PROCEEDINGS
THE ROYAL
SOCIETY

rsph.royalsocietypublishing.org

®

RESea rCh CrossMark

click for updates

Cite this article: Patten MM, Ubeda F, Haig
D. 2013 Sexual and parental antagonism shape
genomic architecture. Proc R Soc B 280:
20131795.
http://dx.doi.org/10.1098/rspb.2013.1795

Received: 11 July 2013
Accepted: 13 August 2013

Subject Areas:
evolution, genetics

Keywords:
sexual antagonism, parental antagonism,
linkage disequilibrium

Authors for correspondence:
Manus M. Patten

e-mail: mmp64@georgetown.edu
Francisco Ubeda

e-mail: f.ubeda@rhul.ac.uk

"These authors contributed equally to this
study.

%-’Royal Society Publishing

Informing the science
of the future

Sexual and parental antagonism shape
genomic architecture

Manus M. Patten', Francisco Ubeda?! and David Haig?

!Department of Biology, Georgetown University, Washington DC, USA
2chool of Biological Sciences, Royal Holloway, University of London, Egham, UK
SDepartment of Organismic and Evolutionary Biology, Harvard University, Cambridge, MA, USA

Populations with two sexes are vulnerable to a pair of genetic conflicts:
sexual antagonism that can arise when alleles have opposing fitness effects
on females and males; and parental antagonism that arises when alleles
have opposing fitness effects when maternally and paternally inherited.
This paper extends previous theoretical work that found stable linkage dis-
equilibrium (LD) between sexually antagonistic loci. We find that LD is also
generated between parentally antagonistic loci, and between sexually and
parentally antagonistic loci, without any requirement of epistasis. We con-
tend that the LD in these models arises from the admixture of gene pools
subject to different selective histories. We also find that polymorphism main-
tained by parental antagonism at one locus expands the opportunity for
polymorphism at a linked locus experiencing parental or sexual antagonism.
Taken together, our results predict the chromosomal clustering of loci that
segregate for sexually and parentally antagonistic alleles. Thus, genetic
conflict may play a role in the evolution of genomic architecture.

1. Introduction

In populations with two sexes, half the genes in the current population spent the
previous generation in female bodies, whereas the other half resided in male
bodies. This bisection of the gene pool is associated with two forms of antagonistic
selection that can maintain allelic polymorphism in one-locus models.

(a) Sexual antagonism

An allele may confer above average fitness on one sex but below average fitness
on the other sex [1-4]. This form of balancing selection results in a stable poly-
morphism when the strength of selection is roughly equal between males and
females [1].

(b) Parental antagonism

An allele may be relatively beneficial when inherited from one sex but deleterious
when inherited from the other. Under parental antagonism, reciprocal hetero-
zygotes represent the extremes of fitness: one of these heterozygotes sees both
alleles in their favoured parental-origin contexts; the other sees both alleles in
their disfavoured parental-origin contexts. Just as a high-fitness genotype can
become a low-fitness genotype when the sexual context of sexually antagonistic
alleles is reversed, a high-fitness heterozygote at a parentally antagonistic locus
becomes a low-fitness heterozygote when the parental origins of its alleles are
reversed. Genes segregating for such parentally antagonistic effects on phenotype
have been found [5], and such polymorphism is predicted from theory [6,7].

In previous papers, we considered sexually antagonistic selection at two loci
[8,9]. We found that stable linkage disequilibrium (LD) is generated between
sexually antagonistic loci in the absence of epistasis even when the loci are
unlinked [8] and that sexually antagonistic polymorphism at one locus facili-
tates the invasion of sexually antagonistic alleles at linked loci [9]. This LD
arises in each sexual generation because of admixture between genes that
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have been selected in male bodies and genes that have been
selected in female bodies.

This paper extends our previous work by considering two
models: one, a model of parentally antagonistic selection at
two loci; and the other, a model of parentally antagonistic
selection at one locus with sexually antagonistic selection at
a second locus. We find that stable LD is present at poly-
morphic equilibria between a locus experiencing parental
antagonism and a linked locus that experiences either par-
ental or sexual antagonism although this is not the case
when the loci are unlinked. Moreover, we find that the oppor-
tunity for parentally antagonistic polymorphism is expanded
at loci linked to another locus segregating for either paren-
tally or sexually antagonistic alleles. We argue that the LD
in these models arises from subtle forms of admixture.

2. Methods

We present a standard two-locus, two-allele, diploid model [10].
We consider two loci, A and B, with two alleles each, A;, A, and
By, By, respectively. These loci recombine with frequency r. Let x;
and y; be the frequencies of the ith and jth haplotypes in eggs and
sperm such that xy, x5, x3, x4 and 1, Y2, Y3, Y4 are the respective
frequencies of A1By, A1B,, AyBy, A>B;, haplotypes in eggs and
in sperm. These haplotype frequencies are stored in vectors
xT = [x1, x5, x3, x4] and yT = [y1, Y2, Y3, ya] (henceforth, lower-
case bold letters represent vectors). Let p, and g, be the frequency
of Ay and B; in gametes, such that p, = {; + {, and g, = {3 + (3,
with { taking a value of x for eggs and y for sperm.

Let 11, U2, U1, Uy be the fitness corresponding to genotypes
A1Aq, A1Ay, AsA4, AsA5 at locus A. These fitnesses are stored in
the matrix

u u
U=|Hu 12|
Up1 U

Let V11f, 012¢, 021, U22f and D11mr P12mr 021ms U22m be the fitness
corresponding to genotypes BB, B1B,, B;B;, B.B, at locus B
when expressed in females and males respectively. Unlike the
A locus, the B locus is allowed to confer sex-specific fitness
effects. These fitnesses are stored in the matrices

v v v v
Vi = 11 O12f and V,, = 1im  V12m |
U21f  Uof U21m  U22m

Let wj; and wjm be the respective fitnesses of female and
male zygotes that develop from the union of the ith egg haplo-
type with the jth sperm haplotype. These zygotic fitnesses are
stored in matrices Wy and W,,. For the purpose of eliminating
epistasis within sexes [11], we assume that the fitness of a
zygote results from the product of the one-locus genotypic
fitnesses, that is

Wi=U® Vi, W, =U® Vp,

where ® represents the Kronecker product of two matrices.
Assuming all other evolutionary forces besides viability

selection and recombination are absent, the frequency of each

haplotype in eggs and sperm in the next generation is

2wix = x(Wiy) + y* (W x) — rds
and )
2Ty = x°(Winy) +y°(Wyx) — rdm

(2.1)

where W; is the mean fitness, defined as W =xT Wy, and
dg = [17 —1, —1, 1]35, with 8§ = W14£X1Y4 + W41£X4Y1 — W23X2Y3—
wxex3ly (é=f for females; é=m for males). Primes denote
frequencies in the next generation, empty circles denote the
Schur product, and superscript T denote the transpose.

Non-random associations between loci in the haploid phase n

are measured by the coefficient of LD, D [12], with subscripts x
for eggs and y for sperm:

Dx = X1X4 — X2X3
and .

Dy = y1ys — y2ya

(2.2)

Non-random associations between loci in the diploid phase
are measured by the difference in frequencies between coupling
and repulsion double-heterozygotes:

1
Dy = 5 [(erya + x4y1) — (x2y3 + x312)], (2.30)
which Ubeda et al. [8] have shown is equal to:

1
Dy =5 (Dx + Dy) +2Cove(p,q), (2.30)

where the covariance is taken over the two sexes’ gametes. It is
worth noting that 2Cov¢(p,q) = 1/2 (px - p,)(qx — q,)- We report
both haploid and diploid measures of LD because these two
measures can differ when there is sex-specific selection [8].

(a) Model 1: two parentally antagonistic loci

Let both the A and B loci experience parentally antagonistic
selection (figure 1). Ay and B; are assumed to confer high rela-
tive fitness when paternally derived and low relative fitness
when maternally derived, and vice versa for A, and B,. Thus,
the reciprocal heterozygotes exhibit the extremes of fitness,
with A»A; and B,B; the most fit genotypes and A;A, and BB,
the least fit genotypes.

Parental antagonism can be parametrized with selection coef-
ficients t and s for locus A and B, 0 <t, s <1, and two scaling
parameters a and b, 0 < a, b < 1, that are akin to dominance coef-
ficients but which scale the homozygous fitnesses relative to the
heterozygous fitness extremes. The fitness of genotypes A;A;,
A1Ay, AyAy, AsA; is 1-as, 1-s, 1 and 1-bs, respectively
(figure 1). These fitnesses are stored in the matrix Up. The fitness
of genotypes B1By, B1B,, ByBy, BoBy are 1 —at, 1 —t, 1 and 1 - bt,
respectively (figure 1). These fitnesses are stored in the matrix Vyp.

Owing to the lack of sex-specificity, the frequencies of
haplotypes in eggs and sperm are equal after one generation,
ie. x =y =1z, and system (2.1) reduces to

2wz = z-((Up @ Vp)z) +z-((Up @ Vp)'z) — rd, (2.4)

where @ is the mean fitness, defined as w = z"Wz, and
d" =[1,-1,-1,116 with 6= (1 —s)(1 —t)x1ys + X451 + (1 —5)
xoy3 — (1 — t)x3y. LD in the haploid phase reduces to D.=
Dy, =D, = 2124 - z5Z3.

The lack of sex-specificity results in equal frequency of alleles
in eggs and sperm, ie. p,=p, and q,=gq, which yields
Cov¢(p,q) = 0. Substituting these into (2.3b), we find that LD is
equal in the haploid and diploid phase, i.e. D; = D..

(b) Model 2: one parentally antagonistic locus and one
sexually antagonistic locus

Let the A locus experience parentally antagonistic selection and
the B locus experience sexually antagonistic selection (figure 1).
Ay is assumed to confer high relative fitness when paternally
derived and low relative fitness when maternally derived, and
vice versa for A,. Allele By is assumed to confer high relative fit-
ness in males and low relative fitness in females, and vice versa
for B,.

The fitness of genotypes A1A;1, A1Az, ArAy, AxA; is 1 —as,
1-5, 1 and 1 -bs, respectively (figure 1). These fitnesses are
stored in the matrix Up. Sexual antagonism in locus B is parame-
trized with selection coefficients t; and t,, 0 <t f,, <1, and
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model 1
parental A A B B parental
antagonism ! 2 ! 2 antagonism
A 1-as 1-s 1-at 1-t¢ B,
% 1 1-bs 1 1-bt | B,
model 2
parental A A, B, B, sexual
antagonism antagonism
1 1-h 1
A 1—as 1-s B,
-1 1 —hyt;
1-h 1 | N\Jd-1
4, 1 1-bs B,
1—ht; 1
sperm
AB, AB, A,B, A,B,
Wilm W12m W13m Wi4m
AB,
Wiie Wiap Wist Wiar
Walm Waom W23m Wodam
AB,
Wart Waot Wase Waap
€gg
Wilm W3om W33m Wiam
A,B,
Wiig Waog Wisg Wiag
Waim Waom Wa3m Waam
A,B,
Wair Waor Wazs Waar

Figure 1. Model parametrizations. The A locus segregates for alleles with parentally antagonistic effects in both models. The B locus segregates for alleles with
either parentally or sexually antagonistic effects, depending on the particular model. A two-locus genotype confers a fitness exactly equal to the product of the

fitnesses specified by the genotypes at each locus.

dominance parameters /¢ and hyy,, 0 < kg, hy, < 1, for females and
males, respectively. The fitness of genotypes BiBy, BiB,, B.B,
ByB, is 1 —t;, 1 — hgte, 1 — hgtg, and 1 when expressed in females
and 1, 1 - Iyt 1= Bty and 1 - £, when expressed in males.
These fitnesses are stored in the matrices Vg and Vgy,. By limit-
ing dominance and selection parameters to the range [0,1], we
guarantee opposing directional selection in the two sexes. To
avoid complexities that arise when dominance differs between
the sexes, we assume throughout that hf=h and h,=1-h
[13-15].
Substituting the fitness matrices into system (2.1) yields

}, (2.5)

where W is the mean fitness, defined as @ = x*(Up ® Vg,)y, and
where df =[1,-1,-1,1]8; with & = (1—hte)((1—s)(x1ya—
X2y3) + (Xay1 — X3y2))-

2w = x> ((Up @ Vgp)y) + y°((Up @ Vgr)Tx) — rdg
and
2y = x*((Up ® Vsm)y) +y°((Up @ Vsm) %) — rdm

(c) Analysis

Owing to the complexity of these systems, we did not derive
analytical solutions; instead, we used the recursions to carry
out a numerical analysis of the equilibrium frequencies and
the associated LD using code written for Matlab (R2012a). We
initialize our populations near one of the four corners (corre-
sponding to fixation of one of the four haplotypes) with all
four haplotypes segregating, and we allow the population to
evolve until an equilibrium state is reached. The equilibrium
state of the population was found to be independent of the
choice of corner.

3. Results
(a) Two parentally antagonistic loci

Results are summarized in figures 2 and 3. For the simplest
presentation, we generate these figures with symmetric
parametrizations (e.g. a =0b=0.75 in figure 2 and s =1 in
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Figure 2. (a-b) Linkage disequilibrium and mean fitness with parentally antagonistic selection at both loci. The magnitude of linkage disequilibrium (D;) between
pairs of parentally antagonistic loci declines with weaker selection (s,t) and greater recombination (r). The scaling parameters for both loci are a = b = 0.75.
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Figure 3. The opportunity for polymorphism with parentally antagonistic selection at both loci. The area of parameter space that allows polymorphism at linked
parentally antagonistic loci expands with stronger selection and reduced recombination. The axes in each plot are the scaling parameters, a and b, which determine
where between the heterozygous extremes the homozygote fitnesses fall. Low values of a and b correspond to relatively high fitness of the homozygotes. For each
value of s and r, we simulated 10 000 combinations of a and b. The coloured space represents populations that achieved a polymorphic equilibrium with those

values for @ and b.

figure 3), but results are qualitatively similar when these
symmetries are broken.

An excess of A1B; and A,B, haplotypes (positive LD) is
present at the polymorphic equilibrium when r<0.5
(figure 2). Greater recombination reduces the population
mean fitness (figure 2). Stronger selection and weaker recom-
bination are associated with greater LD in both haploid and
diploid phases.

Parental antagonism at one locus changes the conditions
for polymorphism under parental antagonism at a second
locus. Stable polymorphism in a one-locus model of parental
antagonism requires 1/2 <a,b <1 [6,7]. In our two-locus
model, values of a4 and b outside this range permit poly-
morphism, provided recombination is sufficiently small and
selection is sufficiently strong (figure 3). In the one-locus
model, the strength of selection does not affect the opportu-
nity for polymorphism, but polymorphism is more likely

with larger values of s and t in the two-locus model for
linked loci (figure 3).

(b) One sexually antagonistic locus and one parentally
antagonistic locus

Results are summarized in figures 4 and 5. For the sake of
simplicity, we elaborate these results for symmetric parame-
trizations (e.g. tf = ty,, a =b = h¢=hy,, = 1/2 in figure 4 and
h¢=hy=1/2 in figure 5), but qualitatively similar results
are obtained when these symmetries are broken. Cases in
which asymmetric parametrizations produce a qualitatively
novel result are summarized in figure 6.

Positive LD accompanies all polymorphic equilibria with
r<0.5 (figure 4). This means that the allele favoured in
females is coupled with the allele favoured when maternally
derived, and the allele favoured in males is coupled with the
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Figure 4. (a—b) Linkage disequilibrium (D,) and mean fitness with parentally and sexually antagonistic selection. The magnitude of D; in the diploid phase between a
sexually antagonistic locus and a parentally antagonistic locus declines with weaker selection and greater recombination. In the data shown, the scaling parameters for the
parentally antagonistic loci are a = b = 0.75, t,, = t; = t, and the allelic effects for the sexually antagonistic locus are additive (h,, = h; = 1/2).
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Figure 5. The opportunity for polymorphism with parentally and sexually antagonistic selection. (a) Polymorphism for parentally antagonistic alleles when linked to
a sexually antagonistic locus. Shown is the opportunity for polymorphism for the A locus, which experiences parental antagonism, while it is linked to a sexually
antagonistic locus, B, at different recombination distances. The opportunity for polymorphism is sensitive to the strength of sexually antagonistic selection (t; t,).
The selection coefficient for the parentally antagonistic locus was s = 0.5 for all runs. The allelic effects for the sexually antagonistic locus are additive (h,, = hs =
1/2). For each value of £ (t,,) and r, we simulated 10 000 combinations of a and b, the scaling parameters that dictate the fitness of the homozygotes for the A
locus. The coloured space represents populations that achieved a polymorphic equilibrium with those values for a and b. (b) Polymorphism for sexually antagonistic
alleles when linked to a parentally antagonistic locus. Shown is the opportunity for polymorphism for the B locus, which segregates for sexually antagonistic alleles,
whereas it is linked to a parentally antagonistic locus, A, at different recombination distances. The opportunity for polymorphism is sensitive to the strength of
parentally antagonistic selection (s) and the recombination rate between loci (r). In the data shown, @ = b = 0.75 for the parentally antagonistic locus and the
allelic effects for the sexually antagonistic locus are additive (h,, = hs = 1/2). For each value of s and r, we simulated 10 000 combinations of ¢; and t,,. The
coloured space represents populations that achieved a polymorphic equilibrium with those values for t; and ¢,
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Figure 6. (a—¢) Linkage disequilibrium under asymmetric parametrization and linkage disequilibrium. Linkage disequilibrium arises between a sexually and a
parentally antagonistic locus. D, and D,, the linkage disequilibrium in eggs and sperm, differ when asymmetries are introduced to the fully symmetric parame-
trization. Unless noted, parameter values were a =b=h =1/2; s = t,, = t; = 0.5).

allele favoured when paternally derived. Stronger selection
and weaker recombination produce greater LD at equilibrium
in both haploid and diploid phases. Population mean fitness
decreases as the recombination rate increases (figure 4).

The opportunity for polymorphism at a locus experien-
cing parental or sexual antagonism is increased when it is
linked to a polymorphic locus experiencing the other form of
antagonism (figure 5). Consider first the opportunity for poly-
morphism at a locus experiencing parental antagonism linked
to a locus experiencing sexual antagonism (figure 5a). There
are parametrizations in which neither 4 nor b are greater
than a half but both parentally antagonistic alleles persist
(figure 5a). Therefore, barriers to invasion of a parentally
antagonistic allele are lowered at loci linked to a sexually
antagonistic locus. Consider now the opportunity for poly-
morphism at a locus experiencing sexual antagonism linked
to a locus experiencing parental antagonism (figure 5b).
There are regions of the parameter space where polymorph-
ism is maintained at a sexually antagonistic locus that is
linked to a parentally antagonistic locus but not for a sexually
antagonistic locus that is unlinked (figure 5b). Note that the
condition for polymorphism under sexual antagonism at an
unlinked locus is t¢/(1 + tr) <ty < t¢/(1 - t;) [14]. Stronger
selection expands opportunities for polymorphism in both
cases (figure 5).

With a symmetric parametrization (ie. t;=t, a=»,
h¢ = hy =1/2), LD does not differ between eggs and sperm
(figure 4) and population mean fitness does not differ bet-
ween females and males. Not surprisingly, these symmetries
are lost with asymmetric parametrizations. Considering
parental-origin-specific asymmetries, LD at equilibrium is
greater in eggs than sperm (D, > D,) when the fitness of
A4, is greater than the fitness of AyA,, ie. when a>b
(figure 6a). Considering sex-specific asymmetries, LD at
equilibrium is greater in eggs than sperm (D, > D,) when
the male-beneficial allele By is dominant (h > 1/2; figure 6b)
and when the selective disadvantage of B; in males is greater
than the selective disadvantage of B, in females (when t,,, > t;;
figure 6c). LD at equilibrium is greater in sperm than eggs
(D, > D,) when the direction of any of these asymmetries is
reversed (figure 6).

4. Discussion

Two significant findings emerge from our models. First, stable
LD is present at equilibrium between a locus segregating
for parentally antagonistic alleles and a linked locus that seg-
regates for either parentally or sexually antagonistic alleles.
Second, the opportunity for parentally or sexually antagonistic
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polymorphism is expanded at loci linked to another locus that
remains polymorphic owing to parental antagonism.

Prout [16] has noted that one-locus models show antagon-
istic selection to be a rather poor explanation for variation in
nature, as the opportunity for polymorphism is appreciable
only for rather strong selection. Correlated selection on linked
loci favours polymorphism because it increases the ‘strength’
of selection relative to a single-locus model. In the limiting
case of zero recombination, the two-locus model reduces to a
single-locus model with two haplotypes (equivalent to alleles)
maintained at a polymorphic equilibrium. The selection coeffi-
cients for these haplotypes combine the weaker selection
coefficients of the two constituent loci and are therefore more
conducive to the maintenance of polymorphism. As the recom-
bination fraction grows, this ‘single-locus” model with stronger
selection grades into a model of weaker selection on two
increasingly independent loci.

Our results can be understood intuitively. Both LD and
the expanded opportunity for polymorphism arise because
alleles at closely linked loci have correlated recent histories.
Consider the pair of alleles at a parentally antagonistic
locus. The paternally beneficial allele will have spent more
of its history as a patrigene (i.e. a paternally derived gene)
and the maternally beneficial allele more as a matrigene
(i.e. a maternally derived gene). As a necessary corollary,
the paternally beneficial allele will have spent more of its his-
tory in male bodies, and the maternally beneficial allele will
have spent more of its history in female bodies. Paternally
beneficial alleles will therefore develop statistical associations
with alleles at closely linked loci that are also paternally ben-
eficial or male beneficial (and maternally beneficial alleles
with alleles that are maternally beneficial or female ben-
eficial). Conditions for sexually antagonistic and parentally
antagonistic polymorphism are relaxed at closely linked
loci because each allele spends more of its history in the
environment in which it is favoured than it would have
spent if the loci were unlinked but subject to the same selec-
tive forces. Therefore, our findings can be understood
because alleles at closely linked loci have correlated recent
histories. Recombination diminishes the correlation in recent
selective history of alleles at linked loci.

The ultimate source of the association between sexually
and parentally antagonistic loci is a subtle form of admixture
[8,17,18]. Sperm are enriched for male-beneficial alleles.
Males collectively are more likely to obtain male-beneficial
alleles from their fathers than from their mothers because of
sexual antagonism in the parental generation. Therefore,
male-beneficial alleles preferentially occur on paternally
derived haplotypes that will be enriched for paternally ben-
eficial alleles at parentally antagonistic loci. Conversely,
eggs are enriched for female-beneficial alleles that preferen-
tially occur on maternally derived haplotypes that will be
enriched for maternally beneficial alleles. These correlations
arise because individuals are more likely to inherit beneficial
sexually antagonistic alleles from their paternal grandfather
and maternal grandmother than from their maternal grand-
father and paternal grandmother [19]. Ubeda et al. [8]
showed that LD between sexually antagonistic loci is for-
mally equivalent to that arising from population admixture
where the two populations are male and female bodies.
This admixture is recurrent because eggs and sperm unite
in each sexual generation. Similarly, in this paper, LD arises
between parentally antagonistic loci because matrigenes

and patrigenes of mothers are mixed together as matrigenes
of offspring, and matrigenes and patrigenes of fathers are
mixed together as patrigenes of offspring.

Unlike the result that two sexually antagonistic loci exhibit
stable LD even when there is free recombination [8], here we
find that free recombination eliminates LD in models with
one or two parentally antagonistic loci. The reason for this
difference is that the sources of LD in two sexually antagonistic
loci are (i) their historic association in haplotypes, measured by
D, and Dy, and (ii) their association in the immediately preced-
ing generation, measured by Cov (p,9) = 1/2(px - p,)(qx — 9,)
(equation (2.3b)) [8]. With free recombination between two
sexually antagonistic loci, the LD in the haploid phase is elimi-
nated (D, = D, =0), but not the LD in the diploid phase,
which remains positive, whereas selection is sex-specific and
px# py and g, # g,. In the absence of sex-specific selection at
both loci or at one locus (our model 1 and model 2, respect-
ively), the allelic frequency is the same in both gametes for at
least one of the loci. The covariance term of equation (2.3b)
thus becomes zero with free recombination and LD in the
diploid phase vanishes.

Stable LD in our models resembles stable LD observed in
single-sex models of two heterotic loci [20,21]. However, we
did not find LD between a heterotic locus and a locus experi-
encing either sexual or parental antagonism (not shown). For
this reason, we favour the interpretation that the LD in our
model results from the correlation of recent selective histories
and admixture rather than from heterosis.

The work presented here is theoretically reminiscent of
the work of others. Immler ef al. [22] modelled the interac-
tion between ploidally antagonistic selection and sex-specific
selection at a single locus in both haploid and diploid stages
of the life cycle. They showed that the simultaneous strengthen-
ing of selection in favour of an allele in haploid males and
against the same allele in diploid females (or vice versa, with
the sexes reversed) was conducive for the maintenance of poly-
morphism. Immler ef al. called this a negative ploidy-by-sex
interaction. Another way to say the same thing is that poly-
morphism is favoured when the direction of selective forces
aligns in haploid and diploid individuals of the same sex.
The similarity to our model becomes clear: the haploid-
sex-specific selection in Immler et al.’s study is analogous to
our parental-origin-specific selection [23]. Therefore, their
one-locus model agrees with our two-locus model in predict-
ing that associations between diploid male-beneficial effects
and (haploid) patriline-beneficial effects and diploid female-
beneficial effects and (haploid) matriline-beneficial effects
will enhance the opportunity for polymorphism.

Our models predict the formation of haplotypes that
accumulate paternally beneficial effects and haplotypes
that accumulate maternally beneficial effects. This finding
may be relevant to understanding the evolution of the unex-
plained arrangement of imprinted genes in clusters [24].
Similarly, our previous models [8,9] predict the formation
of haplotypes that accumulate male-beneficial effects and
haplotypes that accumulate female-beneficial effects. This
finding may be relevant to understanding the evolution of
sex chromosomes [25]. Our models show that more sexually
antagonistic and parentally antagonistic variation in fitness
can be maintained on these haplotypes than would be poss-
ible if the loci were unlinked. Care should be taken not to
overstate the scope of these results, however. For all of
them, their magnitude depends on the strength of selection
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and the tightness of linkage. One imagines that in certain
edges and corners of our parameter space the influence of
stochastic forces will swamp the more subtle effects of natural
selection that we focused on.

In addition to their relevance to an understanding of gene
clusters, our results might also contribute to an enhanced
understanding of the evolution of sex-specific recombination
rates [26,27]. Previous models to explain sex-specific recombi-
nation rates require certain of the properties of our model
and results, namely haploid (or pseudo-haploid) selection
pressure and sex-specific LD.

The models of this paper, and of our previous papers on
sexually antagonistic loci [8,9], predict stable polymorphisms

of multi-locus haplotypes. At such equilibria, there are
high-fitness haplotypes that combine paternally beneficial
with male-beneficial alleles and maternally beneficial with
female-beneficial alleles. The other haplotypes represent a
genetic load generated by recombination between these
high-fitness haplotypes. There is substantial genetic variation
in fitness at equilibrium because of (i) this recombinational
load, and (ii) both high-fitness haplotypes are equally likely
to be transmitted to male or female offspring and thus half
of the time experience the ‘wrong’ environment.

Acknowledgements. We thank Richard Harrison, Jeremy Van Cleve and an
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