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Abstract

An ethnicity is characterized by genomic fragments, single nucleotide polymorphisms (SNPs), and structural variations
specific to it. However, the widely used ‘standard human reference genome’ GRCh37/38 is based on Caucasians. Therefore,
de novo-assembled reference genomes for specific ethnicities would have advantages for genetics and precision medicine
applications, especially with the long-read sequencing techniques that facilitate genome assembly. In this study, we assessed
the de novo-assembled Chinese Han reference genome HX1 vis-a-vis the standard GRCh38 for improving the quality of
assembly and for ethnicity-specific applications. Surprisingly, all genomic sequencing datasets mapped better to GRCh38 than
to HX1, even for the datasets of the Chinese Han population. This gap was mainly due to the massive structural misassembly
of the HX1 reference genome rather than the SNPs between the ethnicities, and this misassembly could not be corrected by
short-read whole-genome sequencing (WGS). For example, HX1 and the other de novo-assembled personal genomes failed
to assemble the mitochondrial genome as a contig. We mapped 97.1% of dbSNP, 98.8% of ClinVar, and 97.2% of COSMIC
variants to HX1. HX1-absent, non-synonymous ClinVar SNPs were involved in 140 genes and many important functions in
various diseases, most of which were due to the assembly failure of essential exons. In contrast, the HX1-specific regions
were scantly expressible, as shown in the cell lines and clinical samples of Chinese patients. Our results demonstrated that
the de novo-assembled individual genome such as HX1 did not have advantages against the standard GRCh38 genome due
to insufficient assembly quality, and that it is, therefore, not recommended for common use.

Introduction

Recent advancements in next-generation sequencing (NGS)
have been making human whole-genome sequencing (WGS)
and whole-exome sequencing (WES) increasingly afford-
able to the public, promoting applications in precision medi-
cine (Cai et al. 2017; Wang et al. 2008), which depends
on genetic variations, including single nucleotide polymor-
phisms (SNPs) and structural variants, identified by map-
ping the sequencing reads to a reference genome. Previous
studies have revealed that genomes from different ethnicities
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have distinct and specific regions in their genomes, includ-
ing some specific structural variants (Genomes Project et al.
2012).These form the genetic basis of their phenotypes.
Therefore, the reference genome might have a remarkable
influence in such data analyses.

To minimize the potential ethnicity bias in genomes,
de novo assembly of ethnicity-specific individual human
genomes has been proposed since long, especially for non-
Caucasian races (Cho et al. 2016; Gnerre et al. 2011; Li et al.
2010). However, assembling a complete reference genome
like the widely used and well-annotated human genome
(GRCh37/38) with short-read NGS techniques remains cost
intensive and time consuming. The short reads from NGS
are limited to constructing short contigs for the repeat ele-
ments (Shi et al. 2016) and miss a considerable number of
RefSeq transcripts (Schneider et al. 2017). Short contigs
introduce N-gaps in scaffold assembly and thus lead to errors
in the further analysis of genetic variations. Single-molecule
real-time (SMRT) long-read sequencing (Eid et al. 2009) is
a powerful tool to overcome this limitation and construct
much longer contigs (Shi et al. 2016). With the aid of the
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short-read sequencing data for error correction, a de novo-
assembled Chinese Han individual genome (HX1) became a
milestone for practical genome assembly with considerable
completeness for a specific ethnicity (Shi et al. 2016). Com-
pared to the short-read-based assemblies such as CHM1,
the long-read assembly provided orders of magnitude larger
than contig N50 and much fewer gaps and lower gap lengths
(Shi et al. 2016). Obviously, the long-read single-molecule
sequencing technique provides a cost-efficient solution for
individual genome assembly.

However, whether the long-read assemblies could be used
as better reference genomes for ethnicity-specific genetic
and functional studies has not been systematically evalu-
ated. In this study, we assessed HX1 as a reference genome
for the Chinese Han population in terms of genetics and
functional/disease-related applications, compared with the
standard GRCh38 reference genome, using a series of WGS/
WES/transcriptome sequencing data of Chinese Han people.

Results

WGS/WES reads of Asian individuals mapped to HX1
to a lesser extent than to GRCh38

We downloaded the WGS and WES datasets of 81 Chinese
Han, 12 Chinese Dai (a minority in southwest China), 10
Vietnamese (Kinh), 10 Japanese, 10 Mongoloid, and 40 Brit-
ish individuals (see Supplementary Table S1 for details).
All datasets were mapped to GRCh38 and HX1 reference
genomes, respectively, with identical mapping parameters
(Fig. 1a).

The reads of the British individuals mapped to GRCh38
better than to HX1 in terms of map rate and Levenshtein dis-
tance rate (LD rate, which is calculated as Levenshtein dis-
tance of a read to the reference divided by the read length),
which is expected, given that the GRCh38 reference genome
is based on Caucasians. Moreover, as expected, the sequenc-
ing datasets of Caucasians mapped to GRCh38 better than
to HX1, with a higher map rate and lower LD rate (Fig. 1b).
Theoretically, HX1 should be closer to the Chinese Han pop-
ulation, especially considering the 12.8 Mb-specific region
that is absent in GRCh38 and is Han ethnicity-specific. Sur-
prisingly, all Asian datasets mapped to GRCh38 better than
to HX1 in terms of map rate and LD rate (Fig. 1b). The map
rate against GRCh38 was on average 2.0% higher than that
against HX1. Even the Illumina sequencing reads of HX1
were mapped to GRCh38 better than to the HX1 reference
sequence itself (map rate: 87.4% against GRCh38 versus
86.2% against HX1).

The HX1 reference genome (2.93 Gb in total length) is
9.2% shorter than the GRCh38 reference genome (3.23 Gb in
total length), indicating that some genomic fragment might
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be missing in HX1. However, this might not explain the
lower mapping rate of HX1 owing to the following reasons.
First, the advantage of the GRCh38 map rate against the HX1
map rate was significantly greater for WGS (0.020+0.004)
than for WES (0.017 +0.002) data (P=0.0006, Mann—Whit-
ney U test), and both map rate advantages were much lower
for the missing regions (Fig. 1c). Exons in the human
genome are mostly non-repetitive and highly conserved.
Therefore, the greater advantage of the WGS map rate than
the WES map rate indicated that the assembly of HX1 may
be poorer in the highly repetitive regions rather than in the
missing regions. Second, in all datasets, there are consider-
ably more ‘GRCh38-better’ reads than ‘HX1-better’ reads
(Fig. 1d, e).

Structural misassembly is a major flaw of de
novo-assembled personal genomes

Since the LD rate when mapping to HX1 is higher than
that of GRCh38, we first speculated that the HX1 reference
genome contained a considerable number of single nucle-
otide variations (SN'Vs) of the PacBio primary assembly,
which were not fully corrected by the Illumina short reads
with higher accuracy. Therefore, we tried to further correct
the HX1 assembly with the Illumina short reads using our
previously established iterative genome correction strategy
with the accurate FANSe algorithm; this strategy has been
experimentally validated with negligible false positives and
false negatives (Wu et al. 2014). We corrected 1.28 million
SNVs in the first round. After four rounds of genome correc-
tions, fewer than 100,000 SN'Vs were correctable, indicating
that the SNV correction is almost saturated (Fig. 2a). The
mapping rate of HX1 Illumina reads against the corrected
genome increased marginally, by 0.3% (Fig. 2a). However,
after four rounds of correction, the mapping rate against
HX1 (86.5%) was still less than that of the mapping rate
against GRCh38 (87.4%). We then mapped eight WGS data-
sets to the HX1 reference sequence before and after cor-
rection. We found an average 0.4% (0.3% ~0.5%) increase
in the mapping rate after the genome correction, but it was
still less than that of GRCh38 in all cases (Supplementary
Fig. S1). This suggested that the uncorrected SNVs of the
HX1 assembly were not the major cause of the lower map-
ping rate.

We next speculated that the HX1 assembly contained a
considerable number of misassembled large fragments due
to the higher error rate of PacBio long reads. We mapped
the WGS and WES datasets of Chinese Han individuals
against the HX1 and GRCh38 reference genomes, respec-
tively, and obtained reads that uniquely mapped to one refer-
ence genome. Intriguingly, the reads that uniquely mapped
to GRCh38 reads were mostly enriched for mitochondrial
genes (Fig. 2b and Supplementary Fig. S2), indicating that
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Fig.1 Mapping WGS/WES datasets of various ethnic groups to
GRCh38 and HX1 reference genome sequences. The accession
numbers of these datasets are listed in Supplementary Table S1. a
Analysis strategy. WGS/WES sequencing reads were mapped to
HX1 and GRCh38 reference sequences, respectively. LD =Leven-
shtein distance. b The mapping rate and LD rate from the reference
were compared for each dataset mapping to both reference genome
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sequences. Map rate=mapped reads/total reads. LD rate =LD/read
length. ¢ Difference in map rate between GRCh38 and HX1 for WGS
and WES datasets. P value was calculated using the Mann—Whit-
ney U test. d Percentages of the reads mapped to both reference
genome sequences. € Comparison of the ‘HXI-better’ reads ver-
sus the ‘GRCh38-better’ reads, and ‘HX1-unique’ reads versus the
‘GRCh38-unique’ reads for all analysed WGS/WES datasets
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Fig.2 Structural misassembly of the HX1 reference genome. a Cor-
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correction round. The dashed line shows the mapping rate against
the GRCh38 reference genome. The lower part shows the number of
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the mitochondrial sequence was largely misassembled in
HX1. We aligned the HX1 scaffolds to the GRCh38 mito-
chondrial reference genome using BLAST and found that
the mitochondrial genome was scattered in at least seven
scaffolds (Fig. 2c). These scaffolds covered 69.0% of the
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kilobase gene per million reads (RPKM). All the scaffolds, as well
as the mitochondrial genome (17 kb), were considered as genes here.
¢ The HX1 scaffolds containing homologous regions (green parts)
against GRCh38 mitochondria sequence. The main origins of the
scaffolds are indicated on the right. d The sequencing depth of the
GRCh38 mitochondrial sequence when the HX1 Illumina reads were
mapped to GRCh38

mitochondrial genome. However, all mitochondrial frag-
ments were assembled with other fragments belonging to the
nuclear genome (Fig. 2c and Supplementary Fig. S3). The
mitochondrial genome is 16 ~ 17 kb long and is highly con-
served among human beings. We mapped the HX1 Illumina
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WGS raw data to GRCh38 and obtained gapless full cover-
age (Fig. 2d), demonstrating that the HX1 genome contains
a complete mitochondrial genome that is highly homologous
to the GRCh38 genome. Therefore, these results confirmed
that there are considerable structural misassembly events
in the HX1 genome, which may cause lower mapping rates
and higher LD rates when used as a reference. It should be
noted that this is not an HX1-specific flaw. The other de
novo-assembled individual genomes using various strate-
gies and techniques (NA12878_ASM101398v1, Venter_
HuRef, NA12878_ALLPATHS and AK1_v2) also contained
severe fragmentation and misassembly of the mitochondrial
genome (Supplementary Fig. S4). Importantly, not a sin-
gle contig or scaffold in these de novo-assembled personal
genomes represent a (near-)complete mitochondrial genome
without nuclear fragments. These results indicate that there
are likely to be many flaws in de novo-assembled personal
genomes.

HX1 missed annotated and highly disease-relevant
variations

For applications in genetics and medicine, a reference
genome sequence should contain sufficient annotated varia-
tions. Therefore, we mapped the SNPs/SNVs in dbSNP (ver-
sion 150), ClinVar (version 150), and COSMIC (v82) data-
bases to the HX1 reference genome. We generated 1000 nt,
500 nt, and 100 nt reads centred at each SNP/SNYV in these
databases according to the GRCh38 coordinates and mapped
them to HX1 using the FANSe3 algorithm. Since FANSe3
automatically neglects reads that are mapped to highly repet-
itive regions, the unmapped SNP/SNV reads were mapped
again to HX1 using FANSe2. We then assessed the coverage
of annotated variations in real-world WGS/WES datasets
(PRJCA000246 and SRP050281) of the Chinese Han popu-
lation. For all cases and all databases, mapping to GRCh38
covered 0.6-2.3% (1.7% on average) more annotated vari-
ations than mapping to HX1 (Fig. 3a), showing that HX1
missed a fraction of annotated variations.

For applications in genetics, 97.1%
(315,746,941/325,174,796) annotated variation IDs from
dbSNP can be found in the non-repetitive regions of HX1.
An additional 1.09% dbSNP IDs were mapped to the repeti-
tive regions of HX 1. Compared with the 9.2% absent regions,
the coverage of dbSNP in HX1 is near complete. Among the
HX1-absent SNPs, 52.4% were included in dbSNP databases
in version 150, and 79.8% of the HX1-absent SNPs were
included later than in version 142 (Fig. 3b), indicating that
these GRCh38-specific SNPs were largely recently recog-
nized by the community due to technical improvements and
the boom in worldwide WGS projects.

For disease-relevant applications, 98.6% ClinVar (a dis-
ease-relevant subset of dbSNP) annotated SNP IDs were

mapped to HX1. In contrast to the version distribution of the
dbSNPs, among the 3821 HX1-absent ClinVar SNPs, only
8.4% were of version 150, and only 38.1% were included in
ClinVar later than version 142 (Fig. 3c). These results dem-
onstrated that most HX1-absent SNPs with clinical signifi-
cance were recognized in early studies, demonstrating their
high relevance to the disease phenotypes. In concordance,
69.8% of the HX1-absent ClinVar SNPs had minor allele
frequencies (MAFs) less than 1% (Fig. 3d). Considering that
the phenotypic impact is inversely correlated to the MAF
(Hindorff et al. 2011; McCarthy et al. 2008; Rossier et al.
2015; Visscher et al. 2017), the low MAF of the HX1-absent
ClinVar SNPs implied significant clinical impact. In addi-
tion, 2791 HX1-absent ClinVar SNPs (73.04%) were inside
the annotated genes, and 50.69% appeared to alter amino
acids in protein products, affecting 140 genes (Supplemen-
tary File 1). These results indicated that these SNPs should
not be overlooked. We then validated this by performing
ingenuity pathway analysis (IPA) of these 140 genes. These
genes participate in a wide variety of important molecular
and cellular functions, such as DNA replication, recombina-
tion and repair, cell cycle, nucleic acid metabolism, and cell-
to-cell signalling and interactions (Fig. 3e). The top diseases
related to these genes are enriched in hereditary disorders,
developmental disorders, etc. (Fig. 3f). As the clinical sig-
nificance of ClinVar SNPs has been demonstrated, the miss-
ing SNPs among these in the HX1 reference genome could
be a drawback in disease-relevant studies.

Multiple housekeeping genes were misassembled
in HX1

Among the highly disease-relevant SNPs, the missing ones
reflected that the HX1 reference sequence did not con-
tain homologous regions of these non-synonymous SNPs.
Among the 140 affected genes, 87 genes were found to con-
tain GRCh38-annotated exons, which could not be found
in HX1-assembled scaffolds (Supplementary File 3). This
result indicated that HX1 may fail to assemble these genes.
Of note, many of these are housekeeping genes, which are
ubiquitously expressed in most human tissues (data from the
NCBI Gene Database).

To validate this hypothesis, we first mapped the RNA-seq
datasets of the Chinese Han-derived cells, including HX1,
MHCCLM3, MHCCLM6, and MHCC97H, to the RefSeq-
RNA reference sequences of GRCh38. On average, 53 genes
were detected in > 10 RNA-seq reads, demonstrating their
expression (Bloom et al. 2009). This showed that a consid-
erable fraction of these genes was expressed in the Chinese
Han RNA samples (Fig. 4a and Supplementary Table S2).
Next, we mapped the HX1 Illumina WGS reads to GRCh38
reference genome sequences. We found that all these HX1-
absent exons actually exist in the HX1 genomic DNA
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Fig.3 HXI-missed disease-relevant variations. a WGS/WES datasets
of Chinese Han populations mapped to GRCh38 and HX1 reference
genomes, respectively. The SNPs/SNVs covered in dbSNP, ClinVar,
and COSMIC databases of these datasets when mapped to the two
reference genomes were compared. b The HX1-absent SNPs in the
dbSNP database versus the database release versions. Detailed build
versions are shown in Supplementary Fig. S5. ¢ The HX1-absent

sample, with sufficient sequencing depths (Fig. 4b shows
three housekeeping genes as examples. See also Supple-
mentary Fig. S6 and Table S3). For example, exons 2~ 5 of
the LMNB2 gene were missing in HX1 reference sequences,
containing the ClinVar SNP rs57521499. More than 80% of
the TERT exons and more than 70% of the MAP3K15 exons
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SNPs in the ClinVar database versus the database release versions.
Detailed build versions are shown in Supplementary Fig. S5. d The
MAF distribution of the HX1-absent SNPs in ClinVar databases. e—f
The top diseases and disorders (e) and the top molecular and cellular
functions (f) of the 140 annotated genes containing HX1-absent and
non-synonymous ClinVar SNPs analysed using ingenuity pathway
analysis ingenuity pathway analysis (IPA)

were missing in HX1 reference sequences. These genes are
crucial housekeeping genes. Therefore, massive exon dele-
tion would be unrealistic. Sufficient coverage when map-
ping HX1 WGS data to GRCh38 showed that these exons
were actually present and complete in HX1, but the flaws
when assembling HX1 discarded these essential genomic
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onymous ClinVar SNPs. The complete list of 87 such genes is shown
in Supplementary Fig. S6)
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segments. These genes were not enriched in any pathways
nor GO terms, according to PANTHER calculation (www.
pantherdb.org), indicating that the gene misassembly in the
HX1 reference sequence is ubiquitous and random.

HX1-specific regions are almost not expressed
in RNA-seq datasets

HX1 was thought to have its own advantages in ethnicity-
specific disease research: 12.8 Mb HX1-specific sequences
(0.44% of the genome size) have been reported (Shi et al.
2016). These regions contain 533 contigs with lengths
between 10 and 160 kb. However, we found that 54 (10.13%)
of these regions could be aligned to GRCh38 reference
sequences with > 80% sequence coverage and > 80% iden-
tity using BLAST, indicating that these contigs are still
highly homologous to GRCh38, just with a higher number of
SNPs or sequencing errors. Only 479 contigs and 11.99 Mb
regions (0.41% of the genome size) were genuinely HX1
specific (Supplementary File 2). Considering that only 2%
of the human genome comprises coding genes, this tiny
fraction of HX1-specific regions has little chance to express
proteins.

2

We mapped the HX1 short-read RNA-seq data to the
HX1 reference genome using the FANSe2Splice algorithm,
which can map spliced reads (Mai et al. 2017). Since there
was no clear gene annotation in the HX1-specific contigs, we
presume that 31.3% of the contigs were exons, which equals
the average fraction of the exons in all annotated human
genes. Thus, we calculated the fragments per kilobase exons
per million reads (FPKM) of these HX1-specific regions. A
typical mammalian cell contains 200,000 mRNA molecules
(Shapiro et al. 2013). A transcript with an average length
of 2.2 kb and with an abundance of one copy per cell is
equivalent to 2.27 FPKM (Li et al. 2018). In the HX1 RNA-
seq dataset, as well as the transcriptome and translatome
sequencing datasets of the three Chinese hepatocellular
carcinoma cell lines, we found that no HX1-specific contig
yielded more than 2.27 FPKM (Fig. 5a), suggesting that they
were expressed at an extremely low and fluctuating level,
with less than a single copy per cell on average—if they
were expressed at all. The FPKM values of these contigs at
the translation level were even lower (Fig. 5b), demonstrat-
ing that these contigs could hardly be translated into func-
tional proteins in cells. We further examined 28 RNA-seq
datasets of Chinese prostate cancer patients (accession num-
ber ERP000550). Only one contig was expressed at>2.27
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Fig.5 Expression level of HX1-specific contigs, measured in frag-
ments per kilobase exons per million reads (FPKM). HX1 RNA-seq,
RNA-seq (transcriptome sequencing), and RNC-seq (translatome
sequencing) datasets of three hepatocellular carcinoma cell lines

@ Springer

2

(MHCC97H, MHCCLM3, and MHCCLM6), which were derived
from Chinese Han individuals, were analysed. The dashed line
denotes the minimum FPKM of one copy per cell transcript
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FPKM in only one sample (Supplementary Fig. S7 and Sup-
plementary Table S4). Therefore, the HX1-specific regions
could hardly be expressed at least in the 35 RNA samples we
analysed, implying a minimal chance to be useful as protein-
coding genes.

Discussion

The ‘standard’ human reference genomes, such as GRCh38
and GRCh37, have been confirmed to miss functionally
important variants in populations other than those with
European ancestry (Genomes Project et al. 2015). De novo
assembly of personal genomes should be helpful to recover
these missed variants and to analyse the genetic evolution.
The development of long-read single-molecule sequencing
technology, such as PacBio SMRT and Nanopore sequenc-
ers, has enabled the achievement of more than 10X longer
reads compared to second-generation sequencers, which
facilitated the de novo assembly of an individual human
genome with a rather large N50. In the enthusiasm over
long contigs, the accuracy of the assembly has been ignored.
A high error rate (12-20%) is a common drawback of the
current single-molecule sequencing technology. However,
many regions in human genomes are similar. For example,
an 8.8 kb region in chromosome 5 is 88.88% homologous to
the mitochondrial genome (detailed alignments are shown in
Supplementary File 4), i.e. the deviation of these two regions
is less than the LD rate of the single-molecule sequencing
reads. Therefore, the assembly algorithms would easily mis-
assemble these reads. Such events are spread all along the
human genome. The genome-wide spread NUMTSs (nuclear
mitochondrial DNA segments) occur hundreds of times in
a human genome and variable for each individual (Dayama
et al. 2014), setting additional challenges to the assembly
due to their high homology up to 94% (Mishmar et al. 2004).
As a consequence, all the current de novo-assembled indi-
vidual genomes failed to assemble the complete mitochon-
drial genome sequence as a distinct contig (Supplementary
Fig. S4), reflecting a severe misassembly problem. Another
consequence of the high error rate introduced by the single-
molecule sequencing is the possibility of assembly failure of
some reads due to high error incidences, causing exclusion
by the assembly algorithms. This leads to a complete loss of
some gene fragments. For example, most fragments of the
housekeeping genes TERT and MAP3K15 were missing in
HX1 reference sequences (Fig. 4b); however, they actually
exist in the sample. These problems could not be solved
by the scaffolding, in which the contig sequences would be
generally untouched. In contrast, GRCh38 involved consid-
erable effort in terms of genomic clones and error correction,
thereby circumventing many misassembly problems.

To reduce the errors in assembly, researchers use short
but more accurate reads generated from Illumina sequenc-
ers (error rate 0.5-2%) to correct the contigs assembled
using single-molecule long reads. In some assemblers like
MECAT, this correction step takes up to 80% computa-
tional time, longer than the long-read assembly step (Xiao
et al. 2017). However, neither the misassembly nor the
fragment loss during the assembly could be corrected by
these short reads. A minor reason is that the mainstream
algorithms used in the genome correction provide poor per-
formance in the cases of high error rates (Carlsson et al.
2013; Storer et al. 2012; Yang et al. 2013). Nevertheless,
even with corrections using the hyper-accurate FANSe algo-
rithm (Zhang et al. 2012), which perfectly corrected 20%
error rates and achieved 100% accuracy with nearly 2000
experimentally validated sites (Wu et al. 2014), we could not
elevate the mapping rate against HX1 to the same level as
that of GRCh38 (Fig. 2a and Supplementary Fig. S1). This
result echoed the widespread assembly problem of the de
novo-assembled individual genome. Before a fundamental
improvement in the sequencing accuracy of the long-read
single-molecule sequencers, it seems that no thorough solu-
tion could effectively rectify the structural misassembly and
fragment loss.

Since most genomic and clinical genetic studies have
been based on GRCh37/GRCh38, the annotated varia-
tions were all based on these ‘standard’ reference genomes.
Although most of the annotated variations in dbSNP, Clin-
Var, and COSMIC databases could be mapped to HX1 refer-
ence sequences, a considerable fraction of the SNPs, espe-
cially those with very small MAFs and thus with significant
disease relevance, were missing in HX1, primarily due to
misassembly and fragment loss. In contrast, the genuine
HX1-specific region, which is a negligible fraction (0.41%)
of the genome, hardly expresses any gene, at least, no house-
keeping genes (Fig. 5). Therefore, it would be easier and
less risky for genetic and functional studies to use GRCh38
instead of HX1 as the reference genome in general.

Schneider et al. systematically evaluated the other de novo
personal genome assemblies based on short reads against
GRCh38 (Schneider et al. 2017). They concluded that those
assemblies failed to compete with GRCh38 for quality due
to the complex and repetitive regions. Longer read inputs
were necessary to enhance the assembly. However, our pre-
sent study demonstrated that much longer single-molecule
sequencing reads and the consequent super-long N50 did
not remarkably improve the assembly quality, illustrating
a dilemma. This highlights the importance of quality con-
trol of long-read sequencing data. Furthermore, it raises a
fundamental question on the applicability of the de novo
assembly of personal genomes, as it is very costly and labour
intensive and may not have any practical advantage either. A
personal genome almost free of assembly error and complete
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coverage achieved by extremely intensive investment and
effort (at least comparable to the assembly of GRCh38)
would be ideal for personalized precision medicine. How-
ever, improving the error rate of long-read sequencers may
still take a long time. Therefore, the most practical way for
now would be to continue with the ‘standard’ reference
genome sequences to maximize the availability of genetic
and genomic knowledge. The HX1-specific regions may
be more precisely re-sequenced and re-assembled and then
patched to the ‘standard’ reference genome sequence if these
regions really matter in ethnicity-specific studies.

To minimize the problem of the error-prone long-read
single-molecule sequencing and the highly fragmented
short reads of the second-generation sequencing, an effi-
cient solution would be the BAC (bacterial artificial chro-
mosome) clones. Typical BAC libraries contain insert DNA
of 150-350 kb, which is much longer than the current single-
molecule sequencing read lengths. The complexity of BAC
clones is far lower than the entire genome; therefore, the
highly similar fragments are unlikely to occur in one BAC
clone, which makes the assembly of a complete and accu-
rate BAC insert DNA much easier. This would avoid the
misassembly of the mitochondrial genome and the missing
exons of housekeeping genes. The NUMTSs would no longer
be a problem since the lengths of mitochondrial genome
and NUMTs are considerably shorter than the BAC inserts.
Assembling the highly accurate BAC insert sequences
into entire chromosomes would be also much easier and
more accurate than assembling much shorter reads. To be
noted, this is one of the key strategies applied in the initial
sequencing of human genome (Lander et al. 2001) and also
the GRCh38 to ensure the long-range assembly accuracy
(Schneider et al. 2017). However, the community was later
amazed by the convenience brought by the BAC-free direct
human genome assembly solely with NGS short reads (Li
et al. 2010), but overlooked the limitation of this strategy.

Based on the abovementioned rationales, we propose a
preliminary guideline for a high-quality assembly of a per-
sonal genome:

e Use sequencing technology that delivers raw error rate
no more than 5%.

e Make BAC libraries of the target genome. Assemble the
BAC clones at high accuracy and then assemble the chro-
mosomes.

e For an ethnic-specific assembly, the map rate and LD rate
of the same ethnic NGS dataset should be, in general,
better than that of distant ethnic.

e The assembly should contain a complete and gapless
mitochondrial genome sequence as an individual contig.

e The assembly should be examined for the integrity of
housekeeping genes.

@ Springer

Based on a well-assembled personal genome, the other
individual-specific segments of the same ethnic can be then
added as patches like GRCh38 to build an ethnic-specific
population reference genome.

Methods
Public data downloads

The raw sequencing data in FASTQ format were down-
loaded from the SRA/ENA database (accession number
listed in Supplementary Table S1). GRCh38, HX1, Venter_
HuRef, NA12878_ALLPATHS, NA12878_ASM101398v1
and AK1_v2 reference genome sequences were downloaded
from the NCBI database (https://www.ncbi.nlm.nih.gov).
The HX1-related files were downloaded from http://hx1.
wglab.org/. The dbSNP (v.150) database and the ClinVar
(v.150) database were downloaded from the NCBI database.
The mutations of COSMIC (v.82) were downloaded from
https://cancer.sanger.ac.uk/cosmic.

Transcriptome and translatome sequencing
of Chinese Han-derived cell lines

Total RNA of three hepatocellular carcinoma cell lines derived
from Chinese patients—MHCC97H, MHCCLM3, and MHC-
CLM6—were extracted using the standard Trizol protocol.
RNC-RNA of MHCCLMS6 was also extracted as described
before (Li et al. 2018; Wang et al. 2013). PolyA + mRNA was
extracted from the total RNA and RNC-RNA using RNA
purification beads (Illumina). Then library construction was
performed using the Vazyme mRNA-seq v2 Library Kit with
insert sizes of 200~300 bp. mRNA and RNC-mRNA libraries
were sequenced in an [llumina HiSeq X Ten sequencer under
PE150 mode. The data were deposited to the Gene Expression
Omnibus database under the accession number GSE121013.

NGS data processing

The WGS/WES datasets were mapped to reference
sequences using the FANSe3 algorithm (Liu et al. 2018)
(http://www.chi-biotech.com/fanse3/) with the parame-
ters -E3% —indel. For the quantification of known transcripts,
the RNA-seq reads were mapped to RefSeq-RNA reference
sequences using FANSe3 with the parameters -E5% —indel.
The RNA expression level was quantified using the RPKM
method (Mortazavi et al. 2008). In the process of iterative
genome correction of HX1, the HX1 Illumina short reads
were mapped to the HX1 genome using the FANSe3 algo-
rithm with the parameters -E7 —indel.

The map rate of a dataset is calculated as number of
mapped reads/number of total reads. The Levenshtein
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distance rate (LD rate) is calculated as: Levenshtein distance
of a read to reference/read length.

FPKM total exon reads

quantified using the FPKM method according to the follow-
ing formula:

specific —

mapped reads (millions) X sequences length (KB) x 31.3%’

Mapping the GRCh38 mitochondrial genome to HX1

The GRCh38 mitochondrial genome sequence was aligned
to HX1 and other assembled personal genome sequences
using BLAST with a threshold of 90% identity. The top
seven scaffolds with mitochondrial homology in all assem-
bled personal genome sequences were aligned to GRCh38
nuclear chromosomes using BLAST with a threshold iden-
tity of 90%.

Mapping GRCh38 exons to HX1

The annotated GRCh38 exons were aligned to the HX1 ref-
erence genome sequence using BLAST. Exons with>80%
sequence coverage and > 80% identity (with>80% homol-
ogy to HX1) were considered to have been found in HX1.

Mapping annotated SNPs/SNVs of GRCh38 to HX1

According to the positions of the SNPs/SNVs in dbSNP
(v. 150), ClinVar (v. 150), and COSMIC (v.82), artificial
sequencing reads 1000 nt long and centred at the SNPs/
SNVs were generated. These artificial reads were mapped
to HX1 using FANSe3 (Liu et al. 2018) with up to 5% mis-
match. The unmapped artificial reads were again mapped
to HX1 using FANSe2 (Xiao et al. 2014) with up to 5%
mismatch again to map the reads mapping to repetitive
sequences. The artificial reads that were mapped to the HX1
reference genome sequence determined the position of these
SNPs/SNVs in the HX1 reference genome. For the SNPs/
SNVs whose corresponding artificial reads failed to map to
HX1, shorter reads (500 nt and 100 nt) were generated, and
the mapping process was repeated. The SNPs/SNVs whose
corresponding 100 nt artificial reads failed to map to HX1
were considered HX 1-absent SNP/SNVs.

Quantification of HX1-specific contigs

First, 12.8 Mb of HX1-specific sequences were aligned to
GRCh38 using BLAST. In the alignment, HX1-specific
sequences with a total query coverage of >80% and identity
of > 80% were removed. To find and quantify possible tran-
scripts from the HX1-specific regions, the RNA-seq reads
were mapped to the HX1 reference genome sequence using a
technically accelerated version of FANSe2splice (Mai et al.
2017) with up to three errors. The possible transcripts were

where factor 31.3% is the average fraction of the exon
lengths in all annotated human genes.

Data access

The datasets are explicitly described in the manuscript. For
details of all accession numbers, please refer to Supplemen-
tary Table S1.
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