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We use genotype data generated by the International HapMap Project to dissect the relationship between sequence
features and the degree of linkage disequilibrium in the genome. We show that variation in linkage disequilibrium is
broadly similar across populations and examine sequence landscape in regions of strong and weak disequilibrium.
Linkage disequilibrium is generally low within ∼15 Mb of the telomeres of each chromosome and noticeably elevated
in large, duplicated regions of the genome as well as within ∼5 Mb of centromeres and other heterochromatic
regions. At a broad scale (100–1000 kb resolution), our results show that regions of strong linkage disequilibrium are
typically GC poor and have reduced polymorphism. In addition, these regions are enriched for LINE repeats, but
have fewer SINE, DNA, and simple repeats than the rest of the genome. At a fine scale, we examine the sequence
composition of “hotspots” for the rapid breakdown of linkage disequilibrium and show that they are enriched in
SINEs, in simple repeats, and in sequences that are conserved between species. Regions of high and low linkage
disequilibrium (the top and bottom quartiles of the genome) have a higher density of genes and coding bases than
the rest of the genome. Closer examination of the data shows that whereas some types of genes (including genes
involved in immune response and sensory perception) are typically located in regions of low linkage disequilibrium,
other genes (including those involved in DNA and RNA metabolism, response to DNA damage, and the cell cycle)
are preferentially located in regions of strong linkage disequilibrium. Our results provide a detailed analysis of the
relationship between sequence features and linkage disequilibrium and suggest an evolutionary justification for the
heterogeneity in linkage disequilibrium in the genome.

[Supplemental material is available at www.genome.org. The following individuals kindly provided reagents, samples,
or unpublished information as indicated in the paper: J. Mullikin, G. McVean, and C. Freeman.]

Large-scale data sets providing information on linkage disequi-
librium for >1 million markers are now available (The Interna-
tional HapMap Consortium 2003; Hinds et al. 2005). These data
sets will aid in the design and interpretation of genome-wide
association studies and facilitate the identification of alleles un-
derlying susceptibility to complex disease (Cardon and Abecasis
2003; Hirschhorn and Daly 2005). An example of the utility of
these resources is the recent positional cloning of a susceptibility
gene for age-related macular degeneration (Edwards et al. 2005;
Haines et al. 2005; Klein et al. 2005; Zareparsi et al. 2005).

In addition to facilitating genome-wide association studies,
these data sets also provide us with the best opportunity yet to
explore the relationship between local sequence features and pat-
terns of linkage disequilibrium (Abecasis et al. 2005). Although
this relationship has been examined in several previous studies
(for examples, see Eisenbarth et al. 2000; Yu et al. 2001; Dawson
et al. 2002), these have focused on relatively small amounts of
data. The results of these initial studies show that linkage dis-
equilibrium is strongly influenced by the local recombination

rate (Dawson et al. 2002) and correlated with other factors that
are associated with local recombination rates, such as GC con-
tent, gene density, and the presence of SINE or Alu repeats (Ful-
lerton et al. 2001; Yu et al. 2001; Dawson et al. 2002). New large-
scale data sets will enable us to more precisely characterize and
quantify the relationship between these types of sequence fea-
tures and linkage disequilibrium, thus furthering our under-
standing of genome architecture.

The effects of population history on linkage disequilibrium
have been extensively studied analytically (for examples, see
Ohta and Kimura 1969; Nei and Li 1973), through simulation
studies (Hudson 1990; Kruglyak 1999) and in data sets that in-
clude genotype data collected in multiple populations (Tishkoff
et al. 1996; Gabriel et al. 2002). Many of these effects are now
well understood—for example, it is generally accepted that
whereas population bottlenecks, geographic subdivision, and
natural selection can increase the extent of linkage disequilib-
rium, population growth and random mating tend to decrease
the extent of linkage disequilibrium in a genome.

In addition to these population genetic factors, the extent of
linkage disequilibrium in a particular genomic region can also be
influenced by the physical characteristics of the surrounding
DNA sequence (Abecasis et al. 2005; Nordborg and Tavare
2005). In principle, local sequence features can affect linkage
disequilibrium in several different ways, both directly and indi-

5These two authors contributed equally to this work.
6Corresponding author.
E-mail daryl@soe.ucsc.edu; fax (831) 459-1809.
Article and publication are at http://www.genome.org/cgi/doi/10.1101/
gr.4421405. Freely available online through the Genome Research Immediate
Open Access option.

Letter

15:1519–1534 ©2005 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/05; www.genome.org Genome Research 1519
www.genome.org
































