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Abstract
Background  Tuberculosis (TB), caused by the intracellular bacterium Mycobacterium tuberculosis complex (Mtbc), 
remains a significant global health challenge, with Mtbc once again being the leading infectious killer worldwide. 
Despite over a century of research, the disease continues to pose a major threat, with an estimated one-fourth 
of the global population latently infected. According to the World Health Organization (WHO), approximately 
1.3 million deaths were attributed to TB in 2024 alone. The emergence of multidrug-resistant (MDR) strains, resistant 
to isoniazid and rifampicin, and extensively drug-resistant (XDR) strains, resistant to rifampicin (and may also be 
resistant to isoniazid), to at least one fluoroquinolone (levofloxacin or moxifloxacin) and to at least one other Group 
A drug (bedaquiline or linezolid), further complicates the situation, posing significant challenges for healthcare 
systems. While the WHO definition of XDR-TB has recently been updated, in this study we applied the classification 
in effect during the 2006–2015 period, when the isolates were collected and characterized. In Argentina, TB burden 
is moderate compared to other countries, with approximately 10,500 new cases and 1,000 deaths reported annually. 
While standard therapy is generally effective, XDR Mtb infections require prolonged and costly treatment and are 
often associated with a guarded prognosis.

Methods  In this work, we applied whole-genome sequencing analysis to characterise XDR-TB strains circulating in 
Argentina between 2006 and 2015. Genotypic variants of each isolate were compared against resistance-associated 
variant databases and subjected to local and global phylogenetic analyses.

Results  The analysis revealed no common origins for the most frequently observed resistance mutations. Notable 
variants associated with resistance to first-line drugs included katG Ser315Thr and fabG1 -15C < T for isoniazid, rpoB 
Ser450Leu and Asp435Val for rifampin, embB Gly406Ala, and Met306Ile for ethambutol, as well as multiple variants in 
the pncA gene linked to pyrazinamide resistance.
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Background
Tuberculosis (TB) remains a significant global health 
challenge, placing a substantial burden on healthcare 
systems and communities worldwide [1]. Caused by the 
Mycobacterium tuberculosis complex (Mtbc), TB affects 
millions of individuals each year, leading to considerable 
morbidity and mortality [2]. Despite concerted efforts to 
control the disease, TB persists, exacerbated by factors 
such as drug resistance, co-infections with HIV/AIDS, 
and socioeconomic disparities [3].

Resistance to TB treatment is categorized based on 
first-line and second-line drugs. First-line drugs, includ-
ing isoniazid, rifampicin, ethambutol, and pyrazinamide, 
form the backbone of standard TB treatment regimens 
due to their high efficacy and relatively low toxicity [4, 5]. 
When resistance to these key drugs develops, second-line 
drugs—such as fluoroquinolones (e.g. levofloxacin, moxi-
floxacin) and injectable agents (e.g. amikacin, capreo-
mycin, kanamycin, and streptomycin)—have historically 
been used, despite being associated with higher toxicity 
and reduced efficacy [6, 7]. It is important to note that, 
according to the latest WHO guidelines, kanamycin and 
capreomycin are no longer recommended, and strepto-
mycin is only used in cases of hepatotoxicity [8]. How-
ever, during the period covered by this study, these drugs 
were still part of the recommended treatment regimens 
for multidrug-resistant TB.

Streptomycin was historically part of the first-line TB 
treatment regimen as the first antibiotic discovered to be 
effective against Mtbc [9–11]. However, due to increasing 
resistance and more effective oral alternatives, the World 
Health Organization (WHO) has reclassified strepto-
mycin as a second-line drug. It is now primarily used in 
cases of drug-resistant TB when other injectable agents 
are unavailable or contraindicated [12].

Multidrug-resistant tuberculosis (MDR-TB) is defined 
as TB caused by Mycobacterium tuberculosis complex 
strains resistant to at least isoniazid and rifampicin, the 
two most potent first-line drugs [11, 13]. Extensively 
drug-resistant tuberculosis (XDR-TB) was historically 
defined as tuberculosis with additional resistance to 
fluoroquinolones and at least one second-line inject-
able drug (amikacin, capreomycin, or kanamycin). How-
ever, this definition has been updated in recent WHO 
guidelines to reflect changes in second-line treatment 

recommendations. The current definition classifies 
XDR-TB as a form of MDR-TB that is resistant to any 
fluoroquinolone and at least one of the Group A drugs, 
which currently include bedaquiline (BDQ), and line-
zolid (LZD). In this context, pre-extensively drug-resis-
tant tuberculosis (pre-XDR-TB) is defined as TB caused 
by Mtbc strains that fulfil the definition of multidrug-
resistant and rifampicin-resistant TB (MDR/RR-TB) and 
are also resistant to any fluoroquinolone. The definition 
used in this study reflects the classification that applied 
to the period covered by the analysis. Nowadays, charac-
terization of XDR-TB under both historical and updated 
definitions can be performed using phenotypic meth-
ods such as BACTEC or genotypic approaches such as 
whole-genome sequencing. The emergence and spread of 
MDR-TB and XDR-TB pose significant challenges to TB 
control programs worldwide, highlighting the need for 
continuous surveillance and the development of effective 
treatment strategies [2, 14–16].

In the 1990s, Argentina was identified by the WHO 
as a hotspot for MDR-TB. During this period, hospital 
outbreaks of MDR-TB associated with acquired immu-
nodeficiency syndrome (AIDS) were documented in the 
country. Initially emerging in the capital city, the out-
break spread to nearby areas, reaching significant pro-
portions. With over 800 diagnosed cases between 1992 
and 2004, this outbreak met the criteria for an epidemic. 
In the early 2000s, an increase in MDR-TB cases was 
observed among patients who were neither HIV-positive 
nor had a history of prior tuberculosis treatment [17]. 
Among the MDR strains identified in Argentina, strain 
M (which originated in Buenos Aires and surrounding 
districts) and strain Ra (Rosario, Argentina) have been 
the most predominant [11, 18], contributing significantly 
to the persistence and transmission of MDR-TB in the 
country. In 2002, strain M was isolated from the coun-
try’s first two patients diagnosed with XDR-TB.

The evolution of Mtbc is primarily influenced by TB 
control strategies, alongside socio-economic, environ-
mental, and human migration patterns, all of which add 
complexity to efforts to combat the disease effectively. 
Notably, the pathogen’s biology significantly impacts the 
global dissemination of the disease. Molecular studies 
have revealed a remarkable intra-species genetic diversity 
within Mtbc, enabling its classification into nine major 

Conclusions  This study provides valuable insights into the molecular mechanisms of antibiotic resistance in M. 
tuberculosis, specifically focusing on XDR strains circulating in Argentina. The findings highlight the genetic diversity 
and complexity of resistance-associated variants, emphasizing the need for continued research and surveillance 
efforts to address this pressing global health threat.
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lineages, each displaying distinct affinities for specific 
geographic regions and human ethnic groups. These lin-
eages are categorized as Indo-Oceanic (Lineage 1), East 
Asian (Lineage 2, including the Beijing sublineage), East 
African-Indian (Lineage 3), Euro-American (Lineage 4), 
West African (Lineage 5, M. africanum I), and West Afri-
can (Lineage 6, M. africanum II). Recent phylogenomic 
analyses have identified additional lineages with more 
restricted distributions, including Lineage 7, found in the 
Horn of Africa; Lineage 8, recently described in Central 
Africa; and Lineage 9, a newly discovered lineage primar-
ily located in East Africa [19, 20]. Lineages 1, 5, and 6 are 
considered “ancient,” while lineages 2, 3, and 4 are clas-
sified as “modern” based on the presence or absence of 
the TbD1 genomic region, which is absent in modern lin-
eages [21–23]. Currently, the predominant Mtbc strains 
circulating in the Americas were introduced by Europe-
ans during colonization, with the Euro-American lineage 
(Lineage 4) being the most prevalent. Within Lineage 4, 
notable sublineages include the Ra strain (4.3, also known 
as LAM3) and the M strain (4.1.2.1), both of which have 
been associated with outbreaks and drug-resistant cases 
in South America.

Since different Mtbc lineages dominate various regions 
worldwide, drug resistance acquisition may be influenced 
by the strains’ pre-existing genetic background. The het-
erogeneity observed worldwide can be explained by the 
variability of these mutations [7]. In other words, the 
pre-existing genetic profiles of certain Mtbc strains may 
be preferentially associated with specific resistance-caus-
ing mutations, and the effect of these associations could 
modulate the biological fitness of the strains [24].

The advent of advanced sequencing technologies, 
coupled with bioinformatics tools, has revolutionized 
our understanding of TB pathogenesis, drug resistance, 
and transmission patterns. High-throughput sequencing 
enables comprehensive genomic analysis of Mtbc iso-
lates, providing unprecedented insights into the molecu-
lar basis of drug resistance and virulence. By leveraging 
these technologies, researchers can gain insights into the 
intricate interplay between genetic determinants, host 
immunity, and environmental factors that shape TB epi-
demiology [25–27].

Understanding the molecular basis of antibiotic resis-
tance in Mtbc is crucial for developing effective TB con-
trol strategies. Therefore, this work aimed to analyze the 
genetic basis of antibiotic resistance mechanisms in XDR 
clinical isolates obtained in Argentina between 2006 and 
2015. By examining resistance mutations associated with 
different antibiotics—such as streptomycin, isoniazid, 
rifampicin, ethambutol, kanamycin, amikacin, capreomy-
cin, pyrazinamide, ethionamide, and fluoroquinolones—
we aimed to elucidate the molecular mechanisms driving 
drug resistance in M. tuberculosis strains circulating in 

Argentina [4, 16, 28, 29]. The findings from this study 
contribute to a better understanding of the genetic diver-
sity and resistance patterns in Mtbc.

Methods
Clinical isolates and strain selection
Case selection was conducted with healthcare profession-
als from the “Servicio de Micobacterias at the Instituto 
Nacional de Enfermedades Infecciosas - Dr. Carlos G. 
Malbrán”, ensuring representation of cases from diverse 
geographical regions of Argentina. Cultures were initi-
ated for 120 isolates, corresponding to all reported cases 
of patients with XDR Mtbc between 2006 and 2015. Suf-
ficient DNA was successfully extracted for sequencing 
from only 49 isolates.The remaining 71 isolates failed to 
grow in subcultures for confirmation and an additional 
16 were excluded after sequencing due to their low aver-
age depth (< 15X), contamination and/or low horizontal 
coverage. Identification and DST for first-line anti-TB 
drugs were performed at Muñiz Hospital, Cetrángolo, 
and other regional centers, while second-line DST and 
confirmation of XDR status were conducted at the TB 
National Reference Laboratory (NRL) at the National 
Institute of Infectious Diseases Dr. Carlos G. Malbrán 
(ANLIS). In all cases, patient interaction was exclusively 
managed by the physician, and inclusion in the project 
was based on the physician’s recommendation and clini-
cal history analysis. All samples were anonymized. To 
complement the genomic analysis, limited sociodemo-
graphic and clinical metadata were available for a subset 
of the XDR-TB cases (n = 33), including age, sex, HIV 
serology, and geographic origin. Patients ranged in age 
from 20 to 58 years, with both male and female individu-
als represented. Most patients were HIV-negative, and 
a few were of foreign nationality (e.g., from Bolivia). All 
cases were managed at reference hospitals with expe-
rience in treating drug-resistant TB, such as Hospital 
Muñiz. A summary of the available metadata is provided 
in Supplementary Table S1.

Microbiological and molecular studies
All isolates were grown on Löwenstein-Jensen slants and 
identified as M. tuberculosis through biochemical and 
molecular tests. DST was performed using the reference 
standard proportion method in the Löwenstein-Jensen 
medium and/or BACTEC MGIT 960 system (Becton 
Dickinson, MD) under international standards [30]. A 
multiplex allele-specific PCR (MAS-PCR) was conducted 
on all isolates to detect mutations associated with INH 
and RIF resistance (codons katG315, inhA-15, rpoB450, 
445, and 425) according to a modified protocol described 
elsewhere [31].

Genotyping was performed by spoligotyping and 
MIRU-VNTR according to standard procedures [32, 
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33], followed by a comparison with SITVITWEB [34] 
and MIRU-VNTRplus database [35]. In addition to tra-
ditional spoligotyping and MIRU-VNTR, phylogenetic 
lineage assignment was performed using phylogenetically 
consistent SNP markers derived from whole-genome 
sequencing data. These markers were identified following 
the robust SNP barcode approach for Mtbc strains [36], 
as implemented in TB Profiler 6.2.2. This allowed for lin-
eage classification with higher phylogenetic consistency 
than spoligotyping, which was retained in this study for 
historical comparison with previous Argentine datasets.

Genome sequencing
For whole-genome sequencing (WGS), isolates were 
re-cultured on Löwenstein-Jensen slants. DNA was 
extracted following a standard protocol for mycobacteria 
[37]. Genomic libraries were prepared using the Nextera® 
XT DNA Sample Preparation Kit (Illumina) according to 
the manufacturer’s instructions, with individual librar-
ies indexed using the Nextera® XT Index Kit. Paired-end 
reads were generated for all isolates using the Illumina 
MiSeq platform at Unidad Operativa Centro Nacional 
de Genómica y Bioinformática, ANLIS. All sequenc-
ing reads were deposited in the NCBI Sequence Read 
Archive (SRA) under BioProject number PRJNA646920.

Resistance variants calling pipeline
The quality of the sequencing reads for each experiment 
was assessed using FastQC version 0.11.5 [38], and bases 
affected by biases or low quality were trimmed with 
Trimmomatic (reads shorter than 36 bp and mean Q < 20 
were filtered out) [38, 39]. Subsequently, the reads from 
each strain were aligned to the Mtb H37Rv reference 
genome (NCBI NC_000962.3) using BWA v0.7.17 [40], 
and the alignment was processed in BAM format with 
Samtools v1.10 [41]. Next, variant calling was performed 
using GATK [42], and finally, the variants were annotated 
using SnpEff [43].

To determine the genotypic resistances of each strain, 
the variants obtained in the previous step were crossed 
with a custom database that integrates data from variants 
present in TBProfiler v. 6.2.2 [44], 2023 WHO “Catalogue 
of mutations in Mycobacterium tuberculosis complex and 
their association with drug resistance - second edition”, 
KvarQ v. 0.12.2 [45], TBDream [46], and CARD RGI 5.1.1 
[47] with bibliographic data up to December 2023 (​h​t​t​p​​s​
:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​f​l​o​r​​e​n​​c​i​a​​c​a​s​​t​e​l​l​​o​/​​t​b​_​​r​e​s​​i​s​t​a​​n​c​​e​/​r​​e​s​i​​s​t​a​n​​c​e​​T​
B​_​2​0​2​4​.​c​s​v).

Positions with a sequencing depth of less than 10 
reads were masked and excluded from downstream 
variant analysis. In cases where more than one allele 
was detected at a given position, the allele supported 
by the highest proportion of reads (at least 75% of the 
total coverage for that position) was selected, under the 

assumption that it most likely corresponds to the domi-
nant population. Similar thresholds and conventions have 
been applied in the construction of SARS-CoV-2 consen-
sus genomes [48] and in the detection of low-frequency 
SNPs in Mtb [49].

Phylogenetic analysis
For phylogenetic analysis, we first reconstructed a con-
sensus genome for each isolate by applying the variants 
identified in the corresponding VCF files to the M. tuber-
culosis H37Rv reference genome using Samtools/bcftools 
(Samtools v1.10; bcftools v1.10). This step effectively 
converts the variant information into full-length genome 
sequences suitable for multiple sequence alignment and 
tree inference. Low-coverage areas and repetitive regions 
such as IS6110, PGRSs, CRISPRs, and VNTRs were 
masked to reduce potential sequencing and mapping 
artifacts. The resulting masked consensus sequences, 
containing 292 high-confidence SNPs, were aligned using 
MAFFT v.6.0 with default parameters. Prior to tree con-
struction, the optimal nucleotide substitution model was 
determined using jModelTest v3.7 based on the Akaike 
Information Criterion (AIC). The selected model was the 
General Time Reversible model with a Gamma distribu-
tion of rate variation and a proportion of invariant sites 
(GTR + G + I). A Maximum Likelihood (ML) phylogenetic 
tree was then inferred using RAxML v.7.0.4, incorporat-
ing representative samples of the main M. tuberculosis 
lineages and sublineages downloaded from NCBI. Tree-
building parameters were set according to the jModelTest 
output.

Processing pipelines
The pipelines described above were implemented using 
the Python language. The processing of isolates was 
divided into three scripts. All external programs are 
called through Docker, a platform for distributing and 
using programs transparently, which minimizes installa-
tion requirements: having Python and Docker installed. 
The code and usage instructions are available online in a 
GitHub repository (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​f​l​o​r​​e​n​​c​i​a​​c​a​s​​t​e​l​l​​o​/​​
t​b​_​r​e​s​i​s​t​a​n​c​e).

No formal statistical analyses were performed due 
to the descriptive nature of the study and the limited 
number of high-quality XDR-TB isolates (n = 33), which 
would restrict the statistical power of any comparative 
assessments.

Results
Whole-genome sequencing data from 49 clinical isolates 
were initially mapped against the Mtb H37Rv reference 
genome. This collection represents approximately 30% of 
all XDR available isolates in Argentina from 2006 to 2015. 
After applying coverage and sequencing depth filters, 16 
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samples were discarded, leaving us with a final total of 33 
samples. Following quality filtering and the exclusion of 
single-nucleotide polymorphisms (SNPs) in problematic 
genomic regions, 292 high-confidence SNPs were iden-
tified. These variants distinguished the 33 isolates, with 
an average pairwise SNP distance of 10.9 (Supplementary 
Table 1).

For a more detailed characterization of the samples, 
we performed spacer oligonucleotide typing (spoligotyp-
ing) and assigned lineages using TB-Profiler. Our analysis 
indicated that 6 out of 33 samples (18.1%) lacked a spe-
cific spoligotype. The results from spoligotyping were 
largely consistent with the lineage assignments from TB-
Profiler. We classified the samples into four main groups 
based on the spoligotyping profile. The Haarlem (H) 
group (21.2%, H2 n = 7), LAM group (27.2%, including 
LAM5 and LAM3, n = 9), and T group (27.2%, including 
T, T1 and Tuscany, T2, and T3, n = 9), collectively repre-
senting 75.6% of the samples. Among these groups, H2 
was the most frequently identified spoligotype (n = 7) 
(Fig. 1).

To contextualize our findings on a global scale, we con-
structed a phylogenetic tree using representative strains 
from each phylogenetic variant identified in our dataset 
[36, 50].

In addition to the 33 Argentine isolates, representative 
global genomes were included to evaluate whether the 
observed resistance mutations and phylogenetic profiles 

arose from a single clonal expansion or reflected multiple 
independent events. This strategy allowed us to explore 
potential diversification patterns and detect cases of con-
vergent evolution in resistance acquisition.

For this analysis, we included a diverse selection of 
global Mtb strains characterized by Sekizuka et al. [51], 
allowing for a comparison between our isolates and major 
phylogenetic lineages worldwide. The resulting tree con-
firmed the presence of distinct sublineages among our 
samples and suggested that the strains in our collection 
may not originate from a single phylogenetic lineage, 
potentially indicating multiple independent introduc-
tions or diversification events. By integrating resistance 
genotype information with the phylogenetic topology, we 
evaluated whether resistance mutations arose from single 
or multiple independent events within the same phylo-
genetic branches. This approach revealed both lineage-
specific resistance mechanisms, suggesting a common 
origin, and resistance variants distributed across unre-
lated branches, consistent with convergent evolution. 
These findings align with global trends, where M. tuber-
culosis lineages exhibit substantial geographic structur-
ing [52, 53], underscoring the importance of detailed 
phylogenetic analysis in tracking transmission dynam-
ics. Additionally, the phylogenetic tree further supports 
the assignment of isolates to specific sublineages, such 
as Haarlem, LAM, and T, in line with prior spoligotyping 
results, reinforcing the robustness of our characterization 

Fig. 1  Frequency distribution of XDR M. tuberculosis lineages identified in Argentina (2006–2015) using TB-Profiler
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(Fig. 2). For completeness, the corresponding phylogram, 
which includes branch length information, is available as 
Supplementary Fig. 1.

Furthermore, spoligotyping analysis of the studied 
samples confirmed their assignment to Lineage 4 Euro-
American, in agreement with existing genotyping studies 
conducted in Argentina [54]. Notably, approximately 80% 
of Mtb isolates in Buenos Aires belong to this lineage, 
predominantly comprising the T, LAM, and Haarlem 
families. This distribution reflects the historical influence 
of Hispanic colonization and recent immigration waves 
from the Mediterranean and neighboring countries.

Beyond lineage classification, understanding the 
genetic determinants of drug resistance is crucial for 
characterizing XDR Mtb isolates. Therefore, we analyzed 
resistance-associated variants, summarizing the most 
frequent mutations in Fig. 3. Overall, there was a strong 
correlation between phenotypic drug resistance and 
predictions based on the presence or absence of known 
resistance mutations for the four first-line drugs (iso-
niazid, rifampicin, ethambutol, and streptomycin), three 
second-line injectables (amikacin, kanamycin, and cap-
reomycin), and fluoroquinolones. Since all isolates were 
phenotypically characterized as XDR, resistance to iso-
niazid and rifampicin was expected. The identified muta-
tions further support this classification, reinforcing the 
reliability of our genetic resistance profiling.

For the four first-line drugs, the predominantly 
identified mutations were (Fig. 3):
Isoniazid: katG Ser315Thr (75.7% of samples), 
followed by fabG1 -15 C > T (24.2%).
Rifampicin: rpoB Ser450Leu (72.7%), followed by 
rpoB Asp435Val (21.2%).
Ethambutol: Two predominant SNPs were detected 
in the embB gene: Gly406Ala (27.2%) and Met306Ile 
(42.4%).
Pyrazinamide: pncA Gly10Pro (33,33%), followed by 
pncA Arg154Gly (25%).

Regarding streptomycin, three predominant mutations 
were identified: a frameshift mutation at position 110 
(24.2%) and a Leu16Arg substitution (39.4%) in the gid 
gene, and the 1401  A > G SNP in rrs (72.7%). Notably, 
since streptomycin shares its target with the injectable 
aminoglycosides studied (kanamycin, amikacin, and cap-
reomycin), the rrs 1401 A > G mutation was also predom-
inantly found in these drugs. For fluoroquinolones, four 
predominant SNPs were identified in the gyrA gene: Asp-
94Gly (21.2%), Ala90Val (15.2%) and Asp94Ala (12.1%), 
Asp94His (12.1%). It is important to note that, for most 
drugs, the total percentage exceeded 100%, as multiple 
variations were found in most samples.

Figures 4 and 5 compare the groups defined by spoli-
gotyping with the identified resistance profiles to explore 
the relationship between phylogenetic classification and 
drug resistance patterns. This analysis aimed to assess 
whether the clustering observed through spoligotyping 
correlates with distinct resistance signatures. The phylo-
genetic trees of the strains analyzed in this work (Figs. 4 
and 5) confirm that all isolates belong to Lineage 4 (Euro-
American), except for one Beijing isolate (Lineage 2). Five 
major groups were confirmed based on the spoligotyping 
profile: H, LAM3, LAM5, T, and T-Tuscany.

Group H includes all isolates molecularly characterized 
as H2 or H3. Within the group, the same profile of resis-
tance mutations is observed. All samples harbor the katG 
Ser315Thr mutation, which confers resistance to isonia-
zid (INH). For rifampicin, ethambutol, pyrazinamide, and 
streptomycin resistance, the majority of samples share 
specific mutations: rpoB Ser450Leu (rifampicin), embB 
Gly406Ala (ethambutol), pncA Gln10Pro (pyrazinamide) 
and rrs 1401 A >G along with gid Val100fs (streptomy-
cin). This pattern suggests a potential common phylo-
genetic origin for these resistance mutations. Notably, 
sample 20,394 carries a double mutation at codon 435 of 
the rpoB gene, resulting in Asp435Gly, previously asso-
ciated with rifampicin resistance by Napier G. et al. [5]. 
All isolates in this group harbor the rrs 1401 A >G muta-
tion, associated with resistance to second-line injectable 
drugs [55, 56]. In contrast, fluoroquinolone resistance 
exhibits greater variability, with distinct mutations iden-
tified across different isolates, including gyrA Asp94Gly, 
gyrA Asp94His, gyrA Asp94Ala, gyrA Ala90Val, gyrB Ala-
504Val, and gyrB Arg446Cys [57–61].

The LAM5 group includes all isolates identified as 
belonging to this lineage through experimental and In 
Silico techniques. Previous studies have reported the 
presence of LAM5 among M. tuberculosis isolates in 
Argentina, as part of the broader Latin American–Medi-
terranean family [29]. However, sample 11,880 was clas-
sified as LAM5 based on the experimental spoligotyping, 
whereas In Silico spoligotyping assigned it to LAM3. 
Furthermore, its clustering with LAM3 isolates supports 
this classification; therefore, sample 11,880 was excluded 
from the LAM5 group.

All LAM5 group isolates share the same INH, RIF, 
PZA, and EMB resistance genotypes. Regarding second-
line aminoglycosides, isolate 13,429 is the only one lack-
ing the rrs 1401 A > G variant (STR). Additionally, isolates 
13,429 and 13,431 are the only ones without a variant at 
codon 94 of gyrA gene for fluoroquinolones within the 
group. The phylogenetic tree is coherent with the hypoth-
esis that mutation at gene gyrA codon 94 (Asp) may have 
arisen in a common ancestor of the LAM5 isolates in this 
group, while the rrs 1401 A > G mutation appears to have 
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Fig. 2  Global phylogenetic tree of XDR Mycobacterium tuberculosis isolates, including a subset of M strain and Ra strain samples, alongside isolates from 
the TGS-TB project [51]. Isolates from the TGS-TB project are labeled with the corresponding phylogenetic lineage followed by the number of representa-
tives (in parenthesis) if multiple isolates belong to the same lineage. This labeling convention also applies to M (4.1.2.1) and Ra (4.3- LAM3) strain isolates. 
Three annotation columns accompany the project isolates: “In Silico Lin” (lineage determined computationally from phylogenetically consistent SNP 
markers using TB profiler), “In Vitro Spol” (experimentally determined spoligotype), and “In Silico family” (assigned by TB Profiler)). Missing values in the ex-
perimental spoligotype column indicate no laboratory experiment was performed, whereas missing values in the In Silico columns denote inconclusive 
results. The tree is shown as a cladogram for visual clarity. The corresponding phylogram, including branch lengths, is provided as Supplementary Figure 
S1
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been lost in isolate 13,429, potentially as a result of a later 
evolutionary event.

The T-Tuscany group consists of two isolates, 22,372 
and 20,246, which were experimentally characterized as 
belonging to the T lineage. Regarding resistance vari-
ants, these isolates do not harbor katG mutations asso-
ciated with INH resistance but instead carry resistance 
mechanisms through fabG1 promoter variants. Addi-
tionally, they share the rrs 1401 A >G mutation for ami-
noglycoside resistance, embB Met306Ile for ethambutol 
resistance [62], and gyrA Asp94Gly for fluoroquinolone 
resistance. Notably, neither isolate carries pncA muta-
tions associated with PZA resistance.

In the global tree, Group LAM3 clusters with samples 
of sublineage 4.3.2, with isolate 25,203 positioned near 
the outbreak of the Ra strain, which has been character-
ized as sublineage 4.3 (LAM3 108) and exhibits an MDR 
resistance profile [16]. All LAM3 isolates share the same 
resistance variants for INH and RIF. Isolates 11,401 and 
11,880 also share resistance mechanisms for STR (rpsL 
Lys88Arg) and fabG1-inhA − 15 C >T promoter variants, 
responsible for INH and ETH resistance. These two iso-
lates share a KAN resistance variant in the eis − 12G >A 
promoter, differing from the rrs 1401 A >G variant asso-
ciated with KAN in most studied isolates. While no FLQ 

resistance variants were found, these isolates are known 
to be phenotypically resistant. Notably, despite being 
experimentally classified as LAM5, isolate 11,880 exhib-
its an In Silico spoligotype and phylogenetic placement 
consistent with LAM3.

The T1 group includes nine isolates, all characterized 
as T spoligotypes both In Silico and experimentally. The 
group can be further subdivided into two subgroups, 
both defined by the rpoB Ser450Leu variant associated 
with RIF resistance. The first subgroup comprises isolates 
22,468 and 10,010, in which INH resistance is mediated 
by the katG Ser315Thr mutation alongside genotypic 
variants associated with EMB resistance. The second 
subgroup includes isolates 17,817 and 20,483, where INH 
resistance is mediated by fabG1 -15 C > T while no EMB 
resistance mutations were detected.

Adjacent to the T1 group in the phylogenetic tree, iso-
late 16,561 is classified as T5. It is one of the two isolates 
lacking an INH resistance mutation while exhibiting 
phenotypic resistance. Additionally, it harbors the rpoB 
Gln432Pro variant, which is associated with rifampicin 
resistance. Other isolates exhibit ambiguous classifica-
tions. Further analysis is needed to determine the under-
lying causes.

Fig. 3  Bar chart displaying the distribution of resistance-associated variants across nine drugs. The X-axis lists the drugs (isoniazid [I], rifampicin [R], eth-
ambutol [E], pyrazinamide [P], streptomycin [S], kanamycin [K], amikacin [A], capreomycin [C], and fluoroquinolones [F]) while the Y-axis represents the 
number of identified variants. Each bar corresponds to a specific drug and is segmented by color to represent individual variants. Labels are shown only 
for variants present in at least 10% of resistant isolates for each drug, highlighting the most prevalent mutations associated with resistance. For some 
drugs, the number of variants exceeds the number of isolates because individual isolates can carry multiple mutations conferring resistance to the same 
antibiotic
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The phylogenetic analysis, together with resistance 
profiles, highlights the prevalence of mutations rpoB Ser-
450Leu and rpoB Gln432Leu, which are strongly associ-
ated with RIF resistance, as well as katG Ser315Thr, the 
most common mutation conferring INH resistance, fol-
lowed by mutations in the fabG1 promoter. While katG 
Ser315Thr is strongly associated with high resistance lev-
els, fabG1 promoter mutations are also found in Argen-
tinean lineages but confer lower levels of resistance [63]. 
Variants such as rrs 1401 A >G are also frequent, albeit 
to a lesser extent. Resistance mutations for EMB and 
PZA appear in specific phylogenetic groups, suggesting a 
shared evolutionary origin. In contrast, resistance mech-
anisms for FLQ and ETH seem to have emerged more 
recently and do not exhibit exclusive associations with 
particular phylogenetic branches.

Multiple mutations associated with resistance to the 
same drug were identified, as detailed in Figs. 4 and 5. 
However, some phenotypically resistant strains lacked 
known high-confidence resistance mutations reported 
in the literature (one for isoniazid, three for ethambutol, 
six for pyrazinamide, and two for streptomycin). Despite 
this, we identified undescribed mutations that might 
contribute to resistance to the antibiotics under study. 

For sample 16,561, a novel conservative in-frame inser-
tion was found at position 1440 of the katG gene (protein 
position 404), an insertion not yet reported as associated 
with an AMR in the latest TBprofiler and WHO AMR 
2023 databases [64] adds an extra alanine codon between 
katG’s two peroxidase domains (positions 404–405) 
according to InterPro analysis (Pfam ID: PF00141, Prosite 
ID: IPR002016), suggesting further research potential. 
Consistent with this observation, insertions in the katG 
gene (Rv1908c) are frequently observed and contribute to 
isoniazid resistance [19–22].

In the pyrazinamide false-negative analysis, a thor-
ough manual analysis was performed using IGV pro-
gram on the remaining samples (15,213, 10,900, 11,880, 
and 22,468), focusing on the genes pncA, panD, rpsA, 
Rv1258c, Rv3236c, and their respective promoters to 
identify poorly characterized mutations or other artifacts 
that could explain their phenotypic resistance. In sam-
ple 22,468, the complete absence of the pncA gene was 
observed. The complete absence of the pncA gene in sam-
ple 22,468 is a significant finding, as this gene is essential 
for the pyrazinamide conversion into its active form, pyr-
azinoic acid. The total loss or deletion of pncA has been 
identified as a mechanism of pyrazinamide resistance 

Fig. 4  Phylogenetic tree of XDR Mycobacterium tuberculosis isolates aligned with drug resistance profiles. Each branch of the tree corresponds to a 
sample listed in the adjacent table, which contains six columns: “Invitro spol.” (specifying the spoligotype classification), “InSilico family” (lineage family 
assigned by TB Profiler), and four drug resistance columns (representing the phenotypic resistance profile for isoniazid (I), rifampicin (R), ethambutol (E), 
and streptomycin (S)
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in Mtb [65, 66]. For sample 15,213, two SNPs of interest 
were identified: Rv3236c Ala370Thr and a synonymous 
variant in the rpsA gene (636 A >C; Arg340Arg). The 
first mutation has consistently been reported alongside a 
secondary mutation [67], the latter is mentioned in the 
“Catalogue of Mutations in Mycobacterium tuberculo-
sis Complex and their Association with Drug Resistance 
– Second Edition” [64] as a rare mutation for PZA with 
low PPV. For samples 10,900 and 11,880, no mutations or 
regions with low coverage were found that could account 
for their resistance. Further investigation is required.

Identifying resistance-associated mutations in EMB-
resistant organisms is one of the greatest challenges 
when diagnosing antibiotic resistance through variant 
analysis. It is believed that the resistance mechanism to 
this antibiotic in tuberculosis is not solely attributed to 
the embABC cassette but may result from a combination 
of different variants across multiple genes, making accu-
rate detection challenging in some cases [64, 68–72]. In 

our samples, the three false negatives (11401, 11880, and 
17817) shared the synonymous SNP embC Arg927Arg 
which has been widely reported for all isolates (resistant 
and sensitives) in the PolyTB database (​h​t​t​p​​:​/​/​​p​a​t​h​​o​g​​e​n​
s​​e​q​.​​l​s​h​t​​m​.​​a​c​.​u​k​/​p​o​l​y​t​b). Brossier et al. suggest that this 
SNP could have originated from a sequencing artifact 
in the Mtb reference strain H37Rv, as recorded in Gen-
Bank. (accession number AL123456.3) [73]. On the other 
hand, sample 17,817 presented multiple unreported vari-
ants, including four missenses (embR Phe283Leu, embR 
Cys294Gly, embB Phe642Ser, embB Asn675Thr), one 
disruptive inframe insertion (embA 3347 C < CCG) and 
two synonymous variants (embR Cys288Cys and the one 
described above). For samples 11,401 and 11,880, no vari-
ants were found in any reported gene most commonly 
associated with ethambutol resistance (seven genes were 
manually reviewed in IGV to verify the information: 
embABC, iniABC, and embR). In addition, both samples 
show optimal vertical coverage (< 30X), and no insertion 

Fig. 5  Phylogenetic tree of XDR Mycobacterium tuberculosis isolates aligned with drug resistance profiles. Each branch of the tree corresponds to a 
sample listed in the adjacent table, which contains six columns: “Invitro spol.” (specifying the spoligotype classification), “InSilico family” (lineage family 
assigned by TB Profiler), and four drug resistance columns (representing the phenotypic resistance profile for kanamycin (K), amikacin (A), capreomycin 
(C), and fluoroquinolones (F))
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sequences (IS) were detected that could explain the phe-
notypic resistance. Further investigation will be essential 
to unravel these findings.

Additionally, resistance-associated variants were 
detected for Delamanid, Linezolid, and other second-line 
drugs, even though these drugs were not administered at 
the time of the study. For Delamanid, we identified one 
high-confidence mutation (fbiC Ala855fs) and seven 
low-confidence mutations (three in fbiC -Ile406Val, 
Val410Gly, Val415Gly- and four in fbiA -Ala30Thr, 
Gln120Arg, Ile208Val, and one synonymous variant). 
Regarding Linezolid, we detected two low-confidence 
synonymous mutations in rplC and one high-confidence 
mutation (rplC Cys154Arg). No resistance-associated 
mutations were found for Bedaquiline or Fosfomycin.

In conclusion, these findings reveal a diverse landscape 
of resistance mutations among XDR M. tuberculosis iso-
lates in Argentina, with notable lineage-specific and con-
vergent mutations. Our findings offer a comprehensive 
view of both established and lesser-known mutations, 
enriching the understanding of resistance patterns and 
evolutionary pathways in these isolates.

Discussion and conclusions
The study of extensively drug-resistant (XDR) tuber-
culosis (TB) in Argentina provides critical insights into 
the evolution, genetic diversity, and complexity of anti-
biotic resistance in Mycobacterium tuberculosis complex 
(Mtbc). Despite substantial progress in TB research and 
the development of drug resistance profiling techniques, 
XDR-TB remains a significant public health threat world-
wide. In Argentina, where TB burden is moderate but 
concerning, especially with rising drug-resistant strains, 
our findings contribute to a better understanding of the 
genetic determinants of XDR-TB in the region and high-
light the importance of genomic surveillance in guiding 
TB control strategies.

This study characterized the genetic basis of antibiotic 
resistance to first- and second-line drugs used in tuber-
culosis treatment, analyzing clinical XDR Mtb isolates 
from Argentina collected between 2006 and 2015.

Previous studies conducted in Argentina have docu-
mented the predominance of the katG S315T muta-
tion in INH-resistant and MDR-TB strains, particularly 
in highly transmissible lineages such as LAM and the 
M outbreak strain, which has contributed significantly 
to local transmission clusters since the 1990s [54, 63]. 
While inhA promoter mutations are also frequent, they 
appear more often in low-resistance or non-clustered 
isolates. Genomic data from recent cohorts suggest a 
gradual accumulation of additional resistance-conferring 
mutations in MDR strains, including those targeting sec-
ond-line drugs, indicating an evolutionary path toward 
pre-XDR and XDR phenotypes [28]. A striking case of 

within-host evolution was reported in an Argentinian 
patient over a five-year period of inadequate treatment, 
where an MDR strain sequentially acquired fluoroquino-
lone, pyrazinamide, and aminoglycoside resistance muta-
tions, including novel mutations in whiB7, ultimately 
progressing toward an XDR phenotype [74]. These find-
ings underscore the importance of ongoing genomic sur-
veillance to detect and characterize evolving resistance 
patterns in M. tuberculosis.

The resistance-associated variants identified in this 
study remained consistent with those previously reported 
for drug-resistant isolates in Argentina. For isoniazid, 
katG Ser315Thr and fabG1 -15 C >T were the most fre-
quent mutations, aligning with published studies [15, 
28, 75]. For rifampicin resistance, rpoB Ser450Leu, a 
variant documented locally, remained prevalent, while 
Asp435Val, one of the most frequently identified muta-
tions in other studies, was also commonly detected [28, 
54].

For pyrazinamide (PZA), pncA mutations exhibited 
expected variability but were mostly contained within 
specific monophyletic branches, such as the H and LAM5 
groups, suggesting phylogenetic constraints on PZA 
resistance evolution. Ethambutol resistance was primar-
ily associated with the embB Gly406Ala and Met306Ile 
variants, compatible with local reports [16, 76–78], with 
the former being exclusive to the H group.

For second-line aminoglycosides, the rrs 1401  A > G 
mutation remained predominant, although it was not 
conserved throughout the phylogeny. Fluoroquinolone 
resistance-associated mutations in gyrA exhibited a more 
varied distribution in the tree compared to other anti-
biotics. However, the most frequent variant locations, 
Ala90 and Asp94, known to cause high MIC and found 
locally in FQL-resistant isolates, were present.

Ethionamide resistance variants were found predomi-
nantly in the fabG1 promoter (also associated with INH 
resistance), with only one strain having a mutation in its 
target gene, inhA. This is consistent with the operonic 
organization of fabG1 and inhA, where promoter variants 
modulate inhA expression levels, leading to resistance 
through regulatory rather than structural mechanisms. 
The fabG1 -15 C > T mutation seemed to be fixed in sev-
eral groups but without a clear common origin.

More than one resistance mutation per drug was not 
uncommon, and many isolates harbored strain-specific 
mutations. Some displayed novel or unique combina-
tions of variants, highlighting the genetic heterogene-
ity of XDR-TB and possible adaptation to local selective 
pressures.

We also identified less characterized mutations, such as 
novel insertions in pncA and katG, which warrant further 
investigation as they could contribute to pyrazinamide 
and isoniazid resistance, respectively. Some isolates 
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exhibited phenotypic resistance despite lacking known 
resistance mutations, suggesting the presence of alterna-
tive resistance mechanisms [79], epigenetic factors influ-
encing drug susceptibility [80], or technical limitations 
such as low sequencing coverage [80, 81]. These unde-
tected cases underscore the importance of comprehen-
sive genetic analysis and the need for updated resistance 
databases that include less commonly reported muta-
tions, which could enhance diagnostic [81] accuracy for 
XDR-TB.

The finding that XDR isolates were not derived from 
a single transmission event but rather multiple inde-
pendent resistance acquisitions highlights the complex-
ity of TB control efforts in Argentina. This suggests that 
strengthening infection control measures and targeted 
interventions are essential to prevent further spread. 
Future studies integrating genomic data with epidemio-
logical and clinical data will be critical for designing more 
effective containment strategies.

Our results suggest that resistance mutations arose 
independently across different M. tuberculosis lineages, 
reflecting convergent evolution likely driven by shared 
selective pressures, while others are restricted to spe-
cific phylogenetic groups, suggesting a single acquisition 
event in a common ancestor. This highlights the impor-
tance of integrating high-resolution phylogenetic analy-
sis with comprehensive resistance databases to enhance 
the accuracy of molecular diagnostics. Together, these 
approaches will improve our ability to detect emerg-
ing resistance patterns and inform tailored treatment 
strategies.

Although this study sheds important light on the 
mechanisms underlying drug resistance in M. tubercu-
losis, it is important to acknowledge certain limitations. 
One of them is the relatively small number of isolates 
that were sequenced and analyzed, which may constrain 
the broader applicability of some conclusions. In addi-
tion, the recent update of WHO definitions for pre-XDR 
and XDR-TB — which exclude resistance to second-line 
injectable drugs such as amikacin, kanamycin, and capre-
omycin — may affect the present-day clinical relevance of 
findings related to those drugs. Nevertheless, given that 
TB classifications and treatment guidelines evolve over 
time, reporting resistance data for these agents remains 
relevant. It enhances our understanding of the historical 
and evolutionary context of drug resistance in M. tuber-
culosis, which could ultimately support the development 
of improved treatment strategies. These considerations 
should be kept in mind when interpreting the results and 
reinforce the importance of ongoing surveillance aligned 
with current resistance definitions.

Recent national data provide further insight into XDR 
and pre-XDR-TB trends in Argentina following the study 
period. Between 2016 and 2020, an average of 5 XDR-TB 

cases per year (range: 3–9) were reported under the for-
mer WHO definition, based on resistance to fluoroqui-
nolones and second-line injectable agents. After the 
adoption of the revised WHO definitions, no XDR-TB 
cases were identified in 2021–2022; however, pre-XDR-
TB cases increased to an average of 20 per year, primar-
ily involving MDR strains that acquired fluoroquinolone 
resistance. More recently, in 2023–2024, with broader 
implementation of treatment regimens containing beda-
quiline and linezolid, 5 XDR-TB and 8 pre-XDR-TB 
cases were reported annually. This shift may reflect both 
expanded use of new core drugs and emerging resistance 
to them. These data, compiled by the Argentine Minis-
try of Health through national drug-resistant TB reports 
and tuberculosis and leprosy bulletins (2023–2024, issues 
No. 7 and 8) [82], underscore the need to closely monitor 
resistance evolution in response to therapeutic changes.

In this context, it is worth noting that the isolates ana-
lyzed in our study represent the full set of phenotypically 
confirmed XDR-TB cases in Argentina between 2006 
and 2015 for which high-quality DNA could be success-
fully sequenced. These samples were not selected based 
on geographic criteria but originated from multiple 
regions—including CABA (Ciudad Autónoma de Bue-
nos Aires), Buenos Aires Province, Rosario, Córdoba, and 
Jujuy—offering a geographically diverse snapshot of cir-
culating XDR-TB strains during that period. Given that 
our dataset already encompassed all available Argentine 
XDR-TB isolates from the study period, additional inclu-
sion of only-Argentine genomes was not possible. There-
fore, representative global genomes were incorporated 
to provide broader phylogenetic context and to assess 
whether the Argentine isolates arose from a single clonal 
expansion or from multiple independent introduction 
events. While the absence of detailed spatial metadata 
limited formal geographic analyses, the breadth of sam-
ple origins suggests that resistance did not emerge from a 
single local outbreak. Future studies combining expanded 
genomic datasets with precise epidemiological and geo-
graphic information will be essential to elucidate trans-
mission dynamics and regional patterns of spread.

While our analysis focused on a curated set of pheno-
typically confirmed XDR-TB isolates, we recognize the 
potential value of situating these genomes within the 
broader landscape of Argentine M. tuberculosis isolates 
available in public repositories such as TB Profiler. Incor-
porating such datasets in future studies may help identify 
circulating outbreak strains, trace transmission networks, 
and elucidate evolutionary dynamics at a national scale. 
However, many of the publicly available genomes lack 
essential metadata (e.g., phenotypic resistance profile, 
sampling year, geographic origin), limiting their imme-
diate utility for our focused investigation. Moreover, 
our goal was to provide a detailed characterization of 
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confirmed XDR isolates using high-quality sequencing 
and curated clinical data, complemented by a global phy-
logenetic context to infer lineage distribution and poten-
tial convergent evolution events. Future work expanding 
on this framework will be essential to enhance national 
genomic surveillance and epidemiological tracking of 
resistant TB strains in Argentina.

In line with recent updates from the WHO, the defini-
tions of pre-XDR and XDR-TB have been revised, with 
resistance to injectable drugs such as kanamycin, ami-
kacin, and capreomycin no longer included in the crite-
ria. Although this change may affect the present clinical 
categorization of some isolates, the analysis of resistance 
to these drugs in our dataset offers valuable historical 
insight into the evolution of drug resistance in Argentina 
and complements our genomic characterization of other 
key drug classes.

Finally, our work provides a detailed genomic charac-
terization of XDR-TB isolates in Argentina, identifying 
both well-established and lesser-known resistance muta-
tions. Our results remark the complexity of resistance 
evolution in Mtb and underscore the importance of inte-
grating WGS into routine TB surveillance and diagnosis 
in developing countries such as Argentina.
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