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A Fine-Scale Map of
Recombination Rates and Hotspots
Across the Human Genome

Simon Myers, Leonardo Bottolo, Colin Freeman, Gil McVean,*
Peter Donnelly*}

Genetic maps, which document the way in which recombination rates vary
over a genome, are an essential tool for many genetic analyses. We present a
high-resolution genetic map of the human genome, based on statistical analy-
ses of genetic variation data, and identify more than 25,000 recombination
hotspots, together with motifs and sequence contexts that play a role in
hotspot activity. Differences between the behavior of recombination rates
over large (megabase) and small (kilobase) scales lead us to suggest a two-
stage model for recombination in which hotspots are stochastic features,
within a framework in which large-scale rates are constrained.

Several recent studies (/, 2) have shown that
fine-scale recombination rates can be success-
fully estimated from genetic variation data by
coalescent-based methods, but to date these
have only been applied to small fractions of the
human genome. Here we studied recombina-
tion rates across the entire genome by applying
one such method, LDhat (/), to a previously
published genome-wide survey of genetic var-
iation in which ~1.6 million single-nucleotide
polymorphisms (SNPs) were genotyped in three
samples: 24 European Americans, 23 Afri-
can Americans, and 24 Han Chinese from Los
Angeles (3). Informally, the method fits a statis-
tical model based on the coalescent to patterns
of linkage disequilibrium, the nonrandom asso-
ciation between nearby SNPs, and then es-
timates recombination rates within this model
in a Bayesian framework in which the prior
distribution encourages smoothness and reduces
overfitting in estimated rates. Recombination
rates were estimated separately for each pop-
ulation sample and averaged to give a single
estimate (4). As a further validation of the ap-
proach used here, scatterplots of our estimated
recombination rates against known rates from
pedigree studies (5, 6) show extremely good
agreement over the megabase scales for which
the pedigree rates have good resolution (fig. S1,
genome-wide R? = 0.96). At the fine scale, we
find strong concordance between genetic
variation—based and sperm-typing estimates
of recombination rates and the location of
hotspots across 3.3 Mb of the human major
histocompatibility region (4, 7) (fig. S2).

The fine-scale genetic map for each of
the 22 autosomes and the X chromosome is
shown in fig. S3 (8); Fig. 1 shows an exam-
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ple for chromosome 12. Compared to existing
genetic maps, recombination rates show much
greater variation at fine scales (Figs. 1 and
2A), and pedigree-based rate estimators are
poor predictors of rates over smaller physical
distances (Fig. 2B). For example, across the
genome, the rank correlation between the rate
over each 5-cM region and that for the 50-kb
interval centered within it is 0.35, and the rank
correlation between the rate over each 5-cM
region and that for the 5-kb interval centered
within it is 0.24. In large part this is because
the fine-scale recombination landscape is dom-
inated by recombination hotspots: Rate esti-
mates show sharp, narrow peaks, with the bulk

REPORTS

of the recombination occurring in a small pro-
portion of the sequence. Typically, 80% of the
recombination occurs in 10 to 20% of the se-
quence (Fig. 2C). An interesting exception to
this pattern is chromosome 19, which has a
much lower density and intensity of hotspots
in addition to having the highest gene density
(9) and proportion of open chromatin (10).

Earlier analyses of pedigree-based maps
reported the presence of recombination deserts
(6, 11)—large (megabase-sized) regions where
there is very little or no recombination. We
also identified such regions (the left-hand
tail of the 5-Mb histogram in Fig. 2A), but
closer inspection revealed that in all such
deserts there are recombination hotspots—
although they are relatively scarce and have
low intensities. An additional nonparametric
analysis (/2), which allows for plausible levels
of genotyping error (/3), shows that apart
from the centromeres, there are no regions of
the genome larger than 200 kb that are com-
pletely devoid of recombination.

To date, fewer than 20 human hotspots
have been identified by direct analyses, typ-
ically through sperm typing in males. Previous
coalescent analyses of population data have
identified rather more (/, 2). The approach
we have applied here and elsewhere (1, 14)
(“LDhot”) has recently been shown empirical-
ly to have reasonable power and, crucially, a
low false positive rate (/5). Using it, we
identified more than 25,000 recombination
hotspots (4), all but a few hundred of which
had not previously been characterized. Of the
hotspots detected in other studies where full

o
o
1

[ 1] e 1N ui

1] POLEL i
UCEIREan T wmy (i

T

2]
o
|

Recombination rate (cM Mb-1)
%] a
o o
| 1

§5 734

(LTER T T A EIY U (R T N NI
Al I LI

Bbnm m un oeee moum

ok

1

T T T T T T
0 20x107 4.0x107 6.0x107 80x107 1.0x10® 1.2x108

12p13.31
12p13.2
12p13.1
12p12.3
12p12.2
12p12.1
12p11.23
12p11.22
it
EZqii
12912
12913.11
12q913.12
12913.13
12913.2

oo
0 0
o o0
- -
o oo
oo
-

Fig. 1. Recombination rate variation along chromosome 12. Shown are estimated recombination rate
(black), locations of statistically significant recombination hotspots [triangles; colors indicate relative amount
of recombination from low (blue) to high (red)], and estimated recombination rates from the deCODE
(6) genetic map (red curve near bottom). Also shown are the location of ENSEMBL genes on the two
strands (blue segments), fluctuations in local GC content (gray lines; averages over 1000-bp windows
shown on an arbitrary scale), and an ideogram of chromosome banding.
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