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Introduction
Human reference genome (Current version: GRCh38) is of 

fundamental importance to whole genome and exome sequencing 
studies, to identify single-nucleotide variants (SNVs), indels, and 
structural variants (SVs) that differ from the reference genome. 
However, GRCh38 is constructed from admixed background of 
contributing populations and switches from one ethnic haplotype to 
another at multiple places. Therefore, a universal human reference 
genome does not represent the ethnicity-specific haplotype diversity 
and may miss population-specific variations, which may be detected 
more efficiently using an ethnically relevant reference genome. The 
use of ethnicity-specific reference genome can benefit sub-population 
precision medicine efforts and disease variant discovery studies [1,2].

Traditionally, next-generation short-read sequencing techniques 
have been used to construct ethnicity-specific reference genomes. For 
example, one early study of ethnicity-specific genome analysis was 
performed on an Asian genome (YH) and an African genome [3]. 
Large population genome projects (such as the 1,000 Genomes Project 
or in Netherlands or UK) were also launched to sequence a larger 
number of individuals in different populations, which may facilitate the 
generation of ethnicity-specific reference genomes [4-7]. For example, 
in 2017, Maretty et al. built Denmark-specific human reference 
genome based on 150 individuals of 50 family trios from the Genome 
Denmark project [8]. Additionally, in November 2018, Sherman et 
al. analyzed 910 African individuals with deep sequencing data from 
consortium on asthma among African-ancestry populations in the 
Americas (CAAPA), and generated ethnicity specific contigs which 
cannot be aligned to the reference genome GRCh38 [9]. However, 
short-read based genome assembly may miss common repeats or even 
coding exons, and usually generated many isolated contigs that cannot 
be placed to chromosomes, limiting their practical use in precision 
medicine studies [10]. 

Literature Review
The rapid development of long-read sequencing techniques 

enables the generation of much longer raw reads and much longer 
assembled contigs in genome assembly studies. Thus, more and more 
ethnicity-specific reference genomes have become available in the past 
a few years. In this mini-review, we discuss recent endeavors to build 
ethnicity-specific reference genomes and summarize findings from 
these studies. For a quick reference, several existing studies on building 
ethnicity-specific reference genomes are summarized in Table 1.

Chaisson et al. was among the first to use SMRT (Single-Molecule 
Real-Time) sequencing to assemble a haploid genome using human 
hydatidiform mole cell line (CHM) [11]. They generated ~40X long 
reads data and used them to add >1.1 Mb novel sequences (i.e., 
sequences absent in a reference human genome) to the reference 
human genomes. Similarly, Huddleston, et al. sequenced CHM1 with 
62X coverage and sequenced another hydatidiform mole genome 
(CHM13) with 66X coverage, also using SMRT long-read sequencing [12]. 

The NA12878 cell line is a well-studied reference cell line and is 
used in many genomic studies for quality assessment of sequenced 
reads and for benchmarking variant detection methods. In 2014, 
SMRT sequencing were used on NA12878 and generated 46X long 
reads data. De novo assembly on long reads generated 22,433 initial 
contigs with N50=906Kb (N50 is a minimum contig length where 
longer contigs than this value cover 50% of the assembly) [13]. After 
integration of genome mapping, the N50 of 202 scaffolds was improved 
to 31.1 Mb. Then, short-read data were combined for phasing SNVs 
and SVs and the generated haplotypes have > 99% consistency with 
trio-based results. In 2018, Oxford Nanopore long-read technique was 
also used to sequence NA12878 and generated ~30X long reads data 
[14]. De novo assembly of Oxford Nanopore long reads generated 2,886 
contigs with N50=3 Mb, and the incorporation of 5X ultra-long reads 
improved N50=6.4 Mb. The detected SVs by Nanopore long reads also 
showed a high concordance with other previous studies using PacBio 
long reads and short reads.  Additionally, the ultra-long reads enabled 
assembly and phasing of the 4 Mb major histocompatibility complex 
(MHC) locus in its entirety, measurement of telomere repeat length, 
and closure of gaps in the reference human genome assembly GRCh38 
[14].

Shi et al. were the first to use long-read techniques to construct 
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ethnicity-specific reference genome, by assaying whole-blood sample 
of a diploid individual [15]. They sequenced a Chinese individual HX1 
with 103X genome-wide coverage using SMRT sequencing techniques 
together with long-range optical mapping (a physical map by 
NanoChannel arrays from Bionano Genomics). Then, they constructed 
a Han-ethnicity genome assembly with much longer contigs than YH 
short-read genome assembly. The de novo genome assembly from 
long reads contain 5,843 contigs with N50 of 8.3 Mb and a total size 
of 2.9 Gb, and the hybrid assembly with optical mapping further 
improved N50 to 22.0 Mb. Detail analysis suggested that this genome 
assembly can fill 28.4% N-gaps in GRCh38 and contains 12.8 Mb 
HX1-specific novel sequences where one third were not reported in 
previous Asian genomes. SV analysis further suggests 9,891 deletions 
and 10,284 insertions in HX1, which overlap with 82.8% deletions and 
66.9% insertions detected from optical mapping, and some of SVs 
are ethnicity-specific functional genomic elements. Long-read RNA 
techniques (Iso-Seq) was also used to sequence RNA samples from 
HX1, and the prediction from Iso-Seq data generated 58,383 high-
quality consensus isoforms at 30,006 loci where 57 isoforms from 42 
loci were not reported in Gencode transcript. 

Later on, two parallel studies on Korean reference genome were 
published. In the first study, Seo et al. also took the advantages of 
SMRT long-read techniques together with Bionano optical mapping to 
sequence a Korean individual (AK1) with 101X coverage and generated 
Korean-specific genome assembly [16]. Their assembly resulted in 
3,128 contigs with N50=17.9 Mb and 2,832 scaffolds with N50=44.8 
Mb, where 8 chromosomal arms were assembled in single scaffolds 
[16]. Detailed analysis suggested that 1.03 Mb previous intractable 
sequence were added to human reference genome, and 18,210 
structural variants were detected with thousands of previously un-
reported breakpoints and many shared insertions in Asian population, 
indicating sub-population relevant patterns of reference genomes. The 
assembly was further phased with microfluidics-based linked reads and 
bacterial artificial chromosome sequencing, and generated haplotigs 
with N50=11.6 Mb.  

Another study on Korean-specific reference genome was 

performed by Cho, et al. where a consensus Korean reference genome 
was constructed [17]. In this study, a Korean individual was sequenced 
using different sequencing techniques, such as short-read sequencing 
(~311X), SMRT long-read sequencing (~10X) and long-range optical 
mapping methods (240X). The assembly from short reads has 68,170 
scaffolds with the length not less than 200 bp, N50=19.85 Mb and a total 
size of 2.92 Gb. The integration of optical mapping further improved 
N50 to 25.93 Mb, and then N50 was further improved to 26.08 Mb 
by low coverage of long reads. This genome was then integrated by 
common variants in 40 high-coverage short-read genomes from 
Korean Personal Genome Project to build a consensus Korean 
reference genome. 

Japanese Reference Panel was also launched to initially use short-
read sequencing for a cohort of 3,552 Japanese participants for building 
Japanese-specific reference genome [18]. They then used SMRT 
sequencing techniques for 3 Japanese individuals to identify structural 
variants shared by Japanese. Their analysis identifies ~9,600 insertion 
sequences with about 6.2 Mb in size, compared with GRCh38. On 6th 
Jun 2017, Japanese reference genome (JRGv2) has been released after 
integrating de novo assembly from SMRT long reads. Their analysis has 
enabled the catalogue of Japanese-specific genetic variants.

Steinberg, et al. also used SMRT long-read technique to sequence 
an African individual of an Yoruban trio (NA19240) together with 
Illumina short reads and Bionano optical mapping techniques [19]. 
Their long reads data has 49X coverage, and results in a de novo 
assembly of 2.82 Gb with N50=6.1 Mb. After phasing, there are 2,230 
primary contigs with N50=4.95 Mb and 9,916 haplotigs with N50=440 
Kb. Bionano optical mapping data with 72X coverage can improve a 
scaffold N50 to 14.78 Mb for unphased contigs. 

Recently, Ameur et al. sequenced two Swedish individuals using 
SMRT long-read techniques and optical mapping to generate Swedish 
specific genome assembly [20]. For one individual, 78.7X long reads 
data were generated, and 2.996 Gb genome with 7,166 contigs were 
assembled with N50=9.5 Mb. The integration with 100X Bionano 
optical mapping data resulted in a scaffold N50=49.8 Mb with an 
assembly size of 3.1 Gb. For the other individual, 77.8X long reads data 
were produced and the assembled genome has 7,186 contigs with a total 
size of 2.978 Gb and N50=8.5 Mb. Optical mapping data with 100X 
coverage further improved N50 to 45.4 Mb with an assembly size of 
3.1 Gb. The two assemblies contain more than 10 Mb novel sequences, 
and 6 Mb of these novel sequences are shared with HX1. By integrating 
novel sequences into GRCh38, they found significant improvement of 
short-read alignment and variant calling: on average, removal of 10,898 
false positive SNVs and additional 75,035 novel SNVs per individual. 

A recent news also stated that a Puerto Rican female (HG00733, a 
donor to population genome projects) was sequenced with 90X using 
SMRT long reads, and the assembly generated 865 primary contigs 
with 2.89 Gb [21]. This assembly has the fewest gaps with a contig 
N50=27 Mb. Together with Hi-C platform, the first chromosome-scale 
diploid assembly (with 80% solved maternal and paternal haplotypes) 
of a single individual was accomplished. This assembly also contains > 
20K SVs which includes Puerto Rican specific variants. 

Discussion and Conclusion
In summary, the advancements of long-read sequencing techniques, 

including long-read sequencing from PacBio and Oxford Nanopore, 
linked-read sequencing from 10X Genomics and optical mapping from 
Bionano Genomics, have enabled efficient and effective construction 
of ethnicity-specific reference genome for a number of population 
groups. We expect that more ethnicity-specific reference genomes will 

Ethnicity Novel 
sequence

# of Individuals 
for Building 
Reference

Long-Read Sequencing 
Techniques Reference

Utah/
Mormon -- One SMRT long reads, optical 

mapping  [13] 

Utah/
Mormon -- One Nanopore long reads, 

Nanopore ultralong reads  [14]

Chinese ~12.8 Mb 
sequences One SMRT long reads, optical 

mapping [15]

Korean <1.7 Mb 
sequences One

SMRT long reads, 10X 
Genomics linked-reads, 

optical mapping
 [16]

Korean 8,392 SVs One SMRT long reads and 
optical mapping  [17]

Japanese

9,600 
insertion 

sequences 
with ~6.2 Mb

Three SMRT long reads  [18]

African
12,728 

insertions 
with ~5.9 Mb

One SMRT long reads, optical 
mapping [19]

Swedish ~10  Mb 
sequences Two SMRT long reads [20]

 Puerto 
Rican >20K SVs One SMRT long reads, Hi-C [21]

Table 1: The summary of existing works for building ethnicity-specific reference 
genome. 
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be constructed and published in the future, and that these reference 
genomes can facilitate the analysis of next-generation sequencing data, 
improve accuracy of variant calling, and enable the implementation of 
precision medicine in diverse ethnic groups.
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