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Sequencing methodology text Supplementary file 1
Library Construction and Next-Generation Sequencing Workflow
DNA libraries were prepared using the MtDNA Library Preparation Kit 2.0 (Enlighten Biotech, Shanghai, China; CatLog#MTLP2.0) and the WhoChrMT kit (Enlighten Biotech, Shanghai, China; CatLog#WCMT1.0). The initial PCR amplification was performed in a final reaction volume of 30 μL, containing 10 ng of template DNA, 5 μL RealCapChrMT Mix, and 10 μL 3×EnzymeHF, with the remaining volume adjusted using nuclease-free water. The thermal cycling conditions included an enzyme activation step at 98 °C for 3 minutes, followed by 13 cycles of denaturation at 98 °C for 20 seconds and annealing/extension at 58 °C for 4 minutes. The mtDNA Library Preparation Kit 2.0 and WhoChrMT kit use specific, targeted primers for whole mitogenome amplification, avoiding random primers to ensure specificity. Primer sequences were removed during read trimming with Cutadapt (version 2.10, Martin, 2011) [1]. This was followed by 7 additional cycles of denaturation at 98 °C for 20 seconds and extension at 72 °C for 1 minute, with a final extension at 72 °C for 2 minutes and a hold at 10 °C. The PCR products were purified using Agencourt AMPure XP beads (Beckman Coulter).
A second round of PCR amplification was conducted to incorporate adapters and barcodes. Unlike ligation-based methods, the mtDNA Library Preparation Kit 2.0 employs a second round of PCR to incorporate adapters and barcodes, a validated approach for mtDNA sequencing that ensures compatibility with Illumina platforms while minimizing sample loss [2]. The reaction volume (30 μL) consisted of 10 μL 3×EnzymeHF, 18 μL nuclease-free water, 1 μL primer mix, and 1 μL barcode mix. The thermal cycling conditions included enzyme activation at 98 °C for 2 minutes, followed by 7 cycles of denaturation at 98 °C for 15 seconds, annealing at 58 °C for 15 seconds, and extension at 72 °C for 30 seconds. A final extension step was performed at 72 °C for 2 minutes, followed by a hold at 10 °C. After purification, the libraries were pooled to a final concentration of 20 pM. Sequencing was performed on the Illumina HiSeq X Ten platform (Illumina, San Diego, CA, USA; catalog no. 20013883) using the PE150 Reagent Kit (Illumina, San Diego, CA, USA; CatLog#PE150R).
Sequencing Data Analysis
The raw sequence data generated by the Illumina HiSeq X Ten platform (Illumina, San Diego, CA, USA; catalog no. 20013883) were processed as follows: First, adapter sequences and indexes were trimmed using Cutadapt software (version 2.10, Martin, 2011)  [1]. Low-quality reads were filtered using Trimmomatic software (version 0.39, Bolger et al., 2014) [3]. To ensure accurate alignment of the mitochondrial genome, the cleaned reads were mapped to the revised Cambridge Reference Sequence (rCRS + 64 bp) [4], using the Burrows-Wheeler Aligner (BWA-MEM, version 0.7.17, Li and Durbin, 2009) [5]. The resulting binary alignment/map (BAM) files were further compared against the human reference genome hg19 to filter out nuclear mitochondrial DNA sequences (NUMTs) [6]. Using Bedtools (version 2.29.2, Quinlan and Hall, 2010) [7], all reads successfully aligned to hg19 were extracted from the BAM files and realigned to rCRS + 64 bp using Bowtie2 software (version 2.4.2, Langmead and Salzberg, 2012) [8]. Variants were identified using complementary approach with SAMtools (version 1.10, Li et al., 2009) [9] and VarScan (version 2.4.2, Koboldt et al., 2012)  [10]. All mtDNA variants are reported relative to the revised Cambridge Reference Sequence (rCRS; NC_012920.1) using HGVS nomenclature [11]. SAMtools mpileup generated a pileup of aligned reads, summarizing base calls and quality scores at each mtDNA position. VarScan processed these data to call high-confidence single nucleotide polymorphisms (SNPs) and insertions/deletions (indels), applying a minimum minor allele frequency (MAF) threshold of 5% for potential heteroplasmy detection, a minimum read depth of 100×, and a p-value threshold of <0.05 for variant significance. Variants were retained only if detected by both SAMtools and VarScan, and the resulting calls were merged into a unified variant call format (VCF) file using BCFTools (version 1.10, Li et al., 2009) [9]. While mtDNA-Server 2 offers advanced features for heteroplasmy quantification and interactive analytics [12], our pipeline was selected for its seamless integration with whole-genome alignments and custom NUMT filtering; future analyses could leverage mtDNA-Server 2 for enhanced low-level variant detection. Pathogenicity was further classified using the Mitochondrial DNA Mutation Database (MITOMAP), Mitochondrial Variant Database (MSeqDR), and Mitochondrial Phenotype Database (MitoPhenoDB), assigning statuses such as 'Confirmed Pathogenic' or 'Variant of Uncertain Significance' (VUS) based on curated evidence [13–16]. Heteroplasmy was called for variants with alternate allele frequency (AF) between 0.01 and 0.99, requiring ≥3 supporting reads for the minor allele. Reliable detection thresholds were calculated per sample using a binomial model: minimum heteroplasmy % = max (5%, 3 / √mean_coverage) for 95% confidence (p=0.5), resulting in ≥5% across all samples due to high depth (>3,600×). Variants were binned into ranges (0–5%, 5–10%, 10–20%, >20%) using bcftools query [17], with counts aggregated by population in Supplementary Table 1. These include 21 low-confidence calls (<5% MAF), while no reliable heteroplasmy (≥5%) was prominent. No prominent heteroplasmic variants exceeding the reliable detection threshold (MAF ≥5%) were detected, indicating all major identified mtDNA variants were homoplasmic (MAF ≈100%), likely due to strong purifying selection, the use of whole blood samples, or limitations in detecting low-level heteroplasmy at the sequencing depth (mean 3,911 ± 1,965×); 21 low-confidence calls (<5%). For the Kohistani population, polymorphism lists were cross-checked with SAMtools/VarScan outputs to ensure accuracy [9]. The merged VCF file was cross-validated against the EMPOP database [18] for consistency, and consensus sequences in FASTA format were generated using BCFTools [19].
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