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Accessing medically relevant complex
regions with a pangenome graph of 20 near-
complete Japanese haplotypes

Yoshihiko Suzuki 1,3 , Chie Owa 1, Haruka Kobayashi1, Ryo Nakabayashi1,
Brandy McNulty2, Ivo Violich2, Benedict Paten 2, Karen H. Miga 2 &
Shinichi Morishita 1,3

Pangenome projects have enhanced our understanding of human genomic
and genetic diversity, but repetitive regions are still challenging to assemble
and yet medically important. Here we generate 20 near-complete haplotypes
from 10 Japanese male individuals using three complementary long-read and
long-range datasets and construct a pangenome graph from these haplotype-
resolved assemblies. All haplotypes achieve an N50 value exceeding 100 Mbp
for gapless contigs. We substantially improve the average reconstruction rate
of complete haplotypes from 46.8% and 52.8% in two previous pangenome
graphs to 91.2% within 30 segmentally duplicated complex regions. Further-
more, we identify complete minor haplotypes in the KIR and SMN regions that
are absent in those previous pangenome graphs. We find putatively biased
gene conversion events occurring in only one direction around the SMN and
beta-defensin (DEFB) genes, implying non-random evolution in these regions.
Our study contributes to the growing body of pangenomic data, offering a
more refined view of human genomic diversity involving complex segmental
duplications.

A complete reference human genome sequence was released in 2022
by the Telomere-to-Telomere (T2T) Consortium1. This ultimate degree
of human genome completeness has both helped reveal the full
spectrum of genomic diversity and led to a race to create additional
complete or near-complete genomes using long reads. Groups
including the 1000 Genomes Project (1KGP)2,3, the Human Genome
Structural Variation Consortium (HGSVC)4–6, and the Human Pangen-
omeReference Consortium (HPRC)7, as well as theHuman Pangenome
Project (HPP)8—an international partnership community encompass-
ing theHPRC—have expandedgenomic resources to improve coverage
of the global population. A pangenome graph is a reference repre-
sentation in which genome sequences from multiple individuals are
encoded as paths through a graph, allowing shared sequences and
genetic or structural variants to be represented in a single framework.

In 2023, the HPRC released a Year-1 draft human pangenome graph
reference that incorporates 47 phased, diploid assemblies from
genetically diverse individuals7. This dataset contains eight East Asian
haplotypes, including six Southern Han Chinese (CHS) and two Kinh
Vietnamese (KHV) haplotypes, but no Japanese haplotypes were
included. Another recent long-read pangenome project for East Asian
populations is the Chinese Pangenome Project (CPC)9, which
sequenced 58 samples from 36 populations, including minority
populations in China.

Most of the haplotypes in the HPRC Year-1 pangenome and the
Chinese pangenome were constructed from PacBio HiFi long reads
together with trio Illumina short reads or Hi-C reads. HiFi reads
enabled accurate haplotype-resolved sequences for most genomic
regions10–12, but highly repetitive regions such as centromeres and

Received: 27 January 2025

Accepted: 11 May 2026

Check for updates

1Department of Computational Biology and Medical Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Chiba, Japan. 2UC Santa Cruz
Genomics Institute, University of California, Santa Cruz, CA, USA. 3Present address: Research Organization of Information and Systems (ROIS), Tokyo, Japan.

e-mail: yszkshk@gmail.com; moris@edu.k.u-tokyo.ac.jp

Nature Communications |         (2026) 17:4555 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-8807-2206
http://orcid.org/0000-0002-8807-2206
http://orcid.org/0000-0002-8807-2206
http://orcid.org/0000-0002-8807-2206
http://orcid.org/0000-0002-8807-2206
http://orcid.org/0000-0002-5241-5414
http://orcid.org/0000-0002-5241-5414
http://orcid.org/0000-0002-5241-5414
http://orcid.org/0000-0002-5241-5414
http://orcid.org/0000-0002-5241-5414
http://orcid.org/0000-0001-8863-3539
http://orcid.org/0000-0001-8863-3539
http://orcid.org/0000-0001-8863-3539
http://orcid.org/0000-0001-8863-3539
http://orcid.org/0000-0001-8863-3539
http://orcid.org/0000-0002-3670-4507
http://orcid.org/0000-0002-3670-4507
http://orcid.org/0000-0002-3670-4507
http://orcid.org/0000-0002-3670-4507
http://orcid.org/0000-0002-3670-4507
http://orcid.org/0000-0002-6201-8885
http://orcid.org/0000-0002-6201-8885
http://orcid.org/0000-0002-6201-8885
http://orcid.org/0000-0002-6201-8885
http://orcid.org/0000-0002-6201-8885
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73461-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73461-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73461-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-73461-x&domain=pdf
mailto:yszkshk@gmail.com
mailto:moris@edu.k.u-tokyo.ac.jp
www.nature.com/naturecommunications


large segmental duplications remained unassembled in a complete
form. As a result, the average contig NG50 metrics for the haplotypes
in these pangenome projects was limited to 40Mbp and 36Mbp,
respectively. More recently, a hybrid approach combining the two
complementary long-read data types of PacBio HiFi reads, which have
an average accuracy greater than 99.9%, and Oxford Nanopore Tech-
nology (ONT) ultra-long reads of >100 kbp length, along with sup-
plementary short reads, has been verified to be effective for
reconstructing near-complete diploid assemblies13 through algo-
rithmic advancements within the verkko14 and hifiasm15 assemblers. In
this study, we deep-sequenced ONT ultra-long reads, as well as PacBio
HiFi and Omni-C reads, for ten Japanese samples, achieving the contig
NG50 value of >100Mbp for every assembled Japanese haplotype.

Many clinically important genomic regions are structurally com-
plex and exhibit high sequence diversity, partly due to rapid evolution
mediated by large segmental duplications subject to nonallelic
homologous recombination and gene conversions16–18. Notable exam-
ples include the Human Leukocyte Antigen (HLA) and Killer-cell
Immunoglobulin-like Receptor (KIR) regions, which are related to
immune system function19–21, and the Survival Motor Neuron (SMN)
region associated with spinal muscular atrophy (SMA)22–24. Another
example is the DEFB (beta-defensin) gene cluster, whose increase and
decrease in copy number are associated with psoriasis and Crohn’s
disease, respectively25–28. Moreover, using large cohort datasets from
the UK BioBank29 and BioBank Japan30, associations have been found
between the RASA4 gene cluster encoding the Ras GTPase-activating
protein 4 on chromosome 7 and type II diabetes and chronotype, and
between the autoimmunity-related FCGR3 (Fc Gamma Receptor III)
gene on chromosome 1 and the count of basophils in the blood31,32.
Despite their recognized importance, these regions have remained
technically challenging for complete sequence reconstruction,
impeding more detailed analysis, although the demand for complete
haplotypes, including novel ones, continues to grow7,18,33,34. Here we
present near-complete diploid assemblies for ten Japanese individuals,
aiming to capture more complete sequences of medically important
complex regions in the Japanese population. Our analysis of the 20
assembled haplotypes demonstrates a substantial improvement in
assembly completeness compared to previous pangenome projects
and reveals novel haplotype structures and putatively biased gene
conversions, including those known to be medically relevant regions.

Results
Reconstruction of 20 near-complete Japanese haplotypes and
construction of a Japanese pangenome
We sequenced PacBio HiFi, ONT UL, and Omni-C reads from ten
healthy Japanese lymphoblastoid cell lines. All samples were those
collected in the 1000 Genomes Project as Japanese in Tokyo (JPT)
samples and distributed by the Coriell Institute2,3. We obtained 35–55×
HiFi reads, 50–90× Omni-C reads, and 45–65× ONT UL reads (only
>100 kbp) per sample (Supplementary Table 1). On top of these reads,
we collected additional 25–35× ONT UL reads used for validation of
assembly (Supplementary Table 2). All the ten samples are male, and
thus we could obtain ten haplotype sequences for each of chromo-
some X and Y as well as the mitochondrial genome, in addition to 20
haplotypes for each of the autosomal chromosomes.

We reconstructed a chromosome-scale, near-complete diploid
assembly for each of the ten samples using hifiasm15 and RagTag35,
along with manual curation performed mainly for correcting haplo-
type misplacement of some relatively short contigs in extremely het-
erochromatic regions of chromosome Y (“Methods” and
Supplementary Table 3). By virtue of the high-coverage dataset of ONT
UL reads longer than 100 kbp and up to 1.8 Mbp, an average of 63.7
Mbp of segmental duplication regions per haplotype were resolved
without gaps. The NG50 values of the contigs alone (excluding scaf-
folds containing sequence gaps) were greater than 100 Mbp in all the

20 Japanese haplotypes, and the mean contig auN (area under the Nx
curve) value per haplotype was 127.8 Mbp (Fig. 1a). On average, 7.1
chromosomes were gapless, complete sequences spanning from tel-
omere to telomere per haplotype among the 20 haplotypes. Every
assembled haplotype showed an assembly quality value of >60 based
on the k-mer completeness calculated with Merqury36 (Fig. 1b).
Assembly statistics are summarized in Supplementary Table 4.

The assembly size per chromosomewas generally consistent with
the T2T-CHM13 reference genome, with several exceptions (Fig. 1c).
Chromosomes containing large HSat2 and HSat3 arrays—chromo-
somes 1, 9, 16, and Y aswell as the acrocentric chromosomes (13, 14, 15,
21, and 22)—exhibited greater assembly size variability, with standard
deviations exceeding 2Mbp across Japanese assemblies (Fig. 1d and
Supplementary Fig. 1a). Among these chromosomes with large size
variability, we observed reduced assembly sizes more than one stan-
dard deviation than the T2T-CHM13 assembly size for chromosomes 9,
13, 15, 16, and Y in Japanese haplotypes (Supplementary Fig. 1b). For
chromosomes 1, 9, 16, and Y, the differences in total chromosome size
compared to T2T-CHM13 were largely explained by differences in the
lengths of alpha satellite and HSat1/2/3 arrays37,38, as indicated by
regression slopes exceeding 0.8 between total chromosome size dif-
ferences and array length differences (Supplementary Fig. 1c). Note
that both the acrocentric chromosomes and chromosome Y showed
relatively low T2T assembly rates below 30% (Supplementary Table 4),
implying that assembly difficulties also contribute to the assembly size
variability observed. In addition, a known huge recurrent inversion of
~4Mbp in the p-arm of chromosome 8 was identified in 15 (75%) out of
20 haplotypes (Fig. 1e and Supplementary Data 1)39–41. This inversion is
located around polymorphic gene families such as DEFB (beta-defen-
sin) and FAM90A (primate-specific family with sequence similarity 90),
previously difficult to assemble.

Segmental duplications (SDs) were identified using Biser42 after
masking repeats with RepeatMasker (http://www.repeatmasker.org) in
each Japanese haplotype, and these SDs were lifted over to the T2T-
CHM13 genome to enable comparison with other haplotypes (Fig. 1f
and “Methods”). We merged the lifted-over Japanese SD regions and
excluded those within centromeric satellite regions, as these regions
are difficult to compare across different haplotypes. This resulted in a
total of 46.3 Mbp of SD regions, of which 44. 2 Mbp (95%) showed
complete or partial overlap with SDs annotated in T2T-CHM13, while
the remaining 2.1Mbp (5%) did not. Within the Japanese haplotypes,
40.6Mbp (88%) of the lifted-over SD regions were found in two or
more haplotypes, suggesting that these SDs are common in the Japa-
nese population. It should be noted, however, that confirming their
recurrence at a population scale will require a larger cohort study. The
majority of SDs identified in the Japanese haplotypes (42.3Mbp, 91%)
completelyorpartially overlappedwith SD regions in thenon-Japanese
East Asian (EAS) haplotypes of the HPRC Year-1 pangenome, and an
additional 2.2Mbp (5%) overlappedwith those in the haplotypes of the
Chinese pangenome. Among the remaining non-overlapping,
Japanese-specific SD regions (1.8 Mbp, 4%), only 54 kbp (0.1%) over-
lapped with SDs in non-EAS haplotypes of HPRC Year-1 pangenome.
Although 154 out of the 155 Japanese-specific SD regions did not con-
tain protein-coding genes, one region on chromosome 19 present in a
single haplotype contained four protein-coding genes, MAP3K10,
TTC9B, CCNP, and AKT2 (Supplementary Data 2).

To build and understand the distribution of SNVs and SVs unique
to individual populations, we constructed two types of pangenome
graph usingminigraph-cactus43 and pggb44 from the 20 near-complete
Japanese haplotypes plus two haplotypes of T2T-CHM13 and GRCh38
(“Methods”). SNVs and SVs, defined as variants of >50 bp, for each
haplotype were identified from the pangenome graph by detecting
branching nodes that diverge from the reference genome path of
either T2T-CHM13 or GRCh38. To reduce the redundancy of detected
SVs, we performed base-level normalization of SVs called from the
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pangenome graph using vcfbub45 and vcfwave46. Eachmethod yielded
a comparable pattern of identified SVs, with peaks in the SV length
distribution corresponding to insertions and deletions of the Alu ele-
ment of ~340bp and LINE elements of ~6 kbp (Supplementary
Fig. 2b,c), although the total number of SVs differed between
minigraph-cactus (127k) and pggb (115k). Notably, 96% of the differ-
ence in SV counts between the two methods (12k) was attributable to
centromeric regions, where minigraph-cactus reported more SVs (2k)
than pggb (14k). Outside centromeres, SVs identified by the two
methods showed a 74% F1 score using Truvari47. For subsequent

analyses, we used the pggb graph containing fewer unique SVs, and
excluded variants located within centromeres.

Among the SNVs reported in the 1KGP6, which were called using
Illumina short reads aligned to the GRCh38 reference genome, 97%
were also identified in our graph-based analysis for the same ten
Japanese samples. We next compared SNVs identified in the Japanese
graph with those called from the HPRC Year-1 graph using the same
T2T-CHM13 reference genome. In the Japanese pggb graph, we iden-
tified 6,659,402 SNVs relative to T2T-CHM13. Of these, 5,637,761 SNVs
(85%) were sharedwith theHPRCYear-1 graph, primarily with the eight
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Fig. 1 | Assembly status of the 20 near-complete Japanese haplotypes.
a, Contiguity of contigs and scaffolds of 20 haplotypes assembled from 10 Japanese
samples (Japanese in Tokyo, JPT). T2T-CHM13 is shown in thick light gray as a
practical upper bound. b, Quality values of the assembled haplotypes. c, Assembly
size per chromosome among assembled haplotypes. d, Total size of large cen-
tromeric satellite arrays (alpha satellites and HSat1/2/3) per chromosome. For
HSat1/2/3, only chromosomes with >1 Mbp arrays in T2T-CHM13 are shown. In
c,d, box plots show assembled haplotypes from 10 biological samples (n = 20 for
autosomes and n = 10 for sex chromosomes); boxes indicate the median and
25th–75th percentiles, whiskers extend to 1.5 × IQR, and all points are shown.
e–f, Distributions of inversions (e) and SDs (f) found in the 20 Japanese haplotypes,

plotted together on the corresponding regions in T2T-CHM13. SDs found within
centromeres are excluded due to its highly repetitive nature. Colors indicate the
number of Japanese haplotypes in which the region is in an inversion or SD.
g, h, Comparison between the numbers of SNVs (g) and SVs (h) identified from the
pangenome graph of the 20 Japanese haplotypes and those from the HPRC Year-1
graph. T2T-CHM13 was used as the reference for variant calling, and variants on
chromosome Y and private SVs with allele count 1 were excluded. Numbers in
parentheses indicate haplotype counts; the eight HPRC Year-1 East Asian (EAS)
haplotypes comprise six Southern Han Chinese (CHS) and two Kinh Vietnamese
(KHV) haplotypes.
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non-Japanese EAS haplotypes (4,590,109 SNVs, 69%), whereas
1,021,641 SNVs (15%) were not observed in the HPRC Year-1 haplotypes
and were therefore classified as Japanese-specific in this comparison
(Fig. 1g)7. Among the 6,659,402 Japanese SNVs, 5,064,963 SNVs (76%)
were present in two or more Japanese haplotypes, suggesting their
commonality in the Japanese population. Of these 5,064,963 SNVs
observed in multiple Japanese haplotypes, 4,817,785 SNVs (95%) were
also found inhaplotypes of other populationswithin theHPRCdataset,
whereas only 247,178 SNVs (5%) were found specific to the Japanese
haplotypes.

For SV analysis, we first merged similar SVs across all haplotypes
using Truvari with 80% sequence overlap, and then retained only SVs
detected in two or more haplotypes within either Japanese or HPRC
haplotypes. Among 46,173 SVs (11.0 Mbp in total) identified in the
Japanese haplotypes, 35,168 SVs (76%, 8.0 Mbp) were also observed in
the HPRC Year-1 graph, primarily in EAS haplotypes, whereas 11,005
SVs (24%, 3.0 Mbp) were not observed in the HPRC Year-1 haplotypes
(Fig. 1h). However, the majority of these 11,005 SVs were located in
complex genomic regions, where it is difficult to distinguish actual
uniqueness from assembly artifacts or representation differences.
Specifically, among these 11,005 SVs, 2064 SVs (19%) were located in
subtelomeric regions, which comprise only 1.5% of the genome, and
4520 SVs (41%) were located in segmental duplications plus 100-kbp
flanking regions,which occupyonly 6%of the genome (Supplementary
Fig. 3a). Moreover, of the remaining 4421 (40%) SVs not in sub-
telomeric regions nor segmental duplications, 4040 SVs (91%) con-
tained tandem repeat sequences.

To further characterize these 11,005 SVs (5437 insertions and 5568
deletions) observed only in the Japanese haplotypes, we aligned their
inserted sequences to the pangenome graph of the Chinese and HPRC
haplotypes and confirmed that 4666 (86%) of the 5437 insertions
exhibited high (>95%) sequence similarity, as expected for SVs that
typically arise from duplications of existing sequences, whereas 771
(14%) showed <95% sequence similarity (Supplementary Fig. 3b).

Gene copy number analysis
We then verified the quality of our assemblies at the gene level. On
average, 98.3% of the single-copy genes in GRCh38 with alternative
sequences were fully reconstructed in the Japanese haplotypes using
asmgene48 (Supplementary Table 4), which was comparable to the
values of the East Asian haplotypes in the HPRC Year-1 dataset (98.3%)
and the T2T-CHM13 reference genome (98.5%). In contrast to single-
copy genes, large segmental duplications frequently contribute to
variations in gene copy number and increased gene diversity16,17. While
Japanese haplotypes are expected to generally share similar gene copy
number distributions with non-Japanese East Asian haplotypes, if
Japanese haplotypes have large discrepancies from the reference
genome especially in complex regions, the difference is likely to cause
misassignments of reads and assemblies. Such a reference bias often
confounds population-specific analyses of polymorphic genes. To
assess the extent of these differences, we conducted a comparative
analysis of gene copy numbers between the T2T-CHM13, non-Japanese
East Asian haplotypes in the HPRC dataset, and our Japanese haplo-
types.We calculated the copy number for each gene by lifting over the
GENCODE Comprehensive annotation49, which includes genes in
alternate loci of complex regions, to each of the haplotypes. The
percentage of protein-coding genes whose copy number was identical
to T2T-CHM13 averaged 96.7% across the 20 Japanese haplotypes and
96.6% across the East Asian haplotypes. These results support the high
quality of both the HPRC and our assemblies in general.

We investigated genes whose copy numbers were consistently
different from T2T-CHM13 in all the Japanese haplotypes, and there
existed 23 such genes (Fig. 2a). Although accurate annotation of
paralogous genes in complex regions is difficult, all of those 23 genes
were either gene families in segmental duplications or genes within

alternate loci of complex regions whose names start with ENSG,
implying the presence of systematic sequence variants in these regions
in the Japanese population compared with the reference genome.
These gene families include KIR2DL2, a member of the KIR gene family
that is known to be rare in the Japanese population, whereas T2T-
CHM13 contains one copy21. Other gene families on autosomal chro-
mosomes includeDEFB and FAM90Anear the large recurrent inversion
on chromosome 8, ELOA3 (Elongin A3, a primate-specific RNA poly-
merase II elongation factor50) on chromosome 18, TBCD (Tubulin
Folding Cofactor D, a candidate causal gene of an atypical infantile
SMA accompanying progressive neurodegenerative encephalopathy51)
and B3DNTL1 (Beta-1,3-N-Acetylglucosaminyl-transferase-like 1) on
chromosome17, and SPDYE8nearRASA4onchromosome7. In thenext
section, we will show that most of the Japanese haplotypes were
completely assembled in these complex medically important regions,
while many of the East Asian haplotypes in the HPRC Year-1 and Chi-
nese pangenomes were not. On sex chromosomes, cancer/testis anti-
gen families ofGAGE andCT47 on chromosomeX, testis-specific genes
of TSPY and MAFIP on chromosome Y, and CSF2RA (granulocyte/
macrophage colony-stimulating factor alpha) gene on the pseudoau-
tosomal region (PAR) had consistently different copy number anno-
tations among the Japanese haplotypes than T2T-CHM13.

We then compared the Japanese haplotypes with the East Asian
haplotypes in the HPRC pangenome rather than T2T-CHM13. There
were 43 genes with different copy numbers between those two data-
sets (two-sided Wilcoxon rank-sum test, P <0.05; Supplementary
Table 5). We found that several genes located in segmentally dupli-
cated regions showed an average copy number difference greater than
1 between the East Asian and Japanese haplotypes, specifically within
the TSPY and RBMY gene families (Fig. 2b). Considering that complete
assembly was challenging in the HPRC Year-1 haplotypes for these
segmentally duplicated complex regions, although their assemblies
are of high quality in relatively unique regions, the observed copy
number differences may be due to assembly artifacts rather than true
biological variation. Indeed, in the following section, we will demon-
strate that our Japanese haplotypes achieved a substantially higher
rate of complete sequence reconstruction than previous pangenome
projects in such complex yet medically important genomic regions,
making them more reliable for accurate downstream analyses.

Complete haplotype reconstruction in complex regions of
medically important genes
Based on the literature analyzing challenging complex genomic
regions in the assemblies of T2T-CHM13, GRCh38, and previous pan-
genome efforts7,9,16–18,50,52–54, we selected 30 genomic regions that
contain medically and biologically important genes but are difficult to
assemble due to segmental duplications, of which 23 are autosomal,
five are in chromosome X, and two in Y (see Supplementary Table 6
and Supplementary Fig. 4 for the coordinates and sequence structure
in T2T-CHM13, along with the names of key genes for each region).
These include genes such as FAM90A, ELOA3, DEFB, SPDYE, KIR, GAGE,
TSPY, and RBMY, which were noted in our copy number analysis. We
examined the sequence contiguity of haplotypes in these medically
important regions across the following three pangenomes: the HPRC
pangenome of their Year-1 dataset, the Chinese pangenome of the
CPC, and our Japanese pangenome (Fig. 2c). Compared to the other
two datasets, the Japanese haplotypes hadmuch fewer sequence gaps.
Notably, all Japanese haplotypes were completely gapless in 20
regions, whereas at least one haplotype in each of the other datasets
had gaps in every region.

Misassemblies can exist evenwhen anassembled sequence has no
sequence gaps. In such cases, reads from the original location of one
haplotype will not map to the misassembled segment of that location,
or reads of a distant location insteadmaymap to that location,making
inconsistent nucleotide sequences between the reads and the
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Fig. 2 | Haplotype reconstruction in medically important complex regions.
a, Copy number distributions of genes differing from T2T-CHM13 (black) in all
Japanese haplotypes (JPT; blue), along with those in HPRC Year-1 EAS haplotypes
(red). Genes whose copy numbers in T2T-CHM13 are within the 95% confidence
interval of the JPT and EAS means were excluded. b, Copy number distributions of
genes differing by at least one copy between JPT and EAS haplotypes. Genes with
differences smaller than the standard deviations of both distributions were exclu-
ded. c, Sequence contiguity of haplotypes from the HPRC Year-1, Chinese, and
Japanese pangenomes across 30 selected medically and biologically important

regions. Colors indicate the number of gaps. d, Structural and base-quality metrics
for the 20 Japanese haplotypes. e, Assembly size distribution of complete Japanese
haplotypes in the selected regions. Box plots show complete haplotypes from ten
biological samples (exact n values shown in the plot). Boxes indicate median and
25th–75th percentiles, whiskers extend to 1.5 × IQR, and all points are shown.
Outliers, including two SMN and one TSPY haplotypes, represent large structural
rearrangements. f, Haplotype reconstruction rates between HPRC Year-1 and
Japanese assemblies in 18 representative regions containing challenging medically
relevant genes.
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assembled haplotype. To detect such deficiencies, alongwith the basic
contiguity metrics, we assessed two additional quality metrics, struc-
tural quality and base quality, of the Japanese haplotypes (Fig. 2d).
Structural quality is the percentage of regions where sequencing
coverage dropped below three, calculated from a pileup of ONT ultra-
long reads of the same sample. Base quality is the number of SNVs
detected from the read pileup. A high-quality assembly is expected to
have no regions with coverage drops and minimal SNVs, indicating
inconsistency between reads and the assembly.We accepted up to one
SNV per 100 kbp (i.e., QV ≥ 50) to account for systematic errors in
sequencing and variant detection, while no sequence gaps and no
coveragedropswereaccepted as thebest category, as shown inFig. 2c,
d. In this regard, bothmetricswere as good as contiguity among the 20
haplotypes, indicating the remarkably high quality of our Japanese
assemblies even in segmentally duplicated genomic regions.

We then defined complete haplotypes as haplotypes that belong
to the best category in all three criteria above (sequence contiguity,
structural quality, and base quality). For 24 (80%) of the complex
regions, the size in T2T-CHM13was not an outlier in the distribution of
the complete Japanese haplotypes, indicating overall consistency
between Japanese haplotypes and T2T-CHM13 (Fig. 2e). In contrast, we
identified considerable size deviations in the remaining six regions: the
NOTCH2-NOTCH2NLR-SRGAP2, FCGR, DEFB-FAM90A, OPN1LW-
OPN1MW, TSPY, and AZFc regions (Fig. 2e). Our Japanese pangenome
achieved an average complete haplotype reconstruction rate of 91.2%
across the 30 examined regions. In comparison, the HPRC Year-1 and
Chinese pangenomes, when measured solely by sequence contiguity,
showed lower average complete reconstruction rates of 52.8% and
46.8%, respectively. The most challenging regions to completely
assemble in the Japanese haplotypes were the 5.3 Mbp AZFc (Azoos-
permia Factor c) regiononchromosomeY and the 4.5MbpNPIPA gene
family region (Supplementary Fig. 5). Nevertheless, 70% of Japanese
haplotypes were completely assembled in these two regions. This is
considerable progress from the HPRC and Chinese pangenomes,
whose complete assembly rates were 0% and 4.2% for the AZFc region
and 13.6% and 1.7% for the NPIPA region, respectively. The AZFc region
consists of RBMY, TSPY, DAZ, BPY2, and CDY1 gene families expressed
specifically in testis, and deletions in the AZFc region can lead to
spermatogenic failure52,55. The NPIPA gene family is a highly duplicated
hominoid gene family associated with the nuclear pore complex on
chromosome 1616,56. In addition to these two regions, our Japanese
assemblies showed substantial improvement on complete haplotype
reconstruction in complex regions around NOTCH2, NOTCH2NL,
ARHGAP11,GOLGA6/8, and TSPY gene families (Fig. 2f). The sizes of the
assembled sequences without gaps in these complex regions were
comparable between HPRC Year-1 and our assemblies, with no overall
tendency toward shorter sequences in Japanese haplotypes (Supple-
mentary Fig. 6). This suggests that these complex regions were suc-
cessfully assembled in our samples not because of reduced intrinsic
sequence complexity but due to advancements in sequencing tech-
nologies, particularlyONTUL reads, and assembly algorithms. In brief,
we uncovered complete haplotype structures in the Japanese popu-
lation for many medically relevant complex regions.

Complete haplotypes of medically important regions uni-
dentified in previous pangenome efforts
Among the 20 complete Japanese haplotype sequences of medically
important regions alongwith gene annotations (Supplementary Fig. 7),
we found some Japanese haplotypes harboring a gene structure that
was previously not identified in the HPRC Year-1 and Chinese haplo-
types. One example of such a region is KIR, which has two categories,
the major A-haplotypes and minor B-haplotypes. Previous studies
reported that about 75% of the haplotypes are A-haplotypes in
Japan21,57, while minor B-haplotypes are defined by the presence of at
least one copy of the KIR2DL5, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5, or

KIR3DS1 genes. We performed annotation of the detailed and accurate
KIR genes in the Japanese haplotypes using Immuannot58, which is
based on the public IPD-KIR database comprehensively cataloging KIR
genes19. Of the 20 Japanese haplotypes we assembled, 16 (80%) were
A-haplotypes and the remaining four were B-haplotypes (Supplemen-
tary Fig. 8). The whole KIR gene array is often divided into two sub-
arrays, the centromeric KIR array and telomeric KIR array, with a small
gap region containing no genes between them. Three of the four
B-haplotypes hadmultiple B-haplotype-specific genes in the telomeric
KIR array, while the remaining one was classified into B-haplotype due
to the presence of one gene, KIR2DS2, in the centromeric KIR array. In
total, all the six genes that define B-haplotypes appeared at least once
in the 20 haplotypes, demonstrating that our Japanese pangenome
catalogs minor B-haplotypic KIR genes as well.

More importantly, we found one B-haplotype that has a unique
tandem duplication of an array of three KIR genes (Fig. 3a and Sup-
plementary Fig. 8), and this haplotype was not observed in the analysis
of the HPRC Year-1 and Chinese pangenomes58. The duplicated seg-
ment of this haplotype contains two copies of the KIR2DL5B, KIR2DS5,
andKIR2DS1genes.We confirmed that in the novel haplotype there are
no indications of misassemblies in the entire KIR gene array, including
the expanded part, based on manual inspection of ONT ultra-long
reads mapped to the assembled haplotype and by checking read
depths, soft-clipped read mappings, and nucleotide consistency
between the assembly and the reads (Fig. 3b). Furthermore, we found
two ONT ultra-long reads that span the duplicated segment of the
haplotype and support the assembled sequence (Supplemen-
tary Fig. 9).

Another important example of a more refined view of complex
regions is SMN. In the SMN gene cluster region, a single-nucleotide
variant, c.840C>T, located in exon 7 defines the characteristics of
transcribed mRNA and distinguishes the two paralogous copies of
SMN, SMN1, and SMN2, where SMN1 is associated with a higher risk of
SMA59,60. An increased copy number of SMN2 reduces the severity of
SMA, and gene conversion from SMN1 to SMN2 can result in a modifier
gene that alters the symptoms in some patients24,61,62. Approximately
90% of the individuals have exactly one copy of SMN1 gene in all
populations except African populations, whereas the copy number of
SMN2 gene is more variable23. There were two Japanese complete
haplotypes that possess three copies of SMN genes (Fig. 3c), whereas
no haplotypes in HPRC and Chinese pangenomes contain three SMN
gene copies. Since liftover programs do not consider the difference at
a specific single nucleotide as an important and discriminative marker
betweenparalogous genes, wemanually distinguished SMN1 and SMN2
based on the functionally discriminative single-nucleotide variant on
exon 7, c.840C>T24. As a result, we found that both of the two Japanese
haplotypes contained one SMN1 gene and two SMN2 genes.We did not
identify any haplotypes withmultiple copies of SMN1, since all samples
in this study were healthy controls. The largest SMN haplotype in the
Japanese pangenome spans a 2.5 Mbp region featuring a complex
pattern of inversions and tandem segmental duplications; none-
theless, the assemblyof this regionwas confirmed to be accurate in the
same manner as the KIR region, using two ONT ultra-long read data-
sets (Fig. 3d).

Note that the HGSVC has recently reported their project phase 3,
analyzing 65 near-complete diploid assemblies of worldwide
individuals63. Their assemblies achieved a level of haplotype com-
pleteness comparable to ours. For instance, in the SMN region, they
reported 64% completeness, while we estimated 85% for our Japanese
haplotypes using our definition of completeness based on sequence
contiguity, structural quality, and base quality. HGSVC3 evaluated
assembly quality by integrating multiple orthogonal tools, including
Flagger7, Merqury36, NucFreq64, and Inspector65 that collectively assess
both structural and base-level errors, requiring that at least two tools
consider the assembly reliable (see HGSVC3 SupplementaryMethods).
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Both studies share the fundamental goal of evaluating haplotype
assemblies in terms of base-level accuracy and structural integrity.
Consistent with this, both studies estimated the completeness of the
HPRC Year-1 pangenome as approximately 20%. Among 127 haplo-
types of HGSVC3 in which KIR genes were contained in a single contig,
73 (57.5%) were A-haplotypes and 54 (42.5%) were B-haplotypes (Sup-
plementary Data 3), compared to 16 (80%) A-haplotypes and 4 (20%)
B-haplotypes among our Japanese haplotypes. Although one
B-haplotype identified in our Japanese pangenome was also present in

the HGSVC3 assemblies, the novel B-haplotype with two tandem
copies of the KIR2DL5B, KIR2DS5, and KIR2DS1 genes (Fig. 3a, b), as well
as the remaining two B-haplotypes, was absent from the HGSVC3
dataset. Additionally, just as we observed two haplotypes with three
copies of SMN genes among the 20 Japanese haplotypes (Fig. 3c, d),
they also found two such haplotypes from one African and one
admixed American among the 130 haplotypes.

We also observed a large contribution of Japanese haplotypes to
worldwide haplotypes by checking a pangenome graph of
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(B)) are purple and the other KIR genes (KIR (A)) are green. Arrows indicate gene
orientation (forward: right arrow, reverse complement: left arrow). The blue-
highlighted Japanese haplotype (CGM18948_hap1) is absent frombothHPRCYear-1
and Chinese haplotypes. b, Dot plot against T2T-CHM13 with coverage and pileup
of ONT ultra-long reads for CGM18948_hap1 around the expanded KIR gene array.
Gene names are shown at the top, and red genes indicate duplication of three
B-haplotype genes, KIR2DL5B, KIR2DS5, and KIR2DS1. Two ONT ultra-long read
datasets, used for assembly and validation, show no abnormal read depth shifts or

clustered soft-clippings of alignments (red bars in mappings), implying that there
are no large structuralmisassemblies. In addition, therewerenoSNVs in this region.
c, Complete Japanese haplotypes plus T2T-CHM13 in the SMN region, showing only
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chromosome Y. Although the extremely repetitive heterochromatic
region of cytoband Yq12 is still difficult to fully resolve in the pan-
genome graph, we obtained many complete haplotypes in other
regions with protein-coding genes. For the second-largest gene cluster
in thepangenomegraph, theTSPYgene family, and theAZFc region,we
obtained nine and seven complete haplotypes out of ten, respectively,
with a large polymorphism of copy numbers of the genes (Supple-
mentary Fig. 10). We found one complete Japanese haplotype in the
TSPY region that has a huge inversion of ~4 Mbp in length. Similar
inversions in complete haplotypes were previously reported by the
HGSVC, but not in the six samples of the East Asian population in their
dataset5. In the AZFc region, the pangenome graph made from HPRC
and Japanese haplotypes contained two large nodes specific to Japa-
nese whose sizes were 24,774 bp and 14,986 bp (Supplementary
Fig. 10), highlighting the potential to enrich an existing pangenome
graph and provide a more comprehensive representation of genomic
diversity.

Putatively biased gene conversions
Medically important, segmentally duplicated regions are thought to be
partly shaped by gene conversions that are non-reciprocal sequence
transfer between duplicated, similar sequences that result in replace-
ment of a local sequence of one allele (acceptor) with another allele
(donor). We searched for putative interlocus gene conversion events
on segmentally duplicated sequences in the medically important
complex regions above by comparing local and syntenic sequence
similarities between each Japanese haplotype and T2T-CHM13 (Fig. 4a,
and “Methods”)17. From the segmentally duplicated region around
SMN genes, we identified 480 putative gene conversions in total from
the 20 Japanese haplotypes, where 145 overlapped protein-coding
genes. Althoughwedid not detect gene conversions between the gene
bodies of SMN genes, which are often seen in SMA patients24, we
observed that putatively biased gene conversions in the SMN region
occurred in only one direction between specific duplicated segments
(Fig. 4b). We revealed that 13% (96 kbp) of the gene conversion
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locations were potentially biased based on a position-wise two-sided
binomial test on the frequency of donor and acceptor events with a
significance level of P <0.01 (Supplementary Data 4). These putatively
biased gene conversions include the NAIP, GTF2H2, OCLN, and GUSBP
(pseudo-)genes.

The region containing the DEFB and FAM90A genes showed a
similar trend of putatively biased gene conversions (Fig. 4c), where
8.8% (149 kbp) of the gene conversion locations were potentially
biased (Supplementary Data 5). The frequencies of donors and
acceptors identified on the DEFB genes were 60 and 54, compared to
72 and 71 of the FAM90A genes. Although the DEFB gene family has 28
different paralogous copies on T2T-CHM13, the skew in DEFB genes
was found only on a single pseudogene, DEFB109E, at two locations of
chr8:7,532,138-7,539,216 and chr8:12,180,513-12,187,611 (chi-squared
test, χ2 = 11.285, d.f. = 1, P = 7.8 × 10−4).

Discussion
In this study, we constructed near-complete diploid assemblies for ten
Japanese male individuals, achieving both high contiguity and base
quality for every assembled haplotype. The contig NG50 contiguity
metric exceeded 100 Mbp, and the quality value was over Q60 for all
assembled haplotypes according to a k-mer statistical analysis. On
average, we achieved 7.1 telomere-to-telomere chromosomal contigs
per haplotype among the 20 haplotypes. The completeness of our
Japanese haplotypes surpasses that of the current best Japanese
reference genome, JG3, which features two telomere-to-telomere
chromosomes (chromosomes 16 and X)66. This was made possible by
combining deep-sequenced ONT ultra-long reads with PacBio HiFi
long reads and Omni-C long-range reads. Note that, however, current
assemblers still face challenges in certain regions. For instance,manual
curation was necessary for assigning sex chromosomes into single
separated haplotypes for several samples, particularly in highly het-
erochromatic HSat regions of chromosome Y. Moreover, accurate
haplotype phasing of acrocentric chromosomes’ p-arms remains
unresolved.

By selecting only male samples, we were able to obtain the max-
imum number of chromosome Y sequences from ten samples. Since
chromosome Y is transferred across generations without recombina-
tion except within the PARs, accumulating complete haplotypes from
many populations will help trace the worldwide history of large-scale
rearrangements5,67. A previous study has reported 43 nearly complete
chromosome Y sequences5, and our Japanese haplotypes will further
expand the evolutionary and comparative analyses.

Our goal was to unveil the hidden genomic diversity within the
Japanese population, with a particular focus on complete haplotypes
in medically relevant complex regions characterized by large seg-
mental duplications. These complete haplotype-resolved assem-
blies provide a deeper view of genomic variation, including small-
scale polymorphisms and larger structural variants. This compre-
hensive view is crucial for understanding the full spectrum of
genetic diversity and its implications for disease susceptibility, drug
response, and human evolution while avoiding reference biases and
biases due to unassembled or misassembled sequences4,16,17,68,69.
When mapping (ultra-)long reads that span multiple genes to a
pangenome, the comprehensiveness of the haplotype structure in
the underlying population becomes important for mapping
quality7,33. For instance, in this study, we observed that the copy
numbers of the TSPY3 and TSPY4 genes were zero or one in some
East Asian haplotypes in the HPRC Year-1 dataset, compared to 8–14
and 2–6, respectively, in our Japanese haplotypes (Fig. 2b). However,
in the near-complete Y chromosomes study by HGSVC5, the copy
numbers in East Asian haplotypes were 8–9 and 4–5, respectively,
aligning our observations and improvement in assembly quality
concerning segmental duplications. Together, we aim to expand the
accurate global pangenome.

Notably, we observed minor but novel haplotypes in the KIR and
SMN regions that were not identified in previous pangenome projects.
In the KIR region, we fully assembled one non-canonical B-haplotype
carrying a previously unreported combination of genes: two copies of
the KIR2DL5B, KIR2DS5, and KIR2DS1 genes. B-haplotypes in the KIR
regions have been reported to exist only in ~25% of Japanese
haplotypes21, and our findings highlight the utility of long-read
sequencing in uncovering novel B-haplotypes even in control sam-
ples. In the SMN region,weobtained twocompletehaplotypes carrying
two copies of the SMN2 gene, which is a copy number profile reported
in 2.4% of individuals in the East Asian population23. Note that the
absence of haplotypes with three-copy SMN genes in previous HPRC
Year-1 and Chinese pangenomes likely reflects assembly challenges
rather than their true absence. This suggests that highly complex
haplotypes may be under-represented in current pangenomes and
emphasizes the importance of complete assemblies of complex
genomic regions. Expanding (near-)complete assemblies across
diverse populations, including well-characterized populations, will be
essential for accurately uncovering hidden genomic diversity in
medically important complex regions8. International consortiumssuch
as HGSVC, HPRC, and HPP have been making tremendous efforts in
this direction.

Several studies have suggested that variations in the SMN1 and
SMN2 genes alone cannot fully account for the severity of SMA
symptoms, and that the broader genomic environment, including
nearby (pseudo-)genes such as NAIP, SERF1, GTF2H2, OCLN, and
GUSBP, may play a role in explaining the discrepancy24,62,70. Our com-
plete SMN haplotypes and findings on putatively biased gene conver-
sions among these genes would help facilitate a better understanding
of associations between sequence composition and SMA symptoms,
particularly in a Japanese population. We also found putatively biased
gene conversions in the region around DEFB and FAM90A gene
families. This region has also been challenging to assemble despite the
importance of beta-defensin and primate-specific gene expansion26,39.
These observations on putatively biased gene conversion events sug-
gest a potentially non-random evolutionary process in Japanese hap-
lotypes within these highly complex segmental duplications, and will
be further validated asmore complete haplotypes from diverse global
populations become available in the near future. Our findings will
contribute to a better understanding of the evolutionary history of
both the Japanese population and the worldwide populations, as well
as the genetic factors that have shaped them.

A key future challenge lies in the accurate annotation of para-
logous copies of genes in complex segmental duplications. Current
liftover tools for gene annotation are reference-dependent and do not
consider the relevance of specific nucleotide variants when perform-
ing assignments of paralogous gene copies. While using a compre-
hensive annotation of a reference genome including alternative
sequences can alleviate this, it is not sufficient. We performed manual
annotation for the KIR and SMN regions; specifically, we utilized the
Immuannot programusing the IPD-KIR database for theKIR region and
the single variant, c.840C>T, on exon 7 for the SMN region. In addition,
some specialized methods for specific regions have been
reported5,23,58,71,72. However, a more unified method generalized for a
wide range of complex regions is ultimately needed for accurate ana-
lyses of medically relevant genes in segmental duplications.

Methods
Ethical statement
This studywas conducted in accordancewith the Ethical Guidelines for
Medical and Biological Research Involving Human Subjects and was
approved by the Research Ethics Committee of the Graduate School of
Frontier Sciences, The University of Tokyo (review no. 22-454). This
study used publicly available and de-identified samples and data from
the 1000 Genomes Project. No new human participants were
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recruited, and no new human specimens were collected. The original
1000 Genomes Project samples were collected with informed consent
and ethical review as part of the 1000 Genomes Project.

Selection of ten Japanese samples
For Pacific Biosciences HiFi (PacBio HiFi), Oxford Nanopore Technol-
ogies ultra-long (ONT-UL), and Dovetail Omni-C (Omni-C) DNA
sequencing, ten lymphoblastoid cell lines from healthy Japanese male
donors were used. These cell lines were obtained from the Coriell
Institute for Medical Research in Camden, NJ, USA. The IDs of the cell
lines were GM18940, GM18943, GM18944, GM18945, GM18948,
GM18959, GM18960, GM18967, GM18970, and GM18982. After the
samples were distributed, we added the letter C to the prefix of each
sample ID: e.g., CGM18940and soon. Cellswere cultured inRPMI-1640
medium supplemented with 10% fetal bovine serum (FBS) at UNITECH
Co., Ltd. in Japan, and karyotyping by Trans Chromosomics, Inc.
(Japan) confirmed that these samples had no abnormalities. All
expansions for sequencing were derived from the original expansion
culture lot to ensure the lowest possible number of passages. This
resulted in a total of threeor fourpassages, except forGM18944,which
had five passages. Cells were divided into vials with production-
specific sizes: PacBio HiFi (3 × 106 cells), ONT-UL (6 × 106 cells), and
Omni-C (1 × 106 cells). Cells for ONT-UL were frozen in RPMI-1640
supplemented with 20% FBS and 6% DMSO. Cells for PacBio HiFi and
Omni-C were washed in PBS and flash-frozen as cell pellets. Following
Cantata Bio’s (Scotts Valley, CA, USA) shipping manual, ten cell lines’
frozen pellets were sent for Omni-C. The Omni-C library was prepared
and sequenced using the Dovetail Omni-C Kit at Cantata Bio.

DNA isolation and sequencing for PacBio HiFi reads
High-molecular-weight DNA was extracted from frozen cell pellets
using the Blood & Cell Culture DNA Mini Kit (QIAGEN) with Genomic-
tip 20/G, following the QIAGEN Genomic DNA Handbook. The DNA
was fragmented using the Diagenode Megaruptor 3 system.
Throughout the process, the quality of the DNA was checked using
various instruments such as the Qubit 4 Fluorometer with a dsDNA HS
Assay Kit (Thermo Fisher Scientific), NanoDrop spectrophotometer
(Thermo Fisher Scientific), and FEMTO Pulse system with Genomic
DNA 165 kb analysis kit (Agilent Technologies) to examine the sizes.
SMRTbell libraries were prepared using SMRTbell prep kit 3.0 (Pac-
Bio). The libraries were size-selected with the AMPure PB bead size
selection step, which removed DNA fragments shorter than 5 kb. The
selected libraries were bound with Sequel II Primer 3.2 and Sequel II
DNAPolymerase 2.2 using BindingKit 3.2 fromPacBio. The sequencing
was performed on Sequel II instruments (PacBio) on SMRT Cell 8M
with Sequel II sequencing kit 2.0. The process included adaptive
loading, 2 h of pre-extension, and 30h of movie time.

DNA isolation and sequencing for ONT ultra-long reads at The
University of Tokyo
We aimed to extract gDNA with extremely low fragmentation and
ultra-high molecular weight for ONT-UL DNA sequencing. According
to the Ultra-Long DNA Sequencing protocol for SQK-ULK114 (ONT),
the Monarch HMW DNA Extraction Kit for Tissue (New England Bio-
Labs) was used. A total of six million frozen cells, pre-washed twice
with cold PBS, was required for DNA extraction, which contained suf-
ficient DNA for one flow cell 72-h run. The quality of the eluted ultra-
long DNA was measured using the Qubit 3 Fluorometer with a dsDNA
BRAssayKit (ThermoFisher Scientific). The sizes of theDNA fragments
were examined using the Pippin Pulse system (Sage Science) with a
5–430 kb protocol developed by Sage Science using a 0.75% agarose
gel made of SeaKem Gold (Lonza). We used the same protocol for
creating ultra-long libraries using an Ultra-Long DNA Sequencing Kit
V14 (SQK-ULK114, ONT). The protocol revision F was used for
CGM18943, CGM18944, CGM18945, CGM18948, CGM18959, and

CGM18960, while revision K was used for the other samples. After the
ultra-long DNA tagmentation and clean-up steps, a glassy white pre-
cipitate may form when added with the Precipitation Buffer (PTB,
ONT). The resulting ultra-long library (glassy white mass) was then
eluted in 300 µl EB (ONT) overnight at room temperature. The ultra-
long library in the Eppendorf DNA LoBind tube could be stored at 4°C
for a short term until ready to load.

We followed ONT’s instructions to prime the R10.4.1 version FLO-
PRO114Mflowcell with FlowCell Flush/FlushTether ULmixture before
loading the ultra-long library onto the PromethION sequencer (P2
Solo, ONT). The sequencing experiment set 1.5 h as the time between
pore scans, and the run limit was 72 h as default. To increase data
output, a second library (at 24 h after the run was started) and a third
library (at 48h after the run was started) were reloaded straight after
flushing a flow cell using Flow Cell Wash Kit (EXP-WSH004-XL, ONT).
Flow cells with high numbers of active pores remaining after the 72-h
run were sequenced for an additional 24 h by nuclease flushing the
flow cells with the Flow Cell Wash Kit and reloading the library. Base-
calling was performed using Guppy (v4.2.0), with default parameters
and the high-accuracy (HAC) basecalling model.

DNA isolation and sequencing for ONT ultra-long reads at UCSC
Lymphoblastoid cell lines were purchased from the Coriell Institute
and cultured in RPMI-1640 medium with 2 mM L-glutamine and 15%
FBS at 37°C, 5% CO2. Cells were counted by Automated Cell Counter
(BioRad, TC20), placed into 18 million cell aliquots, washed two
times with phosphate-buffered saline (Gibco, 10010023), flash-
frozen in liquid nitrogen, and stored at −80°C until extraction.
High-molecular-weight (HMW) DNA was extracted from approxi-
mately 18 million frozen cells per sample using the NEB HMW DNA
Extraction Kit for Tissues (NEB #T3060), following the ONT recom-
mended gDNA Extraction Protocol (v114_revL_27Nov2022). The pro-
tocol was modified to increase the elution volume due to the
threefold increase in cell input, resulting in a total elution volume of
2250 µL. All other steps in the protocol remained unchanged. Library
preparation was performed using the ONT Ultra-Long DNA Sequen-
cing Kit (SQK-ULK114). Given the increased DNA input (2250 µL), all
reagent volumes were scaled by a factor of 3. Samples were eluted in
a final volume of 820 µL EB to accommodate four library loads across
three flow cells per sample, resulting in a total of 12 libraries per
sample. All samples were run on the PromethION 48 sequencer (PRO-
SEQ048) using R10.4.1 flow cells (FLO-PRO114M). Flow cells were
washed using the ONT wash kit (EXP-WSH004) and reloaded with
fresh libraries every 24 h, for a total runtime of 96 h. Basecalling of
the raw signal data was performed using Dorado (v0.5.3, commit
d9af343) with default parameters. The super high-accuracy (SUP)
basecalling model dna_r10.4.1_e8.2_400bps_sup@v4.3.0 was used.
Modified base detectionwas enabled for 5-methylcytosine (5mC) and
5-hydroxymethylcytosine (5hmC) using the model dna_r10.4.1_-
e8.2_400bps_sup@v4.3.0_5mCG_5hmCG@v1, called with the option
--modified-bases 5mCG_5hmCG. Basecalled reads were output in
BAM format, with headers annotated to include metadata for
sequencing runs, platform details, and software versions.

DNA sequencing for Dovetail Omni-C reads
Two Illumina libraries were prepared from each sample (a total of 20
libraries from 10 samples). All libraries were then sequenced in paired-
end mode at Cantata Bio (Scotts Valley, CA, US). Each Omni-C library
wasdeep-sequenced via Illumina sequencers ~300million readpairs (2
× 150bp).

Genome assembly
For each of the ten Japanese samples, we assembled the HiFi, ONT-UL,
and Omni-C reads together using hifiasm (v0.19.8) in the ultra-long read
mode15. The hifiasm assembler separates the two haplotypes of a given

Article https://doi.org/10.1038/s41467-026-73461-x

Nature Communications |         (2026) 17:4555 10

www.nature.com/naturecommunications


sample using the long-range information ofOmni-C reads and generates
each haplotype as hap1 and hap2, where, for each chromosome, the
maternal and paternal haplotypes are arbitrarily assigned to either hap1
or hap2 in the case of using Omni-C reads instead of trio Illumina reads.
At this stage, the correctness of haplotype assignment of the contigswas
inspected for each sample based on the alignment plot between each
haplotype and the T2T-CHM13 v2.0 reference genome, including chro-
mosomeY, generated usingMUMmer (v4.0.0)73. Since all the samples in
this study are male samples, chromosome X and Y must belong to only
one of the two haplotypes, respectively, although how to organize the
sex chromosomes in each of the two haplotypes, hap1 and hap2, is
arbitrary. In this study, we define hap1 contains chromosome X (and the
mitochondrial genome) and hap2 contains chromosome Y. In all sam-
ples except CGM18943, most contigs of chromosome X already belon-
ged to hap1 and those of chromosome Y belonged to hap2. For the
remaining one sample, CGM18943, we switched hap1 and hap2. After
this, several contigsmisassigned to a wrong haplotype (typically in a sex
chromosome)weremanually transferred to theotherhaplotype as listed
in the Supplementary Table 3. For one sample, CGM18940, we observed
short and redundant contigs with small sequencing coverages and fil-
tered out such extra sequences using purge_dups (v1.2.5)74 before
scaffolding.

After the manual curation of contigs, the curated contigs of each
haplotype were then scaffolded into chromosomal sequences using
RagTag (v2.1.0)35, with the T2T-CHM13 reference genome as the guide
sequence.We skippeddenovo scaffoldingusing long-range information
of Omni-C reads becausemost of the contigswere already very long and
scaffolding them into chromosomal sequences was obvious for the
reference-based scaffolding method, and the short contigs were full of
repetitive sequences for which Omni-C short reads cannot be effective
when scaffolding. For one sample, CGM18943, one large contig was still
unlocalized and thus manually scaffolded into chromosome Y based on
the MUMmer alignment plot with T2T-CHM13. Several scaffold
sequencesweremanually curated for CGM18940. The list of contigs and
scaffolds manually curated is in the Supplementary Table 3.

Assembly cleanup and quality assessment
The assembled haplotypes were post-processed using the hpp_pro-
duction_workflows pipeline (https://github.com/human-
pangenomics/hpp_production_workflows; GitHub commit ID:
a4e5a15). First, we ran the assembly_cleanup.wdl workflow to remove
short contaminated contigs from the assembled scaffolds usingNCBI’s
Foreign Contamination Screen (FCS) program75 and to identify a con-
sensus mitochondrial chromosome sequence using the mitoHiFi
program76. A single complete sequence of the mitochondrial chro-
mosome was successfully determined for all the ten samples. More-
over, unlocalized sequences shorter than 50 kbp were filtered out
during the workflow. Then, we ran the comparison_qc.wdl workflow
for quality assessment of the cleaned haplotypes. It calculates the auN
metrics of the assembled haplotypes, as well as the single-copy gene
completeness with asmgene48 and compleasm77 and the quality value
with yak (https://github.com/lh3/yak). We downloaded the Illumina
reads of the ten samples required for the yak QV calculation from the
International Genome Sample Resource (IGSR) website (https://www.
internationalgenome.org). These datasets, NA18940.final.cram to
NA18982.final.cram, are the samefiles previously collectedby the 1000
Genomes Project. In addition to the pipeline above, the N50 length of
each haplotype assembly and the size of each chromosomal scaffold
were calculated with seqkit (v2.0.0)78. The quality of the assembled
scaffolds was also evaluated with Merqury (v1.3)36 for each sample
using the 21-mer table of the HiFi reads.

Analysis on the assembled haplotypes
Pairwise genome comparison between each haplotype and T2T-
CHM13 along with detection of structural rearrangements was

performed with SyRI79. Regions of inversions were extracted from
SyRI’s results, and the overlapping inversion regions were calculated
with bedtools (v2.30.0)80. Annotations of centromeric alpha satellite
and HSat1 arrays were derived from the output of RepeatMasker
(v4.1.5). Centromeric HSat2 and HSat3 sequences were difficult to
distinguish and were therefore annotated using the Assem-
bly_HSat2and3_v3.pl script (https://github.com/altemose/chm13_
hsat, v3).

Segmental duplication analysis
Segmental duplications (SDs) were identified from each haplotype
using Biser (v1.4)42 after masking repeats with RepeatMasker using the
following parameters: -s -xsmall -e ncbi -species human. Only SDs
longer than 1 kbp and with sequence similarity greater than 90% were
retained. The resulting SDswere lifted over to T2T-CHM13 coordinates
for comparison with other haplotypes using minimap2 (v2.24)48, and
merged across haplotypes using the bedtoolsmerge command for the
Japanese, HPRC Year-1 (EAS and non-EAS), and Chinese pangenomes.
SDs found in centromeric regions were excluded due to their highly
repetitive nature. Comparison of the lifted-over Japanese SD regions
with SDs in T2T-CHM13 and other pangenomes was performed using
the bedtools intersect -v command, which returns completely non-
overlapping SDs. The number of haplotypes covering the SD regions
was calculated using the bedtools multiinter command, which takes
SD regions of multiple haplotypes and reports the sub-regions shared
by the same set of haplotypes.

Pangenome graph construction
Two types of Japanese pangenome graph were constructed:
minigraph-cactus (v2.9.0)43 and pggb (nf-core/pangenome v1.1.2)44,81.
Two haploid reference genomes, T2T-CHM13 and GRCh38, were
incorporated into each graph as well as the 20 Japanese haplotypes.
The pggb graph was generated for each chromosome with the next-
flow pipeline, and all the graphs were optimized and merged into a
single graph using odgi (v0.8.6)82. The minigraph-cactus graph was
constructed with the cactus-pangenome pipeline command. In addi-
tion, local pggb graphs of medically important complex regions were
constructed from the sequences of the specific region extracted from
Japanese haplotypes, HPRC haplotypes, and the two reference gen-
omes. These graphs are available at https://doi.org/10.5281/zenodo.
14160240.

Variants in each haplotype with respect to T2T-CHM13 (or
GRCh38) were called from the graph using vg (v1.57.0)83, vcfbub
(v0.1.1)45, and vcflib (v1.0.9)46. Specifically, we first generated a vcf file
containing all variants inferred from the pangenome graph using the
following command: vg deconstruct -P CHM13 -e -a <pggb_graph.gfa>.
Then, the resulting variants were normalized with the following com-
mand: vcfbub -l 0 -a 100000 --input <pggb_graph.vcf.gz> | vcfwave -I
1000. The variants were further normalized and sorted using bcftools
(v1.18)84, and variants within centromeric regions were excluded. SNVs
were extracted using the following command: bcftools view -v snps,
and SVs were defined as variants for which the length difference
between the reference sequence and the alternative sequence was
greater than 50bp. The identified SVs of the Japanese haplotypes were
compared between minigraph-cactus and pggb with Truvari (v5.3.0)47

using the following command: truvari bench -r 1000 --sizemax
100000. For the comparison involving other haplotypes, similar SVs
weremerged using the following command: truvari collapse -r 1000 -p
0.8 -P 0.0 -O 0.8 -s 50 -S 100000, following a previous study54. For the
stratification of SVs, subtelomeric regions on T2T-CHM13were defined
as the 1-Mbp segments at each chromosome end, and regions sur-
rounding segmental duplications were defined using annotated seg-
mental duplications (https://github.com/marbl/CHM13) with 100-kbp
flanking regions. Tandem repeats within SV sequences were annotated
with Tandem Repeats Finder85 using the following command: trf 2 7 7
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80 10 50 2000. Inserted sequences of SVs unique to Japanese haplo-
types were aligned to the pangenome graph of the Chinese and HPRC
Year-1 haplotypes (https://pog.fudan.edu.cn/cpc) using
GraphAligner86 with the default settings. The sequence identity of each
inserted sequence with the graph was calculated as the number of
matches divided by its sequence length.

We downloaded the small-variant dataset from the 1000 Gen-
omes Project, which was generated using high-coverage whole-gen-
ome Illumina reads, from its FTP site (folder name:
20220422_3202_phased_SNV_INDEL_SV/)6. The variants in this dataset
are defined on the GRCh38 reference genome and include the ten
Japanese samples analyzed in this study. We extracted these ten
Japanese samples from the vcf file for comparison with the variants
calculated with respect to GRCh38 from the pangenome graph con-
structed in this study. Low-complexity regions and tandem repeat
regions were excluded from the comparison.

Gene annotation and gene copy number calculation
For comprehensiveness, instead of the gene annotation on T2T-
CHM13, we lifted over the GENCODE v38 comprehensive gene anno-
tation of GRCh38, including the alternative haplotypes to each Japa-
nese haplotype using Liftoff (v1.6.3)49,87. For compatibility, the same
annotation was lifted over to the T2T-CHM13 reference genome, as
well as the EAS haplotypes of the HPRC Year-1 dataset and the haplo-
types of the CPC dataset. Gene family names were retrieved from the
HGNCdatabase88. For severalmedically important gene cluster regions
such as HLA, KIR, and SMN, a manual gene annotation was performed.
Specifically,HLA and KIR genes were annotated with the help of public
databases using Immuannot (GitHub commit ID: bca45ef)58. The two
paralogous copies of the SMN gene, i.e., SMN1 and SMN2, are known to
be distinguished by a paralogous single-nucleotide variant,
c.840C>T24. Liftoff’s annotations were updated based on this impor-
tant paralogous SNV using a custom script.

Quality assessment of haplotypes in medically relevant regions
ONT ultra-long reads of >100 kbp in length were used for quality
assessment of assemblies in segmentally duplicated complex regions.
The ONT ultra-long reads weremapped to the chromosomal scaffolds
with winnowmap2 (v2.03)89. The average sequencing coverage for
every non-overlapping 1 kbp window on the scaffolds was calculated
with mosdepth (v0.3.1)90. Windows with an average coverage of less
than three were regarded as a coverage drop. Small variants were
detected with DeepVariant (v1.5.0)91. Variants with a genotype quality
less than 25 were filtered out according to a previous study92. A stretch
of consecutive N characters in the nucleotide sequence of a scaffold
was counted as one sequence gap. For each of the 30 selected medi-
cally relevant complex genomic regions, we assessed sequence con-
tiguity based on the number of sequencegaps, structural quality based
on the number of coverage-dropping windows, and base quality based
on the number of small variants, within the region.

Gene conversion analysis
Putative gene conversions were detected using the asm-to-reference-
alignment workflow (https://github.com/mrvollger/asm-to-reference-
alignment, v0.1)17. Specifically, we first calculated long, syntenic
sequence alignments between each of the Japanese complete haplo-
types and T2T-CHM13 using minimap2 with the options -x asm20
--secondary=no -s 25000. Within each syntenic alignment, the Japa-
nese haplotype sequence was then divided into short, windowed
subsequences of 1 kbp, and each subsequence was realigned to T2T-
CHM13 to search for the best-matching homologous sequence across
the reference genome. For each 1 kbp subsequence, we compared the
sequence similarity to the expected syntenic position with the
sequence similarity to other duplicated loci in T2T-CHM13. If a sub-
sequence within a syntenic alignment showed higher sequence

similarity to a different duplicated sequence at a distant location than
to the syntenic reference region, the subsequence was considered a
potential acceptor sequence, and the corresponding best-matching
region in the distant duplicated sequence was designated as its donor
sequence. The coordinates of candidate gene conversion events were
defined based on T2T-CHM13.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The PacBio HiFi, ONT ultra-long, and Omni-C reads generated in this
study at the University of Tokyo have been deposited in the NCBI SRA
database under accession code PRJNA1459655. ONT ultra-long reads
generated atUCSC have also been deposited in the NCBI SRAdatabase
under accession code PRJNA731524. The 20 assembled haplotype
sequences have been deposited in the NCBI GenBank database under
accession codes PRJNA1184421–PRJNA1184440. Sequence names in
the fasta files of the assembled haplotype sequences follow the format
NA<sample_ID>#<hap_ID>#<scaffold_name>; e.g., NA18940#1#chr1_-
hap2, where 18940 indicates the sample ID and chr1_hap2 denotes the
chromosomal scaffold sequence name used in this paper. Reads and
assemblies are also available at https://humanpangenome.org/hprc-
data-release-2/. The pangenome graphs, segmental duplications, and
Immuannot results generated in this study are available at https://doi.
org/10.5281/zenodo.14160240. The underlying data for all plots gen-
erated in this study are provided in the Source Data file. Previously
published data used in this study are available as follows: HPRC pan-
genome graphs under accession code PRJNA850430; CPC pangenome
graphs from the CPC website [https://pog.fudan.edu.cn/cpc/#/data];
Illumina reads for the ten Japanese samples from the IGSR website
[https://www.internationalgenome.org]; small variants called from
Illumina reads for the ten Japanese samples from the 1000 Genomes
Project website [https://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_
collections/1000G_2504_high_coverage/working/20220422_3202_
phased_SNV_INDEL_SV]; and T2T-CHM13 genome sequence and
annotations from the CHM13 GitHub repository [https://github.com/
marbl/CHM13]. Source data are provided with this paper.

Code availability
Custom scripts and Jupyter Notebooks for data analysis used in this
study are available at https://doi.org/10.5281/zenodo.14160240.
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