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A B S T R A C T

Recent advances in whole genome sequencing have facilitated the understanding of drug resistance patterns and 
lineage distribution of M. tuberculosis worldwide. In this study, we aimed to determine the genetic diversity of 
MTB isolates from presumptive pulmonary TB patients obtained from a state prevalence survey. A total of 124 
isolates were available for further characterisation, out of which 71 (57.2 %) and 47 (37.9 %) were subjected to 
sequencing and phenotypic DST, respectively. The phenotypic resistance profile revealed 3 isolates with 
multidrug resistance and 3 with mono-INH resistance. Out of 71 isolates, sequencing data were available for 61 
(85.9 %), where the lineage distribution and drug resistance profile were analysed in comparison with pheno
typic DST results. All the mutations were significant, accounting for one or the other resistance pattern. The 
concordance between pDST and gDST for the drugs was above 90 % except for ETH (77 %) and INH (87 %). The 
phylogenetic analysis of the lineage distribution revealed three clusters with MDR isolates belonging to lineage 1 
and lineage 3. While lineage 2 is more frequently associated with MDR distribution both in India and worldwide, 
we did not find any lineage 2 MDR-TB isolates in our study. The use of WGS analysis improved our understanding 
of the genetic characteristics of MTB and its correlation with DR-TB transmission.

1. Introduction

Tuberculosis (TB) caused by M. tuberculosis (MTB) remains the 
leading cause of mortality worldwide, accounting for 1.26 million 
deaths and an estimated 10.8 million cases (WHO, 2024). Moreover, an 
increase in MTB drug resistance adds to the burden by delaying or 
hindering successful treatment. Multi-drug-resistant (MDR) TB, that is 
resistant to the two first-line drugs isoniazid and rifampicin, and 
extremely drug-resistant XDR (TB), a MDR TB that is resistant to a flu
oroquinolone, and bedaquiline and/or linezolid, is becoming a major 
challenge in recent years. Early diagnosis and treatment of MDR TB and 
XDR TB are crucial for TB elimination, and this will demand an intensive 
network for screening, diagnosis, treatment, and follow-up (Dheda et al., 
2024).

India is one of the countries with the highest TB burden, accounting 

for 25 % of total TB cases globallywith an estimated TB incidence of 2.77 
million in 2022 (Mandal et al., 2023). In addition, India has seen an 
increase in people with MDR-TB over the years, with an estimate of 
around 410,000 persons in 2022. However, a significantly smaller 
number of patients (175,650) only received the diagnosis and began 
treatment (Vishwakarma et al., 2023). Prompt diagnosis, consistent 
epidemiological surveillance, and insights on the genetic diversity of 
MTB isolates in diverse settings are the major factors that could help in 
eliminating DR TB. Due to the limitation of its slow growth, culture- 
based phenotypic drug susceptibility test (pDST), despite being the 
gold standard, is slowly being replaced by molecular methods for DRTB 
surveillance (Meehan et al., 2019). With the advantage of providing 
exhaustive information on sequences and enabling drug resistance pre
diction, WGS serves as a promising tool in DRTB diagnosis (Papaventsis 
et al., 2017). The increased variability in the lineage distribution of MTB 
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and its association with drug resistance indicates that simultaneous 
detection of both characteristics is crucial for region or country-based 
DR-TB management (Oppong et al., 2019). In this study, we aimed to 
carry out molecular characterisation of MTB isolates obtained from a 
subnational prevalence survey conducted during 2022–2024 from 
several districts of Tamil Nadu that mostly had a pDST done for first- and 
second-line drugs.

2. Methods

The culture isolates subjected to characterisation in this study were 
from a state-wide community-based cross-sectional survey. The study 
details, including the design, results, and analysis of this survey, are 
published elsewhere (Prathiksha et al., 2024). In brief, individuals (≥15 
years) in 180 clusters (comprising rural and urban clusters of Madurai, 
Chennai, Tiruvallur, Trichy, Sivagangai, Namakkal, Villupuram, Pudu
cherry etc.,) with a sample size of 144,000 across Tamil Nadu, India, 
were screened for pulmonary symptoms and underwent chest X-ray 
(CXR). Participants who had symptoms suggestive of TB, history of TB, 
on TB treatment, and/or abnormal CXR were tested for MTB using 
cartridge-based nucleic acid amplification test (CBNAAT), smear mi
croscopy (SM), and liquid culture (LC). From all patients, two consec
utive samples were collected, with one sample for CBNAAT at the field 
and one sample for SM and LC at the reference lab. The patient who was 
positive for CBNAAT in the field setting was requested to provide a third 
sample for repeat CBNAAT testing, along with SM and LC at the refer
ence lab. Results of these testing methods have been published earlier 
(Prathiksha et al., 2024). Among 244 microbiologically confirmed TB 
patients by either of the methods (SM, NAAT, culture), around 124 
culture isolates representing one patient were further characterised to 
study the phenotypic and genotypic drug susceptibility pattern.

2.1. Phenotypic drug susceptibility testing

Mycobacterial Growth Indicator Tubes (MGIT) in the BD BACTEC 
MGIT 960 system (BD, Franklin Lakes, NJ, USA) were used to perform 
pDST for the following drugs based on the suggested critical concen
tration (CC) by the WHO (2018). The chosen critical concentration was 
0.1 μg/ml for isoniazid (INH); 0.25 and 1.0 μg/ml for moxifloxacin 
(MFX); 0.5 μg/ml for rifampicin (RIF) 1.0 μg/ml for streptomycin (STM), 
levofloxacin (LFX), linezolid (LZD), and amikacin (AMK); 2.5 μg/ml for 
kanamycin (KAN) and capreomycin (CPR); 4.0 μg/ml for P-amino sali
cylic acid (PAS); 5.0 μg/ml for ethambutol (EMB) and, ethionamide 
(ETH) and 100 μg/ml for pyrazinamide (PZA).

2.2. Whole genome sequencing

Using Qubit, dsDNA Assay Kits, and Nanodrop (Thermo Fisher Sci
entific, Waltham, MA, United States), the quality and quantity of the 
DNA were measured. Further, DNA libraries were set up through Nex
teraXT DNA Library Preparation and Index Kits (Illumina, San Diego, 
CA). After normalizing in equimolar concentrations, the Bioanalyzer 
2100 System (Agilent Technologies, Santa Clara, CA, USA), which 
measured the average library size at 850 bp, was loaded for WGS (Miseq 
Reagent Kit v3; Illumina, San Diego, CA, USA). The Miseq sequencer 
(Illumina, San Diego, CA, USA) was used to perform 2 × 251 paired-end 
read sequencing cycles.

2.3. Bioinformatics methodology

2.3.1. Data analysis
The sequencing runs produced 251 bp paired-end reads. The 

outcome data were in FastQ format for both forward and reverse se
quences. These were mapped to the H37Rv reference genome using the 
NIRT CAMRespred Bioinformatics tool. Genome drug resistance was 
predicted for anti-TB drugs using this tool.

2.3.2. Sequence-based resistance prediction
Reads that were at least 30bp long (150 bp read length) and mini

mum base quality of 20 were filtered using Trimmomatic v0.36 (Bolger 
et al., 2014). Contamination with other species was checked using 
Kraken v1.0 (Wood and Salzberg, 2014). Reads were mapped to the 
H37Rv reference genome (NC_000916.3) using BWA v-0.7.12 with 
default parameters. Mapping of indels was corrected using Picard v2.2.4 
and GATK v3.5. Variants were identified using SAMtools v1.3.1 with 
default parameters. Variants were filtered based on the following met
rics: base quality >50, mapping quality >30, read depth > 5, and at least 
one read mapping in either direction. Variants supported by >80 % of 
the mapped reads were classified as homozygous sites, and those with 
<80 % mapped reads were classified as heterozygous sites. Variants 
were compared to a database of resistance-conferring variants generated 
by combining reports from previous studies. Lineages were predicted 
using both SNP-based variants and region of difference (RD) analysis 
using the tool RD-analyzer (Coll et al., 2014). Repeat phenotypic testing 
or sequencing was not performed in the event of discrepancies.

2.3.3. Genomic analyses
A pseudo-genome was generated for each isolate by substituting the 

nucleotide base in the H37Rv reference genome sequence with the 
variants detected using a Python script. Repetitive regions were masked 
using bedtools v2.27.1. SNP-sites v2.5.1 were used to identify variable 
sites from the concatenated alignment of pseudo genomes (Page et al., 
2016). The output generated was then used to identify pairwise SNP 
differences using SNP-dists v0.6.2. The phylogenetic tree was generated 
from SNP-sites output using RAxML with a GTR-GAMMA model and 
1000 bootstrap replications.

3. Results

Among 124 MTB isolates, 71 (57.2 %) isolates were subjected to 
whole-genome Sequencing (WGS), and high-quality WGS data were 
available for 61 isolates. Results of pDST were available for 51 (41.1 %) 
isolates, out of which 49 (39.5 %) had genotypic data as well (Fig. 1). 
Genotypic DST (gDST) data alone were available for 12 isolates. Anal
ysis of the lineage distribution of 61 isolates showed that Lineage 1 (L1 - 
East African Indian (EAI)) was the predominant (46/61 (75 %)), and 
sublineage 1.1.2 (37/46 (80.4 %) was common among them. Lineage 3 
(L3 -Central Asian Strain (CAS) was the second dominant (6/61 (10 %)), 
followed by Lineage 4 (5/61 (8 %)) (L4 - Euro American (EA) and 
Lineage 2 (4/61(7 %)) (L2 -East Asian, subfamily Beijing).

Fig. 1. Number of MTB isolates obtained in the survey and their resis
tance pattern.
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3.1. Phenotypic DST (pDST)

The pDST revealed 31 (60 %) isolates as pan-susceptible, and 20 
(39.2 %) as resistant to at least one drug. The resistance pattern revealed 
MonoINH resistance in 3 (5.8 %) and MDR in 3 isolates (5.8 %). Resis
tance to other drugs in different combinations included ETH in 12 (23.5 
%), PZA in 7(13.7 %), STM in 5(9.8 %), LFX and OFX in 3 (5.8 %), and 

MOX and PAS in 2(3.9 %) isolates. The resistance pattern of all 49 iso
lates with pDST and gDST results is summarized in Table 1.

3.2. Genotypic DST (gDST)

Out of 61 isolates, 17 (28 %) were found to have significant muta
tions in drug-resistant genes, and 44 (72 %) had no mutations. 

Table 1 
M. tuberculosis phenotypic drug susceptibility testing results.

ID Sub- 
lineage

STM INH RIF EMB KAN ETH OF AMK CPR PAS LEV MOX 
0.25

MOX 
1

PZA

TN 038 1.1.2 S S S S S S S S S S S S S S
TN 8380 1.1.2 S R S S S(d) S S S(d) S(d) R R R S S
TN 2266 1.1.2 S S S S S S S S S S S S S S
TN 005 1.1.3 S S S S S S S S S S S S S S
TN 2003 1.1.2 S S S S S S S S S S S S S S
TN 2586 3 R R R S(d) S S S S S S S S S S
TN 7437 1.1.2 S S S S S R(d) R(d) S S S S S S R(d)
TN 5686 1.1.3 S S S S S S S S S S S S S S
TN 704 1.1.2 S S S S S R(d) S S S S S S S S
TN 044 1.1.2 S S S S S(d) S S S(d) S(d) S S S S S
TN 374 1.1.2 S S S S S S S S S S S S S S
TN 3744 1.1.2 S S S S S S S S S S S S S S
TN 7644 1.1.2 S S S S S S S S S S S S S S
TN 3246 1.1.2 S R S S S R S S S S S S S S
TN 2331 1.1.2 R R R S(d) S R(d) S S S S S S S R(d)
TN 2138 1.1.2 R(d) S S S S S S S S S S S S S
TN 1409 1.2.2 R R S(d) S S R S S S S S S S S
TN 1978 1.1.2 S S S S S S S NA
TN 2072 1.1.2 S S S S S S S S S S S S S S
TN 1594 1.1.2 S S S S S S S S S S S S S S
TN 2292 1.1.2 S S S S S S S S S S S S S S
TN 7956 1.1.2 S R(d) S S S R(d) S S S S R(d) S S R(d)
TN 1909 1.1.2 S(d) S(d) S S S S(d) S S S S S S S S

TN 2939 1.1.2 S S(d) S
S(d) 
(g3) S S S S S S S S S S

TN 5149 1.1.3 S S S S S S S S S S S S S S
TN 8341 4.4.1.2 S S S S S S S S S S S S S S
TN 3432 1.1.2 NA S NA
TN RR87 1.1.2 S S S S S S S S S S S S S S
TN 2002 4.1.2 S R S(d) S S S(d) R S S S R R R R
TN 2267 1.1.2 S R S S S R(d) S S S S S S S R
TN 2784 1.1.2 S S S S S S S S S S S S S S
TN 8268 3 S R(d) S S S S S S S S S S S S
TN 2176 1.2.2 S S S S S S S S S S S S S S
TN 944 1.1.2 S S S S S S S S S S S S S S
TN 8239 1.2.2 NA S NA
TN 1617 2.2.2 S R S(d) S S S S S S S S S S S
TN 3803 1.2.2 S S(d) S S S R(d) S S S S S S S R
TN 481 1.1.2 S S S S S R(d) S S S S S S S R(d)
TN 7438 1.1.2 S R(d) R(d) S S R(d) S S S S S S S S

TN 457 1.2.2
S(d) 
(g3) R S S S R S S S S S S S S

TN 3200 1.1.2 S S S S S S S S S S S S S S
TN 182 3.1.2.1 S R S S(d) S S S S S S S S S S
TN 317 2.2.1 R R S S S S S S S S(d) S S S S
TN 8258 4.8 S S S S S S S S S S S S S S
TN 1476 1.1.2 S S S S S S S S S S S S S S
TN 5140 1.1.2 S S S S S R(d) R(d) S S R(d) S R(d) S S
NPS 

1403 1.1.2 S S S S S S S S S S S S S S
NPS 

2366 1.1.2 S S S S S S S S S S S S S S
NPS2511 1.1.2 S S S S S S S S S S S S S S

Phenotypic/genotypic 
match, n/tested (%)

STM INH RIF EMB KAN ETH OF AMK CPR PAS LEV
MOX 
(0.25)

MOX 
(1) PZA

46/49 
(93.8 
%)

43/49 
(87.7 
%)

45/49 
(91.8 
%)

45/49 
(91.8 
%)

47/49 
(95.9 
%)

38/49 
(77.5 
%)

47/49 
(95.9 
%)

47/49 
(95.9 
%)

47/49 
(95.9 
%)

41/49 
(83.6 
%)

48/49 
(97.9 
%)

48/49 
(97.9 %)

49/49 
(100 
%)

44/49 
(89.7 
%)

Result description: R: Resistant; S: sensitive; NA: not available.
Discordance with WGS-based genotypic drug susceptibility results observed is indicated by letter (d).
When the evaluation of agreement between phenotypic/genotypic drug susceptibility testing results was based on grade 3 mutations (i.e., “uncertain significance”) are 
indicated by letter (g3); the genetic DST result was assumed to be “resistant”.
Abbreviations: NA, not available; AMK, amikacin; CPR, capreomycin; EMB, ethambutol; ETH, ethionamide; KAN, kanamycin; MOX, moxifloxacin; RIF, rrifampicin; 
INH, isoniazid STM, streptomycin; PZA, pyrazinamide; LEV, levofloxacin; OF, ofloxacin; PAS, Para-salicylic acid.
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Genotypic resistance patterns revealed resistance to INH in 14 (23 %) 
isolates, RIF and EMB in seven (12 %) isolates each. In addition, 6(10 %) 
and 5(8 %) isolates showed resistance to STM and ETH, respectively. 
Resistance towards injectable drugs was observed in 2(7 %) isolates, and 
one isolate showed resistance to fluoroquinolones and PAS each (Fig. 2). 
When the frequency of mutations was analysed, higher numbers were 
observed in INH (katG, inhA, fabG1-promoter, ahpc-promoter, and ndh) 
17 (27.8 %), followed by RIF (rpoB and rpoC) resistant isolates (11 
(18.03 %)). The drug resistance-associated genetic variants (RAVs) 
identified in gDST, along with their pDST correlation, are summarized in 
Table 2.

3.3. Comparison of phenotypic and genotypic DST

When the phenotypic and genotypic DST results were compared for 
13 drugs, discordance was observed only in a few isolates. Except for 77 
% and 87 % concordance in ETH and INH, respectively, pDST of all other 
drugs had concordance above 90 % with gDST (Fig. 3).

3.4. Rifampicin, isoniazid, and ethionamide

The RAVs associated with INH and RIF resistance that were detected 
in genotypically resistant isolates had 87 % and 92 % concordance, 
respectively, with pDST. Eight RAVs were detected in inhA, fabG1, ahpc- 
promoter, ndh, and katG genes in seven genomic positions in 14 isolates, 
and among them, 11 isolates were resistant to INH by pDST. In addition 
to these 11 isolates, three others were resistant to pDST but sensitive to 
gDST. When the discrepancy of three isolates that were resistant by 
gDST and sensitive by pDST were analysed, mutations were seen in fabG 
(S/315/T), in ahpC (C/52/T), and ndh (R/268/H), respectively. RIF 
resistance analysis revealed five RAVs in four genomic positions in 7 
isolates, whereas by pDST, only 2 were resistant, three were sensitive, 
and results were not available for 2 isolates. When the discrepant iso
lates were analysed, mutations were seen in position D/435/Y (rpoB) in 
two isolates and D/435/V (rpoB) in one isolate. One isolate that was 
resistant to pDST did not harbour any mutation in sequence analysis. 
Among 12 phenotypic ETH-resistant isolates, only 3 isolates had resis
tance by gDST with RAVs in the fabG1 and inhA gene promoters. In 
addition to these three, two had RAVs in ethR and inhA each, accounting 
for a total of 5 ETH-resistant isolates by gDST, resulting in 77 % 
concordance between pDST and gDST.

3.5. Ethambutol, pyrazinamide, and streptomycin

A total of 7 isolates were resistant by gDST, where RAVs in the embB 
gene were detected in 6 isolates and embC gene in one isolate, with 
mutation in three genomic positions in the former and one in the latter. 
Out of these 7 isolates, 4 were sensitive to pDST, and the results of the 
other three isolates were not available. These 4 discrepant samples had 
mutations in G/406/S in two isolates, D/1024/N and M/306/I in one 
isolate each. The overall concordance rate was found to be 92 % be
tween pDST and gDST. Seven samples were resistant to PZA by pDST, 
out of which only 2 were resistant by gDST. RAVs in the pncA gene ac
counting for PZA resistance were observed in these 2 isolates in 3 
different positions (H/71/Q in one and P/54/S and D/49/G in another 
isolate). A total of 2 RAVs in 6 isolates associated with STM resistance 
were seen with mutation in rpsL (K/43/R) in five isolates and gid (L/79/ 
S) in one isolate. Among these 6 gDST resistant isolates, 2 were sensitive, 
3 were resistant to pDST, and the result of one isolate was not available.

3.6. Aminoglycosides and fluoroquinolones

All the isolates were sensitive to Aminoglycosides (KAN, CPR, and 
AMK) by pDST, with a concordance rate of 96 % between pDST and 
gDST. Two samples that were resistant to pDST also had a mutation in rrs 
at C/1402/A. In pDST of fluoroquinolones, resistance to OFX and LFX 
was seen in one isolate each. In three isolates, resistance with different 
combinations (OFX + MOX (0.25), LFX + MOX (0.25), OFX + MOX +
LFX) was detected. The mutation associated with these resistance pat
terns was observed in the gyrA gene at D/94/G for one isolate, ac
counting for 96–100 % concordance.

3.7. Lineage-specific analysis

Mutations accounting for resistance and their distribution across 
different lineages were demonstrated through a Venn plot. A total of 16 
mutations out of 17 were confined to L1, and one mutation was common 
among L2 and L3. Lineage 4 had 14 mutations, including 11 specific 
mutations and three mutations shared with L3(2) and L2(1). Similarly, 
L3 contained 6 mutations, with 2 specific mutations, two shared with L4, 
and one shared with L2 and L1 each. The least number of mutations (4) 
was observed in L2, with one specific mutation and other shared 
mutations.

Cluster analysis revealed a total of three transmission clusters, where 

Fig. 2. Isolates showing resistance to drugs by sequencing.
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two clusters belonged to L1 and one cluster belonged to L3. In L1, one 
transmission cluster was observed between two districts, Tiruvallur and 
Vellore (TN 1594 and TN 944), and another within Tiruvallur district 
(TN 7437 and TN 7438 (MDR)). In L2, transmission was observed 

between 3 isolates having the same mutation pattern (TN 2586 (MDR), 
TN 2331(MDR), TN 2324), of which two were from Krishnagiri and one 
from Tiruvallur. A phylogenetic tree representing the transmission 
cluster and lineage distribution is depicted in Fig. 4, and the GIS 

Table 2 
List of drug resistance mutations detected in M. tuberculosis isolates.

ID lineage Drug Genome 
position

Locus 
Tag

Gene Mutation Mutation grading pDST resistant Match between pDST/ 
gDST data

TN1909
Sub lineage 
1.1.2

ETH 1,673,425 fabG1
C/15/T Associated with 

resistance

ETH, INH, STM 
sensitive No

INH 1,673,425 fabG1
STM 781,687 rpsL K/43/R

TN 044
Sub lineage 
1.1.2

AMK, KAN, 
CPR 1,473,247 rrs

C/1402/ 
A

Associated with 
resistance No No

TN 8380
Sub lineage 
1.1.2

AMK, KAN, 
CPR 1,473,247 rrs

C/1402/ 
A

Associated with 
resistance No No

TN 3246
Sub lineage 
1.1.2 ETH, INH 1,673,425 fabG1 C/− 15/T

Associated with 
resistance

ETH and INH 
resistance Yes (ETH, INH)

TN 1409
Sub lineage 
1.2.2

ETH, INH 1,673,432 inhA T/− 8/C

Associated with 
resistance

INH Resistant 
RIF, ETH Sensitive

Yes (INH) 
No (RIF and ETH)

INH 1,674,481 katG S/94/A
RIF 761,110 rpoB D/435/V
INH 2,102,240 ndh R/268/H

TN 3803
Sub lineage 
1.2.2

PZA 2,289,029 pncA H/71/Q Associated with 
resistance

PZA Resistant 
INH Sensitive Yes (PZA) No (INH)INH 2,102,240 ndh R/268/H

TN_2939
Sub lineage 
1.1.2

EMB 4,249,583 embB
D/1024/ 
N Associated with 

resistance Sensitive NoINH 2,726,141 ahpc C/− 52/T

TN 457
Sub lineage 
1.2.2

ETH, INH 1,673,425 inhA C/− 15/T
Associated with 
resistance

STM Sensitive 
ETH, INH 
Resistant

No (STM) Yes (ETH, 
INH)

INH 2,102,240 ndh R/268/H
STM 4,407,967 gid L/79/S

TN 1617
Sub lineage 
2.2.2

RIF 761,109 rpoB D/435/Y Associated with 
resistance

RIF Sensitive 
INH Resistant

No (RIF) 
Yes (INH)INH 2,155,168 katG S/315/T

TN317
Sub lineage 
2.2.1

STM 781,687 rpsL K/43/R
Associated with 
resistance

STM, INH 
Resistant 
PAS Sensitive

Yes (STM, INH) 
No (PAS)

INH 2,155,168 katG S/315/T
PAS 2,747,471 folC I/43/T

TN182
Sub lineage 
3.1.2.1

EMB 4,247,431 embB M/306/I Associated with 
resistance

EMB Sensitive 
INH Resistant

Yes (INH) 
No (EMB)INH 2,155,168 katG S/315/T

TN 2324 Sublineage 3

RIF 761,155 rpoB S/450/L
Associated with 
resistance

NA No

RIF 764,703 rpoC K/445/R Uncertain significance
EMB 4,247,729 embB G/406/S
STM 7,816,687 rpsL K/43/R
INH 2,155,168 katG S/315/T

TN 2331 Sublineage 3

RIF 761,155 rpoB S/450/L
Associated with 
resistance

RIF, STM, INH 
Resistant 
EMB Sensitive

Yes (RIF, STM, INH) No 
(EMB)

RIF 764,703 rpoC K/445/R Uncertain significance
EMB 4,247,729 embB G/406/S
STM 7,816,687 rpsL K/43/R
INH 2,155,168 katG S/315/T

TN 2586 Sublineage 3

RIF 761,155 rpoB S/450/L
Associated with 
resistance

RIF, STM, INH 
Resistant 
EMB Sensitive

Yes (RIF, STM, INH) No 
(EMB)

RIF 764,703 rpoC K/445/R Uncertain significance
EMB 4,247,729 embB G/406/S
STM 7,816,687 rpsL K/43/R
INH 2,155,168 katG S/315/T

TN 2002
Sub lineage 
4.1.2

RIF 761,109 rpoB D/435/Y

Associated with 
resistance

PZA, FLQ Resistant 
RIF and ETH 
Sensitive

Yes (PZA, FLQ) 
No (ETH, RIF)

ETH 4,327,876 ethR F/110/L
PZA 2,289,082 pncA P/54/S
PZA 2,289,096 pncA D/49/G
FLQ 7582 gyrA D/94/G

TN 6252
Sub lineage 
4.3.3

INH 1,673,432 inhA T/− 8/G
Interim association with 
resistance

NA NoEMB 4,242,182 embC A/774/S
Not associated with 
resistance

492
Sub lineage 
4.1.2.1

RIF 761,155 rpoB S/450/L
Associated with 
resistance

NA No

RIF 765,463 rpoC N/698/K Uncertain significance

EMB 4,247,431 embB M/306/I
Associated with 
resistance

INH 2,155,214 katG W/300/G Uncertain significance

Mutation grading was assigned based on the WHO mutation catalog and the Institutional pipeline (NIRTCAMRespread).
For aminoglycosides and ethionamide/isoniazid mutations, pDST data are drug-specific.
Abbreviations: pDST, phenotypic drug susceptibility testing; gDST, genotypic drug susceptibility testing.
NA: not available AMK, amikacin; CPR, capreomycin; EMB, ethambutol; ETH, ethionamide; KAN, kanamycin; MOX, moxifloxacin; RIF, rrifampicin; INH, Isoniazid 
STM, streptomycin; PZA, pyrazinamide; LEV, levofloxacin; OF, ofloxacin; PAS, Para-salicylic acid
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mapping between these clusters is shown in Fig. 5.

3.8. Association between treatment outcome and resistance pattern

Among 61 isolates subjected to sequencing, we had gender details of 
53 patients, of which 42 (79.2 %) were male and 11 (20.7 %) were fe
male. Among these 61 patients, 21 (39.6 %) got cured of which 6 were 
resistant to either two or more drugs, 9 (16.9 %) completed treatment of 
which 3 were resistant either two or more drugs (Table 3), 2 (3.7 %) died 
due to TB, 19 (43.9 %) had no clinical data available and contact details 
of 2(3.7 %) patients were not available. When the association between 
resistance pattern and treatment outcome was analysed, no significance 
was observed (p value = 0.956).

4. Discussion

In this study, we characterised the MTB isolates obtained from pre
sumptive TB patients in different districts of Tamil Nadu, South India, to 
understand their lineage distribution and drug resistance pattern. When 
the lineage distribution was analysed, L1 (75 %) was most common, 
followed by L3 (10 %), and these findings are in alignment with previous 
Indian studies (Shanmugam et al., 2022; Manson et al., 2017a). How
ever, while the Beijing lineage (L2) is most commonly associated with 
drug resistance in these studies, in our study, there were few L2 isolates, 
and L1 was predominantly associated with drug resistance (8/17). 
Studies from other parts of the country and the world also demonstrate 
that L2 is more commonly associated with drug resistance (Dixit et al., 
2025; Lagutkin et al., 2022; Hakamata et al., 2020; Atavliyeva et al., 
2024) and are considered to be the main carriers of MDR and XDR TB in 
Central Asia (Keikha and Majidzadeh, 2021). The study by Shanmugam 
et al, although published from the Tamil Nadu region, the isolates 
included in the study are from other parts of the country as well 
(Shanmugam et al., 2022). In contrast, the isolates included in our study 
are only from districts of Tamil Nadu, and hence, the distinct finding of 
L1’s association with drug resistance needs further investigation and 
monitoring.

The agreement between pDST and gDST was found to be 92 % for RIF 
and 87 % for INH in our study, while 100 % concordance is generally 

seen in most of the studies published so far (Consortium et al., 2018; Liu 
et al., 2022; Kabahita et al., 2022). The INH resistance analysis revealed, 
S315T mutation in katG, which is more common and is in agreement 
with earlier findings from India (Shanmugam et al., 2022; Manson et al., 
2017b; Chatterjee et al., 2017). The mutations seen in fabG (C/15/T), 
ahpC (C/52/T), and ndh (R/268/H) in three discrepant isolates (gDST 
resistant, pDST sensitive) are reported to be associated with low level or 
uncertain or interim significance, and hence the discrepancy is self- 
explanatory (Pei et al., 2024; Indian Catalogue of Mycobacterium Tuber
culosis Mutations and their Association with Drug Resistance, Version 2, 
2024). Moreover, these mutations have been reported to be associated 
with resistance only in rare instances (Vilcheze and Jacobs Jr., 2014; Liu 
et al., 2024). The mutation S/450/L at the rpoB gene was more common 
in rifampicin resistance, which is consistent with earlier findings 
(Shanmugam et al., 2022; Rao et al., 2023). However, this mutation was 
associated with L3(n = 3) and L4 (n = 1) in our study, whereas in earlier 
studies it was found to be common in L2 (Shanmugam et al., 2022) and 
L1 (Rao et al., 2023). The mutations (D/435/Y and D/435/V) in 
discrepant (pDST sensitive, gDST resistant) isolates were found to be 
associated with resistance as per the WHO mutation catalog. However, 
the D/435/Y mutation was not found to be associated with phenotypic 
resistance in a study (Li et al., 2021) similar to our finding, where the 
isolate was sensitive to RIF at 0.5 and 1.0μg/ml. One pDST RIF-resistant 
isolate not harbouring any significant mutation in sequence analysis 
indicates the possibility of an unidentified mutation or technical error.

The overall concordance rate of 77 % between pDST and gDST was 
found for ETH in our study, where the RAVs (fabG1, ethR, and inhA gene 
promoter) were found only in five isolates, while 12 were resistant by 
pDST. This discrepant result could be explained by already existing di
lemmas with ethionamide susceptibility testing of MTB, where the 
overlap of MIC distribution between resistant and susceptible isolates is 
still being researched (Ushtanit et al., 2022; Varma-Basil and Prasad, 
2015). It’s been reported that isolates with mutations in fabG1 and ethR 
specific for ETH could still give pDST results as sensitive, and treatment 
is found to be effective in such isolates (Song et al., 2021). This explains 
the discrepancy observed in two isolates with RAVS fabG1 and eth that 
were sensitive to pDST in our study. Similar discordant or moderate 
agreement results in other anti-TB drugs, PZA, STM, and EMB, have 

Fig. 3. Graph plot demonstrating the phenotypic and genotypic DST concordance.
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already been reported as common (Macedo et al., 2018; Korhonen et al., 
2022) and this could be the reason for genotypic resistant isolates being 
identified as sensitive by phenotypic testing in our study. In the fluo
roquinolone resistance pattern, we could see a mutation at gyrA for one 
isolate, while a total of six isolates were resistant to fluoroquinolone by 
pDST. This could be due to the lower sensitivity of the sequencing 
method reported for FQ, which ranged from 50 to 87.8 % in earlier 
studies (Chen et al., 2017; Moure et al., 2013; Sayadi et al., 2020).

The cluster analysis observed in two clusters of L1 between Tir
uvallur and Vellore (TN 1594 and TN 944), within Tiruvallur district 
(TN 7437 and TN 7438 (MDR), and in another cluster of L3 between 
Krishnagiri and Tiruvallur is alarming. While the strains of L2 were re
ported to be associated with outbreaks of MDR-TB and characterised by 
increased transmissibility and hypervirulence (Shanmugam et al., 2022; 
Merker et al., 2018; Sethi et al., 2020), in our study, we could see that L3 
was involved in MDR transmission (2/3). The transmission was 
observed between 3 isolates having the same mutation pattern, of which 
two were from Krishnagiri (TN 2586 (MDR), TN 2324) and one from 
Tiruvallur (TN 2331(MDR)). Interestingly, the distance between Tir
uvallur and Krishnagiri, being 233 kms, MDR isolated from these two 
districts and clustering together is of utmost importance and needs 
intense monitoring. However, we could not get the travel history of 
these two patients to prove our hypothesis of transmission. A study from 
North India has reported an XDR isolate belonging to L3 (Sethi et al., 

2020), and this indicates the need for monitoring L3 isolates in the 
future to prevent the emergence of XDR strains. One MDR isolate clus
tering with another susceptible isolate within Tiruvallur district, 
belonging to L1, is also not commonly reported and needs further 
research. The insignificant association between resistance pattern and 
treatment outcome could be explained due to the limited availability of 
the data. Moreover, there was already a poor correlation between the 
phenotypic and genotypic DST for some of the isolates. Hence, it would 
be more useful to analyze the association of treatment outcome with 
drug resistance mutation along with their phenotype data in a large 
population. Currently, we are conducting a drug resistance surveillance 
study throughout India that compares the phenotypic and genotypic 
resistance patterns of MTB isolates. Such a large-scale study with a 
varied geographic representation would open doors for unresolved 
mysteries in terms of transmission dynamics and the association of 
mutation with drug resistance. Moreover, a simultaneous MIC-based 
study for the antituberculosis drugs, including the newer drugs, is also 
being conducted. This will help in determining the critical concentration 
for resistance determination, and the discordance between phenotypic 
and genotypic DST could be reduced.

Fig. 4. Phylogenetic tree depicting lineage distribution and trans
mission clusters.

Fig. 5. GIS mapping of the isolates clustering together in lineage 1 and line
age 3.

Table 3 
Association between treatment outcome and resistance pattern of MTB isolates.

Treatment outcome Lab 
Number

Resistance pattern

Phenotypic Genotypic

Cured TN8380 INH, PAS, LEV and 
MOX

KAN, AMK, CAP

TN3246 INH, ETH INH, ETH
TN1909 No resistance detected INH, ETH, and 

STM
TN1409 1NH, ETH, and STM INH, ETH, and RIF
TN3803 ETH INH, PZA
TN182 INH INH, EMB

Completed 
treatment

TN044 No resistance detected KAN, AMK, CPR
TN7492 Not available INH, RIF, EMB
TN2939 No resistance detected INH, EMB
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5. Limitations of the study

One of the key limitations of this study is the poor availability of 
comprehensive clinical data for many patients, which poses a significant 
challenge in establishing robust associations between drug resistance 
patterns and clinical outcomes. This data gap can lead to potential biases 
or misinterpretations, particularly when attempting to link resistance 
profiles to treatment success, failure, or relapse. Consequently, our 
findings should be interpreted with caution, and future studies with 
more extensive and standardized clinical datasets are warranted to 
validate and strengthen these associations.

6. Conclusion

In summary, the sequence analysis of the isolates from a prevalence 
survey conducted in Tamilnadu, facilitated detailed characterisation of 
the isolates in terms of drug resistance, lineage distribution, and their 
transmission dynamics and paved the way for further research. The 
concordance between pDST and gDST for the drugs was above 90 % 
except for ETH and INH, suggesting that WGS could serve as a promising 
approach for drug resistance prediction. Lineage 3 and lineage 1 
replacing lineage 2 in MDR association in our study needs an extensive 
research of lineage distribution in Tamil Nadu, since earlier studies in 
India have reported lineage 2 more commonly associated with MDR.
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