Molecular Determinants of Resistance to First- and Second-Line Anti-Tuberculosis Drugs: Current Evidence and Future Directions

Abstract
Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains a leading infectious cause of death globally. The rise of multidrug-resistant (MDR-TB) and extensively drug-resistant (XDR-TB) strains has severely complicated disease control. Unlike many bacteria, Mtb develops resistance exclusively through chromosomal mutations that disrupt drug targets, impair prodrug activation, or alter metabolic and regulatory pathways. This review synthesizes and critically evaluates the current evidence on the molecular basis of resistance to first and second-line anti-TB drugs: isoniazid, rifampicin, ethambutol, pyrazinamide, streptomycin, fluoroquinolones, aminoglycosides, linezolid, bedaquiline, delamanid, pretomanid, ethionamide, and prothionamide. Key resistance-associated genes were examined: katG, inhA, rpoB, embCAB, pncA, rrs, gyrA/B, atpE, Rv0678, and ddn, and explore how epistatic and compensatory interactions between mutations affect bacterial fitness and shape resistance evolution. Progress in whole-genome sequencing, novel drug targets, and precision TB therapy are also discussed. A clearer understanding of these mechanisms is essential for improving diagnostics, designing smarter regimens, and addressing drug-resistant TB, especially in high-burden settings.
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1. Introduction
Tuberculosis (TB) remains one of the most serious infectious diseases in the world despite decades of available treatment. Caused by Mycobacterium tuberculosis (Mtb), TB primarily targets the lungs but can disseminate to virtually any organ, causing substantial global morbidity and mortality.(1) The WHO estimates that TB still kills more people than any other single infectious pathogen, recently overtaking HIV/AIDS.(2) While global control efforts have reduced TB rates in some regions, these gains are being eroded by drug-resistant strains.
Drug-resistant TB is among the greatest threats to global TB control. MDR-TB, defined as resistance to at least isoniazid and rifampicin, and XDR-TB, which additionally involves resistance to fluoroquinolones and other key second-line drugs, have been identified in almost every high-burden country (3). Patients with drug-resistant TB face longer treatment, fewer options, more severe adverse effects, and worse outcomes than those with drug-susceptible disease (4).
Mtb develops resistance quite differently from most bacteria. Rather than acquiring resistance through horizontal gene transfer, as occurs in Escherichia coli or Staphylococcus aureus, Mtb relies almost entirely on chromosomal mutations accumulated under antimicrobial pressure especially when therapy is inadequate, interrupted, or poorly supervised (5). These mutations affect genes involved in cell wall synthesis, transcription, translation, DNA replication, and energy production (6).
For first-line drugs, resistance mechanisms are well characterized: katG and inhA mutations undermine isoniazid; rpoB mutations drive rifampicin resistance; embCAB mutations cause ethambutol resistance; pncA mutations impair pyrazinamide activation; and rrs/rpsL alterations confer streptomycin resistance (7–11). Second-line agents face distinct challenges: fluoroquinolone resistance arises through gyrA/gyrB mutations; aminoglycoside and cyclic peptide resistance involves rrs, eis promoter changes, and tlyA loss-of-function; and newer drugs such as bedaquiline, linezolid, delamanid, and pretomanid introduce resistance pathways involving atpE, Rv0678, rrl, rplC, ddn, and the fbi gene cluster (12–15).
Resistance mutations rarely act alone. Primary resistance mutations often carry fitness costs that secondary compensatory mutations can offset, allowing resistant strains to survive, transmit, and compete without sustained drug pressure.(41,42) Epistatic interactions between mutations can amplify or dampen resistance levels, stabilise phenotypes, or shape the trajectory of resistant strain evolution.(45) These dynamics directly affect the reliability of molecular diagnostics, as genotype–phenotype mismatches are common (17). Mtb is mutation-driven, involving chromosomal alterations in drug targets, prodrug activation enzymes, and regulatory genes (60). Unlike many bacteria, horizontal gene transfer is negligible, making resistance evolution largely clonal and predictable.
This review examines established and emerging resistance mechanisms in Mtb with emphasis on genetic interactions, fitness effects, and clinical implications. It draws on molecular, clinical, and epidemiological evidence to identify knowledge gaps and outline research priorities needed to meet the ongoing challenge of drug-resistant TB, particularly in high-burden settings such as Nigeria, where MDR-TB cases continue to be reported and local molecular surveillance data remain limited. (46)



2. Molecular Determinants of Resistance to First- and Second-Line Anti-Tuberculosis Drugs
Anti-tuberculosis drugs are grouped into first-line agents, used for drug-susceptible TB, and second-line agents reserved for MDR- and XDR-TB. The following sections examine resistance mechanisms for each drug class.
2.1 First-Line Anti-Tuberculosis Drugs
2.1.1 Isoniazid (INH)
Isoniazid has been a cornerstone of TB therapy since the early 1950s and remains among the most effective drugs against drug-susceptible disease, following its introduction around 1951–1952 (61). It is a prodrug activated by the catalase-peroxidase enzyme KatG, encoded by katG. The resulting reactive species combines with NAD⁺ to form an isoniazid–NAD adduct that inhibits InhA, an enoyl-acyl carrier protein reductase central to the fatty acid synthase II system and essential for mycolic acid biosynthesis (8). Disruption of either activation or target binding confers resistance.
The most prevalent resistance mechanism is the katG S315T substitution, accounting for 60–70% of isoniazid-resistant isolates worldwide, and exceeding 90% in some regions (9). This mutation reduces prodrug activation while preserving sufficient catalase activity to protect the bacterium from host oxidative stress, giving resistant strains a significant selective advantage (7). Other katG mutations deletions, frameshifts, and amino acid substitutions mare less common and often carry greater fitness costs (11). 

Resistance also arises through changes in InhA itself or its promoter region. The inhA −15C→T promoter substitution drives overexpression of InhA, overwhelming the adduct’s inhibitory capacity and producing low-level resistance (9). Critically, this promoter mutation also confers cross-resistance to ethionamide, a second-line drug sharing the same target (8). InhA promoter mutations account for approximately 15–25% of isoniazid resistance globally, sometimes co-occurring with katG mutations to produce higher resistance levels (10).
Compensatory mechanisms also contribute: mutations in the oxyR-ahpC intergenic region upregulate alkyl hydroperoxide reductase C (AhpC), partially restoring antioxidant function lost through katG disruption (44). This is a clear illustration of how resistance rarely involves one gene; it is often the product of an interconnected adaptive response. Additionally, mutations in ndh (encoding NADH dehydrogenase II) shift the NADH/NAD⁺ balance and can raise resistance even without katG or inhA changes, though such variants are rare in clinical isolates (11). Whole-genome sequencing has uncovered further resistance-linked variants in regulatory regions such as the furA–katG intergenic zone and in metabolic genes, suggesting that subtle shifts in redox balance and stress response pathways can contribute to reduced drug susceptibility.
From an evolutionary perspective, isoniazid resistance typically precedes rifampicin resistance, establishing conditions that facilitate further mutation accumulation on the road to MDR-TB (10). Genomic studies have shown that strains carrying katG S315T transmit efficiently and persist in communities, contributing disproportionately to the global MDR-TB burden. Clinically, the range of resistance conferred varies considerably: inhA promoter mutations tend to produce low-level resistance that may not be detected by routine phenotypic testing, while disruptive katG mutations typically produce high-level resistance. Strains carrying multiple mutations can exhibit compounded resistance levels, and this heterogeneity makes uniform clinical management challenging. Rapid molecular tools such as line probe assays and targeted sequencing detect the most common variants quickly, but rarer mechanisms mean that a proportion of resistant cases will escape detection, a strong argument for ongoing investment in whole-genome sequencing approaches (11). While katG S315T and inhA C‑15T remain key markers, a significant fraction of INH‑resistant isolates doesn’t carry these mutations, indicating incomplete understanding of resistance pathways. This gap limits the sensitivity of molecular diagnostics that target only canonical mutations (62).
2.1.2 Rifampicin (RIF)
Rifampicin kills bacteria by binding to the β-subunit of RNA polymerase, encoded by rpoB, blocking RNA chain elongation and halting transcription (12). Its activity against both actively dividing and slowly metabolizing bacilli makes it essential to the six-month standard regimen. Resistance develops almost exclusively through mutations in the 81-bp rifampicin resistance-determining region (RRDR) of rpoB, spanning codons 507–533 (Mtb numbering), which reshape the drug-binding pocket without abolishing polymerase function (13).
The most common substitution, Ser531Leu, is globally dominant and associated with high-level resistance, low fitness cost, and efficient transmission (43). Mutations at His526 produce variable resistance depending on the specific amino acid change, while Asp516 variants typically confer lower resistance levels and may partially preserve rifabutin susceptibility, a clinically relevant distinction when selecting second-line regimens (13). Rarer mutations outside the RRDR have also been documented and can escape targeted molecular assays.
Many rpoB mutations reduce RNA polymerase efficiency, imposing a fitness cost. Compensatory mutations in rpoC and rpoA restore transcriptional efficiency without reversing resistance, enabling rifampicin-resistant strains to transmit and persist in communities (14,15). The co-occurrence of rpoB and katG or inhA mutations defines MDR-TB, with rifampicin resistance typically following isoniazid resistance after inadequate treatment creates conditions for further mutation accumulation. Notably, certain rpoB mutations appear at far lower frequencies than expected in clinical isolates, consistent with negative epistasis synthetic fitness costs that prevent their co-selection with other resistance variants. Detection of rifampicin resistance using Xpert MTB/RIF or whole-genome sequencing serves as a surrogate marker for MDR-TB in many settings, triggering a switch to second-line regimens that are longer, more expensive, and harder to tolerate (16). Rare mutations outside the RRDR and mutations associated with low-level or heteroresistance can produce genotype–phenotype mismatches, generating results that are difficult to interpret and that require clinical correlation alongside genomic data (17). Improved diagnostic tools with next‑generation molecular diagnostics such as high‑resolution sequencing and enhanced bioinformatics tools are being developed to detect a wider array of resistance mutations and heteroresistance (63).

2.1.3 Ethambutol (EMB)
Ethambutol disrupts the mycobacterial cell wall by inhibiting arabinosyltransferases, membrane-bound enzymes encoded by the embCAB operon (embC, embA, embB) that transfer arabinose units during arabinogalactan and lipoarabinomannan synthesis (18). This blocks arabinan polymerisation, destabilises cell wall assembly, and increases permeability to companion drugs. Among the three genes, embB is most strongly linked to resistance.
Mutations at embB codon 306 (Met306Val, Met306Ile, Met306Leu) are the most frequently observed resistance determinants in clinical isolates worldwide, altering the EmbB protein in a way that reduces drug binding while preserving cell wall synthesis (19). However, embB codon 306 mutations also appear in MDR-TB strains lacking phenotypic ethambutol resistance, suggesting a broader role in resistance evolution or strain adaptation (19). Mutations at other embB positions (codons 406, 497, 354) and in embA also contribute, as do regulatory changes in the embC-embA intergenic region that upregulate arabinosyltransferase expression, effectively diluting the drug’s inhibitory capacity. A persistent diagnostic challenge is that embB mutations do not reliably predict phenotypic resistance: some variants are found in susceptible isolates, reflecting the importance of genetic background and context. This mismatch complicates both diagnostic interpretation and treatment decisions, particularly in settings where phenotypic drug susceptibility testing is the primary method used.
Ethambutol resistance does not develop in isolation. embB mutations often appear alongside resistance mutations in rpoB and katG, and these combinations can influence overall resistance levels, bacterial fitness, and treatment response (19). In MDR-TB strains, embB mutations may interact with changes in cell wall lipid metabolism, efflux pump activity, or stress response pathways, creating a multidimensional resistance phenotype exceeding the sum of its parts. The fitness consequences of ethambutol resistance mutations are variable: some embB variants impose little biological cost and allow resistant strains to grow and transmit without difficulty, while others appear to reduce growth rate or impair cell wall integrity in the absence of drug. Compensatory changes affecting cell envelope synthesis may help restore fitness in some resistant strains, contributing to their persistence in high-burden settings. Detecting ethambutol resistance reliably remains technically challenging, and its frequent misclassification means that resistance is likely underreported globally. Continued research is needed to map the phenotypic effects of distinct embCAB and accessory mutations, including low‑level and compensatory variants that influence clinical resistance levels (64).

2.1.4 Pyrazinamide (PZA)
Pyrazinamide is unique among anti-TB drugs for its sterilising activity against slow-growing and semi-dormant bacteria in acidic microenvironments such as caseous granulomas and macrophage phagosomes, a property largely responsible for shortening standard therapy to six months (20). It is a prodrug converted by pyrazinamidase (encoded by pncA) into pyrazinoic acid, which accumulates intracellularly in acidic environments, disrupting membrane energetics, inhibiting fatty acid synthesis, and impairing coenzyme A metabolism (20).
What sets pyrazinamide resistance apart from other first-line drugs is the extraordinary diversity of pncA mutations: missense, nonsense, insertions, deletions, and frameshifts are distributed across the entire gene and its promoter with no single dominant variant, in contrast to the hotspot mutations seen with isoniazid or rifampicin (23). All of these changes reduce or abolish pyrazinamidase activity, preventing pyrazinoic acid from forming. Because pncA is not essential for bacterial survival, the organism tolerates its disruption, which is precisely why resistance is so genetically heterogeneous. This creates a major diagnostic challenge, requiring broad sequencing coverage rather than targeted hotspot testing; a targeted assay would need to screen hundreds of variants to approach reliable detection.
Beyond pncA, mutations in rpsA (encoding ribosomal protein S1) confer resistance by blocking the interaction between pyrazinoic acid and trans-translation machinery (21), rpsA mutations have been documented in clinical isolates with no detectable pncA changes, confirming them as a genuine alternative resistance route. Mutations in panD (encoding aspartate decarboxylase) prevent pyrazinoic acid’s metabolic effects on coenzyme A biosynthesis (22). These alternative resistance pathways broaden our understanding of pyrazinamide action beyond simple membrane acidification and account for cases where pncA sequencing is uninformative. Pyrazinamide resistance rarely exists in isolation; in MDR-TB strains, pncA mutations commonly co-occur with rpoB and katG variants, reflecting cumulative mutational pressure during prolonged or poorly supervised treatment. Detecting pyrazinamide resistance phenotypically is technically demanding, requiring acidic growth conditions that themselves inhibit bacterial growth, making molecular approaches, especially whole-genome sequencing covering pncA, rpsA, and panD increasingly important for reliable diagnosis, particularly in high-burden settings where standard culture-based testing may be unavailable or unreliable. Integration of genomics and protein structure modeling is emerging as a powerful tool for predicting resistance (65).
2.1.5 Streptomycin (STR)
Streptomycin, the first antibiotic used against TB, kills actively dividing bacteria by binding to the 16S rRNA of the 30S ribosomal subunit, causing translational misreading that produces defective proteins and disrupts membrane integrity (24). Resistance develops primarily through mutations in rpsL (encoding ribosomal protein S12, codons 43 and 88 most commonly) and rrs (encoding 16S rRNA, particularly at positions 530 and 915), which reduce drug docking while preserving ribosomal function (24). The gidB gene, encoding a 7-methylguanosine methyltransferase, provides an additional resistance route: its disruption reduces 16S rRNA methylation, conferring low-level resistance that may serve as a stepping stone to high-level resistance mutations under drug pressure (25).
Epistatic interactions between rpsL and rrs mutations modulate resistance levels, and gidB mutations can interact synergistically with these loci to adjust or stabilise resistance phenotypes. rpsL mutations can impair translational accuracy, imposing a fitness cost that secondary mutations in ribosomal proteins S4 and S5 may partially offset, restoring competitive fitness without sacrificing resistance. Streptomycin resistance is frequently found alongside resistance to other first-line drugs in clinical isolates, and its epistatic interactions with katG, rpoB, and embB mutations can shape the broader architecture of multidrug resistance. From a historical perspective, streptomycin-resistant strains emerged very rapidly under monotherapy, illustrating how strong the selective pressure from this drug can be. In settings where streptomycin remains part of retreatment or continuation-phase regimens, detecting resistance before treatment is important to avoid amplifying an already compromised regimen. Molecular assays targeting rpsL, rrs, and gidB are increasingly used, though the diversity of mutations and the clinical significance of low-level alleles can make interpretation challenging. The most reliable approach integrates genomic, phenotypic, and clinical information.

Table 1. First-line anti-tuberculosis drugs, molecular targets, and primary resistance genes
	Drug
	Primary Target
	Pathway Affected
	Key Resistance Genes

	Isoniazid
	InhA (via KatG)
	Mycolic acid synthesis
	katG, inhA

	Rifampicin
	RpoB
	RNA transcription
	rpoB

	Ethambutol
	EmbB/A/C
	Arabinogalactan synthesis
	embCAB

	Pyrazinamide
	Membrane/energy systems
	Stress survival pathways
	pncA, rpsA, panD

	Streptomycin
	16S rRNA (30S ribosome)
	Protein synthesis
	rpsL, rrs, gidB



2.2 Second-Line Anti-Tuberculosis Drugs
Second-line anti-TB drugs are essential for treating MDR- and XDR-TB. Despite being more expensive and less tolerable than first-line agents, they have become increasingly central to TB care as resistance has spread globally.
2.2.1 Fluoroquinolones (Levofloxacin, Moxifloxacin)
Fluoroquinolones are cornerstones of second-line TB therapy, exerting bactericidal activity by targeting DNA gyrase a type II topoisomerase essential for DNA supercoiling, replication, and transcription. They trap the gyrase–DNA complex after DNA cleavage, causing lethal double-strand breaks. DNA gyrase in Mtb is a GyrA/GyrB heterotetramer: GyrA contains the primary quinolone-binding site and catalytic tyrosine, while GyrB drives ATP-dependent supercoiling (26,27).
Resistance develops primarily through point mutations in the quinolone resistance-determining region (QRDR) of gyrA, most often at codons 90 (Ala90Val), 91 (Ser91Pro), and 94 (Asp94Gly), and less frequently through gyrB mutations (codons 500–540) (27,28). A single QRDR mutation typically confers low-to-moderate resistance; combinations of gyrA mutations, or gyrA plus gyrB mutations, produce synergistic resistance that can extend to all clinically used fluoroquinolones, defining the pre-XDR and XDR-TB phenotype boundaries (28). Moxifloxacin’s molecular structure gives it somewhat better binding to mutant gyrase than older-generation agents, so it can sometimes retain partial activity against strains with a single QRDR mutation, a distinction that matters when selecting regimen components.
Overexpression of efflux pumps (notably MmpL7 and the Rv2686c-Rv2687c-Rv2688c operon) can interact epistatically with QRDR mutations to push minimum inhibitory concentrations beyond what target-site mutations alone would achieve, creating isolates that may appear susceptible to targeted molecular assays yet behave clinically as resistant. Fluoroquinolone resistance follows a stepwise evolutionary pattern, with low-level resistance alleles appearing first and enabling survival while further mutations accumulate; this step wise dynamics is directly relevant to designing regimens that suppress resistance emergence. Fitness costs from QRDR mutations are partially offset by secondary compensatory mutations in gyrase or topology-regulating genes, allowing resistant strains to maintain transmissibility. There is also a preventive dimension: fluoroquinolones are widely used for non-TB infections, and prior antibiotic exposure can select for resistance in Mtb before TB treatment has even started, underscoring the importance of antimicrobial stewardship across all clinical settings. Levofloxacin and moxifloxacin are backbone components of shorter WHO-endorsed MDR-TB regimens; their loss forces recourse to more toxic, less effective alternatives, and strains carrying multiple gyrA and gyrB mutations meet the criteria for XDR-TB, which carries substantially higher rates of treatment failure and death (3,4). Current evidence highlights gyrA mutations as the dominant mechanism, with increasing contributions from efflux systems and heteroresistance. While diagnostic technologies and new drug regimens offer hope, future strategies must focus on precision medicine, genomic surveillance, and fluoroquinolone -sparing regimens to effectively combat this growing challenge
2.2.2 Aminoglycosides and Cyclic Peptides (Amikacin, Kanamycin, Capreomycin)
Aminoglycosides (kanamycin, amikacin) and the cyclic peptide capreomycin disrupt ribosomal function. Classical aminoglycosides bind to 16S rRNA of the 30S subunit, causing mistranslation and membrane disruption; capreomycin bridges the 30S–50S subunit interface, blocking peptide elongation (30,31). Resistance to kanamycin and amikacin most commonly arises through rrs mutations at positions 1401, 1402, and 1484, altering the aminoglycoside-binding site (30). Because capreomycin’s binding also involves 16S rRNA, rrs mutations frequently confer cross-resistance across drug classes. Streptomycin resistance, by contrast, involves rpsL mutations at codons 43 and 88 and rrs mutations at positions 514 and 517.
An additional mechanism specific to kanamycin involves overexpression of the eis gene (encoding an aminoglycoside acetyltransferase), triggered by mutations in the eis promoter at positions −10, −12, and −14, producing low-to-moderate resistance through increased drug acetylation and reduced intracellular accumulation (29). When rrs and eis promoter mutations co-exist, their combined effect on kanamycin resistance exceeds the sum of individual contributions—a clear example of positive epistasis between mechanistically distinct pathways that has been documented in clinical isolates and helps explain unexpected treatment failures (29) tlyA loss-of-function mutations, which eliminate a ribosomal RNA methylation step required for capreomycin’s normal interaction with the ribosome, interact epistatically with rrs mutations to modulate both capreomycin and aminoglycoside resistance levels, depending on which specific rrs positions are affected (31).
Compensatory mutations in other ribosomal proteins or regulatory genes can restore translational efficiency in resistant strains, allowing them to persist and transmit even without sustained drug pressure. One practical consequence of these layered mechanisms is that isolates may show high-level resistance to one aminoglycoside but only intermediate resistance to another, complicating phenotypic interpretation and treatment selection. Resistance evolution in this drug class is driven by selective pressure from inadequate dosing or poor adherence, creating subtherapeutic drug concentrations under which low-to-intermediate resistance mutations are preferentially selected; over time, additional mutations or epistatic enhancements can elevate resistance further, eventually producing strains resistant to multiple agents in the class. Loss of aminoglycoside and capreomycin activity forces clinicians toward newer agents such as bedaquiline and linezolid, increasing treatment complexity, cost, and adverse event risk particularly in resource-limited settings (4). A global trend toward all-oral, injectable-free regimens is being prompted by current data that these medications' clinical utility is waning due to increased resistance, toxicity, and poor results. To address enduring resistance issues, precision medicine, innovative treatments, and genetic surveillance should be given top priority in future research.
2.2.3 Ethionamide and Prothionamide
Ethionamide and prothionamide are thioamide prodrugs activated by EthA, a flavin monooxygenase encoded by ethA. The activated intermediates combine with NAD⁺ to produce adducts that inhibit InhA, the same target as isoniazid thereby disrupting mycolic acid synthesis and ultimately causing cell wall failure and bacterial death (32). Because activation depends on EthA and action depends on InhA, mutations disrupting either step confer resistance.
The most frequent resistance mechanism is mutation in ethA itself: frameshift, nonsense, and missense mutations abolish or reduce enzyme activity, preventing inhibitory adduct formation (33). Regulatory mutations also play a role: gain-of-function mutations in ethR, the transcriptional repressor of ethA, reduce EthA levels and drug activation. Resistance at the target level through inhA coding mutations or promoter variants (notably C−15T and T−8C) produces cross-resistance to isoniazid, since both drugs share InhA (8,33). This cross-resistance is clinically important: strains with inhA promoter mutations may be effectively resistant to both isoniazid and ethionamide simultaneously, making regimen design more challenging. Resistance typically accumulates in stages, with primary ethA or ethR mutations conferring modest resistance followed by inhA promoter mutations that dramatically amplify both resistance level and cross-resistance spectrum. Detecting thioamide resistance requires broad multi-gene sequencing; standard line probe assays miss many ethA variants. Losing ethionamide or prothionamide activity forces recourse to newer, often less accessible drugs.

2.2.4 Bedaquiline
Bedaquiline represented the first new class of anti-TB drug approved in more than 40 years. It targets the c subunit of the mycobacterial F-type ATP synthase, encoded by atpE, blocking the proton channel and halting ATP generation (34). This energy depletion kills both actively replicating and non-replicating dormant bacilli, making bedaquiline uniquely valuable in shortening MDR-TB treatment.
Direct resistance arises through atpE mutations (e.g., A63P, I66M, D28N) that reduce drug binding at the quinone-binding site while preserving ATP synthase function (34,36). A second, clinically critical mechanism involves loss-of-function mutations in Rv0678, a transcriptional repressor of the MmpS5-MmpL5 efflux pump. Rv0678 mutations derepress the pump, increasing drug efflux and producing low-to-moderate resistance without any target-site change (35). A third locus, pepQ, contributes supplementary resistance through metabolic stress responses (36). Epistatic interaction between atpE and Rv0678 mutations is clinically important: together they produce MIC elevations substantially exceeding either mutation alone, potentially driving treatment failure even when individual mutations appear modest (36). Compensatory mutations in energy metabolism or cell envelope genes can offset the fitness cost of atpE mutations. Because bedaquiline is the centerpieces of shorter WHO-endorsed MDR-TB regimens, preserving its effectiveness demands rigorous molecular surveillance, phenotypic testing, and its deployment only within fully active multidrug combinations (3).
2.2.5 Delamanid and Pretomanid
Delamanid and pretomanid are nitroimidazole prodrugs activated by the deazaflavin-dependent nitroreductase Ddn (encoded by ddn), using electrons from the F420 cofactor system. F420 is generated and recycled by enzymes encoded by the fbi gene cluster (fbiA, fbiB, fbiC) and fgd1. Once activated, both drugs release reactive nitrogen intermediates that attack mycolic acid synthesis and trigger respiratory stress, with potent activity against non-replicating persistent bacilli, a key property enabling treatment shortening (37).
Because activation depends on multiple sequential enzymatic steps, resistance can arise through mutations anywhere in the pathway: ddn mutations impair nitroreductase activity directly; fbiA/B/C mutations reduce F420 supply; and fgd1 mutations deplete the reducing power feeding the F420 system (38). No single gene dominates resistance, producing a broad and genetically diverse resistance landscape poorly captured by targeted assays. Epistatic interactions are clinically important: partial loss-of-function mutations in ddn can interact synergistically with fbiC or fgd1 mutations to suppress drug activation far beyond either mutation’s individual effect, pushing MICs to clinically significant level (38). Cross-resistance between delamanid and pretomanid is a major concern, since mutations in shared activation genes (ddn, fbi) simultaneously remove both agents from the therapeutic menu. Whole-genome sequencing is the only approach capable of reliably capturing the full resistance landscape across ddn, fbiA/B/C, and fgd1. Given the central role of these drugs in salvage regimens for MDR- and XDR-TB, resistance detection and prevention are critical public health priorities (39).
2.2.6 Linezolid
Linezolid is an oxazolidinone antibiotic that has become a cornerstone of MDR- and XDR-TB regimens, particularly for patients who have exhausted other options. It acts directly on the ribosome, binding to the peptidyl transferase centre of the 23S rRNA (encoded by rrl) within the 50S subunit, blocking initiation complex assembly and preventing translation from starting. Linezolid penetrates caseous necrotic lesions poorly accessible to many other drugs and retains activity against highly resistant strains (39).
Resistance develops primarily through rrl mutations that reduce drug binding at the 23S rRNA most notably at positions G2576T, G2447T, and U2500A, which are associated with high-level resistance (40). Mutations in ribosomal protein genes rplC (L3) and rplD (L4) also confer moderate resistance, and when these co-occur with rrl mutations, effects can be additive or synergistic, producing resistance levels that are clinically very difficult to overcome (40). Linezolid is a cornerstone of the BPaL (bedaquiline-pretomanid-linezolid) regimen; its loss narrows treatment options severely. Suboptimal pharmacokinetics and inadequate companion drug activity create conditions that favour stepwise resistance emergence, reinforcing the need for therapeutic drug monitoring and individualised dosing to protect long-term effectiveness.




Table 2. Second-line anti-tuberculosis drugs, molecular targets, and resistance genes
	Drug Class
	Representative Drugs
	Molecular Target
	Key Resistance Genes

	Fluoroquinolones
	Levofloxacin, Moxifloxacin
	DNA gyrase
	gyrA, gyrB

	Aminoglycosides
	Amikacin, Kanamycin
	16S rRNA (30S ribosome)
	rrs, eis promoter

	Cyclic peptides
	Capreomycin
	rRNA (30S-50S interface)
	rrs, tlyA

	Thioamides
	Ethionamide, Prothionamide
	InhA (via EthA)
	ethA, ethR, inhA

	Diarylquinolines
	Bedaquiline
	ATP synthase c subunit
	atpE, Rv0678, pepQ

	Nitroimidazoles
	Delamanid, Pretomanid
	Mycolic acid/respiratory pathways
	ddn, fbiA/B/C, fgd1

	Oxazolidinones
	Linezolid
	23S rRNA peptidyl transferase
	rrl, rplC, rplD



3. Genetic Interactions in Mycobacterium tuberculosis Drug Resistance
Resistance in Mtb is rarely the product of a single mutation acting alone. It is more often shaped by epistatic interactions where the effect of one mutation is modified by others, and compensatory interactions, where secondary mutations offset fitness costs imposed by primary resistance variants. Both types of interaction have profound consequences for the magnitude of resistance, bacterial survival, and how resistant strains evolve and spread.
3.1 Epistatic Interactions
Epistasis refers to the modification of one mutation’s effect by the genetic background in which it occurs. In Mtb, epistasis operates across a wide range of resistance loci and has direct consequences for resistance levels, diagnostic accuracy, and the likelihood that certain mutation combinations will be selected (41,42).
Among first-line drugs, the most instructive example involves isoniazid. The katG S315T mutation eliminates most prodrug activation, while the inhA −15C→T promoter mutation simultaneously overproduces the drug’s target. When both occur together, their combined effect on minimum inhibitory concentration (MIC) substantially exceeds that of either alone, a clear case of positive epistasis attacking both sides of the drug’s mechanism (9,10). This explains why strains carrying both mutations are overrepresented in MDR-TB lineages: the combination offers a stable and potent resistance phenotype that is difficult to overcome clinically.
Rifampicin resistance illustrates a different epistatic phenomenon. The dominant S531L rpoB substitution confers high-level resistance with modest fitness cost and is globally prevalent (43). Other rpoB mutations, such as H526D, impose heavier penalties, and their interaction with compensatory rpoC or rpoA variants collectively shapes both the degree of resistance expressed and the fitness of the organism under drug pressur (14,15). Negative epistasis also operates: certain rpoB mutation combinations are rarely observed in clinical isolates, consistent with synthetic fitness costs that prevent their co-selection (45).
For ethambutol, the epistatic context of embB codon 306 mutations illustrates a diagnostic challenge: the same variant produces different MIC outcomes depending on other embCAB mutations or cell wall regulatory changes present in the strain (19). This context-dependence means that interrogating embB alone will misclassify a proportion of isolates. For streptomycin, epistatic interactions between rpsL, rrs, and gidB mutations modulate both resistance level and phenotypic stability, with gidB loss-of-function variants altering ribosomal conformation in ways that can augment resistance or provide stepping-stone mutations (25).
For second-line drugs, fluoroquinolone resistance offers particularly clear epistatic examples. Single gyrA QRDR mutations (e.g., Ala90Val, Asp94Gly) typically confer low-to-moderate resistance, but combinations of gyrA mutations, or gyrA plus gyrB mutations, produce synergistic MIC elevations that extend cross-resistance to all clinically used fluoroquinolones, defining the boundary between pre-XDR and XDR-TB phenotypes (27,28). Efflux pump overexpression interacts epistatically with QRDR mutations to push MICs beyond what target-site changes alone produce, creating isolates that may appear susceptible to targeted molecular assays yet behave as resistant clinically (26).
Aminoglycoside resistance provides another instructive case. Co-existing rrs and eis promoter mutations interact positively to produce kanamycin MICs exceeding the sum of individual effects, with clinical implications for regimen selection (29,30) tlyA mutations interact epistatically with rrs mutations to modulate both capreomycin and aminoglycoside resistance levels (31). For bedaquiline, the combined effect of atpE and Rv0678 mutations substantially exceeds either alone, potentially driving treatment failure even when individual mutations appear modest (35,36). For delamanid/pretomanid, partial ddn mutations interact synergistically with fbiC or fgd1 variants to suppress activation far more effectively than either change alone (38). For linezolid, rrl mutations combined with rplC or rplD variants produce additive or synergistic MIC elevations, and this multilocus epistasis can paradoxically also partially restore ribosomal function, complicating the straightforward assumption that more mutations always means more fitness cost (40).
Collectively, these examples demonstrate that resistance is not the sum of its individual mutations, genetic context critically determines how much resistance any given mutation confers and what diagnostic result it produces. This has direct implications for molecular diagnostics that commonly test loci in isolation, underscoring the value of whole-genome sequencing and integrated genotype–phenotype interpretation.
3.2 Compensatory Interactions
While epistatic interactions shape resistance magnitude, compensatory interactions address the biological cost that resistance mutations impose. Many resistance-conferring mutations alter an enzyme or structural protein in ways that disrupt its normal function, slowing growth, impairing stress responses, or reducing fitness. Left unaddressed, these costs would limit resistant strain spread; in practice, Mtb acquires secondary mutations that restore fitness without sacrificing resistance a central reason drug-resistant TB persists and spreads even when treatment pressure is removed (41,42).
The most extensively studied example involves rifampicin resistance. Mutations in the rpoB RRDR reduce RNA polymerase transcriptional efficiency, impairing bacterial growth. Compensatory mutations in rpoC (most commonly) and rpoA adjust polymerase conformation and thermodynamic stability, restoring transcriptional output without re-establishing drug susceptibility (14,15). Genome-wide studies show that rpoC compensatory mutations are overrepresented in widely circulating MDR-TB lineages, confirming their role in enabling rifampicin-resistant strains to compete and transmit (43).
Isoniazid resistance involves a different form of compensatory adaptation. The katG S315T mutation partially reduces catalase-peroxidase activity, compromising the bacterium’s ability to neutralise reactive oxygen species during macrophage infection. In many resistant isolates, particularly those with more disruptive katG mutations, compensatory upregulation of ahpC, through mutations in the oxyR-ahpC intergenic region, partially restores antioxidant capacity and allows persistent replication within the host (44). That katG S315T’s residual catalase activity is often sufficient without extensive ahpC upregulation may partly explain why this substitution dominates globally: it achieves high resistance with minimal compensatory cost.
For fluoroquinolones, QRDR mutations reduce DNA gyrase efficiency, slowing replication. Secondary changes in gyrase, topoisomerase-related loci, or global regulators of DNA topology can partially restore supercoiling activity, reducing the growth penalty and maintaining transmissibility of resistant strains (26,28). For aminoglycosides, rpsL mutations impair translational accuracy; secondary changes in ribosomal proteins S4 and S5 restore translational fidelity while preserving resistance, allowing competitive survival (24). Compensatory dynamics are increasingly characterised for newer drugs as well: atpE resistance mutations reduce ATP synthase efficiency, and secondary mutations in electron transport chain or oxidative phosphorylation genes may partially offset this energy deficit (36). For linezolid, mutations in rplC and rplD serve dual roles, independently contributing to resistance while simultaneously stabilising the altered ribosomal architecture and partially restoring peptidyl transfer efficiency, blurring the boundary between epistatic and compensatory interactions (40).
The broader significance of compensatory evolution for TB control cannot be overstated. Theoretical models predict that uncompensated resistant strains should decline when drug pressure is removed, outcompeted by susceptible strains. In practice, this is rarely observed, because by the time resistant strains circulate in a community, they have typically already acquired compensatory mutations restoring near-normal fitness (41,42). Epidemiological studies of MDR-TB transmission clusters confirm that widely circulating, persistent lineages almost invariably carry compensatory mutations alongside their primary resistance variants (43). Controlling MDR-TB cannot therefore rely on resistant strains naturally declining; active surveillance, early treatment, and infection control are essential to interrupt transmission chains that compensated resistant strains can sustain indefinitely.

Table 3. Selected resistance mutations, functional consequences, and clinical implications
	Drug
	Gene
	Key Mutation(s)
	Resistance Level
	Clinical Implication

	Isoniazid
	katG
	S315T
	High
	Dominant global variant; cross-resistance to ethionamide if inhA also affected

	Rifampicin
	rpoB
	S531L, H526D
	High
	MDR-TB surrogate; compensatory rpoC/rpoA mutations restore strain fitness

	Ethambutol
	embB
	Met306Val/Ile/Leu
	Variable
	Genotype-phenotype mismatch common; context-dependent

	Pyrazinamide
	pncA, rpsA, panD
	Multiple/diverse
	Variable
	Phenotypic testing unreliable; WGS needed for broad coverage

	Fluoroquinolones
	gyrA, gyrB
	D94G, A90V
	Mod-High
	Synergistic MIC elevation with combined mutations; pre-XDR/XDR defining

	Kanamycin/Amikacin
	rrs, eis
	A1401G; promoter −10/−12
	High/Moderate
	Cross-resistance within aminoglycosides; positive epistasis between loci

	Bedaquiline
	atpE, Rv0678
	Missense; frameshift
	High/Low-Mod
	Epistatic amplification when both present; efflux-mediated resistance can pre-exist

	Delamanid/Pretomanid
	ddn, fbiA/B/C
	Loss-of-function
	Moderate
	Cross-resistance between both agents; WGS needed for full pathway coverage

	Linezolid
	rrl, rplC
	G2576T, G2447T
	Mod-High
	BPaL regimen cornerstone; combined rrl + rplC raises MIC synergistically




4. Future Directions and Precision TB Therapy
Addressing the challenges of drug-resistant tuberculosis requires a multi-pronged approach that integrates cutting-edge genomics, discovery of novel molecular targets, deep understanding of host–pathogen interactions, and precision therapy tailored to individual patients and settings (47,48). Progress in each of these areas has been substantial, yet translating laboratory insights into improved patient outcomes especially in high-burden, resource-limited regions remains the defining challenge for the next decade of TB research and policy.
4.1 Whole-Genome Sequencing and Genomic Surveillance
Whole-genome sequencing (WGS) has emerged as the most transformative tool in modern TB resistance research, offering comprehensive, simultaneous characterization of all known and novel resistance-associated loci in a single assay (17,49). Unlike targeted molecular tests such as line probe assays or Xpert MTB/RIF, which interrogate only a limited set of hotspot mutations, WGS captures the full mutational landscape of a clinical isolate, including rare variants, mutations outside conventional resistance-determining regions, efflux-associated changes, and the epistatic combinations that determine how resistance is actually expressed phenotypically. Several large-scale WGS studies have validated the approach for predicting drug susceptibility across first- and second-line drugs, demonstrating high concordance with phenotypic testing for well-characterized loci and revealing previously unknown variants of uncertain significance that are now priority targets for functional characterization (17,50).
Beyond individual patient management, WGS enables phylogenomic surveillance the tracing of resistance evolution and transmission at the population level. By reconstructing the genetic relationships among circulating strains, WGS can identify transmission clusters, track the spread of compensatory mutations that restore fitness in resistant lineages, and pinpoint the genomic signatures of strains with epidemic potential (43,51). This epidemiological dimension is particularly important in high-burden settings where resistance is not simply being generated de novo in individual patients but is actively being transmitted between them. In Nigeria and across sub-Saharan Africa, where laboratory infrastructure has historically limited systematic resistance surveillance, the falling cost of sequencing and the development of portable platforms now make near-point-of-care WGS more feasible than at any previous time (46,52). National and regional reference laboratories equipped with WGS capacity could transform resistance surveillance from a fragmented, delayed exercise into a real-time public health tool.
A critical parallel challenge is the interpretation of WGS data. The WHO Catalogue of Mutations in Mycobacterium tuberculosis Complex provides a standardised framework for assigning clinical significance to resistance variants, grading mutations by the strength of their association with phenotypic resistance (50). However, the catalogue remains incomplete: a substantial proportion of WGS-detected variants are of uncertain significance, particularly for drugs with heterogeneous resistance landscapes such as pyrazinamide and ethambutol. Filling these gaps requires systematic programmers’ that link WGS data to phenotypic susceptibility results, clinical outcomes, and pharmacokinetic data, an integrated approach that demands both laboratory investment and coordinated clinical data sharing across institutions and countries (17,49). The development and improvement of whole-genome sequencing (WGS) as a standard diagnostic technique is a key path. Future systems will use machine learning and extensive global datasets to predict phenotypic resistance from novel or uncommon genetic variants in addition to detecting known resistance mutations. This will reduce trial-and-error methods and improve patient outcomes by allowing clinicians to create customized treatment plans in real time.
4.2 Novel Drug Targets and the Next Generation of Anti-TB Agents
The success of bedaquiline and the nitroimidazoles in extending treatment options for MDR- and XDR-TB has demonstrated that new mechanisms of action can be identified, developed, and deployed against Mtb, reinvigorating a pipeline that had been stagnant for decades (48,53), Mycobacterial energy metabolism represents one of the most promising target areas. Inhibitors targeting cytochrome bc1 (the QcrB subunit), such as Q203 and telacebec, block the respiratory chain upstream of ATP synthase and show potent activity against both replicating and non-replicating bacteria, including bedaquiline-resistant strains, making them attractive candidates for combination regimens (53,54). The menaquinone biosynthetic pathway, which supplies electron carriers for mycobacterial respiration, has yielded further leads; compounds targeting MenA and MenG disrupt this pathway with high selectivity and exploit a target absent in mammals.
Cell wall biosynthesis beyond isoniazid and ethambutol’s established targets also offers opportunities. The DprE1 enzyme, which catalyses a key step in decaprenylphosphoryl-arabinose synthesis, has attracted substantial drug discovery interest, yielding covalent inhibitors such as BTZ043 and macozinone that block arabinan polymerisation upstream of the embCAB step and retain activity against ethambutol-resistant strains (55). The non-classical transpeptidases LdtMt1 and LdtMt2, responsible for β3→β3 peptidoglycan cross-links, represent further targets whose inhibition enhances β-lactam activity against Mtb (55). Transcriptional regulators governing Mtb’s adaptive responses to drug exposure, including the WhiB7 activator that upregulates aminoglycoside resistance, and the PhoP–PhoR two-component system that coordinates virulence gene expression under acidic conditions are emerging targets whose inhibition could resensitise resistant strains or attenuate survival within macrophage phagosomes .(53) Advances in structural biology, fragment-based drug discovery, and AI-assisted molecule design are now accelerating the identification of compounds against these targets, with several candidates advancing through preclinical evaluation (48,56).

4.3 Host–Pathogen Interactions and Host-Directed Therapy
A complementary approach to targeting the pathogen is to modulate the host environment in ways that enhance bacterial killing, limit tissue damage, or prevent the establishment of granulomatous niches where Mtb persists and where drug concentrations are often subtherapeutic (57). Mtb actively inhibits phagosome maturation and acidification within macrophages, suppresses production of reactive oxygen and nitrogen species, and manipulates autophagy to prevent its own degradation (57,58). Each of these subversion strategies is a target for host-directed therapy (HDT). Autophagy-inducing agents such as rapamycin (an mTOR inhibitor) and imatinib (a tyrosine kinase inhibitor) have demonstrated activity in preclinical TB models by restoring the autophagic flux that Mtb suppresses, re-engaging the host’s own killing machinery (57). Vitamin D receptor agonists, which enhance cathelicidin production and promote autophagosome formation, have shown modest benefit in clinical trials, providing proof of concept that immunomodulation can complement chemotherapy (58).
Inflammatory tissue damage driven by excessive TNF-α, matrix metalloproteinases, and neutrophil extracellular traps contributes to cavitation and fibrosis that impair drug penetration into lesions and worsen long-term pulmonary outcomes (57). Anti-inflammatory HDT strategies, including phosphodiesterase inhibitors and selective cytokine inhibitors, aim to limit this collateral damage while preserving the immunological responses needed to contain infection (58). The challenge is precise calibration: excessive suppression can allow bacterial dissemination, while insufficient suppression perpetuates tissue destruction. Biomarker-guided approaches using host transcriptomic or proteomic signatures to stratify patients by their inflammatory phenotype are being developed to identify who is most likely to benefit from HDT and at what stage (59). Host blood transcriptomic signatures can also distinguish active TB from latent infection and other inflammatory diseases with high sensitivity, offering diagnostic potential for paucibacillary disease where microbiological tests often fail (59).
4.4 Precision TB Therapy: Toward an Individualized Framework
Precision TB therapy represents the convergence of genomic diagnostics, pharmacokinetics, host immunology, and clinical data into an individualized framework for patient management (47,56) .The central principle is that drug selection, dosing, and treatment duration should be guided by the specific resistance profile of the infecting strain, the patient’s pharmacokinetic parameters, comorbidities, and immune status, rather than by empirical regimens applied uniformly across resistance categories. Therapeutic drug monitoring (TDM) is a practical first step toward precision dosing. The pharmacokinetics of anti-TB drugs vary substantially between individuals due to differences in drug absorption, body weight, metabolizing enzyme polymorphisms, and co-medications (56). For drugs with narrow therapeutic windows and concentration-dependent efficacy such as fluoroquinolones, aminoglycosides, linezolid, and bedaquiline, subtherapeutic exposure is a major driver of both treatment failure and resistance emergence. TDM-guided dose adjustment has been shown to improve drug exposure in patients with suboptimal concentrations and is increasingly advocated in MDR-TB management guidelines, yet implementation remains limited outside specialist centers. Expanding TDM capacity through dried blood spot sampling methods and decentralized laboratory platforms is an achievable near-term priority (56).
At the regimen level, precision therapy requires matching drug combinations to the complete resistance profile of the infecting strain accounting for primary resistance mutations, epistatic combinations, and compensatory changes that modulate phenotypic resistance and fitness. WGS-guided regimen design has been piloted in several settings and correlates with improved culture conversion rates (49,50). Incorporating machine learning algorithms trained on linked genomic and clinical outcome datasets holds further promise for refining these predictions, identifying drug combinations most likely to succeed for a given strain–host combination, and flagging cases at highest risk of treatment failure (47). Application of these innovations in high-burden settings is critical for transforming TB care at the population level. Sustained investment in laboratory infrastructure, personnel training, affordable local sequencing capacity, and health system strengthening is required to ensure that genomic insights translate reliably into patient management decisions, particularly in countries like Nigeria where the burden of drug-resistant TB is high and molecular surveillance data remain limited (46,52). A paradigm shift is represented by precision TB therapy, which customizes treatment for each patient, the infecting strain, and the dynamic host-pathogen relationship. In order to maximize results and prevent the establishment of resistance, future TB management will rely on integrated molecular diagnostics, biomarker-driven stratification, and adaptive treatment techniques rather than implementing homogenous regimens. International partnerships and funding mechanisms have a central role in supporting this infrastructure development, without which the molecular advances described throughout this review will remain largely inaccessible to the patients who need them most. 
Conclusion
The emergence and global spread of drug-resistant Mycobacterium tuberculosis represent a fundamental threat to TB control. Investigations have revealed a complex resistance landscape encompassing mutations in multiple genes affecting drug targets, prodrug activation, efflux mechanisms, and regulatory networks. For first-line drugs, resistance mechanisms are well-characterized and primarily involve katG, inhA, rpoB, embCAB, pncA, rpsA, panD, rpsL, rrs, and gidB. For second-line and newer drugs, resistance pathways are more diverse and involve additional loci including gyrA/B, eis, ethA, atpE, Rv0678, ddn, fbiA/B/C, fgd1, rrl, rplC, and rplD.
Crucially, resistance is not simply the sum of individual mutations. Epistatic interactions between resistance loci can amplify or dampen MIC levels, generate diagnostic mismatches, and shape the evolutionary trajectories of resistant lineages. Compensatory mutations restore the biological fitness of resistant strains, enabling them to persist and transmit in communities without continuous drug pressure, a key reason that MDR-TB cannot be expected to decline naturally once drug pressure is removed.
Advances in whole-genome sequencing have transformed our ability to detect and interpret resistance mutations. Integration of genomic data with phenotypic susceptibility testing, pharmacokinetic monitoring, and host-pathogen insights offers a pathway toward precision TB therapy. However, significant gaps remain: the functional significance of many rare mutations is undefined, efflux-mediated and regulatory mechanisms are incompletely characterized, and implementation of precision TB care in high-burden regions, including Nigeria and much of sub-Saharan Africa is constrained by laboratory infrastructure and resource limitations (4,42,46).
Addressing these challenges requires coordinated investment in genomic surveillance capacity, laboratory infrastructure, evidence-based regimen design that accounts for epistatic interactions, and targeted research into novel resistance mechanisms and drug targets. Collectively, these efforts offer a pathway toward more effective management of drug-resistant TB, improved treatment outcomes, and reduced transmission.

Limitation of the study
Even though knowledge of the molecular causes of anti-tuberculosis drug resistance has advanced significantly, there are still a number of obstacles to overcome, such as insufficient data on second-line medications, inconsistent diagnostic accuracy, genotype phenotype discordance, and incomplete identification of resistance conferring mutations. Furthermore, the generalizability and clinical usefulness of current findings are limited by technical, geographical, and resource limitations.
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