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ABSTRACT
Single nucleotide polymorphisms (SNPs) have been proposed to be grouped into haplotype blocks harboring

a limited number of haplotypes. Within each block, the portion of haplotypes is expected to be tagged
by a selected subset of SNPs; however, none of the proposed selection algorithms have been definitive.
To address this issue, we developed a tag SNP selection algorithm based on grouping of SNPs by the
linkage disequilibrium (LD) coefficient r 2 and examined five genes in three ethnic populations—the
Japanese, African Americans, and Caucasians. Additionally, we investigated ethnic diversity by characteriz-
ing 979 SNPs distributed throughout the genome. Our algorithm could spare 60% of SNPs required for
genotyping and limit the imprecision in allele-frequency estimation of nontag SNPs to 2% on average.
We discovered the presence of a mosaic pattern of LD plots within a conventionally inferred haplotype
block. This emerged because multiple groups of SNPs with strong intragroup LD were mingled in their
physical positions. The pattern of LD plots showed some similarity, but the details of tag SNPs were not
entirely concordant among three populations. Consequently, our algorithm utilizing LD grouping allows
selection of a more faithful set of tag SNPs than do previous algorithms utilizing haplotype blocks.

SINGLE nucleotide polymorphisms (SNPs) are stably presumably any population. This hypothesis has led to
inherited, highly abundant, and distributed through- the HAPMAP project (http://www.hapmap.org), which

out the genome. These variations are associated not aims at developing a map of common haplotype pat-
only with diversity within and among populations, but terns throughout the genome in several ethnic popula-
also with individual responses to medication and suscep- tions. Once each gene (or chromosomal fragment) is
tibility to diseases (Strachan and Read 2004). In partic- subdivided into haplotype blocks, the haplotypes can
ular, positional cloning of genes for disease susceptibility be “tagged” by a subset of all available SNPs, the so-
depends on linkage disequilibrium (LD) and correlations called tag SNPs. The construction of a haplotype map
among alleles of neighboring variations, reflecting “hap- of the human genome and the definition of tag SNPs
lotypes” descended from a common, ancestral chromo- are expected to facilitate association studies of common
some. It has become clear that chromosomally mapped genetic variation, in particular, to determine as-yet-
and ordered SNPs can be grouped into “haplotype unidentified disease-causing alleles.
blocks” harboring a limited number of distinct haplo- However, in real data, LD among SNPs does not nec-
types (Gabriel et al. 2002). Several studies have shown essarily produce clear segmental structure, and selection
that the human genome is structured with such seg- of tag SNPs is not straightforward. When a well-defined
ments within which there is strong LD among relatively haplotype block contains only a group of SNPs in almost
common SNPs, but between which recombination has complete LD, any SNP can be used as a tag SNP, and
left little LD (Patil et al. 2001). When SNPs are in the selection is simple. For two groups of SNPs in no
strong LD, the alleles of a few SNPs on a haplotype intergroup LD, genotype information of SNPs in one
suggest the alleles of the other SNPs, which as a result group is not useful to deduce genotype information of
provide redundant information. Consequently, a mod- SNPs in the other group, and tag SNPs can be selected
est number of common SNPs selected from each seg- independently from each group. In most cases, however,
ment would suffice to define the relevant haplotypes in because both SNPs in strong LD and those in weak LD

mingle in certain chromosomal fragments, selection of
tag SNPs has to be made by considering such a complex
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blocks, those in an LD group were expected to reside withinmethods have been proposed (Zhang et al. 2002; Eskin
one haplotype block. The appropriate threshold for groupinget al. 2003), but none have been shown to be definitive
was determined automatically in our algorithm as described

so far. below. (The computer program for the algorithm presented
We took this issue up by classifying SNPs in strong in this article is available from http://www.fumihiko.takeuchi.

name/publications.html.) Our tag SNP selection algorithmLD into separate groups and then selecting tag SNPs
consists of the following steps. Here, MAFs of SNPs were as-from each group independently. We first characterized
sumed to be at least 5%.a number of SNPs in five genes—ABCA1, ADPRT, F5,

LPL, and SLC12A3—and tested our newly developed tag Step 1. Compute LD coefficient r 2 between SNPs.
Step 2. For s � 0.0, 0.1, 0.2, . . . , 1.0, where s is an arbitrarilySNP selection algorithm on them. Among these five

definable threshold against r 2, do steps 3–6 to compute thegenes, we examined in detail the LPL (lipoprotein li-
LD groups (step 3), complete LD subgroups (step 5), andpase) gene, which had been extensively studied for LD the “total frequency of neglected haplotype classes” (step

and haplotype structure (Clark et al. 1998; Nickerson 6) under respective thresholds.
et al. 1998; Templeton et al. 2000a,b; Morabia et al. Step 3. Divide SNPs into LD groups: if two SNPs have r 2 �

s, they belong to the same LD group.2003), because of the presence of highly abundant poly-
Step 4. For each LD group, infer haplotype classes for themorphisms and because of its physio-pathological im-

SNPs.portance. Independently of observations from the pre- Step 5. For each LD group, divide the SNPs into complete
vious reports, we investigated the LD relations with LD subgroups: the SNPs in complete LD (i.e., co-inherited)
particular attention to ethnic diversity and studied the with respect to common haplotype classes (frequency �

5%) belong to the same complete LD subgroup.phylogenic tree of haplotypes to clarify the theoretical
Step 6. For each LD group consisting of more than one SNP,basis underlying our tag SNP selection algorithm. We

sum the frequencies of rare haplotype classes (frequency �also examined ethnic diversity in allele frequencies of 5%) and define the average value of the sum over a series
SNPs more extensively with a set of 979 SNPs distributed of LD groups as the “total frequency of neglected haplotype
throughout the genome. classes.”

Step 7. Find the minimum value, t, for a threshold, s, such
that the total frequency of neglected haplotype classes (step

MATERIALS AND METHODS 6) is at most 5% for s � t, but not necessarily so for s � t .
Output this r 2 threshold, t, and adopt the classifications of

SNP discovery and genotyping in five genes: To investigate SNPs by LD groups (step 3) and complete LD subgroups
LD and tag SNP selection, we used a number of SNPs from (step 5) for this t. The selection of any one SNP from each
five genes—ABCA1, ADPRT, F5, LPL, and SLC12A3. These five of the complete LD subgroups constitutes a tag SNP set.
genes were chosen because they had been shown to hold a
large number of SNPs (25 or more) through our SNP discov- For tag SNPs thus selected, the imprecision in the allele-

frequency estimation of nontag SNPs was guaranteed to beery, which was part of our ongoing project on 150 atherosclero-
sis candidate genes. First, SNPs were screened by direct se- limited. In application, genotyping of the tag SNPs gives their

allele frequencies, which in turn approximate allele frequen-quencing of genomic DNA derived from 48 Japanese subjects
in all exons, 5�-untranslated regions (5�-UTRs), and 3�-UTRs cies of the nontag SNPs belonging to the same complete LD

subgroup. Thus, the errors in this approximation involve thoseof each gene. In addition to SNPs thus detected, those re-
ported in previous publications and those listed in the assays- due to the noninclusion of rare haplotype classes (step 5),

whose frequencies sum at most 5% on average (step 6 andon-demand set (Applied Biosystems, Foster City, CA) were
genotyped by either the TaqMan method (Applied Biosys- 7), and those due to the imprecise inference of haplotypes,

which seems to be negligible since the SNPs are in LD greatertems) or restriction fragment length polymorphism. The
panel of DNA samples consisted of 113 Japanese volunteers, than the threshold to constitute one LD group (step 3). This

error bound is valid as long as the genotyped populationsas well as 100 African Americans and 100 Caucasians, samples
for both of which were purchased from the Coriell Cell Reposi- have an LD structure similar to the population initially used

for tag SNP selection.tories (Camden, NJ). We selected SNPs that were consistent
with Hardy-Weinberg equilibrium and had minor allele fre- The (minimum) threshold, t , providing such guarantee

(step 7) always exists, because for s � 1, only the SNPs inquencies (MAFs) of at least 5% in an ethnic population. The
threshold of 5% was chosen because it was considered to be complete LD (with respect to haplotypes inferable from all

the SNPs) are grouped together in an LD group, and thusthe lowest MAF for a potentially causative SNP with a genotype
relative risk of at least 2 being detectable with a sample size the haplotype classes of the LD group correspond to the alleles

of the SNPs (which were assumed to have a frequency of atof 1000 in the case-control study design (Risch 2000). All
subjects gave written consent for participation and the proto- least 5%); hence the total frequency of neglected haplotype

classes (step 6) becomes zero. Although a higher thresholdcols were approved by the ethics committee of the Interna-
tional Medical Center of Japan. value than the one computed in step 7 also guarantees limiting

approximation errors, it will result in the selection of a largerTag SNP selection: First, in our strategy for tag SNP selec-
tion, SNPs in LD greater than a given threshold were grouped tag SNP set.

The haplotypes were inferred by the SNPHAP softwaretogether, which was conceptually analogous to haplotype
block partitioning. Then, independently in each group, the (Clayton 2004). LD coefficient r 2 and LD grouping were

calculated with Mathematica (Wolfram Research 2003).SNPs were divided into subgroups in complete LD with respect
to haplotype classes in the individual groups. In any group, [See, for example, the handbook (Balding et al. 2001) for

the definition of the coefficient r 2, which is sometimes denotedthe selection of any one SNP from each of the subgroups
could distinguish the haplotype classes. The collection of SNPs as �2.] A tag SNP set selected with our algorithm was evaluated

for two factors: efficiency and imprecision. The efficiency ofthus selected over all the groups was defined as a tag SNP set.
Even when the SNPs as a whole spanned different haplotype the selected tag SNP set was evaluated by the ratio between
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its size (which could equal the number of complete LD sub- SNPs was only 2% on average. The five genes studied
groups) and the number of polymorphic SNPs. The impreci- in three ethnic populations showed a wide variety of
sion of allele-frequency estimation of nontag SNPs was evalu-

LD relations (Figure 2, A and B), and the efficiency ofated by calculating the allele-frequency ranges (which were
tag SNP selection, i.e., the number of tag SNPs dividedthe differences between the maximum and minimum frequen-

cies) of the SNPs in each complete LD subgroup consisting by the number of polymorphic SNPs, ranged widely
of more than one SNP and then by taking their mean. The from 24 to 76% (Table 3). When LD relations between
maximum of the ranges was also calculated to demonstrate SNPs were strong as a whole, which would be indicated
the maximum limit of imprecision.

as overall coloration of pixels toward redness in the LDEvaluation of ethnic diversity using an additional panel of
plots, we observed that a small set of tag SNPs wouldSNPs: To evaluate ethnic diversity in allele frequencies of

SNPs more extensively, we genotyped 1380 SNPs in the be sufficient to capture genetic information of the gene.
HuSNP set (Affymetrix, Santa Clara, CA) in 12 Japanese volun- Indeed, among the five genes tested, ADPRT and F5
teers according to the manufacturer’s protocol. As for 979 showed a high average value of pairwise LD (0.32 and
SNPs that showed unambiguous genotype scores in �9 of

0.22 when averaged for three populations, respectively)the 12 subjects (genotyping success rate �75%), MAFs were
despite a large number of SNPs and allowed consider-calculated. The genotype results of the Japanese were com-

pared to those of a reference panel that consisted of 113 able reduction in the number of tag SNPs (the efficiency
Western Europeans, 10 African Americans, and 10 Asians pro- of tag SNP selection was 28 and 30%, respectively). More-
vided by the manufacturer as supplementary data. In addition, over, among the three populations, pairwise LD in any
by referring to the dbSNP (http://www.ncbi.nlm.nih.gov/

gene appeared to be highest in the Japanese and lowestSNP/), the genotyped SNPs were categorized into three posi-
in African Americans, and accordingly the efficiency oftional classes—exon, intron, and UTR—when applicable.

Characterization of the phylogenic closeness of SNPs: To tag SNP selection averaged for five genes ranged from
investigate LD groups and complete LD subgroups of SNPs 36% for the Japanese to 55% for African Americans.
from a different viewpoint, we introduced the phylogenic The r 2 thresholds for LD grouping (i.e., t in step 7)
closeness of SNPs to represent the proximity of SNPs in the

varied among the three populations as well, but werephylogeny of haplotypes. First, haplotypes were inferred from
not necessarily associated with average values of pairwisegenotype data by the SNPHAP software (see Table 1 for SNPs

of the LPL gene and Table 2 for haplotypes of selected SNPs). LD or with the efficiency of tag SNP selection (Table 3).
Then, the most parsimonious phylogenic tree of haplotypes On the other hand, the imprecision of allele-frequency
was computed by the PaupSearch (Genetics Computer Group estimation was limited to a small range between 1 and
2001) and drawn by the TreeView software (Page 1996) (see

3% for five genes, independently of average values ofFigure 1A). An edge connecting two haplotype nodes in the
pairwise LD in three ethnic populations, and the maxi-tree corresponds to the SNP(s) at which the haplotypes differ.
mum limit of imprecision was estimated to be 9%. TheThe phylogenic closeness of SNPs was defined as a “relation”

between the SNPs: two SNPs were thought to be related if their overall differences in LD relations among three popula-
corresponding edges were connected to a common haplotype tions must be caused by a number of factors, such as
node in the tree. (For example, SNP13 and SNP24 are related, diversity in population histories and some selection biasbecause their corresponding edges share HAP1 in Figure 1A,

of SNPs, since the SNPs tested in the present study werewhereas SNP13 and SNP14 are not related.) This relation was
mostly discovered in the Japanese.reshaped into a diagram with nodes corresponding to the

SNPs and edges between two related nodes, i.e., SNPs (see LD structure of SNPs: We further investigated the
Figure 1B). When multiple SNPs were labeled on an edge in relationships among LD, LD groups, and complete LD
the phylogenic tree of haplotypes, the phylogenic closeness subgroups (from which tag SNPs were selected) in therelation was defined as follows. A group of SNPs always ap-

LPL gene. Of note is the fact that a mosaic pattern ofpearing together in the tree (e.g., SNP9 and SNP10 in Figure
high-LD pixels within an assumedly haplotype block was1A) were treated as identical. On the other hand, a pair of

SNPs appearing together on some edges but separately on commonly observed in the LD plots for three ethnic
others (e.g., SNP17 and SNP20 appeared together between populations (Figure 2B). This pattern was formed basi-
HAP8 and HAP9, but were separated by HAP13, in the lower- cally by three clusters (or groups) of SNPs in strong
left and lower-right, respectively, of Figure 1A) were treated

intracluster LD: the cluster A included SNP9, SNP10,as different SNPs. In such a case, we enumerated all the possi-
SNP13, SNP14, SNP19, and SNP22; the cluster B in-ble trees [e.g., with respect to SNP17 and SNP20, either HAP8-
cluded SNP17, SNP18, SNP20, and SNP23; and theSNP17-(undetected haplotype)-SNP20-HAP9 or HAP8-SNP20-

(undetected haplotype)-SNP17-HAP9 are possible], and among cluster C included SNP15, SNP16, and SNP21. A mosaic
the resulting relations we chose the one having the smallest pattern of LD plots could be explained by the finding
number of related SNP pairs. that the physical positions of SNPs belonging to differ-

ent clusters were mingled. Similarly, mosaic patterns
were prominent in the ADPRT and F5 genes (Figure

RESULTS
2A), in which concordant patterns were observed not

Tag SNP selection and LD: Our algorithm enabled only for the Japanese but also for African Americans
us to select tag SNPs that reduced the number of SNPs and Caucasians (data not shown).
necessary for genotyping down to 43%, on average, for In the LPL gene, while a concordant mosaic pattern of
five genes (Table 3). The imprecision of the allele-fre- LD plots was observed across three populations, ethnic

consistency was not entirely but partially supported byquency estimation of the nontag SNPs from the tag
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TABLE 2

Estimated haplotype frequencies in three ethnic populations for the central 16 SNPs in the LPL gene

Japanese African Americans Caucasians

Haplotype class inferred Haplotype Frequency Frequency Frequency
from all 16 SNPs a (from SNP9 to SNP24) (%) (Order) b (%) (Order) b (%) (Order) b

HAP1 TTGCATCCGAACCTCT 63.9 (1) 31.5 (1) 42.5 (1)
HAP2 TTGCATCCGAACCTCG 20.2 (2) 6.4 (6) 26.5 (2)
HAP3 CCCAGGCCAGTTCCAT 5.3 (4) 10.5 (2) 11.0 (3)
HAP4 CCGCGGGTGATCACCT 6.9 (3) 6.5 (5) 9.9 (4)
HAP5 TTGCGTCCGATCCCCT — — 8.5 (4) 2.0 (6)
HAP6 CCCAGGCCGATCCCCT — — 9.3 (3) — —
HAP7 TTGCGGCCGGTCCCCT — — 5.9 (7) — —
HAP8 TTGCGGCCAGTTCCAT — — — — 5.0 (5)
HAP9 TTGCGGCCGGTCCCAT — — 3.4 (8) — —
HAP10 TTGCGTCCGAACCTCT — — 3.0 (9) — —
HAP11 CCCCGGCCGATCCCCT — — 2.1 (10) — —
HAP12 TTGCATCCGGACCTCT — — 2.0 (11) — —
HAP13 CCCAGGCCAGTCCCAT — — 2.0 (12) — —
HAP14 CCCAGGCCGGTCCCAT — — 2.0 (13) — —

Haplotype class inferred from 6 SNPs in SNP cluster A (SNP9, SNP10, SNP13, SNP14, SNP19 and SNP22) c

A-1 (HAP1 � 2 � 12) TT--AT----A--T-- 84.5 (1) 39.9 (1) 69.0 (1)
A-2 (HAP3 � 4 � 6 � CC--GG----T--C-- 14.6 (2) 34.0 (2) 21.5 (2)

11 � 13 � 14)
A-3 (HAP7 � 8 � 9) TT--GG----T--C-- — — 9.6 (3) 5.0 (3)
A-4 (HAP5) TT--GT----T--C-- — — 8.7 (4) — —

Haplotype class inferred from 4 SNPs in SNP cluster B (SNP17, SNP18, SNP20 and SNP23) c

B-1 (HAP1 � 2 � 4 � --------GA-C--C- 93.4 (1) 69.3 (1) 84.0 (1)
5 � 6 � 10 � 11)

B-2 (HAP3 � 8) --------AG-T--A- 5.8 (2) 12.0 (2) 16.0 (2)
B-3 (HAP7 � 12) --------GG-C--C- — — 8.7 (3) — —
B-4 (HAP9 � 14) --------GG-C--A- — — 6.4 (4) — —

Haplotype class inferred from 3 SNPs in SNP cluster C (SNP15, SNP16 and SNP21) c

C-1 (HAP1 � 2 � 3 � ------CC----C--- 90.7 (1) 92.0 (1) 89.5 (1)
5 � 6 � 7 � 8 �
9 � 10 � 11 � 12 �
13 � 14)

C-2 (HAP4) ------GT----A--- 9.3 (2) 6.9 (2) 9.9 (2)

a Among 25 SNPs genotyped in the LPL gene (Table 1, Figure 2C), the central 16 SNPs (SNP9–SNP24
spanning 8.5 kbp) were used for the estimation of haplotype classes because they formed a haplotype block.
While a number of haplotype classes were inferred from these SNPs, 14 had a frequency of at least 2% in the
Japanese, African American, or Caucasian population, and they were numbered by the frequency order
calculated from the three ethnic populations combined.

b The frequency order shown in the parentheses was determined by calculating the percentage of the
corresponding haplotype class in each ethnic group.

c SNP clusters are defined in Figure 2B.

the concordant classification of LD groups and com- For example, SNP11 and SNP12 were included in an
LD group together with cluster A in African Americans,plete LD subgroups across the populations (Figure 3).

Here, any of the three clusters of SNPs—A, B, and C— but included in an LD group with cluster B in the
Japanese.was found to constitute a class of SNPs in between the

coarse classification by LD groups and the fine classifi- Ethnic diversity in frequencies of SNPs and haplo-
types: Although LD relations showed moderate ethniccation by complete LD subgroups, and this was perti-

nent to three ethnic populations. Meanwhile, not all consistency, the allele frequencies of SNPs varied widely
among three ethnic populations. In the five genesthe combinations of SNPs in LD groups and complete

LD subgroups were identical among the populations. tested, MAFs showed only weak correlation between the
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Figure 1.—(A) The most
parsimonious phylogenic
tree of haplotypes for the
central 16 SNPs in the LPL
gene (see Table 2). For each
haplotype, its number and its
frequency order in the Japa-
nese (JPN), African Amer-
icans (AFR), and Caucasians
(CAU) are indicated. For
each pair of haplotypes ad-
jacent in the tree, the
SNP(s) at which they differ
is denoted on the edge be-
tween the pair. One of the
pair of haplotypes might
have been generated from
the other one by muta-
tion(s) at the SNP(s) or, al-
ternatively, by recombina-
tion. (B) Schematic of the
phylogenic closeness of SNPs.
Two SNPs related in this
closeness (i.e., SNPs with
corresponding edges con-
nected to the same haplo-
type node in A) are con-
nected by an edge. In A and
B, three clusters—A, B, and
C—of SNPs (see Figure 2B)
are marked.

Japanese, African Americans, and Caucasians, and the exon, 0.43 in intron, and 0.32 in UTR (Figure 4, A and
B). Here, although there were no significant differencescorrelation coefficients were mostly �0.6 (Table 4). To

further study the correlation of MAFs on a larger scale, in correlation coefficients among three positional classes
of SNPs, they tended to be higher for SNPs in exonswe tested SNPs from the HuSNP set. SNPs in the HuSNP

set had been chosen on the basis of relatively high MAFs compared to those for SNPs in UTRs. Allele-frequency
differences between the Japanese and the referencein a reference panel in which Caucasians constituted a

predominant population, but a quarter of genotyped panel showed an almost normal distribution in terms
of skewness but not in terms of kurtosis (Figure 4C).SNPs turned out to be poorly informative (MAF � 0.1)

in the Japanese. MAFs of the SNPs did not show signifi- A tag SNP set commonly useful for different ethnic
populations could be detected by our algorithm undercant correlations between the Japanese and the refer-

ence panel: correlation coefficients were 0.55 for SNPs in two conditions: if the classification by LD groups was



297Tag SNP Selection by LD Groups of SNPs

comparable among populations and if the haplotype
classes in each LD group was comparable. For the first
condition, as described above, LD groups were moder-
ately concordant across ethnic populations. For the sec-
ond condition, we estimated the extent to which haplo-
type classes were conserved in case arbitrarily defined
classes of SNPs were comparable among populations.
We took the SNP clusters A, B, and C in the LPL gene
and separately computed haplotype classes with a fre-
quency of at least 5% in three populations (Table 2).
The frequency order of common haplotype classes was
concordant across the populations, while the frequency
of each haplotype class and the total number of com-
mon haplotype classes differed widely. For example, in
the cluster A, the A-1 haplotype was the most frequent
class in all of the three populations, but its frequency
ranged from 39.9% in African Americans to 84.5% in
the Japanese and the total number of common haplo-
types ranged from four in African Americans to two in
the Japanese. To statistically capture haplotype informa-
tion covering all the populations, three tag SNPs were
required to distinguish four common haplotype classes
in African Americans, whereas any of the three tag SNPs
was sufficient to distinguish two common haplotypes in
the Japanese. This indicated that some redundancy of
SNPs would be inevitable for a tag SNP set working
universally for different ethnic populations.

Phylogenic closeness of SNPs: We have defined LD
groups and complete LD subgroups in statistical terms
so far, and we next demonstrate that such grouping
of SNPs may well be correlated with the “phylogenic
closeness” of SNPs. To be precise, it is the inheritance
of haplotypes that may determine their phylogeny, in
which a SNP mutation or a recombination may generate
a new haplotype from the existing ones. Thus, in gen-
eral, SNPs themselves do not form a framework of phy-
logeny, but serve as “connections” between haplotypes
that constitute phylogeny. Here we investigated the
closeness of SNPs in the phylogeny. Among 25 SNPs
genotyped in the LPL gene (Table 1, Figure 2C), we
focused on the central 16 SNPs (SNP9–SNP24 spanning
8.5 kbp), which formed a haplotype block. While a num-
ber of haplotype classes were inferred for these SNPs, 14
had a frequency of at least 2% in the Japanese, African
American, or Caucasian populations (Table 2). The re-
sultant phylogenic tree of haplotypes was the most parsi-
monious tree (Figure 1A).

To depict the closeness of SNPs in this tree explicitly,
we reshaped the diagram as shown in Figure 1B. In the
preceding arguments, three clusters of SNPs in the LPL
gene (Figure 2B) typically represent three aspects of
LD relations of SNPs: patterns in LD plots, LD groups,
and complete LD subgroups. Each cluster of SNPs was
found to be congregated closely in the diagram. This
supports the idea that these two independent ap-
proaches to partitioning SNPs—one by LD relations
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Figure 2.—(A) Plots of LD by coefficient r 2 among SNPs in ABCA1, ADPRT, F5, and SLC12A3 for the Japanese. (B) Plots of
LD among SNPs in LPL for the Japanese, African Americans, and Caucasians. In the Japanese, SNP1 and SNP4 are not
polymorphic, and their pixels are in light gray. Three clusters of SNPs having strong intracluster LD are marked with A, B, and
C. A mosaic pattern consisting of these LD clusters appeared to be common to the three ethnic populations. (C) The positions
of 25 SNPs in the LPL gene (see Table 1).
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Figure 2.—Continued.

and the other by mutual proximity from the phylogenic assumed to be in strong LD with a tag SNP) to 2% in
viewpoint—were indeed consistent. the five genes tested (Table 3). In our algorithm, SNPs

are first classified into LD groups on the basis of LD
relations calculated by coefficient r 2 and then each LD

DISCUSSION group is divided into complete LD subgroups such that
a set of tag SNPs derived from the subgroups can distin-In this study, we developed a tag SNP selection algo-
guish common haplotype classes in the LD group. Werithm that can spare, on average, �60% of SNPs re-
have found that a mosaic pattern of LD plots exists andquired for genotyping and that can simultaneously limit
that three clusters of SNPs with strong intracluster LDthe imprecision of allele-frequency estimation of the

nontag SNPs (i.e., SNPs not directly characterized but form this pattern in the LPL gene (Figure 2B). More-
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Figure 3.—LD groups and
complete LD subgroups of SNPs
in the LPL gene for three ethnic
populations. SNPs in the same LD
group are shaded together, and
the SNPs in the same complete
LD subgroup are joined by lines.
Selection of one SNP from each
of the complete LD subgroups
constitutes a tag SNP set. For ex-
ample, in the Japanese, there were
seven LD groups. Among them,
the topmost LD group consists of
10 SNPs, and it separates into two
complete LD subgroups of size six
(SNP9, SNP10, SNP13, SNP14,
SNP19, and SNP22) and four (SNP
15, SNP16, SNP21, and SNP25). As
for the four LD groups at the bot-
tom, each consists of one com-
plete LD subgroup, including a
single SNP. There are nine com-
plete LD subgroups in total, and
a selection of one SNP from each
of them composes a tag SNP set of
size nine. The SNP cluster name
(defined in Figure 2B) to which a
SNP belongs is indicated next to
the SNP number. The SNP clus-
ters were found as an “intermedi-
ate” level of SNP classifications be-
tween the two levels—LD groups
and complete LD subgroups—in
any of the populations. In fact,
when compared to LD groups, any
of the SNP clusters was included
within one LD group; i.e., they
were not split into multiple LD
groups. On the other hand, when
compared to complete LD sub-

groups, the SNP clusters were distinguishable in the sense that none of the complete LD subgroups were derived from more
than one SNP cluster. For each SNP cluster, its name is denoted at the right, and the complete LD groups comprising the SNPs
of the cluster are aligned at its left. The clusters highlight concordance in the classifications by LD groups and complete LD
groups across ethnic populations. The vertical lines partition every 10 SNPs.

over, we have found that the grouping of SNPs by LD al. (2004) previously reported a greedy algorithm for
tag SNP selection based on the LD coefficient r 2 underrelations typically reflects their mutual proximity from

the phylogenic viewpoint (Figure 1). While Carlson et a stringent threshold, we believe that our algorithm is

TABLE 4

Correlation coefficients of the MAFs of SNPs in five genes among three ethnic populations

Correlation coefficients of MAFs between a pair of ethnic populations

Gene No. of Japanese vs. Japanese vs. African Americans
name SNPs African Americans Caucasians vs. Caucasians

ABCA1 37 0.60 a 0.28 0.55 a

ADPRT 29 �0.09 �0.29 0.61 a

F5 41 0.37 a �0.39 a 0.46 a

LPL 25 0.12 0.78 a 0.42 a

SLC12A3 25 0.24 0.34 0.58 a

a The MAFs of SNPs were significantly correlated (i.e., the t -satistics testing no linear regression showed
P -values �0.05).
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Figure 4.—(A) Allele-
frequency comparison be-
tween the Japanese and a
reference panel. The minor
allele was set as the less-fre-
quent allele in the com-
bined population, and MAF
was calculated in each pop-
ulation for the 979 SNPs an-
alyzed. (B) Correlation co-
efficients of MAFs according
to the positional classes of
SNPs. MAFs of SNPs did not
show significant correlations
between the Japanese and a
reference panel and there
were no significant differ-
ences in correlations among
three positional classes of
SNPs. (C) Allele-frequency
differences between the Japa-
nese and a reference panel.
Almost normal distribution
was observed in terms of skew-
ness (b 1 � �0.04) but not in
terms of kurtosis (b2 � 0.50,
significantly different from
normal distribution).

unique in the sense that tag SNPs are selected on the on LD relations, which are equivalent to haplotypes for
two SNPs, can be accurately performed by using fewerbasis of LD grouping of SNPs, which we have proven

to be compatible with the structure of SNPs in the phy- individuals than that based on haplotype inference of
multiple SNPs, because haplotype inference for a largerlogeny of haplotypes.

Our algorithm has two major advantages over tag SNP number of SNPs generally requires higher computational
load but results in lower precision.selection algorithms previously proposed. First, most

algorithms (Patil et al. 2001; Zhang et al. 2002; Eskin Several features of SNPs and haplotypes have been
brought up in the present study. First of all, ethnic diversityet al. 2003; Zhang and Jin 2003) assume the existence

of haplotype blocks, which is appropriate only in the is an issue of interest. We found moderate conservation
across three ethnic populations in the genetic makeuplimited situations discussed below. Second, the input

data required for many of them are haplotypes, whereas of SNPs but not in the allele frequencies of SNPs or
haplotypes. In accordance with a previous report com-our algorithm requires genotypes of individual SNPs

alone, which can be generated by current high-throughout paring African Americans and European Americans
(Carlson et al. 2003), our SNP data in the HuSNP settyping technologies. In addition, tag SNP selection based
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(Figure 4) do not show significant correlations of MAFs basis of haplotype blocks when the target gene is rela-
tively large. For example, SNP24 constitutes a single LDbetween the Japanese and a reference population, and

our SNP data in five genes have also led to similar group by itself and has been selected as a tag SNP. It is
located between SNPs belonging to different LD groupsobservations in the Japanese, African Americans, and

Caucasians (Table 4). In contrast, the patterns of LD (Figure 3). When tag SNP selection is performed pri-
marily on the basis of haplotype blocks, SNP24 may beplots have shown some similarity across the populations

(Figure 2B) due to moderate conservation in the genetic concealed by its flanking SNPs—SNP21, SNP22, SNP23,
and SNP25—in the relevant haplotype block and maymakeup of SNPs, which is represented by the partially

concordant classification of LD groups (Figure 3). How- not be selected as a unique tag SNP any more. Because
SNP24 shows a high MAF in the Japanese (22%) andever, the details of tag SNPs are not entirely concordant

among three populations. As far as tag SNPs are con- in Caucasians (29%), the failure to select this SNP for
genotyping decreases the statistical power of geneticcerned, similarity in the LD grouping, the frequency

order of common haplotypes in an LD group, and dis- association studies. In this context, tag SNP selection
with equally spaced SNPs on the chromosome also putscrepancy in the frequencies and the number of common

haplotypes (Table 2) have indicated that, although tag studies at risk for losing genetic information.
In summary, we have developed a two-level groupingSNP selection can be performed commonly across eth-

nic populations to some extent, part of the selected tag of SNPs by LD relations, and thereby we have demon-
strated the efficiency of our tag SNP selection algorithmSNPs will become redundant in some populations.

Second, a mosaic pattern formed by LD groups is in the representative data. This enlightens our under-
standing of genetic polymorphisms and facilitates theiranother issue of interest. This mosaic pattern emerges

when multiple clusters of SNPs with strong intracluster use in genetic studies. We still need to examine a larger
number of genes to validate the close relations betweenLD are mingled in the physical order in a certain chro-

mosomal segment. In the LPL gene, a number of LD LD statistics and phylogenic structures and the moder-
ate conservation of these relations among different eth-groups and complete LD subgroups of SNPs exist, which

are mingled as such within a conventionally inferred nic populations. Also, in a larger sample set, we need
to evaluate the efficiency of our tag SNP selection algo-haplotype block, thereby resulting in a mosaic pattern

(Figure 2B and 4). We have observed this kind of mosaic rithm in more detail, particularly by comparing it with
the preceding ones. Then, such studies will answer thepattern in ADPRT and F5 as well (Figure 2A). Overall,

three of five genes having 25 or more SNPs show an question of how our observations of five genes are ex-
tendable to the entire genome.apparent mosaic pattern, suggesting that such a phe-

nomenon may not be exceptional especially when SNPs We thank anonymous reviewers for valuable comments. N. Kato
are genotyped densely. is a principal investigator and was responsible for the entire study,

including design, experimentation, and data interpretation. K. YanaiThird, the concept of haplotype blocks needs to be
and T. Morii performed SNP discovery, annotation, and genotypingreconsidered with reference to the SNP classification
of SNPs of the five genes. Y. Ishinaga performed genotyping of theby LD groups. The mosaic pattern formed by LD groups
HuSNP set. F. Takeuchi conducted computational analysis. This work

implies that the overall LD relations among SNPs are was supported by a grant for Core Research for Evolutionary Science
not faithfully represented by haplotype blocks, each of and Technology from the Japan Science Technology Agency and the

Program for Promotion of Fundamental Studies in Health Scienceswhich is thought to comprise a consecutive set of SNPs
of Pharmaceuticals and Medical Devices Agency.on the chromosome. The representation of LD relations

by haplotype blocks may be appropriate when we ana-
lyze SNPs sparsely placed on the chromosome. However,
even for such SNPs, the potential presence of multiple LITERATURE CITED
LD groups could make it difficult to determine the exact Balding, D., M. Bishop and C. Cannings, 2001 Handbook of Statisti-
boundaries of a given haplotype block. As for the LPL cal Genetics. John Wiley & Sons, New York.

Carlson, C. S., M. A. Eberle, M. J. Rieder, J. D. Smith, L. Kruglyakgene, the preceding publications have already shown
et al., 2003 Additional SNPs and linkage-disequilibrium analysesthe presence of a haplotype block from SNP9 to its are necessary for whole-genome association studies in humans.

downstream, a recombination hotspot in the upstream Nat. Genet. 33: 518–521.
Carlson, C. S., M. A. Eberle, M. J. Rieder, Q. Yi, L. Kruglyak et al.,of SNP9 (Clark et al. 1998; Templeton et al. 2000a),

2004 Selecting a maximally informative set of single-nucleotideand recombinational events within the haplotype block
polymorphisms for association analyses using linkage disequilib-

(Templeton et al. 2000b). By adopting the LD coeffi- rium. Am. J. Hum. Genet. 74: 106–120.
Clark, A. G., K. M. Weiss, D. A. Nickerson, S. L. Taylor, A.cient r 2, we have additionally discovered the presence

Buchanan et al., 1998 Haplotype structure and population ge-of several LD groups involving three or more clusters
netic inferences from nucleotide-sequence variation in human

of SNPs within the haplotype block. lipoprotein lipase. Am. J. Hum. Genet. 63: 595–612.
Clayton, D., 2004 SNPHAP—a program for estimating frequenciesFourth, the coverage of genetic information by se-

of large haplotypes of SNPs (http://www-gene.cimr.cam.ac.uk/lected tag SNPs is critical. Our results for the LPL gene
clayton).

suggest that tag SNPs are selected on the basis of LD Eskin, E., E. Halperin and R. Karp, 2003 Large scale reconstruction
of haplotypes from genotype data, pp. 104–113 in Seventh Annualgroups and complete LD subgroups rather than on the



303Tag SNP Selection by LD Groups of SNPs

International Conference on Research in Computational Molecular Biol- threshold (variable s in step 2). For example, in the two
ogy (RECOMB2003), edited by W. Miller, M. Vingron, S. Istrail,
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Page, R. D., 1996 TreeView: an application to display phylogenetic by a variation of our algorithm in which the statement
trees on personal computers. Comput. Appl. Biosci. 12: 357–358.

in step 2 needs to be changed to “For 0 	 s 	 1, doPatil, N., A. J. Berno, D. A. Hinds, W. A. Barrett, J. M. Doshi et
al., 2001 Blocks of limited haplotype diversity revealed by high- step 3–6.” This caused more cases of LD groups to be
resolution scanning of human chromosome 21. Science 294: examined in the LPL gene (Figure A1). However, as
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3. Garland Science, New York.
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the threshold value for the continuous version was 0.39Communicating editor: N. Takahata
instead of 0.4 for the original version, which caused two
LD groups to be joined. On the other hand, in African

APPENDIX: EXTENSIVE EXAMINATION Americans, the thresholds were 0.5 and 0.43, respec-
OF THE r 2 THRESHOLD AND LD GROUPS

tively, and this yielded identical LD groups. Neverthe-
In our tag SNP selection, the classification of SNPs less, for software implementation, we recommend the

use of the more extensive continuous version.by LD groups (step 3) changed according to the r 2
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Figure A1.—SNP classifi-
cation by LD groups against
various r 2 thresholds in the
LPL gene in three ethnic pop-
ulations. For any r 2 threshold
between zero and one, locate
its position in the vertical axis.
The SNP classification by LD
groups against a given thresh-
old is at its right on the hori-
zontal axis: the SNPs classi-
fied in the same LD group
are placed together in a sin-
gle shaded rectangle. Each
rectangle outlined by two ho-
rizontal lines corresponds to
an LD group, and the sum of
the frequencies of rare haplo-
type classes (see step 6 of the
tag SNP selection algorithm)
is indicated as a percentage
within the rectangle. Since the
sum for LD groups against the
r 2 threshold of one (e.g., a
group of SNP13, SNP14, and
SNP22 in the Japanese) is al-
ways 0%, the sum is not de-
noted for such cases. The av-
erage of the sums across a
series of LD groups against
the r 2 threshold value be-
comes the “total frequency of
neglected haplotype classes”
(see step 6). Note that even
for this continuous range of
the r 2 thresholds, there are
only finite possibilities for
classification by LD group. As
the r 2 threshold decreases,
separate clusters of SNPs are
combined and form a larger
LD group. Overall, the sum
of the frequencies of rare
haplotype classes for com-
bined LD groups tends to be-
come larger than that for sep-
arate clusters of SNPs. The
optimal threshold value, t, in
the original tag SNP selection
algorithm is underlined at
the far left, and the resultant
classification by LD groups is
indicated by dark shading
(see also Figure 3). The opti-
mal threshold for the contin-
uous version (see appendix)
is also underlined in the im-
mediate left.


