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Abstract 

Long-read sequencing (LRS) is a powerful approach for analyzing causative variants in 

hereditary diseases. When the target gene is known, long-range PCR amplicons provide high 

coverage and efficiency. However, artifacts such as chimeric reads, allelic imbalance, and 

uneven coverage across overlapping amplicons can compromise the accuracy of variant calling 

and phasing. Yet no existing software is tailored to the properties of PCR-based LRS. We 

developed TaKoHigh, the first variant calling and phasing tool optimized for LRS of PCR 

amplicons. TaKoHigh analyzes each amplicon individually, applies thresholds based on allelic 

balance, and connects haplotypes through overlaps between adjacent amplicons. In 

ADAMTS13-associated cases, TaKoHigh achieved 98% variant calling accuracy, outperforming 

Clair3 (64%) and Longshot (50%). It also successfully resolved compound heterozygosity in 

cases where conventional tools failed. TaKoHigh enables robust interpretation of PCR-based 

LRS data without requiring specialized experimental protocols, making it broadly applicable in 

both clinical and research settings. 
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Introduction 

The identification of pathogenic variants is important for elucidating the cause and pathogenesis 

of inherited diseases, and this information is crucial for determining treatment strategies. 

Targeted sequencing using PCR is a cost- and time-efficient approach, and is particularly useful 

for the analysis of known disease-associated genes1 2. The Sanger method is a gold standard for 

exon-level analysis, whereas PCR-based long-read sequencing (LRS) is emerging as a powerful 

tool for analyzing entire genes, including intronic regions3. Compared to whole-genome or 

whole-exome sequencing, PCR-based LRS provides higher coverage in target regions and 

requires less patient-derived genomic DNA, which is advantageous when sample volume is 

limited. 

For Sanger sequencing, user-friendly commercial software is widely available and 

accessible even to non-specialists. In contrast, LRS requires a multi-step bioinformatics 

workflow that can be more technically demanding4. Popular tools such as Clair35 and Longshot6 

have been developed for variant calling and phasing in long-read data, but these tools do not 

explicitly consider the specific characteristics of PCR amplicons, such as artificial chimeras 

and allelic amplification bias7. This limitation may lead to incorrect genotyping or phasing, 

particularly in clinical samples with subtle allelic imbalances. 

In this study, we describe the specific technical challenges of PCR-based LRS and present 

a dedicated solution based on our analysis of patients with hereditary thrombotic 

thrombocytopenic purpura (hTTP). We observed discrepancies between variant calls and 

phasing results obtained using Clair3/Longshot and those validated by Sanger sequencing of 

paternal and maternal genomes. To investigate the underlying cause, we manually performed 

variant calling and phasing by analyzing reads from individual PCR amplicons, and obtained 

results consistent with Sanger-based phasing. Through this process, we identified that the 

inaccuracies in variant calling and phasing were due to PCR-specific artifacts including 

chimeric reads and unequal amplification between alleles, which are common even in well-

optimized PCR reactions. 

Based on these findings, we developed TaKoHigh, a new software tool that enables 

accurate variant calling and phasing in real-world PCR-based long-read sequencing data. A 

usage README is provided as Supplementary Note, and compiled executables for macOS 

(Apple silicon) and Windows are available from the corresponding author upon reasonable 

request. TaKoHigh is robust to typical PCR-derived artifacts and requires no special 

experimental protocols, making it compatible with standard laboratory procedures. This tool 

represents a significant step toward the reliable interpretation of long-read amplicon data in 

clinical and research settings. 
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Results 

Challenges of compound heterozygosity analysis using PCR-based LRS 

hTTP is an autosomal recessive disease caused by pathogenic variants in both ADAMTS13 

alleles. Identifying the causative variant of the ADAMTS13 gene is crucial for a definitive 

diagnosis8-14. In the case of patient USS-S, two candidate pathogenic variants, c.821T>C 

p.(Leu274Pro) and c.3116G>A p.(Cys1039Tyr), were identified using the Sanger method; 

however, one of them, c.3116G>A, was not detected in either parent, indicating a potential de 

novo mutation (Fig. 1a). Therefore, it was challenging to prove compound heterozygosity. To 

address this issue, we applied PCR-based LRS to determine whether the two variants were 

located on the same or different alleles using phasing, which utilizes the ability of long reads to 

reconstruct haplotypes based on single molecules (Fig. 1b, c). 

Long-range PCR amplicons were designed to span the two candidate variants, with 3–8 

kb overlaps between adjacent amplicons (Supplementary Table 1). These overlapping regions 

are essential for phasing, enabling the construction of haplotypes by linking heterozygous 

single-nucleotide variants (SNVs), one of the strengths of LRS. PCR was performed using long-

range DNA polymerases under optimized conditions, and Nanopore sequencing followed 

standard protocols. Each of the six PCR reactions produced clear bands of the expected size 

(Extended Data Fig. 1a). The PCR amplicons were pooled, and libraries were prepared using 

the standard protocol. Sequencing was performed on GridION platform with the R10.4.1 flow 

cell in high-accuracy mode (260 bp/s), generating high-quality raw data (Supplementary Table 

2). The FASTQ reads were quality-filtered and size-selected using Filtlong, and mapped to the 

reference genome (GRCh38) using Minimap215,16 to create BAM files (Extended Data Fig. 1b). 

Variant calling and phasing were performed using Clair3 and Longshot (Extended Data Fig. 2). 

Haplotypes were then constructed using WhatsHap from the resulting phased VCF files (Fig. 

1c, full image in Extended Data Fig. 1c)17. 

To validate these bioinformatic results, the phased variants were compared with Sanger 

sequencing results of the parental DNA. Some discrepancies were observed (Fig. 1d), 

prompting us to investigate whether the standard analysis pipeline failed to resolve the correct 

phasing and, if so, to identify the cause. 

 

Manual phasing reveals causes of miscalling and misphasing 

Because the existing software failed to accurately perform variant calling and phasing, we 

attempted to manually call variants and execute phasing using the same sequence data from 

patient USS-S (Fig. 2). The reads corresponding to each amplicon were extracted by searching 
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for amplicon-specific sequences (Step 1, Fig. 2a). Approximately 50 reads were extracted for 

each amplicon, numbered, and used as input (Step 2, Fig. 2b). Heterozygous variants were 

selected for analysis from each amplicon. The procedure was as follows: the BAM file was 

loaded in the Integrative Genomics Viewer (IGV)18, and candidate heterozygous variants were 

selected such that multiple variants were included per amplicon (Step 3, Fig. 2c). A total of 26 

variants were identified from manual inspection in IGV, with their positions, 

reference/alternative bases, and detection status by Clair3 and Longshot summarized in 

Extended Data Fig. 3. For each amplicon, the corresponding reads were displayed in a sequence 

analysis software (Sequencher, Gene Codes Corporation), and the nucleotides at each selected 

site from Step 3 were identified and recorded (Step 4, Fig. 2d; full-size image in Extended Data 

Fig. 4). 

The nucleotide data from Step 4 were entered into a Microsoft Excel spreadsheet. Based 

on the combinations of bases obtained from manual inspection in IGV, each base was color-

coded into two haplotype groups (cyan and magenta). The next step involved creating 

haplotypes (Step 5, Fig. 2e) by adjusting base assignments within each read to ensure that 

adjacent bases were consistently grouped by color. Bases that differed from those indicated by 

IGV (yellow) or deletions (white) were also documented. Using the constructed haplotypes for 

each amplicon, all amplicons were successfully merged into a unified haplotype map without 

any contradictions (Step 6, Fig. 2f). Finally, to confirm the accuracy of the haplotype 

assignment, Sanger sequencing was performed for all heterozygous variants using the paternal 

and maternal genomes (Step 7, Fig. 2g). This approach confirmed the consistency of our 

phasing results and demonstrated that the candidate variant, c.3116G>A, was inherited from 

the father, validating the diagnosis of compound heterozygosity (Fig. 2g). 

The strength of this manual approach lies in the separate analysis of each amplicon, 

allowing interpretation based on the specific characteristics of individual amplicons. This 

approach also revealed the cause of this error observed in existing software. Existing tools do 
not explicitly account for factors inherent to PCR-based sequencing, such as (1) PCR-induced 

chimeras (chimeric amplicons) and (2) allele-specific amplification bias (Extended Data Fig. 

5). Our findings emphasize the necessity of interpreting long-read sequencing data within the 

context of each amplicon's quality and behavior. This result clearly demonstrates that even 

software with high analytical performance on PCR-free data can produce misleading results 

when applied to PCR-amplified sequences. 

 

Design and implementation of TaKoHigh 

Therefore, we developed a software tool named TaKoHigh (Targeted Amplicon-based variant 
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Calling and phasing Optimized for High-throughput long-read sequencing) to automate the 

manual steps demonstrated in the previous analysis. Conventional software such as Clair3 and 

Longshot attempts to phase variants using generic algorithms that do not consider PCR-specific 

biases or differences between amplicons, such as variability in coverage, error profiles, or 

phasing context (Fig. 3c). In contrast, TaKoHigh is designed to address these limitations by 

utilizing user-defined PCR information, applying specialized criteria for each amplicon, and 

explicitly detecting unphased gaps. The conceptual differences between these approaches, 

along with the overall analysis workflow, are illustrated in Fig. 3. TaKoHigh is, to our 

knowledge, the first amplicon-aware software specifically designed for PCR-based LRS. The 

strategy behind TaKoHigh is illustrated in Figs. 3 and 4. Unlike general variant-calling tools 

for LRS, TaKoHigh begins by extracting only the reads corresponding to each amplicon, based 

on the start and end positions and the read length. To minimize erroneous data, which is critical 

for accurate analysis in TaKoHigh, read groups were organized and analyzed separately for 

each amplicon (Fig. 3c). The optimal criteria for variant detection were determined according 

to the amplification ratio between alleles in each amplicon. Subsequently, SNVs were identified 

and haplotypes were constructed based on the co-occurrence frequency of adjacent SNVs 

within each amplicon (Fig. 3c). Adjustments, including correction of phase errors and cross-

amplicon rescue, were applied using information from the overlapping regions of neighboring 

amplicons. In this way, the longest possible and most accurate haplotypes were generated (Fig. 

3c). These steps were specifically designed to overcome the common issues in PCR-based LRS, 

such as allelic imbalance, the presence of chimeric reads, and uneven coverage between 

different amplicons. 

 

Workflow of TaKoHigh for phasing across amplicons 

The TaKoHigh variant caller accepts a BAM file comprising one or more amplicons as input 

(Fig. 4). Based on the provided amplicon information, the software generates split BAM files 

for each amplicon, followed by the identification of variants using specific homozygous and 

heterozygous variant criteria for each amplicon. The variant list is then constructed through 

cross-amplicon rescue. Within these variants, phasing is performed for each amplicon using 

heterozygous variants that meet the necessary quality criteria for reliable identification. The 

final step involves combining these elements to achieve phasing across amplicons. This 

approach leverages the strengths and mitigates the weaknesses of PCR-based LRS. 

It is also important to note that when no heterozygous SNVs exist to act as a bridge 

between two amplicons, the software should not forcibly connect the haplotypes. Instead, it 

should clearly indicate the lack of connection. This output serves as a cue for users to perform 
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additional PCR amplification to bridge the missing segments. For example, in patient USS-2M, 

no bridging heterozygous SNVs were found between PCR2 and PCR3. Consequently, the 

software generated two haplotypes separated by a clearly defined gap (phase sets), as expected 

(Extended Data Fig. 6), thereby highlighting the need for an additional PCR. 

 

Benchmarking and validation of TaKoHigh performance 

To evaluate the performance of TaKoHigh, we used sequence data from patient USS-S and 

obtained a phased variant list (provided as a worksheet within a single Excel file in the 

Supplementary Data, TaKoHigh output for USS-S). Consistent with manual phasing, 

TaKoHigh concluded that the candidate variant not present in the parents was located on the 

paternal allele, thereby confirming compound heterozygosity. All 41 heterozygous variants 

(HET-1 to HET-41) used for phasing were verified by Sanger sequencing of the parental 

genome. The variants inherited from the paternal and maternal alleles are shown as blue and 

red, respectively. Notably, HET-2 was present in both parents, and HET-41 was not found in 

either, rendering its origin undetermined; it is therefore displayed as a black bar (Fig. 5a). 

Next, we compared the results obtained from four methods: TaKoHigh, Clair3, Longshot, 

and manual inspection in IGV (Fig. 5b). A complete list of SNVs, both heterozygous and 

homozygous, detected by each method was compiled. We identified 41 heterozygous variants 

(HET-1 to HET-41) and 17 homozygous variants (HOMO-1 to HOMO-17). The presence or 

absence of variant calls across methods is indicated. TaKoHigh accurately identified the 

genotypes of all variants except HOMO-5. In contrast, Clair3 and Longshot missed several 

variants. The numerical detection performance of each software is summarized in Table 1. 

Additionally, we examined results using BAM files divided by amplicon and analyzed 

them using the same four methods. Except for the PCR2 BAM file, the variant calling results 

were identical to those obtained from the entire BAM file. For PCR2, however, analysis of the 

full BAM file with TaKoHigh successfully detected both SNVs and phasing, indicating that 

cross-amplicon rescue was effective (Fig. 5c). In contrast, Clair3 and Longshot failed to detect 

several variants in PCR2 and other regions (Extended Data Fig. 7). Manual inspection in IGV 

of the BAM files confirmed the missing variants in PCR2, while other amplicon regions were 

consistent with the results from TaKoHigh. The corresponding phased variant lists generated 

by TaKoHigh for USS-S, USS-2M, and USS-2M with gap rescue (PCR8 added) are provided 

as separate worksheets within a single Excel file in the Supplementary Data. 

The accuracy of variant calling was highest for TaKoHigh (98%), followed by Clair3 

(64%) and Longshot (50%) (Table 1). The reduced performance of existing software was 

attributed to the inability to rescue allele-specific amplification imbalance in PCR2. 
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Regarding phasing accuracy, only TaKoHigh produced correct phasing results (Fig. 5a), 

while Longshot and Clair3 generated incorrect results (Fig. 1d). The phasing errors in existing 

software were largely attributable to missed variant calls resulting from PCR chimeras and an 

amplification imbalance between alleles. 

 

Discussion 

TaKoHigh, developed in this study, is a software tool specialized in "variant calling and 

phasing" and is exclusively designed for LRS of amplicons. This represents the first 

haplotyping software designed specifically for PCR-based data. PCR amplicons pose unique 

challenges, including the presence of chimeric reads and allelic imbalance. However, these 

issues can be managed effectively when the analysis is designed with a clear understanding of 

PCR-specific features. In fact, the use of PCR amplification enables targeted enrichment of the 

region of interest, allowing for high coverage and subsequently more accurate variant calling 

and phasing. 

Existing software tools are prone to generating errors in variant calls and phasing when 

applied to amplicon-derived data (Fig. 1d, Extended Data Fig. 8). When paternal and maternal 

genomes data are available, discrepancies can be identified by verifying with the Sanger method. 

However, in cases where paternal and maternal genomes are unavailable, such verification 

becomes impractical, and potentially erroneous results may be accepted without scrutiny, a 

critical issue in clinical or diagnostic settings. Moreover, if every variant required verification 

by Sanger sequencing, the core advantage of automated phasing would be nullified. 

TaKoHigh specializes in amplicons and was developed based on a detailed understanding 

of their unique characteristics, allowing it to avoid common sources of error. Importantly, the 

software clearly indicates regions where haplotypes cannot be connected, rather than forcing a 

connection. This output serves as a practical cue for users to consider additional PCR 

amplification to bridge such gaps. 

For example, when analyzing patient USS-2M with existing tools, multiple phasing errors 

were observed in regions where haplotypes should have formed (Extended Data Fig. 8, 9a, and 

10). In contrast, TaKoHigh correctly output two separate haplotypes with a clearly defined gap 

(Extended Data Fig. 6). Based on this result, we added one additional amplicon that included 

the two closest heterozygous variants from each haplotype. Reanalysis successfully produced 

a single, continuous haplotype (Extended Data Fig. 6 and 9b). This allowed us to determine that 

the rare variants in the promoter region were located on the same allele as previously identified 

variants and therefore not likely to be causative. Additional IGV-based visualizations 

confirming phasing consistency in USS-2M are provided in Extended Data Figs. 8 and 10. 
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Currently, TaKoHigh focuses on calling SNVs from BAM files mapped using Minimap2 

or other equivalent software, and performs high-accuracy phasing using only SNVs that meet 

stringent quality criteria. In future versions, we plan to extend its functionality to include 

insertions and deletions (InDels) detection following a similar strategy. Compared to SNVs, 

InDel calling is more challenging due to higher error rates in difficult regions, such as 

homopolymers. Nonetheless, a tool that can detect both SNVs and InDels and phase them 

reliably would be a valuable addition for PCR-based long-read sequencing applications. 

 

Methods 

Patients 

Two families, USS-S and USS-2M, were analyzed in this study. Patient USS-S (male) was 

diagnosed with hTTP at age 4 and has since received weekly prophylactic FFP infusions. 

Although neither his childhood nor family history has been obtained, ADAMTS13 activity was 

severely deficient without detectable inhibitors. His father and mother had ADAMTS13 activity 

levels of 34.2% and 47.6%, respectively14. Patient USS-2M (male) experienced multiple 

episodes of thrombocytopenia during infancy and childhood. He was later found to have 

severely reduced ADAMTS13 activity (2.0–2.8%) without detectable inhibitors. His father and 

mother had ADAMTS13 activity levels of 8.6% and 26.8%, respectively. In the USS-S family, 

two candidate variants were identified by Sanger sequencing; however, one of them was not 

found in either parent, making it difficult to confirm compound heterozygosity. In contrast, only 

one causative variant was detected by Sanger sequencing in the USS-2M family. Written 

informed consent was obtained from all patients. This study was approved by the Research 

Ethics Committee of National Cerebral and Cardiovascular Center (approval number M23-017). 

 

LRS using Nanopore GridION 

Genomic DNA was extracted from peripheral blood using the Blood GenomicPrep Mini Spin 

Kit (Cytiva). Long-range PCR was performed with Platinum SuperFi II DNA Polymerase 

(Thermo Fisher Scientific) using appropriate primer sets (Supplementary Table 1). 

For patient USS-S, six long PCR amplicons, each approximately 10 kb in length and 

designed with 3–8-kb overlaps, were used (Extended Data Fig. 1a). For patient USS-2M, 

amplicons ranging from 9–15 kb were prepared, with overlaps of 1–5 kb (Extended Data Fig. 

9a). To bridge the gap between two haplotypes in USS-2M, an additional 6-kb amplicon was 

generated and incorporated into the analysis (Extended Data Fig. 6 and 9b; Supplementary 

Table 1). 

Library preparation was carried out using the Ligation Sequencing Kit V14 (Oxford 
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Nanopore Technologies). Sequencing was performed on a GridION platform equipped with an 

R10.4.1 flow cell. The instrument and software were operated according to the manufacturer's 

instructions using the high-accuracy mode (260 bp/s). Sanger sequencing was performed as 

described previously9. 

 

Bioinformatic analysis of LRS data 

Raw sequencing data were generated using the Nanopore GridION platform. Base calling 

quality was assessed using NanoPlot (https://github.com/wdecoster/NanoPlot)19, and the results 

are summarized in Supplementary Table 2. Reads were filtered using Filtlong 

(https://github.com/rrwick/Filtlong) with a minimum mean quality of 97; for USS-S, minimum 

read length of 7,000 bp and maximum of 10,500 bp; for USS-2M, minimum of 8,000 bp and 

maximum of 16,000 bp. The selected reads were then aligned to the reference genome using 

Minimap2 (https://github.com/lh3/minimap2). 

Variant calling and phasing were performed using Clair3 (https://github.com/HKU-

BAL/Clair3) and Longshot (https://github.com/pjedge/longshot). Phased VCF files were 

generated, and phased haplotypes were constructed using WhatsHap 

(https://whatshap.readthedocs.io/en/latest/index.html)17. 

 

TaKoHigh 

TaKoHigh is implemented in Python 3, with selected components in C++. The core steps are: 

1. Read selection 

Reads are selected by mapping coordinates corresponding to each amplicon, using the provided 

amplicon definitions. 

2. Variant calling for each amplicon 

Variant calling is performed per amplicon. Homozygous genotypes are assigned for allele 

frequencies ≥0.95, and heterozygous genotypes for allele frequencies between 0.4 and 0.6. 

Strand bias is also considered. If an amplicon shows extreme allelic imbalance (i.e., no sites 

fall within the expected heterozygous range), the amplicon is designated "PCR-U", and site-

level genotypes within that amplicon are withheld pending cross-amplicon refinement. 

3. Refinement of variant calls (cross-amplicon rescue) 

Variant calls are refined using overlaps among amplicons. Confident calls on one amplicon are 

propagated to overlapping PCR-U amplicons covering the same site; other unknown genotypic 

sites on that PCR-U amplicon with similar allele ratios are assigned the corresponding genotype. 

4. Haplotype construction for each amplicon 

Two haplotypes are constructed per amplicon from the most frequent co-occurrence patterns of 
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nearby variants, integrating all variants detected on that amplicon. 

5. Integration of haplotypes across amplicons 

Using heterozygous variants in overlapping regions, per-amplicon haplotypes are linked across 

amplicons to yield global haplotypes. 

To facilitate reuse, a usage README is provided as Supplementary Note, while platform-

specific executables are available from the corresponding author upon reasonable request. 

 

Validation by Sanger sequencing 

To confirm the accuracy of both variant calling and phasing by TaKoHigh, we performed 

Sanger sequencing on selected SNVs. Targeted SNVs were chosen from each amplicon, 

including those used for phasing and representative variants called by TaKoHigh. PCR primers 

were designed to flank these sites, and amplification was performed using standard Taq 

polymerase. Sequencing reactions were carried out using the BigDye Terminator v3.1 Cycle 

Sequencing Kit (Thermo Fisher Scientific), followed by capillary electrophoresis on an ABI 

3500xl Genetic Analyzer. Resulting chromatograms were analyzed with Sequencher (Gene 

Codes Corporation). The accuracy of variant calls and their parental origin were confirmed. 
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Table 1. Comparison of variant calling accuracy for patient USS-S using three software 

tools 

Type Sanger TaKoHigh Clair3 Longshot 

Heterozygous 41 41 21 20 

Homozygous 17 16 16 9 

Total 58 57 37 29 

The number of variants (41 heterozygous and 17 homozygous) detected by each method is 

shown. Sanger sequencing was used as the reference standard. Phasing accuracy is not 

considered in this comparison. TaKoHigh detected 57 out of 58 variants (98% accuracy), 

outperforming Clair3 (37/58, 64%) and Longshot (29/58, 50%). The homozygous variant 

HOMO-5 was not detected by TaKoHigh, which accounts for the one discrepancy (see 

Extended Data Fig. 10). 
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Figure Legends 

 

Figure 1. PCR-based long-read sequencing (LRS) to determine compound heterozygosity 

in patient USS-S. a, Two candidate variants in ADAMTS13 (c.821T>C and c.3116G>A) 

identified by Sanger sequencing. b, Purpose of PCR-based LRS: to determine whether the two 

variants are located on the same or different alleles. c, Schematic overview of the LRS approach 

and IGV snapshot of BAM alignments mapped to the reference genome (GRCh38). Phased 

haplotypes (phase sets) generated by Clair3 and Longshot are shown as blue lines, with start 

and end positions indicated in green (Clair3) or red (Longshot). d, Comparison of phasing 

results between Sanger-based parental analysis and those obtained using Clair3 and Longshot. 

Misphasing was observed with both standard tools. 

 

Figure 2. Step-by-step manual phasing of long-read data from patient USS-S. Manual 

construction and validation of haplotypes from FASTQ data using seven steps: a, Step 1 – 

Selection of reads corresponding to each amplicon based on amplicon-specific sequences. b, 

Step 2 – Collection of approximately 50 reads per amplicon. c, Step 3 – Identification of 

heterozygous SNVs using BAM files viewed in IGV (see Extended Data Fig. 3). d, Step 4 – 

Verification of the selected SNVs on each read using Sequencher (see Extended Data Fig. 4). 

e, Step 5 – Construction of haplotypes within each amplicon by grouping adjacent SNVs based 

on co-occurrence. f, Step 6 – Integration of all amplicon-specific haplotypes into a single, 

contiguous haplotype (see Extended Data Fig. 5). g, Step 7 – Validation of the phasing result 

by trio Sanger sequencing (Patient, P [father], M [mother]). 

 

Figure 3. Overview of the variant calling and phasing strategy implemented in TaKoHigh, 

a tool optimized for PCR-based long-read sequencing. a, Schematic of overlapping long-

range PCR design targeting a disease-causing gene. Overlaps between adjacent amplicons are 

essential for connecting per-amplicon haplotypes (cross-amplicon phasing). b, Representative 

reads obtained from PCR-based LRS. Such reads may contain PCR-specific artifacts including 

chimeric reads, allelic imbalance, and unintended junctions. c, TaKoHigh bioinformatic 

pipeline. BAM files corresponding to each amplicon are extracted, and SNVs are called using 

amplicon-specific amplification profiles. Haplotypes are then constructed based on co-

occurrence patterns of adjacent SNVs. Haplotypes from poorly performing amplicons are 

rescued using data from neighboring amplicons. Finally, per-amplicon haplotypes are 

connected across amplicons to generate a complete phased region. 
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Figure 4. Workflow of TaKoHigh for variant calling and haplotype phasing from PCR-

based long-read sequencing data. FASTQ files generated from PCR-based LRS are first 

filtered for quality using Filtlong and aligned to the reference genome with Minimap2. The 

resulting BAM file is used as input for TaKoHigh, which runs in a Python 3 environment. In 

addition to the BAM files, TaKoHigh requires two inputs: a tab-delimited text file (.txt) 

specifying per-amplicon genomic coordinates and IDs; a reference genome sequence file (.rse 

and .cti). TaKoHigh extracts reads corresponding to each amplicon, performs SNV calling using 

amplicon-specific criteria, and ranks variants by confidence. High-confidence variants are then 

used to construct haplotypes within each amplicon. Haplotypes are subsequently connected 

across amplicons using overlapping regions. If no heterozygous SNVs are present in the 

overlapping region, a "gap" is reported. Additional amplicons may then be designed to bridge 

the gap and complete phasing. 

 

Figure 5. Performance comparison of variant calls and haplotype phasing methods. a, 

Verification of 41 heterozygous variants phased by TaKoHigh using parental Sanger sequencing. 

Variants inherited from the paternal and maternal alleles are shown in blue and red, respectively. 

HET-2 was present in both parents, and HET-41 was not detected in either; both are displayed 

in black. b, Comparison of variant calling performance across four approaches: TaKoHigh, 

Clair3, Longshot, and manual inspection in IGV. All 41 heterozygous and 17 homozygous 

variants (HET-1 to HET-41, HOMO-1 to HOMO-17) were assessed. TaKoHigh correctly 

identified all variants except HOMO-5. Clair3 and Longshot missed several variants. 

Quantitative results are summarized in Table 1. c, Analysis of BAM files divided by amplicon. 

While no variants were detected by TaKoHigh in PCR2 alone, the complete BAM file allowed 

successful detection and phasing, indicating that cross-amplicon rescue was effective. The 

results from other PCR regions were consistent across both approaches. The results for 

individual PCR amplicons using Clair3, Longshot, and manual inspection in IGV are shown in 

Extended Data Fig. 7. 
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PCR# From To
PCR1 133423438 133433779 133428768 133432616 Paternal
PCR2 133429050 133438489 A 133432616
PCR3 133434246 133443653 133440409 Maternal
PCR4 133437122 133447240 133440409 133446943 133446953
PCR5 133439369 133449197 133440409 133446943 133446953 133447335 133448541 B A (c.821T>C)
PCR6 133445616 133455878 133446943 133446953 133447335 133448541 133449556 133451246 133454486

B (c.3116G>A)

Not called
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133440409
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Extended Data Figure 1. Validation of PCR products, BAM files, and haplotype blocks for patient USS-S.
a, Electrophoresis of PCR products (PCR1–PCR6) on a 1.2% agarose gel stained with SYBR Green. b, Visualization of BAM files
mapped to the reference genome using IGV. c, Haplotype blocks displayed in IGV. Phased VCF files generated by Clair3 and
Longshot were processed with WhatsHap to construct haplotype blocks. Blocks are shown in blue, with start and end positions
marked in green (Clair3) or red (Longshot). Yellow stars indicate the two key variant positions used to assess compound
heterozygosity. BAM files and haplotype tracks are overlaid in IGV for comparison.
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133437314 133438003 133438373 133438768 133440154 133440409 133446270 133446943 133446953
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133428768 133429120 133429185 133429303 133430414 133430458 133431111 133432616 133437314 133438003 133438373 133438768 133440154 133440409 133446270 133446943 133446953
T T T G G : C G G C A G A G A T G
T T T G G T C G G C A G A G A T G
T T T G G T C C G C A G A G A T G
T T : G G T C G G C A G A G G C T
T T T G G T C G G C A G A G A T G
T T T G G T C C G C A G A G A T G
T T T G G T C G G C A G A C G C T
T T T G G T C G G C A G A G A T G
T T T G G T C G G C A G A G A T G
T T T G G T C G G C A G A G A C T
T T T G G T C G G C A G A G A T G
T T T G G T C C G C A G A G A T G
T C C C T C T C G C A G A G A T G
T T T G G T C G G C A G A G A T G
T : C C G T C G G C A G A G A T G
T T T G G C T C G C A G A G A T G
T T T G G T C G G C G C G C G C T
T T T G G T C G G G G C G G A T G
T T T G G T C G G C A G A G G C T
T T T G G T C G G C A G A G A C T
T T T G G T C G G C A G A G A T G
T T T G G T C G G C A G A G A T G
T T T G G T C G T G G C G C G C T
T T T G G T C C T G G C G C A T G
T T T G G T C G T G G C G C G C T
T T T G G T C G T G G C G C G C T
T T T G G T C G : C A G A G A T G
T T T G G T T T T G G C A G A T G
T T T G G T C G T G G G A G A T G
C C C C T C T C T G G C G C G C T
C C C C T C T C T G G C G C G C T
C C C C T C T C T G G C G C G G T
C C C C T C T C T G G C G C G C T
C C C C T C T C T G G C G C G C T
C C C C T C T C T G G C G C G C T
C C C C T C T C T G G C G C A G T
C C C C T C T C T G G G G C A T G
C C C C G T C G T G G C G : A T G
C C C C T C C G T G G C G C G G T
C C C C T C T C T G G C G C G G T
C C C C T C T C T G G C A C A T G
C C C C T C T C T G G C G C A T G
C C C C T C T C T G A C : C : : :
C C C C G C T C T G G C G C G T G
C C C C T C T C T G G C G C G C T
C C C C T C T C T G G C G C G C T
: C C C T C T C : C A G A G G C T

: : G G G G A T G

133429120 133429185 133429303 133430414 133430458 133431111 133432616 133434976 133435002 133435404 133435592 133437314 133438003 133438373 133440154 133440409 133446270 133446943 133446953 133447335
G G G A G A G C G A A C G T A G A T G A
G G : A G A G G A C G C G T A G A T G A
G G G A G A G G A C G C G T A G A T G A
A : C : A G C G A C G C G T A A A T G :
: G : : G : G G A C G : G T A G A T G A
G G G A G G C G A C G A G T A G A T G A
A : C C A G C G A C G C G T A G A T G A
: G G A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C A G : T G A
: G G A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C A G A T G A
A : C C A G G C G A A A C C A G A T G :
: G G A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C A G G C T G
: : : A G A G C G A A A C C A G A T G A
G G G A G A G C G A A A C C G C G A T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G T C A
G G G A G A G C G A A A C C G C A T G A
A : C C A G G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G : T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C : G C G C T G
G G G A G A G C G A A A C C G C G C T G
A G G C G A G C G A A A C C G C G C T G
G G G A G A G C G A G A C C G C G C T G
G G G A G A G C G A A A C : G C G C T A
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G C T A
G G G A G A G C G A A A C C G C G G T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C A C T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G G T G
G G G A G A G C G A G A C C G C G G T G
G : G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C A G T G
G G G A G A G C G A A A C C G C G C T G
G G G A G A G C G A A A C C G C G G T G
G G G A G A G C G A A A C C
G G G A G A G C G A A A C C
G G G A G A G C G A A A : C

133434976 133435002 133435404 133435592 133437314 133438003 133438373 133438768 133440154 133440409 133446270 133446943 133446953 133447335 133448541 133449556 133451246 133454486
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T : A A G A A
C T G C G C G G G G   A T G A T C C A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G G C   A T G A T C C A
C T G C G C A G A G   A T G A T G : A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T G A T C C G
C T G C T G G C G C   A T G A T C C G
: T G C G C A G A G   A T G A T C C A
C T G C G C A G A G   A T : A T C : A
C T G C G C A G A G   A T G G C G : G
G C T T T G G C G C   A T G A T C : A
G C T T T G G C G C   A T G A C G : G
G C T T T G G C G C   A T G A T C C A
G C T T T A G C G C   A T G A T C C A
G C T T T G G C G C   A T G A T C C A
G C T T T G G C G C   A T G A T C C A
G C T T T G G C G C   A T G A T C C A
G C T T T G G C G C   A T G A T C : A
G C T T T G G C G C   A T G A T C C A
G C T T T G G C G C   A T G A T C C A
G C T T T G G C G C T G A T C C A
G C T T T G G C G C C T G C G A G
G C T T T G G C G C G C T G C G A G
G C T T T G G G G C G C T G C G A G
G C T T T G G C G C G C T G C G A G
G C T T T G G C G : G : T G C G A :
G C T C G C A G A G G : T G C G A A
G C T T T G G C G C G C T G C G A G
G C T T T G G C G C G? C T G C G A A
G C T T T G G C G C G C T G C G A G
G C T T T : G C G C G C T G C G A G
G C T T T G G C G C G C T G C G A A
G C T T T G : C G C G C T G C G A G
G C T T T G G C G C G C T G C G A G
G C T T G C A G A G G C T G C G A G
G C T T T G G C G C G C T G C G A G
G C T T T G G C G C G C T G C G A G
G C T T T G G C G C G C T G C G A G
G C T T T G G C G C G C T G C G A G
G C T T T G G C G C G C T G C G A A
G C T T T G G C G C
G C T T T G G C G C

Position of heterozygous SNVs

PCR1 PCR4

PCR2 PCR5

PCR3 PCR6

Position of heterozygous SNVsA: c.821T>C

B: c.3116G>APosition of heterozygous SNVs

133428768 133429120 133429185 133429303 133430414 133430458 133431111 133432616 133434976 133435002 133435404 133435592 133437314

Patient, M Patient, M Patient, P Patient, P Patient, P Patient, P Patient, M Patient, P Patient, P Patient, M Patient, M Patient, M Patient, M

Phasing result
Sanger results



PCR1 PCR2 PCR3 PCR4PCR1 PCR2 PCR3 PCR4

PCR3PCR1

PCR2 PCR4

Fig. 3

Target gene
Allele 1
Allele 2

PCR1

PCR2

PCR3

PCR4

Design of long-range PCR

Expected properties of amplicons

Chimeric reads

Allelic imbalance

Inter-amplicon chimeras (unintended joining)

Variant calling and phasing

a

b

c

~15 kb each

TaKoHigh

Generate separate 
BAM files for each 
amplicon and 
classify reads by 
amplicon

Detect and phase SNVs using
amplicon-specific criteria

General-purpose variant callers

Exclude from downstream analysis

PCR1

PCR2

PCR3
PCR4

One criteria for all 
No exclusion of non-intended products
No rescue among ampliconsG A  T  C

A T  C  G
A A  T  G
T G  C  C

C      G   A
G      T   T

?      ?  ?
?      ?  ?

PCR1
PCR2

PCR3
PCR4

G A  T  C
A T  C  G

A A  T  G
T G  C  C

C      G   A
G      T   T

G      T  A
C      C  G

perform overlap-based
cross-amplicon rescue.

If within-amplicon
phasing remains
incomplete,



Fig. 4

FASTQ files

Remove SNVs likely to be erroneous (extreme imbalance)

Long-read sequencing (e.g., Oxford Nanopore Technologies)

Long-range PCR

Identify SNVs using amplicon-specific criteria

Intermediate annotated SNVs per amplicon

If phasing remains incomplete, perform additional PCR to bridge gaps and re-run TaKoHigh.

Library preparation

Read selection with Filtlong; mapping with Minimap2

Amplicon definition (.txt)

Reference sequence (.rse and .cti)

Generate separate BAM files for each amplicon

BAM file (.bam)

Selected SNVs for phasing

Output file (.csv)

Additional PCR to bridge the unphased gap

Output file (.csv)

Re-run TaKoHigh with the additional amplicons (same procedure) 

Second run of TaKoHigh

First run of TaKoHigh



TaKoHigh Clair3 Longshot Manual
Position of Chr.9 hap1 hap2 genotype genotype genotype genotype

133423809 C T HET-1 HET-1 HET-1
133424254 C T HET-2 HET-2 HET-2 HET-2
133424860 T C HET-3 HET-3 HET-3 HET-3
133425943 T C HET-4 HET-4 HET-4 HET-4
133426474 G A HET-5 HET-5 HET-5
133426501 A T HET-6 HET-6 HET-6
133426901 G T HET-7 HET-7 HET-7
133427946 C C HOMO-1 HOMO-1 HOMO-1 HOMO-1
133428039 T C HET-8 HET-8 HET-8 HET-8
133428768 T C HET-9 HET-9 HET-9 HET-9
133429120 T C HET-10 HET-10 HET-10
133429155 T C HET-11 HET-11
133429185 T C HET-12 HET-12
133429303 G C HET-13 HET-13
133430170 C C HOMO-2 HOMO-2 HOMO-2 HOMO-2
133430414 G T HET-14 HET-14
133430458 T C HET-15 HET-15
133431111 C T HET-16 HET-16
133432286 G G HOMO-3 HOMO-3 HOMO-3 HOMO-3
133432616 G C HET-17 HET-17
133433061 T C HET-18 HET-18
133433609 G G HOMO-4 HOMO-4 HOMO-4 HOMO-4
133433956 T T HOMO-5
133434495 A C HET-19 HET-19 HET-19
133434817 T C HET-20 HET-20 HET-20
133434976 C G HET-21 HET-21
133435002 T C HET-22 HET-22 HET-22
133435404 G T HET-23 HET-23 HET-23
133435592 C T HET-24 HET-24 HET-24
133436862 G G HOMO-6 HOMO-6 HOMO-6
133437314 G T HET-25 HET-25 HET-25
133437563 C C HOMO-7 HOMO-7 HOMO-7
133438003 C G HET-26 HET-26
133438133 C C HOMO-8 HOMO-8 HOMO-8
133438373 A G HET-27 HET-27
133438768 G C HET-28 HET-28 HET-28 HET-28
133439016 A A HOMO-9 HOMO-9 HOMO-9 HOMO-9
133439376 A A HOMO-10 HOMO-10
133439607 C C HOMO-11 HOMO-11 HOMO-11
133440154 A G HET-29 HET-29 HET-29
133440318 G G HOMO-12 HOMO-12 HOMO-12
133440409 G C HET-30 HET-30 HET-30
133443421 C C HOMO-13 HOMO-13 HOMO-13
133445114 A G HET-31 HET-31 HET-31
133445896 A A HOMO-14 HOMO-14 HOMO-14 HOMO-14
133446270 A G HET-32 HET-32 HET-32 HET-32
133446558 T T HOMO-15 HOMO-15 HOMO-15 HOMO-15
133446943 T C HET-33 HET-33 HET-33 HET-33
133446953 G T HET-34 HET-34 HET-34 HET-34
133446998 C C HOMO-16 HOMO-16 HOMO-16 HOMO-16
133447335 A G HET-35 HET-35 HET-35 HET-35
133448541 T C HET-36 HET-36 HET-36 HET-36
133449556 C G HET-37 HET-37 HET-37
133451246 C A HET-38 HET-38 HET-38
133451821 G G HOMO-17 HOMO-17 HOMO-17 HOMO-17
133453946 T C HET-39 HET-39 HET-39
133454166 G C HET-40 HET-40 HET-40
133454486 A G HET-41 HET-41 HET-41

Phased haplotype

Fig. 5
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Position of Chr.9 hap1 hap2 All PCR1 PCR2 PCR3 PCR4 PCR5 PCR6
133423809 C T HET-1 HET-1
133424254 C T HET-2 HET-2
133424860 T C HET-3 HET-3
133425943 T C HET-4 HET-4
133426474 G A HET-5 HET-5
133426501 A T HET-6 HET-6
133426901 G T HET-7 HET-7
133427946 C C HOMO-1 HOMO-1
133428039 T C HET-8 HET-8
133428768 T C HET-9 HET-9
133429120 T C HET-10 HET-10
133429155 T C HET-11 HET-11
133429185 T C HET-12 HET-12
133429303 G C HET-13 HET-13
133430170 C C HOMO-2 HOMO-2
133430414 G T HET-14 HET-14
133430458 T C HET-15 HET-15
133431111 C T HET-16 HET-16
133432286 G G HOMO-3 HOMO-3
133432616 G C HET-17 HET-17
133433061 T C HET-18 HET-18
133433609 G G HOMO-4 HOMO-4
133433956 T T
133434495 A C HET-19 HET-19
133434817 T C HET-20 HET-20
133434976 C G HET-21 HET-21
133435002 T C HET-22 HET-22
133435404 G T HET-23 HET-23
133435592 C T HET-24 HET-24
133436862 G G HOMO-6 HOMO-6
133437314 G T HET-25 HET-25 HET-25
133437563 C C HOMO-7 HOMO-7 HOMO-7
133438003 C G HET-26 HET-26 HET-26
133438133 C C HOMO-8 HOMO-8 HOMO-8
133438373 A G HET-27 HET-27 HET-27
133438768 G C HET-28 HET-28 HET-28
133439016 A A HOMO-9 HOMO-9 HOMO-9
133439376 A A HOMO-10 HOMO-10 HOMO-10
133439607 C C HOMO-11 HOMO-11 HOMO-11 HOMO-11
133440154 A G HET-29 HET-29 HET-29 HET-29
133440318 G G HOMO-12 HOMO-12 HOMO-12 HOMO-12
133440409 G C HET-30 HET-30 HET-30 HET-30
133443421 C C HOMO-13 HOMO-13 HOMO-13 HOMO-13
133445114 A G HET-31 HET-31 HET-31
133445896 A A HOMO-14 HOMO-14 HOMO-14 HOMO-14
133446270 A G HET-32 HET-32 HET-32 HET-32
133446558 T T HOMO-15 HOMO-15 HOMO-15 HOMO-15
133446943 T C HET-33 HET-33 HET-33 HET-33
133446953 G T HET-34 HET-34 HET-34 HET-34
133446998 C C HOMO-16 HOMO-16 HOMO-16 HOMO-16
133447335 A G HET-35 HET-35 HET-35
133448541 T C HET-36 HET-36 HET-36
133449556 C G HET-37 HET-37
133451246 C A HET-38 HET-38
133451821 G G HOMO-17 HOMO-17
133453946 T C HET-39 HET-39
133454166 G C HET-40 HET-40
133454486 A G HET-41 HET-41

Phased haplotype  TaKoHigh

a

b c
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Extended Data Figure 1. Validation of PCR amplicons, BAM files, and haplotypes for patient USS-S.
a, Electrophoresis of PCR amplicons (PCR1–PCR6) on a 1.2% agarose gel stained with SYBR Green. b, Visualization of BAM files
mapped to the reference genome using IGV. c, Phased haplotypes (phase sets) displayed in IGV. Phased VCF files generated
by Clair3 and Longshot were processed with WhatsHap to construct haplotypes. Haplotypes (phase sets) are shown in blue,
with start and end positions marked in green (Clair3) or red (Longshot). Yellow stars indicate the two key variant positions
used to assess compound heterozygosity. BAM files and haplotype tracks are overlaid in IGV for comparison.



Extended Data Figure 2. Overview of the bioinformatic pipeline for PCR-based long-read sequencing.
Long-range PCR amplicons were used to generate sequencing libraries for nanopore-based long-read sequencing. The
resulting FASTQ files were processed using a combination of tools: NanoPlot for quality assessment, Filtlong for read filtering,
and Minimap2 for alignment to the reference genome. Variant calling and phasing were performed using Clair3 and Longshot,
followed by making haplotypes with WhatsHap. Single-nucleotide variants (SNVs) and structural variants (SVs) were output as
VCF files, and selected variants were validated by Sanger sequencing.

FASTQ files

Nanopore sequencing using R10.4.1 flow cell

Raw data output

Data filtering and mapping to reference
NanoPlot, Filtlong, Minimap2, etc

BAM files
SNV analysis

Clair3, Longshot

Phased VCF files

SV analysis
Sniffles

VCF files Sanger sequencing

Library preparation

Long-range PCR

InDel analysis
Clair3

Haplotypes
Aligning

WhatsHap

Confirmation



Clair3
Longshot

133,435,592 133,437,314 133,438,003 133,438,373 133,438,768

133,440,154 133,440,409 133,446,270 133,446,943 133,446,953

133,447,335 133,448,541 133,451,246133,449,556 133,454,486

T/C T/C C/T C/G T/G C/T

C/T C/G G/C T/C G/T

C/T G/T C/G G/A G/C

A/G C/G A/G C/T G/T

A/G C/T C/G C/A G/A

Ref/Alt

133,429,120133,428,768 133,429,185 133,429,303 133,430,414 133,430,458

Clair3
Longshot

Clair3
Longshot

Clair3
Longshot

Clair3
Longshot

133,431,111 133,432,616 133,434,976 133,435,002 133,435,404

✓✓ ✓

✓ ✓

✓✓✓✓

✓✓ ✓✓✓✓✓✓

✓✓ ✓✓ ✓ ✓ ✓

Extended Data Figure 3. Heterozygous SNVs used for manual phasing of USS-S data.
A total of 26 heterozygous SNVs were selected from BAM files using IGV with default settings. These SNVs were chosen to
ensure that at least one overlapped with each amplicon. Reference and alternative alleles are highlighted in yellow.
Checkmarks indicate successful variant calls by Clair3 and/or Longshot.
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Extended Data Figure 4. Validation of selected heterozygous SNVs in individual reads using Sequencher.
Reads collected for each amplicon were imported into Sequencher and assembled against the corresponding reference
sequence. The genotypes of the selected heterozygous SNVs were visually verified in each read. These results correspond to
the SNVs shown in Fig. 2C and Extended Data Fig. 3.



Predicted outcome Observed data

Error (false)Allele 2Allele 1 Error (unclear)

133437314 133438003 133438373 133438768 133440154 133440409 133446270 133446943 133446953
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T

133437314 133438003 133438373 133438768 133440154 133440409 133446270 133446943 133446953
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G G C T
G C A G A G A T G
G C A G A G A T G
G C A G A C G C T
G C A G A G A T G
G C A G A G A T G
G C A G A G A C T
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C A G A G A T G
G C G C G C G C T
G G G C G G A T G
G C A G A G G C T
G C A G A G A C T
G C A G A G A T G
G C A G A G A T G
T G G C G C G C T
T G G C G C A T G
T G G C G C G C T
T G G C G C G C T
: C A G A G A T G
T G G C A G A T G
T G G G A G A T G
T G G C G C G C T
T G G C G C G C T
T G G C G C G G T
T G G C G C G C T
T G G C G C G C T
T G G C G C G C T
T G G C G C A G T
T G G G G C A T G
T G G C G : A T G
T G G C G C G G T
T G G C G C G G T
T G G C A C A T G
T G G C G C A T G
T G A C : C : : :
T G G C G C G T G
T G G C G C G C T
T G G C G C G C T
: C A G A G G C T
: : G G G G A T G

Extended Data Figure 5. Illustration of phasing challenges in PCR amplicons during manual haplotype 
construction.
Manual phasing of the PCR4 amplicon from patient USS-S is shown as a representative case. a, Predicted outcome: Two
alleles are cleanly separated based on heterozygous SNVs, with balanced amplification and no sequencing errors or PCR
chimeras. b, Observed data: Chimeric reads, allele-specific amplification bias, and sequencing errors introduce inconsistencies,
that prevent accurate haplotype reconstruction. Allele 1 is shown in blue, allele 2 in pink, false calls in yellow, and uncertain
bases in white.

a b



##Phased Haplotypes
#chrom pos hap1 hap2

chr9 133414114 G G
chr9 133416431 C T
chr9 133418269 C T
chr9 133418930 T G
chr9 133418978 T C
chr9 133424254 C C
chr9 133425487 T C
chr9 133428784 T C
chr9 133429155 C T
chr9 133429185 C T
chr9 133429303 C G
chr9 133430170 C C
chr9 133430414 T G
chr9 133430458 C T
chr9 133430770 G C
chr9 133432286 G G
chr9 133432616 C G

chr9 133436943 T C
chr9 133437563 C T
chr9 133438133 C T
chr9 133438373 A G
chr9 133439016 A T
chr9 133439376 A G
chr9 133439607 C G
chr9 133440318 G A
chr9 133440409 G C
chr9 133446998 C C
chr9 133447776 T C
chr9 133449133 C A
chr9 133451295 T C
chr9 133451821 A G
chr9 133455724 A G
chr9 133457215 G C
chr9 133458510 C A
chr9 133458632 A G
chr9 133458704 T T
chr9 133458723 G C
chr9 133460340 C T
chr9 133460785 G C
chr9 133461126 T G
chr9 133463535 T C
chr9 133464832 T C
chr9 133466757 A C

Output of TaKoHigh 

Haplotype
block 1

To bridge two haplotype blocks

x x

Haplotype block 1 Haplotype block 2

Design a PCR amplicon that includes at least
one heterozygous variant from each block

x
x

Reanalyze the long-read sequencing data
of the amplicons using TaKoHigh

Gap (lack of connection)

Haplotype
block 2

When a gap exists
between adjacent
haplotype blocks

Output of TaKoHigh 

xx

##Phased Haplotypes
#chrom pos hap1 hap2

chr9 133414114 G G
chr9 133416431 C T
chr9 133418269 C T
chr9 133418930 T G
chr9 133418978 T C
chr9 133424254 C C
chr9 133425487 T C
chr9 133428784 T C
chr9 133429155 C T
chr9 133429185 C T
chr9 133429303 C G
chr9 133430170 C C
chr9 133430414 T G
chr9 133430458 C T
chr9 133430770 G C
chr9 133432286 G G
chr9 133432616 C G
chr9 133436943 T C
chr9 133437563 C T
chr9 133438133 C T
chr9 133438373 A G
chr9 133439016 A T
chr9 133439376 A G
chr9 133439607 C G
chr9 133440318 G A
chr9 133440409 G C
chr9 133446998 C C
chr9 133447776 T C
chr9 133449133 C A
chr9 133451295 T C
chr9 133451821 A G
chr9 133455724 A G
chr9 133457215 G C
chr9 133458510 C A
chr9 133458632 A G
chr9 133458704 T T
chr9 133458723 G C
chr9 133460340 C T
chr9 133460785 G C
chr9 133461126 T G
chr9 133463535 T C
chr9 133464832 T C
chr9 133466757 A C

Father Mother
#chrom pos hap1 hap2
chr9 133414114 G G
chr9 133416431 C T
chr9 133418269 C T
chr9 133418930 T G
chr9 133418978 T C
chr9 133424254 C C
chr9 133425487 T C
chr9 133428784 T C
chr9 133429155 C T
chr9 133429185 C T
chr9 133429303 C G
chr9 133430170 C C
chr9 133430414 T G
chr9 133430458 C T
chr9 133430770 G C
chr9 133431769 C C
chr9 133432286 G G
chr9 133432616 C G
chr9 133436943 C T
chr9 133437563 T C
chr9 133438133 T C
chr9 133438373 G A
chr9 133439016 T A
chr9 133439376 G A
chr9 133439607 G C
chr9 133440318 A G
chr9 133440409 C G
chr9 133446998 C C
chr9 133447776 C T
chr9 133449133 A C
chr9 133451295 C T
chr9 133451821 G A
chr9 133455724 G A
chr9 133457215 C G
chr9 133458510 A C
chr9 133458632 G A
chr9 133458704 T T
chr9 133458723 C G
chr9 133460340 T C
chr9 133460785 C G
chr9 133461126 G T
chr9 133463535 C T
chr9 133464832 C T
chr9 133466757 C A

Determine the origin of the haplotype block
by identifying heterozygous SNVs

through Sanger sequencing
in the parents’ genomes

The c.3116G>A (NC_000009.12:g.133416431T>C)
variant was located on the paternal allele.

Final results

Extended Data Figure 6. Resolution of unconnected haplotypes in patient USS-2M by additional PCR and 
TaKoHigh analysis.
Initial analysis of the USS-2M data revealed two haplotypes (phase sets) due to the absence of overlapping heterozygous
SNVs in one region. To bridge this gap, an additional amplicon was designed to include one heterozygous SNV from each
haplotype. Sequencing and reanalysis with TaKoHigh successfully merged the haplotypes into a single contiguous phased
region. Among the variants detected, one was extremely rare (NC_000009.12:g.133416431T>C; AF = 0.000013 in
ToMMo60KJPN). Phasing showed that it resided on the paternal allele, which already carried a known causal variant
(c.3099dupT, not detected by TaKoHigh because it is an InDel). Thus, no additional pathogenic variant was identified on the
maternal allele. To validate the merged haplotype, 12 heterozygous SNVs—including the rare variant (highlighted in
yellow)—were tested via Sanger sequencing of parental DNA. All results were concordant.



LongshotClair3

Manual inspection

Position in Chr.9 hap1 hap2 Total PCR1 PCR2 PCR3 PCR4 PCR5 PCR6
133423809 C T
133424254 C T HET-2 HET-2
133424860 T C HET-3 HET-3
133425943 T C HET-4 HET-4
133426474 G A
133426501 A T
133426901 G T
133427946 C C HOMO-1 HOMO-1
133428039 T C HET-8
133428768 T C HET-9 HET-9
133429120 T C HET-10 HET-10
133429155 T C
133429185 T C HET-12
133429303 G C HET-13
133430170 C C HOMO-2 HOMO-2 HOMO-2
133430414 G T
133430458 T C
133431111 C T
133432286 G G HOMO-3 HOMO-3 HOMO-3
133432616 G C
133433061 T C
133433609 G G HOMO-4 HOMO-4 HOMO-4
133433956 T T HOMO-5 HOMO-5
133434495 A C HET-19 HET-19
133434817 T C HET-20 HET-20
133434976 C G HET-21
133435002 T C HET-22 HET-22
133435404 G T HET-23 HET-23 HET-23
133435592 C T HET-24 HET-24
133436862 G G HOMO-6 HOMO-6 HOMO-6
133437314 G T HET-25 HET-25
133437563 C C HOMO-7 HOMO-7 HOMO-7 HOMO7
133438003 C G HET-26 HET-26
133438133 C C HOMO-8 HOMO-8 HOMO-8 HOMO-8
133438373 A G HET-27
133438768 G C HET-28 HET-28
133439016 A A HOMO-9 HOMO-9 HOMO-9
133439376 A A HOMO-10 HOMO-10
133439607 C C HOMO-11 HOMO-11 HOMO-11 HOMO-11
133440154 A G HET-29 HET-29
133440318 G G HOMO-12 HOMO-12 HOMO-12 HOMO-12
133440409 G C HET-30 HET-30 HET-30
133443421 C C HOMO-13 HOMO-13 HOMO-13 HOMO-13
133445114 A G HET-31
133445896 A A HOMO-14 HOMO-14 HOMO-14 HOMO-14
133446270 A G HET-32
133446558 T T HOMO-15 HOMO-15 HOMO-15 HOMO-15
133446943 T C HET-33 HET-33
133446953 G T HET-34
133446998 C C HOMO-16 HOMO-16 HOMO-16 HOMO-16
133447335 A G HET-35
133448541 T C HET-36 HET-36
133449556 C G
133451246 C A
133451821 G G HOMO-17 HOMO-17
133453946 T C HET-39
133454166 G C
133454486 A G

Phased haplotypes Clair3
Position in Chr.9 hap1 hap2 Total PCR1 PCR2 PCR3 PCR4 PCR5 PCR6

133423809 C T HET-1 HET-1
133424254 C T HET-2 HET-2
133424860 T C HET-3 HET-3
133425943 T C HET-4 HET-4
133426474 G A HET-5 HET-5
133426501 A T HET-6 HET-6
133426901 G T HET-7 HET-7
133427946 C C HOMO-1 HOMO-1
133428039 T C HET-8 HET-8
133428768 T C HET-9 HET-9
133429120 T C HET-10
133429155 T C HET-11
133429185 T C HET-12
133429303 G C HET-13
133430170 C C HOMO-2 HOMO-2 HOMO-2
133430414 G T HET-14
133430458 T C HET-15
133431111 C T HET-16
133432286 G G HOMO-3 HOMO-3 HOMO-3
133432616 G C HET-17
133433061 T C HET-18
133433609 G G HOMO-4 HOMO-4
133433956 T T
133434495 A C HET-19
133434817 T C HET-20
133434976 C G
133435002 T C
133435404 G T HET-23
133435592 C T HET-24
133436862 G G HOMO-6
133437314 G T HET-25 HET-25
133437563 C C HOMO-7 HOMO-7
133438003 C G HET-26 HET-26
133438133 C C HOMO-8 HOMO-8
133438373 A G HET-27 HET-27
133438768 G C HET-28 HET-28
133439016 A A HOMO-9 HOMO-9
133439376 A A HOMO-10
133439607 C C HOMO-11
133440154 A G HET-29
133440318 G G HOMO-12
133440409 G C HET-30
133443421 C C HOMO-13
133445114 A G HET-31
133445896 A A HOMO-14 HOMO-14 HOMO-14
133446270 A G HET-32 HET-32 HET-32
133446558 T T HOMO-15 HOMO-15 HOMO-15
133446943 T C HET-33 HET-33 HET-33
133446953 G T HET-34 HET-34 HET-34
133446998 C C HOMO-16 HOMO-16 HOMO-16
133447335 A G HET-35 HET-35
133448541 T C HET-36 HET-36
133449556 C G HET-37 HET-37
133451246 C A HET-38 HET-38
133451821 G G HOMO-17 HOMO-17
133453946 T C HET-39 HET-39
133454166 G C HET-40 HET-40
133454486 A G HET-41 HET-41

Phased haplotypes Longshot

Position in Chr.9 hap1 hap2 Total PCR1 PCR2 PCR3 PCR4 PCR5 PCR6
133423809 C T HET-1 HET-1
133424254 C T HET-2 HET-2
133424860 T C HET-3 HET-3
133425943 T C HET-4 HET-4
133426474 G A HET-5 HET-5
133426501 A T HET-6 HET-6
133426901 G T HET-7 HET-7
133427946 C C HOMO-1 HOMO-1
133428039 T C HET-8 HET-8
133428768 T C HET-9 HET-9
133429120 T C HET-10 HET-10 HET-10
133429155 T C HET-11 HET-11
133429185 T C HET-12 HET-12
133429303 G C HET-13 HET-13
133430170 C C HOMO-2 HOMO-2 HOMO-2
133430414 G T HET-14 HET-14
133430458 T C HET-15 HET-15
133431111 C T HET-16 HET-16 HET-16
133432286 G G HOMO-3 HOMO-3 HOMO-3
133432616 G C HET-17 HET-17
133433061 T C HET-18 HET-18
133433609 G G HOMO-4 HOMO-4 HOMO-4
133433956 T T
133434495 A C HET-19 HET-19 HET-19
133434817 T C HET-20 HET-20 HET-20
133434976 C G HET-21 HET-21
133435002 T C HET-22 HET-22 HET-22
133435404 G T HET-23 HET-23 HET-23
133435592 C T HET-24 HET-24 HET-24
133436862 G G HOMO-6 HOMO-6 HOMO-6
133437314 G T HET-25 HET-25 HET-25 HET-25
133437563 C C HOMO-7 HOMO-7 HOMO-7 HOMO-7
133438003 C G HET-26 HET-26 HET-26 HET-26
133438133 C C HOMO-8 HOMO-8 HOMO-8 HOMO-8
133438373 A G HET-27 HET-27 HET-27
133438768 G C HET-28 HET-28 HET-28
133439016 A A HOMO-9 HOMO-9 HOMO-9
133439376 A A HOMO-10 HOMO-10 HOMO-10
133439607 C C HOMO-11 HOMO-11 HOMO-11 HOMO-11
133440154 A G HET-29 HET-29 HET-29 HET-29
133440318 G G HOMO-12 HOMO-12 HOMO-12 HOMO-12
133440409 G C HET-30 HET-30 HET-30 HET-30
133443421 C C HOMO-13 HOMO-13 HOMO-13 HOMO-13
133445114 A G HET-31 HET-31 HET-31
133445896 A A HOMO-14 HOMO-14 HOMO-14 HOMO-14
133446270 A G HET-32 HET-32 HET-32 HET-32
133446558 T T HOMO-15 HOMO-15 HOMO-15 HOMO-15
133446943 T C HET-33 HET-33 HET-33 HET-33
133446953 G T HET-34 HET-34 HET-34 HET-34
133446998 C C HOMO-16 HOMO-16 HOMO-16 HOMO-16
133447335 A G HET-35 HET-35 HET-35
133448541 T C HET-36 HET-36 HET-36
133449556 C G HET-37 HET-37
133451246 C A HET-38 HET-38
133451821 G G HOMO-17 HOMO-17
133453946 T C HET-39 HET-39
133454166 G C HET-40 HET-40
133454486 A G HET-41 HET-41

Phased haplotypes BAM data observed by IGV (default  set )

Extended Data Figure 7. Variant calling results from Longshot, Clair3, and manual inspection in IGV.
For patient USS-S, BAM files were divided by amplicon and analyzed using Longshot, Clair3, and manual inspection in IGV
(default settings). This figure shows the distribution and accuracy of variant calls for individual PCR amplicons. The results
indicate that certain regions lacked sufficient variant information or showed inconsistencies among tools.
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Extended Data Figure 8. PCR-based LRS to detect a causative variant on the maternal allele in patient USS-2M.
While Sanger sequencing confirmed a known pathogenic variant on the paternal allele, no variant was found on the maternal
allele. To investigate, we performed PCR-based long-read sequencing of ADAMTS13. Although variant calling and phasing
were attempted with Clair3 and Longshot, results remained incomplete. Parental origin of selected heterozygous SNVs was
determined by Sanger sequencing, revealing that both tools missed or miscalled variants, likely contributing to phasing failure.

PCR# From To
PCR1 133413819 133428272 133418269 Paternal
PCR2 133423438 133433779 133428784 133429155 133429303 133430414 133430458 133430770 133432616
PCR3 133432655 133441927 133438373 133439376 133440409 Maternal
PCR4 133433570 133448537 133438373 133439376 133440409
PCR5 133443713 133458626 133457215 Not called
PCR6 133449169 133464250 133457215
PCR7 133453726 133468456 133457215 Misphased

Homozygous

133418269
133428784 133429155 133429303 133430414 133430458 133430770 133432616

133438373 133439376 133440409
133438373 133439376 133440409

133457215

133457215

133457215

133418269
133428784 133429155 133429303 133430414 133430458 133430770 133432616

133438373 133439376 133440409
133438373 133439376 133440409

133457215

133457215
133457215

Haplotype block

Haplotype block

Position on chr.9 Heterozygous SNVs on Patient alleles

Results of haplotype phasing using "Clair3"

Results of haplotype phasing using "Longshot"
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Extended Data Figure 9. Validation of PCR amplicons and BAM file visualization for patient USS-2M.
a, PCR amplicons (PCR1–PCR7) were confirmed by 1.2% agarose gel electrophoresis with SYBR Green staining. b, An
additional PCR (PCR3), designed to bridge the haplotype gap, was sequenced and visualized using IGV. Analysis confirmed
successful integration of this region using TaKoHigh.
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Extended Data Figure 10. Haplotypes of patient USS-2M visualized in IGV.
Phased VCF files generated by Clair3 and Longshot were used as input for WhatsHap to construct haplotypes. These
haplotypes are shown in blue in IGV, with start and end points marked in green (Clair3) and red (Longshot). BAM files were
displayed alongside for direct comparison and phasing verification.


