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cation. The presence of multiple binding sites
results in a high avidity of the polymerase array
for single-stranded RNA, retaining the interme-
diates of RNA amplification while maintaining
a low local affinity at each polymerase to allow
the local template and primer movements nec-
essary for processive RNA elongation. RNA
recombination, which occurs by template
switching during RNA replication (36), is re-
sponsible for much of the diversity of RNA
viruses. The high frequency of switching be-
tween RNA templates might result from the
presence of multiple templates and nascent
strands on a shared polymerase lattice.
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Covariation of Synaptonemal
Complex Length and Mammalian
Meiotic Exchange Rates
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Analysis of recombination between loci (linkage analysis) has been a corner-
stone of human genetic research, enabling investigators to localize and, ulti-
mately, identify genetic loci. However, despite these efforts little is known
about patterns of meiotic exchange in human germ cells or the mechanisms that
control these patterns. Using recently developed immunofluorescence meth-
odology to examine exchanges in human spermatocytes, we have identified
remarkable variation in the rate of recombination within and among individuals.
Subsequent analyses indicate that, in humans and mice, this variation is linked
to differences in the length of the synaptonemal complex. Thus, at least in
mammals, a physical structure, the synaptonemal complex, reflects genetic

rather than physical distance.

Virtually all human genetic linkage studies
have examined individual chromosomes or
chromosome segments. Consequently, little
is known about the overall number and loca-
tion of meiotic exchanges in individual germ
cells. Only one systematic linkage analysis of
genome-wide levels of recombination in hu-
mans has been published. Broman and col-
leagues (I, 2) analyzed the inheritance of
short tandem repeat polymorphisms in eight
of the CEPH (Centre d’Etude du Polymor-
phisme Humain) reference families, examin-
ing all detectable recombination events per
meiosis. This approach provides a useful tool
for studying human recombination but has at
least two limitations. First, it requires well-
characterized, three-generation (or deeper)
families. Hence, without acquisition of addi-
tional families, analysis is effectively limited
to the few hundred meioses available from
the CEPH registry. Second, the approach re-
lies on analysis of transmitted haploid prod-
ucts instead of cells undergoing meiosis; con-
sequently, only one-half of all exchanges can
be detected (for example, after a single ex-
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change, only two of the four chromatids are
recombinant).

Recent cytological studies suggest that, by
using antibodies against the DNA mismatch
repair protein MLH1 to analyze meiosis I
spermatocytes and oocytes (3), it may be
possible to overcome these limitations. Spe-
cifically, studies analyzing the localization of
MLH1 foci on synaptonemal complexes
(SCs) in mouse (4) and human (5) spermato-
cytes suggested that these foci identify the
sites of meiotic exchanges. However, as these
analyses were based on small numbers of
cells—45 spermatocytes from three mice (4)
and 46 spermatocytes from a single human
(5)—it was not possible to examine intra- and
interindividual variation, nor was it possible
to determine whether recombination varied
with intrinsic or extrinsic factors (for exam-
ple, the age of the individual).

To address these issues directly, we ana-
lyzed pachytene-stage cells from 14 control
males (Fig. 1, table S1) (6); first, we asked
whether the number and location of MLHI
foci conformed to expectations for a mole-
cule that marks the sites of exchange. Details
of these initial analyses are provided in sup-
porting online text. Briefly, observations on
1384 cells from the 14 individuals yielded an
overall mean of 49.1 * 4.8 foci per cell and
a range of 34 to 66 foci per cell, which is
remarkably similar to data from CEPH males
(fig. S1); estimates of chromosome-specific
and total autosomal male maps were consis-
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tent with previous observations (table S2);
MLHI foci were preferentially distally locat-
ed, as expected (fig. S2A); and the foci dis-
played cross-over interference (fig. S2B, ta-
ble S3), a well-known property of meiosis.
Thus, our observations provide strong evi-
dence that MLH1 foci do “mark” the sites of
meiotic exchange in human males.

Next, we were interested in assessing the
range of values in our study population. Al-
most nothing is known about variation in
recombination in humans, and the available
information is- contradictory. Cytological
studies of diakinesis-stage spermatocytes (7)
suggest significant individual variation in
mean chiasma frequencies, and studies of
recombination with single sperm polymerase
chain reaction assays (8) indicate differences
over short genetic intervals. However, ge-
nome scans of CEPH families (/) could not
identify significant differences among males
in the overall number of meiotic exchanges.
Thus, the extent of variation in the number
and location of exchanges in the human male
is not clear.

We compared the number of foci per cell
among the 14 individuals (Fig. 2A, table S1),
and we observed surprising variability both
within and among individuals. For most in-
dividuals, we observed cells with as few as 40
and as many as 60 MLHI foci; thus, in
individuals with apparently normal spermat-
ogenesis, some cells had only two-thirds the
number of exchanges of other cells. Similar-
ly, results of a permutation test with an anal-
ysis of variance-like F statistic (9) demon-
strated significant interindividual variation
(P < 0.001). The mean number of MLH1
foci per cell ranged from 46.2 = 3.3 to
52.8 *+ 4.8, a difference of nearly 15% (Fig.
2A): This was not attributable to patient sta-
tus, stage of pachytene, or age (Fig. 2, B, C,
and D).

Although the basis for these differences is
unclear, we were intrigued by the possibility
that variation in SC formation and/or main-
tenance might play a role. Early in our study,
we noted a striking difference in the SC
lengths of chromosomes 21 and 22. Although
these chromosomes have similar physical siz-
es (21q is 39 Mb, 22q is 43 Mb) (10, 11),
their genetic lengths are quite different [for
males, 54 centimorgans (cM) for 21q, and 70
cM for 22q] (12). This led us to ask if SC
length reflects genetic or physical length of a
chromosome. To address that question, we
selected two sets of chromosome pairs: one
set with similar physical sizes but different
genetic lengths (chromosomes 21 and 22,
described above) and one set with similar
genetic lengths but different physical sizes
(chromosome 16, 98 Mb and 106 cM; chro-
mosome 19, 67 Mb and 104 cM) (12, 13). In
both instances, SC length was correlated with
genetic rather than physical length (/4),

www.sciencemag.org SCIENCE VOL 296 217 JUNE 2002

REPORTS

which suggests that the SC measures genetic
distance.

To determine whether this holds for the
entire genome, we analyzed cells from 7 of
14 study participants, comparing total auto-
somal SC length (determined by summing the
lengths of all autosomes) with the number of
autosomal MLHI1 foci (Fig. 3A). Trend lines
for the individuals had somewhat different
slopes, which suggests that the interindi-
vidual variation we observed in the overall

[}
o

number of MLH1 foci (Fig. 2A) was also
reflected in the relationship between recom-
bination rate and SC length. Nevertheless, for
all seven individuals there was a simple,
striking linear relationship between the num-
ber of MLHI foci per cell and the total
autosomal SC length.

To determine whether this relationship ex-
tends to other mammals, we conducted sim-
ilar analyses on mouse meiocytes. We exam-
ined the relationship between total SC length

Fig. 1. Combined
immunofluorescence/
FISH analysis of a hu-
man pachytene sper-
matocyte. The cell
was treated with an-
tibodies against SCP3
(to visualize synap-
tonemal complexes;
red), and MLH1 (to
identify meiotic ex-
changes; green), and
with CREST . antiser-
um (to detect centro-
meric regions; blue).
Chromosome-specif-
ic FISH probes were
used to identify chro-
mosomes 16 (green),
18 (yellow, upper), and
19 (yellow, lower).
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Highly significant interindividual variation was observed among the 14 individuals, with mean
numbers of foci ranging from 46.2 to 52.8. (B to D) There were no obvious reasons for the
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and number of MLH1 foci per cell for males
and females of three inbred strains. In previ-
ous studies of male mice, we identified strain-
specific differences in the mean number of
MLH]1 foci per cell (15). Thus, in this anal-
ysis we asked whether the strain differences
were correlated with variation in total SC
length (as for humans) and whether the vari-
ation occurred because, on average, some
strains had longer total SC lengths than oth-
ers. The results are summarized in Fig. 3B.
Although mice showed less variation than
humans, the overall trends were similar; for
each strain and for both sexes, the number of
MLHI1 foci was positively correlated with
total SC length. Further, strain differences in
MLH]1 foci could be explained by differences
in total SC length; indeed, the relationship
between SC length and the number of foci
was a virtual constant in males: 7.1-, 6.9-, and
6.9-pum SC length per MLH focus for CAST/
Ei, C57BL/6, and SPRET/EI, respectively.

REPORTS

These results provide evidence that a
physical structure, the synaptonemal com-
plex, “measures” genetic distance, at least
in mammals. Previous studies reported a
rough correlation between SC length and
cross-over frequency (/6); and in yeast,
mutations in the SC-associated locus Zipl
affect both cross-over frequency and inter-
ference (/7). However, this study directly
demonstrates that cross-over frequency and
SC length co-vary; that is, interindividual
variation in recombination is linked to vari-
ation in SC length. Conceptually, we can
think of at least two ways this might occur.
First, if the SC is central to the initiation/
regulation of recombination (for example,
as in Drosophila) (18), the number of re-
combination “nodules” (/9) localizing to
the SC might be affected by the length of
the structure—longer SCs could promote
more nodules and, ultimately, more chias-
mata. Alternatively, if the SC forms in
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response to earlier double-strand break—
associated events (for example, as in Sac-
charomyces cerevisiae) (20), SC length
might vary with the number and location of
double-strand breaks. The SC would still
measure genetic distance, but it would not
be the source of variation in exchange fre-
quencies. In humans, the exact temporal
relationship between recombination pro-
teins and SC components is not clear. How-
ever, if one assumes a sequence of events
similar to that in mice (27), recombination
likely precedes synapsis in both species.
Thus, we suggest that allelic variation in
loci encoding recombination machinery
proteins (such as SPO11, MRE11, RADS1,
and DMC1) may mediate differences in SC
length and exchange frequency.

Regardless of the validity of this model, it
seems likely that the relationship between ex-
change frequency and SC length is restricted to
a subset of exchanges. That is, in humans 39
autosomal arms are available for recombination
(excluding the five acrocentric short arms,
where exchanges seldom occur) and, in virtu-
ally all cells we examined, each arm had at least
one MLH1 focus. Thus, as in other organisms,
there is likely a requirement for at least one
exchange per arm. This suggests that the
effect of SC length on exchange frequency is
restricted to those “optional” exchanges in
excess of 39; that is, in humans the SC adds
an average of 7 to 14 exchanges, depending
on the individual, and in mice it adds 2 to 6
exchanges depending on strain background.
Mapping studies with mouse strains that have
low and high levels of genome-wide recom-
bination may reveal the loci responsible for
the variation and thus provide candidate loci
for analyses of human males.

Note added in proof: In an upcoming
article, Tease et al. (22) analyze oocytes from
a single human female fetus. They found that
the mean number (70.3) and location of
MLHI foci fit the expectations predicted by
female genotype data (/, /2). Additionally,
for individual chromosomes, they noted that
increasing SC length was accompanied by an
increased number of MLH1 foci, although no
formal analyses were conducted.
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Haplotype-based methods offer a powerful approach to disease gene mapping,
based on the association between causal mutations and the ancestral haplo-
types on which they arose. As part of The SNP Consortium Allele Frequency
Projects, we characterized haplotype patterns across 51 autosomal regions
(spanning 13 megabases of the human genome) in samples from Africa, Europe,
and Asia. We show that the human genome can be parsed objectively into
haplotype blocks: sizable regions over which there is little evidence for historical
recombination and within which only a few common haplotypes are observed.
The boundaries of blocks and specific haplotypes they contain are highly
correlated across populations. We demonstrate that such haplotype frame-
works provide substantial statistical power in association studies of common
genetic variation across each region. Our results provide a foundation for the
construction of a haplotype map of the human genome, facilitating compre-
hensive genetic association studies of human disease.

Variation in the human genome sequence plays
a powerful but poorly understood role in the
etiology of common medical conditions. Be-
cause the vast majority of heterozygosity in the
human population is attributable to common
variants and because the evolutionary history of
common human diseases (which determined
the allele spectrum for causal alleles) is not yet
known, one promising approach is to compre-
hensively test common genetic variation for
association to medical conditions (/—3). This
approach is increasingly practical because 4
million (4, 5) of the estimated 10 million (6)
common single nucleotide polymorphisms
(SNPs) are already known.

In designing and interpreting association
studies of genotype and phenotype, it is neces-
sary to understand the structure of haplotypes in
the human genome. Haplotypes are the partic-
ular combinations of alleles observed in a pop-
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ulation. When a new mutation arises, it does so
on a specific chromosomal haplotype. The as-
sociation between each mutant allele and its
ancestral haplotype is disrupted only by muta-
tion and recombination in subsequent genera-
tions. Thus, it should be possible to track each
variant allele in the population by identifying
(through the use of anonymous genetic mark-
ers) the particular ancestral segment on which it
arose. Haplotype methods have contributed to
the identification of genes for Mendelian dis-
eases (7-9) and, recently, disorders that are
both common and complex in inheritance (/0-
12). However, the general properties of haplo-
types in the human genome have remained
unclear.

Many studies have examined allelic associ-
ations [also termed “linkage disequilibrium”
(LD)] across one or a few gene regions. These
studies have generally concluded that linkage
disequilibrium is extremely variable within and
among loci and populations [reviewed in (/3—
15)]. Recently, examination of a higher density
of markers over contiguous regions (/6-18)
suggested a surprisingly simple pattern: blocks
of variable length over which only a few com-
mon haplotypes are observed punctuated by
sites at which recombination could be inferred
in the history of the sample. In one segment of
the major histocompatibility complex (MHC)
on chromosome 6, it has been directly demon-
strated that “hotspots” of meiotic recombination
coincided with boundaries between such blocks
(17). These studies suggested a model for hu-
man haplotype structure but left many ques-
tions unanswered. First, how much of the hu-
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