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Summary

Early karyotypic work revealed that female and male recombination rates in many species show
pronounced differences, and this pattern of heterochiasmy has also been observed in modern linkage
mapping studies. Several hypotheses to explain this phenomenon have been offered, ranging from
strictly biological mechanisms related to the gametic differences between the sexes, to more
evolutionary models based on sexually antagonistic selection. However, despite the long history of
interest in heterochiasmy, empirical data has failed to support any theory or pattern consistently.
Here I test two alternative evolutionary hypotheses regarding heterochiasmy across the eutherian
mammals, and show that sexual dimorphism, but not sperm competition, is strongly correlated with
recombination rate, suggesting that sexual antagonism is an important influence. However, the
observed relationship between heterochiasmy and sexual dimorphism runs counter to theoretical
predictions, with male recombination higher in species with high levels of sexual dimorphism. This
may be the response to male-biased dispersal, which, rather than the static male fitness landscape
envisioned in the models tested here, could radically shift optimal male fitness parameters among
generations.

1. Introduction

Difference in recombination rates between the sexes
were observed in early cytological studies as different
chiasma frequencies in female and male samples (Burt
et al., 1991), and heterochiasmy has been subsequently
noted in a diverse array of taxa (Lenormand &
Dutheil, 2005). Initial explanations for this wide-
spread phenomenon stemmed from the observation
that in some species, the heterogametic sex is achias-
mate, or completely lacking any recombination, and it
was suggested that recombination may be suppressed
to varying degrees in the heterogametic sex in all or-
ganisms in order to prevent crossing over between the
different sex chromosomes (Haldane, 1922; Huxley,
1928). While this hypothesis, named the Haldane–
Huxley Rule, has been carried forward and is often
assumed to be true in the current literature, it only
applies to the small fraction of species where one
sex is achiasmate ; for the majority of species where
both sexes recombine, but at different rates, the
Haldane–Huxley Rule is clearly untenable as many

species with both male (Burt et al., 1991) and female
(Hansson et al., 2005; Åkesson et al., 2007) hetero-
gametic systems fail to conform to the predicted
pattern.

Further fine-scale work indicates that not only
overall recombination rate but also the location
of recombination within the genome varies greatly
between females and males (Perry & Jones, 1974;
Shifman et al., 2006). Based on this variety, it would
be reasonable to speculate that recombination is not
subject to selection, but rather the patterns we observe
are the result of biological differences between females
andmales inmeiosis. Specifically, the long-term torpor
of vertebrate ova in the penultimate stages of arrested
meiosis may produce fundamental differences be-
tween male and female recombination rate due simply
to genomic and biochemical affinities rather than
evolutionary mechanisms. However, the lack of a sex-
specific pattern in the data makes this explanation
also somewhat unsatisfying.

Studies have shown that recombination differs not
only between the sexes but also among individuals
(Broman et al., 1998), populations (McVean et al.,* Corresponding author. E-mail : Judith.Mank@zoo.ox.ac.uk
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2004; Hernandez et al., 2007), and closely related
species (Winckler et al., 2005), suggesting that if these
differences are heritable, sufficient variation exists
to provide a target for selection pressure. Recent re-
examinations of the heterochiasmy phenomenon with
this in mind have resulted in evolutionary theory
linking recombination rate differences between males
and females to differences in sexually antagonistic
selection pressures. One suggestion is that, as sexual
selection is typically more powerful for males, this
selective regime would produce reduced recombi-
nation in males in order to preserve the favourable
gene combinations that confer male reproductive
success (Trivers, 1988). There is some circumstantial
evidence for this, as successful male tends to produce
successful sons (Wedell & Tregenza, 1990) ; however,
mathematical treatments failed to support the con-
jecture (Burt et al., 1991). Additionally, comparative
phylogenetic work across plants and animals did not
support the link between sexual selection and male
recombination, although this may be due to vast dif-
ferences in the sexual selection regimes of plants and
animals resulting from differences in haploid versus
diploid selection, parental provisioning and factors
contributing to fertilization success.

More recently it was suggested that the pattern of
heterochiasmy is a function of sex-specific selection
during the haploid phase (Lenormand & Dutheil,
2005), and results from the difference in strength
of gametic selection for females and males. For ver-
tebrates, female meiosis is typically completed at
the point of fertilization, effectively eliminating any
haploid selection for ova. However, haploid selection
in males could theoretically result from sperm com-
petition regimes, presumably with stronger sperm
competition resulting in higher levels of hetero-
chiasmy. Several studies have indicated that genes
that function in sperm production or function are
under exceptionally strong selective regimes (Aguade,
1999; Meiklejohn et al., 2003; Begun & Lindfors,
2005). Additionally,Drosophila recombination, which
is limited to females, was shown to be more common
in regions of male-biased gene expression, suggesting
higher recombination in females for genes related to
sperm function (Zhang & Parsch, 2005). Therefore,
this hypothesis shows some promise in explaining
heterochiasmy patterns.

Several sex-specific linkage maps and cytological
screens are now available for the eutherian (placental)
mammals, making it possible to quantify the degree
of heterochiasmy for these lineages (Table 1). These
data make tenable a rigorous test of the role of
sex-specific selection in the diploid (Trivers, 1988)
versus haploid (Lenormand & Dutheil, 2005) phases
of the life cycle within a clade that shares many re-
productive aspects. Additionally, eutherian mammals
all share placental gestation, which is a major

component of female reproductive fitness. Confining
analysis to this clade therefore controls, at least to
some extent, for variance in female-specific selection
regimes, making it possible to focus on male
fitness components and their relationship to recom-
bination.

If sexually antagonistic selection, either in the
diploid or haploid phase, is linked to recombination
rate differences between the sexes, there should be a
clear pattern in the data. Specifically if differences in
sex-specific selection on the diploid phase of the life
cycle resulting from sexual selection are ultimately
causing the heterochiasmy under the model presented
by Trivers (1988), we would expect lineages with
greater variance in male mating success to have less
recombination in males, therefore sexually selected
lineages would show greater heterochiasmy in re-
combination as a function of suppression of recom-
bination in males.

If heterochiasmy is the product of differences be-
tween females and males in haploid selection in the
gametic phase, somewhat different patterns are
expected. In mammals, the haploid phase of the life
cycle is relatively limited in both sexes, though most
so in females, where meiosis is completed at fertiliz-
ation, and therefore is nearly non-existent. Haploid
selection, if it is a substantive evolutionary force at all,
would be observed primarily for sperm. Therefore, if
heterochiasmy is a function of sexually antagonistic
haploid selection, those species with more intense
sperm competition should show greater differences in
female and male recombination.

2. Materials and methods

I found sex-specific recombination data, either from
linkage mapping studies or recombination nodule
counts, for ten eutherian mammal species. Although
many more eutherian mammals have been the subject
of linkage mapping, the vast majority of these studies
computed only a sex-averaged map. Where multiple
studies existed for a single species, I selected those
based on linkage mapping rather than cytology, and
where multiple linkage maps existed, I chose those
with greater marker density and genome coverage.
The species included in this analysis (Table 1) are
human (Broman et al., 1998), baboon (Burt et al.,
1991), macaque (Burt et al., 1991), sheep (Maddox
et al., 2001), pig (Archibald et al., 1995), dog (Neff
et al., 1999), cat (Menotti-Raymond et al., 2009),
cow (Ihara et al., 2004), bison (Schnabel et al., 2003)
and mouse (Shifman et al., 2006). Although sex-
specific maps exist for marsupial species (Zenger et al.,
2002; Samollow et al., 2004), the reproductive differ-
ences resulting from the evolution of extended inter-
nal gestation and the placenta in the eutherians vastly
alter the female-specific selection regime from that
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of the non-placental clades, therefore these linkage
maps were not included in this analysis.

For each of these species, I also searched the cur-
rent literature for information about mating system in
order to assign the degree of dimorphism and sperm
competition. The effort and expense of linkage map
analysis means that, until recently, most efforts were
either confined to those animals of medical (mouse
and macaque), commensal (dog and cat) or agricul-
tural (sheep, pig and cattle) importance, and for these
species I either searched for mating system infor-
mation on the wild (macaque and mouse), ancestral
(cattle) or feral (cat, dog, sheep and pig) populations.
Based on mating system assessments (Woodall
et al., 1993; Nowak, 1999; Bradshaw & Cameron-
Beaumont, 2000; Maestripieri et al., 2007) and genetic
paternity analyses (Bercovitch & Nurnberg, 1997;
Coltman et al., 1999;Nowak, 1999;Roden et al., 2003;
Widdig et al., 2004; Anderson, 2006; Dean et al.,
2006; Delgado et al., 2008), I determined whether
lineages were likely to experience relatively high or
low sperm competition. It is important to note that a
certain degree of sperm competition is possible in
virtually every type of mating system, given sufficient
time and scrutiny; however, some mating systems are
far more likely to contain higher levels of sperm
competition than others. Specifically mate guarding in
conjunction with pair-bonded and haremic mating
systems will generally result in less sperm competition
than more promiscuous behavioural ecologies.

Sexual dimorphism can be used to assess the degree
to which pre-copulatory sexual selection defines the
majority of variance in male mating success, which
is predicted to correlate with heterochiasmy under
diploid models (Trivers, 1988). Sexual dimorphism
is present to some extent in all eutherians due to the
physiological and anatomic requirements of internal
gestation and lactation, therefore the strict presence
or absence of sexual dimorphism alone is not helpful
in this analysis. However, the degree of sexual
dimorphism can be used as an indicator, therefore,
I assessed whether species were strongly sexually di-
morphic, exhibiting either large body size differences
(>30%) or sexually selected traits such as horns in
sheep (Nowak, 1999).

(i) Recombination data

Linkage mapping data must be corrected mathemat-
ically for variation in marker density and coverage in
order to make comparable mapping efforts made with
different panels of genetic markers. I first corrected
the linkage mapping data for variance in marker den-
sity using the equations in Chakravarti et al. (1991), as
greater marker density is more likely to recover double
crossing over. I then corrected for undetected cross-
over events on unmapped portions according to HallT
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& Willis (2005). Once these corrections were made,
the sex-averaged cytological data from macaque and
baboon matched well with the sex-averaged linkage
maps of these and closely related species (Rogers et al.,
2000, 2006; Cox et al., 2006), therefore recombination
nodule information was included in further analyses.
For all species, I only analysed the autosomal por-
tions of the genome, as the sex chromosomes do not
recombine along the majority of their length in the
heterogametic sex.

The size and number of chromosomes can influence
recombination (de Villena & Sapienza, 2001), there-
fore I corrected for this by calculating the number
of crossover events per chromosome, defined here
as homologous autosomes for females, males and
averaged across sexes. I also calculated a measure of
heterochiasmy, or the difference in recombination
between the sexes, defined as (recombinationfemalex
recombinationmale)/recombinationaverage.

(ii) Comparative analysis

Recombination hotspots change rapidly among re-
lated species (Winckler et al., 2005) and within popu-
lations of the same species (McVean et al., 2004;
Hernandez et al., 2007), and a strong case can be
made that the millions of years that separate the spe-
cies in this study would obliterate any phylogenetic
signal in recombination rate. Therefore I first
examined the data regardless of shared ancestry by
computing the average female, male and sex-averaged
crossovers per chromosome for species with high and
low sexual dimorphism, and high and low sperm
competition. I also computed the average degree of
heterochiasmy and assessed whether this was related
to dimorphism or sperm competition. Significant dif-
ference was assessed with a two-tailed t test in each
case.

Despite the potential for a quickly evolving trait to
change more rapidly than can be mapped onto a
sparse topology, it is important to test for phylogen-
etic signal as shared ancestry can create spurious
associations. I therefore used the complete mito-
chondrial coding content of the species in this analysis
to construct a neighbour-joining phylogeny inMEGA
(Tamura et al., 2007), using the PAMDayhoff Matrix
of amino acid substitution, and assuming a difference
rate of substitution among sites. Significance was as-
sessed with 1000 bootstrap replicates. The branch
lengths and topology from this tree were used to
identify whether the continuous characters of female
crossovers per chromosome and male crossovers
per chromosome evolve in accordance with the
phylogenetic history, or whether shared ancestry is
not relevant to the distribution of the trait. This was
done with the CoMET module (Lee et al., 2006) in
Mesquite 2.6 (Maddison & Maddison, 2009). Both

male and female chiasmata per chromosome fit best
to the non-phylogenetic, equal matrix model, sug-
gesting that phylogenetic history could be ignored for
these characters.

Interestingly, the heterochiasmy score did follow a
phylogenetic distribution (pure phylogenetic model). I
therefore divided the heterochiasmy data into two
categories, those taxa with higher recombination in
females and those with higher recombination in
males, and then tested the relationship between di-
rection of heterochiasmy (male or female) and sexual
dimorphism (high or low) and sperm competition
(high or low) using the MESQUITE implementation
of Pagel’s maximum likelihood estimation of discrete
character evolution (Pagel, 1994), using 1000 simu-
lations to assess significance in each case.

3. Results

Recombination rates varied widely over the taxa
assessed here, and the sex-averaged recombination
rate per chromosome was lowest in dog (0.5371),
where the long stretches of linkage disequilibrium
(Karlsson & Lindblad-Toh, 2008) have proved
ideal for haplotype mapping of breed-specific traits
and diseases (Drogemuller et al., 2008; Wiik et al.,
2008). Average recombination was highest in cat
(2.8651).

Male and female recombination also varied widely,
both within and between sexes. Heterochiasmy esti-
mates show that while many species have higher re-
combination in females, cattle have slightly more
recombination in males, and sheep, baboons and
macaques have significantly male-biased recombi-
nation rates. Therefore, heterogamety cannot explain
heterochiasmy as all eutherian mammals share a
homologous system of male heterogamety, and the
Haldane–Huxley Rule fails to explain 30–40% of the
data.

Assessing all data irrespective of phylogenetic his-
tory showed a strong overall relationship between
heterochiasmy and sexual dimorphism (P<0.005,
Fig. 1), though neither male nor female crossovers per
chromosome differed significantly by themselves by
sexual dimorphism class (P>0.13 in both cases).
Sperm competition was not significantly associated
with sex-specific recombination or heterochiasmy
rates (P>0.5, Fig. 2).

The mitochondrial coding content was used to de-
rive a phylogenetic reconstruction of these taxa, shown
in Fig. 3. This phylogeny is topologically identical to
recent mitochondrial (Arnason et al., 2008) and
genomic (Prasad et al., 2008) phylogenies of the
mammals. As all branches were supported by at values
>95% (based on 1000 bootstrap replicates), there
was no need to collapse any branches into polytomies
to indicate phylogenetic uncertainty.
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I used this phylogeny to determine whether the re-
combination traits assessed here show an associated
due to shared ancestry, or whether phylogenetic his-
tory can be safely ignored. Model testing (Lee et al.,
2006) indicated that while sex-specific estimates of
chiasmata per chromosome did not show a phylo-
genetic distribution greater than that expected by
chance (for reasons discussed later), the direction of
heterochiasmy did show some phylogenetic signal in
the continuous data.

Due to this phylogenetic signal, I also performed
assessments of the relationship between hetero-
chiasmy and sexual dimorphism and sperm compe-
tition using maximum likelihood models of discrete
character evolution (Pagel, 1994), incorporating the
topology and branch-length estimates from the phylo-
geny in Fig. 1. For this analysis, I assigned the hetero-
chiasmy data into two states ; taxa either showed
greater recombination in females or males. The results
from this analysis are convergent with those counting
species independently. Specifically, lineages with high

levels of sexual dimorphism were more likely to
experience greater relative recombination in males
(1000 simulations, P=0.02). There was no relation-
ship between heterochiasmy and sperm competition
(1000 simulations, P=0.45).

4. Discussion

In this study, I tested two alternative hypotheses re-
lated to the difference in recombination between the
sexes. Previous studies of this phenomenon (Burt
et al., 1991; Lenormand & Dutheil, 2005) attempted
to circumvent the paucity of data by pooling across
diverse clades with vastly different fertilization and
maternal provisioning characteristics. By employing
information solely from the eutherian mammals, a
clade defined by internal fertilization and placental
gestation, this analysis controls for variation in female-
specific fitness related to maternal–foetal conflict and
internal fertilization, both of which can significantly
influence the female fitness topology.

I found sex-specific recombination data for ten eu-
therian species distributed throughout the mam-
malian phylogeny, including eight molecular linkage
maps that I corrected for marker density (Chakravarti
et al., 1991) and genome coverage (Hall & Willis,
2005), and two visual cytological scans for recombi-
nation nodules. All of these assessments were cor-
rected for variation in chromosome number, as this
can affect rates of recombination (de Villena &
Sapienza, 2001). The inclusion of these latter karyo-
typic studies is not expected to be problematic for two
primary reasons. Most importantly, the majority of
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Fig. 3. Neighbour-joining reconstruction of the
phylogenetic relationships among the taxa in this study
based on the full protein-coding complement of the
mitochondrial genome. In all cases, bootstrap values of
significance exceeded 95%. Relative branch lengths are
indicated, indicated by the scale bar.
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Fig. 1. Average number of crossovers per chromosome for
taxa with high and low levels of sexual dimorphism. The
comparison of overall heterochiasmy was significantly
different (two-tailed t test). Grey bars indicate taxa with
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dimorphism.

2·0

2·5

1·5

1·0

0·5

0C
or

re
ct

ed
 c

hi
as

m
at

a 
pe

r 
bi

va
le

nt

Female Male Heterochiasmy
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competition, based on mating system and/or genetic
parentage analysis. No comparison was significant
(two-tailed t test).
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this study is concerned with relative within-species
differences between the sexes, and while there may be
differences in overall measurement between the dif-
ferent types of analysis used here, there is no reason to
suspect a sex-specific bias, therefore the use of a het-
erochiasmy ratio would not be affected by the use of
different types of recombination data. Additionally,
the karyotypic studies showed similar numbers of
chiasmata per chromosome to corrected sex-averaged
linkage maps for these and closely related taxa
(Rogers et al., 2000, 2006; Cox et al., 2006).

Interesting, female- and male-specific estimates of
crossovers per chromosome did not show a phylo-
genetic signal in this study, which differs from work
done on a similar set of taxa (Dumont & Payseur,
2007). This may reflect the difference in marker den-
sity in the data of Dumont & Payseur (2007) and that
employed here. While these studies used overlapping
taxon samples, the requirement of sex-specific maps
in this analysis necessitated the inclusion of some
maps constructed from far fewer markers (Archibald
et al., 1995; Neff et al., 1999; Maddox et al., 2001).
However, there is no reason to expect a sex-specific
bias, and hence different linkage data is not a problem
in this analysis as the majority of the study is con-
cerned with the ratio between the sexes, rather than
overall chiasmata numbers. This is supported by the
recovery of a phylogenetic signal from the hetero-
chiasmy ratio itself.

These data made it possible to test two alternative
hypotheses proposed to explain the pattern of het-
erochiasmy. Lenormand & Dutheil (2005) showed
mathematically that differences in sex-specific selec-
tion at the haploid level, presumably due to sperm
competition, should predict recombination rate dif-
ferences between the sexes, and I used information on
mating system and genetic paternity analyses to infer
the potential for sperm competition. However, there
was no association in either the phylogenetically in-
dependent or controlled data between sperm compe-
tition and heterochiasmy. This may be because the
haploid phase in males as well as females is function-
ally limited. While female haploid selection is very
brief at best due to arrested meiosis, which is only
completed at fertilization, the male haploid phase
may also be limited due to limited gene expression in
the spermatazoa.

An alternative hypothesis does not require haploid
selection, as Trivers (1988) posited that sexual selec-
tion, in general, would select for reduced recom-
bination in males in order to preserve the gene
combinations that conferred high fitness in the father
for his sons. I tested this by measuring the degree of
heterochiasmy and relating it to the degree of sexual
dimorphism, which is a measure of sexual selection
and reproductive skew in males. Sexual dimorphism
was significantly associated with heterogamety, both

in the general analysis (P<0.005) and once controlled
for phylogeny (P=0.02). However, the observed
pattern did not fit the prediction, with male-biased
recombination accompanying high levels of sexual
dimorphism.

This raises the question of why males in systems
with high levels of sex-specific fitness variance recom-
bine more. The answer to this may reside in the pre-
valence in these mammals of male dispersal. Previous
models assumed a static sex-specific fitness landscape
(Trivers, 1988; Lenormand & Dutheil, 2005), as-
suming the factors that predict reproductive fitness in
one generation would also hold in subsequent gen-
erations. However, the tendency of males to disperse
more often and farther than females in eutherian
mammals (Pusey & Packer, 1986; Gates & Larter,
1990; Thomson et al., 1992; Pal et al., 1998; Turner &
Bateson, 2000; Truve & Lemel, 2003) could produce a
shifting male fitness topology.

In the absence of mutual mate choice, the main
determinants of the female-specific fitness landscape
at the diploid stage are linked to gestation and post-
natal care, and these factors do not, in theory, change
greatly over the generations. By contrast, the male-
specific fitness landscape involves elements of female-
choice and male–male competition. With the added
component of male dispersal, this diploid landscape
has the potential to shift among generations, and the
genetic combinations that ensured the reproductive
success of the father may no longer predict the re-
productive success of his sons due to differences in
female preference and adaptations of rival males. The
temporal shifting of the male-specific fitness topology
would potentially select for increased recombination
in males, as changing ecologies have been shown to
select for increased recombination (Charlesworth,
1976; Otto & Nuismer, 2004). Therefore, differences
in sex-specific selection pressures, in conjunction with
changing fitness topologies for one sex alone, could
very well exert a strong antagonistic evolutionary
pressure to increase recombination in males and de-
crease it in females.

Additionally, theoretical studies have shown that
higher rates of recombination may result from higher
selection pressures (Felsenstein & Yokoyama, 1976;
Lenormand & Otto, 2000; Otto & Barton, 2001) in
order to reduce the problems associated with the loss
of genetic variation due to linkage disequilibrium.
This is in accordance with the analysis presented here,
as recombination rate in males under higher sex-
specific selection pressures, show higher rates of re-
combination.

The increase in male recombination for lineages
under greater levels of sexual selection provides an
interesting potential solution to the lek paradox.
Continuous and powerful selection for male traits
theoretically depletes the genetic variability for male

J. E. Mank 360

https://doi.org/10.1017/S0016672309990255 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672309990255


sexually selected traits, therefore reducing the herit-
ability (Reynolds & Gross, 1990; Ritchie, 1996).
Despite these predictions, systems with strong sexual
selection often contain significant levels of heritability
for male sexually selected traits (Norris, 1993; Kruuk
et al., 2002 ), and female choice for male traits persists
in these lineages, creating a paradox that has proved
difficult to explain in a population genetic context.
The process of recombination has been suggested to
bemutagenic (Lercher &Hurst, 2002; Hellmann et al.,
2003), creating the possibility that the accelerated
recombination in males provides a continuously re-
newing source of genetic variation to counter the de-
pletions resulting from sexual selection.

The generation of additional high-density sex-
specific linkage maps in the future will make it possible
to test this hypothesis in several ways. Specifically, the
inclusion of maps from a greater variety of eutherians
will facilitate the study of the evolutionary forces
exerted by mating system, including polyandry and
monogamy, and female and male philopatry on re-
combination rate differences between the sexes. Ad-
ditionally, maps of greater marker density will make it
possible to pinpoint regions of heterochiasmy, and
relate these to reproductive fitness components via
gene function and expression.

This work was supported in part by a grant from the Royal
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are gratefully acknowledged.

References

Aguade, M. (1999). Positive selection drives the evolution of
the Acp29AB accessory gland protein in Drosophila.
Genetics 152, 543–551.
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