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ABSTRACT Theories to explain the prevalence of sex and recombination have long been a central theme of evolutionary biology. Yet
despite decades of attention dedicated to the evolution of sex and recombination, the widespread pattern of sex differences in the
recombination rate is not well understood and has received relatively little theoretical attention. Here, we argue that female meiotic
drivers—alleles that increase in frequency by exploiting the asymmetric cell division of cogenesis—present a potent selective pressure
favoring the modification of the female recombination rate. Because recombination plays a central role in shaping patterns of variation
within and among dyads, modifiers of the female recombination rate can function as potent suppressors or enhancers of female
meiotic drive. We show that when female recombination modifiers are unlinked to female drivers, recombination modifiers that
suppress harmful female drive can spread. By contrast, a recombination modifier tightly linked to a driver can increase in frequency
by enhancing female drive. Our results predict that rapidly evolving female recombination rates, particularly around centromeres,
should be a common outcome of meiotic drive. We discuss how selection to modify the efficacy of meiotic drive may contribute to
commonly observed patterns of sex differences in recombination.

Background

Recombination plays a critical role in both the production
of viable gametes and population genetics processes.
Structurally, chiasmata—the physical manifestations of
crossovers—generate the tension between homologs often
needed to ensure proper segregation during meiosis I. The
structural role of chiasmata is likely the mechanistic under-
pinning of the requirement in most species of at least one
recombination event per chromosome. In addition to the
structural role of chiasmata, recombination also plays an
important role in population genetic processes by generating
novel haplotypes within populations. The production of
novel haplotypes entails both the creation and the separation
of beneficial alleles (or allelic combinations). The balance
between these opposing outcomes shapes the adaptive value
of recombination, a topic of much research (e.g., Eshel and
Feldman 1970; Feldman et al. 1996; Otto and Lenormand
2002; Keightley and Otto 2006; Barton 2009).
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Recombination rates vary between species, individuals, and
sexes (Bell 1982; Trivers 1988; Burt et al. 1991; Lenormand
2003; Lenormand and Dutheil 2005; Lorch 2005; Coop
and Przeworski 2007). We address the evolution of sex dif-
ference in the recombination rate (i.e., heterochiasmy).
We first characterize general patterns of sex differences in
recombination rates. After reviewing the major theories in-
voked to explain the evolution of heterochiasmy, we intro-
duce the major argument of this manuscript—that the
common and consistent sex difference in the operation of
meiotic drive can favor the evolution of heterochiasmy. We
conclude by considering the implications of our model in
light of our current understanding of the genetic basis of
recombination modification.

Observations

Four broad patterns describe sex differences in recombina-
tion rates. We describe these patterns and their consistency
below.

The achiasmatic sex is heterogametic (the Haldane-Huxley
rule): When recombination is absent in one sex (i.e., it is
achiasmatic), that sex is nearly always the heterogametic
sex [i.e., the sex bearing heteromorphic sex chromosomes
(Haldane 1922; Huxley 1928; Burt et al. 1991)]. This obser-
vation represents >25 evolutionary independent origins of
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A Comparative pattemn B Genomic pathem combination rates. (A) The difference between female and
male recombination rates (O from linkage maps, excluding

o 3 oMap ¥ kX — Male known sex chromosomes, and x from chiasmata counts) di-

g * Chaismata o ° « = Female vided by the sex-averaged rates (see File S1 for data). Symbols

g Q 1 4 " g above the dashed line indicate higher rates of recombination
e g o £ . e in females than in males. *P < 0.05, using a two-tailed sign
g - o= _ 2 & g % =% L g test, without correcting for multiple tests or phylogeny, and
-é ] i * :’ X § ignoring ties. (B) Sex-standardized recombination rates across
S E—l i 8 o5 the human genome. The sex-standardized rate equals the
3115 g\) o o local recombination rate in a given sex (male and female), di-
T 5 Q@«ipb - & vided by the average recombination rate in that sex. The x-axis
§°°’§O & gz;{@ & & indicates the position of the focal genomic region (0.2% of

O Y < ¥ e a chromosome arm), divided by the length of the chromosome

0 025 05

sex-specific achiasmy (Burt et al. 1991) and is observed under
both male (e.g., Drosophila) and female (e.g., Lepidoptera)
heterogamy, with very few known exceptions (Davies and
Roderick 2005).

Females often recombine more than males: When both
sexes recombine, the female recombination rate often
exceeds the male rate (Bell 1982; Trivers 1988; Burt et al.
1991; Lenormand 2003; Lenormand and Dutheil 2005;
Lorch 2005). We display this pattern in Figure 1A by plot-
ting the sex difference in recombination rates (measured by
autosomal map lengths or chiasmata counts) in a number of
taxa. We note that the grouping of our taxa is somewhat
arbitrary; nonetheless, clear trends across groups in the de-
gree of sex difference in recombination rate are apparent.

The pattern of higher female recombination rates is quite
broad, occurring in animal species with XY, ZW, and
environmental sex determination. However, there are many
exceptions (e.g., marsupials, some grasshoppers, and newts),
suggesting that the process of recombination is not mecha-
nistically constrained toward higher rates in females and
that the ratio of male to female rates can evolve quite rapidly
(see Lenormand and Dutheil 2005). In plants, there is no
clear trend toward higher recombination rates in female
meiosis (Figure 1A); however, when outbreeding angio-
sperms are considered separately, recombination rates are
on average slightly higher in female meiosis than in male
meiosis (Lenormand and Dutheil 2005).

Females recombine at relatively higher rates near centromeres:
After controlling for the genome-wide sex difference in
recombination rate, females recombine more often near
centromeres than do males, while males recombine rela-
tively more near telomeres. This pattern has been noted in
fish (Sakamoto et al. 2000; Singer et al. 2002; Reid et al.
2007), humans (Broman et al. 1998; Kong et al. 2002; Clark
et al. 2010), dogs (Wong et al. 2010), and mice (Shifman
et al. 2006; Paigen et al. 2008), although there are some
exceptions [e.g., opossums (Samollow et al. 2004, 2007)].
Utilizing data from a recent fine-scale analysis of sex-specific
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Distance from centromere

0.75 1 am. Data are presented from all metacentric human auto-

somes. Lines represent a lowess smoothing of these points.

recombination rate in humans (Kong et al. 2010), we display
an example of this pattern in Figure 1B.

This pattern is not an obvious consequence of different
requirements for segregation in males and females, as it is
thought that recombination near centromeres does not
contribute to cohesion of homologous chromosomes. Fur-
thermore, recombination events too close to the centromere
can generate problems during meiosis, such as an increase in
the rate of precocious separation of sister chromatids,
potentially leading to aneuploid gametes [i.e., gametes with
an abnormal number of chromosomes (Rockmill et al
2006)]. The higher rates of recombination close to the cen-
tromere in aneuploid transmissions (May et al. 1990; Lamb
et al. 2005a,b) suggest that recombination close to the cen-
tromere may actually incur fitness costs due to errors during
meiosis.

Genetic control of the recombination rate is often sex
specific: The process of gametogenesis is fundamentally
different in males and females. Consequently, the genetic
control of many aspects of meiosis differs between the sexes
(Morelli and Cohen 2005). Perhaps due to sex differences in
meiosis, alleles that influence the recombination rate in one
sex often have no influence (e.g., the 17q21.31 inversion
region in humans) or the opposite effect (e.g., RNF212 in
humans) on the recombination rate in the other sex (Kong
et al. 2004, 2008). In fact, Fledel-Alon et al. (2011) show
that there is no detectable heritable intersexual correlation
in the recombination rate despite additive genetic variance
in both sexes.

Although mechanisms governing sex differences in the
recombination rate are not well characterized, one candi-
date is the length of the synaptonemal complex (SC),
a structure composed of cohesins and other proteins in-
volved in meiosis, which stabilizes connections between
homologs and facilitates crossing over. SC length is posi-
tively associated with the recombination rate and is longer
in females than in males (Lynn et al. 2002; Tease and Hultén
2004; Dumont and Payseur 2011). Regardless of mecha-
nism, the consequence of this pattern is clear—there is
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ample opportunity for sex-specific recombination rates in
one sex to evolve independently of those of the other sex.

Current theories

Despite the large body of work on the evolution of sex and
recombination (for recent reviews see Otto and Lenormand
2002; Barton 2009), the evolutionary forces responsible for
the observed patterns of heterochiasmy have received curi-
ously little theoretical attention (but see Trivers 1988;
Lenormand 2003; Lorch 2005). Below, we summarize the
current theories of the evolution of heterochiasmy and re-
view their plausibility.

We note that these theories are not mutually exclusive,
and it is unlikely that any one theory will explain all the
observations presented above. Further, our model (like
many of the other theories of the evolution of hetero-
chiasmy) does not argue that selection directly favors the
evolution of male and female rates in opposite directions.
Rather, in our model, selection favors a modification in the
female rate, with little or no direct selection on the male
rate. In both our model and others, heterochiasmy results
from the sex specificity of recombination modifiers and/or
additional selective constraints (such as stabilizing selection
on the sex-averaged rate) that are not made explicit. For
example, if too much recombination is generally deleterious
due to the costs of ectopic recombination, but circumstances
favor an increase in female recombination rates, modifiers
that increase female rates but not male rates may be
favored, leading to the evolution of heterochiasmy.

Sex chromosome pleiotropy: Based on their observations
that the achiasmatic sex is heterogametic, Haldane (1922)
and Huxley (1928) proposed that heterochiasmy may evolve
as a pleiotropic consequence of selection to suppress recom-
bination between heteromorphic sex chromosomes (see also
Nei 1969). Although suppression of recombination between
sex chromosomes could well explain the Haldane-Huxley
rule, it cannot fully explain the quantitative variation in
autosomal recombination rates between the sexes, as they
span modes of sex determination, nor can this model explain
variation across chromosomal regions.

Maternal aging: Physical connections between homologous
chromosomes are necessary for proper segregation during
meiosis. In many species, these physical connections are
formed by chiasmata and therefore, one recombination event
per chromosome is generally required for proper meiosis. In
species where female meiosis is arrested, physical connections
between chromosomes may degrade with time (e.g., Lamb
et al. 2005a,b), and thus additional chiasmata may function
to stabilize chromosomes across the metaphase plate.
According to the maternal aging theory, elevated female
recombination rates provide more physical connections
between chromosomes, ensuring that oocytes will segregate
correctly after years of insults accumulated during meiotic
pachytene arrest. This theory is supported by the finding

that women with higher recombination rates have higher
fertility (Kong et al. 2004) and that the viable gametes of
older mothers have a higher number of crossovers, consis-
tent with the idea that selection against those gametes with
too few crossovers increases throughout a mother’s repro-
ductive life (Kong et al. 2004; Coop et al. 2008). However,
this theory cannot easily explain heterochiasmy in organ-
isms in which females create eggs throughout their lives.
Additionally, this theory cannot easily explain the spatial
pattern of recombination in females, since elevated female
rates are often accomplished by chiasmata placed in loca-
tions thought not to stabilize chromosomes.

Sexual selection: Trivers (1988) argued that selection to
preserve high fitness genotypes favors recombination sup-
pression in the sex with greater variance in fitness. Both
current theory (Lenormand 2003) and data (Burt et al
1991; Mank 2009) suggest that sexual selection cannot ex-
plain the evolution of heterochiasmy. Using multilocus pop-
ulation genetic theory, Lenormand (2003) showed that sex
differences in selection on diploid genotypes cannot gener-
ally favor the evolution of heterochiasmy. Burt et al. (1991)
and Mank (2009) showed that the degree of heterochiasmy
decreases with sexual-size dimorphism (a proxy for the
strength of sexual selection)—an observation counter to
predictions of the sexual selection hypothesis.

Haploid and pseudohaploid selection: Lenormand (2003)
showed that simple sex differences in selection during the
haploid life stage can favor the evolution of heterochiasmy.
As in the sexual selection theory, the haploid selection model
argues that the sex that produces the gamete (or gameto-
phyte) with higher variance in fitness will recombine less. As
sperm and pollen can experience intense competition for
fertilization opportunities, Lenormand (2003) argued that
males should in general have lower recombination rates.
Lenormand (2003) also proposed that selection on haploid
components of diploid genotypes (e.g., selection on epistasis
in cis or imprinted loci) can also favor the evolution of het-
erochiasmy; we call this the pseudohaploid selection model.
Although theoretically plausible, it is unclear whether the
small numbers of imprinted genes (Morison et al. 2005) or
genes expressed in sperm (e.g., Joseph and Kirkpatrick
2004) are sufficient for the (pseudo)haploid selection theory
to explain heterochiasmy in animals. Furthermore, a compar-
ative study found no association between heterochiasmy
rates and the inferred strength of sperm competition in eu-
therian mammals (Mank 2009). However, the absence of
a haploid stage in the female gametes of animals and occa-
sional haploid expression in sperm make the haploid selec-
tion theory viable.

The situation is more complex in plants, as due to the
alternation of generations, there is haploid expression in the
products of both male and female meiosis. Nonetheless,
Lenormand and Dutheil (2005) argue that in the majority of
outcrossing plant species, where selection is likely strong on
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male haploid products (due to pollen grain competition),
the haploid-selection model could explain the female-biased
recombination rates in outcrossers.

Meiotic drive: Below, we articulate the meiotic drive hypoth-
esis. According to this model, sex differences in the operation
of gametic drive present a sex-specific selective pressure on
linked and unlinked modifiers of the recombination rate.
Other authors have proposed that sex differences in meiotic
drive may offer an opportunity for the evolution of sex-specific
recombination rates (Lenormand 2003; Haig 2010). We dis-
cuss our work in relation to these models below.

Meiotic drive and the evolution of heterochiasmy

Meiosis provides an opportunity for alternative alleles to
compete for representation in the functional gametes of
heterozygotes. Alleles that distort meiosis and gametogen-
esis in their favor (i.e., gametic drivers) often do so at the
expense of individual viability or fertility. Therefore, al-
though driving alleles can benefit by distorting meiosis, in-
dividual selection generally favors Mendelian segregation
(e.g., Eshel 1985; but see Ubeda and Haig 2005; Haig
2010), creating a conflict between drivers and unlinked loci
in the genome [i.e., “the parliament of genes” (Leigh 1971)].

Gametic drivers exploit the system of Mendelian segre-
gation by providing a transmission advantage to their
chromosome. Higher recombination rates make the ultimate
chromosomal context of an allele uncertain, which can
prevent the evolution of drive systems (Thomson and
Feldman 1974; Charlesworth and Hartl 1978; Haig and
Grafen 1991). It is therefore thought that modification of
the recombination rate can evolve as a mechanism to alter
the efficiency of gametic drivers. Conceptually, this model
holds for both male and female drive systems. However,
gametic drivers are often sex limited and display sex differ-
ences in the mechanisms by which they operate (see Ubeda
and Haig 2005). Currently, the implications of sex differen-
ces in meiotic drive for the evolution of sex-specific recom-
bination rates are unclear (but see Haig 2010, for an
hypothesis).

Male gametic drivers (e.g., Segregation Distorter in Dro-
sophila and the t-haplotype in mice) usually operate after
meiosis and are characterized by a two-locus damage-
insensitive system (Wu and Hammer 1991). When these loci
are tightly linked, a damage-insensitive haplotype can in-
crease in frequency, even if this haplotype decreases individ-
ual fitness (e.g., Prout et al. 1973; Charlesworth and Hartl
1978). If the drive system imposes a cost, unlinked recom-
bination enhancers can be favored for their ability to disrupt
the drive system (Thomson and Feldman 1974; Haig and
Grafen 1991). However, modifiers of the recombination rate
linked to and in phase with driving alleles can increase in
frequency if they decrease the recombination rate between
components of a drive system (Thomson and Feldman 1974;
Charlesworth and Hartl 1978). This latter idea is supported
by the observation that gametic drivers in males are often
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Oppotunity for drive?

Oogenesis

Odd #recs  Even #recs

First Division (Ml Drive) No Yes

Second Division (MIl Drive)  Yes No

Figure 2 Recombination during oogenesis and the opportunity for mei-
otic drive. Only one of the four products of female meiosis is included in
the egg. Recombination is a critical determinant for the opportunity for
drive because it partitions variation within and among the products of the
first meiotic division (dyads). With recombination between the marker
and the centromere, there is variation within but not among dyads, pre-
senting an opportunity for drive during MIl but not MI. When recombi-
nation occurs after the marker, there is variation among but not within
dyads, presenting an opportunity for drive during Ml but not MiII.

located in inversions (Wu and Hammer 1991), which act to
suppress recombination locally.

Female meiosis creates a single haploid product, pro-
viding an opportunity for alleles to compete for representa-
tion in the egg [true meiotic drive (Sandler and Novitski
1957; Zwick et al. 1999; Pardo-Manuel De Villena and
Sapienza 2001a,b)]. Recombination plays a fundamental
role in female drive systems, as it determines at which stage
of meiosis alleles can compete with each other. Since non-
sister centromeres segregate at meiosis I (hereafter MI), an
allele that biases the outcome of MI in favor of its centro-
mere becomes overrepresented in oocytes, as long as there is
no (or an even number of) recombination (events) between
driver and centromere (see Figure 2). The best-characterized
cases of MI female drive are a subset of Robertsonian trans-
locations in mammals (Pardo-Manuel De Villena and
Sapienza 2001d) and a centromeric allele in Mimulus gutta-
tus (Fishman and Willis 2005; Fishman and Saunders 2008).
Malik and Henikoff (e.g., Malik et al. 2002; Malik 2009;
Malik and Henikoff 2009) have argued for a broad role,
throughout eukaryotic evolution, of female centromeric
drive at MI in driving the rapid evolution of centromeric
sequences and the proteins that bind them.

Centromeres cannot drive during meiosis II (hereafter
MII), as they are paired with their sister chromosomes.
However, with a single recombination (or odd number of)
event(s) between a focal locus and the centromere, the
products of the first meiotic division (dyads) will be variable
at that locus, providing an opportunity for MII drive (see
Figure 2).

Examples of MII drivers include the Om locus in mice
(Wu et al. 2005) and Ab-10 in maize (Rhoades and Dempsey
1966). The structure of the Ab-10 haplotype (an inversion
spanning multiple loci) highlights the importance of recom-
bination in the evolution of female drivers. A combination of
the alleles in the Ab-10 system allows the chromosome to



Table 1 Relative male (r;) to female (ry) recombination rates as predicted by the meiotic drive theory

Case When Linkage Prediction Reason
1 Ml Unlinked or repulsion phase ro >rg Female recombination enhancers discourage drive and hitchhike
with high-fitness, nondriving haplotypes.
2 Ml Coupling ro <rg Female recombination suppressors hitchhike with driving haplotypes.
3 Mil Unlinked or repulsion phase ro <rg Female recombination suppressors discourage drive and
hitchhike with high-fitness, nondriving haplotypes.
4 Mil Coupling phase ro >rg Female recombination enhancers hitchhike with driving haplotypes.

drive during MII (Rhoades and Dempsey 1966; Dawe and
Cande 1996), while a distinct allele at another locus in this
complex alters the recombination rate between itself and its
centromere (Hiatt and Dawe 2003), maximizing its ability to
drive (Buckler et al. 1999).

In this article we show that sex differences in meiotic
drive can favor the evolution of heterochiasmy. With female
meiotic drive, female recombination modifiers (unlinked to
drivers) are favored when they decrease the efficacy of
female drive. With segregating MI drivers, this corresponds
to a female recombination enhancer, while female recombi-
nation suppressors decrease the efficacy of MII drivers. By
contrast, when recombination modifiers and drivers are in
one tightly linked haplotype, female recombination modi-
fiers that increase the efficacy of drive are favored (Table 1).

Relation to previous models

Numerous authors have explored cases in which recombi-
nation modifiers are favored for their ability to break up
systems of transmission ratio distortion (e.g., Thomson and
Feldman 1974; Charlesworth and Hartl 1978). Haig and
Grafen (1991) pointed out that in addition to breaking apart
drive systems, recombination can decrease the efficiency of
drive by making the identity of an allele’s partner in a dyad
uncertain.

The potential role of meiotic drive in the evolution of
heterochiasmy has received less attention. Lenormand
(2003) and Lenormand and Dutheil (2005) briefly discussed
male gametic drive systems, as a special case of the haploid
selection model that may favor the evolution of hetero-
chiasmy. As haploid chromosomes drive, the female meiotic
drive model could also be considered as a special instance of
the haploid selection model. However, we present our model
as a distinct hypothesis because of its focus on recombina-
tion as a mechanism to modify the efficacy of meiotic
drivers.

Recently, Haig (2010) found that unlinked modifiers of
the female recombination rate increase in frequency when
they enhance the efficacy of drivers (the opposite of our find-
ing, below). In both our model and Haig’s, drivers decrease
individual fitness. However, under Haig’s model, the cost is
reflected in the genetic identity of the products of meiosis, in
which the fertility of a female heterozygous for a driver is
determined by the genetic composition of her dyads. Haig’s
model equilibrates when the cost of drive on fertility is bal-
anced by the degree of distortion. At this equilibrium, a mod-

ification of the recombination rate that increases female
fertility also results in an increase in frequency of the driver,
leading to the counterintuitive result that recombination
modifiers unlinked to driver benefit by increasing the effi-
cacy of drive. In other words, in Haig’s model, females pro-
duce a higher proportion of viable gametes by creating
chromosomal configurations that lessen the ill effects of
drive. Somewhat paradoxically, by doing so, unlinked modi-
fiers act to increase the frequency of drivers, despite the
long-term population-level fitness consequences of the
spread of drivers.

In the model described below, we come to the opposite
conclusion. The discrepancy between our models arises from
different conceptions of how drive influences fitness. In our
model an individual’s viability depends on its genotype at
the drive locus, but the viabilities of all dyads are equivalent.
Therefore, the recombination modifier increases in fre-
quency by decreasing the strength of drive. By contrast, in
Haig’s model, recombination directly influences female fer-
tility by influencing the viability of eggs. Which model is
more relevant to the evolution of heterochiasmy depends
on the mechanistic underpinning of the cost of female drive.

The Models

Since neutral and beneficial drivers quickly sweep through
a population and do not present a genetic conflict, we focus
on the evolution of drivers that decrease organismal fitness.
We explore two models of drive. In the first model, the drive
system consists of a single locus that drives at either MI or
MIIL. In our second model, drive is achieved by a two-locus
system in which the ability of an MI centromeric driver to
distort meiosis depends on the genotype at a partially linked
drive enhancer locus.

For the single-locus drive model, we care only whether
sister alleles are or are not separated during the first meiotic
division [i.e., whether there is an odd (1, 3, 5, ...) or an
even (0, 2, 4, ...) number of recombination events that
occur between the centromere and the drive locus] in drive
heterozygotes. In our model, sisters are separated at the first
meiotic division with probability r or remain united with
probability 1 —r.

With an even number of recombination events between
drive and centromeric loci, there will be variation within,
but not among dyads. This genetic difference among dyads
presents an opportunity for drive during MI, but prevents

Driving Heterochiasmy 713



drive during MII. By contrast, an odd number of recombi-
nation events between drive and centromeric loci produces
genetically homogenous dyads, precluding the possibility of
drive during MI, but facilitating MII drive. Given an
opportunity for drive, drivers are represented in oy > 3 of
the gametes produced by drive heterozygotes. Without an
opportunity for drive, meiosis is fair.

We then introduce another layer of biological complexity:
the dependence of MI drive on the two-locus genotype at
centromeric and drive enhancer loci. In this two-locus
system, the genotype at the drive enhancer locus influences
the ability of the driving centromeric allele to distort
segregation at MI. Without a drive enhancer, meiosis is fair.
By contrast, the driving centromere is present in «; of game-
tes from double heterozygotes and a, of drive enhancer
homozygotes heterozygous at the centromeric drive locus.
As MII drive is unlikely to depend on the genetic identity of
the centromere, we do not explore the case of two-locus
drive during meiosis II.

Under this two-locus model, the outcome of multiple
recombination events is somewhat complicated. Therefore,
we make the restrictive assumption that only zero or one
recombination event occurs on a tetrad between the
centromere and the drive locus (i.e., complete crossover in-
terference). Thus, in our two-locus model r is the probability
of a single recombination event between the centromere
locus and the drive locus, 1 - r is the probability of no re-
combination, and we assume no double crossovers.

For each model, we contrast the case of sex-limited drive
to results from a model in which both sexes drive. In these
models, we introduce an allele that modifies the recombina-
tion rate between driver and centromere, without otherwise
influencing organismal fitness. For models of single-locus
drive, we compare the evolution of recombination modifiers
in tight linkage with drivers to the evolution of recombina-
tion modifiers unlinked to drivers.

Single-Locus Drive

Consider a biallelic locus at which the driving allele, D,
occurs in frequency fp, and the alternative allele occurs in
frequency f3 = 1 — fp. As we assume that drive has a pleio-
tropic cost on individual fitness, heterozygotes and drive
homozygotes have fitnesses wpq = 1 and wpp < 1, respec-
tively. Although we assume that this cost is suffered equally
by both sexes, allowing for sex-specific costs does not
change the qualitative picture.

The effective strength of drive acting in the ith meiotic
division, Xy, is a function of both the recombination rate, r,
and the strength of distortion, ay;. With drive in both sexes,
XMI = OLMI(l - T') + r/2, andXMH =rammn + (1 - r)/2, for MI
and MII drivers, respectively. With female-limited drive, the
strength of MI and MII drive in oogenesis is Xypo =
amio(l — 19) + ro/2, and Xy = rayme + (1 - 19)/2,
respectively. Note that the effective strength of MI drive
decreases with the recombination rate, while the effective
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strength of MII drive increases with the recombination rate.
Note further that the effective strength of female drive is
independent of the male recombination rate.

When drive has equivalent fitness effects in males and
females, the mean population fitness, W, equals

W = fga + fpawpa + foowpp, 1)

where f. denotes genotypic frequencies in newborns. If drive
operates in both sexes, the frequency of a driver after selec-
tion and drive is equivalent in sperm and eggs and equals

. foowpp + X fpaWpd
fDMi: :

W (2a)

When drive is female limited, the recursive equation de-
scribing the frequency of drivers in sperm after selection

(fpo) is

. Wppfpp + Wpafpa/2
fDd - w

(2b)

and the recursive equation describing the frequency of
drivers in eggs (fpo) is

_ Wppfpp + Wpa fpaXmie

foow = W 7 (20)

where genotypic frequencies equal fpp = fpofpg, fod = foofas +
faofpg, and fuq = faofss, and the subscripts @ and J repre-
sent allele frequencies in female and male gametes, respec-
tively (i.e., egg and sperm). With drive in both sexes, allele
frequencies are identical in sperm and eggs, and therefore
genotypes are in Hardy-Weinberg Equilibrium; however,
with female-limited drive, Hardy-Weinberg assumptions are
inappropriate.

In supporting information, File S2, we derive equilibrium
frequencies of drive alleles in the absence of recombination
modifiers by solving for f, when Afp, = 0. Since a protected
polymorphism at the drive locus facilitates the evolution of
recombination modifiers, the existence of these equilibria is
important for the models below.

Single-locus drive—an unlinked recombination modifier

We now investigate the coevolution of alleles at the drive
locus and alleles at a locus that influences the recombination
rate. At the recombination modifier locus, alleles M and m
occur in frequencies fy; and f,, = 1 — fy, respectively. The M
allele additively alters the rate of recombination between
driver and the centromere, has no direct effect on individual
fitness, and is unlinked to the drive locus. The recombina-
tion rate between drive and centromeric lociis r, r + dr, and
r + 23r, in mm, Mm, and MM individuals, respectively. In the
case of drive in both sexes, we allow M to have equivalent
effects in males and females. With single-locus, female-
limited drive we consider only the influence of M on the
female recombination rate, since our results are unaffected
by rs. We note that since M and D are unlinked, M does not
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influence the rate of recombination between itself and the
drive locus.

The population consists of four haplotypes (md, Md, mD,
and MD). Equations describing haplotype frequencies after
selection, recombination, and drive, as well as many other
derivations are presented in File S2.

To find the frequency of the recombination modifier, M,
after one generation, we sum the frequencies of both hap-
lotypes containing the M allele. With drive in both sexes, the
change in frequency of M after selection, recombination, and
drive equals

Myt = =2 (fa1 = wpa) +folwps — won),  (3a)
where LD is the linkage disequilibrium between driving and
recombination modifier alleles (i.e., LD = fyp — farfp) and is
measured in the gametes that united at random to form this
generation.

Equation 3a shows that a genetic association between
drive and modifier loci (LD # 0) is necessary for change in
modifier frequency. More specifically, if we assume that the
driver is costly and this cost is less than fully dominant (i.e.,
Wpp = Wpg = 1 and wpp < 1), an unlinked recombination
modifier increases in frequency when it is underrepresented
in drive haplotypes (i.e., LD < 0), as it avoids the fitness cost
accrued by driving alleles.

Analysis of the case of female-limited drive yields a similar
conclusion. With sex-limited drive, the change in modifier
frequencies in sperm and eggs equals

_ fuo —fue +z/W

AfugMI = AfyrMIT = ; (3b)
AfroMI = AfyoMII :W, 30)

respectively, where
z = (Wpg — 1) (LDgfge + LDofys) @

+ (Wpp — wpq) (LDafpo + LDofps ).

The first term in Equations 3b and 3c (i.e., fis — furo and
fmo — fuo, respectively) captures the role of syngamy in ho-
mogenizing allele frequencies across the sexes. The second
term, z/W, is the change in modifier frequency due to linked
selection on drive alleles. Since we assume that drive entails
a less than dominant fitness cost (i.e., wpp = wpg = 1 and
wpp < 1), 2z will be positive when LD is negative. Therefore,
recombination modifiers will increase in frequency when they
are underrepresented on the driving haplotypes, as in the case
above. Additionally, since z/W has the same role in changing
modifier frequency (Afyp) in male and female gametes, this
model does not generate a sex difference in modifier frequency.

Since negative LD between recombination modifier and
drive alleles is necessary for the adaptive evolution of the
recombination rate, the salient question is, Does our model

generate negative LD? To address this question, we begin
with a population in linkage equilibrium (LD = 0) and
investigate the level of LD in gametes after selection,
recombination, and drive.

Starting from LD = O, the LD generated in a single
generation with MI drive in both sexes equals

LD}, — Srfodfom“;\[;d(l — 200m) )

The LD generated with MII drive in both sexes equals
LDy = —LDyy;. The LD generated between a female-limited
driver and a recombination modifier after a single genera-
tion of selection, recombination, and drive is equivalent to
the case described above, replacing dr and « by 8r¢ and ao.

Note that with MI drive, negative LD is created between
driving and recombination-enhancing alleles (Equation 5 is
less than zero when &r and dro are positive). By contrast,
with MII drive, negative LD is created between driving and
recombination-suppressing alleles (when &r and dro are
negative). Since negative LD between driver and modifier
results in an increase in modifier frequency (e.g., Equations
3a and 4), recombination enhancers increase in frequency
by hitchhiking with high-fitness nondriving haplotypes. Sim-
ilarly, recombination suppressors are favored with MII drive.

We complement our single-generation view of the
creation of LD by making use of the quasi-linkage equilib-
rium (QLE) method (e.g., Kimura 1965; Nagylaki 1976; Bar-
ton and Turelli 1991; Kirkpatrick et al. 2002). QLE relies on
the fact that when linkage is loose and selection and drive
are weak, LD approaches an equilibrium value on a much
faster timescale than the slow change in allele frequencies.
To derive this QLE LD, we solve for the equilibrium level of
LD* (i.e., the LD for which A LD = 0), while holding allele
frequencies constant. To make this solution analytically trac-

table, we further assume that the strength of drive (o — %

and ao — %) and selection (1 — wpg and 1 — wpp) and the
degree of recombination modification (8r and dry) are all on
order & and we ignore terms of higher order than £2. Doing
this we find that

LD* ~ Zﬁrfdf]_)fme(l - ZOLMI). (63)

Comparing Equation 6a to Equation 5 shows that much of
the equilibrium LD is generated in a single generation.
Recalling that by definition ag > 4, it is clear that a recom-
bination enhancer will be in negative LD with the drive
allele and will therefore be selectively favored. When con-
sidering MII drive, the result is conceptually similar but of
opposite sign: with MII drive recombination suppressors,
rather than enhancers, generate negative LD with drivers.
Employing QLE methods, we can also derive the equilib-
rium LD between recombination modifiers and female-
limited drivers, with the same assumptions as above. In this
case, the equilibrium LD in sperm is a function of the LD in
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eggs, LD = LD; /3. Combining this result and our finding
that fyro = fus, and assuming weak selection, the equilib-
rium LD in eggs with MI drive is approximately

38r(1 — 20)fpd fum
4= (1=2a)(1=ro)(fo — 2fa0)

LD, ~ (6b)
Again, the QLE results show that most of the LD in females
generated in a single generation. Note that, although
selection does not directly generate LD in males (above),
the inheritance of haplotypes from females maintains a low
equilibrium level of LD in males.

In summary, when unlinked to a female meiotic driver,
a female recombination modifier can spread by reducing the
ability of the driver to distort meiosis in its favor (Thomson
and Feldman 1974; Haig and Grafen 1991). By decreasing
the strength of drive, the recombination modifier becomes
undertransmitted on the drive haplotype, as the driving al-
lele drives less efficiently in the presence of the modifier.
Therefore the modifier hitchhikes with the high-fitness, non-
driving allele; however, unlike traditional models of hitch-
hiking, the modifier essentially arranges a ride for itself by
increasing the expected transmission of the nondriving
allele.

Furthermore, when drive is sex limited, only recombi-
nation in the driving sex can act to decrease the efficiency
of the single-locus drivers described above. Therefore,
a modifier with equal and opposite effects of male and female
recombination rates can spread, and so our results meet
the criteria of Lenormand (2003) for the evolution of
heterochiasmy.

Predictions concerning the evolution of recombination
modifiers unlinked to MI and MII drivers are summarized by
cases 1 and 2 in Table 1, respectively. Enhancers of the
female recombination rate are favored when unlinked to
female-limited MI drivers (case 1), while female recombina-
tion suppressors are favored when unlinked to female-
limited MII drivers (case 3). We display the dynamics of
the case of the coevolution of a MI driver and an unlinked
recombination modifier in Figure 3.

Single-locus drive—a linked recombination modifier

We now explore the fate of a recombination modifier in tight
linkage with the drive locus (i.e., there is no recombination
between drive and recombination modifier loci). Intuitively,
a modifier linked to a driver faces two opposing pressures:
the deleterious effect of drive on individual fitness and the
selfish effect of drive on allelic transmission.

These two components are captured by the equation
describing the change in modifier frequency when drive
operates in both sexes:

— LD(f4(1 —wpd) +fo(Wpa — wpp))
w
LD wpq(1 — (r 4 8r))
w

AfyMI =
(7a)
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—LD(f4(1 — wpq) +fp(Wpq — wpp))
w
LD wpg(r + 8r)
A

AfyMII =

(7b)

The change in frequency of a recombination modifier by
individual selection is represented by the first term of
Equations 7a and 7b and is equivalent to the unlinked case
(Equation 3a). As in Equation 3a, this term is positive when
LD is negative. The latter term in Equations 7a and 7b
represents the change in frequency of the modifier due to
drive, which is positive when LD is positive. Thus, although
individual selection favors linked recombination modifiers in
negative LD with drivers, transmission distortion favors
modifiers in positive LD with drivers.

With female-limited drive, the intuition is similar; how-
ever, the recursive equations are more complex. The change
in frequency of a recombination modifier in sperm, Afysg, is
determined entirely by individual selection and equals
3(fus —fue +2/W), where z retains its value from Equation
4. The change in the frequency of a recombination modifier
in eggs (Afae) equals

1
AfyoMI = 3 (fMQ —fuo + % + uvxd (1—(ro + 8r<;)))
(70
1
Aol = 2 (furo —fur + 5+ 2% (rg +319) ), (7d)
where
u =LDo + LDg + (fpo — foo) (fue — fus)- (8

Therefore, with either sex-limited drive or drive in both
sexes, both negative and positive LD between recombination
modifier and driver can contribute to an increase in modifier
frequency. As in the unlinked case, selection can generate
linkage disequilibrium in a population in which no LD
existed previously (see File S2). However, since a novel mu-
tation must arise on one haplotype, the LD formed by the
mutational history of tightly linked loci is more important
than is the LD generated by selection.

We display the population genetic dynamics of re-
combination modifiers linked to MI drivers in Figure 4.
Recombination enhancers increase in frequency when
they arise on the nondriving background (both sexes, Fig-
ure 4A; female limited, Figure 4B; see also Table 1, case
1). By contrast, recombination suppressors spread when
they arise on the driving background (both sexes, Figure
4C; female limited, Figure 4D; see also Table 1, case 2).
The opposite result holds in the case of MII drive (Table 1,
cases 3 and 4).

To provide a stronger intuition of the evolution of a re-
combination modifier linked to a drive locus, we investigate
the special case of a recessive lethal driver that distorts
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MI drive in both sexes

B Female limited, Ml drive.

Figure 3 The coevolution of an MI driver and an un-
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linked recombination enhancer. The frequencies of Ml
drive alleles (fp, red) and unlinked recombination modi-
fiers (fy, blue) across generations are shown. The cor-
relation between alleles, LD/+/fofafufm, denoted by the
red and blue line, and its value are given on the right
axis. Drive is complete and recessive lethal (wpy = 1,
Wqg = 0). The initial recombination rate is }V and each
copy of M increases the probability of recombining by
0.05. Initial frequencies of drive and recombination
modifier alleles equal fp, = 0.10 and fi, = 0.01, re-
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meiosis in both males and females (Wpg = 1, wgg = 0, and
a = 1). In this case, Equations 7a and 7b become

LD(1 —fp — (r + dr))
w

AfyMI = (9a)

LD(r + &r — fp)

AfyMII = W ,

(9b)
respectively. Under the assumption of recessive lethality and
complete drive, the equilibrium frequencies of MI and MII
drivers are straightforward and equal f;MI =1-r and
ngH =r, respectively (see File S2). Plugging these values
into Equations 9a and 9b, we find that the change in fre-
quency of recombination modifiers in tight linkage with MI
and MII drivers equals

AfyMI = —LDr (9¢)
LD &r

respectively. Equations 9c and 9d provide a straightforward
characterization of the invasion of a rare recombination
modifier. With MI drive and tight linkage (Equation 9c)
a recombination enhancer will increase in frequency when it
arises on the nondriving haplotype (LD < 0, &r > 0, gives
AfyMI > 0), while a recombination suppressor will increase
in frequency when it arises on the driving haplotype (LD > 0,
dr < 0, gives AfyMI > 0) The opposite result holds for a re-
combination modifier tightly linked to an MII driver (Equa-
tion (9d). We note that Equations 9c and 9d hold only for the
first generation of selection.

The analysis of female-limited drive is more complex, but
ultimately yields a similar result. Here, we present our
invasibility analysis in which we derive results under female-
limited drive. In this case, female-specific recombination
enhancers are favored when in repulsion phase with MI
drivers or in coupling phase with MII drivers, while the
opposite results hold for recombination suppressors (see
Invasibility analysis, pp. 18, 19, and 21 in File S2). For this
invasibility analysis (see Otto and Day 2007), we write the

-0.05

spectively. (A) Drive in both sexes (yy = 1, r = %, or =

2500 0.05). (B) Female-limited drive (apie = 1,8ro = 0.05).

recursion for haplotype frequencies in sperm and eggs after
selection, recombination, and drive in matrix form.

When eigenvalues of the Jacobian of this matrix (evalu-
ated at viability-drive equilibrium setting the frequency of
the recombination modifiers to zero) are greater than one,
a rare recombination modifier increases in frequency. For
both cases of MI and MII drive, there are two eigenvectors of
interest. One eigenvector is greater than one when &r¢ > 0,
and the other is greater than one when &ry < 0, suggesting
that both recombination enhancers and suppressors can in-
crease in frequency. Because the LD generated in these cases
is large (in fact, at equilibrium there are only two haplo-
types), we do not employ the QLE approach, which works
best under loose linkage (Kimura 1965; Nagylaki 1976;
Barton and Turelli 1991; Kirkpatrick et al. 2002).

Unlike the case of unlinked recombination modifiers,
modifiers linked to drive loci do not generally approach fix-
ation. Assuming that the modifier is favored, it rapidly goes to
fixation on the background onto which it mutated; however,
this haplotype now moves to its new equilibrium frequency
determined by the new recombination rate. As long as this
new equilibrium is greater than zero and less than one, recom-
bination modifiers will be stably polymorphic (see Figure 4).

In sum, the evolution of recombination modifiers linked
to drivers yields a rich and diverse set of predictions. When
tightly linked to MI drivers, recombination enhancers in
repulsion phase (Table 1, case 1) and recombination sup-
pressors in coupling phase are favored (Table 1, case 2).
When tightly linked to MII drivers, recombination suppres-
sors in repulsion phase (Table 1, case 3) and recombination
enhancers in coupling phase are favored (Table 1, case 4).
As in the unlinked model (above), the fate of a female recom-
bination modifier linked to a female-limited driver is indepen-
dent of its influence on the male recombination rate. Thus,
a modifier with equal but opposite effect on male and female
recombination rates (i.e., no net effect) can spread, facilitating
the evolution of heterochiasmy.

Two-Locus Drive Systems

We now turn our attention to the more complex case of two-
locus, MI drive. In this model the strength of drive by
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A  Both sexes drive. LDy> 0. 8ro> 0

B Female drive. LDy> 0, ére>0
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Figure 4 The evolution of drivers and recombination
modifiers in tight linkage. The frequencies of MI drivers
(fp, red), and linked recombination modifiers (fy,, blue)
across generations are shown. The correlation between
- alleles is denoted by the red and blue line, and its value
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D Female drive. LDy> 0, rg <0

I is given on the right axis. Initial frequencies of driver and
recombination modifier alleles are fp, =0.10 and
fu, = 0.01, respectively. Drive is complete and recessive
lethal. Initial recombination rate equals 3. (A) Drivers and
recombination enhancement in both sexes (8r = 0.05); M
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arises on a d chromosome. (B) Female-limited driver and
recombination enhancement. (8ro = 0.05); M arises on
a d chromosome. (C) Drivers and recombination suppres-
sion in both sexes (8r = —0.05); M arises on a D chromo-
some. (D) Female-limited driver and recombination
suppression (dro = -0.05); M arises on a D chromosome.
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a centromeric variant, C, depends on the genotype at the
drive-enhancer locus, D, which is on the same chromosome
as the centromeric driver. Specifically, in Cc heterozygotes,
meiosis is fair in a genetic background of d homozygotes, but
C is represented in «; and a, of gametes from Dd/Cc and
DD/Cc individuals, respectively (where as = a7 = 0.5 and
ay > 0.5). Although it is possible that the drive enhancer
will incur an individual fitness cost, we focus on the case in
which the drive enhancer is neutral, but the driving centro-
mere is costly. Imposing a fitness cost to drive enhancer adds
subtle quantitative differences to the results, and this model
where both loci involve costs has been well explored in the
description of the segregations distortion (SD) system (Hartl
1975; Charlesworth and Hartl 1978; Haig and Grafen
1991). Since the genetic identity of a centromere seems un-
likely to influence MII drive, we do not pursue a two-locus
model of MII drive.

With two-locus, MI drive, a recombination enhancer can
increase in frequency and ultimately approach fixation, as in
the case of single-locus MI drive (Thomson and Feldman
1974; Haig and Grafen 1991). With drive in both sexes,
the change in frequency of a recombination modifier is

— 1D
Mt =~ (fel = wee) +fe(we —wee),  (10)
where LDy = fuc — fur fc is the linkage disequilibrium be-

tween centromere and recombination modifier.
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As in the case of recombination modifiers unlinked to
single-locus MI drivers, the recombination enhancer spreads
by becoming underrepresented in the low fitness, centro-
meric driving (C) genetic background. Recombination
enhancers generate this LD by decreasing the expected
transmission of the drive enhancer allele, which allows the
recombination enhancer to escape from the driving haplo-
type (Figure 4A).

When drive is female limited, alleles that increase the
recombination rate between drive enhancer and centromeric
loci in either sex are favored. However, female-limited
recombination enhancers spread much more quickly and
have more negative LD with driving centromeres than do
male-limited recombination modifiers. For example, in Fig-
ure 5B it takes only ~11,400 generations for a female-
limited recombination modifier to rise from a frequency of
0.1 to 95%, but it takes more than an order of magnitude
longer for a male-limited recombination enhancer to reach
this frequency (note the order of magnitude difference on
the x-axis in Figure 4, B and C).

Because female recombination enhancers are more
strongly favored than male recombination enhancers in this
system, alleles that increase female recombination can
increase in frequency, even if they drastically reduce male
recombination rates (Figure 4D). Therefore, our two-locus
model also passes the “no-net-effect test” (Lenormand
2003), facilitating the evolution of heterochiasmy.
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Modification in females
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Figure 5 The coevolution recombination modifiers and
a two-locus drive system. The frequencies of drive en-
hancer, centromeric driver, and recombination modifier
alleles are displayed in red, green, and blue, respectively.
The correlation between recombination modifier and cen-
tromeric driver alleles is denoted by the green and blue
line, and its value is given on the right axis in B (the scale is
maintained in C). Initial frequencies of drive and recombi-
nation modifier alleles equal fp, = 0.10 and fy, = 0.01,
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respectively. The driving centromeric allele completely dis-
2e4 torts meiosis in DD and Dd genotypes (e.g., a; = ay = 1)
and is a recessive lethal. Neither drive enhancer nor re-
combination modifier directly influences individual fitness.
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Recombination modification in both sexes (8ro = 0.025,
drg = 0.025). (B) Female-limited recombination modifica-
tion (3ro = 0.025, dr5 = 0). (C) Male-limited recombination
modification (8ro = 0, dry = 0.025). (D) The modifier has
distinct influence on male and female recombination rates
(dro and dry, respectively). Green indicates an increase in
modifier frequency, and purple indicates a decrease.
Labels above diagonal lines describe the relative change
in allele frequencies over 250 generations.
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The intuition behind this numerical result is as follows.
Drive in females generates a positive association between
centromeric drivers (C) and linked drive enhancers (D).
With this association, D increase in frequency during female
(but not male) meiosis. Recombination in females decreases
both the expected transmission of drive enhancers, and the
cotransmission of D and C alleles. Since gametes from moth-
ers with higher recombination rates have fewer D alleles
than expected, drive in their daughters is less efficient. Ul-
timately, the granddaughters of females with higher recom-
bination rates suffer less from the deleterious fitness effects
of drive systems (e.g., Crow 1991).

As male recombination does not directly change the
transmission of a female meiotic drive enhancer, the
selection on a male recombination modifier is weak.
Nonetheless, elevated male recombination rates do break
down the association between D and C alleles, which ulti-
mately allows male recombination enhancers to escape from
centromeric drivers, providing a minor boost to male-limited
recombination enhancers. However, this effect is meager
compared to the effect of female recombination modification
(Figure 4, B-D).

Discussion

Meiosis and recombination are deeply conserved and highly
orchestrated processes, in which slight errors can have
severe fitness consequences. Nonetheless, many of the

0.05

functional components of meiosis and recombination evolve
rapidly (e.g., Malik et al. 2002; Anderson et al. 2009; Myers
et al. 2010). One explanation for this rapid evolution is that
meiosis and gametogenesis offer a number of opportunities
for genomic conflict within an individual, generating a pat-
tern of antagonistic coevolution between selfish gametic
drivers and suppressors of meiotic drive (see Burt and Triv-
ers 2006, for a broad overview).

Since the progression of meiosis and gametogenesis is
highly sex specific (Morelli and Cohen 2005), we expect that
forms of conflict and conflict mediation will also be sex
specific. The asymmetry in meiotic division during oogenesis
presents an opportunity for competition between alternative
alleles for representation in the egg (Sandler and Novitski
1957; Zwick et al. 1999; Pardo-Manuel De Villena and
Sapienza 2001a,b; Malik 2009). Because recombination
determines the ability of female drivers to distort meiosis
at MI and MII, female recombination rate influences the
ability of a driver to distort meiosis. We have shown that
female meiotic drive can favor changes in the female recom-
bination rate: female recombination modifiers are selected
to enhance or suppress drive (see Table 1) with changes in
male rate having little or no effect on the efficacy of female
drive.

Our understanding of the frequency, severity, and oper-
ation of female meiotic drive systems is still in its infancy.
Therefore, we have not based our population genetic
analysis on explicit mechanistic details of female drive.
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However, our models can be related to biologically plausible
mechanisms. The model of a single-locus MI driver could
correspond to an epigenetic modification of a centromere in
cis or a structural stretch of DNA that influences the orien-
tation of the centromere in such a way as to increase its
probability of inclusion into the secondary oocyte. In our
two-locus MI drive system, the centromeric locus could cor-
respond to a centromeric satellite that increases its proba-
bility of inclusion in the primary oocyte through an
interaction with the spindle, while alternative alleles at
the drive enhancer locus could represent centromeric pro-
teins that interact with the centromeric machinery to en-
hance or suppress the effect of drive (Malik et al. 2002;
Malik 2009; Malik and Henikoff 2009). Our MII model
roughly corresponds to neocentromeric drive systems, such
as the Ab-10 locus in maize (Rhoades and Dempsey 1966),
or telomeres that influence the orientation of meiotic chro-
mosomes (Novitski 1951; see Anderson et al. 2008 for a dis-
cussion). We reiterate that our results depend solely on the
ability of recombination to modify drive systems, rather than
on any specific drive mechanism.

We have shown that female meiotic drive systems create
a selective environment that favors the evolutionary mod-
ification of the female recombination rate. However, selec-
tion on female recombination rates does not necessarily lead
to heterochiasmy. For example, in the extreme case where
alleles that modify the recombination rate in females have
equivalent effects on the male rate, selection on the female
rate will not generate heterochiasmy. However, above we
show that our model favors modification of the female
recombination rate even if modifiers have opposing effects
the on male rate—the standard for models of the evolution
of heterochiasmy (Lenormand 2003).

While we still know little about recombination modifiers,
current evidence suggests that the genetic control of the
global recombination rates differs by sex, and therefore
selection on the female rate is likely to generate hetero-
chiasmy. Three distinct lines of evidence support this
tentative conclusion. First, the global control of meiosis
and recombination is sexually dimorphic (Morelli and
Cohen 2005). Second, the few naturally occurring alleles
known to modify the total genetic map length in humans
do so in a highly sex-specific manner (Kong et al. 2004,
2008; Fledel-Alon et al. 2011). Third, although there is ad-
ditive genetic variation for the map length in both sexes, no
heritable intersexual correlation in map length has been
found (Fledel-Alon et al. 2011).

The predictions of our model are sensitive to biological
details such as the linkage association between drivers and
recombination modifiers, as well as the timing of drive
(MI vs. MII). This makes it hard to generate concrete pre-
dictions about whether female drive will select for higher or
lower female recombination rates. Indeed, the fact that fe-
male rates are not always higher than male rates suggests
that the direction of selection may not be constant. One
concrete prediction is that since the centromere holds a spe-
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cial place in female meiotic drive (in both MI and MII sys-
tems), a constant influx of new female drivers will
systematically select particularly for heterochiasmy in the
regions surrounding centromeres.

The observation in many taxa of higher female recombi-
nation rates, especially near the centromere, is consistent
with two different biological scenarios elaborated in our
models. First, elevated female recombination rates, espe-
cially near centromeres, may represent the action of un-
linked suppressors to prevent the spread of MI female
drivers. Alternatively, this pattern could be explained by
the spread of recombination enhancers linked to MII drivers,
which increase in frequency because recombination enhancers
facilitate MII female drive. Empirical progress in elucidating
the genetic basis of local variation in sex-specific recombina-
tion rates and female meiotic drive across the genome will
shed light on which (if any) of these two models explains this
pattern.

In contrast to global modifiers of the recombination rate,
we know a little more about local modifiers of recombina-
tion rate, though our picture is still far from complete. One
broad class of local suppressors is chromosomal inversions,
which seem to be a common response to selection for re-
duced recombination (see Kirkpatrick 2010, for discussion).
Inversions are a priori expected to locally suppress recombi-
nation similarly in both sexes and this heterozygous effect
will be removed when the inversion is eventually lost or
fixed within the population. Therefore, given our current
understanding of local recombination modification, we
think it is unlikely that selection for linked suppressors of
recombination will strongly contribute to heterochiasmy.

Although we focused on female-limited drive, there are
well-documented cases of male-limited transmission distor-
tion involving multilocus gene complexes (note that none of
these is true meiotic drive, relying instead on sperm death)
(Wu and Hammer 1991). A model of the coevolution of
a two-locus male drive system and a recombination modifier
will yield results similar to the case of two-locus MI female
drive described above (with slight differences due to the
fitness of recombinants in male systems). That is, with
male-limited drive systems, we expect that recombination
modifiers in coupling phase would benefit from reducing
the male recombination rate, while unlinked modifiers
would benefit from increasing the male recombination rate
(see also discussion by Lenormand and Dutheil 2005). Evi-
dence for the former is bountiful, as most known male trans-
mission ratio distorters are tied together by complex
inversions (e.g., Presgraves et al. 2009). However, unlike
female meiotic drivers, male distortion systems can arise
at any chromosomal location irrespective of the distance to
the centromere. Therefore, even if male distortion systems
do select for heterochiasmy, a constant influx of new male
systems will not systematically select for sex differences on
a chromosomal scale.

More generally, our models may explain other broad
patterns associated with recombination. One outstanding



pattern is the observation that variation in the number of
chromosome arms is a better predictor of recombination rate
variation among mammalian species than is variation in the
number of chromosomes or the physical size of the genome
(Pardo-Manuel De Villena and Sapienza 2001c). This result
is somewhat surprising because only one recombination
event per chromosome is required for proper segregation,
arms of metacentric chromosomes are often found to be
lacking a crossover (Fledel-Alon et al. 2009), and the cen-
tromere seems to offer no barrier to interference in many
systems (Broman and Weber 2000; Fledel-Alon et al. 2009;
Demarest et al. 2011). The meiotic drive theory can explain
these observations by proposing that modifiers of the recom-
bination rate are selected to increase recombination events
between centromeres and potential drivers, as both sides of
a chromosome present an opportunity for drivers to exploit
meiosis.

Another broad pattern is the observation that hetero-
chiasmy is reduced in selfing plants, which Lenormand and
Dutheil (2005) saw as support for their hypothesis of a role
of haploid selection on male gametes in driving heterogamy.
We note that this observation is potentially consistent with
the female meiotic drive hypothesis: since most selfing
plants are largely homozygous, there is little opportunity
for drive. The alteration of generations in plants provides
exciting opportunities for future research on the evolution of
heterochiasmy.

The meiotic drive theory could also explain the observa-
tion of rapid changes in recombination rates (Coop and
Przeworski 2007; Dumont and Payseur 2008, 2011), as the
recombination map will constantly be evolving as recombina-
tion enhancers and suppressors respond to new drive systems
across the genome. A greater knowledge of medium-scale
patterns of turnover in male and female rates would help
clarify the plausibility of meiotic drive in explaining this pat-
tern. For example, the meiotic drive theory would be strongly
supported if regions close to centromeres show particularly
high rates of female recombination evolution, as is observed
in the Drosophila clade (True et al. 1996).

Further tests of these predictions require the ability to
identify both meiotic drivers and modifiers of the recombi-
nation rate. Currently, our knowledge of the distribution of
meiotic drivers and their fitness effects is very incomplete
and is likely biased toward the overrepresentation of strong
drivers with extreme fitness effects. However, there is
mounting evidence supporting the existence of subtle trans-
mission ratio distorters (e.g., Zollner et al. 2004; Reed et al.
2005; Aparicio et al. 2010; Axelsson et al. 2010) (however,
the mechanism of distortion in these cases is often un-
known). Similarly, although there is ample evidence that
the recombination rate, as well as the strength and direction
of heterochiasmy, varies across species, few allelic variants
that influence sex-specific recombination rates have been
identified. Although we currently know very little about
the frequency of female drivers or the genetic control of
sex differences in the recombination rate across many taxa,

fortunately, as technological advances make the sequencing
of offspring (or gametes) from many meioses more afford-
able, identification of alleles governing sex-specific transmis-
sion and recombination rates will become much easier.

More broadly, the ideas presented here are part of a larger
body of the theoretical work that highlights the potential
diverse roles of genomic conflict in shaping the evolution of
recombination, meiosis, and gametogenesis (e.g., Sandler
and Novitski 1957; Haig and Grafen 1991; Hurst et al
1996; Zwick et al. 1999; Burt and Trivers 2006, Table
12.3; Anderson et al. 2009; Malik and Henikoff 2009; Haig
2010). For example, conflicts between cis and trans deter-
minants of hotspot localization due to biased gene conver-
sion have been put forward to explain the rapid evolution of
mammalian fine-scale recombination rates and their deter-
minants, such as the hotspot binding protein Prdm9 (Boulton
et al. 1997; Coop and Myers 2007; Baudat et al. 2010; Myers
et al. 2010; Parvanov et al. 2010; Ubeda and Wilkins 2011).
While much of the classic work on the evolution of recom-
bination and meiosis has focused on the benefits of creating
adaptive gene combinations, purging deleterious recessive
alleles from an adaptive haplotype, or bringing together
two beneficial mutations onto one haplotype (e.g., Eshel
and Feldman 1970; Feldman et al. 1996; Otto and Lenormand
2002; Barton 2009), it seems equally plausible that the short-
term evolution of recombination rates may be in response to
conflicts created during meiosis.
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Table S1 Sex specific map lengths.

These are the data graphed in Figure 1A.
Data ° : LM - recombination data from linkage maps. CC recombination data from chiasmata counts

| Taxon Species Male rec Female rec | Data®| Reference
Amphibian Hyla arborea 20.7 296.6 LM BERSET-
BRANDLI et al.,
2008
| Amphibian Salamandra sala- | 24 36.8 CC LENORMAND and
mandra DUTHEIL, 2005
| Amphibian Triturus elpestris | 32.3 24.5 >C LENORMAND and
DuTHEIL, 2005
Amphibian Triturus cristatus | 36.5 24 CC LENORMAND and
DuTHEIL, 2005
Amphibian Triturus  helveti- | 22 25 C LENORMAND and
cus DUTHEIL, 2005
Amphibian Triturus mar- | 25.7 29 CC LENORMAND and
moratus DuTHEIL, 2005
Angiosperm  Silene vulgaris 47 446 LM BRATTELER
et al., 2006
Angiosperm Humulus lupulus | 445.9 661.9 LM CERENAK et al.,
2006
Angiosperm  Actinidia chinen- | 2782 3090 LM FRASER e! al,
518 2009
Angiosperm Cucumis melo 279.1 295.7 LM KARYIA ef al,
2005
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Angiosperm Fagopyrum escu- | 911.3 909 LM KoNosHI and
lentum OunNIsHI, 2006

Angiosperm Acacia mangium | 1561 1537 LM LENORMAND and
DuTHEIL, 2005

Angiosperm Arabidopsis 417.29 216.23 LM LENORMAND and
thaliana DuTHEIL, 2005

Angiosperm Brassica napus 1544 1577 LM LENORMAND and
DUuUTHEIL, 2005

Angiosperm Brassica nigra 418 401 LM LENORMAND and
DuTHEIL, 2005

Angiosperm Brassica oleracea | 1050.8 1749.4 LM LENORMAND and
DuTHEIL, 2005

Angiosperm Castanea sativa 1054 947 LM LENORMAND and
DUTHEIL, 2005

Angiosperm Coffea canephora | 211 217 LM LENORMAND and
DuTHEIL, 2005

Angiosperm Dioscorea  rotun- | 852 891 LM LENORMAND and
data DuTHEIL, 2005

Angiosperm Dioscorea tokoro | 570.9 489.4 LM LENORMAND and
DUTHEIL, 2005

Angiosperm Fucalyptus  gran- | 1415 1551 LM LENORMAND and
dis DuTHEIL, 2005

Angiosperm Bucalyptus — uro- | 1101 1331 LM LENORMAND and
phylla DUTHEIL, 2005

Angiosperm Hordeum  bulbo- | 1203.7 1016.9 LM LENORMAND and

sum

DUTHEIL, 2005
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Angiosperm Malus pumila 559 447 LM LENORMAND and
DuTHEIL, 2005
Angiosperm Manihot escu- | 49.1 40.8 LM LENORMAND and
lenta DuTHEIL, 2005
Angiosperm Passiflora edulis | 783.5 727.7 LM LENORMAND and
DuTHEIL, 2005
Angiosperm Pennisetum glau- | 267 234 LM LENORMAND and
cum DUTHEIL, 2005
Angiosperm Quercus robur 921.7 893.2 LM LENORMAND and
DuTHEIL, 2005
Angiosperm Rhododendron sp. | 164 171 LM LENORMAND and
DuTHEIL, 2005
Angiosperm Rosa species 287.3 238.4 LM LENORMAND and
DUTHEIL, 2005
Angiosperm Solanum cha- | 514 709 LM LENORMAND and
coense DuTHEIL, 2005
Angiosperm Solanum  tubero- | 382.9 525.1 LM LENORMAND and
sum DuTHEIL, 2005
Angiosperm Triticum aes- | 495.5 352.8 LM LENORMAND and
tivum DUTHEIL, 2005
Angiosperm Vitis vinifera 816 767 LM LENORMAND and
DuTHEIL, 2005
Angiosperm Panicum  wvirga- | 1645 1376 LM OKADA et al.,
tum 2010
Angiosperm Populus tremula = | 1403.2 1681.5 LM PAkULL et al.,
tremuloides 2009
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Angiosperm Fragaria  virgini- | 2852.64 2724.66 LM SPIGLER et al.,
ana 2010
Angiosperm Lolium  multiflo- | 537 712 LM WARNKE et al.,
rum x  Lolium 2004
perenne
Angiosperm Betula platyphylla | 1610.6 2225.7 LM WEI et al., 2009
Angiosperm Allium cepa 22.4 17.9 cC LENORMAND and
DUTHEIL, 2005
Angiosperm Secale cereale 10.7 10.6 CC LENORMAND and
DuTHEIL, 2005
Angiosperm Allium  consan- | 21.9 17.5 CC LENORMAND and
guineum DuUTHEIL, 2005
Angiosperm Omocestus panteli | 11.8 11.26 CC CANO and SAN-
TOS, 1990
Angiosperm Rana esculenta 25.2 45.7 CC LENORMAND and
DuTHEIL, 2005
Angiosperm Allium flavum 14.9 18.8 CC LENORMAND and
DuTHEIL, 2005
Angiosperm Allium  macran- | 42.3 58.7 CcC LENORMAND and
thum DUTHEIL, 2005
Angiosperm Allium nigrum 21.9 16.9 CC LENORMAND and
DuTHEIL, 2005
Angiosperm Allium pallens 15 19.4 CcC LENORMAND and
DuTHEIL, 2005
Angiosperm Allium  panicula- | 14.6 16 CcC LENORMAND and

tum

DUTHEIL, 2005
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Angiosperm Allium ursinum 13.8 14.1 CcC LENORMAND and
DuTHEIL, 2005

Angiosperm Cypripedium 16.4 19.7 CC LENORMAND and
cordigerum DUTHEIL, 2005

Angiosperm Epipactis consim- | 25.8 27.1 CC LENORMAND and
ilis DuTHEIL, 2005

Angiosperm Epipactis latifolia | 30.7 29.1 cC LENORMAND and
DUTHEIL, 2005

Angiosperm Listera ovata 26.9 30.3 CC LENORMAND and
DuTHEIL, 2005

Angiosperm Neottia listeroides | 29.3 31.1 CC LENORMAND and
DuTHEIL, 2005

Angiosperm Rhoeo discolor 10.2 114 CC LENORMAND and
DUTHEIL, 2005

Angiosperm Endymion  non- | 17.7 18.2 CC LENORMAND and
scriptus DuTHEIL, 2005

Angiosperm Fritillaria melea- | 24.8 37.8 CC LENORMAND and
gris DuTHEIL, 2005

Angiosperm Lilium hansonii 40 49 CcC LENORMAND and
DUTHEIL, 2005

Angiosperm Lilium henryi 41.2 44.4 CC LENORMAND and
DuTHEIL, 2005

Angiosperm Lilium  longiflo- | 27.3 315 CcC LENORMAND and
rum DuTHEIL, 2005

Angiosperm Lilium martagon | 36.3 41 CcC LENORMAND and

DUTHEIL, 2005
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Angiosperm Lilium pardal- | 31.2 36.9 CC LENORMAND and
mum DuTHEIL, 2005

Angiosperm Lilium regale 41.8 45 CC LENORMAND and
DuTHEIL, 2005

Angiosperm Lilium sargentiae | 31.2 42 CC LENORMAND and
DuTHEIL, 2005

Angiosperm Lilium speciosum | 26.4 33.9 cC LENORMAND and
DUuUTHEIL, 2005

Angiosperm Hordeum vulgare | 13.9 13.7 CC LENORMAND and
DuTHEIL, 2005

Angiosperm Tulbaghia acu- | 14.4 15.8 CC LENORMAND and
tiloba DuTHEIL, 2005

Angiosperm Tulbaghia leucan- | 12.4 15.5 CC LENORMAND and
tha DuTHEIL, 2005

Angiosperm Tulbaghia pul- | 12.2 13.7 CC LENORMAND and
chella DuTHEIL, 2005

Angiosperm Tulbaghia violacea | 11 14.3 CC LENORMAND and
DuTHEIL, 2005

Angiosperm Vicia faba 20.6 16 CC LENORMAND and
DUTHEIL, 2005

Angiosperm Trigonella 21.3 21.1 CC LENORMAND and
foenum DUTHEIL, 2005

Arthropod Litopenaeus 4200.05 5130.79 LM ZHANG et al.,

vannamei  (for-
merly Penaeus

vannamei)

2007

Y. Brandvain and G. Coop
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Arthropod Fenneropenaeus 2515.89 1660.4 LM TIAN et al., 2008
chinensis
Arthropod Culez tarsalis 510 510 LM VENKATESAN
et al., 2009
Arthropod Penaeus mon- | 2994 3433.2 LM YOU et al., 2010
odon
Bird Ficedula albicollis | 1982 1982 LM BACKSTROM
et al., 2008
Bird Taeniopygia gut- | 1304 1330 LM BACKSTROM
tata et al., 2010
Bird Gallus gallus do- | 2913.7 3097.7 LM GROENEN et al.,
mesticus 2009
Bird Acrocephalus 441 621 LM AKESSON et al.,
arundinaceus 2007
Bird Anas  platyrhyn- | 1415 1387.6 LM HuanG et al,
chos 2006
Bird Struthio camelus | 342.7 456.7 LM HuaNG et al.,
2008
Bird Perisoreus infaus- | 774 988.4 LM JAARI et al., 2009
tus
Cnidaria Acropora  mille- | 945.4 1185.8 LM WANG et al., 2009
pora
DasyuromorphjaSminthopsis cras- | 13.6 10.2 CcC LENORMAND and
stcaudata DuTHEIL, 2005
Echinoderm Apostichopus 1470.99 1774.65 LM L1 et al., 2009
japonicus

8 Sl
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Eutherian mus muscullus 1385 1747 LM SHIFMAN et al.,

mammal 2006

Eutherian Sus scrofa 1800 2150 LM ARCHIBALD

mammal et al., 1995

Eutherian Macaca mulatta 2354.3 3562.8 LM Coop and PRrzE-

mammal WORSKI, 2007

Eutherian Papio hamadryas | 1993 3244 LM Coopr and PRZE-

mammal WORSKI, 2007

Eutherian Bos taurus 3158 3132 LM THARA et al., 2004

mammal

Eutherian Homo sapiens 2590.48 3435.71 LM KonNG et al., 2002

mammal

Eutherian Vulpes vulpes 1238 1717.7 LM KUKEKOVA et al.,

mamimal 2007

Eutherian Ovis aries 3145.2 3807.2 LM MADDOX et al.,

mamimal 2001

Eutherian Felis silvestris | 3113 5710 LM MENOTTI-

mammal catus RAYMOND et al.,

2009

Eutherian Canis familiaris 1699 2175 LM WoNG et al.,

mamimal 2010

Eutherian Papio papio 41.5 39.6 CC LENORMAND and

mammal DuTHEIL, 2005

Eutherian Equus caballus 62.4 79.9 LM LENORMAND and

mammal DuTHEIL, 2005

Fish Oncorhynchus 287.4 429.7 LM McCLELLAND
kisutch and NAISH, 2008

Y. Brandvain and G. Coop
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Fish Salvelinus alpinus | 390 992 LM WoORAM et al.,
2004
Fish Scophthalmus 531.7 522.1 LM Bouza et al.,
marimus 2007
Fish Gasterosteus 757 1010 LM CAMPOS-RAMOS
aculeatus et al., 2009
Fish Oncorchynchus 1104 2276 LM CAMPOS-RAMOS
mykiss et al., 2009
Fish Oreochromis 2451 2394 LM CAaMPOS-RAMOS
aureus x  Ore- et al., 2009
ochromis  niloti-
cus
Fish Paralichthys 1645.16 1277.4 LM CASTANO
olivaceus SANCHEZ et al.,
2010
Fish Dicentrarchus 1046.9 1380 LM CHISTIAKOV
labrax et al., 2008
Fish Sparus aurata 1171 1452 LM FRANCH et al.,
2006
Fish Salmo trutta 346.4 912.5 LM GHARBI et al.,
2006
Fish Takifugu rubripes | 697.1 1213.5 LM KATI et al., 2005
Fish Oryzias latipes 1453.5 1455.2 LM KIMURA et al.,
2005
Fish Ictalurus puncta- | 1891.2 3403.2 LM KucukTas et al.,
tus 2009
Fish Salmo salar 103 901 LM MOEN et al., 2004

10 S|
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Fish Gadus morhua 907.4 152.6 LM MOEN et al., 2009

Fish Misqurnus anguil- | 662.2 784.5 LM MORISHIMA
licaudatus et al., 2008

Fish Seriola quinquera- | 1715.3 901.7 LM OHARA et al.,
diata and S. la- 2005
landi

Fish Sciaenops ocella- | 1122.9 1270.9 LM PorrNOY et al.,
tus 2010

Fish Hippoglossus  hip- | 1459.6 1562.2 LM REID et al., 2007
poglossu

Fish Poecilia reticulata | 2232.21 1749.68 LM SHEN et al., 2007

Fish Danio rerio 943 2583 LM SINGER et al.,

2002

Fish Xiphophorus 1567.3 1506.8 LM WALTER et al.,
maculatus and X. 2004
andersi

Fish Lates calcarifer 414.5 873.8 LM WANG et al., 2007

Fish Lepomis 1993.57 2124.8 LM WANG et al., 2010
macrochirus

Fish Ctenopharyngodon | 888.8 1149.4 LM X1A et al., 2010
idella

Fish Hypophthalmichthys 1005.15 1744.26 LM ZHANG et al.,
molitriz 2010

groupaspecies.nabiemaddded.lengthfeibale. LM.lengthskika. typecitplidd LENORMAND and

Gymnosperm DuTHEILL, 2005

Gymnosperm | Pinus pinaster 1538.8 1169.4 LM LENORMAND and

DuTHEIL, 2005
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Gymnosperm | Pinus sylvestris 2437 1885 LM LENORMAND and
DuTHEIL, 2005
Gymnosperm | Pinus taeda 1983.7 1169.4 LM LENORMAND and
DuTHEIL, 2005
Maruspial Owis canadensis 2831 3166 LM POISSANT et al.,
2010
Maruspial Monodelphis 884.6 443.1 LM SAMOLLOW et al.,
domestica 2004
Maruspial Macropus eugenit | 1316.85 1027.15 LM ZENGER et al.,
2002
Maruspial Bettongia penicil- | 28 27.9 CC LENORMAND and
lata DuTHEIL, 2005
Mollusk Haliotis discus 2054.8 2584.4 LM L1vu et al., 2006
Mollusk Haliotis  diversi- | 2597.79 2635.03 LM SHI et al., 2010
color
Mollusk Haliotis rubra 765.9 1586.2 LM BARANSKI et al.,
2006
Mollusk Crassostrea gigas | 776 1020 LM HUBERT and
HEDGECOCK,
2004
Mollusk Mytilus edulis 1024.07 1063.83 LM LALLIAS et al,
2009
Mollusk Pinctada marten- | 1673.85 1720.32 LM SHI et al., 2009
B
Mollusk Argopecten irradi- | 1937.1 1892.4 LM WANG et al., 2007
ans irradians
Mollusk Chlamys farreri 1989.569 1848.5096 LM L1 et al., 2005
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Mollusk Patinopecten 2610.01 2684.73 LM XU et al., 2009
Yessoensis
Mollusk Crassostrea  vir- | 858 1296 LM Yu and Guo,
ginica 2003
Mollusk Chlamys nobilis 2053.5 2235.1 LM YUAN et al., 2010
Orthoptera Chorthippus 12.66 12.65 CC CANO and SAN-
Jucundus TOS, 1990
Orthoptera Chorthippus par- | 13.38 11.81 CcC CANO and SAN-
allelus TOS, 1990
Orthoptera Chorthippus 11.25 10.56 CC CANO and SAN-
vagans TOS, 1990
Orthoptera Euchorthippus 11.62 10.48 CC CANO and SAN-
chopardi TOS, 1990
Orthoptera Euchorthippus 11.81 11.06 CC CANO and SAN-
pulvinatus TOS, 1990
Orthoptera Parapleurus alli- | 12.3 12.9 cC LENORMAND and
aceus DuTHEIL, 2005
Orthoptera Chorthippus brun- | 13.6 13.1 CC LENORMAND and
neus DUuTHEIL, 2005
Orthoptera Chortoicetes ter- | 13.1 11.6 CC LENORMAND and
manifera DUuUTHEIL, 2005
Orthoptera Chrysochraon dis- | 12.6 12.1 CC LENORMAND and
par DuTHEIL, 2005
Orthoptera Eyprepocnemis 14.1 12 CC LENORMAND and
plorans DuTHEIL, 2005
Orthoptera Melanoplus  fe- | 13.5 14 CC LENORMAND and

murrubrum

DuTHEIL, 2005
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Orthoptera Myrmeleotettiz 14.4 13.2 CC LENORMAND and
maculatus DuTHEIL, 2005

Orthoptera Stethophyma 11.3 13.7 CC LENORMAND and
grossum DUTHEIL, 2005

Plagiorchiida | Paradistomoides | 32.3 32.3 CC LENORMAND and
orientalis DuTHEIL, 2005

Planarian Schmidtea  poly- | 0.07 0.23 LM LENORMAND and
chroa DUTHEIL, 2005

Polycladida Notoplana igilien- | 12.5 18.6 CC LENORMAND and
§1S DuTHEIL, 2005

Reptile Crocodylus  poro- | 319 1824.1 LM MILES et al., 2009
sus

Rhabdocoela | Gyratriz herLMh- | 5.2 4.5 CcC LENORMAND and
toditus DuTHEIL, 2005

Trematode Schistosoma man- | 1082.47 1374.73 LM CRISCIONE et al.,
soni 2009

Tricladida Dendrocoelum 11.8 20.4 CcC LENORMAND and
lacteum DuTHEIL, 2005

Y. Brandvain and G. Coop




References

AKESSON, M., B. HANSSON, D. HASSELQUIST, and S. BENSCH, 2007, Jun)Linkage map-
ping of AFLP markers in a wild population of great reed warblers: importance of het-

erozygosity and number of genotyped individuals. Molecular Ecolology 16(11): 2189-202.

ARcHIBALD, A. L., C. S. HALEY, J. F. BRowN, S. COUPERWHITE, H. A. MCQUEEN,
D. NicHOLSON, W. COPPIETERS, A. VAN DE WEGHE, A. STRATIL, and A. K. WIN-
TER®, 1995 The PiGMaP consortium linkage map of the pig (Sus scrofa). Mammalian

genome 6(3): 157-175.

BACKSTROM, N., W. FORSTMEIER, H. SCHIELZETH, H. MELLENIUS, K. NAM, E. BOL-
uND, M. T. WEBSTER, T. OST7 M. SCHNEIDER, B. KEMPENAERS, and H. ELLE-
GREN, 2010 The recombination landscape of the zebra finch Taeniopygia guttata genome.

Genome Research 20(4): 485-495.

BAcksTROM, N., N. Karaiskou, E. H. LEDER, L. GUSTAFSSON, C. R. PRIMMER,
A. QVARNSTROM, and H. ELLEGREN, 2008 A gene-based genetic linkage map of the col-
lared flycatcher (Ficedula albicollis) reveals extensive synteny and gene-order conservation

during 100 million years of avian evolution. Genetics 179(3): 1479-1495.

BARANSKI, M., S. LOUGHNAN, C. M. AUSTIN, and N. ROBINSON, 2006 A microsatellite

linkage map of the blacklip abalone, Haliotis rubra. Animal Genetics 37(6): 563-70.

BERSET-BRANDLI, L., J. JAQUIERY, T. BROQUET, Y. ULRICH, and N. PERRIN, 2008
Extreme heterochiasmy and nascent sex chromosomes in European tree frogs. Proceedings

of the Royal Society B Biological Sciences 275(1642): 1577-1585.

Bouza, C., M. HERMIDA, B. G. PARDO, C. FERNANDEZ, G. G. FORTES, J. CASTRO,
L. SANCHEZ, P. PRESA, M. PEREZ, A. SANJUAN, A. DE CARLOS, J. A. ALVAREZ
Di10s, S. EZCURRA, R. M. CAL, . PIFERRER, and P. MARTINEZ, 2007 A Microsatellite

Genetic Map of the Turbot (Scophthalmus maximus). Genetics 177(4): 2457-2467.

Y. Brandvain and G. Coop

15 S|



BRATTELER, M., C. LEXER, and A. WIDMER, 2006 A genetic linkage map of Silene

vulgaris based on AFLP markers. Genome 327: 320-327.

Campos-RAaMoOs, R., S. C. HARVEY, and D. J. PENMAN, 2009 Sex-specific differences
in the synaptonemal complex in the genus Oreochromis (Cichlidae). Genetica 135(3):

325-332.

CANO, M. and J. SANTOS, 1990, February)Chiasma frequencies and distribution in gom-

phocerine grasshoppers - A comparative study between sexes. Heredity 64: 17-23.

CASTANO SANCHEZ, C., K. Fuii, A. OzaAkI, O. HASEGAWA, T. SAKAMOTO, K. MOR-
ISHIMA, I. NAKAYAMA, A. Fustwara, T. MAsaokA, H. OkAMOTO, K. HAYASHIDA,
M. Tacami, J. KAwAlL Y. HAYASHIZAKI, and N. OKAMOTO, 2010 A second generation
genetic linkage map of Japanese flounder (Paralichthys olivaceus). BMC Genomics 11:
554.

CERENAK, A., Z. SAaTovic, and B. JAVORNIK, 2006 Genetic mapping of hop (Humulus
lupulus L.) applied to the detection of QTLs for alpha-acid content. Genome 49(5):
485-494.

CHisTIAKOV, D. A., C. S. TSIGENOPOULOS, J. LAGNEL, Y.-M. Guo, B. HELLEMANS,
C. S. HALEY, F. A. M. VOLCKAERT, and G. KoTouLas, 2008 A combined AFLP and
microsatellite linkage map and pilot comparative genomic analysis of European sea bass

Dicentrarchus labrax L. Animal Genetics 39(6): 623—-634.

Coop, G. and M. PRZEWORSKI, 2007 An evolutionary view of human recombination.

Nature Reviews Genetics 8(1): 23-34.

CRISCIONE, C. D., C. L. VALENTIM, H. HirRAI, P. T. LOVERDE, and T. J. ANDERSON,
2009 Genomic linkage map of the human blood fluke Schistosoma mansoni. Genome

Biology 10(6): R71.

Y. Brandvain and G. Coop



FrancH, R., B. Louro, M. TsAaravouTA, D. CHATzIPLIS, C. S. TSIGENOPOULOS,
E. SARROPOULOU, J. ANTONELLO, A. MAGouLas, C. C. MYLONAS, M. BABBUCCH,
T. PATARNELLO, D. M. POWER, G. KOTOULAS, and L.. BARGELLONI, 2006 A Genetic
Linkage Map of the Hermaphrodite Teleost Fish Sparus aurata L. Genetics 17/ (2): 851—
861.

FrAsSeR, L. G., G. K. Tsang, P. M. DaTson, H. N. DE Siva, C. F. HARVEY, G. P.
GiLL, R. N. CROWHURST, and M. A. McNEILAGE, 2009 A gene-rich linkage map in
the dioecious species Actinidia chinensis (kiwifruit) reveals putative X/Y sex-determining

chromosomes. BMC Genomics 10(102): 102.

GHARBI, K., A. GAUTIER, R. G. DANZMANN, S. GHARBI, T. SAKAMOTO, B. R.
Ho vueMm, J. B. TAGGART, M. CAIRNEY, R. POwWELL, F. KRIEG, N. OKAMOTO,
M. M. Fercuson, L.-E. HoLM, and R. GUYOMARD, 2006 A linkage map for brown
trout (Salmo trutta): chromosome homeologies and comparative genome organization with

other salmonid fish. Genetics 172(4): 2405-2419.

GROENEN, M. A. M., P. WAHLBERG, M. Focrio, H. H. CHENG, H.-J. MEGENS,
R. P. M. A. CrooniMaNs, F. BESNIER, M. Lataror, W. M. Muir, G. K.-S.
Wong, I. Gut, and L. ANDERSSON, 2009 A high-density SNP-based linkage map of
the chicken genome reveals sequence features correlated with recombination rate. Genome

Research 19(3): 510-519.

Huang, Y., Q. Liu, B. Tang, L. LiN, W. Liu, L. Zaang, N. L1, and X. Hu, 2008 A
preliminary microsatellite genetic map of the ostrich (Struthio camelus). Cytogenetic and

Genome Research 121(2): 130-136.

Huang, Y., Y. ZHao, C. S. HALEY, S. Hu, J. Hao, C. Wu, and N. L1, 2006 A Genetic
and Cytogenetic Map for the Duck (Anas platyrhynchos). Genetics 173(1): 287-296.

HUBERT, S. and D. HEDGECOCK, 2004 Linkage Maps of Microsatellite DNA Markers for
the Pacific Oyster Crassostrea gigas. Genetics 168(1): 351-362.

Y. Brandvain and G. Coop 17 Sl



18 S|

THARA, N., A. TAKASUGA, K. Mi1zosHITA, H. TAKEDA, M. SuciMOTO, Y. MIZOGUCHI,
T. Hirano, T. ITOH, T. WATANABE, K. M. REED, W. M. SNELLING, S. M. KAPPES,
C. W. BEATTIE, G. L. BENNETT, and Y. SUGIMOTO, 2004 A comprehensive genetic
map of the cattle genome based on 3802 microsatellites. Genome Research 14(10A):
1987-1998.

JAARI, S., M.-H. L1, and J. MERILA, 2009 A first-generation microsatellite-based ge-
netic linkage map of the Siberian jay (Perisoreus infaustus): insights into avian genome

evolution. BMC Genomics 10: 1.

Kai, W., K. KikucHi, M. FujitA, H. SUETAKE, A. FUJIWARA, Y. YOSHIURA, M. OTO-
TAKE, B. VENKATESH, K. M1vAKI, and Y. SUZUKI, 2005 A genetic linkage map for the

tiger pufferfish, Takifugu rubripes. Genetics 171(1): 227-238.

Karyia, H., T. MursumoTo, T. ETOH, and S. TwAI, 2005 Analysis of Recombination
Frequencies in Male and Female Gametes in Cucumis melo L. Journal of the Japanese

Society for Horticultural Science 74: 451-457.

KimMura, T., K. YosHIDA, A. SHIMADA, T. JINDO, M. SAkAizumi, H. MITANI,
K. NARUSE, H. TAKEDA, H. INOKO, G. TAMIYA, and M. SHINYA, 2005 Genetic linkage

map of medaka with polymerase chain reaction length polymorphisms. Gene 363: 24-31.

Konag, A., D. F. GUDBJARTSSON, J. SAINZ, G. M. JONSDOTTIR, S. A. GUDJONSSON,
B. RICHARDSSON, S. SIGURDARDOTTIR, J. BARNARD, B. HALLBECK, G. MASSON,
A. SHLIEN, S. T. PALssoN, M. L. FrIGGE, T. E. THORGEIRSSON, J. R. GULCHER,
and K. STEFANSSON, 2002 A high-resolution recombination map of the human genome.

Nature Genetics 31(3): 241-7.

Konosui, T. and O. Ounisui, 2006 A linkage map for common buckwheat based on

microsatellite and AFLP markers. Fagopyrum 23: 1-6.

KucukTas, H., S. Wang, P. L1, C. HE, P. Xu, Z. SHA, H. Liu, Y. Jiang, P. Bao-

PRASERTKUL, B. SOMRIDHIVEJ, Y. WANG, J. ABERNATHY, X. Guo, L. Liu, W. MUIR,

Y. Brandvain and G. Coop



and Z. L1u, 2009 Construction of Genetic Linkage Maps and Comparative Genome Anal-
ysis of Catfish Using Gene-Associated Markers. Genetics 181 (4): 1649-1660.

Kukekova, A. V., L. N. Trut, I. N. OskiNa, J. L. Jounson, S. V. TEMNYKH,
A. V. KHARLAMOVA, D. V. SHEPELEVA, R. G. GULIEVICH, S. G. SHIKHEVICH, A. S.
GRAPHODATSKY, G. D. AGUIRRE, and G. M. ACLAND, 2007 A meiotic linkage map
of the silver fox, aligned and compared to the canine genome. Genome Research 17(3):

387-399.

LArrias, D., S. LAPEGUE, C. HECQUET, P. BOUDRY, and A. R. BEAUMONT, 2009
AFLP-based genetic linkage maps of the blue mussel Mytilus edulis. Animal Genet-
ics 38(4): 340-349.

LENORMAND, T. and J. DUTHEIL, 2005 Recombination difference between sexes: A role

for haploid selection. PLoS Biology 3(3): e63.

L1, L., J. X1anG, X. Liu, Y. ZHANG, B. DoNG, and X. ZHANG, 2005 Construction of
AFLP-based genetic linkage map for Zhikong scallop, Jones et Preston and mapping of
sex-linked markers. Aquaculture 245(1-4): 63-73.

L1, Q., L. CHEN, and L. KONG, 2009 A genetic linkage map of the sea cucumber, Apos-
tichopus japonicus (Selenka), based on AFLP and microsatellite markers. Animal Genet-

ics 40(5): 678-685.

Liu, X., X. Liu, X. Guo, Q. GAao, H. ZHAO, and G. ZHANG, 2006 A preliminary genetic
linkage map of the Pacific abalone Haliotis discus hannai Ino. Marine biotechnology 8(4):

386-397.

Mappox, J. F., K. P. Davies, A. M. CRAWFORD, D. J. HuLME, D. VamvaN, E. P.
CriBiu, B. A. FrRekING, K. J. BEH, N. E. CockeTT, N. KANG, C. D. RIFFKIN,
R. DRINKWATER, S. S. MooORE, K. G. Dobps, J. M. LumsDEN, T. C. VAN STLIN,
S. H. Puua, D. L. ApELSON, H. R. Burxin, J. E. BrRoowm, J. Burtkamp, L. CAM-

BRIDCE, W. T. CusHwA, E. GERARD, S. M. GALLOWAY, B. HARRISON, R. J.

Y. Brandvain and G. Coop

19 S|



20!

HAWKEN, S. HIENDLEDER, H. M. HENRY, J. F. MEDRANO, K. A. PATERSON, L. SCHI-
BLER, R. T. STONE, and B. VAN HEST, 2001 An enhanced linkage map of the sheep

genome comprising more than 1000 loci. Genome Research 11(7): 1275-1289.

McCLELLAND, E. K. and K. A. NaIisH, 2008 A genetic linkage map for coho salmon
(Oncorhynchus kisutch). Animal Genetics 39(2): 169-179.

MENOTTI-RAYMOND, M., V. A. DAvID, A. A. SCHAFFER, J. F. ToMLIN, E. EIZIRIK,
C. PuiLuip, D. WELLS, J. U. PonTIUSs, S. S. HANNAH, and S. J. O’BRIEN, 2009 An
autosomal genetic linkage map of the domestic cat, Felis silvestris catus. Genomics 93(4):

305-313.

Mirgs, L. G.,; S. R. IsBeErG, T. C. GLENN, S. L. LANCE, P. DALZELL, P. C. THOMSON,
and C. MORAN, 2009 A genetic linkage map for the saltwater crocodile (Crocodylus
porosus). BMC Genomics 10: 339.

MoEgN, T., M. DELGHANDI, M. S. WESMAJERVI, J.-I. WESTGAARD, and K. T.
FJALESTAD, 2009 A SNP/microsatellite genetic linkage map of the Atlantic cod (Gadus
morhua). Animal Genetics 40(6): 993-996.

Moen, T., B. HovyHeEiM, H. MUNCK, and L. GOMEZ-RAyvA, 2004 A linkage map of
Atlantic salmon (Salmo salar) reveals an uncommonly large difference in recombination

rate between the sexes. Animal Genetics 35(2): 81-92.

MorisHIMA, K., I. NaKAyaMmA, and K. ARAI, 2008 Genetic linkage map of the loach

Misgurnus anguillicaudatus (Teleostei: Cobitidae). Genetica 132(3): 227-241.

OHARA, E., T. NISHIMURAA, Y. NAGAKURAB, N. SAKAMOTOA, K. MUSHIAKEB, and
N. OKAMOTO, 2005 Genetic linkage maps of two yellowtails (Seriola quinqueradiata and

Seriola lalandi). Aquaculture 244: 41-48.

OKADA, M., C. LANZATELLA, M. C. SAHA, J. BouToN, R. Wu, and C. M. ToBIAS, 2010

Y. Brandvain and G. Coop



Complete switchgrass genetic maps reveal subgenome collinearity, preferential pairing and

multilocus interactions. Genetics 185(3): 745-760.

PakuLL, B., K. GROPPE, M. MEYER, T. MARKUSSEN, and M. FLADUNG, 2009 Genetic
linkage mapping in aspen (Populus tremula L. and Populus tremuloides Michx.). Tree

Genetics Genomes 5(3): 505-515.

Poissant, J., J. T. Hoca, C. S. Davis, J. M. MILLER, J. F. MADDOX, and D. W.
CoOLTMAN, 2010 Genetic linkage map of a wild genome: genomic structure, recombination

and sexual dimorphism in bighorn sheep. BMC Genomics 11(1): 524.

PorTNnOY, D. S., M. A. RENsHAW, C. M. HOLLENBECK, and J. R. GoLp, 2010 A

genetic linkage map of red drum, Sciaenops ocellatus. Animal Genetics 41: 630-641.

REID, D. P., C.-A. SMiTH, M. ROMMENS, B. BLANCHARD, D. MARTIN-ROBICHAUD, and
M. REITH, 2007 A Genetic linkage map of Atlantic halibut (Hippoglossus hippoglossus
L.). Genetics 177(2): 1193-1205.

SamorLow, P. B., C. M. KAMMERER, S. M. MAHANEY, J. L. SCHNEIDER, S. J. WEST-
ENBERGER, J. L. VANDEBERG, and E. S. ROBINSON, 2004 First-generation linkage map
of the gray, short-tailed opossum, Monodelphis domestica, reveals genome-wide reduction

in female recombination rates. Genetics 166(1): 307-329.

SHEN, X., G. YaNG, Y. Liu, M. Liao, X. WANG, M. Zau, W. SoNgG, G. Zou, Q. WEI,
and D. WANG, 2007 Construction of genetic linkage maps of guppy (Poecilia reticulata)
based on AFLP and microsatellite DNA markers. Aquaculture 271 (1-4): 178-187.

Sui, Y., X. Guo, Z. Gu, A. WANG, and Y. WANG, 2010 Preliminary genetic linkage
map of the abalone Haliotis diversicolor Reeve. Chinese Journal of Oceanology and Lim-

nology 28: 549-557.

Sui, Y., H. Kui, X. Guo, Z. Gu, Y. WANG, and A. WANG, 2009 Genetic linkage map

of the pearl oyster, Pinctada martensii (Dunker). Aquaculture Research 41: 35-44.

Y. Brandvain and G. Coop

215l



SHIFMAN, S., J. T. BELL, R. R. CoPLEY, M. S. TAYLOR, R. W. WiLL1AMS, R. MOTT,
and J. FLINT, 2006 A High-Resolution Single Nucleotide Polymorphism Genetic Map of
the Mouse Genome. PLoS Biology 4 (12): 11.

SINGER, A., H. PERLMAN, Y. YAN, C. WALKER, G. CORLEY-SMITH, B. BRANDHORST,
and J. POSTLETHWAIT, 2002 Sex-specific recombination rates in zebrafish (Danio rerio).

Genetics 160(2): 649-657.

SPIGLER, R. B., K. S. LEWERS, A. L. JOHNSON, and T.-L. ASHMAN, 2010 Comparative
mapping reveals autosomal origin of sex chromosome in octoploid Fragaria virginiana. The

Journal of Heredity 101 Suppl(Supplement 1): S107-S117.

TiaN, Y., J. KoNGg, and W. WANG, 2008 Construction of AFLP-based genetic linkage

maps for the Chinese shrimp Fenneropaeneus chinensis. Chinese Science Bulletin 53:

1205-1216.

VENKATESAN, M., K. W. BROMAN, M. SELLERS, and J. L. RASGON, 2009 An initial

linkage map of the West Nile Virus vector Culex tarsalis. Insect Molecular Biology 18(4):
453-463.

WALTER, R. B., J. D. Rains, J. E. RUSSELL, T. M. GUERRA, C. DANIELS, D. A. JOHN-
SsTON, J. KUMAR, A. WHEELER, K. KELNAR, V. A. KHANOLKAR, E. L. WILLIAMS,
J. L. HORNECKER, L. HOLLEK, M. M. MAMEROW, A. PEDROZA, and S. KAZIANIS,

2004 A Microsatellite Genetic Linkage Map for Xiphophorus. Genetics 168(1): 363-372.

Wang, C. M., Z. Y. Zuu, L. C. Lo, F. FEng, G. Lin, W. T. Yang, J. L1, and
G. H. YUE, 2007 A Microsatellite Linkage Map of Barramundi, Lates calcarifer. Genet-
ics 175(2): 907-915.

WANG, S., L. ZHANG, E. MEYER, and M. V. MATz, 2009 Construction of a high-resolution
genetic linkage map and comparative genome analysis for the reef-building coral Acropora

millepora. Genome Biology 10(11): R126.

22 S| Y. Brandvain and G. Coop



Wanag, W., H. WaNG, H. Yao, G. K. WALLaT, T. L. G., and Q. WANG, 2010 A
first genetic linkage map of bluegill sunfish (Lepomis macrochirus) using AFLP markers.

Aquaculture International 18: 825-835.

WARNKE, S. E., R. E. BARKER, G. JUNG, S.-C. Sim, M. A. ROUF MIAN, M. C. SAHA,
L. A. BrRiLMAN, M. P. DupPAL, and J. W. FORSTER, 2004 Genetic linkage mapping
of an annual x perennial ryegrass population. Theoretical And Applied Genetics 109(2):
294-304.

WEI, Z., K. Zuang, C. YANG, G. Liu, G. Liu, L. LiAN, and H. ZHANG, 2009 Ge-
netic Linkage Maps of Betula platyphylla Suk Based on ISSR and AFLP Markers. Plant
Molecular Biology Reporter 28(1): 169-175.

WongG, A. K., A. L. Rung, B. L. DumonT, K. R. ROBERTSON, G. GUERRERO, S. M.
SHULL, J. S. ZIEGLE, L. V. MILLON, K. W. BROMAN, B. A. PAYSEUR, and M. W.
NEFF, 2010 A Comprehensive Linkage Map of the Dog Genome. Genetics 184 (2): 595-
605.

WoraM, R., C. McGowaNn, J. Stour, K. GHARBI, M. FERGUSON, B. HOYHEIM,
E. DavipsoN, W. DAvVIDSON, C. REXROAD, and R. DANZMANN, 2004 A genetic link-
age map for Arctic char (Salvelinus alpinus): evidence for higher recombination rates and

segregation distortion in hybrid versus pure strain mapping parents. Genome 47: 304315.

Xia, J. H.,F. Liu, Z. Y. Zuu, J. Fu, J. FENG, J. L1, and G. H. YUE, 2010 A consensus
linkage map of the grass carp (Ctenopharyngodon idella) based on microsatellites and

SNPs. BMC Genomics 11: 135.

Xu, K., Q. L1, L. LKONG, and R. YU, 2009 A first-generation genetic map of the Japanese
scallop Patinopecten yessoensis-based AFLP and microsatellite markers. Aquaculture

Research 40: 35-43.

You, E.-M., K.-F. Liu, S.-W. HuaNG, M. CHEN, M. L. GROUMELLEC, S.-J. FANN,

and H.-T. Yu, 2010 Construction of integrated genetic linkage maps of the tiger shrimp

Y. Brandvain and G. Coop

23Sl



24 S|

(Penacus monodon) using microsatellite and AFLP markers. Animal Genetics 41 (4):

365-376.

Yu, Z. and X. GUO, 2003 Genetic linkage map of the eastern oyster Crassostrea virginica

Gmelin. The Biological Bulletin 20/ (3): 327-38.

Yuan, T., M. HE, L. HUANG, and J. Hu, 2010 Genetic Linkage Maps of the Noble
Scallop Chlamys nobilis Reeve Based on Aflp and Microsatellite Markers. Journal of
Shellfish Research 29(1): 55-62.

ZENGER, K. R., L. M. McKENZIE, and D. W. COOPER, 2002 The first comprehensive
genetic linkage map of a marsupial: the tammar wallaby (Macropus eugenii). Genet-

ics 162(1): 321-330.

ZHANG, L., C. YANG, Y. ZHANG, L. L1, X. ZHANG, Q. ZHANG, and J. XIANG, 2007
A genetic linkage map of Pacific white shrimp (Litopenaeus vannamei): sex-linked mi-

crosatellite markers and high recombination rates. Genetica 151 (1): 37-49.

ZHANG, L., G. YANG, S. Guo, Q. WEL and G. Zou, 2010 Construction of a genetic

linkage map for silver carp (Hypophthalmichthys molitrix). Animal Genetics 41: 523-530.

Y. Brandvain and G. Coop



File S2

Mathematica file and PDF

File S2 is available for download as a zip file at

http://www.genetics.org/content/early/2011/12/05/genetics.111.136721/suppl/DC1.

Y. Brandvain and G. Coop 25|



