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Abstract

Since 2012, the Center for Genome Science of the Korea National Institute of Health
(KNIH) has been sequencing complete genomes of 1722 Korean individuals. As a result,
more than 32 million variant sites have been identified, and a large proportion of the
variant sites have been detected for the first time. In this article, we describe the Korean
Reference Genome Database (KRGDB) and its genome browser. The current version
of our database contains both single nucleotide and short insertion/deletion variants.
The DNA samples were obtained from four different origins and sequenced in different
sequencing depths (10x coverage of 63 individuals, 20x coverage of 194 individuals,
combined 10x and 20x coverage of 135 individuals, 30x coverage of 230 individuals
and 30x coverage of 1100 individuals). The major features of the KRGDB are that it
contains information on the Korean genomic variant frequency, frequency difference
between the Korean and other populations and the variant functional annotation (such as
regulatory elements in ENCODE regions and coding variant functions) of the variant sites.
Additionally, we performed the genome-wide association study (GWAS) between Korean
genome variant sites for the 30x230 individuals and three major common diseases
(diabetes, hypertension and metabolic syndrome). The association results are displayed
on our browser. The KRGDB uses the MySQL database and Apache-Tomcat web server
adopted with Java Server Page (JSP) and is freely available at http://coda.nih.go.kr/coda/
KRGDB/index.jsp. Availability: http://coda.nih.go.kr/coda/KRGDB/index.jsp
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Introduction

Advances in sequencing technology (next-generation
sequencing [NGS]) permit rapid nucleotide sequencing
of large sections of genomes to be achieved at a lower
cost than using classical Sanger sequencing methodology
(1). In 2012, using the NGS technique, the 1000 Genome
Project (1000 Genomes) sequenced and presented the whole
genome and exome sequence variants of 1092 individuals
(2). Completion of this project led to the development of
dramatically more efficient sequencing technologies and,
ultimately, led to a stream of personal genome sequencing
projects (3-10). As a part of the global stream, two Korean
groups conducted the whole genome sequencing of a total
of 11 individuals (11-12). However, the sample size was
insufficient to establish and evaluate a comprehensive
map of Korean common and rare variants, and thus it
was difficult to use the genome variants for other genome
studies.

Since 2009, the Center for Genome Science (CGS) of
the Korea National Institute of Health (KNIH) has been
reporting the findings of genome-wide association studies
(GWASs), which have identified several epidemiological
traits and diseases among Korean populations (13) and
East Asian populations (14-15). The variants used in the
GWASs were deposited in the Korean variant databases:
KARE browser (16), Evo-SNP DB (17), and KGVDB (18).
Given that the variant sites originated from comparison
to the GRCh37 reference genome, which is not of Asian
origin, studies on the Korean-specific variant sites were
limited. Therefore, the CGS initiated the Korean Reference
Genome project (KRG) in 2012 and has been conducting
whole genome sequencing on a total of 1722 Korean
individuals, wherein more than 32 million variants for the
Korean population were identified, and a large proportion
of the variants were detected for the first time. In this
study, we constructed a database and web browser (the
Korean Reference Genome Database [KRGDB]) for 27
million single nucleotide variants (SNVs) and 4.9 million
short insertion/deletion variants (indels) in the first phase
from 622 individuals (2012-2014). Additionally in the first
phase, testing was performed in a genome-wide association
study (GWAS) between Korean genome variant sites for
the 30x230 individuals and three major common diseases
(diabetes, hypertension and metabolic syndrome). The asso-
ciation results are displayed on our browser. Furthermore,
31 million SNVs and 4.2 million indels were identified
in the second phase, from 1100 individuals (2015-2016).
The KRGDB uses MySQL database and Apache-Tomcat
web server adapted with Java Server Page (JSP) and is
freely available at http://coda.nih.go.kr/coda/KRGDB/
index.jsp.

Materials and methods

Sequencing subjects

In the first phase (2012-2014), 622 DNA samples of study
subjects for the KRG were obtained from three different
sources. The first source was the 63 participants of the
Korea National Health and Nutrition Examination Survey
(KNHANES), sequenced by 10x coverage depth. The sec-
ond source was the 194 volunteers who participated in
the Korean Genome Organization Conference, with 20x
coverage. The third source was the 365 participants of
a cohort study, known as the Ansan-Ansung cohort. The
Ansan-Ansung cohort is a subset of the cohorts established
by the Korean Genome Epidemiology Study (KoGES), in
which 8842 individuals of the Ansan-Ansung cohort was
previously genotyped by Affymetrix 5.0 SNP array and
used in the GWASs (13). Of the 365 KoGES DNA samples,
135 individuals were sequenced by 10x coverage depth in
2012 and 20x coverage depth in 2013, and these were
finally combined into 30x coverage depth (10x20x135).
The remaining 230 KoGES DNA samples were sequenced
by 30x coverage depth (30x230). The 30x230 partici-
pants approved the use of epidemiological and genotype
data from the KoGES. In the second phase (2015-2016),
1100 individuals from the Korean Biobank Project were
additionally sequenced and analyzed with 30x coverage.
Table 1 summarizes the composition of the above KRG
groups. HiSeq 2000 and HiSeq X Ten systems were used
to produce DNA sequences in the first and second phases,
respectively. Written informed consent was obtained from
1722 participants regarding the use of samples for whole
genome sequencing, and this study was approved by the
institutional review board of KNIH.

Alignment and variant calling

The raw sequences were trimmed by Sickle-quality-based-
trimming, a tool that uses sliding windows along with
quality and length thresholds. Genome Reference Consor-
tium Human Build 37 (GRCh37/hg19) was downloaded
from the University of California Santa Cruz (UCSC)
ftp server (ftp://hgdownload.cse.ucsc.edu/goldenPath/),
and the sequencing reads produced by HiSeq™ 2000
and HiSeq™ X Ten sequencing systems were aligned to
GRCh37 using Burrows-Wheeler Aligner (BWA) at default
settings (19). We specified the quality threshold for read
trimming using the —q 20 option to ensure high-quality
reads for alignments. Thereafter, the BWA sample was used
to generate alignments in the SAM format. PICARD was
used for sorting, removing duplicate reads and converting
from SAM to BAM format (http://picard.sourceforge.net/).
In the first phase, SNVs and short indels were called using
SAMtools ‘mpileup’ and ‘varFilter’ command with the -D
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Table 1. The KRG individual groups
Phase No. of Individual Description Coverage Platform
The first phase 63  Korea National Health and Nutrition Examination Survey 10x HiSeq 2000
(2012-2014) 194 Volunteers who participated in the Korean Genome 20x
Organization Conference
230 The Ansan-Ansung cohort (epidemiological and 30x
genotype data)
135 The Ansan-Ansung cohort (genotype) : merged 30x 30x (10x+20x)
(10x in 2012 and 20x in 2013)

The second phase 1100 The Korean Biobank Project 30x HiSeq X Ten
(2015-2016)

1000 option for specifying the coverage depth at min/max
cutoffs of 3 and 1000, as well as options to disqualify SNPs
that are too close to each other (20). The Isaac workflow
was used to perform alignment and variant calling in the
second phase (21).

Variant annotation resources

To compare the allele frequency differences (AFD) between
Korean and other populations, we used the HapMap III
and 1000 Genome population alternative allele frequency,
downloaded from the UCSC genome browser database
(ftp://hgdownload.cse.ucsc.edu/). Simply, AFD is calculated
by subtraction of the AF in KRG from those of other ethnic
groups. Functional annotations were also conducted by
ANNOVAR software (http://www.openbioinformatics.org/
annovar/) (22). The genomic locations of the variants were
annotated using the gene-based annotation implemented
in ANNOVAR. The risk associated with the variants was
predicted using the filter-based annotation implemented in
ANNOVAR with non-synonymous variants (LJB version
2.3) for the effect on protein function (SIFT, PolyPhen,
Muration Assesor) (23-25) and evolutional conservation
(PhyloP, GERP, Siphy) (26-28).

Analysis for the GWAS

The genomic variant risk associated with common diseases
(diabetes, hypertension and metabolic syndrome) in the
Korean population were analyzed using PLINK (version
1.07) (29). The association study was conducted by logistic
regression with additive genetic model and covariates of
age, sex and body mass index. The population character-
istics are described in Supplementary Table 1.

Results and discussion

System architecture

The KRGDB is a web-based integrated variant resource for
visualizing the 1722 Korean allele frequencies and related

annotations simultaneously. The system is constructed
with JSP and MySQL database on the Apache-Tomcat
platform. The graphical charts showing variant regions
were implemented using the pure Java2D graphic library
and Java Beans technology. Users can easily browse
variant regions and resources after inputting system
requirements, such as chromosome number, absolute
position of the chromosome, gene name, dbSNP rsID
and optional tracks that users wish to study. Our genome
browser provides not only variants of the first and second
phase, but also variants of 30x coverage group (1465
individuals) and all-merged group (1722 individuals) from
both phases (see Table 1). Figure 1 describes the system
architecture of the KRGDB and genome browser. The
system mainly consists of databases and its genome browser.
The variation/annotation database and genome browser
intuitively provide and display information in the database.
The database includes SNVs that are derived from 1000
Genomes, International HapMap III project (30), dbSNP
(31) and mainly KRG variants. The browser describes these
variants databases and includes useful information for
annotation, such as KRG disease allele risk, KRG exonic
variants, gene information (RefGene, Ensembl) (32-33),
ClinVar (34), GWAS Catalog (35) and chromatin state
segmentation from the Broad Institute (36). The majority
of source files have been downloaded from the UCSC
genome (http://hgdownload.cse.
ucsc.edu/goldenPath/hgl19/database/), except for those
associated with KRG disease allele risks (analyzed by

annotation database

PLINK software)(29) and exonic variants (analyzed by
ANNOVAR software) (22). To accelerate browsing speed,
the genome browser employs the Bin Indexing System (37),
which is also used in the UCSC Genome browser. Detailed
statistics and an explanation of current integrated resources
will be discussed in the next section. The system has a focus
on GRCh37, and the information in dbSNP build 151 is
incorporated into the system. We, however, provide the
lift-overed genomic positions of GRCh38 for convenient
analysis between different assemblies. Certainly, our future
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Figure 1. System architecture of KRGDB and Genome Browser. The system mainly consists of variation/annotation database and its genome browser.

research will contain remapping KRG individuals to
GRCh38. The chain information file (from GRCh37 to
GRCh38) has been downloaded from the UCSC liftOver
web site (https://genome.ucsc.edu/cgi-bin/hgLiftOver). The
information for annotation in KRG database will be
approximately updated once every 3 months.

Alternative allele frequency differences with
other populations

One of the useful functions of KRGDB is that the browser
shows alternative allele frequency difference (AFD) for
other ethnic groups. This is quite powerful because both
identifying the ethnic-dependent allele frequency (AF) and
showing distances among ethnic groups are possible with
respect to genomic areas chosen by users. We therefore cal-
culated AFDs from 622 individuals from the first phase. For
example, Figure 2 shows AFD of four ethnic from HapMap
I including Japanese (JPT), Chinese (CHB), CEPH Euro-
pean (CEU) and Yoruba African (YRI). Generally, Koreans
are biologically much closer to JPT and CHB than CEU
and YRI. AFDs, therefore, also reflect these aspects. In
the charts, the green bars denote AFs more frequently
found in the KRG studies, and the red bars denote AFs
frequently found in other ethnic (non-Korean) groups. As
another example, Figure 3 describes the AFD of four ethnic
groups (Asian: ASN, Admixed American: AMR, European:
EUR, African: AFR) from 1000 Genomes. The AFs of 1000
Genomes were downloaded from the ANNOVAR web site.
We may predict that this is an Asian-specific variant region
if the AFDs of the ASN in some regions are much smaller
than those of other ethnic groups (AMR, EUR, AFR). More-
over, we would suspect a Korean-specific variant region if
some area has large AFDs that are found in every ethnic
group. However, it is clear that more validation and biolog-

ical studies are required to finally establish this. Details of
the AFD are shown in table form, with KRG’s AF and the
AFDs of other ethnic groups, when users click on a specific
red or green bar, in the same manner as described above.

Associations of major common diseases

Among the 622 individuals from the first phase, we
expanded our study to investigate the epidemiological and
clinical data of 230 samples. The initial target diseases are
type Il diabetes, hypertension and metabolic syndrome. The
system provides the —logP values for these three common
diseases and will be extended to cover other diseases.
Figure 4 represents risk P values (-logP) for major common
diseases. The meaning of the —logP values are genome-wide
significance levels (—logP > 8) and suggestive levels (8 >
—logP > 5). Variants with higher —logP values may be
indicative of each specific disease. Complex diseases are
also simultaneously involved with other diseases. In chart
form, it becomes clear that type II diabetes is deeply related
to metabolic syndrome and hypertension. The colored dots
represent the odds ratio for a specific variant, with red and
blue dots indicating odds ratio >1.0 and <1.0, respectively.

Additional information

We have provided useful annotation resources for use
with the features described in the above sections; for
example, chromatin state segmentation information from
ENCODE/Broad, GWAS Catalog, ClinVar and ANNOVAR
analysis for non-synonymous variants (LJB version 2.3).
The graphical components in these charts intuitively show
additional detailed information when the cursor of the
mouse is clicked or hovers over the component; this applies
also for other tracks. The addition of further supporting

annotations is ongoing.
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Database statistics

The statistics of the variants database in Figure 1 are
summarized in Supplementary Tables 2—6. In the first
phase (2012-2014), KRG had a total 27011434 SNVs
from 622 Koreans, including common and rare variants,
and 31750003 SNVs from 1100 Koreans in the second

phase (2015-2016). Common (alternative allele frequency
>1%) variant distributions (8672 646 SNVs from the
first phase and 8387935 SNVs from the second phase)
with respect to allele frequency range are described in
Supplementary Table 2. In the first phase, the numbers
of rare and short indel variants were 18338788 and
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4907 066, respectively. Likewise, 23 362 068 rare variants
and 4261458 short indel variants were added in the second
phase. We investigated 6 276 442 variants from 230 of 622
samples, to show disease association risk in the first phase.
Supplementary Table 3 denotes the —logP distributions of
the three diseases common among the Korean population:
type II diabetes, hypertension and metabolic syndrome.
Supplementary Tables 4 and 5 denote the number of vari-
ants in each range of alternative allele frequency difference
(AFD). The results were listed for each ethnic group. The
overlapping variants between KRG and 1000 Genomes
(Supplementary Table 5, four ethnic groups) have more
entries than HapMap III (Supplementary Table 4, 11 ethnic
groups) because variants from the 1000 Genomes were
generated by genome sequencing technology. Typically, the
biologically farer ethnics from Korean have bigger absolute
AFD values in Supplementary Tables 4 and 5.

Conclusion

The main aim of the KRGDB is to provide a comprehensive
map of Korean genetic variation to support studies of dis-
ease association and population genetics, and it has already
been cited in analyses of variants found in individuals with
genetic disorders (38-42). The KRGDB contains a large
number of Korean variant sites, and a number of SNVs have
not been included in the dbSNP151. Thus, our database
offers the chance to confirm whether individual variants
were already present in the general Korean population or
whether they were present in a specific individual genome.
Furthermore, the database, which includes alternative allele
frequencies, can be used as a reference for understanding
Korean or East Asian genomic diversity. Another expected
application is the design of PCR primers and restriction
enzyme sites. Moreover, the release of all summary statistics

from the GWASs regarding three major common diseases
(diabetes, hypertension and metabolic syndrome) is one of
our useful outcomes. Users can perform meta-analysis using
their own GWASs and our system. We believe that this
database provides a quick reference that will aid the under-
standing of KRG features and facilitate research design
based on KRG results.
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