Arch Clin Infect Dis. 2025 December; 20(6): 164981 https://doi.org[10.5812/archcid-164981

Published Online: 2025 December 14

Research Article

Clofazimine and Linezolid Resistance in Multidrug-Resistant
Tuberculosis: Insights from a Single-Centre Study in Iran

Mahdi Shamsi () !, Mitra Salehi () '»" Parissa Farnia (' 2, Elham Siasi () !

! Department of Microbiology, NT.C., Islamic Azad University, Tehran, Iran

2 Mycobacteriology Research Center (MRC), National Research Institute of Tuberculosis and Lung Disease (NRITLD), Shahid Beheshti University of
Medical Sciences, Tehran, Iran

*CorrespundingAuthor: Department of Microbiology, NT.C., Islamic Azad University, Tehran, Iran. Email: m_salehi@iau-tnb.ac.ir

Received: 30 July, 2025; Revised: 30 November, 2025; Accepted: 5 December, 2025

-

-
Abstract

~

Background: Detection of drug resistance in multidrug-resistant tuberculosis (MDR-TB) is essential for effective treatment.
This retrospective cross-sectional study compared a World Health Organization (WHO)-recommended proportional method
with molecular techniques, including polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) and
real-time polymerase chain reaction (RT-PCR), to assess clofazimine and linezolid resistance in MDR-TB isolates collected
between 2024 and 2025 at a national referral center in Tehran, Iran.

Objectives: By evaluating phenotypic and genotypic approaches, we aimed to describe resistance patterns and genetic
diversity, as well as the value of molecular diagnostics in MDR-TB management.

Methods: The study included consecutive clinical and laboratory-confirmed MDR-TB isolates from patients with confirmed
first-line drug resistance based on symptoms, specialist examinations, and radiologic findings. Molecular identification used
I1S6110-based PCR and hsp65 spacer region PCR-RFLP. Drug susceptibility testing (DST) followed the WHO proportional method
on Lowenstein-Jensen and Middlebrook media as the phenotypic reference standard. Primers targeted resistance genes rv0678
(clofazimine) and rrl and rpiC (linezolid), analyzed by PCR-RFLP and RT-PCR; isolates with indeterminate or missing results were
excluded.

Results: Mutations were detected in the rv0678 gene (17.2%) and in the rrl or rplC genes (17.2%), associated with resistance to
clofazimine and linezolid, respectively. The PCR-RFLP of rv0678 (720 bp) with Nlalll enzyme showed three distinct patterns:
Eighty percent had 80/120/520 bp, 6.7% had 80/120/160/520 bp, and 10% had 80/120/190/520 bp. Bsrl enzyme produced uniform
300/400 bp patterns. For rrl (860 bp), Bsrl showed consistent 105/140/250/260 bp patterns; Bbvl revealed 93.3% had a
60/190/290/320/510/530/780 bp pattern, 6.7% lacked the 190 bp fragment. Haelll enzyme produced 100/770/780 bp in 93.3% and
100/780 bp in 6.7%. The rplC gene (400 bp) was highly conserved. Bbvl enzyme produced a 75/100/290 bp pattern in 93.3% and a
70/100/290 bp pattern in 6.7%. Despite mutations, only one isolate showed phenotypic resistance to both clofazimine and
linezolid, indicating complex resistance mechanisms; no significant genotype-phenotype correlation was observed.

Conclusions: Many MDR-TB isolates carried mutations in genes linked to clofazimine and linezolid resistance, but these did
not consistently translate into phenotypic resistance, suggesting complex mechanisms. The retrospective design and small
single-centre sample limit generalizability. Future studies using whole genome sequencing (WGS) are recommended to clarify
discrepancies and improve MDR-TB treatment strategies.
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1.

Background patient management (1). The MDR-TB, defined as
resistance to at least isoniazid and rifampicin, is linked
Tuberculosis (TB) remains a critical global health to higher morbidity, mortality, and healthcare costs. The

issue, with multidrug-resistant tuberculosis (MDR-TB) World Health Organization (WHO) recognizes MDR-TB as
posing a significant challenge to disease control and a major obstacle to TB elimination, especially in high-
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burden countries like Iran, where drug-resistant TB rates
continue to increase. The emergence of resistance to
second-line drugs such as clofazimine and linezolid has
further complicated MDR-TB treatment. These drugs are
now key components in treatment regimens due to
their efficacy and relatively favorable safety profiles.
Linezolid, an oxazolidinone antibiotic, is classified by
the WHO as a group A drug, recommended as a core
agent in MDR-TB therapy (2). Clofazimine, originally
developed to treat leprosy, is a group B drug
increasingly used in MDR-TB regimens (3). However,
increased use has raised concerns about developing
drug resistance, which could impair treatment success.

Detecting drug resistance in Mycobacterium
tuberculosis is essential for guiding effective therapy and
improving patient outcomes. Phenotypic drug
susceptibility testing (DST), such as the proportional
method on Lowenstein-Jensen medium or Middlebrook
agar, has been the gold standard for identifying
resistance (4). These methods assess M. tuberculosis
growth in drug-containing media, providing direct
evidence of resistance or susceptibility. Despite
reliability and clinical relevance, phenotypic DST is slow,
often requiring weeks for results, and may not detect
low-level or emerging resistance, especially for new or
repurposed drugs (5).

Advances in molecular biology have transformed
resistance detection by enabling rapid identification of
genetic mutations linked to resistance. Techniques such
as polymerase chain reaction (PCR), polymerase chain
reaction-restriction fragment length polymorphism
(PCR-RFLP), and real-time polymerase chain reaction (RT-
PCR) offer faster detection than phenotypic methods,
often within hours to days, allowing earlier treatment
decisions. Molecular approaches also reveal genetic
diversity and heterogeneity among resistance genes,
improving understanding of resistant strain evolution
and transmission.

Linezolid resistance mostly involves mutations in the
23S tRNA gene (rrl) and sometimes in the ribosomal
protein L3 gene (rplC) (6, 7). These mutations alter drug
binding, reducing effectiveness. Clofazimine resistance
is commonly linked to mutations in the rv0678 gene,
which regulates the MmpL5-MmpS5 efflux pump (8).
Mutations here lead to pump overexpression, lowering
intracellular drug levels and conferring resistance.
Understanding these genetic mechanisms is crucial for
developing precise diagnostics and effective treatments.

Despite molecular diagnostics’ advantages, genotype-
phenotype correlation is complex. Not all mutations

cause significant clinical resistance; some resistant
phenotypes arise from mechanisms undetectable by

targeted assays (9). This discordance highlights the
complexity of M. tuberculosis resistance and the
necessity for comprehensive detection methods. Whole
genome sequencing (WGS) provides complete mutation
profiles and «can clarify genotype-phenotype
discrepancies but remains limited in many resource-
poor areas where molecular and phenotypic methods
predominate.

2. Objectives

In Iran, the rise of MDR-TB, expanded use of linezolid
and clofazimine, and lack of genetic data highlight the
need for effective drug resistance monitoring. This
study examines mutations linked to linezolid and
clofazimine resistance in Iranian MDR-TB isolates. By
combining phenotypic and molecular methods,
including PCR-RFLP and RT-PCR, we assess mutation
patterns in rv0o678, rrl, and rplC genes. Findings stress
continuous surveillance and the value of WGS in cases of
genotype-phenotype discordance, enhancing treatment
strategies.

3. Methods

3.1. Study Design and Sample Selection

This retrospective cross-sectional study was
conducted at the Mycobacteriology Research Center,
NRITLD (national referral center), Tehran, Iran (2024 -
2025). Consecutive acid-fast bacilli (AFB) specimens were
collected from patients diagnosed with pulmonary TB
who had previously been identified as resistant to first-
line drugs (isoniazid and rifampicin). Diagnosis was
confirmed based on clinical symptoms, specialist
examinations, and radiological studies. Samples were
stained using the Ziehl-Neelsen technique and cultured
on Lowenstein-Jensen medium, with weekly evaluations
for 60 days (10). A total of 28 MDR-TB isolates were
selected based on AFB positivity, WHO proportional
method DST, and molecular tests for M. tuberculosis.
Indeterminate or contaminated cultures or those with
missing data were excluded.

3.2. Molecular Identification of Mycobacterium Tuberculosis

Molecular identification of M. tuberculosis was
performed using PCR targeting the I1S6110 sequence and
the hsp65 gene spacer region. Genomic DNA was
extracted from specimens using Qiagen kits (Qiagen,
Hilden, Germany), and DNA concentration was
measured with a Picodrop device (11). Positive control
DNA from M. tuberculosis strain H37Rv and negative
control DNA from Mycobacterium fortuitum were
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included to ensure the accuracy of the assay. This
strategy allowed for precise detection of M. tuberculosis
in the analyzed samples.

3.3. Drug Susceptibility Testing (Reference Standard)

Phenotypic DST was performed using the WHO-
recommended proportional method on Lowenstein-
Jensen medium for isoniazid, rifampicin, and
ethambutol, at critical concentrations of 0.2, 40, and 2
pg/mL, respectively. Clofazimine and linezolid
susceptibility testing was carried out on Middlebrook
7H10 agar at 1 pg/mL. This set of phenotypic methods
was chosen based on WHO recommendations and the
extensive validation of these methods in the field. A 1
McFarland standard suspension of target colonies was
inoculated onto both drug-containing and control
media and incubated at 37°C for three weeks. Growth on
drug-containing media equal to or exceeding 1% of that
on the control media was considered resistant. Results
were compared to the H37Rv reference strain (12).

3.4. Polymerase Chain Reaction

Specific primers, designed and validated in this study
(Table 1), were used to amplify genes linked to
resistance: rv0678 for clofazimine and rrl and rplC for
linezolid (13).

Table 1. Primer Patterns Used in This Study

Drugs and Genes Forward Primer Reverse Primer

Clofazimine
V0678 GGCGATGGCGACCACAAC CTTGTTGATGCGGTTGCC
Linezolid
rrl ATCCGTCGCTCACTAATCCT GGAGCTTGACTGCGAGACTT
RPLC TCAACCCACGCCGATACC ACTGGTCATGGTCCGCAG

3.5. Quantitative Polymerase Chain Reaction

Genomic variations in the M. tuberculosis strain H37Rv
were identified based on its complete genome sequence.
An initial BLAST analysis was performed on the samples,
followed by an examination of sequence alignments.
Primers were designed using Gene-Runner software,
and secondary structures were analyzed using Oligo 7.
The primers were re-analyzed using Primer-BLAST. The
selected genomic regions for detecting drug resistance
included the rrl and rplC genes for linezolid and the
rv0678 gene for clofazimine. Quantitative PCR reactions
were prepared according to Table 2. The specifications of
the primers and probes can be found in Table 3. All
experiments were carried out using the Rotor-Gene
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device from Qiagen, following specific temperature
protocols.

Table 2. Materials Required for Preparing the Mix in the Quantitative Polymerase
Chain Reaction Method ?

Contents Values

Clofazimine
DNTP (0.2 mM) 05
Mgcl2 (5.5 mM) 4
Buffer (10x) 25
FP (30 pM) 1
RP (30 pM) 1
Probe (15 pM) 0.4
Q buffer 0.5
Enzyme (1U) 0.25
DW 9.85
DNA (5-20 ngr) 5
Total volume 25

Linezolid
DNTP (0.2 mM) 0.5
Mgcl2 (5.5 mM) 2
Buffer (10X) 25
Primer F (20 pM) 1
Primer R (20 pM) 1
Probe (10 pM) 0.4
Q buffer 0.5
Enzyme (1U) 0.25
DW 11.85
DNA (5-20 ngr) 5
Total volume 25

Abbreviations: DNTP, deoxynucleotide triphosphate; Mgcl2, magnesium
chloride; FP, forward primer; RP, reverse primer; Q buffer, Qiagen buffer; DNA,
deoxyribonucleic acid; DW, distilled water; mM, millimolar; pM, picomolar; ng,
nanograms; pL, microliter.

2Values are expressed as level (jL).

3.6. Polymerase Chain Reaction-Restriction Fragment Length
Polymorphism

To investigate bacterial resistance to linezolid, two
genes, 1l and rplC, were examined using PCR-RFLP.
Initially, PCR was performed on the rrl using the primers
listed in Table 1. To prepare a 50 uL mixture, the amounts
listed in Table 4 were utilized. The PCR program was
performed in a thermocycler (Stack - Japan) similar to
the protocol described in Table 5. The PCR products were
evaluated by electrophoresis on a 1.5% agarose gel with
TAE buffer, using a molecular marker to detect an 820 bp
target band. The PCR products were subsequently
digested with the restriction enzyme Bbvl, with the
reaction mixture incubated for 16 hours at 65°C and
then inactivated at 80°C for 20 minutes. The digestion
patterns were visualized using 8% polyacrylamide gel
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Table 3. Primer Patterns and Probes Used in the Quantitative Polymerase Chain Reaction Method

Drugs Forward Primer Reverse Primer

Prob Oligo Sequence

Clofazimine 5-ACTGCAGAGG TTGATCAAGAT -3'

Linezolid 5-CGTAGGCTA GCTACGCTG -3

5- GCCCACGCTC ACATGACAG -3'

5- GAATCCGCC CTACCGACAG -3'

5-GCTACGCTGAC CAGACCGCTGT-3'

5'- FAM-GCTACGCTGACC AGACCGCTGT-3/-TAMRA -3’

Table 4. Materials Required for Preparing the Mix in the Polymerase Chain Reaction-Restriction Fragment Length Polymorphism Method *

Contents rrl rplC 0678
dNTP (0.2 mM) 1 1 1
Mgcl2 (5.5 mM) 1 0 1
Buffer (10X) 5 5 5
FP (20 pM) 0.6 0.6 0.2
RP (20 pM) 0.6 0.6 0.2
Q buffer 1 1 3
Enzyme (1U) 0.4 0.4 0.4
DNA (10 ng) 2 2 1
DW 38.4 39.4 38.2
Total volume 50 50 50

Abbreviations: dNTP, deoxynucleotide triphosphate; Mgcl2, magnesium chloride; FP, forward primer; RP, reverse primer; Q buffer, Qiagen buffer; DNA, deoxyribonucleic acid;

DW, distilled water; mM, millimolar; pM, picomolar; ng, nanograms; uL, microliter.

2 Values are expressed as level (jL).

electrophoresis and compared to a standard drug-
sensitive strain.

Similarly, the rplC gene was analyzed using specific
primers and a 50 pL PCR mixture, based on the
information provided in Tables 1, 2, and 5. The PCR
products were analyzed on a 1.5% agarose gel, showing a
400 bp target band. Digestion with BbvI followed the
same procedure as for the rrl gene. Resistance to
linezolid is often caused by genetic mutations
detectable by PCR-RFLP, a method offering high accuracy
in identifying drug resistance.

Regarding clofazimine, after reviewing previous
studies, the rv0678 gene was selected as the region with
suitable genetic characteristics for evaluating drug
resistance. According to Table 1, the primer sequence
was chosen, designed, and synthesized. To prepare the
necessary mix for this reaction, the quantities listed in
Table 4 were utilized. The PCR steps were conducted as
per Table 5, and the products obtained from PCR were
analyzed using 8% acrylamide gel and a 50 bp marker.
The H37Rv sample was also included as a control
alongside the MDR-TB samples.

3.7. Statistical Analysis

Data were analyzed using SPSS software version 26
(IBM Corp., Armonk, NY, USA). Descriptive statistics,

including frequencies, percentages, means, and
standard deviations, were calculated to summarize the
characteristics of the clinical isolates and resistance
patterns. Comparisons between phenotypic drug
susceptibility results and genotypic findings (mutations
detected via PCR-RFLP and RT-PCR) were assessed using

chi-square (x2) or Fisher’s exact tests, as appropriate, to
evaluate the association between gene mutations and
resistance status. A P-value of less than 0.05 was
considered statistically significant. For analysis of PCR-
RFLP patterns, similarity between isolates was evaluated
by comparing restriction fragment sizes. The diversity
of patterns was quantified, and mutation frequencies
were reported for each gene (rv0678, rrl, and rplC). Where
applicable, correlation analyses (e.g., Spearman’s rank
correlation) were performed to explore relationships
between the presence of specific mutations and
phenotypic resistance levels. All results were presented
with 95% confidence intervals where relevant.

3.8. Study Limitations

This study's limited sample size may reduce the
generalizability of findings to broader populations. It
was conducted in a single center, which may limit
geographic representativeness. The use of PCR-RFLP,
while a useful molecular tool, has inherent limitations
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Table 5. Amplification Program for Polymerase Chain Reaction of Various Genes in Polymerase Chain Reaction-Restriction Fragment Length Polymorphism Analysis
Drugs and Genes Initial Denaturation (°C, min) Denaturation (°C,s)  Annealing (°C,s)  Elongation (°C,s) Final Extension (°C,min)  Cycles(n)
Linezolid
rrl 95,5 95,30 59,30 72,40 72,5 35
plC 95,5 95,30 56.5,30 72,35 72,5 35
Clofazimine
V0678 95,5 95,30 60,30 72,30 72,5 30

in detecting all resistance-associated mutations.
Furthermore, the lack of WGS restricts comprehensive
genetic characterization of resistance mechanisms.

4. Results

A total of 30 M. tuberculosis isolates were analyzed for
susceptibility to clofazimine and linezolid using PCR-
RFLP and RT-PCR methods. The sample included 28 MDR-
TB clinical isolates, one laboratory reference strain
(H37Rv), and one wild-type susceptible isolate. Initial RT-
PCR susceptibility testing showed that all isolates except
isolate 13 were phenotypically susceptible to both
clofazimine and linezolid.

4.1. Genetic Analysis and Statistical Association of 1v0678
Gene (Clofazimine Resistance)

The PCR amplification of the rv0678 gene yielded a
uniform 720 bp amplicon across all isolates. Digestion
with Nlalll produced three distinct restriction fragment
length polymorphism (RFLP) patterns: The predominant
pattern with fragments of 80, 120, and 520 bp was
observed in 24 isolates (80%; isolates 1- 7,13 - 30); isolates
8 and 9 (6.7%) showed an 80/120/160/520 bp pattern; and
isolates 10, 11, and 12 (10%) showed an 80/120/190/520 bp
pattern. Digestion with Bsrl resulted in a uniform
300/400 bp pattern for all isolates, indicating limited
sensitivity to genetic variation. Mutations or variant
patterns in the rv0678 gene were found in 6 out of 30
isolates (20%). Among these, only isolate 13 exhibited
phenotypic resistance to clofazimine, while the rest
remained susceptible. Chi-square and Fisher’s exact tests
showed no statistically significant association between
rv0678 mutation status and phenotypic clofazimine
resistance (P> 0.05).

4.2. Genetic Analysis and Statistical Association of rrl Gene
(23S rRNA, Linezolid Resistance)

All isolates amplified an 860 bp segment of the rrl
gene. Restriction digestion with three enzymes
revealed: Bsrl digestion produced uniform fragment
patterns of 105, 140, 250, and 260 bp in all isolates,
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including the resistant isolate 13; Bbvl digestion showed
28 isolates (93.3%) had fragments of 60, 190, 290, 320,
510, 530, and 780 bp, while two isolates (5 and 6; 6.7%)
lacked the 190 bp fragment. Haelll digestion revealed 28
isolates with fragments of 100, 770, and 780 bp, while
isolates 5 and 7 (6.7%) lacked the 770 bp fragment. Isolate
5 presented unique fragment patterns with both Bbvl
and Haelll, suggesting multiple genetic variations.
Despite this, isolate 13, phenotypically resistant to
linezolid, showed no unique RFLP patterns. Variant PCR-
RFLP patterns in rrl were detected in 7 of 30 isolates
(23.3%). Only isolate 13 demonstrated phenotypic
linezolid resistance. Statistical analysis revealed no
significant correlation between rrl mutations and
phenotypic resistance (P > 0.05).

4.3. Genetic Analysis and Statistical Association of rplC Gene
(Linezolid Resistance)

The rplC gene consistently yielded a 400 bp PCR
product in all isolates. Digestion with six enzymes
showed: Bbvl digestion differentiated 28 isolates (93.3%)
with fragments of 75, 100, and 290 bp; isolates 1 and 2
(6.7%) presented fragments of 70, 100, and 290 bp; the
other five enzymes (Nlalll, Bsrl, BsaJl, Taql, Haelll)
yielded uniform patterns across all isolates. Mutations
in rplC were found in 2 of 30 isolates (6.7%), none of
which showed phenotypic resistance to linezolid.
Statistical testing indicated no significant association
between rplC mutations and phenotypic resistance (P >
0.05).

5. Discussion

The MDR-TB remains a significant public health
challenge globally, particularly in countries like Iran
where resistance to critical first-line drugs, rifampicin
and isoniazid, is rising. Recent meta-analyses estimate
Iran’s MDR-TB prevalence at approximately 12 - 27%, with
a noted increasing trend between 2018 and 2023,
underscoring the urgent need for strengthened control
efforts (14). This worrying rise is compounded by the
country’s geographic position, bordering high TB
burden nations such as Afghanistan and Pakistan, where
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cross-border transmission of resistant strains is a
significant concern (15).

Our study contributes valuable insights into the
genetic basis of resistance to two critical second-line
drugs, clofazimine and linezolid, increasingly
incorporated into MDR-TB treatment regimens in Iran.
The retrospective nature of this study and the relatively
small sample size (n = 30) represent important
limitations, which may restrict the generalizability of
findings to wider populations. Despite these limitations,
the use of standard phenotypic and molecular methods
aligned with WHO recommendations and robust
performance by the researchers lends credibility to the
results. The clinical isolates were obtained from patients
with pulmonary TB who were confirmed resistant to
first-line drugs based on comprehensive clinical
evaluation, specialist examinations, and radiological
studies, thereby ensuring accurate diagnosis and
relevance of resistance data in this population.

Our molecular analyses focused on mutations in the
0678, rrl, and rplC genes, revealing genetic
heterogeneity among the isolates. However, the
correlation between genotypic mutations and
phenotypic resistance was not straightforward, with
only one isolate (isolate 13) exhibiting phenotypic
resistance to both clofazimine and linezolid, despite
several isolates harboring mutations or variant PCR-
RFLP patterns in the examined genes.

Linezolid acts by binding to domain V of the 23S rRNA
encoded by the rrl gene, inhibiting protein synthesis.
Mutations in rrl and rplC (ribosomal protein L3) genes
can confer resistance (6). Clofazimine’s mechanism
involves disruption of the bacterial respiratory chain
and generation of reactive oxygen species; resistance is
linked primarily to mutations in rv0678, which impact
regulation of the MmpS5-MmplL5 efflux pump and cross-
resistance with bedaquiline (16, 17). Our finding of
multiple rv0678 PCR-RFLP variants parallels reports from
other regions, though many such mutations did not
translate into phenotypic resistance, suggesting that
not all genetic changes confer functional resistance or
that compensatory mechanisms may be at play.

The absence of a significant statistical association
between mutations in these genes and phenotypic
resistance in our study highlights the complexity of
MDR-TB resistance mechanisms. The RFLP-based
detection methods, while useful for genetic diversity
analysis, may miss or fail to discriminate key mutations
responsible for resistance, especially outside the
restriction sites analyzed. This complexity aligns with
earlier studies emphasizing the limitations of targeted
gene assays and underpins the recommendation for

more comprehensive approaches such as WGS or next-
generation sequencing (NGS) for precise identification
of resistance mutations (18).

Iran’s treatment protocols for MDR-TB have
increasingly incorporated clofazimine and linezolid,
reflecting WHO guidelines and international best
practices (15). However, access to these drugs remains a
challenge, and resistance emergence threatens their
efficacy. Our finding that most isolates remain
susceptible is encouraging, yet the identification of
genetic variants even in phenotypically susceptible
strains calls for vigilant surveillance to detect emerging
resistance early. Regional studies from high TB burden
countries like China and South Africa have similarly
documented notable clofazimine resistance linked to
1v0678 mutations, reinforcing the need for local
resistance data to guide empiric treatment and
stewardship (19).

Given the relatively small sample size in our study (n
= 30), these findings are preliminary and indicate the
necessity for larger-scale epidemiological studies in Iran
to fully characterize molecular resistance patterns and
inform treatment algorithms. Ultimately, controlling
MDR-TB in Iran requires a multifaceted strategy
combining accurate and rapid diagnostic methods,
optimized drug regimens, patient adherence support,
and robust surveillance systems. The potential of
advanced molecular tools like NGS to identify known
and novel resistance mutations promises timely and
tailored interventions, which are crucial given the high
social and economic burden of MDRTB (20).
Continuous monitoring of drug resistance evolution
with integration of molecular and phenotypic data will
be essential. Strengthening laboratory capacities and
expanding access to second-line drugs including
clofazimine and linezolid, alongside public health
interventions targeted at vulnerable populations such
as refugees and migrants from neighboring high-
burden countries, are critical steps toward curbing the
MDR-TB epidemic in Iran.

5.1. Conclusions

This retrospective study highlights the complex
genetic landscape underlying clofazimine and linezolid
resistance in M. tuberculosis isolates from Iran. While
notable genetic variations were identified in the rvo678
and rrl genes, the rplC gene exhibited high conservation
among the isolates. Given these findings, continued and
expanded molecular surveillance is vital to detect
emerging resistance early and guide effective treatment
strategies. Employing advanced genomic technologies
such as NGS will provide comprehensive insight into
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known and novel resistance-conferring mutations
beyond the limitations of targeted PCR-RFLP assays.
Importantly, the presence of these mutations did not
consistently correlate with phenotypic resistance,
underscoring the multifactorial nature of drug
resistance mechanisms in MDR-TB.

The limited sample size is an important limitation
that may affect the generalizability of results to broader
populations. The selection of clinical isolates from
patients with pulmonary TB resistant to first-line drugs,
with confirmation based on clinical symptoms,
specialist evaluations, and radiological studies, further
supports the relevance of findings while acknowledging
this as a constraint affecting external applicability.
Given these considerations, continued and expanded
molecular surveillance involving larger cohorts is
crucial to detect emerging resistance early and to
inform effective treatment strategies. Employing
advanced genomic technologies such as WGS or NGS is
recommended to overcome the limitations of targeted
PCR-RFLP assays by providing comprehensive insight
into known and novel resistance-conferring mutations.
Strengthening diagnostic capabilities and integrating
genotypic and phenotypic data are critical steps toward
optimizing MDR-TB management. Ultimately, sustained
efforts in vigilant monitoring, timely diagnosis, and
appropriate use of second-line drugs like clofazimine
and linezolid are essential to limit the spread of
resistant strains and improve treatment outcomes in
Iran and similar high-burden settings.
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