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The finished genome sequence of Homo sapiens
(Rogers, this volume) provides a starting point for the study
of sequence variation in the human population. Every vari-
ant that is discovered can be mapped back to the human
genome and correlated with genes, regulatory elements,
and other functionally important sequences. As we gain a
better understanding of the biological information encoded
by the human genome sequence. we should aim to define
the sequence variants that have biochemical and pheno-
typic consequences.

The genome sequence enables us to develop targeted
strategies to search for disease-related sequence variants.
This requires a better understanding of the patterns of vari-
ation and of the genetic variants that can be used as refer-
ence markers throughout the genome. Genome sequence
information will also underpin future surveys of somatic
variation and cancer. Studying the DNA sequence variation
of Homo sapiens will enable us to understand our origins
and evolution and will help characterize the genetic basis of
our individuality—for example, in our susceptibility or re-
sistance to disease, and our variable response to drugs, tox-
ins, and other environmental factors.

THE ORIGIN OF SEQUENCE VARIATION

Modern humans are believed to have migrated east out
of Africa 50,000-60,000 years ago (Jobling et al. 2004)
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and subsequently spread across the world, replacing ear-
lier Homo species. This pattern was originally deduced
largely from archacological and anthropological evidence
(Stringer 2002) but received substantial reinforcement
from DNA sequence information. For example, genetic
variability is generally higher in Africa than on other con-
tinents, and phylogenetic reconstructions of non-recom-
bining regions usually place the root in Africa (Cavalli-
Sforza and Feldman 2003 Piibo 2003). A subset of the
genetic variants in Africa at the time were therefore pre-
sent in the migrant founders of all later subsequent
groups, while many variants remained only within popu-
lation subgroups in Africa. More recent migrations be-
tween different parts of the globe have since contributed
to admixture between multiple subgroups, and in the last
few hundred years, this process has increased substan-
tially.

Sequence variation arises as a result of new mutation
and recombination (see Fig. 1). Based on observed varia-
tion and simulations, the average human mutation rate
has been estimated to be 1-2 bases in 100 million per gen-
eration (Drake et al. 1998; Giannelli et al. 1999; Reich et
al. 2002) which corresponds to around 30-60 new muta-
tions per gamete. For variants that are neutral (not under
selection), the allele frequency in the population will be
affected by random drift. Many new mutations will dis-
appear within a few generations; a few may become com-
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Figure 1. Origin of sequence variation. Sequence variation arises by mutation (colored bases) and by recombination ( dotted lines).
These processes give rise to individual haplotypes (listed on the right) that coexist in the population.
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mon over many generations. Most high-frequency se-
quence variants therefore arose in Africa, were present in
the migrant founders, and are common to multiple popu-
lation groups around the world (Barbujani et al. 1997).
New variants that are under positive selection—i.e., func-
tional variants that confer a survival advantage—will in-
crease in frequency more quickly than expected by ran-
dom processes. A change in the environment (such as the
appearance of a new virus, or release of a new toxin, or
change in food source) may impose a new selective pres-
sure on existing functional variants, leading to alterations
in allele frequency in a particular population. Balancing
or frequency-dependent selection may act to maintain
both alleles of a polymorphism stably in the population.

Recombination during meiosis results in cross-overs
between homologous chromosomes. This leads to reas-
sortment of previously existing variants into new combi-
nations in the haploid gametes. Assuming a recombina-
tion rate of 1 site per 100 million bases per generation (Yu
et al. 2001) (i.e., around 30 recombination events per ga-
mete), large segments of each parental homolog are
passed on from one generation to the next. Over multiple
generations, further recombination events result in pro-
gressive fragmentation of the original ancestral segments
into more and more pieces. Individual present-day chro-
mosomes are thus mosaics of segments of relatively few
ancestral chromosomes, each segment having its own lin-
cage history (Paibo 2003). The sequence along a chro-
mosome defines the complete set of variants in an indi-
vidual haploid sequence and represents a particular
“haplotype” (from “haploid genotype”) (see Fig. 1).

Somatic mutation occurs in individual cells at any
stage following the formation of a diploid zygote, during
development and throughout adulthood. The mutation
process may be enhanced by exposure to particular non-
genetic factors such as radiation or toxins. Particular
combinations of somatic mutations, sometimes in con-
Junction with germ-line variants, alter the normal pro-
gram of cell proliferation, differentiation, and apoptosis,
and lead to cancer.

THE NATURE OF SEQUENCE VARIATION

Individual copies of the haploid human genome differ
at approximately one site per kilobase on average (Li and
Sadler 1991; Sachidanandam et al. 2001). Single-nu-
cleotide polymorphisms (SNPs) account for around 90%
of sequence variants in the human population, the re-
maining 10% being insertions or deletions (“indels”). It
has been estimated that the world’s human population
contains over 10 million SNPs with a minor allele fre-
quency (m.a.f.) of at least 1% (Kruglyak and Nickerson
2001). Several in-depth studies of sequencing in specific
genes have demonstrated that within exons there is a
slightly lower density of polymorphic sites (1 site per
2,000 bases). and also typically a lower allele frequency
(Cargill et al. 1999; Halushka et al. 1999). Assuming that
1.5% of the genome sequence encodes protein (Lander et
al. 2001), the global population contains around 90,000
variants (with m.a.f. >1%) in protein-coding sequence.

From previous surveys, the protein-coding variants can
be subdivided into ~50% synonymous (causing no amino
acid change), 33% nonsynonymous and conservative
(i.e., leading to conservative amino acid replacement),
and 17% nonsynonymous. nonconservative changes
(Cargill et al. 1999; Halushka et al. 1999).

Genetic variants that give rise to nonconservative
amino acid changes are particularly good functional vari-
ant candidates, but a number of observations suggest that
this generalization is likely to be inadequate. Not all non-
conservative amino acid changes necessarily alter func-
tion. For example. in an exhaustive survey (Green et al,
1999), only half of all possible amino acid changes
(233/454) in factor IX cause hemophilia B (Haemophilia
B Mutation Database v12: http://www.kcl.ac.uk/ip/peter-
green/haemBdatabase.html).

Functionally important amino acids in proteins tend to
be conserved between species; on average, about one-
third of amino acids are highly or absolutely conserved in
vertebrates. Conversely, other types of changes (either at
the amino acid or nucleotide level) can alter function.
Conservative changes may affect protein function, and
any changes may affect transcript function; for example,
by introducing or abolishing splice sites. There is no good
estimate of the number of functionally important changes
outside protein-coding sequence. Changes in promoters
or enhancers may affect transcription (Li et al. 1999; Saur
et al. 2004). Comparison between multiple genomes sug-
gests that around 5% of the human genome is under se-
lection to conserve sequence (Waterston et al. 2002).
These analyses suggest that, in addition to the protein-
coding sequence, another 3.7% of the genome is equally
strongly conserved and may be important for gene regu-
lation or chromatin behavior (Waterston et al. 2002;
Margulies et al. 2003). On this basis, an initial estimate of
variants in functional sequence (with m.a.f. < 1%) would
be nearer 300,000, and an unknown fraction of these will
have phenotypic consequences.

The first genome-wide survey of human variation re-
sulted in detection of 1.42 million candidate SNPs that
were mapped to a unique position in the working draft se-
quence (Sachidanandam et al. 2001). This set was esti-
mated to contain possibly 12% of all SNPs with a m.a.f.
of 1% or more (Kruglyak and Nickerson 2001). More re-
cently, the total number of SNPs available with a unique
map position has increased to 7 million (dbSNP release
120, http://www nchi.nlm.nih.gov/SNP) following gen-
eration of additional shotgun data, and may now contain
40% of SNPs with m.a.f. <1% (estimate based on
Kruglyak and Nickerson [2001]). A fully characterized
catalog of human sequence variation may still be a long
way off. In the meantime, however, efforts are focused on
how to develop the resources that are available from the
finished genome sequence, and how to use them to study
the genetics of human disease.

SEQUENCE VARIATION AND DISEASE

The genes and underlying sequence variants that cause
over 1400 diseases have already been identified (data
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from Online Mendelian Inheritance in Man: http://www.
nchinlm.nih.gov). The majority of these have been rare
single-gene disorders. In most cases, linkage studies in
large affected families have been used to target a genomic
region in order to screen for mutations that disrupt a can-
didate gene (“positional cloning”; Collins 1992). In a few
studies, detection of a cytogenetic abnormality (e.g., a
translocation) provided the necessary positional informa-
tion, and a few genes were discovered using prior knowl-
edge of the protein (e.g., amino acid sequence). The
“parametric” linkage approach used in the single-gene
disorders has been successful in only a few polygenic con-
ditions, where the gene has a sufficiently strong effect to
show a clear familial inheritance pattern. Examples in-
clude susceptibility loci for breast cancer (BRCA 1 [Miki
etal. 1994] and BRCA2 [Wooster et al. 1995]) and the ini-
tial study of maturity onset of diabetes of the young
(MODY) (for review, see Bell and Polonsky 2001). How-
ever, in most studies, this approach has been largely un-
successful as little or no convincing linkage has been
found. Alternative linkage strategies that do not rely on
specific transmission patterns initially held great promise
for complex trait applications (as seen, for example, in the
discovery of NOD2 with Crohn’s disease [Hugot et al.
2001; Ogura et al. 2001] and CTLA-4 with Graves® dis-
case [Ueda et al. 2003]), but have not yet vielded many
consistent results. Population-based association studies
are believed to offer greater statistical power in detecting
genetic effects underlying complex traits (Risch 2000).
An association study is used to test for a positive cor-
relation between a sequence variant in the genome and a
disease or measurable phenotype (Risch and Merikangas
1996). For example, a genotyping assay is used to deter-
mine the frequency of each allele at a particular locus in
separate, matched groups of patients and controls (a case-
control study). If one of the alleles has a high frequency
in cases compared to controls, this is evidence for associ-
ation of that allele with the disease. A direct association
study uses a set of candidate gene variants that are pre-
sumed to include the causal variant(s) (Risch and
Merikangas 1996). It tests the hypothesis that a particular
variant is directly involved in the phenotype. An indirect
study uses anonymous variants (such as SNPs) as mark-
ers (Collins et al. 1997). It tests the hypothesis that a
marker is closely linked to an unknown causative variant.
A direct association study was used to demonstrate the as-
sociation of a 32-base deletion (A32) in the cytokine re-
ceptor 5 gene (CKR3J) and resistance to HIV. The CKRS
protein is a G-protein-coupled receptor on the surface of
CD4" T-lymphocytes that appears to be an efficient co-
receptor for HIV-1 viral strains. The deletion variant is
nonfunctional with respect to both its natural function and
its capacity to mediate HIV-1 infection. The homozygous
form (A32/A32) was strongly associated with a protective
effect against HIV-1 infection, and there was also evi-
dence that the heterozygous form (+/A32) delayed pro-
gression to acquired immune deficiency syndrome in
some cases (Dean et al. 1996). An indirect association
study was used to follow up an earlier linkage to part of
Chromosome 5g31 to inflammatory bowel disease (IBD)

(Rioux etal. 2001). Using a dense panel of SNPs, the dis-
ease was associated with a common haplotype, and the
critical region was reduced from ~1 Mb to 250 kb.

The power of a direct association study is influenced
by the allele frequency and risk ratio of the causative vari-
ant in relationship to the sample size. Detecting causative
variants in association studies requires a progressively
larger sample size as the allele frequency or risk ratio of
the variant decreases. For indirect association studies, an
additional factor is the degree of correlation between the
anonymous markers used in the study and the causative
variant. If one of the markers is completely correlated
with the causative variant, the power of the indirect study
will match that of the direct approach. In most cases.
however, we expect the available anonymous markers to
be incompletely correlated, and the indirect approach will
have less power. If the allele frequency of the anonymous
markers is substantially different from the unknown func-
tional variants. this will also reduce power (Risch 2000:
Zondervan and Cardon 2004).

Causative variants that are known to contribute to com-
mon disease include examples of a range of allele fre-
quencies (0.85-0.01 in the examples listed in Table 1).
There may be diseases caused by multiple rare variants at
the same locus (e.g.. the NOD2 locus; Hugot et al. 2001;
Ogura et al. 2001). In these cases, each variant is of inde-
pendent origin and is therefore carried on a different hap-
lotype. The ability to detect these variants by association
will depend on the power of the study to detect each indi-
vidual variant. The case-control association studies re-
ported to date have demonstrated the ability to detect dis-
case-associated variants with modest relative risks. For
example, the association of LTA-3 with myocardial in-
farction was essentially hypothesis-free: 65,671 SNPs
distributed in 13,738 genes throughout the genome were
tested in 1,133 cases and 1,006 controls (in a two-tier
study). and homozygosity with respect to each of two
SNPs (both in the LTA-3 gene) showed significant asso-
ciation with the disease (Ozaki et al. 2002). Evidence was
obtained suggesting a possible functional significance for
each variant that might correlate with phenotype. If so,
then this would be a direct association study. Studies such
as this provide an indication of the future potential and
limitations of the approach. For some of the other disease
studies listed in Table 1, prior linkage to a chromosomal
region was also detected, and this positional information
was used to select genes or variants for use in the associ-
ation study.

Before starting a direct association study, it is neces-
sary to find the functional variants for the study by se-
quencing candidate genes in multiple individuals. For
maximum sensitivity, the best approach would be to se-
quence a group of affected individuals (specific to each
study) that should be enriched for disease-associated
variants. Alternatively, a large number of control samples
would need to be sequenced to capture the low-frequency
variants that might be expected (for estimates, sce
Kruglyak and Nickerson 2001). Either option is limited
by cost and by the fact that we do not yet know all the
functional regions of cach gene that would need to be se-
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Table 1. Genetic Discase Variants

Frequency Allelic
Reference Phenotype Gene Allele (between 0 and 1) relative risk
Bentley et al. (1986) Hemophilia B FIX Arg -4 Gln 1.7x107° o
Bell ct al. (1984) IDDM INS VNTR 0.7 2
Altshuler et al. (2000) NIDDM PPARG Pro 12 Ala 0.8 1.25
Ozaki ct al. (2002) MI LTA-3 Thr 26 Asn 0.5 1.8
Ueda et al. (2003) Graves CTLA4 Thr 17 Ala 0.35 T
Palmer et al. (1991) Creutzfcldt-Jacob PRNP Met 129 Val 0.35 3
Saunders et al. (1993) Alzheimer’s APOE Cys 112 Arg 0.16 4
Dean et al. (1996) HIV resistance CCRS5 del 32 0.10 7
Bertina et al. (1994) thrombosis FV Arg 506 Gln 0.05 g
Ogura et al. (2001) Crohn’s NOD2 1007 fs 0.04 2
Hugot et al. (2001) Crohn’s NOD2 Arg 702 Trp 0.04 5
Hugot et al. (2001) Crohn’s NOD2 980 fs 0.02 6
Hugot et al. (2001) Crohn’s NOD2 Gly 908 Arg 0.01 6

quenced. However, it is important to pursue this strategy,
as it will be very effective to search for rare variants, ei-
ther in control groups or patient collections, in order to
explore the full extent of functional sequence variation in
the genome.

Before embarking on the indirect approach, we need to
develop a comprehensive panel of anonymous markers
(SNPs). This can be done for each gene or chromosomal
region of interest, but it will be much more valuable to do
it systematically across the whole genome and develop a
freely available resource. Once created, this SNP panel
can be applied universally to any search for associations
with any discase or phenotype. It is critical that as near as
possible, every part of the genome is tightly linked to at
least one marler of the panel. Development of this panel
requires a dense SNP map, technology to genotype a large
number of SNPs in multiple DNA samples, an effective
way to measure linkage between SNPs, a strategy that can
be adjusted to characterize regions of high and low link-
age disequilibrium (LD), and a way to assess the extent
that common patterns of variation are captured in each
population group. Recent research on a number of iso-
lated genomic regions and whole chromosomes has led to
evaluation of these requirements, as discussed below.

LINKAGE DISEQUILIBRIUM AND
HAPLOTYPES

The degree of correlation between two markers can be
determined by population genetic analysis. If the alleles
of two neighboring SNPs are in equilibrium in the popu-
lation, the alleles at each SNP are independent from one
another. If this is the case, each haplotype (each combi-
nation of two alleles) occurs at a frequency that is the
preduct of the frequency of each individual allele. If, on
the other hand, particular SNP alleles occur together
more often than expected by the equilibrium model, they
are said to be in association, or LD. LD between two loci
(“pair-wise” LD) is determined empirically by carrying
out genotyping experiments on a population sample and
calculating the difference between expected and observed
frequencies of each combination of alleles. The most
commonly used measures of LD are D’ (Lewontin 1964)
and 12 (Hill and Robertson 1968; Ohta and Kimura 1969;

for further discussion, see Wall and Pritchard 2003).

In general, pair-wise LD decreases with increasing
physical distance between markers. This is because over
longer distances there is a higher chance that ancestral re-
combination events have occurred between the markers.
However, LD is also highly variable with respect to phys-
ical distance ( Clark et al. 1998; Abecasis etal. 2001; Re-
ich et al. 2001: Dawson et al. 2002). Another observation
is that variants which arose recently (for example, most
rare variants) tend to exhibit LD over longer distances, re-
flecting the low probability of a nearby recombination in
relatively few generations.

A whole-chromosome study enabled systematic corre-
Jation of LD with respect to physical distance and a wide
range of structural and genetic features (Dawson et al.
2002). Individual genotypes were collected for 1,504
evenly spaced SNPs along Chromosome 22 (average
spacing 1 SNP/20 kb) in a panel of DNAs of North Euro-
pean origin. The profile of LD along the chromosome
was determined by averaging pair-wise LD measure-
ments within 1.7-Mb sliding windows. This study re-
vealed highly variable patterns of LD in different chro-
mosome regions, and two notable regions where LD
extended over hundreds of kilobases (Fig. 2). LD did not
correlate with any features of the gene content, repetitive
sequence, or other structural features such as base com-
position. However, there was a strong correlation be-
tween high LD and low recombination frequency (Fig. 2),
indicating that historical and contemporary recombina-
tion are related, and nonrandom along the chromosome.
Within the regions of high LD, it was also possible to ob-
serve that a limited number of haplotypes accounted for
the majority in the population. For example, over a 700-
kb region, 5 extended haplotypes together accounted for
76% of the individual chromosomes studied, the remain-
der being accounted for in 12 rare haplotypes (Dawson et
al. 2002).

The results of several parallel studics revealed similar
findings: that LD was highly variable, and that it was pos-
sible to define short regions where LD was consistently
high between all markers and where there were a limited
mumber of common haplotypes. Following the initial
work of Daly et al. (2001), Gabriel et al. (2002) devel-
oped a method to define regions of high LD as oceurring
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Figure 2. Linkage disequilibrium (LD) and meiotic recombination: Chromosome 22. The LD profile is based on average D’ values
in sliding windows (see text). LD and cumulative recombination frequency are plotted relative to physical distance along the chro-
mosome, with the telomere of the long arm on the right of the figure.

where pair-wise LD values (based on D’) between three
or more adjacent SNPs exceeded a defined threshold (see
Fig. 3a—c). Within regions of high LD, it was possible to
define a limited number of common haplotypes that rep-
resented most of the chromosomes in the study (Fig. 3d).
These regions were termed “haplotype blocks” (Gabriel
et al. 2002). They were separated by regions where LD

had not been detected, either because LD was low or be-
cause there were too few markers available. The block
method did not fully take into account LD between blacks
and did not provide a continuous view of the pattern of
LD. Nevertheless, it would be possible to use it as a sim-
ple and reliable indicator of regions where data from
more SNPs was needed. As expected from previous work
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Figure 3. SNPs, linkage disequilibrium, and haplotypes. The schematic diagram depicts the course of an experiment carried out in
two tiers as follows. First tier: From the SNP map of the genome, SNPs are selected (blue vertical bars in a) and used to genotype
DNA samples. The results are used to calculate pair-wisc LD (curved arrows in b), and the results are compiled to define regions of
high LD (diagonally shaded boxes in ¢, drawn over the SNP map). At this point, overall progress in characterizing LD is assessed,
and additional SNPs are selected where more data are needed (red vertical bars in a and ¢). Common haplotypes (colored bars in d)
are determined from the LD data. A subset of the SNPs (“tag” SNPs: arrows in e) is sclected that captures most or all of the common

variation in the region (see text for details).
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(Clark et al. 1998; Reich et al. 2001), this study also re-
vealed greater diversity in African-Americans than in
North Eurepeans with respect to ancestral recombin ation
and polymorphism. A lower average block size was esti-
mated in the African-Americans than in North Europeans
(11 kb vs. 22 kb), and within blocks, the average haplo-
type diversity was higher in African-Americans than in
North Europeans (5 vs. 4.2 haplotypes per block). The
study by Patil et al. (2001) took a different approach.
Oligonucleotide sequencing arrays representing the non-
repetitive sequence in Chromosome 21 were used to de-
tect SNPs and common haplotypes by analysis of 20 in-
dividuals. 24,047 SNPs detected blocks of common
haplotypes of average size 13 kb and 3.2 haplotypes per
block covering 80% of the chromosome. (Blocks with 1
or 2 SNPs were excluded from these calculations.)

Comparison of the studies listed in Table 2 revealed
that for most of them, detection of LD was limited by
SNP availability. Caution should be exercised in this
comparisen, as some data sets were small and the criteria
for measuring high LD were slightly different; but the
overall trend was clear. As SNP spacing decreased from
20 kb to 8 kb, 5 kb, and 1 kb, the proportion of the stud-
ied genomic regions where high LD was detected in-
creased from 20% to 58%, 78%, and 95%, respectively
(see Table 2). Future studies of the genome therefore
needed more SNPs, particularly in regions where little or
no LD had been detected.

Another important observation from these studies is
based on the idea that the variation data derived from the
initial SNPs could be used to select a subset of the SNPs
that distinguished the different haplotypes, and thus cap-
tured most or all of the information on comumon variation
in the region. These “haplotype tag SNPs” (htSNPs) (see
Fig. 3e) (Johnson et al. 2001; see also Fig. 1 in Interna-
tional HapMap Consortium 2003) would be maximally
informative and could be used in future association stud-
ies, whereas the other SNPs could be discarded. In three
of the studies listed in Table 1, htSNPs were identified
comprising between 27% and 20% of the initial SNPs.
Determining LD and haplotype patterns empirically
could therefore enable fourfold savings in future associa-
tion studies with little or no loss of power, assuming the
patterns of haplotype diversity were the same in the ini-
tial population and the subsequent disease sample. The
conclusions from these studies provided the motivation
for planning a large-scale pilot study on Chromosome 20
(se¢ below), and also the International HapMap Project,
to determine common LD and haplotype patterns
throughout the human genome, in multiple ethnic groups
(International HapMap Consortium 2003).

CHROMOSOME 20

The experience gained in the previous studies illus-
trated the need to produce genotype data with very high
densities of SNP maps, and to evaluate how SNP density
affects measurement of LD and haplotype analysis over
large genomic regions. These conclusions formed the ba-
sis for a study of Chromosome 20. At the time, the exist-
ing map for this Chromosome contained a total of 46,000
candidate SNPs (1 SNP/1.3 kb on average). Further anal-
ysis of the SNP distribution along the chromosome re-
vealed that only 30% of the sequence contained 10 or
more SNPs per 10-kb window. Given that the density of
SNPs used in the study of Jeffreys et al. (2001) (see Table
2) was higher than this, it was necessary to generate many
mare SNPs in order to obtain this density over the rest of
Chromosome 20. Random shotgun sequencing of Chro-
mosome 20 (purified by flow sorting) generated addi-
tional SNPs to obtain a minimum density of 10 SNPs per
10 kb (close to the density used in the Jeffreys study) for
almost all the chromosome (P. Deloukas et al., unpubl.).
The need to supplement the existing SNP map to this
level was confirmed in the findings of the subsequent LD
analysis and has since been adopted on a genome-wide
basis (see above).

SNPs were selected from the new Chromosome 20
map at ~1-kb spacing and typed using the Golden Gate
assay (Fan et al., this volume) in samples of North Euro-
pean, African-American, and East Asian origin. Analysis
of a 10-Mb region (Ke et al. 2004) revealed variable LD
along the chromosome and good correlation between
high LD and low recombination frequency, as observed
in the Chromosome 22 study. Progressive removal of
subsets of the raw data did not alter the LD profile ob-
tained by the sliding windows method (using 500-kb win-
dows), illustrating that this view of LD is robust at SNP
densities of 1 SNP/10 kb and above. The profiles were
also consistent between all three population groups, al-
though overall LD was lower in the African-Americans
than in the other two groups.

In contrast to the LD profiles, it was found that haplo-
type block patterns were not stable. These differed de-
pending on the SNP densities, and were particularly un-
stable at low densities both in regions of high and low LD
(see Fig. 4) (Ke etal. 2004). This result suggested that fu-
ture studies should be carried out at a minimum density of
1 SNP/5 kb. More SNPs were also required, particularly
in areas of low LD, and more SNPs might also be re-
quired to confirm patterns of LD and haplotypes n areas
of high LD (see SNPs marked in blue in Fig. 3a and c). At
the highest SNP density, the overall coverage of the re-

Table 2. LD Studies

SNP LD
Region kb SNPs spacing (% region tag SNPs

Study studied studied (total)  (kb) covered) ( % of total)
Dawson et al. (2002)  Chromosome 22 30,000 1.504 20 20 —
Gabriel et al. (2002) 51 regions 13,000 1,970 7. 58 —
Daly et al. (2001) region 5g31 460 103 5 78 2
Johnson et al. ( 2001)  selected genes 135 122 1.1 n.d. 27
Jeffreys et al. (2001)  human MHC 216 179 1.2 95 20




HUMAN SEQUENCE VARIATION 61

p q
Chromosome 20 T B | 1 X I B 11 = )
23 = § IR i N |
X ST TR B BT | _
verage = i I ncreasing
marker | = 5 marker
spacing R . density
(kb) 7.5 e 1 i
0 g
—
100 kb

Figure 4. LD analysis of Chromosome 20. Haplotype blocks (red and black boxes) were computed from LD data on Chromosome 20
and are shown for two regions, one each of high and low overall LD. The analysis is repeated using data from different densities of
SNPs (average marker spacings in each analysis are listed on the left of the figure, and increasing SNP density is indicated by the ver-

tical arrow).

gion in high LD was estimated to be 65% in the North Eu-
ropeans and 45% in the African-Americans (Ke et al.
2004). The coverage estimates for North Europeans fits
the trend in Table 1. However, the lower coverage figure
for the African-Americans suggests that more dense SNP
sets may need to be used in these populations—echoing
the earlier findings of the Gabriel study (Gabriel et al.
2002). The block patterns also varied significantly when
using different analytical methods, indicating the need for
other ways to describe LD patterns on a fine scale. For ex-
ample, LD unit maps (Maniatis et al. 2002) reflect con-
tinuous views of LD, although they are to some extent
sensitive to varying allele frequency. A promising ap-
proach is the development of methods to estimate recom-
bination rates on a fine scale using the same data sets de-
scribed above (McVean et al. 2004). These approaches
could enable a precise assessment of progress in charac-
terization of LD in the genome, identify and prioritize re-
gions that require more data, and help assess the ability of
panels of anonymous markers to detect unknown disease-
related variants.

IMPLICATIONS FOR FUTURE STUDIES

The first global study of patterns of common variation
in the human genome has crystallized in the form of the
International HapMap Project (International HapMap
Consortium 2003). The density of SNPs that are now
available in the public domain is likely to be sufficient for
this initial analysis of LD and common haplotypes, al-
though some targeted SNP discovery to fill gaps may be
necessary. This project will produce a freely available
genome-wide panel of tested SNPs that can be assessed
for use in association studies. It is intended to reduce the
need for researchers to search for their own SNPs, and to
enable better searches for disease variants in genes, chro-
mosomal regions, or ultimately, the whole genome using
the indirect association approach. Evaluation of the pa-
rameters that govern association studies are still required,
and the results of pilot studies might help calibrate the
HapMap and other studies to fit more precisely with their
anticipated applications. In parallel, it is also necessary to

address the challenge of developing sufficiently large
sample collections with accurate, accessible phenotype
information. Without this, even a perfect SNP panel that
covers 100% of the genome will lack the power to estab-
lish an association between genotype and phenotype.

We should continue sequence-based discovery of vari-
ants on a genome-wide basis; this would give us an unbi-
ased and properly quantified picture of the extent of com-
mon sequence variation in the human population,
replacing the current simulation-based estimates. Achiev-
ing the first step at this level would benefit from upward
of 100 individual human genome sequences, a task that
requires a greater than tenfold increase in sequence out-
put and is likely to demand the successful implementation
of new technologies for cheap, accurate, high-throughput
resequencing. Discovering rare variants (m.a.f. < 1%)
would require improvements of a further one or two or-
ders of magnitude in sequencing. At present, therefore,
pursuing rare variants remains in the domain of individ-
ual candidate genes and may be best carried out in con-
junction with a genetic disease study. Both candidate
gene and whole-genome sequencing will also be instru-
mental in characterizing somatic variants that cause can-
cer, as demonstrated, for example, by Davies et al.
(2002). Systematic pursuit of these areas of research will
help us gam a view of the complete spectrum of variant
allele frequencies that contributes to human disease.

As we learn more about the full extent of functional se-
quences in the genome, our knowledge of the function-
ally important subset of variants will increase (for further
discussion, see Bentley 2004). Developing a panel of
functional variants for all genes would increase the power
of association studies. However, we must be aware of the
unknown; any association study based on the direct ap-
proach needs to take account of the possibility that the
frue causative variant is not included in the study. It is
therefore necessary to establish the underlying mecha-
nism and explain the functional significance of the vari-
ant. Within the medical field, understanding the mecha-
nism that underlies disease will be the most effective way
to make progress in diagnosis, alleviation, and the effec-
tive treatment of disease.
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