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Understanding recombination rate variation is very important for studying genome diversity and evolution,
and for investigation of phenotypic association and genetic diseases. Recombination hotspots have been
observed in many species and are well studied in yeast. Recent study demonstrated that recombination hot-
spots are also a ubiquitous feature of the human genome. But the nature of human hotspots remains largely
unknown. We have developed and validated a novel computational method for testing the existence of hot-
spots as well as for localizing them with either unphased or phased genotyping data. To study the character-
istics of hotspots within or close to genes, we scanned for unusually high levels of recombination using the
European population samples in the SeattleSNPs database, and found evidence for the existence of human a
hotspots similar to those of yeast. This type of hotspots, found at promoter regions, accounts for about half
of the total detected and appears to depend on some specific transcription factor binding sites (such as
CGCCCCCGC). These characteristics can explain the observed weak correlation between hotspots and
GC-content, and their variation may contribute to the diversity of hotspot distribution among different indi-
viduals and species. These long-sought putative human a recombination hotspots should deserve further
experimental investigations.

INTRODUCTION

Meiotic recombination has a profound influence on genome
diversity and evolution, and understanding the non-random
distribution of recombination events is important for
explaining genome plasticity and for mapping disease-
related loci. Recombination hotspots (defined as genomic
regions with unusually high levels of recombination relative
to the background) (1) in yeast have been investigated in
detail (2), but the distribution and characteristics of
hotspots for most species and human are largely unknown.
In yeast, the recombination hotspots can be classified into
three major categories: a hotspots, which require the
binding of transcription factors and locate to transcriptional
promoters, b hotspots, which correspond to regions of
nuclease-sensitive chromatin and g hotspots, which are
associated with high GC-content (2). It has also been
suggested that these three categories of hotspots might be
mechanistically related (2). A recent study demonstrated
that recombination hotspots are ubiquitous in the human

genome, occurring on average every 200 kb or less, and
preferentially outside genes (3). It is also recently reported
that 47% of genes showed substantive evidence for a
hotspot (4). But the nature and causes of their existence
remain unclear, except a weak positive correlation between
recombination rate and GC-content has been reported (5–
8). In this paper, we focus on investigating statistical charac-
teristics of putative human hotspots.

SNPs in the human genome are thought to be organized
into blocks of high internal linkage disequilibrium (LD),
separated by intermittent recombination hotspots. To investi-
gate possible characteristics of human hotspots, we
have developed and validated a novel computational approach
(named BPBP) to identify recombination hotspots from
patterns of genetic variation. In order to investigate
the characteristics of hotspots within or close to genes,
we applied our method to scan for putative hotspots in the
gene loci corresponding to the European population
samples in the SeattleSNPs database and studied their salient
features.
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RESULTS

Validation of BPBP with experimental data

The method of BPBP is described in the Materials and
Methods section. We first used experimentally known positive
and negative data sets (see Materials and Methods) to validate
the method.

Human leukocyte antigen hotspots data. The human leukocyte
antigen (HLA) region is a well-studied region where recombi-
nation hotspots have been identified with sperm typing tech-
nology (9). Applied on the HLA SNP data set, our method
detects the existence of hotspots in this region with P-value
,0.001, and also clearly highlights the hotspot regions
(Fig. 1). The peaks of the b-score curve (see Materials and
Methods section) are fairly consistent with the regions contain-
ing hotspots as revealed by the sperm typing experiment (9).

TAP2 hotspot data. For the TAP2 hotspot data (10), our
approach also correctly predicts the existence of the hotspot
(P ¼ 0.048), and delineates the hotspot location (Fig. 2).
According to Jeffreys et al. (9), there might be another
hotspot in the nearby downstream region of TAP2 (marked
by ‘??’ in Fig. 2), thus the TAP2 hotspot might also be a
member of a cluster just as those in HLA-DOA and HLA-
DMB (9). The significant rising of b-score in this region also
indicates that there could be another hotspot at the down-
stream region suggested by the previous experiment.

Human mitochondrial data. We then applied our approach to
the human mitochondrial SNP data (11,12). There has been
little evidence reported for widespread recombination in
human mtDNA (13). Our approach does not find any signi-
ficant hotspots in this negative data set (P-value .0.5),
which is again consistent with the current knowledge.

Human hotspots prediction with BPBP

Seattle SNP data. The SeattleSNPs is a genotype data set of
gene loci that are related to human diseases. We applied the
BPBP method to the entire 127 gene loci (totally �3 Mb
long) in this database to test whether these gene loci contain
recombination hotspots. For the European American
samples, hotspots were detected with significance (P-value
,0.05) in 24 out of the 127 genes (Supplementary Material,
Table 2). In these 24 genes, we identified 35 putative
hotspot regions surrounded by 36 putative coldspot regions,
which are segments (�2 kb or longer) covered by sets of con-
secutive SNPs whose b-scores are less than 0.2 of the
maximum (see Supplementary Material). The average length
of the detected putative hotspot regions is 4.5 kb. They may
be regions containing one or more individual hotspots
[average human hotspot width is �1–2 kb according to
Jeffrey et al. (9)]. The total length of the putative coldspot
regions is �212 kb, with average length of 5.9 kb each.

For the African American samples in the same database,
only two of the 127 genes were detected to have putative
hotspots. This may be caused by some noticeable differences
in the LD block patterns between the two populations,
noting that our approach is based on haplotype block

partitioning (see Supplementary Material). In African Ameri-
can, LD blocks are much shorter, and detecting fine-scale
recombination variations in the African American samples is
more difficult than in the European American samples due
to population bottlenecks that have probably occurred in the
history of European populations but not in African populations
(3,14). In European American, the background LD blocks are
longer, which make the recombination hotspots more promi-
nent and much easier to detect. Because of the limited
number of significant loci and the possible complication in
the African American samples, we only considered the Euro-
pean American samples for the following investigation and
leave the African American data for future study.

Relationship between human hotspots and transcription. In
yeast, a hotspots requiring the binding of transcription
factors are found at transcriptional promoters (2). In our
study on human genes, among the 24 genes where hotspots
were detected, the transcriptional promoter regions of 17
genes are included in the predicted putative hotspot regions
and those of the rest seven are in putative coldspot regions.
Nearly half of the putative hotspot regions cover a promoter
region (17 out of 35). This indicates a significant association
between putative hotspot regions and promoters
(P ¼ 0.0055, which is counted according to Poisson random
process, i.e. the lengths of coldspot regions are drawn from
an exponential distribution which approximately corresponds
to the assumption that hotspots distribute randomly across
the genome). More than expected promoter regions are in
putative hotspot regions, indicating that there may exist

Figure 1. The BPBP result on HLA data. The statistical test detected hotspots
in this data (P ,0.001), and the b-score highlights the regions containing hot-
spots. (A) The estimated intensities and positions of the hotspots, as well as the
background recombination rate, according to the sperm typing result of
Jeffreys et al. (9) are shown. (B) The b-score curve (each � represents the
b-score at a SNP site) is shown. The BPBP result is consistent with the
result of sperm typing experiments of Jeffreys et al. (9).
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a similar category of human hotspots that require the binding
of transcription factors just as the a hotspots do in yeast.

According to the studies of the yeast HIS4 hotspot, the
activity of this a hotspot requires the binding of transcriptional
factors of Bas1p, Bas2p and Rap1p, but not the binding of
Gcn4p (15). It is likely that some transcription factors are
more efficient at stimulating recombination than others (16).
If there are human a hotspots behaving in a similar way,
one would expect to find conserved DNA sequences reflecting
functional transcription factors binding sites within this subset
of putative hotspots. We searched the 24 genes with
TRANSFAC motifs (http://www.gene-regulation.com/pub/
databases.html#transfac), and found four of them have experi-
mentally verified transcription factor binding sites (totally
nine distinct binding sequences). We searched for exact
matches of these nine binding sequences in the 24 genes (35
putative hotspot regions and 36 putative coldspot regions).
One of them, the palindromic sequence CGCCCCCGC (or
the complementary sequence GCGGGGGCG), showed a sig-
nificant enrichment in the putative hotspot regions than in
the putative coldspot regions. Out of nine exact matches
found, eight are located in the putative hotspot regions and
one in the putative coldspot regions (P ¼ 0.0054 by x2

analysis, which is still ,0.05 after Bonferroni-correction,
because we have tested nine motifs). This binding sequence
(called early growth response, EGR, consensus sequence) is
a recognition element common to the EGR family of Zn2þ

finger transcriptional activators (17). It is also annotated as
part of the binding sites for transcription factor Sp1, and
Wilms tumor suppressor WT1 (WT1–KTS, WT1 I, WT1 I–KTS,

WT1-del2, WT1 I-del2 ) in both mouse and human. Moreover,
seven of the nine exact matches are in promoter regions, and
the other two (both in the putative hotspot regions) are
in introns. Since the yeast a hotspot HIS4 requires the
binding of transcription factors but not a high level of tran-
scription (18), hotspots with transcription binding sites but
outside promoter regions might also be stimulated by the
binding of transcription factors.

In human, there seems to be a similar underlying a hotspots
mechanism of recombination as in yeast. Initiation of a hot-
spots might be associated with transcription factors and their
binding sequences but not with transcriptional activity per se.
The tendency of a hotspots to be at promoter regions might be
due to the enrichment of binding sequences for those
transcription factors required for recombination initiation
(such as double strand break or DSBs). This enrichment is
clear in our study: seven exact matches of EGR consensus
sequences were found in promoters against two outside
(P ¼ 1.68 � 1027 by x2 analysis).

It is likely that most human hotspots locate in intergenic
regions. By confining on the hotspots within or close to
genes on human autosomal chromosomes, we observe a signi-
ficant (50%) tendency for them to locate at promoters. Noting
that intergenic regions are not included in our study, these
observations are in concord with the fact that out of the four
(TAP2 hotspot, HLA-DOA1 hotspot, HLA-DMB1 hotspot and
b-globin hotspot) human hotspots localized by sperm typing
that locate in gene regions, exactly half, HLA-DOA1 and
b-globin hotspots (19,20), do reside in the promoter regions.
HLA-DOA1 hotspot covers 1.9 kb region from �1 kb 50 to
intron 1 of HLA-DOA gene (9). For b-globin hotspot, cross-
overs in three families were experimentally mapped to a
1.5 kb region that stretches from �900 bp 50 to intron 2 of
b-globin gene (21).

Relationship between human hotspots and GC-content. In
yeast, it has been observed that there is significant
association between hotspots and regions of high-GC base
composition (16). Studies also observed positive correlations
between GC-content and the rate of crossover in other
organisms. However, these correlations are generally weak,
and for humans the correlation coefficient is in the range of
0.20–0.40 (8). We investigated the relationship between puta-
tive hotspot regions and regions of high GC-content. We
labeled each of 71 putative regions (35 hotspot regions and
36 coldspot regions) by two characteristics: (1) hotspot or
coldspot regions and (2) the GC-content of this putative
region is higher or lower than the average of the corresponding
gene locus. These two characteristics show a weak positive but
significant correlation with the correlation coefficient
r ¼ 0.2397 (P ¼ 0.026 by permutation), consistent with the
previous reports.

Since most of human promoter regions are GC-rich, such a
weak positive correlation can be explained by the existence of
promoter enriched a hotspots. Also, some binding sequences
for the required transcription factors can be GC-rich (as in
the case of CGCCCCCGC and its reverse complement
GCGGGGGCG). In order to examine the effect of promoter
regions on the observed correlation, we studied all the 18
putative hotspot regions and 27 putative coldspot regions

Figure 2. The BPBP result on TAP2 data. The statistical test detected hotspots
in this data (P ¼ 0.048), and the b-score highlights the regions containing hot-
spots. (A) The approximate intensity, the position of the hotspot and the back-
ground recombination rate as estimated by Jeffreys et al. (10). It has been
suggested that there might be another hotspot near the regions marked by
‘??’ (9). The b-score in (B) highlights the known TAP2 hotspot region cor-
rectly, and its rising in the 9–10 kb area also supports the suggestion that
there is another hotspot in this region.
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that are not in promoter regions. For these data, the putative
hotspot regions and high-GC regions showed no significant
correlation: r ¼ 0.1516 (P ¼ 0.167 by permutation), which
supports the explanation that existence of a hotspots may be
the major cause of the weak positive correlation between hot-
spots and high GC-contents. As examples, Figure 3 shows the
GC-content and BPBP result of ABO and IL4 gene loci in
SeattleSNPs.

A number of hypotheses have been proposed to explain the
positive correlation between base composition and recombina-
tion rate, such as ‘recombinogenic’ GC-rich regions (2,16) and
Biased Gene Conversion (8). Our study focused on the fine-
scale relationship between high GC-content regions and
recombination hotspots within or close to genes. The weak
correlation we observed could be better explained by the exist-
ence of a hotspots in human. The fact that no such correlation
exists outside promoter regions suggests that non-a hotspots
might not be related with base composition while a hotspots
are, and a hotspots and non-a hotspots could result from
different recombination mechanisms.

Recent studies suggested that fine-scale recombination rate
variation may change rapidly over evolutionary time
(3,19,22). Supporting observations for this suggestion
include that recombination rates vary among individuals
(23), that nucleotide polymorphisms influence local
recombination rate (22), and that there are differences in
recombination hotspots between human and other primates
(19). The rapid change and poor conservation across species
cannot be fully explained with variations due to mutation.
The existence of a hotspots requiring certain transcription
factors gives a new explanation. Study of the yeast HIS4
hotspot showed that maximal stimulation of meiotic
recombination by transcription factor requires both the tran-
scription activation domain and a DNA binding domain
(24). Variations in these transcription factors as well as
nucleotide polymorphisms in their binding sites may influence

substantially the recombination efficiency in a hotspots,
causing more chances for diversity in recombination rate
patterns across different individuals or species.

DISCUSSION

Historically, a direct measurement of recombination rate
at high resolution is experimentally very challenging. The
resolution of traditional pedigree-based methods is limited
by the marker density used and the number of informative
meioses contained in pedigree data. The new remarkable
sperm typing technology provides a promising method but
is still tedious and costly, and says nothing about female
recombination rate variation. A number of indirect statisti-
cal/computational methods to infer local recombination rates
from population genetic data can offer valuable alternatives
as a guide to the location of putative hotspots (25). Recent
studies (3,26) suggest that the population genetic statistical
analyses can reach fairly accurate estimates of local recombi-
nation rates within a factor of 2. The method of Li and
Stephens (26) can serve as a statistical test for the existence
of hotspot; nevertheless, it requires the unrealistic assumption
of only a single hotspot with known putative position. Both the
methods of Li and Stephens (26) and McVean et al. (3)
first estimate recombination rate along the sequence, then test
the existence of fine-scale recombination rate variation
(hotspot). Both of them are based on certain statistical
models. Our method is based on bootstrap samplings of haplo-
type block partition and does not assume specific statistical
models. It directly tests the existence of hotspots without esti-
mating recombination rate. Further improvement of our
method may be achieved by using a proper statistical model
just as Li and Stephens (26) and McVean et al. (3).

According to our extensive simulation results in Supple-
mentary Material, on the level of P-value ,0.05, our method

Figure 3. GC-content and BPBP result for ABO and IL4 gene loci. (A and C): ABO and (B and D): IL4. (A and B) the GC-contents measured in a 2 kb sliding
window shifted at 100 bp intervals. The vertical bars and the arrows indicate transcription start sites (TSS) and transcript direction. (C and D) The b-score curves.
Detected putative hotspot regions are denoted as PHR, and putative coldspot region as PCR. The two PHRs in ABO locus correspond to GC-rich regions, whereas
the one in IL4 locus does not. Both the TSS are included in PHR.
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is rather conservative. It may miss a substantial proportion of
real hotspots with median hotspot intensity. In addition,
limited sample size may also influence the ability of our
method to detect hotspots. However, the false-positive rate is
not affected (P-value,0.05) in our study. Since no information
about promoter location or base composition is used during our
hotspot testing, the locations of those possibly missing hotspots
are therefore erratic and random, and do not possibly bias our
significant observations. Since human hotspots seem to
cluster into groups (like those in the MHC region), given the
limited data, our method may not reach the resolution to
locate each individual hotspot within a cluster. Thus, putative
hotspot regions we found in SeattleSNPs data are likely
hotspot clusters rather than individual hotspots (like the case
for HLA shown in Fig. 1), namely they may contain smaller
cold patches. It is therefore possible that functional promoter
elements may actually localize to these patches.

We noticed that recently Crawford et al. (4) also used
SeattleSNPs data but a different algorithm to identify recombi-
nation hotspots, and found distinct results. There are three main
reasons causing the different results. First, the method used by
Crawford et al. (4) assumed one single hotspot in each gene,
which probably made them fail to detect those genes that
contain two (or more) hotspots, especially when the hotspots
are far away from each other just as the case of ABO gene
in Figure 3. Second, as shown in the simulation results, our
method may miss some hotspots with median hotspot inten-
sity. Third, although we both used Seattle SNP data, the
genes studied are not exactly the same. Among our total 127
genes, only 65 genes are also included in Crawford et al. (4).

With the proposed computational method for detecting
putative hotspots from genotype/haplotype data, we were
able, for the first time, to observe a strong evidence for the
existence of human a hotspots. This category appears to
account for about half of the putative hotspots around genes
(�+3 kb flanking regions in average) in the human
genome, and plays a major role in the observed weak corre-
lation between hotspots and high GC-content. The differential
regulatory mechanism of a hotspots can also be one reason
that causes the observed diversity and variation of hotspots
among individuals and different species. These findings are
crucial for understanding the biological process of recombi-
nation and the mechanism of recombination hotspots in
human and other related species.

MATERIALS AND METHODS

Data sets

HLA hotspots data. We use this data set (9) to validate our
method. This data set contains 50 unrelated UK male individ-
uals with 296 biallelic markers including 274 SNPs and 22
1–11 bp indels. Because the markers locating between HLA-
DMB region and TAP2 region were spacing too sparsely
(approximately average marker spacing of 7 kb) and in
TAP2 region there is a large missing data bulk (11 markers
for 20 individuals), only markers in the first 100 kb were
considered. Only 177 biallelic markers passed our selection
criterion (see later). Five known hotspots cluster in two
groups in this region. Because in this data set the markers

spread very unevenly (much more markers within hotspots
than outside), we randomly sampled 52 markers from 177
markers so that this 100 kb region was approximately evenly
covered at an average marker spacing of 2 kb.

TAP2 hotspot data. This data set (10) is also used to validate
our method. The unphased genotype data of TAP2 recombi-
nation hotspot within the class II region of the MHC were
obtained from Alec J. Jeffreys’ research group webpage
(10), which contain 30 UK Caucasians genotypes with 48
biallelic markers in 9.7 kb TAP2 region. Forty-six markers
were selected.

Human mitochondrial data. The 86 complete human mtDNA
sequences (11,12) were downloaded from Human Mitochondrial
Genome Database (http://www.genpat.uu.se/mtDB/), finding
822 biallelic SNPs. Only 134 SNPs were selected. Since
there is little evidence for widespread recombination in
human mtDNA (13), it would be surprising to find recombina-
tion hotspots in mtDNA data. Therefore, mtDNA data served
as a negative control for our method.

Seattle SNP data. The SeattleSNPs data were downloaded
from the University of Washington Fred Hutchinson Cancer
Research Center (UW-FHCRC) Variation Discovery Resource
Web site (http://pga.gs.washington.edu/) in December, 2003.
This data set contains SNPs of 127 genes located at human
autosomal chromosomes (and four at human X chromosome
which are not considered in our study) from a sample of 24
unrelated African Americans (12 females and 12 males) and
23 unrelated European Americans (11 females and 12
males) from the Coriell Cell Repository. The loci were com-
pletely resequenced except a few small gaps. No gender infor-
mation is available for each individual. In the European
American (African American) samples, the total of 4818
(6734) selected SNPs have an average marker spacing of
628 bp (450 bp) spread over 3 Mb (3 Mb) of sequence.
There is no recombination hotspot reported in these gene
loci. In this work, we used our method to test the underlying
recombination distribution for each locus and predicted
putative hotspot regions, and studied the characteristics of
the predicted regions.

All the selected SNPs for this work have a minor-allele
frequency not less than 0.05 and with no significant departure
from Hardy–Weinberg equilibrium (P-value ,0.001).

Methods

The method we propose is based on a bootstrap strategy of
haplotype block partitioning, which gives a b-score as an indi-
cator of the strength for a marker to be block boundary. With
this score, we devise a statistic to test the null hypothesis of
uniform recombination rate model against the alternative
model of containing recombination hotspots. If the hotspot
model is accepted, i.e. the existence of hotspots is detected,
the cluster regions of high b-scores are regarded as putative
hotspot regions. This method (named BPBP) can be applied
to both phased and unphased genotype data. We used a
series of coalescent-based simulation to validate the method
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and its power (see Supplementary Material for details).
According to the simulation result, the power of our method
is affected mainly by the intensity of hotspots for any mode-
rate sample sizes. Those hotspots with high recombination
intensity are fairly easy to detect.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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