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ABSTRACT

Genome assembly has been benefited from long-
read sequencing technologies with higher accuracy
and higher continuity. However, most human genome
assembly require large amount of DNAs from ho-
mogeneous cell lines without keeping cell hetero-
geneities, since cell heterogeneity could profoundly
affect haplotype assembly results. Herein, using
single-cell genome long-read sequencing technol-
ogy (SMOOTH-seq), we have sequenced K562 and
HG002 cells on PacBio HiFi and Oxford Nanopore
Technologies (ONT) platforms and conducted de
novo genome assembly. For the first time, we have
completed the human genome assembly with high
continuity (with NG50 of ∼2 Mb using 95 individual
K562 cells) at single-cell levels, and explored the im-
pact of different assemblers and sequencing strate-
gies on genome assembly. With sequencing data
from 30 diploid individual HG002 cells of relatively
high genome coverage (average coverage ∼41.7%)
on ONT platform, the NG50 can reach over 1.3 Mb.
Furthermore, with the assembled genome from K562
single-cell dataset, more complete and accurate set
of insertion events and complex structural variations
could be identified. This study opened a new chapter
on the practice of single-cell genome de novo assem-
bly.

INTRODUCTION

With the increase in single-base accuracy and read length,
single molecule long-read sequencing technologies using
bulk samples have been widely used in genome assembly (1–

6). Because of the advantages (100- to 1000-fold increases)
of read length over next generation sequencing (NGS) plat-
forms, long-read sequencing (third generation sequencing,
TGS) can better assemble complex genome regions that
contain repetitive sequences and chromosomal rearrange-
ments (2), which allows identification of genetic varia-
tions and connects them to potential phenotypes. Recently,
genomes of many species have been assembled mainly us-
ing TGS platform data, such as Vertebrate Genomes Project
(VGP), aiming to complete reference genomes for all of the
∼70 000 extant vertebrate species. In 2021, this project as-
sembled 16 species that represent six major vertebrate lin-
eages (7). For the human genome, Telomere-to-Telomere
(T2T) consortium has completed and released the first
gapless human reference genome using homozygous cell
lines (CHM13) (6). Recently, Human Pangenome Refer-
ence Consortium (HPRC) generated the first high-quality
diploid reference assembly (HG002) (8). In addition, the
genomes of many different plants have been assembled with
high quality (5,9,10).

Usually, these long-read sequencing assembly require
large amounts of DNA (typically several micrograms from
millions of cells), and therefore most human genome as-
sembly have been restricted to bulk genome sequenc-
ing datasets without keeping the potential genetic hetero-
geneities among individual cells. However, this is impracti-
cal for many situations. In a real assembly application, we
need to overcome at least two basic challenges. The first is
about cell heterogeneity. Bulk data assembly is based on
the premise that all cells in a bulk sample carry the same
genome; otherwise it would be difficult to discriminate vari-
ations between different genetic clones and variations be-
tween different haplotypes within a cell. In fact, somatic
copy number alterations (CNAs) could be detected in a
number of normal tissue samples (11,12), and the CNAs ex-
hibited strong organ preferences (11). At the same time, in
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the course of an individual’s lifetime, normal human cells
accumulate mutations (13–15), and thus normal cell popu-
lations can consist of myriad small clones, which contain
different mutations (14). In cancer tissue, genetic hetero-
geneity is even more pronounced (16). In the practical ap-
plication of assembly, the differences of genomes between
cells will greatly affect the accuracy of final assembly. Hap-
lotype assembly results are meaningful only if genetic het-
erogeneities among different cells in a sample are first ad-
dressed.

The second challenge is that quite often we can only get
small amount of genomic DNAs for sequencing analysis.
Under many situations, to obtain large amounts (several
micrograms) of genomic DNA is impractical. For example,
in early embryonic development studies (17) and forensic
testing, especially in cancer genome research, such as circu-
lating tumor cells (a few CTCs in 1 ml of peripheral blood)
(18), tumor biopsy samples(∼ 200 ng DNA for each lung tu-
mor biopsy sample) (19), tumor cells in cerebrospinal fluid
(CSF) (about hundreds of breast cancer cells per ml) (20)
and tumor cells in ascites (about thousands of ovarian can-
cer cells per ml) (21). These cells are difficult to culture and
amplify in vitro, and even when they can be cultured, there
is no guarantee that their genome structure during in vitro
culture will remain the same as in vivo.

Single-cell whole-genome sequencing (scWGS) is a pow-
erful tool to reveal cell to cell genetic heterogeneities, espe-
cially for cancer research. Identified genomic changes such
as CNAs (16), somatic gene mutations (22,23), mitochon-
drial mutations (24) and other genetic alterations can help
to identify cell subclones and their potential contributions
to phenotypic changes. Genomic assembly, or haplotype as-
sembly, can be more accurate by using clonal populations
that are more genetically similar.

Single-cell NGS genome sequencing technologies are
commonly used in microbial genome assembly (25,26). In
fact, many bacteria in various environments cannot be cul-
tured in the laboratory, single-cell genome sequencing can
reveal genomic and physiological insights into novel organ-
isms that cannot be readily grown in culture, and single-
cell genome sequencing can resolve the genetic linkage of
sequences within a discrete organism and so can be used
in combination with metagenomics approach to complete
genome assemblies (27,28). However, NGS platform-based
single cell genome sequencing technologies are rarely used
in large and complex genome assembly, and even using bulk
NGS genome sequencing data the assembly continuity of
the contig N50 cannot achieve the megabase level, such as
de novo assembly of human genome using bulk Illumina
sequencing data alone with SOAPdenovo (29), yielding a
contig N50 of 11.1 kb (30); de novo genome assembly for
the American pika with contig N50 of ∼42 kb (using the Il-
lumina HiSeq X (PE150bp) platform) (31); de novo genome
assembly for the American bison with contig N50 of ∼20
kb (using the Illumina and 454 paired-end libraries) (32).
Assembling the human genome using a small amount of ge-
nomic DNAs or even a single cell genome sequencing data
is much more challenging. It requires not only the support
of single-cell TGS platform-based genome sequencing tech-
nology, but also a good data analysis strategy and a suitable
assembler.

Recently, we developed SMOOTH-seq technology (33),
which can sequence the genome of a single-cell on the third-
generation sequencing platform. SMOOTH-seq can reli-
ably and effectively detects SVs and ecDNAs in individual
human cells, which made it possible to sequence a single cell
genome with long reads (around 6kb), providing the prereq-
uisite for human genome assembly from just several individ-
ual cells.

Here we have employed SMOOTH-seq on PacBio HiFi
and Oxford Nanopore Technologies (ONT) platforms to
sequence K562 (a human chronic myelogenous leukemia
(CML) cell line) and HG002 (a normal diploid lymphoblast
cell line) and demonstrate the feasibility of genome as-
sembly based on scWGS dataset with different assemblers
and rigorous evaluations (Figure 1A). We have systemati-
cally explored the factors that affecting the assembly with
TGS platform-based single-cell genome sequencing data.
Furthermore, to investigate the lower limit of numbers of
single cells need to be sequenced for genome assembly,
we improved the SMOOTH-seq technology (see methods),
and sequenced 30 diploid HG002 cells with relatively high
genome coverage on ONT platform, and found that the
genome assembly from as low as 30 individual cells (average
genome coverage ∼41.7%) can achieve NG50 of ∼1.35 Mb.
In addition, through analyzing the structural variations
(SVs) of the assembled genome of K562 cells, we found
that compared with directly mapping single cell genome se-
quencing data onto reference genome, many more inser-
tion events could be identified and complex structural vari-
ations could be more efficiently and accurately illustrated.
Our research gave proof-of-principle evidences to show that
it is feasible to assembly human genome with megabase
level of NG50 contigs from long-reads single cell genome
sequencing data of just a few dozens of individual cells.

MATERIALS AND METHODS

Culture of HG002

NA24385 cells (HG002) were purchased from the Coriell
Institute (https://www.coriell.org/). Cells were cultured in
RPMI1640 (Gibco, cat#11875093) with 15% fetal bovine
serum (FBS, Gibco, cat# 26140079) at 37◦C with 5% CO2.

Single-cell preparation

For FACS sorting, 7-AAD viability staining solution (Bi-
oLegend, cat#420404) were used in single cell suspension
and then single cells were sorted into 96-well plates by
FACS, each well contained 2.5 �l cell lysis buffer (0.25 �l
100 mM Tris–EDTA, 0.125 �l 20 mg/�l Qiagen protease,
0.075 �l 10% Triton X-100, 0.05 �l 1 M KCl and 2 �l H2O).
And then the reaction was carried out at 50◦C for 3 h to di-
gest the proteins binding on the gDNAs and then 70◦C for
30 min to inactivate the protease.

SMOOTH-seq

The description of SMOOTH-seq. As described in our
previous work (33), SMOOTH-seq (single-molecule real-
time sequencing of long fragments amplified through trans-

https://www.coriell.org/
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Figure 1. The assembly workflow and K562 assembly metrics. (A) The workflow illustrates the samples, sequencing platforms, assemblers and evaluation
indicators we used to demonstrate the feasibility of genome assembly based on scWGS dataset. (B) K562 assembly (95 cells) benchmarking results for
Pacbio HiFi data (primary contigs). N50 is the sequence length of the shortest contig at half of the total assembly size; NG50 is the sequence length
of the shortest contig at half of the reference genome size; NGA50 is the sequence length of the shortest aligned block at half of the reference genome
size; BUSCO is a tool that assess the completeness of benchmarking universal single-copy orthologs present in an assembly; Per-base consensus quality
values (QV) represents a log-scaled probability of errors for assembly, higher QVs indicate more accurate consensus. (C) K562 cells MHC assemblies were
compared with the reference human genome (hg38). Only contigs longer than 500kb are displayed.

poson insertion) was the single-cell genome sequencing
method based on TGS platform, which could reliably de-
tect structural variations (SVs), extrachromosomal circular
DNAs (ecDNAs), etc.

In SMOOTH-seq, the long tagmentation fragments
could be recovered through adjusting the concentration of
Tn5 transposase. Tn5 transposition has been widely ap-
plied to construct shotgun fragment libraries for NGS and
in these methods Tn5 usually contains two different adap-
tor sequences which makes it losing 50% of the genomic

fragments. Instead, SMOOTH-seq embedded commercial-
ized Tn5 transposase with just one adaptor sequence which
could recover all of the original DNA fragments through
transposition-PCR. Additionally, SMOOTH-seq was able
to amplify long DNA fragments in an individual human
cell through optimizing the reaction conditions, including
concentration of the adaptor conjunct transposase, trans-
position reaction buffer and DNA polymerase. In our pre-
vious paper we only showed that SMOOTH-seq worked for
PacBio sequel II platform.
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The principle of SMOOTH-seq. First, genomic DNA
from a single cell was randomly fragmented by low-density
Tn5 transposon insertion after cell lysis and proteinase di-
gestion. Then, the produced fragments underwent strand
displacement and amplification using Tks DNA poly-
merase which was able to amplify long DNA fragments
with PCR primers which contained 16 bp-PacBio-barcodes.
Next, the amplified single cell genomic DNAs of different
barcodes were pooled together. After library construction,
the purified amplicons were around 6 kb long. Finally, the
libraries were sequenced on PacBio Sequel II System using
CCS mode.

SMOOTH-seq library preparation of single cells for PacBio
platform. In this study, we used previous SMOOTH-seq
protocol on PacBio sequel II platform to sequence HG002
cells, the detailed experimental steps of SMOOTH-seq pro-
tocol was described in method part of our previous pub-
lished paper (33). In order to sequence HG002 cells on
Nanopore platform, we improved the initial SMOOTH-
seq protocol through replacing 16 bp-PacBio-barcode with
24bp-Nanopore-barcode for fitting Nanopore platform.
The detailed protocol of SMOOTH-seq for Nanopore plat-
form was as below.

SMOOTH-seq amplification of single cells for Nanopore
platform

After cell lysis, a 7.5 �l tagmentation mixture including
2 �l 5 × TAPS PEG8K (50 mM TAPS–NaOH (or KOH),
pH 8.3 (RT), 25 mM MgCl2, 40% PEG8K), and 1�l
0.2 ng/�l adaptor conjuncted Tn5 enzyme (Vazyme,
Cat#S601-01) were added into each cell lysate. The tag-
mentation reaction was carried out at 55◦C for 10min,
followed by adding 2.5 �l 0.2% SDS and standing at room
temperature for 5 min to stop tagmentation, releasing
the fragmented gDNAs. After tagmentation, strand dis-
placement of the Tn5 adaptors and amplification of the
fragmented gDNA was carried out using 1 �l 1.25U/�l
Tks Gflex DNA Polymerase (TAKARA, Cat#R060B),
25 �l 2× Gflex PCR Buffer,6.5 �l H2O and 560 nM I5-
nano PCR primer which containing 24 bp cell barcode (5′
AATGATACGGCGACCACCGAGATCTNNNNNNN
NNNNNNNNNNNNNNNNNTCGTCGGCAGCGTC
3′) (the I5 PCR primers shown in Supplemental Table S10).
The PCR program was carried out at 72◦C for 3 min, 98◦C
for 1 min, and then 20-22 cycles of 98◦C for 15 s, 60◦C for
30 s, and 68◦C for 5 min. After that, gDNA amplicons
using different barcode primers were pooled together and
purified with 0.4 volume of Ampure XP beads (Beckman,
Cat#A63882) for twice. These purified amplicons were
quantified using Qubit, and about total of 1–2 ug amplicon
products were used for further library construction.

To improve the coverage of HG002 cells, we optimized
our protocol. First, we designed 24 types of conjuncted Tn5
enzyme with 24 bp barcodes (the Tn5 adapter primers was
shown in Supplemental Table S10). After tagmentation, we
pooled cells with different barcodes together and then pu-
rified them with 0.8 volume of Ampure XP beads and fi-
nally eluted with 50 �l H2O. These purified genomic DNAs
were then used for amplification and library construction

(The detailed of tagmentation and amplification protocol
the same as above).

SMOOTH-seq library preparation for Nanopore platform
and sequencing

A total amount of 1 �g DNA per sample was used as input
material for the DNA library preparations. SQK-LSK109
Kit (Nanopore, UK) was used to construct 1D library. The
DNA library was constructed by standard ligation method
without DNA fragmentation, after end repaired, added the
sequencing adaptor, motor protein and tether protein were
connected to prepare the DNA library. After that, each am-
plicon fragment library was loaded into 1 R9 flow cell and
sequenced on PromethION HAC (high accuracy) model.

Culture of K562 cell line and K562 bulk DNA extraction

K562 cells were maintained in RPMI1640 with 10% fetal
bovine serum, 1× L-glutamine and 1× Pen/Strep(Gibco,
cat#10378016) and were cultured at 37◦C with 5% CO2.
K562 genomic DNA (gDNA) was extracted using the QIA-
GEN DNeasy Blood and Tissue Kit (QIAGEN,cat# 69504)
following the manufacturer’s Quick-StartProtocol. Then
the extracted K562 gDNA was quantified using the Qubit
dsDNA HS Assay Kit (Invitrogen, cat#Q32851).

Validation of structure variations in K562

Insertion and deletion events in K562 that can be detected
from de novo genome assembly approach but not by single
cell direct mapping approach were selected for PCR valida-
tion. PCR primers were designed by Primer designing tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and the
PCR amplicons need span the breakpoints and produce
PCR products. Tks Gflex DNA Polymerase were used in
PCR amplification, and the details of SV validation primers
and PCR parameter were shown as Supplemental Table S7.
All PCR amplicons were analyzed on 1% agarose gels.

Data pre-processing

For HiFi reads, we used ccs v4.0.0 (https://github.com/
PacificBiosciences/ccs) to generate CCS reads with –
minPasses 1, and then used lima v1.10.0 (https://github.
com/PacificBiosciences/barcoding) to demultiplex and trim
barcoded CCS reads for each cell. For ONT reads, we used
nanoplexer v0.1 (https://github.com/hanyue36/nanoplexer)
and cutadapt v3.4 (https://github.com/marcelm/cutadapt)
to demultiplex and trim barcoded ONT reads for each cell.
Cleaned HiFi and ONT reads were then used for assembly.
To estimate genome coverage, clean ONT reads were then
mapped to hg38 human reference genome using minimap2
v2.24 (https://github.com/lh3/minimap2), while HiFi reads
used pbmm2 v1.1.0 (https://github.com/PacificBiosciences/
pbmm2) for genome alignment.

Genome assembly

For the genomic assembly of single-cell HiFi data, we used
hifiasm, Hicanu, and wtdbg2. We then used Purge dups

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://github.com/PacificBiosciences/ccs
https://github.com/PacificBiosciences/barcoding
https://github.com/hanyue36/nanoplexer
https://github.com/marcelm/cutadapt
https://github.com/lh3/minimap2
https://github.com/PacificBiosciences/pbmm2
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(34) to identify primary contigs from Hicanu result, and
to improve the base-level quality and continuity of assem-
bly, we used wtpoa-cns (35) to polish the initial assemblies
of wtdbg2 as it was recommended by wtdbg2. For the ge-
nomic assembly of single-cell ONT data, we used NECAT,
Flye and wtdbg2. Codes for the above processes can be
found at https://github.com/hlxie/sc-assembly.

The assessment of genome assembly quality

To evaluate assembly continuity, QUAST v5.0.2 (https://
github.com/ablab/quast) was used to calculate N50, NG50,
NGA50 largest contig length and total contig length. N50
is the sequence length of the shortest contig at half of the to-
tal assembly size; NG50 is the sequence length of the short-
est contig at half of the reference genome size; NGA50 is
the sequence length of the shortest aligned block at half
of the reference genome size. To assess the completeness
of benchmarking universal single-copy orthologs present in
an assembly, we used BUSCO v5.3 (https://busco.ezlab.org)
with the vertebrata odb10 dataset. Per-base consensus qual-
ity values (QV) was estimated by Merqury with Illumina
data. It represents a log-scaled probability of error for as-
sembly (based on the shared k-mers between the assem-
bly and the Illumina read set). Higher QVs indicate a more
accurate consensus. QUAST diffs reported the number of
large mis-assembly (>5 kb) normalized by the assembly
size (in Mb) with QUAST parameters ‘-x 5000 -m 10000
-i 10000’. The collapsed and expandable sequences were
evaluated by SDA (https://github.com/mrvollger/SDA). In
brief, we aligned single-cell sequencing raw reads (for sam-
ples with raw data greater than 300 Gb, we conducted down-
sampling and extracted 10 million reads) to each assembly
of HG002. The regions in the assembly without common
repeats collapses (identified by RepeatMasker (v4.1.0) and
TRF (v4.09)), and with higher coverage (mean + at least
three standard deviations) and the length was >15 kb was
defined as collapsed. Expandable regions were estimated
by multiplying the length of each collapse against the read
depth divided by the average genome coverage.

Closing gaps in the human reference genome hg38

The telomere-to-telomere (T2T) Consortium has released
the first gapless human genome (https://github.com/
marbl/CHM13), and we used it to evaluate how many
gaps our assembly closed for hg38. We first aligned de
novo assembled contigs to T2T-CHM13 reference, and
transformed mapping contigs (mapping quality > 30) to
hg38 coordinates using Liftover. Finally, the hg38 gaps
(download in UCSC https://genome-euro.ucsc.edu/cgi-
bin/hgTables?db=hg38&hgta track=gap&hgta table=
gap&hgta doSchema=describe+table+schema)
that spanned by contigs were identified as the
assembly-closed gaps. We next used RIdeogram
(https://github.com/cran/RIdeogram) to mark the gaps
closed region in the assembled genome and visualize the
assemblies of the HG002 genome. Only contigs labeled as
‘correct’ from QUAST will be displayed, and the QUAST
parameters were ‘-x 10000 -m 10000 -i 10000’.

Structural variation analysis of K562 cell assembly

Since some SVs are heterozygous in K562, we used primary
and alternate contig sets to find more heterozygous SVs.
For hifiasm, we used the phased haplotype1 and haplotype2
contigs (*.hap?.p ctg.gfa). For Hicanu, we used both pri-
mary and alternate contig sets. Since the results of wtdbg2
contain only primary contig, we did not use it to identify
SVs. The primary and alternate contig sets were mapped to
human reference genome (hg38) using minimap2 with pa-
rameters ‘asm5 -r 2k –cs’, and then paftools.js was used
to identify insertions and deletions (≥100 bp). We used
precision = TP/(TP + FP), recall = TP/(TP + FN), and
F1 = 2 × precision × recall/(precision + recall) to quan-
tify the performance of insertion and deletion detection
with bulk SVs treated as ground truth (download in https:
//github.com/cyang235/Smooth-seq). Bedtools v2.30.0 was
used to calculate the intersection number of SVs.

Examining the MHC locus

The PAF format results from assembled contigs that aligned
to hg38 reference with minimap2 were used to accomplish
the MHC dotPlot, using pafCoordsDotPlotly.R (https://
github.com/tpoorten/dotPlotly) with parameters ‘-m 2000
-q 500000 -k 10 -s -t -l -p 8’ for K562 cells, and ‘-m
1000 -q 80000 -k 10 -s -t -l -p 8’ for HG002 haplotype.
HLA*LA was used to finish the MHC gene typing analysis
with HLA-ASM.pl (https://github.com/DiltheyLab/HLA-
LA/blob/master/HLA-ASM.md).

RESULTS

Single-cell genome assembly of K562 cells

To demonstrate the feasibility of genome assembly at single-
cell levels, we first analyzed the SMOOTH-seq PacBio HiFi
data of K562 cells, where 95 single cells were sequenced,
with median genome coverage of ∼17.2%. The average
length of HiFi reads were around 6.6kb, and the total se-
quencing depth for these 95 cells was ∼37×.

To find a reliable assembly approach for single-cell
genome sequencing HiFi data, we have used hifiasm (36),
Hicanu (37) and wtdbg2 (35) to assemble the sequences
from 95 individual cells. Hifiasm and Hicanu were designed
for HiFi data with high base-accuracy, and these assem-
blers can help to work toward haplotype-resolved assembly
related to the k-mer distributions. However, K562 cell line
has a partial triploid genome and the reads have been expo-
nentially amplified before sequencing, the k-mer distribu-
tion had skewed, causing the ‘pseudo-haplotype’ assembly
results generated by hifiasm and Hicanu potentially biased.
Therefore, we focused on un-phased primary assembly con-
tigs. For hifiasm, the assembly graph of primary contig sets
were used to evaluate the assembly quality. For Hicanu, the
total assembly size (including primary and alternate contig
sets) is larger than human reference genome, where we used
Purge dups (34) to identify primary contigs. As for wtdbg2,
we used wtpoa-cns (35) to polish the initial assemblies, and
the polished contigs was used to evaluate the quality of the
assembly (see Methods).

https://github.com/hlxie/sc-assembly
https://github.com/ablab/quast
https://busco.ezlab.org
https://github.com/mrvollger/SDA
https://github.com/marbl/CHM13
https://genome-euro.ucsc.edu/cgi-bin/hgTables?db=hg38&hgta_track=gap&hgta_table=gap&hgta_doSchema=describe+table+schema
https://github.com/cran/RIdeogram
https://github.com/cyang235/Smooth-seq
https://github.com/tpoorten/dotPlotly
https://github.com/DiltheyLab/HLA-LA/blob/master/HLA-ASM.md
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The summary statistics of primary contigs for these three
assemblers are presented in Figure 1B. Per-base consen-
sus quality values (QV) was estimated by Merqury (38) us-
ing K562 bulk Illumina data. Hifiasm assembly has the
longest NG50 with 2.11Mb, the highest QV value of 42.5,
the longest total primary contigs (3.19 Gb, exceeding hu-
man genome size), and the highest BUSCO (39) complete-
ness (94.7%). Wtdbg2 assembly has the lowest QV, but it has
the longest contig with 14.12Mb. Although K562 is a hu-
man CML cell line with many heterozygous structural vari-
ations (SVs) and point mutations, it takes no more than 100
individual cells with hifiasm to get NG50 of over 2 Mb and
BUSCO completeness close to 95%.

To further evaluate the accuracy of assembly, we exam-
ined whether the contigs yielded by the above assemblers
spanned the major histocompatibility complex (MHC) lo-
cus, which is difficult to resolve using NGS-based short
reads sequencing data due to its repetitive and highly poly-
morphic nature (40). For single cell genome sequencing
HiFi data, spanning the whole MHC region is still challeng-
ing since the ∼6 kb read length is still not long enough and
K562 has many heterozygous SVs, which may affect the as-
sembly continuity in complex genomic regions. For hifiasm
assembly, primary contig spans most of the MHC region
with four contigs (contig length > 500 kb). Hicanu assembly
spans MHC region with two contigs while some remaining
regions were not assembled. Wtdbg2 assembly spans most
of the MHC region with two contigs (Figure 1C). Although
the length of single-cell genome sequencing HiFi reads is
only about 6 kb and K562 cell line have many heterozygous
SVs, with the relative uniform coverage of genome and the
appropriate assemblers we can still assemble K562 genome
with high continuity, which will be helpful for cancer re-
search.

Single-cell haplotype assembly of HG002 cells

The NG50 of K562 cell assembly is over 2 Mb. However,
K562 cell line has a partial triploid genome, and different to
normal diploid cells, sequencing triploid cells can result in
higher genome coverage under the same sequencing depth.
To demonstrate the feasibility of genome assembly based on
normal diploid cells, we used SMOOTH-seq to sequence
HG002 cell line on HiFi platform, and obtained 157 se-
quenced cells with in total ∼156 Gb data. The read length
ranges from 3329 bp to 11 344 bp, and the median genome
coverage of each individual cell is ∼12.4%, with the average
sequencing depth of ∼1 Gb per cell (Supplemental Table
S1).

We also used hifiasm, Hicanu and wtdbg2 to assem-
ble HG002 genome. QV was estimated with Illumina data
sets (download in https://github.com/human-pangenomics/
HG002 Data Freeze v1.0). Figure 2A displayed primary
contig statistics from these three assemblers. Hifiasm has the
highest QV value and the least expandable repeats, but there
are a few more mis-assemblies and more collapsed repeats.
Hicanu has the lowest continuity with NG50 of 0.27Mb, the
less collapsed repeats and fewer mis-assemblies. Wtdbg2 has
the highest continuity with NG50 of 0.65 Mb, the largest
contig of 6.82 Mb and the highest BUSCO completeness
(91.1%).

Compared with K562 cells, the assembly continuity of
HG002 was lower, which may be due to the fact that 95
K562 cells we sequenced have better coverage uniformity
than 157 HG002 cells we sequenced (Supplemental Figure
S1). K562 has a near-triploid genome (41), therefore, the
initial genomic DNA content of an individual K562 cell is
higher than individual HG002 cell. For single-cell genome
amplification method, higher genomic DNA input will re-
duce the amplification bias and yield more uniform amplifi-
cation, resulting in more even genome coverage (42), which
was not a random result according to our observations.

Next, we tried to explore whether single cell genome se-
quencing data from just a small number of diploid cells can
be used for haplotype assembly. Since our reads were expo-
nentially amplified before sequencing, and the distributions
of k-mer were skewed, the ‘pseudo-haplotype’ assembly was
not reliable. Therefore, we used trio HiCanu (43) and trio
hifiasm to do the trio-based haplotype assembly. For trio
HiCanu, we separated parental haplotype reads with two
parental genome specific k-mers (from ∼30 × Illumina data
and download in https://github.com/human-pangenomics/
HG002 Data Freeze v1.0), and then used wtdbg2 to as-
semble parental haplotypes. As shown in Figure 2B, the
parental genomes’ specific k-mers were used to partition
long reads from the offspring into paternal and maternal
sets (HG003:49.8Gb; HG004:51.2Gb), and un-assignable
reads (55 Gb) that are homozygous and can be assigned to
both sets. Through the assembly of wtdbg2, the NG50 size
of the trio HiCanu F1 haplotigs was 0.28 Mb (HG003 hap-
lotype) and 0.31 Mb (HG004 haplotype), and both parental
haplotypes’ BUSCO completeness was greater than 84%,
and QV value >36. For trio hifiasm, it does not partition
reads upfront, and can get haplotype assembly result di-
rectly. Trio hifiasm have almost the same haplotype assem-
bly continuity with trio Hicanu (HG003 NG50: 0.23 Mb;
HG004 NG50: 0.24 Mb), and trio hifiasm had higher QV
value and less collapsed and expandable repeats than trio
HiCanu. For BUSCO completeness trio HiCanu showed
better performance than trio hifiasm (Supplemental Table
S3).

To further evaluate the accuracy of haplotype assembly,
we examined the MHC/HLA locus (Figure 2C). We com-
pared assembly typing results for the six classical human
leukocyte antigen (HLA) genes, which have been well char-
acterized by previous studies (44). Trio HiCanu failed to
capture an HLA-B gene for HG003 haplotype but the rest
of the HLA typing results are correct and only a single base
error happened in HLA-DQB1. HG004 haplotype has one
error in HLA gene typing and two base errors in HLA-C,
with the rests correctly identified (Figure 2D; Supplemen-
tal Table S2). Trio hifiasm failed to capture HLA-A and
incorrectly captured HLA-B genes for HG003 haplotype,
and failed to capture HLA-A, incorrectly capturing HLA-B
and HLA-DQB1 genes for HG004 haplotype (Supplemen-
tal Table S4).

Single-cell genome assembly of HG002 cells using ONT
dataset

Although Pacbio HiFi reads show high accuracy (>99.9%)
and can produce around 400 Gb data per run (Pacbio Se-

https://github.com/human-pangenomics/HG002_Data_Freeze_v1.0
https://github.com/human-pangenomics/HG002_Data_Freeze_v1.0
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Figure 2. Single-cell haplotype assembly metrics of HG002 cells. (A) HG002 assembly (157 cells) benchmarking results for Pacbio HiFi mode (primary
contigs). QUAST diffs reports the number of large structural discrepancies (>5 kb) observed between the assemblies and phased HG002 reference genome
normalized by the assembly size (in Mb). The total base of Collapsed sequences and Expandable sequences report the amount of bp that are collapsed
and potentially expandable in each assembly (smaller is better). (B) Trio Hicanu HG002 trio heterozygosity assembly statistics. Using two parental genome
specific k-mers, trio HiCanu separated parental haplotype reads, and then we used wtdbg2 to assemble parental haplotypes. QUAST diffs reports the
number of large structural discrepancies (>5 kb) observed between the HG003/HG004 haplotype assemblies and HG003/HG004 haplotype reference
genome normalized by the assembly size (in Mb). (C) Trio Hicanu HG002 MHC haplotype assemblies were compared with the reference human genome
(hg38), and only contigs longer than 80 kb are displayed. (D) Trio Hicanu HG002 primary contigs and associated haplotigs (from wtdbg2) spanning the
MHC region were displayed and annotated along with various HLA gene.
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quel II platform), after the Circular Consensus Sequenc-
ing workflow only about 15 Gb CCS data was retained (33).
In other words, if we sequence 1 Gb per cell, the cost for
individual cell was ∼260$; if we attempt to obtain deeper
sequencing data per cell (higher than 5×), sequencing one
run per cell was needed, and the cost for only one individ-
ual cell would be ∼3900$, which is a very expensive and
unaffordable strategy. Compared to Pacbio HiFi platform,
ONT platform was much more cost-effective and afford-
able. ONT platform can produce around 110 Gb data per
run, and if we sequence 1 Gb per cell, the cost for an indi-
vidual cell was ∼14$, and if sequencing 5 Gb per cell, the
cost for one individual cell is ∼70$. To find a better strategy
for assembly using a small number of cells and demonstrate
the feasibility of our method on different third-generation
sequencing platforms, we also assembled HG002 cell line
based on ONT platform data.

First, we used the strategy of multi-cells with low se-
quencing depth. We sequenced 192 single cells and obtained
∼221.7 Gb data for assembly, with ∼1.1 Gb for each indi-
vidual cell. The average read length was ∼6.4 kb and the
median genome coverage of a cell was ∼7.9% (Supplemen-
tal Table S5). Unlike PacBio HiFi reads, the error rates of
ONT reads are much higher. Previous studies showed that
the average error rates of ONT reads for eight species ranged
from 12.0% (for S. cerevisiae) to 20.1% (for A. thaliana) and
the error rates in ONT reads are more broadly distributed
(45). Many of the current de novo assemblers for ONT reads
require error correction steps, and some of them are cor-
rected before assembly (e.g. Flye (46), wtdbg2 (35)), while
others first corrected raw reads and then assembled them
using corrected reads (e.g. NECAT (45)). Herein, we used
Flye, wtdbg2 and NECAT to complete the de novo genome
assembly of HG002 with ONT reads (∼71×) from 192 sin-
gle cells.

Primary contig statistics for these three assemblers are
presented in Figure 3A. Both corrected-before-assembly as-
semblers (Flye and wtdbg2) performed similarly well and
are more consistent and accurate than NECAT. Flye has the
highest continuity with NG50 of 1.38 Mb, and its BUSCO
completeness was 93.1% and the largest contig is 11.42 Mb.
According to our results, for the assembly of single-cell
ONT dataset, the choice of assembler can drastically affect
the quality of the final results, and an appropriate tool can
increase assembly continuity up to 4-fold. However, due to
the high error rates of ONT reads, even the best assembly
results have lower QV values than those from HiFi data.

Single-cell genome assembly of HG002 cells using high cov-
erage ONT datasets

In the practical application of assembly, we might encounter
the situation of very few cells available. To investigate the
lower limit of numbers of single cells need to be sequenced
for genome assembly, we deeply sequenced 30 HG002 single
cells (average sequencing depth of a single cell was 5×) with
high genome coverage (ranging from 27.9% to 53.4%) on
ONT platform (Supplemental Table S6). We then explored
the results of assembly of 30 cells, 20 cells, 10 cells and even
just a single cell. Since NECAT performed not well in single

cell datasets, we used wtdbg2 and Flye for the subsequent
assembly.

First, we assembled a cell with the highest genome cov-
erage of 53.4%, and the sequencing depth was about 4.5×
(∼13.8 Gb), with average read length of 7.1 kb. Contig
statistics are presented in Figure 3B, D. Flye has the highest
continuity with N50 of 15.3 kb. Wtdbg2 has the longest con-
tig of ∼280 kb. Genome assembly from just one individual
cell is an extreme case, and in practice such continuity of
genome assembly is far from sufficient.

Second, we used the top 10 sequenced cells with the high-
est coverage for assembly (the total sequencing depth was
about 48×, and average genome coverage was 49.1%). Wt-
dbg2 and Flye showed similar continuity with NG50 of
about 175 kb, similar BUSCO completeness of ∼81%, and
the longest contig in Flye is 2.98 Mb (Figure 3B–D).

Third, we used the top 20 sequenced cells with the highest
coverage for assembly (sequencing depth ∼109×; average
genome coverage ∼45.2%). At this sequencing depth and
number of cells sequenced, Flye began to show its fitness in
single cell datasets with NG50 of ∼776 kb (Figure 3C, D),
the longest contig was ∼6.3 Mb, and the BUSCO complete-
ness was 90.8% (Figure 3D). Such continuity exceeded HiFi
assembly results with 157 cells at a lower sequencing depth
per cell (NG50: 0.65 Mb).

Finally, we used Flye to assemble all 30 cells (sequenc-
ing depth ∼153×; average genome coverage ∼41.7%) with
NG50 ∼1.35 Mb, the longest contig was ∼11 Mb and
BUSCO completeness was ∼92% (Figure 3B–D). Such con-
tinuity was comparable to ONT assembly results with 192
cells at a lower sequencing depth per cell (NG50 ∼1.38 Mb)
(Figure 3E, F). These results suggest that the genome as-
sembly from as low as 30 individual cells was in line with
that from 192 individual cells at a lower sequencing depth
per cell.

Identification of SVs using K562 cell genome assembly

As for the assembly results of K562, it is important to know
whether the original SV information can still be retained in
the assembled K562 genome, and whether new SVs can be
identified after assembly, which were well concerned ques-
tions in the genome assembly of cancer cells. Since some SVs
are heterozygous in K562, it is not appropriate to detect SVs
using only the primary contig sets, so we also used the al-
ternate contig sets, allowing us to find more heterozygous
SVs.

For hifiasm, we used the phased haplotype1 and haplo-
type2 contigs (*.hap?.p ctg.gfa), and for Hicanu, we used
both primary and alternate contig sets to detect SVs. Af-
ter mimimap2 alignment and variants calling by paftools.js
(47), we finally identified 7132 insertions and 6365 deletions
from hifiasm, 6604 insertions and 4355 deletions from Hi-
canu. The size distribution of SVs detected from hifiasm
contigs show 300 bp peak for ALUs and 6 kb peak for
LINEs (Figure 4A, B). We then compared the distributions
of insertion lengths detected by hifiasm assembly, Hicanu
assembly, bulk Pacbio CLR reads and single-cell HiFi reads
(2-cell supported) (33), where bulk CLR SVs were treated as
ground truth. Insertions detected by assemblies were longer
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Figure 3. Assembly metrics for HG002 192 cells at a lower sequencing depth per cell and 30 cells at a higher genome coverage. (A) HG002 assembly (192
cells) benchmarking results for ONT mode (primary contigs). Per-base consensus quality values (QV) was estimated by Merqury. QUAST diffs reports the
number of large structural discrepancies (>5 kb) observed between the assemblies and phased HG002 reference genome normalized by the assembly size
(in Mb). The total base of Collapsed sequences and Expandable sequences report the amount of bp that are collapsed and potentially expandable in each
assembly (smaller is better). (B) Cumulative plot illustrates the growth rate of assemblies’ length. (C) NGx plot showing contig length distribution (NG50:
contigs equal or larger than this represent 50% of the estimated genome size). Since the total length of contigs assembled from one cell did not exceed
1.5 Gb, NGx was not shown. (D) HG002 assembly (1, 10, 20, 30 cells) benchmarking results for ONT mode (primary contigs). Only contigs of length
greater than 10 kb will be taken into accounting basic indicators. Per-base consensus quality values (QV) was estimated by Merqury. QUAST diffs reports
the number of large structural discrepancies (>5 kb) observed between the assemblies and phased HG002 reference genome normalized by the assembly
size (in Mb). The total base of Collapsed sequences and Expandable sequences report the amount of bp that are collapsed and potentially expandable in
each assembly (smaller is better) (E) Visual representation of the most contigs from ONT assembly results with 192 cells at a lower sequencing depth per
cell. Each gray and black block indicates a continuous contig alignment, which was calculated by QUAST, and only contigs labed ‘correct’ from QUAST
will be displayed (the QUAST parameter of ‘lower threshold for the relocation’ was 10 kb). The red dots mark the gap-closed regions in the assembled
genome. (F) Visual representation of the most contigs from ONT assembly results with 30 cells at a higher genome coverage. Each gray and black block
indicates a continuous contig alignment, which was calculated from QUAST, and only contigs labeled as ‘correct’ from QUAST will be displayed (the
QUAST parameter of ‘lower threshold for the relocation’ was 10 kb). The red dots mark the gap-closed regions in the assembled genome.
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Figure 4. SVs discovery and distribution from K562 cells assembly. (A) Size distribution of SVs identified from K562 cells with hifiasm assembly, 300 bp
peak for ALU and 6kb peak for LINE. (B) Length distribution of SVs identified from Hicanu assembly, hifiasm assembly, raw single cell HiFi reads and
bulk CLR reads. (C) The precision, recall and F1-score of SVs identified from Hicanu assembly, hifiasm assembly, raw single cell HiFi reads, where bulk
CLR SVs were treated as ground truth. (D) The percentage of true positive SVs identified from Hicanu assembly, hifiasm assembly, raw single cell HiFi
reads, where bulk CLR SVs were treated as ground truth. (E) Ribbon (56) visualization the translocations in K562 cells. The diagram on the left indicates
the detailed positions and directions of the translocation of BCR-ABL1 locus and NUP214-XKR3 locus. The right diagram indicates the translocation of
chr3 with chr10 generates CDC25A-GRID1 fusion gene, which is not detected in single cell direct mapping result.

(some insertions exceed 10 kb) and have almost the same
length distribution with bulk CLR reads (Figure 4B). To
evaluate the accuracy of insertion detection, we used three
metrics: precision, recall and F1-score. The precision of in-
sertion detection for these two assemblers was >0.9 (Figure
4C). Hifiasm assembly can identify more insertions with the
highest recall rate, and its F1-score was higher than that of
Hicanu. The true positive insertions identified by hifiasm
accounted for ∼77% of insertions identified from bulk sam-

ples, exceeding those of single cell data direct mapping and
Hicanu assembly (Figure 4D).

Since for majority of the single cells the length of HiFi
reads were around 6 kb, most insertions found in single cells
are less than 6 kb. By assembling, we can identify longer and
more complete insertion events. For example, we observed
a homozygous insertion event of ∼4100 bp (chr13:89 668
900–89 668 990), which was found in both bulk data and as-
sembled contigs but not in the single-cell reads direct map-
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ping result (Supplemental Figure S2). We also detected a
heterozygous insertion in the ITGA11 gene from assembled
contig, without supported reads in the single-cell reads di-
rect mapping result. This is because when reads are not long
enough to span the whole insertion events, unaligned sub-
sequence will appear at the end of the reads, and the un-
aligned portion will be masked by a process termed ‘soft-
clipping’ (48). The software we used to find SVs will not
recognize it as an SV event, but when we assemble sequenc-
ing reads, the ‘soft-clipping’ of reads overlaps into a contig,
the unaligned portion will appear in the middle of the contig
and then will be recognized as insertion events. Therefore,
if targeting detecting insertions, using assembly’s data is a
better choice.

For detection of deletion events, the length distribution
from single cell HiFi data was more similar with bulk Hifi
data (Figure 4B). Hifiasm assembly can identify more dele-
tions with the highest recall rate, and the true positive detec-
tions identified by hifiasm is also the highest, but the preci-
sion and F1-score is a little lower. There was no significant
advantage in deletion detection using the assembled contigs.
But we still got some deletion events not detected in the sin-
gle cell direct mapping result but could be detected in both
bulk data and assembled contigs (Supplemental Figure S3).

To further verify our results, we selected 20 SVs (6 dele-
tion events and 14 insertion events) detected from both Hi-
Canu and hifiasm as candidates for SV validation. These
SVs are not detected at the single cell direct mapping data
but can be detected by de novo genome assembly. In ad-
dition, we used K562 cell line gDNAs as PCR templates
for SV validation. 100% (6 out of 6) selected deletion events
were successfully amplified with expected size. Of these dele-
tion events, three were homozygous and the remaining three
were heterozygous (Supplemental Figure S4a; Table S7).
For insertion events, 71% (10 out of 14) selected events were
validated with the exact insertion sizes and the remaining
four insertion events failed to amplify any bands with two
different primer pairs. Of these insertion events, two were
heterozygous and the remaining eight were homozygous
(Supplemental Figure S4b; Table S7). These results indi-
cated that structure variations identified using the de novo
genome assembly approach are convincing.

For some complex structural variations, especially for de-
tecting complex translocation events, it is more dependent
on reads length. In line with our expectations, transloca-
tion events could be more reliably identified after genome
assembly. For example, translocation of chr3 with chr10
generates CDC25A-GRID1 fusion gene, which is not de-
tected in single cell direct mapping result, but after assem-
bly, there have a contig with 3.7 Mb length permitting us to
find this event robustly (Figure 4E). Other known transloca-
tion events in the K562 cell line like BCR-ABL1 locus and
NUP214-XKR3 locus (49) were also reliably identified us-
ing assembly data, and both of which can be revealed by
just one contig (Figure 4E). These results indicated that,
after assembly, most of the SVs found in bulk sequenc-
ing dataset were recovered robustly, especially for many
longer insertion events and complex structural varia-
tions, which could be identified more accurately and more
completely.

Assembling single cell ONT data permit closing gaps in hu-
man reference genome

The current hg38 reference genome contains ∼151 Mb
of unknown sequences distributed throughout the human
genome (6), and these breaks in the assembly span many
complex repeats. Recently, T2T has finished the first truly
complete human reference genome (3.055 billion base pairs)
using CHM13 cell line, providing gapless assemblies for all
22 autosomes plus ChrX (6). Aligned to T2T-CHM13 refer-
ence, our de novo assembled contigs using the ONT dataset
with 192 single cells of diploid HG002 line closed 39 gaps,
where the length of 14 gaps is greater than or equal to 50 kb
according to the annotation of hg38 (Supplemental Table
S8, Figure 3E). For example, an unresolved 50 kb gap on
ChrX is spanned by a single contig with the length of 352
868 bp in our assembly (contig 6500), however it turned
out that this gap is only 3653 bp long (according to T2T-
CHM13 reference. Supplemental Figure S5a). For the as-
sembly contigs using 30 single HG002 cells’ high coverage
(average coverage ∼41.7%) ONT dataset, 38 gaps have been
spanned, of which 15 gaps’ lengths are greater than or equal
to 50 kb (Supplemental Table S9, Figure 3F). For instance,
an unresolved 50 kb gap on Chr13 (according to hg38) is
spanned by a single contig with the length of 205 180 bp
in our assembly (contig 16890), which spans GRK1 gene
whose mutation is known causing Oguchi disease (50) (Sup-
plemental Figure S5a).

Single cell genome de novo assembly can be used to can-
cer research (high cellular heterogeneity) and embryonic de-
velopment research (only a small amount of DNAs avail-
able). The HOX genes are major regulators of embryonic
development. One of their most conserved functions is to
coordinate the formation of specific body structures along
the anterior-posterior (AP) axis in Bilateria (51), and muta-
tions in HOX genes can lead to increased cancer predispo-
sition, and HOX genes might mediate the effect of many
other cancer susceptibility factors by recognizing or exe-
cuting altered genetic information (52). Therefore, we ex-
amined the HOX gene region with assembled contigs from
ONT dataset with 192 single cells of HG002 line. For the
HOX gene clusters (HOXA, HOXB, HOXC and HOXD),
two or three assembled contigs can cover each of them and
most of the genes are completely assembled (Supplemental
Figure S5b).

DISCUSSION

In this study, we have presented a systematic analysis of de
novo human genome assembly with a small number of sin-
gle cells sequenced on the HiFi or ONT platforms, and sub-
sequently conducted de novo human genome assembly with
1, 10, 20 and 30 normal diploid cells respectively. First, we
assembled the genome of human CML cell line K562 us-
ing 95 individual cells, where the NG50 can reach 2.11 Mb
with hifiasm. Second, we used the strategy of multi-cell low-
depth sequencing to sequence 157 individual cells (Pacbio
HiFi platform) and 192 individual cells (ONT platform) to
assemble the genome of HG002 cell line separately. The
results have shown that the HiFi dataset with 157 single
cells can assemble the HG002 genome with the NG50 of
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0.65 Mb, and owing to the high accuracy of HiFi data,
haplotype assembly can still be completed as demonstrated
by satisfying HLA typing results. Using the ONT dataset
with 192 single cells we can assemble the HG002 genome
with NG50 of 1.38 Mb, closing 39 gaps in hg38 reference
genome. Third, we sequenced 30 HG002 single cells with
high genome coverage on the ONT platform, and assem-
bled the genome using 1, 10, 20, 30 individual cells respec-
tively. The results showed that the assembly continuity with
sequencing data from as few as 20 individual cells (aver-
age genome coverage ∼ 45.2%) can achieve the NG50 of
0.7 Mb, exceeding that of HiFi dataset with 157 single cells
(median genome coverage ∼ 12.4%). The assembly conti-
nuity with sequencing data from 30 individual cells (aver-
age genome coverage ∼ 41.7%) can achieve the NG50 of
1.35 Mb, comparable to that of ONT dataset with 192 sin-
gle cells (median genome coverage ∼ 7.9%). Our results
have demonstrated the practicability of single-cell human
genome assembly.

Through analyzing the structural variations of the as-
sembled genome of K562 cells, we found that compared
to single cell direct mapping strategy, insertion events and
complex structural variations could be identified more ac-
curately and more completely. In addition, our results
demonstrated that the choice of different assemblers can
affect the assembly results profoundly, especially in the
cases with very few individual cells sequenced and ana-
lyzed, where Flye is more suitable for single-cell genome de
novo assembly with the high coverage datasets from ONT
platform.

The small amount of cells available and the large genetic
heterogeneity within a population of cells are two sets of dif-
ficulties that hinder the application of genome assembly in
biomedical research. Single cell whole genome long-read se-
quencing technology can help us solve these problems. Here,
we have used different sequencing platforms and strategies
to explore the feasibility of single-cell de novo genome as-
sembly and identified the factors affecting the assembly re-
sults, and finally improved the resolution of genome assem-
bly to single-cell levels.

In fact, assemblers are also important for the genome as-
sembly of single-cell dataset. Due to highly non-uniform
read coverage generated by single-cell whole genome am-
plification (53), the assembler needs to adjust its strat-
egy to achieve better assembly results, such as Velvet-SC
(53), SPAdes (28), IDBA-UD (54) and SOAPdenovo2 (55),
which are designed for single-cell genome NGS data. How-
ever, since they are designed for the assembly of a single mi-
crobial genome, which may not be suitable for our single-
cell human genome assembly. The algorithm design of these
tools is instructive, and we hope new assemblers can be de-
veloped to assemble human genome with the single-cell
TGS data.

Although limited by the cost and available sequencing
techniques, assembling human genome from just one single
cell with great continuity can still not be achieved currently.
We believe that with further development of single-cell
whole genome long-read sequencing technologies, restor-
ing genome structure from just a single cell will finally be
achieved, and will promote related biomedical researches.
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