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Japonica array: improved genotype imputation by
designing a population-specific SNP array
with 1070 Japanese individuals

Yosuke Kawai1,2, Takahiro Mimori1, Kaname Kojima1,2,3, Naoki Nariai1,2, Inaho Danjoh1, Rumiko Saito1,
Jun Yasuda1,2, Masayuki Yamamoto1,2 and Masao Nagasaki1,2,3,4

The Tohoku Medical Megabank Organization constructed the reference panel (referred to as the 1KJPN panel), which contains

420 million single nucleotide polymorphisms (SNPs), from whole-genome sequence data from 1070 Japanese individuals. The

1KJPN panel contains the largest number of haplotypes of Japanese ancestry to date. Here, from the 1KJPN panel, we designed

a novel custom-made SNP array, named the Japonica array, which is suitable for whole-genome imputation of Japanese

individuals. The array contains 659 253 SNPs, including tag SNPs for imputation, SNPs of Y chromosome and mitochondria,

and SNPs related to previously reported genome-wide association studies and pharmacogenomics. The Japonica array provides

better imputation performance for Japanese individuals than the existing commercially available SNP arrays with both the

1KJPN panel and the International 1000 genomes project panel. For common SNPs (minor allele frequency (MAF)45%), the

genomic coverage of the Japonica array (r240.8) was 96.9%, that is, almost all common SNPs were covered by this array.

Nonetheless, the coverage of low-frequency SNPs (0.5%oMAF⩽5%) of the Japonica array reached 67.2%, which is higher

than those of the existing arrays. In addition, we confirmed the high quality genotyping performance of the Japonica array using

the 288 samples in 1KJPN; the average call rate 99.7% and the average concordance rate 99.7% to the genotypes obtained

from high-throughput sequencer. As demonstrated in this study, the creation of custom-made SNP arrays based on a population-

specific reference panel is a practical way to facilitate further association studies through genome-wide genotype imputations.
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INTRODUCTION

High-throughput genotyping is now a prerequisite for genome-wide
association studies (GWAS). Single nucleotide polymorphism (SNP)
genotyping by DNA microarray (SNP array) has been a central part of
massive genotyping tools for GWAS. Although whole-genome sequen-
cing (WGS) (or whole exome sequencing) by high-throughput
sequencers enables researchers to identify a massive amount of genetic
variations, the cost of WGS is still expensive for GWAS that require
genotyping of thousands of individuals. Genotype imputation bridges
a gap between the cost-effectiveness of SNP arrays and the compre-
hensiveness of WGS.1,2 If the collection of haplotypes in reference
panel is created from WGS data, the genotypes of whole genomes can
be inferred by genotype imputation with appropriate tag SNPs that are
usually genotyped by a SNP array. Indeed, many GWAS successfully
identified associations of complex diseases and/or quantitative
traits with genetic variants that were imputed from whole-genome
reference panels,3,4 such as the International 1000 genomes project
(1KGP) panel.5

Generally, genotype imputation is less accurate for low-frequency
SNPs (0.5%ominor allele frequency (MAF)⩽ 5%) than common
SNPs (MAF45%). However, in GWAS, it is desirable that genotypes
of variants can be inferred from genotype imputation with a broad
MAF range in cases where low-frequency variants are associated with
complex diseases.6 The size and quality of the reference panel are
major determinants of the accuracy of genotype imputation.7

Because a low-frequency allele rarely lies in a certain haplotype in a
reference panel (especially when the size of the reference panel is
small), larger reference panels that contain diverse haplotypes and
precise haplotyping (phasing) can improve imputation accuracy. In
addition, the genotype imputation identifies regions in a chromosome
shared between a sample and a haplotype in the reference panel,
and thus, the optimal configuration of tag SNPs consisting of many
alleles that efficiently capture haplotypes in the reference panel
also results in accurate genotype imputation.8 Given the situation, a
higher density SNP array is suitable for whole-genome imputation
although an increase in the number of SNPs on an array vitiates the
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cost-effectiveness. Since low-frequency SNPs tend to be population
specific, it is expected that a selection of tag SNPs in which the
linkage disequilibrium structure of a particular population are taken
into account will increase the accuracy of low-frequency SNP
imputation.
We are conducting a genome cohort study as part of the Tohoku

Medical Megabank Project and constructed a collection of haplotypes
from 1070 healthy individuals in Japan (1KJPN).9 We demonstrated
that the haplotype collection from 1KJPN offers practical accuracy and
coverage for genotype imputation on a whole-genome scale using
commercially available SNP microarrays. However, because the
existing arrays were designed for SNPs discovered in HapMap10 or
1KGP5 in which only a part of the samples are derived from
individuals with Japanese ancestry, there is room for improvement
in genotype imputation in the Japanese population. Thus, we designed
a new SNP array, which is suitable for individuals with Japanese
ancestry by choosing an optimal set of tag SNPs, for conducting
GWAS and human genetic studies. Herein, we describe the method
and the quality assessment of genotype imputation with the tailored
SNP array.

MATERIALS AND METHODS

Summary of the reference panel
We have constructed the reference panel of Japanese individuals based on the
deep WGS.9 Here, we summarize the construction of the reference panel used
in this study. The study has been performed as part of the prospective cohort
study at the Tohoku Medical Megabank Organization (ToMMo) with the
approval of the ethical committee of the Tohoku University School of
Medicine. All cohort participants are residents of Miyagi Prefecture, Japan
and provided their written consent. The WGS was done for 1201 cohort
participants, selected after the sample quality control such as the DNA sample
quality check and the removal of outlier samples based on SNP array
genotyping. Then, high coverage (32.4 on average) whole-genome sequences
were obtained by using HiSeq2500 (Illumina, San Diego, CA, USA) with
in-house PCR-free protocol.11 After quality check of sequenced reads with
SUGAR,12 the read mapping and genotype calling were performed by using
Bowtie213 (version 2.1.0) and Bcftools14 (version 0.1.17-dev) programs,
respectively. We then phased the genotypes obtained from the WGS using
HapMonster15 and ShapeIT216 (version 2.r644) programs. In this study, 1070
whole-genome sequences have been used to construct a reference panel
(1KJPN) and the remaining samples were used to evaluate the imputation
quality. The summary of age and sex of the 1KJPN panel are shown in
Supplementary Table 1. We confirmed that 1070 samples of reference panel
and 131 samples of imputation subject (ToMMo131) belong to the same
cluster of Japanese in Tokyo (JPT sample of the 1KGP) and are within the
genetic diversity of JPT samples (Supplementary Figure 1).

Selection of tag SNPs
Our aim was to select the tag SNPs so that the maximum imputation
performance will be achieved for target SNPs that are SNPs of MAF⩾ 0.5%
in the 1KJPN panel. It is generally difficult to call rare SNPs since the cluster of
low-frequency genotype may not be well separated. Thus, we excluded SNPs
where MAF in the 1KJPN panel o0.5% from tag SNPs to avoid miscall due to
poor cluster separation. Figure 1 represents the summary of tag SNP selection.
In our design, a candidate set of tag SNPs (shortly candidate tag SNPs) is an
intersection of target SNPs and the SNPs experimentally validated on the
genotyping platform where the array is made (Axiom Genotyping Array,
Affymetrix, Santa Clara, CA, USA), which ensure to achieve high conversion
and call rates to the designed probes. Tag SNPs were selected from the
candidate tag SNPs until the candidate tag SNPs became empty. The only
female samples were used for tag SNPs selection of X chromosome. For each
tag SNP selection step, the scores of the current candidate tag SNPs were newly
re-evaluated based on the already selected tag SNPs, and then the tag SNP with
the highest score was selected and in parallel the selected SNP was also removed

from the candidate tag SNPs. By repeating the step, all tag SNPs are ranked by
scores that reflect their contribution in inferring genotypes of target SNPs in the
reference panel. The score of i-th tag SNP Si is defined as follows:

Si ¼
X

jACi
Tij; ð1Þ

where Tij is a score for pair of the i-th tag SNP and j-th target SNP; Ci is an
index set of target SNPs that are subjects for the score calculation. Tij is
calculated by considering whether the j-th target is tagged by already selected
tag SNPs:

Tij ¼ max 0; Iij �max
kAU

Ikj

� �
=ni;

where Iij represents the mutual information (MI) of genotypes at i-th tag SNP
and j-th target SNP; U is an index set of selected tag SNPs; and ni is the number
of required probes to select i-th tag, which equals four for SNPs with A/T or
C/G alleles and two for other SNPs in Axiom Genotyping platform.

Figure 1 Schematic illustration of tag SNP selection. (a) The flowchart
represents the algorithm of tag SNP selection. Target SNPs were selected
from SNPs of the 1KJPN panel so that the MAF of each target SNP was
⩾0.5%. The tag SNPs were progressively selected from the target SNPs
according to the algorithm. (b) Schematic illustration of target SNPs and tag
SNPs along with a chromosomal region. R2 is the LD measure calculated as
the squared correlation coefficient between genotype frequencies of a pair of
SNPs. Note that the R2 described here is distinct from the measure of
imputation accuracy, r2. The MI is calculated between a pair of SNPs and
reflects MAFs and the LD strength of the pair. LD, linkage disequilibrium;
MAF, minor allele frequency; MI, mutual information; SNP, single nucleotide
polymorphism.
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In this study, we set Ci to indicate all the target SNPs located within ± 500 kb
from i-th tag SNP and with high linkage disequilibrium (R2⩾ 0.8) from i-th tag
SNP in the reference panel. In the calculation of R2 value, genotype is encoded
as one of 0, 1 and 2, which corresponds to minor homozygous, heterozygous
and major homozygous, respectively. MI of i-th and j-th SNPs (Iij) is defined
using entropy of i-th SNP, that of j-th SNP and that of joint distribution of i-th
and j-th SNPs as follows:

Iij ¼ Hi þ Hj �Hij;

Hi ¼ �
X2
gi¼0

n gi
� �
N

log 2

n gi
� �
N

;

Hij ¼ �
X2
gi¼0

X2
gj¼0

n gi; gj

� �
N

log 2

n gi; gj

� �
N

;

where n(gi), n(gi, gj) and N are the number of samples with genotype gi,
that with genotypes gi and gj, and total number of samples, respectively. The
score Si is based on the MI value instead of the conventional R2 value. The MI
tends to take a larger value for SNPs with higher MAF unlike R2 value. An
example of comparison between MI and R2 values is shown in Supplementary
Figure 2. While MI calculated between SNPs with high MAFs (0.4 and
0.5; example 1 in Supplementary Figure 2) is higher (MI= 0.82) than that
between SNPs with low MAFs (0.10 and 0.12; example 2) (MI= 0.47), R2

values are almost same (R2= 0.82) despite considerable difference in MAFs
between the examples 1 and 2.

Design of the Japonica array
To maximize the imputation performance in low and common frequencies in
Japanese population, the probes on the array should be selected from the
ranked tag SNPs in their order in the former section. In parallel, we also cared
and included SNPs of special interest or purpose (prioritized SNPs) to probes
on the SNP array prior to tag SNPs. The prioritized SNPs include those which
are listed in the NHGRI GWAS catalog,17 pharmacogenomics-related SNPs,
high impact SNPs (stop gain and splice site changes) that have been difficult to
impute in preliminary analyses, and SNPs of Y chromosome and mitochondria.
These SNPs are expected to be useful for replication studies or to complement
SNPs with low imputation accuracy. The tag SNPs not listed as prioritized
SNPs were then added to the list of probes until the number of probes reached
the maximum number that an array product allows (Table 1). The full list of
SNPs on the Japonica array is publicly available from our website (http://
nagasakilab.csml.org/en/japonica).

Genotyping with the Japonica array
We genotyped 288 individuals arbitrarily selected from the 1KJPN panels with
the Japonica array to validate the genotyping performance. The Japonica arrays
were produced through Axiom myDesign service (Affymetrix). Two hundred
nanograms of genomic DNAs were amplified, fragmented and labeled as per
manufacturer’s instruction with Nimbus automated system (Hamilton, Reno,
NV, USA) controlled by Hamilton Run Control-Axiom (v1.1.0 med,

Affymetrix) and Gene Titan Multi-channel instrument operated by AGCC
Gene Titan Instrument Control (ver 4.1.0.1567, Affymetrix). The genotype
calling was conducted using the Affymetrix Power Tools (version 1.16.1,
Affymetrix). The genotype concordance rates were calculated by comparing
these genotypes with those obtained from the whole-genome sequence of same
individuals.

Imputation
The genotypes of 131 Japanese individuals (independent from the 1070
individuals of the 1KJPN panel) were obtained from WGS with the same
sequencing protocol and the same variant-calling pipeline as for constructing
the reference panel to assess the imputation performance. The genotypes
of the same position on each SNP array were used for imputation and all SNPs
were used for the evaluation of imputation performance. We also evaluated the
imputation performance using 89 samples of JPT panel, in which the
whole-genome sequence have been determined on the 1KGP. The imputations
were performed using IMPUTE218 (version 2.2.2). For IMPUTE2 options,
Ne and khap were set to 20 000 and 1000, respectively. In addition to the 1KJPN
panel, we considered the following reference panels for imputation to evaluate
their performance: the reference panel from the 1KGP released in December
2013 containing 1092 cosmopolitans (1KGP); a reference panel of 89 JPT
individuals from 1KGP (1KGP_JPT); and a reference panel combining
data from the 1KGP and 1KJPN (1KJPN+1KGP). Since 89 JPT samples are
part of 1KGP panel, we did not conduct imputation of these samples with
1KGP, 1KGP_JPT or 1KJPN+1KGP panels. To assess the agreement between
the imputed genotypes and genotype calls of WGS (HiSeq2500), we calculated
the squared Pearson correlation r2 and the discordant rate for each SNP.
The r2 values are calculated between the genotypes of WGS taking the integer
values 0, 1 and 2 and the allele dosages of the imputed genotypes valued from
0–2 as in the study by Howie et al.19 The discordance rate is the fraction of
genotypes not matched between the genotypes of NGS and the imputed
genotypes with the highest genotype probability. The values of SNP position in
which probe is designed was set to be 1.0 and 0.0 for r2 value and discordant
rate, respectively. The MAF for each SNP was calculated for each reference
panel independently.

RESULTS

We designed a SNP array consisting of 659,253 SNPs, which is almost
the maximum number of SNPs of a single array on the Axiom
96-layout plate. The category of prioritized SNPs and their number
are presented in Table 1. Probes in the Japonica array were validated
by experimental genotyping of 288 samples from the 1KJPN panel.
The average call rate across samples was 99.7% (min. 97.5% and max.
99.8%), and 98.4% of SNPs on the array exceeded the call rate above
97.0%. The average genotype concordance rate between the Japonica
array and HiSeq2500 was 99.7% (min. 98.4% and max. 99.8%)
across samples, and 99.0% of SNPs on the array exceeded the
concordance rate above 97.0%. The genotypes that failed to call or
are discordant with NGS call are not apparently shared among
samples (Supplementary Figure 3). We also compare the genotype
calls between the Japonica Array and Illumina HumanOmni2.5
(Omni2.5) on 289 372 overwrapping sites. The genotyping results
of HumanOmni2.5 have been obtained in our previous study.9 The
genotype call was carried out using the Genotyping Module in the
GenomeStudio software (ver. 2011.1, Illumina) and the default set
cluster file was used. The average concordance rate across samples
between the Japonica Array and Omni2.5 was 99.8% (min. 98.7%
and max. 99.9%) and 99.2% of SNPs exceeded the concordance rare
497%. These results demonstrated that the genotype quality of the
Japonica array was comparable to the existing SNP arrays not only
within same platform8 but also among platforms.
We compared the imputation performance of the Japonica

array to the commercially available SNP arrays (Omni2.5, Illumina

Table 1 Category of SNPs on the Japonica array

Category Number of SNPsa Array occupancy rate

Tag SNPs (including X chromosome) 638269 96.8%

Pharmacogenomics markers 2028 0.31%

Y chromosome 275 0.04%

Mitochondria 70 0.01%

NHGRI GWAS catalog 10 798 1.64%

HLA 3906 0.59%

Untaggable functional SNPs 3990 0.61%

Total 659253 —

Abbreviations: GWAS, genome-wide association studies; SNP, single nucleotide polymorphism.
aSome SNPs are overlapped among categories.
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HumanOmniExpressExome (OmniExpressExome) and Axiom
Genome-wide ASI1 (AxiomASI)) using 1070 samples of 1KJPN as
reference panel. These commercial SNP arrays differ by the number of
designed positions and the fraction of polymorphic markers compared
with the 1KJPN (Table 2). Nearly all the markers on the Japonica array
are polymorphic among the 1KJPN panel as we intended (99.7%),
meanwhile a substantial fraction of markers on the other SNP arrays is
not polymorphic (that is, it is less informative for imputation
as tag SNPs). For example, 31.4% of SNPs on OmniExpressExome
was not polymorphic. The imputation performance was evaluated
by the average r2 values stratified by the MAF of a reference panel

(Figures 2a and c), the genome-wide coverage of the imputed
genotype for different r2 thresholds (Figures 2b and d), and the
average discordance rates between imputed genotype with
highest genotype probability and genotypes of WGS (Supplementary
Figures 4c–e).
For common SNPs, the imputation quality of the Japonica array

using 131 samples of our project (ToMMo131) was higher than
OmniExpressExome and AxiomASI in terms of the average r2 value
(Figure 2a). In addition, the r2 value of the Japonica array is almost
comparable to that of Omni2.5 that contains 3.6 times as many
markers (Table 2). For instance, the average r2 values of the SNPs

Table 2 Comparison of the Japonica array with the existing SNP arrays

SNP array

No. of SNP

positions No. of polymorphic positions in 1KJPN Genomic coverage with pairwise r240.8

Japonica array 659253 657152 (99.7%) 72.4%

HumanOmni2.5S 2 391 739 1 422 455 (59.5%) 71.4%

HumanOmniExpressExome 930717 638494 (68.6%) 61.2%

Axiom Genome-wide ASI1 627781 527859 (88.9%) 60.0%

Abbreviation: SNP, single nucleotide polymorphism.
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Figure 2 Improvement in imputation accuracy with the Japonica array. Comparison of the imputation accuracy of different SNP arrays using the 1KJPN
panel (a and b) and the imputation accuracy of the Japonica array using different reference panels (c and d). The imputation was conducted to the 131
individuals (ToMMo131, independent from the 1070 individuals in the 1KJPN panel) using the 1KJPN panel. The average r2 values are plotted against the
MAF (a and c). The fraction of SNPs in which the genotype was imputed with a given r2 threshold (x-axis) over the total SNPs in the reference panel
(genomic coverage) is plotted (b and d) with solid and dashed lines for common and low-frequency SNPs, respectively. The r2 value is the squared
correlation coefficient between the imputed genotype and the genotype obtained by whole-genome sequencing. MAF, minor allele frequency; SNP, single
nucleotide polymorphism.
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with MAF 45% were 0.972, 0.975, 0.965 and 0.955 for the Japonica
Array, Omni2.5, OmniExpressExome and AxiomASI, respectively.
In contrast, for low-frequency SNPs, the imputation quality of the
Japonica array were superior to other SNP arrays even when compared
with the Omni2.5. The average r2 values of low-frequency SNPs were
0.802, 0.772, 0.756 and 0.746 for the Japonica Array, Omni2.5,
OmniExpressExome and AxiomASI, respectively. Contrary to the r2

values, the average discordance rate between genotypes of NGS and
imputation was higher in Japonica array than Omni2.5 as MAF
becomes higher (Supplementary Figure 4c). For example, the average
discordance rates were 0.012 and 0.010 for Japonica array and
Omni2.5, respectively. This can be explained by the difference in the
number of probe-designed SNPs whose discordance rate of SNP was
set to be 0.0. The number of such SNPs is larger for Omni2.5 than
Japonica Array. Indeed, the discordance rate of common SNP was
almost equal (0.013) between Japonica array and Omni2.5 when the
probe-designed SNPs were excluded from calculation. The genomic
coverage of the Japonica array was higher than the other existing
arrays in a broad r2 threshold especially for low-frequency SNPs
(Figure 2b). For common SNPs, the genomic coverage of SNPs
with an r240.8 was 96.9% for the Japonica array, whereas the
coverage of Omni2.5, OmniExpressExome and AxiomASI were
97.0%, 95.6% and 93.9%, respectively. The genomic coverage of
low-frequency SNP by the Japonica array (67.2%) was higher than
other arrays (63.8% for Omni2.5, 60.0% for OmniExpressExome and
59.4% for AxiomASI). The difference in the genomic coverage by
imputation has substantial impact on the absolute number of
genotypes, which can be used for downstream analyses, especially
for rare and low-frequency SNPs (Table 3). For example, 1 214 767
and 2 077 383 genotypes were imputed from ToMMo131 by the
Japonica array for rare and low-frequency SNPs, respectively. This is
about 11% larger than those obtained from OmniExpressExome, for
example, in which 1 104 194 and 1 854 752 genotypes were imputed
for rare and low-frequency SNPs, respectively. Note that these
numbers were obtained from 131 samples and the number will
increase with the sample size.
It is possible that the imputation performance presented above

might be overestimated because individuals of both reference panel
(1070 samples) and imputation subject (131 samples) have been
recruited at the same region (Miyagi Prefecture, Japan). Thus, we
conducted the imputation of 89 samples of HapMap JPT panel
(Japanese people in Tokyo) and compared this with those obtained
from 131 samples of our project (ToMMo131). The imputation
performance was very similar between both samples. For instance, the
average r2 values of 0.976 and 0.810 for common and low-frequency
SNPs, respectively, were obtained from the imputation of JPT samples
with Japonica array, which is comparable with the average r2 values
(0.972 and 0.802 for common and low-frequency SNPs, respectively)
of ToMMo131 samples. This tendency was confirmed with other SNP

arrays except for Omni2.5 (Supplementary Figure 4b). The average r2

of the Japonica array was lower in JPT samples than ToMMo131
samples for low-frequency and rare SNPs, resulting in similar
imputation performance with Omni2.5. This is presumably
because the tag SNPs of Omni2.5 has been selected from 1KGP
panel, which includes the imputation target samples themselves, that is
JPT samples.
We next considered the influence of panel selection on the

imputation performance. Figures 2c and 2d show the imputation
performance of the Japonica array using different reference panels.
The 1KJPN panel exhibited better imputation performance compared
with the 1KGP and 1KGP_JPT panels, which is consistent with the
better imputation efficiency using a closely related reference panel.20,21

Indeed, the average r2 values of common SNPs were 0.972, 0.941 and
0.940 for the 1KJPN, 1KGP and 1KGP_JPT, respectively. Difference in
the imputation performance by panel selection was more prominent
for the low-frequency SNPs. The average r2 values of low-frequency
SNPs were 0.802 for the 1KJPN panel, whereas those for 1KGP and
1KGP_JPT panels were 0.745 and 0.618, respectively. Although the
1KGP_JPT panel consists of haplotypes derived from individuals with
Japanese ancestry only, the performance especially for low-frequency
SNPs was much worse than the cosmopolitan 1KGP panel, which
suggested that the haplotypes in the 1KGP panel (other than those
from the JPT) contributed to the genotype imputation. An addition of
haplotypes to the 1KJPN panel (that is, 1KJPN+1KGP panel) slightly
increased the number of imputed SNPs. For example, 8 278 163 SNPs
with r240.8 were imputed with 1KJPN+1KGP panel while 8 236 760
SNPs were imputed with the 1KJPN panel. However, the combined
panel approach did not substantially affect the imputation perfor-
mance in terms of r2 value even though a larger number of haplotypes
contained in the panel. The average r2 of the imputed genotypes of
SNPs with MAF40.5% was almost identical (0.908) between the
1KJPN panel and a combined panel (1KJPN+1KGP) (Figure 2c).
In addition, the average discordance rates were also similar between
the 1KJPN (0.92%) and 1KJPN+1KGP (0.93%). This is likely due to
the huge collection of haplotypes in the 1KJPN panel that includes the
haplotypes in the 1KGP panel as a subset.

DISCUSSION

The reference panel 1KJPN is currently comprised of 2140 haplotypes
derived from the whole-genome sequences of 1070 Japanese indivi-
duals. This is the largest Japanese reference panel to date and contains
a large amount of haplotypes that are presumably shared among
individuals with Japanese ancestry.
We designed a SNP array suitable for genotype imputation using

the 1KJPN panel, termed the ‘Japonica array.’ The genotype quality of
the Japonica array was experimentally validated to be as high as the
existing commercial SNP arrays. Nonetheless, we demonstrated that
the imputation quality of the Japonica array outperformed the
commercially available SNP arrays when applied to Japanese samples.
There are two reasons for improvement in imputation quality. First,
we selected the SNPs on the Japonica array so that the vast majority of
them are polymorphic in the Japanese population by referring to the
allele frequencies of SNPs on the 1KJPN reference panel. Indeed, 99.6
% of the SNPs on the Japonica array are polymorphic, which is
comparable to 59.5% on the HumanOmni2.5, 68.6% on the
OmniExpressExome and 88.9% on the AxiomASI. More importantly,
our strategy for tag SNP selection enabled us to capture the highest
number of SNPs on the 1KJPN panel as possible. Indeed, the genomic
coverage of the tag SNPs (pairwise linkage disequilibrium R240.8)
was also larger compared with other SNP arrays (Table 1).

Table 3 The number of imputed genotype

SNP array Rare SNP a Low-frequency SNP a Common SNP a

Japonica array 1 214767 2 077383 4 944 610

HumanOmni2.5S 1 051158 1 969616 4 946 935

HumanOmniExpressExome 1 104194 1 854752 4 876 863

Axiom Genome-wide ASI1 1 092543 1 836323 4 787 601

Abbreviation: SNP, single nucleotide polymorphism.
aThe number of SNPs with r240.8
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We excluded SNPs with MAFo0.5% from the tag SNP selection to
avoid poor cluster separation in genotyping process. In this study, we
defined a new score S (equation (1)) for tag SNP selection on the basis
of the MI, which has been used as a linkage disequilibrium measure
instead of conventional R2 value in the previous study.22 The MI tends
to yield lower value when calculating between low-frequency SNPs in
comparison to R2 value (Supplementary Figure 2). This property
would allow us to select higher frequency SNPs, which are expected to
improve genotype calls by good cluster separation. Indeed, the relative
frequency of rare (MAFo0.5%) SNPs on the Japonica array was
considerably lower than other SNPs (Supplementary Figure 5a).
However, the relative frequency of imputed genotype is higher when
MAF becomes lower (Supplementary Figure 5b). This implies that the
tag SNP selection strategy in this study is effective for the imputation
of rare SNPs despite the array containing few probes that directly
interrogate rare SNPs.
We evaluated the quality of imputation by comparing the imputed

genotypes (or allele dosage) and the genotypes obtained from high
coverage (32.4 on average) whole-genome sequences for 131 indivi-
duals, which were different from the 1070 individuals in the 1KJPN
reference panel. We also conducted the imputation of 89 JPT samples.
We then found that the imputation quality was very close to that of
131 samples of our project. These imputations enabled us to assess the
accuracy of the imputed genotypes in a whole-genome scale, which is
a close situation as actual GWAS. We showed that the Japonica array
exhibited better imputation performance from other existing com-
mercial SNP arrays when the haplotypes of the 1KJPN were used as
the reference panel. Intriguingly, the imputation quality of the
Japonica array also outperformed the other existing commercial
SNP arrays even when the 1KGP reference panel was used
(Supplementary Figure 4f), indicating that the tag SNPs on the
Japonica array effectively captured the haplotypes in the Japanese
population irrespective of reference panel in compared with the
existing arrays.
Our study showed that the 1KJPN panel is better than the 1KGP

panel for the genotype imputation of Japanese samples. This is
consistent with previous reports where a population-specific reference
panel improved the accuracy of genotype imputation especially for
low-frequency and rare variants.20,21 Almost no improvement was
observed in imputation performance with a combined reference panel
of 1KJPN and 1KGP (1KJPN+1KGP) compared with the 1KJPN panel
in terms of the average r2 value and the discordance rate. This result is
consistent with the Genome of Netherland study,21,23 which reported
that adding haplotypes of the 1KGP panel to a population-specific
reference panel (GoNL) had small effects on the imputation quality
when Dutch samples were imputed. This result is likely because the
larger reference panel (that is, 1KJPN or GoNL) contains the majority
of haplotypes in the smaller reference panel (1KGP_JPT or European
ancestry panel of 1KGP). This tendency would be prominent for SNPs
with lower allele frequencies because such SNPs are population
specific.19

The development of population-specific SNP arrays will facilitate
genome-wide studies inquiring into the genetic basis of complex
diseases and traits. In this study, we demonstrated that whole-genome
imputation using the Japonica array in combination with the 1KJPN
panel was an efficient method to fully utilize the genetic resources of a
genome cohort study for downstream studies, such as GWAS. Finally,
this approach, a combination of WGS and population-specific SNP
arrays, will be applicable to other studies in diverse ethnic groups.
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