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PREFACE

Tuberculosis (TB) is an infectious disease caused by the bacillus Mycobacterium tuberculosis
(Mtb). 1t has remained a health concern since its declaration as a public health problem in 1993 [1].
Although global incidences of TB have been reducing in past years, in 2020, nearly 9.9 million people
developed TB with most cases being reported in the WHO regions of South-East Asia (43%), Africa
(25%), and Western Pacific (18%) (figure 1) [2]. It is among the leading causes of mortality
worldwide. An estimated 1.3 million people died from TB in 2020 alone, an increase from 1.2 million
reported in 2019 among HIV-negative people. In HIV-positive patients, mortality increased from 209
000 in 2019 to 214 000 in 2020 [2].

Mtb the causative agent of TB, is a gram-positive bacillus belonging to the phylum Actinobacteria.
Members of this phylum have a high G+C content in their genome, exhibit pleomorphic morphologies,
and can be found freely living in wide-ranging ecological environments including soil, water, plants,
animals, and human [3]. The Mycobacterium genera of Actinobacteria constitute important human
pathogens. Members of this genus are characterized by a complex cell wall and a waxy cell envelope.
The cell wall structure can be divided into 3 major components: a peptidoglycan, arabinogalactan,
and mycolic acid layers [4]. The peptidoglycan layer functions to provide shape and rigidity to the
cell, protecting against turgor pressure, and anchoring other outer cell components [3].
Arabinogalactan a polysaccharide, links mycolic acids to the peptidoglycan layer and is important for
the cell growth [5]. A distinctive feature of the members of the genus Mycobacterium is the presence
of mycolic acids, unique fatty acids that make up the mycobacteria cell envelope and responsible for
the characteristic acid fastness. Mycolic acids are essential for the cell viability and virulence [5]. The
mycolic acids make an intercalating complex with other lipids to form a hydrophobic outer membrane
highly impermeable to many compounds and enabling it to survive in stressful environmental
conditions such as drug presence [6]. Mtb and Mycobacterium leprae causing tuberculosis and leprosy,
respectively, are the most important obligate human pathogens of the genus Mycobacterium.

Infection by Mtb is by inhalation of droplet nuclei containing live bacteria. It primarily causes
pulmonary TB, the most infectious form of TB. Upon inhalation, the bacteria are phagocytosed by
alveolar macrophages, forming a phagosome where they persist by escaping the macrophage
mechanism to clear intracellular pathogens such as preventing phagosome and lysosome fusion and
resistance to reactive nitrogen species [4][7].

Infection by Mtb has 3 possible outcomes including 1) clearance by host immune system, 2)
containment as latent infection, and 3) progression to active disease. In latent TB infection (LTBI),
the host immune response restricts Mrtb growth and maintains the bacteriain a state of
dormancy surrounded by monocytes, dendritic cells, lymphocytes, and fibroblasts [8]. This lesion

containing bacteria also known as a granuloma or tubercle, is the hallmark of TB. The granuloma
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prevents bacteria from spreading throughout the tissue and other body organs, and live bacteria can
persist in the lesion for decades. An estimated 21% to 25% of the global population has LTBI [9].
People with LTBI are asymptomatic but, when the immune system weakens, they can develop
symptomatic TB, thus LTBI presents a large reservoir for TB disease. Approximately 10% of people
with LTBI have a risk of developing active TB at some point in their life [10]. Active TB is
characterized by persistent cough with bloody phlegm, weight loss, night sweat, fatigue, and fever.
For clarity, in this thesis, active TB will be referred to as TB.

The immune system suppression predisposes to TB development by compromising the integrity
of the granuloma causing it to rupture and release live bacteria. Factors such as diabetes, malnutrition,
smoking, alcohol, age, immunosuppressive therapy, cancer, and HIV contribute to immune system
suppression and increase the risk of developing TB [11-13]. In addition to increasing the risk of TB
reactivation from LTBI, HIV can also increase progression to TB disease after initial infection or
reinfection [14].

Recent studies have also confirmed the role of host genetic factors to susceptibility to TB infection
as well as the development of disease. Some studies have pointed to a genetic variant on chromosome
11p13 associated with resistance to TB. A single nucleotide polymorphism (SNP) rs2057178 near
WTI on this chromosome had a protective association against TB in study populations from Ghana
(OR 0.77, p value = 2.63x10%), Gambia (OR 0.80, p value = 4.87x10°*), Russia (OR 0.91, p value =
0.02), South Africa (OR 0.62, p value = 2.7x10°), and Morocco (OR 0.78, p value = 0.43) [15-17].
A genome-wide association study conducted on the Icelandic population found 2 HLA class II
variants that affected the risk of pulmonary TB. The SNP rs557011 [T] appeared to increase the odds
of developing the disease (OR 1.25, p value = 5.8x107'%) while rs9271378[G] protected against
disease development (OR 1.25, p value = 5.8x1071), possibly by affecting antigen presentation to T
cells [18]. Host genetic susceptibility to TB was also exemplified in the Liibeck disaster in which 251
children were accidentally inoculated with Bacille Calmette-Guérin (BCG) vaccine contaminated
with variable concentrations of pathogenic Mtb. Out of the 251 inoculated children, 228 developed
different forms of TB. Seventy-seven deaths were recorded within a year of exposure, and 72 of these
were attributed to TB. Remarkably, 17 (6.8%) children had no clinical signs of TB while 68% of
children who had developed symptomatic TB, spontaneously cured stressing the role of host genetics
in TB disease resistance and severity [19]. The observed variability in TB outcome could also be
attributed to different dosage of Mrb administered to the children suggesting that bacteria dosages at
exposure also influences the outcome of infection. Undoubtedly, host genetic variability and exposure
dosage can influence the risk of developing TB.

Mtb has intrinsic resistance to many antibiotics due to the highly impermeable lipid-rich cell
envelope and presence of drug inactivating enzymes such as beta-lactamases. Nonetheless, TB is a
treatable disease. The recommended first-line anti-TB drug combination of rifampicin (RIF),
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isoniazid (INH), ethambutol (EMB), and pyrazinamide (PZA) for the treatment of drug-susceptible
TB has approximately 85% treatment success [20]. The emergence of drug resistance to these drugs
is a public health concern globally, particularly rifampicin resistance (RR) and multi-drug resistant
TB (MDR-TB) which is resistance to the two most potent anti-TB drugs RIF and INH [21]. For both
forms of drug resistance (RR and MDR), second-line drugs are used for treatment. History of previous
TB treatment, poor quality drugs, inconsistent supply of TB drugs, delayed diagnosis, accessibility
of health care facilities, and patient-related factors such as non-adherence to treatment, social-
economic factors increase the likelihood of drug resistance emergence [18]. Human
immunodeficiency virus (HIV) co-infection has also been documented to increase the likelihood of
developing drug resistance due to drug malabsorption, leading to suboptimal drug plasma
concentration [22]. The emergence of MDR/RR-TB is problematic compared to drug-susceptible TB
because treatment of this form of TB is highly costly, uses toxic drugs producing adverse side effects;
in addition, the patient has to endure a high pill burden for a prolonged treatment period [23].
Moreover, MDR-TB treatment often has poor outcome with only 57% global success rate [20].
MDR/RR-TB emergence is thus a threat to the global efforts to end TB.

Drug resistance in Mtb is mediated by the acquisition of chromosomal mutations in genes that
encode proteins targeted by the drugs [6]. These mutations can cause drug target structural alteration
such as RNA polymerase mutations that cause RIF resistance [24], upregulation of drug target
proteins as is the case with NADH-dependent enoyl-acyl carrier protein mutations conferring
resistance to INH [25], and overexpression of efflux pumps such as mutations in Rv0678 leading to
upregulation of the MmpL5 efflux pump and causing resistance to bedaquiline and clofazimine [26].
Some drugs are prodrugs and require enzymatic activation to exert their antimicrobial properties.
Mutations in genes encoding enzymes responsible for activating the drugs abrogate drug activation.
An example of prodrugs is PZA and INH [6].

It has been recognized that an interplay of bacterial determinants influences the evolution of drug
resistance-conferring mutations and their maintenance. The biological cost of mutations on the
organism’s fitness is an important predictor of the acquisition of drug resistant confering mutations.
The degree of impact on fitness depends on the specific mutation, the environment, and genetic
background of the bacteria. Forexample, among RIF resistance confering mutations, rpoB S450L is
a least fitness cost in Mtb [27]. Addittionally, the fitness cost of a mutation also differs in different
growth conditions [28]. Clearly, drug resistance mutations may affect the fitness of an organism.

In most experiments, the inference of in vivo fitness cost of mutations on Mtb is done by in
vitro comparison of the growth rate of mutant and susceptible strains. This method fails to capture
other factors that may have an effect on mutation acquisition such as the host immune system and
genetics, nutrient availability, and co-morbidities [28][29]. An alternative way to measure fitness is
by quantifying resistant variant frequency in a population which correlates well with in vivo fitness.
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The most frequently observed mutations in clinical isolates are considered to have reduced in vivo
fitness cost. For example, a genome-wide analysis found that the rpoB mutation S450L previously
reported by in vitro experiments as the least costly mutation was the most frequent mutation among
6,465 MDR-Mtb clinical isolates at 64.2% [27,30]. An allelic exchange experiment revealed that rpsL
mutation K42R in Mycobacterium smegmatis had no fitness cost and the corresponding mutation in
Mtb K43R accounted for 42.2% of STR resistance in MDR-TB clinical isolates [30,31]. Mutations
with higher fitness costs, however, may also be found in reasonable frequency due to the occurrence
of compensatory mutations that restores fitness to the bacteria [6]. The mutations with high fitness
costs can thus persist in the population and transmit easily causing outbreaks of MDR-TB. For
example, an outbreak of MDR-TB in South Africa and Eswatini was caused by strains having a
rare rpoB mutation 1491F whose fitness cost in some strains was alleviated by the acquisition of
a rpoC mutation E1033A leading to increased transmissibility of the strains [32]. This interaction
between a drug resistance-conferring mutation and a compensatory mutation is an example of
epistasis which is defined as a non-additive interaction between two genes/alleles that produces an
effect on a phenotype such as fitness [6].

The genomic differences of Mtb strains is another important bacterial determinant of drug
resistance as well as several other observed phenotypes of the organism such as transmissibility and
virulence. The strain’s genomic SNPs, insertions and deletions (indels), large genomic deletions or
duplications, and mobile and repeat elements produce genetic diversity which characterize genetic
background of a strain [6]. The genetic background of a strain may influence the impact of a drug
resistance mutation on fitness. Variable fitness was observed among 5 clinical isolates having the
same S450L amino acid substitution in rpoB, underlining the influence strain genetic background
may have on an organism’s fitness upon acquisition of resistance-conferring mutations [27].
Moreover, the level of drug resistance conferred by a particular mutation can differ depending on the
strain’s genetic background [33].

Based on genomic differences, Mtb can be divided into Lineages 1 to 4, and Lineage 7, whereas
Lineages 5 and 6 are Mycobacterium africanum [34]. These Lineages show differences in geographic
distribution and varied associations to drug resistance. Lineage 1 also known as Indo-Oceanic or EAI,
is dominant around the Indian Ocean, while Lineage 3 known as Central Asian Strain (CAS) is
predominantly found in East Africa and Central and South-Asia, and Lineage 7 is found exclusively
in Ethiopia [35][36]. On the other hand, Lineages 2 (also referred to as East-Asian or Beijing strains)
is gradually expanding globally while Lineage 4 (referred to as Euro-American) is globally distributed.
The Beijing genotype of Lineage 2 has been shown to have a high propensity to acquire drug
resistance due to a higher mutation rate, and based on isolate clustering, has been associated with
increased transmission of drug-resistant strains compared to Lineage 1 [37-39]. Genetic background
can influence the pathway of drug resistance as shown by Lineage 1 having higher odds of acquiring
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inhA mutations -15C/T for INH resistance compared to other lineages (OR 6.4, p value = 0.002) [33].
In addition, MDR-TB outbreaks have been attributed to different sublineages in different
geographical areas. MDR-TB outbreaks in Vietnam and Thailand were attributed to the Beijing
genotype [38,39], in South Africa and Eswatini to S genotype of Lineage 4 [32], in South Africa’s
KwaZulu Natal region to LAM4 [40], in Argentina to sublineage 4.1.2.1 of Lineage 4 [41], and in
India to CAS1_Delhi [42]. Taken together, bacterial determinants such as fitness cost, compensatory
mutations, and genomic variability play a key role in driving drug resistance mutation acquisition.

To study Mtb genetic diversity, several molecular methods have been developed, including
insertion sequence 6110 (1S6110) restriction fragment length polymorphism (RFLP), spacer
oligonucleotide typing (spoligotyping), mycobacterial interspersed repetitive-units-variable number
tandem-repeat (MIRU-VNTR) typing, large sequence polymorphisms (LSP), and SNP analysis. The
1IS6110 RFLP method is based on different copy numbers of the 1S6110 and the position of insertions
in the genome of Mtb isolates to generate a strain-specific fingerprint [43]. Spoligotyping detects the
presence or absence of 43 variable spacers in the direct repeat (DR) locus and can differentiate Mtb
to sublineage level such as CAS1_Kili, LAM, T, X, Beijing, etc [44]. Unlike spoligotyping which
targets one locus, MIRU-VNTR targets multiple loci containing a variable number of tandem repeats
and is thus more discriminatory than spoligotyping [45]. LSP is based on the detection of regions of
difference due to deletions in the genome of Mtb strains while SNP analysis identifies strain-specific
mutations in isolates compared to the reference strains and both can classify Mtb into Lineages and
sublineages [46,47]. Genotyping of Mtb is important in the epidemiological surveillance of TB,
outbreak investigation, and the identification of transmission clusters in different geographical
settings.

As already discussed, drug resistance mutation frequencies are influenced by bacterial genotypes.
The distribution of these genotypes is different depending on geographical area. Therefore, regional
setting studies including drug resistance mutations and genotypes are relevant to inform specific
control strategies to curb antibiotic resistance and contribute to the development of rapid diagnostic
tools.

Zambia has seen a downward trend of TB incidences in the past decade (figure 2), yet still, it is
regarded as a high TB burden country [2]. An estimated 59, 000 people became ill with TB in 2020
and only 68% of these were started on treatment [2]. The approximately 30% with delayed treatment
initiation can become the source of infection in the population. Factors such as death, untraceable
patients due to incorrect or change of address, socioeconomic factors, administrative factors, long
diagnostic result turnaround time, and health care provider behavior and attitude; may contribute to
delayed treatment initiation [48]. In addition to delayed treatment, approximately 40% of TB cases
in Zambia do not have access to microbiological testing [49]. The lack of diagnosis of these TB
patients may be due to difficulties to access health care and TB facilities, delay to seek health care,
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and unsuspected TB [49][50]. The undiagnosed and untreated TB patients perpetuate TB transmission
and could contribute to the high TB burden in Zambia.

Several methods are used for confirmation of a TB diagnosis in Zambia including smear
microscopy, lateral flow urine lipoarabinomannan assay (LF-LAM), Xpert MTB/RIF assay, line
probe assay (LPA), and culture. Smear microscopy involves demonstrating by sputum smear staining
the presence of acid-fast bacilli (AFB). This technique is widely used in TB screening in high TB
burden countries, but it has moderate sensitivity [51]. The LF-LAM assay uses urine for diagnosis of
TB and is used in patients who cannot produce sputum such as HIV patients [52]. Isolation of Mtb by
culture is more sensitive than smear microscopy but, in Zambia, it is limited to all retreatment cases,
suspected treatment failure, and drug resistance surveillance [53]. The purpose of culturing for these
classes of patients is to perform drug susceptibility testing (DST) to guide treatment, however, this
method’s turnaround time is several weeks to months. In 2018, the molecular tools Xpert MTB/RIF
assay and LPA were formally adopted as a first-line tool for the diagnosis of TB in Zambia as well as
for DST to first and second-line drugs, respectively. These tools are more rapid and sensitive
compared to culture and have improved drug resistance case detection in the country [51][54].

Zambia has seen an increasing trend of MDR/RR-TB in recent years and as a result, was included
on the 2021 updated list of high MDR-TB burden countries in the world [55]. Figure 3 shows a
gradual increase of laboratory-confirmed MDR-TB over a period of 12 years in Zambia from 2000
to 2011 [56]. It can be said, therefore, that MDR-TB in Zambia has been silently increasing for the
past 2 decades. The adoption of molecular-based tools such as Xpert MTB/RIF and second-line DST
tool LPA could be one reason for the observed recent steep rise in the number of laboratory-confirmed
new MDR/RR-TB cases [54]. The rollout of Xpert MTB/RIF in Zambia started in 2017, and that year
saw a significant increase of laboratory-confirmed MDR/RR-TB from 180 in 2016 to 546 (figure 4).

Despite the improved MDR-TB detection, there are still significant gaps in DST and prompt
treatment initiation for MDR/RR-TB in Zambia. In 2018 for example, there were 3100 estimated
incidences of MDR/RR-TB. In that year, 627 laboratory-confirmed MDR/RR-TB cases were reported,
506 were started on MDR/RR-TB treatment, and yet still, only 150 were tested for second-line drug
resistance (figure 4) [21]. That means a significant proportion of MDR/RR-TB patients remain
untested against second-line drugs and are treated empirically without DST.

Further complicating the management of MDR/RR-TB in Zambia, is the fact that only a few drugs
used in the treatment of MDR/RR-TB are covered by the adopted rapid molecular tools. Currently,
the rapid molecular test LPA is used to detect Rif, INH, fluoroquinolones, and an aminoglycoside
amikacin (AMK), while phenotypic DST is used for EMB, streptomycin (STR), clofazimine (CFZ),
bedaquiline (BDQ), and linezolid (LZD). Because of the limited DST coverage and the number of
drugs tested out of those used in MDR/RR-TB treatment, there may be patients on inadequate
treatment. Inadequate treatment is a two-edged sword. On one hand, it leads to patients remaining
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infectious for long periods of time and thereby becoming the sources of transmission, and on the other
hand, predisposes to the emergence and amplification of drug resistance and poor treatment outcome
for the patient [57].

Using DNA sequencing and genotyping methods, recent studies have revealed frequent mutations
that lead to resistance to INH and RIF in Zambia. Analysis of those mutations revealed clustering of
MDR-TB isolates and an association between MDR-TB and CAS1 Kili and LAM1 genotypes [58].
They have thus shown that the rise of MDR-TB cases in Zambia is being driven by the emergence
and transmission rather than cross border transmission of MDR-Mtb strains [59][60].

Therefore, more effort is needed to hasten the progress that Zambia has been making to control
MDR/RR-TB. To reverse the trend of increasing MDR/RR-TB cases, it is important to recognize that
early resistance detection and promptly initiating treatment guided by susceptibility profiles is key.
Thus, scaling up coverage of testing is critical. Mutation analysis by DNA Sequencing is proving
useful in the management of TB patients as well as in surveillance of drug resistance. It has a short
results turnaround time and does not require specialized facilities compared to the conventional
phenotypic DST methods which requires Biosafety level 3 and is thus limited to a few facilities in
Zambia. Additionally, sequencing can be used to determine resistance patterns to a wide range
of drugs, explore clustering, and transmission of M¢b strains. Information about frequency of dug
resistant conferring mutations can also inform the development of easier to use and fast diagnostic
test methods.

The aim of this thesis was to characterize mutations conferring resistance to STR and EMB, two
drugs used in management of MDR-TB and evaluate the utility of DNA sequencing for DST of MDR-
TB isolates in Zambia. Additionally, the correlation between drug resistance-conferring mutations
and Mtb genotypes was determined using the spoligotyping genotyping method. This method detects
the variability in the Direct Repeat Locus. This locus has 36 base pair repeat sequences interrupted
by non-repetitive sequences of 34 to 41 base pairs (figure 5) [44].

This thesis has two chapters. Chapter I describes mutations in rpsL, rrs, and gidB genes known
to confer resistance to STR and discusses their correlation with the circulating genotypes in Zambia.
In chapter I, mutations in embB conferring resistance to EMB are described. Additionally, I discuss
the disparity of resistance conferring mutations and phenotypic EMB DST. Using publicly available
data on TB profiler website, an interesting phenomenon of possible genotypic background influence

on EMB drug resistance trajectory is discussed in chapter II.
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Figure 1: Estimated TB incidence rates, 2020 [2]
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CHAPTER 1
Characterization of mutations associated with streptomycin resistance in
multidrug resistant Mycobacterium tuberculosis in Zambia

Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is a global public health concern
ranked among the top 10 causes of mortality. In 2019, an estimated 1.2 million deaths among human
immunodeficiency virus (HIV) negative and 208 000 deaths among HIV positive people were
attributed to TB [20]. Zambia is among the 30 countries with the highest TB burden in the world. The
emergence of drug resistance raises even more serious concern as it poses a threat to the strides made
in controlling the disease. Effort to reduce the incidences of drug resistance, particularly, multidrug
resistant tuberculosis (MDR-TB) which is resistance to rifampicin (RIF) and isoniazid (INH), have
led to a steady decline of global cases. On the contrary, in Zambia, the incidences of MDR-TB show
an upward trend. From 2014 to 2019, MDR-TB has risen from 0.3% to 2.4% in new cases and 8.1%
to 18% in previously treated cases [64]. This observed increase of MDR-TB in Zambia can be
attributed to an increase in coverage of resistance testing and/or the emergence and spread of MDR-
Mtb due to inadequate control measures. Earlier guidelines in Zambia recommended that drug
susceptibility testing (DST) should be performed on all retreatment cases and suspected treatment
failure. However, adherence to that guideline was low [65], leading to usage of drugs without
confirmation of susceptibility testing. This practice could have led to undetected emergence and silent
spread of drug resistant TB. In a previous study, it was demonstrated that the increase in MDR-TB in
Zambia is not the result of transborder transmission but local emergence and possible spread within
Zambia [58][60]. The mismanagement of MDR-TB could further the evolution of resistance to other
anti-TB drugs. Recently, a first confirmed case of extensively drug resistant TB (XDR-TB) was
reported in Zambia [21], stressing the importance of selecting effective drugs for treatment to avoid
amplification of resistance to other drugs and prevent transmission of MDR-Mtb. The adoption of
tools that rapidly detect resistance could guide selection of effective drugs and help control MDR-
TB.

Streptomycin (STR) is one of two aminoglycosides recommended in TB treatment. It is currently
recommended for limited use as a second-line drug in personalized treatment regimens of MDR-TB
patients [23]. With the observed increased drug resistance in Zambia, STR still has a significant role
in MDR-TB treatment. It is thus important to assess the level of STR resistance among MDR-TB
patients for whom the drug is currently recommended and understand the molecular mechanism of

resistance. This will help to assess the usefulness of STR in MDR-TB treatment and of a rapid
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molecular based tool for determination of STR resistance in Zambia.

STR induces mistranslation of mRNA to protein by tightly binding to 16S rRNA and ribosomal
protein S12 encoded by rrs and rpsL, respectively (figure 6) [66]. Mutations in rpsL are associated
with medium to high level STR resistance while mutations in the 530 loop and 912 region of rrs are
associated with intermediate STR resistance [67]. In addition, mutations in gidB encoding a
methyltranferase enzyme responsible for methylating a G nucleotide at position 518 of the rrs are
known to confer low level STR resistance [68,69]. These mutations in gidB are at times misclassified
as susceptible at the recommended critical concentration of 1 pg/ml and may co-occur with high level
resistance conferring mutations to amikacin, the only other aminoglycoside recommended in TB
treatment [70]. Moreover, studies have revealed a difference in the types of mutations in different
geographical locations and among different genotypes of M. tuberculosis. 1t is therefore important to
investigate mutations conferring STR resistance in local settings and this information could assist in
the development and adoption of rapid diagnostic tools and consequently in the control of MDR-TB.
Thus, I aimed at screening and characterizing mutations in 7psL, rrs and gidB that confer resistance

to STR and examine their association with the circulating genotypes in Zambia.

20



Materials and Methods
Samples and DST

Hundred and thirty-eight isolates were randomly sampled from among multidrug resistant Mtbh
isolates archived between 2011 and 2017 at University Teaching Hospital Tuberculosis (UTH-TB)
laboratory in Lusaka. The laboratory is a reference culture and DST facility covering Eastern, Lusaka
and Western provinces of Zambia. Demographic data as well as phenotypic drug susceptibility test

results was obtained from the laboratory information system.

Drug susceptibility testing was performed by the laboratory following the manufacturer’s manual
(BD BACTEC™ MGIT™ 960 SIRE kit) (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) for STR, RIF, INH, and EMB at concentration 1.0 ug/ml, 1.0 pg/ml, 0.1 pg/ml, and 5.0 pg/ml,
respectively. The BD BACTEC M960 machine was used for incubation.

DNA extraction, PCR amplification and sequencing of rpsL, rrs and gidB genes

Extraction of DNA was done by heating at 95°C for 15 minutes followed by overnight freezing.
The two steps were performed twice. Next, equal amount of TE buffer (10 mM Tris-HCL pH 8.0,
ImM EDTA pH 8.0) was added and stored at -20°C until use.

PCR amplification and DNA sequencing was carried out using primers previously described
(Table 1) [71]. The purified amplified DNA was sequenced with Big Dye Terminator v3.1 (Thermo
Fisher Scientific, Waltham, MA, USA) using a 3500 Genetic sequencer. Sequence results were
aligned to H37Rv (NC _000962.3) using BioEdit sequence alignment editor software [72]. In
addition, RIF and INH resistance conferring mutations obtained in a previous study were used to
confirm MDR [60].

Spoligotyping

Spoligotyping was conducted as previously described (figure 5) [44,58]. Briefly, the direct repeat
region was amplified by PCR using primers DRa GGTTTTGGGTCTGACGAC and DRb
CCGAGAGGGGACGGAAAC, and the resulting products were hybridized to 43 spacer-specific
oligonucleotides probes on a membrane. The resulting spoligotype pattern was converted to binary
and octal formats. The later format was compared with SpolDB4 to determine the spoligo-

international type (SIT) and spoligotypes [73].
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Statistical analysis
Chi square (X?) and Fisher’s exact test were used to determine association between mutations
and genotypes. Odds ratio and simple proportions were used to describe the data. Statistical

significance was set at p value <0.05. Statistical software IBM SPSS 26 was used for analysis.

22



Results

Correlation between Genotypes and STR resistance

The 138 MDR-Mtb analyzed included 69 (50%) isolates belonging to the LAM family, 34
(24.6%) to CAS family, 19 (13.8%) to T family, 6 (4.3%) to H family, 7 (5.1%) to X family, 2 (1.4%)
to EAI and 1 (0.7%) to S family (Table 2). STR resistance was observed in 65.9% (91/138) of the
MDR-TB isolates. Out of all the genotypes analysed, CAS1 Kili (SIT 21) clade had higher odds of
having STR resistance compared to non-CAS1_Kilispoligotype clades (OR 3.9, p value = 0.009),
while LAMI1 (SIT 20) had lower odds of having STR resistance compared to non-LAM1 isolates (SIT
20) (OR 0.12, p value = 0.0005).

Mutations in rpsL

Three types of amino acid substitutions (K43R, K88Q and K88R) associated mutations were
identified in rpsL in 33% (30/91) of STR resistant MDR-TB isolates (Table 3). K43R was observed
in 70% of isolates with mutations in rpsL followed by K88R at 26.7% and then K88Q in 3.3%. A
silent mutation C117T (T39T) was observed in 2 isolates.

Mutations in rrs
Eleven STR resistant isolates harbored 4 different types of mutations in rrs including A514C,
C517T, A906G and A907C (Table 3). Mutations in rpsL and rrs were mutually exclusive and

observed in resistant isolates only.

Mutations in gidB

Fifteen different nucleotide substitutions and 5 deletions were observed in gidB in 45 resistant
and 12 susceptible isolates (Table 3). Ten mutations were exclusively found in resistant isolates. Three
silent mutations at positions C12T (14]), G211C (V110V) and A615G (A205A) were detected. STR
resistant isolates with gidB amino acid substitution G71R and A183V were found to harbor additional
mutations in 77s (A906G and C517T) respectively. A mutation involving two nucleotide substitution
(T611A; C612A), producing a stop codon at 204, was observed in 5 isolates.

The nucleotide polymorphism T47G (L16R) was observed exclusively in LAM genotype while
A615G (A205A) was observed in CAS and EAI genotypes. Excluding the genotype specific L16R,
mutations with amino acid substitutions in rpsL and gidB were mutually exclusive.

The proportion of STR resistant isolates with mutations in gidB was 49.5%. Eight STR resistant

isolates did not have mutations in any of the analyzed genes.
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Association of genotype and mutations in rpsL, rrs and gidB

A significant correlation was found between CAS1 Kili genotype and a mutation at codon 43 in
rpsL (OR 17.6, p value <0.0001) (Table 4). Mutations in gidB were significantly correlated with LAM
genotype (p <0.05). Clustering of isolates based on SIT number and STR resistance conferring

mutations was observed (figure 7).

Molecular determination of STR resistance

The sensitivity of sequencing prediction of STR resistance using rpsL was 33% while that of 7rs
was 12.1% and gidB was 49.5% (Table 5). All 3 genes had an improved combined sensitivity of
91.2% and 74.5% specificity.
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Discussion

STR was used as a first-line drug in Zambia until late-1990s [74,75]. In the early 2000s, it was
recommended for the management of retreatment cases [53]. The prolonged use of STR as a first-line
drug in new and retreatment cases could have led to the emergence of resistance. This is the first study
to describe mutations conferring STR resistance in MDR-Mtb and their relationship with the
circulating genotypes in Zambia.

I observed a high proportion (65.9%) of STR resistance among the MDR-M?1b in this study, which
was lower than that observed in Uganda (83.9%) [76]. The high proportion of STR resistance in
Uganda was estimated from a national surveillance program and thus reflects the national prevalence.
In this study however, isolates were sampled from a limited population. This signifies the importance
of rapidly determining STR susceptibility profile before its inclusion in the individualized MDR-TB
regimen in Zambia.

Majority of isolates I used belonged to the LAM family (50%) with LAM11 ZWE (SIT 59) clade
being the predominant, followed by LAM1 (SIT 20). Thus, LAM11 _ZWE remains the major
circulating Mtb genotype in Zambia [77,78]. The second most dominant genotype was CAS1 Kili
(SIT 21) clade (24.6%). Previous studies had reported few isolates belonging to LAMI1 (SIT 20) and
CAS1 Kili (SIT 21) clades, suggesting a potential recent expansion of these strains. Compared to
other clades, CAS1 Kili (SIT 21) had higher odds of STR resistance (OR 3.9, p value =0.009) (Table
2). Conversely, LAM1 (SIT 20) clade was less likely to develop STR resistance (OR 0.12, p value
=0.0005).

I found mutations in rpsL were exclusively in 33% of resistant isolates. Mutations in this gene
account for more than 65% of resistant isolates in regions with a high prevalence of MDR-Mtb Beijing
genotype (Lineage 2), such as Myanmar and China [71,79]. In contrast to these regions, Lineage 4 is
predominant in Zambia, particularly LAM genotype. The results were consistent with reports from
regions where the Beijing genotype circulation in the population is low, and rpsL mutations among
MDR-Mtb isolates account for less than 50% of STR resistance [67,80,81].

Notably in my present study, amino acid substitution K43R of rpsL was significantly associated
with CAS1 Kili. Analysis of 7,346 of MDR, pre-XDR and XDR isolates publicly available in TB-
Profiler web based database, revealed that Lineage 2 had high odds to acquire K43R amino acid
substitution for STR resistance than non-Lineage 2genotypes (OR 6.42, p value <0.0001) (Table 6)
[82]. However, this trend was not observed in the Lineage 3 to which CAS1 Kili belongs.
Consequently, the observed high proportion of CAS strain harboring K43R in rpsL in this study
indicates that, in addition to being a low fitness cost mutation [31], there is possibly clonal expansion
of a Mtb strain with this mutation.

Mutations C517T and A906G in rrs have been reported in isolates with minimum inhibitory

concentration (MIC) between 10 pg/ml and 100 pg/ml indicating that they sufficiently confer STR
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resistance [83]. In my study results, an isolate with C517T mutation and two isolates with A906G
mutation had additional mutations in gidB. One of the additional mutations occurred at codon 71
which is close to GidB active site and a mutation at this codon had been reported to have MIC of 20
pg/ml [84,85]. Thus, the additional mutations may lead to increased level of STR resistance.
Mutations in rrs accounted for 12.1% of STR resistance, which is similar to China and South Korea
but lower than Panama and Russia (Table 7) [86,87].

Mutations in gidB encoding a methyltransferase result in non-methylation of G518 nucleotide of
rrs and disruption of STR binding leading to low level resistance [88]. Though gidB is not a very long
gene, its active site is made up of 16 codons, likely increasing the mutational target size [84] and
leading to the observed polymorphic mutations. Among the mutations that I found; 19 mutations had
been previously described while 4 were novel. I found the mutation C447G (S149R) previously
detected in a resistant isolate with MIC of 10 ug/ml [83], in one susceptible isolate. Among the novel
mutations found in this study included 25 88del (64 base pair deletion), C548T (A183V),
575 576delGC and a double mutation T611A/C612A (204stop). Two of these (25 88del and
575 576delGC) were exclusively detected in STR resistant isolates confirming their role in
conferring resistance. The double mutation T611A/C612A (204stop) was found in 4 resistant isolates
and 1 susceptible isolate. The presence of resistance conferring gidB mutations in some susceptible
isolates indicate that the MGIT 960 drug susceptibility test method may misclassify low level STR
resistance. This can lead to inclusion of STR in a regimen against an otherwise STR resistant Mtb
strain. These mutations, especially deletions and nonsense mutations, are expected to cause
conformational changes in GidB affecting its functionality [84]. Adoption of molecular testing would
improve the detection and management of STR resistant Mtb.

The non-synonymous mutation at codon 16 in gidB (L16R) has been associated with the LAM
family in concordance with this study (p value <0.0001) [89]. The CAS and EAI families had a gidB
synonymous mutation A615G (A205A) observed in all isolates belonging to these families. This
synonymous mutation has been reported in other lineages suggesting that nucleotide A at the position
615 in gidB in H37Rv reference genome is a polymorphism specific to Lineage 4 [47,89].

A synonymous (V110V) mutation and a non-synonymous (G71R) mutation were detected
exclusively in isolates belonging to EAI genotype in this study. The V110V synonymous mutation
has been described as an EAI genotype polymorphism [89]. In contrast, G71R may be a resistance
conferring genotype-independent mutation [47].

Clusters of 2 or more isolates were observed based on rpsL, rrs, gidB, katG, rpoB mutations and
spoligotype SIT (figure 7). Five clusters were seen in CAS1 Kili (SIT 21) with the largest cluster
having 16 isolates and harboring K43R amino acid substitution in rpsL. It is postulated that
CASI Kili (SIT 21) evolved in Tanzania and is dominant in the country particularly in the city of
Dar es Salaam [90,91]. This coastal city is of great economic importance as a trade harbor between
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Zambia and Indo-Pacific regions and could be the origin of CAS1 Kili found in Zambia. However,
CASI Kili (SIT 21) clade in Tanzania has not been associated with drug resistance [92]. It possibly
was introduced to Zambia as a STR susceptible clone before late-2000 when STR was being used as
first-line drug for TB treatment and the acquisition of amino acid substitution K43R may have
occurred in Zambia. It is possible that progression to MDR emerged independently in some patients
subsequent to infection with a K43R STR resistant clone because these isolates had varied RIF
resistance conferring mutations in #poB. Four additional clusters based on mutations in gidB and rpoB
observed in CAS1 Kili (SIT 21) suggest several clones of STR resistant MDR-Mtb CAS1 Kili (SIT
21) are spreading in Zambia (figure 7).

The spoligotype clade LAMI1 (SIT 20) though not associated with STR resistance could be
considered one cluster of 16 isolates having same spoligotype, 7poB, and katG mutations. Amino acid
substitutions S450L in rpoB and S315T in katG were observed in 100% and 94.1% respectively, in
the LAM1 (SIT 20) isolates (figure 7). The frequency of rpoB S450L and katG S315T mutations in
this clade exceeds the global estimates of 65% and 72% respectively, among MDR-Mtb isolates
[30,93]. These results support clonal expansion of a STR susceptible LAM1(SIT 20) clone. LAMI is
dominant in Angola and Namibia [94]. While there is limited information regarding Mtb drug
resistance in Namibia, MDR-Mtb among retreatment cases was reported to be as high as 71% in
Angola [95]. It is likely that an MDR-Mth LAMI clone susceptible to STR had been introduced in
Zambia from Angola by displacement of people due to war. This could have been after STR was no
longer used as first-line drug, hence the low STR resistance in this cluster.

Among isolates belonging to LAMI11 ZWE (SIT 59) clade, clusters of 5 or more isolates
harboring amino acid substitutions Y22H, V124G and F204stop in gidB were observed (figure 7).
The substitution V124G may have emerged first, followed by acquisition of mutations conferring RIF
resistance and are currently spreading in Zambia as STR resistant MDR-Mtb, since two types of rpoB
mutations were observed in this cluster. Isolates with Y22H and F204stop were restricted to Lusaka
province only. However, amino acid substitution V124G was found in isolates from Lusaka and
Western provinces, with the largest cluster (5 isolates) being from Western province (Mongu district).
This observation suggests that Mtb strain with V124G is disseminating to other areas from Western
Province.

The clustering of isolates in this study was not unique to a specific genotype but was observed in
almost all genotypes indicating that the increase of MDR-TB in Zambia is largely being driven by
the spread of MDR-Mtb clones. I analyzed total number and proportions of different genotypes and
clades with time to see if there was any variation in their isolation frequency (Table 8). Although the
sample size of isolates from 2011 to 2013 was small, I observed a general increase in the isolation
frequency in several clades over the study period. This further supports the multi-clonal expansion of
MDR-TB strains in Zambia. Furthermore, one isolate belonging to a cluster harboring a gidB G37R
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amino acid substitution was isolated from a 9-year-old patient, indicating recent transmission and
supporting the hypothesis that MDR-TB is spreading in Zambia. The clustered clones had the same
spoligotype SIT number, and rpoB, katG and gidB mutations (figure 7). Though these mutations in
rpoB and katG are frequently observed, mutations in highly polymorphic gidB permits for the
inference of clones even in the absence of spoligotype results. Outbreaks of MDR-Mb characterized
by mutations in gidB are not unprecedented [41]. Therefore, gidB sequencing maybe useful in
checking MDR-Mtb transmission.

I calculated the sensitivity of mutations in rpsL, rrs and gidB to predict STR resistance to be
91.2% similar to a report from China (94.6%) but higher than that reported in Myanmar (83.7%), and
South Korea (84.3%) [71,79,96]. However, the sensitivity of 7psL in this study was lower (32.6%)
when compared to these countries (Table 7). This could be attributed to the difference in the genotypes
circulating the different countries. Studies have shown that gidB mutations are significantly correlated
with Lineage 4, while rpsL mutations are significantly correlated with Lineage 2 [70,97]. Accordingly,
the observed higher sensitivity of gidB mutations (49.5%) compared to other genes in predicting STR
resistance in this study could be attributed to high number of isolates belonging to Lineage 4
(102/138). In contrast, in China and Myanmar, majority of STR resistant isolates belonged to Lineage
2 (the Beijing family) supporting the observed association between rpsL mutations and Lineage 2.
This indicates that genotype diversity of M¢b may influence the types of STR resistance conferring
mutations [98].

A limitation of this study was that I did not include polyresistant and pan-susceptible isolates. I
could not therefore confirm whether the observed mutations are also present in those groups of
isolates in Zambia.

This study has highlighted the high level of STR resistance among MDR-Mth in Zambia.
Mutations in rpsL, rrs and gidB can adequately predict STR resistance in Zambia. Therefore, gene
sequencing can be used to determine STR susceptibility before its inclusion on the personalized
treatment regimen. This study has also shown that sequencing of drug-resistance conferring mutation
can be used to profile drug resistance evolutionary history of isolates and detect transmission. In this
study I also highlight that the rise in MDR-TB could be attributed to possible spread of several clones
of MDR-Mtb with resistance to STR in Zambia. To halt the spread; development and adoption of a
rapid molecular tool for STR resistance testing, prompt initiation of effective therapy and

implementation of mask wearing by all TB patients in high-risk environments is recommended.

28



Summary

Streptomycin (STR) is recommended for the management of multidrug resistant tuberculosis
(MDR-TB). STR resistance conferring mutation types and frequency are shown to be influenced by
genotypes of circulating strains in a population. My aim was to characterize the mutations in MDR-
TB isolates and examine their relationship with the genotypes in Zambia. From the analyzed 138
MDR-TB isolates stored at University Teaching Hospital TB Reference Laboratory in Zambia, STR
resistance was observed in 65.9%. Mutations in rpsL, rrs and gidB accounted for 33%, 12.1% and
49.5%, respectively. Amino acid substitution K43R in rpsL was strongly associated with CAS1 Kili
genotype (»<0.0001). Sequencing the three genes could predict 91.2% of STR resistance. Thus, DNA
sequencing can be useful in rapidly determining STR resistance in Zambia. Sequencing and
spoligotyping also revealed clustering of isolates, suggesting that the increase of STR resistant MDR-
TB in Zambia is largely due to the spread of resistant strains owing to delayed diagnosis and
inadequate treatment. Therefore, I recommend rapid detection of STR resistance using DNA

sequencing before its use in MDR-TB treatment in Zambia.
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Tables and figures
Table 1: Oligonucleotides used for DNA sequencing

Gene Primer set
Foward GATGACGGCCTTCGGGTTGT
rrs
Reverse AGGCCACAAGGGAACGCCTA
Foward GGCCGACAAACAGAACGT
rpsL
Reverse GTTCACCAACTGGGTGAC
Foward CGCCGAGTCGTTGTGCT
gidB
Reverse AGCCTGGCCCGACCTTA
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Table 2: Correlation between genotypes and phenotypic STR susceptibility

Spoligotype Streptomycin Resistant ~ Streptomycin susceptible Significance
SIT Clade N=91 Proportion (%) N=47  Proportion (%) Odds ratio (95%CI) p value
21 CAS1_Kili 29 31.9 5 10.6 3.9(1.41t011.0) 0.009
59 LAM11 ZWE 21 23.1 8 17.0 1.5 (0.6 - 3.6) 0.4096
20 LAM1 4 4.4 13 27.7 0.1 (0.04 - 0.39) 0.0005
815 LAM11 ZWE 10 11.0 3 6.4 1.8 (0.5-6.9) 0.39
53 T1 8 8.8 4 8.5 1.0 (0.3 -3.6) 0.96
Orphan LAM11 ZWE 4 4.4 1 2.1
137 X2 3 3.3 4 8.5
52 T2 3 3.3 2 4.3
Orphan H1 2 2.2 2 4.3
42 LAM9 1 11 2 4.3
4 H3/T1 0 0.0 1 2.1
Orphan EAI 2 2.2 0 0.0
34 S 1 11 0 0.0
50 H3 1 11 0 0.0
73 T 0 0.0 1 2.1
317 T2 1 11 0 0.0
811 LAM11 ZWE 1 11 0 0.0
2173 LAM11 ZWE O 0.0 1 2.1
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Table 3: Distribution of mutations in rpsL, rrs, and gidB among STR resistant and susceptible isolates

rpsL (DNA) RpsL (protein) rrs gidB (DNA) GidB (protein) STR Resistant STR Susceptible
Al128G K43R 21 0
A263G K88R 8 0
A262C K88Q 1 0
A514C 3 0
C517T 2 0
C517T Cb548T A183V 1 0
AQ06G G211C G71R 2 0
A907C 3 0
25_88del 9fs 1 0
T64C Y22H 3 2
98delG 34fs 3 1
G109A G37R 3 1
112delC 39fs 4 1
C223T P75S 1 0
G227A G76D 1 0
T242C 181T 1 0
T298C F100L 1 1
347delG 117fs 5 2
T371G V124G 5 1
C401A Al134E 1 0
G412C Al138P 3 1
C447G S149R 0 1
T455C L152S 2 0
G469C G157R 2 0
575 576delGC  193fs 2 0
T611A, C612A 204 Stop 4 1
No mutations 8 35
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Table 4: Distribution of rpsL, rrs, and gidB mutations among different genotypes

rpsL (DNA) RpsL (protein) rrs gidB (DNA) GidB (protein) CAS LAM H T S X EAI
A128G K43R 16 2 1 1 1
A263G K88R 4 1 3
A262C K88Q 1
A514C 3
Cs17T 2
CS17T C548T A183V 1
A906G G330T G71R 2
A907C 3
25 88del 9fs 1
T64C Y22H 5
98delG 34fs 4
G109A G37R 4
112delC 391s 5
C223T P75S 1
G227A G76D 1
T242C 81T 1
T298C F100L 2
347delG 117fs 3 4
T371G V124G 6
C401A A134E 1
G412C A138P 4
C447G S149R 1
T455C L1528 2
G469C G157R 2
575_576delGC  193fs 2
T611A, C612A 204 Stop 5
No mutations 3 27 3 8 2
Total 34 69 6 19 1 7 2

fs- frame shift, del- deletion
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Table 5: STR resistance prediction by mutations in rpsL, rrs, and gidB

Correlation of drug resistance genotype and phenotype

Susceptible Resistant Sensitivity ~ Specificity PPV NPV
Mutation No mutation Mutation No mutation (%) (%) %) (%)
rpsL 0 47 30 61 33.0 100 100 435
rrs 0 47 11 80 12.1 100 100 37.0
gidB 12 35 45 46 49.5 74.5 78.9 432
rrs or rpsL 0 47 41 50 45.1 100 100  48.5
rpsL or rrs or
12 35 83 8 91.2 74.5 874 81.4

gidB
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Table 6: The occurrence of K43R in various lineages among 7346 global MDR, pre-XDR, and XDR-
Mtb isolates [82]

# of isolates

Lineages # of isolates Proportion Odds ratio 95% CI p value
with K43R

L1 272 16 0.06 0.11 0.06-0.18 <0.0001

L2 3154 1827 0.58 6.42 5.78-7.15 <0.0001

L3 559 117 0.21 0.47 0.38-0.57 <0.0001

L4 3308 595 0.18 0.23 0.21-0.25 <0.0001

L5 44 9 0.21 0.48 0.21-0.95 0.048

L6 5 1 0.2 0.46

L9 1 0 0 -

M.bovis 3 2 0.67 3.73
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Table 7: Comparison of rpsL, rrs, and gidB mutations among MDR-Mb streptomycin resistant

1solates from various countries

Comparison of mutations among MDR-Mtb streptomycin resistant isolates in various countries

Zambia Myanmar China  Russia ~ Panama South Korea

Gene Current study [71] [79] [87] [86] [96]

Proportions (%)

rpsL 33.0 69.5 78.3 51 8.5 64.7
K43R 23.1 64.4 58.7 40.8 8.5 47.1
K88R 8.8 4 19.6 10.2 0 17.6
K88Q 1.1 0 0 0 0 0
rrs 12.1 34 9.8 443 66 9.8
rpsL or rrs 45.1 73 88 94.3 74.5 74.5
gidB 49.5 9.9 9.8 1.8 19 9.8
rpsl or rrs and/or gidB 91.2 83.7 94.6 94.6 93.6 84.3

This table shows the proportion of isolates with mutations in a specific gene or a combination of
genes, as well as the proportion of a specific rpsL amino acid substitution among STR resistant in

different countries.
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Table 8: Frequency of isolation of different genotypes over time for the 138 MDR-M1b isolates

2011 2012 2013 2014 2015 2016 2017
Genotype Clade ~ARr. Total
Number of isolates (%)

CAS1_KILI (SIT 21) 2(59) 1(29) 4(11.8) 8(235) 14(412) 5(147) 34
LAM11_ZWE (SIT 59) 1(34) 1(34) 2(69) 4(138) 6(20.7) 12(414) 3(103) 29
LAM11_ZWE (SIT 815) 1(7.7) 4(30.8) 3(23.1) 5(385) 13
LAM11_ZWE (SIT 811) 1 (100) 1
LAM11_ZWE (SIT 2173) 1(100) 1
LAM11_ZWE (Orphan) 1 (20) 3 (60) 1200 5
LAMO (SIT 42) 1(333) 1(33.3) 1(33.3) 3
LAML1 (SIT 20) 1(5.9) 2(11.8) 2(11.8) 5(29.4) 3(17.6) 4(235) 17
T1 (SIT 53) 1(8.3) 2(16.7) 3(25) 5(41.7) 1(83) 12
T (SIT 73) 1(100) 1
T2 (SIT 52) 1(20)  2(40)  1(20) 1200 5
T2 (SIT 317) 1 (100) 1
X2 (SIT 137) 1(143) 2(286) 2(286) 2(28.6) 7
S (SIT 34) 1 (100) 1
H3/T1 (SIT 4) 1 (100) 1
H3 (SIT 50) 1 (100) 1
H1 (Orphan) 1(25) 1(25) 2 (50) 4
EAI (Orphan) 2 (100) 2
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tRNA
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Figure 6: Mechanism of action of streptomycin. Streptomycin binds to 16S rRNA and protein S12
of 30S rRNA leading to mistranslation of mRNA [66]
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SIT Clade katG  rpoB rpsL rrs gidB

815  LAMI1_ZWE S315T S450L wT wT A138P
815 LAMI1_ZWE S315T S450L wT wT A128P
815 LAMI1_ZWE S315T  S450F wT wT A138P
815 LAMII_ZWE S315T  S450F wT wT A138P
815 LAMII_ZWE S315T  s4s0L wT wT GISTR
815 LAMI1_ZWE S315T S450L wT wT G157R
815 LAMI1_ZWE S315T  H44sY T39T, K43R WT wr
815  LAMI1_ZWE S315T S450L wT wT wT
815 LAMI1_ZWE S315T  S450L wT AS14C  WT
815  LAMI1_ZWE S315T sS450L wT C517T  WT
815 LAM11_ZWE  S315T  S450L WT csi7T WT
815  LAMI1_ZWE S315T s4s0L wT wT wWT
815 LAMII_ZWE WT WT wT wT wr
B 50 LAMI1_ZWE S315T  sasoL wT C517T  A183V
B s LAMI1_ZWE  S315T  S450W w wT V124G
B s LAMI1_ZWE  S315T  S4s0L wT wWT ¥124G
B s©  LAMI1_ZWE  S315T  s4s0L wT wT V124G
B 5°  LAMI1I_ZWE  S315T  S450W wT wT Y124G
B 50 LAMII_ZWE  S31ST  s4s0w wT wT V124G
B 5 LAMII_ZWE S315T  S450W wT wT V124G
B s°  LAMI1I_ZWE  S315T  L430R/D435Y  WT wT F204Stop
B 50 LAMI1I_ZWE S315T  L430R/D435Y WT wT F204Stop
B 5 LAMI1_ZWE S315T L430RID43SY  WT wT F204stop
B s°  LAMI1I_ZWE  S315T L430R/D43SY  WT wT F204Stop
B s°  LAMI1_ZWE  S315T L430R/D43SY WT wT F204Stop
B 50 LAMI1_ZWE S315T  s4soL wT wT Y22H
B s LAMI1I_ZWE  S315T  s4s0L wT wT Y22H
B s°  LAMI1I_ZWE  S315T  s450L wT wT Y22H
B os°  LAMII_ZWE  S$315T  S450L wT wT Y22H
B s LAMI1_ZWE  S$315T  s450L wT wT Y22H
B 50 LAMII_ZWE  S315T  D435VID K43R wT wWT
B 50  LAMI1I_ZWE S315T  S4s0L KB8R wT wWT
B s LAMI1_ZWE ~ S315T  S450L KB8R wT wWT
B 50  LAMI1_ZWE  S31ST  S450L K88R wT wT
B 5 LAMI1_ZWE  S315T E423A/S450W  K88R wT w
W 50  LAMI1_ZWE S315T  s4s0L wT wT wWT
B s LAM1T1_ZWE wT wT WT
B s LAM11_ZWE wT wT wT
B s LAM11_ZWE wT wT wT
B s LAN11_ZWE wT AS14C  WT
B se Lamni_zZwe wT wT wT
B = LAN11_ZWE wT wT wWT
2173 LAMII_ZWE W wT wT wT wT
B & LAMII_ZWE S315T  S450L KegQ wT wWT
B Ophan LAMI1_ZWE  S315T  S450L T39T WT 1817
B Orphan LAM11_ZWE  S315T  S450L wT AS14C  WT
[ Orphan LAMT1_ZWE  S315N  D435V/D wT wT L1528
[ Ophan LAMI1_ZWE  S315N D435V wT wT L1528
. Orphan LAM11_ZWE  S$315T  $450Q WT WT WT



B« LANMS S315T 54501 wT WT F100L
B 2 LAMS SINET  Ha45Y wT F1001
B« LANMS S316TIS 54 wT WT
j 2 LAM1 SANET wT WT
| 20 LAN1 $315T wT wT
] 2 LAN1 S315T wT wT wWT
] 2 LANI S315T wT wWT WT
B > LAM1 s315T wT wT WT
B > LAM1 SANST wT wT WT
B > LAM1 SIST wT wT W1
B 2 LAM1 S315T  S450L wT WT P75s
] 2 LAM1 S31ST  s480L wT wWT WT
] B > LAM1 S315T  S450L W WT
B LAN1 S3IST  S450L wT WT
] 20 LAMI1 S31ST  S450L wT WT
B > LAMI1 S315T  8450L wT wWT
B > LAM1 8315T  S450L wTt wT
B LAM1 S315T  S450L wT wT
B > LAN1 SI1ST  S450L wT wT
B > LAM1 WT S450L wT WT
B Orphan H1 SIIST  Q422E K88R WT WT
B Orphan H1 S315T Q4326 K43R wT wT
B Orphan H1 S315T  Q432EM4TTK  WT W WT
B Orphan H1 S31ST Q432 wT wWT
B s T2 SIST  HA450 wT w1
B s 2 SIIST  S450L WT wT
B = 12 SNST wT W1
B s T2 53187 wT wT
B ST wT wT GITR
53 T S315T wT AZO7C  WT
53 T s wT AGD7C  WT
53 T KB8R wT WT
’ 53 T D435V KB8R wT wT
| 53 18| D435V K88R wT WT
83 ] D435VID WY wWT wT
£3 ] H445Y wT ASO7C  WT
] I 83 ™ §450L wr WY
| 5 M $4s50L wT wT
l 5 T 54501 wT wT
5 ™ 54501 wT wT
53 T WT wT wT
50 H3 Ha45Y wr wT
| IRE] T S316T  Del 437N wT wT
M7 T2 S31ST  HA4sY wT wrT 9fs
B = S S3IST  Fa24L K43R wT WT
B X S31ST  s450L wr WY "7ts
B 7 xe S315T  S450L wT wT 1"7fs
B X $315T  S450L wT WT 17fs
B ox2 S315T 54501 wT wT "7ts
B 7 X2 S315T DAV wT wT
B 37 X2 $315T  S4501 K43R wT
B 37 x2 S315T  DA3sY wT WT




I III III l I B Ophan EA S315T  D43sV WT AQ08G  GTIR
B Owphan EA S315T  DA3sV wT AQDBG  GTIR
7 CAS1_KILI S315T  HaasL KA3R wT wT
[ CASI_KILI §316T  HA44SD KAIR WT
n 2 CAS1_KILI S3IST  HA4SY K43R WT
B 2 CAS1_KILI S31ST  H448Y K43R WT
B 2 CAS1_KILI S315T  H44sY K43R WT
B 2 CAS1_KILI H445Y K43R WT
| CAS1_KILI H445Y K43R WT
- CAS1_KILI H445Y KA3R WT
= CAS1_KILI H445Q1L452P  K43R WT
=i CASI_KILI S450L KA3R WT
B 2 CAS1_KILI S450L KA3R WT
n 2 CAS1_KILI S31ST  S450L KA3R WT
B CAS1_KILI S315T  S450F K43R wWT wT
B 2 CASI_KILI S315T  S428IH44SR  K43R wT wWT
B 2 CAS1_KILI S315T  S4%0P K43R WT WT
] B 21 CASIKIL  S3ST  S4d1v K43R wT wT
T T [ m 2 CASI_KILI  S315T Del.4350 WT WT 38fs
B CAS1_KILI §315T  Del 435D WT wT 38fs
B CASI_KILI §315T  Del 435D WT WT 18fs
A CAS1_KILI Del 435D WT 181s
B 2 CAS1_KILI S450L WT 8fs
B2 CAS1_KILI S315T  H44SD wT wT 141,341
B 2 CAS1_KILI H4450 wT wT 141,341
B 2 CAS1_KILI S31ST  H4450 WT wWT 141,348
= CAS1_KILI SIET  H4450 WY WY 141,341
B CAS1_KILI 15T H4450 WT WT S149R
B 2 CAS1_KILI §316T  S450L WT WT "Ms
B CAS1_KILI §315T  S450L WT WT "7ts
B 2 CAS1_KILI S316T  S450L WT 1its
B 2 CAS1_KILI S315T  s4s0L Wt WT 17s
B 2 CAS1_KILI $315T  S450L WT wWT 17Ms
B 2 CAS1_KILI S315T 54501 WT wT WT
B 2 CAS1_KILI S316T  Ha4sy WT wWT WT
B 2 CAS1_KILI S3ST  H4450 wT wWT wT
EEEEEEEE [ ] HATY WT H445L WT WY WT

Figure 7: Phylogenetic tree based on spoligotype SITs and katG, rpoB, rpsL, rrs, and gidB mutations for 138 MDR-TB isolates
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CHAPTER11
Characterization of embB mutations involved in ethambutol resistance in multi-

drug resistant Mycobacterium tuberculosis isolates in Zambia

Introduction

The emergence and transmission of drug-resistant tuberculosis (TB) is a major obstacle to the
ongoing global efforts of achieving an 80% reduction of TB incidences by 2030 [20]. In recent years,
Zambia has seen an increasing trend of multi-drug resistant (MDR) TB and was recently included in
the list of high MDR-TB burden countries in the world [55]. In 2019, an estimated proportion of 2.4%
of new cases and 18% of previously treated cases had rifampicin resistance (RR)/MDR-TB [99]. An
earlier study showed that the increasing cases of MDR-TB were due to local transmission of MDR-
TB strains in Zambia [59]. Undiagnosed and unsuspected or diagnosed but inadequately treated
MDR-TB patients are the likely source of transmission in Zambia [50]. To control the spread of MDR-
TB in Zambia, active case finding, and adequate treatment is imperative. The adoption and
implementation of rapid molecular-based diagnostic tools such as GeneXpert (Cepheid, Sunnyvale,
CA) and Line Probe Assay (Hain Lifescience GmbH, Nehren, Germany) have improved MDR-TB
case detection and subsequent treatment. However, Zambia has not yet adopted the use of molecular
tools for resistance testing for some drugs used in MDR-TB treatment.

Ethambutol (EMB) is an integral part of the first-line drug regimen as well as for short course
MDR-TB regimen and can be included in individualized longer regimens for MDR-TB treatment
depending on drug susceptibility testing (DST) results [23]. EMB inhibits arabinosyltranferases
EmbC, EmbA, and EmbB involved in the synthesis of cell wall components and subsequently
compromising the cell wall integrity leading to cell death [100]. The EmbA and EmbB are involved
in the synthesis of arabinogalactan while EmbC is involved in the synthesis of lipoarabinomannan
(figure 2) [5]. Arabinogalactan has a vital role in linking mycolic acids to the peptidoglycan layer and
mycolic acids are essential for mycobacterial cell impermeability and viability [5]. Thus,
arabinogalactan is essential for Mycobacterium tuberculosis (Mtb) viability. Lipoarabinomannan is
an important Mtb virulence factor that prevents phagosome maturation, mycobacterium-induced
macrophage apoptosis, interferes with dendritic cell maturation, and induces the release of
immunosuppressive cytokine [101].

Resistance to EMB has been attributed to mutations in the embCAB locus encompassing 3
contiguous genes embC, embA, and embB [102-104]. The embB gene mutations have the
predominant role accounting for 54% to 93.7% of EMB resistance, particularly at codons 306, 406,
and 497, which are considered hotspot resistance codons [100,103,105,106]. Codon 306 was shown
to be directly involved in EMB binding while codons 406 and 497 are not directly involved.
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Nevertheless, mutations at codon 497 cause conformational changes that affect codon 327, one of the
EMB binding sites. Codon 406 mutations may also affect drug binding by causing protein
conformation changes [100].

Despite the documented evidence of embB involvement in EMB resistance, there is an apparent
discord with conventional phenotypic DST. The high EMB critical concentration (5.0 pg/ml) of
MGIT 960 categorizes low-level EMB resistance as susceptible [107]. In addition, phenotypic DST
is considered unreliable and unreproducible, thus WHO recommends molecular detection of
resistance for EMB [108]. Therefore, it is important to investigate the mutations responsible for EMB
resistance in order to develop the strategy to use molecular-based EMB DST in Zambia. In this study,
I describe embB mutations involved in EMB resistance among MDR-TB isolates and evaluate the

concordance with phenotypic DST in Zambia.
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Materials and Methods

Samples and phenotype drug susceptibility testing

Mtb isolated from patient samples referred to The University Teaching Hospital TB Reference
Laboratory between January 2014 to April 2017 were included in this study. The DST was done as
part of the routine testing for rifampicin (RIF), isoniazid (INH), streptomycin (STR), and EMB at a
critical concentration of 1.0 ug/ml, 0.1 pg/ml, 1 pug/ml, and 5.0 pg/ml, respectively using the MGIT
M960 liquid culture systems following manufacturer’s instructions (BD BACTEC™ MGIT™ 960
SIRE kit). A total of 132 MDR-TB isolates were randomly selected. The isolates information was

extracted from the Laboratory information system.

DNA extraction
DNA was extracted by the boiling method as previously described [109]. The extracted DNA was

stored at -20°C until use.

DNA sequencing

The embB gene was amplified using the primers embB-F (5’- CGACGCCGTGGTGATATTCG-
3’) and embB-R (5’- CGACGCCGTGGTGATATTCG-3’). The PCR reaction volume of 20 pl
contained DDW, 5x Go Tag buffer green (Promega Corp, Madison, WI, USA), 25 mM dNTP
(Promega Corp), 25 mM MgCl, 5 M betaine, 10 uM primers, and GoTaq DNA polymerase (Promega
Corp). The amplified product was purified using ExoSAP-IT™ Express PCR product cleanup
(Thermo Fisher Scientific Inc., Santa Clara, USA) as instructed by the manufacturer. Purified DNA
was sequenced using the BigDye Terminator V3.1 (Thermo Fisher Scientific Inc., Waltham, MA,
USA) on an ABI 3500 genetic analyzer. Bioedit software was used to align the sequences to the
H37Rv reference sequence (NC _000962.3) [72].

Spoligotyping

Spoligotyping was done as previously described using the DRa and DRb primers (figure 5)
[44][58] and the resulting hybridized spoligotype pattern was converted to the binary code and
compared to SpolD4 database for determination of the Spoligo-International Type (SIT) and
spoligotypes [73].

Data analysis
The data was described using proportions and the odds ratio was used for statistical analysis. A
two-tailed p value was used, and significance was set at <0.05. Sensitivity and specificity for embB

sequencing method were calculated by comparing to MGIT 960 DST as the reference standard.
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Results

Frequency of embB mutations in MDR-TB isolates

The analysis of phenotypic DST results showed that 46.2% (61/132) isolates were EMB resistant.
Sequencing analysis of embB revealed mutations in 75.8% (100/132) of MDR-Mtb isolates. Among
EMB resistant isolates, 86.9% (53/61) had mutations in embB gene. Compared to isolates with only
INH and RIF resistance, isolates with phenotypic resistance to 3 or more drugs had higher odds of
having embB mutations (Table 9).

I observed a total of 14 single nucleotide mutations resulting in 11 amino acid substitutions in
embB. Codon 306 was the most mutated, accounting for 82% (82/100) of the isolates. Amino acid
substitution M3061 was the most predominant and found in 42% (42/100) of the isolates. Among
isolates with mutations leading to M306I (G918A, G918C, G918T) amino acid change, a transition
mutation G918A was found in 38 of the 42 isolates. The second dominant amino acid change was
M306V and was found in 35% (35/100) of isolates, followed by Q497R and M306L detected in 6%
(6/100) and 5% (5/100) of isolates, respectively. One mutation G982T (D328Y) and a double
mutation G1215C and G1225C (E405D and A409P) were exclusively found in EMB resistant isolates.
The remaining mutations were observed in either susceptible isolates only or both susceptible and
resistant isolates. Mutations at codon 306 (embB3006) were detected in both resistant and susceptible
isolates with no significant difference (Table 12). Codons 497 and 406 were mutated in equal

proportion. Table 10 summarizes the mutations detected among MDR-Mtb isolates in this study.

Occurrence of embB mutations in different genotypes

Spoligotyping revealed 7 major genotypes (Table 13). Among these genotypes, CAS1 Kili had
high odds of acquiring embB mutations (OR 20.9, p value = 0.004) compared to the largest genotype
in this study (LAM). Stratification of spoligotype SITs and embB gene mutations revealed 12 clusters
of isolates (Table 11). The largest cluster had 26 isolates belonging to CAS1 Kili (SIT 21) clade and
harboring G918A (M3061) mutation. One isolate of CAS1 Kili (SIT 21) clade had wildtype embB
gene. | identified 6 clusters having mutation A916G (M306V). The 6 clusters included 13 isolates
belonging to LAM11_ZWE (SIT 59); 6 isolates to LAM11_ZWE (SIT 815); 4 isolates each to T1
(SIT 53), T2 (SIT 52), and X2 (SIT 137); and 2 isolates to LAMI1 (SIT 20). Mutation A916G (M306V)
was found in only one isolate of CAS1 Kili (SIT 21) clade. CAS1 Kili (SIT 21) had significantly
high odds of harboring amino acid substitution M306I in embB gene compared to the largest genotype
of LAM (OR 14.9, p value <0.0001).
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Discussion

In Zambia, routine phenotypic DST for EMB is performed using the MGIT 960 culture system.
However, this method is considered unreliable and unreproducible [108]. Consequently, the external
quality assurance for EMB DST often performs poorly. Unreliable results lead to insufficient
treatment of patients which can drive emergence, transmission, or amplification of drug resistance.
Detection of mutations in embCAB locus is used to infer resistance to EMB, but embB mutations
account for the majority of isolates. The WHO recommends mutation analysis for inference of EMB
resistance over phenotypic testing [108].

In this study, I revealed phenotypic EMB resistance in 46.2% of MDR-TB isolates whereas
sequencing found embB mutations in 75.8% of the total isolates. In Kuwait, EMB resistance in MDR-
TB was found in 44.1% of the isolates, while embB mutations were detected in 81.7% of the total
MDR-Mtb isolates [110]. These results show that fewer isolates are determined as EMB resistance
by phenotypic DST as compared to embB mutation analysis. Safi and colleagues demonstrated that
embB mutations are involved in EMB resistance and they raise EMB MIC, albeit modestly [111,112].
For some isolates to gain high-level EMB resistance, the acquisition of additional mutations in other
genes such as ubid and embC is required [113]. Thus, embB gene mutations are considered as the
initial step to acquiring high-level EMB resistance and should be treated as clinically resistant isolates,
although additional studies linking mutations to clinical outcomes would be needed.

Previous studies have revealed that embB mutations are significantly associated with resistance
to RIF, INH STR, and/or EMB [114,115]. In agreement with these findings, I also found that
mutations in embB were more likely to occur in isolates with additional resistance to RIF, INH, STR,
and EMB when compared to isolates with phenotypic resistance to only RIF and INH. This shows
that embB mutations predispose to drug resistance amplification [116] and underscores the need for
adopting a more reliable and rapid method of EMB resistance testing to receive appropriate treatment.

Among the three amino acid changes at embB306 (M3061, M306L, and M306V), M306V was
associated with EMB resistant isolates (OR 6.4, p value = 0.0002) while M306I was associated with
EMB susceptible isolates (OR 2.9, p value =0.0121). This conformed to the previous results from an
allelic exchange experiment that showed that the mutations G918 A and G918C producing amino acid
change M306I, raises MIC close to the break-point of EMB resistance (5 to 7.5 pg/ml) [111].
Therefore, M3061 would more likely appear among susceptible isolates in the MGIT 960 system
which has a critical concentration value of 5 pg/ml for resistance determination. Among the three
nucleotide substitutions leading to amino acid change M306I observed in this study, a transition
mutation G918A was more frequent (90.5%) than the transversions G918C and G918T. This
disproportionately high occurrence of transition mutation at this codon can be explained in part by
the translation bias previously described in the genome of Mtb, wherein, ATG>ATA translation was

1.8 times more frequent than the transversions ATC and ATT [117]. In addition, I hypothesize that the
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high frequency of the transition mutation seen in this study compared to the reported
transition:transversion ratio, could reflect clonal expansion.

Mutation G1217A leading to amino acid change G406D was seen only in susceptible isolates.
Nonetheless, this mutation had been proven to raise EMB MIC by 5 fold in a previous study and thus
should be considered significant in eventual evolution to high-level EMB resistance [112,113].

Mutations at embB306 account for the majority of mutations in embB with an estimated global
frequency of 47.5% among MDR-TB isolates, followed by codon 406 at 11.3% and then codon 497
at 7.9%, respectively [82] (Table 12). In Tanzania, Mexico, and South Korea, where the burden of
MDR-TB is low, embB306 mutations were found in 20.8%, 27.8%, and 38.5% of MDR-TB isolates,
respectively [20,92,115,118]. In high MDR-TB burden countries of South Africa, Thailand, and
China, embB306 mutations were detected in 60%, 50%, and 30.3% of MDR-TB isolates, respectively
[119-121]. In Russia, a high MDR-TB burden country, embB306 mutations were detected in 30.7%
of phenotypically determined MDR-TB isolates [87]. In South Africa where the frequency of
embB306 mutation was high, most isolates were clustered MDR-Mtb isolates. In my study, I found
mutations at this codon in 62.1% of the MDR-TB isolates, higher than the global estimate and the
frequency reported in high MDR-TB countries, but similar to that reported in South Africa suggesting
the clonal expansion of EMB resistant MDR-TB isolates in Zambia. Mutations at codons 406 and
497 were both observed at a frequency of 4.5% and were below global frequency.

I found that 86.9% of phenotypically EMB resistant isolates and 66.2% of EMB susceptible
isolates had embB mutations. Another study using the MGIT M960 method for phenotypic testing
found embB mutations in 73.1% of EMB susceptible MDR-TB isolates [110]. Using the Lowenstein
Jensen (LJ) proportion method, studies from South Korea, Poland, China, and Thailand found embB
mutations in 30%, 42.5%, 45%, and 45.5%, respectively, of EMB susceptible MDR-TB isolates
[105,106,118,120]. The MGIT 960 culture system was previously shown to produce the lowest
agreement (77.1%) with sequencing, as compared to the LJ proportion method (81.4%) which has a
critical concentration of 2 pg/ml and the microtiter alamarBlue assay (MABA) (84.7%). In my study,
the sensitivity of embB mutations was 86.9% but the specificity was very low at 33.8% (Table 14).
The poor specificity of sequencing in this study, I suppose is caused by the limitation of the
phenotypic testing method. The LJ proportion method slightly improves EMB resistance detection as
seen from previous studies. However, phenotypic DST is not reproducible and is unreliable, thus not
recommended by WHO [108]. Therefore, the reliance on phenotypic testing alone for EMB DST in
Zambia would fail to detect resistance in a considerable number of MDR-TB patients and expose
these patients to inadequate treatment and promote the spread of MDR-TB. I recommend the adoption
of the DNA sequencing method for more accurate results of EMB susceptibility in Zambia.

Mutations in embB were significantly associated with CAS1 Kili (SIT 21) in this study. In fact,
the largest cluster of 26 isolates identified in this study belonged to CAS1 Kili (SIT 21) clade and
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had a G918A (M306]) transition mutation (Figure 8). The size of this cluster suggests clonal
expansion and may reflect increased transmissibility of CAS1 Kili (SIT 21) in Zambia. Previous
reports have associated CAS1 Kili (SIT 21) with MDR-TB and STR resistance in Zambia [58,109].
The association of CAS1 Kili (SIT 21) with drug resistance and increased transmission in Zambia,
makes this genotype a major concern and should be prioritized for tracking and identification of
hotspot regions of transmission. The second largest cluster belonged to LAM11 _ZWE (SIT 59)
followed by LAMI11_ZWE (SIT 815) both having M306V amino acid change. In addition, I also
observed several smaller clusters, and these may have the potential to expand. This is suggesting
multi-clonal transmission events happening in Zambia.

Interestingly, I found that CAS1 Kili (SIT 21) high odds to have the M3061 amino acid change
(OR 14.9, p value < 0.0001), with the odds of having M306V being 0.066 (p value = 0.0097) when
compared to the major LAM genotype. To check whether this observation was true for global isolates,
I analyzed 7,294 MDR-TB isolates from 4 major genotypes from TB profiler (Lineage 1 to Lineage
4). The results revealed that Lineage 3 to which CAS1 Kili belongs had 1.8 times odds of having
M306I amino acid change (p value < 0.0001) and lower odds of having M306V amino acid change
(OR 0.59, p value < 0.0001) compared to non-Lineage 3 for EMB resistance (Tables 15 and 17) [82].
Conversely, Lineage 2 showed opposite tendencies by preferring valine (OR 1.7, p value = 0.0004)
with lower odds of acquiring isoleucine compared to non-Lineage 2 (OR 0.8, p value < 0.0001). For
Lineage 4, M306I and M306V had equally high odds of being found in this genotype (OR 1.52, p
value <0.0001) (Tables 15 and 17). Since Lineage 4 has similar odds of harboring M3061 and M306V,
I use it as a reference standard to compare occurrence of the Isoleucine and Valine in Lineages 1, 2,
and 3. I found that compared to Lineage 4, Lineage 3 still had high odds of having M3061 (OR 1.617,
p value <0.0001) and Lineage 2 still had high odds of having M306V (OR 1.619, p value <0.0001)
(Tables 16 and 18). Although both isoleucine and valine are hydrophobic amino acids with only a
methyl group difference, the substitution of methionine with valine at embB306 produces moderate
to high-level of EMB resistance compared to isoleucine which produces low to moderate-level
resistance [111]. The observed embB306 amino acid replacement preferences of Lineage 2 and
Lineage 3 may be due to genetic background differences that may favor a specific amino acid.
Noteworthy, however, is the fact that these 2 amino acids offer differing degrees of resistance to EMB,
with M306V leading to intermediate level resistance while M3061 causing low level resistance. It
would be interesting to explore any impact this embB306 site-specific amino acid substitution
predilection may have on transmissibility and virulence of Lineage 2 and Lineage 3.

The primary limitation of this study was that I could not perform MIC tests to correlate with
detected mutations. In addition, I inferred clustering and transmissibility from spoligotyping and
embB mutations only. This may overestimate clustering due to low sensitivity. I also did not sequence
other genes such as ubid, embA and embC known to contribute to EMB resistance.
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In conclusion, my study highlights the high number of MDR-TB cases with mutations in embB,
undetected by the MGIT 960 culture system. These mutations were associated with resistance to 3 or
more drugs and can predispose progression to high-level EMB resistance. Thus, isolates with embB
mutations should be considered clinically resistant to EMB. The consequences of inaccurately
determining EMB susceptibility for the patient include delayed initiation of effective treatment, which
in turn will lead to prolonged treatment, poor adherence to treatment, financial burden, prolonged
morbidity, and poor prognosis. The delayed diagnosis and treatment will also affect the National TB
Control Program by increasing the number of loss to follow-up cases, amplification of resistance to
other drugs, the transmission of drug-resistant strains, poor treatment success rate, and the overall
cost of MDR-TB management. I therefore recommend the adoption of genotypic testing to improve
EMB resistance detection and management of MDR-TB patients. Genotype CAS1 Kili (SIT 21) was
associated with embB mutations and had a large cluster of isolates having M3061 mutation. This
suggests increased transmission and I recommend tracking this genotype, as well as further
investigation to determine hot spot areas of transmission for optimized interventions. Finally, an
important finding in this study is the embB306 site-specific amino acid preference for substitution in
Lineage 2 and Lineage 3, suggesting possible influence of Lineage-specific genetic background on

Mtb drug resistance evolution.
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Summary

In this study I investigated embB mutations among MDR-TB isolates and analyzed their
correlations with phenotypic drug susceptibility testing (DST) in Zambia. I used a total of 132 MDR-
TB isolates collected from January 2014 to April 2017 and archived at UTH TB laboratory, Zambia.
I utilized MGIT 960 systems, embB sequencing, and spoligotyping for this study.

Out of 61 phenotypically EMB resistant isolates, 53 had mutations in embB. Among EMB
susceptible isolates, 47 had embB mutations. Sensitivity of embB mutations was 86.9% while
specificity was 33.8%. CAS1 Kili (SIT 21) had high odds of having embB mutations, particularly,
G918A (M306I) (OR 16.7, p value < 0.0001). Additionally, Lineage 2 and Lineage 3 showed codon
306 amino acid substitution preference of valine (M306V) and isoleucine (M306I), respectively.

I found that molecular EMB resistance testing can greatly improve the detection of EMB
resistance among MDR-TB patients in Zambia compared to the unreliable phenotypic testing being
used currently. Clusters of isolates with same mutation and the same spoligotype SIT point to the
transmission of EMB resistant strains, I, therefore, recommend a future detailed investigation to track
and determine transmission hotspot area for MDR-TB could help optimize control strategies. I also
described the unique site-specific amino acid preferences of Lineages 2 and 3 suggest the possible
influence of genotype diversity on drug resistance evolutionary trajectory. To the best of my
knowledge, I was the first to describe this phenomenon for embB locus. A further study should be
designed to explore the impact of this amino acid preference on cell wall components and virulence

due to this amino acid preference between the two Lineages.
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Tables and figure

Table 9: Drug resistance profiles and demographic characteristics of the MDR-TB isolates

Drug resistance profile embB mutations ~ No embB mutations Oddsratio  95% Cl p value
INH, RIF, EMB, STR 38 3 19 4.58-78.76 <0.0001
INH, RIF, EMB 15 5 4.5 1.24-16.35  0.022
INH, RIF, STR 37 9 6.17 2.09-18.20  0.001
INH, RIF 10 15 - - -

INH-isoniazid, RIF-rifampicin, EMB-ethambutol, STR-streptomycin
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Table 10: Mutations detected in 132 MDR-M?b isolates

Proportion N

embB (DNA) EmbB (Protein) Resistant Susceptible

(%)
G918A M306l 15 23 38 (28.8)
G918C M306l 0 2 2(15)
G918T M3061 1 1 2(15)
A916T M306L 1 4 5(3.8)
A916G M306V 28 7 35 (26.5)
A956C Y319S 1 1 2(15)
G982T D328Y 1 0 1(0.8)
C1204G L402V 1 1 2 (1.5)
G1215C/G1225C E405D/A409P 1 0 1(0.8)
G1217C G406A 1 2 3(2.3)
G1217A G406D 0 3 3(2.3)
A1490G Q497R 3 3 6 (4.5)
WT WT 8 24 32(24.2)
Total 61 71 132
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Table 11: Distribution of embB mutations in different Mtb spoligotype SITs

Clades (SIT) embB (DNA) EmbB (Protein) Resistant Susceptible
CAS1_Kili (21) G918A M306l 7 19
CAS1_Kili (21) A916T M306L 1 4
CAS1_Kili (21) A916G M306V 0 1
CAS1_Kili (21) WT 0 1
CAS1_Kili (21) G982T D328 1 0
EAI (Orphan) G1217A G406D 0 2
H3/T1 (4) A916G M306V 0 1
H1 (Orphan) A1490G Q497R 1 3
H3 (50) G1215C/G1225C E405D/A409P 1 0
LAMO (42) G918A M306l 1 1
LAM9 (42) G918C M306l 0 1
LAML1 (20) A916G M306V 0 2
LAML1 (20) G918A M306l 3 1
LAML1 (20) A956C Y319S 1 0
LAM1 (20) WT 2 8
LAM11 ZWE (2173)  WT 1 0
LAM11_ZWE (59) A916G M306V 12 1
LAM11_ZWE (59) A956C Y3198 0 1
LAM11_ZWE (59) G1217C G406A 1 2
LAM11_ZWE (59) G918A M306| 0 1
LAM11_ZWE (59) WT 2 8
LAM11_ZWE (811) A1490G Q497R 1 0
LAM11_ZWE (815) A916G M306V 6 0
LAM11_ZWE (815) G918A M306l 1 0
LAM11_ZWE (815) C1204G L402V 1 0
LAM11_ZWE (815) WT 2 1
LAM11_ZWE (815) G918T M306l 1 1
LAM11_ZWE (Orphan) WT 1 1
LAM11_ZWE (Orphan) G918A M306l 1 0
LAM11_ZWE (Orphan) A1490G Q497R 1 0
S (34) G918A M306l 1 0
T (73) G918A M306l 1 0
T1(53) A916G M306V 3 1
T1(53) G918A M306l 0 1
T1 (53) G918C M306l 0 1
T1(53) WT 0 2
T1(53) G1217A G406D 0 1
T2 (317) C1204G L402V 0 1
T2 (52) A916G M306V 4 0
T2 (52) WT 0 1
X2 (137) A916G M306V 3 1
X2 (137) WT 0 2
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Table 12: embB codon mutation frequency in this study and among global isolates

This study Global isolates [82]

EMBR EMBS Total ) Absolute Proportion
Codon Proportion

(n=61) (n=71) (n=132) number (n=7294)
Codon 306 45 37 82 62.1 3491 479
Codon 497 3 3 6 45 583 8.0
Codon 406 1 5 6 45 828 11.4
Codon 402 1 1 2 15
Codon319 1 1 2 15
Codon328 1 0 1 0.8
Codon 405 1 0 1 0.8
Codon 409 1 0 1 0.8
embB locus 53 47 100 75.8

R-resistant, S-susceptible
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Table 13: Association of embB mutations with MDR-TB genotypes

Genotype Mutations in embB  No mutations in embB  Odds ratio 95%ClI p value
CAS1_Kili 33 1 20.9 2.70-162.43 0.004
T 13 3 2.8 0.71-10.58 0.14

X 4 2 1.3 0.22-7.42 0.79

H 0

EAI 2 0

S 1 0

LAM 41 26
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Table 14: Correlation of embB mutations and EMB phenotype DST by MGIT M960

EMB resistant (n=61) EMB susceptible (n=71)

Codon/Locus Sensitivity  specificity PPV~ NPV
Mutation No mutation  Mutation  No mutation
Codon 306 45 16 37 34 73.8 47.9 549  68.0
Codon 497 3 58 3 68 4.9 95.8 50.0 54.0
Codon 406 1 60 5 66 1.6 93.0 16.7 524
Codon 402 1 60 1 70 1.6 98.6 50.0 53.8
Codon 319 1 60 1 70 1.6 98.6 50.0 53.8
Codon 328 1 60 0 71 1.6 100.0 100.0 54.2
Codon 405 1 60 0 71 1.6 100.0 100.0 54.2
Codon 409 1 60 0 71 1.6 100.0 100.0 54.2
embB locus 53 8 47 24 86.9 33.8 530 75.0

PPV=positive predictive value, NPV=Negative predictive value
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Table 15: Occurrence of M3061 amino acid change among 4 major Mtb genotypes [82]

Lineage M306I No M306I Total Odds ratio  95%ClI p value
mutation

Lineage 1 30 242 272 0.4618 0.32t0 0.68 0.0001

Lineage 2 595 2559 3154 0.8127 0.721t00.91 0.0004

Lineage 3 173 386 559 1.80 1.49102.17 < 0.0001

Lineage 4 718 2501 3309 1.5223 1.36t0 1.70 < 0.0001
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Table 16: Comparison of occurrence of M306I in Lineages 1, 2, and 3 to Lineage 4

Lineage M3061 No M306I Total Odds ratio 95%ClI p value
mutation

Lineage 1 30 242 272 0.447 0.30-0.66 <0.0001

Lineage 2 595 2559 3154 0.839 0.74-0.95 0.005

Lineage 3 173 386 559 1.617 1.33-1.97 <0.0001

Lineage 4 718 2591 3309 Reference
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Table 17: Occurrence of M306V amino acid change among 4 major Mtb genotypes [82]

Lineage M306V No M306V  Total Odds ratio  95%ClI p value
mutation

Lineage 1 63 209 272 0.8797 0.66to 1.17 0.3812

Lineage 2 977 2177 3154 1.6673 1.50t01.85 < 0.0001

Lineage 3 97 462 559 0.59 0.47t00.75 <0.0001

Lineage 4 718 2591 3309 1.5223 1.36t0 1.70 <0.0001
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Table 18: Comparison of occurrence of M306V in Lineages 1, 2, and 3 to Lineage 4

Lineage M306V No M306V Total Odds ratio 95%Cl p value
mutation

Lineage 1 63 209 272 1.09 0.81-1.46 0.57

Lineage 2 977 2177 3154 1.619 1.45-1.811 <0.0001

Lineage 3 97 462 559 0.758 0.60-0.96 0.02

Lineage 4 718 2591 3309 Reference
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Figure 8: phylogenetic tree based on spoligotype SITs and katG, rpoB, and embB mutations for 132 MDR-TB isolates
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CONCLUSION

In Zambia a resource limited country, MDR-TB is an emerging problem. There are few facilities
performing drug susceptibility testing to second-line drugs and the methods used are limited in the
scope or by turnaround time. This leads to a delay in initiating effective treatment and consequently,
transmission of drug-resistant strains. To control this problem, increased efforts to rapidly diagnose
and promptly treat with appropriate drugs are needed. In my Ph.D. studies, | utilized 1) DNA
sequencing to characterize resistance conferring mutations and evaluate the utility of mutations for
drug resistance prediction and 2) spoligotyping to determine the relationship between drug resistance
conferring mutations and Mtb genotypes.

In chapter I, | revealed that DNA sequencing would adequately detect STR resistance. In addition,
I revealed a correlation between STR resistance mutations and CAS1_Kili genotype in Zambia,
particularly K43R mutation. This mutation is associated with Beijing Lineage. | hypothesize that the
observed association with CAS1_Kili in my study strongly suggests clonal expansion. The mutation
likely emerged at the time STR was used as first-line drug and has since been spreading within
Zambia. | have revealed a large cluster of MDR-TB strains belonging to LAM1 genotype that were
STR susceptible. This strain was likely introduced in Zambia from neighboring Angola as an MDR-
TB strain after STR was no longer used as first-line drug. From this, | showed STR is still a useful
drug in the treatment of MDR-TB caused by STR susceptible strains.

In Chapter II, I revealed a widespread EMB resistance using DNA sequencing compared to what
could be detected by phenotypic testing. The inability of the MGIT 960 systems to detect low-level
EMB resistance means patients with EMB resistant strains will be exposed to the inadequate TB
treatment regimen. I recommend the adoption of sequencing for EMB susceptibility testing. In this
study also, CAS1 Kili was significantly associated with EMB resistance particularly caused by
M306I amino acid change. I revealed an important finding of site-specific amino acid preferences of
Lineage 2 and Lineage 3 at embB306. The predisposition of Lineage 2 to acquire a mutation that is
associated with moderate to high-level resistance, supports the documented association of this
genotype with high-level resistance. I hypothesize that this predilection of the two Lineages is due to
the different genetic backgrounds, stressing the influence genetic background has on the drug
resistance pathways.

In my thesis, I have demonstrated the utility of DNA sequencing for molecular prediction of drug
resistance in Zambia. Revealing the gene mutation contribution to STR and EMB resistance is
important as it impacts the utilization of rapid molecular tools in the Zambian setting and could
potentially affect patient management. I have also demonstrated how the sequencing of drug
resistance mutations can be useful in profiling drug resistance evolutionary history of isolates and

detect transmission by analyzing clustered isolates with same mutations. Using mutations conferring
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resistance to RIF, INH, STR, and EMB, I have revealed multiple transmission events of MDR-TB
taking place in Zambia (Figures 7 and 8). CAS1 Kili and LAM1 especially appear to have increased
transmissibility due to the large sizes of clusters with similar drug resistance mutations in the
genotypes and should carefully be monitored. I recommend a future study to determine hotspot
regions for MDR-TB transmission to guide in formulating specific control measures and optimize the
use of limited resources. Finally, I recommend using DNA sequencing to dramatically improve

resistance detection and early treatment with effective drugs in Zambia and contribute to control of
MDR-TB.
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