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The discovery of the block-like structure of linkage disequilibrium
(LD) in human populations holds the promise of delineating the
etiology of common diseases. However, understanding the mag-
nitude, mechanism, and utility of between-population LD sharing
is critical for future genome-wide association studies. In this study,
substantial LD sharing between six non-African populations was
observed, although much less between African-American and
non-African, based on 20,000 SNPs of chromosome 21. We also
demonstrated the respective roles of recombination and demo-
graphic events in shaping LD sharing. Furthermore, we showed
that the haplotype-tagged SNPs chosen from one population are
portable to the others in East Asia. Therefore, we concluded that
the magnitude of LD sharing between human populations justifies
the use of representative populations for selecting haplotype-
tagged SNPs in genome-wide association studies of complex
diseases.
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Comprehensive testing of the association between genetic
variations in the human genome and common diseases holds
the promise of delineating the genetic architecture of these
diseases (1-5). Substantial sharing of the boundaries and specific
haplotypes of linkage disequilibrium (LD) blocks between pop-
ulations was observed (6). However, variations of haplotype and
LD across populations were also reported, raising concerns on
its practical hindrance for genomewide testing of association
(7-9). Conflicting observations on the magnitude of LD sharing
between human populations, therefore, call for a careful exam-
ination of the following three questions, which are fundamental
in developing strategies for genomewide testing of association.
First, measurement of LD sharing between populations should
be made independent of the definition of LD blocks, which
introduce inconsistent block boundaries (10). Second, the mech-
anisms that shape LD sharing between populations are yet to be
fully explored although the roles of recombination hotspots and
demographic events have been implicated (11, 12). Third, the
portability of haplotype-tagged SNPs (tagSNPs, hereafter) se-
lected in one population to the others requires a careful exam-
ination. This examination is of special importance considering
that only three continental populations were included in the
HapMap Project (13-15).

To address the aforementioned questions, we typed >20,000
SNPs on chromosome 21 in seven populations: three represen-
tative continental populations [African-American (AFR), Eu-
ropean (EUR), and Han Chinese (HAN)] and four other major
East Asian (EA) populations. This design allows a close exam-
ination of LD sharing between continental groups as well as
those within East Asia. In this report, we measured the LD
sharing between populations independent of the definition of
LD block; and we showed that bottleneck events play a critical

1418-1421 | PNAS | January 31,2006 | vol.103 | no.5

role in shaping the LD sharing between Africans and non-
Africans, but much less so between non-Africans.

An important question for applying HapMap results to disease
studies is how tagSNPs selected from a HapMap population will
be ported to disease studies performed in other populations. In
this study, we showed that tagSNPs selected from representative
continental populations are indeed portable to the others in the
same continent for association studies, at least in East Asia, with
reasonable efficiency. In addition, we proposed a simple guide-
line that allows a quick evaluation of the portability of tagSNPs
between populations by typing a small number of SNPs.

Results

Overall 26,112 SNPs were selected and typed in this study, and
the data from 19,060 SNPs passed the quality control criteria and
were used for further analyses. The SNPs and quality control
criteria for SNP selection are described in Materials and Methods.
Seven world populations, including EUR, AFR, and five EA
populations, were studied. The five EA populations, i.e., HAN,
Miao (HMJ), Zhuang (CCY), Wa (WBM), and Uighur (UIG),
represent five major linguistic families spoken in East Asia.
Preservation of LD between populations, i.e., LD sharing (S,
or S4p when the population 4 was given as reference), is
measured by the proportion of SNP pairs in LD in one popu-
lation (population A or the reference) that are also in LD in
another (population B). In this study, LD sharing was estimated
without invoking the inference of haplotype blocks; therefore,
the measure is independent of the definition of haplotype blocks.
LD between two loci was measured in 72 (16). Detail for the
measure of LD sharing is described in Materials and Methods. LD
sharing between EAs ranges from 63-74% for r> = 0.1 and
70-84% forr> = 0.5 (see Table 1). LD sharing between EUR and
EAs is slightly smaller (=56-60% for r> = 0.1 and ~60-65% for
r> = 0.5). S between EUR and UIG is higher due to the close
connection of UIG and Central Asian populations. The LD
sharing between EAs and EUR is approximately symmetric
regardless of the selection of the reference, i.e., S4p =~ Spa.
However, the S values between AFR and other populations are
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Table 1. LD sharing between populations (Sag)

r? HAN HMJ ccy WBM uIG EUR AFR

=0.1 HAN 0.739(1.0) 0.720(1.0) 0.718(1.1) 0.708 (1.1)  0.597 (1.1)  0.468 (0.9)
HMJ  0.715 0.698 (1.0) 0.692(1.0) 0.676(1.0) 0.589(1.0) 0.452(0.8)
CCy  0.728 0.735 0.703(1.1)  0.699(1.1) 0.602 (1.1)  0.470(0.9)
WBM 0.677 0.682 0.661 0.660 (1.0) 0.574(1.0) 0.448(0.8)
ulG 0.653  0.645 0.634 0.640 0.663 (1.0)  0.467 (0.8)
EUR  0.567 0.574 0.560 0.572 0.681 0.462 (0.8)
AFR  0.538 0.536 0.530 0.540 0.585 0.562

=0.5 HAN 0.827 (1.1)  0.837(1.0) 0.800(1.1) 0.746 (1.0) 0.634(1.0) 0.387 (0.5)
HMJ  0.786 0.798 (1.0) 0.747 (1.0) 0.700(0.9) 0.603(0.9) 0.365(0.5)
CCY 0.819 0.825 0.776 (1.0)  0.731(1.0) 0.642(1.0) 0.381(0.5)
WBM 0.751 0.752 0.751 0.677 (0.9) 0.609 (0.9) 0.364 (0.5)
ulG 0.770 0.758 0.765 0.734 0.785(1.0) 0.424(0.5)
EUR  0.647 0.642 0.654 0.647 0.772 0.407 (0.5)
AFR  0.732 0.723 0.731 0.726 0.780 0.764

Thereferences (population A) are listed in the first column. The symmetricindex (7) is presented in parentheses.

asymmetric. When compared with § values between non-
Africans, LD sharing between AFR and EAs is much smaller
(45-47% for r> = 0.1 and 36-42% for 1> = 0.5) in reference to
any EA. Furthermore, such LD sharing is also much smaller than
the LD sharing with AFR, which is the reference demonstrating
the asymmetry (S4p > Sp4). The asymmetry becomes much
more pronounced when criteria for LD become more stringent
(i.e., for r> = 0.5) than it is for 2 = 0.1 (data not shown for
> = 0.8).

LD sharing between populations is largely due to shared
ancestry and demographic events (17). The magnitude of asym-
metry can be measured by a symmetric index (7' = S45/Sp4). The
T values between non-African populations are approximately
close to 1, but they are much smaller between AFR and other
populations studied, especially when > = 0.5 (see Table 1). We
showed that T'is a measure of the effect of a bottleneck event that
occurred in one of the two populations (see Fig. 1). Therefore,
we argued that the observed asymmetry associated with AFR is
attributable to the demographic history of human populations,
in particular, the bottleneck event that occurred during the
separation of African and non-Africans (18). In contrast, the T
values between non-African populations (7" ~ 1) suggest that the
LD sharing between these populations is much less affected by
their respective bottleneck events, although gene flow between
these populations may have attenuated the signature of such
events.

A B

Fig. 1. Relationship of two populations. O, shared ancestral population; P,
population after bottleneck event; A and B, extant populations derived from
O and P, respectively.
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To study other factors that may shape LD sharing, such as
recombination, drift, and mutation, we investigated the relation-
ship of S and the time of divergence between the populations
(measured by Fsr) (19). Strong negative correlation of S and Fsr
between populations (p = —0.94 for 7> = 0.1 and p = —0.95 for
r?> = 0.5, excluding AFR) was observed. Therefore, LD sharing
(8) between populations is a decreasing function of the time after
divergence. When the populations are sufficiently large where
the new LD introduced by drift can be ignored (20), the factors
that might be involved in shaping LD sharing are recombination
and mutation, both of which accumulate with time. However,
because the SNPs used for estimating LD sharing are shared
between the populations, the effect of mutation can be excluded.
Therefore, recombination is the primary factor that leads to the
decreasing of LD sharing with time. Furthermore, strong cor-
relation of the block size and Fsr between non-African popu-
lations and AFR (data not shown) further implicates the role of
recombination in shaping LD sharing.

It was proposed that tagSNPs, selected from a set of SNPs in
a DNA segment, can recapitulate LD information of the segment
(5) with a preset requirement (e.g., > = 0.5). To evaluate the
portability of tagSNPs selected from one population to another,
we introduced the recovery rate of tagSNPs (R), which is
measured by the proportion of SNPs that can be represented by
the tagSNPs. When two populations are considered, the recov-
ery rate (R4p) provides the measurement of the portability of
tagSNPs selected from population A4 to population B. In this
study, an efficient algorithm (21) was used to infer tagSNPs
without losing generality. The number of tagSNPs for non-
Africans ranges from 554—-664 for > = 0.1 and from 2,366-3,120
for 72 = 0.5. However, the number of tagSNPs for AFR is much
greater (945 for r> = 0.1, and 5,473 for ¥ = 0.5), indicating a
much stronger LD in non-Africans than in AFR. In this study,
only those loci with minor allele frequency (MAF) = 0.1 were
used in estimating R4 (Table 2), with R44 = 1.0 indicating a full
recovery. For 2 = 0.1, R4p of tagSNPs selected from any
non-African population is reasonably high in the others (83—
93%), except for AFR (65-75%). For r?> = 0.5, the Rz are lower
(72-89% for non-African and 41-52% for AFR). Most impor-
tantly, any EA could be used for tagSNPs selection for other
EAs. For example, tagSNPs selected from HAN render the
highest efficiency considering both their numbers (628 for r? =
0.1 and 2,540 for r> = 0.5) and R4ps (91% for r> = 0.1 and 84%
for 2 = 0.5). The tagSNPs selected from EUR also perform
reasonably well in EAs (88% for r?> = 0.1 and 81% for r* = 0.5).
The excessive number of tagSNPs from AFR leads to an
improved R,p in all populations (93-94% for r» = 0.1, and
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Table 2. Recovery rate of tagSNPs

r? HAN HMJ ccy WBM UIG EUR AFR N

=0.1 HAN 1 0.928 0.91 0.917 0.89 0.863 0.71 628
HMJ 0.885 1 0.881 0.898 0.856 0.836 0.65 554
cCcy 0.899 0.93 1 0.907 0.89 0.86 0.704 618
WBM 0.874 0.901 0.875 1 0.867 0.834 0.668 571
ulG 0.898 0.921 0.894 0.919 1 0.903 0.745 664
EUR 0.865 0.889 0.874 0.89 0.902 1 0.739 654
AFR 0.931 0.941 0.931 0.931 0.94 0.934 1 945

=0.5 HAN 1 0.881 0.863 0.843 0.769 0.733 0.439 2540
HMJ 0.823 1 0.827 0.815 0.73 0.696 0.408 2366
CcCy 0.859 0.877 1 0.84 0.751 0.731 0.442 2530
WBM 0.834 0.852 0.833 1 0.743 0.719 0.423 2452
ulG 0.894 0.888 0.873 0.882 1 0.853 0.518 3120
EUR 0.8 0.824 0.8 0.826 0.821 1 0.48 2936
AFR 0.943 0.945 0.938 0.945 0.928 0.931 1 5473

The tagSNPs were selected from reference populations that were listed in the first column. The last column

shows number of tagSNPs of the reference populations.

93-95% for r? = 0.5) at a cost of drastically increased the number
of tagSNPs for genotyping (945 for 2 = 0.1 and 5,473 for 1> =
0.5). Therefore, this strategy is not practically advisable.

For any pair of non-African populations, we observed a strong
correlation between R and S (p = 0.968 for > = 0.1 and p = 0.983
for > = 0.5), indicating that R between populations is largely
dictated by the magnitude of their LD sharing in non-African
populations. R was estimated by taking an arithmetic average of
Rup and Rpy. S is an arithmetic average of S4p and Sg4. The R
also correlates well with Fsr, as expected. Therefore, we sug-
gested that both S and Fg7 can be used as indices to evaluate the
portability of preselected tagSNPs in other populations. Empir-
ically, for Fsr = 0.10, a 75% and 85% recovery rate can be
achieved for 7> = 0.1 and r> = 0.5, respectively; for Fsz = 0.05,
an 80% and 90% recovery rate can be achieved for r> = 0.1 and
r? = 0.5, respectively. For practical purposes, when a new
population is being considered for an association study, the
portability of tagSNPs selected from one of the continental
populations to this population can be evaluated by estimating
their Fgrbased on a small number of SNPs that are not in linkage
disequilibrium. This guideline is important when using the data
from the HapMap Project in future genome-wide association
studies.

Discussion

Our study showed that the LD sharing between human popu-
lations is substantial when using a measure that is independent
of the definition of haplotype block, validating the observation
made by Gabriel et al. (6). This finding was achieved by esti-
mating LD sharing surrounding each SNP individually without
invoking the process of inferring the block structure of LD, which
can be subjective and equivocal. Although the practical utility of
such an approach is yet to be carefully explored, it serves the
objective of this study well.

The sharing of common ancestry is the primary source of LD
sharing between populations, but the maintenance of LD sharing
between populations is affected by the interplay of both recom-
bination and demographic events (22). The analytical framework
we proposed allowed us to investigate the primary mechanisms
underlying the magnitude of LD sharing. The strong bottleneck
of the ancestors of non-Africans out of Africa played an impor-
tant role in shaping the LD sharing between Africans and
non-Africans. However, our observations are consistent with a
mechanism that LD sharing between non-African populations
has been primarily affected by historical recombination events.

1420 | www.pnas.org/cgi/doi/10.1073/pnas.0510360103

We also showed that the tagSNPs selected from a represen-
tative population can be used in the genomewide association
study of other populations in which the LD levels are yet to be
fully characterized, at least in EA populations. This problem
cannot be directly addressed by the data of the HapMap Project
(15), but this study provides a unique opportunity to evaluate the
utility of the Project for tagSNP selection. We also proposed an
empirical approach to evaluate the recovery rate or portability
of tagSNPs quickly and inexpensively.

Materials and Methods

SNP Selection and Genotyping. Overall, 26,112 SNPs, selected from
all SNPs on chromosome 21 listed in dbSNP (build 117), passed
the criteria for Illumina assay. Most of them are double-hits.
These SNPs were mapped to human genome build 34 (Golden
Path), and the average distance between two adjacent SNPs is
~1,300 bp. Genotyping was performed on the Illumina SNP
genotyping BeadLab platform. This platform combines a high-
density oligonucleotide array and a multiplex thermocycled
primer extension. The 26,112 SNPs were partitioned into 17
oligonucleotide primer sets, and 17 independent reactions were
performed to type all 26,112 SNPs. Three main criteria were
used in quality control procedures. First, all data from one
sample that showed low signal-noise ratio in most loci were
dropped. Second, if the typing result from one SNP was incon-
sistent with the known relationship of the trios or blind dupli-
cates, data from this locus were dropped. Third, data that
showed significant deviation from Hardy-Weinberg expectation
were dropped. Overall 19,060 SNPs passed the quality control
criteria and were subjected to further analysis. The data from the
children of the trios and duplicated samples were also excluded
from further analysis.

DNA Samples and Populations. Overall, 318 samples were included
in this study. They are 48 AFR, 40 EUR, 50 Han, 46 Miao
[HMJ, following Ethnologue: Languages of the World (23);
www.ethnologue.com/ethno_docs/contents.asp], 44 CCY, 45
UIG, and 45 WBM. Purified genomic DNA of EUR and AFR
was purchased from the Coriell Institute (Camden, NJ), whereas
EA samples were collected with informed consent. Trios (two
parents and an adult child) and duplicated samples were also
included in typing in each population for quality control.

Statistical Analyses. In each population, two SNPs were consid-

ered in LD if r? exceeded the preset criterion (0.1 or 0.5 in this
study). ? was estimated following Devlin et al. (16). The fre-
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quencies of two-locus haplotypes were estimated for all pairs of
SNPs (24). This measurement does not require inference of
haplotypes of >2 loci. The preservation of LD between two
populations (4 and B) can be measured by LD sharing (5), which
is defined by the proportion of SNP pairs, in reference to those
in LD in population A4, that are in LD in both (S45). For each
SNP (target), the SNPs in a segment of 200 kb are included in
the estimation of S 45 with the target in the center of the segment.
The number of SNPs that are in LD with the target are counted
in both population 4 and population B. S,4p is the ratio of the
number of LDs shared in both populations (4 and B) and the
number of LDs in population A. For Sg4, the number of LDs in
population B was used as denominator. Fs7 was estimated by an
unbiased statistic (25) by using 19,060 loci.

Model. To facilitate the presentation, only two populations, i.e.,
A and B, are considered in this model. Fig. 1 presents a schematic
illustration of the relationship of two populations. O is the
ancestral population shared by both 4 and B. P is the population
derived from O and ancestral to B. To simplify the model, we
assume that the bottleneck event that led to an origin of a new
population (P) occurred in a short period, the duration of which
is negligible. Therefore, the relationship of the LD sharing
between the populations 4 and B is as follows:

Sas = Sa0SorSrs
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and
Spa = SprSroSoa-

When the effective population sizes for both 4 and B have
been large since divergence, no new LD will be generated, which
leads to S40 = Spp = 1. The symmetric index T is defined as
Spa/Sap. Again, under the assumption of large effective popu-
lation size for both populations A and B, the decrease of LD is
only a function of time; therefore, Sp4 = Spg. This equation leads
to Spa/Sap = Spo/Sop. This result shows that the asymmetry
between 4 and B is due to that between the ancestral populations
O and P under the aforementioned assumption. Therefore, the
asymmetry of LD sharing observed between African and non-
African populations is dictated by the bottleneck event involved
in the origin of non-Africans. In the absence of the bottleneck
event, i.e., Sop = Spo = 1, we have T = 1 or Sy = Spa.
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