belts, may thus be one of the most promising places
to search for vestiges of early life on Earth.
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The nature and scale of recombination rate variation are largely unknown
for most species. In humans, pedigree analysis has documented variation at
the chromosomal level, and sperm studies have identified specific hotspots
in which crossing-over events cluster. To address whether this picture is
representative of the genome as a whole, we have developed and validated
a method for estimating recombination rates from patterns of genetic
variation. From extensive single-nucleotide polymorphism surveys in Eu-
ropean and African populations, we find evidence for extreme local rate
variation spanning four orders in magnitude, in which 50% of all recom-
bination events take place in less than 10% of the sequence. We demon-
strate that recombination hotspots are a ubiquitous feature of the human
genome, occurring on average every 200 kilobases or less, but recombination

occurs preferentially outside genes.

The nature and causes of recombination rate
variation in the human genome are little
known. Genetic maps estimated from pedi-
gree studies have revealed chromosome-wide
and sex-specific variation in the rate of re-
combination (/, 2) but only have resolution
above megabase scales. Analyses of recom-
bination break points and, more recently,
cross-over events in sperm have demonstrat-
ed the presence of recombination hotspots in
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a small number of genomic locations; the hu-
man leukocyte antigen (HLA) region (3, 4), the
minisatellite MS32 (3), the pseudoautosomal
region (6), and the 3-globin gene (7). Hotspots
are a feature described in yeast and some
prokaryotes (8) but not documented in oth-
er eukaryotes such as flies and worms.
However, recent observations of a block-
like structure to patterns of human linkage
disequilibrium (9-717) and correlations in
homozygosity (/2) have led to speculation
that most or all human recombination oc-
curs at hotspots (9, 13). But, in fact, it is not
known how widespread hotspots are in the
human genome, neither is the magnitude of
rate differences, nor the physical scales
over which this occurs, known.
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An understanding of the genomic land-
scape of human recombination rate variation
would facilitate the efficient design and anal-
ysis of disease association studies and greatly
improve inferences from polymorphism data
about selection and human demographic his-
tory. Fine-scale recombination rate estimates
would also provide a new route to under-
standing the molecular mechanisms underly-
ing human recombination. Current approach-
es cannot provide this information: Pedigree
studies do not have the required resolution,
whereas sperm analyses can only detect re-
combination rate variation in males and are
impracticable for studies on chromosomal
scales. Here, we present and validate a coa-
lescent-based method for estimating recom-
bination rate variation at kilobase scales from
large surveys of single-nucleotide polymor-
phism (SNP) variation. With the advent of
genome-wide diversity studies, such as the
HapMap (74), this will allow the construction
of the first fine-scale genetic map in humans.

Patterns of genetic diversity and LD are
shaped by many factors (/5), mutation, recom-
bination, selection, population demography,
and genetic drift. Typically, they display sub-
stantial stochastic variation. Extracting the sig-
nal of recombination rate variation from such
data presents a challenging statistical problem
(16). Our approach, based on an approximation
to the coalescent, is motivated by recent devel-
opments in computationally intensive popula-
tion genetics inference methods (1 7-19). Infor-
mally, we extend the composite likelihood ap-
proach of Hudson (20) to allow different re-
combination rates between each pair of SNPs
and adopt a Bayesian implementation in which
the prior distribution encourages short-range
smoothness in estimated recombination rates
and avoids over-fitting (fig. S1 and table S1).
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The method allows for rate estimation over
various scales, from a finest scale of kilobases
up to that of current genetic maps. It applies to
phased or unphased genotype data, is largely
insensitive to SNP ascertainment strategy, al-
lows for repeat mutation, handles missing data,
and is computationally practicable for genome-
wide variation surveys (27). [See the supporting
online material (SOM) for details.]

At a qualitative level, correlations have
been observed over megabase scales between
simple summaries of LD and the existing
genetic map (22). It is less clear whether
reliable fine-scale recombination rate esti-
mates can be obtained from polymorphism
data. We have validated our approach in three
ways: by extensive simulation studies (see
SOM) and by comparisons with independent
estimates of recombination rates, both over
large scales from the genetic map and over
fine scales from sperm analysis.

Conventional genetic maps estimate recom-
bination rates over megabase scales. Rate esti-
mates at the same scales can be obtained from
our population genetic method by summing local
rates over equivalent intervals. We compared the
genetic maps obtained by pedigree-based and
population genetic methods for the long (q) arms
of chromosomes 19 (22) and 22 (23) [from a
European population (24)] (Fig. 1). There is
strong agreement between the methods over the
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Fig. 1. Estimated recombination rate varia-
tion at a 2-Mb scale on the long arms of
chromosomes 19 (A) and 22 (B). Estimates
from pedigree data (7) (blue) and population
genetic data, summed over 2-Mb intervals
(red). Positions of markers in the pedigree-
based map are indicated by blue dashes; SNP
density for the population genetic maps is
too high to represent at this resolution (1823
and 1504 SNPs for chromosomes 19 and 22,
respectively). Genotype data from (22, 23).
To rescale population genetic estimates, N,
was estimated from a comparison of the
genetic map distance across the entire chro-
mosomal arm and the estimated population
recombination rate for the same region.

majority of the chromosomes, although some
discrepancies are observed at the chromosome
arm ends, particularly where marker density for
the pedigree-based map is low.

Where recombination hotspots and coldspots
have been previously detected in the HLA region
(3), our novel population genetic approach ob-
tains very similar estimates of the location and
scale of recombination rate variation (Fig. 2).
The population genetic analysis also provides
information about recombination rate variation
in females (unlike the sperm analysis). We con-
clude that there are no female-specific hotspots
in the region and that the ones observed in males
are also found in females (25). A further advan-
tage of the population genetic approach is that
the method can reliably estimate recombination
rates in regions of low (but nonzero) recombina-
tion. For the 53-kb region between the DNA3
and DMBI hotspots, we estimate the male re-
combination rate to be 0.08 centimorgan per
megabase (or a sex-averaged rate of 0.19 cM/
Mb) and confirm the presence of recombination
by the detection (26) of at least seven historical
recombination events. To estimate such a low
rate accurately by counting cross-over events in
sperm or pedigree analyses would require at least
250,000 informative meioses.

Conclusions about the fine-scale structure
of recombination rate variation in the human
genome drawn from our population genetics
approach must be robust to variation in de-
mographic history between populations, SNP
spacing, SNP ascertainment, and differences
among genomic regions. We have addressed
the influence of such factors through simula-
tion and the analysis of data sets that vary in
population origin (and demographic influenc-
es), SNP density, SNP minor allele frequency
distribution, and genomic location. Simula-
tions show that the method is largely robust
to deviations from the assumed neutral coa-
lescent model, including population growth,
population bottlenecks, and gene conversion
(fig. S2 and table S1). Robustness to differ-
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10 4

(cM/Mb)

ences in population history is also confirmed
empirically by the similarity across popula-
tions in both the details of estimated rates and
the overall picture of recombination rate vari-
ation from homologous regions in a dense
SNP survey of chromosome 20 (average SNP
spacing of 2.3 kb) in European and African
American populations (27) (Fig. 3 and fig.
S3; the correlation between the natural log of
the rate estimates between SNPs in the two
populations is 0.75), and a genome-wide set
of 74 regions (average SNP spacing of 5.8
kb) in European [Centre d’Etude du Polymor-
phism Humain (CEPH)] and African (Yoru-
ban) populations (/0) (Fig. 3C). The near-
identical estimates of the pattern of rate vari-
ation obtained from different genomic re-
gions with different SNP spacing (Fig. 3C)
demonstrate that the patterns we observe are
a general feature of the human genome and
not an artifact of experimental design, nor of
factors such as natural selection that affect
diversity in a particular region. Similar re-
sults were also obtained by artificially thin-
ning the chromosome 20 data set to an aver-
age SNP spacing of 4.6 kb (fig. S3). Because
the data sets analyzed differ in how candidate
SNPs were identified and in minor allele
frequency distribution (important because it
is an effect induced by SNP ascertainment
and because simple measures of LD are in-
fluenced by allele frequency), we conclude
that our approach is also robust to SNP as-
certainment strategy, a conclusion confirmed
by simulation [fig. S2 and (28)].

Figure 3a shows the estimated recombi-
nation rates in the chromosome 20 region
for the European population, together with
the pedigree-based estimate, the location of
recombination hotspots with strong statis-
tical support (see SOM) and the positions
of known genes. Unlike the pedigree-based
estimate, which is essentially uniform over
the interval, we find evidence for unprece-
dented (and statistically significant — see

0.1 T
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Fig. 2. Comparison between estimates of local recombination rates from population genetic data
(red) and sperm analysis (blue) in the HLA region; data from (3). To convert the male crossing over
rates to sex-averaged rates, we used the previous observation that the female crossing-over rate
in this region is about four times that of males (42).
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SOM) variation in the recombination rate,
spanning four orders in magnitude (Fig.
3B). Our analysis establishes that recombi-
nation hotspots are a ubiquitous feature of
the human genome, and occur on average
every 200 kb or less. For example, in the
European sample from chromosome 20, we
find 48 positions where there is at least a
fivefold increase in estimated local recom-
bination rate and also strong statistical sup-
port (P < 0.001) for the presence of a
hotspot (Figs. 3A and 4), which suggest the
presence of at least 15,000 hotspots in the
human genome. However, we also find
more extended regions where the back-
ground recombination rate is relatively
high. In addition to the very fine scale
variation in recombination rate, an under-
lying fluctuation in the background rate can
also be seen acting over a much larger
scale. We also find that regions of low
recombination tend to be more extensive
than regions of high rate: The average
length of regions where all SNP intervals
fall in the bottom 10% of rates is 91 kb,
compared with an average of 19 kb for the
top 10% of rates.

The picture of recombination rate variation in
chromosome 20 and the genome-wide regions is
different from that previously reported in the
HLA region (3). We can represent the nature of
recombination rate variation both through the
distribution of recombination rates (which is
roughly exponential, Fig. 3B) and the proportion
of recombination that occurs in a given fraction
of the sequence (Fig. 3C; obtained by ordering
SNP intervals by their estimated rate in descend-
ing value and plotting the cumulative genetic
distance against the cumulative physical dis-
tance). For the chromosome 20 (27) and Gabriel
et al. (10) genome-wide data from Europeans,
we estimate that 50% of all recombination oc-
curs in less than 10% of the sequence, whereas,
in the HLA region, 80% of all recombination
occurs in less than 10% of the sequence. In short,
the pattern of short recombination hotspots sep-
arated by large recombination coldspots, as ob-
served in the HLA region, does not appear to be
typical of the genome as a whole. We detect
slightly less recombination rate variation in the
African American and Yoruban populations
(50% of recombination occurs in 15% of the
sequence). However, we also find from simula-
tion that population bottlenecks, as have proba-
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Fig. 3. Recombination rate variation. (A) Estimated recombination rate along a 10-Mb region of
chromosome 20 in a European (UK Caucasian) sample (black line). Superimposed are the 2.5 and
97.5 percentiles of the sampling distribution for local rates (gray, see SOM for details); the position
of recombination hotspots (estimated increase in rate by a factor of at least 5 over local
background) with strong (P < 0.001) statistical support (vertical lines, see SOM); the recombination
rate estimated from pedigrees (red line); and the location of genes on the plus (dark blue) and
minus (light blue) strand (43). Note the remarkable lack of recombination around the triplet repeat
NCOAS3 gene, start position 46,769 kb. (B) Cumulative distribution of recombination rates from the
same sample, Europeans (red) and African Americans (blue), and for the HLA region (black). (C)
Cumulative plot showing the estimated proportion of recombination occurring in a given fraction
of sequence, where the SNP intervals have been ranked by decreasing recombination rate; colors
as for (B). Data from (27). Also shown are estimates obtained from the genome-wide data of
Gabriel et al. (70) for the CEPH (yellow) and African (purple) populations.
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bly occurred in the history of European popula-
tions (29), increase the power to detect recom-
bination rate variation (probably because they
increase background LD and so make hotspots
more prominent), which suggests that the es-
timate from the European population may be
more accurate. For the chromosome 19 (22)
and 22 (23) data sets, we detect less rate
variation, a result of the considerably lower
SNP density (fig. S4).

Fine-scale estimates of local recombination
rate variation provide an opportunity to deter-
mine how recombination rate is influenced by
genomic context. We find that recombination
rates are lower in genic regions (defined by the
beginning of the first exon of a gene to the end of
the last) than in noncoding regions (ratio = 0.75,
P < 0.02 from permutation). The triplet repeat
gene NCOA3 (start position at 46,769) shows a
striking pattern of corresponding almost perfect-
ly with a strong recombination coldspot (estimat-
ed sex-averaged rate = 0.01 cM/Mb). These
results are in strong contrast with earlier reports
of a positive correlation between gene density
(or features associated with genes such as CpG
islands) and recombination rate (as estimated
from pedigree-based genetic maps) (/, 30). The
apparent contradiction may be explained if re-
combination hotspots are more likely to occur
near genes rather than within them. Such a
pattern may be expected if recombination
typically occurs in regions of open chroma-
tin (37), but there is selection against recom-
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Fig. 4. Properties of recombination hotspots. (A)
Distribution of estimated relative rate increase at
the 48 recombination hotspots in the 10-Mb
region of chromosome 20 for which there is
strong statistical support (P < 0.001) in the Eu-
ropean population. (B) The distribution of the
maximum estimated absolute recombination rate
(in cM/MDb) for the same 48 hotspots.
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bination within exons, for example, if re-
combination is mutagenic (32, 33).

The correlation between genes and recombi-
nation, although statistically significant, does not
explain any appreciable amount of the variation
in recombination rate. We have considered
whether a variety of genomic features previously
associated with recombination rate (I, 30, 34,
35) [GC content, CpG dinucleotide frequency,
poly(A)/poly(T) fraction, and the presence of
(AC), repeats] provide accurate predictors of
local recombination rate. We find that no single
factor, or combination, can explain more than a
small fraction (less than 10%) of variation in
recombination rate, when measured at the high-
est possible resolution (between adjacent SNPs).
When estimates are obtained over increasing
physical scales (by averaging over multiple SNP
intervals), the correlation coefficient between
GC content and recombination rate first increas-
es (up to 50 kb), then decreases toward the value
obtained when recombination rates are estimated
from pedigree-based genetic maps (35). Rate
estimates obtained over multiple SNP intervals
have less variance than for individual intervals
[GM (36)], hence, the pattern is indicative of a
local relation between GC content and recombi-
nation rate. However, local GC content is only a
poor predictor of local recombination rate. One
possibility is that recombination directly influ-
ences local base composition, e.g., through bi-
ased gene conversion (37), but that recombina-
tion rates evolve much faster than local base
composition (which is limited by the rate of
mutation). Variation among individuals in re-
combination rate (2), polymorphisms that influ-
ence local rate (38), and differences in recombi-
nation hotspots between humans and other pri-
mates (39) all suggest that fine-scale recombina-
tion rate variation may change rapidly over
evolutionary time.

Aside from inherent interest, our demonstra-
tion that recombination hotspots are common
and widespread in the human genome has im-
portant implications for the interpretation of ge-
netic maps. In particular, extrapolation of local
recombination rates from pedigree-based maps
would tend to overestimate the rate in most
regions (see Fig. 3A). Similarly, if 50% of all
recombination occurs in only 10% of the se-
quence (or 80% in 25%), variation in rate along
existing genetic maps and between chromo-
somes must be largely due to differences in the
density and intensity of recombination hotspots,
rather than changes in the background rate (al-
though the two may be correlated).

Fine-scale genetic maps have many applica-
tions in both medical and evolutionary biology.
A fine-scale genetic map of the human genome
will have a major influence on many of the key
issues in the design and analysis of association
mapping experiments, such as the choice of tag-
ging SNPs, assessment of experimental power,
and methods for fine-scale mapping. Fine-scale
genetic maps in multiple species will also pro-

vide a powerful tool for answering fundamental
questions in evolutionary biology, such as the
relative influence of adaptive and purifying se-
lection in molecular evolution (40) and what
short-term benefits exist to sexual reproduction
(41). Population-genetic data and the statistical
methods described here enable the construction
of fine-scale genetic maps in any species.
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The Rise of the
Rhizosolenid Diatoms
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The 18S ribosomal DNA molecular phylogeny and lipid composition of over 120
marine diatoms showed that the capability to biosynthesize highly branched iso-
prenoid (HBI) alkenes is restricted to two specific phylogenetic clusters, which
independently evolved in centric and pennate diatoms. The molecular record of C,¢
HBI chemical fossils in a large suite of well-dated marine sediments and petroleum
revealed that the older cluster, composed of rhizosolenid diatoms, evolved 91.5 =
1.5 million years ago (Upper Turonian), enabling an accurate dating of the pace of
diatom evolution that is unprecedented. The rapid rise of the rhizosolenid diatoms
probably resulted from a major reorganization of the nutrient budget in the
mid-Cretaceous oceans, triggered by plate tectonics.

In modern oceans, diatoms are the most im-
portant group of phytoplankton, responsible
for almost half of the marine primary produc-

tivity (/, 2), but their ecological dominance
occurred relatively recently in geological
time (3). The fossil record of marine diatom
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