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Who Are the Okinawans? Ancestry, Genome Diversity,
and Implications for the Genetic Study of Human
Longevity From a Geographically Isolated Population
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Isolated populations have advantages for genetic studies of longevity from decreased haplotype diversity and long-range
linkage disequilibrium. This permits smaller sample sizes without loss of power, among other utilities. Little is known
about the genome of the Okinawans, a potential population isolate, recognized for longevity. Therefore, we assessed
genetic diversity, structure, and admixture in Okinawans, and compared this with Caucasians, Chinese, Japanese, and
Africans from HapMap II, genotyped on the same Affymetrix GeneChip Human Mapping 500K array. Principal com-
ponent analysis, haplotype coverage, and linkage disequilibrium decay revealed a distinct Okinawan genome—more
homogeneity, less haplotype diversity, and longer range linkage disequilibrium. Population structure and admixture
analyses utilizing 52 global reference populations from the Human Genome Diversity Cell Line Panel demonstrated
that Okinawans clustered almost exclusively with East Asians. Sibling relative risk (1) analysis revealed that siblings
of Okinawan centenarians have 3.11 times (females) and 3.77 times (males) more likelihood of centenarianism. These
findings suggest that Okinawans are genetically distinct and share several characteristics of a population isolate, which
are prone to develop extreme phenotypes (eg, longevity) from genetic drift, natural selection, and population bottlenecks.

These data support further exploration of genetic influence on longevity in the Okinawans.
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HE genetic contribution to human longevity is poorly

understood (1). After nearly three decades of candidate
gene studies and a plethora of recent genome-wide asso-
ciation studies (GWAS) among other approaches, the only
robust and widely replicated human genetic loci remain
APOE and FOX03 (2-11).

Many studies of common variants have been limited by
small sample sizes, particularly in GWAS. The problem
is exacerbated in the case of rare variants (some of which
may have large effect sizes), where even larger sample sizes
are required. This suggests one reason why a significant
fraction of the heritability of longevity and other complex
phenotypes remains unexplained (12). Increased use of
population isolates may help overcome these challenges.
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Rare variants are more likely to be present with higher
frequency in isolated populations in comparison to the gen-
eral population (13) and the use of isolated populations can
facilitate their identification. Isolated populations can also
be beneficial in genetic association studies and sequencing
studies, owing to increased linkage disequilibrium (LD) and
decreased allelic diversity (14—17). This can allow a smaller
sample size to be used to achieve the same statistical power
as a large sample. This has several major advantages. For
example, smaller sample sizes can reduce the cost of such
studies. In addition, with rare phenotypes, such as longev-
ity, recruitment of large numbers of study participants may
not be feasible. With this in mind, it would be valuable to
know more about some of these population isolates and
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their utility for further large-scale studies of human longev-
ity. Here, we explore the utility of the Okinawans for such
studies.

Okinawa is the southernmost of 47 prefectures of Japan
with a population of approximately 1.3 million persons.
It consists of a chain of islands spread in an arc (Ryukyu
archipelago) with the northern end of the chain near Amami
Islands of Kyushu and the southern end near Taiwan.
OkinawaIsland, the largest and most populous of the Ryukyu
Islands that make up Okinawa prefecture is geographically
isolated, situated more than 500 km (300 miles) from
mainland Japan, Taiwan, and mainland China. Okinawa
prefecture was an independent kingdom (Kingdom of the
Ryukyus) until 1879, when it was annexed by Japan and
later became a Japanese prefecture. Historically, Okinawa
has had a unique culture, including language, music, and
religion (18). However, little is known for certain about the
origin and genetic structure of its people.

Due to its geographic isolation, Okinawa has likely had
few population influxes following the original peopling of
the islands sometime during the Upper Paleolithic period
(between 50,000 and 10,000 years ago). Archeological and
other evidence suggests that at least two major waves of
migration reached the Japanese archipelago from Asia likely
from both Northern and Southern migratory routes through
temporary land bridges to the continent (or island chains)
although detailed timing, root populations, migration, and
expansion routes are still being debated (19-22). The ear-
liest human remains in Japan (from the Yamashita site in
Okinawa) date to about 30,000 years ago and are thought to
be ancestors of the Jomon people, whose pottery appeared
throughout the Japanese archipelago as far north as Siberia
by about 13,000 years ago. New migrants, called the Yayoi
people, arrived in Japan from the Korean peninsula about
2,000 years ago causing admixture of the two populations
(19,23) but appearing not to have had a major genetic influ-
ence in outlying regions such as Okinawa or Hokkaido
(21,22). A study of the Y chromosome supports this admix-
ture hypothesis (24) as do recent genetic studies of ancestry-
informative human leukocyte antigen (HLA) alleles (25)
and genome-wide single-nucleotide polymorphism (SNP)
data of the three human populations inhabiting the Japanese
archipelago, the Ainu, mainland Japanese, and the Ryukyuan
(Okinawan) (26). These data suggest Okinawa has for a long
period been a population isolate. Such isolates can develop
extreme phenotypes as a result of genetic drift (allele drop-
out), natural selection, and population bottlenecks (27,28).

The Okinawans have a very low age-adjusted mortal-
ity rate at older ages and among the lowest prevalence of
cardiovascular disease and other age-associated diseases
in the world (29-32). Furthermore, Okinawa has long had
the highest life expectancy at older ages (eg, remaining life
expectancy at age 65 years) among the 47 Japanese pre-
fectures, Japan having led the world in life expectancy for
several decades (33,34). Okinawa also has had among the
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highest prevalence of centenarians among the 47 Japanese
prefectures since records began to be kept by the Ministry
of Health in the early 1960s despite the high birth rate and
expanding population of Okinawa prefecture (35). This lon-
gevity phenotype has been in existence since records have
been kept in Japan (36), and despite the well-known dietary
and other nongenetic advantages of the Okinawans (37),
there may be some additional unknown genetic influence
favoring this extreme phenotype.

Therefore, we hypothesized that the Okinawans would
possess characteristics of a population isolate, including a
distinct genetic population structure. We hypothesized this
would include a more homogeneous genome, with less hap-
lotype diversity and longer range LD, furthering the attrac-
tiveness of this population for genetic studies of human
longevity. The goal of our study was twofold. One, to inves-
tigate the genetic population structure of the Okinawans
(extent of genetic variation, diversity, and admixture in this
population); two, to estimate the heritability of longevity
among siblings of Okinawan centenarians.

METHODS

Study Populations

For comparisons of genome diversity and population
structure in the Okinawans, a total of 26 healthy, unre-
lated, middle-aged Okinawans and 24 Okinawan centenar-
ians or near-centenarians (defined as men 94 years or older
and women 98 years or older, as they represent the upper
1% survival group (38)) were recruited by the Okinawa
Centenarian Study (OCS) research team. The OCS began
in 1976, making it the world’s longest ongoing population-
based study of centenarians (39). Koseki (household regis-
tration), kept at the city offices were used to confirm the age
of centenarians.

Participants provided informed consent and underwent
the OCS protocol (includes a physical exam, electrocar-
diogram (EKG), health questionnaires, among other items
described in more detail elsewhere) (39-42). A 25 mL
blood sample was collected from the antecubital fossa of
each participant by venipuncture. Total cellular DNA was
isolated using the PureGene system (Gentra Systems, Inc.)
and quantified using PicoGreen staining (Molecular Probes,
Eugene, OR). The study was approved by the former local
institutional review board at the University of California,
San Francisco, CA, Pacific Health Research Institute, and
Okinawa International University.

For comparison, we used genotypic data for four HapMap
populations that were generated by the same genotyping
platform used for genotyping the Okinawans (see below).
These data were downloaded from the Affymetrix website
(http://www.affymetrix.com/support/technical/sample_
data/500k_hapmap_genotype_data.affx). The International
HapMap project (43,44) is a multicountry collaboration that
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aims to catalog genetic similarities and differences between
human individuals of different ethnicities with the use of
approximately 1.2 x 10° SNPs. In the current study, a total
of 210 unrelated participants from the HapMap project were
used, including 60 independent Caucasian (CEU) samples
from Utah, United States with ancestry from Northern and
Western Europe; 60 independent Yoruban (YRI) samples
from Ibadan, Nigeria; 45 independent Japanese (JPT) sam-
ples from Tokyo, Japan; and 45 independent Han Chinese
(CHB) samples from Beijing, China. CHB samples were col-
lected at Beijing Normal University and these participants
were self-identified as having at least three out of four CHB
grandparents. The JPT samples were collected in the Tokyo
metropolitan area and were from people who originated from
(or whose ancestors originated from) many different parts of
Japan. Hence, the JPT samples are considered representative
of the majority of the population in Japan. The HapMap sam-
ples were genotyped by the International HapMap project.

To discern population structure and determine admixture
estimates, we used the global reference populations from the
Human Genome Diversity Cell Line Panel HGDP-CEPH (45).
HGDP-CEPH is a resource of 1,063 cultured lymphoblastoid
cell lines from 1,050 individuals banked at the Foundation
Jean Dausset-CEPH in Paris. Samples were selected from 52
populations in seven broad geographic/continental regions
(Africa, Europe, Middle East, Central/South Asia, East Asia,
Oceania, and Americas). Genotypes of HGDP participants
from the Illumina 650Y SNP array are publicly available
(http://hagsc.org/hgdp/files.html). In the current study, we
used a subset of the HGDP-CEPH that includes a total of 941
participants from the standardized H952 subset (46).

For calculation of sibling relative risk of centenarian-
ism (achieving an age of 100 years), we used information
collected by the OCS, which routinely collects family data
from centenarians as part of the OCS protocol (39,41,47).
We also used demographic data from the Okinawan
Prefectural Government from the Okinawan birth cohort of
1886—1890, as the general population for comparison in the
calculation of sibling relative risk. There was no age infor-
mation recorded for both cohorts except if an individual has
lived beyond the age of 100 years or not. Therefore, for this
analysis, centenarians were defined as those who lived past
the age of 100 years.

The OCS included a total of 988 siblings of centenarians
(481 males and 507 females). The Okinawa birth cohort of
1886-1890 included a total of 23,563 males and 23,192
females, of which 52 males and 250 females lived past the
age of 100 years.

Genotyping and Quality Control

Genotyping of the Okinawan samples (26 middle-aged
Okinawans and 24 centenarians) was carried out using the
Affymetrix GeneChip Human Mapping 500K (Affymetrix,
Santa Clara, CA), according to the manufacturer’s protocols
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(http://www.affymetrix.com). This array contains ~500,000
SNPs. The average call rate for the Okinawan samples was
~98%. To obtain high quality data, we excluded samples
for which more than 10% of genotypes were missing. We
removed SNPs for which >5% of genotypes were missing
and SNPs that deviated significantly from Hardy—Weinberg
equilibrium (p < .001) in the control samples. This resulted in
a dataset of 476,498 SNPs from the 22 autosomes for subse-
quent analysis.

Statistical Analysis

Population Structure and Diversity

Principal component analysis.—Principal component
analysis (PCA) is a linear dimensionality reduction tech-
nique used to identify patterns in data. PCA was performed
on all SNPs to assess the difference in population structure
between the Okinawan samples and the four HapMap popu-
lations (see Study populations) using the prcomp function
in R 2.10.1 statistical software (www.r-project.org). The
Okinawans and the four HapMap populations were pro-
jected on the top three principal components. To obtain a
suitable picture on the extent of genetic structure among the
Asian populations, we performed PCA on all of the SNPs
common among the Okinawan, JPT, and CHB samples.

Distribution of minor allele frequency, LD decay, and
haplotype coverage.—To explore the difference in fre-
quency distribution between the Okinawans and the four
HapMap samples for the minor alleles of each genotype
that passed the quality control filtering process, we calcu-
lated the frequency of SNPs in each of the minor allele fre-
quency bins as shown in (Figure 1).

The Haploview v4.0.1 program (48) was used to evaluate
the LD between pairwise SNPs. This program uses Mendelian
inheritance and an expectation-maximization (EM) type phas-
ing algorithm to infer the haplotype, and uses the estimated
haplotype to calculate LD. Here, LD was measured by 7 and
D’. The decline of LD over distance between SNPs was inves-
tigated in the Okinawan and the four HapMap populations by
calculating the fraction of common SNPs (minor allele fre-
quency > 0.1) with 7 > .8 over certain distance bins with a
maximum distance of 1,000kb.

We calculated the haplotype coverage of the genome.
This was compared between the Okinawans and the four
HapMap populations. To do this, the whole genome was
divided into segments of approximately 300-kb segments.
Haploview was used to estimate the haplotype and the hap-
lotype frequency for each segment. The program produces
a list of the haplotype and the haplotype frequencies in a
descending order of haplotype frequency. For each fixed
n, cumulative frequencies of the first n haplotypes were
calculated for each segment. Then, the cumulative haplo-
type frequencies for the first n haplotypes were averaged
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Figure 1. Allele frequency distribution in the Okinawan population and the four HapMap populations. Comparison of the distribution of minor allele frequency
in the seven allele frequency bins between the Okinawan population and the four HapMap populations (JPT: Japanese, CHB: Han Chinese, CEU: Caucasian from
Utah, YRI: Yoruban from Nigeria). The plot shows that the frequency of nonpolymorphic single-nucleotide polymorphisms (SNPs) in the Okinawans, Chinese, and
Japanese (~20%) is higher compared with the Caucasians and Yoruban. For common SNPs, there was no difference in minor allele frequency between the Okinawan
and HapMap samples. This shows that Asians have less diverse genomes with higher proportion of nonpolymorphic SNPs compared with the Caucasians and the

Yoruban. The color version of this figure is available online.

over all segments. The cumulative haplotype frequencies,
so-called haplotype coverage, were compared between the
Okinawans and the four HapMap populations.

Population structure and admixture estimation.—To dis-
cern population structure and admixture proportions of the
Okinawans, we first developed an ancestry-informative mark-
ers (AIMs) panel using Illumina 650Y SNP genotypes of 941
HGDP participants assigned to be from one of seven broad
geographic/continental regions (Africa, Europe, Middle East,
Central/South Asia, East Asia, Oceania and Americas). Starting
with a previously developed ancestry-informative markers
set of 5,000 markers with high informativeness to distinguish
the seven continental regions (49), we chose a subset of 680
overlapping SNPs that were also genotyped in the Okinawan
participants. Next, global ancestry of the 50 Okinawans was
determined. STRUCTURE v2.3.2.1 (50,51) was used to obtain
admixture estimates first considering genetic contributions of
all 52 populations from the seven continental regions. Five
independent runs were performed under the admixture model
using 20,000 burn-in cycles and 20,000 MCMC (Markov
Chain Monte Carlo) replications. For the allele frequency
model, the “infer o option with the same, uniform alpha for all
populations was used under the A = 1 option. Reference popula-
tions were predefined at K =7 for the 941 reference participants
and allele frequencies were updated using only individuals
with population information at a migration prior of 0.05. All
other parameters were set at default. CLUMPP v1.1.2 (52)
was used to combine the results of the different runs. Finally,
to determine Chinese versus Japanese admixture estimates of
the Okinawans, the HGDP Han Chinese (N = 44) and Japanese

(N = 27) participants were combined with the HapMap Han
Chinese (N = 84) and JPT (N = 86) participants to build a ref-
erence population of 241 participants. STRUCTURE was run
including 680 SNPs at K = 2 using the above settings.

Sibling relative risk estimate.—To estimate the heritabil-
ity of longevity among siblings, both the OCS dataset and
the Okinawan birth cohorts from 1886 to 1890 were used
to calculate the sibling relative risk (A ) of centenarianism
(becoming a centenarian) for both male and female siblings
relative to the general Okinawan population. The relative
risk for siblings was calculated as the ratio of the percent-
age of centenarian siblings among the Okinawan centenar-
ian population and the percentage of centenarian siblings
among the general population. All statistical analyses were
performed using R 2.10.1 statistical software (www.r-pro-
ject.org) unless stated otherwise.

RESULTS

Population Structure and Diversity

First, we performed PCA to identify structure in the dis-
tribution of the genetic variation across the Okinawan sam-
ples and the four HapMap populations. We used the SNP
data from the five populations and their projection onto the
primary PCA axes. Figure 2A shows the projection of the
Okinawan samples along with the four HapMap samples on
the top three principal components. The top PC divided the
populations into three main clusters (Asian = [Okinawan,
JPT, CHB], CEU, YRI). PCA revealed a good separation
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Figure 2. Principal component analysis (PCA) plots for the Okinawan population and the four HapMap populations. (A) PCA showing projection of the four
HapMap populations and Okinawan samples on the top three principal components (Okinawans in green, Japanese in blue, Chinese in red, Caucasians in yellow,
and Yoruban in black); 53.1%, 5.6%, and 2.8% of the variance were explained by PC1, PC2, and PC3, respectively. The Okinawans clustered closer to Japanese and
Chinese and further away from the Caucasian and the Yoruban. (B) PCA results show the projection of the Okinawan, Japanese, and Chinese samples on the top three
principal components (middle-aged Okinawans in green, Okinawan centenarians in gray, Japanese in blue, and Chinese in red); 63%, 0.7%, and 0.3% of the variance
were explained by PC1, PC2, and PC3, respectively. The plot suggests: (i) the Okinawans are genetically homogenous and cluster distinctly from the Chinese and the
Japanese, (ii) Okinawan centenarians tend to cluster together suggesting some shared genetic loci for longevity. The color version of this figure is available online.

between the Okinawan samples and the YRI as well as the
CEU. In addition, the Okinawans were close to both the
JPT and the CHB HapMap samples as indicated by the plot,
they are all clustered together. However, performing PCA
using only the Okinawan and the Asian HapMap samples
suggested that the Okinawan population is a homogeneous
group and was distinct from the Japanese and the Chinese
(Figure 2B). We also observed that the Okinawan centenar-
ians were somewhat grouped together forming one cluster
when compared with the middle-aged Okinawans. This
may suggest that the Okinawan centenarians have a similar
genetic background that contributes to their longevity.

Next, we examined the minor allele frequency distribu-
tion in the Okinawan samples and the four HapMap popula-
tions by calculating the frequency of SNPs in seven allele
frequency bins in all five populations (Figure 1). The fre-
quency of the nonpolymorphic SNPs in the Okinawan, JPT,
and CHB (approximately 20%) was higher than in the CEU
(13%) and YRI (7%). This is consistent with what has been
reported in the literature previously (14). Thus, for nonpol-
ymorphic SNPs, the allele frequency distribution is similar
between the Okinawan and the Asian HapMap population
with less variation compared with the CEU and the YRI.
For common SNPs, we did not, however, observe a signifi-
cant difference in the distribution of the allele frequency in
the five different populations (Figure 1).

To investigate the relative extent of LD in the Okinawan
population compared with the four HapMap populations,

we calculated the fraction of pairwise common SNPs that
were highly correlated (defined as #* > .8). Figure 3 shows
that the LD decay over distance in the Okinawan is longer
in comparison with the four HapMap populations. Overall,
the Okinawan population had a higher LD between SNPs
within 1,000-kb distance, compared with the four HapMap
samples when using 72 as measure for LD, but we did not see
this when D’ was used as the LD measure. In the Okinawan
samples, 54.2% SNP pairs at <5kb had an r* > .8, compared
with 40.9%, 40.9%, 37%, and 23.7% in JPT, CHB, CEU,
and YRI, respectively.

When considering SNP pairs that were further apart from
each other (80-100kb), 3.4% of these pairs were in strong
LD in the Okinawan compared with 2.2%, 2.1%, 2%, and
0.5% in JPT, CHB, CEU, and YRI, respectively (Figure 3).
There were 1.1-3.1 times percentage of SNP pairs (>100kb
apart) in strong LD in Okinawans compared with JPT,
and there was 2.9-18.6-fold difference when comparing
Okinawans to YRI.

As for the haplotype coverage, the Okinawa samples
had higher haplotype coverage compared with the HapMap
samples. Within a 300-kb distance of separation, the most
common 15 haplotypes on average accounted for 90% of
haplotypes that were present in the Okinawans, compared
with 70% in JPT and CHB, 62% in CEU, and only 47% in
YRI (Table 1). The most common 10 haplotypes on aver-
age accounted for 83% of haplotypes that were present in
the Okinawans, but only accounted for 38%—61% of the
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Figure 3. Linkage disequilibrium (LD) decay over distance in the Okinawan and the four HapMap populations. This plot shows the LD decay over distance in
the Okinawans is longer compared with the four HapMap populations (JPT: Japanese, CHB: Han Chinese, CEU: Caucasian from Utah, YRI: Yoruban from Nigeria).
This suggests that the Okinawans are a population isolate with less genetic diversity and long stretches of LD. The color version of this figure is available online.

Table 1. Percentage of Haplotypes Accounted for by the Most Common Haplotypes

Number of Most Common Haplotypes

Population 5 10 15 20 25 30 35 40
Okinawa 66.8 82.6 89.9 94.1 96.5 97.4 97.5 97.6
JPT 46.9 61.1 69.7 75.4 79.9 83.7 86.9 89.5
CHB 473 61.4 70.1 75.7 80.1 84 87.3 89.9
CEU 40.9 54.5 62.4 67.1 68.8 69 69 69
YRI 26.1 38.4 46.6 51.8 54 54.2 54.3 54.3

Notes: Comparison of the haplotype coverage between the Okinawans and four HapMap populations (JPT: Japanese, CHB: Han Chinese, CEU: Caucasian from
Utah, YRI: Yoruban from Nigeria). These results suggest that the Okinawans have a much lower haplotype diversity compared with the four HapMap populations

and, therefore, are more genetically homogeneous.

haplotypes that were present in the four HapMap popula-
tions (Table 1). This indicated that the diversity of long-
range haplotypes was significantly lower in Okinawan
samples compared with the four HapMap samples. These
results suggest that the Okinawa population has signifi-
cantly higher LD and lower haplotype diversity compared
with the four HapMap populations.

Population Structure and Admixture Estimation

Using STRUCTURE to discern global ancestry and
admixture proportions, we found that the Okinawans clus-
tered consistently with East Asians, with individual ances-
try estimates (ie, the estimated membership coefficients
for each individual in each of the seven predefined world
regions) ranging from 0.928 to 0.997. No other world pop-
ulation present in the reference dataset had a significant
contribution to the Okinawan participants (Figure 4A). The
maximum ancestry estimate of any Okinawan individual in
non-East Asian clusters was 1.6% African, 0.8% European,

1.2% Middle Eastern, 1.6% Central/South Asian, 1.0%
Americas, and 6.5% Oceanian.

Based on these results, we next determined Okinawan
admixture estimates within East Asian Chinese and Japanese
populations only. For this analysis, our reference popula-
tions included the Han North and South Chinese, Japanese
participants from HGDP, and the HapMap CHB in Beijing,
and Japanese participants. On average, the Okinawans were
found to share 80.8% (x11.2 SD) admixture with Japanese
and 19.2% (x11.2 SD) admixture with Chinese. Individual
admixture estimates were quite variable and ranged from
5.84% to 57.82% Chinese admixture (Figure 4B).

Sibling Relative Risk Estimate

To further quantify the genetic contribution to longev-
ity in the Okinawan population, we calculated the sibling
relative risk (M) of centenarianism for the birth cohort
of 1886—-1890. There were a total of 52 male and 250
female centenarians among this birth cohort with 4 male
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Figure 4. Summary plot of individual admixture proportions. (A) Summary plot of individual admixture proportions. These data demonstrate Okinawan ancestry pro-
portions on a global scale from comparisons with 944 Human Genome Diversity Cell Line Panel (HGDP) participants, grouped into seven main global regions/continents
(Africa, Europe, Middle East, Central/South Asia, Americas, and Oceania). From the admixture proportions plot, the Okinawans cluster primarily with East Asians and very
little contribution (<1% individual ancestry estimates) from the remaining global regions. (B) Summary plot of individual admixture proportions. These data demonstrate
the results of individual admixture proportions estimated from 680 Ancestry Informative Markers (AIMs), which are polymorphisms that exhibit substantially different
frequencies between populations from different geographical regions and can be used to estimate the ancestry of an individual. Each individual is represented by a single
vertical line broken into two colored segments, with lengths proportional to each of the two inferred clusters. Pink-colored shade indicates the Han Chinese ancestry propor-
tion, and purple-colored shade indicates the Japanese ancestry proportion. The predefined populations Japanese, Han Chinese, and Okinawans are presented on the abscissa
and the ordinate indicates the admixture proportion. On average, the Okinawans were found to share 80.8% (x11.2 SD) admixture with Japanese and 19.2% (x11.2 SD)
admixture with Chinese suggesting that the Okinawans and the Japanese share substantial common ancestry. The color version of this figure is available online.

and 17 female siblings of centenarians who also achieved
centenarianism.

Based on ks values, we found that male siblings of
Okinawan centenarians were 3.77 more likely to be cen-
tenarians (95% confidence interval [CI]: 1.37-10.38) com-
pared with 3.11 for female siblings (95% CI: 1.92-5.04).

DiscussioN

Human longevity is a complex phenotype that is deter-
mined by the interplay of genes, environment, and chance.
Evidence suggests that a significant proportion of this
extreme phenotype may be due to genetic factors (4,53).
However, only two genes (APOE and FOXO3) have been
consistently shown to influence this phenotype in humans
and studies of genetic pathways and networks are still in
their infancy (54). Part of the challenge in studies of human
longevity has been the lack of optimal study populations,
including lack of birth cohort-matched controls, popula-
tion stratification, among other issues (54). The more strin-
gent the age qualification for longevity, the more strongly
genes likely influence this phenotype (55), yet the long-
est lived are also the most difficult to recruit and examine.
Population isolates can be used to help overcome these
challenges (15,27).

In order to understand more about one putative popula-
tion isolate well known for their longevity, the Okinawans,
we performed a pilot GWAS of a small sample of middle-
aged Okinawans recruited from the general Okinawan pop-
ulation as well as a small sample of Okinawan centenarians.

We examined genetic structure, admixture, and diversity
and found that the Okinawans are a genetically homoge-
nous population that is clearly distinct from the four major
HapMap populations. They clustered primarily with East
Asians (with admixture estimates of about 80% Japanese
and 19% Chinese) and no other world region had a signifi-
cant contribution.

Long stretches of LD and decreased allelic diversity were
observed and supports the hypothesis that Okinawans are
an isolate with limited gene flow from outside populations,
and are likely descended from an original, older ancestral
population called the Jomon who already possessed a high
degree of differentiation from Paleolithic times (22). These
results are also supported by population genetic theory
where genetic drift can play a significant role in the LD
decay over distance (17). We observed, moreover, a cluster-
ing of the Okinawan centenarians into one group suggesting
that there might be similar, strong genetic factors contrib-
uting to their longevity. In estimating the sibling relative
risk (A ) for centenarianism, we found that male siblings of
Okinawan centenarians were 3.77 (95% CI: 1.37-10.38)
times more likely to become centenarians and female sib-
lings 3.11 (95% CI: 1.92-5.04) times more likely. In a prior
study of A in long-lived Okinawans, we also found longev-
ity advantages for centenarian siblings, this from an analysis
of cumulative survival advantages for siblings of centenari-
ans (56). For the 1890 Okinawan birth cohort, male siblings
of centenarians had a 5.43-fold (95% CI: 4.52-6.32) higher
likelihood, and female siblings had a 2.58-fold (95% CI:
2.28-2.87) higher likelihood, of nonagenarianism (living at
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least 90 years), compared with other members of their birth
cohort.

Although the current estimates for centenarianism, at
least for males, appear to be somewhat lower than our prior
estimates for nonagenarianism, they both point to strong
familial longevity advantages and we should expect some
differences between the two sets of estimates due to meth-
odological differences and the size of the Cls. The prior A
estimates used a demographic method and a large study pop-
ulation, where the calculation was based on the cumulative
survival rates for siblings of centenarians versus the general
population from the 1890 birth cohort. In contrast, the sib-
ling relative risk for centenarianism reported in the current
study is based on the ratio of the percentage of centenar-
ian siblings in the centenarian population versus the general
population, from the 1886—1890 birth cohorts. Due to the
small number of siblings of centenarians who also achieved
centenarianism in the current study (4 male centenarians
and 17 female centenarians) the 95% CI for the relative risk
of centenarianism is relatively wide. Nevertheless, two dif-
ferent methods of estimating A come to the same conclu-
sion—that there is a sizable longevity advantage for siblings
of centenarians in Okinawa. In a population-based study of
Utah families, the estimated A was 2.3 (95% CI: 2.08-2.56)
for near-centenarianism (age 95 years for men and 97 years
for women) (57). This may suggest a stronger genetic influ-
ence for longevity in the Okinawan population, although
more work would have to be done to confirm whether the
Okinawan population has a genetic advantage for longev-
ity versus other populations as the wide CI based on our
Okinawan samples precludes any definitive conclusions.

Overall, these data suggest that further study of the
genetic basis of human longevity utilizing the Okinawan
population and other population isolates may be an attrac-
tive approach for both common and rare variants. Rare
variants, in particular, are more likely to reach a relatively
high frequency in population isolates and the possibility of
attaining the necessary power to detect causal genetic vari-
ants that contribute to complex phenotypes is enhanced.

Past studies using geographically and/or ethnically iso-
lated populations have yielded some interesting findings,
with research in this area beginning in earnest in the 1980s.
The first such studies came from the OCS research group.
A study by Suzuki et al. (58) on the Okinawan population
was the first to use centenarian pedigrees to demonstrate
that long-lived siblings exist in centenarian families. This
finding has since been replicated in several centenarian
studies (56,59,60).

The first candidate gene study of the genetics of human
longevity also used a population isolate. In 1987, Suzuki
and colleagues from the OCS assessed HLA polymor-
phisms across age deciles from youth to centenarian years.
This study demonstrated that long-lived Okinawans (nona-
genarians and centenarians) had overrepresentation of some
HLA-DR alleles and underrepresentation of others (61),
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suggesting that some alleles might modify risk for longev-
ity. OCS investigators later extended these findings to other
HIA alleles (62). Some of these findings, particularly with
regard to homozygosity for HLA-DR alleles in long-lived
persons, have since been replicated in other populations,
and the immunogenetics of aging remains an active area of
interest (63,64).

Population isolates have also demonstrated that vari-
ation in several genes is associated with life span and/or
health span in several other candidate gene studies but none
have yet been widely replicated. This includes studies of
Ashkenazi Jews with the cholesteryl ester transfer protein
(CETP) gene and the apolipoprotein C-III (APOC3) gene
(65); Amish, with the APOC3 (66); Laron Ecuadorians
with the growth hormone receptor (GHR) gene (67); and
Americans of Japanese and Okinawan ethnicity in Hawaii,
with the CETP gene (42,68). In one of few studies that
included a large sample of African Americans, Jazwinski
et al. (69) found certain combinations of variants in three
genes (APOE, HRASI, and LASSI) are associated with
human longevity and healthy aging and replicated the
results in a second population.

In 2008, using population isolates in Hawaii (Americans
of Okinawan and Japanese ancestry) in a candidate gene
study focused on the insulin-signaling pathway, Willcox
et al. (2) found that long-lived Americans of Okinawan and
Japanese ancestry had overrepresentation of several FOXO3
SNPs that were in LD with each other—suggesting a protec-
tive effect for longevity originating from the region of LD.
This discovery was inspired by a prior assessment of the
most promising, evolutionarily conserved genetic findings
from model organisms of aging (70). In the most significant
association with longevity (FOXO3 SNP rs2802292), those
heterozygous for the protective allele had almost double the
odds of centenarianism and those homozygous had near
triple such odds. The protective finding was rapidly and
widely replicated (4) in multiple human populations and,
after APOE, remains the only other widely replicated locus
in the genetics of human longevity.

Population isolates also overcome challenges with human
population substructure for genetic studies of longevity. The
challenges with differing population substructures, typi-
cally seen in populations that have had successive waves of
recent immigration (eg, U.S. population) have become more
obvious since the advent of large-scale GWAS. Genomic
technology began rapidly evolving in the 2000s and the first
GWAS of centenarian genomes was performed. Puca et al.
(71) compared siblings of American centenarians (Caucasian
descent) with siblings of individuals that died before the age
of 73 and reported that siblings of these Caucasian centenar-
ians had suggestive evidence of linkage with life span on
chromosome 4 (Logarithm of the Odds score [LOD] = 3.65,
p = .044). Geesaman et al. (72) subsequently identified a
potential susceptibility gene (MTP) associated with life span
using positional cloning in the same population. This finding
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has not, however, been widely replicated and some evidence
suggests that it may be an artifact of population stratifica-
tion (from differing genetic substructures of the ancestral
Caucasian study populations) (73).

The aforementioned studies highlight some of the
strengths and challenges with utilizing various study popu-
lations. Issues such as nonrandom sampling and popula-
tion stratification may lead to null or artifactual findings.
These challenges may be among the reasons for the lack of
findings and/or replications from genetic studies of human
longevity. These issues are compounded in GWAS by inad-
equate means of controlling for multiple comparisons and
incomplete coverage of the genome by commercially avail-
able platforms.

Population isolates that possess genetic homogeneity and
long-range LD can help reduce the problem of population
stratification as well as help address issues of inadequate
power and incomplete coverage, especially for large-scale
genomic studies such as GWAS. With the advent of high-
throughput sequencing technologies, exome or whole
genome sequencing is becoming an attractive approach
in the identification of novel and rare variants associated
with many complex phenotypes (74). Sequencing indi-
viduals from population isolates with extreme phenotypes
such as longevity may also shed some light on the missing
heritability.

Although the current study supports the hypothesis
that the Okinawans are genetically homogenous and are
of special interest to studies in human longevity, our
study has several limitations. One limitation is the small
sample size. We studied 24 Okinawan centenarians and
26 middle-aged Okinawans. Although we were able to
explore genetic structure, admixture, and diversity in the
Okinawans, we did not have adequate power to conduct a
more in-depth assessment of common variants that might
influence longevity in the Okinawans. In addition, the
Affymetrix GeneChip Human Mapping 500K array, by
design, interrogates common variants, so we are unable
to study rare variants. Further, SNPs on the array are
not necessarily distributed uniformly across the genome
because of experimental difficulties in designing probes
in some parts of the genome. For population structure
and admixture estimates, we employed the HapMap and
the HGDP-CEPH—cultured lymphoblastoid cell lines that
have proven useful in numerous population genetic studies
(75). A challenge with cell lines is that they may be sub-
ject to rearrangements and significant mutations that can
alter cell biology. However, genotype calls are affected to
a lesser degree (76).

The strengths of the study include the fact that this is
the first in-depth study of the Okinawan genome with
implications for longevity research, that both average and
long-lived Okinawans were studied, and that results were
consistent across several different methods of assessing
genetic homogeneity in the Okinawans. In addition, all
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participants provided blood specimens and samples were
collected from one center and genotyped in the same lab,
which reduces the possible confounding effect of differ-
ences between recruitment sites and genotyping labs.

In conclusion, we have demonstrated that the Okinawans
are relatively homogeneous at the genetic level, Okinawan
centenarians tend to cluster into an even more homogeneous
group suggesting some shared genetic mechanisms for lon-
gevity, and that Okinawan centenarian siblings show a high
relative risk of longevity. Given their high life expectancy,
the high prevalence of centenarians, and the availability of
a reliable age registration system (77), the aforementioned
factors support the notion that the Okinawans could be a
valuable population for future larger scale studies of genetic
basis of healthy aging and longevity. Future studies in other
large population-based samples of centenarians are needed
to generalize our findings.
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