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Abstract

Nonreference sequences (NRSs) are DNA sequences present in global populations but absent in the current human reference genome. However,
the extent and functional significance of NRSs in the human genomes and populations remains unclear. Here, we de novo assembled 539
genomes from five genetically divergent human populations using long-read sequencing technology, resulting in the identification of 5.1 million
NRSs. These were merged into 45284 unique NRSs, with 29.7% being novel discoveries. Among these NRSs, 38.7% were common across
the five populations, and 35.6% were population specific. The use of a graph-based pangenome approach allowed for the detection of 565
transcript expression quantitative trait loci on NRSs, with 426 of these being novel findings. Moreover, 26 NRS candidates displayed evidence
of adaptive selection within human populations. Genes situated in close proximity to or intersecting with these candidates may be associated
with metabolism and type 2 diabetes. Genome-wide association studies revealed 14 NRSs to be significantly associated with eight phenotypes.
Additionally, 154 NRSs were found to be in strong linkage disequilibrium with 258 phenotype-associated SNPs in the GWAS catalogue. Our work
expands the understanding of human NRSs and provides novel insights into their functions, facilitating evolutionary and biomedical researches.
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Introduction (3). This inherent bias leads to an underrepresentation of the

The human reference genome serves as a basis for align-
ing human sequences and has greatly progressed human ge-
netic research (1). Despite its utility, the current reference
genome, GRCh38, still contains numerous gaps (2). Another
critical concern regarding the reference genome is its limited
genetic representation. It is a linear genome generated from
only about 20 individuals, primarily representing ancestral se-
quences from Africa (57%), Europe (37%) and East Asia (6 %)

full spectrum of genetic diversity found in the global popu-
lation, with a pronounced shortfall in capturing the diversity
of Asia, which comprises 59.0% of the world’s total popula-
tion (https://www.worldometers.info/world-population/asia-
population).

Nonreference sequences (NRSs) are sequences that are not
present in the reference genome but are present in a subset
of the population (3), which are also referred to as insertion
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(INS), a type of structural variation (SV). Some NRSs inter-
sect genic regions or regulatory elements like enhancers, im-
pacting gene structure or expression, which may be associated
with human diseases or clinical phenotypes (4,5). In addition,
some NRSs may contain the gene paralog (2) or have the tran-
scription potential (6). In recent years, several studies have fo-
cused on NRSs. Duan et al. detected 29.5 Mb novel sequences
in 275 genomes using HUPAN (7). Lee et al. uncovered 1696
NRSs from 2535 individuals through InserTag (8). And Chu
et al. developed xTea to identify nonreference transposable el-
ement (TE) insertions from multiple platform data (9). Addi-
tionally, Meleshko et al. applied Novel-X to discover 18.2 Mb
NRSs from 68 samples (10). Furthermore, de novo genome
assembly in large-scale human sequencing projects have made
progress in discovering NRSs (3,4,6). For instance, previous
studies have reported the presence of 0.33 megabases (Mb),
29.5 and 46 Mb NRSs within Icelandic, Chinese and Swedish
populations, respectively (7). However, these studies primarily
relied on de novo assemblies of short or linked reads obtained
from next-generation sequencing (NGS) platforms. Such ap-
proaches present challenges in accurately assembling segmen-
tal duplications (SDs), low-complexity regions, and regions
exhibiting GC bias, particularly when conducting local assem-
blies of unmapped reads against the reference genome (8,11).

Long-read sequencing (LRS) platforms, including Pacific
Biosciences (PacBio) continuous long read (CLR), PacBio
high-fidelity (HiFi), and Oxford Nanopore Technologies
(ONT), are renowned for their capacity to produce highly-
contiguous de novo genome assemblies (12). The advantages
of utilizing LRS for assembling repetitive regions render it
particularly valuable in the discovery of large length NRSs,
a challenge often encountered with SRS methods (3). Recent
human genome assemblies, leveraging LRS data, exemplify
this benefit. For instance, a Chinese genome (HX1) (13) and
two Swedish genomes (14) demonstrated enhanced contigu-
ity, boasting contig N50 lengths ranging from 8.3 to 9.5 Mb
and revealing 12.8 and 12.2 Mb of NRSs per individual, re-
spectively. Notably, marking a significant milestone in the two
decades since the release of the first human genome, the com-
pletion of the CHM13 genome represents another remarkable
achievement in the Human Genome Project (HGP). This en-
deavor added and refined 238 Mb of sequence (2). More re-
cently, the Human Pangenome Reference Consortium (HPRC)
(15) has proposed an ambitious project aiming to create a
more sophisticated and complete human reference genome
with a graph-based, telomere-to-telomere (T2T) representa-
tion to encompass global genomic diversity. The HPRC has re-
cently unveiled its initial draft reference, including 47 phased,
diploid assemblies (16). Furthermore, the Chinese Pangenome
Consortium (CPC) has developed a Chinese pangenome, fea-
turing a collection of 116 high-quality, haplotype-phased as-
semblies derived from 58 core samples representing 36 dis-
tinct Chinese ethnic groups (17). Additionally, Uddin et al.
constructed the Arab pangenome reference from 43 individ-
uals with diverse Arab ethnicities (18). Although the primary
focus of these studies did not revolve around NRS discovery,
they successfully identified numerous novel variants, haplo-
types and alleles within structurally complex genomic loci. As
more individuals with high-quality genomes are included, the
human pangenome will offer a more comprehensive represen-
tation of global genomic variation, including NRSs. This in-
valuable genetic resource is set to play a pivotal role in ad-
vancing biomedical research and precision medicine (15,17).
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While great progress has been achieved, our understanding
of prevalence of NRSs within the human genome and among
the human populations remains incomplete. Furthermore, the
functional, evolutionary, and phenotypic significance of NRSs
is still largely unknown. To tackle these pressing questions, we
conducted a systematic identification of NRSs using data from
539 human genomes across five diverse populations, all se-
quenced using LRS technology. Subsequently, we constructed
a graph-based pangenome. Our investigation encompassed a
thorough characterization of NRS distribution within the hu-
man genomes, across various human populations, and even
within nonhuman primates. We performed functional anno-
tations to unearth insights into the roles of NRSs in evolu-
tion and disease. The utilization of a graph-based pangenome
of NRSs not only offered enhanced representation of diverse
populations but also yielded notable benefits in terms of read
mapping rate and the detection of expression quantitative trait
loci (eQTLs). Moreover, our exploration unearthed numerous
NRSs with associations to local adaptation and phenotypic
variations. This study provides a framework for construct-
ing a graph-based pangenome of NRSs from large-scale LRS
datasets. It furnishes crucial genomic resources and profound
insights into the functions of NRSs, thereby facilitating ad-
vancements in evolutionary and biomedical research.

Materials and methods

Samples and datasets

In this study, we collected whole-genome LRS data for 539
samples from public databases. The genomes were de novo
assembled from these LRS reads for each of the 539 sam-
ples, including 405 Chinese individuals sequenced by the
ONT platform (19) and 134 individuals from diverse pop-
ulations sequenced by the ONT, PacBio CLR and HiFi plat-
forms (16,20,21). Of which, assemblies and corresponding se-
quences of 65 individuals were directly downloaded, including
47 high-quality phased, diploid assemblies from HPRC (16)
(Supplementary Table S1). To ensure a high-quality genome
assembly, we performed trimming the first 30 bases and last
20 bases of the ONT and PacBio CLR reads, which have rela-
tively lower quality revealed in previous study (19), After trim-
ming, any reads shorter than 500 bp were filtered out prior to
assembly.

De novo genome assembly of LRS datasets

Generating a high-continuity and more-complete genome as-
sembly enabled more accurate detection of NRSs. To deter-
mine the sequencing depth required for reliable assembly met-
rics, we explored the correlation between key assembly met-
rics and different sequencing depths. Six samples with se-
quencing depths larger than 25-fold were randomly selected
and their reads were downsampled to 2x,4x, 8x, 12x, 15 x,
18x and 22 x. These downsampling reads were then used for
de novo assembly using wtdbg2 (v2.5) (22) with parameters
“p 19 -AS 2 -5 0.05 -L 500’. For the de novo assembly with
ONT data, wtdbg2 was used with the same parameters. To
improve base accuracy of the assembly, the assembled contigs
were polished using MarginPolish (v1.3.0) (23). The PacBio
CLR data were assembled using wtdbg2 with parameters as
before and were further polished using NextPolish (v1.4.0)
(https://github.com/Nextomics/NextPolish) with the parame-
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ters ‘-r clr -sp’. The PacBio HiFi reads were assembled using
hifiasm (v0.16.1-r375) (24) with default parameters.

We evaluated the completeness of assemblies and protein-
coding genes using QUAST (v5.0.2) (25) after aligning assem-
bled contigs to primary assembly genome GRCh38 excluding
ALTs (13) along with corresponding gff annotation file (v935).
To assess the base-level accuracy of the assembly generated
from ONT reads, we used Inspector (v1.0.1) (26) to calculate
the base quality value (QV) scores for randomly selected 10
samples. To further assess the assembly disagreement counts,
as reported by QUAST, which mainly include instances of lo-
cal misassembly and inconsistency, we employed the estima-
tion methods proposed by Shafin et al. (23). For validation,
15-fold sequencing data from the ONT, PacBio CLR and HiFi
platforms for HG002 was randomly selected and indepen-
dently assembled using the strategy outlined in this study. The
assemblies were them compared to the benchmark datasets
for the HG002 genome v1.7, which represents a high-quality
genome assembled using data from multiple platforms (27).

NRS detection

We applied a hierarchical strategy to extract NRSs (Figure
1A). For each individual, we initiated the NRSs extraction
process from unaligned contigs employing QUAST (7) using
command ‘quast —no-gc —no-plots —no-html -no-snps —min-
contig 1000 -o output -r ref_genome.fa -g ref _genome.gff -
t threads assembly_genome.fa’. It is important to note that
we used the reference GRCh38.p13, which contained patches
scaffolds, alternate loci and mitochondrial sequence, Epstein-
Barr virus sequences (AJ507799.2) and decoy sequences
(GCA_000786075.2), for subsequent alignment, thereby con-
firming the presence of sequences absent from the reference
genome. We then aligned the LRS reads to the assembled con-
tigs, and estimated their depths using mosdepth (v0.2.5) (28).
We filtered out NRSs that were designated as either collapsed
or with low read depth, considering depth values that ex-
ceeded three times or were less than one-third of mean depth
for the corresponding individual.

Heterochromatic and centromeric regions are known to
consist of tandem repeats Hsat2,3 and Alpha satellites,
which contributed to most of gaps of genome assembly
(29,30). To specifically identify and remove Hsat2,3 and Al-
pha satellites, we employed RepeatMasker (v4.0.9) (http://
www.repeatmasker.org) and dna-brnn (v0.1-r65) (31). Re-
gions that were masked were removed if they constituted at
least 80% of total sequence length.

Mosé Manni et al. reported that some previously pub-
lished human pangenome studies had overestimated the num-
ber of NRSs due to contamination from bacteria associated
with original samples or introduced during sequencing ex-
periments. In this study, we used the method recommended
by Mosé Manni et al. (32) to remove contaminants (Fig-
ure 1B). First, we masked low-complexity and repetitive re-
gions using RepeatMasker and TRF (v4.09) (33), based on
Dfam (v3.0) (34) and RepBase (v2018-10-26) (35). Then,
we used Kaiju (v1.7.3) (36) with parameters ‘-t nodes.dmp
-f kaiju_db_nr_euk.fmi -i non_ref.fa -a mem -z threads -o
kaiju.out —v’ to classify the remaining unaligned sequences,
which had a good recall rate to detect more divergent se-
quences at amino acid level (32). Through aligning above se-
quences against the pre-formatted ‘nr + euk’ database (v2019-
06-25), which contained protein sequences from bacteria, ar-
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chaea, viruses, fungi, and microbial eukaryotes, we obtained
a taxonomic classification of each unaligned sequences based
on the continuous alignment with at least 100 amino acids
and marked the sequences with label of ‘non-chordate’. Fur-
thermore, we searched the sequences against the nr and nt
(v2020-01-09) databases using DIAMOND (v0.9.21) (37)
and BLAST (v2.10.0+) (38), respectively. Based on the align-
ment and taxonomic classification, we retrieved the sequences
labelled with chordate which were originally labelled as non-
chordate by Kaiju. To ensure accurate NRSs, we considered
any sequences labelled as non-chordates to be contaminants
and removed them from further analysis.

To study the impact of population size on the nonredun-
dant NRS count, we randomly selected the individuals in this
study. Based on previous studies that reported higher genetic
diversity and more unique SVs among Africans (AFRs) (20),
we divided all individuals into two categories: non-AFRs and
AFRs. The process was reported 10 times, each time adding
one individual. The NRS count was determined by taking the
average of the selected individuals’ NRS counts.

To assess the efficacy of identifying NRSs against the more
complete genome T2T-CHM13, we randomly selected 23
samples from five diverse populations. Employing the same
pipeline as in GRCh38, we detected NRSs for each sample
and them merged all NRSs from these samples into a uni-
fied callset. Genomic coordinates of NRSs in T2T-CHM13
were converted to GRCh38 using LiftOver (https:/liftover.
broadinstitute.org/) with the corresponding chain file (https:/
hgdownload.soe.ucsc.edu/goldenPath/hs1/liftOver/). Consid-
ering that the NRS lengths of the two genomes overlap by
at least half at the same position, we posit that they represent
the same NRS. Subsequently, the ratios of overlapped NRSs
across diverse populations were calculated.

Anchoring and validation of NRS

In order to accurately anchored the NRSs, we extracted the
two flanking sequences of the identified NRSs, each with a
length of 1 kilobase (kb), a size for long-read alignment also
employed in a previous study (39). Subsequently, we individu-
ally aligned these sequences to the reference genome GRCh38
using AGE (v0.4) (40). If the alignment length of the flank-
ing sequence was more than 500 bp, and the two end co-
ordinates were less than 20 bp apart, the original sequence
was considered successfully anchored to the reference genome.
The locations of placed NRSs relative to the reference genome
were plotted using in-house script modified from RIdeogram
(v0.2.2) (41). If either upstream or downstream sequences
could not be successfully aligned to the reference, the se-
quences were regarded as unplaced. To further ensure reli-
able unplaced sequences, the unplaced sequences and contigs
were realigned to genome using minimap2 (v2.24) (42). Any
sequence that aligned with identity >90% and length cover-
age > 80% of total length was removed. To further filtered
out unplaced sequences, we applied filters based on previous
strategy: (i) sequences with >80% masked bases according
to TRF were removed and (ii) sequences with >80% com-
bined masked bases annotated as satellites, simple repeats, and
low complexity regions by RepeatMasker were removed (35).
The remaining unplaced sequences were retained for further
analysis.

To confirm the accuracy of the NRSs obtained using our
strategy, we compared the NRSs extracted from a de novo
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Figure 1. Schematic representation of GraphNRS. (A) Long-read sequencing data from different platforms are de novo assembled and polished. (B) The
NRSs are anchored to GRCh38. Placed NRSs are clustered to select the representative NRSs, and unplaced NRSs are clustered after filtering out
contaminants and centromeric repeats. Then, we merge the placed and the unplaced NRSs to obtain the nonredundant NRSs of the whole population.
(C) vg is used to construct the graph pangenome, and NRS genotyping is performed for each NRS of the individual.

assembly of HG002 using 15-fold ONT reads with those ex-
tracted from the HG002 assembly that was used as a GIAB
benchmark dataset (27). In addition, we de novo assembled
the genomes of 10 samples from this study that were se-
quenced using PacBio HiFi reads at an average depth of 12x
(19), and extracted the NRSs. We then evaluated the number
of ONT-derived NRSs from these 10 samples that were vali-
dated by the NRSs from of the PacBio HiFi data assemblies.
The NRSs supported by at least two reads were considered
validated.

To analyze the hotspot of NRSs in the genome, we
applied the function ‘hotspotter’ from the primatR pack-
age (https:/github.com/daewoooo/primatR) with parameters
‘bw = 200000, num.trial = 1000°. We calculated a P-value by
comparing the density of NRS locations with the density of a
randomly sampled subset of the genome.

Nonredundant NRS of the population

We applied Jasmine (v1.1.0) (43) to generate nonredun-
dant sequences for both placed and unplaced NRSs. For the
placed NRSs, we first calculated the median anchored po-
sitions within the reference genome for both upstream and
downstream regions of these sequences. Subsequently, we em-
ployed Jasmine to combine the placed NRSs using param-
eters ‘—output_genotypes —ignore_strand —keep_var_ids’. To
constrain the distance between each paired sequence, we lim-
ited it to 250 bp for all pairs within each cluster. Next, we

conducted multiple sequence alignments using Kalign (v3.3)
(44), applying a scoring system of match (+2), mismatch
(—1) and gap opening (—0.5). The sequence with the high-
est score was chosen as the representative sequence. For the
unplaced NRSs, we performed all-versus-all alignments us-
ing minimap2 with the parameters ‘-DP -t threads unplaced.fa
unplaced.fa > aligned.paf’. The alignment pairs meeting the
criteria of an alignment length >200 bp and sequence iden-
tity >90% were retained for downstream analysis. Sequence
that did not intersect with others were considered nonredun-
dant. If the alignment length covered at least 80% of one se-
quence, the shorter one was removed. Lastly, we excluded the
unplaced sequences that existed in only one individual. Conse-
quently, we obtained the nonredundant NRSs representing the
whole population. We divided the NRSs into four categories
based on their allele frequency (AF) in the whole population:
singleton (allele count = 1), polymorphic (allele count > 2 and
AF < 0.5), major (AF > 0.5 and AF < 1) and shared (AF = 1).
Five trios were included in this study. When calculating the
NRS AF in the population, we excluded the offspring of these
trios.

Graph-based pangenome of NRS and genotyping

To determine the genotypes of the NRSs, we first constructed
a graph-based pangenome by merging the placed NRSs with
the reference genome GRCh38 using vg toolkit (v1.33.1) (45)
with parameters ‘vg construct -a -f -p -S -m 32°. The unplaced
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NRSs were added to the end of pangenome. To enable ro-
bust downstream analyses, we performed accurate genotyping
of the placed NRSs using the constructed pangenome graph.
We aligned the long reads of each sample to the pangenome
graphs using GraphAligner (v1.0.13) (46), followed by graph-
based genotyping of all NRSs for each sample using vg. The
long reads of each individual were first aligned to the graph
reference with GraphAligner using parameter ‘-x vg’. The
NRSs were then genotyped according to the long-read align-
ment with vg. If the NRSs were extracted from an individ-
ual, the genotype for that individual would be ‘0/1” or “1/1°.
The recall rate of the genotyping was evaluated based on
presence and absence information of NRSs. We estimated the
Mendelian error rate for five trios.

Comparison of NRS to other human genomes and
pangenomes

Human assembly genomes from various ancestries back-
grounds, including T2T-CHM13 (2), HX1 (13), AK1 (47),
KOREF (48), HuRef (49), NA12878 (12) and NA19240
(50), have been documented (Figure 2A). In addition, various
human pangenomes, such as the Chinese HUman Pangenome
Analysis (HUPAN) (7), African pangenome (APG) (51),
Icelander nonrepetitive NRSs (Icelander-NRNR) (4), 1000
Swedish genomes (PanSwe) (52), Swedish genomes (TwoSwe)
(14), Mix-17NUIs (6) and HGD-NUIs (53), have been re-
ported by large-scale whole-genome sequencing using NGS
data (3) (Figure 2B). We also downloaded the Chinese
pangenome reference (17) (CPC.Phasel.CHM13v2-full)
from CPC website (https://pog.fudan.edu.cn/cpc/#/data). We
extracted the sequences of INSs (>50 bp) using vg decon-
struct with default parameters. Then, we utilized LiftOver
to convert the genomic coordinates of T2T-CHMI13 to
GRCh38 based on the corresponding chain file. Using the
same approach, we compared the NRSs identified in this
study to the inversions from several other published SV
datasets, including 405 Chinese (https://ngdc.cneb.ac.cn/
gvm/getProjectDetail?project=GVMO000132) (19), 3622 Ice-
landers  (https://github.com/DecodeGenetics/LRS_SV_sets/
blob/master/ont_sv_high_confidence_SVs.sorted.vcf.gz)

(54), HGSVC2 (http:/ftp.1000genomes.ebi.ac.uk/voll/ftp/
data_collections/HGSVC2/release/v2.0/integrated_callset/
variants_freeze4_sv_insdel_alt.vcf.gz) (20) and HPRC
pangenome  (https://s3-us-west-2.amazonaws.com/human-
pangenomics/pangenomes/freeze/freeze1/minigraph/hpre-
v1.0-minigraph-grch38.bb.bed.gz) (16). The nonhuman
primate genomes, including chimpanzee, bonobo, gorilla,
Sumatran orangutan, Bornean orangutan and siamang gib-
bon (https://github.com/marbl/Primates), were also used to
detect overlapped NRSs identified in human genomes. Re-
ciprocal alignments between our NRSs and these assemblies
were carried out using minimap2 with the parameters ‘-x
asm20 -t threads nonref.fa genome.fa > aligned.paf’ and
only alignments with an overall identity >90% and cover-
age >80% of the NRSs were retained (51). An alignment
was considered as reliable if it had a length >200 bp with
an aligned identity >90% and an aligned coverage >80% of
this sequence.

Annotation of nonredundant NRSs

To reduce the false-positive rate in protein-coding gene an-
notation, we first masked the repeat sequences as ‘N’ using
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method mentioned above. Subsequently, we downloaded all
expressed sequence tags (ESTs) of human from Ensembl and
human protein sequences from NCBI (v2020-03-17). To elim-
inate redundancy within both ESTs and protein sequences, we
independently employed CD-HIT (v4.8.1) (55) with the fol-
lowing parameters ‘cd-hit-est -i est.fa -o est.cdhit.fa -¢ 0.9 -
n 8 -d 0-M O -T threads’ for ESTs and ‘cd-hit -i protein.fa
-o protein.cdhit.fa -¢ 0.9 -n 5 -d 0 -M 0 -T threads’ for pro-
tein sequences. Protein-coding genes within the nonredundant
NRSs were predicted from the repeat-masked NRSs using
MAKER2 (v2.31.1) (56). During this process, SNAP (v2006-
07-28) (57) underwent two rounds of training based on the
EST sequences. Ab initio gene prediction was performed us-
ing Augustus (v3.3.3) (58) with the human model. Transcripts
with a length >150 bp were retained, and models with an
annotation edit distance (AED) <0.5 were used to remove
poor-quality models (59). To ensure the reliability of our pre-
dicted genes, we conducted blastn and blastx searches against
the complete sequences in NCBI nt and nr databases, re-
spectively. This was done to ascertain whether the gene was
conserved in other primates or elsewhere in the mammalian
genome. The thresholds of e-values for blastn and blastx were
set at 1 x 107" and 1 x 1077, respectively. We then anno-
tated the domains that matched either the Pfam protein fam-
ilies database (60) or the NCBI Conserved Domain Database
(CDD) (61). The predicted genes without intron was regarded
as pseudogenes.

NRS associated eQTLs

To evaluate the impact of NRSs on gene expression levels,
we utilized the data from 451individuals of the Genetic Eu-
ropean Variation in Disease (GEUVADIS) consortium (62).
For the short-read sequences obtained from Illumina plat-
form, we employed vg giraffe for read alignment to the graph
genome with parameters ‘-p -b default —rescue-algorithm
dozew’. Then, vg was used to genotype the NRSs according
to the short-read alignment with parameters ‘vg pack -Q 0;
vg call’. Through our evaluation on the HG002 dataset, we
found that the overall sensitivity and specificity of NRS geno-
typing using SRS data were 0.69 and 0.76, respectively. These
values were slightly lower than those in non-tandem repeat
regions (0.81 for sensitivity and 0.86 for specificity). We ob-
tained the genotyped single nucleotide polymorphisms (SNPs)
of GEUVADIS consortium (62) with GRCh37 as the reference,
which we subsequently converted to GRCh38 using LiftOver.
We explored the association between gene expression levels
and NRSs within a 1 Mb window centered around the gene’s
transcription start site (63). Based on the graph pangenome
of NRSs constructed in this study, we genotyped the NRSs
for 451 individuals from whole-genome NGS data. The re-
sulting NRS genotypes have been made publicly accessible
via a GitHub repository (https:/github.com/xie-lab/GNRS/
tree/main/data). From this dataset, we selected 7244 geno-
typed NRSs with a minor allele frequency (MAF) >0.05 af-
ter filtering out multi-allelic NRSs. Subsequently, we quanti-
fied the transcript-level expression based on RNA data using
the graph-based method facilitated by vg mpmap and rpvg
(https://github.com/jonassibbesen/rpvg) according to the pre-
viously estimated pipeline (64). To identify NRS-associated
eQTLs, we performed principal component analysis (PCA) on
the genotype matrix of NRSs. We then conducted an associ-
ation analysis between transcript-level expression and NRSs
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Figure 2. Characterization of NRSs for the whole population. (A) Overlapped NRSs of this study to the different human genomes. (B) Overlapped NRSs
of this study to the different human pangenomes. (C) The growth of the NRS number with an increase in sample size. The growth before the vertical
dotted line is for non-Africans, and the growth after the vertical dotted line is for Africans. Four categories based on the allele frequency (AF) are shown.

(D) Locations of the nonredundant NRSs against the reference genome GRCh38. The gray, orange and green vertical lines on the chromosomes

represent NRSs located in heterochromatin, intergenic and intron regions, respectively. The blue and red dots represent the NRSs located in exons of
noncoding and protein coding genes, respectively. (E) No. of nonredundant NRSs intersected with different gene types. (F) A 3.6 kb NRS anchored to
the left end of pseudogene PABPCTP10 in nonhuman primate and human genomes. The green and orange bars represent PABPC1P10 and the region
with high identity to the CDS of PABPCT, respectively. The sample name in blue indicates the genome assembly generated in this study. The bar chart
located in the upper right corner represents the AF of NRS. (G) An NRS composed of a VNTR with a 24-bp repeat unit present in nonhuman primate and
human genomes. The bar chart located in the upper right corner represents the AF of NRS.
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genotypes within 1 Mb window using fastQTL (v2.165) (65).
Finally, we used the Benjamini-Hochberg procedure to iden-
tify all NRS- eQTL pairs at 5% false discovery rate (FDR). The
NRSs were annotated using Ensembl Variant Effect Predictor
(VEP) (v103.1) (66), treating NRSs as insertions. The classifi-
cation of annotations adheres to the methodology outlined by
Sherman et al. (51).

Population stratification and local adaption

To determine the population stratification among AFRs,
Americans (AMRs) and East Asians (EASs), we employed
EIGENSOFT (v7.2.1) (67) to conduct a PCA using 4685
NRSs (MAF > 0.05) that met the Hardy-Weinberg equilib-
rium (HWE) criteria (p-value threshold of 0.0001). Subse-
quently, we calculated population branch statistics (PBS) for
subpopulations using PBScan (v2020-03-16) (68). Only NRSs
that exhibited polymorphic within subpopulations were con-
sidered for further analysis. A rank of 99.9% was used as the
threshold for departure from neutrality. We performed PBS
for AFR, AMR and EAS using 13518 NRSs (MAF > 0.01).
In this study, over-representation of EASs had the potential
to introduce ancestry bias and affect result accuracy. To mit-
igate this concern, we downsampled the number of EASs to
40, repeated 10 times. The identified sites with PBS scores in
the top 0.1% in at least 7 of the 10 downsampled iterations
were considered candidate loci under selection. SVs exceeding
the PBS threshold within a continuous 1 Mb were combined
as independent single signal. To ensure the reliability of our
loci, we implemented a filtering step to mitigate the poten-
tial influence of batch effects, which may arise when data is
collected from diverse platforms. We conducted a chi-squared
test on the NRS genotypes within each population, such as
those from PacBio CLR and HiFi in AFRs, and those from
ONT and PacBio HiFi in EASs. Subsequently, the P values
were corrected using the Benjamini-Hochberg method, and
loci with a corrected g value <0.05 were identified as suscep-
tible to batch effects and thus excluded from the PBS results.

Genotype and phenotype association analysis

In this study, we analysed the association between clinical phe-
notypes and genetic variations using 5643 genotyped NRSs
with a MAF >0.05 in 327 individuals. A genome-wide asso-
ciation study (GWAS) was performed using PLINK (v1.90b4)
(69) with linear regression under an additive genetic model for
the quantitative traits. Age, sex, body mass index (BMI), and
the first two principal components were included as covari-
ates, except for BMI when performing the GWAS, which was
excluded from the covariates. Logistic regression was used to
test the association in a case-control analysis. The significant
threshold was set to be 8.9 x 107¢ after applying Bonferroni
correction (0.05/5643) (70).

SNP detection and linkage disequilibrium analysis

In our previous study involving 405 samples (19), we em-
ployed longshot (v0.4.1) (71) to detect SNPs across the
genome for each sample, utilizing BAM files aligned to the
GRCh38 reference. To obtain high-quality SNPs, we applied
a filter requiring a minimum of 8 supported reads and a min-
imum quality score of 20. Additionally, 105 440 SNPs associ-
ated with the phenotypes in GWAS catalogue (r2020-03-08)
(72) were extracted as our target SNP dataset. Subsequently,
we constructed the matrix representing the target SNP and
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the 405 samples, coding missing genotypes at the target loci
as ‘0/0’ for the homologous reference. Finally, we used PLINK
to calculate the linkage disequilibrium between the target SNP
dataset and NRSs detected in this study.

Statistical analysis

For each NRS, we performed Fisher’s exact test to evaluate
the Hardy—Weinberg P values. NRSs with a P value <0.0001
were considered to have failed the HWE, as described in
previous study (73). We conducted a Wilcoxon signed-rank
test to compare the read mapping rates derived from lin-
ear reference genome and pangenome. Additionally, a chi-
squared test was performed on genotypes from different plat-
forms within the population, and P values were corrected us-
ing the Benjamini-Hochberg method. To perform gene on-
tology (GO) enrichment analysis, we utilized GO annotation
files obtained from Enrichr website (https://maayanlab.cloud/
Enrichr/) (74). Fisher’s exact test was employed for GO en-
richment analysis, and the resulting P value were subjected to
correction using the Benjamini—-Hochberg method. The statis-
tical tests used in the analysis are described throughout the ar-
ticle and in the figures. In the box plots, the upper and lower
hinges represented the first and third quartile. The whiskers
extended to the most extreme value within 1.5 times the in-
terquartile range on either end of the distribution, and the cen-
ter line represented the median.

Results

NRS discovery

To identify reliable NRSs from de novo assemblies of LRS
data, we developed a pipeline consisting of two crucial steps:
(i) the de novo assembly of genomes and (ii) the extraction of
high-confidence NRSs (Figure 1A, B and Materials and meth-
ods). Furthermore, we integrated a critical step for construct-
ing a graph pangenome of NRSs, which we aptly named
GraphNRS.

To achieve a highly contiguous genome assembly, we first
estimated the required sequencing depth for long reads. We as-
sembled the individual genome based on sequences randomly
extracted from six ONT datasets. Our findings demonstrated
that the cumulative length of contigs assembled using a 12-
fold depth data was comparable to that obtained from a 25-
fold depth dataset (Supplementary Figure S1A). In addition,
our assemblies achieved N50 lengths exceeding 13 Mb with
a 15-fold depth dataset (Supplementary Figure S1B). To eval-
uate the accuracy of our assembly strategy, we applied it to
the 15-fold HG002 datasets generated by ONT, PacBio CLR
and HiFi, respectively. We compared these assemblies to the
benchmark data described by Shumate et al. (27). The results
revealed that the base-level error rates for ONT, PacBio CLR
and HiFi were 0.93%,0.49% and 0.12 %, respectively. The as-
sembly disagreements were minimal, with counts of 152, 132
and 182, respectively (Supplementary Table S2). The errors of
the assemblies across the three platforms were either lower or
comparable to those of the assembly with more than 50-fold
ONT reads (135 for assembly disagreements) (23). In conclu-
sion, our assembly strategy yields reliable genome assembly
using sequencing data with approximately 15-fold depth.

In this study, we collected public datasets comprising 539
samples, mainly including a cohort of 405 Chinese individ-
uals (19), 25 Tibetan and Han Chinese (21), 52 individuals
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in HPRC (16) and 32 individuals in Human Genome Struc-
tural Variation Consortium (HGSVC) (20). After quality as-
sessment, we individually de novo assembled 473 genomes se-
quenced by LRS platforms with an average sequencing depth
of 19.6-fold (Supplementary Table S1, Methods). To further
improve the assembly quality, we polished the assemblies
except for those derived from PacBio HiFi datasets. Addi-
tionally, we downloaded 66 publicly available genomes se-
quenced by LRS platforms with quality assessment. In total,
we obtained 539 assemblies, where 431, 39 and 69 were ob-
tained from the ONT, PacBio CLR and HiFi platforms, re-
spectively (Supplementary Table S1). The average length of
539 assemblies was 2826 Mb, successfully recovering 93.9%
of GRCh38 and 93.1% of the protein-coding sequences
(Supplementary Figure S2A). These assemblies produced high-
contiguity contigs, with an average N50 length of 16.3 Mb
(Supplementary Figure S2B), which was much longer than the
previously published genomes HX1 (8.3 Mb) (13) and NH
(3.6 Mb) (75), both of which were sequenced on PacBio CLR
platform. The average base-level QV across 10 randomly se-
lected assemblies was 29.5, with scores ranging from 28.1
to 32.4 (Supplementary Table S3), which was comparable to
base quality scores of assemblies reported by Shafin et al.
(QV = 30) (23). In addition, the draft assembly had a high
level of macrosynteny with the reference genome GRCh38,
confirming the accuracy of our assemblies (Supplementary

Figure S3). Consistent with a previous study, we found that
LRS-based assembly detected errors that occurred in GRCh38,
which was mostly based on BAC sequences and thus might
result in multiple gaps and errors in the regions of scaffold
switch-points (63). For instance, in the switch-point of two
original BACs, RP4-783C10 and RP11-109P14, a 2.4 kb se-
quence was missed in GRCh38 (Supplementary Figure S4A),
and the missing sequence could be recovered in the assemblies
in our study (Supplementary Figure S4B).

We successfully extracted high-confidence NRSs from the
assemblies using a hierarchical method (Figure 1 and Materi-
als and methods). First, we aligned the assembled contigs to
the reference genome GRCh38 and initially extracted an aver-
age length of 17.0 Mb raw NRSs. To obtain high-confidence
NRSs, we removed contaminants, satellite sequences around
the centromeric regions, contigs with ultralow or ultrahigh
depths and unplaced singleton NRSs (Materials and methods).
To evaluate the reliability of our identified NRSs from the as-
semblies of ONT reads, we leveraged assemblies generated
with PacBio HiFi reads. The presence of NRSs was assessed
in 10 samples in this study as well as HG002 (Supplementary
Table S4), which were sequenced by both ONT and PacBio
HiFi (27). We found that on average 88.9% of NRSs (ranging
from 86.9% to 90.3%) could be validated by PacBio HiFi data
(Supplementary Table S4), showing the reliability of the ex-
tracted NRSs. Subsequently, we applied our method to the 539
assemblies. In total, we identified 5.1 million high-confidence
NRSs for all the samples, with each individual having an aver-
age length of 6.3 Mb NRSs (Supplementary Figure S5A). After
merging and removing redundant NRSs, we obtained 45284
nonredundant NRSs with a cumulative length of 59.7 Mb and
an N50 length of 3.7 kb (Supplementary Figure S5B).

NRSs in the human genome

Our de novo assembly strategy successfully identify both
placed and unplaced NRSs relative to GRCh38, with 36853

2219

(spanning 27.3 Mb) placed and 8431 (32.4 Mb) unplaced
NRSs (Table 1 and Supplementary Table S5). The average
length of unplaced NRSs was longer than that of placed NRSs
(3844 bp versus 740 bp, Table 1). The substantial difference
can be attributed to the fact the unplaced NRSs often reside
in complex regions such as SDs where GRCh38 exhibits lim-
ited sequence representation. The NRSs were compared to the
previously published genomes and pangenomes (3). Among
the five human genomes we compared, the most overlapped
NRSs were found in currently the most complete genome,
T2T-CHM13 (2), including 12377 NRSs with a total length of
30.7 Mb (Figure 2A and Supplementary Table S6). Among the
pangenomes, the Chinese pangenome reference had the most
overlapping NRSs (17 082) with our set, with a total length
of 31.1 Mb. This is attributable to the 116 high-quality and
haplotype-phased assemblies from 58 individuals represent-
ing 36 minority Chinese ethnic groups (17) (Figure 2B). Ad-
ditionally, 23 202 NRSs with a total length of 12.1 Mb over-
lapped with insertions from several large-scale SV datasets or
pangenomes (Supplementary Table S7). In total, we confirmed
31 843 (70.3% of total) NRSs with a cumulative length of
44.2 (74.1%) MD in the previous datasets (Table 1). The sub-
stantial proportion of novel NRSs (29.7%) showed that our
study greatly expanded our current knowledge of the human
genome.

We observed that NRSs were nonrandomly distributed in
the genome. Of the 36 853 placed NRSs, 8307 (22.5%) were
located in the last 5 Mb of chromosome arms (spanning 240
Mb), showing an enrichment at the end of these arms (odds
ratio = 2.8, P = 8.8 x 10798, Fisher’s exact test). In addition,
we identified 144 hotspots spanning 141 Mb of the genome
(Supplementary Table S8). Of these, 112 (77.8%) were lo-
cated in SDs as nonallelic homologous recombination asso-
ciated with SDs serves as a crucial mechanistic catalyst for the
NRS hotspots (76).

Among all the NRSs we identified, 78.5% constituted re-
peat sequences (Supplementary Table S9). The percentage
of repeat NRSs falls within the range observed in some
previous studies (75.0-88.6%) (7,14). The repeat NRSs en-
compassed various types of repeat elements, including vari-
able number tandem repeats (VNTRs, 17.8%), short tan-
dem repeats (STRs, 11.4%), short interspersed nuclear ele-
ments (SINEs, 14.5%) and long interspersed nuclear elements
(LINEs, 15.9%) (Supplementary Table S9). The enrichment of
repeat elements can likely be attributed to the fact that these
NRSs originate from flanking regions with low-complexity se-
quences in the genome, where repetitive sequences have a ten-
dency to expand and diversify.

NRSs in human populations and nonhuman
primates

In this study, various NRSs were examined, and their distri-
bution is as follows: shared NRSs (AF = 1) accounted for
1.1%, major NRSs (1 > AF > 0.5) constituted 10.9%, poly-
morphic NRSs (0.5 > AF but not singleton) made up the ma-
jority at 74.8%, and singleton NRSs (occurred in one sam-
ple) comprised 13.2%. It was noteworthy that the low fre-
quency NRSs (AF < 0.1) constituted a large proportion of
the NRSs, accounting for 69.4% (Supplementary Figure S6A).
Among all novel NRSs, 77.3% had an AF less than 0.1,
highlighting the value of using a large-scale diverse popu-
lation to discover novel NRSs. The novel NRSs exhibited
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Table 1. Summary of the nonredundant NRSs

Nucleic Acids Research, 2024, Vol. 52, No. 5

No. of Average NRSs per Samples per No. of recovered Length of recovered
Category NRSs Total length (bp) length (bp) sample NRSs NRSs? NRSs (bp)
Placed 36 853 27259 120 740 8577 125 26 782 15222 941
Unplaced 8431 32 409 688 3844 834 53 5061 28 969 342
Total 45284 59 668 808 1318 9410 112 31843 44 192 283

2The number of nonredundant NRSs intersected with the previously published genomes and pangenomes (details in Materials and methods).

enrichment in coding sequences (CDS) (odds ratio = 2.0,
P = 1.5 x 1072, Fisher’s exact test) of protein-coding genes.
This suggests a higher likelihood of novel NRSs possessing
genetic functions. To examine the distribution of NRSs in
regional populations worldwide, the NRSs were compared
across five major populations: EAS, AFR, South Asian (SAS),
European (EUR) and AMR. Previous studies showed that the
AFR population had more SVs compared to non-AFRs due to
their large genetic diversity (63). Here we found that AFRs
had a significantly larger number of NRSs than non-AFRs
(P = 1.5 x 1073, two-tailed ¢ test, Supplementary Figure

S6B). Out of the 45284 NRSs, 38.7% (17521) were com-
mon in all five populations, and 35.6% (16122) were popula-
tion specific (Supplementary Figure S6C). After excluding the
NRSs from CPC, the proportion of population-specific NRSs
decreased to 14.2% (6438) (Supplementary Figure S6D).
Among the novel NRSs, 12431 NRSs (92.5% of novel NRSs)
were identified in the EAS population, with 4875 being spe-
cific to EAS (Supplementary Figure S6E). While the CPC made
significant contributions, the substantial sample size of our
study allows for the identification of a greater number of novel
NRSs.

To determine the requisite sample size for capturing a sig-
nificant portion of the NRSs within the population, we anal-
ysed the growth of the NRS numbers relative to the popula-
tion size. Given the considerably higher number of NRSs in the
AFR population compared to non-AFR populations, we con-
ducted separate analyses for both groups. We observed that
the number of shared and the major NRSs remained stable in
non-AFRs and did not change after including AFRs (Figure
2C). In contrast, the number of polymorphic NRSs and the
singletons gradually increased in the non-AFRs and acceler-
ated with a higher positive slope after including AFRs (Figure
2C). This suggests that our study effectively captured the vast
majority of the shared and the major NRSs for both non-AFRs
and AFRs. However, to encompass the polymorphic NRSs
and singletons, especially among AFRs, a larger sample size is
necessary.

To trace the origin of the NRSs, we compared them with the
genomes of six nonhuman primates assembled by T2T consor-
tium. Out of the 45284 NRSs, 25.3% (11 465) were found in
nonhuman primate genomes (Supplementary Table $10). The
NRSs overlapping with the human genome were consistent
with primate divergence (77), with 8641, 8492, 7717, 5342,
5275 and 4245 NRSs found in the genomes of chimpanzee,
bonobo, gorilla, Sumatran orangutan, Bornean orangutan and
siamang gibbon, respectively (Supplementary Table S10). In
addition, 2049 NRSs were specific to the nonhuman pri-
mate genomes, suggesting that these NRSs likely emerged
during the process of evolution and divergence. A total of
2354 NRSs were present in all three nonhuman primates, im-
plying that these NRSs originated from a common ancestor
(Supplementary Figure S6F).

Functional annotation of NRSs

Like other genetic variants, NRSs have the potential for
functional significance, potentially undergoing transcription
(78). To explore this, we initially screened NRSs for the
presence of known functional domains using two databases,
the NCBI Conserved Domain Database (CDD) (61) and the
Pfam database (60). Our analysis revealed that 118 anno-
tated NRSs, featuring recognized functional domains, were
associated with 134 genes. Remarkably, 119 (88.8%) of these
genes were substantiated through RNA sequencing data or the
T2T-CHM13 genome (Supplementary Table S11), underscor-
ing the transcriptional potential and functional significance of
these NRSs. Additionally, all 134 genes exhibited homologous
counterparts in nonhuman primates, hinting at their origin
through gene duplication in evolutionary processes.

To gain deeper insights into how NRSs interact with genes,
particularly those relevant to disease, we conducted annota-
tions regarding the insertion sites of NRSs. Among all the
NRSs, 20 040 (54.4%) were located within intergenic regions,
while 16 813 (45.6%) overlapped with known genes (Figure
2D and Supplementary Table S12). Among those within genic
regions, 16 313 NRSs were positioned in gene introns. In ad-
dition, 446 NRSs intersected with the exons of 322 protein-
coding genes, and 117 NRSs intersected with 96 non-coding
genes (Figure 2E). The majority (77.0%) of NRSs intersecting
with the exons of protein-coding genes tended to have a low
frequency (AF < 0.1) (Supplementary Figure S6G), which is
similar to the findings of the previous study (19). Particularly,
84 NRSs intersected with exons of 70 protein-coding genes
listed in the Online Mendelian Inheritance in Man (OMIM)
catalogue (Supplementary Table S12), suggesting that these
NRSs may have a functional impact on disease.

STRs, characterized by the tandem repetition of short DNA
sequence motifs (1-6 bp), have been implicated in over 60
distinct phenotypes (79). Triplet repeats, in particular, have
recently gained attention for their association with multiple
neurodegenerative disorders (80). We identified 210 NRSs
containing triplet repeats, of which 102 NRSs intersected
with 100 distinct genes, including 28 genes cataloged in the
OMIM database (Supplementary Table S13). For instance, we
detected a 678-copy CTG repeat expansion in ATXNSOS,
which was reported to be associated with amyotrophic lateral
sclerosis (81); a 429-copy gain of a CGG repeat in ZNF713,
which was reported to be associated with the folate-sensitive
fragile site FRA7A (82); and a 235-copy gain of ACC re-
peats in GRIK4, which contributed to the risk of schizophre-
nia (83). VNTRs are tandem repeats with motif length >7 bp
and have been reported to affect diverse human phenotypes
through intersecting with protein-coding exons (84). In our
investigation, we identified 19 NRSs composed of VNTRs lo-
cated within the exons of the protein-coding genes, including
nine reported in a previous study (Supplementary Table S14)
(84). We observed the presence of VNTRs within mucin family
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genes, such as MUC2 and MUC6. Previous study has demon-
strated the association between MUC6 VNTR expansion and
Alzheimer pathologic severity (85). In this study, we detected
the expansion of VNTR within MUCé6 with a repeat length
of 672 bp (copies ranging from 2.5 to 7.1). Similarly, within
MUC2, we detected variable expansions with 24-bp repeats
(copies ranging from 37.5 to 141.9). Collectively, our datasets
provide a resource to investigate the role of tandem repeat ex-
pansions in contributing to various phenotypes.

Annotated NRSs could also provide important clues into
gene evolution. For instance, we identified a 3.6-kb NRS in-
serted into the front of a truncated pseudogene PABPC1P10
(Figure 2F), which is homologous to PABPC1 that regulates
the metabolism of mRNA (86). This observation suggests
the existence of a sequence containing the complete pseudo-
gene for PABPCI in nonhuman primates before human di-
vergence. This, in turn, raises the possibility that the pseu-
dogene might be redundant or that loss-of-function (LoF)
variants were tolerated during human evolution. In contrast,
some NRSs expanded after the human divergence. We found
a novel NRS consisting of a VNTR with a repeat unit of
24 bp (Figure 2G) located in the second intron of AFAP1
that was associated with small intestine cancer and open-
angle glaucoma (87). Furthermore, this NRS intersected with
H3K27Ac, suggesting its potential in regulating gene expres-
sion. Notably, we observed either an absence or minimal rep-
resentation of this VNTR in the nonhuman primate genomes,
while diverse human populations displayed a range of 50—
270 copies within their genomes. This finding strongly im-
plies that the VNTR in AFAP1 underwent a substantial ex-
pansion after the human divergence from a common great ape
ancestor.

Construction and utility of a graph-based
pangenome of human NRSs

The linear reference genome has been found to be insuffi-
cient and prone to bias when detecting genetic variations (8).
Recent studies have demonstrated the advantages of a graph
genome for variant genotyping due to its enhanced sensitiv-
ity compared to linear reference-based alignment (88,89). Our
graph-based genome was constructed using the current refer-
ence genome GRCh38 as the backbone and by incorporating
36853 placed NRSs as the nodes, enabling the creation of al-
ternative paths (Figure 1C and Materials and methods).

To evaluate the impact of the graph pangenome of NRSs
on alignment, we mapped publicly available DNA and
RNA short-read sequences from diverse populations (62) to
GRCh38 and our pangenome. We observed a significantly im-
provement in the mapping rate for both DNA sequences (from
97.69% to 99.28%, P = 0.0059, Wilcoxon signed-rank test)
and RNA sequences (from 97.43% to 98.50%, P = 0.002,
Wilcoxon signed-rank test) (Supplementary Figure S7). This
result suggests that the graph pangenome can enhance the
detection of novel variants and the quantification of gene
expression.

To assess the genotyping accuracy facilitated by the graph
genome, we initially compared the genotypes of NRSs that
overlapped with INSs of HG002. The sensitivity of the NRS
genotypes was 0.94 (Supplementary Table S15), surpassing
that of the non-SNPs (0.89 in 1000 Genome + GIAB) re-
ported in a previous study (46), while maintaining a pre-
cision of 0.95. To further assess genotype accuracy, we ex-
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amined the offspring genotypes in five trio datasets (90).
The results showed an average Mendelian inheritance ab-
normality of 2.13%, indicating a low genotyping error rate
(Supplementary Table S16). To further assess the genotyping
performance at a population scale, we analysed the AF and
heterozygosity of the NRSs and examined how many NRSs fit
HWE (Supplementary Figure S8). We found that 94.0% of the
NRSs showed no significant deviation when testing for HWE,
surpassing a previous study on SVs (HWE = 90.7-90.9%)
(91). These analyses collectively affirm the reliability of our
graph pangenome in genotyping NRSs.

NRSs affect gene expression

It has been suggested that NRSs may serve as the causal vari-
ants for eQTLs, and their longer length makes them more
likely to influence the gene expression compared to SNPs (92).
In our study, we conducted eQTL analysis using the graph
pangenome, and integrated NRS genotypes and RNA-seq data
to assess eQTLs in a cohort of 451 samples from the GEU-
VADIS consortium. PCA based on the graph-based genotyping
of NRSs showed that the samples consisted of four EUR ances-
try populations and one AFR ancestry population (62), con-
sistent with the PCA result obtained from GEUVADIS consor-
tium based on SNPs (Supplementary Figure S9). Subsequently,
we performed the association analysis between transcript ex-
pression levels and the graph-based genotypes of NRSs within
1 Mb from the transcription start site (TSS) (93). As a re-
sult, we identified a total of 565 NRS-transcript pairs dis-
playing significant expression associations with a FDR <0.05
(Figure 3A and B). Among these pairs, 139 eQTLs were pre-
viously reported and 426 (75.4%) were novel discoveries
(Supplementary Table $17) (63,93,94).

NRSs that exerted significant effects on gene expression
tended to be located proximal to the genes that they regu-
lated, with 80.5% of significant NRS eQTLs occurring within
200 kb of the corresponding TSS (Figure 3C), consistent with
the findings of a previous study (93). The NRSs exhibited the
capacity to both upregulate (263 NRSs) and downregulate
(302 NRSs) the expression of nearby genes (Figure 3D). Sig-
nificantly, six NRSs located in the 3’UTR of protein-coding
genes, along with two NRSs situated in the exon of noncod-
ing genes, exerted a notable impact on the respective genes
(Supplementary Table S18). In addition, NRSs may exert var-
ious effects on distinct transcripts of the same gene, which may
be related to their exact location. Among the NRS-gene pairs,
the genes demonstrated significant enrichment in MHC class
II receptor activity (GO:0032395) in the GO analysis (odds
ratio = 46.6, adjusted P = 3.5 x 10~*, Fisher’s exact test,
Supplementary Table S19), suggesting that NRSs might me-
diate immune diversity by regulating gene expression. To fur-
ther elucidate the mechanisms by which NRSs influence gene
expression, we annotated these NRSs using epigenetic state
information of GM12878 lymphoblastoid cells (E116) gen-
erated by the Roadmap Epigenetics Consortium (REC) (95).
The NRSs exhibited intersections with 12 epigenetic states
(Supplementary Table S17) and displayed a strong enrichment
in the transcribed state at the 5" and 3’ end of genes (odds
ratio = 17.0, adjusted P = 1.6 x 107, Fisher’s exact test,
Supplementary Figure S10), as well as the states of TSS, tran-
scription and enhancers. Moreover, we observed a strong de-
pletion of expression associations for NRSs that intersected
with the quiescent state that is devoid of important epigenetic
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marks (odds ratio = 0.3, adjusted P = 1.4 x 10~23, Fisher’s
exact test, Supplementary Figure S10).

Furthermore, we found that 15 NRSs (2.7%) exhib-
ited a more significant impact on gene expression than
SNPs, with six of them located within the genic re-
gion of the affected genes (Supplementary Table S20).
For instance, numerous SNPs were found to be signifi-
cantly associated with the transcript expression of the gene
HSD17B12 (ENST00000278353) which encodes 17 beta-
hydroxysteroid dehydrogenase and is associated with long-
chain fatty acid metabolism (96). The top SNP signal,
rs1061810 (P = 2.3 x 10~!17), was in the 3'UTR of the tran-
script. Interestingly, we observed that an NRS (GNRS_4918,
chr11:43855889, 318 bp) located within the same 3'UTR re-
gion exhibited a high LD (> = 0.87) with the SNP rs1061810
and displayed even greater significance (P = 5.6 x 107120)
(Figure 3E). Additionally, the genotypes of this NRS in the
population were in accordance with HWE (P = 0.61), in-
dicating accurate genotyping. Furthermore, when examining
the median transcripts per million (TPM) for genotypes ‘0/0’,
‘0/1’ and ‘1/1°, we observed values of 59.2, 39.6 and 1.3, re-
spectively (Figure 3F). This finding suggests that NRSs may be
associated with gene expression and can serve as eQTL.

NRSs contribute to the local adaptation of diverse
populations

In this study, with the exclusion of three samples with un-
known origins and one from Oceania, the remaining sam-
ples represented five distinct human populations. The PCA
results based on NRS genotypes proficiently separated these
samples into their respective population groups, affirming the
accuracy of NRS genotypes (Figure 4A). Furthermore, it is im-
portant to note that samples from different sequencing plat-
forms within the same population consistently clustered to-
gether (Figure 4B), indicating that inter-platform batch ef-
fects were minimal and had limited impact on the analysis
of population-specific adaptation. To identify NRSs that have
undergone population-specific adaptation, we evaluated pop-
ulation differentiation using the population branch statistic
(PBS). This analysis leveraged the genotypes of NRSs within
EAS, AFR and AMR populations, which collectively repre-
sented a large proportion of individuals in our study. We de-
tected 26 unique NRSs with significant PBS scores (top 0.1%)
located in or near 25 distinct genes, suggesting their potential
as loci associated with population-specific adaptations (Fig-
ure 4C, D and Supplementary Tables S21, S22). Remarkably,
six of these genes (KCNH7, LUZP2, SLC19A2, SLC30A9,
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SLC37A1 and TAF1B) have been previously documented in
the catalogue of human genome adaptation (97). This rein-
forces the ability of NRSs to unveil signals of local adaptation
within human populations.

Some significantly differential NRSs were located within or
in close proximity to genes related to metabolism, such as the
members of the solute carrier (SLC) superfamily, responsible
for transporting extraordinarily diverse solutes across biolog-
ical membranes (Figure 4C, D and Supplementary Tables S21,

S22). For instance, we observed an NRS (GNRS_22864) in the
intron of SLC30A9 encoding a zinc transporter, with AFs of
0.96 and 0.12 in the EAS and AFR populations, respectively.
Previous study had suggested that SLC30A9 underwent nat-
ural selection in both EAS and AFR populations, albeit in op-
posite directions. This divergence is believed to result from lo-
cal adaptation, influenced by the different zinc state or dietary
practices prevalent in these populations (98). Furthermore, we
detected a 654-bp NRS (GNRS_19380), located in the intron
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of SLC37A1. This gene plays a role in glucose homeostasis,
sugar transport (99), and ion transport that is likely to influ-
ence milk mineral composition (100). Previous studies have
suggested that genes associated with thiamine metabolisms,
including SLC19A2, underwent positive selection within the
EAS population (101,102). The presence of a 333-bp NRS
(GNRS_1744), characterized by a high AF of 0.69 in EASs
and a low AF of 0.04 in AFRs, confirms the existence of se-
lection acting upon SLC19A2 in these populations.

Furthermore, we detected NRSs with potential adaptation
signals that may be related to type 2 diabetes (T2D). We
found an NRS (GNRS_17568) located within the intron of
ERBB4 (Supplementary Table S21) which was revealed to
be associated with T2D and obesity (103).Additionally, an
NRS (GNRS_20155) was found to be 9.6 kb upstream of
PIM3 and intersect with H3K4Mel and transcription fac-
tor (TF) clusters (Supplementary Figure S11A), suggesting
the potential role of this NRS in regulating gene expres-
sion. PIM3 was reported to be associated with T2D by ag-
gregating genome-wide genotyping data from 32 European-
descent GWASs (P =2.0 x 10~%) (104). Furthermore, an NRS
(GNRS_32802) was found 158 kb upstream of DMRTAI.
The SNP (rs1575972) near DMRTA1 was reported to be sig-
nificantly associated with T2D (P = 4.7 x 107'3) (105). The
NRS was situated in a genomic region flanking three SNPs that
were significantly associated with diabetes (P = 2.4 x 107!
to 1.8 x 107'") and in high LD (r* > 0.8) with the top signal
(Supplementary Figure S11B). These findings suggested that
the adaptation of the NRSs related to these diabetes-related
genes might contribute to the difference in diabetes incidence
in different populations.

Potential function of NRSs to phenotypic variation

We next conducted a GWAS on NRS genotypes and clini-
cal traits using our constructed graph pangenome. Our study
included 327 samples with 68 traits obtained during health
check-ups (19). We employed an additive genetic model with
relevant covariates for the quantitative traits using the 5643
NRSs with a MAF greater than 0.05. The genomic inflation
factor (Agc) exhibited values ranging from 1.00 to 1.05, with
an average of 1.01, indicating very low inflation. Finally, we
identified 14 NRSs significantly associated with eight pheno-
types (P < 8.9 x 107°, the Bonferroni-corrected significance
threshold, Figure 5A and Supplementary Table S23). For ex-
ample, one of these NRSs, GNRS_28218, was significantly as-
sociated with mean corpuscular haemoglobin (MCH), mean
corpuscular volume (MCV) and red cell volume distribution
width-coefficient of variation (RDW-CV), which serve as in-
dicators for assessing anaemia. GNRS_28218 resides in the
intron of the interaction protein for cytohesin exchange fac-
tors 1 (IPCEF1). A previous GWAS of chronic lymphocytic
leukaemia (CLL) identified a susceptibility locus mapping
to IPCEF1 (rs2236256, P = 2 x 10-1%) (106). CLL is fre-
quently complicated by cytopaenias, either due to bone mar-
row infiltration or autoimmunity, and results in autoimmune
haemolytic anaemia (AIHA) (107), suggesting the potential in-
volvement of IPCEF1 in anaemia. The GO annotation shows
that IPCEF1 is related to peroxidase activity (GO:0004601)
and oxygen carrier activity (GO:0005344). The GenomeR-
NAi database reveals that RNA interference with IPCEF1 in
human leads to decreased endocytosis of transferrin (108),
which has an impact on iron incorporation by erythroblasts.
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Collectively, this evidence suggested that GNRS_28218, as-
sociated with IPCEF1, is likely to have a functional role in
anaemia.

To further explore the potential functions of NRSs in phe-
notypes, we identified NRSs that were in LD with SNPs asso-
ciated with phenotypes in the GWAS catalogue (72). Using a
window size of 100 kb, we observed strong LD (2 > 0.8)
between 154 NRSs and 258 phenotype-associated SNPs at
genome-wide significance (P = 5 x 107%) reported in the
GWAS catalogue (Figure 5B, Supplementary Table S24 and
Materials and methods). Notably, an NRS, GNRS_15339 on
chromosome 2 (2p25.3) was located a mere 266 bp away
from cis-regulatory elements and exhibited strong LD with
15 unique SNPs. These SNPs were found in regulatory or
intergenic regions near TMEM18 in 15 GWASs and were
significantly associated with body mass index (BMI) (Figure
5C). Further analysis revealed that seven additional NRSs
(GNRS_21065, 27160, 30214, 30546, 33543, 12548 and
12873) were in strong LD with SNPs that were also sig-
nificantly associated with BMI. All these SNPs were posi-
tioned in intergenic, regulatory or intron regions, except for
a missense variant (rs17826219, P = 3 x 10~%) in ATADS.
However, these eight NRSs were not significantly associated
with BMI (P = 0.0046 for GNRS_30214) in our GWAS,
suggesting that a larger sample size is needed in future
study. Interestingly, of the 258 phenotype-associated SNPs in
strong LD with NRSs, only 11 (4.3%) SNPs were found in
the coding region. Seven of these SNPs were missense vari-
ants and four were synonymous variants. Furthermore, 25
(16.2%) NRSs with high LD with these phenotype-associated
SNPs were validated to significantly regulate the gene ex-
pression through eQTL analysis (Supplementary Table S24).
This suggests that these NRSs may possess the potential
to affect the phenotypes by regulating the expression of
nearby genes. However, further functional studies are needed
to validate any causal roles for these NRSs in phenotype
regulation.

Discussion

Numerous genetic sequences are missing from the current ref-
erence genome GRCh38, particularly those originating from
diverse human populations. To comprehensively unravel the
genetic variations in human populations, it is crucial to
construct a human pangenome reference that incorporates
population-level diversity (3). To better characterize human
NRSs and decipher their functional significance, we conducted
an in-depth study involving 539 human genomes utilizing
LRS technology. Our method of identifying NRSs from the
assemblies of LRS data offered a distinct advantage, primar-
ily because majority substantial portion of NRSs comprised
of low-complexity sequences. In this study, we observed that
the average length of assembled contigs for each individual
reached 17.0 Mb, which was slightly longer than the length
reported in previous long-read assemblies (from 12.8 to 16.0
Mb) (3), and significantly surpassed the lengths of contigs
obtained from short reads (from 0.2 to 2.5 Mb). More im-
portantly, our LRS-based datasets included NRSs originating
from multiple human populations, resulting in a more com-
prehensive pangenome than previous studies mainly focus-
ing on a single population or small sample sizes (4,11,51).
As a result of this extensive effort, we identified a substantial
number of novel NRSs, accounting for 29.7% (13441) of all
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Figure 5. NRSs. significantly associated with phenotypes. (A) Manhattan plots show NRSs plotted on the x-axis according to their position on each
chromosome against, on the y-axis (shown as — logo P value), the association with clinical phenotypes. The grey dotted line indicates the significance
threshold (P = 8.9 x 10~° through Bonferroni correction). BACT: urinary bacteria, GLU: blood glucose, MCV: mean corpuscular volume, RDW-CV: red cell
volume distribution width- coefficient of variation, BMI: body mass index, MCH: mean corpuscular haemoglobin, MUCS: mucus, XTAL: urinary crystal.
(B) Manhattan plot for the phenotype-associated SNPs that are in strong LD (7 > 0.8) with NRSs. Different colours demonstrate different gene features
in the GWAS catalogue, and the shapes indicate the distances between the SNP and the NRS. (C) Regional SNP association plots with the NRS (red
vertical line) around TMEM 18 shown in high LD (? > 0.8) with the top signal of BMI.
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discovered NRSs. Moreover, we successfully annotated 118
NRSs with known functional domains, linking them to 134
genes, and impressively, 88.8% of these were validated by the
RNA dataset or T2T-CHM13. Intriguingly, we located 446
NRSs within the exons of 322 protein-coding genes, indicat-
ing their potential to disrupt gene function. Furthermore, our
comprehensive analysis of the distribution of NRSs across the
human genome and within the human populations, as well
as in nonhuman primates, provided valuable insights into the
evolution of NRSs. This extended our understanding of the
prevalence of human NRSs and their functional impact on
evolution, phenotypes and diseases.

Our study demonstrated the efficacy of using a graph
pangenome approach for analyzing NRSs, leading to an en-
hanced sequence mapping rates. This method has the po-
tential to discover more variants and thus provides a more
comprehensive understanding of genetic variations related to
phenotypes and diseases. Importantly, the graph pangenome
facilitates the genotyping of NRSs, presenting an opportu-
nity to discover novel associations between NRSs and pheno-
types. Our result indicated additional eQTLs beyond SNPs,
shedding light on the regulation of gene expression by NRSs.
Furthermore, we found strong LD between genotyped NRSs
and phenotype-associated SNPs in the GWAS catalogue. Since
most of these SNPs (95.7%) were in noncoding regions of
genes, a substantial proportion are unlikely to be causal vari-
ants that may hold keys to missing heritability.

Currently, a substantial portion of NRSs cannot be an-
chored to the reference genome, mainly due to the inher-
ent challenges associated with assembling larger repetitive re-
gions. Recent advancements, such as the integrating of ONT
ultralong and PacBio HiFi reads, offer promising prospects
for the accurate detection of NRSs within repetitive regions,
including SDs and centromeric regions. This is exemplified
by the successful T2T assembly on the haploid CHM13
genome which added nearly 200 Mb sequence compared to
GRCh38 and revealed hundreds of thousands of previously
unresolved variants (2,109). Incorporating deep sequencing
data from more multiple platforms, such as Bionano optical
maps and Hi-C Illumina short-read sequencing, as demon-
strated by the study conducted by Liao et al., resulted in the
achievement of 47 state-of-the-art phased, diploid assemblies
within HPRC (16). To further enhance the assembly quality of
the genomes and accurately extract NRSs, particularly within
low-complexity regions such as SDs, future research endeav-
ors will necessitate larger volumes of deep sequencing data
generated from diverse platforms. Considering the increased
completeness of the T2T-CHM13 genome, it has the potential
to enhance the detection of genetic variants (109). To evaluate
the performance of identifying NRSs against T2T-CHM13,
we randomly selected 23 samples from five populations. The
average number of placed NRSs decreased by 109 after us-
ing T2T-CHM13 (from 8577 using GRCh38 to 8468 using
T2T-CHM13) (Supplementary Figure S12). While the average
number of unplaced NRSs exhibited a substantial reduction of
735 (from 834 using GRCh38 to 99 using T2T-CHM13). This
implies the majority of technical NRSs were unplaced. Con-
sidering that our study primarily focused on placed NRSs, the
small reduction (1.3%) in the number of placed NRSs sug-
gests that replacing the reference genome GRCh38 with T2T-
CHM13 has marginal impact on current results of the down-
stream analyses.

Nucleic Acids Research, 2024, Vol. 52, No. 5

For a more comprehensive analysis of local adaptation
and GWAS, increased sample sizes encompassing a broader
range of phenotypes are imperative, with special emphasis on
the AFR population, known for its heightened genetic diver-
sity compared to other populations. As sample sizes expand
and genetic diversity increases, the number of graph nodes
housing multiple variants will correspondingly rise, leading
to improved alignment precision and genotyping accuracy. It
should be noted that, in this study, we included a substantial
number of EAS samples in our pangenome, comprising almost
83% of the total samples. While this ensured adequate Asian
representation, it introduced bias toward Asian-specific NRSs.
The future work could incorporate more samples which rep-
resent broader global ethnic diversity.

In summary, our efforts to identify and characterize human
NRSs elucidated the evolutionary and functional significance
of these NRSs, while producing a valuable resource for human
genomic research. The resulting graph-based pangenome also
enables more robust analyses of eQTLs, population-level local
adaptation, and genotype-phenotype association. This repre-
sents a critical step towards realizing a comprehensive global
human pangenome. Overall, this work highlighted the impor-
tance of incorporating NRSs into the human reference genome
to fully capture genetic diversity and understand its impacts
on biology and disease.

Data availability

The sequencing data for all 539 individuals in this study are
publicly available. Detail information about these datasets
is provided in Supplementary Table S1. The sequences
and genotypes of the nonredundant NRSs are publicly
accessible through the National Genomics Data Center
(NGDC), China National Center for Bioinformation (CNCB),
with the accession number GVM000672 (https://ngdc.cncb.
ac.cn/gvm/getProjectDetail ?project=GVMO000672). Addition-
ally, the data are available in Zenodo at https://doi.org/10.
5281/zen0do.10554485. They are also available in GitHub at
https://github.com/xie-lab/GNRS/tree/main/NRS. The codes
of pipeline GraphNRS in this study are publicly available via
GitHub repository (https://github.com/xie-lab/GNRS).

Supplementary data
Supplementary Data are available at NAR Online.
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