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Abstract

A geographical gradient of height has existed in Japan for approximately 100 years. People in northern Japan tend to be
taller than those in southern Japan. The differences in annual temperature and day length between the northern and southern
prefectures of Japan have been suggested as possible causes of the height gradient. Although height is well known to be a
polygenic trait with high heritability, the genetic contributions to the gradient have not yet been explored. Polygenic score
(PS) is calculated by aggregating the effects of genetic variants identified by genome-wide association studies (GWASs) to
predict the traits of individual subjects. Here, we calculated the PS of height for 10,840 Japanese individuals from all 47
prefectures in Japan. The median height PS for each prefecture was significantly correlated with the mean height of females
and males obtained from another independent Japanese nation-wide height dataset, suggesting genetic contribution to the
observed height gradient. We also found that individuals and prefectures genetically closer to continental East Asian ances-
try tended to have a higher PS; modern Japanese people are considered to have originated as result of admixture between
indigenous Jomon people and immigrants from continental East Asia. Another PS analysis based on the GWAS using only
the mainland Japanese was conducted to evaluate the effect of population stratification on PS. The result also supported
genetic contribution to height, and indicated that the PS might be affected by a bias due to population stratification even in
a relatively homogenous population like Japanese.

Introduction Polygenic scores (PSs) are calculated by aggregating

the effects of genetic variants identified by GWAS across

Over the past decade, a vast number of genome-wide asso-
ciation studies (GWASSs) have been performed, in which
hundreds of thousands to millions of genetic variants across
genomes are tested in various human populations to identify
genetic variants associated with diseases and traits (Viss-
cher et al. 2012, 2017; Buniello et al. 2019). GWASSs have
successfully identified many loci associated with complex
diseases, such as type 2 diabetes mellitus (T2DM) (Morris
et al. 2012; Xue et al. 2018), and complex traits, such as
height (Wood et al. 2014; He et al. 2015; Zoledziewska et al.
2015; Marouli et al. 2017; Tachmazidou et al. 2017; Yengo
et al. 2018; Akiyama et al. 2019).
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the genome to predict the risk of complex diseases or the
phenotype of complex traits based on genetic profiling. In
conventional GWAS, although a stringent genome-wide sig-
nificance level of a=5x 1078 has been used to avoid false
positives, no attention has been paid to false negatives. In
contrast, the PS approach allows the use of single nucleotide
polymorphisms (SNPs) that do not reach the genome-wide
significance level, even if the set of SNPs includes ones that
are not truly associated with the risk of complex diseases
or the phenotype of complex traits. The growing number
of large-scale GWAS generated from regional and national
biobank projects, such as the UK Biobank (UKBB) (Bycroft
et al. 2018), has enabled the calculation of more power-
ful and precise PSs. For example, PSs calculated using the
UKBB data successfully identified individuals at high risk
for several diseases (Khera et al. 2018). The PS for Euro-
pean height has also been estimated from effect estimates of
two large-scale height GWAS, GIANT (Wood et al. 2014)
and the UKBB, in several modern and ancient populations
(Robinson et al. 2015; Zoledziewska et al. 2015; Martiniano
et al. 2017; Berg et al. 2019; Sohail et al. 2019; Uricchio
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et al. 2019; Chen et al. 2020). They revealed a north—south
gradient of polygenic adaptation, although the signal may
be overestimated due to population stratification (Berg et al.
2019; Sohail et al. 2019; Uricchio et al. 2019; Chen et al.
2020).

A previous study (Yamaguchi-Kabata et al. 2008), based
on the genome-wide SNP data of 7003 Japanese patients
treated at hospitals in seven geographic regions, suggested
that Japanese were genetically differentiated. Recently, we
clarified the genetic heterogeneity of the Japanese popula-
tion at the prefecture level by analyzing genome-wide SNP
data of approximately 11,000 Japanese individuals from all
47 prefectures in Japan (Watanabe et al. 2020). The genetic
structure of Japanese people is caused primarily by the
extent of admixture between the Jomon people and immi-
grants from continental East Asia in each prefecture. This
result strongly supports the dual structure model (Hanihara
1991), which suggests that the modern mainland Japanese
population originated as a result of admixture between
indigenous Jomon people and immigrants from continental
East Asia. In addition, geographical location was found to
largely contribute to the genetic heterogeneity among Japa-
nese prefectures (Watanabe et al. 2020). Therefore, regional
differences in the phenotypes of complex traits in Japanese
individuals may be caused by the genetic differences among
regions.

Several ecological analyses of nation-wide height data
in Japan have indicated the existence of a geographical
height gradient (Endo et al. 1993; Yokoya 2010; Yokoya
et al. 2012). The height of Japanese youth tends to be greater
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in Northern Japan than in Southern Japan. The gradient is
thought to have existed for over 100 years, and differences
in the annual temperature and day length among prefectures
have been suggested as possible causes of the gradient (Endo
et al. 1993; Yokoya 2010; Yokoya et al. 2012). Moreover,
height is well known as a polygenic phenotype with high
heritability; about 80% of human height variation can be
explained by genetic factors (Silventoinen et al. 2003; Viss-
cher et al. 2006), and approximately 4% of human allelic
variation has causal effects on height (Boyle et al. 2017).
Thus, in this study, we examined whether genetic hetero-
geneity in the Japanese population contributes to the height
gradient in Japan.

Materials and methods
Subjects and data quality control (QC)

An overview of this study is shown in Fig. 1. All subjects
in this study were customers of the Japanese Direct to
Consumer (DTC) genetic testing service, HealthData Lab
(Yahoo! Japan Corporation, Tokyo, Japan). Genomic DNA
was extracted from saliva samples and genotyped using the
[1lumina HumanCore-12 Custom BeadChip and Human-
Core-24 Custom BeadChip (Illumina, San Diego, CA), as
described in our previous study (Watanabe et al. 2020).
The SNP and sample filtering was performed using PLINK
version 1.9 (Chang et al. 2015). SNPs with Hardy—Wein-
berg equilibrium (HWE) P value <0.01 or missing call
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Fig.1 Overview of this study
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rate > 0.01, and samples with missing call rate > 0.1 were
excluded. 116 individuals who were close to Han Chinese
(CHB) in the 1000 Genomes Project Phase 3 (1KG) (1000
Genomes Project Consortium et al. 2015) in the PCA plot
of our previous study (Watanabe et al. 2020) and 111 indi-
viduals with IBD values > 0.125 with one or more subjects
were excluded; the proportion of IBD for all pairs of sub-
jects within our dataset of the Japanese was calculated using
PLINK version 1.912 (Chang et al. 2015) after LD-pruning
with the settings of window size =50 kb, step size =5 kb
and the 7? threshold=0.5. We also excluded two individuals
born after 1999. The final dataset contained 10,840 indi-
viduals from all prefectures in Japan and 183,708 autosomal
SNPs. Principal component analysis (PCA) was performed
with PLINK version 1.9 (Chang et al. 2015) to adjust for
population stratification in the PS calculation (Figure S1).
All phenotype data, such as sex, year of birth, and height,
were obtained through an online questionnaire. The details
of samples were listed in Supplementary Table 1.

Polygenic score

We calculated the PS of height for the dataset of 10,840 Jap-
anese individuals using PRSice-2 (Choi and O’Reilly 2019).
Data from a GWAS of height of 159,095 Japanese partici-
pants in the Biobank Japan (BBJ) project with 27,896,057
imputed variants (Akiyama et al. 2019) were used as the base
dataset since target sample ethnicities should be matched
with the ethnicity of GWAS samples (Martin et al. 2017;
Duncan et al. 2019). Variants with a minor allele frequency
(MAF) <0.01 and low imputation quality (R square <0.7)
were filtered out from the base dataset. Ambiguous SNPs
(e.g., A/T and G/C SNPs) and duplicated SNPs were also
excluded from the base dataset. After QC, 175,257 SNPs
overlapped between the target dataset and the base dataset.
Clumping parameters were set as --clump-kb 250kb --clump-
p 1 --clump-12 0.1. A total of 51,210 SNPs remained after
clumping. Sex, year of birth, principal component (PC) 1,
and PC2, were used as covariates in a regression model to
select the best-fit threshold of PS that explained the highest
phenotypic variance in the target dataset. The best-fit thresh-
old was defined such that the difference in R* between the
full model and the null model (i.e., the R? value added by the
PSs) was greatest. The Z-Score Normalization was applied
to the PS for each individual at the best-fit threshold and the
standardized best-fit PS was used in the following analyses.

To evaluate the accuracy of our PS, we fit a linear regres-
sion model of height in which standardized PS, sex, year of
birth, PC1, and PC2 were used as covariates in the 10,840
target samples. Then, the residuals, the difference between
observed height and predicted height, were estimated for
each subject. The difference in the residual distribution of

each prefecture was examined by Student’s ¢ test imple-
mented in R 3.5.3.

Comparison with the UKBB

To evaluate the effect of population stratification, we con-
ducted correlation analysis between estimated effect sizes
in the BBJ GWAS and those in the UKBB GWAS using the
SNPs that are used to calculate Japanese height PS above.
PS based on these effect sizes were also calculated for 1000
Genomes Japanese in Tokyo (JPT) individuals (n=104)
(1000 Genomes Project Consortium et al. 2015) using the
same SNPs and the correlation between PSs based on the
BBJ GWAS and those based on the UKBB GWAS was
examined.

Map of height PSs

Japan is divided into 9 regions, which are further divided
into 47 prefectures (Fig. 2). We visualized the geographic
distribution of height PSs in Japan at prefecture level. Since
the sample size is larger in metropolitan areas (Supplemen-
tary Table 1), more accurate height PSs would be obtained
only in metropolitan areas if the sample size is not adjusted.
Therefore, to ensure the same level of certainty in the PS
value for each prefecture, random sampling with equal sam-
ple size for each prefecture is necessary. In this study, 50
individuals were randomly sampled from each prefecture
of the target dataset without replacement (Supplementary
Table 2). The median value of the best-fit height PS was cal-
culated for each prefecture and mapped using the R packages
choroplethr (https://CRAN.R-project.org/package=chorople-
thr) and choroplethrAdminl1 (https://CRAN.R-project.org/
package=choroplethrAdminl) in R version 3.5.3.

Independent height data

An independent dataset of standardized mean height at the
age of 17 for each prefecture was obtained from Yokoya
et al. (2012). The data were generated from reports of the
School Health Examination Surveys conducted from 1996
to 2008 by the Ministry of Education. The mean height of
each sex in each prefecture was mapped as described above.
The association of PS with mean height of each prefecture
was examined using R version 3.5.3.

Effect of population genetic ancestry on PS

To reveal the effect of genetic background on height PS,
we first estimated the genetic distance between all sub-
jects (n=10,840) and 103 CHB individuals analyzed in
the 1000 Genomes Project Phase 3 (1000 Genomes Project
Consortium et al. 2015). Here, CHB was used to represent
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Fig.2 Map of Japanese prefec-
tures. The Japanese prefectures
were divided into nine regions
in this study
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continental populations whose ancestors migrated to the
Japanese Archipelago. 138,688 autosomal SNPs were
shared between our dataset and the CHB individuals.
68,573 SNPs, which was genotyped in all samples and
remained after LD-pruning with the settings of window
size =50 kb, step size =5 kb and the ? threshold = 0.5,
were extracted using PLINK version 1.9 (Chang et al.
2015). The number of different alleles between each Japa-
nese subject and 103 CHB individuals was counted using
PLINK version 1.9 (Chang et al. 2015). The mean value of
the number of different alleles from the 103 CHB individu-
als for each subject was divided by the total SNP number,
which was defined as the genetic distance to CHB for each
subject. The association of the genetic distance to CHB
with PS was examined by correlation analysis using R ver-
sion 3.5.3.

Then, the relationship between PS and genetic distance
to CHB was examined at the prefecture level. From each
prefecture, 50 individuals were randomly selected without
replacement. The median PS was obtained for each prefec-
ture. The f2 statistic (Patterson et al. 2012) between each

@ Springer

prefecture and CHB was calculated based on the allele
frequencies of 138,638 SNPs. The association between
the f2 statistic and median PS was examined by correla-
tion analysis using R version 3.5.3. In this study, a P value
of <0.05 was considered statistically significant.

Evaluation of Okinawa-mainland population
stratification in GWAS

A height GWAS was carried out for 8385 Japanese individ-
uals which excluded individuals who belong to Okinawa
cluster in the PCA (Figure S1) to calculate PS without the
effect of the Okinawa-mainland population stratification.
The GWAS was performed by linear regression model
implemented in PLINK 1.912. Sex, year of birth, PC1 and
PC2 were included in the model as covariates. The sum-
mary statistics were used for PS calculation for 2350 Japa-
nese individuals, 50 individuals each from 47 prefectures.
The PS calculation was conducted as described above. The
flow of this analysis was described in Figure S2.
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Results

The model fit of PSs, which is defined as the R? of the
full model minus the R? of the null model, was calcu-
lated to determine the optimal P value threshold (Figure
S3). The best threshold, in which the model fit of PSs (i.e.,
the R? value added by the PSs) became greatest, was P
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value =0.020. The R? value of the full model was R*>=0.64,
and the model fit of PSs was 0.076 at the best P thresh-
old. The 7521 SNPs below the threshold were used for PS
calculation (Supplementary Table 3). The standardized
best-fit PS was significantly correlated with the observed
height both in male (Correlation coefficient [R]=0.38 and
P value <2.2x 107'%; Fig. 3a) and female (R=0.37 and P
value <2.2 x 107'%; Fig. 3b). Figure S4a shows the relation-
ship between the observed height and the height predicted by
linear regression model using the standardized best-fit PS,
sex, year of birth, PC1 and PC2 as covariates. The correla-
tion coefficient between the observed and predicted height
was R=0.80 (P value <2.2x 107!%). The residuals spanned
from —40 to 20 cm. The residuals of approximately 95% of
subjects (n=10,262) fell between — 10 and 10 cm (Figure
S4b). The distribution of residuals was not different among
the prefectures (Figure S4c).

The distribution of height PSs varies among prefectures
(Fig. 4). Then, we examined whether the distribution of
height PSs can explain the geographic gradient of height. To
do this, we used another independent Japanese nation-wide
height dataset based on the School Health Examination Sur-
veys (Yokoya et al. 2012), in which the height of Japanese
youth was measured throughout Japan (Fig. 1). We noted
that the height data of our target samples were not used for
correlation analysis because these data were used for model
fitting in PS calculation. The median value of the height
PS was plotted on the map (Figs. 4a and S6a). Northern
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regions of Japan tended to show larger PSs. The distribu-
tion was similar to the geographic distribution of female
height (Figs. 4b and S6b) and male height (Figure S6a)
based on the School Health Examination Surveys (Yokoya
et al. 2012). The median height PS of each prefecture was
significantly correlated with female height (R=0.58 and P
value = 1.6 x 107%; Figure S5¢) and male height (R=0.53
and P value=0.00012; Figure S5d). Since the Okinawa
Prefecture was an outlier (Figures S6), correlation analy-
sis was also performed for all prefectures except Okinawa.
Significant correlations were found in females (R=0.42
and P value =0.0033; Fig. 5¢) and males (R=0.36 and P
value=0.014; Figure S6b).

To assess if the observed correlations were merely
due to population stratification in the BBJ GWAS, the
effect sizes in the BBJ of the SNPs used for the PS cal-
culation were compared to those in the UKBB GWAS.
These values correlated significantly (R=0.51 and P
value <2.2x 10719; Figure S7a). PSs were then calculated

for 1000 Genomes JPT individuals using the same SNPs
and the effect sizes from the BBJ and UKBB GWASs. The
PSs based on the BBJ effect sizes were significantly corre-
lated with those based on the UKBB effect sizes (R=0.28
and P value =0.0046; Figure S7b).

To uncover the effect of genetic ancestry on height PS,
the relationship between PS and genetic distance to a con-
tinental population, CHB, was examined at both the indi-
vidual and prefectural level. The genetic distance to CHB
was negatively correlated with the PS (R=-0.094 and P
value < 2.2 x 107!%; Fig. 6a). The f2 statistic, correspond-
ing to the genetic distance between each prefecture and
CHB, was negatively correlated with the median value of
the PS (R=—-0.61 and P value=4.0x 107%; Fig. 6b). PS
and genetic distance to CHB were correlated with each
other at both the individual and prefectural level even
when individuals belonged to Okinawa cluster in Figure
S1 were or Okinawa Prefecture was excluded, respectively
(Figure S8).
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Fig.5 Geographic distribution of height PS and female height for 46
prefectures. a Geographic distribution of the median standardized PS
of height of each prefecture except Okinawa. b Geographic distri-
bution of the mean height of 17-year-old females in each prefecture
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except Okinawa. Darker blue indicates larger values. ¢ Correlation of
the median standardized PS with mean height of 17-year-old females
in each prefecture. The color of each region corresponds to that of
Fig. 2
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To evaluate the effect of population stratification
between Okinawa and the mainland Japan in GWAS statis-
tics, we calculated PS for 2350 Japanese individuals from
47 prefectures based on the GWAS statistics which were
not affected by Okinawa-mainland population stratification
(Figure S2). The R? value of the full model was R*=0.57,
and the model fit of PSs (i.e., the R? value added by the
PSs) was 0.0099 at the best P threshold (P value=0.19).
The 18,183 SNPs below the threshold were used for PS
calculation. The geographic distribution of the newly cal-
culated height PSs is shown in Fig. 7a. The median height
PS of each prefecture was significantly correlated with
female height (R=0.45 and P value=0.0017) and male
height (R=0.43 and P value =0.0024) although the cor-
relation was weak compared to the PS based on the BBJ

each prefecture and CHB, with PS at the prefecture level. The color
of each region corresponds to that of Fig. 2

GWAS statistics. The correlation was still observed even
when Okinawa was excluded from the analysis for female
(R=0.33 and P value=0.027; Fig. 7b) and male (R=0.31
and P value =0.034). The f2 statistic, corresponding to
the genetic distance between each prefecture and CHB,
was negatively correlated with the median value of the PS
when including Okinawa (R=—0.37 and P value =0.0097;
Fig. 7¢) but not when excluding Okinawa (R=-0.17 and
P value=0.27; Fig. 7d). This is probably because Tohoku
region, which was genetically close to Okinawa, exhibited
higher PSs. The significant correlation between the f2 sta-
tistics and the median values of the PS was observed when
excluding Tohoku region from the analysis (R=—0.42 and
P value =0.0063).
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Fig.7 Height PS based on GWAS without Okinawa-mainland popu-
lation stratification. Height PS was calculated based on the newly
conducted GWAS statistics which were not affected by Okinawa-
mainland population stratification. a Geographic distribution of the
median standardized PS of height of each prefecture. b Correlation of

Discussion

In this study, we clarified the geographical distribution of
height PS in Japan (Figs. 4a and S6a). To the best of our
knowledge, this is the first attempt to elucidate the effect of
genetic background on the phenotype of a complex trait at
the prefecture level in Japan. As shown in Figure S4b, the
predictive accuracy of the height PS was not high. Given that
the aim of this study was to ascertain the genetic contribu-
tion to the height gradient observed in Japan, rather than to
create an accurate genetic prediction of height, the predic-
tive accuracy of the PS was considered to be enough for
this study. The PS residuals did not vary among prefectures
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the median standardized PS with mean height of 17-year-old females
in each prefecture. ¢, d Correlation of the f2 statistics, corresponding
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(Figure S4c), indicating that predictive power of PS was not
different among prefectures, which allowed us to discuss
geographical distribution of genetic background of Japanese
height.

Japanese youth tend to be taller in areas north and east
of Japan, especially in areas along the Sea of Japan coast
(Figs. 4b and S7a). Since this gradient has existed for
approximately 100 years, it was considered to be attribut-
able to climatic factors that have not changed during this
period, such as temperature (Endo et al. 1993; Yokoya 2010)
and day length (Yokoya et al. 2012). The geographical dis-
tribution of Japanese height was negatively correlated with
temperature and day length. Temperature has been suggested
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to affect food intake, and day length may affect the produc-
tion of melatonin, a hormone involved in sleep. Although
the contribution of genetic factors have not been evaluated
because the mainland Japanese population was considered
to be genetically homogenous due to the increased migration
from rural to urban areas during this period, it has recently
been reported that genetic heterogeneity still exists in the
Japanese population at the prefecture level (Watanabe et al.
2020). Significant correlations between the median PS and
mean height of each prefecture were observed in both sexes
when Okinawa was excluded (Figs. 4c and S7b) and when
included (Figures S6c and S6d). In addition, compared
with the UKBB GWAS (Figure S7), the calculated PSs
were likely to reflect genetic difference in height rather than
merely due to population stratification in the BB] GWAS.
Taken together, geographic differences in genetic back-
grounds are likely to contribute to the observed gradient
of Japanese height, along with other environmental factors.

We further examined the effect of the genetic ancestry on
the height PS using genetic distance to CHB. Given that the
modern Japanese population is considered to have originated
as a result of admixture between the indigenous Jomon peo-
ple and immigrants from continental East Asia, according to
the dual structure model (Hanihara 1991), genetic distance
to CHB can be used as an index of the extent of continental
ancestry. As shown in Fig. 6, individuals and prefectures
with a longer genetic distance to CHB tended to have higher
PSs, suggesting the continental immigrants were genetically
taller than the Jomon people. Our results are compatible with
archaeological evidence. Several studies indicated the Jomon
people were shorter than the people of the period after the
migration from continental East Asia, such as the people
of the Yayoi and the Kofun period (Hiramoto 1972; Kaifu
1992; Wada and Motomura 2000). Although the ancient
height change may be largely attributed to environmental
factors, such as the transmission of rice cultivation, that
improved the nutritional status of ancient Japanese people,
our results suggest that genetic factors obtained through
admixture with continental immigrants, who had a genetic
background leading to taller height, also contributed to the
height change.

Several studies reported that population stratification
can cause a bias in PS prediction (Berg et al. 2019; Sohail
et al. 2019; Uricchio et al. 2019; Chen et al. 2020; Sakaue
et al. 2020). Previously Japanese people were suggested
to be genetically divided into the two subpopulations, the
mainland Japanese and Okinawa people (Hammer and
Horai 1995; Horai et al. 1996; Hatta et al. 1999; Yamagu-
chi-Kabata et al. 2008; Jinam et al. 2012; Watanabe et al.
2020). The height GWAS conducted by the BBJ contained
participants from Okinawa (Nagai et al. 2017; Akiyama
et al. 2019). Therefore, our PS can be affected by a bias
caused by the Okinawa-mainland population stratification.

To examine this, another GWAS was conducted on 8385
Japanese people, who belonged to the mainland Japanese
cluster in the PCA (Figure S1), and the PS was calcu-
lated using our HelathData Lab dataset (Figure S2). Since
the sample size of the GWAS was much smaller than the
BBJ GWAS, the GWAS statistics and the newly calculated
PS values were less reliable; the R? value added by the
PSs was 0.076 for the PS based on the BBJ GWAS sta-
tistics (hereinafter called “PSgg;”) while that was 0.0099
for the PS based on our HealthData Lab GWAS (here-
inafter called “PSyp;”), and the correlation between the
median PS and the mean height of each prefecture was
weaker in the PSypy; than the PSyg; (Figures S6 and 6).
The results, however, provided us some insights about the
bias in the PSyg; because the PSy;;; were not supposed to
be affected by the Okinawa-mainland population strati-
fication although it might still be affected by population
structure within the mainland Japanese population. The
mean height of prefectures in Tohoku region are high com-
pared to other regions (Figs. 4b and S7a) but the PSgpg;
for Tohoku was intermediate (Figs. 4c and S7b) while the
PSyp;, for Tohoku was relatively high (Fig. 7a). Consider-
ing that Tohoku region was genetically close to Okinawa
(Figure S1; Yamaguchi-Kabata et al. 2008; Watanabe et al.
2020), PSygy for Tohoku was probably underestimated due
to the bias caused by the Okinawa-mainland population
stratification. Corroborative of Kerminen et al. (2019), our
results suggested that geographic distribution of PS was
sensitive to the bias caused by population stratification
even in a relatively homogenous population like Japanese.

The PSyp; also indicated the possibility that the corre-
lation observed between the PSygy and genetic distance to
CHB was overestimated. The significant correlation between
the f2 statistic and the PSy; was observed when Okinawa
was included but not when excluded. The correlation, how-
ever, was stronger when prefectures in Tohoku region were
excluded, indicating the correlation observed in the PSgp;
was not caused only by the bias due to the population strati-
fication. Thus, the effect of the extent of continental East
Asian ancestry on Japanese height might exist in the main-
land Japanese to some extent although overestimated in the
PSgg;- The taller height of modern Tohoku people in spite of
the lack of genetic components from the continental immi-
grants is possibly attributable to some genetic factor other
than continental East Asian ancestry. For example, Tohoku
people may have the Jomon-derived genetic factors associ-
ated with taller height. The north—south geographical gradi-
ent of the body size was observed in the Jomon people, and
Jomon people living in Tohoku region have been reported
to be taller than those in other regions (Fukase et al. 2012).
Future research is needed to examine whether Jomon people
living in Tohoku region were genetically taller than those in
other regions.
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There are several limitations in this study. First, we
cannot eliminate the possibility that the observed asso-
ciation between PS and height of each prefecture was still
affected by population stratification within Japanese peo-
ple. Because of the small number of SNPs in the dataset,
we only did a minimal correction of population stratifica-
tion to avoid reducing the amount of information. Second,
the approach of PS calculation in this study, which uses
clumping and selects the most predictive PS, can cause
overfitting to the target data and produce inflated results
and false conclusions (Choi et al. 2020). Third, the pre-
fecture of each individual in this study was where one
now lives, not where one originates. Although we exam-
ined that there is some correspondence between where
one lives and where one’s ancestors lived in our previous
study which analyzed the same dataset (Watanabe et al.
2020), discrepancies between the residence and the origin
of the individuals may affect our results to some extent.

Consequently, we first illustrated the geographic dis-
tribution of the genetic background of height in Japan.
Geographical differences in genetic background appear to
partially explain the observed height gradient in Japan.
Our study suggests that even in a relatively homogenous
population like the Japanese, geographic differences
in the phenotype of complex traits can be explained by
geographic differences in genetic background and popu-
lation stratification can cause a bias on PS calculation.
The genetic background of Japanese height was partially
attributed to the extent of continental East Asian ancestry.
To obtain more precise geographic distribution of genetic
background of complex phenotypes, further understanding
of the effect of biases arising from population stratification
on PSs is needed.
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