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Mouse Strains with an Active H2-Ea Meiotic Recombination Hot Spot
Exhibit Increased Levels of H2-Ea-Specific DNA Breaks
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We devised a sensitive method for the site-specific detection of rare meiotic DNA strand breaks in germ
cell-enriched testicular cell populations from mice that possess or lack an active recombination hot spot at the
H2-Ea gene. Using germ cells from adult animals, we found an excellent correlation between the frequency of
DNA breaks in the 418-bp H2-Ea hot spot and crossover activity. The temporal appearance of DNA breaks was
also studied in 7- to 18-day-old mice with an active hot spot during the first waves of spermatogenesis. The
number of DNA breaks detected rose as leptotene and zygotene spermatocytes populate the testis with a peak
at day 14 postpartum, when leptotene, zygotene, and early pachytene spermatocytes are the most common
meiotic prophase I cell types. The number of DNA breaks drops precipitously 1 day later, when middle to late
pachytene spermatocytes become the dominant subtype. The recombination-related breaks in the hot spot
likely reflect SPO11-induced double-strand breaks and/or recombination intermediates containing free 3�
hydroxyl groups.

Meiotic recombination leads to crossover events critical for
the proper segregation of homologous chromosomes. It has
been known for decades that recombination events may not be
randomly distributed along each chromosome. The result is
that some regions exhibit a recombination frequency greater
than that expected based on the genome average relationship
between physical distance and crossing over (reviewed in ref-
erences 2, 31, 37, 38, and 54). These so-called recombination
hot spots have been found in every organism examined care-
fully. A number of crossover hot spots exist in the mouse major
histocompatibility complex (MHC; also called H-2) (see Fig.
1), a region rich in genes that control immune function (re-
viewed in references 14, 31, 38, 45, 49, and 54). Among the best
characterized are hot spots associated with loci located in the
class II region of the MHC: Eb1 (7, 25, 57, 62), Ea (19, 24, 27,
28), Pb (20, 45, 59), and Lmp-2 (now called Psmb9) (17, 44, 46).
At each locus, the bulk of the crossover events localize to
regions of a few hundred to a few thousand base pairs and
recombination rates per unit of physical distance (centimorgan
[cM] per megabase) vary from �175 to �2,600 times that
expected for DNA segments of the same size based on the
mouse genome average rate (0.5 cM/Mb).

One unusual feature of recombination hot spots in the

mouse H-2 region is the dependence on genetic background
for activity (reviewed in references 14, 31, 38, 45, 49, and 54).
Like the MHC of most animals, the H-2 region contains many
highly polymorphic genes. H-2 regions from different mouse
strains have different constellations of alleles at many of these
loci. For any one inbred strain, the particular allelic constella-
tion in this region defines its haplotype. Only mice carrying
certain combinations of haplotypes in the H-2 region exhibit
recombination hot spot activity at a particular hot spot. A hot
spot region active in the context of one pair of haplotypes may
be virtually inactive (a cold spot) in another combination.
Thus, strains with an active Ea hot spot show no crossing over
at the Eb1 hot spot (19, 24).

The H2-Ea (designated Ea here) gene (Fig. 1) contains a
haplotype-specific hot spot in intron 4 (19, 24, 27–29). In a
backcross between B10 mice and F1 animals derived from
crossing the strains B10.F(13R) and B10.S(9R), all crossover
events observed in the �450-kb H-2 interval (Fig. 1) mapped
to a 418-bp region in intron 4 of the Ea gene (19, 24). The 13R
and 9R strains were derived using C57BL/10 mice and are
genetically identical except in the H-2 region (congenic
strains). At the Ea gene, the 13R strain is homozygous for the
p haplotype, whereas 9R is homozygous for the k haplotype.
The hot spot at Ea is detected in F1 animals heterozygous for
these two haplotypes (p/k), but when a chromosome with a p
haplotype Ea gene is combined with an Ea gene of the d or s
haplotype (p/d or p/s), crossing over is not detected at Ea (19).
Estimates of the frequency of recombination at the Ea hot spot
lie between 1/50 and 1/250 (24).

There is considerable evidence indicating that the formation
and processing of double-strand breaks (DSBs) (53) constitute
the major pathway leading to crossing over (reviewed in ref-

* Corresponding author. Mailing address: Program in Molecular
and Computational Biology, University of Southern California, 835
West 37th St., Los Angeles, CA 90089-1340. Phone: (213) 740-7675.
Fax: (213) 821-1123. E-mail: arnheim@usc.edu.

† J.Q. and L.L.R. contributed equally to this work.
‡ Present address: Department of Anatomy, Cell and Neurobiology,

Joan C. Edwards School of Medicine, Marshall University, Hunting-
ton, WV 25704.

§ Present address: The Jackson Laboratory, Bar Harbor, ME 04609.

1655



erences 31, 36, and 37). DSBs originating early in meiosis are
processed to yield 3� single-strand tails that can initiate recom-
bination through invasion of the other homolog. Following
DNA repair synthesis, a double Holliday junction can be
formed. Depending on how these junctions are resolved, flank-
ing marker exchange typical of crossing over may be observed.
Meiotically induced DSBs have been detected by direct mo-
lecular experiments in both budding yeast (51, 52) and fission
yeast (8). In addition, a strong correlation exists between the
location of DSBs in budding and fission yeast and known
recombination hot spots (reviewed in references 31, 36, and
37).

Emerging molecular evidence suggests that the relationship
between DNA breaks and recombination in mammalian mei-
osis is similar to that in yeast meiosis. There is evidence for the
involvement of DSBs in mouse recombination based on studies
of animals deficient in Spo11 gene function (4, 42), immuno-
cytochemical analysis using antibodies against the phosphory-
lated form of histone H2AX (�-H2AX) that accumulates in
chromatin at the sites of DSBs (18, 32, 40, 41) and the dem-
onstration of DNA strands with 3� overhangs using an in situ
DNA labeling protocol on sectioned seminiferous tubules (61).

However, direct biochemical evidence for meiotic DSBs at a
recombination hot spot is more difficult to obtain in mice than

in yeasts. First, although there can be more than 200 RAD51/
DMC1 foci per spermatocyte nucleus (33), any one mouse
meiotic cell undergoes only �25 meiotic exchanges, detected
as foci of MLH1 protein (1, 15, 26). These few events are
distributed across the total haploid genome length of �3,000
Mb, and on average, a genetic distance of 1 cM corresponds to
a physical distance of 2 Mb. Per unit of physical distance, mice
have �650 times fewer meiotic exchange events than budding
yeast, where a genetic distance of 1 cM corresponds to a
physical distance of �3 kb (37). Second, yeast cells can be
synchronized to enter meiosis so a relatively large proportion
of the cells will have a break at a particular recombination hot
spot. In the adult mammalian testis, primary spermatocytes
account for only �20% of the germ cell population (5), and
only a small proportion of these cells can possibly have an
unligated DNA break at any one site. These factors dramati-
cally reduce the chance that a locus-specific DNA strand break
could be directly detected in a population of adult testis cells.

To provide some insight into the molecular basis for haplo-
type-specific hot spot activity, we examined the Ea hot spot
region in meiotic cells for the presence of DNA strand breaks
using a sensitive PCR assay. The assay is capable of detecting
not only DSBs but also any recombination intermediate with a
free 3� OH group. We studied testis cell populations enriched
in germ cells from 13R and 9R mouse strains and their F1

progeny as well as individuals with a p/d haplotype in the H-2
region. We found an excellent correlation between the fre-
quency of DNA breaks in the intron 4 hot spot of the Ea gene
and those Ea haplotype combinations known to be associated
with high or low frequencies of meiotic crossing over. We also
exploited the first wave of spermatogenesis in prepubertal
mouse testes to obtain germ cells at progressively more ad-
vanced stages of meiotic prophase I (MPI) in order to follow
the developmental timing of meiotic DNA breaks.

MATERIALS AND METHODS

Animals. Mice of the B10.S(9R) and B10.F(13R) strains (referred to hereafter
as 9R and 13R, respectively) and their F1 progeny were used for both measure-
ment of strand breaks and determination of the temporal appearance of the
stage of MPI. Breeding colonies were maintained in the Animal Resource Fa-
cilities at the University of Southern California (USC), Los Angeles, and the
University of Tennessee, Knoxville. F1 mice heterozygous at the Ea gene for a p
haplotype (from P/J females) and a d haplotype (from B10 � D2-H2dH2-T18cHco/
oSnJ males) were generated at USC. The two parental strains were purchased
from The Jackson Laboratory (Bar Harbor, Maine).

Cell preparation. A cell population enriched in germ cells was obtained from
adult testes (2- to 2.5-month-old mice) by enzymatic digestion with collagenase
followed by trypsin and DNase I according to published procedures (5). To
correlate DNA breaks with the stage of meiosis, separate germ cell preparations
were isolated from two different sets of litters. Animals were sacrificed at daily
intervals over a period from days 7 to day 18 postpartum (pp). Testes from two
to five mice of each age were pooled for germ cell isolation.

Plug formation. Cells were suspended in enriched Krebs Ringer buffer (5) at
a concentration of 2 � 107 cells/ml. The solution containing 2.0% InCert (Bio-
Whittaker Molecular Applications, Rockland, Maine) low-melting-point agarose
was made with enriched Krebs Ringer buffer. Equal volumes of cell suspension
and agarose solution (cooled to �40°C) were mixed to produce a final concen-
tration of 104 cells/�l in 1.0% agarose. After the solution was pipetted into
75-mm3 plug molds (Bio-Rad, Hercules, Calif.), the plugs were cooled at 4°C for
5 min and incubated at 50°C for 40 to 48 h in lysis solution (0.5 M EDTA [pH
7.9], 1.0% Sarkosyl, 100 �g of proteinase K per ml; Sigma, St. Louis, Mo.). Plugs
were washed 15 times with Tris-EDTA buffer at room temperature for 10 min
each time and used immediately in the next step.

FIG. 1. Location of the recombination hot spot in the Ea gene
within the context of the mouse H-2 region on chromosome 17. The
organization of the class I, II, and III genes is shown. The Ea gene is
contained in the I region. The K, D, and S regions include other gene
families involved in immune function. Exons 4 and 5 of the Ea gene
(numbered boxes) are indicated, and the intron between the two exons
contains the hot spot. The approximate locations of the other well-
characterized hot spots, Eb, Pb, and Lmp2 (or Psmb9), are also indi-
cated. The positions of the first- and second-round Ea primers used to
identify breaks in the hot spot are shown from the transcriptional
perspective of either the sense (EA-L primers) or template (EA-R
primers) DNA strands.
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TdT tailing. Plugs were incubated in tailing buffer (20 mM Tris acetate [pH
7.9], 10 mM magnesium acetate, 50 mM potassium acetate, 1 mM dithiothreitol,
0.25 mM CoCl2, 0.8 mM dGTP) at 4°C for 2 to 3 h. The plugs were transferred
to 300 �l of fresh tailing buffer containing 15 �l (20 U/�l) of terminal transferase
(TdT) (New England Biolabs, Beverly, Mass.), incubated on ice for �15 h, and
then incubated at 37°C for 2 h. The plugs were then washed once with Tris-
EDTA buffer, and DNA was extracted by a standard method for isolating DNA
from low-melting-temperature agarose (43). The DNA was dissolved in 75 �l of
deionized water (Sigma) so that 1 �l contained DNA from the equivalent of 104

cells (�60 ng) and stored at 4°C.
Primer extension and first-round PCR of dGTP-tailed DNA fragments. The

sequences of the primers used in these experiments are shown in Table 1. A
single primer extension was performed in a 50-�l reaction mixture containing 10
mM Tris-Cl (pH 8.3), 50 mM KCl, 2.0 mM MgCl2, 0.01% gelatin, 50 �M
concentrations of dATP, dGTP, dCTP, and dTTP (Amersham Pharmacia Bio-
tech, Piscataway, N.J.), 1 �l of DNA, 1 U of Taq DNA polymerase (Promega,
Madison, Wis.), and 0.2 �M primer C�P containing C10 at the 3� end. The DNA
was denatured at 94°C for 4 min and incubated at 50°C for 3 min and then at
72°C for 3 min. The reaction mixture was heated at 94°C, and PCR was started
after the addition of 0.2 �M primer P and 0.2 �M first-round gene-specific
primer (EA-L1, EA-R1, or EB-L1; see Results). The cycling conditions were as
follows: denaturation at 94°C for 45 s, followed by annealing and extension at
66°C for 3 min for 30 cycles. The final extension step was for 5 min at 72°C.

Second-round PCR. The concentrations of the components in the buffer and
Taq polymerase were identical to those used in the first round of PCR. Primer P
was used at a concentration of 0.2 �M. A new nested gene-specific primer
(EA-L2, EA-R2, or EB-L2) was used after 32P labeling in a 10-�l reaction
mixture containing 2 �l of 20 �M primer, 1 �l (10 U) of T4 polynucleotide
kinase, 5 �l of [�-32P]ATP (4,500 Ci/mmol, 10 �Ci/�l; ICN, Irvine, Calif.), 1 �l
of 10� kinase buffer, and 1 �l of H2O and incubated for 2 h at 37°C. The labeling
mixture plus 3 �l (20 �M) of the same unlabeled primer was added to a 480-�l
PCR master mix. One microliter of first-round PCR product was added to 24 �l
of the master mix. The final concentration of the 32P-labeled gene-specific primer
was 0.08 �M, and the final concentration of unlabeled gene-specific primer was
0.12 �M. The cycling conditions included an initial denaturation step of 4 min at
94°C and 30 PCR cycles. One PCR cycle consisted of 45 s at 94°C and 1.5 min
at 63°C (EA-L2) or 60°C (EA-R2 and EB-L2). The final extension step was 5 min
at 72°C.

Restriction enzyme digestion and electrophoresis. Second-round PCR prod-
ucts were analyzed with and without digestion by restriction enzyme BslI (EA-L
and EB-L products) or BanII (EA-R products). Both enzymes were obtained
from New England Biolabs. Two microliters of the second-round product was
mixed with 5 to 10 U of enzyme and incubated at 55°C (BslI) or 37°C (BanII) for
2 h. Digested or undigested PCR product (0.25 �l) was mixed with 7.75 �l of
sequencing buffer (98% formamide, 10 mM EDTA [pH 8.0], 0.25% xylene
cyanol FF, 0.25% bromophenol blue) and denatured at 95°C for 10 min before
loading on 6% polyacrylamide sequencing gel (7.5 M urea) and subjected first to
electrophoresis and then autoradiography. A 32P-labeled MspI digest of pBR322
was included as a molecular size marker.

Immunostaining. To assess the MPI stage, a small aliquot of cells from the
preparations used for the strand break assay was fixed by the method of Moens
et al. (33). Fixed cells were spread on slides (ThermoShandon, Pittsburgh, Pa.)
at a concentration of approximately 6,000 cells/well. The cells were incubated
simultaneously with antibodies to the synaptonemal complex protein SYCP3 and
the testis-specific histone H1t (13). After overnight incubation, the slides were
washed and incubated with fluorescein isothiocyanate-conjugated goat anti-rab-
bit and rhodamine-conjugated goat anti-rat secondary antibodies (Pierce, Rock-
ford, Ill.), washed and counterstained with 4�,6�-diamidino-2-phenylindole
(DAPI) (Molecular Probes, Eugene, Oreg.). Coverslips were mounted with Pro-

long Antifade (Molecular Probes). Immunofluorescent staining was observed
with an epifluorescence microscope (Olympus America, Melville, N.Y.). Images
were captured to Adobe Photoshop (Adobe Systems, Inc., San Jose, Calif.) with
a C5810 color chilled 3CCD camera (Hamamatsu, Hamamatsu City, Japan).

Cell counts. The frequency of cells at each stage of MPI through pachynema
was determined on the basis of the staining pattern observed with anti-SYCP3
and anti-histone H1t. The criteria for prophase substage identification are de-
scribed in Results and in the legend to Fig. 8. A minimum of 200 DAPI-stained
cells were counted for each age on two replicate slides. The proportion of cells
at each stage of MPI was calculated as a percentage of the total cell population
or as a percentage of the total number of MPI cells present at each age.

Statistics. Statistical analysis was performed using the SPSS statistical software
package (SPSS Inc., Chicago, Ill.) or Minitab (Minitab, Inc., State College, Pa.).
Differences among groups in the number, frequency, or distribution of strand
breaks were determined using either a one-way or two-way analysis of variance
(ANOVA), two proportion comparisons, or chi-square analysis. When appro-
priate, we applied the Bonferroni or Tukey’s multiple-comparison correction.
Significance was assessed at the 0.05 level.

RESULTS

Analysis of breaks at the Ea locus. Our method is similar to
that used previously to detect DNA breaks in yeast (56), except
that modifications were made to enhance the specificity and
sensitivity of the assay to allow its application to more-complex
genomes. The experimental procedures were developed using
reconstruction experiments where I-SceI-digested DNA from a
CHO cell line containing a single recognition site for the en-
zyme (30) was mixed with live cells not treated with I-SceI
(data not shown). An outline of the protocol used to detect
rare DNA breaks in mouse testis cells is shown in Fig. 2. To
detect rare breaks due to recombination, those that result from
shearing by mechanical forces during conventional DNA pu-
rification must be avoided. To achieve this, a cell preparation
enriched in germ cells was dissociated from the seminiferous
tubules of testes of 2- to 2.5-month-old mice and embedded in
low-melting-point agarose to form plugs. The cells were lysed
by detergent and proteolytic enzyme digestion. To mark the
sites of strand breaks, the plugs were dGTP tailed with TdT.
Sequencing revealed a range of 8 to 13 guanines incorporated
into the final PCR product (data not shown). TdT is capable of
extending 3� OH groups found at 3� overhangs, internal nicks,
blunt ends, and when the 3� end is recessed with an efficiency
that depends on the base at the 3� end, the length of the single
strand, and the divalent cation used (10, 11, 22). Importantly,
once the G tails are added to the DNA in the plug, any breaks
incurred thereafter are not detected by our assay. Following
tailing, phenol-chloroform extraction and ethanol precipita-
tion, the G-tailed fragments were extended with an oligonu-
cleotide containing both a 3� poly(C) region (C) and a 5�
unique (P) sequence (C�P). Two rounds of PCR using the P-

TABLE 1. Oligonucleotide primers for primer extension and PCR

Oligonucleotide primer Sequence

(C � P) ..............................................................................................5� GTTAACCGCAACGTACCGTTGTTTGAGCAGGCCCCCCCCCC 3�
P..........................................................................................................5� GTTAACCGCAACGTACCGTTGTTTGAGCAGG 3�
EA-L1.................................................................................................5� GCGTTAAATGTGCTCAGAGACTGACAGATGTGTG 3�
EA-L2.................................................................................................5� CTGAGGGAGGAAAGCACGAGTG 3�
EA-R1 ................................................................................................5� GATGAGGTCTCCGCTGAGATGAACAACTGAAAGG 3�
EA-R2 ................................................................................................5� GCTGTCACAGCATGTTTCTTCACTG 3�
EB-L1.................................................................................................5� GGACAGAAACTCCAGCAGGGCAGGAACTTG 3�
EB-L2.................................................................................................5� AGGCCATGGAGAGTGGGTTG 3�
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and Ea-specific primers (EA-L1 for the first round and 32P-
labeled EA-L2 for the second round) followed. BslI-treated
and untreated second-round PCR products were sized on
DNA sequencing gels. The BslI site is located 73 bp from the
5� end of the second-round Ea PCR primer. Thus, all PCR
products arising from Ea templates with DNA breaks any-
where in the hot spot should be cut down to a 32P-labeled
73-bp fragment after BslI digestion. The Ea origin of a few
PCR products was confirmed by DNA sequencing of reampli-
fied, second-round PCR products extracted from a gel (Fig. 3).

DNA breaks in 9R and 13R parental strains. Eight aliquots
from a TdT-treated plug and six aliquots from an untreated
plug (each aliquot containing DNA from 10,000 testis cells)

were examined for each of six 9R animals (homozygous for the
k haplotype at Ea). After two rounds of PCR, the product from
each aliquot was divided into two fractions, one of which was
digested with BslI. Results from one animal are shown in Fig.
4A. Without BslI digestion (� lanes), bands can be seen
throughout an approximately 700-bp molecular size range (the
largest bands were of weaker intensity and are seen more
clearly on the original autoradiographs than in the figures
prepared for publication; data not shown). Some bands are
artifacts of amplification, since they appear in both the TdT-
treated and untreated plugs. In the TdT-treated aliquots, a
number of bands appear that are absent from the untreated
control. Each band in a lane labeled � (uncut) whose intensity
is reduced by BslI digestion as shown in the � (cut) lane
represents PCR product of a single Ea gene segment that
contained a specific DNA break at the time of plug formation.
The molecular size region bounded by the arrows is the 418-bp
Ea recombination hot spot. On the basis of gel analysis of eight
10,000 cell aliquots from each of six 9R animals (480,000 cells
in total), we counted 48 bands that could be digested by BslI.
Thus, we estimate the frequency of specific Ea DNA breaks as
one break per 10,000 cells. Table 2 shows that approximately
one-half of the breaks (0.52 break/10,000 cells) were within the
418-bp hot spot region, while the other half (0.48 break/10,000
cells) lay outside the hot spot region (in the latter case, �300
bp can be resolved using the original autoradiographs).

Many more DNA breaks were found in 13R mice (homozy-
gous at Ea for the p haplotype) than in 9R mice. A typical
result from one 13R animal is shown in Fig. 4B. On the basis
of gel analysis of 320,000 cells (eight 10,000 cell aliquots from
each of four animals), we counted 78 breaks within the hot spot
region or an average of 2.44 DNA breaks/10,000 cells (Table
2). Outside the hot spot region, the average was 0.69 breaks/
10,000 cells, a result similar to that found in 9R animals. Given

FIG. 2. Outline of the method to detect rare DNA breaks. A DNA
fragment with a 3� overhang is used in this example. The method is
applicable to any DNA that had an available 3� OH group. For an
explanation of the method and details, see Materials and Methods and
Results.

FIG. 3. Locations of meiotic DNA breakpoints in the Ea gene. The
sequence of intron 4 of the Ea gene is shown beginning with the splice
site adjacent to exon 4 (nucleotide 2160 in National Center for Bio-
technology Information [NCBI] accession no. V00834). The uppercase
letters identify nucleotides of the hot spot region. The positions of six
breaks identified by DNA sequencing (see Results) are indicated by
arrows. The underlined region of the intron shows the sequence of the
32P-labeled second-round PCR primer EA-L2 that locates DNA
breaks on the sense strand. The bold uppercase letters denote the 52-
to 105-bp bin with the greatest number of breaks (see Fig. 7). The first
uppercase letter is the nucleotide at position 2307 in NCBI accession
no. V00834.
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the low frequency and large size range of the observed DNA
fragments, it is unlikely that two independent Ea fragments
would give rise to identically sized PCR products in a single
10,000-cell aliquot.

DNA breaks in the F1 offspring of a 9R � 13R cross. One
type of F1 progeny (A cross) results from mating 13R males
and 9R females to produce animals heterozygous for the p and
k haplotypes at Ea. The other type (B cross) comes from the
reciprocal mating. Figure 5 gives an example of the DNA break
data for one of each of these mice, respectively. The results
(based on 480,000 cells for each F1 progeny type) are summa-
rized in Table 2. The A and B cross animals, like their 13R
parent, had a greater average number of breaks per 10,000
cells within the hot spot region than the 9R parent (2.40 and
2.30 breaks/10,000 cells, respectively, for A and B cross off-
spring). Only average numbers of 0.60 (A cross) and 0.84 (B
cross) breaks/10,000 cells were detected outside the hot spot, a
number not very different from the numbers for the 9R and
13R strains.

DNA strand breaks in mice heterozygous at Ea for the p and
d haplotypes. The same protocol was performed on testis cells
from p/d male mice derived from crossing P/J mice (homozy-
gous for the p haplotype at Ea) with the B10 � D2 strain
(homozygous for the d haplotype at Ea). Genetic studies have
shown a lack of Ea hot spot activity in p/d mice (19). An
example of the data from one animal is shown in Fig. 6. Based
on the study of 320,000 testis cells, the average number of
breaks/10,000 cells in the hot spot region (0.50) is almost iden-
tical to the number in 9R animals (Table 2).

DNA strand breaks depend on genotype. When 9R, 13R, A
cross, B cross, and p/d mice are compared (Table 2), the dif-
ference in DNA strand break frequency among them is highly
significant (P �� 0.001). The frequency of breaks in the Ea hot
spot region in 13R mice and its F1 progeny with 9R (A cross
and B cross mice) is, on average, at least 4.6-fold greater than
the frequency found in 9R and p/d haplotype mice. We note
that the break frequencies in the hot spot region of the 9R and
p/d mice are similar to the frequencies outside the hot spot in

FIG. 4. Detection of DNA breaks in testis cells from strains 9R
(A) and 13R (B). Representative data from a single experiment on a
single mouse is shown in each case along with the no-TdT control (�).
In each autoradiograph, the boundaries of the recombination hot spot
are indicated between two molecular size markers. The lanes (each
loaded with PCR product made using 10,000 cell equivalents of tem-
plate) are arranged in pairs. The first member of the pair (�) contains
second-round PCR products undigested by BslI. The second member
of the pair (�) contains the same amplification product but after
digestion with BslI. The 73-nucleotide (73nt) molecular size marker
shows the position of the labeled BslI digestion product derived from
all DNA breaks at the Ea hot spot. The thickness of individual bands
reflects not only the amount of PCR product produced but also the fact
that DNA slippage can occur in the TdT-added G/C mononucleotide
repeat tract. In both panels, a black dot is positioned next to each band
that we consider an Ea-specific break because the band in the � lane
is cut down by BslI (see � lane). Bands not labeled by a dot either are

TABLE 2. Number of DNA breaks in the 418-bp Ea hot
spot region

Animal

Avg no. of DNA breaks/10,000 adult testis cellsa

9R (k/k) 13R (p/p) A cross (k/p) B cross (p/k) P/J � B10.D2
(p/d)

1 0.25 1.62 3.00 2.13 0.63
2 1.13 3.00 2.88 2.50 0.63
3 0.50 3.00 2.50 1.50 0.38
4 0.38 2.13 1.88 3.13 0.38
5 0.13 2.00 2.50
6 0.75 2.00 2.00

Avgb 0.52 (0.48) 2.44 (0.69) 2.40 (0.60) 2.30 (0.84) 0.51 (0.10)

a For each animal, a total of 80,000 cells were examined.
b The average number of breaks outside the hot spot per 10,000 cells is shown

in parentheses.

not cut by the enzyme or are found in the no-TdT control. Bands more
than 565 nucleotides long were evaluated using the original autoradio-
graphs (not shown) and not the figures prepared for publication.
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the hot 13R, A cross, and B cross animals, suggesting that these
breaks may not be related to recombination (see Discussion).

Testing for strand bias in DNA breaks. In a separate exper-
iment, we compared the number of breaks within the hot spot
region as a function of which strand contained the DNA break
using two sets of Ea-specific nested primers (Fig. 1). One pair
(EA-L1 and EA-L2) was identical to that used in the experi-
ments described above and is located close to exon 4 and

upstream of the hot spot relative to the direction of transcrip-
tion. The second pair (EA-R1 and EA-R2) is located down-
stream of the hot spot. DNA plugs from 13R, 9R, A cross, and
B cross mice (two animals for each of the four types) and p/d
mice (four animals) were analyzed in parallel from both direc-
tions (Table 3). Considering the five strains together, the fre-
quency of breaks per 10,000 cells did not differ significantly (P
	 0.36) when counted using primers upstream compared to
those downstream of the hot spot. This experiment indepen-
dently confirmed that the 13R, A cross, and B cross animals
have more breaks than the 9R parent and p/d mice (P ��
0.001).

When the break data from 13R, A cross, and B cross animals
were pooled however, 27% fewer breaks were found with the
downstream Ea primer (mean, 1.7 breaks/10,000 cells) than
with the upstream Ea primer (mean, 2.3 breaks/10,000 cells).
This small difference in break number was significant (P 	
0.03).

Distribution of DNA strand breaks in the hot spot. We
determined the distribution of breaks within the hot spot of the
13R and A and B cross individuals (Fig. 7) using all of the data
obtained with the upstream (EA-L) primers. The 418-bp hot
spot region was divided into eight �52-bp bins, and the breaks

FIG. 5. Detection of DNA breaks in testis cells from the A cross
(A) and B cross (B) progeny of matings between 13R and 9R mice. For
details, see the legend to Fig. 4.

FIG. 6. Detection of DNA breaks in testis cells from the progeny of
crosses between P/J and B10 � D2 animals (p/d). For details, see the
legend to Fig. 4.

TABLE 3. Number of breaks in the 418-bp Ea hot spot region
detected from upstream or downstream of the hot spot

Strain (total no. of
cells)

Avg no. of DNA breaks/10,000 adult testis
cells

EA-L1 � EA-L2
(left)

EA-R1 � EA-R2
(right)

9R (160,000) 0.44 0.69
13R (160,000) 2.56 1.88
A cross (160,000) 2.00 1.56
B cross (160,000) 2.25 1.88
p/d (320,000) 0.50 0.75
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were assigned to the bins on the basis of the molecular size
markers run on each sequencing gel. Bin 1 was closest to the
EA-L2 primer (close to exon 4). A total of 302 DNA strand
breaks from 1.28 � 106 testis cells were analyzed. Overall,
break position is not compatible with a random distribution
throughout the hot spot (P �� 0.001). The greater concentra-
tion of breaks closer to the position of the EA-L2 primer could
be due to more efficient amplification of short versus long PCR
products, thereby making it easier to detect breaks close to this
primer. If this were the only explanation however, break num-
ber might be expected to decrease monotonically with bin
number. The significant peak detected in bin two does not
support the idea of a monotonic function.

Results for the other strand using the EA-R primers (data
not shown) provided no evidence for a monotonic decrease in
break number as a function of bin number, although the data
are not conclusive due to insufficient sample size (80 compared
to 302 breaks). However, by pooling adjacent bins to reduce
the number of bins from eight to four, we found a highly
significant difference (P �� 0.001) between the break distribu-
tions determined using the upstream versus downstream Ea
primer sets.

Analysis of the H2-Eb1 hot spot region. Genetic studies
indicate that the Eb1 hot spot is inactive in the A cross, B cross,
and p/d haplotype combinations (19, 24). Using the equivalent
of 80,000 cells for each strain, we examined the DNA se-
quences at the center of the Eb1 hot spot (57) for strand breaks
in 9R and 13R mice, their F1 offspring, and the p/d haplotype
mice (data not shown). Using P, C�P, EB-L1, and EB-L2
primers and the restriction enzyme BslI to cut the second-
round PCR products, we observed no significant difference in
the average number of Eb1 breaks (mean, 0.35 break/10,000
cells; 95% confidence interval, 0.12 and 0.58 break/10,000
cells) among the five strains (all P values 
 0.1). However, an
active Ea hot spot is 10 times “hotter” with respect to crossing
over than an active Eb1 hot spot (7, 19, 24), so it is possible that
recombination-specific DNA breaks even at an active Eb1 hot
spot might not be detected above background levels using our
present assay.

Temporal appearance of strand breaks during MPI. The
developmental appearance of germ cell DNA strand breaks in
A cross and B cross offspring was correlated with different
substages of MPI. The method of obtaining germ cell-enriched
preparations and the strand break assay were described above.
However, small aliquots of cells from each preparation were
also stained to detect meiosis-related proteins (the synaptone-
mal complex protein SYCP3 and the testis-specific histone
H1t) in order to identify substages of MPI. The staining pat-
terns characteristic for each substage of MPI are shown in Fig.
8. The leptotene spermatocytes were identified as those with a
punctate pattern of SYCP3 staining, localizing the emergence
of lateral chromosomal axes (Fig. 8A). Zygotene spermato-
cytes were characterized by longer axes and some focal patches
of chromosome pairing (Fig. 8B and C). Spermatocytes with
thicker and somewhat shorter SYCP3-staining axes were de-
fined as pachytene, and 20 pairs of chromosomes could be
identified (Fig. 8D). Staining for histone H1t protein appears
at mid-pachynema (9), so spermatocytes that were positive
only for SYCP3 were identified as being in early pachynema,
while those staining for both SYCP3 and histone H1t were
identified as being in middle to late pachynema (Fig. 8).

The proportion of each type of spermatocyte was deter-
mined at daily intervals for days 7 to 18 pp. The cells in each
substage of meiotic prophase present on each day are depicted
as a proportion of either the total population of cells in the
preparation (Fig. 9B) or of all the MPI spermatocytes (Fig.
9C). No spermatocytes were present on day 7 pp, and lepto-
tene spermatocytes appeared on day 8 pp, followed by zygo-
tene spermatocytes on day 9 pp. Comparing Fig. 9B and C, it
can be seen that while leptotene spermatocytes make up a
significant proportion of prophase cells during this time, their
absolute number in the total population is small. Early
pachytene spermatocytes appeared on day 10 pp, and mid- to
late-pachytene spermatocytes emerged on day 12 pp. The dy-
namic nature of the meiotic cell population during the first
waves of spermatogenesis can be appreciated in Fig. 9C.
Throughout the period, the proportion of developmentally
earlier cells declined as more advanced cell stages appeared.
This is especially noticeable on days 8 to 11 pp as the propor-
tion of leptotene spermatocytes decreases (Fig. 9C), but it is
also seen in the proportion of zygotene spermatocytes on days
14 to 16 pp. Expressed as a proportion of those cells in MPI
(Fig. 9C), the leptotene and zygotene spermatocytes are
present at similar levels on days 11 through 13 pp. As the
pachytene spermatocytes become the predominant cell type in
the population, the proportion of leptotene spermatocytes
drops further on day 14, and the following day, the proportion
of zygotene spermatocytes declines. This developmental pat-
tern of sequential appearance of more advanced MPI sub-
stages correlates well with previous data (9, 16, 34).

At daily intervals, the average number of Ea hot spot DNA
strand breaks in the germ cell population was determined (Fig.
9A). For each time point, the equivalent of 40,000 testis cells
was examined. On day 7 pp, before the appearance of the
earliest meiotic spermatocytes, low levels of DNA strand
breaks unrelated to crossing over were detected in spermato-
gonia and/or Sertoli cells, thereby providing an estimate of the
background level of breaks for these nonmeiotic cells. The
average number of Ea strand breaks began to increase on days

FIG. 7. Distribution of DNA breaks in the Ea hot spot region.
Break numbers are indicated for 13R (diamond), A cross (circle), B
cross (triangle), and the pooled data set (squares). Although each bin
of the 418-bp hot spot is actually 52.25 bp in width, the plot is made
with 52.00-bp bins. Nucleotide 1 on the abscissa is closest to exon 4 and
at position 2307 in NCBI accession no. V00834.
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11 and 12 pp and reached a peak on day 14 pp, correlating with
the presence of leptotene, zygotene, and early pachytene sper-
matocytes among the MPI cells over this period (Fig. 9C). The
peak number of seven breaks per 10,000 cells in the hot spot
region on day 14 pp was �5.4-fold higher than the number
found in germ cells on day 7 pp and was significantly different
than the numbers found on days 7 to 11 pp or days 17 and 18
pp. The average number of strand breaks in the adult A and B
cross progeny (2.35 breaks/10,000 cells) was slightly lower than
the numbers found in A and B cross animals 15 to 18 days pp.

DISCUSSION

Correlation between hot spot activity and DNA breaks. Us-
ing a PCR-based assay designed to detect rare DNA strand
breaks, we assessed meiosis-related breaks in mouse testicular
germ cells. To enhance the detection of meiotic breaks, we
studied the recombination hot spot in intron 4 of the H2-Ea
gene in the mouse MHC complex. We showed that the number
of DNA strand breaks in an adult testis cell population en-
riched for germ cells is highly correlated with genetic data on
crossing over in that intron. We observed (Table 2) four- to
fivefold more DNA strand breaks in the p/k haplotype animals
than in p/d haplotype mice that lack crossover events at the Ea
hot spot (19, 24, 27, 28).

At the Eb1 hot spot, the p/d mice, the 9R and 13R parents
and their A cross and B cross progeny did not differ signifi-

cantly from one another (P 
 0.10) in having a very low
number of DNA breaks (mean, 0.35 break/10,000 cells; 95%
confidence interval, 0.12 and 0.58 break/10,000 cells). These
results are expected, given that recombination at Eb1 has not
been detected in mice carrying the p/k or p/d haplotypes at this
gene (19, 24).

Classical linkage analysis (24) of the 418-bp Ea hot spot
using the same strains we studied estimated that the crossover
rate averaged �1 cM (based on 500 progeny), indicating that
recombination is thousands of times greater than would be
expected for a DNA segment of this size given the genome
average rate in the mouse (0.5 cM/Mb). Using our assay, we
detected a 4.6-fold-greater number of DNA breaks in the Ea
hot spot than in flanking regions.

To reconcile the crossover data with the DNA break data,
we must calculate the ratio of recombination-related breaks
inside, compared to outside, the hot spot rather than using the
total number of breaks. To do this, we need to know how the
total number of observed breaks in any region are partitioned
between those that are recombination related and those that
are due to other causes. Endogenous physiological processes
or even possibly the DNase I treatment used for the isolation
of testis cells could be generating low levels of breaks detected
by our assay. We can estimate the fraction of breaks that are
unassociated with recombination by assuming that all breaks
found (i) flanking the hot spot region in both the “cold” (9R

FIG. 8. Immunostaining of spermatocytes. Spermatocytes were double labeled with antibodies to SYCP3 and histone H1t to determine the
stage of MPI. (A) Leptonema was characterized by a punctate appearance of SYCP3. (B and C) Cells with patterns ranging from short linear
patches (arrowheads in panel B) to staining along the full length of the incompletely paired chromosomes (C) were classified as zygonema. (D and
E) Early pachytene spermatocytes (EP) are stained with SYCP3, but not histone H1t. Mid- to late pachytene spermatocytes (P) are positive for
both SYCP3 and histone H1t. Panels D and E show the same field.
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and p/d) and “hot” (13R, A cross, and B cross) Ea mice and (ii)
inside the hot spot region of the “cold” Ea mice do not con-
tribute to crossing over. This is a reasonable assumption, since
crossing over at Ea has not been detected outside the hot spot

in “hot” mice or inside the hot spot in “cold” mice (19, 24, 27,
28). In addition, the DNA break frequencies are quite consis-
tent (an average of 0.54 break per 10,000 cells) in all the above
circumstances. Using this average break frequency as an esti-
mate of the background level of our assay, we can calculate, for
example, that if 99.9% of the breaks detected outside (or in
inactive) hot spots were not related to crossover events, the
ratio of DNA breaks related to recombination in the hot spot
would be more than 4,000 times greater than recombination-
related breaks outside it, assuming equal-size regions are being
compared (for the A cross, [2.4 � (0.54 � 0.001)]/(0.54 �
0.001) 	 4,443). The average number of breaks at the inactive
Eb1 hot spot in the five mouse strains we studied (0.35 break/
10,000 cells) provides an independent confirmation of the
background frequency used in the above estimate.

We should also consider that the absolute number of Ea
DNA strand breaks per 10,000 testis cells detected in the hot
spot by our procedure may be lower than the numbers present
in the whole testis. One mechanism that could bias against the
detection of DNA breaks could involve a low efficiency of TdT
tailing and amplification. However, earlier trials with the CHO
cell system (mentioned in Results) showed that plugs contain-
ing 10,000 cells not cut by I-SceI and 5 genome equivalents of
purified target DNA molecules with a cleaved I-SceI site (at
exactly the same position), gave a single intense product after
tailing and PCR, which suggests that even a single input mol-
ecule would be easily detected. A difficulty in detecting DNA
breaks would also result if there were an experimental bias
against recovering DNA fragments covalently attached at the
5� end to SPO11 protein. This is an unlikely scenario, since our
cells were first digested with an ionic detergent and proteinase
K, as is the custom in studying enzymes that form covalent
linkages with DNA (6, 50).

Molecular nature of the DNA breaks. Our results on the Ea
locus provide direct biochemical evidence for meiotic DNA
breaks at a recombination hot spot without being able to spec-
ify the exact molecular nature of the breaks. Our data are
consistent with DNA breaks having either blunt ends or 3� or
5� overhangs, as well as single-strand nicks or gaps, since TdT
can extend 3� OH groups in all these cases (10, 11, 22), albeit
at different efficiencies.

The breaks detected at the Ea hot spot in the mixed cell
population from adult mice could be DSBs induced, for exam-
ple, by SPO11 protein (4, 32, 42), and/or DNA nicks or gaps
with 3� OH groups present in intermediates of the recombina-
tion process according to the classical (53) DSB model (includ-
ing breaks related to DNA mismatch repair). The classical
DSB model of recombination predicts that the frequency of
DNA breaks detected on each of the two strands should be
identical, and consistent with this, we observed only a small
difference (27%). This difference might be due, in part, to
different PCR efficiencies associated with the upstream versus
downstream Ea primers, leading to the detection of more
breaks using the upstream primer pair. In addition, random
DNA breaks correlated with transcription could also contrib-
ute to the slightly greater number of breaks observed using the
upstream primers, since these primers detect breaks on the
nontemplate (and presumably transiently single-stranded)
sense strand during Ea transcription.

Our results also show that the 302 DNA breaks detected

FIG. 9. Temporal appearance of DNA strand breaks and the stages
of MPI. (A) Temporal appearance of mean number of DNA strand
breaks/10,000 cells (� standard error of the mean [S.E.M.]). The break
numbers are the mean values of four replicate measurements. (B and
C) Temporal appearance of the stages of MPI shown as the proportion
of the spermatocyte substages on days 7 to 18 pp among all testis cells
(B) or among those cells in MPI (C). For the criteria used in identi-
fying the stages of MPI, see the legend to Fig. 8. Bars represent the
stages (L, leptonema; Z, zygonema; EP, early pachynema; MLP, mid-
to late pachynema).

VOL. 24, 2004 MOUSE RECOMBINATION HOT SPOT 1663



using primers (EA-L) upstream of the hot spot were not dis-
tributed randomly within the hot spot but were concentrated in
the first three bins and appeared to peak in the second bin (52
to 105 bp) (Fig. 7). Neither the G�C content (49 versus 46%)
nor any remarkable DNA sequence or structural feature dis-
tinguishes the first three bins from the remainder of the region.

Only 80 DNA breaks were available from studies using the
downstream primers (EA-R). However, comparison of the dis-
tribution of these breaks (data not shown) along the hot spot
with the breaks detected by the upstream primers (EA-L; Fig.
7) indicates a significant difference (P �� 0.001). Additional
experiments using the downstream primers are needed to de-
termine the true nature of this distribution within the hot spot
so that the reason for the difference in the distribution of
breaks between the two strands can be better understood.
Finally, regardless of their exact molecular nature, the corre-
lation between DNA breaks in the Ea hot spot region and
recombination activity is highly significant.

Temporal appearance of DNA breaks. We also studied the
temporal appearance of DNA breaks during the first wave of
spermatogenesis as progressively more advanced germ cells
emerge sequentially on successive days of postnatal develop-
ment. In Fig. 9, the temporal appearance of DNA strand
breaks is compared to the developmental pattern of emergence
of different substages of MPI within the germ cell population.
Data for budding yeast (35) and studies on immunocytochem-
ical localization of SPO11, RAD51, and �-H2AX in mouse
spermatocytes (32, 34, 39) suggest that meiotic DSBs first arise
during leptonema. However, our data show that the frequency
of Ea DNA breaks from the cell populations isolated from
mice 8 and 9 days pp (when spermatocytes in leptonema first
appear and account for 80 to 100% of the MPI cell population;
Fig. 9C) is not significantly different from the frequency ob-
served in testis cells taken before meiotic cells appeared (day
7). This could be due to the fact that although leptotene sper-
matocytes make up more than 80% of all the MPI cells on days
8 to 10 pp (but drops thereafter), their absolute frequency
among total testis tubule cells, including a majority of somatic
cells (Fig. 9B), is quite low (0.3, 1.0, and 5.0%, for these three
days, respectively). When the crossover frequency at Ea is also
taken into consideration (24) (1/50 � 1/250), it becomes un-
certain whether Ea-specific DNA breaks could be detected
above the background level of breaks at the earliest stages of
the developmental time course experiment when leptotene
spermatocytes are so few in number.

As the first wave of spermatogenesis progresses simulta-
neously with the initiation of new waves, identifying which cell
types contain the DNA breaks at the Ea hot spot is also difficult
but for different reasons. First, the proportion of cells in the
different substages of MPI are changing with respect to one
another between days 11 and 15 pp, reflecting the asynchrony
that exists in the onset of spermatogenesis (i.e., the subsequent
waves of spermatogenesis are initiated as the first progresses).
Second, the length of time a meiotic DNA strand break with a
3� OH group can exist in spermatocytes before it is ligated to
an adjacent 5� phosphate is not known. As a result, the cell type
(leptotene, zygotene, or early pachytene) harboring the strand
break cannot be precisely determined. It is possible that all
three may have recombination-associated strand breaks. Thus,
for example, we could be measuring initiating DSBs in either

leptotene or zygotene spermatocytes. This interpretation is
consistent with the fact that Spo11�/� spermatocytes, which
cannot form DSBs (4, 42), arrest in zygonema and undergo
apoptosis, evidence that it is unlikely that initiating DSBs occur
in the early pachytene spermatocytes. Likewise, MLH1 local-
ization and data from the Mlh1 null mice (3, 39) indicate that
chiasmata are formed in early to mid-pachynema. Therefore, it
is reasonable to suggest that the breaks measured could also
reflect other types of recombination intermediates present in
at least the early pachytene spermatocytes at the time chias-
mata are beginning to be established.

On day 14 pp, leptotene, zygotene, and early pachytene
spermatocytes account for more than 90% of the MPI germ
cells (Fig. 9C). In adult testis, leptotene, zygotene, and early
pachytene spermatocytes represent 47% of the MPI germ cell
population (data not shown). The number of breaks per 10,000
cells is 2 to 3 times higher on day 14 pp: �7 versus �2.5
breaks/10,000 cells in 2- to 2.5-month-old adults. It is notewor-
thy that the most precipitous transition in DNA break fre-
quency we detected during early postnatal development was
the drop between days 14 and 15 pp that was accompanied by
a dramatic rise in the proportion (Fig. 9C) of cells in mid- to
late pachynema with a corresponding drop in the frequency of
zygotene and early pachytene spermatocytes. The association
between the rise in mid- to late pachytene spermatocytes and
a drop in DNA break number could be explained by ligation
events associated with the final molecular steps of DSB repair.
For example, recent studies (17) showed that crossover DNA
molecules at the mouse Lmp2 recombination hot spot arise at
some unknown time between postnatal days 11 and 16 after
which the frequency does not change appreciably. Since unli-
gated intermediates of DSB-induced crossover products at
Lmp2 would not have been detected by the PCR assay used in
that study, it suggests that the resolution of Holliday junctions
reaches a steady-state level among the mixed population of
primary spermatocytes sometime during this period. Once
spermatogenesis is fully established in the 2- to 2.5-month-old
adult, with the full complement of MPI germ cells present, the
number of unligated strand breaks is also expected to reach a
plateau, reflecting a steady-state frequency of germ cells initi-
ating and progressing through recombination.

The temporal pattern of our detection of DNA strand
breaks during meiosis in mice raises two interesting possibili-
ties. First, it is possible that the earliest breaks we detected,
SPO11 localization, and �-H2AX modification of chromatin all
exist before complete synapsis in the mouse (23, 32; this re-
port). At least some of these breaks could be newly initiated
SPO11-induced DSBs consistent with molecular and genetic
data in yeast that indicate that DSB formation precedes full
synapsis (35). Interestingly, there are species-specific differ-
ences in the timing of the DSBs that initiate recombination and
synapsis; for example, DSB formation appears to occur after
synapsis in Drosophila (21). Initiation of recombination is also
dispensable for synapsis in Caenorhabditis elegans (12). How-
ever, until now, the timing of DSB formation in the mouse has
been assessed by genomewide SPO11 localization and chro-
matin modifications, such as phosphorylation of histone
H2AX. Clearly, more information will come from the direct
detection of rare DSBs at specific sites in complex genomes
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when specific methods for distinguishing among DSBs and
other rare recombination intermediates become available.

The second interesting possibility emerging from these re-
sults concerns the nature of Ea hot spot DNA strand breaks
and their timing relative to the timing of SPO11 and �-H2AX
staining of spermatocytes. The appearance of these two pro-
teins in leptonema is thought to reflect DSB formation. If our
inability to specifically detect crossover-related DNA breaks in
leptotene spermatocytes at days 8 to 10 is not simply due to the
low numbers of this cell type in testes in mice of this age, our
results could suggest that the positions of some DSBs that
eventually lead to crossovers in the Ea hot spot region may lie
outside the Ea hot spot itself (47, 48, 60). Thus, some DNA
regions may be hot spots of genetically detected crossovers,
because they tend to promote Holliday junction resolution
leading to the exchange of flanking markers. The 3� OH groups
we detected could be present on the extension products of the
original 3� overhangs not yet ligated to an adjacent strand or
could have arisen during the process of Holliday junction res-
olution (55) or DNA mismatch repair. Ultimately, the precise
nature of the breaks and elucidation of the order of events will
require coupling assays such as the one presented here with
new methods of localization of proteins catalyzing specific
steps in recombination at specific sites. Also required will be
the development of methods that can yield large numbers of
highly pure germ cells at specific meiotic substages under con-
ditions where the background level of DNA breaks unrelated
to recombination is minimal.

Haplotype specificity of recombination hot spots. Genetic
studies using mice heterozygous at Ea for the p haplotype and
another (non-p) haplotype have shown that hot spot activity is
not transmitted in a dominant fashion (19, 24). Although it is
impossible to gather genetic mapping information by crossing
male and female members of the same inbred mouse strain,
our assay showed that the number of DNA breaks (Table 2)
and their distribution (Fig. 7) at the Ea hot spot in the inbred
13R strain were similar to those for the A and B cross animals.
This observation would naturally lend support to the simple
idea that there is an association between the presence of DNA
breaks at Ea and the presence of an Ea gene with the p
haplotype. However, we found that break frequency in the p/d
haplotype combination was more similar to the value for the
inbred 9R strain (homozygous at Ea for the k haplotype).
There are several possible explanations for the lack of a clear
dominant effect of the p haplotype on DNA strand breaks.
Allelic differences in the hot spot region itself cannot be re-
sponsible for the differences in recombination hot spot activity
(58), since at least a 644-bp segment of the p haplotype Ea
gene (including the hot spot) is the same in both the p/d and
13R parental strains (24). Another possibility stems from the
fact that the 13R H-2 region is the product of a single crossover
between two different strains somewhere between Ea and the
S region (Fig. 1), a distance of �300 kb (24), whereas the
chromosome carrying the p haplotype Ea gene in the p/d mice
has an uninterrupted H-2 region. Perhaps the recombination
hot spot activity found to be associated with the 13R H-2
region is associated with both the presence of an Ea p haplo-
type and cis sequences derived from another genetic back-
ground (19, 24). Genetic studies of the Lmp2 hot spot have
revealed two regions that can enhance or suppress recombina-

tion; one is proximal and one is distal to the hot spot (46). That
the initiation of DNA breaks may take place at a considerable
distance from the site of a crossover in fission yeast (48, 60)
may also be relevant.

Another possible explanation for the lack of a dominant
transmission of p haplotype recombination hot spot potential
at Ea is that sequences unlinked to the H-2 region may be
playing a role in hot spot activity. Thus, the genetic background
of the 13R, A cross, and B cross animals is pure C57BL/10
(except for the H-2 region), whereas the genetic backgrounds
of the p/d and p/s mice that lack Ea hot spot activity are
heterogeneous (P/J and C57BL/10 mice and P/J and A.SW
mice, respectively). However, it is known that homozygosity for
C57BL/10 outside the H-2 region is not required for hot spot
activity (24).

Understanding the haplotype specificity of H-2 recombina-
tion hot spots in the future will require additional genetic
experiments. The assay we describe can be used not only to
determine the developmental timing of meiotic DNA breaks
but also to estimate the number of breaks at specific sites. This
makes it possible to relate DNA breaks to crossover events in
genomes significantly larger than those of budding yeast and
fission yeast. Ultimately, correlating strand breaks with local-
ization of proteins mediating steps in recombination will re-
solve the temporal order of events.
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