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Abstract

Given the presence of highly repetitive genomic regions such as subtelomeric regions, understanding human genomic evolution remains chal-
lenging. Recently, long-read sequencing technology has facilitated the identification of complex genetic variants, including structural variants
(SVs), at the single-nucleotide level. Here, we resolved SVs and their underlying DNA damage-repair mechanisms in subtelomeric regions,
which are among the most uncharted genomic regions. We generated ~20 x high-fidelity long-read sequencing data from three Korean individ-
uals and their partially phased high-quality de novo genome assemblies (contig N50: 6.3-58.2 Mb). We identified 131 138 deletion and 121 461
insertion SVs, 41.6% of which were prevalent in the East Asian population. The commonality of the SVs identified among the Korean population
was examined by short-read sequencing data from 103 Korean individuals, providing the first comprehensive SV set representing the population
based on the long-read assemblies. Manual investigation of 19 large subtelomeric SVs (>5 kb) and their associated repair signatures revealed
the potential repair mechanisms leading to the formation of these SVs. Our study provides mechanistic insight into human telomere evolution
and can facilitate our understanding of human SV formation.
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Introduction

Understanding genetic variation is fundamental in the study
of human evolution and genetic diseases. The first human
reference genome, revealed by the Human Genome Project,
allowed geneticists to study genetic variation between indi-
viduals at the genome level, leading to rapid advancement
in targeted and whole-genome sequencing technologies (1-
7). Moreover, the population-scale whole-genome sequencing
data produced by several consortia have identified almost-
saturated single-nucleotide polymorphisms (SNPs) and some
structural variants (SVs) in the human population, along with
matched individual phenotypes (8-11). Such efforts have im-
proved our understanding of the human genome, including
the tendency for mutations to accumulate in subtelomeric re-
gions (9). Nonetheless, most of the telomeric and subtelom-
eric regions in the first human reference genome remain un-
available, which can be defined as distal clusters of telomeric-
repeat motifs (TRMs) and the 500 kb distal ends without
the TRM clusters, respectively. Such a limitation prevents
the elucidation of human genetic variants in highly repet-
itive regions, since current population-scale whole-genome
sequencing projects typically use short-read sequencing
technology (12).

Advances in long-read sequencing technology have al-
lowed for the assessment of genomic dark matter at the
single-nucleotide level and the identification of the mecha-
nisms that create genetic variants (12-18). The first com-
plete human genome revealed centromeric and subtelomeric
sequences, which are difficult to assemble because of their
repetitive nature (19-22). Our knowledge of the genetic com-
position of the human population has been extended by a
recently published draft human pangenome reference, pro-
viding 94 phased genome assemblies for 47 humans, as well
as other long-read sequencing-based population-scale human
genomes (23-27). These efforts have provided invaluable re-
sources to identify genetic variants in any genomic region,
not just region-specific SNPs. Moreover, it is now possible to
examine in humans, at the single-nucleotide sequence level,
>100 kb sized extreme subtelomeric SVs (>50 bp), which
could previously be elucidated only in model organisms with
small genomes (18,20,28-34). This makes it possible to iden-
tify the mechanisms that generate subtelomeric SVs during
telomere damage and repair, including single-strand annealing
(SSA), polymerase theta-mediated end joining (TME]), break-
induced replication (BIR) and double-strand break repair
(DSBR).

In this study, given that Asian ancestry remains under-
represented in the current human pangenome reference, we
present six phased high-quality genome assemblies from
three Korean individuals. For each individual, we produced
~20 x high-fidelity (HiFi) long-read sequencing data, com-
parable to the draft human pangenome HiFi data; we assem-
bled these HiFi sequences and called genetic variants, includ-
ing SVs, thereby expanding the human genetic variant cata-
log. Furthermore, we investigated human subtelomeric SVs
and their DNA damage and repair signatures at the single-
nucleotide sequence level to better understand human telom-
ere evolution. This study provides valuable resources for fur-
ther study of genetic variation and chromosomal evolution in
humans.
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Materials and methods

Sample preparation and DNA isolation

Blood samples were collected from three Korean individu-
als (K-001: female, aged 50 years; K-002 and K-003: males,
aged 29 and 36 years, respectively) at the Chungnam National
University Hospital (Daejeon, South Korea), with written in-
formed consent from all participants and approval from the
Institutional Review Board (IRB number: CNUH 2019-06-
034). All methods were performed in accordance with the rel-
evant guidelines and regulations and carried out in accordance
with the Declaration of Helsinki. Genomic DNA was isolated
from 5 ml blood samples using DNeasy Blood & Tissue Kit
(Qiagen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. The quality and quantity of the extracted ge-
nomic DNA were analyzed using an ND-1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).

Library preparation and sequencing

For long-read sequencing, we used the Sequel Ile HiFi system
(Pacific Biosciences, Menlo Park, CA, USA). Briefly, HiFi se-
quencing libraries were prepared using a SMRTbell Express
Template Prep Kit 2.0 (PN 101-853-100), followed by imme-
diate treatment using a SMRTbell Enzyme Cleanup Kit (Pa-
cific Biosciences). After pooling the fractions of the desired
size (~15-19 kb), the final libraries were further cleaned and
concentrated using AMPure PB beads (Pacific Biosciences). Fi-
nally, library concentrations were assessed using a Qubit 1x
dsDNA HS Assay Kit (Thermo Fisher Scientific), and the li-
braries were then sequenced using the Sequel Ile HiFi system
(Pacific Biosciences).

We conducted an extensive analysis of SVs in a cohort of
103 Korean individuals, including the samples K-001, K-002
and K-003, using the MGI sequencing platform. For short-
read sequencing, genomic DNA was isolated from 1 ml of
blood from 103 normal individuals using a DNeasy Blood
& Tissue Kit (Qiagen, Carlsbad, CA), according to the man-
ufacturer’s instructions. The quality and quantity of the ex-
tracted genomic DNA were analyzed with an ND-1000 spec-
trophotometer. The MGIEasy FS DNA Prep kit (BGI, China)
was used for short-read library construction according to the
manufacturer’s instructions. Subsequently, raw sequence reads
were obtained using the DNBSEQ-T7 sequencer (BGI) in the
150 bp paired-end sequencing mode.

Genome assembly

We assembled the raw HiFi reads de novo into contigs us-
ing hifiasm (version 0.16.0; default settings) and converted
the GFA-formatted output to FASTA-formatted files (35). We
used the CHM13 genome as the reference (version 1.1 for K-
001, version 2.0, for K-002 and K-003) to scaffold our contigs
into pseudo-chromosome-level genome assemblies using Rag-
Tag (version v2.0.1; ragtag.py scaffold -u) (36). To call SVs,
we aligned our genome assemblies to the reference genome
using Winnowmap2 (version 2.03; meryl count k=19, meryl
print greater-than distinct=0.9998 and winnowmap -W -ax
asm20 —cs -r2k), sorted and indexed the output alignment
file using samtools (version 1.13; samtools sort -O BAM and
samtools index) and ran SVIM-asm (version 1.0.2; SVIM-asm
haploid) (37-39). Considering the accuracy of the identified
SVs, we excluded the SVs located in chrY.
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Genome annotation for called structural variants

The CHM13 genome annotation was obtained from
publicly available databases (gene annotation: https:
//$3-us-west-2.amazonaws.com/human-pangenomics/
T2T/CHM13/assemblies/annotation/chm13.draft_v2.0.
gene_annotation.gff3; centromeric region annotation: https:
//s3-us-west-2.amazonaws.com/human-pangenomics/T2T/
CHM13/assemblies/annotation/chm13v2.0_censat_v2.0.bed;
RepeatMasker tracks: https://t2t.gi.ucsc.edu/chm13/dev/t2t-
chm13-v2.0/rmsk/rmsk.bigBed). We defined the 500 kb distal
ends of each chromosome as subtelomeric regions without
TRMs. We did not analyze the p-arm subtelomeric regions
of acrocentric chromosomes (chr13, chr14, chr15, chr21 and
chr22).

Structural variant analysis using 94 public
long-read assemblies

We downloaded 94 phased genome assemblies of 47 samples
from the year 1 data of the Human Pangenome Reference
Consortium (https://zenodo.org/record/5826274/filess/HPRC-
yrl.agc?download=1). We identified SVs of each assembly us-
ing the same SV-calling pipeline used for our Korean samples.
The statistics of SVs from 100 assemblies including the six
Korean assemblies from this study were obtained at the hap-
lotype level. We merged these SVs using SURVIVOR (version
1.0.7; SURVIVOR merge 1000 1 1 1 0 50) (40) and set the
merged SVs to one-hot vectors to perform the principal com-
ponent analysis (PCA). Using this one-hot matrix, the PCs
of 305 280 merged SVs were analyzed. The absolute load-
ing value of each component was sorted, and 9160 SVs cor-
responding to the top 2% of the SVs for PC1 and top 1% of
the SVs for PC2 loadings were selected for calculating average
dissimilarity based on the Euclidean distances among the 100
assemblies. Moreover, by using the 9160 SVs predominantly
contributing to the explained variances of the PCs, we calcu-
lated the ratio of SVs shared by three Korean assemblies over
those identified from each superpopulation (i.e. KOR, EAS,
AMR, SAS and AFR). We used only a superpopulation with
more than six assemblies (i.e. three individuals).

Identification of subtelomeric structural variants

We manually trimmed the telomeric sequences (TTAGGG or
its variants) from the end of the chromosome and used the
500 kb distal regions as the subtelomeric regions. We aligned
our subtelomeric sequences to the locus-matched CHM13
subtelomeric sequence and visualized the alignment using the
MUMmer package (version 4.0.0rc1; nucmer —maxmatch and
mummerplot) (41).

We validated the subtelomeric SVs and their lengths (>5 kb)
using BLAST (version 2.12.0+; blastn -task megablast) (42),
and manually removed SVs that were located near the scaf-
folded regions (filled with Ns) or that were too repetitive.

Short-read-based structural variant detection in all
Korean samples

Following the short-read sequencing experiment, rigorous
quality control measures were applied to ensure the integrity
and reliability of the sequencing data. The sequenced reads
were then aligned to the CHM13 human genome reference
according to the best practices recommended by the GATK
pipeline (v. 4.4.0) (43). Additionally, SVs were identified using

Manta (44) (v. 1.6.0), a specialized tool designed for efficient
and accurate detection of SVs in short-read sequencing data.
SVs commonly detected from short- and long-read sequenc-
ing platforms were determined based on specific criteria: for
deletions, SVs from two platforms were considered identical if
>50% of their sequences were overlapped; for insertions, the
genomic loci of the two SV breakpoints detected in CHM13
should be close enough (within 250 bp). Among the three indi-
viduals (K-001, K-002 and K-003), we identified the singleton
SVs from short-read sequencing data as those detected from
only one individual with heterozygous calls.

Detection of single nucleotide variants and short
insertions and deletions from long-read
sequencing data

We first downloaded 50 raw HiFi datasets, which include the
samples previously used for phased genome assembly by the
Human Pangenome Reference Consortium from the consor-
tium website (https://github.com/Jeltje/HPRC_metadata). In-
cluding our three raw HiFi datasets, 53 long-read sequencing
data were subjected to further variant analysis to identify sin-
gle nucleotide variants (SNVs) and short insertions and dele-
tions using DeepVariant (45). These small variants were used
for PCA in a manner similar to the SVs detected from long-
read sequencing data. The allele frequency (AF) of each vari-
ant was calculated across different superpopulations.

Polymerase chain reaction-based structural variant
validation

To validate the deletions detected by our approach, we ran-
domly selected the variants to (i) validate that the concor-
dance of the SVs identified from the long- and short-read se-
quencing data is irrelevant with potential sequencing-prone
biases; (ii) select the variants from diverse autosomal chro-
mosomes; and (iii) focus on the repeat elements, which were
abundant in telomeric and subtelomeric regions. To evaluate
the concordance of the SVs between the two sequencing plat-
forms, we performed a read-depth analysis. Briefly, for long-
and short-read sequencing data, we calculated the read-depth
ratios near the detected breakpoints of each deletion SV and
determined the concordant SVs as those with their read-depth
ratio of the deleted region to the non-deleted region (flank-
ing region) >0.9 and randomly selected the 56 SVs with their
length <5 kb, as well as 10 subtelomeric variants with their
length >5 kb. Polymerase chain reaction (PCR) primers were
designed for the individual breakpoints and their flanking se-
quences that do not include other deletions. Ten nanograms of
the gDNA from K-001, K-002 and K-003 with a 20 ul PCR
mixture containing primer sets and 2 x Master Mix (Doctor
Protein, Seoul, Korea) was amplified using a GeneAmp PCR
system 9 700 (Applied Biosystems, Waltham, MA). Detailed
information on primer sequences and the experimental condi-
tions used is provided in Supplementary Table S1. After PCR
experiment, we confirmed the amplicon size for each target
sequence by performing agarose gel electrophoresis.

Results

HiFi long-read sequencing enables assembly of
highly contiguous Korean draft genomes

To understand genetic variation in Korean ancestry, we ob-
tained ~20 x HiFilong-read sequencing data from one female
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(hereafter, K-001; 31x) and two male (hereafter, samples K-
002 and K-003; 21 x and 20x, respectively) individuals who
did not have any significant genetic diseases or familial con-
nections with each other (Supplementary Figure S1). Each raw
HiFi read dataset covered 98 % of the CHM13 genome, on av-
erage (Supplementary Figure S2). We de novo assembled the
HiFi reads into contigs. The contig N50 lengths were 57.2 and
58.2 Mb for the K-001 assemblies, 13.8 and 9.3 Mb for the K-
002 assemblies, and 8.1 and 6.3 Mb for the K-003 assemblies
(Figure 1A; Supplementary Table S2), implying their high con-
tiguity. The contigs were scaffolded into chromosome-level as-
semblies using the complete human CHM13 genome (Figure
1A; Supplementary Table S2).

Genomic structural variants are mostly located in
centromeric and sub-telomeric regions

We identified ~20 000 deletion and 20 000 insertion SVs
(21 092, 20 856, 22 784,22 153,21 215 and 23 038 dele-
tion SVs, and 20 466, 19 956, 20 798, 19 829, 19 512 and
20 900 insertion SVs, for K-001.h1, K-001.h2, K-002.h1, K-
002.h2,K-003.h1 and K-003.h2, respectively; Supplementary
Table S3) with >50 bp size in each of our six Korean genome
assemblies compared with those in the CHM13 genome. For
the 131 138 deletions and 121 461 insertions, the sum of the
numbers from all the assemblies, the deletion and insertion
SVs exhibited similar length distributions, and ~82% of the
SVs were <500 bp (Figure 1B and Supplementary Figure S3),
consistent with a previous report (26).

We then analyzed the number of SVs shared between the
genome assemblies. We obtained a similar number of dele-
tion and insertion SVs for each assembly, with deletions being
slightly more abundant. Among these SVs, ~10% of the dele-
tions and 9% of the insertions in each assembly were shared
by all six assemblies, whereas ~75% of the SVs were shared
by at least two assemblies, and ~25% of the SVs of each as-
sembly were detected as singletons among the six assemblies
(Figure 1C). Since the participants of this study did not have
any familial connections, we estimated that 55% of the SVs
(shared by three or more assemblies) may be common in the
Korean population.

Notably, our variant sets identified by the long-read
assembly-based method covered >91% (2 966, 3 137 and
3 013 out of 3 192, 3 477 and 3 285 for K-001, K-002 and
K-003, respectively) and >95% (894, 1 069 and 921 out of
937,1 109 and 962, respectively) of deletion and insertion SVs
detected by short-read sequencing data of the same sample
(Supplementary Figure S4A). Moreover, among the total SVs
from short-read sequencing data, substantial numbers (597,
586 and 583 out of 4 129,4 586 and 4 247 SVs for K-001, K-
002 and K-003, respectively) were determined as the singleton
SVs in long-read sequencing data (Supplementary Figure S4B).
All these results support that the SVs identified from the long-
read assemblies, even the singleton SVs, could be true pos-
itives. However, only 10% (2966, 3137 and 3013 out of
35 124, 36 687 and 36 272 for K-001, K-002 and K-003,
respectively) and 3% (894, 1 069, and 921 out of 33 369,
32 788 and 32 762, respectively) of the deletion and insertion
SVs from long-read sequencing data were detected from short-
read sequencing data (Supplementary Figure S4A), suggesting
that the long-read sequencing data contribute to the reduction
of false negatives in SV detection.
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Intriguingly, the comparative analysis of two variant call-
ing methods showed that the long-read assembly-based vari-
ant calling method could provide significantly higher propor-
tions of long (P < 0.05) deletion and insertion SVs for all
three samples than the long-read mapping-based variant call-
ing method (Supplementary Figure S5), which is similar to a
previous report (46). In addition, the assembly-based variant
sets covered most mapping-based variant sets across all three
samples. For mapping-based SVs, 18 000-19 000 insertion
and deletion SVs were detected per individual (Supplementary
Table S4), with 63-69% covered by the assembly-based SVs
(Supplementary Figure S5). Assembly-based variant calling
may offer better precision than mapping-based methods for
detecting large variants in complex genomic regions, such as
subtelomeric regions, due to the longer contig lengths than
raw reads (46—49). Therefore, we utilized the assembly-based
variants for this study.

To investigate whether the assembly-based SVs are truly
common in the Korean population, an orthogonal valida-
tion was performed by newly producing short-read sequenc-
ing data of an additional 100 Korean individuals, namely
from K-004 to K-103. We analyzed these large sequencing
data to obtain short-read-based SVs of each individual and
compared them to the assembly-based SVs. We found that
assembly-based SVs covered ~76% of short-read-based SVs
in each individual (Supplementary Figure S6), implying that
these SVs are common in the Korean population. Further-
more, we showed that the three individuals (K-001, K-002
and K-003) represent the general genetic characteristics of the
Korean population, by applying PCA on the small variants
identified in the 103 Korean individuals. The PCA results con-
firmed that the three individuals used in the study were not
outliers (Supplementary Figure S7), indicating that the SVs
identified in these subjects are common and representative of
the broader Korean population.

We next validated the presence of the detected deletion
and insertion SVs by estimating read depths and perform-
ing PCR analysis. We calculated the read depths of the dele-
tions detected in each assembly. Relative to their flanking
sequences, the deleted SV regions in the reference genome
(i.e. CHM13) were covered by fewer HiFi reads (Figure 1D
and Supplementary Figure S8). Similarly, regarding the inser-
tions detected in each assembly against the reference genome,
we found that the loci of the insertions in each assembly
(i.e. first or second assemblies of K-001, K-002 and K-003)
were covered by a sufficient number of HiFi reads (Figure
1D and Supplementary Figure S8). Using read-depth anal-
ysis for long- and short-read sequencing data and compar-
ing the read-depth distributions of SVs from the two se-
quencing platforms (see the details in ‘Materials and meth-
ods’ section; Supplementary Figure S9), we randomly selected
56 SVs with their length <5 kb among the ones showing
the concordant read-depth distributions. We also designed
primers for flanking sequences of these SVs, specifically tar-
geting the unique sequences in repetitive regions, and con-
ducted PCR analysis to validate their presence. Among a total
of 56 tested SVs, 52 SVs (92.9%) were validated using PCR
(Supplementary Figure S10 and Supplementary Table S5). The
findings indicate the reliability of our SVs detected from the
long-read assemblies.

These SVs were localized mainly in the centromeric region
(defined via CHM13 annotation) or subtelomeric region (the
500 kb distal ends without distal clusters of TRMs). The
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Figure 1. Total SVs of six haploid genomes compared to those of CHM13. (A) NGx plot for six genome assemblies of three Korean human samples. The
de novo assembled contigs, scaffolds constructed using CHM13 genome and CHM13 genome are shown. Each color denotes a single assembly. Dotted
lines represent cumulative coverage at the contig level, and solid lines represent coverage at the scaffold level. (B) Number of total SVs detected in each

assembly and shared SVs among the six Korean assemblies. Colors depict the number of assemblies that share SVs with other assemblies. (C) The SV
length distribution is presented from 50 bp to 1 kb in the upper panel and from 1 to 10 kb in the lower panel. (D) The read-depth distributions near SVs
and their breakpoints. The upper panel shows the average read-depth near deletion breakpoints in the CHM13 genome; the lower panel shows the
average read-depth of the insertion sequence regions in the K-001.h1 genome assembly. (E and F) SV density distribution along the chromosomes
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Figure 2. Functional characterization of the identified SVs. (A) Proportion
of SVs in the genic regions. Each SV position is annotated as the coding
sequence (CDS), exonic, intronic or intergenic region, according to the
provided genome annotation. If an SV is commonly detected in intronic
and exonic regions, it is considered an exonic SV. If an SV is commonly
detected in both the exonic and coding regions, it is considered a CDS
SV. (B) Number of coding region SVs according to the remainders after
dividing each variant length by three. (C) Total number of SVs in eight
different repetitive elements, provided by RepeatMasker tool,
encompassing all SVs. The numbers within parentheses indicate deletion
and insertion SV counts. LINE, long interspersed nuclear element; SINE,
short interspersed nuclear elements; LTR, long terminal repeat; DNA,
DNA repeat elements; and RNA, RNA repeats.

subtelomeric regions exhibited ~24 SVs per 100 kb while the
centromeric regions exhibited 79 SVs per 100 kb, substantially
higher than the overall SV density (<10 SVs per 100 kb; Figure
1E, F and Supplementary Figure S11). Since these centromeric
and subtelomeric regions were recently assembled, most of the
variants in the regions might not be thoroughly investigated
yet in the human population.

Structural variants are predominantly localized in
repetitive intergenic regions

We calculated the number of SVs located in genic or repeti-
tive regions. Among the 131 138 deletions and 121 461 in-
sertions in the six Korean assemblies, only 1% of the dele-
tion or insertion SVs were in coding or exonic regions (Fig-
ure 2A and Supplementary Figure S12A-C). This increased
to 19-20% when including the SVs in the intronic regions.
Moreover, 82% of the SVs in the coding regions (deletions:
82.8%; insertions: 82.5%) had lengths of multiples of three
(Figure 2B and Supplementary Figure S12D-F). This implies
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that most of the coding SVs we detected were not frameshift
variants, consistent with a previous report (26). Similarly, we
confirmed that SVs of translational frameshifts would have
been selected because of their phenotypic regulation.

We next determined whether the remaining SVs were en-
riched in known repetitive genomic loci. This revealed that
61% of the SVs were present in known repetitive regions
(79 908 deletion and 74 825 insertion SVs; 60.9% and
61.6%, respectively). Most of these sequences were detected
in previously annotated repeats, such as satellites, simple
repeats (single-nucleotide stretches or tandem repeats) and
long and short interspersed nuclear elements (Figure 2C
and Supplementary Figure S13). Satellite and simple repeat
regions contained remarkably higher portions of the SVs
(71.9% and 47.9%, respectively). This could be attributed to
the fact that most SVs are localized at highly repetitive cen-
tromeric or subtelomeric regions.

Substantial proportions of Korean structural
variants, including subtelomeric structural variants,
are present in other ethnic groups

To investigate whether the SVs commonly identified from
the six Korean genome assemblies were common to other
populations, we identified deletion and insertion SVs from
94 phased genome assemblies in the publicly available hu-
man draft pangenome (25) by applying the same SV-calling
pipeline. A total of 4 455 300 SVs were detected in 100 as-
semblies, including those from the six Korean assemblies in
the present study. These were merged further into 305 343
SVs (154 281 deletions and 151 062 insertions). Among these
SVs, we selected 25 595 SVs shared by three or more Ko-
rean assemblies, observing that substantial portions (41.6%,
36.8%, 37.1% and 32.3% of East Asians, admixed Ameri-
cans, South Asians and Africans, respectively) were also com-
mon in other ethnic groups or superpopulations (Figure 3A
and B; Supplementary Figure S14). This supports that the SVs
from our assemblies were not artifacts. Interestingly, we also
found comparable overlaps for subtelomeric SVs (i.e. 55.2%,
48.4%, 47.3% and 38.8% of East Asians, admixed Ameri-
cans, South Asians and Africans, respectively).

Different ancestries could be distinguished based on SVs,
and subtelomeric regions contained population-specific SVs.
We used the 305 280 merged SVs and 3 656 subtelomeric SVs
to cluster 100 pangenome assemblies. Based on the PCA, the
African, Asian and admixed American ancestries were sep-
arated, suggesting that SVs can be used to adequately dis-
tinguish populations (Figure 3C). Next, we extracted 9 160
SVs (3.0% of the merged SVs) that can be used to distin-
guish different ancestries according to the loadings of first
PC (PC1) and second PC (PC2). Intriguingly, a higher por-
tion of subtelomeric SVs (258 out of 3 656; 7.1%) were in-
cluded in PC1- and PC2-related genes, suggesting the sub-
telomeric SVs as one of the distinguishing variant types (Fig-
ure 3C and D). After selecting the SVs according to the PC1
and PC2 loadings, we clustered the presence of these SVs,
including subtelomeric SVs, and finally confirmed that each
SV cluster represents distinct population frequencies (Figure
3D). Moreover, the patterns were similarly observed when
their SNVs as well as small insertions and deletions were used
(Supplementary Figure S15).

Overall, our HiFi-based genome assemblies showed high
accuracy and resolution for SV detection. Next, we attempted
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Figure 3. Commonality and uniqueness of SVs identified in diverse ethnic groups. (A) Number of deletion and insertion SVs identified in 100 pangenome
assemblies and of SVs shared by Korean SVs common in at least three Korean assemblies. Each color represents a superpopulation, and gray-scaled
bars represent the number of shared Korean SVs. (B) Proportion of shared Korean SVs. For each superpopulation, the ratio of the number of the shared
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Table 1. Subtelomeric SVs (=5 kb) in individual chromosomes, with their damage and repair signature types

Possible Subtelomeric Number of Number of genome
Type Repair signature mechanism locus individuals assemblies
Deletion (9.3 kb) Homology (933 bp) SSA chrlp 1 1
Deletion (5.4 kb) Homology (267 bp) SSA chr3p 3 4
Deletion (19.4 kb) Homology (171 bp) SSA chrllp 2 2
Deletion (43.8 kb) Microhomology (9 bp) TME] chriq 3 3
Deletion (6.3 kb) Microhomology (20 bp) TME] chr3q 1 1
Deletion (7.5 kb) Microhomology (3 bp) TME]J chrSq 1 1
Deletion (13.7 kb) Microhomology (3 bp) TME] chrSq 1 1
Deletion (9.4 kb) Templated insertion (6 bp) TME] chr7p 1 1
Insertion (5.8 kb) Templated insertion (182 bp) TME] chrSq 1 1
Insertion (84.3-158.7 kb) Remaining TRM block (352, BIR chrép 3 N
480 and 549 bp)
Insertion (141.0 kb) Remaining TRM block (400 bp) BIR chr8p 1 1
Deletion (200.8 kb) Remaining TRM block BIR chrllp 2 2
(1363 bp)
Deletion (117.9 kb) Remaining TRM block (737 bp) BIR chrlé6q 1 1
Deletion (162.1 kb) Remaining TRM block (585 bp) BIR chr18p 3 4
Substitution (37.0 Large homology block (37.0 kb) DSBR or BIR chr9q 1 1
kb-121.9 kb)
Substitution (32.8 kb to Large homology block (32.8 kb) DSBR or BIR chrllp 2 2
24.5 kb)
Substitution (43.6 kb to Large homology block (43.6 kb) DSBR or BIR chr19p 1 2
23.6 kb)
Deletion (142.6 kb) Not applicable Not specified chrl7q 3 N
Deletion (9.4 kb) Not applicable Not specified chr20q 1 1

SSA, single-strand annealing; TME], polymerase theta-mediated end joining; BIR, break-induced replication; and DSBR, double-strand break repair.

to infer how such large variants emerge in the human popu-
lation in terms of DNA damage and repair events. Given that
subtelomeric SVs are among the most fragile genomic regions
and have rarely been studied in the human population, we fo-
cused on them to understand their evolution by incorporating
our knowledge of DNA damage-repair signatures.

Subtelomeric structural variants reveal ancestral
telomere damage and repair events

Since telomeres are easily damaged during DNA replication,
telomeric and subtelomeric regions may contain DNA double-
strand breaks (DSBs), which leave behind SVs of >100 kb in
subtelomeric regions when repaired (18,28,29,31,50). We as-
sumed that our SV-calling pipeline might fail to identify these
extremely large SVs; therefore, we manually curated large sub-
telomeric SVs (>3 kb in size) in our Korean assemblies. In ad-
dition to the two large subtelomeric SVs detected using our SV-
calling pipeline, this manual process identified 17 large sub-
telomeric SVs (Table 1). Among these 19 subtelomeric SVs,
nine were shared by at least two assemblies and eight by
at least two humans, supporting their prevalence in the Ko-
rean population. We could design primers only for 10 out of
19 subtelomeric SVs, and 5 out of the 10 subtelomeric SVs
(50.0%) were validated using PCR (Supplementary Figure
S10B and Supplementary Table S6).

DSB repair leaves specific signatures near the repaired se-
quences (51-55), and HiFi-based genome assemblies can pre-
cisely resolve these signatures. We categorized the 19 sub-
telomeric SVs by their DNA repair signatures as follows: dele-
tion with homology (>50 bp); deletion with microhomol-
ogy (<50 bp); templated insertion; insertion with a short
TRM block; and substitution between large homology blocks
(Figure 4; Table 1). We detected a specific repair signature
in 17 of the 19 subtelomeric SVs (Table 1). The remaining
two SVs that were not categorized contained a substitution

or insertion that could not be assigned to any of the five
categories.

Deletions with homology

A 5.4 kb deletion in the p arm of the chromosome 3 (chr3p)
subtelomere was shared by four assemblies from the three
individuals (Figure 4A; Table 1). Near the deletion, all four
assemblies had the same 267 bp sequence, which exhib-
ited >91% identity with the two flanking sequences in the
CHM13 genome (Figure 4F). These long homology sequences
may have resulted from DSB repair events via SSA, which typ-
ically excises both ends of the DSB site, anneals long (>50 bp)
homology sequences and repairs the remaining gaps (Figure
4F). The SVs in chr1p and chr11p had similar signatures, im-
plying that these SVs were generated by SSA-mediated DSB
repair (Table 1).

Deletions with microhomology

A 43.8 kb deletion in the q arm of chr1 (chrlq) was shared
by the three individuals and three assemblies (Figure 4B; Ta-
ble 1). All three assemblies had the same 43 818 bp deletion
and 9 bp sequence near the deletion (Figure 4G). This 9 bp
sequence was identical to a flanking sequence in the CHM13
genome, with only two mismatches in the other flanking se-
quence (Figure 4G). This microhomology implies that the SV
was generated by TME]. The two additional SVs in chr3q and
chr5q had the same signature (Table 1).

Templated insertions generated by polymerase theta-mediated
end joining

A 9.4 kb deletion in chr7p had an additional 6 bp insertion
(TGGCGG) that had a homology (TGGGGG) near the dele-
tion (Figure 4C; Table 1). This templated insertion, which pro-
vides evidence of TME] (54), might have arisen via DSB fol-
lowed by a 9.4 kb excision (Figure 4H). Exposed 2 bp (GA)
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microhomology sequences were used to anneal the ends of
the DNA molecules (Figure 4H, right dotted box). Since the
6 bp sequence (TGGGGG) was located next to the 2 bp mi-
crohomology, it functioned as a template to synthesize a new
complementary sequence, although not perfectly, owing to the
error-prone replication of polymerase theta (Figure 4H).

However, the synthesized 6 bp sequence (TGGCGG) was
released from the template, while polymerase theta searched
for another microhomology (Figure 4H). Since the last nu-
cleotide base (G) in the synthesized sequence was the same as
the first base (G) of the 2 bp microhomology, this 1 bp micro-
homology was used to fill the remaining gaps and repair the
DSB site (Figure 4H). A templated insertion was also detected
in an SV in chr5q (Table 1).

Insertions with a short telomeric-repeat motif block
Insertions in chr6p are present in the telomeric region for all
three humans and five assemblies (Figure 4D; Table 1). Al-
though their lengths vary, ranging from 84 to 159 kb, they
can be categorized into three groups according to the length
of the remaining TRM blocks: a 352 bp TRM block in one
assembly in K-002; a 480 bp TRM block in two assemblies in
K-001 and K-003; and a 549 bp TRM block in two assemblies
in K-001 and K-003 (Figure 4I). The independent acquisition
of TRM blocks of the same length in two individuals suggests
that each short TRM block was generated by the same telom-
ere deletion and repair event. These remaining TRM blocks
may have acted as homologous blocks enabling the invasion
into another genomic locus with an interstitial telomeric se-
quence (ITS) (Figure 4I). Subsequently, a new sequence could
have been synthesized using the adjacent sequence of ITS as a
template (Figure 41). This process might be mediated by BIR,
a homologous recombination mechanism, generating an in-
sertion of ~100 kb in the telomeric region. Insertions in the
Korean chr8p and CHM13 chrl1p, chr16q and chr18p ex-
hibited the same signatures (Table 1). Impressively, chr11p of
K-001 and K-002 have the same insertion size (200 812 bp)
and length as the remaining TRM block (1363 bp) in CHM13
(Table 1), implying that a single telomere damage and repair
event may produce these large insertion SVs.

Substitutions between large homology blocks

A substitution of a 32.8 kb block by a 24.5 kb block in chr11p
was shared by two individuals (Figure 4E; Table 1). Intrigu-
ingly, the substituted 24.5 kb block had homologous blocks
in chrl, chr3, chr5, chré and chr15 subtelomeric or other ge-
nomic loci, but its flanking sequences were collinear with the
reference sequences. We hypothesized that these were gener-
ated by homologous recombination-mediated repair, proba-
bly via DSBR or BIR. The subtelomeric region of chr11p may
have undergone DSBs, with both ends being excised, and the
24.5 kb block was synthesized using a homologous block from
another locus as a repair template (Figure 4]). If this synthe-
sis was mediated by DSBR, the end of the synthesized block
would have been ligated to the end of the original sequence
block. If BIR was the main repair mechanism, this synthesized
end switched its template to the original sequence to resume
DNA replication. The two substitutions in chr9q and chr19p
exhibited similar patterns (Table 1).

Uncategorized large subtelomeric structural variants

Two of the cases could not be explained by a single damage
or repair event (Table 1). An SV in chr20q is a substitution of
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a 9.4 kb deletion and a 21 bp insertion (Table 1); however, we
could not find any homologous block near the SV that was
used as a template. While this SV could have been generated
via templated insertion by TME], using a different non-allelic
locus as a template, we cannot determine this conclusively. An-
other SV in chr17q was shared by all three individuals and five
assemblies (Table 1). This SV was also a substitution generated
by a subtelomeric deletion in CHM13, followed by a 140 kb
duplication of a nearby sequence block (Table 1). Although
this block could have been duplicated via BIR, it contained an
11 bp insertion between the original and duplicated blocks.
This 11 bp sequence is not present in the nearby sequences.
Thus, we were unable to determine how the block was dupli-
cated with the 11 bp insertion.

Discussion

Accurate detection of genetic variants helps us elucidate how
they emerge and affect human evolution and cancer develop-
ment (11,12,56—60). Unlike short-reads, which can be un- or
mis-mappable, long-read sequencing technologies now allow
for the resolution of all genetic variants in any individual, by
providing high-quality genome assemblies (19,48,61). A lim-
ited number of previous research endeavors have focused on
SVs by long-read sequencing within the Korean population
(62-64). In this study, we used state-of-the-art long-read se-
quencing technology, HiFi sequencing, to identify SVs in the
Korean genomes. Specifically, we identified and verified ex-
tremely large SVs in subtelomeric regions and postulated the
mechanisms involved in their emergence. Although large sub-
telomeric SVs have been previously described in human pop-
ulations, based on analysis of mapping data or parts of the
sequences (28,65-70), our study is the first to report on full-
length human subtelomeric SVs at the single-nucleotide level,
to the best of our knowledge. These subtelomeric SVs were
probably generated via telomere damage or subtelomeric DSB
followed by repair processes. Therefore, analyzing these SVs
may help us elucidate how genomic instability facilitates not
only genomic changes in the human population but also can-
cer evolution.

Although half of the global human population is of Asian
ancestry, Asian genetic diversity is relatively underrepresented
in human population genetic studies (71). Korean ancestry
exhibits a relatively uniform population structure compared
with other East Asian populations (71,72). The modern Ko-
rean population has been shaped predominantly by two ma-
jor ancestral components: East Siberian and Southeast Asian
populations. This was elucidated through analyzing ancient
and modern Korean genome sequencing data (73). Long-read
sequencing-based high-quality genome assemblies provide the
best and most extensive data for describing such underrepre-
sented populations. Our results are inadequate for thorough
characterization of even Korean ancestry, and some of our
SVs could be CHM13-specific and, therefore, absent from the
broader human population. Furthermore, our partially phased
genome assemblies of the three individuals could not provide
haplotype information, due to the lack of genome sequenc-
ing of their parents. Nonetheless, our data—six HiFi-based
genome assemblies of three human individuals and their high-
quality SVs—provide a foundation for future research. In the
future, we intend to generate more comprehensive variant sets
for people of Korean ancestry and produce phased genome
assemblies of individuals by performing family trio-based se-
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quencing, providing detailed haplotype information, given the
impending national genome projects. This could resolve the
origin of most rare or specific variants in people of Asian an-
cestry.

Subtelomeric variants should be thoroughly investigated to
understand genome instability and the resulting variant for-
mation. Telomeric and nearby subtelomeric regions can be
easily broken by stochastic telomere deletion during DNA
replication or via other telomere damage, which induces var-
ious DSB repair pathways (32,74,75). Nonhomologous end
joining is the primary mechanism involved in this repair func-
tion. However, although nonhomologous end joining can re-
sult in chromosome fusion, it typically leaves only small and
random insertions or deletions (~5 bp) rather than SVs. In
contrast, other DSB repair mechanisms, such as SSA, TME],
DSBR and BIR, may generate extreme SVs, as these mecha-
nisms typically involve DSB end-excision. SSA or TME] can
lead to large deletions. Moreover, human subtelomeric regions
contain highly repetitive sequences, ITSs and segmentally du-
plicated blocks. Sequence blocks in these regions can be read-
ily used as homologies for telomere or subtelomere repair after
telomere deletions or subtelomeric DSBs (74-76). We iden-
tified BIR-mediated telomere damage-repair signatures that
were produced using homology between short TRM blocks,
in addition to DSBR-mediated substitutions of large homolo-
gous sequence blocks following subtelomeric DSBs. Whether
such segmentally duplicated blocks in subtelomeric regions in-
crease the stability of telomere maintenance or whether they
are merely leftover sequences after telomere damage and re-
pair events warrants further investigation (20). Moreover, all
these findings in our study were identified by manual inves-
tigation. In the future, detecting large subtelomeric SVs (>3
kb in size) and their associated repair signatures should be
automated after establishing the general rules for our man-
ual investigation. Centromeric SVs are also important; how-
ever, the centromeric region is typically too repetitive to in-
fer what repair mechanisms have been involved in its SV for-
mation (22,77). For example, if an SV has repetitive flank-
ing sequences, these sequences could be overlapped. Such
micro/homologous sequences can be inferred based on the
signature of TME]J or SSA, and they can also be created via in-
dependent mechanisms, such as replication slippage (78-80).
Therefore, the repetitive nature of the centromeric region hin-
ders not only the assembly of this region but also the inference
of the underlying mechanisms of centromeric SVs.

Although our findings reveal that such mechanisms may
participate in SV formation in normal human germlines, they
may be much more important in cancer evolution. However,
cancer cells are highly heterogeneous, and single-cell long-read
DNA sequencing is currently immature (81-83). Thus, further
advances in long-read sequencing technology are required to
trace SVs in cancer cell populations. These efforts will facil-
itate the resolution of telomere damage-induced variant for-
mation in cancer genomes. Furthermore, in-depth studies of
the major mechanisms involved in telomere damage and re-
pair during cancer evolution are necessary to understand the
underlying mechanisms of cancer-specific SVs.

In this study, we developed high-quality genome assemblies
and SV sets for three Korean individuals. Our results pro-
vide a valuable foundation to investigate SVs and extremely
large subtelomeric SVs in the broader human population.
Advances in sequencing technology and corresponding high-
quality genome assembly production will shed light on ge-

"

nomic dark matter, thus helping elucidate all genetic variants
in the human genome, including in subtelomeric regions. This
will help explain the SV-level genetic architecture of human
genetic disorders and the mechanisms of human genomic evo-
lution.

Data availability

The Korean HiFi long-read sequencing datasets produced
in this study are deposited in the Korean BioData Sta-
tion (K-BDS) (84) (https://kbds.re.kr/; accession number
KAP220172 and KAP241043) and the European Genome-
Phenome Archive (EGA) (https://ega-archive.org/; accession
number EGAS50000000375).
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Supplementary Data are available at NAR Online.
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