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ABSTRACT OF THE DISSERTATION

Understanding Anti-tuberculous Drug Resistance Detection, Prevalence of Resistance-
Conferring Mutations, and Population Dynamics of Mycobacterium Tuberculosis complex in a

High HIV and Tuberculosis Setting

by

Qiao Wang

Doctor of Philosophy in Epidemiology
University of California, Los Angeles, 2024

Professor Timothy F. Brewer, Chair

Tuberculosis (TB) remains a global health challenge, particularly in regions with high human
immunodeficiency virus (HIV) prevalence. HIV weakens the immune system, alters the natural
history of TB disease, and is an important risk factor for both drug-sensitive and drug-resistant
forms of TB. However, understanding of the transmission dynamics of various TB lineages in
high HIV settings is limited. Additionally, the influence of HIV on the diagnosis of drug-resistant
TB and the mutations that confer resistance to anti-tuberculous drugs remain unclear. Using
whole genome sequencing (WGS) data from Mycobacterium tuberculosis complex (Mtbc)
isolates collected from a population-based TB study in Botswana, we sought to 1) evaluate the

diagnostic accuracy of WGS-based method in detecting resistance to first-line anti-tuberculous



drugs in HIV-positive and HIV-negative individuals; 2) determine whether Mtbc variants with
high-fitness cost mutations occurred more frequently among individuals with HIV-infection; and
3) use Bayesian phylodynamic analysis to comprehensively delineate the spread of Mtbc
lineages underlying the TB endemic in Botswana. Between 2012 and 2016, 4,331 participants
with presumed TB in the greater Gaborone and Ghanzi districts were enrolled into the research
study, of whom 2,162 participants had bacteriologically-confirmed TB. Mtbc were successfully
cultured and sequenced from 1,426 participants. WGS was performed with the Illumina NextSeq
500 platform and data were analyzed with MTBseq pipeline. Overall, 1,350 participants had
available WGS and culture-based phenotypic drug susceptibility testing (pDST; reference
standard) results. Of those, 702 (52.0%) were HIV-positive participants, of whom 228 (32.5%)

had advanced immunosuppression (<200 CD4+ cells/mm?). Culture-based pDST (reference

standard) indicated 104 (7.7%), 72 (5.3%), 58 (4.3%), and 27 (2.0%) Mtbc isolates had
resistance to isoniazid, rifampin, ethambutol, and pyrazinamide, respectively; 49 (3.6%) had
resistance to at least isoniazid and rifampin (multidrug-resistant TB). While the overall
distribution of anti-tuberculous resistance-conferring mutations among isolates appeared to be
similar between HIV-positive and HIV-negative participants, WGS-based detection may have

lower sensitivity for identifying isoniazid resistance among participants who had <200 CD4+

cells/mm? as compared to participants without HIV (37.5% vs. 71.7%; p-value=0.019).
Furthermore, of the Mtbc isolates analyzed, we found the predominant lineage in Botswana was
L4 (87.8%), followed by L1 (6.0%), L2 (5.3%), and L3 (0.8%). We identified multiple
circulating L4 sublineages, with L4.3.4 being the most prevalent (29.5%). Temporally resolved
phylogenies inferred the most recent common ancestor (MRCA) to have emerged around year

1727 (95% highest posterior density [HPD], 1607—-1828) and 1900 (95% HPD 1854-1938) for



L1 and L2, respectively. Time to MRCA varied among L4 sublineages; ranging from 1695 for
L4.1.2 (95% HPD 1546-1817) to 1941 for L4.3.2 (95% HPD 1911-1966). Phylodynamic
analysis revealed L4.3.4 expanded steadily from late 1800s to early 2000s. Conversely, L1, L4.4,
and L4.3.2 showed population trajectories closely aligned with the HIV epidemic in the region.
Meanwhile, L2 saw rapid expansion throughout most of the 20th century but declined sharply in
early 1990s. Additionally, pairwise genome comparison of Mtbc highlighted differences in
clustering proportions due to recent transmission at the sublineage level. These findings
emphasize the diverse transmission dynamics of Mtbc lineages and highlight the potential for
phylodynamic analysis of routine sequences to refine our understanding of lineage-specific
behaviors, thereby enabling tailored public health interventions for more effective tuberculosis

control in high burden settings.
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Chapter 1. Introduction

Tuberculosis (TB) is a leading cause of death from a single infectious agent, killing
almost 1.5 million lives each year worldwide.! Large-scale comparative genomic analysis have
provided valuable insights into the origin and genetic diversity of human-adapted TB bacteria,
collectively known as the Mycobacterium tuberculosis complex (Mtbc).> 3 There are currently a
total of 9 major lineages of Mtbc and 64 sublineages that characterize their genetic diversity
according to a 62-single nucleotide polymorphism (SNP) barcode.*® Strain diversity in Mtbc can
lead to important phenotypic variations in virulence, antibiotic resistance patterns, and
transmissibility.” ® For example, Lineages 2 and 4 are widespread globally and noted for their
enhanced transmissibility, as evidenced by comparing Mtbc genomes (e.g. genotypic clustering
proportions) collected from patients in many settings.” ' By contrast, Lineage 1 is less likely to
cause disease shortly after infection and may have a reduced ability to spread.”*- 1° However,
most epidemiological studies and surveillance efforts still do not distinguish between these Mtbc
lineages, and the conventional approach of treating TB as a uniform epidemic with a "one size
fits all" strategy fails to account for the heterogeneity of the disease, which varies significantly
across different regions, populations, and Mtbc lineages.

Located in southern Africa, Botswana continues to face one of the most severe TB
endemics globally and remains one of the 30 high TB/HIV burden countries.!! Despite the
critical public health implications, the evolutionary history and transmission dynamics of Mtbc
lineages remain poorly understood in this high burden region. Understanding the specific
dynamics of Mtbc lineages may help tailor public health interventions to unique challenges
presented by different TB strains, ultimately leading to more effective control and elimination

strategies.



Furthermore, the emergence and spread of antimicrobial resistance poses a significant
challenge to effective TB control.'> 3 In 2008, the Botswana National Drug Resistance Survey
found 9% of diagnosed TB patients had drug-resistance to isoniazid (INH), rifampin (RIF), or
ethambutol (EMB) — almost 2-fold increase from the previous survey in 2002.'* Multidrug-
resistant tuberculosis (MDR-TB), characterized by resistance to at least INH and RIF, remains a
major concern due to frequent misdiagnosis, low treatment success rate, and increased
mortality.!> 1> Mtbc acquires drug resistance through spontaneous mutations, including single
nucleotide polymorphisms (SNPs), insertions, and deletions (indels).!® Laboratory studies have
demonstrated that Mtbc strains with INH- and RIF-resistant mutations may experience decreased
competitive fitness (i.e., reduced growth) relative to drug-susceptible strains, and these fitness
cost associated with different resistance-conferring mutations may vary.!’?° Mutations associated
high fitness cost are less prevalent in clinical populations. However, HIV-associated
immunosuppression may facilitate the proliferation and transmission of drug-resistant strains
with high-fitness cost mutations, especially among those with severe immunosuppression (e.g.,
CD4+ <200 cells/mm?). This might offer partial insight into the association between HIV

21,22 a5 well as the occurrence of deadly MDR-TB

infection and increased MDR-TB prevalence,
outbreaks in regions with a high prevalence of HIV.>>** Nonetheless, investigations of the
differential occurrence of resistance mutation patterns in Mtbc strains from people with and
without HIV-infection have yielded inconsistent results. 2’

Accurate and timely diagnosis of drug resistance is critical to guide selection of effective
treatment regimens and prevent further spread of drug-resistant strains. Recently, the World

Health Organization (WHO) endorsed the use of next-generation sequencing (NGS; specifically

targeted deep sequencing) method to detect anti-tuberculous drug resistance.?® Compared to
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current commercial molecular assays that target limited resistance-conferring mutations, NGS
offers high coverage by characterizing more gene regions simultaneously.?®: *° However, the
reliability of NGS depends on the inclusion of an extensive database of mutations responsible for
drug resistance, including those observed less frequently in endemic populations due to potential
high fitness costs they might carry. There is some evidence indicating that targeted deep
sequencing (tNGS) may exhibit reduced accuracy in detection of drug-resistant TB among
people living with HIV compared to those without HIV, possibly due to the presence of
uncommon resistance-conferring mutations with high fitness costs not targeted by tNGS.3!

In this research, we leveraged whole genome sequencing (WGS) data from archived
Mtbc isolates collected from a population-based TB study in Botswana and addressed the
following study aims:
Aim 1: Evaluate the clinical performance of WGS-based methods in detecting drug resistance to
first-line anti-TB drugs (sensitivity and specificity) among HIV-positive and HIV-negative TB
patients. We hypothesize that sensitivity of WGS-based algorithm for resistance detection is
reduced (vs. reference standard culture-based drug susceptibility testing) among HIV-positive
individuals.
Aim 2: Describe genetic mutations associated with first-line anti-TB drugs in HIV-positive and
HIV-negative TB patients. We hypothesize that high-fitness cost variants associated with
resistance to INH and RIF are overrepresented in HIV coinfected TB patients.
Aim 3: Use Bayesian phylodynamic analysis to comprehensively delineate the spread of Mtbc
lineages underlying the TB endemic in Botswana. We hypothesize that TB in Botswana is
composed of a collection of heterogeneous epidemics driven by distinct transmission dynamics

of Mtbc lineages.



Chapter 2. Methods
2.1 Study setting and data collection procedures

We obtained data from a population-based TB study conducted between 2012 and 2016
in Botswana (R01A1097045; referred to as the Kopanyo study hereinafter).*? Botswana has one
of the highest HIV prevalence rates (20.7% in the general population in 2019) and TB incidence
rates (236 per 100,000 in 2021) in the world." ** In addition, about 50% of people with TB also
have HIV/AIDS.**

Between 2012 and 2016, the Kopanyo study enrolled persons of all ages diagnosed with
pulmonary TB (N = 4,331) in the greater Gaborone and Ghanzi, two largest districts in the
country.>> Gaborone, located in the southeast and bordering South Africa, is the capital city with
a high population density of 1,370 persons/km? in 2011. In contrast, Ghanzi is a rural district
located in western Botswana with the lowest population density in the country according to the
2011 census, at 0.37 persons/km?.>¢ Despite Ghanzi's low population density, it consistently has
the highest TB incidence in the country. Prior to the study, the TB incident rate per 100,000
population in Botswana, and Gaborone and Ghanzi districts were approximately 445, 440, and
722 cases, respectively.’’

At the time of enrollment, demographic and clinical data were collected by standardized
interview and medical record abstraction, including age, gender, education, history of TB and TB
treatment, HIV status, CD4+ T-cell counts, and antiretroviral therapy (ART) status. In adherence
to Botswana national guidelines, the study team extended the offer of HIV testing to all
participants who lacked documented HIV test results or had received negative test results more

than 12 months prior to enrollment.*? One to two expectorated sputum samples (2mL — SmL per
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sample) were also collected from each participant. The sputum samples were decontaminated
using the N-acetyl-L-cysteine and sodium hydroxide method, and then inoculated into
Mycobacteria Grow Indicator Tubes (MGIT) 960 system (Becton Dickinson Microbiology
Systems, Sparks, MD) at the Reference Laboratory in Gaborone. Weekly monitoring of
mycobacteria growth occurred, and if no growth was observed within 8 weeks, it was classified
as culture negative. For culture positive colonies, Mtbc DNA was extracted with GenoLyse kit
(Hain Lifescience, Germany) following the manufacturer's protocol. Genomic extracts were
stored at -80°C, and those containing a sufficient amount of DNA (at least 0.05ng/uL) were sent
to the Research Center Borstel for WGS.

The Kopanyo Study was approved by the U.S. Centers for Disease Control and
Prevention Institutional Review Board, the Botswana Ministry of Health and Wellness, and the
Institutional Review Board of the University of Pennsylvania. Additionally, approval of the
secondary data analysis of the Kopanyo study was obtained from UC Irvine Institutional Review

Board. Written informed consent was obtained from all participants.

2.2 Culture-based drug susceptibility testing (DST)

Culture-based or phenotypic drug susceptibility testing (pDST) for first-line anti-TB
drugs was performed with MGIT 960 system and/or conventional culture method with
Lowenstein-Jensen (LJ) medium. The critical concentrations for INH, RIF, ethambutol (EMB),
and pyrazinamide (PZA) using MGIT DST were 0.1 pg/ml, 1.0 pg/ml, 5.0 pg/ml, and 100 pg/ml,
respectively.’® % In cases where MGIT DST outcomes were unavailable, conventional culture
method with Lowenstein-Jensen (LJ) medium was used. The standard critical concentrations for

INH, RIF, and EMB using LJ DST were 0.2 pg/ml, 40 mg/mL, and 2 pg/ml, respectively.>
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2.3 Whole genome sequencing and bioinformatics

Genomic libraries were prepared with [llumina Nextera XT kit to generate 2x150bp
paired-end reads for sequencing using the Illumina NextSeq 500 platform. An automated
bioinformatics pipeline, MTBseq,* was used for WGS data analysis. MTBseq combined all
necessary steps needed for analysis of WGS data. Briefly, raw sequences were aligned to the
pan-susceptible, H37Rv reference genome (GenBank NC000962.2) with BWA-mem software
and Samtools. Next, base call recalibration and realignment of reads around insertions and
deletions was performed with GATKv3. Variant calling was performed using Samtools mpileup
and in-house scripts, and positions were considered reliable with 75% allele frequency, at least 4
calls with a phred score of 20 or more, and a minimum of 4 reads mapped in each direction
(forward and reverse orientation). Libraries were considered as high quality and further analyzed
when at least 50x coverage was achieved and 95% of the reference genome covered. Next,
genomes were annotated with known associations to antibiotic resistance. Resistance was called
for any known resistance-conferring mutation appearing at an at least 5% allele frequency.
MTBseq has shown superior sensitivity and similar specificity in resistance prediction compared
to other popular tools such as TBProfiler, PhyResSE, and Mykrobe Predictor TB.*° Finally,
phylogenetically informative SNPs based on existing literature were used for lineage
classification of the input samples,® excluding genes associated with antibiotic resistance,
insertions and deletions, repetitive regions (PPE and PE-PGRS gene families), and consecutive
variants in a 12bp window.

Finally, manual curation of called resistances was performed based on the frequency of

the resistance-conferring mutation and the percentage of reads mapping to the reference Mtbc
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genome. This was done to eliminate false resistance calls introduced by mapping of non-Mtbc
reads. In short, mutations with a lower or similar frequency to the percentage of non-Mtbc reads

in the sample were excluded.

2.4 Phylogenetic reconstruction

We extracted variable sites from whole genome alignments of Mtbc isolates to create the
fasta files used for phylogenetic analysis. To illustrate the overall population structure of Mtbc
lineages in Botswana, we used IQ-TREE v1.6.12 to reconstruct maximum likelihood
phylogenies for each major Mtbc lineage, with isolates possibly containing mixed Mtbc strains
excluded from the dataset.*! The Hasegawa, Kishino, and Yano (HKY) model of nucleotide
evolution was assumed, and ascertainment bias correction was specified. Additionally, time-
measured phylogenetic trees for specific lineages included in the coalescent-based analysis were

estimated using Bayesian method with details described in Section 2.5.3.

2.5 Statistical analysis
2.5.1 Aim 1

Sensitivity and specificity of WGS-based resistance prediction were calculated using
culture-based pDST results as the reference standard. Confidence intervals (95% CI) were
estimated using the Score method. Subsequently, we compared the sensitivity and specificity
estimates using Fisher's exact test in the following groups: 1) HIV-positive vs. HIV-negative
participants; 2) HIV-positive participants with CD4+ T-cells <200 cells/mm? vs. HIV-negative
participants; and 3) HIV-positive participants with CD4+ T-cells >200 cells/mm? vs. HIV-

negative participants. Moreover, we investigated variations in sequencing quality among the
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different groups, specifically the percentage of reads mapped to the reference Mtbc genome, to
examine if any differences observed could be attributed to disparities in sequencing quality.
2.52 Aim 2

We described the frequencies of detected mutations associated with each first-line anti-
tuberculous drug, stratified by HIV infection status. We used bivariate logistic regression
analysis to assess the potential relationships between HIV-immunosuppression and the presence
of low fitness among mutational variants phenotypically resistant to INH or RIF. We specifically
focused on INH and RIF due to the previously demonstrated variations in the reproductive
fitness of select mutations commonly associated with resistance to these drugs.!* In particular,
katG S315T (associated with INH resistance) and rpoB S450L (associated with RIF resistance)
were defined as mutations with little or no fitness cost (i.e., high-fitness mutants).!* 2627 Of note,
katG S315T and rpoB S450L mutations were found to be the most prevalent mutations among
persons with INH and RIF resistance, respectively.*> 4

The primary dependent variable was the presence of low-fitness Mtbc variant isolates
(resistance-conferring mutations other than katG S315T and rpoB S450L). The primary
independent variables included HIV-positivity and baseline CD4+ T-cell count. Participants were
categorized as HIV-negative, HIV-positive with <200 CD4+ cells/mm?*, HIV-positive with >200
CD4+ cells/mm?, and HIV-positive with unknown CD4+ status. Among HIV-positive
participants with available CD4+ T-cell data, we also used cell counts as a continuous exposure
variable in a separate analysis. Because of restricted sample size of drug-resistant isolates, we did
not employ multivariable logistic regression. We repeated all analyses using multinomial logistic

regression among all participants who had concordant WGS and pDST results to explore whether



HIV-associated immunosuppression was associated with the risk of INH or RIF low fitness
variant infection.
Sensitivity analysis

Sensitivity analyses were conducted to assess the robustness of findings from the main
analysis described above. We modified the definition of high or low fitness variants (outcome
variable) and repeated the regression analysis. Specifically, isolates were categorized as ‘high-
fitness variants’ if katG S315T and/or rpoB S450L were present, otherwise as ‘low-fitness
variants’. In addition, we repeated the multinomial logistic regression analysis by including

isolates with discordant genotypic and phenotypic DST results.

2.53Aim3

We reconstructed Mtbc population dynamics for L1, L2, and L4 sublineages that had at
least 70 samples using BEAST v1.10.4.* The HKY nucleotide substitution model with gamma-
distributed rate heterogeneity (discretized to 4 categories) was assumed. As previously described,
we specified a strict molecular clock model with an initial substitution rate parameter set to 1E-7
per site per year, which translates to approximately 0.44 substitutions per genome per year.*> 4
The prior for the substitution rate was assumed to be distributed log-normal with a mean of 1 and
a sigma of 1.25. To estimate the mycobacterial population size change through time, we adopted
the non-parametric, coalescent-based Gaussian Markov random fields (GMRF) Bayesian skyride
tree prior.*’ This approach offers greater flexibility compared to the Bayesian skyline prior and
does not require strong prior assumptions on the number of population size change points.*”*3

Furthermore, to account for ascertainment bias, we made manual adjustments in the xml file to

incorporate the number of invariant sites. This correction was applied individually for each xml
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file corresponding to a specific lineage. The Markov chain Monte Carlo (MCMC) chain for each
lineage ran for 500 million iterations, with parameters and trees sampled every 50,000th
iteration. We verified adequate mixing and posterior convergence using Tracer v1.7.2 after
discarding the first 10% as burn-in. For a parameter to be considered sufficiently sampled, we
aimed for an effective sample size of at least 200. If any parameter fell short of this threshold, we
ran a second chain of 500 million iterations and combined the chains using LogCombiner
v1.10.4. We note that L4.3.4 — the largest sublineage in our dataset — was the only one that
required a second MCMC chain of 500 million iterations to achieve sufficient mixing and
sampling.

We explored differences in patterns of recent transmission between Mtbc lineages that
were included in the coalescent analysis. Genetically similar Mtbc strains under a pre-specified
SNP threshold (usually between 5 and 12-SNPs) are interpreted as a consequence of recent
transmission events*’, We assigned cases into clusters, which was defined as two or more
individuals with Mtbc strains sharing <5-SNPs differences, as determined by pairwise SNP
comparison.*” >° Next, we regressed clustered or non-clustered case on Mtbc lineage in a logistic
model, adjusting for potential confounding by age, gender, enrollment district, and HIV status.
To evaluate the robustness of our findings, we also conducted logistic regression analysis using a
12-SNPs cutoft for identifying clustered cases. Furthermore, to assess potential variation of HIV
prevalence across Mtbc lineages, we used a multivariable logistic regression model controlling
for age, gender, and district.

All statistical analysis and phylogenetic tree visualizations were conducted in R version
4.2.0.°" WGS data from this study has been submitted to the European Nucleotide Archive

(ENA) under study accession PRJEB 62480.

10



Chapter 3. Results and Discussion for Aim 1 and Aim 2
3.1 Aim 1 Results
Participants’ characteristics

The Kopanyo Study enrolled 4,331 participants with presumed TB, of whom 2,162
participants had bacteriologically-confirmed TB. Of the 2,162 participants, 1,426 isolates were
successfully sequenced by WGS. Overall, 1,350 participants had available WGS and pDST
results. Of those, the median age was 33 years, 44.4% were female, and 19.0% had a previous
episode of TB. About half the participants (52%) were HIV-positive, of whom 45.7% were ART-
naive, and 32.5% had advanced immunosuppression (<200 CD4+ cells/mm?) at the time of
enrollment. Participants’ characteristics were similar across the groups with WGS data only,
pDST data only, both WGS and pDST data, and neither WGS nor pDST data (Table 1).

Of the 1,350 participants, pDST identified 104 (7.7%), 72 (5.3%), 58 (4.3%), and 27
(2.0%) 1solates to be resistant to INH, RIF, EMB, and PZA, respectively. MTBseq classified 103
(7.6%), 120 (8.9%), 36 (2.7%), and 105 (7.8%) 1solates to be resistant to INH, RIF, EMB, and
PZA, respectively. MDR-TB was detected among 49 (3.6%) and 68 (5.0%) participants based on

pDST and MTBseq, respectively (Table 1).

Accuracy of WGS-based resistance prediction

We further excluded 17, 43, and 33 isolates for INH, RIF, and PZA, respectively, due to
possible incorrect low-frequency mutations calls from non-Mtbc reads. Using pDST as the
reference standard, MTBseq identified 70 of 103 INH-resistant isolates (INH sensitivity: 68.0%;

95% CI: 58.4-76.2%) and 1212 of 1228 INH-sensitive isolates (INH specificity: 98.7%; 95% CI:
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97.9-99.2%); 65 of 71 RIF-resistant isolates (RIF sensitivity: 91.5%; 95% CI: 82.8-96.1%) and
1222 of 1234 RIF-sensitive isolates (RIF specificity: 99.0%; 95% CI: 98.3-99.4%); 24 of 58
EMB-resistant isolates (EMB sensitivity: 41.4%; 95% CI: 29.6-54.2%) and 1278 of 1290 EMB-
sensitive isolates (EMB specificity: 99.1%; 95% CI: 98.4-99.5%); 9 of 26 PZA-resistant isolates
(PZA sensitivity: 34.6%; 95% CI: 19.4-53.8%) and 666 of 689 PZA-sensitive isolates (PZA
specificity: 96.7%; 95% CI: 95.0-97.8%). The specificity estimates remained consistently high
regardless of participants’ HIV-infection status and CD4+ cell counts for all drugs (Table 2).
Similarly, we did not find a difference in MTBseq sensitivity stratified by HIV status for all
drugs.

When stratified by CD4+ T-cell counts, we observed a significant reduction in INH
sensitivity among HIV-positive participants who had <200 cells/mm? (sensitivity: 37.5%; 95%
CI: 18.5-61.4%) compared to HIV-negative participants (sensitivity: 71.7%; 95% CI: 57.5—
82.7%; p-value = 0.019). INH sensitivity estimates were similar between HIV-positive
participants who had >200 CD4+ cells/mm?® and HIV-negative participants. MTBseq sensitivity
for RIF, EMB, and PZA remained statistically consistent across CD4+ T-cell groups (Table 2).
We did not observe variations in sequencing quality among the comparison groups, as indicated
by the percentage of reads mapped to the reference Mtbc genome (Figure 1). Additionally, no
difference in the percentage of reads mapped to Mtbc was observed between isolates that belong
to the false negative group (i.e., phenotypically resistant and genotypically susceptible) and true

positive group (phenotypically resistant and genotypically resistant) for INH (Figure 2).
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3.2 Aim 2 Results
Distribution of resistance-conferring mutations

The frequencies for all resistance-associated mutations detected by MTBseq were
described by HIV status in both phenotypically resistant and susceptible isolates (Table 3).
Among isolates with phenotypic INH resistance, approximately 75% and 17% harbored the katG
S315T mutation and inhA promoter (fabG1) -15¢c>t mutation, respectively. One isolate was
identified to carry both mutations. Conversely, fabG1 -8t>c or -8t>a mutations only co-occurred
with other mutations linked to INH resistance; fabG1 -8t>a exclusively co-occurred with katG
S315T at 11.3%, while fabG1 -8t>c co-occurred with inAA 121V mutation at 2.8%. The overall
distribution of katG S315T and fabG1 -15¢c>t mutations appeared to be similar between HIV-
positive and HIV-negative participants. However, the fabG1 -8t>a and katG S315T combination
appeared more frequently in persons with HIV (16% vs. 6% in HIV-negative group).
Additionally, approximately 6% of INH-resistant isolates carried mutations outside of the target
regions by conventional molecular diagnostics, including fabG1 L203L, inhA 121V, and/or inhA
S94A (Table 3).

For isolates displaying phenotypic resistance to RIF, 43% were identified to harbor rpoB
S450L mutation, and none of these isolates carried additional mutations linked to RIF-resistance.
The second most prevalent mutation associated with RIF resistance in our sample was rpoB
H445L at approximately 17%. While the occurrence of the poB S450L mutation was similar
between participants with and without HIV infection, the rpoB H445L mutation appeared more
frequently in persons with HIV as compared to HIV-negative person (22% vs. 11%).

Approximately 6% of RIF-resistant isolates carried mutations outside of the target regions by
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conventional molecular diagnostics, including 7poB V170F, rpoB 838 del c, rpoB

1292 ins_cca, and rpoB 1348 ins cgg (Table 3).

Association between HIV infection and presence of low-fitness Mtbc variants

Of 69 phenotypically INH-resistant isolates linked to HIV status, 42 (61%) exclusively
harbored the katG S315T mutation (defined as high-fitness INH-resistant variant). Similarly,
among 65 phenotypically RIF-resistant isolates linked to HIV status, 29 (45%) displayed rpoB
S450L mutation alone (defined as high-fitness RIF-resistant variant).

No statistical associations were observed between HIV-associated immunosuppression
and the presence of low-fitness INH- or RIF-resistant isolates (Table 4). Similarly, among the
entire cohort and irrespective of pDST resistance status, we did not find an association between
HIV-associated immunosuppression and presence of low-fitness variants. However, among HIV-
positive participants, there was an increased risk of having INH- and RIF-resistant isolate, both
with high and low fitness (vs. INH- and RIF-sensitive strains, respectively) as the number of

CD4+ cells increased (Table 5).

Sensitivity analysis

Despite modifications in the definition of high or low fitness variants in the regression
analysis, the overall findings from the primary analyses remained unchanged (Tables 6 and 7).
Furthermore, incorporating isolates with discordant genotypic and phenotypic DST results in the

multinomial logistic regression analysis also yielded consistent results (Table ).
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3.3 Discussion

This study aimed to understand the population-level impact of HIV-associated
immunosuppression and the molecular detection of drug resistance-conferring mutations. Our
overall findings indicate that, in settings where HIV is prevalent, molecular detection may
exhibit lower sensitivity in identifying INH-resistant TB. However, our study does not support an
association between HIV-associated immunosuppression and the presence of less fit INH- or
RIF-resistant isolates.

In our prior study of the utility of next-generation deep sequencing for detecting drug-
resistant TB, we found lower sensitivity for detecting INH resistance among people with HIV
compared to people without HIV.?! That earlier study had a smaller sample size and did not
account for CD4+ T-cells. In the present analysis, a marked reduction in INH sensitivity was
observed among those with <200 CD4+ cells/mm?®. Further exploration of sequencing quality did
not reveal a lower percentage of mapped reads against the reference Mtbc genome among the
false negative group. This suggests that unaccounted novel mutations associated with INH
resistance in the current bioinformatics pipeline could potentially drive phenotypic resistance
among people with profound immunodeficiency. Indeed, the molecular mechanisms behind INH
resistance remain unknown for a notable proportion of clinical isolates.**>? Thus, it is possible
that diminished immune pressure in the context of advanced immunodeficiency allows Mtbc
strains with high-fitness cost mutations to survive, a scenario less likely in individuals with intact
immune systems.

Consistent with existing studies, we found high concordance between WGS and pDST
among the phenotypically susceptible isolates across all evaluated drugs.>*->” However, distinct
from prior research, our analysis revealed lower sensitivity of WGS for detecting INH resistance
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(68%), EMB resistance (41%), and PZA resistance (37%). Possible explanations for these
discrepancies include the existence of novel mutations associated with phenotypic resistance that
have yet to be discovered and integrated into the existing MTBseq pipeline,*® >° the presence of

undetected minority resistant variant,®

and the susceptibility of culture-based DST to errors,
particularly in cases involving EMB and PZA — drugs known to pose challenges in accurate
phenotyping.®® ¢!- 62 While WGS-based approaches have been shown to accurately detect first-
line anti-tuberculous-drug resistance in other settings,> our findings suggest that the
performance of WGS-based algorithms for identifying first-line anti-tuberculous-drug resistance
(e.g. INH, EMB, and PZA) may depend on geography and epidemiological context, including
the prevalence of HIV-associated immunosuppression.

Approximately 95% of RIF resistance could be attributed to mutations in the rpoB gene
that encodes the binding site of RIF.%® In addition, the majority of mutations are found within the
81-bp RIF-resistance determining region (RRDR; 7poB codons 426-452) of the rpoB gene,*
which is the target region of conventional molecular tests, including GeneXpert MTB/RIF®
(Cephid, Sunnyvale, CA, USA) or other commercially available line-probe assays.®> % However,
the prevalence of rpoB mutations driving RIF resistance varies geographically, and variations in
phenotypic resistance levels exist across different 7poB mutations.®’ For instance, 7poB S450L
(associated with high-level RIF resistance) varies in frequency (38-90%) across geographical
regions.®®"" In our study in Botswana, 43% of isolates displaying phenotypic RIF resistance had
the rpoB S450L mutation. The second most prevalent mutation in our population was rpoB
H445L (approximately 17%). This mutation has been linked to low-level RIF-resistance,’” !

emphasizing the value of genotypic methods in identifying RIF resistance that could be missed

by culture-based pDST (MGIT) using standard critical concentration for RIF.
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In contrast to RIF resistance, the molecular mechanism underlying INH resistance are
less well-understood and encompass a more extensive set of loci.** Collectively, katG S315T and
fabG1 -15¢>t mutations account for approximately 80% of INH resistance globally.** ”> The
frequencies of these mutations observed in Botswana (75% katG S315T and 17% fabG1 -15c>t)
are consistent with both quantified global estimates and those specific to the African region.*?
The single isolate we identified that carried both mutations supports earlier reports of their
infrequency and suggests a potential disadvantage for Mtbc strains with mutations in both genes
within a host.2% 327 A notable proportion (23%) of INH-resistant isolates in our study had
independent fabG1 mutation or fabG1 mutation without concurrent katG 315 mutation. While
katG S315T is known to confer high-level INH resistance, mutations in the inhA promoter region
(fabG1) have been linked to low-level drug resistance to INH.” Consequently, the incorporation
of high-dose INH in curative therapy might be beneficial for this subgroup of patients.”> 7

A small proportion of INH- or RIF-resistant isolates did not carry mutations in the target
regions of conventional molecular diagnostics. These include INH-resistance-associated fabG1
L203L, inhA S94A, inhA 121V, and RIF-resistance-associated rpoB V170F, and multiple rpoB
indels between positions 838 to 1348, which could be valuable additions to next-generation
molecular diagnostics. The sensitivity of any molecular diagnostic to rapidly identify drug
resistance is connected closely to the regional frequencies of mutations and the
comprehensiveness of the resistance-conferring mutations targeted by the test. By understanding
the specific landscape of mutations in Botswana, our study contributes to the potential for
developing enhanced next-generation diagnostics and therapy recommendations specifically

tailored to the context of Botswana.

17



Strengths of this study include providing a comprehensive description of mutations
linked to first-line anti-tuberculous drugs, stratified by HIV status, using a population-
representative cohort. Among the phenotypically resistant isolates, our findings did not support
the hypothesis that low-fitness INH- or RIF-resistant variants were overrepresented in people
with HIV or among those with severe immunosuppression as compared to persons without HIV.
Our finding is consistent with another study conducted in Uganda,?’ a country with similar
MDR-TB and HIV burden. However, Louiseau et al. found that HIV-associated
immunosuppressed persons were more likely to harbor low-fitness RIF-resistant Mtbc variants
(i.e. non-rpoB S450L variants) using a global sample of drug-resistant TB isolates from nine
countries, including 39 isolates from the Kopanyo Study.?® Geographic heterogeneity, local
transmission dynamics, HIV prevalence, and MDR-TB prevalence might contribute to Mtbc
genetic diversity, which may influence the proliferation of certain resistant mutations over
others.!®20:26.77. 78 Strain genetics may also play an important role in the adaptation to specific
antibiotics and driving distinct resistance-conferring mutations.’””® Our findings remained when
we extended the model to include the entire sample irrespective of phenotypic resistance status.
While our study also revealed a higher prevalence of INH- and RIF-resistant Mtbc variants
among HIV-infected TB patients with increasing CD4+ cell counts, the biological mechanisms
underlying this observation remain unclear. Further investigations are warranted to elucidate the

underlying mechanisms driving this phenomenon.

3.4 Limitations
Our study had several limitations. First, pDST is an imperfect reference standard that is

prone to a variety of errors. Second, the Mtbc DNA extraction method used in the Kopanyo study
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was optimized for tNGS (not WGS), and sequencing quality may be affected as a result.
However, we mitigated this by excluding low-quality isolates during the initial bioinformatics
stage, and the percentage of reads mapped to the Mtbc genome was comparable between the
analyzed comparison groups. Third, the low prevalence of MDR-TB in Botswana limited the
number of drug-resistant isolates in our study. This may have impeded our ability to measure
associations with sufficient statistical power. Consequently, a study with a larger sample size that
includes rpoB H445L and the combination of fabG1 -8t>a and katG S315T mutations would
likely improve statistical fidelity needed to accurately measure these associations. Fourth, the
associations and diagnostic accuracy observed in our study may not be generalizable to other
settings. Furthermore, our study was not designed to assess the clinical utility of MTBseq as a
diagnostic tool. MTBseq is continually updated with emerging mutations in its resistance-
associated mutation catalogue. Further studies should be conducted to evaluate the clinical utility
of MTBseq to detect anti-TB drug resistance, and clinical outcome data may be linked to drug-
resistant phenotypes to infer the potential clinical benefit of using WGS to identify drug
resistance. Lastly, our study was observational in nature, and the observed associations (or lack
thereof) between HIV-associated immunosuppression and low-fitness Mtbc variants must be

interpreted with caution due to the potential presence of uncontrolled confounding.

3.5 Conclusion

Despite these limitations, our study highlights the possibility of the role of novel
mutations in driving INH-resistance among individuals with HIV-associated
immunosuppression. These novel mutations should be considered for the molecular detection of

drug resistant TB, especially among populations where HIV is common. Ongoing molecular
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surveillance for detecting emerging drug resistance is recommended and may inform local

guidance in HIV endemic settings.

Chapter 4. Results and Discussion for Aim 3
4.1 Results
Distribution of Mtbc lineages in Botswana

During the study period, 1,426 Mtbc isolates underwent successful WGS and were
assigned into known lineages. We excluded 72 isolates with evidence of mixed Mtbc strain
infection for subsequent phylogenetic and phylodynamic analysis. Among the remaining 1,354
isolates, 1,184 belonged to lineage 4 (L4; 87.4%), 86 (6.4%) were classified as lineage 1 (L1), 72
(5.3%) were lineage 2 (L2), and 12 (0.9%) were lineage 3 (L3). L4 was found to encompass a
number of sublineages, including L4.1 (0.1%), L4.1.1 (10.4%), L4.1.2 (11.0%), L4.2.2 (0.1%),
L4.3.2 (8.6%), L4.3.3 (2.0%), L4.3.4 (29.5%), L4.4 (14.0%), L4.6 (0.1%), L4.7 (1.0%), L4.8
(6.8%), and L4.9 (3.7%). Within L1, 22 (1.6%) were L1.1 and 64 (4.7%) were L1.2. All of the
L2 isolates were classified as L2.2 (Figure 3). Furthermore, Gaborone harbored more Mtbc strain
diversity compared to Ghanzi. L.4.3.4, the most prevalent sublineage, was found in higher
proportion in Ghanzi than Gaborone (67% vs. 21%; Table 9). Host characteristics appear to be

similar among the major Mtbc lineages (Table 10).

Historical origins and population dynamics of Mtbc lineages
Coalescent analysis inferred the most recent common ancestor (MRCA) to have emerged
around year 1727 (95% highest posterior density [HPD], 1607-1828) and 1900 (95% HPD

1854-1938) for L1 and L2, respectively. Time to MRCA varied among L4 sublineages, ranging
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from 1695 for L4.1.2 (95% HPD 1546-1817) to 1941 for L4.3.2 (95% HPD 1911-1966; Table
11). Our analysis revealed that L4.3.4 experienced a steady expansion from late 1800s to early
2000s, and remained the most prevalent sublineage in recent years. Similar population trajectory
was observed for L1 and L4.4, with a substantial expansion observed from the late 1970s for two
decades, followed by a continuous decline from the late 1990s. For L4.3.2, we observed
significant growth between 1980 to early 2000s, followed by a sharp reduction afterward. L2
experienced a steady increase in population growth between 1940 and early 1990s, followed by a
steep decline until 2000, after which the population plateaued followed by a second decline
around 2012. Other L4 sublineages experienced several waves of expansion and contraction.

Except for L4.1.1, all other Mtbc lineages underwent contraction after early 2000s (Figures 4 and

5).

Genomic clustering analysis

Using a 5-SNPs cutoff as an indicator of recent transmission, 48% (652/1354) were
clustered isolates. The cluster sizes varied, ranging from 2 isolates per cluster to 23 isolates in the
largest cluster. The median cluster size and range for each lineage was as follows: L1 and L2: 2
(2-7),L4.1.1: 3 (2-23), L4.1.2: 3 (2-12), L4.3.2 and L4.4: 2 (2-8), L4.3.4: 2 (2-19), and L4.8: 3.5
(2-9). Compared to L1, we found that isolates belonging to any other lineages were more likely
to be part of a cluster (Table 12). Isolates belonging to L2, L4.1.1, and L4.8 had the highest
cluster proportion. Additionally, the cluster proportion for the predominant L.4.3.4 was
significantly higher in Ghanzi than Gaborone (57% vs. 40%; p-value < 0.001; data not shown)

These findings remained robust when we repeated the analysis using a 12-SNPs cutoff (Table
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13). In addition, L4.1.1 and L4.8 were found to be significantly less common among HIV-

infected individuals (Table 14).

4.2 Discussion

By reconstructing the evolutionary history and spread of Mtbc using sequences collected
over a four-year period, we observed varying transmission dynamics and demographic
trajectories for extant lineages circulating in Botswana. The expansion of many lineages
coincided with the onset of the HIV/AIDS epidemic, while their contraction aligned with the
implementation of antituberculosis and antiretroviral treatment programs.

With the exception of L4.1.1, L4.1.2 and L4.8, most lineages experienced an expansion
of various magnitude in the second half of the 20th century, correlating closely with the region’s
high TB burden.” Notably, this period coincides with the emergence and rapid escalation of the
HIV epidemic. Botswana experienced one of the world's most severe HIV epidemics, with initial
cases emerging in the 1980s.8° A phylodynamic study of HIV dated the virus's emergence in
Botswana around 1960, followed by rapid growth until stabilization post-1990.8! HIV increases
the susceptibility of TB disease given infection and is the strongest risk factor for reactivating
latent TB infections due to compromised immunity.®? Further, the HIV crisis was exacerbated by
rapid urbanization driven by economic growth in the mining industry. A network analysis of
micro-census data from Botswana between 1981 and 2011 suggests a highly mobile population
with considerable movement between urban and rural areas.®*> Mining towns, where HIV cases
initially emerged, acted as major migration hubs for both inflow and outflow of populations. In
Selebi Phikwe, a mining town for copper and nickel in Botswana, HIV prevalence had surged to

50% in 2000.3* These towns also became hubs of TB transmission due to the high-risk conditions
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associated with mining and the growing HIV prevalence.®># As the HIV epidemic escalated, the
number of individuals susceptible to Mtbc infection and reactivation increased, driving the
expansion of Mtbc populations. Thus, the intersection of the HIV epidemic, mining-driven
urbanization, and high population mobility likely played a critical role in the significant
expansion of Mtbc lineages in the latter part of the 20th century.

We observed a marked decline in Mtbc populations at the turn of the 21st century, which
aligned with a consistent decrease in TB incidence from 2000 to 2016.%” Several nationwide
programs likely contributed to the reduction. The most significant decrease in L1, L4.3.2, L.4.3.4,
L4.4, and L4.8 occurred beginning the early 2000s, coinciding with the launch of the Masa
Program in 2002.%° This program, officially known as the Masa Antiretroviral Therapy (ART)
Programme, initially aimed to provide free ART to individuals with advanced immune
suppression but eligibility expanded over the years. "Masa" means "new dawn" in Setswana,
symbolizing hope and a fresh start for those affected by the epidemic. Shortly after, the
President's Emergency Plan for AIDS Relief (PEPFAR) was launched, focusing on combating
HIV/AIDS globally, with a significant emphasis on sub-Saharan Africa.*® Botswana, with its
high HIV prevalence rates, was a key focus country for PEPFAR. Both initiatives aimed to
support those affected by HIV/AIDS through comprehensive treatment, prevention, and care
programs, thereby reducing HIV transmission.®® % As a result, Botswana has seen significantly
increased number of people receiving ART, reduced the rate of new HIV infections, and
improved the overall healthcare system’s capacity to manage HIV/AIDS.?*°! While PEPFAR
and Masa initiatives primarily targeted the HIV/AIDS epidemic, their impact on reducing HIV

transmission indirectly led to a significant reduction in the burden of TB in Botswana.
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Our study highlighted significant heterogeneity in transmission dynamics among the
Mtbc lineages analysed. We found that L1 maintained a relatively stable effective population size
until experiencing a significant expansion following the emergence of HIV. L1 is most prevalent
in regions bordering the Indian Ocean, and several large-scale phylogeographic studies have
shown that South Asia and eastern Africa played critical roles in dispersing this lineage via
maritime trade.> 3 It is possible that MRCA of L1 strains was introduced into Botswana through
subsequent migrations between eastern and southern regions of the continent. Post establishment,
evidence suggests that L1 likely expanded due to changing environmental conditions (e.g.
increased population densities, malnutrition, immunosuppression), rather than from large
migration or transmission events.’? Consistent with previous findings, our study found that L1
had the lowest proportion of cases that belonged to clusters and was more common among HIV-
infected individuals compared to other lineages.” > ** A phylodynamic study from Vietnam, an
L1-endemic region, concluded that compared to L2 and L4, the disease burden due to L1 in the
region was associated with reactivation of long-term remote infections, evidenced by larger SNP
differences and limited inferred migration events among L1 isolates.”® Similarly, in Botswana,
reactivation of latent TB infections likely contributes to new TB cases and may have driven L1's
expansion as population immunity waned due to HIV. L4.4 followed similar demographic trends
but showed a slower decline in population size after nationwide introduction of ART
interventions, which may be linked to its higher rate of recent transmission compared to L1.

Notably, L2 underwent rapid expansion in effective population size shortly after their
estimated emergence in the early 20th century. Phylogenetic studies suggest that L.2.2, often
associated with the Beijing genotype, likely originated in China.”®°” The 19th and 20th centuries

were characterized by intense interaction between Europe and China, driven by trade, imperial
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ambitions, and cultural exchanges. Following the Opium Wars, numerous Chinese cities became
treaty ports where European powers had extraterritorial rights and conducted trade with relative
freedom. Prominent treaty ports included Shanghai, Guangzhou, and Tianjin, which became hubs
of international trade and cultural exchange. Additionally, during the late 19th and early 20th
centuries, Chinese laborers were often recruited for mining and railway construction projects
worldwide, including in Africa.”® South Africa, which borders Botswana, had a significant
number of Chinese laborers working in its mines. This movement could have facilitated the
introduction and spread of L2.2 to southern Africa. L2 has been associated with hypervirulence
(ability to cause disease shortly after infection) and high transmissibility, supported by both
clinical evidence and animal experiments.®® 1% In our study, we also observed that L2 had one of
the highest proportion of genomic clustering due to recent transmission. The enhanced ability to
transmit and cause disease coupled with population mobility likely explain L2’s expansion in
Botswana.” %3 However, L2 experienced a decline in the early 1990s, earlier than many other
lineages, including L1. This decline might reflect a combination of factors, including
implementation of facility-based directly observed therapy, local pathogen-host dynamics and its
challenges in competing with other well-adapted indigenous lineages.® Our finding contrasts
sharply with the genomic study in Vietnam, where L2 showed clear patterns of overtaking
endemic L1 lineages over time.”® This implies that the competitive dynamics between different
lineages can vary significantly depending on the region and the specific lineages involved, and
that studying lineage features without accounting for geographic or host genetic background can
obscure important host-pathogen interactions.® '°1

Our analysis indicates that most TB cases in Botswana were caused by L4 strains,

specifically L4.3 lineages. This finding aligns with previous reports of L4-belonging Latin
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American and Mediterranean sublineage’s dominant presence in southern Africa region.!?1%°

Based on the sampled genetic diversity, we estimated that most L4 sublineages trace back to
MRCAs that emerged between the late 17th and 19th centuries. Recent genomic studies of Mtbc
suggests that the introduction and spread of L4 (Euro-American lineage) coincide with historical
events involving European colonization and subsequent socioeconomic changes.'%* 1% European
colonization of South Africa, Botswana’s neighboring country, began in earnest with the
establishment of a Dutch settlement at the Cape of Good Hope in 1652.!97 Later, British
colonization intensified in early 19th century, and Botswana (then Bechuanaland) became a
British protectorate in 1885. The establishment of colonial administration and subsequent
movements of European settlers between Europe, South Africa and Botswana during this period
may have facilitated the establishment and spread of L4 Mtbc strains still observed today.

The most common Mtbc lineage found in Botswana was L4.3.4, and it was
overwhelmingly more prevalent in Ghanzi than Gaborone (67% vs. 21%). Another study using a
different genotyping technique noted this, but was unable to differentiate whether it was due to
recent transmission or reactivation of latent infections.!®® The effective population size of L4.3.4
grew steadily since its introduction around 1880 and only began to decline slightly after country-
wide ART programs began. Unlike other lineages, L4.3.4’s expansion during the HIV epidemic
was modest. This contrast may be explained by the higher prevalence of this lineage in Ghanzi,
which has lower HIV prevalence compared to Gaborone. Prior to the study, approximately 36%
of TB patients in Ghanzi were coinfected with HIV, compared to 70% in Gaborone,'%’ suggesting
a less pronounced impact of the HIV epidemic on TB transmission dynamics in Ghanzi. In our
analysis, L4.3.4 displayed moderate clustering due to recent transmission, falling between the

lowest (L1) and the highest groups (e.g., L2, L4.1.1, L4.8). However, it exhibited significantly
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higher cluster proportions in Ghanzi compared to Gaborone. Taken collectively, we propose that
the success of L.4.3.4 is driven primarily by sustained ongoing transmission, rather than
reactivation of latent infections.!® This highlights the need for public health efforts to prioritize
activities that interrupt transmission, such as enhancing contact tracing, improving infection
control measures, and ensuring timely diagnosis and treatment to reduce disease burden,
especially in a rural setting like Ghanzi.

L4.3.4 displayed clear competitive advantage as evidenced by its dominant presence in
both districts despite not being the earliest lineage to emerge in Botswana. It’s also interesting to
observe that 1.4.3.2, a strain closely related to L4.3.4, emerged around the time of estimated HIV
introduction in Botswana.®! However, unlike L4.3.4°s steady growth, 1.4.3.2 experienced a rapid
expansion followed by a sharp decline, mirroring remarkably well with the timing of the HIV
epidemic. The striking difference in population dynamics between two closely related strains
warrant further investigation to determine whether strain-specific mutations contribute to distinct
phenotypes, and/or if potential host-pathogen interactions influence their respective trajectories
and the success of L4.3.4.

L4.1.1, L4.1.2, and L4.8 share similar demographic trends with large overlapping Cls.
Notably, L4.1.1 and L4.8 exhibited the highest cluster proportions due to recent transmission,
almost doubling the estimate compared to L4.3.4. This variation in genotypic clustering within
L4 sublineages was also observed in San Francisco, USA,'"'? underscoring sublineage-level
heterogeneity and the necessity of investigating them individually. Furthermore, L4.1.1 was the
only lineage that expanded after the implementation of country-wide ART programs. In addition
to possible sublineage-specific characteristics (e.g. virulence), other socioecological drivers, for

example, overcrowding or malnutrition, may be responsible for the expansion and contraction of
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this sublineage. However, the relatively wide Cls associated with the effective population size of
these sublineages limit our ability to analyze local features of their curves.!!!

Our study had limitations. First, the available genetic data may not fully represent the
diversity of Mtbc circulating in Botswana. However, the greater Gaborone and Ghanzi district
encompass a considerable segment of the total population, and sampling in Gaborone likely
captured a substantial portion of Mtbc diversity due to its role as a central urban hub for inflow
and outflow of population. Second, coalescent models (e.g. skyride model applied in our
analysis) use pathogen genomic data to estimate the timescale of population dynamics.*” The
relatively low mutation rate of Mtbc can result in broad uncertainty intervals for estimated
effective population sizes and divergence times, making it challenging to pinpoint precise
timings for events such as introductions or expansions of lineages. Inclusion of Mtbc sequences
as they become available in the future may improve the reconstruction of Mtbc population
dynamics and reduce uncertainty associated with population parameters. Lastly, we acknowledge
the limitation of using a fixed SNP threshold to determine transmission clusters.''”> The chosen
threshold is often arbitrary and might not accurately reflect recent transmission. However, a SNP
cutoff provides a standardized approach, making it easier to compare results across different
studies and useful for public health investigations. The chosen 5-SNP cutoff for determining TB
transmission clusters is common in molecular epidemiology and has been shown to provide an
informative overview of local transmission patterns.*® >

In summary, our study provides insight into the recent evolutionary origins and
population dynamics of Mtbc lineages in Botswana. We highlight the heterogeneous

transmission dynamics of key lineages circulating in the region and emphasize that increasing

awareness of these heterogeneities may be essential to further reducing TB burden. Additionally,
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we recommend routine molecular surveillance and phylodynamic analysis to effectively monitor

and control local TB transmission in high burden settings.

4.4 Conclusion

In summary, our study provides insight into the recent evolutionary origins and
population dynamics of Mtbc lineages in Botswana. We highlight the heterogeneous
transmission dynamics of key lineages circulating in the region and emphasize that increasing
awareness of these heterogeneities may be essential to further reducing TB burden. Additionally,
we recommend routine molecular surveillance and phylodynamic analysis to effectively monitor

and control local TB transmission in high burden settings.
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Tables

Table 1. Participants characteristics in the Kopanyo Study, 2012 — 2016

pDST available!

pDST not available?

Characteristics Sequenced Not d Sequenced Not d r? l/ ezrlaglz
n = 1350 sequence n=76 sequence =
n = 608 n=128
Age in years, median 33.0 33.0 36.0 34.5 33.0
(IQR) (26.0, 41.0) (26.0, 40.0) (28.8,42.3) (27.0, 46.0) (26.0, 41.0)
Sex
Female 600 (44.4%) 269 (44.2%) 26 (34.2%) 68 (53.1%) 963 (44.5%)
1199
0, 0, 0, 0,
Male 750 (55.6%) 339 (55.8%) 50 (65.8%) 60 (46.9%) (55.5%)
Income
No income 529 (39.2%) 231(38.0%) 33 (43.4%) 57 (44.5%) 850 (39.3%)
<3000 BWP 627 (46.4%) 293 (48.2%) 34 (44.7%) 55 (43.0%) %fg 3% )
3000 — 4999 BWP 89 (6.6%) 40 (6.6%) 6 (7.9%) 6 (4.7%) 141 (6.5%)
Do 10000 71(63%)  32(53%)  1(1.3%) 6 (4.7%) 110 (5.1%)
>10,000 BWP 25 (1.9%) 10 (1.6%) 2 (2.6%) 4 (3.1%) 41 (1.9%)
Unknown 9 (0.7%) 2 (0.3%) 0 0 11 (0.5%)
Education
None 175 (13.0%) 88 (14.5%) 13 (17.1%) 27 (21.1%) 303 (14.0%)
Primary or less 268 (19.9%) 127 (20.9%) 19 (25.0%) 30 (23.4%) 444 (20.5%)
Some secondary 428 (31.7%) 164 (27.0%) 27 (35.5%) 38 (29.7%) 657 (30.4%)
Completed 244 (181%) 125(20.6%) 8(10.5%) 16 (12.5%) 393 (18.2%)
secondary
Some tertiary or 0 0 0 0 0
Certificate 117 (8.7%) 58 (9.5%) 3(3.9%) 6 (4.7%) 184 (8.5%)
Diploma or Degree 114 (8.4%) 44 (7.2%) 6 (7.9%) 11 (8.6%) 175 (8.1%)
Masters 3(0.2%) 2 (0.3%) 0 0 5 (0.2%)
Unknown 1 (0.1%) 0 0 0 1 (0.0%)
Current smoking
Yes 347 (25.7%)  155(25.5%) 23 (30.3%) 39 (30.5%) 564 (26.1%)
1598
0, 0, 0, 0,
No 1003 (74.3%) 453 (74.5%) 53 (69.7%) 89 (69.5%) (73.9%)
Current drinking
Yes 425 (31.5%) 218(35.9%) 30 (39.5%) 48 (37.5%) 721 (33.3%)
1437
0, 0, 0, 0,
No 921 (68.2%) 390 (64.1%) 46 (60.5%) 80 (62.5%) (66.5%)
Unknown 4 (0.3%) 0 0 0 4 (0.2%)
History of
incarceration
Yes 74 (5.5%) 36 (5.9%) 5 (6.6%) 11 (8.6%) 126 (5.8%)
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No

Unknown

History of TB

Yes
No

History of IPT

Yes
No

Unknown

Treatment group

New

Relapse
Default
Failure
Other
Unknown

AFB smear
quantification

+
++
+++

Scanty

Smear negative
Smear not done

Unknown

TB classification

Pulmonary

Extrapulmonary

Unknown

TB symptom length

<1 week
1 — 2 weeks
3 — 4 weeks

>4 weeks

No symptom
Unknown

HIV co-infection

Yes
No

1274 (94.4%)
2 (0.1%)

257 (19.0%)
1093 (81.0%)

47 (3.5%)
1284 (95.1%)
19 (1.4%)

1096 (81.2%)

229 (17.0%)
10 (0.7%)

8 (0.6%)

4 (0.3%)

3 (0.2%)

143 (10.6%)
169 (12.5%)
484 (35.9%)
71 (5.3%)
87 (6.4%)
395 (29.3%)
1 (0.1%)

1230 (91.1%)
113 (8.4%)
7 (0.5%)

99 (7.3%)
239 (17.7%)
285 (21.1%)

674 (49.9%)

49 (3.6%)
4 (0.3%)

702 (52.0%)
603 (44.7%)

572 (94.1%)
0

88 (14.5%)
520 (85.5%)

19 (3.1%)
583 (95.9%)
6 (1.0%)

525 (86.3%)

74 (12.2%)
4 (0.7%)

2 (0.3%)

3 (0.5%)

0

55 (9.0%)
96 (15.8%)
196 (32.2%)
24 (3.9%)
43 (7.1%)
192 (31.6%)
2 (0.3%)

560 (92.1%)
47 (7.7%)
1 (0.2%)

35 (5.8%)
99 (16.3%)
133 (21.9%)

314 (51.6%)

26 (4.3%)
1 (0.2%)

322 (53.0%)

273 (44.9%)
31

71 (93.4%)
0

17 (22.4%)
59 (77.6%)

4 (5.3%)
70 (92.1%)
2 (2.6%)

59 (77.6%)

16 (21.1%)
0

1 (1.3%)

0

0

13 (17.1%)
15 (19.7%)
23 (30.3%)
2 (2.6%)
6 (7.9%)
16 (21.1%)
1 (1.3%)

66 (86.8%)
9 (11.8%)
1 (1.3%)

3 (3.9%)
17 (22.4%)
19 (25.0%)

36 (47.4%)

1 (1.3%)
0

47 (61.8%)
29 (38.2%)

117 (91.4%)
0

29 (22.7%)
99 (77.3%)

2 (1.6%)
123 (96.1%)
3 (2.3%)

100 (78.1%)

26 (20.3%)
0

1 (0.8%)

1 (0.8%)

0

10 (7.8%)
20 (15.6%)
38 (29.7%)
3 (2.3%)

6 (4.7%)
50 (39.1%)
1 (0.8%)

116 (90.6%)

12 (9.4%)
0

13 (10.2%)
32 (25.0%)
25 (19.5%)

56 (43.8%)

2 (1.6%)
0

75 (58.6%)
49 (38.3%)

2034
(94.1%)
2 (0.1%)

391 (18.1%)
1771
(81.9%)

72 (3.3%)
2060
(95.3%)
30 (1.4%)

1780
(82.3%)
345 (16.0%)
14 (0.6%)
12 (0.6%)

8 (0.4%)

3 (0.1%)

221 (10.2%)
300 (13.9%)
741 (34.3%)
100 (4.6%)
142 (6.6%)
653 (30.2%)
5 (0.2%)

1972
(91.2%)
181 (8.4%)
9 (0.4%)

150 (6.9%)
387 (17.9%)
462 (21.4%)
1080
(50.0%)

78 (3.6%)

5 (0.2%)

1146
(53.0%)
954 (44.1%)



Unknown 45 (3.3%) 13 (2.1%) 0 4 (3.1%) 62 (2.9%)
ART status®
Never taken ART 321 (45.7%) 155 (48.1%)  15(31.9%) 37 (49.3%) 528 (46.1%)
Taking ART 307 (43.7%) 130 (40.4%) 27 (57.4%)  31(41.3%) 495 (43.2%)
STt‘(’)gE o but 1420%)  11(34%) 3 (6.4%) 2 (2.7%) 30 (2.6%)
Unknown 60 (8.5%) 26 (8.1%) 2 (4.3%) 5 (6.7%) 93 (8.1%)
CD4+ T cells,
cells/mm?
t'-oe;%éha” orequal 598 (32506) 130 (404%) 14 (29.8%) 26 (34.7%) 398 (34.7%)
201 - 350 129 (18.4%) 50 (15.5%) 7 (14.9%) 10 (13.3%) 196 (17.1%)
351 - 500 102 (14.5%) 37 (11.5%) 6 (12.8%) 9 (12.0%) 154 (13.4%)
More than 500 77 (11.0%) 40 (12.4%) 7 (14.9%) 6 (8.0%) 130 (11.3%)
Unknown 166 (23.6%) 65(20.2%) 13 (27.7%) 24 (32.0%) 268 (23.4%)
Mtbc lineage
Lineage 1 79 (5.9%) NA 7 (9.2%) NA NA
Lineage 2 72 (5.3%) NA 4 (5.3%) NA NA
Lineage 3 11 (0.8%) NA 1 (1.3%) NA NA
Lineage 4 1188 (88.0%) NA 64 (84.2%)  NA NA
pDST results
INH-resistant 104 (7.7%) 43 (7.1%) NA NA NA
RIF-resistant 72 (5.3%) 28 (4.6%) NA NA NA
MDR-TB* 49 (3.6%) 19 (3.1%) NA NA NA
EMB-resistant 58 (4.3%) 18 (3.0%) NA NA NA
PZA-resistant 27 (2.0%) 17 (2.8%) NA NA NA
WGS drug
resistance prediction
INH-resistant 103 (7.6%)  NA 16 (21.1%) NA NA
RIF-resistant 120 (8.9%)  NA 21 (27.6%) NA NA
MDR-TB* 68 (5.0%) NA 11 (145%) NA NA
EMB-resistant 36 (2.7%) NA 6 (7.9%) NA NA
PZA-resistant 102 (7.6%)  NA 17 (22.4%)  NA NA

Abbreviations: pDST: phenotypic drug-susceptibility testing. IPT: isoniazid preventive therapy. AFB: acid-fast
bacilli. ART: antiretroviral therapy. Mtbc: mycobacterium tuberculosis complex. WGS: whole-genome sequencing.
INH: isoniazid. RIF: rifampin. EMB: ethambutol. PZA: pyrazinamide. MDR-TB: multidrug-resistant TB.

IpDST available for at least one of the following anti-TB drugs: INH, RIF, EMB, PZA.

2pDST not available for all first-line anti-TB drugs.

3Among participants with HIV-infection only.

“TB resistant to at least INH and RIF
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Table 2. Sensitivity and specificity of whole genome sequencing to predict culture-based
phenotypic first-line anti-tuberculous drug resistance

Phenotypically resistant

Phenotypically susceptible

or Sensitivity Specificity
9 WGS-based WGS-based WGS-based WGS-based (95% CI) (95% CI)
resistance  susceptible resistance susceptible
All participants
68.0 98.7
1
INH 70 33 16 1212 (58.4,76.2)  (97.9, 99.2)
915 99.0
1
RIF 65 6 12 1222 (82.8,96.1)  (98.3,99.4)
41.4 99.1
1
EMB 24 34 12 1278 (29.6,54.2)  (98.4, 99.5)
34.6 96.7
2
PZA 9 17 23 666 (19.4,538)  (95.0,97.8)
Participants without HIV
71.7 98.4
INH 33 13 9 543 (57.5,82.7)  (96.9, 99.1)
84.8 99.1
RIF 28 5 5 546 (69.1,93.3)  (97.9, 99.6)
44.8 98.6
EMB 13 16 8 566 (28.4,625)  (97.3,99.3)
46.2 96.4
3
PZA 6 7 12 317 (232,709)  (93.7,97.9)
Participants with HIV
1 64.3 99.1
INH 36 20 6 627 (51.2,75.5)  (97.9, 99.6)
1 97.4 98.9
RIF 37 1 7 635 (86.5,99.5)  (97.8, 99.5)
1 40.7 99.4
EMB 11 16 4 669 (24.5,59.3)  (98.5, 99.8)
4 23.1 96.8
PZA 3 10 11 329 (8.2,50.3)  (94.3,98.2)

Participants with HIV-associated immunosuppression (CD4+ >200 cells/mm?)
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INH 22 7 4 269 (57;?'37.8) (96.?35,3.39.4)
RIF 23 1 4 268 (79,98?'989.3) (96.?;,3.959.4)
EMB 8 7 2 291 (30.51?'?5.2) (97.95?'39.8)
PZAS 3 2 7 148 (232(,)'53.2) (91.%?'57.8)
Participants with severe HIV-associated immunosuppression (CD4+ <200 cells/mm?)

INH® 6 10 1 206 (18.?'651.4) (97.%?'59.9)
RIFS 10 0 1 211 (72.12(,)2'30.0) (9721?'959.9)
EMB® 3 5 0 219 (13.3;'59.4) (98.2(,)2.30.0)
PZA’ 0 6 4 100 o, 3(,)9_0) (90.95?58.5)

Abbreviations: WGS: whole-genome sequencing; INH: isoniazid; RIF: rifampin; EMB: ethambutol; PZA:

pyrazinamide.

'Excluded 2 participants with unknown pDST results for INH, RIF, and EMB
2Excluded 602 participants with unknown pDST results for PZA

3Excluded 249 participants with unknown pDST results for PZA

“Excluded 333 participants with unknown pDST results for PZA

Excluded 143 participants with unknown pDST results for PZA

®Excluded 1 participant with unknown pDST results for INH, RIF, and EMB
"Excluded 111 participants with unknown pDST results for PZA
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Table 3. Mutations associated with first-line anti-TB drugs

pDST resistant (TP)

pDST sensitive (FP)

Gene  Mutations HIV- HIV- HIV HIV- HIV- HIV
infected uninfected unknown infected uninfected unknown
Isoniazid
Number of individuals 36 33 1 6 9 1
katG S315T* 27 (75.0) 25 (75.8) 1(100.0) 2(33.3) 5 (55.6)
katG R418 * 1(16.7)
fabG1 -15¢c>t* 6 (16.7) 6 (18.2) 2(33.3)
fabG1 -8t>c* 1(2.8) 1(3.0) 1(11.1)
fabG1 -8t>a* 6 (16.7) 2(6.1) 1(11.1)
fabG1 L203L* 2 (5.6) 1(3.0) 1(16.7) 3(33.3)
inhA 121V 1(2.8) 2(6.1) 2(22.2)
inhA S94A 1(2.8) 1(3.0) 1(100.0)
Rifampin
Number of individuals 37 28 0 7 5 0
rpoB S450L* 17 (45.9) 12 (42.9) 1(14.3) 2 (40.0)
rpoB S450W* 2(5.4) 4 (14.3) 1(14.3)
rpoB L452p* 1(2.7)
rpoB H445L* 8 (21.6) 3(10.7) 3(42.9) 1(20.0)
rpoB H445D* 5(13.5) 3(10.7) 1(14.3) 1(20.0)
rpoB H445Y* 2(5.4) 1(3.6)
rpoB D435Y* 1(2.7)
rpoB D435G* 1(2.7)
rpoB D435V* 1(2.7) 2(7.1)
rpoB L430P* 1(3.6) 1(14.3)
rpoB V170F* 1(3.6) 1(20.0)
rpoB 838 del_c 1 (20.0)
rpoB 1292 _ins_cca* 1(3.6)
rpoB 1348_ins_cgg 1(2.7)
Ethambutol
Number of individuals 11 13 0 4 8 0
embA -12¢>t* 1(7.7)
embA -16¢>t 2(18.2)
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embA -16¢>g 1(12.5)

embB Q497R* 4 (36.4) 7 (53.8) (10‘(1)_0) 4 (50.0)

embB Q497K* 1(7.7)

embB G406A* 2(18.2) 1(7.7)

embB G406S* 1(9.1)

embB D354A* 1(7.7)

embB M3061* 3(23.1) 1(12.5)

embB M306V* 3(27.3) 1(7.7) 3(37.5)
Pyrazinamide

Number of individuals 3 6 0 11 12

pncA L159P 1(8.3)

pncA R154G* 1(16.7)

pncA T135P* 1(16.7)

pncA Al34V* 1(33.3)

pncA G1325* 1(33.3)

pncA G108E 1(8.3)

pncA F106S* 1(8.3)

pncA G97N 1(16.7)

pncA G97C* 1(8.3)

pncA G97S* 1(8.3)

pncA T76P* 1(33.3)

pncA L35P 1(16.7) 1(9.0)

pncA L35R 2 (33.3) (9%?9) 9 (75.0)

pncA A28D 1(8.3)

pncA Q10P* 1(8.3)

*Mutations categorized as “Associated with Resistance” in the Catalogue of mutations in Mycobacterium
tuberculosis complex and their association with drug resistance by the World Health Organization (2021):
https://www.who.int/publications/i/item/9789240028173
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Table 4. Association between HIV-associated immunosuppression and low-fitness Mtbc variants

among persons with INH and RIF resistant Mtbc isolates

Low fitness High fitness OR (95% CI)
Isoniazid

HIV positive

No 11 22 -

Yes 16 20 1.60 (0.61, 4.33)
CD4+ T-cells

HIV negative 11 22 -

<200 2 4 1.00 (0.12, 6.00)

> 200 10 12 1.67 (0.55, 5.12)

Unknown 4 4 2.00 (0.40, 10.02)

1
gggglsc/i'q'fng) 0.99 (0.85, 1.14)
Rifampin

HIV positive

No 16 12 -

Yes 20 17 0.88 (0.32, 2.37)
CD4+ T-cells?

HIV negative 16 12 -

<200 7 3 1.75 (0.39, 9.45)

> 200 12 11 0.82 (0.27, 2.49)
CD4+ T-cells!

(+50 cells/mm?)

0.95 (0.82, 1.09)

Abbreviations: Mtbc: Mycobacterium tuberculosis-complex; OR: odds ratio; CI: confidence interval.

ITreated as a continuous variable.

2Excluded 4 participants with unknown CD4+ T-cell counts due to small cell size (<1)
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Table 5. Association between HIV-associated immunosuppression and low-fitness TB variants
among all Mtbc isolates

High fitness vs. Low fitness vs.

Sensitive f:_tlril?aZS fiIEr?eV\s/s sensitive sensitive
OR (95% CI) OR (95% CI)
Isoniazid

HIV positive

No 543 22 11 - -

Yes 627 20 16 0.79 (0.43, 1.46) 1.26 (0.58, 2.74)
CD4+ T-cells

HIV negative 543 22 11 i, i,

<200 206 4 2 0.48 (0.16, 1.41) 0.48 (0.11, 2.18)

> 200 269 12 10 1.10 (0.54, 2.26) 1.84 (0.77, 4.38)

Unknown 152 4 4 0.65 (0.22, 1.91) 1.30 (0.41, 4.14)
CD4+ T-cells! 1.11 (1.01, 1.22) 1.10 (0.98, 1.23)
(+50 cells/mm?®)

Rifampin

HIV positive

No 546 12 16 - -

Yes 635 17 20 1.22 (0.58, 2.57) 1.08 (0.55, 2.10)
CD4+ T-cells?

HIV negative 546 12 16 - -

<200 211 3 7 0.65 (0.18, 2.32) 1.13 (0.46, 2.79)

> 200 268 11 12 1.87 (0.81, 4.29) 1.53(0.71, 3.28)
CD4+ T-cells! 1.11 (1.00, 1.22) 1.05 (0.95, 1.16)

(+50 cells/mm?)

Abbreviations: Mtbc: Mycobacterium tuberculosis-complex; OR: odds ratio; CI: confidence interval.
ITreated as a continuous variable.
2Excluded 4 participants with unknown CD4+ T-cell counts due to small cell size (<1)
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Table 6. Association between HIV infection and low fitness TB variants among cases of INH and
RIF resistance (modified definition of high or low fitness Mtbc variants)

High fitness Low fitness OR (95% CI)
Isoniazid
HIV infection
No 25 8 -
Yes 27 9 1.04 (0.35, 3.18)
CD4+ T cells
HIV negative 25 8 -
<200 5 1 0.62 (0.03, 4.70)
> 200 17 5 0.92 (0.24, 3.25)
Unknown 5 3 1.87 (0.33, 9.55)
gggglsc)eus 0.98 (0.81, 1.16)
Rifampin
HIV infection
No 12 16 -
Yes 17 20 0.88 (0.32, 2.37)
CD4+ T-cells
HIV negative 12 16 -
<200 3 7 1.75 (0.39, 9.45)
> 200 11 12 0.82 (0.27, 2.49)
Unknown 3 1 0.25 (0.01, 2.23)
gS)SJgeT”'SC)e"SZ 0.95 (0.82, 1.09)

Abbreviations: OR: odds ratio. CI: confidence interval.

39



Table 7. Association between HIV infection and low fitness TB variants among all Mtbc isolates

(modified definition of high or low fitness Mtbc variants)

High fitness vs.

Low fitness vs.

Sensitive f:_tlril?aZS filzr?;gs sensitive sensitive
OR (95% CI) OR (95% CI)
Isoniazid

HIV infection

No 543 25 8 - -

Yes 627 27 9 0.94 (0.54, 1.63) 0.97 (0.37, 2.54)
CD4+ T cells

HIV negative 543 25 8 i, ;

<200 206 5 1 0.53 (0.20, 1.40) 0.33 (0.04, 2.65)

> 200 269 17 5 1.37 (0.73, 2.59) 1.26 (0.41, 3.89)

Unknown 152 5 3 0.71 (0.27, 1.90) 1.34 (0.35, 5.11)
CD4+ T cells 1.11(1.02,1.21) 1.09 (0.92, 1.28)
(+50 cells)

Rifampin

HIV infection

No 546 12 16 - -

Yes 635 17 20 1.22 (0.58, 2.57) 1.08 (0.55, 2.10)
CD4+ T cells

HIV negative 546 12 16 - -

<200 211 3 7 0.65 (0.18, 2.32) 1.13 (0.46, 2.79)

> 200 268 11 12 1.87 (0.81, 4.29) 1.53(0.71, 3.28)

Unknown 156 3 1 0.87 (0.24, 3.14) 0.22 (0.03, 1.66)
CD4+ T cells 1.11 (1.00, 1.22) 1.05 (0.95, 1.16)
(+50 cells)

Abbreviations: OR: odds ratio. CI: confidence interval.
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Table 8. Association between HIV infection and low fitness TB variants among all Mtbc isolates
(including isolates with discordant genotypic and phenotypic drug susceptibility testing results)

High fitness vs.

Low fitness vs.

Sensitive f:_tlril?aZS fiIEr?eV\s/s sensitive sensitive
OR (95% CI) OR (95% CI)
Isoniazid

HIV infection

No 556 26 16 - i,

Yes 649 22 20 0.72 (0.41, 1.29) 1.07 (0.55, 2.09)
CD4+ T cells

HIV negative 556 26 16 i, i,

<200 217 4 3 0.39 (0.14, 1.14) 0.48 (0.14, 1.67)

> 200 276 13 13 1.01 (0.51, 1.99) 1.64 (0.78, 3.45)

Unknown 156 5 4 0.69 (0.26, 1.81) 0.89 (0.29, 2.70)
CD4+ T cells 1.11(1.01,1.22) 1.09 (0.98, 1.20)
(+50 cells)

Rifampin

HIV infection

No 551 14 19 - -

Yes 638 18 26 1.11 (0.55, 2.25) 1.18 (0.65, 2.16)
CD4+ T cells

HIV negative 551 14 19 - -

<200 212 4 7 0.74 (0.24, 2.28) 0.96 (0.40, 2.31)

> 200 269 11 16 1.61 (0.72, 3.59) 1.72 (0.87, 3.41)

Unknown 157 3 3 0.75 (0.21, 2.65) 0.55 (0.16, 1.90)
CD4+ T cells 1.09 (0.98, 1.21) 1.09 (1.00, 1.18)
(+50 cells)

Abbreviations: OR: odds ratio. CI: confidence interval.
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Table 9. Distribution of Mtbc lineages by enrollment district in Botswana, 2012-2016

Lineage 1 Indo-Oceanic
L1.1
L1.2
Lineage 2 East Asian
L2.2
Lineage 3 East African-Indian
Lineage 4 Euro-American
L4.1
L4.1.1
L4.1.2
L4.2.2
L4.3.2
L433
L434
L4.4
L4.6
L4.7
L4.8
L4.9
Total

District
Gaborone Ghanzi
n (%) n (%)
83 (7.6) 3(1.2)

22 (2.0) 0

61 (5.6) 3(1.2)
65 (5.9) 7(2.7)
12 (1.1) 0

938 (85.4) 246 (96.1)
2(0.2) 0

136 (12.4) 5(2.0)

129 (11.7) 20 (7.8)
1(0.1) 0

107 (9.7) 10 (3.9)
24 (2.2) 3(1.2)

229 (20.9) 171 (66.8)

164 (14.9) 25(9.8)
2(0.2) 0
13(1.2) 1(0.4)
84 (7.7) 8(3.1)
47 (4.3) 3(1.2)

1098 (100) 256 (100)

Total
n (%)
86 (6.4)

22 (1.6)
64 (4.7)

72 (5.3)
12 (0.9)
1184 (87.4)
2(0.1)
141 (10.4)
149 (11.0)
1(0.1)
117 (8.6)
27 (2.0)
400 (29.5)
189 (14.0)
2(0.1)
14 (1.0)
92 (6.8)
50 (3.7)
1354 (100)
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Table 10. Participant characteristics by Mycobacterium tuberculosis complex (Mtbc) lineages in
Botswana

Mtbc Lineage

L1 L2 L3 L4 Total
n (%) n (%) n (%) n (%) n (%)
Gender
Female 35 (40.7) 38 (52.8) 6 (50.0) 522 (44.1) 601 (44.4)
Male 51 (59.3) 34 (47.2) 6 (50.0) 662 (55.9) 753 (55.6)
Age
<=15 2(2.3) 3(4.2) 1(8.3) 21 (1.8) 27 (2.0)
16-24 10 (11.6) 9 (12.5) 1(8.3) 226 (19.1) 246 (18.2)
25-40 47 (54.7) 46 (63.9) 7 (58.3) 632 (53.4) 732 (54.1)
41-64 24 (27.9) 14 (19.4) 3(25.0) 280 (23.6) 321 (23.7)
>=65 3(3.5) 0 0 25 (2.1) 28 (2.1)
Previous TB
No 63 (73.3) 57 (79.2) 10 (83.3) 967 (81.7) 1097 (81.0)
Yes 23 (26.7) 15 (20.8) 2 (16.7) 217 (18.3) 257 (19.0)
Isoniazid preventive
therapy
No 83 (96.5) 64 (88.9) 12 (100.0) 1127 (95.2) 1286 (95.0)
Yes 2(2.3) 5 (6.9) 0 42 (3.5) 49 (3.6)
Unknown 1(1.2) 3(4.2) 0 15 (1.3) 19 (1.4)
AFB smear results
Negative 5(5.8) 7(9.7) 3(25.0) 76 (6.4) 91 (6.7)
Positive 61 (70.9) 46 (63.9) 8 (66.7) 752 (63.5) 867 (64.0)
Not done 20 (23.3) 19 (26.4) 1(8.3) 356 (30.1) 396 (29.2)
TB type
Pulmonary 79 (91.9) 65 (90.3) 11 (91.7) 1075 (90.8) 1230 (90.8)
Extrapulmonary 7(8.1) 6 (8.3) 0 105 (8.9) 118 (8.7)
Unknown 0 1(1.4) 1(8.3) 4(0.3) 6 (0.4)
HIV status
Negative 27 (31.4) 27 (37.5) 5 (41.7) 533 (45.0) 592 (43.7)
Positive 56 (65.1) 42 (58.3) 7 (58.3) 616 (52.0) 721 (53.2)
Unknown 3(3.5) 3(4.2) 0 35 (3.0) 41 (3.0)
ART status!
Never taken ART 26 (46.4) 17 (40.5) 1(14.3) 278 (45.1) 322 (44.7)
Taking ART 25 (44.6) 20 (47.6) 3 (42.9) 277 (45.0) 325 (45.1)
Took ART but 1(1.8) 1(2.4) 2 (28.6) 11 (1.8) 15 (2.1)
stopped
Unknown 4(7.1) 4 (9.5) 1(14.3) 50 (8.1) 59 (8.2)
History of
incarceration
No 83 (96.5) 69 (95.8) 10 (83.3) 1116 (94.3) 1278 (94.4)
Yes 3(3.5) 3(4.2) 2 (16.7) 66 (5.6) 74 (5.5)
Unknown 0 0 0 2(0.1) 2(0.1)
Currently smoking
No 66 (76.7) 58 (80.6) 10 (83.3) 880 (74.3) 1014 (74.9)
Yes 20 (23.3) 14 (19.4) 2 (16.7) 304 (25.7) 340 (25.1)

Abbreviations: AFB: acid-fast bacilli. ART: antiretroviral therapy.
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! Among HIV-positive participants only.
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Table 11. Time to most recent common anscestor (tMRCA) of the Mycobacterium tuberculosis
complex (Mtbc) lineages in Botswana

Lineage tMRCA tMRCA 95% HPD interval
(Posterior mean) (Posterior median)
L1 1727 1736 1607 — 1828
L2 1900 1903 1854 — 1938
L4.1.1 1729 1739 1587 — 1842
L4.1.2 1695 1705 1546 — 1817
L4.3.2 1941 1943 1911 - 1966
L4.3.4 1808 1814 1723 - 1881
L4.4 1739 1748 1621 — 1847
L4.8 1853 1858 1782 — 1912

Abbreviations: HPD: highest posterior density.
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Table 12. Genomic cluster rate (based on a 5-SNPs cutoft) of the Mycobacterium tuberculosis-
complex (Mtbc) lineages in Botswana

Mtbc lineage  Cluster rate Crude OR (95% CI) Adjusted! OR (95% CI)
L1 25/86 - -

L2 42/72 3.42 (1.78, 6.69) 3.26 (1.68, 6.47)

L4.11 83/141 3.49 (1.99, 6.28) 3.44 (1.94, 6.25)

L4.1.2 74/149 2.41 (1.38, 4.29) 2.26 (1.28, 4.07)

L4.3.2 52/117 1.95 (1.09, 3.56) 1.91 (1.05, 3.52)

L4.34 190/400 2.21 (1.35, 3.71) 1.68 (1.00, 2.89)

L4.4 82/189 1.87 (1.09, 3.27) 1.78 (1.03, 3.16)

L4.8 55/92 3.63 (1.96, 6.86) 3.27 (1.74, 6.26)

Abbreviations: SNP: single nucleotide polymorphism. OR: odds ratio. CI: confidence interval.
! Adjusted for age, gender, HIV status, and enrollment district.
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Table 13. Genomic cluster rate (based on a 12-SNPs cutoff) of the Mycobacterium tuberculosis-
complex (Mtbc) lineages in Botswana

Mtbc lineage Cluster rate Crude OR (95% CI) Adjusted! OR (95% ClI)
L1 38/86 - -

L2 57172 4.80 (2.40, 10.01) 4.44 (2.19, 9.37)

L4.11 103/141 3.42 (1.96, 6.07) 3.48 (1.97, 6.25)

L4.1.2 96/149 2.29 (1.34, 3.95) 2.08 (1.20, 3.64)

L4.3.2 79/117 2.63(1.48, 4.70) 2.52 (1.41, 4.55)

L4.34 260/400 2.35(1.47, 3.78) 1.49 (0.91, 2.47)

L4.4 124/189 2.41 (1.44, 4.08) 2.21(1.30, 3.79)

L4.8 73/92 4.85 (2.54, 9.57) 4.32 (2.24, 8.62)

Abbreviations: SNP: single nucleotide polymorphism. OR: odds ratio. CI: confidence interval.
! Adjusted for age, gender, HIV status, and enrollment district.
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Table 14. HIV co-infection prevalence by Mycobacterium tuberculosis-complex (Mtbc) lineages

in Botswana

Mtbc lineage

HIV prevalence

Crude OR (95% CI)

Adjusted® OR (95% ClI)

L1

L2
L4.11
L4.1.2
L4.3.2
L4.3.4
L4.4
L4.8

56/86
42[72
71/141
95/149
72/117
182/400
104/189
42/92

0.75 (0.38, 1.46)
0.50 (0.28, 0.87)
0.88 (0.49, 1.55)
0.81 (0.44, 1.46)
0.44 (0.26, 0.72)
0.63 (0.36, 1.07)
0.43 (0.23, 0.80)

0.69 (0.33, 1.44)
0.53 (0.28, 0.99)
1.01 (0.54, 1.90)
0.89 (0.46, 1.71)
0.67 (0.38, 1.17)
0.64 (0.35, 1.16)
0.45 (0.2, 0.88)

Abbreviations: OR: odds ratio. CI: confidence interval.
! Adjusted for age, gender, and enrollment district.
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Figures

Figure 1. Percentage of sequence reads mapped to reference Mycobacterium tuberculosis-
complex (Mtbc) genome by HIV status and CD4+ T-cell count
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Figure 2. Percentage of sequence reads mapped to reference Mycobacterium tuberculosis-
complex (Mtbc) genome among phenotypically isoniazid-resistant isolates
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Figure 3. Phylogeny of Mycobacterium tuberculosis-complex (Mtbc) isolates collected in
Botswana, 2012-2016 (n = 1,354): A. Phylogeny of Lineage 1 Indo-Oceanic Mtbc isolates (n =
86). B. Phylogeny of Lineage 2 East Asian Mtbc isolates (n = 72). C. Phylogeny of Lineage 3
East African-Indian Mtbc isolates (n = 12). D. Phylogeny of Lineage 4 Euro-American Mtbc
isolates (n = 1184)
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Figure 4. Inferred effective population size over time for Mycobacterium tuberculosis-complex
(Mtbc) lineages circulating in Botswana
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Figure 5. Lineage-specific effective population size over time for Mycobacterium tuberculosis-
complex (Mtbc) lineages circulating in Botswana
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