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Phased genome assemblies and 
pangenome graphs of human 
populations of Japan and Saudi 
Arabia
Maxat Kulmanov   1,2,3,4,17, Saeideh Ashouri   5,17, Yang Liu2,6, Marwa Abdelhakim   1,2,  
Ebtehal Alsolme7, Masao Nagasaki8,9, Yasuyuki Ohkawa   10, Yutaka Suzuki11, Rund  
Tawfiq2,3,6, Katsushi Tokunaga   5, Toshiaki Katayama12, Malak S. Abedalthagafi   13,14,15 ✉, 
Robert Hoehndorf   1,2,3,4,6 ✉ & Yosuke Kawai   5,16 ✉

The selection of a reference sequence in genome analysis is critical, as it serves as the foundation 
for all downstream analyses. Recently, the pangenome graph has been proposed as a data model 
that incorporates haplotypes from multiple individuals. Here we present JaSaPaGe, a pangenome 
graph reference for Saudi Arabian and Japanese populations, both of which have been significantly 
underrepresented in previous genomic studies. We constructed JaSaPaGe from high-quality phased 
diploid assemblies which were made utilizing PacBio high-fidelity long reads, Nanopore long reads, 
and Hi-C short reads of 9 Saudi and 10 Japanese individuals. Quality evaluation of the pangenome 
graph by variant calling showed that our pangenome outperformed earlier linear reference genomes 
(GRCh38 and T2T-CHM13) and showed comparable performance to the pangenome graph provided by 
the Human Pangenome Reference Consortium (HPRC), with more variants found in Japanese and Saudi 
samples using their population-specific pangenomes. This pangenome reference will serve as a valuable 
resource for both the research and clinical communities in Japan and Saudi Arabia.
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Background & Summary
Pangenomes are the set of all genes in a species or population, and pangenome graphs are data structures to 
represent pangenomes. Recently, pangenome graphs were made available to be used as reference for human 
genomics instead of linear reference genomes1. Pangenome graphs have the advantage that they include mul-
tiple genomes and, consequently, more variation than single genomes. In particular, they include additional 
structural variants, providing a more flexible and inclusive framework for aligning reads, resulting in increased 
alignment rates and reduced mapping errors, and, therefore, identifying genomic variants, including potentially 
disease-causing variants2. Pangenome graphs are not only valuable data structures for representing multiple 
genomes, but their application can also significantly enhance the success of genomics and precision medicine.

Genetic variation is population-specific. Although the draft human reference pangenome graph includes 
individuals from diverse regions1, it significantly lacks representation from Arab and Japanese populations, 
collectively accounting for approximately 600 million people worldwide.

Moreover, the question of how many individuals from a population should be included in a pangenome 
graph to adequately capture sufficient variation for accurate variant calling remains unresolved. Ideally, the 
graph should capture most of the genetic variation, such that adding additional individuals to the reference 
does not significantly improve the performance of bioinformatics workflows relying on it. The optimal num-
ber of individuals depends on their specific genotypes, population structure, and genetic diversity within the 
population.

While it has become technically possible to assemble human genomes de novo due to advancements in 
long-read sequencing technology, only few human genomes have been made available freely without restric-
tions, as would be required for a reference genome or pangenome. Current limitations include the limited 
number and quality of publicly available genomes, technical limitations related to the scale and complexity of 
pangenome graphs and their software, and ethical concerns, as only a relatively small number of human samples 
have sufficient ethical approval for unrestricted research use3.

Pangenome graphs are relatively new types of data structures, and the technology surrounding them is rap-
idly evolving and still maturing4. While bioinformatics tools and methods have evolved a long time around 
single and linear reference genomes, pangenome graphs still face some limitations in available algorithms and 
software3. Consequently, the pangenome graphs cannot yet grow to arbitrary sizes including thousands of indi-
viduals from many different populations, and they may never grow to these sizes due to general resource limi-
tations, particularly in regions of the world where computational resources are not easily available. Therefore, 
population-specific pangenome graphs will likely play a prominent role in population-specific genomic anal-
ysis5,6, including in clinical genetics, and several population-specific pangenome graphs are now becoming 
available7,8.

We utilized multiple sequencing technologies to sequence 10 Japanese and 8 Saudi individuals, creating 
phased diploid assemblies for each sample. These assemblies were used to develop two population-specific 
pangenome graphs: a Japanese pangenome graph derived from 10 Japanese individuals, and a Saudi pangenome 
graph generated from 8 Saudi individuals combined with one publicly available Saudi diploid genome9, total-
ling 9 Saudi samples. Although Japan and Saudi Arabia are located at the opposite ends of Asia, they were not 
included in HPRC Release 1. Given their substantial genetic differentiation, these populations have the potential 
to uncover a broader spectrum of haplotype diversity across the Asian continent. We further combined the two 
population-specific pangenome graphs into a panpopulation pangenome graph, consisting of two genetically 
distinct populations and two common reference genomes (T2T-CHM13 and GRCh38). The sequencing data, 
the genome assemblies, and the pangenome graphs, together with the software and scripts used to generate and 
evaluate them, are freely available following the FAIR (Findable, Accessible, Interoperable, Reusable) princi-
ples10. These data complement international efforts such as the HPRC. The samples from the 1000 Genomes 
Project, which have been obtained with the consent of the participants to make the data open access, are limited 
to a certain population. The method of obtaining consent, as was done in Saudi Arabia, could become a model 
for regions where genome analysis has not yet been conducted.

Methods
Sample processing and sequencing.  Saudi samples.  Fresh blood was collected from the donors and 
shipped to King Abdullah University of Science and Technology (KAUST) (Thuwal, Saudi Arabia) in ambient 
temperature for DNA extraction. The donors were selected from major regions of the Saudi Arabia: two from 
the Eastern region, one from the Western region, two from the Southern region, two from the Central region, 
and one from the North-Central/Qassim region. All samples arrived at KAUST at most 24 hours after blood was 
taken from the donors. DNA was extracted using two methods. Ultra-high molecular weight DNA (uHMW) was 
isolated from fresh blood samples using New England Biolabs (NEB) Monarch High Molecular Weight (HMW) 
DNA isolation kit following the manufacturer’s protocol (New England Biolabs, UK) with a minor modification: 
agitation was set at 700 rpm during the lysis step. DNA was kept at 4 °C until library preparation for long-read 
sequencing using the PacBio and Oxford nanopore sequencing platforms. The second DNA extraction method 
was the initial step of the Dovetail Omni-C protocol, employed for constructing Hi-C libraries following the 
manufacturer’s protocol.

We established criteria for sample selection that balanced quality requirements with practical constraints. 
While the recommended requirements call for 30–40 µg of total DNA with an A260/A230 ratio greater than 2.0, 
we adjusted our thresholds based on sample availability and project needs. Our minimum criteria included a 
total DNA amount of at least 13 µg (the lowest we processed), a concentration not less than 40 ng/µL, an A260/
A230 ratio not below 1.9, an A260/A280 ratio between 1.8 and 2.0, and an average fragment size exceeding 
100 kb. We strictly adhered to the 40 ng/µL concentration threshold to ensure sufficient DNA density for opti-
mal sequencing performance. These adjusted parameters allowed us to include samples that would have been 
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excluded under strict adherence to ideal standards while maintaining a minimum quality baseline. Samples 
meeting these criteria were chosen for sequencing by ONT. DNA quality metrics are shown in Table S1 (see 
supplementary xlsx file).

We used three platforms for sequencing the extracted DNA: Illumina NovaSeq 6000 (Illumina, San Diego, 
USA), PacBio Sequel II (Pacific Biosciences, Menlo Park, USA), and Oxford Nanopore PromethION (Oxford 
Nanopore Technologies, Oxford, UK). We employed the Dovetail Omni-C protocol to construct Hi-C librar-
ies (Dovetail Genomics, USA). The Dovetail Omni-C protocol is a widely adopted method that allows for the 
interrogation of chromatin interactions on a genome-wide scale. This protocol incorporates a series of steps to 
capture spatial proximity information between genomic loci, enabling the investigation of three-dimensional 
chromatin organization. In brief, the protocol involves crosslinking and restriction enzyme digestion of chroma-
tin, followed by ligation of biotinylated adapters to the digested fragments. The ligated DNA is then sheared, and 
proximity ligation is performed to capture chromatin interactions. Each resulting DNA library was sequenced 
on one lane of an SP flowcell to enable the identification and characterization of chromatin interactions at high 
resolution. High molecular weight gDNA was sheared with Megaruptor 3 (Diagenode, Denville, USA) to the 
size range of 15–20 kb. SMRTbell was prepared with HiFi Express Template prep kit 2.0 (102-088-900), and 
size-selected with the PippinHT System (Sage Science HTP0001). Finally, SMRTbell QC was assessed with 
Qubit dsDNA High Sensitivity (model Q33230; ThermoFisher Scientific, Waltham, USA) and FEMTO Pulse 
(Inc. P-0003-0817; Agilent Technologies, Santa Clara, USA). Sequencing of SMRTbell was set up on PacBio 
Sequel II system with Sequel II Binding kit 2.2 (101-894-200), Sequel II Sequencing Kit 2.0 (101-820-200), and 
SMRTcell 8 M Tray (101-389-001), according to conditions specified in SMRTlink with 30-hour movie times, 
2-hour pre-extension time, and adaptive loading mode.

For Nanopore sequencing, for each sample, two libraries were prepared using the Ultra-Long Sequencing 
Kit (SQK-ULK001) and its recommended protocol from Oxford Nanopore Technologies (Oxford Nanopore 
Technologies, Oxford, UK). 30 µg of uHMW gDNA was used as input for each library. A PromethION flow 
cell (FLO-PRO002) was primed and prepared according to the same protocol, and 75 µl of a sequencing library 
was loaded. Twenty-four hours after the first sequencing run, a nuclease flush and priming step was performed 
according to the protocol, and an additional 75 µl of library was loaded before starting another sequencing run. 
This process was repeated until each library was loaded three times. Basecalling was performed using Guppy 
v5.1.13 with the super-accurate basecalling model. The process was repeated with the second prepared library 
and another PromethION flow cell.

Japanese samples.  We selected ten male samples of JPT (Japanese in Tokyo, Japan) from the HapMap col-
lection. These samples were derived from blood provided by people living in the Tokyo metropolitan area. 
We obtained LCL cell lines from the NHGRI Sample Repository for Human Genetic Research11 at the Coriell 
Institute for Medical Research. DNA was extracted from cultivated cells using the Nanobind CBB Big DNA Kit 
(Pacific Biosciences, Menlo Park, USA) following the manufacturer’s protocol. The extracted DNA samples were 
delivered for long-read sequencing using the PacBio and Oxford nanopore sequencing platforms. In some anal-
yses, we used extracted DNA provided by the repository. DNA quality metrics are shown in Table S1.

For the PacBio sequencing, the size distribution of gDNA was assessed using a FEMTO Pulse, and the con-
centration was measured with Qubit 3.0 using the dsDNA BR and RNA BR assay kits, as well as with a Nanodrop 
(ThermoFisher Scientific, Waltham, USA). After confirming that the gDNA met PacBio’s recommended quality 
standards, gDNA was fragmented. We used 5 µg of gDNA and fragmented it to an average size of 16–20 Kbp 
using a Megaruptor 3 and the Megaruptor Shearing Kit/DNAFluid+. Library preparation was performed using 
the SMRTbell prep kit 3.0, following the manufacturer’s protocol. For final library size selection, a PippinHT 
System with 0.75% agarose gel cassettes and marker S1 was used. The cut-off size range was set to 10–50 Kbp as 
recommended by the manufacturer. Subsequently, library QC was performed using FEMTO Pulse and Qubit 
1x dsDNA HS kit. The prepared sequencing templates were loaded onto the Sequel IIe system using Binding kit 
3.2 and cleanup beads (>3 Kbp). A 30-hour movie run was performed, generating high-fidelity (Hi-Fi) reads.

Nanopore sequencing was performed using the conventional long-read sequencing that had been previously 
analysed, with additional ultra-long read sequencing performed on four samples. The sequencing protocols used 
were the Ligation Sequencing Kit (SQK-LSK109) and the Ultra-Long DNA Sequencing Kit V14 (SQK-ULK114). 
Library preparation was performed according to the manufacturer’s protocol. Sequencing was carried out on the 
PromethION system using R10.4.1 flow cells (FLO-PRO114M) for ultra-long sequencing and R9.4.1 flow cells 
(FLO-PRO002) for conventional long-read sequencing. Basecalling was performed using the Dorado version 
7.2 for ultra-long sequencing while guppy 3.2.8 and guppy 4.0.11 were used for basecalling of the conventional 
long-read sequencing.

For Hi-C analysis, we used 1–2 × 106 cells per sample. The cells were fixed using a freshly prepared solution 
of 1% formaldehyde and 3 mM DSG in PBS. DSG was added first, and after 10 minutes, formaldehyde was 
introduced. The total fixation time was 20 minutes at room temperature, with continuous rotation on a rotator, 
following the manufacturer’s protocol. Hi-C DNA preparation was performed using the Dovetail Omni-C Kit, 
and the libraries were prepared with the Dovetail Library Module for Illumina 8Rx. To add sequencing indexes, 
we utilized the Dovetail Dual Index Primer Set #1 for Illumina 8Rx. The protocol followed was version 1.4 for 
mammalian samples. After chromatin digestion, enzyme concentrations were optimized to ensure that approxi-
mately 80% of the fragments fell within the 100–2500 bp range. Following proximity ligation, a size shift toward 
larger fragments was observed, a step we introduced that is not part of the original protocol. The final library 
DNA had an average fragment size of approximately 600 bp, which was then sequenced on an Illumina NovaSeq 
6000. Basic sequencing statistics and the accession numbers are provided in Table S2 and illustrated in Fig. 1.
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Genome assembly and assembly quality evaluation.  For all samples, we primarily relied on a combi-
nation of PacBio HiFi reads, ONT reads, and Hi-C data to assemble the genomes and resolve haplotypes. Where 
available, we used ONT ultra-long (UL) reads for the assembly. We applied Hifiasm (UL) v0.19.0-r53412 in its 
Hi-C mode to generate haplotype-resolved assemblies. Hifiasm (UL) builds two string graphs based on HiFi and 
UL reads and then combines them. It uses the HiFi reads-based graphs as a backbone and merges them with UL 
reads-based graphs to make the assembly more complete. Furthermore, it uses Hi-C reads to resolve haplotypes 
and performs multiple rounds of graph cleaning. We used Flagger v1.1.01 to evaluate haplotype switches. We 
generated all the assemblies with ONT UL or ONT reads except KSA007 for which we did not have ONT-based 
reads. We filtered out non-human contaminated sequences identified with Kraken213 and ensured single mito-
chondrial assembly per maternal assembly.

Genome annotation and identification of genes.  We annotated the genome assemblies using Liftoff 
v1.6.114 with the T2T-CHM13 reference genome. Liftoff annotates a target genome by aligning reference gene 
sequences to the target genome using Minimap2. Minimap2 alignments are then parsed, and fragmented align-
ments are combined using a directed acyclic graph. The graph represents gapless alignment blocks as nodes, 
connected by edges if they meet specific conditions. This approach allows Liftoff to find the optimal mapping 
of reference genes to the target genome, even in cases of fragmented alignments. We counted mapped and 
unmapped genes and reported the results in the validation section.

Furthermore, we used Augustus v3.5.015 and performed de-novo gene prediction on the assemblies. Then, we 
used Liftoff with Minimap2 to map the predicted genes to reference genomes GRCh38 and T2T-CHM13. We 
considered unmapped genes as novel genes and reported the statistics in the validation section.

Pangenome Graph construction.  We used Minigraph-Cactus pipeline v7.0.016 to construct two dis-
tinct pangenome graphs for the Saudi Arabian and Japanese populations and one merged JaSaPaGe pange-
nome graph with samples from both populations, with GRCh38 and T2T-CHM13 as reference genomes. The 
Minigraph-Cactus pangenome pipeline is a five-step workflow for constructing a graph-based pangenome from 
multiple genome assemblies. The pipeline begins by constructing an initial structural variation (SV)-only graph 
using Minigraph, which iteratively adds variation from each assembly to a reference backbone without collaps-
ing duplications. The graph is then augmented with smaller variants, and the input haplotypes are represented 
as paths. The pipeline includes steps for indexing, clipping, and post-processing the graph, including removing 
redundant sequences and nodes present in fewer than a specified number of haplotypes. The resulting graph is 
output in graphical fragment assembly (GFA) and VCF formats and can be used for mapping reads and calling 
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Fig. 1  Overview of basic statistics of the sequencing reads from Japanese (JPT) and Saudi (KSA) samples. Box 
plots showing the distribution of N50 and coverage for sequencing reads from PacBio HiFi, Oxford Nanopore, 
and Illumina (Hi-C library) for Japanese (JPT) and Saudi (KSA) samples. Individual values are provided in 
Table S2.
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variants. However, highly repetitive regions may require additional filtering to improve accuracy. We report basic 
statistics of variants present within the pangenome for JaSaPaGe, Japanese, Saudi Arabia, and Human Pangenome 
Reference Consortium (HPRC)1 pangenome graphs in Table 1. As evident from the statistics reported in Table 1, 
the number of detected variants in the merged JaSaPaGe pangenome graph is considerably higher than that of 
either the KSA or Japanese pangenome graphs.

Short read variant calling.  To ensure the effectiveness of our approach, particularly in a clinical context where 
short-read sequencing is predominant, we employed a short-read variant calling workflow using the HPRC, Japanese, 
KSA, and JaSaPaGe pangenomes. This workflow is designed using the Common Workflow Language (CWL, v1.1). Our 
approach begins with data preparation, taking as input a reference genome and its index file, a variation graph, a haplo-
type index file, paired-end read files, and, optionally, specific genomic regions. We then align the short read sequences 
with VG Giraffe v1.54.017, utilizing haplotype information to guide alignment. After that, we sort and index the aligned 
reads using Samtools v1.18, preparing them for statistical analysis and variant calling. Finally, we execute DeepVariant 
v1.6.018 to detect variants. This step outputs a primary VCF file containing variant calls.

Demonstration of JaSaPaGe’s capability through CYP2D6 copy number analysis.  To demon-
strate the utility of the constructed haplotypes for analyzing population-specific diversity, we investigated the 
structural variation of haplotypes surrounding the CYP2D6 locus, a key pharmacogenetic gene expressed in the 
liver and responsible for metabolizing a wide range of xenobiotics19. Using the pangene tool20, we identified hap-
lotype structures encompassing the CYP2D6 region (Fig. 2a). Among the detected haplotypes, 32 carried a single 
copy of CYP2D6 (CN1), 3 carried two copies (CN2), and others were lacking the gene (CN0). These variations 
were consistent with structural alterations such as tandem duplication and deletion events in the CYP2D6 region. 
We validated the inferred copy number by examining short-read Illumina sequencing depth (Fig. 2b). Samples 
with CN2 exhibited notably increased read depth over the CYP2D6 locus, whereas those with CN0 showed 
decreased coverage, in agreement with the expected copy number states. Further, we generated a Minimizer 
Anchored Pangenome (MAP) using the Pangenome toolkit21 to visualize the haplotypic paths across the CYP2D6 
region (Fig. 2c). Distinct paths corresponding to CN2, CN1, and CN0 haplotypes were observed, confirming the 
classification based on gene content. The MAP revealed both gene duplications and deletions contributing to 
copy number variation in this locus. Together, these findings illustrate that the JaSaPaGe haplotype framework 
can accurately capture complex structural variation, including gene copy number changes, and is suitable for 
analysing haplotype diversity in Japanese and Saudi populations.

Ethical approvals.  The study with Saudi samples was approved by the Institutional Review Board (IRB) at 
King Fahad Medical City (KFMC) under approval number 22–037 and by the Institutional Bioethics Committee 
(IBEC) at King Abdullah University of Science and Technology (KAUST) under approval number 22IBEC023. 
The approval encompasses the recruitment of Saudi individuals with at least three generations of tribal roots 
from different regions of Saudi Arabia to provide blood samples. The protocol specifies that these samples will be 
sequenced using multiple sequencing technologies, processed with bioinformatics tools, and published without 
access restrictions for use in bioinformatics workflows.

Consent forms were available in both English and Arabic. Participants were recruited by Dr. Malak 
Abedalthagafi, the Principal Investigator (PI) for the approved IRB protocol at KFMC. Dr. Abedalthagafi per-
sonally obtained consent from the volunteers, who participated without any payment or compensation and 
were recruited from a research clinic. All consent forms were signed in the presence of two witnesses. There 
were no known professional or personal relationships between the authors and the participants, except for 
Dr. Abedalthagafi, who ensured that participants fully understood the risks and were competent to provide 
informed consent. As part of the consent process, all participants received genetic counselling as mandated by 
the IRB protocol. None of the other authors were involved in the ethical approval processes at KFMC or KAUST. 
While Robert Hoehndorf was a member of the IBEC at KAUST at the time of approval, he did not participate in 
the review or discussion of the research protocol and was not present during its deliberations.

The Japanese samples were obtained from the JPT collection of the HapMap project which comprises donors 
who have consented to unrestricted access to their genetic data.

Data Records
The data described in this study are available in open access from public databases (DDBJ, NCBI). All data 
are available as a BioProject under the accession number PRJDB19680. This umbrella project includes sepa-
rate projects for individual sequencing data, genome assemblies, and pangenome graphs. Raw sequence reads 
of Japanese samples and Saudi Arabian samples are deposited to DRA22 and SRA23, respectively. Haplotype 
resolved assembled sequences are deposited to GenBank24–59. Pangenome graphs are deposited to DRA60.

Pangenome # samples (without reference) Length # SNPs # MNPsa # Indels

HPRC 47 3,234,968,488 20,758,652 446,253 7,359,580

KSA 9 3,159,673,318 9,475,991 322,642 2,196,775

Japanese 10 3,159,624,165 8,218,652 401,388 1,897,292

JaSaPaGe 19 3,177,502,842 11,395,931 495,539 2,549,282

Table 1.  Pangenome graphs basic statistics. We report the number of samples from each population without 
reference genomes included to provide shared coordinates. aMultiple Nucleotide Polymorphisms.
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Fig. 2  CYP2D6 Region Haplotype Variation Across Japanese and Saudi Populations. (a) Haplotype structures 
in the CYP2D6 genomic region were identified using the pangene tool. Thirty-two haplotypes carried a single 
copy of CYP2D6 (CN1), while three haplotypes carried two copies (CN2). Additionally, haplotypes lacking the 
CYP2D6 gene (CN0) were also observed. (b) Short-read Illumina sequencing depth plots around the CYP2D6 
region for representative samples. Samples with CN2 showed elevated coverage in the CYP2D6 locus compared 
to those with CN1 or CN0, which correlates with the copy number inferred from haplotype analysis. (c) A 
Minimizer Anchored Pangenome (MAP) of the CYP2D6 locus generated using the Pangenome toolkit. Arrows 
with matching colors represent haplotype paths that traverse identical genomic regions. The results corroborate 
the classification into CN2, CN1, and CN0 haplotypes based on CYP2D6 gene copy number and reveal 
structural variations such as gene duplications and deletions.
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Technical Validation
Validation of genome assemblies.  We computed basic statistics and evaluated the quality of the assem-
blies using Merqury61 with a k-mer size of 21. Figure 3 and Table S3 provides statistics on each of our assemblies. 
The number of contigs produced by the assemblies ranged from 118 to 2348 (mean: 405, median: 239); the N50 
ranged from 10.046 to 106.755 MB (mean: 70.6, median: 80.9); the QV score computed by Merqury ranged from 
56.2444 to 68.8636 (mean: 64.7, median: 65.3); the missing multi-copy gene (MMC) statistic ranged from 7.45% 
to 29.16% (mean: 12.4%, median: 10.7%); and the assembly length ranged from 2648.032 to 3141.660 MB (mean: 
2981.5, median: 2977.5).

Comparing the assemblies from Japanese and Saudi samples, Saudi samples showed more variability in 
assembly statistics. This can likely be attributed to differences in the quality and availability of sequencing 
data, as improved assembly quality belonged to the samples with more accurate long-read sequencing 
data, and lower assembly quality was observed for samples lacking nanopore sequencing data. There were 
no significant differences between the assemblies of the Japanese and Saudi samples with respect to the 
number of contigs, total length, N50, and QV score, but assemblies of the Japanese samples had a lower 
MMC than assemblies of the Saudi samples (p = 0.048, Mann-Whitney U test). As the sample for this study 
did not include data of the parents, it was not possible to verify the accuracy of the phasing based on trio 
information. However, we used Flagger1 to identify incorrect haplotype assignments and found that all 
assemblies except two contain less than 1% erroneous haplotype assignments (KSA004 contains 1.02% and 
KSA005 contains 1.00%; Table S4).

As further validation of genome assembly, we performed a de novo gene annotation using Augustus15 to 
identify potential novel genes and missing genes in the assemblies with respect to the T2T-CHM13v2.0 genome. 
The number of protein-coding genes ranged from 16,257 to 19,101 (mean: 18,951, median: 19,096) with miss-
ing protein-coding genes ranging from 0 to 2,844 (mean: 173, median: 5); the total number of genes ranged 
from 55,137 to 60,880 (mean: 60,568, median: 60,862) with missing genes ranging from 88 to 5,831 (mean: 
401, median: 106); and the number of novel genes ranged from 0 to 25 (mean: 2.1, median: 1). The assemblies 
of the Saudi samples had a significantly lower number of protein-coding genes and higher number of missing 
protein-coding genes, and we found no significant differences for other statistics. The statistics of gene annota-
tion are provided in Table S5. We found that 73 genes were missing from all assemblies; however, these are likely 

Length(Mb) MMC

No of contigs N50(Mb) QV

JPT KSA JPT KSA

JPT KSA JPT KSA JPT KSA

60

65

30

60

90

0.10

0.15

0.20

0.25

0.30

500

1000

1500

2000

2700

2800

2900

3000

3100

Population

Fig. 3  Overview of basic statistics of the genome assemblies from Japanese (JPT) and Saudi (KSA) samples. 
Box plots showing the distribution of genome assembly quality metrics—including number of contigs, N50, QC 
score, total assembly length, and the missing multi-copy gene (MMC) statistic—for Japanese (JPT) and Saudi 
(KSA) samples. Individual values are provided in Table S3.
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reflecting mapping problems, as most of them were non-coding pseudogenes or small non-coding RNAs. The 
information of these genes is provided in Table S6. All other genes are present in at least one assembly.

Validation of pangenome graphs using population-specific short read variant calling.  We 
developed a variant-calling workflow to validate our population-specific pangenome graphs. We used Illumina 
short-read (150 bp paired-end) sequencing data from three distinct sources: the HG00162 reference sample from 
the National Institute of Standards (NIST), three publicly available Saudi samples63–65, and three Japanese sam-
ples (NA18957, NA19064 and NA19086) from the high-coverage resequencing dataset of the International 1000 
Genomes Project66. In addition to our pangenomes, we also used GRCh38, T2T-CHM13, and the HPRC pange-
nome graph as references for variant calling.

Tables 2, 3, and 4 show the statistics of variant calling for the Saudi samples, the Japanese samples, and 
HG001, respectively. We observed that using any pangenome graph as reference led to a generally higher number 
of variants compared to using any linear reference genome (GRCh38 or T2T-CHM13). Furthermore, we found 
that variant calling generated more variants when the samples belong to the population of the pangenome; in 
particular, we identified more variants in Saudi samples when using the Saudi population-specific pangenome, 
and, similarly, we identified more variants in Japanese samples when using the Japanese population-specific 
pangenome. The results are as expected, as the population-specific pangenomes include population-specific 
variation which results in more reads being (correctly) aligned and, consequently, more variants being called. 
We also noticed a significant drop in variants being called when using T2T-CHM13 as reference, consistent with 
a previous work67 that observed the same phenomenon.

In addition to validation of the generated population-specific pangenomes, we compared variant calling 
results of short-read sequencing data for the HG001 genome to the truth set of variants provided by NIST. 
Tables 5 and 6 show the performance evaluation for calling SNVs and Indels, respectively. The variant calling 
performance was comparable when either our pangenome graphs (KSA, Japanese, and JaSaPaGe) or HPRC 
pangenome graph were used as reference, and it was much improved than when GRCh38 was used as reference.

Reference # Total number of variants # SNPs # Indels #Homozygous variants #Heterozygous variants

GRCh38 4,798,946 3,931,215 875,282 1,818,181 2,884,672

T2T-CHM13 4,530,709 3,713,837 823,882 1,518,262 2,925,672

HPRC 4,918,192 4,006,467 914,641 1,883,276 2,928,903

KSA 4,929,121 4,016,643 914,954 1,890,125 2,933,112

Japanese 4,914,971 4,005,336 912,523 1,884,910 2,924,211

JaSaPaGe 4,924,157 4,011,559 915,018 1,886,809 2,931,466

Table 2.  Variant calling statistics for three Saudi samples, using Illumina reads aligned to GRCh38, T2T-
CHM13, HPRC, KSA, Japanese, and JaSaPaGe.

Reference # Total number of variants # SNPs # Indels #Homozygous variants #Heterozygous variants

GRCh38 4,773,932 3,859,141 920,858 2,082,072 2,606,325

T2T-CHM13 4,615,163 3,736,932 884,280 1,878,520 2,656,349

HPRC 4,874,741 3,945,970 932,478 2,176,336 2,608,881

KSA 4,877,008 3,949,027 931,614 2,180,319 2,607,461

Japanese 4,886,671 3,957,030 933,316 2,186,320 2,611,088

JaSaPaGe 4,880,980 3,951,546 932,978 2,181,795 2,609,804

Table 3.  Variant calling statistics for the three Japanese samples, using Illumina reads aligned to GRCh38, T2T-
CHM13, HPRC, KSA, Japanese, and JaSaPaGe.

Reference # Total number of variants # SNPs # Indels #Homozygous variants #Heterozygous variants

GRCh38 4,772,087 3,859,738 918,507 1,894,665 2,791,773

T2T-CHM13 4,478,813 3,626,338 858,191 1,551,671 2,851,517

HPRC 4,868,841 3,943,065 929,514 1,982,634 2,796,852

KSA 4,876,386 3,950,714 929,353 1,990,503 2,796,673

Japanese 4,870,049 3,945,318 928,474 1,986,476 2,794,423

JaSaPaGe 4,869,064 3,943,503 929,114 1,983,690 2,796,126

Table 4.  Variant calling statistics for the HG001 sample, using Illumina reads aligned to GRCh38, T2T-
CHM13, HPRC, KSA, Japanese, and JaSaPaGe.
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Evaluation of FAIR principles.  We evaluated the pangenome resources provided in this study against the FAIR 
principles10. The pangenome is Findable in the DDBJ database68 under the globally unique identifier PRJDB19680, 
with comprehensive metadata adhering to DDBJ’s standardized requirements for genomic data submission. The 
resource is Accessible through DDBJ’s established protocols, which are open, free, and universally implementable 
via standard web interfaces and APIs. For Interoperability, the pangenomes are provided in the standard GFA for-
mat69, with explicit links to the constituent genome assemblies and their corresponding primary sequencing data 
accessions. To ensure Reusability, we have documented the complete analysis workflow, including all computational 
methods used to generate the pangenome, and have made the data publicly available. All associated metadata and 
data formats comply with community standards for pangenome representation and data exchange.

Code availability
Source code and additional resources are available at https://github.com/JaSaPaGe/pangenome-cwl.

Received: 2 January 2025; Accepted: 18 July 2025;
Published: xx xx xxxx

References
	 1.	 Liao, W.-W. et al. A draft human pangenome reference. Nature 617, 312–324 (2023).
	 2.	 Wang, T. et al. The Human Pangenome Project: a global resource to map genomic diversity. Nature 604, 437–446 (2022).
	 3.	 The Computational Pan-Genomics Consortium. Computational pan-genomics: status, promises and challenges. Brief Bioinform 19, 

118–135 (2018).
	 4.	 Eizenga, J. M. et al. Pangenome Graphs. Annu. Rev. Genom. Hum. Genet. 21, 139–162 (2020).
	 5.	 Tetikol, H. S. et al. Pan-African genome demonstrates how population-specific genome graphs improve high-throughput sequencing 

data analysis. Nat Commun 13, 4384 (2022).
	 6.	 Sirén, J. et al. Personalized pangenome references. Nat Methods 21, 2017–2023 (2024).
	 7.	 Nassir, N. et al. A draft Arab pangenome reference. Preprint at https://doi.org/10.1101/2024.07.09.602638 (2024).
	 8.	 Littlefield, C. et al. A Draft Pacific Ancestry Pangenome Reference. Preprint at https://doi.org/10.1101/2024.08.07.606392 (2024).
	 9.	 Kulmanov, M. et al. A reference quality, fully annotated diploid genome from a Saudi individual. Sci Data 11, 1278 (2024).
	10.	 Wilkinson, M. D. et al. The FAIR Guiding Principles for scientific data management and stewardship. Sci Data 3, 160018 (2016).
	11.	 †The International HapMap Consortium. The International HapMap Project. Nature 426, 789–796 (2003).
	12.	 Cheng, H., Asri, M., Lucas, J., Koren, S. & Li, H. Scalable telomere-to-telomere assembly for diploid and polyploid genomes with 

double graph. Nat Methods 21, 967–970 (2024).
	13.	 Wood, D. E., Lu, J. & Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol 20, 257 (2019).
	14.	 Shumate, A. & Salzberg, S. L. Liftoff: accurate mapping of gene annotations. Bioinformatics 37, 1639–1643 (2021).
	15.	 Keller, O., Kollmar, M., Stanke, M. & Waack, S. A novel hybrid gene prediction method employing protein multiple sequence 

alignments. Bioinformatics 27, 757–763 (2011).
	16.	 Hickey, G. et al. Pangenome graph construction from genome alignments with Minigraph-Cactus. Nat Biotechnol 42, 663–673 

(2024).
	17.	 Sirén, J. et al. Pangenomics enables genotyping of known structural variants in 5202 diverse genomes. Science 374, abg8871 (2021).
	18.	 Poplin, R. et al. A universal SNP and small-indel variant caller using deep neural networks. Nat Biotechnol 36, 983–987 (2018).
	19.	 Taylor, C. et al. A Review of the Important Role of CYP2D6 in Pharmacogenomics. Genes 11, 1295 (2020).
	20.	 Li, H., Marin, M. & Farhat, M. R. Exploring gene content with pangene graphs. Bioinformatics 40, btae456 (2024).
	21.	 Chin, C.-S. et al. Multiscale analysis of pangenomes enables improved representation of genomic diversity for repetitive and 

clinically relevant genes. Nat Methods 20, 1213–1221 (2023).
	22.	 DNA Data Bank of Japan https://identifiers.org/ncbi/insdc.sra:DRA019537 (2024).
	23.	 NCBI Sequence Read Archive http://identifiers.org/insdc.sra:SRP497425 (2024).

Reference Recall Precision F1 Score FP FN

GRCh38 0.994853 0.998982 0.996913 3302 16749

HPRC 0.996974 0.998656 0.997814 4369 9847

KSA 0.996819 0.998619 0.997718 4489 10352

Japanese 0.996617 0.998739 0.997677 4096 11010

JaSaPaGe 0.996909 0.998714 0.997811 4181 10058

Table 5.  SNV performance statistics for the HG001 sample, using Illumina reads aligned to GRCh38, HPRC, 
KSA, Japanese, and JaSaPaGe. Bold font indicates best performance. FP indicates false positives and FN false 
negatives.

Reference Recall Precision F1 Score FP FN

GRCh38 0.991815 0.995341 0.993575 2255 3828

HPRC 0.992863 0.994684 0.993773 2578 3338

KSA 0.992842 0.994786 0.993813 2528 3348

Japanese 0.992705 0.994802 0.993752 2520 3412

JaSaPaGe 0.99291 0.99477 0.993839 2536 3316

Table 6.  Indel performance statistics for the HG001 sample, using Illumina reads aligned to GRCh38, HPRC, 
KSA, Japanese, JaSaPaGe. Bold font indicates best performance. FP indicates false positives and FN false 
negatives.

https://doi.org/10.1038/s41597-025-05652-y
https://github.com/JaSaPaGe/pangenome-cwl
https://doi.org/10.1101/2024.07.09.602638
https://doi.org/10.1101/2024.08.07.606392
https://identifiers.org/ncbi/insdc.sra:DRA019537
http://identifiers.org/insdc.sra:SRP497425


1 0Scientific Data |         (2025) 12:1316  | https://doi.org/10.1038/s41597-025-05652-y

www.nature.com/scientificdatawww.nature.com/scientificdata/

	24.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCN000000000.1 (2024).
	25.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCO000000000.1 (2024).
	26.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCP000000000.1 (2024).
	27.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCQ000000000.1 (2024).
	28.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCR000000000.1 (2024).
	29.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCS000000000.1 (2024).
	30.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCT000000000.1 (2024).
	31.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCU000000000.1 (2024).
	32.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCV000000000.1 (2024).
	33.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCW000000000.1 (2024).
	34.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCX000000000.1 (2024).
	35.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCY000000000.1 (2024).
	36.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCZ000000000.1 (2024).
	37.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGDA000000000.1 (2024).
	38.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGDB000000000.1 (2024).
	39.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGDC000000000.1 (2024).
	40.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGBT000000000.1 (2024).
	41.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGBU000000000.1 (2024).
	42.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGBV000000000.1 (2024).
	43.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGBW000000000.1 (2024).
	44.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGBX000000000.1 (2024).
	45.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGBY000000000.1 (2024).
	46.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGBZ000000000.1 (2024).
	47.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCA000000000.1 (2024).
	48.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCB000000000.1 (2024).
	49.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCC000000000.1 (2024).
	50.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCD000000000.1 (2024).
	51.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCE000000000.1 (2024).
	52.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCF000000000.1 (2024).
	53.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCG000000000.1 (2024).
	54.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCH000000000.1 (2024).
	55.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCI000000000.1 (2024).
	56.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCJ000000000.1 (2024).
	57.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCK000000000.1 (2024).
	58.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCL000000000.1 (2024).
	59.	 NCBI GenBank https://identifiers.org/ncbi/insdc:BAAGCM000000000.1 (2024).
	60.	 DNA Data Bank of Japan https://identifiers.org/ncbi/insdc.sra:DRP012387 (2024).
	61.	 Rhie, A., Walenz, B. P., Koren, S. & Phillippy, A. M. Merqury: reference-free quality, completeness, and phasing assessment for 

genome assemblies. Genome Biol 21, 245 (2020).
	62.	 NCBI Sequence Read Archive http://identifiers.org/ncbi/insdc.sra:SRX1049768 (2015).
	63.	 NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR27002256 (2022).
	64.	 NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR29122519 (2022).
	65.	 NCBI Sequence Read Archive https://identifiers.org/ncbi/insdc.sra:SRR29095922 (2022).
	66.	 The 1000 Genomes Project Consortium. A global reference for human genetic variation. Nature 526, 68–74 (2015).
	67.	 Aganezov, S. et al. A complete reference genome improves analysis of human genetic variation. Science 376, eabl3533 (2022).
	68.	 Tateno, Y. DNA Data Bank of Japan (DDBJ) for genome scale research in life science. Nucleic Acids Research 30, 27–30 (2002).
	69.	 First update on GFA. https://lh3.github.io/2014/07/23/first-update-on-gfa.

Acknowledgements
We acknowledge support from the KAUST Supercomputing Laboratory and the KAUST Bioscience Core Lab. 
Part of the computational analysis was performed on the NIG supercomputer at the ROIS National Institute of 
Genetics. The infrastructure of Omics Science Center Secure Information Analysis System, Medical Institute 
of Bioregulation at Kyushu University provides part of computational resource (https://sis.bioreg.kyushu-u.
ac.jp/). This work was partly performed in the Cooperative Research Project Program of the Medical Institute of 
Bioregulation, Kyushu University. We extend our gratitude to the organizers and participants of Biohackathon 
2023 and 2024, as well as to DBCLS, whose support and collaborative environment provided the inspiration 
and facilitated the initial discussions for this research. Prof. Malak S. Abedalthagafi (M.S.A.) affirms that she no 
longer has access to the study specimens or sequencing data following her resignation from King Fahad Medical 
City (KFMC) in May 2023. We also thank eight anonymous blood donors for their invaluable contributions, 
providing samples KSA002 to KSA009, which were essential for this research. This work was supported by King 
Abdullah University of Science and Technology (KAUST) Office of Sponsored Research (OSR) (REI/1/5659-01-
01) and by funding from King Abdullah University of Science and Technology – KAUST Center of Excellence 
for Smart Health (KCSH), (5932) to R.H. Y.K. was supported by the Database Integration Coordination 
Program (DICP) of the National Bioscience Database Center (NBDC) of Japan Science and Technology Agency 
(JPMJND2302). Y.O. was supported by Grants-in-Aid for Scientific Research from the Ministry of Education, 
Culture, Sports, Science, and Technology (MEXT) (JP18H05527 and JP24H02323); the Medical Research 
Center Initiative for High Depth Omics, Kyushu University, Japan; MEXT Promotion of Development of a Joint 
Usage/Research System Project: the Cooperative Research Project Program; MEXT Promotion of Development 
of a Joint Usage/Research System Project: Coalition of Universities for Research Excellence Program (CURE) 
(JPMXP1323015486). M.S.A was supported by funding from King Salman Center for Disability Research, Grant 
Number R-20190016. This work was supported in part by the MEXT Cooperative Research Project Program, 
Medical Research Center Initiative for High Depth Omics, and CURE:JPMXP1323015486 for MIB, Kyushu 
University. M.N. received grants from the Japan Agency for Medical Research and Development (AMED) (Grant 
Numbers JP21wm0425009, JP22fk0210111, JP22tm0424222, JP23ek0109675, JP23ek0109672, JP23fk0210138, 
JP23ek0210194, JP24gm2010001) and JST NBDC Grant Number JPMJND2302, and JSPS KAKENHI Grant 

https://doi.org/10.1038/s41597-025-05652-y
https://identifiers.org/ncbi/insdc:BAAGCN000000000.1
https://identifiers.org/ncbi/insdc:BAAGCO000000000.1
https://identifiers.org/ncbi/insdc:BAAGCP000000000.1
https://identifiers.org/ncbi/insdc:BAAGCQ000000000.1
https://identifiers.org/ncbi/insdc:BAAGCR000000000.1
https://identifiers.org/ncbi/insdc:BAAGCS000000000.1
https://identifiers.org/ncbi/insdc:BAAGCT000000000.1
https://identifiers.org/ncbi/insdc:BAAGCU000000000.1
https://identifiers.org/ncbi/insdc:BAAGCV000000000.1
https://identifiers.org/ncbi/insdc:BAAGCW000000000.1
https://identifiers.org/ncbi/insdc:BAAGCX000000000.1
https://identifiers.org/ncbi/insdc:BAAGCY000000000.1
https://identifiers.org/ncbi/insdc:BAAGCZ000000000.1
https://identifiers.org/ncbi/insdc:BAAGDA000000000.1
https://identifiers.org/ncbi/insdc:BAAGDB000000000.1
https://identifiers.org/ncbi/insdc:BAAGDC000000000.1
https://identifiers.org/ncbi/insdc:BAAGBT000000000.1
https://identifiers.org/ncbi/insdc:BAAGBU000000000.1
https://identifiers.org/ncbi/insdc:BAAGBV000000000.1
https://identifiers.org/ncbi/insdc:BAAGBW000000000.1
https://identifiers.org/ncbi/insdc:BAAGBX000000000.1
https://identifiers.org/ncbi/insdc:BAAGBY000000000.1
https://identifiers.org/ncbi/insdc:BAAGBZ000000000.1
https://identifiers.org/ncbi/insdc:BAAGCA000000000.1
https://identifiers.org/ncbi/insdc:BAAGCB000000000.1
https://identifiers.org/ncbi/insdc:BAAGCC000000000.1
https://identifiers.org/ncbi/insdc:BAAGCD000000000.1
https://identifiers.org/ncbi/insdc:BAAGCE000000000.1
https://identifiers.org/ncbi/insdc:BAAGCF000000000.1
https://identifiers.org/ncbi/insdc:BAAGCG000000000.1
https://identifiers.org/ncbi/insdc:BAAGCH000000000.1
https://identifiers.org/ncbi/insdc:BAAGCI000000000.1
https://identifiers.org/ncbi/insdc:BAAGCJ000000000.1
https://identifiers.org/ncbi/insdc:BAAGCK000000000.1
https://identifiers.org/ncbi/insdc:BAAGCL000000000.1
https://identifiers.org/ncbi/insdc:BAAGCM000000000.1
https://identifiers.org/ncbi/insdc.sra:DRP012387
http://identifiers.org/ncbi/insdc.sra:SRX1049768
https://identifiers.org/ncbi/insdc.sra:SRR27002256
https://identifiers.org/ncbi/insdc.sra:SRR29122519
https://identifiers.org/ncbi/insdc.sra:SRR29095922
https://lh3.github.io/2014/07/23/first-update-on-gfa
https://sis.bioreg.kyushu-u.ac.jp/
https://sis.bioreg.kyushu-u.ac.jp/


1 1Scientific Data |         (2025) 12:1316  | https://doi.org/10.1038/s41597-025-05652-y

www.nature.com/scientificdatawww.nature.com/scientificdata/

Number JP21H02681. This work was partially supported by the “Joint Usage/Research Center for Interdisciplinary 
Large-scale Information Infrastructures” and “High Performance Computing Infrastructure” in Japan (Project 
ID: jh230016, jh240015 and jh250010).

Author contributions
Y.K., K.T., T.K., R.H. and M.S.A. designed this study and managed the progress of the project. M.S.A. and E.A. 
conducted the recruitment and consent. M.N., Y.O., Y.S., M.Abd., R.T. and E.A. conducted the sample processing. 
K.T., M.N., Y.O., Y.S. and M.Abd. conducted the library preparation and sequencing. Y.K., S.A., T.K., M.K., Y.L., 
conducted the data processing and bioinformatics analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.
org/10.1038/s41597-025-05652-y.
Correspondence and requests for materials should be addressed to M.S.A., R.H. or Y.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial- 
NoDerivatives 4.0 International License, which permits any non-commercial use, sharing, distribu-

tion and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) 
and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Crea-
tive Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by-nc-nd/4.0/.
 
© The Author(s) 2025

https://doi.org/10.1038/s41597-025-05652-y
https://doi.org/10.1038/s41597-025-05652-y
https://doi.org/10.1038/s41597-025-05652-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Phased genome assemblies and pangenome graphs of human populations of Japan and Saudi Arabia

	Background & Summary

	Methods

	Sample processing and sequencing. 
	Saudi samples. 
	Japanese samples. 

	Genome assembly and assembly quality evaluation. 
	Genome annotation and identification of genes. 
	Pangenome Graph construction. 
	Short read variant calling. 
	Demonstration of JaSaPaGe’s capability through CYP2D6 copy number analysis. 
	Ethical approvals. 

	Data Records

	Technical Validation

	Validation of genome assemblies. 
	Validation of pangenome graphs using population-specific short read variant calling. 
	Evaluation of FAIR principles. 

	Acknowledgements

	Fig. 1 Overview of basic statistics of the sequencing reads from Japanese (JPT) and Saudi (KSA) samples.
	Fig. 2 CYP2D6 Region Haplotype Variation Across Japanese and Saudi Populations.
	Fig. 3 Overview of basic statistics of the genome assemblies from Japanese (JPT) and Saudi (KSA) samples.
	Table 1 Pangenome graphs basic statistics.
	Table 2 Variant calling statistics for three Saudi samples, using Illumina reads aligned to GRCh38, T2T-CHM13, HPRC, KSA, Japanese, and JaSaPaGe.
	Table 3 Variant calling statistics for the three Japanese samples, using Illumina reads aligned to GRCh38, T2T-CHM13, HPRC, KSA, Japanese, and JaSaPaGe.
	Table 4 Variant calling statistics for the HG001 sample, using Illumina reads aligned to GRCh38, T2T-CHM13, HPRC, KSA, Japanese, and JaSaPaGe.
	Table 5 SNV performance statistics for the HG001 sample, using Illumina reads aligned to GRCh38, HPRC, KSA, Japanese, and JaSaPaGe.
	Table 6 Indel performance statistics for the HG001 sample, using Illumina reads aligned to GRCh38, HPRC, KSA, Japanese, JaSaPaGe.




