HGG

Advances ARTICLE

The Karnataka Individual Genome Project
expands the human reference landscape
to include South Asia

Apoorva Ganesh,! Anisha Mhatre,! Yash Chindarkar,! Moushmi Goswami,! Prakruti Mishra,!
Aditya Sharma,! Manjushri Kalpande,' Febina Ravindran,! Subhashini Srinivasan,’?*
and Bibha Choudhary®*

Summary

Assembling individual genomes remains an expensive endeavor, hindering large-scale comparative human genomics. So far, chromo-
some-level assemblies of only a few individuals, including PR1 (Puerto Rican), Ash1 (Ashkenazi Jew), Han1 (Southern Han Chinese),
and CHM13 (Northern European) have been reported. Here, we present a chromosome-level genome assembly of a non-International
Genome Sample Resource (IGSR) and non-Genome in a Bottle individual from the Indian subcontinent (KIn1) obtained using a cost-
effective approach. We achieved an N50 of 141 Mb and an L50 of 9—very close to the maximum achievable N50 of 147 Mb and min-
imum achievable L50 of 8, respectively, for human genomes. We also generated chromosome-level assemblies for other individuals
from the Indian diaspora, including PJL1 from Punjab, Lahore (HG03492), GIH1 from Gujarat (NA20847), BIB1 from Bangladesh
(HG03009), and ITU1 from Andhra Pradesh (HG04217), all represented in IGSR, by scaffolding the publicly available respective contigs
and Hi-C data. Here, we demonstrate that by comparing these individual genomes with those reported elsewhere, the configuration of
inversion 8p23.1 in KIn1, Han1, GIH1, and BIB1 is similar to that in hg38, here to referred as 8p23.1std. The inverted configuration,
8p23.1inv, is present in CHM13, PJL1, Ash1, and PR1. We also find evidence of all three large known inversions in the p-arm of chro-
mosome 16, with prevalence among South Asians. In chromosome 5, one of the reported inversions is present in all assemblies except

hg38 and Ashl. Finally, we investigate the large inversions that are unique to Kin1.

Introduction

The order of the euchromatic regions of the human
genome was first deciphered and reported by two inde-
pendent groups in 2001.? This momentous achieve-
ment led to the envisioning of a day when individuals’
genomes could be deciphered for as little as $1,000.
With substantial funding to fulfill this vision, sequencing
technologies now allow chromosomal-level assembly of
individual genomes for as low as tens of thousands of
US dollars. This is a considerable achievement, consid-
ering the first human genome assembly cost $3
billion US dollars. Additionally, it took 2 decades to close
numerous gaps in the genome published in 2001; the
current version is known as GRCh38 (Genome Reference
Consortium human build 38).> The improved version, a
mosaic of several individuals, still retains hundreds of
gaps, including those at centromeres and the short
arms of acrocentric chromosomes.

More recently, advances in second-generation long-
read sequencing technologies have made a gapless assem-
bly of individual genomes a reality. A telomere-to-telo-
mere (T2T-CHM13v2.0) assembly of a Northern European
individual (CHM13) offers a new reference against which
other individual genomes can now be compared.*

Currently, chromosome-level genomes of three individ-
uals have been reported, including those from a Puerto Ri-
can individual (PR1),® a Southern Han Chinese individual
(Hanl),° and an Ashkenazi Jew (Ashl),” all annotated
against the GRCh38/T2T-CHM13v2.0 reference. Table 1
compares sequencing technologies, coverage, and
assembly methods used in these reports and those pre-
sented here.

The reports from the three individual genome assembly
efforts completed so far and reviewed above underscore
the high cost of sequencing using diverse technologies
and assembling using non-standard pipelines. These re-
ports suggest that PacBio HiFi reads are both necessary
and sufficient to obtain high-quality contig-level assem-
blies. During scaffolding and gap-filling, these efforts
mixed individual genomes with DNA sequences from
the reference. Furthermore, manual corrections used in
these reports are tedious and do not scale well. In 2021,
an effort to optimize the methodology for human genome
assemblies demonstrated that PacBio HiFi reads at 30x
coverage, along with Hi-C reads from the same individual,
are sufficient to achieve chromosome-level phased assem-
blies,® without the need for pedigree data or raw reads
from other technologies. Additionally, using only high-
coverage PacBio long-reads (not HiFi) for generating
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Table 1. Assembly statistics, coverage, and assembly methods used for individual genomes reported here
Sequencing Method to obtain Method to obtain
Genome  Accession  Ethnicity/sample Genome size, Gb  Scaffold N50, Mb  technologies contigs scaffolds Gap filling Manual correction
KInl.vl® None South Asian (Indian)/ 2.8 137 PacBio HiFi (12x) + Hifiasm YaHS no yes
blood from an HiC from HG04217
- individual
KIn1.v2? 2.9 141 PacBio HiFi (12x) + Hifiasm, Flye, and no
HiC from HG04217 Quickmerge
PJL1* HGO03492 Punjabi, Lahore 2.9 203 pangenome trio-Hifiasm YaHS none splitting fused
contigs + HiC chromosomes
BIB1? HGO03009 Bengali, Bangladesh 3.0 154
1Tu1? HGO04217 Telugu, UK 3.0 198
GIH1* NA20847 Guijrati, Houston, 3.0 154
Texas
Han1 HGO00621 Southern Han 3.10 148 PacBio HiFi (39.45x), assembler: Hifiasm MaSuRCA with T2T-  reference-guided gap  yes
Chinese ONT (34.7x) and Flye CHM13 filling using T2T-
CHM13
Ash1 HG002 Ashkenazi Jew 2.97 Mlumina (71x), ONT  assembler: MaSuRCA  MaSuRCA with reference guided and  yes
(23x), and PacBio v3.3.4, Mummer4 for GRCh38 incorporating 58.3
HiFi (29x) aligning to GRCh38 Mb from GRCh38
PR1 HGO01243 Puerto Rican 3.1 Mlumina (59x), ONT  Hifiasm and Flye MaSuRCA with T2T-  reference guided and  yes
(35x%), PacBio HiFi CHM13 incorporating 280 Mb

(34x), and PacBio
CLR (113x)

from T2T-CHM13

Including Han1, Ash1, and PR1 from the literature.




contigs, which were then scaffolded into chromosomes
using Hi-C reads, the authors’ laboratory has successfully
obtained chromosome-level assemblies of several strains
of malaria vectors approaching the assembly quality of
the fly genome, which is considered the gold standard.”'*
In 2023, the first draft of the human pangenome was
published using data from emerging sequencing technol-
ogies generated as part of the International Genome Sam-
ple Resource (IGSR) samples.'? This work capitalized on
the ethnic diversity within the IGSR sample collection to
achieve a phased assembly of 47 individuals using state-
of-the-art sequencing technologies. PacBio HiFi data
were generated at a coverage of approximately 40x, com-
plemented by [llumina reads from both parents. Although
many samples included Oxford Nanopore Technologies
(ONT), Mlumina, and Bionano reads publicly available
through IGSR, these were not utilized in the report. The
authors employed the trio-hifiasm tool, which utilizes
short-read Illumina data from both parents to produce
phased contigs from assemblies generated by PacBio HiFi
data. These assemblies remain at the contig level and
have not yet been scaffolded to achieve chromosome-level
representations, hindering comparative genomics.
Between the world of karyotype disorders, small struc-
tural variants, and SNPs/SNVs, there are other types of
large variations, including large deletions, copy-number
variations, and inversions, that are challenging to
discover among individuals without chromosome-level
completed genomes. Inversions larger than 1 Mb are
either uncommon or poorly characterized. Structural var-
iants within one of the longest inversions, 8p23.1 of 4 Mb
size have been associated with congenital heart disease
and neurodevelopmental disorders.'* However, 8p23.1
inversion is found in assemblies, such as hg38 and
Hanl," and missing in T2T-CHM13v2.0, which was
assembled from an individual of Northern European
descent."” Tt has been reported that the presence of this
inversion in hg38 could result from the mixture of bacte-
rial artificial chromosomes from multiple individuals, sug-
gesting that at least the genome of one of the individuals
used to create hg38 must have carried this inversion. The
prevalence of this and many other large inversions across
diverse population remains unknown. Using 10x Geno-
mics linked-read sequencing technologies, many known
large inversions in humans have been validated in Centre
d’Etude du Polymorphisme Humain trio genomes.'®
Despite the large representation of individuals of South
Asian ancestry in IGSR, a chromosome-level reference as-
sembly from South Asia is still missing, which limits ef-
forts to fully understand human genetic diversity world-
wide. More recently, a review on haplotype reference
panels highlighted the importance of regional structural
variants for successful imputation.'” Nearly 10 years after
the results from the UK10K project were reported, which
involved 10,000 individuals from the United Kingdom
representing 0.014% of the UK population, findings
from the Genomelndia project with 10,000 genomes, rep-

resenting variations from a fraction of the Indian popula-
tion (0.00076%), have been reported.'® However, a refer-
ence genome representing one-sixth of the world’s
population in South Asia remains unrepresented.

Here, we report a chromosome-level assembled genome
of an individual of Indian descent from the state of Karna-
taka (KGP), not part of the IGSR'? or Genome in a Bottle
Consortium?” sample resources, using a hybrid approach
with minimal coverage of PacBio HiFi reads, along with
the publicly available Hi-C data from an individual pre-
sumed to be genetically closest to the subject. We have
also assembled the genomes of other individuals from
the Indian diaspora using publicly assembled contigs,
which have not yet been assembled into chromosomes us-
ing Hi-C data from the same individuals.

Materials and methods

Samples

Blood samples from several individuals were collected with
informed consent, along with self-reported ancestry linking
them to their respective ethnicity/population. The samples
were labeled anonymously to maintain confidentiality after ob-
taining ethics clearance (NHM/SPM/4-PART FILE/2020-21).
DNA from one of these samples was isolated and sent for
sequencing.

Optimization of coverage requirement

In Escherichia coli without Hi-C

The individual genomes reported so far have used at least 30-40x
coverage of PacBio HiFi data, along with [llumina and ONT. Our
goal here was to determine the minimal required coverage for
PacBio HiFi reads to obtain chromosome-level assemblies of indi-
viduals while keeping the cost low. Coverage is a normalized fac-
tor proportional to the size of the genome. For example, a 12x
coverage of E. coli represents only 48 million bases of sequence
data, whereas a 12x coverage of the human genome will repre-
sent 36,000 million bases. Irrespective of the genome size, 12x
coverage means that each region of the genome is covered 12
times in the raw reads, providing significantly high overlaps
necessary for the generation of long contigs. Therefore, valida-
tion of coverage in E. coli can apply to genomes of all sizes.

We used a publicly available dataset with 1,800x coverage of
PacBio HiFi data (SRA: SRR11434954) generated from an E. coli
strain, providing an opportunity to systematically test the
coverage requirement independent of the genome size. We
randomly extracted reads representing 1x, 2x, 3x, 4x, 8x,
12x, 16x, and 20x coverage using an option within the seqtk
toolkit. The experiment was repeated five times for each coverage,
and the average N50, L50, and assembled genome sizes of all five
experiments across increasing coverage are shown in Figure 1. Ac-
cording to these, at 12x coverage (4,000 reads on the x axis), the
entire genome is represented in contigs, as indicated by the addi-
tive genome size.

Minimum coverage of PacBio HiFi with Hi-C data in humans

PacBio HiFi reads for the PJL1 individual (HG03492, from Punjab,
Lahore) were obtained from the Human Pangenome Reference
Consortium (HPRC) Year 1 dataset. The reads were distributed
across three ccs.bam files and were merged using Samtools merge
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to generate a unified dataset. To support chromosome-scale scaf-
folding, raw Hi-C sequencing data for the same individual were
retrieved from the HPRC'’s public repository (https://s3-us-west-
2.amazonaws.com/human-pangenomics/index.html?prefix=
working/HPRC_PLUS/HG03492/raw_data/). The merged ccs.bam
file was converted to FASTQ format using the bam2fastq tool.
Down-sampling to approximately 12x coverage was performed
using the seqtk tool with the command given in the
supplemental information.

De novo assembly was carried out using Hifiasm, an assembler
optimized for PacBio HiFi reads.”’** Following assembly, the
Burrows-Wheeler Aligner-MEM was used to align paired-end Illu-
mina reads back to the Hifiasm-generated contigs. This alignment
enabled the creation of a sorted bam file, which served as input
for YaHS, a tool that leverages Hi-C contact maps to scaffold
the contigs into chromosome-scale assemblies. This integration
of read-pair information significantly enhanced the continuity
and structural resolution of the assembly.

Assembly quality was evaluated using standard metrics. The re-
sulting 12x scaffold-level assembly (PJL1.12x) achieved an N50
of 165 Mb and an L50 of 8, indicating a high degree of contiguity
and completeness, consistent with near-chromosome-level as-
semblies. To evaluate PJL1.12x with that from 30x coverage
(PJL1-v1), we compared the Benchmarking Universal Single-
Copy Orthologs (BUSCO) score and found them both to be
98%.%* Additionally, the number predicted genes in PJL1.12x us-
ing LiftOff is 63,277 compared to that from T2T, which is 61,312.
Furthermore, we generated dot plots for all chromosomes using
the virtual marker sets T2T1Mb and hg38100kb (see Figure S4)
and plotted them against PJL1-vl. These plots illustrate the
DNA-level linearity maintained between PJL1.12x and PJL1-v1,
suggesting no spurious mis-assembles introduced at lower
coverage.

Assembly strategy

PacBio tools were used to convert CCS subreads to HiFi reads by
filtering for reads with quality >20 and subreads >3.
HiFiAdapterFilt was used to remove PacBio bell adapter contami-
nation. The resulting reads were assembled into contigs (KIn1hifi
[KIn1, individual from the Indian subcontinent]) using Hifiasm
with default parameters, and KInlFlye was generated using
Flye”* with the option —pacbio-hifi. Contigs from both assemblies

Figure 1. Assembly metrics using
different coverages of PacBio HiFi
reads

L50 (red), NSO (blue), and genome sizes
(green) with the increasing number of
reads on the x axis (coverage).
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during scaffolding. Raw subreads were used to polish the assem-

blies by mapping onto the scaffolds. Scaffolding using Hi-C
data resulted in chromosome-level assemblies.

The three scaffold-level assemblies were assessed for chromo-
some completeness and linearity by plotting each assembly
with markers generated from the T2T-CHM13v2.0 assembly (see
validation of assembly). For each chromosome, we selected the
assembly that showed more DNA-level linearity and complete-
ness to the respective chromosomes of T2T-CHM13v2.0 assem-
bly. The selected chromosomes were checked for linearity and
completion to produce KIn1.v2 without any manual correction,
unlike KIn1.v1, which required manual adjustments.>’

L50
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Assembly of other genomes

Contig-level assemblies for the individual PJL1 (HG03492) were
obtained from the HPRC Year 1 dataset (https://s3-us-west-2.
amazonaws.com/human-pangenomics/index.html?prefix=working/
HPRC_PLUS/HGO03492/assemblies/year1_f1_assembly/), which in-
cludes high-quality contig-level assemblies from 47 individuals rep-
resenting diverse global populations. In parallel, raw Hi-C
sequencing data corresponding to the PJL1 individual were obtained
from the HPRC's publicly available repository (https://s3-us-west-2.
amazonaws.com/human-pangenomics/index.html?prefix=working/
HPRC_PLUS/HG03492/raw_data/hic/) to enable chromosome-scale
scaffolding. The contig-level assemblies were provided in haplotype-
resolved format, separated into maternal and paternal assemblies.
Each haplotype-resolved assembly was indexed, and the raw Hi-C
reads were aligned separately to the maternal and paternal assem-
blies in an end-to-end mode with default parameters. Duplicate
reads from resulting bam files were removed using the
MarkDuplicates module from Picard Tools (version 2.27.5). Scaf-
folding of the contig-level assemblies was performed using YaHS
(version 1.2) with default parameters. The paternal scaffold-level
assembly achieved an NSO of 146.7 Mb and an LS50 of 8, while
the maternal assembly achieved an N50 of 155.0 Mb and an
LS50 of 8.

A similar approach was repeated to assemble the genomes of
BIB1 (Bengali from Bangaladesh [HG03009]), ITU1 (Indian
Telugu from UK [HG04217]), GIH1 (Gujarati Indian from Hous-
ton [NA20847]), and PJL1 (Panjabi from Lahore [HG03492]) by
downloading their respective contig-level assemblies and Hi-C
data.
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Validation of assembly

The strategy was to validate the linearity of the assembled ge-
nomes by mapping against uniformly spaced 2-kb virtual markers
(1 Mb in Figure S1 and 100 kb in Figure S2) along each chromo-
some of a reference genome to establish DNA-level linearity. Usu-
ally, the linearity is validated by synteny of predicted genes in the
assemblies as done by manuscripts reporting the assemblies of
PR1,” Han1,° and Ash1.” Since only 1.5% of the genome codes
for proteins, a DNA-level linearity provides better validation of
genomes of individuals within the same species.

For the low-resolution 1-Mb markers (T2T1Mb), virtual markers
of 2 kb length were generated every million bases on the T2T
reference assembly using an in-house tool (see data and code
availability). These markers were mapped using blastn on all
assembled individual human genomes such as hg38, PR1, Ashl,
Han1, BIB1, GIH1, PJL1, ITU1, GWD1 (individual from The
Gambia [HG02587]), and KInl.v2 to both wvalidate Kinl.v2
assembly based on linearity of the markers and to identify major
inversions and translocations in KIn1.v2 compared to other indi-
viduals. From the blast output, we filtered the hits that yielded
the percentage identity close to 100%, as evidence of DNA-level
identity of the genomes with the T2T reference. Also, we kept
all the hits from the longest scaffolds, irrespective of the percent-
age identity, because these may represent regions of variation
across individual genomes. The start coordinates of the markers
against the scaffolds from the blast hits were then extracted
(y axis) and plotted against the start of the marker coordinate
on the reference (x axis) to create dot plots as shown in
Figures S1-S3.

Testing the scalability of virtual marker-based
comparative genomics

The virtual marker-based approach was tested by comparing the
69 different genomic assemblies of various strains of Arabidopsis
thaliana from a reported study.”® These assemblies were retrieved
using the NCBI BioProject accession number PRJNA1033522. The
accession GCF_000001735.4_TAIR10.1 from the NCBI database
was used as reference for both alignment and marker generation.
Virtual markers were generated from the reference genome at
100-kb intervals, each spanning 2 kb in length, across all 5 chro-
mosomes of A. thaliana. Each of the 69 genome assemblies was
aligned against the virtual markers using the blastn to detect re-
ported inversions. Post-alignment results were filtered using
awk to extract the marker start coordinate and the corresponding
subject coordinates for each of the 69 genomes. For visualization,
dot plots for each chromosome were generated using in-house Py-
thon code (see data and code availability), which utilizes the mat-
plotlib library. In these dot plots, the x axis represents the marker
start coordinates, while the y axis corresponds to the aligned sub-
ject start coordinates for blast hits from the respective genomes.
This graphical representation enables the clear identification of
reported chromosomal inversions across different strains of
A. thaliana, demonstrating scalability (see Figure S3).

Annotation of Kinl.v2

Annotation is another way to validate assemblies. This step is crit-
ical for KIn1.v2 as lower coverage can potentially introduce more
sequencing errors in the assembly. While the DNA-level linearity
using virtual markers confirms the quality of assembly, it is not
sensitive to detecting sequencing errors. The integrity of pre-
dicted genes is suggestive of the absence of sequencing errors

propagated by lower coverage. The annotation of KIn1.v2 using
the T2T reference was done using Liftoff,>” which was developed
to annotate the Hanl genome. LiftoffTools version 0.4.3, devel-
oped by the same group,’” was used to obtain transcript-level
comparisons between the KInl.v2 and Hanl. This tool deter-
mines the effects of any DNA differences on the protein sequence
for protein-coding transcripts and categorizes them into 9 groups:
synonymous, non-synonymous, in-frame deletion, in-frame
insertion, start codon loss, 5’ truncation, 3’ truncation, frame-
shift, and stop codon gain. This tool also provides a synteny mod-
ule, which compares the gene order in the reference annotation
to the order in the target annotation. The genes present in both
annotations are sorted first by the chromosome and then by
the start coordinate in each annotation, thus providing a
synteny plot. The various command lines can be found in the
supplemental information.

Results

Assembly of Kinl.v2
DNA was extracted from the blood of an individual from
Karnataka (KInl) after obtaining ethics clearance (NHM/
SPM/4-PART FILE/2020-21) and confirming that their
self-reported ethnicity/population was consistent with
their ancestry, similar to the approach used in the 1000 Ge-
nomes Project. Based on the minimum required coverage
of PacBio as described in materials and methods, 12x
coverage of PacBio HiFi reads was produced and assembled
using both Hifiasm®' and Flye** after filtering for bell
adapters. The contigs from the Hifiasm assembly were scaf-
folded using publicly available Hi-C data from an individ-
ual (ITU1, HG04217), who is presumed to be genetically
most closely related to the subject, using the tool YaHS*®
(Yet another Hi-C scaffolding tool), resulting in the assem-
bly KIn1.v1.”” The contigs from Hifiasm and Flye assemblies
were then merged using Quickmerge”® to produce contigs
with higher NS0 values. These merged contigs were also
scaffolded using Hi-C reads from the ITU1. The resulting
scaffold-level assembly, KIn1.v2, has an N50 of 141 Mb
and an L50 of 9, which are close to the expected values of
147 Mb and 8, respectively, for the reference genome. As
shown in Figure 2, the longest scaffolds, representing
most chromosomes, cover over 95% of the respective chro-
mosomes in the reference genome T2T-CHM13v2.0. Chro-
mosomes 3-6 are longer in KIn1 than in T2T-CHM13v2.0,
which falls within the expected range of variations in hu-
man chromosomes, especially in centromeric regions.*”
Virtual DNA markers extracted from the T2T-
CHM13v2.0 assembly (see materials and methods) were
blasted against the scaffolds of KInl.v2 to both assign
chromosomes and authenticate the linearity of the DNA
sequence within the assembled scaffolds. The coverage
of the longest scaffolds representing chromosomes 9 and
16, known to have large centromeres, and a few acrocen-
tric chromosomes, is considerably lower. This may be
due to the lack of Hi-C reads bridging centromeric regions
to euchromatic regions.
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Pink diamonds along the chromosomes show 100% similarity on KIn1.v2 longest scaffolds with respect to virtual markers. Arrows
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in orange rectangles; translucent green boxes are positions of inversions in KIn1.v2 (not to size) compared to T2T-CHM13v2.0. Inset
shows the karyogram of chromosomes with inversion larger than 1 Mb drawn to size.

Chromosome-level assemblies of other individual
genomes from the Indian diaspora

There are five distinct ethnicities, with hundreds of indi-
viduals from the Indian diaspora represented in the
IGSR repository. Among these, contig level assemblies
from 30x to 40x coverage of PacBio HiFi reads for a few
individuals have been made publicly available as part of
the pangenome project.”*> We have used these contig-
level assemblies to build chromosome-level assemblies
using the publicly available Hi-C data from the same indi-
viduals. These scaffold-level assemblies include the
following:

(1) PJL1, a Punjabi from Lahore (HG03492) with an
L50 of 6 and an N50 of 203 Mb

(2) BIB1, a Bengali from Bangladesh (HG03009) with
an L50 of 7 and an N50 of 154 Mb

(3) GIH1, a Gujarati from Houston, Texas (NA02847)
with an L50 of 8 and an N50 of 154 Mb

(4) ITU1, a Telugu-speaking community from the
United Kingdom (HG04217) with an L50 of 6 and
an N50 of 198 Mb

(5) GWD1, a Gambian from Africa (HG02587) with an
L50 of 8 and an N50 of 156 Mb

The African genome GWD1 was included to represent an
individual from the African continent for more comprehen-
sive comparative genomics studies. Assemblies with an L50
less than 8 and an NS5O larger than 148 Mb are considered
chimeric chromosomes from assembly artifacts. These can
be corrected manually for use in comparative genomics.

Validation of individual assemblies

The BUSCO scores for all genome assemblies reported here
and published elsewhere are compared. The scores of PR1,
Ash1, and Hanl are 98.4% similar to those of hg38 and
T2T, perhaps because of reference-based gap filling. The
BUSCO scores for assemblies of individual females are
ITU1 98%, GIH1 97%, GWD1 98%, and KIn1 90.8%. For
the two individual males, BIB1 and PJL1, the BUSCO scores
of the assemblies using the phased contigs from paternal
arm are 97% and 96%, respectively. As expected, the 262
genes missing in BUSCO evaluation of PJL1.v1l are from
the X chromosome. Additionally. the lower BUSCO score
for KIn1.v2 results from the use of Hi-C reads from other in-
dividuals as revealed by the lower mapping percentage of
Hi-C reads from ITU1 on KInl.v2 (80%) compared to the
mapping percentage of Hi-C reads from PJL1 onto PJL.12x
assemblies (90%).
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Figure 3. A comparative dot plot for

strategically selected chromosomes
from Ash1, PR1, Hanl, hg38, PJL1v1,
PJL1.v2, BIB1, GIH1, ITU1, GWD1, and
Kinlv2 compared to hg38100kb and
T2T1Mb

Centromeric regions are boxed, and inver-
sion regions, common to more than one
individual, are circled. To prevent ge-

nomes from overlapping on the diagonal,
they are shifted on the y axis by 5 Mb or as

needed with genomes of individuals ar-

ranged from bottom to top: GWDI,
Ashl1, BIB1, GIH1, Hanl, hg38, Kinl.v2
(pink), PJL1.v2, PJL1.v1, PR1, and ITU1.
Note that PJL1.vl and PJL1.v2 are scaf-
folded using Hi-C from PJL1 and ITU1,
respectively.

The linearity of the euchromatic
regions of other assemblies
compared in this report is evident
from dots lining up along the diago-
nal in Figure 3. Since gaps in Ashl
and PR1 are filled with sequences
from T2T-CHM13v2.0 and assem-

Hg38 as reference

We have compared the linearity of individual ge-
nomes from diverse populations described in terms of
language, ethnicity, and geography. These individuals
include Puerto Rican (PR1), Ashkenazi Jew (Ashl),
Southern Han Chinese (Hanl), Northern European
(CHM13), Punjabi (PJL1), Bangladeshi (BIB1), Telugu
(ITU1), Gujarati (GIH1), Gambian (GWD1), and Karna-
taka (KInl.v2). The comparison was performed using
the virtual DNA markers extracted from the reference
chromosomes of T2T-CHM13v2.0 as described in
materials and methods. Figure 2 shows dot plots for
selected chromosomes using virtual markers spaced 1
MB apart on T2T (T2T1Mb: right) and 100 kb on hg38
(hg38100kb: left) references. While T2T1Mb is relatively
efficient in assigning scaffolds to chromosomes and vali-
dating linearity, it is not sensitive enough to detect in-
versions shorter than 2 Mb. However, the hg38100kb
markers can detect inversions/translocations as short
as 200-300 kb. The enlarged plots for all the chromo-
somes from T2T1Mb are shown in Figures S1A-S1W
and selected plots from hg38100kb are shown in
Figures S2A-S2E.

The pink diamonds in Figure 2, representing the KInl.
v2 assembly using T2T1Mb, indicate near linearity
achieved within the euchromatic regions of scaffolds. It
should be noted that, unlike the previously published
genome assemblies of Ash1, Han1, and PR1, the KIn1.v2
is not a reference-based assembly and is scaffolded by
Hi-C data, avoiding the need to utilize gap filling or
manual corrections.

T2T-CHM13v2.0 as reference

blies are manually corrected, it is
not surprising that they are ar-
ranged along the diagonal. As
shown by the black boxes in Figure 3, there are clusters
of markers within centromeres that do not align linearly
in most assembled genomes, suggesting considerable
variations within this region across populations.’” In
the case of KInl.v2, there is a shift in the dot plot near
the centromere because the contigs representing centro-
meric regions in these chromosomes were not absorbed
into the longest scaffolds, perhaps because Hi-C data
from another individual was used. This effect is most
dramatic in chromosomes 9 (Figure S1I) and 16
(Figure 3, center panel), which are known to have the
longest centromeres. The gaps in the dot plots along
the diagonal within euchromatic regions may represent
population-specific variations.

Interrogation of large inversions

As listed in Table 1, we identified 4 inversions larger than
2 Mb in KInl.v2 within the loci 8p23.1 and 16p12.3,
which overlap 100% with known inversions. Addition-
ally, we found 2 novel inversions, 17qKInl and 7pKIn1,
with partial overlaps with known small inversions/micro-
deletions, 17q21.31 and 7p14.1, respectively. The second
column in Table 2 provides the breakpoint coordinates
using hg38100kb markers. Column 4 lists the number
of genes within each inversion, while column 5 provides
the names of genes within the respective known inver-
sions that overlap with the inversions in KInl.v2. For
example, the PLEKHM1 gene is common to 17gKInl
and one of the known inversions, 17q21.31. Similarly,
the GLI3 gene is common to 7pKInl and one of the
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known inversions, 7p14.1. Additionally, column 6 lists
the genes within the respective inversions associated
2‘ gzé g i with polymorphism.**~’
se [9E% ¢ 2 8p23.1 -
i g é TE< o The 8p23.1 polymorphic inversion is the largest reported
2 E E\é’é é §~ in humans so far (4.5 Mb), which varies based on the
é sé_ 2 E g I<\cf Ei é”g copy-number variations near the breakpoints. The coordi-
s22|2528 28 o |EE |5 nates of this inversion in hg38100kb are chr8:8200001-
é—gg é é é 2% § S ; = 12100001 (column 2 of Table 2). For clarity, we refer to
the orientation of 8p23.1 in hg38 as 8p23.1std and that
" inT2T as 8p23.1inv. The circled regions in Figure 3, relative
%_5 s E’ to hg38 (Figure 3, left) and T2T-CHM13 (Figure 3, right),
£% 2< g g show complementary status of this inversion across ge-
é g :E 5 § g: nomes of multiple individuals compared here. For
;g . %ﬁ; = = g example, the orientation highlighted in chromosome 8
5 g § (j% : o) g _ in Figure 3 shows the presence of 8p23.1std in individual
E g g E E'\B 3{: o= E assemblies from Hanl, BIB1, GIH1, ITU1, Kinl.v2,
S5 | vi S| o = E £ g X ™ and hg38. In the genomes of T2T, Ash1, PR1, PJL1, and
ZeS|2B% |85 |5t & |2 |&B GWD1 assemblies, 8p23.1linv is present. According to
one report, the frequency of 8p23.1inv is 59% among the
c Yoruba population of Nigeria (YRI), 20%-50% among
3 Europeans, and 12%-27% among Asians.** The inversion
% status is reported to be heterozygous in Asian populations,
£ including CHB and JPT (Japanese in Tokyo), and homozy-
E gous in CEU (Northern and Western European ancestry in
g Utah) and YRI populations.®®
%" . It is also reported that the 8p23.1 inversion is recurrent
S8 g o s § § g and may be under selection pressure””; it has arisen at least
15 times in human history. It is one of the most common
" R inversions, with an allele frequency of 0.5, and therefore
2 T predicted to be heterozygous in 50% of all meiosis. To
§ g g — f characterize the inversion genotype, we looked at the 16
g § f E: é w SNPs reported in 8p23.1 inversion status using individuals
o E E EE: E E 3 Eo from the Spanish population displaying homozygosity for
21 ol = SURSURSe g inverted alleles (Table S1). In the study by Bosch et al., the
E ﬁ@ § E E 5% % authors report that a gene cluster (NEIL2, MSRA, CTSB,
:1' 2 é % Slalos = — ~ and BLK) within this locus is differentially expressed in
Nl 25|%5 |2 228 £ 5 |E llele-specific fashior.
= =K =& = % % an allele-specific fashion.
s
L]
% ® _ Evidence for the three reported large inversions in
< < |- 5 g 'z chromosome 16p
=| s 8 i =8 S |8 Three large inversions are reported and validated on the
5l £ |3 gL |98 F |8 p-arm of chromosome 16.'° Of these, the two known distal
£ ‘EQ = B§ ﬁé g s inversions (HsInv0363 and HsInv0368) on the p-arm of
Sl £8|¢8 222 28 8 S h 16 are also observed in Figure 3 (center)
) 35| 8 o |xw 228 R 2 = chromosome g ,
5| 82|¢ 28|88 || |3 with breakpoint coordinates at chr16:14900001-18700
3| 88|¢% 2 5= E;(% EE& =B 001 in hg38. Both these inversions are fused in Kin1.v2
2 e e TIEOsN e © and PJL1 and are split in ITU1. HsInv0368 is present in
£ KInl, ITU1, BIB1, and PJL1, suggesting the prevalence of
E = p HsInv0368 among South Asians, despite the allele fre-
p = g quency of HsInv0368 being as low as 0.08%, with a recur-
E g | = rence rate of 0.13%.”> We also find evidence of the third re-
) ” _ £ | & ported and validated inversion on chromosome 16, with
3 é é § % breakpoint coordinates between 21 and 22 Mb, present
o 18 - g I in individuals ITU1, BIB1, GWDI1, PR1, PJL1, Han1, and
% &g = \E « | RE | E< GIHL1. This inversion is absent in KIn1 and Ash1 compared
[ G Iy = 2 & =25 &8 to hg38.
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Figure 4. Large inversions in Kin1

Large inversions in chromosome 7 (top left) and chromosome 17 (top right) in KIn1.v2 against T2T-CHM13v2.0. (Center) Respective
views from IGV of raw KIn1 PacBio reads mapped onto the respective regions of T2T-CHM13v2.0 reference. (Bottom) 17qKIn1 inver-
sion locus in UCSC browser highlighting the genes within the distal (blue) and proximal (orange) breakpoints.

A large inversion in 17q unique to KIn1 (17gKIn1)

We have identified a large inversion in the g-arm
of chromosome 17, with breakpoint coordinates of
chr17:38300001-45400001 in hg38, which is unique to
KIn1 and is referred to as 17gKIn1 (Figure 4, top right).
Figure 4 (center right) shows the mapping of raw PacBio
HiFi reads from KInl onto the T2T-CHM13v2.0, which
validates the presence of 17gKInl inversion in Kinl
compared to the T2T reference. This region is gene rich,
containing 205 genes, including PLEKHMI1, which is
known to be implicated in a microdeletion; this suggests

that the distal breakpoint of 17gKIn1 overlaps with this
microdeletion.*” Furthermore, a 900-kb inversion poly-
morphism, 17q21.31, overlapping with the distal break-
point of 17gKInl, is found to occur at a frequency of
20% in the European Union (EU) and is practically absent
in Africans and East Asians.”’ The screenshot of the
17gKIn1 locus is seen sandwiched between two haplo-
types in the UCSC (University of California, Santa Cruz)
browser, shows the MAPT gene, whose H2 orientation is
known to occur only in the EU, just outside the distal
breakpoint in Figure 4 (bottom). It is also shown that

Human
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Figure 5. Protein-level synteny be-
tween Kinl.v2 and T2T-CHM13v2.0 as-
semblies
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the inversion status of 17q21.31 affects the expression of
specific genes within this locus.*’ The 17gKInl locus
includes the BRCA1 gene, which is implicated in breast
cancer. Interestingly, the 17q21.31 inversion, which over-
laps with the distal breakpoint of 17qKIn1, has potentially
been linked to cancer prognosis via methylation polymor-
phism.** The proximal breakpoint of 17qKIn1 contains
the KRT gene cluster, offering a high level of redundancy
to allow for functionally non-disruptive breakpoints.**

A large inversion unique to Kin1, 7pKin1

A large inversion of 9 Mb in the chromosome 7 p-arm,
with breakpoint coordinates of chr7:35900001-43900001
in hg38, is found to be unique to Kinl (Figure 4, top
left). Interrogation of the breakpoints for this inversion,
by mapping raw PacBio reads from KIn1 against the T2T-
CHM13v2.0 assembly, show very few reads spanning
this region, thus validating the presence of this inversion
in KIn1 and its absence in T2T (Figure 4, center left). Since
these inversions are not present in the ITU1 assembly,
whose Hi-C reads were used to scaffold KInl.v2, we
conclude that this inversion is indeed unique to KInl.
Interestingly, a microdeletion at the 7p14.1 locus, which
is spanned by the 7pKInl inversion, is associated with
Greig cephalopolysyndactyly.** There are 51 genes within
the 7pKInl1 locus, including the GLI3 genes, which are
implicated in Greig cephalopolysyndactyly.

Annotation of Kinl.v2 assembly

Figure 5 (left) compares synteny between predicted
genes from KInl.v2 with T2T reference, showing the
linearity of genes in all chromosomes except in regions
with inversions. We annotated and compared variants
of KInl.v2 genes against T2T using Liftoff”* and
LiftoffTools,*” respectively. The table in Figure 4 pro-
vides the statistics in KInl.v2 compared to those re-
ported for the Hanl assembly mapped against T2T-
CHM13v2.0. The number of instances of variations in
KInl.v2 relative to T2T-CHM13v2.0 for most categories

Discussion

Assembling chromosome-level indi-
vidual human genomes remains a
challenge, with only four such as-
semblies reported so far from IGSR sample repository
and/or primary cell lines. The goal of a de novo assembly
of individual genomes is to identify large structural vari-
ants, such as inversions and translocations, which are
difficult to pinpoint even when complete genomes from
several individuals are available. However, this goal is
difficult, if not impossible, to achieve when relying on
reference-based assemblies. For example, during the refer-
ence-based assembly of PR1,* the orientations of some
contigs/scaffolds were manually adjusted to conform to
the T2T-CHM13v2.0 assembly. While the gap-filling step
in hg38 was achieved meticulously over a decade, gap
filling in individual genome assemblies using a reference
genome is often merely cosmetic and essentially mixes
the genomes of two individuals, defeating the purpose.
Here, we report a minimalist approach to obtain a chro-
mosome-level genome assembly from the blood sample of
an individual from southern India, offering one of the
earliest individual genomes representing South Asia. The
cost-cutting efforts attempted here, which are essential
to scale individual genome efforts, include demonstrating
the following:

(1) Use of a blood sample to generate an individual
genome as opposed to primary cell lines as in the
case of genomes of PR1, Ashl, PJL1, Hanl, BIBI,
ITU1, and GIH1

(2) Using PacBio HiFi data 10x-12x coverage without
the need for other long-read technologies,
achieving cost savings

(3) A de novo assembly pipeline that uses Hifiasm along
with scaffolding by Hi-C data as a powerful approach
in individual genome efforts without the use of refer-
ence-based assembly and manual correction

(4) A hybrid approach for scaffolding, using available
Hi-C data derived from an individual presumed to
be genetically most closely related to the subject;
to this end, the authors’ lab has experience in using
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Hi-C data from different strains of Anopheles ste-
phensi and the impact of this on large inversions
unique to a strain” !

(5) A scalable comparative genomics approach map-
ping virtual markers derived from reference ge-
nomes onto the assemblies to authenticate the
DNA-level linearity of scaffolds

With a few exceptions, the longest scaffolds in KIn1.v2
covered nearly 95% of the chromosomes, providing an
L50 of 9 and an N50 of 141 Mb, statistics that are very
close to the lowest and highest attainable values of 8
and 147 Mb for the human genome with 23 chromosomes
and slightly lower than those assembled using greater
than 30x coverage. Considering that the final assembly
contains only ~0.7 million Ns covering less than 0.03%
of the genome, the contigs offer a good breadth of
coverage across the entire genome, similar to the case of
E. coli assembly at 12x coverage (see materials and
methods). Most of the unplaced contigs in the longest
scaffolds are from centromeric regions, likely due to a
lack of Hi-C read pairs connecting the centromere to
euchromatic regions. The BUSCO score on all scaffolds af-
ter assembly was 94.7%, suggesting completeness of the
assembly, whereas a BUSCO score of 91% for only the
longest scaffolds representing chromosomes in Kinl.v2
suggests 3.7% of genes in unplaced scaffolds, perhaps
from using Hi-C data from another individual (ITU1).
Even a 91% BUSCO score in de novo assemblies can be
considered complete based on the benchmarking reported
for BUSCO, where for Caenorhabditis elegans it is as low
as 90%.”’

There is a need to find a balance between the minimum
coverage of PacBio HiFi long reads with maximum
coverage of Hi-C reads, to manage the cost consideration
in individual genome assembly efforts. The idea is to
generate high-quality assemblies from data attainable
from one SMRT cell for humans. We believe that the
cost of generating high coverage of Hi-C reads for individ-
uals can be mitigated by collating all publicly available
Hi-C read pairs from diverse individuals from the IGSR
sample repository to create a pan-Hi-C reads dataset for
humans. As the cost of long-read single-molecule
sequencing drops, the advances made here are likely to
accelerate individual genome efforts worldwide.

For comparative genomics, we mapped virtual markers
(hg38100kb and T2T1Mb) from two reference genomes,
hg38 and T2T, onto the other assembled scaffolds/ge-
nomes to create dot plots, as shown in Figure 3. This
approach also scales to compare a large number of ge-
nomes from any species. We validated scalability by repro-
ducing the reported inversions among the 69 strains of
A. thaliana shown in Figure S3. Our comparative genomics
approach is further validated by confirming the well-
known 8p23.1std inversion locus, reported in Han1° and
hg38,'° which is shared by the genomes of individuals
from South Asians (India), including ITU1, GIH1, BIB1,

and KInl. The inverted form of 8p23.1 is present in
CHM13, Ashl, PR1, and PJL1, suggesting that 8p23.1std
is a founder effect from migration into South Asia. Inter-
estingly, 8p23.1 inversion is known to be recurrent, with
an allele frequency of 50%.”°

We find evidence of three reported inversions near
chromosome 16p12.3, including HsInv0363, HsInv0368,
and an ~900-kb proximal inversion from the other two.
As shown in Figure 3, HsInv0368 is shared by BIBI,
ITU1, PJL1, and KInl, but it is absent in hg38, T2T, PR1,
Ash1, Hanl, and GIH1. Interestingly, HsInv0363 is also
present in KInl.v2, ITU1, and PJL1. The reported low fre-
quency of 16p12.3 across individuals may result from the
underrepresentation of South Asians in the studies report-
ing the frequency.*®

The KInl.v2 assembly has two large unique inversions,
7pKInl and 17gKInl. The lack of these inversions in the
assembled genome of ITU1 (HG04217), whose Hi-C data
were used in scaffolding KInl.v2, indicates that these in-
versions are either real or artifacts from using Hi-C reads
from ITU1. We validated these inversions by observing
significant gaps when mapping raw PacBio HiFi reads
from KInl onto the T2T-CHM13v2.0 assembly (Figure 4,
center). Based on our experience in scaffolding the
genome of a malaria vector strain using Hi-C data from
divergent strains with a given inversion genotype,g we
conclude that the chromosome 7 inversion in KInl may
be heterozygous. The presence of KInl.v2-specific inver-
sions raises the question of whether large inversions can
be individual-specific in healthy humans. In support of
this, individual-specific large inversions are found in
various strains of A. thaliana, as shown in Figure $3.7°

We believe that KInl.v2 represents one of the earliest
chromosome-level assemblies of an individual of Indian
origin, providing a valuable reference genome for individ-
uals from South Asia, a region that is not represented in
the 1000 Genomes Consortium.'’ This effort should be
viewed in the context of language diversity in India,
which includes 24 major languages. Despite good faith ef-
forts by the 1000 Genomes Consortium to include indi-
viduals from five language groups in India while creating
the human variants database, the extent of India’s genetic
diversity remains underexplored. While the Genomelndia
project has begun to reveal the breadth of genetic varia-
tion, a reference genome representing South Asia is still
lacking. The KIn1.v2 assembly, along with other individ-
ual genomes (BIB1, GIH1, PJL1, and ITU1) reported here,
will serve as references representing diverse ethnicities
from the east, west, north, and south, thereby bringing In-
dia onto a level playing field in advancing genomic
research and beyond.

Data and code availability

The Kinl.vl and KInl.v2 assemblies can be found under the
accession PRJNA1138089 from NCBI and/or by clicking here
(https://doi.org/10.6084/m9. figshare.30092122.v1). Hi-C data
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used for scaffolding both versions of KInl can be downloaded
from HG04217 under IGSR. Raw PacBio HiFi reads will be made
available under the same project ID upon request. We have pro-
vided fasta files of markers and code to produce dot plots at
https://github.com/apo096-g/Dot-Plot/. Also, the
supplemental information is available on GitHub along with
the code so that updates to the dot plots from future versions of
the code can be accessed dynamically.
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