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Sputum processing and mycobacterial culture
Specimen decontamination and culture were performed using the modified Petroff method [1]. Briefly, 3–5 mL of sputum was homogenized with an equal volume of 4% NaOH for 15 min, followed by centrifugation at 3,000 × g for 15 min. The pellet was neutralized with 4% sulfuric acid and centrifuged again under the same conditions. The final sediment was inoculated in duplicate onto Löwenstein–Jensen (LJ) and Coletsos egg-based solid media and incubated at 37°C for 4–8 weeks, with weekly examination for mycobacterial growth.
Colonies from culture-positive specimens were heat-inactivated and stored in labeled cryovials containing physiological saline supplemented with 10% glycerol at −80°C. Isolates were transported on dry ice (Biological Substance, Category B) to the Institute of Microbiology, Faculty of Biology, University of Warsaw, Poland, for DNA extraction and genotyping.
DNA Extraction
Bacterial colonies were suspended in 400 μL of Tris–EDTA buffer (10 mM Tris-HCl, 1 mM EDTA; pH 7.0). Thermal lysis was performed at 95°C for 45 min with continuous agitation (350 rpm) to disrupt bacterial cells and release genomic DNA. The lysate was centrifuged at 13,000 × g for 3 min, and the supernatant containing genomic DNA was carefully collected and stored at −20°C until further analysis.
DNA concentration and purity were assessed using a NanoDrop® Microvolume Spectrophotometer (Thermo Scientific, USA), based on spectrophotometric absorbance measurements at 260 nm and purity ratios (A260/A280 and A260/A230). Only isolates with DNA concentrations ≥10 ng/µL and acceptable purity ratios (A260/A280 between 1.8–2.0 and A260/A230 >1.8) were considered suitable for reliable PCR amplification and retained for MIRU-VNTR genotyping.
24-Locus MIRU-VNTR Genotyping
Genotyping was performed using the standardized 24-locus MIRU-VNTR scheme described by Supply et al. [2]. Primer sequences are provided in Suppl. Table S2.
PCR amplification was carried out in 96-well microplates, allowing simultaneous processing of eight isolates per 12-locus set to minimize inter-run variability. Each 20 μL reaction contained 10 μL Color OptiTaq Master Mix, 0.4 μL forward primer (20 μM), 0.4 μL reverse primer (20 μM), 0.5 μL DNA template, locus-specific MgCl₂, and nuclease-free water.
Locus-specific MgCl₂ concentrations and annealing conditions, as well as reaction mix composition, were optimized to maximize amplification efficiency and minimize non-specific amplification, as detailed below:
	Component
	Group 1
	Group 2
	Group 3
	Group 4

	Loci
	MIRU4, MIRU26, MIRU40, Mtub30, Mtub39, QUB-4156c
	MIRU10, MIRU16, MIRU31, Mtub29, ETR-B, Mtub34
	MIRU20, MIRU24, MIRU27, Mtub04, ETR-C, ETR-A, QUB11b, Mtub21, QUB26
	MIRU2, MIRU23, MIRU39

	MgCl₂ (mM)
	3.0
	2.0
	1.5
	2.5

	MgCl₂ (25 mM, μL)
	1.5
	0.5
	0
	1.0

	Color OptiTaq Master Mix (μL)
	10.0
	10.0
	10.0
	10.0

	Forward primer (μL)
	0.4
	0.4
	0.4
	0.4

	Reverse primer (μL)
	0.4
	0.4
	0.4
	0.4

	DNA template (μL)
	0.5
	0.5
	0.5
	0.5

	DNase-free water (μL)
	7.2
	8.2
	8.7
	7.7

	Total volume (μL)
	20.0
	20.0
	20.0
	20.0


PCR cycling conditions consisted of an initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 50–55°C for 30 s (locus-dependent), and extension at 72°C for 90 s. A final extension was performed at 72°C for 7 min, followed by a 4°C hold.
	Step
	Temperature
	Time
	Cycles

	Initial denaturation
	95°C
	3 min
	1

	Denaturation
	95°C
	30 s
	40

	Annealing
	50–55°C*
	30 s
	40

	Extension
	72°C
	90 s
	40

	Final extension
	72°C
	7 min
	1

	Hold
	4°C
	∞
	-


*Annealing temperatures were optimized per locus according to primer specifications and ranged between 50°C and 55°C.
PCR products were separated on 1.5% agarose gels (Vivantis) in 1× TBE buffer with RedSafe™ stain (iNtRON Biotechnology). Electrophoresis was performed at 120 V for 75 min, and amplicons were visualized under UV transillumination.
M. tuberculosis H37Rv was used as positive control, and sterile water as negative control. Alleles were assigned using 100 bp and 1000 bp DNA ladders and standardized allele-calling tables. Gel images were independently interpreted by two investigators (first and second authors) to ensure accuracy and reproducibility. In cases of inconclusive or discordant results for any strain or locus, PCR amplification and electrophoresis were repeated until a definitive allele assignment was obtained.
MIRU-VNTR data analysis
The 24-locus allelic profiles were entered into a standardized database and analyzed using the MIRU-VNTRplus web platform (http://www.miruplus.net) for lineage assignment and phylogenetic analysis, as described by Allix-Béguec et al. [3]. Strain lineages were assigned by comparison with validated reference strains using a maximum distance threshold of 0.17.
Phylogenetic relationships were evaluated using both an Unweighted Pair Group Method with Arithmetic Mean (UPGMA) dendrogram and a minimum spanning tree (MST).
UPGMA-based clustering and recent transmission estimation: Isolates sharing identical 24-locus MIRU-VNTR profiles (zero allelic differences) were considered clustered, whereas isolates with unique profiles were classified as singletons. The clustering rate was calculated as the proportion of clustered isolates among all genotyped isolates.
The proportion of TB cases attributable to recent transmission was estimated using the n − 1 method [4]:

where Nt represents the total number of genotyped isolates, Nc the number of isolates included in clusters, and C the total number of distinct clusters. This method estimates the minimum proportion of cases resulting from recent transmission, assuming that identical genotypes are more likely to reflect recent transmission than reactivation of latent infection.
Minimum spanning tree analysis: A minimum spanning tree (MST) was constructed independently based on 24-loci MIRU-VNTR profiles to visualize phylogenetic relationships and assess transmission patterns among isolates. Clonal complexes (CCs) were defined using a maximum threshold of two allelic differences (DLV ≤ 2), including identical profiles, single-locus variants (SLV), and double-locus variants (DLV). This threshold was used to capture both probable recent transmission and broader transmission networks influenced by microevolution during prolonged infection or sequential transmission events. Isolates differing by three or more loci were considered unrelated. To better distinguish recent transmission from broader evolutionary relationships, clustering based on the stricter SLV criterion was also evaluated and compared with DLV-defined clusters [5].
Allelic diversity and discriminatory power: Allelic diversity at each MIRU-VNTR locus was calculated using the allelic diversity index (h):

where n is the total number of isolates and xi is the frequency of the ith allele at a given locus.
The overall discriminatory power of the 24-locus MIRU-VNTR scheme was assessed using the Hunter–Gaston discriminatory index (HGDI) [6]. Both h and HGDI range from 0 (no discrimination) to 1 (complete discrimination). Allelic diversity was classified as low (h < 0.3), moderate (0.3 ≤ h < 0.6), or high (h ≥ 0.6).
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