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Although the haplotype structure of the human genome has been studied in great detail, very little is known about
the mechanisms underlying its formation. To investigate the role of meiotic recombination on haplotype block
formation, single nucleotide polymorphisms were selected at a high density from a 2.5-Mb region of human
chromosome 21. Direct analysis of meiotic recombination by high-throughput multiplex genotyping of 662 single
sperm identifies 41 recombinants. The crossovers were nonrandomly distributed within 16 small areas. All, except
one, of these crossovers fall in areas where the haplotype structure exhibits breakdown, displaying a strong
statistically positive association between crossovers and haplotype block breaks. The data also indicate a particular
clustered distribution of recombination hotspots within the region. This finding supports the hypothesis that meiotic
recombination makes a primary contribution to haplotype block formation in the human genome.

[Supplemental material is available online at www.genome.org and http://www2.umdnj.edu/lilabweb/Publications.
htm.]

It is known that in the human population, certain alleles of ge-
netic markers within a short distance are in tight association
(linkage disequilibrium or LD) and LD becomes weak or disap-
pears when the markers are located farther apart (Ardlie et al.
2002). Chromosomal segments containing markers in LD are
called haplotype blocks (Wall and Pritchard 2003). Haplotype
blocks in the human genome were first described on a large scale
for a 500-kb region of chromosome 5q31 (Daly et al. 2001) and
the entire chromosome 21 (Patil et al. 2001), and subsequently in
other regions of the genome (Gabriel et al. 2002; Twells et al.
2003; Olivier et al. 2004; Stenzel et al. 2004). Information on the
haplotype structure of the human genome is of great interest
because it can be used to significantly reduce the number of
markers necessary for localizing genes responsible for complex
diseases (Judson et al. 2002; Wang et al. 2002; Phillips et al.
2003). The progress of the Human HapMap Project has resulted
in the comprehensive mapping of haplotype blocks across the
entire human genome (The International HapMap Consortium
2003). However, very little is known about the mechanisms un-
derlying the formation of haplotype blocks. It was noticed in the
late 1990s that polymorphic frozen blocks (PFBs) were linked to
form megabase haplotypes in the major histocompatibility com-

plex (MHC) region. Regions between these PFBs appear to con-
tain localized recombination “hotspots” (Gaudieri et al. 1997),
indicating that in the human genome recombination hotspots
may have a primary role in LD breakdown.

There is a strong belief that meiotic recombination plays a
primary role in shaping LD and therefore has a direct effect on
the haplotype structure found in the human (Daly et al. 2001;
Jeffreys et al. 2001, 2005; Cullen et al. 2002; Gabriel et al. 2002;
Kauppi et al. 2003; Twells et al. 2003; Crawford et al. 2004;
McVean et al. 2004). However, proving such a correlation re-
quires direct evidence of the contribution of recombination on
haplotype block formation. Computational approaches based on
haplotype structure or LD in the human population have been
shown to be helpful in determining recombination rates for ei-
ther detailed analysis or on a genomic scale (Li and Stephens
2003; Crawford et al. 2004; McVean et al. 2004). However, re-
combination derived from the haplotype structure cannot, in
turn, be used to study the correlation between recombination
and haplotype block formation.

By using pooled sperm, a 216-kb segment in the class II
region of the MHC was studied in detail to elucidate such a re-
lation (Jeffreys et al. 2001). Six recombination hotspots were pre-
cisely located within regions where LD breaks down. However,
since this study was performed in a relatively small and prese-
lected region, the questions remain: Would the human genome
contain recombination hotspots in a similar pattern and/or den-
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sity; and do the hotspots fall between haplotype blocks, that is,
within regions where LD breaks down in other regions? To ad-
dress these issues another region, chromosome 1q42.3, which is
more typical of the human genome, was analyzed (Jeffreys et al.
2005). The authors’ approach allows them to focus on small sub-
regions to learn a great deal about the mechanisms underlying
meiotic recombination and its impact on the genetic structure of
the human genome during evolution. However, by analysis of
small regions, it is difficult to learn the distribution of recombi-
nation crossovers at levels higher than individual hotspots.

In-depth study of a large chromosomal region is also neces-
sary for this purpose, but it is especially challenging because hap-
lotype blocks are usually very small, ranging from several hun-
dred bases to several hundred kb, and meaningful information
cannot be obtained until a large number of meiotic products are
scored with a high marker density. The diploid nature of the
human genome and the difficulty in gathering pedigrees large
enough to study make this analysis very challenging.

Single sperm typing (Li et al. 1988, for review, see Arnheim
et al. 2003; Carrington and Cullen 2004) is an ideal approach for
this study. Sperm cells are haploid and contain all genetic infor-
mation about meiotic recombination. Practically, an unlimited
number of sperm can be obtained from each donor. However, a
sperm contains only a single copy of the genome and has been
considered to be impractical for analysis with a large number of
markers. This challenge has been overcome by our laboratory
through development of a highly sensitive multiplex genotyping
system that allows genotype determination of >1000 genetic
markers in a single sperm (Wang et al. 2005).

Results

Identification of meiotic crossovers by single sperm typing

In the present study, a panel of 578 single nucleotide polymor-
phisms (SNPs) in a 2.5-Mb region on the long arm of chromo-
some 21 (from 38.01 Mb to 40.51 Mb) with an average inter-
marker distance of 4323 bp was selected from the public SNP
database, dbSNP (http://www.ncbi.nlm.nih.gov/SNP/
index.html), maintained by the National Center for Biotechnol-
ogy Information (NCBI). The markers were incorporated into our
high-throughput genotyping system (Wang et al. 2005). Three
Caucasian donors (D-8, D-11, and D-12) heterozygous at 131,
193, and 209 SNP loci, respectively, were selected for analysis.
Single sperm from each donor were prepared by flow cytometry.
After lysis, the polymorphic DNA sequences at all 578 SNP loci in
each sperm were amplified with our high-throughput genotyp-
ing system. The resulting PCR product was used as a template for
genotype determination on microarray by a single-base exten-
sion assay as described previously (Wang et al. 2005).

In total, 662 single sperm samples, 472 from D-11, 115 from
D-12, and 75 from D-8 were genotyped at all 578 marker loci.
Forty-one recombinants were identified from the 662 single
sperm samples, each containing a single crossover. The cross-
overs identified represent a 6.19% recombination rate, 1.41 times
the male average for chromosome 21, and 2.57 times the ge-
nomic average (Kong et al. 2002). As shown in Table 1, the size of
these regions ranged from 2.6 kb to 98 kb, depending on the
availability of informative markers, except one, X8, that was
306 kb.

Thirty recombinants (6.36%) out of 472 single sperm from
donor D-11 were identified. The crossovers were found in 16

regions (X1 to X16) that are defined as being flanked by the
nearest informative SNPs. Two additional individuals, D-12 and
D-8, were genotyped to determine whether the pattern of cross-
over events occurring was similar between individuals. Six cross-
overs were identified among 115 sperm (5.22%) from individual
D-12, and five among 75 sperm (6.67%) from individual D-8, as
shown in Figure 1A and Table 1. These 11 crossovers fell into
eight regions that were either located within or overlapped with
(note, different donors have different sets of informative SNPs)
regions from D-11 containing one or more crossovers.

When informative markers are used at a high density, each
crossover will fall in an interval between the nearest informative
markers, which is usually smaller than the expected interval size
calculated based on the genomic or chromosomal averages, even
if the crossovers occur randomly. Therefore, when a small region
contains a single crossover, no matter how small this region is, it
may not necessarily be a recombination hotspot. However, when
more than one crossover is found in such a region, it may indi-
cate a correlation between the occurrence of crossovers and the
respective region. Six regions—X2, X3, X8, X10, X12, and X16—
were found to contain more than one recombinant from D-11.
The recombination rates in four of these regions are more than
10 times greater than expected based on the average rate of the
2.5-Mb region. However, such a comparison is very superficial
because it does not take the probability of occurrence of these
crossovers into consideration. For example, based on the regional
average, the probability for one crossover to occur within the
48.5-kb region of X2 is 0.0012. Therefore, the probability of five
or more crossovers occurring in this region should be 3.01 � 104

times the expected based on the binomial test. In total, six re-
gions (X2, X3, X12, X16, X17, and X22) were found to have
recombination rates significantly different than expected. Region
X12, whose rate was 1.65 � 108 times the expected, was the
highest (Table 1).

If the crossovers from all three individuals were considered
additively, ten regions (X1, X2, X3, X4, X6, X8, X10, X12, X14,
and X16) would contain greater than a single crossover. Six other
regions contained only one crossover in each. However, these
single-crossover regions do not weaken the nonrandomness of
crossover distribution because, as shown by Jeffreys et al. (2001),
the recombination rates between hotspots may vary in a wide
range, up to a 260-fold difference. Therefore, regions with single
crossovers can be considered as noninformative for proving
crossovers occurring nonrandomly in these regions.

Correlation between regions containing crossovers and
haplotype blocks

We examined whether the occurrence of crossovers is correlated
with the haplotype block structure in the 2.5-Mb region. The
chromosomal region flanked by X11 and X16 is only 298.16 kb,
11.9% of the entire 2.5-Mb region, but 12 (40.0%) crossovers fell
into this region. The haplotype blocks, identified from the
HapMap project (The International HapMap Consortium 2003),
in this region are generally smaller (average size 5474 bp) than
those in the entire 2.5-Mb region (average size 13,047 bp). In
contrast, the regions between X2 and X3 and between X7 and X8
are 361.58 kb and 356.19 kb, respectively, 29% of the entire
2.5-Mb region, and are expected to contain 8.7 of the 30 cross-
overs but none were observed. The haplotype blocks in these two
areas are generally larger, with an average size of 34.91 kb and
23.39 kb, respectively. The two largest haplotype blocks within
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the 2.5-Mb region (176.53 kb and 194.74 kb) are also found in
these two areas (Fig. 1A,B).

The correlation between the crossovers and haplotype block
is also shown between the locations of the crossovers and hap-
lotype block boundaries. Haplotype information for chromo-
some 21 is available on the UCSC genome browser (http://
genome.ucsc.edu/cgi-bin/hgGateway) based on the study by Pa-
til et al. (2001) and can also be found at the Web site from the
HapMap Project. We used a haplotype map constructed with
genotypes from the HapMap Project for comparison (http://
www.hapmap.org), because of the greater number of genotypes
available, and because the map was constructed based on the geno-
types of 90 CEPH individuals (Centre d’Etude de Polymorphism
Humain, Utah Residents with Northern and Western European An-
cestry) that are close to the genetic backgrounds of the donors used
in the present study, while the map by Patil et al. (2001) used do-
nors of mixed ethnicities. However, the structures of haplotypes in
the crossover areas were similar for both maps. Although informa-
tive markers may not be located directly between haplotype block
boundaries, as shown in Supplemental Figure 1, nine (X3, X4, X5,
X9, X10, X11, X12, X15, and X16) of the 16 regions containing
crossovers tend to occur between the haplotype block boundaries
or within areas with less than half haplotype block coverage.

Between two informative markers there are three possible
haplotype structures, which we defined as Types I, II, and III. A

Type I region contained at least part of one haplotype block and
the area between two haplotype blocks within which no haplo-
type structure is found. Type II regions were between two hap-
lotype blocks and contained no haplotype structure. Type III re-
gions were defined as areas within a single haplotype block (for
graphical representation, see Supplemental Fig. 2). For in-depth
analysis of the correlation between crossovers and haplotype
blocks, the entire 2.5-Mb region was divided into subregions by
the informative markers. Of the 2.5-Mb region, 1.87 Mb (74.7%)
were covered by Type I regions, 0.11 Mb (4.4%) by Type II, and
0.52 Mb (20.9%) by Type III regions. Therefore, if the crossovers
occurred randomly, the 30 crossovers from donor D-11 should be
distributed as 22.41 in Type I, 1.32 in Type II, and 6.27 in Type III
regions. In contrast, we observed 25 in Type I, 4 in Type II, and
1 in Type III, which is significantly different from the expected
(P = 0.005 by Exact Test and P = 0.006 by Pearson’s �2 Test.) These
analyses revealed a strong association between the occurrence of
crossovers and the areas between boundaries of haplotype blocks.
However, because of the large number of Type I areas, which are less
informative, more analysis was performed to further validate the
correlation between haplotype blocks and crossovers.

Recombination hotspots may be present in clusters

The 2.5-Mb region displays a pattern in which most haplotype
blocks <20 kb are clustered and the clusters are separated by one

Table 1. Crossover areas identified in three donors from the 2.5-Mb region

Crossovers

Donor

Region Observed

Expected
ratea (cM)

Observed/
expected

Probability of having
observed crossovers

or morebName
Start
(bp)

End
(bp)

Size
(bp) Number

Rate
(cM)

Relative rate
(cM/Mb�1)

D-11 X1 38152612 38178652 26,040 1 0.2119 8.14 0.0645 3.28 —
X2 38218211 38266729 48,518 5 1.0593 21.83 0.1202 8.81 3.0123E-04
X3 38628305 38636185 7880 2 0.4237 53.77 0.0195 21.71 3.9856E-03
X4 38739959 38758968 19,009 1 0.2119 11.15 0.0471 4.50 —
X5 38797827 38811501 13,674 1 0.2119 15.49 0.0339 6.25 —
X6 39032715 39093924 61,209 1 0.2119 3.46 0.1516 1.40 —
X7 39262278 39272176 9898 1 0.2119 21.40 0.0245 8.64 —
X8 39628371 39934305 305,934 3 0.6356 2.08 0.7579 0.84 6.9429E-01
X9 39945953 39948593 2640 1 0.2119 80.25 0.0065 32.39 —
X10 39991122 40023327 32,205 2 0.4237 13.16 0.0798 5.31 5.5319E-02
X11 40168288 40189134 20,846 1 0.2119 10.16 0.0516 4.10 —
X12 40196686 40202975 6289 5 1.0593 168.44 0.0156 67.99 1.6513E-08
X13 40237524 40248168 10,644 1 0.2119 19.90 0.0264 8.03 —
X14 40291433 40302607 11,174 1 0.2119 18.96 0.0277 7.65 —
X15 40302607 40338244 35,637 1 0.2119 5.95 0.0883 2.40 —
X16 40461817 40466449 4632 3 0.6356 137.22 0.0115 55.39 2.5274E-05
Total 616,229 30 6.3559 10.31 1.5266 4.16 —

D-12 X17 38155214 38250530 95,316 2 1.7391 18.25 0.2361 7.37 3.0650E-02
X18 38250530 38266729 16,199 1 0.8696 53.68 0.0401 21.67 —
X19 39747011 39768010 20,999 1 0.8696 41.41 0.0520 16.72 —
X20 40298992 40311185 12,193 1 0.8696 71.32 0.0302 28.79 —
X21 40368736 40467182 98,446 1 0.8696 8.83 0.2439 3.57 —
Total 243,153 6 5.2174 21.46 0.6024 8.66 —

D-8 X22 38202979 38250530 47,551 3 4.0000 84.12 0.1178 33.96 1.0359E-04
X23 38739959 38761795 21,836 1 1.3333 61.06 0.0541 24.65 —
X24 38985699 39039429 53,730 1 1.3333 24.82 0.1331 10.02 —
Total 123,117 5 6.6667 54.15 0.3050 21.86 —

Total/Average — — 1,964,998 41 6.1934 2.48 — — —

aValues in this column are expected if the crossovers were evenly distributed in the 2.5-Mb region.
bCalculated by the binomial distribution test. P-values are the probability for the observed or more to occur and therefore to constitute a recombination
hotspot. Because single crossovers cannot constitute any statistic power, no probability of occurrence can be calculated.
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or a few blocks >20 kb. To learn whether such a structure is
correlated with the locations of the crossovers, the 2.5-Mb region
was subdivided into three types of blocks based on their size: (1)
large blocks, or haplotype blocks >20 kb, which occupy 1.07 Mb
(42.8%) of the 2.5-Mb region; (2) small blocks, those blocks <20
kb, which account for 0.64 Mb (25.6%) of the 2.5-Mb region; and

(3) “spacers,” which are the areas be-
tween the blocks, contain no haplotype
block structure and occupy the remain-
ing 0.79 Mb (31.6%) of the 2.5-Mb re-
gion. If the crossovers were randomly
distributed, of the 41 crossovers ob-
served, 17.55 should be found within
the large blocks and 23.45 in either
small blocks or within spacers. Instead,
we observed 34.31 (83.68%) of the 41
crossovers within areas containing only
small blocks and spacers. A Pearson’s �2

Test produces a P-value of 0.0006, which
reveals a strong association between the
crossovers and the areas containing only
small blocks and spacers.

Thirteen areas (A1–A13, Fig. 1B),
between haplotype blocks >20 kb and
containing small blocks (4 to 24 in each)
and spacers, were analyzed in detail. As
shown in Table 2, the average block size
in these areas ranges from 3.0 to 7.8 kb.
The average spacer size ranges from 3.5
to 8.8 kb, comparable with the block
size in these areas. Other than these 13
areas, there are also smaller areas that
may accommodate recombination, such
as X19, which falls into a small area be-
tween two large blocks of 33.6 and 43 kb
with a smaller block of 18.1 kb in be-
tween.

The number of crossovers in each
area, A1–A13, was plotted against the
number of spacers. As shown in Figure 2,
the two parameters display a significant
positive correlation (R2 = 0.64), indicat-

ing a cumulative effect of the number of spacers on the number
of crossovers. The correlation becomes very strong (R2 = 0.94) if
A2 is excluded.

Assuming that spacers, the region between haplotype blocks
lacking any haplotype structure, contain recombination active
elements (RAEs), the occurrence of recombination may be af-

Figure 1. Schematic physical correlation between locations of crossovers and haplotype blocks in the
2.5-Mb region. (A) Distribution of recombination crossovers. Regions in which crossovers were iden-
tified are indicated as rectangles and labeled with an “X” and a number. The width of a rectangle shows
the areas between informative markers, and height indicates the number of crossovers identified.
Crossovers identified from individuals D-11, D-12, and D-8 are red, pink, and green, respectively. (B)
Haplotype blocks and Areas A1–A13, containing only small blocks and spacers within the region.
Haplotype blocks are peaks in dark blue with their bottoms indicating their locations and spanning
areas. Areas with spacers in clusters are marked with horizontal bars and indicated with a letter “A” and
a number.

Table 2. Features of blocks and spacers in the thirteen selected areas

Area
number

Area
size

Block size (bp) Spacer size (bp)

Number of
crossoversTotal Average

Standard
deviation Total Average

Standard
deviation Number

1 109,147 55,840 6204 6531 53,307 5331 4128 10 2.61
2 47,819 16,841 5614 3555 30,978 7745 3841 4 5.80
3 145,041 76,665 6389 3852 68,376 5260 3590 13 3.71
4 111,689 40,928 5847 4693 70,761 8845 9931 8 1.00
5 96,113 46,907 7818 3314 49,206 7029 6245 7 1.65
6 29,666 12,037 3009 1827 17,269 3526 2820 5 0.00
7 38,747 12,690 4230 2771 26,047 6514 5058 4 0.00
8 76,668 32,885 5481 2716 43,783 6255 3502 7 0.21
9 70,786 29,450 7363 3632 41,336 8267 4522 5 0.00

10 52,113 21,619 5405 5196 30,494 6099 3454 5 0.51
11 156,106 73,501 7350 5550 82,605 7510 5731 11 3.63
12 260,046 117,684 5117 4127 142,362 5932 6996 24 10.41
13 89,340 36,530 4566 4483 52,810 6601 4576 8 3.40
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fected by two factors: (1) the number of RAEs, and (2) the recom-
bination activity of these RAEs. If the activities of the elements
are similar, the number of crossovers should be directly propor-
tional to the number of spacers, which is the situation in all areas
except A2. Divergence of the number of crossovers in A2 from the
linear function indicates that the elements in this area may be
very active or A2 contains much denser RAEs than other regions.
More studies would be necessary to learn whether such areas are
common in the human genome.

Discussion
In a recombination study with pooled sperm, Jeffreys et al. (2001)
identified six recombination hotspots within a 216-kb region.
These spots are clustered in three regions, with 3, 2, and 1
hotspots in each. Hotspots in ‘clusters’ with greater than one
hotspot are separated by haplotype blocks. Centers of hotspots in
clusters with more than one hotspot are spaced 4010, 7970, and
3250 bp, which are within the distance range between the cen-
ters of two spacers described in the present study. A similar situ-
ation was found in their more recent study (Jeffreys et al. 2005).
The spacers, regions between haplotype blocks containing no
haplotype structure, described in the present study could be
equivalent to the hotspots described in Jeffreys et al. (2005).
However, ‘clusters’ of recombination hotspots analyzed in the
present study are significantly larger and contain 4 to 24 hotspots
(spacers) per cluster whereas only 1 to 3 per cluster were
identified previously (Jeffreys et al. 2001, 2005). This could
be explained by the fact that the recombination rate of the
2.5-Mb region analyzed is 2.57 times the genomic average, 2.97
times that (0.18 cM) of the 216-kb region studied (Jeffreys

et al. 2001), and 2.67 times that (0.20 cM) of the 200-kb region
(Jeffreys et al. 2005). In addition, only 13 major clusters were
found in the 2.5-Mb region (one cluster each 192 kb on aver-
age) whereas three were identified within 216 kb (one each
72 kb on average) (Jeffreys et al. 2001). Therefore, the size of
the hotspot clusters described in the present study could be
an explanation for the high recombination rate identified.
In addition, the previous studies were focused on selected
subregions and some recombination spots may have been
missed.

The hypothesis that spacers analyzed in the present study
are caused by recombination hotspots is consistent with current
models of recombination (for review, see Keeney 2001) in which
a double-strand break (DSB) occurs at the initiation sites of
meiotic recombination. Migration of Holliday junctions away
from initiation sites followed by junction resolution may re-
sult in crossovers at a distance from initiation sites. It has been
shown in the yeast, mouse, and human (Keeney 2001; Kauppi
et al. 2004) that crossovers are distributed in gradients flanking
initiation sites. Because LD is formed during the long course
of evolution, it would be difficult to learn the gradient of re-
combination based on observed haplotype structures. The size
of spacers could be larger than the recombination hotspots
detected experimentally. Over time, a few crossovers could
shuffle the alleles of markers flanking initiation sites, breaking
down the haplotype structure, even if the recombination rate is
too low to detect experimentally at the ends of the crossover
gradients.

In previous studies, the recombination rate at hotspots
identified has varied (Jeffreys et al. 2001), whereas the number
of crossovers identified in the present study is directly propor-
tional to the number of spacers within clusters identified indi-
cating similar activities of the hotspots. This may be explained
by the fact that our analysis covers a large region of the chromo-
some, identifying a precise number of crossovers; however, fewer
meiotic products were analyzed than in previous sperm typ-
ing studies (Jeffreys et al. 2001, 2005; Cullen et al. 2002). It is
possible that only crossovers in regions with relatively high
recombination activity were detected in our study. Therefore,
the difference in recombination rates with respect to the number
of spacers in each cluster is much smaller than that described
previously (Jeffreys et al. 2001) and the cumulative effect of
the number of spacers in each cluster is more obvious. The
fact that the number of crossovers in A2 diverges from the
linear function indicates that the recombination rates in some
areas could be significantly higher than others. In addition,
although extremes should be present among the clusters,
considering that recombination rates in different hot-
spots should be different, when multiple spots are present in a
single cluster, it is likely that the rate for the entire cluster evens
out.

Our study provides direct evidence of the role of meiotic
recombination on haplotype block formation. A much larger
chromosomal region was studied in the present study than in
previous analysis of recombination hotspots in sperm samples
(Jeffreys et al. 2000, 2001, 2005; Cullen et al. 2002). Because
haplotype maps of the human genome have been constructed
(The International HapMap Consortium 2003, 2005), the infor-
mation obtained from the present study may help researchers
gain significant insight into the genetic structure of the entire
human genome and the contribution of meiotic recombination
to haplotype block formation.

Figure 2. Correlation between the number of crossovers and the num-
ber of spacers in the 13 areas, A1–A13. (Top) Plot including A2; (bottom)
plot excluding A2 from the correlation analysis.
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Methods

SNP selection
A 2.5-Mb region from 38016911 to 40516122 bp of chromosome
21 was selected for analysis. Initially, 545 SNPs were selected with
an intermarker distance of 4.65 kb from the NCBI dbSNP build
109. The locations of some selected markers changed during the
span of the project with the update of human genome builds.
Locations cited are based on NCBI Human Genome Build 34
version 3 and are consistent with mapping performed by sperm
typing (http://www.ncbi.nlm.nih.gov/SNP/buildhistory.cgi). An
additional 33 SNPs were added later from build 121 within X2,
X8, and X12 of D-11. All SNPs in this region were analyzed to
determine whether they would fit the constraints of our high-
throughput multiplex PCR system (see Wang et al. 2005 for cri-
teria). The RS numbers of the selected SNPs, and their corre-
sponding primer and probe sequences are available online in
Supplemental Table 1 (http://www2.umdnj.edu/lilabweb/
Publications.htm).

Identification of informative individuals
Semen samples were the remains of infertility tests provided by
Dr. David Seifer’s endocrinology laboratory. All donors were
shown to have normal fertility. Samples were sent to us anony-
mously with only the donors’ ages and ethnicities labeled. There
is no way for us to learn the donors’ identities. Use of these
samples was approved by the Internal Review Board at UMDNJ-
Robert Wood Johnson Medical School. Samples were stored at
�80°C. Twenty semen samples were genotyped in the same way
as DNA samples described in Wang et al. (2005) following lysis of
0.5 µL of semen in 2.5 µL of lysis solution and neutralization
(Pramanik and Li 2002) to identify donors with the largest infor-
mative fraction among the selected SNPs.

Single sperm preparation
Sperm from the selected semen samples were purified and
stained for flow cytometric sorting as described previously (Pra-
manik and Li 2002). Sperm were sorted under sterile conditions
into single wells of 96-well PCR plates with a Beckman Coulter
ALTRA cell sorter, at the Rutgers University Flow Cytometry Fa-
cility, and a Becton Dickinson FacsVantage SE w/DiVa, at the
Princeton University Flow Cytometry Facility, as described pre-
viously (Pramanik and Li 2002).

High-throughput multiplex genotyping
High-throughput multiplex genotyping was performed as de-
scribed previously (Wang et al. 2005). Briefly, each sperm was
lysed and neutralized followed by multiplex PCR amplification
with all primers for the selected SNP panel. An aliquot of the
multiplex PCR product was then used to amplify single-stranded
DNA for hybridization, labeling, and detection on a microarray.
Microarrays were scanned with a GenePix 4000B (Axon Instru-
ments) microarray scanner at 10 micron per pixel, 100% power.
The resulting images were digitized with GenePix Pro (Axon In-
struments) to determine signal intensity. Genotypes were deter-
mined from signal intensities by a modified version of the geno-
typing program AccuTyping (G. Hu, in prep.) specific for sperm
typing, developed in our laboratory. Haplotypes and recombina-
tion points were determined by comparing haplotypes from mul-
tiple sperm and semen samples.

Haplotype block analysis
A haplotype map constructed with genotypes from the HapMap
Project was used for comparison. Genotypes for the CEPH trios in
the HapMap database (http://www.hapmap.org) were saved to
text files and were used for haplotype construction with the Hap-
loview program (Barrett et al. 2005).

Statistical cluster analysis
Of the 41 crossovers, 22 were precisely located within the areas
containing only small blocks and spacers. The remaining 19 were
found in regions containing large blocks, small blocks, and spac-
ers. Crossovers in these regions were allocated based on the as-
sumption that crossovers are distributed evenly in the 2.5-Mb
region. For example, X2 had 5 crossovers. A total of 32.1% of this
region was in an area with a large block and 67.6% in a neigh-
boring area with small blocks and spacers. Therefore, we consid-
ered 1.6 crossovers were located in the area with the large block
and 3.4 crossovers were in the area with small blocks and spacers.
The result would be biased toward allocating more crossovers to
the areas with large blocks than it should be since all available
data so far indicate that crossovers are correlated with spacer
regions.
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