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Meiotic recombination is essential for the segregation of chromosomes and the formation of normal haploid gametes,
yet we know very little about the meiotic process in humans. We present the first (to our knowledge) recombination
maps for every autosome in the human male obtained by new immunofluorescence techniques followed by cen-
tromere-specific multicolor fluorescence in situ hybridization in human spermatocytes. The mean frequency of
autosomal recombination foci was , corresponding to a genetic length of 2,490 cM. All autosomal49.8 � 4.3
bivalents had at least one recombination focus. In contrast, the XY bivalent had a recombination focus in 73%
of nuclei, suggesting that a relatively large proportion of spermatocytes may be at risk for nondisjunction of the
XY bivalent or elimination by meiotic arrest. There was a very strong correlation between mean length of the
synaptonemal complex (SC) and the number of recombination foci per SC. Each bivalent presented a distinct
distribution of recombination foci, but in general, foci were near the distal parts of the chromosome, with repression
of foci near the centromere. The position of recombination foci demonstrated positive interference, but, in rare
instances, foci were very close to one another.

Introduction

Pairing of homologous chromosomes and meiotic recom-
bination are essential for the segregation of chromosomes
and the formation of normal haploid gametes, yet sur-
prisingly little is known about meiotic processes in higher
organisms, including humans. It is fortunate that the last
few years have seen many exciting developments that have
revolutionized research in human meiosis. A number of
mammalian orthologues of recombination proteins of
lower organisms have been identified, and novel immu-
nocytological techniques have opened up new avenues of
research.

There are two basic methods of analyzing meiotic re-
combination in human germ cells: standard genetic link-
age analysis of human pedigrees and cytological analysis
of chiasmata in human gametes (reviewed by Hultén and
Tease [2003]). The first approach is an indirect method
that uses genetic linkage (coinheritance of markers in
families) to produce recombination maps for chromo-
some segments. These segments can then be linked to
provide estimates of recombination frequencies for spe-
cific chromosomes. The second approach is a direct cy-

Received October 23, 2003; accepted for publication December 12,
2003; electronically published February 18, 2004.

Address for correspondence and reprints: Dr. R. H. Martin, De-
partment of Genetics, Alberta Children’s Hospital, 1820 Richmond
Road SW, Calgary, Canada T2T 5C7. E-mail: rhmartin@ucalgary.ca

� 2004 by The American Society of Human Genetics. All rights reserved.
0002-9297/2004/7403-0020$15.00

tological analysis of recombination in human spermat-
ocytes or oocytes.

The cytological approach has been restricted to very
few laboratories. M. Hultén and her associates have
studied diakinesis preparations in human spermatocytes
over the past 3 decades (Hultén and Lindsten 1973;
Hultén 1974; Laurie and Hultén 1985a, 1985b). This
approach provided the first information on the fre-
quency and distribution of chiasmata in individual chro-
mosomes in human males. However, diakinesis prepa-
rations are laborious to analyze, and there are limited
numbers of cells at this stage of spermatogenesis. Thus,
analysis is slow, and there have been reports on chias-
mata frequency in individual chromosomes in only five
men (Hultén 1974; Laurie and Hultén 1985a) and de-
tailed analysis of chiasmata locations in only two men
(Hultén 1974; Laurie and Hultén 1985b).

It is fortunate that new immunofluorescence tech-
niques provide an alternative approach that allows anal-
ysis of sites of recombination in meiocytes with greater
precision in the location of the exchange. Various im-
portant meiotic structures can be identified by the use of
immunofluorescence. Antibodies against SCP1 (trans-
verse elements) or SCP3 (lateral elements) can be used to
visualize the synaptonemal complexes (SCs, the protein-
aceous structure linking homologous chromosomes in
prophase of meiosis I). The centromere can be localized
with CREST (calcinosis, Raynaud’s phenomenon, esoph-
ageal dysfunction, sclerodactyly, telangiectasia) antisera.
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Figure 1 Human pachytene spermatocyte with SCs shown in
red, centromeres in blue, and MLH1 foci in yellow. Subsequent cenM-
FISH analysis allows identification of individual chromosomes, so that
recombination (MLH1) foci can be analyzed for each SC.

Most importantly, recent studies have demonstrated that
antibodies against the DNA mismatch repair protein
MLH1 identify the sites of meiotic exchange on SCs in
both mouse (Baker et al. 1996; Anderson et al. 1999)
and human spermatocytes and oocytes (Barlow and Hul-
tén 1998; Lynn et al. 2002; Tease et al. 2002). The num-
ber and location of the MLH1 foci conform to that ex-
pected of a molecule that marks the site of recombination,
and, recently, Marcon and Moens (2003) have demon-
strated that MLH1 localizes to chiasmata precociously
induced by okadaic acid.

These new immunofluorescence studies provide a
great deal of information on the genomewide distri-
bution of recombination. Froenicke et al. (2002) have
used this technique, combined with multicolor FISH of
chromosome-specific DNA libraries, to provide male
mouse recombination maps for each autosome. In hu-
mans, specific recombination maps have been reported
for only four chromosomes (1, 16, 21, and 22) in the
male (Lynn et al. 2002) and four chromosomes (X, 18,
21, and 22) in the female (Tease et al. 2002). In this
article, we present the first (to our knowledge) recom-
bination maps for every autosome in the human male
through use of the combined techniques of immunofluo-
rescence in spermatocytes followed by centromere-spe-
cific multicolor FISH (cenM-FISH) (Nietzel et al. 2001;
Oliver-Bonet et al. 2003).

Material and Methods

This study was approved by the University of Calgary
institutional review board. A testicular sample with nor-
mal spermatogenesis was obtained from a 47-year-old
man with a differentiated liposarcoma. The testicular tis-
sue was processed using a modification of the technique
of Barlow and Hulten (1998). Testicular tissue was shred-
ded with two pairs of forceps, and the released pachytene
cells were spread evenly over microscope slides layered
with paraformaldehyde (Fisher Scientific)/Triton-X (Sig-
ma) solution at pH 9.2. Slides were dried for ∼24 h at
room temperature in a humid chamber, and then drying
was completed on the bench for ∼30 min. Dried slides
were washed, with agitation, for 4 min in 0.04% Photo-
Flo (Kodak), air dried for 10 min, and soaked for 30 min
in antibody dilution buffer (ADB) with agitation every 5
minutes. Four primary antibodies (human CREST [a gift
from M. Fritzler, University of Calgary], rabbit MLH1
[Oncogene], goat synaptonemal complex protein 3
[SCP3] [a gift from T. Ashley, Yale University], and mouse
synaptonemal complex protein 1 [SYN1] [a gift from P.
Moens, York University]) were diluted in ADB; this cock-
tail was applied to each slide, covered with a glass cover
slip, and sealed with rubber cement, and the slides were
incubated for ∼24 h at 37�C in a humid chamber. On the
following day, cover slips were removed by soaking in

ADB for 20 min, and then slides were washed in ADB
for 48 h at 4�C. Subsequent to the wash, a cocktail of
secondary antibodies was prepared (1-amino-4-meth-
ylcoumarin-3-acetic acid [AMCA] donkey anti-human
[Jackson Immunoresearch], Alexa 488 donkey anti-rabbit
[Molecular Probes], Alexa 555 donkey anti-goat [Molec-
ular Probes], and Cy3 donkey anti-mouse [Jackson Im-
munoresearch]) and applied to the slides under a plastic
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Table 1

MLH1 Foci for Individual Autosomal SCs

NO. OF FOCI
MAP UNITS

(cM)p Arm q Arm Bivalent

CHROMOSOME Mean SD Range Mean SD Range Mean SD Range From SC Data From Linkage Dataa

1 1.97 .48 1–3 1.93 .44 1–3 3.90 .60 3–5 195.0 195.1
2 1.47 .62 0–3 2.03 .66 1–4 3.50 .76 2–5 175.0 189.6
3 1.67 .47 1–2 1.47 .50 1–2 3.13 .67 2–4 156.5 160.7
4 .93 .25 0–1 1.62 .61 1–3 2.57 .62 2–4 128.5 146.5
5 1.03 .18 1–2 1.67 .54 1–3 2.70 .53 2–4 135.0 151.2
6 1.17 .37 1–2 1.47 .50 1–2 2.63 .55 2–4 131.5 137.6
7 1.20 .40 1–2 1.47 .50 1–2 2.67 .65 2–4 133.5 128.4
8 1.00 .00 1 1.24 .43 1–2 2.20 .48 1–3 110.0 107.9
9 1.03 .18 1–2 1.43 .50 1–2 2.43 .56 1–3 121.5 117.3
10 .97 .18 0–1 1.33 .47 1–2 2.30 .53 1–3 115.0 133.9
11 1.00 .37 0–2 1.27 .44 1–2 2.27 .44 2–3 113.5 109.4
12 .90 .30 0–1 1.73 .57 1–3 2.63 .61 1–4 131.5 135.5
13 .05 .23 0–1 1.90 .47 1–3 2.00 .37 1–3 100.0 101.3
14 .02 .13 0–1 2.03 .18 2–3 2.07 .25 2–3 103.5 94.6
15 .08 .26 0–1 1.77 .42 1–2 1.90 .40 1–3 95.0 102.6
16 1.00 .00 1 1.13 .56 0–3 2.13 .56 1–4 106.5 108.1
17 .87 .34 0–1 1.31 .53 0–2 2.13 .43 1–3 106.5 108.6
18 .77 .42 0–1 1.17 .45 0–2 1.83 .45 1–3 91.5 98.6
19 1.03 .18 1–2 1.00 .00 1 2.03 .18 2–3 101.5 92.6
20 .83 .45 0–2 1.00 .00 1 1.83 .45 1–3 91.5 74.7
21 .00 .00 0 1.00 .00 1 1.00 .00 1 50.0 47.3
22 .03 .18 0–1 1.07 .25 1–2 1.10 .30 1–2 55.0 49.0

Total 50.95 2,547.5 2,590.5

a From Kong et al. (2002).

cover slip. Slides were incubated at 37�C in a humid cham-
ber for 90 min and were washed three times in PBS so-
lution for 10, 20, and 30 min, agitating every 5 minutes;
a glass cover slip was then applied and sealed with rubber
cement. Slides were scanned with a Zeiss Axiophot mi-
croscope, locations of the spreads were determined using
a gridded finder slide, and images of the SCs, MLH1 sites,
and CREST locations were captured using an Applied
Imaging Cytovision 2.81 work station. Prints of the cap-
tured images were analyzed to determine the number of
MLH1 sites on each individual SC and in the whole cell.

After analysis was complete, cenM-FISH was per-
formed on the same cells. The techniques of Nietzel et
al. (2001) and Oliver-Bonet et al. (2003) were modified
to make use of the microwave-decondensed/codenatured
FISH technique (Ko et al. 2001). Cells were decondensed
for only 5 s in dithiothreitol (DTT) and 30 s in 3,5-
diiodosalicylic acid, lithium salt (LIS)/DTT on medium
power (550 watts). Hybridization buffer (10% dextran
sulfate, 2# standard sodium citrate [SSC], and 55% for-
mamide) was prewarmed to 50�C, added to the cenM-
FISH probe, and warmed at 50�C until all probe was
dissolved. Probe was applied to the slide, a glass cover
slip was sealed in place with rubber cement, the probe
and cells were microwave codenatured for 75 s at 1,100
watts, and the slide was incubated in a humid chamber
at 37�C for ∼24 h. A posthybridization wash (200 ml of

0.4# SSC, flat on a slide warmer at 70�C) was per-
formed, streptavidin-Alexa 647 (Molecular Probes) so-
lution was applied under a plastic cover slip, and the
slide was incubated at 37�C for 40 min in a humid cham-
ber. The slide was washed, with constant agitation, for
10 min in 4# SSC, air dried, and cover slipped in 4′,6-
diamidino-2-phenylindole (DAPI). The six probe colors
(blue, aqua, green, gold, red, and far red) were captured,
and cenM-FISH images were analyzed in the same cells
that had SCs analyzed previously. Determination of po-
sitions of recombination foci and centromeres plus mea-
surements of the length of the SCs were performed using
MicroMeasure 3.3 (available from the MicroMeasure
Web site).

Results and Discussion

In 100 pachytene stage cells analyzed, the mean fre-
quency of recombination (MLH1) foci for autosomes
was , with a range of 38–62 foci per cell49.8 � 4.3
(fig. 1). There were no autosomal bivalents without an
MLH1 focus. This is very similar to other data obtained
by immunocytological techniques (Barlow and Hultén
1998; Lynn et al. 2002) and by chiasma counts at dia-
kinesis (Hultén 1974; Laurie and Hultén 1985a). The
49.8 recombination events marked by MLH1 foci cor-
respond to a genetic length of 2,490 cM in human males,
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Figure 2 Relationship between the mean SC length (mm) and
the mean number of MLH1 foci on human SCs. (Pearson correlation
.98; ).P ! .0001

Table 2

Comparison of Autosomal SCs with Mitotic Chromosomes

CHROMOSOME

LENGTH OF SC
RELATIVE

LENGTH OF

MITOTIC

CHROMOSOMESa

% DIFFERENCE

FROM EXPECTED

RELATIVE LENGTH

RATIOb

Absolute
(in mm) Relativec

Mean SD Mean SD Mean SD

1 26.56 4.27 8.92 1.43 9.11 .53 �2
2 23.33 3.73 7.83 1.25 8.61 .41 �9
3 20.29 3.89 6.81 1.31 6.97 .36 �2
4 16.91 3.63 5.68 1.22 6.49 .32 �13
5 16.81 3.14 5.64 1.05 6.21 .50 �9
6 16.66 3.63 5.59 1.22 6.07 .44 �8
7 16.58 2.75 5.57 .92 5.43 .47 3
8 13.64 2.20 4.58 .74 4.94 .28 �7
9 14.23 2.90 4.78 .97 4.78 .39 0
10 14.17 1.92 4.76 .64 4.80 .58 �1
11 13.92 2.23 4.67 .75 4.82 .30 �3
12 13.98 1.85 4.69 .62 4.50 .26 4
13 9.80 1.45 3.29 .49 3.87 .26 �15
14 10.89 1.76 3.66 .59 3.74 .23 �2
15 11.45 1.93 3.84 .65 3.30 .25 16
16 10.93 2.00 3.67 .67 3.14 .35 17
17 11.70 2.10 3.93 .71 2.97 .30 32
18 7.79 2.01 2.62 .67 2.78 .18 �6
19 10.60 2.13 3.56 .72 2.46 .31 45
20 7.34 1.30 2.46 .44 2.25 .24 9
21 4.28 .70 1.44 .24 1.70 .32 �15
22 5.99 .84 2.01 .28 1.80 .26 12

Total 297.85

a % of total autosomal mitotic length (International System for Human Cytogenetic No-
menclature 1985).

b .% difference p [(relative SC length/relative mitotic chromosome length)� 1] # 100
c % of total autosomal SC length.

which is also very similar to the 2,590 cM obtained from
linkage data (Kong et al. 2002). The XY bivalent was
found to have an MLH1 focus in 73% of nuclei. This
did not appear to vary with the stage of pachytene, since
71.1% (27/38) of cells in early pachytene (stages 1 and
2) had an MLH1 focus, compared with 74.2% (46/62)
in late pachytene (stages 3, 4, and 5). No XY bivalent
had two MLH1 foci. Barlow and Hultén (1998) have
also found that the sex bivalent MLH1 focus is present
at all pachytene stages. However, a significant propor-
tion of cells do not have an XY focus. Other studies
have suggested a susceptibility of the XY bivalent to
nondisjunction and aneuploid sperm because of a lack
of recombination in the pseudoautosomal region (Has-
sold et al. 1991; Martin et al. 1996; Shi et al. 2001).
An unpaired XY bivalent could also lead to meiotic ar-
rest (Miklos 1974; Hale 1994).

After synaptonemal complex spreads were prepared,
individual autosomes were identified by cenM-FISH in
50 spreads. This technique combines centromeric probes
for all chromosomes in a single assay. Thus, the number
and distribution of MLH1 foci were established for in-



Figure 3 Distribution of MLH1 foci for individual SCs. The X-axis represents the position of the foci from the p telomere (left) to the
q telomere (right). The centromere is labeled “c”. Each chromosome is divided into 5% intervals. From top to bottom, the histograms show
the positions of foci for bivalents with one to five foci. Data were not displayed for bivalents with !3 cells with a specific number of MLH1
foci. The blackened histograms display overall frequencies.
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Table 3

Interfocal Distances on the Same SC with Different Numbers of Foci

CHROMOSOME

AND NO. OF FOCIa

MEAN

INTERFOCAL

DISTANCEb

INTERFOCAL DISTANCEc

1 to 2 2 to 3 3 to 4 4 to 5

Chromosome 1:
3 36.7 � 1.7 38.1 � 13.8 35.2 � 17.3 … …
4 28.5 � 1.4 26.2 � 8.1 34.5 � 8.8 24.9 � 5.6 …
5 23.1 � 2.3 19.4 � 5.9 35.8 � 10.6 20.9 � 7.3 16.2 � 4.4

Chromosome 2:
2 70.7 � 5.4 70.7 � 5.4 … … …
3 39.8 � .5 38.7 � 10.9 40.9 � 11.9 … …
4 29.6 � 1.5 26.6 � 7.6 35.0 � 11.2 27.1 � 9.4 …
5 21.2 � 2.8 22.5 � 7.6 19.5 � 10.9 22.5 � 9.4 20.2 � 15.2

Chromosome 3:
2 61.3 � 7.5 61.3 � 7.5 … … …
3 39.8 � 1.2 46.5 � 15.0 33.0 � 12.5 … …
4 30.3 � 2.5 29.0 � 8.2 37.8 � 11.7 24.0 � 5.7 …

Chromosome 4:
2 68.1 � 12.5 68.1 � 12.5 … … …
3 40.0 � 1.2 34.8 � 11.0 45.2 � 13.5 … …
4 29.2 � 5.1 18.4 � 6.3 22.5 � 12.5 46.7 � .1 …

Chromosome 5:
2 75.0 � 13.4 75.0 � 13.4 … … …
3 42.3 � 1.1 46.7 � 10.5 37.9 � 12.7 … …
4 29.0 � 0 28.3 � 0 28.4 � 0 30.2 � 0 …

Chromosome 6:
2 69.1 � 10.6 69.1 � 10.6 … … …
3 41.1 � 1.9 34.2 � 10.9 48.0 � 14.7 … …
4 30.6 � 0 31.6 � 0 32.0 � 0 28.1 � 0 …

Chromosome 7:
2 70.5 � 9.3 70.5 � 9.3 … … …
3 40.2 � .4 40.6 � 16.2 39.9 � 17.1 … …
4 30.0 � 1.0 21.0 � 6.6 48.9 � 4.6 20.3 � 4.1 …

Chromosome 8:
2 70.1 � 9.9 70.1 � 9.9 … … …
3 43.7 � 2.5 41.4 � 11.3 46.0 � 6.2 … …

Chromosome 9:
2 71.2 � 9.0 71.2 � 9.0 … … …
3 41.4 � .1 41.3 � 8.0 41.5 � 7.9 … …

Chromosome 10:
2 63.7 � 14.5 63.7 � 14.5 … … …
3 39.5 � .7 35.8 � 12.6 43.3 � 11.1 … …

Chromosome 11:
2 70.0 � 17.0 70.0 � 17.0 … … …
3 41.2 � 4.0 38.1 � 13.8 44.4 � 21.7 … …

Chromosome 12:
2 70.9 � 13.5 70.9 � 13.5 … … …
3 40.9 � 1.7 41.9 � 9.4 39.9 � 12.8 … …
4 25.3 � 0 28.7 � 0 29.2 � 0 18.1 � 0 …

Chromosome 13:
2 57.6 � 15.0 57.6 � 15.0 … … …
3 34.9 � 2.5 33.2 � 7.1 36.5 � 2.0 … …

Chromosome 14:
2 58.4 � 11.5 58.4 � 11.5 … … …
3 45.3 � 0 53.1 � 0 37.5 � 0 … …

Chromosome 15:
2 60.9 � 15.4 60.9 � 15.4 … … …
3 34.7 � 0 48.9 � 0 20.5 � 0 … …

Chromosome 16:
2 70.9 � 8.2 70.9 � 8.2 … … …
3 38.2 � 0 18.5 � 0 57.9 � 0 … …
4 27.8 � 4.2 33.0 � .9 16.9 � 6.3 33.4 � 11.3 …

(continued)
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Table 3 (continued)

CHROMOSOME

AND NO. OF FOCIa

MEAN

INTERFOCAL

DISTANCEb

INTERFOCAL DISTANCEc

1 to 2 2 to 3 3 to 4 4 to 5

Chromosome 17:
2 61.6 � 15.7 61.6 � 15.7 … … …
3 40.8 � .6 49.9 � 5.3 31.8 � 4.1 … …

Chromosome 18:
2 65.5 � 16.0 65.5 � 16.0 … … …
3 38.9 � 0 28.7 � 0 49.1 � 0 … …

Chromosome 19:
2 73.9 � 12.9 73.9 � 12.9 … … …
3 38.1 � 0 46.1 � 0 30.1 � 0 … …

Chromosome 20:
2 73.0 � 12.6 73.0 � 12.6 … … …
3 34.4 � 0 44.0 � 0 24.8 � 0 … …

Chromosome 22:
2 76.4 � 15.4 76.4 � 15.4 … … …

a Since every chromosome 21 SC had a single MLH1 focus, no distance between foci can be reported.
b “Mean” refers to the mean distance between two foci (% of chromosome) in any category—for

example, for chromosome 1 with three MLH1 foci, there was a mean interfocal distance of 36.7%.
c Mean � SD for a given interfocal interval (% of chromosome). Foci are numbered from the q-arm

telomere, across the centromere, to the p-arm telomere. The transcentromere distance is underlined;
intervals with a mixture of intra- and interarm distances are boldface italic.

dividual chromosomes (fig. 1). The mean numbers of
MLH1 foci for the short arm (p), long arm (q) and entire
bivalent for individual chromosomes are presented in
table 1. This ranged from a low of , for the1.00 � 0
smallest chromosome (21), to , for the largest3.90 � .59
chromosome (1). Lynn et al. (2002) analyzed MLH1 foci
in four individual chromosomes (1, 16, 21, and 22) and
found results very similar to ours. Our results are also
very similar to diakinesis chiasma counts performed by
Laurie and Hultén (1985a), who found a mean of 1.07
chiasmata for chromosome 21 and 3.86 for chromosome
1. Finally, the genetic length (in cM) for each chromo-
some had a very close correspondence to genetic length
determined by genotyping of 15,000 microsatellite mark-
ers in 146 families (Pearson correlation .97; )P ! .0001
(table 1) (Kong et al. 2002).

In general, we found a very good correspondence
between the average relative length of SCs compared
with mitotic chromosomes (Pearson correlation .97;

) (table 2). However, a few SCs are noticeablyP ! .0001
shorter or longer than would be expected on the basis
of their relative mitotic lengths. For example, chromo-
some 8 has a shorter SC than chromosomes 9, 10, 11,
or 12, and chromosome 17 has a longer SC than chro-
mosomes 13, 14, 15, or 16. Thus, the relative physical
length in mitosis does not seem to correlate exactly with
the genetic length at meiosis. Kong et al. (2002) reported
that the intensity of G-band staining is inversely related
to the recombination frequency in humans. This would
predict that chromosomes with the highest proportions
of G bands should have shorter SCs and decreased levels

of recombination than what would be expected from
their mitotic chromosome length. Our results confirm this
prediction: chromosomes 8 and 13 have very high pro-
portions of G bands, and their relative SC lengths are
much shorter than their mitotic lengths; their map units
are similarly decreased. For example, for chromosome
13, the length rank is number 18, the mean absolute
length of the SC is mm (compared with 10.9–9.8 � 1.45
11.7 for chromosomes 14–17). In contrast, chromosomes
17 and 19 have very low proportions of G bands, and
their SCs are longer than their mitotic lengths; the genetic
lengths are also increased. For example, chromosome 19
has an SC length (10.6 mm) considerably longer than
chromosome 18 (7.8 mm) or 20 (7.3 mm), commensurate
with a genetic length of 101.5 cM, compared with 91.5
cM for chromosome 18 and 91.5 cM for chromosome
20. Thus, our cytological results are in agreement with
recombination maps based on family genotyping. G-
band regions generally have a decreased number of genes.
Therefore, our results and those of others in various or-
ganisms (Nicolas 1998; Froenicke et al. 2002) suggest
that recombination is generally initiated in gene-rich
regions; this could account for some of the variability in
recombination frequency in different chromosomes, as
well as for the different recombination patterns observed
in different bivalents.

To determine whether SC length equates to genetic
or physical length, we measured individual SC lengths
through use of the computer application MicroMeasure
3.3 (MicroMeasure Web site). We found a very strong
correlation between average SC length and average
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number of MLH1 foci per SC (Pearson correlation .98;
) (fig. 2). This relationship has previously beenP ! .0001

observed in mouse spermatocytes (Heng et al. 2001;
Froenicke et al. 2002). It also holds true for chiasmata
at diakinesis (Hultén 1974; Laurie and Hultén 1985b).
Thus, the SC measures genetic distance.

The distributions of MLH1 foci for individual chro-
mosomes are presented in figure 3. For each SC, dif-
ferent distributions for one to five MLH1 foci are pre-
sented, as well as a final cumulative distribution. In
general, many MLH1 foci were near the medial and
terminal parts of the chromosome, with repression of
foci near the centromeres. Every bivalent had at least
one recombination focus per chromosome. Moreover,
each chromosome arm generally had at least one MLH1
focus, with the exception of the short arms of acrocen-
tric chromosomes, where exchanges seldom occur. The
arms of chromosome 4, 5, 8, 9, 10, 12, 16, and 19
almost invariably had only one MLH1 focus, with mean
arm frequencies of 0.9–1.03 (table 1). The distribution
of recombination foci varied according to the number
of crossovers present and the position of the centromere
(fig. 3; table 3). For example, for chromosome 2, two
foci were separated, on average, by 70.7% of the chro-
mosome length, three foci by 39.8%, four foci by
29.6%, and five foci by 21.2%. For chromosome 12,
two foci were separated, on average, by 70.9%, three
foci by 40.9%, and four foci by 25.3% (table 3). For
chromosome 21, only one MLH1 focus was present for
each SC, always on the long arm and generally near the
telomere. For chromosome 22, the distribution was bi-
modal, with medial and distal foci and some SCs with
two sites of recombination. Tapper et al. (2002) have
determined that recombination is associated with CT/
CA repeats for chromosomes 21 and 22. These repeats
are largely subtelomeric in distribution on chromosome
21, whereas they are widely distributed on chromosome
22, perhaps offering greater opportunities for double
recombinants. “Hot” cytological regions (encompass-
ing several megabases) were generally observed in the
subtelomeric region, particularly for chromosomes 1p
and 1q and the q arms of chromosomes 5, 12, 13, and
14 (fig. 3). Hotspots of recombination defined by mo-
lecular analysis appear to correspond to hot regions
defined by cytological studies (Wintle et al. 1997).

The position of recombination foci was not random
but exhibited positive interference (i.e., the presence
of one exchange inhibits the formation of a second
exchange in close proximity). For chromosomes with
two exchanges, random placement of two foci on the
SC leads to an expected average separation distance of
∼33% (Carpenter 1988). We found that the average
separation distance between foci on SC with two foci
was , more than twice this distance, in-67.6% � 5.5%
dicating that MLH1 foci do demonstrate positive in-

terference. This has previously been demonstrated for
many organisms, including birds (Pigozzi and Solari
1999), mice (Froenicke et al. 2002), and humans (Bar-
low and Hultén 1998; Lynn et al. 2002; Tease et al.
2002). However, there were rare instances (∼3%–4%
of cells) in which the MLH1 foci were very close, dem-
onstrating that it is physically possible to accommodate
neighboring exchange events.

In summary, we have presented immunocytological
recombination maps for every autosome in the human
male for the first time. Our maps demonstrate a pref-
erence for distal exchanges with repression of foci over
the centromere, crossover interference, and specific pat-
terns of recombination observed for each bivalent. The
genetic length of individual bivalents is very similar to
that determined by linkage studies. The SC length pre-
dicts the number of exchanges and, therefore, the ge-
netic length, since we have demonstrated a very tight
relationship between average SC length and average
number of MLH1 foci per SC.
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