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Whole-genome association studies are predicted to be
especially powerful in isolated populations owing to increased
linkage disequilibrium (LD) and decreased allelic diversity,
but this possibility has not been empirically tested1–3. We
compared genome-wide data on 113,240 SNPs typed on 30
trios from the Pacific island of Kosrae to the same markers
typed in the 270 samples from the International HapMap
Project4,5. The extent of LD is longer and haplotype diversity
is lower in Kosrae than in the HapMap populations. More
than 98% of Kosraen haplotypes are present in HapMap
populations, indicating that HapMap will be useful for genetic
studies on Kosrae. The long-range LD around common alleles
and limited diversity result in improved efficiency in genetic
studies in this population and augments the power to detect
association of ‘hidden SNPs’.

The use of LD-based mapping strategies makes it practical to perform
whole-genome association studies without typing every common
variant in the human genome6,7. It has been suggested that the
power of such studies is increased in isolated populations, and this
has been demonstrated for rare alleles8. However, it remains unclear
whether LD among common alleles in isolated populations extends
significantly farther than in other populations—far enough to have
impact for studies that seek to identify alleles contributing to common
complex traits9–11. Thus, although LD has been observed around rare
alleles (such as disease genes) in isolated populations, facilitating
disease gene mapping and cloning, this finding has not been extended
to the common alleles and haplotypes that are the focus of the
HapMap project. Even among isolated populations, variation in
demographic history has powerful consequences for LD structure
around rare alleles3,12,13, necessitating an evaluation of each popula-
tion to assess the power of an LD-based mapping strategy. Thus, with
the intense worldwide effort to generate a haplotype map for the

general population, it is important to establish the utility of marker
sets developed using samples from the HapMap project for use in
other populations. We addressed these issues using samples from the
island of Kosrae, Federated States of Micronesia14, which was settled
by a small number of Micronesian founders B2,000 years ago15.
In the current study, we generated a genome-wide high-density

dataset of B110,000 SNPs to assess the effects of Kosraen population
history on genomic variation in 30 Kosraen (KOS) trios. These same
SNPs have been typed in the samples used in the HapMap project (see
Methods). The 30 Kosraen trios were chosen such that all trios would
be five or more generations separated from each other, which represents
the most distant branches of the Kosrae pedigree. Thus, the individuals
in these trios allow a fuller sampling of the range of diversity on Kosrae
than if we had analyzed a random set of individuals. Comparing data
on the same set of markers typed in samples included in the HapMap
project permits examination of the relative extent of LD and haplotype
diversity in Kosrae compared with these other populations.
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Figure 1 Allele frequency distribution. Allele frequency distribution for

B110,000 SNPs typed in five populations.
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The allele frequency distribution of the genotyped SNPs in
Kosrae was similar to that in other populations for markers with a
minor allele frequency (MAF) Z15% (Fig. 1). This confirms that
SNP ascertainment strategies did not substantially alter the com-
mon part of the frequency spectrum. However, not unexpectedly, a
higher proportion of alleles was nonpolymorphic in the samples
from KOS, JPT and CHB (B20% of all markers) versus CEU and
YRI samples (11% and 9%, respectively). We next assessed the extent
of LD among common alleles (MAF 415%) (Fig. 2). The half-life of
LD decay with genomic distance was substantially longer in Kosrae
than in CEU, CHB, JPT and YRI. Measured as the fraction of SNP
pairs with highly correlated minor alleles (r2 4 0.8), we observed this
fraction to be 1.25- to 1.75-fold higher in Kosrae than in reference
populations for the entire distance range above 10 kb (Fig. 2a).
Moreover, for longer genomic distances (4100 kb), LD on Kosrae
was twice that of the reference populations, when measured as the
fraction of such SNP pairs showing little or no recombination
(|D’| 4 0.8) (Fig. 2b). Both LD decay plots show a clear correlation
between the extent of LD and population demography since the
migration out of Africa. YRI displays the least LD, and CEU, CHB
and JPT cluster together with respect to extent of LD. The gap between
the curves for the CEU, JPT and CHB populations and curve for the
Kosrae population suggests that the additional LD in the Kosrae
population is the result of one or more recent demographic events
during the history of this population.
We found that the diversity of long-range

haplotypes was significantly lower in the
Kosrae population than in other populations.
As a measure of haplotype diversity, we first
considered consecutive sets of markers that
spanned approximately 1 Mb (haplotype
diversity over shorter distances was also eval-
uated using a different panel of markers; see
below). For these 1-Mb intervals, we counted
the total number of haplotypes observed in
each region and averaged this number across
regions (see Methods). We asked how many
haplotypes were needed to account for
95% of chromosomes. On Kosrae, a genome-
wide average of 35 haplotypes/Mb accounted
for 95% of the chromosomes, whereas
35 haplotypes accounted for only 50% of
chromosomes among CEU and 40% of the

chromosomes among YRI (Fig. 3a). In the CHB and JPT populations,
these 35 haplotypes accounted for 75% of the total. In the Asian
cohort, it is likely that we are underestimating haplotype diversity
even for these specific markers, as fewer chromosomes were analyzed
in the Asian groups (88 JPT, 90 CHB) than in KOS, YRI and
CEU (120 each).
These data suggest that the Kosraen population shows two

substantial differences compared with the other populations: increased
LD and reduced haplotype diversity. To rule out the possibility that
these conclusions were an artifact of SNP selection process, we
performed two validation experiments. We typed an indepen-
dently ascertained set of SNPs on a different cohort of 14 Kosraen
trios and compared the genotype data with that from 14 trios
from the CEPH, Han Chinese and Beni (from Nigeria) populations.
These 473 SNPs were distributed across 17 unlinked genomic
regions of B150 kb (see ref. 16), with additional SNP discovery by
deep resequencing in a diverse sample. Consistent with results
from the B110,000-SNP dataset, these SNPs showed significantly
higher LD in the Kosraen samples than in the other samples (Fig. 2c).
There was also reduced haplotype diversity, with ten haplotypes
accounting for 94% of Kosraen chromosomes, 80% of CEPH and
Han Chinese and 70% of Beni, using substantially shorter, more
densely typed intervals than were tested using the B110,000-SNP
dataset (Fig. 3b).
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Figure 2 Decay of linkage disequilibrium over distance. LD was measured by pairwise comparison between markers that had minor allele frequency Z15%

and that fell into the same intermarker distance bin. (a,b) Decay of LD over distance is represented here by the percentage of pairwise comparison scores

equal to 0.8 for each distance bin, using the statistic r2 (in a) and the statistic |D¢| (in b). (c) LD was measured using an independently ascertained set of

SNPs on a separate set of samples.
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Figure 3 Haplotype diversity. (a) The genome was divided into 1-Mb regions, with each region having

roughly the same number of markers (B35). Haplotypes were derived and frequencies counted for each

region. The number of haplotypes and their frequencies per 1-Mb region was averaged over all regions

and plotted against the percentage of total chromosomes the haplotypes accounted for. (b) Seventeen

unlinked genomic regions spanning B150 kb were selected, and B20 SNPs spanning these regions

were genotyped. The number of haplotypes in each region and the percentage of chromosomes they

account for was averaged over the 17 regions.
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We also resequenced Kosrae DNAs to verify that alleles ascertained
in reference populations were representative of the common variation
in the Kosraen genome and that we were not missing a class of
common alleles on Kosrae by using SNPs generated in studies of other
populations. We resequenced a total of 80 kb across the same
17 regions referred to above in 15 samples of unrelated Kosraens.
We then compared the SNP discovery results with the same regions
resequenced in 15 CEPH samples, 15 Han Chinese samples and
15 Beni samples. A total of 441 polymorphic sites were identified
from the 120 chromosomes that were sequenced. SNPs that were
observed in three or more chromosomes in Kosrae were nearly
always seen in CEPH or Han Chinese samples (97/105); allele
frequency distributions in these three populations were statistically
indistinguishable. Overall, these independent results verify that the
B110,000-SNP set provides excellent representation of the common
variants in Kosrae.
To evaluate the effect of increased LD and reduced haplotype

diversity on the ability of B110,000 genotypes to detect a potentially
causative allele, we performed an analysis in which we ‘hid’ one SNP
from the set and evaluated its best correlate in the dataset. We
observed that the Kosraen samples showed significantly higher levels
of correlation between ‘hidden’ SNPs and the remaining markers as
compared with HapMap populations (Fig. 4). In the Kosraen samples,
57% of ‘hidden’ SNPs have a highly correlated17 (r2 Z 0.8) proxy
within 200 kb on the array, compared with 34% for CEU, 28% for JPT
and CHB, and 17% for YRI. On Kosrae, even more SNPs were
captured when allowing long-range (2-Mb) correlations, whereas in
other populations, we did not observe this additional advantage
(Fig. 4). This suggests that the full benefits for genetic studies in
this isolated population may be maximized by using approaches that
incorporate long-range LD.
Haplotype testing can have more power in association studies than

testing individual SNPs alone18. We repeated the hidden SNP
analysis described above, this time implementing a haplotype-based
analysis (see Methods) instead of simply testing genotypes of indivi-
dual SNPs. Using this haplotype approach resulted in 78% of SNPs
having r2 4 0.8 in Kosrae versus 49% of SNPs having r2 4 0.8 in the
CEU population (Fig. 4).
Finally, we compared the Kosraen haplotypes with those in Hap-

Map populations. Data was phased, and five nonoverlapping SNP
haplotypes spanning 100 kb were compared across populations.
Critically, over 98% of the haplotypes present in Kosrae were repre-
sented in the CEU, JPT and CHB populations. Ninety-one percent of

haplotypes were shared in both the European and Asian popula-
tions. An additional 5% of haplotypes were observed only in the
Asian populations, and another 3% of haplotypes were present in
the European population only. These data indicate that the
HapMap dataset contains nearly all haplotypes observed in Kosrae.
Thus, the HapMap data is highly informative in this Oceanic
population and should permit us to perform haplotype-based tests
that increase the power to detect potentially causal SNPs that have not
been genotyped.
The detection of some haplotypes in Kosrae that are observed only

in the European HapMap population suggests the possibility of some
European admixture on Kosrae. Thus in rare instances (3%), we
observed Caucasian haplotypes that extend over several megabases
(data not shown), so we considered the possibility that admixture
might be falsely elevating our estimates of LD. We used a modification
of the Hidden Markov Model19 to demarcate chromosomal segments
that are highly likely to be of recent European origin. The same degree
of long-range LD on Kosrae was observed when these segments were
deleted from the analysis and measures of LD were recalculated (data
not shown).
In summary, this study reports the first high-density, genome-wide

SNP haplotype map for an isolated population. We estimate that with
current technology, we can cover 78% of the SNPs in the genome with
high (r2 Z 0.8) efficiency. Moreover, we show that resources developed
from the HapMap project are useful for the Kosraen population. Over
the last decade we (J.M.F., M.S., J.L.B.) and collaborators in Kosrae
have ascertained 3,150 subjects on Kosrae (total population is esti-
mated at 8,000) and compiled a pedigree for the entire island14. A total
of 4,854 sibling pairs in 750 nuclear families with 885 trios are available
for analysis of clinical data for numerous traits relevant for metabolic
syndrome, including BMI, glucose tolerance tests, blood pressure and
plasma lipid levels. Genotyping the entire Kosraen cohort of 3,150
samples using the Affymetrix GeneChipTM100K Mapping Arrays is
underway and will allow us to use a variety of analytical strategies that
are capable of detecting association to disease variants in a population
with the genetic structure present on Kosrae20–26.

METHODS
Human subjects. Genotyping was carried out on 30 trios from the island of

Kosrae, Federated States of Micronesia. The parents in these trios are all

unrelated to each other by at least five generations. Kosraean samples were
collected with approval from The Rockefeller University Institutional Review

Board (IRB), and informed consent was obtained for all Kosraen participants in

the study. DNA was extracted from blood. Samples typed by the International

HapMap Project include 30 CEPH trios (CEU) from Utah, USA with ancestry
from northern and western Europe; 30 Yoruban (YRI) trios from Ibadan,

Nigeria; 44 unrelated Japanese from Tokyo, Japan (JPT) and 45 unrelated Han

Chinese from Beijing, China (CHB).

Genomic DNA samples that were genotyped for the independent haplotype
diversity study included 14 Kosraen trios, 14 CEPH trios, 14 Han Chinese trios

and 14 African trios. CEPH samples were obtained from CORIELL. African

samples were collected from unrelated civil servants in Benin City, Nigeria.

Sample collection was organized by Robert Ferrell at the University of
Pittsburgh and was approved by the University of Pittsburgh IRB. Han Chinese

samples were from the University of Southern California (USC), with IRB

approval for studies of medical genetics by the USC IRB.

Genotyping. Genotyping of the B100,000 SNP collection was carried out

using the Affymetrix GeneChip Mapping 100K Arrays. The average call rate per

array was B98%, and an assay was repeated if the call rate was o94%. To be
included in data analyses, each individual SNP was required to meet the

following quality metrics: missing data across samples o25%, Mendel error

r1 and Hardy-Weinberg Equilibrium p value cutoff ¼ 0.001.
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Regions selected for the independent validation study were previously

described in ref. 16. SNPs genotyped included all polymorphic sites discovered

by targeted resequencing of these regions in 141 multiethnic samples
(60 African, 54 European, 14 East Asian, five nonhuman primates, four

American, two Pacific, two other Asian).

Statistical methods. Evaluation of LD measures was performed using

Haploview27 and special-purpose computer code. Haplotypes were inferred
by Mendel inheritance combined with an EM-type phasing algorithm. Haplo-

type diversity was measured using two independent data sets. We used

the Affymetrix GeneChip 100K data to study longer-range (1 Mb) haplotypes

and a separate dataset with higher intermarker density to study shorter-range
haplotypes (150 kb). The average number of markers in 1 Mb on the

Affymetrix chips is 35, yielding an intermarker distance of 1 SNP every

29 kb. There were an average of 28 SNPs spanning each of the 17 150-kb

regions studied. The more comprehensive coverage of the 100K dataset as
well as the lower intermarker density made it more suitable for assessing

haplotypes over longer intervals such as the 1-Mb span that we used.

The higher density dataset provided a means of testing haplotype diversity
over shorter distances. Haplotype diversity was inferred by comparing the

average number of haplotypes across these regions in each population. We

assessed the presence of Kosraen haplotypes in HapMap populations by

comparing the identity of haplotypes composed of five SNPs spanning
nonoverlapping 100-kb regions.

Efficiency of association studies was estimated using a ‘hidden SNP’

approach. In this strategy, a single genotyped SNP is ‘hidden’ and the

maximum correlation coefficient (r2) of the ‘hidden’ SNP to any tested variant
within 200 kb is determined. This process was repeated using a 2-Mb distance

cutoff. This was done for each SNP in the B110,000-SNP dataset. The

haplotype-based analysis considered in turn all combinations of up to three
markers within 2 Mb of the hidden SNP. The occurrence of each of the

combinations (up to eight) of alleles of these markers was treated as a potential

proxy for the hidden SNP, and the correlation between the potential proxy and

the hidden SNP was evaluated. The most correlated proxy was registered.
Owing to computational constraints, results for haplotype testing are reported

for the 3,906 SNPs on chromosome 14.
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