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Additional SNPs and linkage-disequilibrium analyses
are necessary for whole-genome association studies

in humans
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More than 5 million single-nucleotide polymorphisms (SNPs)
with minor-allele frequency greater than 10% are expected to
exist in the human genome'. Some of these SNPs may be asso-
ciated with risk of developing common diseases?™. To assess
the power of currently available SNPs to detect such associa-
tions, we resequenced 50 genes in two ethnic samples and
measured patterns of linkage disequilibrium between the sub-
set of SNPs reported in dbSNP and the complete set of common
SNPs. Our results suggest that using all 2.7 million SNPs cur-
rently in the database would detect nearly 80% of all common
SNPs in European populations but only 50% of those common
in the African American population and that efficient selection
of a minimal subset of SNPs for use in association studies
requires measurement of allele frequency and linkage disequi-
librium relationships for all SNPs in dbSNP.

Testing whether common SNPs are associated with modestly
higher risk of developing common diseases is an important chal-
lenge in human genetics. It has been suggested that a map of over
300,000 SNPs will be required for such genome-wide association
studies>®, but it is not yet clear whether the currently available
public set of 2.7 million uniquely mapped SNPs is adequate for
assembling such a map.
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We have determined the patterns of common variation in a set
of candidate genes related to the inflammatory process by com-
prehensively resequencing the complete genomic region of each
gene in 47 human samples. We selected and sequenced 50 genes
distributed across 17 autosomes and spanning 564 kb. We ana-
lyzed samples from two ethnic populations, African Americans
(24 individuals) and European Americans (23 individuals).
Defining a SNP as a biallelic variant, we identified 2,729 SNPs in
the 50 genes; defining a common SNP as one with minor-allele fre-
quency greater than 10% in one or both populations, 1,081 of
2,729 SNPs were common (888 in African Americans and 761 in
European Americans). The observed frequency of common SNPs
(one per 506 bp scanned) suggests that roughly 6 million common
SNPs exist in the genome, consistent with previous estimates’.

We note that only 52% of common SNPs were common in both
populations (561 of 1,081; Fig. 1). Defining private polymorphisms
as those observed in only one population, 22% of common SNPs in
African Americans were private (199 of 888), as were 5% of com-
mon SNPs in European Americans (40 of 761). Furthermore, 36%
of common SNPs had significantly different frequencies between
populations (384 of 1,081 at P < 0.01). Of these, 127 were common
in both populations, 185 were common in African Americans but
not European Americans and 72 were common in European Amer-
icans but not African Americans. Thus, an appreciable fraction of
all common variation is either private or common in only a single
population, and therefore SNP discovery in a single population is
probably inadequate for assembling a catalog of common SNPs
that could be used for association studies in all human populations.

We used our data set to estimate the power of the variants pre-
viously reported in dbSNP to detect all existing high frequency
variants. At least two SNPs were reported in dbSNP for each gene
(denoted throughout as dbSNPs), for a total of 837 dbSNPs. The

Fig. 1 Allele frequency comparison between African American and European
American populations. The minor allele was set as the less frequent allele in
the combined population, and minor-allele frequency (MAF) was calculated in
each population for all 2,729 SNPs analyzed. A linear regression of European
American minor-allele frequency on African American minor-allele frequency
had R? of only 0.37, illustrating the marked differences in minor-allele fre-
quency between populations at many sites. Sites where the population allele
frequencies were not significantly different (x2 < 6.635, P > 0.01) are shown as
open circles. Sites with significant allele frequency differences (x? > 6.635, P <
0.01) that were common in both populations are shown in blue (127 sites), and
sites with significant allele frequency differences (x2 > 6.635, P < 0.01) that
were only common in one population are shown in red (185 SNPs in African
Americans, 72 SNPs in European Americans).
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Table 1 » Mapping of SNPs in 50 candidate genes using r2

African American (8882) European American (7619)

Mapped Mapped Mapped Mapped

r threshold¢ Unmappedd correctlye incorrectly Unmappedd correctly® incorrectlyf
>0.1 0 (0%) 777 (87.5%) 111 (12.5%) 0 (0%) 729 (95.8%) 32 (4.2%)
>0.2 0 (0%) 777 (87.5%) 111 (12.5%) 1(0.1%) 729 (95.9%) 31 (4.1%)
>0.3 6 (0.7%) 776 (88%) 106 (12%) 5(0.7%) 729 (96.4%) 27 (3.6%)
>0.4 31(3.5%) 767 (89.5%) 90 (10.5%) 18 (2.4%) 722 (97.2%) 21 (2.8%)
>0.5 106 (11.9%) 733 (93.7%) 49 (6.3%) 37 (4.9%) 714 (98.6%) 10 (1.4%)
>0.6 178 (20%) 689 (97%) 21 (3%) 59 (7.8%) 700 (99.7%) 2 (0.3%)
>0.7 250 (28.2%) 628 (98.4%) 10 (1.6%) 79 (10.4%) 681 (99.9%) 1(0.1%)
>0.8 310 (34.9%) 575 (99.5%) 3(0.5%) 107 (14.1%) 653 (99.8%) 1(0.2%)
>0.9 405 (45.6%) 483 (100%) 0 (0%) 158 (20.8%) 603 (100%) 0 (0%)

>1 447 (50.3%) 441 (100%) 0(0%) 192 (25.2%) 569 (100%) 0(0%)

aTotal number of common SNPs in the African American population. ®Total number of common SNPs in the European American population. “Threshold r2 for
pairwise comparisons. 9Total number of common SNPs that do not exceed threshold r2 with any other SNP in the data set, within or across loci (percentage of all
common SNPs that are unmapped). ¢Total number of common SNPs for which the maximum r2 within locus exceeds the maximum r2 across loci (percentage of all
mapped that are correctly mapped). fTotal number of common SNPs for which the maximum r? within locus is less than or equal to the maximum r2 across loci

(percentage of all mapped that are incorrectly mapped). ¢fThese numbers include only SNPs for which r2 exceeds threshold with another SNP.

average dbSNP density in these genes (1 per 654 bp) was consid-
erably higher than in the genome overall (roughly 1 dbSNP per
1,100 bp), reflecting the fact that these genes are all candidate
genes for inflammatory disease processes and therefore have
been the targets of multiple directed SNP-discovery efforts’.

We found that fewer dbSNPs were polymorphic in our sam-
ples than in previous reports®!®!l, Only 496 of the 837 previ-
ously reported SNPs were polymorphic, with 413 of these
common in either African Americans or European Americans
(see Supplementary Table 1 online). We confirmed variants that
were independently reported by multiple groups at a consider-
ably higher frequency (183 of 214, 85.5%) than SNPs that were
uniquely reported by a single group (313 of 623, 50.2%) and
observed considerable variation in confirmation rates among
submitting groups (see Supplementary Table 1 online). We con-
firmed approximately equal numbers of SNPs in each popula-
tion (438 in African Americans, 431 in European Americans).
Given that the African American population has higher
nucleotide diversity and considerable European admixture, this
suggests a bias toward the European population as the source of
dbSNPs. Extrapolating from 413 common SNPs in 837 dbSNPs,
we estimate that roughly 50% of the SNPs in dbSNP are com-
mon (1.35 million of 2.7 million), representing 20-25% of the
estimated 6 million common SNPs in the genome, although
other ethnicities may have substantial numbers of common,
population-specific SNPs.
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In an association study, risk variants can be detected either by
direct assay or by indirect assay of an associated marker in link-
age disequilibrium (LD) with the risk variant’. Assessing the
power of a collection of SNPs to detect risk variants indirectly
requires specification of the strength of LD between each unas-
sayed marker and the set of assayed markers. We chose the LD
statistic 72 for this analysis, because power to detect a risk variant
indirectly in n samples is equivalent to power to detect it directly
in nr? samples!2. We calculated the observed r? for all pairs of
common SNPs in each population and determined the fraction
of all common SNPs ascertained across a range of 12 values using
several subsets of dbSNP (Fig. 2). Each common SNP was cate-
gorized as ascertained if it either belonged to the subset (directly
assayed) or exceeded a threshold level of observed r2 with a SNP
from the same gene that was in the subset (indirectly assayed).
Although low r? thresholds allow assay of fewer variants, they
also require much larger samples to retain power. We applied a
stringent threshold correlation between assayed and unassayed
variants (12 > 0.8) because we observed few false positive associ-
ations (<1%) in the data set at this threshold (Table 1). If all
2.7 million dbSNPs were developed into assays, at r2 > 0.8 roughly
50% of all common SNPs in the genome would be ascertained in
African Americans and 77% in European Americans (Fig. 2).
Results are similar for other 2 thresholds between 0.5 and 0.9.

To better approximate dbSNPs in anonymous regions, we also
examined the subset of dbSNP described using random discovery
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Fig. 2 Detection of common SNPs by linkage disequilibrium using subsets of dbSNP. Detection of common SNPs (minor-allele frequency >10%) in African Ameri-
can (a) and European American (b) samples was plotted against threshold r2 value. Detection was defined for each common SNP as either direct assay or r2 above
threshold with an assayed SNP. Results are shown for detection of all identified common SNPs using several subsets of dbSNP: all of dbSNP, only dbSNPs identified
by random discovery strategies (BAC, TSC or EST) and dbSNPs independently reported by multiple submitters.
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techniques (BAC, RRS or EST) and found that it was only modestly
less powerful than all of dbSNP. Two factors may bias our ascertain-
ment estimates. First, some unascertained SNPs in our reference
sequence may be in LD with dbSNPs in flanking regions that we did
not sequence, which would lead to an underestimate of ascertain-
ment. Second, the higher dbSNP density in our regions relative to
the genome as a whole would lead to an overestimate of ascertain-
ment. Simulations showed that the magnitude of bias from each
factor was similar (data not shown), so that the two factors offset,
leaving little overall bias in our estimates of ascertainment.

Our analysis suggests that most but not all of the SNPs
required to assemble a comprehensive map useful for the Euro-
pean American population have already been discovered but that
considerable additional SNP discovery is needed to assemble a
map useful for the African American population. Similar studies
in other populations will be required before conclusions can be
drawn as to the adequacy of dbSNP for each population.

Given that the set of all dbSNPs can directly or indirectly assay
nearly 80% of all common SNPs in the European American pop-
ulation, how can we select a maximally informative subset of
dbSNP without designing assays for all 2.7 million unique
dbSNPs? If allele frequency information were available for all
dbSNPs in each population of interest, it would be straightfor-
ward to design assays only for common variants. In our data set,
this would reduce the number of assay designs from 837 to 413,
translating to roughly 1.35 million assays genome-wide. Further
efficiency could be achieved by eliminating redundant markers,
which requires determination of pairwise LD values for all
dbSNPs in each population. We optimized the list of common
dbSNPs by retaining only one variant from each pair with > >
0.8, which yielded 258 non-redundant assay designs in European
Americans and 341 in African Americans, translating to a set of
800,000 to 1.1 million SNPs for the entire genome. At an ascer-
tainment threshold of 2 > 0.8, the set of common, non-redun-
dant dbSNPs allowed essentially the same ascertainment of all
common SNPs as did the complete set of all dbSNPs.

Further reductions in the final map density may be possible if
some SNPs are strongly associated with haplotypes, by defining
haplotypes across each gene, subdividing the genes into haplotype
‘blocks’ showing little evidence for recombination and asking for
the fraction of haplotypes ‘tagged’ by various subsets of dbSNP%13,
Such an analysis, however, involves a number of inferences and
assumptions that complicate its interpretation, including computa-
tional inference of haplotypes from genotype data, the definition of
haplotype blocks and the choice of a measure for fraction of haplo-
types captured. We focused our analysis on pairwise LD because
interpretation of the results is straightforward.

Unfortunately, the LD data or allele frequency data necessary
to identify a minimal set of dbSNP with reasonable power to
detect associations are currently not available for most dbSNPs!4.
As a possible alternative, we examined ascertainment using only
dbSNPs reported by multiple groups, as these are much more
likely to be common (see Supplementary Table 1 online). This
strategy yielded a set of 214 variants, 162 of which were common,
but ascertainment with the multiply reported set was markedly
lower than with the complete set (50% versus 77% for European
Americans and 29% versus 50% in African Americans at 72 > 0.8;
Fig. 2) because some of the multiply reported dbSNPs are rare
and some are strongly associated with one another. We examined
other subsets of dbSNP, but none had better ascertainment than
multiply reported SNPs with the same number of assays devel-
oped. Even the insufficiently powerful multiply reported subset
would require development of 700,000 assays across the genome,
and a randomly selected subset of dbSNPs would require many
more markers to achieve reasonable power.
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It is not surprising that additional SNP discovery is required
for association studies in the African American population.
Analyses similar to those presented are necessary to determine
how much common variation is private or population-specific in
other large ethnic populations. In combination with further SNP
discovery in high-diversity populations, such as those of recent
African descent, such studies will help ensure that a linkage dise-
quilibrium map is adequately powerful in all ethnic populations,
particularly those in which a substantial fraction of common
variation is population-specific. Even when sufficient SNPs have
been discovered, however, there is no simple way to develop an
optimal subset without knowledge of SNP allele frequencies and
the patterns of LD between SNPs in each population.

Methods

Samples. We analyzed 24 African Americans from the Coriell HD50AA
panel (NA17101-NA17116, NA17133-NA17140) and 23 individuals of
European descent from the CEPH families (NA06990, NA07019,
NA07348, NA07349, NA10830, NA10831, NA10842-NA10845, NA10848,
NA10850-NA10854, NA10857, NA10858, NA10860, NA10861, NA12547,
NA12548 and NA12560).

Sequencing. The SeattleSNPs Program for Genomic Applications rese-
quences candidate genes involved in inflammatory processes in humans.
For all genes analyzed, we resequenced the complete genomic region of the
transcript, including introns, 2.5 kb 5" of the gene and 1.5 kb 3’ of the gene,
using standard dye primer chemistry on an ABI 3700. For each gene,
sequence analysts assembled the sequence data into a contig using Phred
and Phrap, edited the contig in Consed to ensure that the assembly was
accurate and identified polymorphisms using the PolyPhred program, ver-
sion 4.0. At insertion—deletion polymorphisms, the sequence analysts
manually genotyped each sample and designed primers from the other
strand to sequence beyond the insertion—deletion. Analysts reviewed every
polymorphic site flagged by PolyPhred to remove a few false positives asso-
ciated with biochemical artifacts, such as GC compressions, unincorporat-
ed dye terminators and heterozygous insertion—deletion polymorphisms.

We assessed data quality in a number of ways. We trimmed each chro-
matogram to remove low-quality sequence (Phred score below 25), result-
ing in analyzed reads averaging >450 bp with an average quality of Phred
40. We obtained second-strand confirmation from a different sequencing
primer at 66% of all polymorphic sites and third strand confirmation at
33% of all polymorphic sites. We observed all three possible genotypes (het-
erozygotes and homozygotes with respect to each allele) for approximately
38% of common polymorphic sites with an average Phred quality greater
than 45 (1:50,000 probability of being incorrectly assigned). The average
flanking-sequence quality associated with polymorphic sites (+ 5 bp on
each side of the polymorphic site) was greater than 40. Eighty percent of all
common sites were significantly associated with at least one other site in the
same gene (x> > 10.828, P < 0.02 corrected for multiple tests in each gene).
We independently genotyped 59 of the identified common sites by Tagman
allelic discrimination on an ABI 7900 (ref. 15) and observed only 8 discrep-
ancies in 2,773 genotypes compared between technology platforms, sug-
gesting an error rate well below 1% for genotype calls.

Loci analyzed. We have resequenced over 90 genes to date, and details of all
SNPs identified have been submitted to dbSNP. This analysis was limited to
autosomal genes with complete resequencing data and assigned refSNP
numbers. We identified 50 genes meeting these criteria, spanning a total of
565 kb, or an average of 11 kb per gene. GenBank accession numbers for
the reference sequence of each gene position in the corresponding genom-
ic contig are shown in Supplementary Table 2 online. We scanned 547 kb
(96.8%) of this set; the remainder fell in regions that were difficult to
amplify or yielded low-quality sequence data. Thus, the data set comprised
more than half a megabase of genomic sequence with nearly complete SNP
ascertainment in two ethnic groups across more than 46 chromosomes for
each group. We identified 2,729 biallelic polymorphisms: 2,577 single-
nucleotide substitutions and 152 biallelic insertion—deletion variants. We
also identified multiallelic markers, but these were not included in the
analysis. Only 4.4% of all genotypes could not be determined.
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dbSNP comparisons. To make comparisons with the dbSNP database (build
104), we identified the reference sequence of the region scanned for each gene
using BLAST (see Supplementary Table 2 online) and retrieved refSNP num-
bers for all variations mapped to the reference sequence by the National Cen-
ter for Biotechnology Information. Although we submitted 2,729 common
sites to dbSNP, we retrieved only 2,486 using this method, evidently reflecting
the difficulty of mapping SNPs uniquely to the genome based on 100 bp of
flanking sequence. For each variation reported in the reference sequence, we
established which submitter(s) reported the SNP. We manually inspected
sequence traces at all sites not initially confirmed in the data set and catego-
rized as unconfirmed those dbSNPs that had valid sequence coverage but
were not observed to be polymorphic in our populations. We grouped sub-
mitters according to their discovery strategy: BAC-overlap discovery (BAC)
submitter KWOK!® or SC_JCM', random-clone overlap or reduced repre-
sentation sequencing (TSC) submitter TSC-CSHL!®!8, EST overlap (EST)
submitters LEE'® and CGAP-GAI?, pooled PCR discovery (PCR) submitter
YUSUKE and all other submitters. Confirmation rates by SNP discovery
strategy are given in Supplementary Table 1 online.

Our confirmation rate for TSC-reported SNPs (64.8%) was markedly
lower than that found in a previous report®. To determine whether this might
reflect SNPs specific to other ethnicities, we analyzed TSC confirmation in
50 genes sequenced in the Environmental Genome Project using 90 individu-
als (24 European Americans, 24 African Americans, 24 Asian Americans,
12 Hispanic Americans and 6 Native Americans) from the polymorphism-
discovery resource?!. Although the confirmation rate from the Environmental
Genome Project is higher than that from the Program for Genomic Applica-
tions (123 of 171 TSC-reported dbSNPs; 71.9%), it is still below that from the
previous report, suggesting that SNPs specific to Asian and Hispanic popula-
tions do not entirely explain the low TSC SNP confirmation rates.

Linkage disequilibrium. Given two biallelic sites with minor-allele fre-
quencies p;, and p,,, the major-allele frequencies are p,, (= 1-p;,) and
P42 (=1-p,;), and there are four possible haplotypes with frequencies p,;,
P12 P21 and p,,. We estimated haplotype frequencies for every pair of SNPs
in each gene from the observed genotype frequencies according to the
method of Hill?2. We inferred r? from the estimated two-site haplotype fre-
quencies?® using the equation 12 = (p; 195, — P12P21)* ! (P14P24P+1P+2)- Sim-
ulations show that bias in 2 is relatively small in samples of 23 individuals
(see Supplementary Table 3 online). Simulations under a standard neutral
model?* suggest that in this sample size roughly 80% of all site pairs with
an observed r? above a given threshold represent true > above threshold
(see Supplementary Fig. 1 and Supplementary Table 4 online).

SNP ascertainment. Using various subsets of dbSNP, we calculated the frac-
tion of all common variants ascertained as the fraction of all common vari-
ants previously reported (directly assayed) plus the fraction of all common
variants indirectly ascertained by association at r? greater than threshold
with a previously reported SNP (indirect assay). Using all of dbSNP, 336 of
888 common sites in the African American population were already in
dbSNP (38%) and 105 other common sites were associated with these sites at
2> 0.8, for a total of 441 sites ascertained at this threshold. Similarly, 359 of
761 common sites in the European American population were already in
dbSNP (47%) and 226 common sites not previously in dbSNP were associat-
ed with these sites at 2 > 0.8, for a total of 585 sites ascertained. In the
absence of reported SNPs in a gene, unreported SNPs would not be ascer-
tained. Thus, for each subset of dbSNP, we considered only genes with at
least one dbSNP in the subset (49 genes using only BAC, TSC or EST SNPs
and 48 genes using multiply reported SNPs) and adjusted the potential num-
ber of dbSNPs ascertained accordingly (see Supplementary Table 1 online).

URLs. dbSNP, http://www.ncbi.nlm.nih.gov/SNP/index.html; Phred,

Phrap and Consed, http://www.phrap.org; Polyphred version 4.0, http://
droog.mbt.washington.edu/PolyPhred.html; GenBank, http://www.ncbi.
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nlm.nih.gov/Genbank/index.html. Genotype files for all data reported are
available at http://pga.gs.washington.edu. Data for the EGP project are
available at http://egp.gs.washington.edu.

Note: Supplementary information is available on the Nature
Genetics website.
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