT 322
embB 941 GGC/GCG 314
embB 718 GAC/CAC 240
embB 1198-1200 AAC/CCG 400
embB 1185 TGG/TGC 395
embB 1121-1122 GGC/GTG 374
embC 809-810 ACC/ATT 270
embB 1379-1380 CGT/CTG 460
embR 1187-1188 ATT/ACC 396
embB 1104 GAA/GAT 368
embB 1040 AGT/ATT 347
embC 890-891 ATT/ACC 297
embR 688-690 CGT/TGG 230
embR 559-560 GCG/GTG 187
embR 515-516 CTG/CGT 172
katG 324 CAC/CAG 108
rpoB AAC/AAG 519
embB TAT/GAT 319
embB TAT/CAT 333
rpoB GAC/CAC 516
pncA 391 ins GG 130
pncA 306 ins C 102
pncA 545 TTG/TCG 182
pncA 181 ACA/CCA 61

embC 1180 AAC/GAC 394
Rv3126 276
katG 189 GAC/GAA 63

ethA, aka, etaA 1387 CGT/AGT 463
ethA, aka, etaA 1290 del C 430
ethA, aka, etaA 1238 GGT/GAT 413
ethA, aka, etaA 667 GAG/AAG 223
katG 2146 GCG/CCG 716
katG 1022 TGG/TCG 341
iniC 248
embB 383 GTC/GGG 128
pncA 121 TAC/CAC 41

pncA 71 del G 24

rpoB CGC/CAC 528
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Supplementary Table 4.1 (continued)

embC 908-909 GTG/GGC 303
embC 862-864 GGC/TGG 288
embC 730-732 GCG/ACC 244
embC 919-921 GCG/ACC 307
embC 898-900 ATG/CGT 300
embC 853 CAT/TAT 285
embC 814-815 GGC/GAC 272
embB 1378-1380 CGT/TGC 460
embB 1309-1311 ACC/GCG 437
embB 1307-1308 GTG/GGC 436
embB 1304-1305 GTG/GGC 435
embB 1301-1302 GCG/GGC 434
embB 1213-1214 GAA/CCG 405
embB 1195-1196 TTT/CAT 399
embB 1192-1193 TTT/CAT 398
embB 1183-1185 TGG/CGT 395
embB 1132 GAA/AAA 378
embB 1129 GTG/ATG 377
embB 1112-1113 CCG/CGT 371
embB 1109-1110 CTG/CGT 370
embB 1096 AGC/CCG 366
embB 1066-1068 GCG/AGC 356
embB 1067 GCG/GTG 356
embC 973 GGC/AGC 325
embC 923-924 GGC/GAT 308
embR 907-909 CTG/GAA 303
embC 904-906 CGT/GGC 302
embC 886-888 TAT/CAT 296
embC 886-888 TAT/AGC 296
embR 874 CTG/ATG 292
embB 769-771 CGT/TGG 257
embR 527 GCG/GTG 176
gid, gidB 199 G/C 67
rpoB ACC/ATC 525
rpoB GGG/TGG 523
pncA 11 TTG/TCG 4
pncA 106 del 5.3kb 35
pncA 458 ACC/AAC 153
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Supplementary Table 4.1 (continued)

pncA 398 ATT/AAT 133
pncA 29 CAG/CCA 10
embC 739-741 GCC/CCG 247
embB 1216 GGC/CCG 406
embB 1195-1196 TTT/GAT 399
embB 1163-1164 GCG/GGC 388
embB 1136-1137 GCG/GAT 379
embB 1070 GCG/GTG 357
embR 329-330 TGC/TAT 110
katG 1543 CGC/TGC 515
katG 906 AGC/AGG 302
rpoB TCG/TGG 531
rpoB CAC/CCC 526
rpoB TCG/TTG 522
gid, gidB 351 del G 117
inhA 61 ATC/GTC 21
pncA 301 ins A 100
pncA 501 ins CG 167
embB 1100-1101 CGT/CCG 367
embB 1075-1077 CTG/ATT 359
embB 1066-1068 GCG/TTT 356
embC 979-981 TAT/AAC 327
embB 950 AGC/ACC 317
embB 935 CAT/CGT 312
embC 929-930 ATG/AAA 310
embC 863-864 GGC/GTG 288
inhA 283-284 ATT/CCT 95
tlyA 272 GCA/GAA 91
tlyA 64 CAG/TAG 22
tlyA 550 C/T 184
tlyA 477 del G 159
tlyA 7 CGA/TGA 3
tlyA 758 del C 253
tlyA 586 del G 195
tlyA 548 C/T 183
tlyA 397 ins C 132
tlyA 353 CTG/CCG 118
tlyA 218 ins C 73
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Supplementary Table 4.1 (continued)

tlyA 23 del A 8
gyrA 280 GAC/CAC 94
gyrA 281 GAC/GCC 94
gyrA 271 TCG/CCG 91
gyrA 269 GCG/GTG 90
gyrA 280 GAC/AAC 94
gyrA 280 GAC/TAC 94
gyrA 281 GAC/GGC 94
gyrA 269 GCG/GGG 90
gyrB 1528 AAC/GAC 510
tlyA 449 CTG/CCG 150
tlyA 708 AAT/AAG 236
ITS 1484 G/T 1484
ITS 1402 C/T 1402
ITS 1402 C/A 1402
ITS 1408 A/G 1408
tlyA 40 CGG/TGG 14
ITS 1401 A/G 1401
tlyA 67-69 del GCC 23
tlyA ins C 218
ITS 491 C/T 491
ITS 512 ins C 512
rpsL 263 AAG/AGG 88
ITS 513 A/C 513
rpsL 128 AAG/AGG 43
rpoB TCG/TTG 531
rpoB CAC/GAC 526
rpoB CAC/TAC 526
rpoB CAC/CGC 526
rpoB CAC/CTC 526
rpoB GAC/GTC 516
rpoB GAC/TAC 516
rpoB CAA/CTA 513
rpoB CTG/CCG 511
rpoB CAC/AAC 526
gyrA 220 GCC/TCC 74
gyrA 281 GAC/GTC 94
gyrA 325 CTG/GTG 109
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Supplementary Table 4.1 (continued)

gyrB 1414 GAC/CAC 472
gyrB 1647 CAA/CAT 549
gyrB 1543 GCG/ACG 515
gyrB 1544 GCG/GTG 515
gyrB 1530 AAC/AAA 510
ahpC -34 T/A -34
ahpC -34 del T -34
ahpC -20 C/T -20
katG 2096 GGG/GAG 699
katG 149 del A 50
katG 1469 CGC/TGC 490
katG 1450 CGT/AGT 484
katG 723 CCC/CCG 241
katG 701 GGG/GAG 234
katG 571 TGG/CGG 191
katG 321 TGG/TGA 107
mabA, fabG1 -8 T/C -8
mabA, fabGl -24 G/T -24
katG -1 ins C -1
kasA 805 GGT/AGT 269
ahpC -39 C/T -39
katG 944 AGC/AAC 315
katG 944 AGC/ATC 315
pncA 226 ACT/CCT 76
pncA 202 TGG/CGG 68
pncA 202 TGG/GGG 68
pncA 203 TGG/TTG 68
pncA 196 TCG/CCG 66
pncA 160 CCG/ACG 54
pncA 139 ACC/GCC 47
pncA 123 TAC/TAG 41
pncA 70 del G 24
pncA 62 GTA/GGA 21
pncA 56 CTG/CCG 19
pncA 512 GCG/GAG 171
pncA 481 GCG/CCG 161
pncA 478 ACA/CCA 160
pncA 418 CGC/AGC 140
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Supplementary Table 4.1 (continued)

pncA 416 GTG/GCG 139
pncA 410 CAT/CGT 137
pncA 391 ins GG 130
pncA 388 ins AGGTCGATG 129
pncA 384 GTC/GGC 128
pncA 362 CGG/CCG 121
pncA 347 CTG/CGG 116
pncA 309 TAC/TAG 103
pncA 305 GCG/GTG 102
pncA -11 A/G -11
pncA 401 GCC/GTC 134
pncA 172 del T 58

pncA 169 CAC/TAC 57

pncA 104 CTG/CGG 35

pncA 554 AGC/ACC 185
pncA 476 CTG/CCG 159
pncA 40 TGC/CGC 14

gyrA 305 CCC/CAC 102
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Supplementary Table 4.2 Intergenic regions and genes associated with a high
degree of polymorphism in drug-resistant isolates (Ref. 120, 135)

Gene Start End Strand
922 | 1275551 | 1276299 | -

1058 | 1471578 | 1471845 | -

1292 | 1836237 | 1836386 | -

1899 | 2715333 | 2715471 | -

2867 | 4120956 | 4121197 | -
MTBO000019 1471846 | 1473382
Rv0005 5240 7267
Rv0006 7302 9818 | positive
Rv0006 7302 9818
Rv0010c Rv0011c 13558 13714
Rv0026 29722 31068
Rv0039c 42004 42351
Rv0050 53663 55699 | positive
Rv0064 68620 71559 | positive
Rv0109 131382 | 132872 | positive
Rv0109 131382 | 132872 | positive
Rv0147 173238 | 174758
Rv0165¢ 194144 | 194815
Rv0179c 209703 | 210812
Rv0218 260924 | 262252 | positive
Rv0218 260924 | 262252 | positive
Rv0244c 293798 | 295633
Rv0265¢ 316511 | 317503
Rv0278c 333437 | 336310 [ negative
Rv0279¢ 336560 | 339073 [ negative
Rv0280 339364 | 340974 | positive
Rv0280 339364 | 340974 | positive
Rv0323c 390580 | 391251
Rv0388c 467459 | 468001 | negative
Rv0401 479789 | 480160
Rv0402¢ 480355 | 483231
Rv0404 483977 | 485734
Rv0466 Rv0467 557252 | 557527
Rv0532 622793 | 624577 | positive
Rv0565c¢ 656010 | 657470
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Supplementary Table 4.2 (continued)

Rv0588 685928 | 686815
Rv0600c 697904 | 698410
Rv0605 701406 [ 702014
Rv0608 703244 [ 703489
Rv0646¢ 740234 [ 741139
Rv0658¢ 753693 | 754409 | negative
Rv0658¢ 753693 | 754409 | negative
Rv0667 759807 | 763325 | positive
Rv0667 759807 | 763325 | positive
Rv0667 759807 [ 763325
Rv0668 763370 [ 767320 | positive
Rv0668 763370 [ 767320
Rv0682 781560 [ 781934 | positive
Rv0682 781560 [ 781934 | positive
Rv0682 781560 [ 781934
Rv0744c Rv0745 834946 | 835154
Rv0746 835701 | 838052 | positive
Rv0747 838451 | 840856 | positive
Rv0812 906423 [ 907292
Rv0840c Rv0841 937317 | 937593
Rv0859 955077 | 956288
Rv0878c Rv0879c¢ 978203 [ 978481
Rv0893c 995318 [ 996295
Rv0908 Rv0909 1014124 | 1014681
Rv0920c Rv(0921 1026816 | 1027104
Rv1042c Rv1043c | 1165499 | 1165781
Rv1058 1180684 | 1182315
Rv1070c 1194270 | 1195043
Rv1080c Rv1081c | 1205798 | 1205984
Rv1090 1215599 | 1216054
Rv1096 1224385 | 1225260
Rv1112 1238255 | 1239328
Rv1129c 1253074 | 1254534
Rv1144 1271156 | 1271908
Rv1180 1313725 | 1315191 | positive
Rv1192 1334927 | 1335754
Rv1194c Rv1195 1338513 | 1339003
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Supplementary Table 4.2 (continued)

Rv1218c 1361798 | 1362733
Rv1286 1438907 | 1440751
Rv1302 Rv1303 1459509 | 1459766
Rv1319c 1480894 | 1482501 | negative
Rv1347c Rv1348 1512605 | 1513047
Rv1380 1553232 | 1554191
Rv1387 1561769 | 1563388
Rv1393c 1568109 [ 1569587
Rv1446c¢ 1624454 | 1625365 | negative
Rv1465 1652768 | 1653256
Rv1482c Rv1483 1673299 | 1673440
Rv1484 1674202 | 1675011
Rv1520 1711028 [ 1712068
Rv1662 1881704 | 1886512
Rv1663 1886512 | 1888020
Rv1699 1923829 [ 1925589
Rv1704c 1929786 | 1931456
Rv1736¢ 1962228 | 1964186
Rv1741 1967917 | 1968165
Rv1746 1972138 [ 1973568
Rv1816 Rv1817 2058960 | 2059595
Rv1885c 2134273 | 2134872
Rv1900c Rv1901 2147633 | 2147662
Rv1908c 2153889 [ 2156111 [ negative
Rv1908c 2153889 | 2156111
Rv1909c 2156149 | 2156592
Rv1969 2212855 | 2214126
Rv2024c 2268693 | 2270240 [ negative
Rv2043c 2288681 | 2289241 [ negative
Rv2043c 2288681 | 2289241
Rv2048c 2294531 | 2306986 | negative
Rv2068c Rv2069 2326809 | 2326944
Rv2077c 2333323 | 2334294
Rv2080 2337306 | 2337869
Rv2082 2338709 | 2340874 | positive
Rv2155¢ 2414934 | 2416394 | negative
Rv2155¢ 2414934 | 2416394 | negative
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Supplementary Table 4.2 (continued)

Rv2208 Rv2209 2473242 | 2473400
Rv2215 2481965 | 2483626
Rv2274c 2546488 | 2546805
Rv2287 2559703 | 2561331
Rv2314c 2585917 | 2587290
Rv2340c Rv2341 2618908 | 2619597
Rv2416c Rv2417c | 2715332 | 2715472
Rv2427c Rv2428 2725477 | 2726193
Rv2436 2733230 | 2734144 | positive
Rv2447c 2746135 | 2747598
Rv2530c 2854267 | 2854686
Rv2650c 2973795 | 2975234 | negative
Rv2729c¢ 3041570 | 3042475
Rv2733¢c Rv2734 3046524 | 3046821
Rv2741 3053914 | 3055491 | positive
Rv2752¢ 3064515 [ 3066191
Rv2754c Rv2755¢c | 3067945 | 3068189
Rv2764c 3073680 | 3074471
Rv2764c Rv2765 3074471 | 3074636
Rv2771c 3080581 [ 3081033
Rv2807 3113658 | 3114812
Rv2853 3162268 | 3164115 | positive
Rv2853 3162268 | 3164115 | positive
Rv2896¢ 3205265 | 3206434 | negative
Rv2896¢ 3205265 | 3206434 | negative
Rv2931 3245445 | 3251075 | positive
Rv2947¢ 3296350 | 3297840
Rv3021c 3379376 | 3380452 | negative
Rv3067 3431428 | 3431838
Rv3071 3434464 | 3435573
Rv3087 3452925 | 3454343
Rv3090 3458211 | 3459098
Rv3093c 3461760 | 3462764 | negative
Rv3121 3486509 | 3487711
Rv3185 Rv3186 3552542 | 3552764
Rv3210c Rv3211 3587539 [ 3587798
Rv3245c¢ 3624910 | 3626613 | negative
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Supplementary Table 4.2 (continued)

Rv3260c Rv3261 3640141 | 3640543
Rv3343c 3729364 | 3736935 | negative
Rv3345¢ 3738158 | 3742774 | negative
Rv3347c 3743711 | 3753184 | negative
Rv3446¢ 3863317 | 3864531 | negative
Rv3462c Rv3463 3880653 [ 3880907
Rv3478 3894426 | 3895607 | positive
Rv3507 3926569 | 3930714 | positive
Rv3564 4005247 | 4006203
Rv3651 Rv3652 4092878 | 4093632
Rv3711c 4155740 | 4156729 | negative
Rv3756¢ 4201894 | 4202613
Rv3765c Rv3766 4211784 | 4212293
Rv3793 Rv3794 4243147 | 4243233
Rv3794 4243233 | 4246517
Rv3795 4246514 | 4249810 | positive
Rv3795 4246514 | 4249810 | positive
Rv3795 4246514 | 4249810
Rv3796 Rv3797 4251005 | 4251085
Rv3806¢ 4268925 | 4269833
Rv3825c 4293225 | 4299605
Rv3854c 4326004 | 4327473 | negative
Rv3854c 4326004 | 4327473
Rv3862c 4338171 | 4338521
Rv3862c Rv3863 4338521 | 4338849
Rv3877 4355007 | 4356542
Rv3881c 4360543 | 4361925
Rv3889c 4372800 | 4373630
Rv3894c 4376262 | 4380452
Rv3919c 4407528 | 4408202 [ negative
Rvnr01 1471846 | 1473382 | positive
Rvnr01 1471846 | 1473382 | positive

126




Supplementary Table 4.3 Polymorphisms listed as enriched in drug-resistant strains
(Ref. 119, 120, 135)

RvNumber | Position Database
Rv0001 698 Ref. 119
Rv0006 7362 Ref. 135
Rv0006 7363 Ref. 135
Rv0006 7364 Ref. 135
Rv0006 7587 Ref. 135
Rv0006 8430 Ref. 135
Rv0006 9306 Ref. 135
Rv0015¢ 18147 Ref. 119
Rv0033 36853 Ref. 119
Rv0050 53670 Ref. 135
Rv0050 53671 Ref. 135
Rv0050 53672 Ref. 135
Rv0050 53785 Ref. 135
Rv0050 53786 Ref. 135
Rv0050 53787 Ref. 135
Rv0050 53964 Ref. 135
Rv0050 53965 Ref. 135
Rv0050 53966 Ref. 135
Rv0050 54292 Ref. 135
Rv0050 54293 Ref. 135
Rv0050 54294 Ref. 135
Rv0050 54308 Ref. 135
Rv0050 54309 Ref. 135
Rv0050 54310 Ref. 135
Rv0050 54608 Ref. 135
Rv0050 54609 Ref. 135
Rv0050 54610 Ref. 135
Rv0050 54757 Ref. 135
Rv0050 54758 Ref. 135
Rv0050 54759 Ref. 135
Rv0050 55549 Ref. 119
Rv0064 69338 Ref. 135
Rv0064 69339 Ref. 135
Rv0064 69340 Ref. 135
Rv0064 69871 Ref. 135
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Supplementary Table 4.3 (continued)

Rv0064 69872 Ref. 135
Rv0064 69873 Ref. 135
Rv0064 69991 Ref. 135
Rv0064 70267 Ref. 135
Rv0064 70268 Ref. 135
Rv0064 70269 Ref. 135
Rv0064 70300 Ref. 135
Rv0064 70301 Ref. 135
Rv0064 70302 Ref. 135
Rv0064 70816 Ref. 135
Rv0064 70817 Ref. 135
Rv0064 70818 Ref. 135
Rv0064 70924 Ref. 135
Rv0064 70925 Ref. 135
Rv0064 70926 Ref. 135
Rv0064 71338 Ref. 135
Rv0101 113793 Ref. 119
Rv0104 122334 Ref. 119
Rv0107c 128620 Ref. 119
Rv0120c 147250 Ref. 119
Rv0136 164315 Ref. 119
Rv0191 222486 Ref. 119
Rv0206¢ 244552 Ref. 119
Rv0236¢ 284783 Ref. 119
Rv0236¢ 285869 Ref. 135
Rv0236¢ 285870 Ref. 135
Rv0236¢ 285871 Ref. 135
Rv0252 304904 Ref. 119
Rv0277c 332737 Ref. 119
Rv0277c 332918 Ref. 119
Rv0277c 333046 Ref. 119
Rv0277c 333088 Ref. 119
Rv0277A | 333211 Ref. 119
Rv0278c 334981 Ref. 135
Rv0278c 334982 Ref. 135
Rv0278c 334983 Ref. 135
Rv0278c 335297 Ref. 135
Rv0278c 335298 Ref. 135
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Supplementary Table 4.3 (continued)

Rv0278c 335299 Ref. 135
Rv0278c 336189 Ref. 135
Rv0278c 336190 Ref. 135
Rv0278c 336191 Ref. 135
Rv0279c 337957 Ref. 135
Rv0279c 338098 Ref. 135
Rv0279c 338451 Ref. 135
Rv0279c 338452 Ref. 135
Rv0279c 338453 Ref. 135
Rv0279c 338717 Ref. 135
Rv0279c 338718 Ref. 135
Rv0279c 338719 Ref. 135
Rv0279c 338842 Ref. 135
Rv0279c 338901 Ref. 135
Rv0279c 338902 Ref. 135
Rv0279c 338903 Ref. 135
Rv0280 340132 Ref. 135
Rv0280 340133 Ref. 135
Rv0280 340134 Ref. 135
Rv0323c 390986 Ref. 119
Rv0371c 448551 Ref. 119
Rv0388c 467544 Ref. 135
Rv0388c 467545 Ref. 135
Rv0388c 467546 Ref. 135
Rv0388c 467562 Ref. 135
Rv0388c 467563 Ref. 135
Rv0388c 467564 Ref. 135
Rv0388c 467583 Ref. 135
Rv0388c 467584 Ref. 135
Rv0388c 467636 Ref. 135
Rv0388c 467637 Ref. 135
Rv0388c 467638 Ref. 135
Rv0388c 467983 Ref. 135
Rv0388c 467984 Ref. 135
Rv0388c 467985 Ref. 135
Rv0392c 471671 Ref. 119
Rv0404 485307 Ref. 119
Rv0411c 497388 Ref. 119
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Supplementary Table 4.3 (continued)

Rv0420c 506572 Ref. 119
Rv0520 612556 Ref. 119
Rv0527 617698 Ref. 119
Rv0532 623021 Ref. 135
Rv0532 623022 Ref. 135
Rv0532 623023 Ref. 135
Rv0532 623474 Ref. 135
Rv0532 623510 Ref. 135
Rv0538 631400 Ref. 119
Rv0538 631403 Ref. 119
Rv0578c 672489 Ref. 135
Rv0578c 672490 Ref. 135
Rv0578c 672491 Ref. 135
Rv0591 690172 Ref. 119
Rv0667 760317 Ref. 135
Rv0667 761032 Ref. 135
Rv0667 761033 Ref. 135
Rv0667 761034 Ref. 135
Rv0667 761074 Ref. 135
Rv0667 761075 Ref. 135
Rv0667 761076 Ref. 135
Rv0667 761112 Ref. 135
Rv0667 761114 Ref. 119
Rv0667 761115 Ref. 119
Rv0667 761142 Ref. 135
Rv0667 761144 Ref. 119
Rv0667 761145 Ref. 119
Rv0667 761157 Ref. 135
Rv0667 761163 Ref. 135
Rv0667 761166 Ref. 119
Rv0667 761253 Ref. 135
Rv0667 761254 Ref. 135
Rv0667 761255 Ref. 135
Rv0667 761282 Ref. 119
Rv0667 761490 Ref. 135
Rv0667 761491 Ref. 135
Rv0667 761492 Ref. 135
Rv0667 762000 Ref. 135
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Supplementary Table 4.3 (continued)

Rv0667 762315 Ref. 119
Rv0668 764582 Ref. 135
Rv0668 764665 Ref. 119
Rv0668 764719 Ref. 119
Rv0668 764827 Ref. 119
Rv0668 764845 Ref. 119
Rv0668 764846 Ref. 119
Rv0668 764936 Ref. 119
Rv0668 764953 Ref. 119
Rv0668 765464 Ref. 135
Rv0668 765465 Ref. 135
Rv0668 765466 Ref. 119
Rv0668 765467 Ref. 119
Rv0668 765468 Ref. 119
Rv0668 765619 Ref. 135
Rv0668 765620 Ref. 135
Rv0668 765621 Ref. 135
Rv0668 766027 Ref. 119
Rv0668 766467 Ref. 135
Rv0668 766468 Ref. 135
Rv0668 766469 Ref. 135
Rv0668 766490 Ref. 135
Rv0668 766492 Ref. 119
Rv0668 766493 Ref. 119
Rv0668 766646 Ref. 135
Rv0668 766647 Ref. 135
Rv0682 781689 Ref. 135
Rv0682 781692 Ref. 119
Rv0682 781824 Ref. 135
Rv0682 781827 Ref. 119
Rv0724A | 817532 Ref. 119
Rv0746 836053 Ref. 135
Rv0746 836054 Ref. 135
Rv0746 836055 Ref. 135
Rv0746 836274 Ref. 135
Rv0746 836291 Ref. 135
Rv0746 836292 Ref. 135
Rv0746 836293 Ref. 135
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Supplementary Table 4.3 (continued)

Rv0746 837928 Ref. 135
Rv0746 837929 Ref. 135
Rv0746 837930 Ref. 135
Rv0747 839123 Ref. 135
Rv0747 839124 Ref. 135
Rv0747 839125 Ref. 135
Rv0747 839129 Ref. 135
Rv0747 839130 Ref. 135
Rv0747 839131 Ref. 135
Rv0747 839336 Ref. 135
Rv0747 839684 Ref. 135
Rv0747 839685 Ref. 135
Rv0747 839686 Ref. 135
Rv0747 840179 Ref. 135
Rv0747 840180 Ref. 135
Rv0747 840181 Ref. 135
Rv0749 841331 Ref. 119
Rv0749 841382 Ref. 119
Rv0749 841383 Ref. 119
Rv0749 841453 Ref. 119
Rv0749 841487 Ref. 119
Rv0749 841634 Ref. 119
Rv0749 841655 Ref. 119
Rv0750 842049 Ref. 119
Rv0750 842056 Ref. 119
Rv0750 842061 Ref. 119
Rv0750 842062 Ref. 119
Rv0750 842063 Ref. 119
Rv0750 842068 Ref. 119
Rv0750 842070 Ref. 119
Rv0750 842116 Ref. 119
Rv0808 902554 Ref. 119
Rv0814c 908191 Ref. 119
Rv0818 911522 Ref. 119
Rv0823c 916768 Ref. 119
Rv0829 921813 Ref. 135
Rv0845 941757 Ref. 119
Rv0874c 972799 Ref. 119
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Supplementary Table 4.3 (continued)

Rv0875c | 974009 | Ref. 119
Rv0933 1041451 | Ref. 119
Rv0938 1048110 | Ref. 119
Rv0979c | 1094713 | Ref. 119
Rv0987 1103338 | Ref. 119
Rv104lc | 1164577 | Ref. 119
Rvl129c | 1254138 | Ref. 119
Rvi194c | 1338071 | Ref. 119
Rv1197 1340665 | Ref. 119
Rv1197 1340675 | Ref. 119
Rv1198 1341072 | Ref. 119
Rv1198 1341081 | Ref. 119
Rv1198 1341168 | Ref. 119
Rv1198 1341182 | Ref. 119
Rv1198 1341262 | Ref. 119
Rv1206 1349383 | Ref. 119
Rv1237 1380580 | Ref. 119
RvI256c | 1404177 | Ref. 119
Rv1288 1441541 | Ref. 119
RvI313c | 1468208 | Ref. 135
Rvnr01 1472344 | Ref. 135
Rvnr01 1472345 | Ref. 135
Rvnr01 1472346 | Ref. 135
Rvnr01 1472359 | Ref. 120,

Ref. 135
Rvnr01 1472360 | Ref. 135
Rvnr01 1472361 | Ref. 135
Rvnr01 1472362 | Ref. 135
Rvnr01 1472363 | Ref. 135
Rvnr01 1472364 | Ref. 135
Rvnr01 1472367 | Ref. 119
Rvnr01 1472370 | Ref. 119
Rvnr01 1472751 | Ref. 135
Rvnr01 1472752 | Ref. 135
Rvnr01 1472753 | Ref. 135
Rvnr01 1472759 | Ref. 119
Rvnr01 1473246 | Ref. 120,

Ref. 135
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Supplementary Table 4.3 (continued)

Rvnr01 1473247 Ref. 135
Rvnr01 1473248 Ref. 135
Rvnr01 1473254 Ref. 119
Rv1319c 1481131 Ref. 135
Rv1319c 1481132 Ref. 135
Rv1319c 1481133 Ref. 135
Rv1319c 1481183 Ref. 135
Rv1319c 1481184 Ref. 135
Rv1319c 1481335 Ref. 135
Rv1319c 1481336 Ref. 135
Rv1319c 1481337 Ref. 135
Rv1319c 1482183 Ref. 135
Rv1319c 1482184 Ref. 135
Rv1319c 1482185 Ref. 135
Rv1326¢ 1490812 Ref. 119
Rv1378c 1552555 Ref. 119
Rv1400c 1576489 Ref. 119
Rv1437 1614824 Ref. 119
Rv1446¢ 1624789 Ref. 135
Rv1446¢ 1625252 Ref. 135
Rv1446¢ 1625253 Ref. 135
Rv1446¢ 1625254 Ref. 135
Rv1483 1674056 Ref. 119
Rv1484 1674489 Ref. 119
Rv1485 1675181 Ref. 119
Rv1557 1761773 Ref. 119
Rv1566¢ 1774087 Ref. 119
Rv1591 1791608 Ref. 119
Rvl614 1813611 Ref. 119
Rv1634 1840310 Ref. 119
Rv1635c 1841444 Ref. 119
Rv1792 2030363 Ref. 119
Rv1792 2030529 Ref. 119
Rv1793 2030856 Ref. 119
Rv1793 2030950 Ref. 119
Rv1808 2050913 Ref. 135
Rv1808 2050914 Ref. 135
Rv1808 2050915 Ref. 135
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Supplementary Table 4.3 (continued)

Rv1860 2108611 Ref. 119
Rv1872c 2122403 Ref. 119
Rv1872c 2123141 Ref. 119
Rv1873 2123177 Ref. 119
Rv1873 2123189 Ref. 119
Rv1873 2123190 Ref. 119
Rv1882c 2132768 Ref. 119
Rv1908c 2154722 Ref. 135
Rv1908c 2154723 Ref. 135
Rv1908c 2154724 Ref. 135
Rv1908c 2155176 Ref. 119
Rv1908c 2155500 Ref. 135
Rv1908c 2155501 Ref. 135
Rv1908c 2155502 Ref. 135
Rv1908c 2155541 Ref. 120
Rv1908c 2155607 Ref. 120
Rv1908c 2155648 Ref. 120
Rv1908c 2155670 Ref. 135
Rv1908c 2155671 Ref. 135
Rv1908c 2155672 Ref. 135
Rv1912c 2158913 Ref. 119
Rv1917c 2163375 Ref. 135
Rv1922 2174224 Ref. 119
Rv1944c 2195930 Ref. 119
Rv1944c 2195931 Ref. 119
Rv1968 2212447 Ref. 119
Rv2024c 2269778 Ref. 135
Rv2030c 2277281 Ref. 119
Rv2043c 2288729 Ref. 135
Rv2043c 2288730 Ref. 135
Rv2043c 2288736 Ref. 119
Rv2043c 2288748 Ref. 119
Rv2043c 2288846 Ref. 135
Rv2043c 2288847 Ref. 135
Rv2043c 2288848 Ref. 135,
Ref.121
Rv2043c 2288852 Ref. 135
Rv2043c 2288853 Ref. 135
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Supplementary Table 4.3 (continued)

Rv2043c 2288854 Ref. 135
Rv2043c 2288868 Ref. 119
Rv2043c 2288883 Ref. 135
Rv2043c 2288884 Ref. 135
Rv2043c 2288931 Ref. 135
Rv2043c 2288932 Ref. 135
Rv2043c 2288947 Ref. 119
Rv2043c 2288971 Ref. 119
Rv2043c 2289052 Ref. 135
Rv2043c 2289053 Ref. 135
Rv2043c 2289054 Ref. 135
Rv2043c 2289071 Ref. 135
Rv2043c 2289072 Ref. 135
Rv2043c 2289088 Ref. 135
Rv2043c 2289210 Ref. 135
Rv2043c 2289211 Ref. 135
Rv2043c 2289240 Ref. 119
Rv2048c 2295683 Ref. 135
Rv2048c 2295684 Ref. 135
Rv2048c 2295685 Ref. 135
Rv2048c 2296051 Ref. 119
Rv2048c 2297137 Ref. 135
Rv2048c 2297138 Ref. 135
Rv2048c 2297139 Ref. 135
Rv2048c 2297974 Ref. 135
Rv2048c 2297975 Ref. 135
Rv2048c 2297976 Ref. 135
Rv2048c 2299194 Ref. 135
Rv2048c 2299195 Ref. 135
Rv2048c 2299196 Ref. 135
Rv2048c 2300235 Ref. 135
Rv2048c 2300236 Ref. 135
Rv2048c 2300237 Ref. 135
Rv2048c 2300246 Ref. 119
Rv2048c 2300544 Ref. 135
Rv2048c 2300545 Ref. 135
Rv2048c 2300546 Ref. 135
Rv2048c 2300561 Ref. 119
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Supplementary Table 4.3 (continued)

Rv2048c 2300564 Ref. 119
Rv2048c 2302031 Ref. 135
Rv2048c 2302032 Ref. 135
Rv2048c 2302033 Ref. 135
Rv2048c 2304066 Ref. 135
Rv2048c 2304067 Ref. 135
Rv2048c 2304068 Ref. 135
Rv2048c 2304236 Ref. 135
Rv2048c 2304237 Ref. 135
Rv2048c 2304238 Ref. 135
Rv2048c 2306315 Ref. 119
Rv2082 2338773 Ref. 135
Rv2082 2338774 Ref. 135
Rv2082 2338775 Ref. 135
Rv2082 2338811 Ref. 135
Rv2082 2338812 Ref. 135
Rv2082 2338813 Ref. 135
Rv2082 2338921 Ref. 119
Rv2082 2338994 Ref. 135
Rv2082 2338995 Ref. 135
Rv2082 2338996 Ref. 135
Rv2082 2339255 Ref. 135
Rv2082 2339256 Ref. 135
Rv2082 2339257 Ref. 135
Rv2082 2339261 Ref. 135
Rv2082 2339262 Ref. 135
Rv2082 2339263 Ref. 135
Rv2082 2339269 Ref. 119
Rv2082 2339308 Ref. 119
Rv2082 2339309 Ref. 119
Rv2082 2339310 Ref. 119
Rv2082 2339525 Ref. 135
Rv2082 2339526 Ref. 135
Rv2082 2339527 Ref. 135
Rv2082 2339835 Ref. 135
Rv2082 2339836 Ref. 135
Rv2082 2339837 Ref. 135
Rv2082 2340104 Ref. 135
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Supplementary Table 4.3 (continued)

Rv2082 2340105 Ref. 135
Rv2082 2340106 Ref. 135
Rv2082 2340623 Ref. 135
Rv2102 2363691 Ref. 119
Rv2112¢ 2372502 Ref. 119
Rv2112¢ 2372559 Ref. 119
Rv2155c¢ 2415501 Ref. 135
Rv2155c¢ 2415502 Ref. 135
Rv2155c¢ 2415503 Ref. 135
Rv2155¢ 2416154 Ref. 135
Rv2155¢ 2416155 Ref. 135
Rv2155¢ 2416156 Ref. 135
Rv2182c¢ 2444629 Ref. 119
Rv2205c¢ 2470147 Ref. 135
Rv2205c¢ 2470148 Ref. 135
Rv2205c¢ 2470149 Ref. 135
Rv2258c 2531618 Ref. 119
Rv2291 2563472 Ref. 119
Rv2346¢ 2625932 Ref. 119
Rv2346¢ 2626113 Ref. 119
Rv2346¢ 2626116 Ref. 119
Rv2346¢ 2626118 Ref. 119
Rv2348c 2626686 Ref. 119
Rv2361c 2643278 Ref. 119
Rv2402 2700247 Ref. 119
Rv2427A | 2725653 Ref. 120
Rv2427A | 2725700 Ref. 120
Rv2427A | 2725802 Ref. 120
Rv2436 2733749 Ref. 135
Rv2436 2733750 Ref. 135
Rv2436 2733751 Ref. 135
Rv2436 2734074 Ref. 135
Rv2436 2734075 Ref. 135
Rv2436 2734076 Ref. 135
Rv2447c 2747159 Ref. 119
Rv2447c 2747203 Ref. 119
Rv2447c 2747471 Ref. 120
Rv2447c 2747479 Ref. 119
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Supplementary Table 4.3 (continued)

Rv2447c 2747488 Ref. 119
Rv2463 2765896 Ref. 119
Rv2476¢ 2778964 Ref. 119
Rv2540c 2863716 Ref. 119
Rv2544 2867764 Ref. 119
Rv2561 2881463 Ref. 119
Rv2561 2881480 Ref. 119
Rv2566 2886547 Ref. 119
Rv2605c 2932443 Ref. 119
Rv2665 2982964 Ref. 119
Rv2670c 2986835 Ref. 119
Rv2679 2995856 Ref. 119
Rv2722 3034771 Ref. 119
Rv2723 3035380 Ref. 119
Rv2741 3054665 Ref. 135
Rv2741 3054666 Ref. 135
Rv2741 3054667 Ref. 135
Rv2764c 3074238 Ref. 119
Rv2764c 3074408 Ref. 120
Rv2765 3075294 Ref. 119
Rv2782c 3089259 Ref. 119
Rv2787 3095501 Ref. 119
Rv2789c 3098318 Ref. 119
Rv2804c 3112885 Ref. 119
Rv2823c 3130012 Ref. 119
Rv2823c 3131473 Ref. 135
Rv2828A | 3136343 Ref. 119
Rv2853 3162632 Ref. 135
Rv2853 3162633 Ref. 135
Rv2853 3162634 Ref. 135
Rv2853 3164083 Ref. 135
Rv2853 3164084 Ref. 135
Rv2853 3164085 Ref. 135
Rv2865 3177552 Ref. 119
Rv2916c¢ 3224892 Ref. 119
Rv2931 3247317 Ref. 135
Rv2931 3247318 Ref. 135
Rv2931 3247324 Ref. 119
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Rv2931 3248074 Ref. 135
Rv2931 3248075 Ref. 135
Rv2931 3248076 Ref. 135
Rv2931 3248082 Ref. 119
Rv2931 3248083 Ref. 119
Rv2931 3248190 Ref. 135
Rv2931 3248191 Ref. 135
Rv2931 3248192 Ref. 135
Rv2931 3248308 Ref. 135
Rv2931 3248309 Ref. 135
Rv2931 3248310 Ref. 135
Rv2931 3249027 Ref. 135
Rv2931 3249411 Ref. 135
Rv2931 3249412 Ref. 135
Rv2931 3249413 Ref. 135
Rv2932 3251428 Ref. 119
Rv2932 3253560 Ref. 119
Rv2934 3266777 Ref. 119
Rv2947c 3297348 Ref. 119
Rv2986¢ 3343419 Ref. 119
Rv3021c 3379430 Ref. 135
Rv3021c 3379431 Ref. 135
Rv3021c 3379432 Ref. 135
Rv3021c 3379786 Ref. 135
Rv3021c 3380080 Ref. 135
Rv3021c 3380081 Ref. 135
Rv3021c 3380082 Ref. 135
Rv3064c 3430088 Ref. 119
Rv3081 3446707 Ref. 119
Rv3082c 3448009 Ref. 119
Rv3108 3477274 Ref. 119
Rv3134c 3500157 Ref. 119
Rv3165c 3534196 Ref. 119
Rv3169 3538160 Ref. 119
Rv3190c 3555465 Ref. 119
Rv3224 3600338 Ref. 119
Rv3228 3604821 Ref. 135
Rv3228 3604822 Ref. 135
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Rv3228 3604823 Ref. 135
Rv3245c 3625505 Ref. 135
Rv3245c 3625506 Ref. 135
Rv3245c 3625507 Ref. 135
Rv3245c 3625949 Ref. 119
Rv3245c 3626091 Ref. 135
Rv3245c 3626092 Ref. 135
Rv3245c 3626093 Ref. 135
Rv3245c 3626388 Ref. 135
Rv3245c 3626389 Ref. 135
Rv3245c 3626390 Ref. 135
Rv3245c 3626487 Ref. 135
Rv3245c 3626488 Ref. 135
Rv3245c 3626489 Ref. 135
Rv3296 3679971 Ref. 119
Rv3296 3680940 Ref. 119
Rv3297 3681535 Ref. 119
Rv3312c 3700229 Ref. 119
Rv3343c 3730392 Ref. 135
Rv3343c 3730393 Ref. 135
Rv3343c 3730394 Ref. 135
Rv3343c 3730614 Ref. 135
Rv3343c 3730615 Ref. 135
Rv3343c 3730616 Ref. 135
Rv3343c 3732342 Ref. 135
Rv3343c 3732343 Ref. 135
Rv3343c 3732344 Ref. 135
Rv3343c 3732859 Ref. 135
Rv3343c 3732860 Ref. 135
Rv3343c 3732861 Ref. 135
Rv3343c 3734187 Ref. 135
Rv3343c 3734188 Ref. 135
Rv3343c 3734189 Ref. 135
Rv3343c 3735079 Ref. 135
Rv3343c 3735080 Ref. 135
Rv3343c 3735081 Ref. 135
Rv3343c 3735538 Ref. 135
Rv3343c 3735539 Ref. 135
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Rv3343c 3735540 Ref. 135
Rv3343c 3735811 Ref. 135
Rv3343c 3735812 Ref. 135
Rv3343c 3735813 Ref. 135
Rv3343c 3736626 Ref. 135
Rv3343c 3736627 Ref. 135
Rv3343c 3736628 Ref. 135
Rv3345c 3738550 Ref. 135
Rv3345c 3738551 Ref. 135
Rv3345c 3738552 Ref. 135
Rv3345c 3738674 Ref. 135
Rv3345c 3738675 Ref. 135
Rv3345c 3738676 Ref. 135
Rv3345c 3738683 Ref. 135
Rv3345c 3738684 Ref. 135
Rv3345c 3738685 Ref. 135
Rv3345c 3740374 Ref. 135
Rv3345c 3740375 Ref. 135
Rv3345c 3740376 Ref. 135
Rv3345c 3741356 Ref. 135
Rv3345c 3741357 Ref. 135
Rv3345c 3741358 Ref. 135
Rv3345c 3742135 Ref. 135
Rv3345c 3742136 Ref. 135
Rv3345c 3742137 Ref. 135
Rv3345c 3742393 Ref. 135
Rv3345c 3742394 Ref. 135
Rv3345c 3742395 Ref. 135
Rv3347c 3744093 Ref. 135
Rv3347c 3744094 Ref. 135
Rv3347c 3744095 Ref. 135
Rv3347c 3746407 Ref. 135
Rv3347c 3746408 Ref. 135
Rv3347c 3746409 Ref. 135
Rv3347c 3747886 Ref. 135
Rv3347c 3747887 Ref. 135
Rv3347c 3747888 Ref. 135
Rv3347c 3750208 Ref. 135
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Supplementary Table 4.3 (continued)

Rv3347c 3750209 Ref. 135
Rv3347c 3750210 Ref. 135
Rv3347c 3750415 Ref. 135
Rv3347c 3750416 Ref. 135
Rv3347c 3750417 Ref. 135
Rv3347c 3750419 Ref. 135
Rv3347c 3750420 Ref. 135
Rv3347c 3750421 Ref. 135
Rv3347c 3750826 Ref. 135
Rv3347c 3751255 Ref. 135
Rv3347c 3751256 Ref. 135
Rv3347c 3751257 Ref. 135
Rv3347c 3752819 Ref. 135
Rv3347c 3752820 Ref. 135
Rv3347c 3752821 Ref. 135
Rv3363c 3774269 Ref. 119
Rv3378c 3793110 Ref. 119
Rv3383c 3798070 Ref. 119
Rv3436¢ 3855220 Ref. 119
Rv3446¢ 3863346 Ref. 135
Rv3446¢ 3863347 Ref. 135
Rv3446¢ 3863348 Ref. 135
Rv3446¢ 3863679 Ref. 135
Rv3446¢ 3863680 Ref. 135
Rv3446¢ 3863681 Ref. 135
Rv3446¢ 3863812 Ref. 135
Rv3446¢ 3863813 Ref. 135
Rv3446¢ 3863814 Ref. 135
Rv3457c 3877946 Ref. 119
Rv3478 3894732 Ref. 135
Rv3478 3894733 Ref. 135
Rv3478 3894734 Ref. 135
Rv3478 3894784 Ref. 135
Rv3478 3894785 Ref. 135
Rv3478 3894786 Ref. 135
Rv3478 3894862 Ref. 135
Rv3478 3894863 Ref. 135
Rv3478 3894864 Ref. 135
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Supplementary Table 4.3 (continued)

Rv3478 3895536 Ref. 135
Rv3478 3895537 Ref. 135
Rv3478 3895538 Ref. 135
Rv3478 3895585 Ref. 135
Rv3478 3895586 Ref. 135
Rv3478 3895587 Ref. 135
Rv3479 3895891 Ref. 119
Rv3507 3926968 Ref. 135
Rv3507 3926969 Ref. 135
Rv3507 3926970 Ref. 135
Rv3507 3926984 Ref. 135
Rv3507 3926985 Ref. 135
Rv3507 3926986 Ref. 135
Rv3507 3927578 Ref. 135
Rv3507 3927579 Ref. 135
Rv3507 3927580 Ref. 135
Rv3507 3929098 Ref. 135
Rv3507 3929099 Ref. 135
Rv3507 3929100 Ref. 135
Rv3507 3930476 Ref. 135
Rv3507 3930477 Ref. 135
Rv3507 3930478 Ref. 135
Rv3589 4030699 Ref. 119
Rv3711c 4156501 Ref. 135
Rv3711c 4156502 Ref. 135
Rv3711c 4156503 Ref. 135
Rv3768 4214150 Ref. 119
Rv3795 4247432 Ref. 135
Rv3795 4247433 Ref. 135
Rv3795 4247436 Ref. 119
Rv3795 4247476 Ref. 119
Rv3795 4247498 Ref. 135
Rv3795 4247553 Ref. 135
Rv3795 4247554 Ref. 135
Rv3795 4247555 Ref. 135
Rv3795 4247576 Ref. 135
Rv3795 4247732 Ref. 135
Rv3795 4247737 Ref. 119
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Supplementary Table 4.3 (continued)

Rv3795 4248005 Ref. 135
Rv3795 4248009 Ref. 119
Rv3795 4248010 Ref. 119
Rv3795 4248320 Ref. 135
Rv3795 4248321 Ref. 135
Rv3795 4248322 Ref. 135
Rv3795 4249525 Ref. 119
Rv3795 4249590 Ref. 119
Rv3798 4254290 Ref. 135
Rv3806¢ 4269096 Ref. 119
Rv3806¢ 4269305 Ref. 119
Rv3806¢ 4269317 Ref. 120
Rv3839 4313163 Ref. 119
Rv3848 4322607 Ref. 119
Rv3854c 4326331 Ref. 135
Rv3854c 4326332 Ref. 135
Rv3854c 4326333 Ref. 135
Rv3854c 4326568 Ref. 135
Rv3854c 4326569 Ref. 135
Rv3854c 4326570 Ref. 135
Rv3854c 4326712 Ref. 135
Rv3854c 4326713 Ref. 135
Rv3854c 4326714 Ref. 135
Rv3854c 4326722 Ref. 135
Rv3854c 4326723 Ref. 135
Rv3854c 4326724 Ref. 135
Rv3854c 4326856 Ref. 135
Rv3854c 4326857 Ref. 135
Rv3854c 4326858 Ref. 135
Rv3854c 4327020 Ref. 135
Rv3854c 4327021 Ref. 135
Rv3854c 4327022 Ref. 135
Rv3854c 4327072 Ref. 119
Rv3854c 4327245 Ref. 135
Rv3854c 4327324 Ref. 135
Rv3854c 4327325 Ref. 135
Rv3862c 4338365 Ref. 120
Rv3862c 4338372 Ref. 119
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Supplementary Table 4.3 (continued)

Rv3879c 4359172 Ref. 119
Rv3887c 4371255 Ref. 119
Rv3910 4398755 Ref. 119
Rv3919c 4407766 Ref. 135
Rv3919c 4407767 Ref. 135
Rv3919c 4407902 Ref. 135
Rv3919c 4407903 Ref. 135
Rv3919c 4407904 Ref. 135
Rv3919c 4407914 Ref. 135
Rv3919c 4407925 Ref. 135
Rv3919c 4407926 Ref. 135
Rv3919c 4407965 Ref. 135
Rv3919c 4408052 Ref. 135
Rv3919c 4408053 Ref. 135
Rv3919c 4408054 Ref. 135
Rv3919c 4408059 Ref. 135
Rv3919c 4408060 Ref. 135
Rv3919c 4408061 Ref. 135
Rv3919c 4408154 Ref. 135
Rv3919c 4408155 Ref. 135
Rv3919c 4408156 Ref. 135
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