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Introduction

There is currently a great deal of interest in how the
recombination rate varies over the human genome. The
primary reason for this is the excitement about using
linkage disequilibrium (LD) to map and identify human
disease genes (reviewed in Ardlie et al. 2002; Nordborg
and Tavaré 2002; Cardon and Abecasis 2003). LD map-
ping (also known as “association mapping”) differs from
traditional linkage mapping methods in that marker-dis-
ease associations are sought in populations of unrelated
individuals. Such associations reflect the long evolution-
ary history of the chromosomal region (or the entire ge-
nome, in case of genomewide screens), involving recom-
bination, mutation, demographic events, and (perhaps
most importantly) random reproductive success. This is
in sharp contrast with the associations utilized in linkage
mapping, which simply reflect recombination and seg-
regation of DNA markers and phenotypes in a small
number of meioses in pedigrees or crosses. The depen-
dence of LD on an unknown history has two important
consequences for association mapping. First, although
LD is expected to decay with increasing recombination,
the relationship is expected to be extremely noisy (re-
viewed in Nordborg and Tavaré 2002). Thus, although
recent studies have identified considerable variation in
LD across the genome (i.e., “haplotype blocks,” see Daly
et al. 2001; Patil et al. 2001; Dawson et al. 2002; Gabriel
et al. 2002; Phillips et al. 2003), it is by no means ob-
vious to what extent this reflects variation in the under-
lying recombination rate (Reich et al. 2002; Wang et al.
2002; Innan et al. 2003; Phillips et al. 2003). It is clear
that nonuniformity of recombination rates (hot spots
and cold spots) along a chromosome could give rise to
blocks of LD, but it does not follow that variation in
recombination can explain all blocks of LD, nor does it
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follow that all blocks of LD are caused by variation in
recombination.

A second consequence of a long evolutionary history
(and a correspondingly large number of meioses) is that
LD decays along the chromosome over genetic distances
far shorter than those used to find linkage associations
when utilizing traditional mapping methods. In most
studies, LD levels change over physical distances from
as little as 10 kb to perhaps as much as 100 kb (Daly
et al. 2001; Gabriel et al. 2002; Phillips et al. 2003). If
we extrapolate from a commonly accepted genome av-
erage recombination rate of ~1 cM/Mb, this means LD
levels can vary over genetic distances ranging from 0.01
to 0.1 cM. (In this review, we will use the recombination
fraction and the unit of genetic distance [cM] inter-
changeably, since the likelihood of a double crossover
event in such small intervals is negligible.) Recombina-
tion-rate estimates in existing genetic maps are very in-
accurate for intervals <1 ¢cM (Kong et al. 2002; Weber
2002). This makes it impossible to determine the extent
to which variation in LD is determined by variation in
recombination. In what follows, we focus in particular
on experimental methods for measuring recombination
over distances <1 cM and discuss their strengths and
limitations. Before turning to this, we address briefly why
knowing more about the pattern of recombination is both
important and interesting.

The Importance of Recombination Patterns

It can be argued that, from the point of view of LD
mapping, it does not matter why there is LD, as long as
it is there. The past is the past. This is a strong argument,
but it may not be completely valid. For one thing, the
cause of LD may have practical implications for marker
choice in association studies. The human HapMap pro-
ject (see “Electronic-Database Information” section) pro-
poses to select markers on the basis of the pattern of LD
in three samples from three populations. These markers
are then to be used to map disease genes in samples from
other populations, a strategy that may be more likely to
work if variation in LD is due mostly to variation in the
rate of recombination and not due to chance or demo-
graphic events. (We write “may” because it is entirely
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possible that recombination rates in some regions vary
considerably among human populations.) This is an is-
sue that will probably have to be determined by looking
at patterns of LD in various samples.

Estimates of the recombination rate are necessary,
however, if we wish to model the evolution of a chro-
mosomal region on a fine scale (from hundreds to a few
kb). Most algorithms for fine-scale mapping make as-
sumptions about the local recombination rate (Liu et al.
2001; Morris et al. 2002; Niu et al. 2002). The same
is true for many other kinds of evolutionary inference
methods. There is, for example, great interest in deter-
mining whether selection has been acting on particular
loci and in inferring human demographic history. These
kinds of inference are notoriously sensitive to assump-
tions about local recombination rates (Wall 1999; Wall
and Przeworski 2000; Wall et al. 2002).

Finally, variation in the recombination rate is inter-
esting in and of itself. Recombination and gene con-
version in humans and other mammals are poorly un-
derstood, and knowledge of their genomic pattern of
variation may help us better understand these phenom-
ena at a mechanistic level.

Characteristics of Genetic Maps: Resolution
and Accuracy

The resolution of a genetic map determines how precisely
we know the position at which a recombination event
takes place, and it is ultimately limited by the density of
polymorphisms. We cannot define the position of an event
to less than the distance between the closest flanking
markers. However, given that two human genomes dif-
fer, on average, once every 1-2 kb (Sachidanandam et
al. 2001), marker density itself will not be limiting for
many regions of the human genome.

The accuracy of any estimate of a recombination frac-
tion over a particular interval is a function of the num-
ber of meiotic events studied. For example, if an interval
has a true recombination fraction of 0.01 (1 cM), esti-
mating recombination within this segment using a sam-
ple size of 200 meioses will leave significant doubt about
the true genetic distance. On the basis of this sample size,
the true genetic distance will be estimated to lie between
0.1 and 3.6 ¢cM, a 36-fold range (95 % CI). (In this review,
CIs are computed by assuming the observed number of
recombinants is the expected number, given the recom-
bination rate, and then calculating the standard bino-
mial CI.) Fundamental statistical principles show that
accuracy goes up only with the square root of the num-
ber of observations, so achieving high levels of accuracy
can be laborious and expensive. In the example just
given, a sample size of 5,000 meioses would significantly
increase the accuracy and narrow the estimate of the
recombination fraction to 0.7-1.3 cM (95% CI).

There is a trade-off between resolution and accuracy.
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Given a constant number of meioses, increasing resolu-
tion decreases accuracy, and vice versa. Consider again
the same 1-cM region as above, but with nine additional
markers placed to divide it equally into 10 segments. In
this case, crossovers will be located with greater reso-
lution (100 kb). However, the accuracy of the measured
genetic distance in any one of these smaller intervals
must be lower, because it is based on fewer crossover
events (assuming a random distribution of crossovers).
For each 0.1-cM region, the accuracy of the recombi-
nation-fraction estimate reduces to 0-1.84 ¢cM for 200
meioses and to 0.03-0.23 cM for 5,000 meioses.

The recent mapping study by Kong et al. (2002) an-
alyzed the largest number of meioses to date (Weber
2002). They typed 5,136 microsatellite polymorphisms,
using 1,257 meioses as part of an effort to map disease
genes. If the markers they used were uniformly distrib-
uted over the genome, the average interval size would
be 584 kb. Given the same number of meioses, the 95%
CI for an estimate of genetic distance over intervals this
length is 0.2-1.1 ¢cM. These upper and lower bounds
of genetic distance vary approximately sixfold, and the
interval size is significantly larger than that needed to
inform the overall relationship between LD and recom-
bination. If the authors had instead achieved 100-kb
resolution, the accuracy of the estimate of the genetic
distance of each interval would actually have been re-
duced (95% CI 0.002-0.44 cM). Accurate estimates of
the recombination fraction at the resolution required to
study the relationship between LD and recombination
(physical distances far <1 Mb) demand many more
meioses.

Recombination Hot Spots

It has been known for decades that many regions of the
human genome have higher (or lower) recombination
fractions than would be expected on the basis of the
genome average recombination rate (1 cM/Mb). These
regions have all been called “hot spots” (or “cold spots”).
A corollary to the definition of a hot spot (or cold spot)
is that comparable cold spots (or hot spots) must also
exist to maintain the genome average recombination rate.
The definition of a hot spot (or cold spot) can also be
relative to local recombination rates. A segment of DNA
that undergoes recombination at the genome average
rate can also be considered a hot spot if it is imbedded
in a very “cold” region of the genome.

The term “hot spot” (or “cold spot”) has been used
to describe chromosomal segments that vary considera-
bly in size (from hundreds of base pairs to tens of mega-
bases). Hot spots (and cold spots) of recombination have
been observed in all experimental organisms that have
been studied in any detail (reviewed in Lichten and Gold-
man 19935; Petes 2001; Nachman 2002).

Hot spots of recombination in humans and other mam-
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mals have been discovered inadvertently during linkage
studies or inferred from patterns of LD. The recombi-
nation hot spots in the human pseudoautosomal region
(~2.6 Mb [Rouyer et al. 1986]), the DMD locus (60 kb
[Grimm et al. 1989]), the phosphoglucomutase gene (58
kb [Yip et al. 1999]), the subtelomeric region of chro-
mosome 16 (3 kb [Badge et al. 2000]), and the mouse
major histocompatibility complex (<1 kb [Kobori et al.
1986; Steinmetz et al. 1986; Shiroishi et al. 1991]) are
just some examples of the former. The hot spots close
to the human B-globin gene (12 kb [Antonarakis et al.
1982; Chakravarti et al. 1984]) and insulin locus (20
kb [Lebo et al. 1983; Chakravarti et al. 1986]) were the
first examples of the latter.

Note that the definition of a chromosome region as
a hot spot does not define a priori how recombination
events are distributed within that region. It is possible
that crossover initiation sites of equal strength are dis-
tributed randomly throughout the genome but that the
rate at which crossovers are initiated at these sites is
higher throughout some chromosome regions than in
others of the same size. Alternatively, discrete recom-
bination initiation sites of equal strength might be dis-
tributed unevenly throughout the genome, creating some
chromosome segments with a higher density of such
“initiators.” Of course, hot spot activity could also be
observed, given both a random distribution of initiators
and a nonrandom distribution of their strength across
chromosomes.

Discovering Recombination Hot Spots by Use
of Pedigree Analysis

In family studies, each offspring can provide information
on the product of one paternal and one maternal meiotic
event. A limited number of microsatellite and variable
number of tandem repeats (VNTR) DNA polymorphisms
and meioses were used in constructing genetic maps in
the past. The result was (on average) barely sufficient to
allow accurate estimates of the recombination fraction
between markers several Mb apart. This was not an issue,
since the primary objective of these mapping studies was
getting the marker order right. The ordered maps of DNA
polymorphisms that came from such maps (Donis-Keller
et al. 1987; Buetow et al. 1994; Murray et al. 1994; Dib
et al. 1996; Robinson 1996; Broman et al. 1998; Mah-
tani and Willard 1998; Yu et al. 2001; Kong et al. 2002)
contributed greatly to the cloning of disease genes (Bot-
stein et al. 1980).

In spite of the low-resolution nature of the above map-
ping studies, pedigree analysis has accurately defined
numerous large chromosomal regions with cM:Mb ra-
tios that vary by up to 100-fold (Yu et al. 2001). On
the other hand, quite dramatic hot spots (even recom-
bination rates thousands of times greater than the ge-
nome average) might be completely missed in low-reso-
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lution analyses. Imagine a linkage study showing that a
1-Mb interval between two markers undergoes recom-
bination at approximately two times the genome average
rate (note that only a study using far more meioses than
is typical would have the statistical power to document
excess recombination of this magnitude). A twofold in-
crease in cM:Mb ratio could be explained if recombi-
nation initiators are randomly positioned throughout
this interval and the initiation events are two times more
likely than the genome average rate. On the other hand,
999,000 bp recombining at the genome average rate and
a 1-kb segment recombining at a rate 1,000 times greater
is also consistent with the data. In this case, 999,000
bp would contribute 0.999 cM of genetic distance. The
remaining 1,000 bp would contribute 1 ¢cM (1,000
cM/Mb x .001 Mb). Could we distinguish between
these two explanations? The answer is “perhaps.”

Table 1 shows the number of meioses necessary to
reject (with 75% power) the genome average recom-
bination rate for an interval as both the width of the
interval studied and the intensity (multiples of the genome
average) of the single hot spot varies. The hot spot (as-
sumed to be 1 kb in width), is considered to be com-
pletely contained in the interval. In the case of the 1-Mb
region containing a 1-kb hot spot with 1,000 times the
genome average recombination rate, detection could be
achieved with ~1,000 meioses. However, a hot spot with
only twice the genome average recombination rate
would not be detected, even if the number of meioses
were 100,000.

By linearly adjusting the recombination rate, one may
also use the table to consider hot spots of different sizes
or intervals with more than one hot spot. For example,
a 0.5-kb hot spot with a recombination rate 20 times the
genome average corresponds to the “10 x ” column in
the table, or two 1-kb hot spots in the same interval,
each with recombination rate 50 times the genome av-
erage, correspond to the “100 x ” column.

The computations in table 1 are for a single interval

Table 1

The Number of Meioses Necessary to Reject the
Genome Average Recombination Rate of an Interval
with 75% Power

INTERVAL HOT-SPOT RECOMBINATION RATE
WIDTH

(kb) 2% 10 x 100 x 500 x
1 >100,000 39,500 1,500 500
10 >100,000 >100,000 4,000 1,000
20 >100,000 >100,000 4,500 1,000
100 >100,000 >100,000 6,500 1,000
1,000 >100,000 >100,000 10,500 1,000

NoOTE.—The hot spot is assumed to be localized to a
1-kb portion of the interval. The columns correspond to
the hot-spot recombination rate given as multiples of the
genome average rate.



with a single hot spot, but we are interested in testing
many intervals. If one were to test, for example, 100
intervals, a multiple-tests correction must be applied to
evaluate whether any of them are significantly greater
than the genome average. In this case, the number of
required meioses listed in table 1 must increase by
approximately twofold (preserving 75 % power; exact
numbers not shown).

To detect a hot spot with width ~1 kb, it is best to
resolve the location of the recombination events as nar-
rowly as possible, despite the loss of accuracy in es-
timating the recombination rate. The reason is that the
signal from a narrow hot spot will be diluted in a large
interval.

As an example of how resolution and sample size are
interrelated, imagine a 1,000-kb region that we can con-
sider either as one interval or divided into 100 10-kb
intervals. If the hot spot has width 1 kb and recombi-
nation rate 100 times the genome average, detecting it
requires 10,500 meioses in the one interval scenario,
whereas the 100-interval scenario, even after applica-
tion of the multiple-tests correction, requires only 7,000
meioses.

In addition to testing whether a hot spot exists within
a particular interval, one could also test whether the re-
combination rate is homogeneous across an interval. It
is possible that a region would have multiple hot spots
(some perhaps too weak to be detected by current meth-
ods) and multiple cold spots. A x* analysis, using the
number of events observed in each interval, would be
appropriate to test for significance.

Sperm Typing Can Improve the Resolution and
Accuracy of Recombination Estimates

In 1988, a PCR method was developed that made it pos-
sible to genotype single diploid and haploid cells at the
DNA level (Li et al. 1988). This led to a new approach
for studying crossing over called “single-sperm typing”
(Cui et al. 1989). Sperm typing can now be applied to
either single gametes or total-sperm DNA. Studying re-
combination between X-chromosomes is obviously not
feasible using male gametes.

Single-Sperm Typing

A single human sperm cell represents one of the four
products of a single meiotic event at which ~50 meiotic
exchanges (MLH1 foci) occur among the 23 pairs of chro-
mosomes (Lynn et al. 2002). A semen sample contains
hundreds of millions of sperm and thus represents a large
sample of the meiotic crossover events that occurred in
the donor prior to sperm collection. Because a large
number of meiotic products from a single individual can
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be studied, this technique has the capability of estimating
recombination with high accuracy.

The principle of single-sperm typing is simple (figs.
1A and 1B). Individual gametes are isolated manually
(Li et al. 1988; Lien et al. 1993) or by fluorescence-
activated cell sorting (Cui et al. 1989). In its simplest
form, PCR is performed on each lysed sperm, by use of
primer pairs flanking two informative polymorphic
markers that bound the interval of interest. By analyzing
the genotype at each locus in many individual sperm,
the phase of the two markers (Al, al or Ai, ai) in the
donor can be deduced and individual sperm categorized
as having a recombinant or a nonrecombinant haplo-

a l
ﬁL R]
\\\,,, Q)
MEIOSIS R,
\\\ NR,
\\—\
B
. U, SPERM LYSIS
||
Ala > /i PCR BOTH
Ve < MARKERS
= >
GENOTYPE PRODUCT
Amota inotl  gpERM IS Ai RECOMBINANT
Figure 1 Basic principle of single-sperm typing. A, The sperm

donor is heterozygous at both the A/a and /i loci. The four possible
sperm haplotypes with respect to these two loci are shown (NR =
nonrecombinant; R = recombinant). B, Sperm lysis followed by si-
multaneous PCR, using primers specific for the A/a and /i loci. Sep-
arate aliquots of the PCR product can be typed for the A/a or I/i
markers, thereby determining the haplotype that, in this case, is Ai.
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i PEP

TYPE
ALIQUOTS
AT LOCI:

Figure 2 Basic principle of PEP. To make multiple copies of a
single-sperm genome, individual sperm are lysed, and a collection of
all possible 15-nt-long primers is annealed to the DNA and extended
multiple times (usually 50-60) by use of Tag DNA polymerase. The
dashed lines show the primer extension products after several rounds
and indicate that multiple copies of each genomic sequence can be
produced. Aliquots of the product are placed in tubes (inverted tri-
angles) and used for genotyping.

type. Significantly more than two loci (in one case, 17
and, in the other, 32) have been amplified from a single
sperm (Lien et al. 2000; Pramanik and Li 2002). The
single-sperm typing method, including technical details
and possible errors (Li et al. 1991; Cullen and Car-
rington 2001; Lien et al. 2002), has been reviewed
elsewhere.

Single-sperm typing made it possible for the first time
to measure human recombination fractions in a single
individual (male), because the large number of sperm
available from a single donor enables a high level of
accuracy to be achieved. Family studies, on the other
hand, necessarily generate a population average recom-
bination fraction (male, female, or both sexes) for any
interval, because data from different families must be
pooled to obtain a sample size for even a minimal level
of accuracy.

Single-sperm typing has been used to ask very specific
questions about human meiotic recombination that are
difficult, if not impossible, to study using pedigree analy-
sis. This includes meiotic drive (Williams et al. 1993;
Leeflang et al. 1996; Takiyama et al. 1997, 1999; Gre-
wal et al. 1999; Girardet et al. 2000; Crouau-Roy and
Clayton 2002), the effect of specific chromosomal ab-
normalities on crossing over (Brown et al. 1998; Shi et
al. 2001), variation in crossover frequency among dif-
ferent individuals (Yu et al. 1996; Lien et al. 2000; Cul-
len et al. 2002), and the effect of age on recombination
(Shi et al. 2002). However, most relevant to this review
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are those single-sperm typing studies aimed at charac-
terization of chromosome regions with unusually high
recombination activity (Day et al. 1994; Hubert et al.
1994; Schmitt et al. 1994; Lien et al. 2000; Cullen et
al. 2002; Schneider et al. 2002; Shi et al. 2002).

Locating Recombination Hot Spots by Single-Sperm
Typing

A useful and economical method for locating recombi-
nation hot spots makes use of a simple bisection strategy
(Hubert et al. 1994). Individual sperm (fig. 2) are first
subject to whole-genome amplification (WGA) by mul-
tiple rounds of primer extension, using random sequence
15-base oligonucleotides (Zhang et al. 1992). The goal is
to produce as many copies of the sperm’s genome as pos-
sible so as to allow genotyping at any chosen genetic locus.
Primer extension preamplification (PEP) can produce an
average of 30-60 copies of a single haploid genome with
a high probability that a small aliquot of the total PEP
product will have at least one whole genome available
for typing a marker (Zhang et al. 1992). A new approach
to WGA (Dean et al. 2002) may make it possible to
produce tens of thousands of copies of a single sperm’s
genome.

Two aliquots of the PEP product are taken from each
sperm and are used to type a pair of markers flanking
any interval of interest. If this interval is 1 Mb in size,
for example, then 1% of the sperm are expected to
have a recombinant haplotype for these two markers.

ABCDEFGHI

SPERM DONOR GENOTYPE

abcde fghi

SELECT SPERM WITH

- .
A X CROSSOVER BETWEEN
FLANKING MARKERS
A E * i TYPE ALIQUOT FOR
MIDDLE LOCUS E/e
A E*g i TYPE ALIQUOT FOR
LOCUS (G/2) MIDWAY
BETWEEN E AND i
A E*f g i TYPE ALIQUOT FOR
. LOCUS F/f
Figure 3 Single-sperm bisection strategy. The genotype of the

sperm donor at nine loci (A/a through /i) is shown at the top. After
PEP, sperm are identified that have a crossover between the A/a and
1/i loci. Successive PEP aliquots are taken for additional typings and,
at each step, the marker in the middle of the smallest interval (*) in
which the crossover could have occurred is examined until the desired
resolution is achieved.
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Once the recombinant sperm are identified, more ali-
quots of each sperm’s PEP product are taken to type
additional markers within the 1-Mb region (fig. 3). To
achieve a resolution of 100 kb, for example, the ge-
notype of nine additional markers from each sperm
must be evaluated. However, nine additional PEP ali-
quots from each sperm are not required. In this ex-
ample, the bisection strategy requires a maximum of
only four typings to locate the 100-kb subinterval in
which the crossover event occurred. In general, if there
are n interior markers, a maximum of 1 + [log, 7] typ-
ings are required to specify the adjacent markers of
the recombination event. Although PEP may produce
only 30-60 copies of the original sperm genome, it
does not necessarily result in an inability to achieve
the highest possible resolution. Consider the extreme
case where a 10-Mb interval is to be analyzed. The
expected fraction of recombinant sperm is 10%. Even
if informative markers were spaced every 1 kb (10,000
total markers), the bisection strategy would require
only a maximum of 14 additional typings of each
sperm (besides the two originally needed to define the
sperm as recombinant in the 10-Mb interval) to iden-
tify the 1-kb interval in which crossing over took place.
Although very high resolution can be achieved with
the bisection strategy, the accuracy, of course, will de-
pend on how many single sperm are examined for each
interval.

The largest single-sperm typing study to date (Cullen
et al. 2002) measured recombination events across a 3.3-
Mb interval in the human major histocompatibility com-
plex (MHC), known previously through classical link-
age studies to harbor recombination hot spots (reviewed
in Carrington 1999). Haplotypes were obtained for
~20,000 single sperm from 12 different individuals.
Forty-eight different polymorphic simple tandem repeat
markers were used to define 30 intervals. A total of 325
recombinants could be localized to within these inter-
vals, 8 of which were <100 kb in length.

Six of the 30 intervals were identified as having hot-
spot activity. Three of them showed highly statisti-
cally significant increases in cM:Mb ratios (range 2.5-
fold-5.2-fold) greater than that observed for the whole
HLA. Note that the fold increase in cM:Mb ratio was
not calculated relative to the genome as a whole but to
the total rate over the 3.3-kb MHC (0.49 cM/Mb). It
is intriguing that the authors found that donors varied
in the pattern of recombination within the MHC. Com-
parison of MHC-identical sib pairs with nonidentical
donor pairs suggested that variation in recombination
pattern might be related to the donor’s particular MHC

type.
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Recombination Detection Using Total-Sperm DNA

An alternative sperm-typing approach uses total-sperm
DNA and allele-specific PCR to study recombination.
The method has been applied to both equal and un-
equal crossing over and gene conversion (Hogstrand
and Bohme 1994; Tusie-Luna and White 19935; Jeffreys
et al. 19984, 2001; Han et al. 2000; Guillon and de
Massy 2002). Using allele-specific PCR (reviewed in
Ugozzoli and Wallace 1991), recombinant molecules in
total-sperm DNA are selectively amplified. Because re-
combinants are identified only if they can be amplified,
the largest interval in which recombination can be mea-
sured is restricted to the largest PCR product that can
be produced. Practically speaking, this limits the appli-
cation to intervals ~5 kb in length. This is due not only
to the general difficulty of long PCR using genomic DNA
but also to the fact that the recombinant target makes
up a very small proportion of the total-sperm DNA. The
recombination fraction in an interval 5 kb long is ex-
pected to be on the order of 5 x 107, given the genome
average recombination rate.

The PCR assay is designed to detect one of the two
reciprocal crossover products in preference to the other
crossover product and the two nonrecombinants. Four
allele-specific primers form the basis for two rounds of
fully nested PCR (see fig. 4) that provide the specificity
required. Thus, sperm donors informative for two SNPs
on each side of every studied interval must be found.

Once an assay has been developed, appropriate dilu-
tions of total-sperm DNA are made so that no more than
one recombinant molecule is present in any aliquot. The
difficulty of selectively amplifying a recombinant using
allele-specific PCR increases with the number of non-
recombinants that are also present. How large a number
this can be without losing the specificity of the PCR
must be determined empirically for each interval. To date,
this number varies from as few as 1,000 to as many as
66,000 nonrecombinant genomes. At least two factors
contribute to this variation. The greater the length of
the DNA segment being amplified, the longer the required
PCR extension time, and this is negatively correlated with
allele specificity. A second factor is that allele-specific am-
plification is also affected by exactly which nucleotide
bases are present at the polymorphic site (Kwok et al.
1990; Huang et al. 1992).

Once a single recombinant is amplified, the site of
recombination can be further localized by using the
product to determine the genotype at any informative
polymorphisms existing in the region between the two
markers that were used for the second round of PCR.
A target that is initially 7 kb will be reduced (on average)
to 5 kb at the end of the second round. Assuming that
the sperm donor is informative for markers within the
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PCR PRODUCT
5 5 T =P 5
A A
NR, -
5 T T 3
X G 5
" 5 T X 5
NR, G G _
5 C C 3
<« G5
i 5T =P 5
R, A ¢ +
5 1 C 3
<« G5
| ST X 5
R2 3 G A
5—C A h
A G 5
Figure 4 Principle of identification of crossover molecules by

use of allele-specific PCR. The four possible products of meiosis, in-
cluding both nonrecombinants (NR; and NR,) and recombinants (R,
and R,), are shown. For each meiotic product, both strands of the
double-stranded DNA molecule are shown. The interval being studied
is bounded on each side by an SNP (two are required on each side,
but, for simplicity, only one is shown; see text). For each SNP, one
allele contains an A/T base pair and the other allele a G/C base pair.
The four haplotypes, with respect to these two SNPs, are also shown.
To select for the R, haplotype (A/T on the left and G/C on the right),
PCR primers specific for A/T and G/C sites are used for PCR. The
primer on the left of the interval contains a T at the 3’ end, whereas
the primer on the right contains a G at its 3’ end. At each SNP, the
primer is extended efficiently (thick arrows) on two of the four hap-
lotypes but inefficiently (thin arrows with an X) on the remaining two
haplotypes, because of a T opposite G base-pair mismatch. As a result,
only R; molecules can be efficiently amplified with the two primers.

5-kb region, the positions of crossovers can be deter-
mined at higher resolution. Certain regions of the genome
with higher densities of markers make it more likely
that such resolution can be obtained. Similarly, regions
with a low marker density may be analyzed only at
lower resolution.

The accuracy of results using this method can be very
high, since the number of sperm genomes that can be
examined in one experiment is enormous. If each PCR
aliquot queries 10,000 molecules, 100 reactions will pro-
vide a sample size of 1 million genomes. However, not
all allele-specific PCR reactions perform with the same
stringency. If 1,000 sperm genomes per aliquot were the
upper limit for detecting a single recombinant, 1,000
aliquots must be examined to acquire the same number
of recombinants for this small interval. At the genome
average rate (0.001 cM/kb), a total of 50 recombinants
will be expected in a 5-kb interval, if a million genomes
are analyzed. This sample size will allow one to be 95%
sure that the true recombination fraction is 0.0037-
0.0066 cM, an approximately twofold range.
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The effort needed for studying any particular interval
depends on both the allele specificity of the PCR that can
be achieved (determining the number of aliquots that
must be tested) and the recombination fraction (deter-
mining the number of recombinants). Like family analysis
and single-sperm typing, the number of recombinants
needed depends on the accuracy required for testing the
specific hypothesis under investigation.

Recombination Analysis in the Future

The Human Genome Project acquired vast amounts of
data on the basis of the premise that exceptional insights
into biology and biomedicine would be forthcoming. The
benefits of this decision are already accruing. However,
it would be difficult to argue for a complete analysis of
the high-resolution pattern of recombination throughout
all human chromosomes. Instead, a significantly more
detailed understanding of the relationship between LD
and recombination could be achieved by high-resolution
studies on judiciously sampled chromosome regions
ranging from a few kilobases to as many as 100 kilo-
bases. The emphasis here needs to be on the term “sam-
pled.” Among relevant human sperm-typing studies to
date (Day et al. 1994; Hubert et al. 1994; Schmitt et al.
1994; Tusie-Luna and White 1995; Jeffreys et al. 1998a,
2001; Buard et al. 2000; Han et al. 2000; Lien et al.
2000; Cullen et al. 2002; May et al. 2002; Schneider et
al. 2002; Shi et al. 2002), most have been devoted to
the analysis of chromosomal regions known or sus-
pected, on the basis of classical genetic analysis (the 3-6
globin intergenic region, the human MHC, and the PAR1
pseudoautosomal arm), to contain a hot spot. Together,
all studied regions make up <~0.6% of the human ge-
nome. Whether these regions are representative is un-
known. As discussed above, choosing regions to perform
high-resolution, sperm-typing analysis on the basis of
information from classical linkage studies may be mis-
leading, since significant hot spots may go unrecognized
when recombination is analyzed at low resolution.
Clearly, high-resolution recombination analysis of con-
siderable accuracy should be performed, in an unbiased
fashion, on many more chromosomal segments. With
respect to association studies, for example, targets could
include a large sample of regions containing genes.

Understanding the forces responsible for establishing
the observed patterns of high and low LD over both large
and small DNA segments is necessary for understanding
human genetic variation. Direct measurements of re-
combination at the appropriate level of resolution and
accuracy will help to achieve this goal, if well-defined
questions are chosen.
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Advantages and Disadvantages of Sperm-Typing
Methods

Each of the two sperm-typing technologies has its
strengths and weaknesses for an unbiased recombination
survey. Single-sperm analysis can provide accurate es-
timates of the recombination fraction and can pinpoint
the position of those hot spots that have a sufficient im-
pact on recombination to be detected. As shown in table
1, no more than 6,500 sperm would have to be studied
to show that a 100-kb (or smaller) interval contained a
hot spot with a recombination rate 100 (or more) times
the genome average.

The PCR selection method can provide highly accurate
estimates of the recombination fraction, but only over
intervals a few kilobases in length. This method is tech-
nically demanding, because of the stringent prerequisite
for having two informative polymorphisms flanking each
side of every interval and of the need to achieve stringent
allele specificity at each polymorphic site during am-
plification. If the allele specificity is inadequate, “false”
recombinants can be generated, thereby raising the
background and lowering the accuracy. Gene regions
with an unusually high density of polymorphism—such
as the MHC or duplicated and diverged repeats, in the
case of studies on unequal crossing over (often 1-2 dif-
ferences per 100 bp in the latter case)—provide excep-
tionally advantageous opportunities for finding candi-
date markers for the PCR selection method (Hogstrand
and Bohme 1994; Tusie-Luna and White 1995; Jeffreys
etal. 1998b, 2001; Han et al. 2000). It will undoubtedly
be more difficult for other chromosomal regions. The
possibility that recombination itself introduces muta-
tions into the DNA (Strathern et al. 1995; Holbeck and
Strathern 1997; Rattray et al. 2001) and thus may be
correlated with polymorphism density is also a possible
confounding factor in obtaining an unbiased estimate
of recombination patterns.

Both sperm-typing methods require that every interval
to be studied be bounded by informative markers. How
informative any one sperm donor is for any particular
region depends on many factors. However, it is clear that
a large number of sperm samples will be needed to make
sure that individuals can be found who are informative
for any desired chromosome segment. Multiple individ-
uals need to be studied for each interval to obtain the
relevant (with regard to LD) population-average recom-
bination rate, since variation in recombination rates
among individuals is known (Yu et al. 1996; Han et al.
2000; Lien et al. 2000; Cullen et al. 2002).

Is There a Possible Technological Fix?

Given the present state of the art, localization of cross-
overs in intervals between ~100 kb and ~5 kb in length

Am. J. Hum. Genet. 73:5-16, 2003

would require that a large sample size of single sperm be
studied. Alternatively, using total-sperm DNA, large in-
tervals could be analyzed in many separate experiments
in which each experiment examines a single ~5-kb-long
subinterval.

A hybrid approach between the two sperm-typing
methods may be one option to increase throughput and
reduce labor. This approach, which is based on a recent
technology (Mitra and Church 1999; Mitra et al. 2003),
would eliminate single-sperm isolation by allowing sin-
gle molecules from total-sperm DNA to be amplified in
situ on microscope slides at high density without the use
of allele-specific PCR methods. The resulting PCR colo-
nies (“polonies” [Mitra and Church 1999]) that are
derived from one starting template molecule could then
be easily haplotyped by conventional methods and with
no need to develop highly selective allele-specific PCR
protocols for each polymorphic marker. Of course, the
initial (non-allele-specific) single-molecule PCR must be
performed under conditions minimizing misincorpora-
tion mutations that would lead to the observation of
“false recombinants.” By coupling automated slide scan-
ning and imaging technologies, the effort required to
study recombination over a large number of 5-kb (or
perhaps even larger [Mitra et al. 2003]) intervals would
be dramatically reduced. Another possibility would de-
pend upon improvements in allele-specific amplification.
If an enzyme could be developed that would discrimi-
nate with equal efficiency between a correct match and
a mismatch, regardless of the exact nature of the bases
involved in mismatch formation, it would significantly
reduce the time and labor needed to develop robust
allele-specific amplification systems for every new in-
terval studied, as compared with the current total-sperm
DNA method.

It would be possible, at least in theory, to study re-
combination, range 100-10 kb, by means of pedigree
analysis. An advantage would be that both male and
female recombination could be analyzed. However, it
would appear to be totally impracticable in the foresee-
able future. The cost would be prodigious, considering
the numbers of families and offspring that would have
to be genotyped to accumulate the vast number of in-
formative meioses required to permit adequate accuracy
down to resolutions approaching 10 kb.

Possible Limitations of Sperm-Typing Studies

The haplotypes found in the human population are the
products of recombination events during human evo-
lution that occurred in individuals of both sexes. Sperm
typing measures only male recombination. However, over
evolutionary periods, every autosome spends half its time
in each sex. Given that recombination, on average, is
only ~1.5-fold-1.7-fold greater in females than males
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(Yu et al. 2001; Kong et al. 2002) and that haplotypes
have evolved over tens of thousands of generations, mak-
ing conclusions about haplotype formation by studying
only male crossing over may be valid. Of course, this
statement is true only to the extent that the greater re-
combination rate in females holds true everywhere in the
genome. However, substantial sex-dependent regional
variation is known (reviewed in Robinson 1996). For
any one segment, the bigger the difference between the
sexes, the more caution that will be needed when inter-
preting the significance of sperm-typing data. In the
mouse, for example, a 341-bp MHC recombination hot
spot has been shown to function only in females (Shi-
roishi et al. 1990, 1991, 19935; Isobe et al. 2002).

Recombination data relevant to this question, and at
the resolution required to inform questions about LD, is
virtually absent in humans. At the present time, there is
no way to isolate female gametes in numbers that would
directly allow comparison with high-resolution sperm-
typing data, although, in the mouse and cow, single-
oocyte and polar-body typing has been used to measure
crossing over, albeit at low resolution (Cui et al. 1992;
Da et al. 1995).

In addition to crossing over and recurrent mutation,
new haplotypes could also arise because of gene-conver-
sion events. Modeling studies support this idea (Ardlie
et al. 2001; Frisse et al. 2001; Przeworski and Wall
2001). The direct detection of gene-conversion events,
whether associated or unassociated with crossing over,
is possible in fungi where the four products of a single
meiotic event are found in a single ascus. Given the
present state of the art, however, gene-conversion events
in humans are observed virtually only in the context of
reciprocal exchanges studied at very high resolution (for
examples, see Hogstrand and Bohme [1994, 1999];
Tusie-Luna and White [1995]; Jeffreys et al. [1998a];
Han et al. [2000]; Guillon and de Massy [2002]; Jeffreys
and Neumann [2002]; Tayebi et al. [2003]), although
a few attempts have been made by use of crossover-
independent methods of analysis (reviewed in Martin-
sohn et al. 1999). A direct assessment of the significance
of gene conversion unassociated with crossing over to
LD will require new experimental approaches.

Electronic-Database Information
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