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Definitive characteristics of meiotic recombination events over large (i.e., >1 Mb) segments of the human genome
remain obscure, yet they are essential for establishing the haplotypic structure of the genome and for efficient
mapping of complex traits. We present a high-resolution map of recombination at the kilobase level across a 3.3-
Mb interval encompassing the major histocompatibility complex (MHC). Genotyping of 20,031 single sperm from
12 individuals resulted in the identification and fine mapping of 325 recombinant chromosomes within genomic
intervals as small as 7 kb. Several principal characteristics of recombination in this region were observed: (1) rates
of recombination can differ significantly between individuals; (2) intense hot spots of recombination occur at least
every 0.8 Mb but are not necessarily evenly spaced; (3) distribution in the location of recombination events can
differ significantly among individuals; (4) between hot spots, low levels of recombination occur fairly evenly across
100-kb segments, suggesting the presence of warm spots of recombination; and (5) specific sequence motifs associate
significantly with recombination distribution. These data provide a plausible model for recombination patterns of

the human genome overall.

Introduction

Continual development of the human genome sequence
has led to a growing interest in defining haplotypic
blocks that will assist in the mapping of genes involved
in complex diseases (Daly et al. 2001; Goldstein 2001;
Reich et al. 2001; Rioux et al. 2001). A number of mo-
lecular genetic mechanisms, including mutation, meiotic
recombination (gene conversion and crossing over), se-
lection, and demographic history, are likely to dictate
the length of haplotypic blocks and the extent of linkage
disequilibrium (LD) within each block. Analyses of re-
combination hot spots have been reported for a number
of genomic regions in humans (Lebo et al. 1983; Chak-
ravarti et al. 1984, 1986; Rouyer et al. 1986; Bowcock
et al. 1988; Grimm et al. 1989; Charmley et al. 1990;
Benger et al. 1991; Oudet et al. 1992; Pentao et al. 1992;
Hubert et al. 1994; Reiter et al. 1996; Jeffreys et al.
1998; Lopes et al. 1998; Smith et al. 1998; Yip et al.
1999; Badge et al. 2000; Schneider et al. 2002), the most
detailed of which have involved the major histocom-
patibility complex (MHC) class II region (Cullen et al.
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1995, 1997, Jeffreys et al. 2000, 2001). Recent data have
indicated a convincing inverse correlation between rate
of meiotic recombination and strength of LD within a
200-kb segment of the MHC class II region (Jeffreys et
al. 2001), providing concrete evidence that recombina-
tion plays a primary role in defining the boundaries of
strongly associated haplotypic blocks.

The MHC spans >3 Mb on the short arm of chro-
mosome 6 and contains the most polymorphic loci (and,
consequently, haplotypes) known in humans. About 40 %
of the 128 genes in this region participate in immune
responses (MHC Sequencing Consortium 1999), and it
is likely that beneficial interactions among specific allelic
products of these loci result in selective pressure to secure
their close linkage relationship (Beck and Trowsdale
2000) and maintain particular haplotypes (Kwok et al.
1993). On the other hand, a constant—though perhaps
low-level—shuffling of haplotypes may protect against
novel human pathogens such as HIV-1. In this case, hap-
lotypes that are particularly beneficial against a novel
pathogen may arise through recombination and would
not necessarily already be present in high frequencies if
they were not effective against pathogens that have ex-
isted in the population over long periods of time. Mea-
surements of linkage disequilibrium among HLA class I
and II genes in the CEPH have emerged over the past
several years (Begovich et al. 1992; Klitz et al. 1995;
Cullen et al. 1997; Bugawan et al. 2000; Sanchez-Mazas
et al. 2000), revealing significant associations between
specific alleles of loci separated by distances >1 Mb.
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However, the dynamic interplay between the generation
of new haplotypes through recombination and the main-
tenance of those that are under selective pressure to re-
main in the population is poorly understood, in part
because of a lack of detailed information regarding re-
combination across the entire region.

Previous studies of recombination in families have
suggested that recombination across the MHC overall
is lower than expected (Martin et al. 1995), although
the use of family material for the generation of such
information is severely limited in power. Fairly extensive
mapping of recombination hot spots and cold spots in
the class II region has been performed (Cullen et al.
1995, 1997; Jeffreys et al. 2000, 2001), the most de-
tailed of which involved sperm typing of a 200-kb seg-
ment encompassing the genes DNA and DMB (Jeffreys
et al. 2001).

Here we use single-sperm typing (Li et al. 1988; Cui
et al. 1989; Goradia et al. 1991; Schmitt et al. 1994;
Yu et al. 1996; Brown et al. 1998; Lien et al. 2000) to
generate a reliable estimate of the frequency and dis-
tribution of recombination events across a large segment
of DNA (3.3 Mb), using a strategy virtually identical
to that employed by Hubert et al. (1994) for high-res-
olution mapping of recombination events in single
sperm. The recombination characteristics described here
for the MHC provide reasonable expectations of re-
combination patterns for the genome as a whole. Fur-
thermore, these data will enhance our ability to assess
putative selection processes in the MHC, by considering
LD values in light of recombination intensity between
the loci in question.

Subjects and Methods

Single-Sperm Isolation

All donations of semen for this study were provided
on an anonymous basis, as specified in the National
Institutes of Health institutional review board—approved
protocol OH97-C-N070. All donors were white, with
the exception of the MZ twins X and Y, who were of
African American descent. Identity was confirmed for
twin sib pairs X-Y and V-W on the basis of genetic
identity at 13 and 10 unlinked STRs, respectively, as
described elsewhere (Hammond et al. 1994). Donor ages
ranged from 18 to 49 years.

Sample preparation began within 4 h of semen col-
lection. Fresh cells were washed repeatedly in 1 x PBS
and were stained in Hoechst 33342. Single sperm were
isolated in each well of a microtiter plate by fluorescence-
activated cell sorting followed by alkaline lysis release
of one haploid genome per well (Li et al. 1991; Cullen
and Carrington 2001).
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Primer Extension Preamplification (PEP)

PEP, or whole-genome amplification (Zhang et al.
1992), was performed on each haploid sample in a total
volume of 60 ul containing 10 mM Tris-HCI (pH 8.3);
2.5 mM MgCl,; 200 uM each of dATP, dCTP, dGTP, and
dTTP; 40 uM random 15-mer oligonucleotide primer; 5
U of Tag DNA polymerase; and 10 ul of neutralized sam-
ple. PEP reactions were covered with an overlay of mineral
oil and proceeded under the following conditions: 95°C
for 5§ min, 50 cycles of denaturation at 92°C for 1 min,
annealing at 37°C for 2 min, and extension at 55°C for
4 min (3-min ramp time from 37°C to 55°C), followed
by final extension at 72°C for 10 min. A 60-ul post—-PEP-
amplified sperm DNA sample provides sufficient material
for =12 individual PCRs. Multiplexing several STRs in
a single PCR dramatically increased the number of mark-
ers typed per sample. Markers exhibiting robust ampli-
fication characteristics were successfully amplified with as
little as 2 ul of PEP-DNA.

PCR Amplification Using PEP Products

PCR amplification was performed in a total volume
of 20 ul containing 10 mM Tris-HCI (pH 8.3); 50 mM
KCl; 2.5 mM MgCl,; 200 uM each of dATP, dCTP,
dGTP, and dTTP; 0.2-1.6 uM forward and reverse prim-
ers; 1.25 U of Taqg DNA polymerase; and a 5-ul aliquot
of PEP-amplified haploid DNA. The PCR proceeded un-
der the following conditions: 95°C for 9 min, 10 cycles
of denaturation at 94°C for 1 min, annealing at 60°C
for 4 min, 15 cycles of denaturation at 94°C for 1 min,
annealing at 60°C for 3 min, followed by final extension
at 72°C for 10 min. The internal primer used in the
second round of nested PCR was end-labeled with v(**P)-
ATP. The second round of nested PCR amplification was
performed in a total volume of 20 ul containing 10 mM
Tris-HCI (pH 8.3); 50 mM KCI; 2.5 mM MgCl,; 200
uM each of dATP, dCTP, dGTP, and dTTP; 0.9 uM
internal primer; 1 uM complementary primer; 1.25 U
of Tag DNA polymerase; 0.016 uM ~(**P)-ATP-labeled
internal primer; and 1/10 the contents of the completed
first-round amplification reaction. The PCR proceeded
under the following conditions: 94°C for 9 min, 5 cycles
of denaturation at 94°C for 1 min, annealing at 60°C
for 1 min, 25 cycles of denaturation at 94°C for 30 s,
annealing at 60°C for 1 min, followed by final extension
at 72°C for 30 min. Alleles of STRs were resolved by
electrophoresis through a 6% denaturing polyacryl-
amide gel. Further details are available elsewhere (Cullen
and Carrington 2001)

Single-Sperm Typing Errors

Accurate scoring of single-sperm genotypes is critical
for estimating the recombination fraction between two
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polymorphic markers. Ideally, estimates are generated
by simply dividing the number of two-marker haplo-
types tested (recombinant + nonrecombinant) into the
number of recombinant haplotypes identified. However,
genotyping errors resulting from lack of amplification,
PCR contamination, or the presence of zero or two
sperm per well are not uncommon. As a result, data
generated from a two-marker analysis consist of 16 po-
tential outcomes: two types of nonrecombinant haplo-
types, two types of recombinant haplotypes, and 12 er-
roneous genotypes resulting from experimental error
(table 1). Estimates of the recombination fraction cal-
culated without consideration for the errors inherent in
single-sperm typing may be imprecise when recombi-
nation events cannot be confirmed by typing of addi-
tional markers and when the order of the markers along
the chromosome is not known. In this situation, the
number of obvious errors (e.g., blank wells, typing of
only one marker, etc.; see table 1) would correlate pos-
itively with errors that are not obvious (i.e., errors that
occurred in a situation where only one allele at each of
the two delineating markers is typed), and the use of a
statistical program that provides maximum-likelihood
estimates of the recombination fraction and associated
standard errors is necessary (Lazzeroni et al. 1994). On
the other hand, if estimates of the recombination fraction
between pairs of tightly linked markers of known chro-
mosomal order are calculated for the purpose of com-
paring recombination rates between different genomic
intervals, and recombination events are confirmed using
two or more pairs of markers, the program is not nec-
essary (Leeflang et al. 1994). This point is exemplified
in the study by Hubert et al. (1994), in which 25 re-
combinant sperm were fine mapped in a 1-Mb region
near the Huntington disease gene, without requiring the
generation of likelihood estimates of recombination frac-
tions and error parameters. Our mapping strategy is vir-
tually identical to that developed by Hubert et al. (1994).
Furthermore, 91% of recombinants identified in the in-
itial survey and fine mapped within the MHC were con-
firmed with at least two and usually more than three
markers on either side of the crossover. No convincing
cases of multiple crossovers were identified.

Identification of STRs and Recombination Sequence
Motifs within the MHC

A total of 3.3 Mb of MHC sequence data was screened
for STRs through use of the DNA analysis program
SPUTNIK (SPUTNIK Web site). The exact positions of
all di-, tri-, tetra-, and pentanucleotide repeats containing
=12, 8, 6, and 5 repeats per locus, respectively, were
mapped on a 3.3-Mb genomic sequence retrieved through
a public MHC database (Sanger Institute Web site) as a
contig of 79 overlapping sequences edited to remove se-
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quence overlap. Polymorphic STRs were identified by
PCR amplification of DNA from a reference panel of 15
cell lines (homozygous typing cells [HTCs]) (Yang et al.
1989). Sequence information for oligonucleotide primers
used in the study is available in table A (online only). In
addition, the number and distribution of 21 candidate
recombination sequence motifs (table 2) were mapped
within the MHC using the sequence analysis program
FINDPATTERN (Wisconsin Package Version 10.2; Ge-
netics Computer Group).

Statistical Analysis

Contingency tables were evaluated with the log-like-
lihood ratio statistic (G), Pearson’s x* statistic, or exact
tests (Sokal and Rohlf 1995). The testing of levels of
heterogeneity in the rates of recombination across do-
nors as well as genomic segments was performed by the
G test for goodness of fit (Sokal and Rohlf 1995). Dif-
ferences in crossover location between individuals were
tested using a Monte Carlo estimation of Fisher’s exact
test, with 10 iterations (107 for the 6 x 8 table), using
PROC FREQ in SAS.

To compare the recombination rate differences be-
tween the three pairs of HLA-identical individuals and
pairs of unrelated individuals, a (nonparametric) rank
test was performed on the differences between pairs. The
three identical pairs were ranked among all 66 com-
parisons possible among 12 individuals, and their rank
sum was computed. Since the 66 comparisons are non-
independent, the usual methods for evaluating the sig-
nificance of the rank scores are not valid. Therefore, we
evaluated the significance of the observed rank sum for
the three MHC-identical pairs by specifically testing the
null hypothesis that the differences between the identical
pairs do not differ significantly from the differences be-
tween any three separate (nonoverlapping) pairs chosen
from among the 12 individuals. In fact, there are 13,860
ways to choose three pairs; a numerical tabulation shows
that 703 (5.07%) have a rank sum less than or equal
to the rank sum for the actual identical pairs.

Potential correlations between recombination inten-
sity (cM/Mb) and motif density (number observed/Mb)
were tested within each segment independently, using
linear regression analysis as described by Majewski and
Ott (2000). Correlations were determined by PROC
REG in SAS, with variables significant in the multivariate
regression chosen by stepwise selection and confirmed
by best-subset selection.

Results

Comprehensive Rate of Recombination in the MHC

Martin et al. (1995) reported a sex-averaged recom-
bination rate for the MHC (defined as DPB1 to HLA-
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Table 1
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Genotypes Observed from Single-Sperm Typing of Markers Flanking the MHC

NoO. OF SPERM IDENTIFIED FOR GENOTYPE IN DONOR

TwO-MARKER GENOTYPE? A B C G L E S T X Y v W
Informative meioses":

L/S 1,492 16 412 862 683 865 619 529 16 14 896 955

S/L 1,425 15 405 673 588 820 583 335 36 31 875 952

L/L 29 856 12 13 17 29 12 15 854 793 32 25

S/S 46 919 13 57 62 19 17 7 969 895 25 18
Blank wells:

Null/null 168 253 55 267 315 130 244 173 60 142 94 184
Only one locus amplifies:

Null/S 94 96 28 63 80 60 51 30 48 70 36 14

Null/L 112 94 20 53 72 54 42 25 49 101 28 18

S/null 100 81 67 24 57 31 107 61 41 64 36 25

L/null 72 88 39 20 43 40 72 59 18 32 39 29
Two-allele genotype at only one locus:

B/null 1 0 0 0 1 1 3 2 2 1 2 1

Null/B 0 2 0 0 1 4 2 1 3 4 2 0
Three-allele genotypes:

S/B 24 3 7 29 16 49 7 7 10 9 26 12

L/B 5 2 11 65 11 36 7 6 35 10 10 9

B/S 17 2 S 7 17 29 14 9 S 3 25 15

B/L 1 3 3 0 2 9 5 1 63 16 28 20
Four-allele genotypes:

B/B 26 N 8 36 40 69 33 49 24 14 38 9
Anomalous genotypes® 1 2 7 16 22 8 14 9 35 9 16 14

Total 3,612 2,435 1,084 2,169 2,005 2,245 1,818 1,509 2,233 2,199 2,192 2,286

NoOTE.—Markers include MOGCA on the telomeric side of the MHC and D65439 or D65S291 on the centromeric side of the MHC.
* Alleles present: null = blank well, S = short allele, L = long allele, and B = both alleles.
" Nonrecombinants are underlined, and recombinants are shown in boldface italic type.

¢ Allele size is different from either progenitor allele.

A, totaling 3 Mb) of 0.63 cM/Mb, based on 952 infor-
mative meioses in 59 CEPH families. The class I region
(HLA-B to HLA-A; 1.34 Mb) was responsible for di-
minishing the recombination rates within the MHC
overall, since the rate in this segment was only 0.15 cM/
Mb (Martin et al. 1995), representing a recombination
desert (i.e., <0.3 cM/Mb), as proposed elsewhere (Bro-
man et al. 1998).

To provide a more accurate estimate of recombination
rates, single-sperm typing representing thousands of in-
formative meioses was used to generate large numbers of
recombination events from 12 donors. DNA from single
sperm was isolated, and the haploid genome of each was
amplified using PEP (Zhang et al. 1992). Approximately
26,000 sperm from 12 donors were genotyped for STRs
flanking the MHC (fig. 1A). A total of 20,031 sperm (the
informative meioses) were successfully typed for both
telomeric and centromeric markers. The remaining sperm
showed 1 of 12 possible erroneous genotypes resulting
from experimental error associated with a two-marker
analysis of haploid DNA (see table 1 and the “Subjects
and Methods” section). Crossovers occurring within a
4.14-Mb (MOGCA to D65439) segment or an overlap-
ping 5.7-Mb (MOGCA to D65291) segment were iden-
tified in 576 sperm. PEP-DNA from recombinant sperm

was genotyped again, using two STRs located in the vi-
cinity of the MHC class II gene DPB1 at the centromeric
boundary of the MHC. Among the 576 recombinants,
325 were localized within the MHC (DPB1 to MOGCA;
3.3 Mb), and 91% of these were confirmed by typing at
least two markers on either side of the crossover break-
point. The remaining 251 recombinants mapped within
a 0.85-Mb segment (7 = 146) or an overlapping 2.4-Mb
segment (n = 91) centromeric to the class II region (fig.
1A) or remain unresolved (z = 14). An estimate of 0.49
c¢cM/Mb across the MHC, based on 20,031 informative
meioses from 12 donors, fell below the male-specific es-
timate of 0.92 cM/Mb for the entire genome and 0.71
cM/MDb for chromosome 6 based on previously reported
genetic (Broman et al. 1998) and physical (Human Ge-
nome at NCBI) distances. The extensive polymorphism
within the MHC (Hughes and Hughes 1995; MHC Se-
quencing Consortium 1999) may account, to some extent,
for the low rate of recombination in this genomic region.

Significant differences in the numbers of the two non-
recombinant single-sperm haplotypes were observed
for donors G (P<107%), L (P<.01), X (P<.01), and
Y (P <.05) (table 1), corresponding with a significant
difference in the numbers of the two recombinant hap-
lotypes in these same donors (G, P< 10 L, P<10°%
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A 576 recombinants 325 MHC recombinants
total
= moGca ?9 ® .
13 Fine map % PCR
v = .
: 2 e o - crossovers = 48 STRs :
5=/| _PcR PCR, : :
1| =F . .
involving * involving : k. .
3STRs 2STRs $ g
u 325 mapped
E + D65439 ® x 3 195: <225 kb
or =i = 60: <395 kb
B Donor Total# MHC Total # cM/Mb c MHC (3.3Mb)
recomb. (3.3 Mb) Informative (MHC)
sperm 5
A 75 51 2992 0.516
B 31 22 1806 0.369 s 4
c 25 6 842 0.216 L
G 70 45 1605 0.849 5 3 -
L 79 59 1350 1.324 5
E 48 26 1733 0.454 £
s 29 14 1231 0.345 E 2
T 22 12 1086 0.335 g
X 52 20 1875 0.323 c 17
Y 45 21 1733 0.367 B
\ 57 28 1828 0.464 0 -
w 43 21 1950 0.326 AB CG L ESTX Y VW
total 576 325 20031 0.492 Donors
Figure 1 Summary of steps involved in recombination fine mapping. A, The MHC was surveyed for recombinants through use of PEP-

amplified sperm DNA and the polymorphic markers MOGCA at the telomeric end and either D6S439 (red) or D65291 (blue) at the centromeric
end (depending on heterozygosity in each donor). Four hundred sperm containing a single crossover in the 4.14-Mb segment from MOGCA
to D65439 and 176 sperm containing a single crossover within an overlapping 5.7-Mb segment from MOGCA to D65291 were identified. Of
the 576 recombinants, 325 mapped within the MHC, as determined by typing all recombinants with two additional closely spaced markers

(indicated with an asterisk [*]). Forty-eight STRs were used to localize 325 MHC crossovers within the smallest possible interval bordered by
adjacent markers. Limited amounts of PEP-DNA restricted the number of markers typed for each recombinant to only those markers that
would narrow the segment in which the recombinant occurred (4-11 markers typed per recombinant). B, Numbers representing recombinants
identified over the entire region initially screened (red and blue indicate recombinants from MOGCA to D65S439 and MOGCA to D65291,
respectively), recombinants within the MHC, number of informative sperm, and the distance-normalized recombination rate within the MHC.
C, Histogram of individual variation in the rates of recombination among 12 donors. Donors A, B, C, and G are unrelated (black). Donors L
and E share one parental HLA haplotype (green), donors S and T are HLA-identical siblings (blue), and donors X and Y and donors V and
W are two sets of MZ twins (red). Frequency of recombination plus 1 SD is shown.

X, P<10 7% and Y, P <.05). Whether the observed de-  and treated as a single value in a G test for heterogeneity
parture from the expected one-to-one transmission ratio (G = 52.2, 7 df, P < 10°®). Donors C and L showed a
of haplotypes is due to experimental error or meiotic  sixfold difference in recombination frequency over the
drive working upon particular haplotypes remains to be ~ entire MHC (0.71% and 4.3%, respectively), repre-
determined. senting the greatest disparity. These data concur with
the previous observation of up to twofold differences in
recombination frequency (5.1%-11.2%) among five do-
nors screened for recombination in a genomic segment
Significant heterogeneity in recombination rates within ~ of 20-25 Mb, which encompassed the MHC (Yu et al.
the MHC (0.22-1.32 cM/Mb; fig. 1B and 1C) was ob-  1996).
served among the donors tested in the present study, To address more specifically whether variability in the
where data from members of each sib pair were averaged  rate of recombination is due to random occurrence or

Variation in Recombination Rates among Individuals
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genomic sequence variation (either within or outside of
the MHC) among donors, single-sperm typing of male
siblings who share one or two parental MHC haplotypes
was performed (fig. 1C). Analyses of data derived from
two pairs of MZ twins (X and Y, and V and W) and
one pair of MHC-identical DZ brothers (S and T) in-
dicated no significant difference in the level of recom-
bination within the MHC between members of any
MHC-identical sib pair. Furthermore, when recombi-
nation rates across the entire segment (i.e., MOGCA to
D6S439 or D68291) were compared between members
of any MHC-identical pair, no significant differences
were observed. However, a highly significant (P < 1077,
using a 2 x 2 exact test) difference in recombination rate
within the MHC (2.9-fold) was observed between sib-
lings L and E, who shared only one parental MHC
haplotype.

Having established that recombination rates across
the MHC vary significantly among members of our do-
nor pool but not between the two members of each
MHC-identical sib pair, we specifically compared the
extent of variability in recombination rates between
MHC-identical sib pairs with that between nonidentical
donor pairs. The difference in recombination rates be-
tween two individuals was determined for all of the 66
possible pairs of individuals. Recombination rate differ-
ences for the identical pairs were at the lower end of the
distribution of recombination rate differences. Signifi-
cant differences between the observed rank sum for the
three MHC-identical pairs and any three separate (non-
overlapping) pairs chosen from all 12 individuals was
tested. Only 703 of the 13,860 possible unique pairs of
three have a rank sum less than or equal to the rank
sum for the identical pairs (P = .0507). This analysis
indicates a possible genetic influence on overall recom-
bination rates within the MHC itself.

Donor age did not correlate with recombination fre-
quency; furthermore, no significant variation in recom-
bination rates was observed over the course of 15 mo
among three samples derived from a single donor (data
not shown).

Identification of Recombination Hot Spots across the
MHC

The presence of recombination hot spots in various
regions of the human genome indicates a preference for
crossing over to take place at discreet sites (Lebo et al.
1983; Chakravarti et al. 1984, 1986; Rouyer et al. 1986;
Bowcock et al. 1988; Grimm et al. 1989; Charmley et
al. 1990; Benger et al. 1991; Oudet et al. 1992; Pentao
et al. 1992; Hubert et al. 1994; Cullen et al. 1995, 1997;
Reiter et al. 1996; Jeffreys et al. 1998; Lopes et al. 1998;
Smith et al. 1998; Yip et al. 1999; Badge et al. 2000;
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Jeffreys et al. 2000, 2001; Schneider et al. 2002). To
identify potential hot spots for recombination over the
entire MHC, 48 polymorphic markers distributed across
the MHC were used to fine map the 325 MHC recom-
binants identified among the 12 donors studied. Recom-
bination breakpoints were resolved to regions of 7-395
kb for 255 of the 325 recombinants identified, 195 of
which were mapped to segments of <225 kb (fig. 2).
Seventy recombinants, which were distributed evenly
among the 12 donors, could not be mapped to regions
<395 kb, because of insufficient PEP-DNA or lack of
informative markers in the corresponding donor. Cross-
overs spanning uninformative markers were partitioned
equally to the corresponding segments. The observed
number of recombination breakpoints identified in each
of 30 segments was then compared to the expected num-
ber based on segment size and the assumption of an even
distribution of events across the MHC (i.e., one cross-
over per 10.1 kb, given 325 crossovers identified within
3,300 kb of the MHC). Complete genotyping data are
available in table B (online only). (To view this very large
table properly, readers should be sure to use version 5.0
or higher of Microsoft Internet Explorer or Netscape.)

A highly significant difference from the expected fre-
quency of one crossover per 10.1 kb was observed in
the analysis of recombinant events from all donors com-
bined (G = 139, 29 df, P <10~ "). Six segments, the
total length of which accounts for 13% of the MHC
(428 kb), showed levels of recombination that were
1.7-5.2 x that expected (fig. 3A). Three of these were
highly significant (DPB1 to RING3, DQOB3 to DQBI,
and BAT2 to LTA; P<107°, 10~°, and 10", respec-
tively, after correction for multiple tests). None of the
classical class I or II genes (HLA-A, -B, -C, DRBI,
DQOBI1, DQAI, or DPB1) fell within any of the six seg-
ments containing hot spots.

The human and mouse class III regions have high se-
quence similarity and conserved gene organization, rela-
tive to the class I and II regions of these species (Yu et al.
2000), allowing a fairly direct comparison of recombi-
nation hot spots between the species in class III. The hu-
man BAT2-to-LTA segment overlaps with the 70-kb seg-
ment from LTA to H2-D in the mouse MHC, which also
contains a hot spot for recombination (Heine et al. 1994),
suggesting that sequences conserved between mouse and
human in this segment may promote high frequencies of
recombination. On the other hand, regions in humans
that are syntenic with the murine class III hot spots In£3
to Tnx and Hsp70 to G7c¢ (Yoshino et al. 1994; Snoek
et al. 1998) exhibited 1.7- and 1.5-fold decreases in re-
combination, respectively, compared with the expected
rate.

Although much of the MHC was associated with low
levels of recombination, no significant decrease over the
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expected was observed for any segment. Nevertheless,
fine mapping of 255 recombinants indicated the presence
of two regions, DRB1 to DRA and CAT75X to RNF9
(i.e., DRB1-CA toDRA-CA and I-7A to I-8A in fig. 2,
respectively) where recombination occurred rarely, if
ever.

Recombination Distribution Patterns Determined
Using Sperm Typing versus Family Data

The distribution of recombination events shown in
fig. 3A is indicative of patterns observed in males and
does not necessarily reflect that occurring in females.
To test whether recombination patterns may be similar
in both sexes, the distribution of 88 class II recombi-
nant haplotypes derived from sperm typing was com-
pared with 22 previously reported recombinants of ma-
ternal origin derived from segregation analysis in 20
families (Cullen et al. 1997). Similar patterns of re-
combination distribution between the two groups were
observed, the most striking of which are the segments
from DPB1 to RING3 and DOB3 to DOBI1, where
high frequencies of recombination were observed in
both groups (fig. 3B). Likewise, the recombination dis-
tribution pattern determined for all 31 family-derived
class II recombinants (22 maternal and 9 paternal) de-
scribed elsewhere (Cullen et al. 1997) was not signif-
icantly different from that observed using single-sperm
typing. Thus, comparisons of female versus male and
family versus sperm class II recombination data indi-
cate a pattern that is common to both sexes and is
reproducible using different methods.

Warm Spots of Recombination

Of the 255 fine-mapped MHC recombinants (i.e.,
regions of <395 kb), 38% (n = 98) occurred within the
six hot spots identified in fig. 3A. The remaining 157 fine-
mapped recombinants were scattered over 24 additional
segments that, together with the six segments incorpo-
rating hot spots, constitute the entire 3.3 Mb of the MHC.
Twenty-six of the 30 segments shown in figure 2 definitely
contained at least one crossover, and the absence of re-
combination could not be determined absolutely for any
of the 30 segments. Rather than suggesting a fairly high
level of random dispersal of recombination events
throughout the MHC, these data may indicate the pres-
ence of many closely spaced “warm spots” of recombi-
nation (i.e., one or more warm spots every 100-200 kb).
Theoretically, warm spots could be due to intermediate
levels of recombination in most individuals or to high
levels of recombination in a relatively limited number of
individuals in a population. Defining a warm spot would
require further fine mapping of the recombinants to a few
kilobases or less, such as that performed previously in the
TAP2 gene (Cullen et al. 1995; Jeffreys et al. 2000) and
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in a neighboring 200-kb segment of class II (Jeffreys et
al. 2001). This is not feasible in the present study, given
the limited amount of PEP-DNA generated from a single
sperm. Other methods designed to scrutinize recombi-
nation in short DNA fragments (6-8 kb [Jeffreys et al.
2001]), rather than those designed to study a broad view
across the entire MHC, would be necessary for identifying
warm spots with confidence. A model invoking recom-
bination hot spots and warm spots would explain the
identification, in the present study, of the highly active
DNA hot spot(s) (Jeffreys et al. 2001; previously referred
to as the “DNA to RING3” hot spot [Cullen et al. 1997])
and the inability to identify either of the less active TAP2
or DMB recombination sites (putative warm spots) re-
ported elsewhere (Cullen et al. 1995, 1997; Jeffreys et al.
2000, 2001). The presence of one or more warm spots
within each ~110-kb segment would correspond well with
previously estimated lengths of haplotypic blocks (<100
kb) (Daly et al. 2001; Jeffreys et al. 2001; Reich et al.
2001).

Variation among Individuals in the Distribution
of Recombination Events

To examine the extent to which multiple individuals
contributed to a particular hot spot, recombination in-
tensity at each of the 30 MHC segments was plotted for
individual donors (fig. 4) (crossover distribution data
available in table C [online only]). These profiles indicate
that for certain segments (DPB1 to RING3, DOB3 to
DQBI1, BAT2 to LTA, and telomeric to HLA-F), recom-
bination occurred at a high rate (at least two times that
expected, ranging from 2 x to 13.9 x) in seven to nine
unrelated individuals. The analysis of all recombinants
pooled (fig. 3A) also detected these four hot spots (seg-
ments 1, 4, 14, and 30 in fig. 4), although only three
(DPB1 to RING3, DOB3 to DQOBI1, and BAT2 to LTA)
were significant after correction for multiple tests. High
levels of recombination in 18 other segments appeared
to be specific to only one to three individuals (<25%
of those surveyed). In two of these segments (28 and 7),
recombination was particularly high (more than five
times the expected) for single individuals, and removal
of those individuals from each analysis resulted in re-
combination levels that were reduced to 1 x and 1.4 x
the expected, in segments 28 and 7, respectively. Overall,
the data support a model in which recombination fre-
quencies vary among segments, on the basis of both rates
and fraction of individuals contributing, the extremes of
which are the most reliable statistically.

High-frequency recombination occurred within three
to eight MHC segments per donor, and 22/30 segments
exceeded two times the expected recombination fre-
quency in at least one donor (fig. 4). Differences in re-
combination frequency at specific sites among various
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donors could potentially be explained by sequence poly-
morphisms located at or near the hot spot that influences
the recombination process. Thus, hot spots common to
most individuals, such as that located within the BAT2-
to-LTA segment (segment 14), may exist because of the
presence of a recombination-promoting sequence motif
(allele) at this locus that is present on most, but not all,
MHC haplotypes. Correspondingly, relatively low-fre-
quency recombination-promoting alleles may also exist
at certain polymorphic loci, an example of which may
be the DRA-to-TSBP segment (segment 7), where a high
frequency of recombination was observed in only a sin-
gle individual.

Determining whether variation in recombination dis-
tribution (locations where recombination occurred) dif-
fered significantly among the 12 donors across all 30
segments treated individually was computationally un-
feasible. Furthermore, <30 recombination events were
identified for most donors, limiting the power to detect
differences in patterns of recombination distribution be-
tween pairs of individuals across the 3.3-Mb region.
However, a Fisher’s exact test was performed on the
three individuals (A, G, and L) for whom >40 recom-
bination events were observed, considering all 30 seg-
ments. The test indicated that these three individuals
differed significantly in the distribution pattern of their
respective recombination events (P = .01). A second
Fisher’s exact test, analyzing 11 of the 12 individuals (C
had only one recombinant observed within a hot spot
and was excluded from the analysis), was performed to
determine whether there were differences in recombinant
numbers for each of the six hot spots. This test used
data from the eight genetically independent sources (in-
dividuals A, B, G, L, and E and the summed values for
each of the three HLA-identical sib pairs), and it indi-
cated significant heterogeneity in recombination distri-
bution patterns (P = .0007), supporting results from the
initial test. These data suggest that genetic variation af-
fects not only the rate but also the distribution pattern
of recombination in unrelated individuals. On the other
hand, no significant difference was observed in the com-
parisons between the two members of any of the MHC-
identical pairs (P >.5 in all three analyses); however,
small sample sizes for the pairs severely limit the power
of this analysis.

Haplotypic Blocks within the MHC

The identification of four intense hot spots within the
MHC (segments 1, 4, 14, and 30 in fig. 4) allows the
assignment of three major haplotypic blocks across the
complex. Major haplotypic blocks (shown as grey seg-
ments in fig. 4) are defined here as contiguous regions
in which no more than three individuals have recom-
bination rates greater than two times that expected on
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the basis of the 0.49 cM/Mb relationship determined for
the MHC overall. We propose that each major block is
composed of many smaller haplotypic blocks (in agree-
ment with Daly et al. 2001), which are defined by warm
spots of recombination that vary in the degree of their
recombination intensity. Gaudieri et al. (1997) proposed
the existence of six strongly associated “frozen” hap-
lotypic blocks within the MHC, which were defined as
100-300-kb stretches of DNA, primarily in regions con-
taining the extremely polymorphic classical HLA class
I and II genes. However, recombination occurs in most
if not all of the 30 MHC segments defined herein, and
segments containing the highly polymorphic class I and
I loci generally have average levels of recombination
(0.49 cM/Mb). Overall, the recombination data suggest
that (1) on the basis of recombination patterns, there
are likely to be many more than six strongly associated
haplotypic blocks within the MHC; (2) strongly asso-
ciated blocks are short (probably <100 kb); (3) such
blocks are ubiquitous throughout the MHC and are not
necessarily defined by high levels of polymorphism; and
(4) there is no apparent bilateral pattern of steadily de-
creasing recombination culminating in a cold spot at
each polymorphic class I and class II gene.

Sequence Motifs Involved in Recombination

Specific sequence motifs have been studied for their
potential role as recombination-enhancement elements
in prokaryotes (Smith et al. 1981; Shah et al. 1994) and
eukaryotes (Sander and Hsieh 1985), including yeast
(Schuchert et al. 1991; Gale et al. 1992; Fox et al. 2000)
and rodents (Edelmann et al. 1989; Zimmerer and Pass-
more 1991; Gale et al. 1992), and have been proposed
to exist in human DNA, as well (Jeffreys et al. 1985;
Bergemann and Johnson 1992; Dobbs et al. 1994; Aoki
etal. 1995; Rooney and Moore 1995; Smith et al. 1998).
Some of these sequence motifs directly bind molecules
involved in the recombination process and/or alter DNA/
chromatin structure (Wahls 1998), whereas others have
been implicated as participants in the process simply as
a result of their close proximity to known hot spots. A
screen of the MHC for precise sequence motifs previ-
ously implicated as potential recombination signal se-
quences (Smith et al. 1981; Jeffreys et al. 1985; Sander
and Hsieh 1985; Edelmann et al. 1989; Schuchert et al.
1991; Zimmerer and Passmore 1991; Bergemann and
Johnson 1992; Gale et al. 1992; Dobbs et al. 1994; Shah
et al. 1994; Aoki et al. 1995; Rooney and Moore 1995;
Smith et al. 1998; Fox et al. 2000) identified 18 of the
21 non-STR motifs considered (table 2). Six of those
observed were found ubiquitously throughout the MHC
(>600 times) and were excluded from further analysis,
since there is no indication from previous studies of a
correlation between recombination rate and the number
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of times these sequences are repeated in a given segment.
Linear regression analysis of the remaining 12 motifs
was used to detect potential correlations between re-
combination frequency and motif density (i.e., frequency
of the motif within a segment divided by segment size).
No significant correlations were observed using the lin-
ear regression analysis of motifs independently, although
both mouse LTR-IS and translin consensus 2 sites had
P values of .07 and .1, respectively, suggesting a weak
association (see below). Translin is a single-strand DNA
binding protein that associates with breakpoint junc-
tions in some chromosomal translocations and has a
potential role in Ig/TCR gene rearrangement (Aoki et al.
1995). LTR-IS has been shown to enhance recombina-
tion by 13 x in an in vitro system using nuclear extracts
from mouse cells (Edelmann et al. 1989).

The presence of STRs of GT has been associated with
regions of enhanced recombination for the entire chro-
mosome 22 (Majewski and Ott 2000), as well as with
increased recombination between two nonreplicating
plasmid substrates in human cells in culture (Wahls et al.
1990). It was proposed that left-handed Z-DNA formed
by long tracts of GT repeats stabilize the paranemic joint
formed during synapsis (Wahls et al. 1990), influence res-
olution of the Holliday junction (Dutreix 1997), and pro-
mote the binding of recombination machinery (Tracy et
al. 1997). We tested for potential correlations between
the density of various STRs and recombination intensity
across the 30 segments and observed a significant positive
correlation with GT dinucleotide repeats that were =24
bp (R* = 0.14, P = .04) or =40 bp (R* = 0.20, P =
.01) in length (fig. 5). Although this association was not
as strong as that reported for chromosome 22 (Majewski
and Ott 2000), it was stronger than the association re-
ported for the entire genome (Yu et al. 2001). We further
tested the influence of all motifs and repeats (see table 2)
on recombination through use of a multivariate regression
analysis. Interestingly, the mouse LTR-IS (P = .007),
translin consensus 2 (P = .05), and GT repeats that were
>40 bp long (P = .006) were all significantly associated
with recombination intensity (R*> = 0.44 for the mul-
tivariate analysis). This analysis suggests that a portion
of the variation in recombination distribution can be
explained by these three motifs/repeats, and their role
as recombination signal sequences warrants further
investigation.

Discussion

The data described in the present article indicate com-
plex patterns of meiotic recombination involving sites
that vary significantly in levels of recombination inten-
sity. The presence of four highly active hot spots (three
of which were significant even after correction for mul-
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tiple tests) across a region of 3.3 Mb suggests a density
of at least one hot spot every 0.8 Mb of DNA, or po-
tentially 3,000-4,000 intense hot spots throughout the
human genome. This range may underestimate the total
number of intense hot spots present in the genome and
does not include weaker hot spots, which may be un-
detectable when our approach is used. Theoretically,
identification of intense hot spots would define limits
across which linkage equilibrium can be expected.
Within regions defined by intense hot spots, the level of
disequilibrium between variants will vary substantially
and, in particular, will be strongly dependent on the
distance between the two variants being considered. On
the basis of the recombination patterns, we propose that
segments defined by intense hot spots are composed of
smaller haplotypic units separated by the warm spots of
recombination and that these smaller units contain var-
iants that are uniformly in strong LD. Indeed, the pres-
ence of strongly associated haplotypes ranging from tens
to hundreds of kilobases has been observed previously
(Daly et al. 2001; Reich et al. 2001). Furthermore, the
existence of warm spots of recombination occurring one
or more times every 100 kb is consistent with data de-
scribed by Jeffreys et al. (2001), as well as with the even
distribution of low-level recombination that occurred
within nearly all 30 segments of the MHC observed in
the present study.

The fine mapping of crossover sites to only one of
the 30 MHC segments analyzed was accomplished for
143 of the 325 recombinant haplotypes identified. The
remaining 182 crossovers were mapped across two or
more segments, because of marker homozygosity and
limited amounts of PEP-DNA, which reduces the degree
of heterogeneity in recombination frequencies among
the 30 segments. An analysis of only those crossovers
that mapped within a single segment indicated signifi-
cant levels of recombination (after correction for mul-
tiple tests) in the following segments: DPB1 to RING3,
DRA to TSBP, BAT2 to LTA, and the segment telomeric
to HLA-F. This result supports that which was obtained
when all recombinants were included in the analysis (fig.
3A), with the exception that the DOB3-to-DQB1 hot
spot was identified only when the complete data set was
employed. Additional studies are necessary to determine
whether the difference in significance between the two
data sets for the DQB3-to-DQBI1 segment can be at-
tributed to overestimation of recombination due to in-
sufficient fine mapping when the entire data set is used
or to lack of power when only 143 recombinants are
analyzed. We suspect the latter, since family-derived re-
combination data also indicate a hot spot for recom-
bination in this region. Higher marker density will refine
crossover sites substantially, pinpointing dramatically
localized peaks of recombination intensity, as have been
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observed previously for the DNA, DMB, and TAP2 hot
spots (Jeffreys et al. 2000, 2001).

Rates of recombination and distribution of recom-
bination events across the complex varied significant-
ly among individuals. Therefore, haplotypic blocks are
likely to vary across individuals, potentially confounding
gene mapping of particular traits. Although more than
half of the 12 individuals tested had recombination rates
more than double the expected in each of the four intense
hot spots (fig. 4; DPB1 to RING3, DQOB3 to DQOBI,
BAT2 to LTA, and telomeric to HLA-F), some individuals
had lower rates than expected in these hot spot regions.
By their nature, differences among individuals in recom-
bination frequency at warm spots are likely to vary even
more extensively. Several observations suggest that ge-
netic variation dictates, to some extent, where and how
frequently recombination occurs: (1) rates of recombi-
nation did not differ significantly between members of
any MHC-identical pair, but significant differences were
observed between individuals who were not MHC iden-
tical; (2) recombination occurred at a significantly greater
frequency than expected in some segments, suggesting
that sequences local to those hot spots take on a config-
uration that is particularly amenable to the molecular
machinery of the recombination process; and (3) the pres-
ence of specific sequence motifs (i.e., [GT].,,) are signif-
icantly associated with recombination hot spots in the
MHC. These data support studies of recombination using
other model organisms, such as bacteria, yeast, and
mouse, in which sequences local to sites of crossover are
thought to promote crossing over (Smith et al. 1981;
Sander and Hsieh 1985; Edelmann et al. 1989; Schuchert
et al. 1991; Zimmerer and Passmore 1991; Gale et al.
1992; Shah et al. 1994; Fox et al. 2000). Thus, the var-
iability in rate and distribution of recombination among
regions of the genome, such as the MHC, and more uni-
form across a population in conserved genomic segments.

The data described herein can be used directly in gain-
ing a better understanding of MHC evolution and selec-
tive processes occurring at this locus. Regions of in-
creased recombination intensity identified in this study
will allow proper selection of markers for use in surveys
of disease gene associations within the MHC. Disease
associations with two or more markers located on op-
posite sides of a recombination hot spot could potentially
indicate an epistatic interaction between two MHC loci,
which is entirely plausible given the abundance of genes
in this region that encode molecules with related func-
tions. Similarly, LD between specific alleles at two loci
that map to opposite sides of a hot spot might indicate
selection for that particular haplotype, due to some ben-
eficial effect conferred by that combination. It will be of
interest to type loci located on the boundaries of the
intense hot spots defined here, to determine the extent to
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which LD patterns correlate with recombination patterns
across the MHC.
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