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Distribution of Recombination Crossovers and the Origin of Haplotype
Blocks: The Interplay of Population History, Recombination, and Mutation
Ning Wang,* Joshua M. Akey,* Kun Zhang, Ranajit Chakraborty, and Li Jin
Center for Genome Information, University of Cincinnati, Cincinnati

Recent studies suggest that haplotypes are arranged into discrete blocklike structures throughout the human genome.
Here, we present an alternative haplotype block definition that assumes no recombination within each block but
allows for recombination between blocks, and we use it to study the combined effects of demographic history and
various population genetic parameters on haplotype block characteristics. Through extensive coalescent simulations
and analysis of published haplotype data on chromosome 21, we find that (1) the combined effects of population
demographic history, recombination, and mutation dictate haplotype block characteristics and (2) haplotype blocks
can arise in the absence of recombination hot spots. Finally, we provide practical guidelines for designing and
interpreting studies investigating haplotype block structure.

Recently, several studies have proposed that blocklike
patterns of linkage disequilibrium (LD), referred to as
haplotype blocks, exist throughout the human genome
(Daly et al. 2001; Jefferys et al. 2001; Reich et al. 2001).
Understanding the distribution and structure of haplo-
type blocks may facilitate the identification of complex
disease genes via genomewide association studies and,
in addition, may provide a comprehensive picture of the
apportionment of genetic variation throughout the ge-
nome (Collins et al. 1999; Kruglyak 1999; Moffatt et
al. 2000; Goldstein 2001; Johnson et al. 2001; Weiss
and Clark 2002). Although haplotype blocks hold great
promise, relatively little is known about the molecular
mechanisms and population genetic forces that shape
their characteristics.

In this report, we propose a novel haplotype block
definition based on the distribution of observed recom-
bination crossovers between loci, using an extension of
the four-gamete test (FGT; Hudson and Kaplan 1985).
Using this definition, we studied how various population
genetic parameters, population history, density of genetic
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markers, and sample size (number of chromosomes stud-
ied) contribute to the distribution of recombination
crossovers and, in turn, haplotype block characteristics.
Furthermore, through extensive coalescent simulations
and published chromosome 21 data, we tested whether
recombination hot spots are necessary for the formation
of haplotype blocks.

In general, haplotype blocks are defined in two dif-
ferent ways. Specifically, one definition of a haplotype
block is a contiguous set of markers in which the average
D′ (the standardized coefficient of LD) is greater than
some predetermined threshold (Reich et al. 2001). The
second definition is based on the concept of “chromo-
some coverage,” with a haplotype block containing a
minimum number of SNPs that account for a majority
of common haplotypes (Patil et al. 2001) or a reduced
level of haplotype diversity (Daly et al. 2001). These
different haplotype block definitions and reconstruction
algorithms, or even the same definition with different
subjectively determined thresholds, will lead to varying
haplotype block patterns. The ambiguities associated
with these haplotype block definitions make it difficult
to study the mechanism underlying the formation of
haplotype block structure. We therefore propose an al-
ternative approach for haplotype block identification
that does not require a threshold. The major steps of
this algorithm are outlined in figure 1.

Specifically, for a set of m SNPs, our algorithm begins
by performing the FGT between each pairwise SNP to
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Figure 1 Diagram of the FGT and haplotype block identification. A, Consider two loci A and B, each with two alleles (denoted as A1,
A2, B1, and B2). On the left, only three gametes (A1B1, A1B2, and A2B1) are observed between loci A and B (which arise from mutations; suppose
A1B1 is the wild type). On the right, recombination has occurred between A1B2 and A2B1 haplotypes, which leads to all four gametes being
observed in a sample. B, Haplotype block identification. The FGT is conducted between pairwise loci, and 0 and 1 denote the absence and
presence, respectively, of all four gametes between locus pairs. In this example with eight loci, three haplotype blocks were identified, with the
first block including SNPs 1, 2, and 3; the second block including SNPs 4, 5, and 6; and the last block including SNPs 7 and 8.

identify past recombination events (fig. 1A). In the ab-
sence of recurrent and/or backward mutation, the only
explanation for observing all four gametes between a
pair of loci is the occurrence of at least one historical
recombination event. Next, blocks are identified as a set
of contiguous and ordered SNP markers in which there
is no evidence for recombination. Blocks are searched
from the start of the region by sequential addition of
the next locus according to the FGT results. This iter-
ative process continues as long as the number of gametes

does not exceed three (fig. 1B). When all four gametes
are observed between the kth locus with any of previous
loci, locus k is regarded as the putative starting point of
a new block, and the block size is determined as the
sequence length between the start and the end of the
block. We compared this searching algorithm with a
greedy searching algorithm (Bogart 2000), and, as ex-
pected, the results were quite similar, particularly when
sample sizes (number of chromosomes studied) are large
(data not shown). With this FGT-based definition, it is
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Figure 2 The effect of recombination and demographic history on haplotype block characteristics; average haplotype block size � SE
versus recombination level for a sample size of 100. If we assume 1 cM p 1 Mb, the recombination rate r is ∼10�8 per generation per intersite.
The average block size decreases with the increasing recombination level. The effective population size was adjusted by fixing the ratio of R/v
and allowing v to vary from 5, 10, and 25 (which corresponds to effective population sizes of 2,000, 4,000, and 10,000).

possible that a true recombination event may not be
detected because of limited sample size. The effect of
sample size on the average sizes of the inferred haplotype
block was investigated, and the results are presented
below.

The FGT-based algorithm was applied to data simu-
lated under a coalescent framework, to better under-
stand how different population genetic forces affect hap-
lotype block characteristics. The coalescence is a sto-
chastic process that provides a powerful and fast tech-
nique for simulating population genetic data (Hudson
1983; reviewed by Fu and Li 1999; software available
at Hudson Lab home page). The parameters of the sim-
ulations were (the population mutation rate,v p 4N me

where Ne is the effective population size and m is the
mutation rate per locus per generation), (theR p 4N re

population recombination rate, where r is the recom-
bination rate), and the sample size (n is the number of
chromosomes). Figure 2 shows the effect of recombi-
nation rate and effective population size on the average
haplotype block size. In this figure, R varies from 0.1v

to 5.0v, which corresponds to a change in r from
to per generation when the�8 �80.25 # 10 12.5 # 10

mutation rate, m, is fixed at 10�9 per site per year (Satta
et al. 1993). For a fixed v, the average haplotype block
size decreases with increasing R.

Population history also affects the average block size,
with small populations (i.e., a small effective population
size) exhibiting larger blocks (fig. 2). The effective pop-
ulation size was adjusted by fixing the ratio of R/v and
varying R for different values of v. The three values of
v considered were 5, 10, and 25, which correspond to
Ne of 2,000, 4,000, and 10,000, respectively, for m p

. When R is ∼0.5v, the average block size decreases�910
from 11.7, 6.1, and 2.6 kb as Ne increases from 2,000,
4,000, and 10,000, respectively, assuming a sample size
of 100.

Furthermore, we have also investigated the effect of
sample size on the inference of haplotype block char-
acteristics. For the same values of v and R, by changing
the sample size from 20 to 50, 100, 200, 400, 600, 800,
and 1,000, respectively, figure 3 shows that a smaller
sample size exhibits increased block sizes compared with
a larger sample size. Specifically, the average haplotype
block size increased from 2.95 kb to 4.88 kb as the
sample size decreases from 100 to 20. Thus, sample size
is an important parameter to consider in designing stud-
ies to investigate haplotype block structure. Large sam-
ple sizes are necessary to obtain accurate estimates of
block boundaries because historic recombination events
might not be detected in a small sample. When the sam-
ple size is 1100, the decrease in average block size be-
comes much less. Thus, we suggest that a sample size of
at least 100 should be used in haplotype block studies.

Next, we studied the contribution of v to haplotype
block characteristics by allowing v to vary for fixed val-
ues of R. Practically, the resulting change in v can be
interpreted as a change in either the mutation rate or
the SNP density (defined here as the observed number
of SNPs per unit distance, irrespective of the underlying
mutation rate). For each R in figure 4A, the average
block size increases slightly when v is very small and
then decreases until an equilibrium value of v is reached.
A pictorial explanation for why v affects the average
block size is illustrated in figure 4B. A low v value will
lead to a small number of markers in the population
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Figure 3 The effect of sample size on haplotype block characteristics; average haplotype block size versus sample sizes. Under the same
parameters and , which corresponds to a general population with mutation rate 10�9 per site per year, and recombination ratev p 25 R p 10
10�8 per generation, given effective population size as 104, each generation time as 25 years, and total sequence length as 25 kb, changing the
sample size from 20 to 50, 100, 200, 400, 600, 800, and 1,000, respectively. Small sample size reveals increased haplotype block sizes. Each
simulation is based on 1,000 replications.

and subsequently in the sample, regardless of whether
this is due to a low mutation rate or to low SNP density.
As a hypothetical example, imagine a genomic region
flanked by two sites of recombination (fig. 4B). When
v is small, two markers may be identified, which con-
stitute one block (as shown in panel a of fig. 4B). If v

increases, three markers may be identified, and they form
a block whose size is larger compared with (a). As v

continues to increase, enough markers are identified to
resolve this genomic region into two block structures (c),
whose average block size has now decreased in com-
parison with (b).

Furthermore, the optimal SNP density for haplotype
block discovery depends on the local recombination rate.
As R increases, the average block size decreases, and
thus more markers are required for obtaining accurate
estimates of haplotype block boundaries. On the basis
of the simulation results, we can cautiously furnish some
practical guidelines for SNP density in designing a study.
As shown in figure 4A, when the recombination level is
low ( or cM/Mb in the simulation), aR p 0.4 r p 0.2
SNP density of 1 SNP/2 kb is sufficient. However, when
the recombination level is high ( or cM/R p 2.0 r p 1
Mb in the simulation), a density of at least 2 SNPs/1 kb
will be required. Of interest, for values of , the rateR 1 2
of decrease in average block size becomes much less
(comparing , 6, 10) and therefore the suggestedR p 2
SNP density of 2 SNPs/1 kb remains valid.

Another important question regarding haplotype
blocks is what mechanisms are responsible for their for-
mation. Recombination hot spots have been proposed
as a mechanism for generating haplotype blocks (Daly
et al. 2001; Goldstein 2001; Gabriel et al. 2002). In

support of this hypothesis, Jeffreys et al. (2001) exper-
imentally demonstrated that recombination was clus-
tered into three hot spots in the major histocompatibility
complex class II region, and these hot spots corre-
sponded to haplotype block boundaries. However, hap-
lotype blocks may also arise by stochastic variation in
models assuming that recombination is randomly dis-
tributed (Subrahmanyan et al. 2001).

Results from the coalescent simulations presented
above clearly demonstrate that a model of randomly
distributed recombination can lead to the formation
of haplotype blocks (figs. 2–4). To better understand
whether empirical data are consistent with a random or
hot spot model of recombination, we applied our FGT-
based haplotype block identification algorithm to pub-
lished chromosome 21 data (Patil et al. 2001) and com-
pared it with the coalescent simulation results.

In total, Patil et al. (2001) genotyped 35,989 SNPs
from 10 individuals across 32.4 Mb on human chro-
mosome 21 (average 1.1 SNP/kb). The average mutation
rate of the whole region can be estimated as 0.3 #

per site per year. To match the real data, this mu-�910
tation rate was used in the simulations. Since there are
many undetermined nucleotides in the real data (denoted
as “N”), the true sample size is actually !20. Therefore,
we set the sample size (number of chromosomes) to 14
in the simulations, which is the approximate average
number of observations across all loci. In addition, we
considered two recombination rates, �8r p 1.0 # 10
and . The distribution of haplotype�8r p 4.0 # 10
block sizes for the real and simulated data is summarized
in figure 5A. Although the average block sizes for the
real data (8.73 kb) are similar to the ones obtained in
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Figure 4 The effect of SNP density of haplotype block characteristics. A, Average block size versus v. By fixing R, the average block size
increases slightly when v is very small and then decreases until an equilibrium value of v is reached. If we assume the mutation rate is constant
across a local region, changing v also corresponds to changing the SNP density. The five arrows denote positions where the SNP density is
equal to 0.5, 1, 2, 3, and 5 SNPs/kb, respectively. B, An explanation of why v influences average block size. Each X represents a recombination
position, and each f represents an identified SNP marker. When v is small, two markers are identified and constitute one block as shown in
(a); (b) v increases, three markers are identified, and they form one block whose size is larger compared with (a); (c) As v continues to increase,
six markers are identified to resolve this region into two blocks, whose average block size has now decreased in comparison with (b). Each
simulation is based on 1,000 replications.

the simulated data with (9.01 kb) and�8r p 1.0 # 10
with (4.75 kb), the distributions of�8r p 4.0 # 10
block sizes are different (Kolmogorov-Smirnov test,

for each pairwise comparison).�3P ! 10
However, a closer inspection of figure 5A shows that

for small block sizes, the real data are more consistent
with the simulated data when , whereas�8r p 4.0 # 10
for larger block sizes the real data are more consistent
with the simulated data when . There-�8r p 1.0 # 10
fore, we hypothesize that a randomly distributed recom-
bination model (i.e., no hot spots) with a varying re-
combination rate across the chromosome can explain
the empirical data. The distinction between the varying
and hot spot recombination models is that in the hot

spot model, recombination is heterogeneous both within
a given stretch of DNA and across the genome. By con-
trast, in the varying–recombination rate model, recom-
bination rate is homogeneous within a given stretch of
DNA but heterogeneous across the genome. In other
words, within a defined genomic region, recombination
is uniformly distributed, but the recombination rate can
vary across the genome. Supporting this hypothesis,
Lynn et al. (2000) studied patterns of recombination,
using 187 microsatellite markers spanning chromosome
21, and concluded that the rate of recombination is not
uniformly distributed across the chromosome.

To further test our hypothesis, we performed addi-
tional simulations and compared the real data with a
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Figure 5 Haplotype block size distribution of published chromosome 21 data and simulations identified by FGT method. For the simulated
data, each parameter combination is based on 1,000 replications. A, Distribution of haplotype block length in real data, simulated data assuming

, and simulated data assuming . B, Distribution of haplotype block length in real data and simulated data assuming∗ �8 ∗ �8r p 1.0 10 r p 4.0 10
a mixture model of recombination (see text for details).

mixture model in which for 50% of the�8r p 1.0 # 10
simulation replicates and for the re-�8r p 4.0 # 10
maining 50% of simulation replicates (fig. 5B). The sim-
ulated data are again qualitatively similar to the real
data. Our point here is not to exhaustively search the
parameter space of recombination rates to match the
empirical data but rather to illustrate how a simple com-
position of different recombination rates can lead to hap-
lotype block patterns observed in real data. Further-
more, we emphasize that our hypothesis does not
preclude the existence of recombination hot spots (which

have been demonstrated to exist; see Jeffreys et al.
[2001]) but simply predicts that a randomly distributed
recombination model can explain the majority of hap-
lotype block characteristics. Ultimately, the relative con-
tribution of the hot spot and random recombination
models in shaping patterns of LD will have to be de-
termined empirically (Jeffreys et al. 2001).

Currently, there is tremendous interest in constructing
a haplotype block map of the human genome and in
applying it to identify genes underlying complex disease
(Daly et al. 2001; Goldstein 2001; Johnson et al. 2001;
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Gabriel et al. 2002). An important and unresolved ques-
tion about haplotype blocks in the context of disease
gene studies is to what extent block boundaries are con-
served across populations. If recombination hot spots
are the predominant mechanism underlying the forma-
tion of haplotype blocks, then it is likely that blocks will
generally be shared across populations, unless popula-
tion-specific mechanisms of recombination exist. How-
ever, our results show that even in the absence of re-
combination hot spots, randomly distributed recom-
bination events can also lead to the formation of hap-
lotype blocks, and that population genetic parameters
combined with demographic history affect block char-
acteristics. Therefore, populations with different dem-
ographic histories will likely have different block struc-
tures, which suggests that a reference haplotype map
may be of limited value in disease gene studies. Recently,
Gabriel et al. (2002) concluded that block boundaries
are largely shared across populations, which supports
the recombination hot spot hypothesis. However, this
study focused on common SNPs (minor allele frequency
�20%) and common haplotypes (�5%), and thus one
would expect a high conservation of block structure,
given their antiquity. Clearly, empirical studies of rela-
tively less common SNPs and haplotypes need to be con-
ducted and the degree of block sharing across popula-
tions reassessed.

In summary, we have presented an objective and strin-
gent haplotype block identification algorithm based on
the FGT to investigate the origin of haplotype blocks
and to examine the effects of various population genetics
forces on haplotype block patterns. Our primary con-
clusions are that (1) population demographic history,
recombination, and mutation jointly dictate haplotype
block characteristics, and (2) haplotype blocks can arise
in the absence of recombination hot spots. More gen-
erally, our results demonstrate that haplotype block
structure and characteristics are dictated by individual
as well as interactive effects of multiple evolutionary
forces (e.g., mutation, recombination, and population
history).
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