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What determines the recombination rate of a gene?
Following the observation that, in humans, imprinted
genes have unusually high recombination levels, we ask
whether increased recombination is seen for other
monoallelically expressed genes and, more generally,
how transcriptional properties relate to recombination.
We find that monoallelically expressed genes do have
high crossover rates and discover a striking negative
correlation between within-gene crossover rate and
expression breadth. We hypothesise that these findings
are possibly symptomatic of a more general, adverse
relationship between recombination and transcription in
the human genome.
Introduction
Recombination rates are highly heterogeneous in the
human genome, but the underlying reasons are not trans-
parent. The finding that imprinted domains have unu-
sually high crossover rates [1,2] suggests a possible
coupling between recombination and transcriptional prop-
erties of a gene. Here, we follow up this initial observation
to ask whether high crossover rates are found for mono-
allelically expressed genesmore generally and, in addition,
whether the breadth of expression of a gene might predict
its crossover rate.

Parental imprinting and meiotic recombination
Parental imprinting is generally understood as a form of
epigenetic regulation of gene expression: for imprinted
genes, only one allele is transcribed, and the choice of
the transcribed allele is dependent on its parent of origin.
While this definition reduces the notion of imprint to its
impact on transcription, other fundamental cellular mech-
anisms are affected by parental imprinting, and the evol-
utionary persistence of this phenomenon might be
explained, in part, by these often ignored factors [3]. In
this respect, meiotic recombination is perhaps the most
relevant process, as there is evidence for significant parent-
of-origin effects on crossover rates [4]. Strikingly, the only
known occurrence of an imprinted recombination hotspot
coincides with a transcriptionally imprinted domain [5].

These recent findings strengthen the existing evidence
in favour of an association between imprinting and meiotic
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recombination. Transcriptionally imprinted regions have
two other particular characteristics with respect to recom-
bination: they display strong differences betweenmale and
female crossover rates (heterochiasmy) [2,6,7] and their
sex-averaged crossover rates are unusually high [1,2].

Before attempting to propose a biological interpretation
for the association between transcriptional imprinting and
meiotic recombination, the strength of this association
must be rigorously assessed. In this study, we focus on
the unusually high sex-averaged crossover rates observed
for imprinted genes. To test whether this property is
uniquely associated with parental imprinting, we analyse
an alternative hypothesis: that high crossover rates might
be a general feature of genes with monoallelic expression.
This hypothesis is plausible, because some features of
imprinted loci, such as asynchronous DNA replication
[8], are encountered also for the randomly inactivated X
chromosome in females [9] and for genes undergoing ran-
dom allelic exclusion [10].

Here, we analyse human autosomal genes with haploid
expression, taking advantage of the recent identification of
the first large-scale dataset of genes subject to random
monoallelic expression [11]. We show that high levels of
crossover are a general property of autosomal genes with
monoallelic expression and, unexpectedly, we find that the
within-gene crossover rate is negatively correlated with
the gene expression breadth. We suggest that a common
process that associates increased recombination with
decreased transcription levels might explain these obser-
vations.

High crossover rate for autosomal genes with
monoallelic expression
We identified 51 human genes with strong evidence
for parental imprinting, using two online resources:
http://igc.otago.ac.nz [12] and http://geneimprint.org. In
addition, we analysed 3423 genes with biallelic expression
(BE genes) and 357 genes with randommonoallelic expres-
sion (RME genes), identified in human B-lymphoblastoid
cells [11]. For the latter class of genes, the choice of the
expressed allele is independent of the parent of origin,
varies between cell lines, and some cells can express both
alleles [11].

We calculated the within-gene crossover rate using fine-
scale genetic maps built from single nucleotide polymorph-
ism data [13]. As expected, imprinted genes have very high
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Figure 1. (a) Mean and confidence intervals (computed with randomizations) of the within-gene crossover rates observed for imprinted, RME and BE genes. (b) Mean and

confidence intervals of the within-gene crossover rates for 65 pairs of BE, RME neighbour genes, separated by less than 25 kb.
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crossover rates, with a mean at 1.67 cM/Mb, higher than
that of non-imprinted genes (0.86 cM/Mb). We tested the
difference in mean crossover rates using a randomization
procedure (see methods in supplementary material online)
and found that it is highly significant (P < 10�3); a com-
parison of the median rates with the Wilcoxon test yielded
the same conclusion (medians 1.09 and 0.25 cM/Mb,
respectively, P = 1.97 � 10�5).

Strikingly, RME genes also have significantly higher
crossover rates (mean 1.76 cM/Mb) than BE genes (mean
0.77 cM/Mb, P < 10�3, Figure 1a). RME and imprinted
genes are not significantly different (P = 0.62). The same
conclusions were reached when measuring crossover rates
in fixed-size windows, regardless of their position within
the gene (Table S1 and Figure S1 in the supplementary
material online). The difference between RME and BE
genes remains striking even when comparing pairs of
(RME, BE) neighbour genes separated by less than
25 kb (Figure 1b). This suggests considerable specificity
of the effect and indicates that genomic location cannot
explain the discrepancy in crossover rates. Furthermore,
the distance between crossover hotspots and transcription
start sites is significantly smaller for imprinted and RME
genes (medians 13.2 kb and 12.6 kb) than for BE genes
(median 29.0 kb, Wilcoxon test, P < 10�5).

Crossover rates are negatively correlated with gene
expression breadth
We next wanted to test whether other aspects of gene
expression correlate with crossover rates. Prompted by
the report that genes with randommonoallelic expression
are often tissue-specific [11], we analysed the relationship
between crossover rates and gene expression breadth,
estimated with EST, SAGE and microarray data (see
methods in supplementary material online). We find
that the within-gene crossover rate is significantly
and negatively correlated with the gene expression
breadth (Figure 2a, Spearman’s r �0.23, �0.15 and
520
�0.12with EST, SAGE andmicroarray data, respectively,
P < 10�10).

Could the correlation between expression breadth and
crossover rates explain our observations for monoalleli-
cally transcribed genes? This possibility cannot be a priori
excluded, because imprinted andRMEgenes are expressed
in a narrower range of tissues (medians 14 and 17 tissues
with EST data, respectively) than BE genes (median 27
tissues, Wilcoxon test, P < 10�3). We developed a random-
ization procedure to test whethermonoallelic transcription
remains significantly associated with high crossover rates
when controlling for expression breadth: we draw 1000
subsets of BE genes that have the same expression breadth
distribution as imprinted or RME genes, and we compare
the mean crossover rate of each subset with that observed
for imprinted or RME genes (methods). In most cases,
these subsets of BE genes have higher mean crossover
rates than the whole BE dataset, as expected given the
correlation between expression breadth and crossover
rates (Figure 2b). However, in more than 95% of the cases,
the BE subsets have lower rates than imprinted and RME
genes (Figure 2b; Table S2 in the supplementary material
online), indicating that expression breadth is not sufficient
to explain the difference in crossover rates between genes
with monoallelic and biallelic expression.

Robustness of the association between transcription
patterns and crossover rates
Genes with monoallelic and biallelic expression can differ
in aspects other than their transcription pattern, and so
can broadly expressed and tissue-specific genes. Here, we
ask if the association between transcription patterns and
crossover rates can be explained by other characteristics of
the genes involved. We have analysed a wide range of
genomic features, such as the presence of CpG island
promoters, the frequency of repeated elements in intronic
regions, the gene length, the exonic fraction, the GC-con-
tent (Table S1 and the supplementary material online). In



Figure 2. (a) Variation of within-gene crossover rate as a function of expression breadth, measured with EST data. (b) Distribution of mean within-gene crossover rates for

randomized datasets of genes with biallelic expression (density curves). The arrows represent the observed means for imprinted genes (unbroken green line), RME genes

(broken blue line) and BE genes (unbroken orange line). The two density curves represent two distinct randomizations: in the first, the expression breadth distribution of the

randomized subsets is identical with that observed for imprinted genes (unbroken green line) and in the second, to that observed for RME genes (broken blue line).
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particular, we controlled for the presence of sequence
motifs associated with recombination hotspots [14,15]
and for the distance to telomeres, known to influence
the crossover rate [16]. The difference in crossover rates
between RME and BE genes remains statistically signifi-
cant when accounting for these factors, and so does the
correlation between expression breadth and crossover
rates (Figures S12–S24, Tables S4–S9 and the supple-
mentary material online). However, for the comparison
between imprinted and BE genes, the difference is not
always statistically significant, probably because the data-
set available for imprinted genes is small.

Crossover rates can be influenced by epigenetic factors,
such as DNAmethylation, in addition to sequence-encoded
characteristics. It was reported that the level of poly-
morphism on CpG dinucleotides, which can be used as
an indirect measure of germline DNA methylation, is
positively correlated with the crossover rate [17]. Here,
we test whether this factor can explain the relationships
that we observed between transcription patterns and
crossover rates. To control for variations in polymorphism
due to other factors (such as hitch-hiking or background
selection), we analyse the ratio r of the level of CpG
polymorphism, normalized by the level of non-CpG poly-
morphism, computed in intronic regions (methods in
supplementary material online).

RME and tissue-specific genes generally have signifi-
cantly higher values of r than BE and broadly expressed
genes, respectively (Wilcoxon test, P < 10�10; Table S1 and
Figures S23 and S24 in the supplementary material
online). However, we find that the difference between
RME and BE genes and the correlation between the
expression breadth and crossover rates remain significant
when controlling for this factor (Figures S25, S26 and the
supplementary material online). We can thus conclude
that the level of germlineDNAmethylation is not sufficient
to explain the relationships that we observed between
transcription patterns and crossover rates.

A previously unknown link between recombination and
transcription in the human genome
We present two intriguing observations that suggest a
connection between transcription and recombination in
the human genome: first, that genes with monoallelic
expression (and not just imprinted genes) have signifi-
cantly higher within-gene crossover rates than bialleli-
cally transcribed genes, and second, that the tissue
expression breadth is negatively correlated with the
within-gene crossover rate. Importantly, both obser-
vations remain valid when controlling for numerous
potential confounding factors, suggesting that the tran-
scription pattern is genuinely associated with the rate of
crossover within genes.

We show that these two properties are independent:
when controlling for expression breadth variation, the
discrepancy between monoallelic and biallelic genes
remains significant. It does not necessarily follow that
the underlying biological mechanisms are also indepen-
dent: these observations might be two facets of the same
process that (directly or indirectly) ties together increased
recombination and reduced transcription. If there is indeed
a unique mechanistical cause for this association between
transcription and recombination, a simple prediction can
be made: crossover rates should also be negatively corre-
lated with aspects of gene transcription other than tissue
expression breadth and monoallelic/biallelic expression.
An appealing perspective that ensues from this work is
to study the relationship between the crossover rate and
the expression level in meiotic cells, where recombination
occurs. In somatic tissues, monoallelic and tissue-specific
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genes have lower transcription levels than biallelic and
broadly expressed genes (see the online supplementary
material). If this is also the case for the germline, and
especially for meiotic cells, then the expression level in the
latter might provide the key towards understanding the
underlying biological mechanisms.

Discovering the existence of a correlation between
meiotic crossover and transcription patterns is in itself
striking, but perhaps the most surprising element here is
the direction of the correlation. Although no direct
relationship between transcriptional activity and meiotic
recombination has been reported, the occurrence of cross-
overs is known to be favoured by the open chromatin at
promoters [18], and by the binding of certain transcription
factors [19]. From these observations, one might intui-
tively predict a positive correlation between crossover
rates and transcription, and this assumption lingers in
the literature [20,21], despite the paucity of supporting
evidence. Our findings contradict this common assump-
tion, and provide support for a negative association be-
tween recombination and transcription in humans.
Whether the same is true for other eukaryotic species,
and what might be the underlying cause, remain for now
open questions.
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