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uncovers high genetic diversity
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Mycobacterium tuberculosis
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Background: The emergence of drug-resistant Mycobacterium tuberculosis
(M. tb) strains remains a threat to tuberculosis (TB) prevention and care.
Understanding the drug resistance profiles of circulating strains is crucial for
effective TB control. This study aimed to describe the genetic diversity of
rifampicin-resistant M. tb strains circulating in Botswana using whole genome
sequencing (WGS).

Methods: This study included 202 stored M. tb isolates from people diagnosed
with rifampicin-resistant TB (RR-TB) between January 2016 and June 2023.
Genomic DNA was extracted using the cetyltrimethylammonium bromide
(CTAB) method. Library preparation was performed using the lllumina DNA prep
kit following the manufacturer’s instructions. Sequencing was done on Illumina
NextSeq2000. TBProfiler software was used to identify known M. tb lineages and
drug resistance profiles. Statistical analyses were performed on STATA version 18.

Results: WGS analysis revealed multidrug resistance (57.9%: 95% ClI; 50.7-64.8),
Pre-XDR (16.8%, 95% Cl: 11.9-22.7), RR-TB (20.2%: 95% Cl: 14.98-26.5), and
HR-TB (0.5%, 95% CI; 0.01-2.7). We identified a high genetic diversity with
three predominant lineages: lineage 4 (60.9%, 95% CI; 53.8-67.7), lineage 1
(22.8%: 95% ClI; 17.2-29.2), and lineage 2 (13.9%, 95% CI: 9.4-19.4). The
most frequently observed drug resistance mutations for rifampicin, isoniazid,
ethambutol, streptomycin, pyrazinamide, and fluoroquinolones were rpoB S450L
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FIGURE 1
Maximum-likelihood phylogeny of 202 rifampicin-resistant Mycobacterium tuberculosis isolates. The color-coded annotations include year of

collection, health district, main lineage and drug resistance profiles. The black and white circles indicate the genotypic resistance profiles to 18
antibiotics (black and white represent resistance and susceptibility to the specific antibiotics, respectively).
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TABLE 2 Phenotypic drug resistance patterns of 194 M. tb isolates.

Drug-resistant profiles No. of isolates (%)

RR 45(23.2)
RIF only 31(16.0)
RIF + EMB 4(2.1)
RIF + STR 10 (5.2)
MDR 149 (76.8)
RIF + INH 49 (25.3)
RIF + INH + EMB 20(10.3)
RIF + INH + STR 14 (7.2)
RIF + INH + EMB + STR 66 (34.0)

RIE rifampicin; INH, isoniazid; EMB, ethambutol; STR, streptomycin; RR, rifampicin
resistance; MDR, multidrug resistance.
pDST was not done for eight isolates.

confidence embB M306V and embB M306I mutations respectively
(other mutations are detailed fully in Supplementary Table 1).

3.3.4 Streptomycin resistance

Among the 90 phenotypically STR-resistant isolates, 35 (38.9%)
had rrs 517 C>T, while 10 (11%) had rpsL K43R mutation which is
associated with high level resistance to STR (other mutations are
detailed fully in Supplementary Table 1).

3.3.5 Ethionamide resistance

Phenotypic DST was only done for 34 isolates, and among
these, 20 (58.8%) did not exhibit any drug resistance mutations,
while 4 (11.8%) had the inhA S94A mutation. Two isolates had
the inhA—777C>T + inhA 121T (5.9%) mutation, one isolate
had inhA—777C>T mutation (2.9%) and 2 isolates had the
ethA 860delA mutation (other mutations are detailed fully in
Supplementary Table 1).

3.3.6 Pyrazinamide resistance

Phenotypic DST was only done for 22 isolates; among these
isolates, 12 (54.5%) did not exhibit any mutation, 4 (18.2%) isolates
had the pncA 375_389del CGATGAGGTCGATGT mutation, two
(9.1%) isolates had the pncA 391dupG mutation (other mutations
are detailed fully in Supplementary Table 1).

3.4 M. tb lineages

The isolates in this study were genetically diverse and belonged
to lineage 1 (46, 22.8%), lineage 2 (28, 13.9%), lineage 3 (2, 1%) and
lineage 4 (123, 60.9%). In lineages 1, 2 and 4, the most predominant
sub-lineages were 1.2.2.2 (42, 20.8%), 2.2.1 (27, 13.4%) and 4.4.1.1
(27, 13.4%), respectively. In addition, there were three cases (1.5%)
of mixed lineages, with lineage 4 being common in all cases.

Frontiers in Microbiology

10.3389/fmicb.2025.1535160

3.5 Association of specific drug resistance
mutations with M. tb lineages

Table 3 presents data on the frequencies of specific drug
resistance mutations across the three Mtb lineages. Mutation rpoB
S450L (39%) was most common in lineage 4 strains, while rpoB
H445L (67.4%) and katG S315T (82.6%) were more common
in lineage 1 strains. Several mutations are strongly associated
with specific lineages: rpoB H445L is predominantly found in
lineage 1, while gyrA A90V only occurred in lineage 1 isolates,
and inhA—770T>A is unique to lineage 2. The mutations rpoB
S450L, rpoB H445L, katG S315T, embB M306V, and inhA—777C>T
show significant differences in their distribution across the lineages
(Table 3).

4 Discussion

This study provides a comprehensive genomic characterization
of 202 M. tb isolates from TB clinics in Botswana using
WGS. We focused on characterizing rifampicin-resistant isolates.
Our findings show a high genetic diversity of rifampicin-
resistant strains. Consistent with previous studies in Botswana
(Mogashoa et al., 2019; Click et al, 2020), we found that
lineage 4 was predominant in our study population, followed
by lineage 1, and lineage 3 being the least common lineage.
Botswanas overall strain diversity closely resembles that of
other African and neighboring countries such as South Africa,
Namibia and Zambia, where lineage 4 also accounts for
the majority of circulating M. tb strains (Chisompola et al,
2021; Mbugi et al., 2016; Chihota et al., 2018; Claassens
et al., 2022). The historical movement of people between these
countries for commerce and trade has likely contributed to the
spread and transmission of this lineage across Southern Africa
(Crush et al., 2005).

We report a high diversity of rpoB mutations from
epidemiologically linked and unlinked samples, potentially
implying that the bacteria have undergone significant genetic
changes over time on multiple occasions. This high diversity also
suggests that the strains may have been potentially introduced
from different sources (Carey et al., 2018; Gagneux, 2018; Stucki
et al., 2016). In this study we identified rpoB mutations which
are associated with both low- and high-level RIF-resistance.
Previous studies have shown that strains with borderline or
low-level resistance mutations can transmit at rates similar
to those with common mutations associated with high-level
resistance despite potential fitness costs (Lempens et al., 2023).
As reported in previous studies, the most prevalent rpoB and
katG mutations were S450L and S315T, respectively (Claassens
et al,, 2022; Traoré et al., 2023; Solo et al., 2020). Each M. tb
lineage exhibited distinct patterns of drug resistance mutations.
Lineage 1 strains predominantly had rpoB H445L and katG S315T
mutations. In contrast, lineage 4 strains had a predominance of
rpoB S450L, inhA—777 C>T and embB M306V, which suggests
a statistically significant difference in the distribution of these
mutations across the different lineages. From our findings,
we show that each M. tb lineage exhibits a distinct pattern of
drug resistance mutations which can potentially influence the
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TABLE 3 Drug resistance mutations stratified by M. tb lineages in rifampicin resistant isolates (n = 197).

Drugs/gene mutation Lineage 1 (n = 46) Lineage 2 (n = 28) Lineage 4 (n = 123) p value
n (%) n (%) n (%)
RIF/rpoB $450L 2(43) 8(28.6) 48 (39) 0.000
RIF/rpoB H445D 3(6.5) 1(3.6) 17 (13.8) 017
RIF/rpoB H445L 31(67.4) 5(17.9) 2(1.6) 0.000
INH/katG $315T 38 (82.6) 21(75) 67 (54.5) 0.001
INH/inhA S94A 1(22) 0 9(7.3) 0.12
INH/inhA—777C>T 122) 0 13 (10.6) 0.048
EMB/embB M306V 0 3(10.7) 17 (13.8) 0.03
EMB/embB M3061 0 2(7.1) 12(9.8) 0.09
EMB/embB Q497R 2(4.3) 1(3.6) 14 (11.4) 021
PZA/pncA G132A 0 0 8 (6.5) N/A
PZA/pncA T135P 0 0 6(4.9) N/A
PZA/pncA G97C 0 0 5(4.1) N/A
FQs/gyrA A0V 27 (58.7) 0 0 N/A
FQs/gyrA D94A 0 0 2(1.6) N/A
FQs/gyrA D94G 0 0 4(33) N/A
ETH/inhA S94A 122) 0 9(7.3) 0.100
ETH/inhA-770T>A 0 16(57.1) 0 N/A
ETH/inhA-777 C>T 122) 0 13 (10.6) 0.048

RIE rifampicin; INH, isoniazid; EMB, ethambutol; PZA, pyrazinamide; FQs, fluroquinolones; KM, kanamycin; AMK, amikacin; CM, capreomycin; ETH, ethionamide; N/A, not applicable.

effectiveness of TB treatment regimens in Botswana. Previous
studies have shown that there is an association between specific
drug resistance mutations and increased minimum inhibitory
concentration (MIC) for different anti-TB drugs; mutations in
the rpoB at codons 450 and 445 have been linked to increased
MICs for RIF (Ruesen et al., 2018; Barilar et al., 2024). These
findings further highlight the need to understand how strain
genetic background and mutations impact MIC levels as this
could provide a rapid and reliable alternative to pDST and
improve TB diagnostics (Getahun et al, 2022). However, our
study was limited by the unavailability MIC data which restricts
more detailed analyses. The identified mutations in this study
warrant future studies to further investigate their association
with MIC.

Notably, we also identified resistance-conferring mutations
outside the rifampicin resistance-determining region (RRDR) of
the rpoB gene, i.e. rpoB I491F and I170V. These mutations are
not detected by current rapid molecular diagnostic tools such as
the GenoType MTBDRplus and may be overlooked by pDST. The
presence of such mutations could potentially lead to misdiagnosis,
underreporting of rifampicin resistance, and potentially inadequate
treatment regimens (Takawira et al., 2017). Notably, a recent study
reported a case where rifampicin resistance was undetected by
the GeneXpert MTB/RIF assay in a participant enrolled in the
study. It was later discovered through WGS that the participant
indeed had RR-TB caused by a strain with the rpoB 1491F mutation
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(Modongo et al., 2023). In this study, we report 8 strains that
harbored the rpoB I491F mutation and belonged to sub-lineage
4.3.3, and these strains are similar to the strain that was recently
reported by Modongo et al. (2023). Recent studies by Makhado
et al. (2018) and Sanchez-Padilla et al. (2015) reported on M.
th strains with rpoB mutation I491F which were undetected by
WHO-endorsed rapid molecular assays (Mvelase et al., 2023).
Interestingly, the strains identified in eSwatini and South Africa
belonged to lineage 4.4.1.1 and lineage 4.1.1.3, which differ from
the strains detected in our study; this is suggestive of convergent
evolution of M. tb strains with this mutation in Southern Africa.
Mutations such as rpoB I491F may compromise the efficacy of
RIF-based regimens, resulting in treatment failure and potentially
increasing the risk of onward transmission. This underscores the
complexity of TB transmission in the region and highlights the
need for enhanced molecular surveillance to detect these resistant
strains effectively.

Based on ML-tree phylogenetic tree inferences, the majority
of the sequences belonged to Lineage 4 and were predominantly
sampled from the greater Gaborone region, where the majority
formed multiple small monophyletic clusters. Some of the multiple
clusters were identified in different regions, suggesting possible
local transmission. Even though, there was no consistent pattern
observed in these clusters based on sampling year. Follow-up
studies of phylogenetics and phylogeography are important to
further investigate these clusters. In contrast to Lineage 4, other
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lineages (1, 2, and 3) exhibited mostly random clustering patterns,
likely due to the limited sample sizes.

We identified six rifampicin resistant M. tb isolates, which
did not harbor any mutations which are associated with RIF
resistance. A recent study suggested that inactivation of a potassium
channel may increase resistance to RIF, suggesting that this channel
may play an important role in drug uptake (Do et al, 2022).
Our study did not evaluate the inactivation of the potassium
channel in these six isolates which we acknowledge as a limitation.
This highlights the need for a more comprehensive analyses to
investigate alternative resistance mechanisms that might explain
RIF resistance in these six M. tb isolates without any canonical
rifampicin resistance mutations. Another significant finding is
the absence of mutations conferring resistance to newer and
repurposed drugs, such as bedaquiline and delamanid. These
drugs are part of the shorter regimens for treating MDR-TB. The
lack of resistance to these drugs in our study is encouraging, as
it suggests that these treatments remain effective in Botswana.
Compared to the latest WHO catalog of mutations associated with
drug resistance; we identified several mutations currently not in
the WHO catalog of mutations (WHO, 2023b). These mutations
require further investigation to assess their clinical relevance and
their potential impact on the MIC of RIF, PZA and ETH.

4.1 Limitations

The limitation of this study is sampling bias, as we only
included isolates which were available in the biorepository,
which may not fully represent the diversity of M. tb strains
circulating in the broader population. Second-line pDST was not
performed therefore the resistance profiles are less comprehensive.
Incorporating second-line pDST in future would provide a more
comprehensive resistance profile which may inform TB control
efforts more effectively.

5 Conclusions

In conclusion, this study highlights the high genetic diversity
of rifampicin-resistant M. tb strains in Botswana, with each lineage
exhibiting distinct resistance patterns. The presence of diagnostic
escape mutations emphasizes the need to improve TB testing
algorithms to incorporate WGS or targeted sequencing tests to
rapidly detect these variants as well as other variants which are not
detected in the well-defined drug resistance-determining regions.
Additionally, scaling up both genotypic and phenotypic drug
susceptibility testing for new and repurposed drugs is also crucial to
monitor the emergence of resistance to these drugs, ensuring that
these new treatment regimens remain effective. Addressing these
will be key to advancing TB control efforts in Botswana and similar
high-burden settings.
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