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Abstract 

Background: Tuberculosis (TB), caused by the Mycobacterium tuberculosis, remains a major global 

health challenge and a leading infectious cause of death, with 10.6 million cases and 450,000 

rifampicin-resistant cases reported in 2021. The rise of multidrug-resistant (MDR) and extensively 

drug-resistant TB (XDR-TB), driven by mutations in genes such as rpoB, katG, inhA, gyrA, and rrs, 

threatens the practical control of TB. In the Eastern Cape, South Africa, limited data exist on the 

patterns of resistance-conferring mutations. This study investigated the molecular profiles of genetic 

mutations associated with first-line and second-line anti-tuberculosis drug resistance, including 

fluoroquinolones and injectable agents, among Mycobacterium tuberculosis isolates to inform region-

specific diagnostics and treatment strategies. Methods: A retrospective cross-sectional laboratory-

based design was used to analyze 112 phenotypically confirmed drug-resistant isolates. Molecular 

DST for first- and second-line anti-tuberculosis drugs was performed at the National Health 

Laboratory Service (NHLS) TB reference laboratory. Drug-resistance profiles were classified 

according to World Health Organization (WHO) definitions. Results: rpoB (D435V 40.2%; S450L 

36.6%) and katG (S315T 80.4%) mutations predominated, forming the MDR backbone, while 15% 

harbored inhA promoter mutations linked to low-level cross-resistance. Nearly 48.2% showed dual 

resistance to fluoroquinolones and second-line injectables. A significant association between rpoB 

S450L and dual second-line resistance (p=0.0019) suggests genomic progression toward XDR-TB. The 

predominance of stable high-fitness resistance mutations and the substantial burden of dual second-

line resistance suggest sustained community transmission of established multidrug-resistant strains. 

These findings underscore the importance of integrating molecular surveillance with community-

engaged prevention strategies and strengthened clinical governance to interrupt transmission and 

limit progression toward advanced resistance in high-burden rural settings. They further reinforce 

the value of genotype-based diagnostics and expanded genomic surveillance within routine TB 

programmes. Incorporating predictive analytics into programmatic practice will enhance early 

detection, optimize treatment selection, and support sustained progress toward TB control and 

eventual elimination. 

Keywords: tuberculosis; drug resistant; multidrug-resistant; extensively drug-resistant; second-line 

drug resistance; mutations; community engagement; clinical governance 

 

1. Introduction 

Tuberculosis (TB) is a preventable and curable disease caused by Mycobacterium tuberculosis, but 

with significant contribution to morbidity and mortality on a global scale, thus a threat to public 
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health [1–3]. It ranks second worldwide in mortality from single infectious agents, after coronavirus 

disease (COVID-19), and thirteenth overall [4]. In 2024, an estimated 10.7 million people developed 

TB, and approximately 1.23 million deaths occurred among HIV-negative individuals, including 

mortality among people living with HIV [5]. South Africa continues to rank among the high TB 

burden countries, with persistent transmission and a substantial burden of drug-resistant 

tuberculosis (DR-TB) [6]. The emergence and spread of drug resistance threatens progress in TB 

control [7]. Globally, an estimated 410,000 new cases of rifampicin-resistant TB (RR-TB) occurred in 

2023, the majority of which met criteria for multidrug-resistant TB (MDR-TB), defined as resistance 

to at least rifampicin and isoniazid [6]. Resistance to first-line drugs such as isoniazid (INH) and 

rifampicin (RIF) is primarily associated with mutations in genes including katG, inhA promoter, and 

rpoB, which alter drug targets or metabolic pathways [8–10]. Molecular assays have enabled the rapid 

detection of these mutations, allowing earlier initiation of appropriate therapy.  

There are three forms of clinically remarkable drug-resistant TB (DR-TB), namely RR-TB, MDR-

TB, and extensively drug-resistant tuberculosis (XDR-TB). The strains of MDR-TB are resistant to the 

two most important TB medicines, INH and RIF. Moreover, XDR-TB is even more brutal and more 

fatal, with fewer effective treatment choices. In addition to being resistant to INH and RIF, it can also 

be resistant to fluoroquinolones (FQL), usually due to mutations in the gyrA or gyrB genes, and to at 

least one second-line injectable drug (SLID) [11,12]. Second-line resistance has become an increasing 

concern. Fluoroquinolones, which are core components of MDR-TB regimens, are compromised by 

mutations in the quinolone resistance-determining region of gyrA and gyrB [13]. Resistance to second-

line injectable agents such as amikacin and kanamycin has been linked to mutations in the rrs gene 

and the eis promoter region [14,15]. SLIDs have been a backbone of effective MDR-TB therapy but are 

associated with severe side effects [16,17]. The WHO guidelines issued in 2018 replaced the use of 

kanamycin (KAN) and capreomycin (CAP) with bedaquiline (BDQ), a potent drug with fewer side 

effects, in an extended MDR-TB treatment regimen [18]. However, SLIDS are still being used in short 

MDR-TB regimens, particularly due to the limited availability of BDQ in several countries, coupled 

with the intolerance of BDQ in some patients [14]. The emergence of resistance to FQLs and 

injectables further limits treatment options and is associated with poorer outcomes [19]. 

The rising prevalence of DR-TB, especially MDR and XDR strains, continues to pose a serious 

threat to public health despite domestic and international efforts to control the disease. These forms 

of TB are a growing threat around the world because they are harder, longer, and more dangerous to 

treat [20]. TB bacteria can acquire resistance through various mutations in genes such as rpoB, katG, 

inhA, pncA, embB, rpsL, gyrA, ethA, and rrs [21,22]. Sometimes, these mutations stack up, making the 

bacteria even more stubborn against treatment [20]. The high mortality rate associated with untreated 

or poorly treated MDR-TB, which can skyrocket to 80% makes MDR-TB and XDR-TB serious public 

health challenges that demand urgent attention and stronger control measures [23]. The associated 

higher fatality has attendant effects on both the individual and society [24]. The higher toxicity, 

prolonged treatment time, and limited availability and effectiveness of second-line anti-TB 

medications have led to unfavorable treatment outcomes for DR-TB [25].  

Beyond its clinical and microbiological significance, DR-TB presents a complex governance and 

community-level challenge in high-burden rural settings. Molecular resistance patterns do not merely 

inform drug selection; they reflect transmission dynamics, health system responsiveness, and 

community-level vulnerabilities. In regions such as the rural Eastern Cape, where socio-economic 

constraints, delayed health-seeking behavior, and treatment interruptions intersect, resistance 

surveillance must be integrated with community engagement (CE) and clinical governance (CG) 

strategies. Embedding molecular intelligence within community-informed TB education, early 

testing initiatives, contact tracing, and adherence support structures strengthens both accountability 

and responsiveness within TB programmes. Understanding local resistance mutation patterns, 

therefore, provides not only diagnostic insight but also an evidence base for community-engaged 

prevention and precision public health interventions aimed at curbing transmission and preventing 

progression toward advanced resistance phenotypes. 
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There is limited information on the precise patterns and profiles of resistance-conferring 

mutations within circulating Mycobacterium tuberculosis strains. Understanding the local genetic 

mutation patterns is essential for several reasons. First, it supports accurate interpretation of 

molecular diagnostic assays. Second, it informs treatment decision-making, particularly where 

standardized regimens are used. Third, it contributes to surveillance by identifying shifts in 

resistance patterns over time. 

This study, therefore, aimed to characterize the genetic mutation patterns associated with first- 

and second-line anti-tuberculosis drug resistance, including fluoroquinolones and injectable agents, 

among Mycobacterium tuberculosis isolates in the Eastern Cape, South Africa. By providing province-

specific molecular data, the study seeks to strengthen drug-resistance surveillance and inform clinical 

and programmatic TB management. 

2. Materials and Methods 

2.1. Study Design and Setting 

This study employed a retrospective, cross-sectional, laboratory-based design that integrated 

molecular characterization and ML approaches to identify genetic mutations in Mycobacterium 

tuberculosis isolated from TB patients. Laboratory results of isolates obtained from patients attending 

public health facilities in the O.R. Tambo local Municipality, a region with a documented high burden 

of DR-TB, were used.  

2.2. Sample Collection and Characterization 

A secondary data set of 112 culture-confirmed drug-resistant Mycobacterium tuberculosis isolates 

was included in the primary analysis. These isolates underwent routine phenotypic drug DST to first- 

and second-line anti-tuberculosis drugs at the National Health Laboratory Service (NHLS) TB 

reference laboratory. Drug-resistance profiles were classified according to World Health 

Organization (WHO) definitions. To identify predictors of mixed-strain infection, RF models were 

applied using demographic, clinical, and genotypic variables. Feature-importance measures were 

used in place of conventional multivariable logistic regression owing to the limited sample size and 

collinearity among predictor variables. 

2.3. Mutation Profiling and Phenotypic Classification 

For all isolates, mutation data were extracted from the rpoB gene, which confers resistance to 

RIF; the katG gene, associated with INH resistance; and the inhA promoter region, linked to low-

level INH and ethionamide resistance. Resistance to second-line drugs was further categorized into 

three groups: FQL-resistant, referring to isolates resistant only to FQLs; injectable-resistant, denoting 

resistance only to aminoglycosides; and FQLs + injectable-resistant, representing isolates exhibiting 

dual resistance patterns indicative of pre-XDR or XDR-TB phenotypes. 

2.4. Machine Learning Analysis 

To approximate the multivariable associations between genetic and phenotypic predictors of 

mixed-strain infection, an RF classifier was implemented using scikit-learn (version 1.3.0). The model 

incorporated several predictor variables, including variant counts per drug class (RIF_varcount, 

INH_varcount, and ethionamide_varcount), heteroresistance measures (hetero_variant_count and 

multi_drug_hetero), lineage assignments (lineages 1–4 and mixed), and the drug resistance 

classification (MDR, pre-MDR, XDR, and pre-XDR). 

The model was configured with 500 decision trees, using the Gini impurity as the splitting 

criterion and no maximum tree depth restriction (max_depth = None), with random_state = 42 to 

ensure reproducibility. Model performance was evaluated using the Area Under the Receiver 

Operating Characteristic Curve (AUC) and the Area Under the Precision–Recall Curve (AUPRC). 
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Feature importance scores were computed to quantify the relative contribution of each predictor 

variable to the model’s discriminative performance. 

2.5. Statistical Analysis 

Descriptive analyses were conducted using Python (pandas, scipy) and SPSS version 27. 

Categorical variables were summarized using frequencies and percentages. Chi-square (χ²) 

goodness-of-fit tests were applied to evaluate whether the distribution of mutations within the rpoB 

and katG genes deviated significantly from a uniform distribution. In contrast, Chi-square tests of 

association were used to assess relationships between specific mutation types and second-line drug 

resistance. Statistical significance was determined at a threshold of p < 0.05. Visualization outputs, 

including bar charts and heatmaps, were generated using seaborn and matplotlib to depict the 

distribution of mutations and patterns of co-resistance. 

3. Results 

Among 112 drug-resistant isolates, rpoB and katG mutations were highly prevalent, particularly 

S450L (36.6%) and S315T (80.4%), defining the backbone of MDR-TB in this cohort. Approximately 

15% harbored inhA promoter variants (C−15T, T−8A), conferring potential cross-resistance to 

ethionamide. Nearly half (48.2%) exhibited concurrent resistance to both FQLs and SLIDs, indicative 

of pre-XDR/XDR phenotypes. The co-occurrence of rpoB and katG mutations across all second-line 

categories underscores the widespread dissemination of high-level resistance genotypes within the 

community. 

3.1. Overview of Mutation Frequencies 

Among 112 drug-resistant Mycobacterium tuberculosis isolates, mutations conferring resistance to 

first-line drugs were highly prevalent. The most frequent rpoB variants were D435V (40.2%) and 

S450L (36.6%) (Table 1), together accounting for nearly three-quarters of all rifampicin-resistant cases. 

In katG, the S315T mutation was observed in 80.4% of isolates (Table 2), representing the predominant 

mechanism of INH resistance. Approximately 15 % of isolates carried mutations in the inhA promoter 

(C−15T or T−8A) (Table 3), which are known to mediate low-level INH and ethionamide cross-

resistance. These findings confirm that first-line resistance in the Eastern Cape cohort is dominated 

by classical high-impact mutations previously reported in global datasets. 

Table 1. Distribution of rpoB mutations among drug-resistant isolates. 

 Gene mutation Frequency (n) % (of 112 Isolates) Interpretation 

rpoB D435V (D516V) 45 40.2 

Common RIF-

resistance mutation 

linked to MDR-TB 

 S450L (S531L) 41 36.6 

Another high-

prevalence 

rifampicin-

resistance 

determinant 

 H445D (H526D) 4 3.6 

Less frequent but 

clinically relevant 

mutation 

 H445D + S450L 1 0.9 

Dual mutation 

suggesting complex 

resistance 

 H445Y (H526Y) 1 0.9 Rare rpoB variant 
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 None detected 20 17.9 

phenotypically 

resistant but 

genotypically wild-

type or missing 

data 

Table 2. Distribution of katG mutations among drug-resistant isolates. 

 Gene mutation frequency (n) %  Interpretation 

katG S315T (b variant) 90 80.4 
Major INH resistance 

determinant 

 S315T (a variant) 2 1.8 Alternate codon change 

 None 20 17.9 

Likely resistant via the inhA 

promoter mutation 
 

Table 3. Distribution of inhA mutations among drug-resistant isolates. 

 Gene mutation Frequency (n) %  Interpretation 

InhA promoter C−15T 14 12.5 

Common promoter 

mutation linked to 

low-level INH and 

ETH resistance 

 T−8A 3 2.7 

Less frequent 

variant 
 

 None 95 84.4 
Absent or not 

tested 

3.2. Second-Line Drug Resistance Spectrum 

Second-line drug-resistance profiling revealed that nearly half (48.2 %) of the isolates exhibited 

combined FQLs and injectable resistance (Table 4), consistent with pre-XDR/XDR phenotypes.  

Table 4. Distribution of second-line drug-resistance patterns. 

Category Frequency (n) % Interpretation 

FQL + Injectable resistant 54 48.2 

Indicates pre-XDR or 

XDR-TB patterns 
 

Injectable-only resistant 33 29.5 
Aminoglycoside 

resistance likely 

FQL-only resistant 25 22.3 
FQLs resistance 

detected 

3.2.1. rpoB–katG Overlap 

Most isolates harboring rpoB S450L or D435V mutations also carry the katG S315T mutation, 

indicating that the MDR (RIF and INH) combination is the predominant genotype. Furthermore, rpoB 

S450L mutations frequently co-occur with resistance to both FQLs and SLIDs, linking this variant to 

pre-XDR/XDR-TB phenotypes. In contrast, rpoB D435V mutations are distributed across all second-

line resistance categories, suggesting the presence of diverse and heterogeneous secondary resistance 

pathways. 
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3.2.2. rpoB and katG Mutation Patterns 

Statistical analysis demonstrated significant non-uniformity in the distribution of rpoB 

mutations (χ², p < 0.0001). The D435V and S450L variants jointly defined the molecular backbone of 

RIF resistance. In contrast, katG mutations were uniformly dominated by S315T, showing no 

significant association with second-line resistance categories (χ² p = 0.578). 

The dominant rpoB mutations identified were D435V (40.2%) and S450L (36.6%), which together 

comprised approximately 77% of all isolates. Statistical analysis demonstrated a highly significant 

goodness-of-fit χ² statistic (p < 0.0001), with mutation frequencies differing strongly, confirming a 

non-uniform distribution. Moreover, a substantial association with second-line drug resistance (χ² p 

= 0.0019) was observed, suggesting that specific rpoB mutations, particularly S450L, are strongly 

linked to concurrent FQLs and SLID resistance. 

The dominant mutation identified was S315T, present in over 80% of isolates, confirming its role 

as the key determinant of INH resistance. Statistical analysis revealed a highly significant goodness-

of-fit χ² (p < 0.0001), indicating a strongly skewed distribution that overwhelmingly favored the 

S315T variant. However, the association with second-line resistance (χ² p = 0.578) was not significant, 

suggesting that katG mutations occur independently of second-line resistance patterns. Overall, while 

katG mutations clearly dominate INH resistance, their lack of association with second-line drug 

categories implies that the progression of resistance toward FQLs and injectable agents is primarily 

driven by rpoB and other genetic loci rather than katG. 

A statistically significant association was observed between rpoB S450L and dual second-line 

resistance (χ² p = 0.0019), suggesting that specific rpoB variants may serve as early genomic indicators 

of transition to XDR-TB (Figure 3). These outcomes highlight heteroresistance and within-host 

genetic diversity as critical factors influencing treatment complexity and transmission potential in the 

study cohort. 

 

Figure 3. Heatmap of rpoB mutation vs second-line resistance categories. 

3.3. Machine Learning Model Findings 

The RF model demonstrated excellent classification performance (ROC-AUC = 1.00; AUPRC = 

1.00), identifying key predictors of mixed-strain infection among drug-resistant Mycobacterium 

tuberculosis isolates. Feature importance analysis revealed that heteroresistance intensity and 
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multidrug variant burden were the strongest predictors, with additional contributions from RIF and 

INH variant loads, lineage membership, and resistance class indicators (Figure 4). 

 

Figure 4. Feature importance plot from the random forest model. 

4. Discussion 

4.1. Overview of Mutation Distribution Patterns 

The molecular analysis of 112 drug-resistant Mycobacterium tuberculosis isolates revealed a highly 

skewed distribution of first-line drug-resistance mutations. The rpoB gene exhibited two dominant 

mutation clusters: D435V (40.2%) and S450L (36.6%), which together accounted for three-quarters of 

all isolates. Unlike previous studies, where S450L has typically been the overwhelmingly dominant 

mutation, the present findings show a more balanced pattern, with D435V slightly exceeding S450L 

in frequency. For instance, a study reported that S450L accounted for 62.5% of RIF-resistant isolates 

in Cape Town, while D435V accounted for only 7.1%, highlighting the global predominance of S450L 

[26]. Similarly, another study in Angola found that S450L (56.3%) and D435V (17.2%) were the most 

frequent mutations, jointly representing about 73.5% of all rpoB alterations [27]. In contrast, the 

present data show a more even distribution between these two key mutations, suggesting lineage-

specific adaptation or local selective pressures within the Eastern Cape may be shaping a distinct 

resistance profile. This pattern was statistically significant (χ² p < 0.0001), confirming that rpoB 

mutations are non-randomly distributed and predominantly clustered in codons critical for RIF 

binding to the β-subunit of RNA polymerase. 

Likewise, the katG gene was mainly characterized by the S315T substitution (80.4%), the 

canonical determinant of high-level INH resistance (χ² p < 0.0001). In comparison, the inhA promoter 

exhibited the C−15T variant in 12.5% of isolates. Comparable studies have reported similar patterns, 

identifying C−15T in 14.4% of INH-resistant isolates [28] and observing higher katG S315T (64%) and 

lower inhA C−15T (19%) frequencies relative to global averages [29]. These findings suggest 

additional mechanisms contributing to low-level INH and ethionamide cross-resistance. 

4.2. RpoB Mutations and Association with Second-Line Drug Resistance 

The observed co-occurrence of rpoB S450L with FQLs and injectable resistance (χ² p = 0.0019) 

indicates that specific rpoB mutations may facilitate the accumulation of secondary resistance under 

continued drug pressure. Isolates carrying S450L frequently exhibit dual FQL + SLID resistance, 

suggesting progression toward pre-XDR/XDR-TB phenotypes. Although S450L is not a mechanistic 

driver of FQ/SLID resistance, it is a marker of rifampicin resistance in successful MDR lineages that 
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are more likely to persist, transmit, and accumulate additional resistance under continued drug 

pressure. S450L is the most common rifampicin-resistance mutation and is repeatedly reported to 

have a lower fitness cost than many other rpoB mutations, which can support the persistence and 

transmission of RR/MDR strains [30]. Another study reported that rifampicin-resistant isolates with 

rpoB S450L had a substantially higher risk of FQL resistance than isolates with rpoB mutations at other 

codons [11]. This aligns with the significant association between S450L and FQ resistance observed 

in this study.  

Comparable findings from India and Australia show that rpoB S450L often co-occurs with 

gyrA/gyrB or rrs mutations, marking an evolutionary transition toward XDR phenotypes [31,32]. One 

study reported that the rpoB S450L variant was the most common among MDR-TB isolates in the 

Mumbai Metropolitan Region, particularly among lineage 2 (Beijing) strains [31]. Evidence suggests 

the S450L advantage is indirect: its relatively low fitness cost and frequent association with 

compensatory mutations in rpoA/rpoC can increase strain fitness, providing more opportunities for 

additional resistance mutations to arise and spread [33]. Hence, S450L is associated with a higher 

likelihood of further resistance, likely due to selection, prior treatment exposure, and transmission of 

successful MDR clones [11,30]. 

In contrast, while S450L is common in many successful MDR/XDR clones, it is not essential for 

strains to become highly transmitted or to evolve broader resistance; other rpoB RRDR mutations can 

also underpin successful MDR/XDR lineages [33]. The dual FQLs + SLIDs are programmatically 

important because the updated WHO definition describes pre-XDR TB as MDR/RR-TB with FQL 

resistance, and XDR TB as MDR/RR-TB with FQL resistance plus additional Group A resistance [34]. 

4.3. katG Mutations and Independence from Second-Line Resistance 

Unlike rpoB, the katG S315T mutation showed no significant association with second-line drug 

resistance (χ² p = 0.578). Its uniform dominance across all second-line categories indicates that while 

it drives INH resistance, it does not directly influence FQLs or SLIDs resistance pathways. This 

independence supports the hypothesis that first-line resistance mechanisms emerge early during 

therapy, preceding exposure to second-line agents. katG S315T is a canonical marker of high-level 

INH resistance, and it is repeatedly reported as one of the most common INH-resistance mechanisms 

worldwide. Published studies have emphasized that katG codon 315 variants are strongly associated 

with INH resistance and serve as reliable markers for this purpose [35,36]. FQLs' resistance is 

primarily governed by gyrA/gyrB mutations, with katG contributing little beyond initial INH 

resistance [29,37]. In contrast, FQLs' resistance and second-line injectable drug (SLID) resistance are 

typically driven by mutations in different loci, especially gyrA/gyrB for FQLs and rrs/eis for SLIDs. 

Studies of MDR-TB populations evaluating second-line resistance consistently focus on these genes 

rather than katG, supporting the study’s findings that katG S315T is not in the causal pathway for 

FQLs or SLID resistance [38,39]. 

In many MDR/XDR settings, katG S315T is standard across multiple resistance strata because it 

is a frequent INH-resistance mutation and may persist due to a relatively low fitness cost compared 

with other INH-resistance mechanisms. This can lead to a high prevalence of katG S315T in the 

overall resistant population, without implying that it drives second-line resistance [35]. Genomic and 

molecular epidemiology studies also show that katG S315T often co-occurs with other resistance 

mutations in MDR strains. Such co-occurrence reflects accumulation of resistance mutations over 

time or transmission of already-resistant clones, rather than a direct mechanistic role of katG in 

second-line resistance [33,40]. Some studies report that MDR/RR-TB is associated with a higher risk 

of FQL resistance than non-MDR-TB. However, this is typically interpreted as reflecting 

programmatic/clinical selection and prior treatment exposure patterns, rather than an effect of katG 

itself. In other words, MDR status (and its treatment history) may correlate with FQ resistance, 

whereas katG S315T does explicitly not [11]. High katG S315T prevalence across second-line categories 

is therefore a background dominance of an INH-resistance mutation within resistant lineages, not a 

driver of second-line resistance. 
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4.4. Implications for Clinical Governance and Public Health 

From a clinical-governance perspective, the predominance of rpoB S450L and katG S315T 

provides actionable intelligence that reinforces the continued use of rapid molecular diagnostics such 

as LPAs and GeneXpert targeting these loci [9]. Prior evidence demonstrates that rpoB mutations, 

including L430P (8%, n=34), S450L (80%, n=355), and I491F (8%, n=35), and katG S315T (99%, n=502), 

account for the majority of RIF and INH resistance, respectively [9]. These mutations alter the 

function of RNA polymerase and catalase-peroxidase, reducing drug binding and compromising 

therapeutic efficacy. Their predominance underscores the need for strict adherence to rapid 

molecular testing protocols and the immediate initiation of appropriate regimens. Where rpoB S450L 

is detected, clinicians should anticipate a higher likelihood of additional resistance and ensure timely 

confirmatory testing for FQLs and SLIDs. Standardized treatment pathways, multidisciplinary case 

review, and close monitoring of treatment response are essential to prevent further amplification of 

resistance. Routine audits of diagnostic turnaround times and resistance reporting systems are 

equally critical to ensure that laboratory findings translate into timely clinical action. From a public 

health standpoint, the high proportion of dual FQL and SLID resistance signals sustained 

transmission of advanced resistance phenotypes within the community [43–45]. This pattern 

supports viewing DR-TB not just because of individual treatment failure but as part of a transmission-

driven epidemic [46]. Patients with rpoB S450L and second-line resistance, usually categorized as 

pre-XDR/XDR-TB, should be prioritized for increased adherence support, rapid regimen 

adjustments, enhanced contact tracing, and strengthened infection prevention and control. Including 

comprehensive second-line drug screening in routine diagnostic protocols is essential. Surveillance 

systems should incorporate molecular resistance profiles into district-level monitoring dashboards to 

identify emerging trends early and inform targeted intervention strategies. 

At the community level, the mutation distribution mirrors polyclonal transmission dynamics 

observed in genomic epidemiology studies. These findings highlight the importance of embedding 

molecular intelligence within community-engaged education strategies. Messaging should 

emphasize early symptom recognition, prompt testing, household contact screening, ventilation 

practices, prevention of reinfection, and collective responsibility for treatment completion [47]. 

Integrating resistance surveillance outputs into provincial dashboards can facilitate identification of 

transmission hotspots and improve allocation of outreach, diagnostic, and adherence-support 

resources [41,42,47]. Transparent communication of these findings to communities supports co-

produced prevention efforts and strengthens trust between health systems and affected populations 

[48]. 

The machine learning findings, which identified heteroresistance and multidrug variant burden 

as key predictors of complexity, further suggest that within-host diversity and potential reinfection 

contribute to treatment challenges. In high-burden rural settings, repeated exposure within 

households and congregate settings may facilitate superinfection, underscoring the need for 

community-driven dialogue to address structural barriers to adherence, including transport costs, 

stigma, and economic vulnerability. Co-designed interventions such as peer support networks and 

enhanced community health worker tracing can mitigate these drivers. 

Finally, the substantial prevalence of second-line resistance necessitates strengthened antibiotic 

stewardship at both clinical and community levels [49]. Educational initiatives must clearly 

communicate that incomplete treatment and inappropriate antibiotic use accelerate the evolution of 

resistance and jeopardize future therapeutic options. Protecting drug efficacy should therefore be 

framed as a shared societal responsibility, requiring coordinated action across laboratory, clinical, 

public health, and community governance domains. 
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5. Conclusions 

This study delineated the molecular architecture of drug-resistant Mycobacterium tuberculosis in 

the Eastern Cape, demonstrating that rpoB S450L, rpoB D435V, and katG S315T constitute the 

dominant resistance backbone. The substantial burden of dual FQL and second-line injectable 

resistance (48.2%), together with the significant association between rpoB S450L and advanced 

resistance phenotypes, signals a concerning trajectory toward increasingly complex and difficult-to-

treat DR-TB forms. 

Notably, the predominance of stable, high-fitness resistance mutations suggests sustained 

community transmission of established multidrug-resistant strains rather than isolated emergence 

during individual treatment episodes. These findings therefore reframe DR-TB in this setting as a 

transmission-driven public health challenge requiring coordinated action beyond the laboratory and 

clinic. 

From a CE perspective, the data underscore the need to translate molecular surveillance into 

accessible education that reduces stigma, promotes early testing, strengthens household infection 

prevention practices, and reinforces collective responsibility for treatment completion. Integrating 

mutation-informed surveillance outputs into district-level dashboards, community dialogues, and 

outreach programming can support co-created prevention strategies grounded in local realities. 

Within a clinical governance framework, early molecular detection, timely second-line drug 

susceptibility testing, strengthened contact tracing, and antibiotic stewardship must be embedded 

within community-informed systems of care. Such integration advances a precision public health 

approach in which laboratory intelligence, patient-centred management, and community partnership 

operate synergistically. 

Overall, aligning molecular resistance surveillance with community-engaged prevention and 

governance structures offers a pragmatic pathway to curb transmission, prevent further resistance 

amplification, and advance progress toward TB elimination in high-burden rural settings. 
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