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Intense and highly localized gene conversion activity in
human meiotic crossover hot spots

Alec] Jeffreys & Celia A May

Meiotic gene conversion has an important role in allele
diversification and in the homogenization of gene and other
repeat DNA sequence families’~>, sometimes with pathological
consequences®’. But little is known about the dynamics of gene
conversion in humans and its relationship to meiotic crossover.
We therefore developed screening and selection methods to
characterize sperm conversions in two meiotic crossover hot
spots in the major histocompatibility complex (MHC)® and one
in the sex chromosomal pseudoautosomal pairing region PAR1
(ref. 9). All three hot spots are active in gene conversion and
crossover. Conversion tracts are short and define a steep
bidirectional gradient centered at the peak of crossover activity,
consistent with crossovers and conversions being produced by
the same recombination-initiating events. These initiations
seem to be spread over a narrow zone, rather than occurring at
a single site, and seem preferentially to yield conversions rather
than crossovers. Crossover breakpoints are more broadly
diffused than conversion breakpoints, suggesting either
differences between conversion and crossover processing after
initiation or the existence of a quality control checkpoint at
which short interactions between homologous chromosomes
are preferentially aborted as conversions.

Meiotic gene conversion in humans is defined as the recombinational
transfer of information between alleles or loci without crossover.
(This definition, though widely used, is not necessarily congruent
with conversion classically defined by non-2:2 meiotic segregation
ratios and does not include crossovers accompanied by conversion.)
Homogenization events in multigene and dispersed repeat sequence
families and in palindromic DNA3->, as well as the direct detection of
de novo conversion events in families®!? and in sperm!"!2, provide
extensive evidence for interlocus conversion. Indirect evidence for
interallelic conversion comes from seemingly anomalous low levels of
linkage disequilibrium seen between some closely linked markers!?
and from patchwork patterns of allelic diversity'#!5> (though such
patchworks could arise from sequential crossovers). Sperm analysis at
the HLA-DPBI locus has provided direct evidence that true interallelic
conversions do occur, though at low frequency'®. The relationship
between crossover and conversion in humans, however, is unclear.

The high-resolution definition of human crossover hot spots by
sperm typing®>!> has allowed us to investigate the connection
between crossover and interallelic conversion without crossover. We
chose the hot spot DNA3 located in the MHC for analysis®, because
of its intense crossover activity and the availability of sperm donors
with multiple single nucleotide polymorphism (SNP) heterozygosi-
ties needed to monitor recombination events. Our initial approach
was similar to that used to detect conversion in HLA-DPBI (ref. 16;
Fig. 1a). We amplified pools of sperm DNA by PCR using allele-spe-
cific primers outside the hot spot to amplify one haplotype (Fig. 1b),
then typed them with allele-specific oligonucleotides (ASOs) to see
whether any pools contained markers from the other haplotype. This
strategy simultaneously detects crossovers and any conversions that
affect one or more markers (Fig. 1¢). Analysis of two individuals (man
1 and man 2) for reciprocal recombination events identified intense
conversion activity, but only at markers very close to the center of the
crossover hot spot (Fig. 2). The frequency of conversion at the most
active marker (AB12) was 1.3-3.4 x 107> per sperm, higher than the
rate of crossover (0.9—-1.2 X 1073). The ratio of conversions to
crossovers did not vary substantially between the four separate analyses
(orientation A, B recombinants analyzed in both men; Fisher’s exact
test, P = 0.05). All conversions were simple, involving the transfer of a
contiguous block of markers between haplotypes, and short, with the
longest involving coconversion of markers AB12, AB5, AB13 and
AB14 in man 1 (minimum tract length = 300 bp, maximum =
1,091 bp). Conversion rates declined rapidly with distance and defined
a very steep gradient of gene conversion activity extending in each
direction from the center of the hot spot.

Defining the shape of this conversion gradient depends critically
on the reliable detection of single-site conversion events. Detecting
such events is difficult, particularly for SNPs with a substantial PCR
misincorporation rate. We therefore used DNA enrichment by allele-
specific hybridization!” to reduce the complexity of sperm DNA
before conversion analysis (Fig. 1a). This improves the signal-to-noise
ratio and allows much larger pools of sperm DNA to be surveyed for
recombinants. Analysis of recombinants in man 1 by this method
(Figs. 1d and 2d) confirmed the authenticity of single-site conversions
and the shape of the gradient. We also applied this approach to analyz-
ing sperm and blood DNA from a third man heterozygous with
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respect to the central marker AB12 (data not shown). We detected 19
AB12 conversions among 16,000 sperm molecules but no recombi-
nants in 65,000 blood molecules. This is further evidence for the
authenticity of sperm conversions and is consistent with these being
products of meiotic recombination.

To determine whether this pattern of conversion occurs in other
crossover hot spots, we analyzed hot spot DMB2 in the MHC?. This
hot spot is much less active than DNA3 (crossover rate of 5 X 107> in
the man analyzed), necessitating the use of DNA enrichment to ana-
lyze conversions, but is abundant in SNPs near the center of the hot
spot. The pattern of recombination was very similar to that seen in
hot spot DNA3, with detectable conversions and crossovers occurring
at similar relative rates and with what appeared to be a very steep gra-
dient of gene conversion activity in the hot spot (Fig. 3). Again, con-
version tracts were short, with most conversions involving the
transfer of a single SNP between haplotypes. We also analyzed an
intense hot spot in the gene SHOX in the pseudoautosomal pairing
region PAR1 on the sex chromosomes®. The crossover rate at this hot
spot is much higher than at DMB2 (3.7 x 10~ per sperm) but the low
SNP density and lack of markers near the center of the hot spot again
necessitated the use of enrichment. Only the marker closest to the
center of the hot spot (5053G/C, located about 200 bp 5" from the
center) showed a substantial conversion rate, at about 30% of the
crossover rate (Fig. 3f). In contrast, marker 5543C/G located about
300 bp 3’ to the hot-spot center yielded no detectable convertants.
These data are again consistent with short conversion tracts and a
steep gradient of conversion activity extending from the hot-spot cen-
ter but were insufficient to establish maximum conversion rates at the
hot-spot center and the shape of the gradient.

Figure 1 Detecting gene conversion events in sperm DNA. (a) Methods for
detecting recombinants in a man carrying multiple SNP heterozygosities
(black, white circles). (i) Screening without selection. Pools of sperm DNA
are subjected to two rounds of nested PCR using allele-specific primers
directed to haplotype 2 (gray arrows) and universal (not allele-specific)
primers (black arrows). PCR products in each pool will be from haplotype 2,
with the occasional presence of marker(s) from haplotype 1 signaling the
presence of a recombinant molecule. (ii) Screening after selection by
hybridization!” with a biotinylated ASO (Bio-ASO) specific for haplotype 1.
The recovered single-stranded DNA is largely depleted in haplotype 2 and in
any other molecules carrying the white allele at the selected SNP. (iii)
Multiple aliquots of the enriched DNA are analyzed by allele-specific PCR,
as described for screening without selection (i). Enrichment reduces the
complexity of the sperm DNA pools, facilitating recombinant detection, but
only recombinants exchanged at the selected SNP will be recovered.

(b) Detecting sperm recombinants at hot spot DNA3: progenitor haplotypes
in the individual tested, with the first and second allele (e.g., A6+ and A6-)
corresponding to white and black circles, respectively. The hot spot is
centered near SNP AB12. (c) Detection of recombinants without selection.
Aliquots of sperm DNA each containing 100 amplifiable molecules of each
haplotype were amplified using primers specific to haplotype 2, and PCR
products were dot-blot hybridized with ASOs from haplotype 1, along with
control PCR products (1:100 ratio of haplotype 1:haplotype 2). In the eight
PCRs shown, one crossover molecule was detected, exchanged between
markers AB2 and AB12, as well as four conversions affecting SNPs AB12,
AB5 and AB13 and one putative conversion affecting AB2 alone (arrow).
(d) Detection of recombinants after selection of sperm DNA with a
biotinylated ASO specific for AB12A and AB5C (these SNPs are only 2 bp
apart). Enriched DNA pools containing 300 molecules of haplotype 1 and
about 2 remaining molecules of haplotype 2 were analyzed as described in
c¢. Control contains a 1:1 ratio of haplotype 1:haplotype 2 PCR products. Two
crossovers were detected in the ten PCRs shown, exchanged as predicted
upstream of AB12 and AB5, as well as five conversion affecting AB12, AB5
and AB13 and one conversion involving only AB12 and AB5. Note the
improvement in signal-to-noise ratio compared with ¢.

If recombination-initiating lesions, such as double-strand breaks!$,
occur at a single site in the hot spot, then all conversion tracts arising by
subsequent resection and repair should share a common region of over-
lap corresponding to the initiation site. There is no unique region of
overlap at either DNA3 or DMB2, however; for example, the double-site
conversion in DMB?2 at JJK10/12 and the single site conversions at JJK8
(Fig. 3c) cannot, under a simple double-strand break—repair model,
arise from initiations at the same site. It therefore follows that although
hot spots probably contain recombination initiation sites, these sites are
probably diffused over a localized zone of activity.

Even with the extensive data at hot spot DNA3 and the abundance of
markers, it is not possible to determine accurately the lengths of con-
version tracts (Fig. 4a). But we could estimate these variables by simu-
lating gene conversions under a range of models in which the locations
and lengths of conversion tracts are varied and comparing the simu-
lated conversion distributions with those observed experimentally
(Fig. 2d and Supplementary Note online). Irrespective of the model
used, the center of the conversion initiation zone coincided with the
peak of crossover activity in the hot spot (Fig. 4b and Supplementary
Table 1 online). This strongly suggests that crossovers and conversions
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arise from the same initiating lesions. All models similarly suggest that
initiating lesions are diffused over a zone of ~400-500 bp, similar to
the spread of meiotic double-strand breaks observed in yeast hot
spots!®. The mean length of conversion tracts is less certain but proba-
bly lies in the range of 55-290 bp (Fig. 4a). Conversion tract length
will also affect the proportion of conversions that alter haplotype and
are thus experimentally detectable. This proportion, estimated at 16%
and 75% for the shortest and longest permissible mean tracts, respec-
tively, suggests that the ratio of conversions to crossovers observed at
hot spot DNA3 (2.7:1, averaged over all assays in both men; Fig. 2) is
probably an underestimate and is more likely ~4—15:1. This implies
that somewhere between 80% and 94% of recombinations at hot spot
DNA3 are resolved as conversions rather than crossovers.

Crossover breakpoints are more broadly distributed across hot spot
DNA3 than are conversion breakpoints (Fig. 4b). The same seems to
be true for hot spot DMB2 (Fig. 3b,c). This suggests that conversion
tracts accompanying crossover? are longer (mean length = ~460 bp
for DNA3) than conversion tracts without crossover (mean length =
55-290 bp). Thus, although crossovers and conversions seem to be
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initiated at the same sites, conversions may be generated by an alter-
native downstream processing pathway, such as synthesis-dependent
strand annealing, as occurs in yeast?!. Alternatively, the difference
between crossover and conversion distributions could result from a
quality control checkpoint at which short interactions between
homologs are aborted as conversions and only longer interactions are
processed into crossovers.

The conversion activity in human crossover hot spots provides
strong evidence that they represent sites of crossover initiation,
rather than resolution after migration from a distal initiation site,
and is consistent with crossover asymmetry evidence most readily
explained under the hot-spot initiation model??. The short conver-
sion tracts seen in human hot spots are similar to those reported in
a mouse hot spot?? and seem similar in length to interallelic sperm
conversions seen in HLA-DPBI (ref. 16) as well as conversions
between loci*®7. This suggests that similar mechanisms operate in
interallelic and interlocus gene conversion. But the germline speci-
ficity of hot spot DNA3 conversions contrasts with evidence for
high-frequency interlocus conversions reported not only in sperm
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but also in blood DNA'2. Bidirectional gene conversion gradients
associated with human crossover hot spots are similar to those seen
in Drosophila®® and yeast?*, but seem to be much steeper and have
shorter conversion tracts. There is little evidence for kilobase-long
conversion tracts often seen in yeast?’; we have never seen such
tracts in human hot spots, and evidence for large scale conversion
at the human CYP21A2 locus has now been discredited?®. To our
knowledge, the only reasonably clear evidence for long conversion
tracts in humans comes from rare germline reversions of triplet
repeat expansions?’.

There is considerable current interest in establishing haplotype
maps of the human genome and in understanding how such
processes as recombination can influence haplotype structures?®.
Approaches include the exploration of models of crossover distribu-
tion that can account for observed haplotype block structures?®-3°,
What is missing from this modeling is the inclusion of gene conver-
sion as an additional process that can lead to haplotype diversifica-
tion. The present work provides the first step in determining basic
parameters of meiotic gene conversion in the human genome and
suggests that interallelic conversion in hot spots has the potential to
profoundly affect haplotype diversity, but only at an extremely local-
ized level, in the hot spots themselves.

METHODS
DNA preparation. We collected, with approval from the Leicestershire
Health Authority Research Ethics Committee, semen and blood samples
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with informed consent from UK men of north European descent, including
volunteers and men attending fertility clinics, and prepared DNA as
described previously under conditions designed to minimize the risk of con-
tamination'®. We digested DNA with HindIIl, HindIII and Blpl, or Nrul and
BspHI for hot spots DNA3, DMB2 or SHOX, respectively, to release the target
region on a DNA fragment 7.0, 6.6 or 9.4 kb long, respectively. We then car-
ried out DNA enrichment and recombination analysis.

DNA enrichment. Enrichment of genomic DNA by allele-specific hybridization
is described in detail elsewhere!”. Briefly, we mixed 1-16 pg digested genomic
DNA (depending on conversion rate and the efficiency of enrichment) at
100200 pg ml™' with 0.38 uM HPLC-purified 5-tribiotinylated ASO (18 nt
long, with the allele-specific base 11 nt from the 5" end; Eurogentec) plus 1.5 uM
competitor ASO complementary to the other SNP allele in hybridization buffer
(45 mM Tris-HCI (pH 8.8), 11 mM ammonium sulfate, 4.5 mM MgCl,, 6.7 mM
2-mercaptoethanol, 4.4 UM EDTA and 2 pg ml™! single-stranded high-molecu-
lar-weight herring sperm DNA as carrier). DNA was denatured at 96 °C for 75 s
and then annealed for 5 min at 35-50 °C (depending on the GC content of the
biotinylated ASO). We captured hybrids by adding Dynabeads M-280
Streptavidin (Dynal Biotech) to a final concentration of 9 mg mI™! and incubat-
ing for 10 min at the annealing temperature with gentle mixing. Beads were mag-
netically separated and then washed with hybridization buffer at the
hybridization temperature followed by elution buffer (0.14x hybridization buffer,
5 g ml! single-stranded herring DNA) at room temperature. We released sin-
gle-stranded target DNA by denaturation from the biotinylated ASO-bead com-
plex using a further incubation in elution buffer for 2 min at 65 °C, or at 80 °C for
biotinylated ASOs with >60% GC content. We recovered additional target by
adding biotinylated ASO to 0.38 uM to the unbound DNA and carrying out two
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Figure 3 Gene conversion activity in the DMB2 and SHOX hot spots. (a) DMB2 haplotypes in the man analyzed, with SNP coordinates taken from ref. 8.
Sperm DNA was enriched using four different biotinylated ASOs (JJK10C, JJK12-, JJK6A, JJK8G) specific for haplotype 1 and spanning the center of the
hot spot. Purified DNA was amplified by PCR using allele-specific primers for haplotype 2 (JJ6C, JJ7C located 4.4 kb upstream of the center of the hot spot)
and crossovers and conversions detected as in Figure 1d. (b) DMB2 crossover activity determined from the 45 crossovers detected in the four assays; 26 of
these mapped to the adjacent hot spot DMB1 located in the dashed region indicated in a (data not shown). Crossovers in the last interval (pale gray) were lost
after enrichment and were therefore estimated from previous DMB2 data8. (¢) DMB2 conversion rates, with 95% confidence intervals, and structures of
convertants detected (black circle, selected marker; gray circle, coconverted marker). Enrichment with JJK10C yielded eight crossovers but no conversions in
130,000 molecules. The approximate location of the peak of crossover activity is marked with an arrow. Full details of the conversion and crossover data are
provided in Supplementary Table 3 online. (d) Recombination in the SHOX hot spot; haplotypes in the man analyzed, with coordinates taken from ref. 9.
Sperm DNA was enriched using biotinylated ASO 5053C or 5543G,which flank the peak crossover interval, and purified DNA was amplified by PCR using
allele-specific primers for 701T and 1096A. (e) SHOX crossover activity estimated by a standard crossover assay® and from the 32 crossovers detected in the
two enriched DNA pools. The crossover rate is 3.7 x 1073 per sperm. (f) SHOX conversion activity. Twenty-four crossovers but no convertants were detected
among the 9,400 molecules enriched for 5543G. The arrow marks the approximate center of the crossover hot spot.
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to three additional rounds of extraction. Two of the biotinylated ASOs (JJK10C,
JJK12-) gave relatively poor enrichment (13- and 7-fold respectively), and so we
subjected the recovered single-stranded DNA to a second cycle of purification!”.
We determined yields of recovered DNA by long PCR amplification across the
entire target region and comparing PCR product yields with those obtained from
decreasing inputs of unfractionated DNA. We verified yields by Poisson analysis
of limiting single molecule dilutions of enriched single-stranded DNA!>. We esti-
mated the degree of purification using allele-specific PCR to determine the ratio
of each haplotype in the enriched DNAY. Yields varied from 10% to 65%,
depending on the SNP being selected and whether one or two cycles of enrich-
ment were done, with purifications of 40-fold to 300-fold. Further details on the
biotinylated ASOs used are provided elsewhere!”.

Detection of recombinant molecules. To detect recombinants in unfraction-
ated genomic DNA, we amplified multiple aliquots of digested sperm DNA,
each containing 50-100 amplifiable molecules of each progenitor haplotype
(0.6-1.2 ng DNA), using one distal allele-specific primer and one universal
primer. Long PCR conditions were described previously, with annealing tem-
peratures optimized for each allele-specific primer to ensure good efficiency
and excellent allele-specificity®®!>. Each 10-pl PCR was amplified for 23 cycles
then diluted to 0.2 ml with water. We used 0.5 pl of each diluted primary PCR
to seed a 15-ul secondary PCR containing nested allele-specific and universal
primers. These secondary PCRs were amplified for 36 cycles, using optimized
annealing temperatures, and analyzed by dot-blot hybridization with 32P-
labeled ASOs as described previously!'>. We analyzed recombinants in enriched
DNA using the same method, but with larger DNA inputs (up to 3,000 mole-
cules of the selected haplotype per PCR, depending on recombination rate and
the degree of enrichment, but with no more than 50 molecules of the other
contaminating haplotype per PCR).

Validation of multisite recombinants. All primary PCR products from unfrac-
tionated sperm DNA showing crossover or conversion molecules were further
analyzed using allele-specific primers to specifically amplify conversion or
crossover molecules. We then typed these PCR products by ASO hybridization.
We used this approach to validate the structure of recombinant molecules con-
taining switches at more than one SNP site and to identify pools of sperm con-
taining more than one recombinant (e.g., two different conversions or a

Figure 4 Conversion tract lengths and breakpoint distributions in hot spot
DNAS3. (a) The cumulative frequencies of minimum and maximum
conversion tract lengths (black lines) determined from conversions
detected by biotinylated ASO enrichment (Fig. 2d). The considerable
spread between minimum and maximum lengths reflects marker spacing
in this region. Continuous gray lines show the two most extreme
distributions determined by simulation that are compatible with the
observed conversion data (models 4 and 6 in Supplementary Table 1 online;
model 4 assumes that conversion tracts have no minimum length and
extend unidirectionally from sites of initiation with a fixed probability per
base traversed that the tract terminates, whereas model 6 assumes that
conversion tract lengths follow a normal distribution); these distributions
have mean tract lengths of 55 and 290 bp, respectively. (h) Cumulative
frequency distributions of breakpoints across hot spot DNA3. The
distribution of crossover breakpoints in man 1 (gray circles) determined
from 304 sperm crossovers is compared with the distribution of detectable
conversion breakpoints in man 1 (crosses, unselected A conversions;
squares, unselected B conversions; open circles, selected A conversions;
Fig. 2c,d), as well as with all conversions, including those that do not
affect any SNP sites, under the two extreme conversion models (black
lines, each established from 100,000 simulations; the distribution with
shorter conversion tracts gives the steeper curve). Inclusion of missing
conversions, which would preferentially locate to the interval of 34.0-34.4
kb, shifts the conversion breakpoint distribution in the 5" direction. The
crossover and conversion distributions are significantly different (x2 (3 1)
=303, P<<0.001). The thick gray line shows the least-squares best-fit
distribution for crossovers assuming an identical distribution of initiating
events; this distribution fits well with the observed crossover distribution
(x? (5 411 = 8.1, P=0.15) and gives a mean length of conversion tracts
accompanying crossover of about 460 bp. d.f., degrees of freedom.
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conversion and a crossover molecule). We give further details in Supplementary
Note online. We corrected the final inventory of crossover and conversion mole-
cules across all PCRs by Poisson analysis for instances of two or more identical
recombinant molecules being present in the same PCR'%; these corrections were
modest, resulting in at most only a 1.3-fold increase in the number of a given
class of recombinant.

Analysis of conversion distributions. We estimated conversion parameters by
maximum likelihood analysis, comparing simulated sperm conversions with
biotinylated ASO—selected conversion data from hot spot DNA3. We explored a
range of conversion models, including conversion tracts extending unidirec-
tionally or bidirectionally from a site of initiation with a fixed probability per
base encountered that the tract terminated, as well as models with tracts of a
minimum fixed length or with normally distributed lengths. We also explored
the effects of different shapes of the initiation zone. For each model, we system-
atically varied the initiation rate (the proportion of sperm carrying conver-
sions), the center and width of the zone of initiation, and the parameters
controlling conversion tract length. For each combination of variables, we sim-
ulated sperm conversion events until 20,000 conversions affecting at least one
SNP site were accumulated. Each conversion tract was classified according to
which, if any, SNP markers had been exchanged between haplotypes. We used
the frequency of each class of convertant to estimate the likelihood of obtaining
the observed numbers of conversion-positive and conversion-negative PCRs in
each biotinylated ASO enrichment. We combined these probabilities over the
four different enrichments to give the overall likelihood of obtaining the entire
observed data set for a given combination of conversion variables. We then
identified the combination of variables that maximized this likelihood
(Supplementary Fig. 1 online) and rejected any model that gave a maximum
likelihood <1/100 of that seen in the best models. Details of procedures and
results are given in Supplementary Note online.

Note: Supplementary information is available on the Nature Genetics website.
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