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Abstract

Sexual conflict has been proposed as a potential selective agent in the

evolution of a variety of traits. Here, we present a simple model that

investigates the initial conditions under which sex-linked and sex-limited

harming alleles can invade a population. In this paper, we expand previous

threshold models to study how sex-linkage and sex determination mecha-

nisms affect the spreading conditions of a harming allele. Our models provide

new insights into how sexual conflict could originate, showing that in diploid

organisms the probability of a new harming allele spreading is independent of

both the genetic sex determination system and the dominance relationships.

However, the incidence of interlocus sexual conflicts in the initial steps of the

invasion critically depends on the inheritance system.

Introduction

In sexually reproducing organisms the interests of males

and females over many aspects of reproduction often do

not coincide. This conflict arises from a fundamental

asymmetry between the sexes in gamete size – anisog-

amy (Parker et al., 1972; Trivers, 1972; Parker, 1979,

1982). Once anisogamy is established conflict between

the sexes is theoretically assured (Parker, 1979). In fact,

recently it has been shown that sexually antagonistic

alleles are indeed an important source of variation in

fitness (Rice, 1996; Holland & Rice, 1999; Civetta &

Clark, 2000; Rice & Chippindale, 2001).

Sexually antagonistic traits can arise through two

different genetic pathways: through conflict between

alleles at the same locus (intralocus sexual conflict, Rice

& Chippindale, 2001), or through conflict between

different loci (interlocus sexual conflict, see Parker &

Partridge, 1998; Rice, 1998). In the first case the same set

of alleles occur in both sexes, and as the sexes are under

different selection pressures, this will result in one sex

restricting the evolution of the other. The subsequent

sexual conflict may then lead to sex-limited expression of

the trait (e.g. sexual dimorphism, Rice, 1984; Parker &

Partridge, 1998) and thus to a relaxation of the conflict.

In the second pathway, conflict arises between alleles at

different male and female loci. This conflict could

potentially result in an antagonistic coevolution between

the loci (and therefore the sexes) in a manner analogous

to the Red Queen process (see also Rice & Holland, 1997;

Parker & Partridge, 1998; Rice, 1998).

Theoretical work has shown that these types of

antagonistic alleles can indeed invade a population

(Parker, 1979; Rice, 1984). Furthermore, in intralocus

sexual conflicts the inheritance system including the

dominance relationships has been shown to have a

strong impact on the conditions under which these

alleles can spread (Rice, 1984). In contrast, for alleles

potentially involved in interlocus sexual conflicts, the

dominance relationships of autosomal alleles have been

shown to have no effect on the conditions of spread

(Parker, 1979), provided that the alleles code for traits

that are already sex-limited from the beginning. Cru-

cially, the influence of whether the trait is sex-linked or

not has so far not been explored. This is especially

unfortunate as there is growing evidence that many

sexually selected traits in a wide range of taxa are

possibly sex-linked (Reinhold, 1998, 1999; Saifi &

Chandra, 1999; Ward, 2000; Morrow & Gage, 2001;

Wang et al., 2001), and these may be involved in sexually

antagonistic processes.

In this paper, we explore the influence of the inher-

itance system on the conditions under which a harming
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allele, potentially involved in interlocus sexual conflict,

may spread into a population. This we do in two different

ways. First, by expanding the genetic threshold model

proposed by Parker (1979) to include the effect of sex

linkage and secondly, by studying the effect of different

sex determination mechanisms. Following Parker’s ori-

ginal theoretical work, we investigate not only the initial

conditions under which a sex-linked and sex-limited

harming allele can spread into a population, but also the

conditions under which the initial spread of such alleles

is favoured by selection in one sex but not the other

(sexual conflict) or whether it is favoured in both sexes.

The models

We first consider a large random-mating population of a

diploid organism with nonoverlapping generations that

has a chromosomal sex determination mechanism.

Females are assumed to be the homogametic sex and to

mate multiply. In addition, the trait is assumed to be sex-

limited in the heterogametic sex (i.e. males) and is

determined by a single locus with two alternative alleles.

The common allele (c) does not impose any cost on

females, whereas the rare harming allele (h) codes for a

trait that confers an advantage to males but at a cost to

females.

Females will always benefit from mating with males

expressing this harmful trait if the cost is insignificant,

as their male offspring will also inherit it. However, as

the cost increases, females will only benefit if the

indirect benefit outweighs the direct cost. In a similar

way, if males also feel the cost by harming their mates,

then, as the cost rises, it must be compensated with an

increased benefit. Consequently, as the cost rises, there

may be two different thresholds, one for males and one

for females. Beyond these boundaries it is disadvanta-

geous either to have the trait or to mate with males

having that trait. If these thresholds differ, despite the

direct cost males inflict upon females, there is an

opportunity either for sexual conflict, or for sexual

concurrence (Parker, 1979).

The Y-linked model

Following Parker (1979), consider the mutant allele h in

a population of normal individuals (with the allele c),

that confers a mating advantage B to males carrying it

over nonmutant males, i.e. a male carrier of h gains B

matings to every mating by a noncarrier. This allele also

causes males to inflict a direct cost to any female they

mate with, consequently reducing their own fitness. Let

this cost be C, so mutant males produce (1 ) C) offspring

per mating rather than 1. If we first consider only males,

this allele will be favoured by selection if the total

number of offspring sired by these harming males is

greater than the total number of offspring sired by

normal males. That is B(1 – C) > 1, or

B > ½1=ð1 � CÞ� ð1Þ
Secondly, as initially the frequency of males within the

population carrying the harming allele is negligible, the

probability that any female will mate twice with such

males is assumed to be zero. Thus, females mating with

harming males mate only once with such males. Assu-

ming females mate m times, a proportion of these

matings will be with normal males [(m – 1) ⁄m] and the

remainder will be with harming males (1 ⁄m). As these

males inflict a cost upon the females, a proportion, p, of

the offspring sired by normal males will suffer that cost

too. Therefore, for any given number of matings, p can

take any value between 0 and 1.

The mutant allele will therefore also be favoured by

selection in females if the inclusive fitness of a female

mating at least once with a harming male is greater than

the inclusive fitness of females mating exclusively with

nonharming males. That is,

ðm � 1Þ=m½ð1 � pÞ þ pð1 � CÞ�
þ 1=m 1=2ð1 � CÞ2

B

þ 1=m 1=2ð1 � CÞ > 1 ð2Þ

where the first term in the above inequality refers to the

number of grandchildren produced through normal

matings and the second and third terms refer to the

number of grandchildren produced through the mating

with a harming male. Explicitly, the second term is the

number of grandchildren produced via harming sons and

the third term is the number produced via daughters.

Inequality (2) resolves to:

B > ½ð2mpC þ 1 � 2pC þ CÞ=ð1 � CÞ2� ð3Þ
Notice that if there is no cost (C ¼ 0), in both sexes the

conditions for the spread of this allele is simply that B > 1

[inequalities (1) and (3)]. Furthermore, condition (1) is

always easier to satisfy than condition (3), as

½ð2mpC þ 1 � 2pC þ CÞ=ð1 � CÞ2� > ½1=ð1 � CÞ� ð4Þ
is always satisfied. Interestingly, despite the cost imposed

on females by harming males, if condition (3) is satisfied

the net fitness of a female mating with at least one

harming male is always greater than the fitness of

females mating only with normal males. In other words,

the indirect benefits that a female accrues via her male

descendents overcomes the direct cost she experiences.

Thus, sexual conflict will be absent in the initial spread of

the harming allele. However, it is also possible for the

harming allele to spread into the population, despite a

net negative effect on female fitness, if

½ð2mpC þ 1 � 2pC þ CÞ=ð1 � CÞ2� > B > ½1=ð1 � CÞ�
ð5Þ

In this case, the interests of males and females are always

different and there will always be sexual conflict during

the initial spread of the harming allele (see Fig. 1). Once
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the conditions for the initial spread of the harming allele

are fulfilled, the frequency of this allele will increase and

tend towards fixation.

The X-linked model

In this model we consider a different alternative for the

sex-linked trait. In this case the mutant allele is on the X-

chromosome. As in the previous model this allele confers

some advantage to the males carrying it but at a cost to

the females (Parker, 1979). As above, this allele will be

favoured by selection in males if the condition

B > 1 ⁄ (1 ) C) holds.

Similarly, as for the Y-linked case, for the mutant allele

to be favoured by selection in females, the inclusive

fitness of a female mating multiply, but at least once with

a harming male, has to be greater than the inclusive

fitness accrued by females mating with nonharming

males only2 . Importantly, in contrast to the Y-linked case,

the inclusive fitness of a female mating with a harming

male (where the allele is X-linked) cannot be expressed

as the number of grandchildren produced. This is because

sons do not inherit their X-chromosome from their father

but from their mother, so the harming allele will not be

exposed to selection during the first generation. For this

reason we define inclusive fitness in this case as the

number of great-grand-offspring produced by females:

½ðm� 1Þ=m�½ð1 � pÞ þ pð1 � CÞ�
þ 1=m 1=2ð1 � CÞ½1=4 Bð1 � CÞ þ 3=4�
þ 1=m 1=2ð1 � CÞ > 1 ð6Þ

where the first term refers to the number of great-grand-

offspring produced through normal matings, the second

term refers to the number of great-grand-offspring

produced via daughters carrying the allele, and the third

term refers to the number of great-grand-offspring

produced via sons fathered by the harming male. This

resolves to:

B > ð8mpC þ 1 � 8pC þ 7CÞ=ðC � 1Þ2 ð7Þ
As in the Y-linked case, the condition for the males is

always easier to satisfy than the condition for the

females. Therefore, there will be sexual conflict over

the spread of the harming allele if

½1=ð1 � CÞ� < B < ½ð8mpC þ 1 � 8pC þ 7CÞ=ðC � 1Þ2�
ð8Þ

See Fig. 1.

The Z-linked model

To examine how the sex determination mechanism

affects the initial spreading of the alleles involved in

interlocus sexual conflicts we consider, as before, a large

random-mating population of a diploid organism with

nonoverlapping generations. In this case, males are

assumed to be the homogametic sex (i.e. in birds and

butterflies). Again, the rare harming allele (h) (first,

assumed to be dominant) codes for a trait that confers a

certain advantage to males but inflicts a cost to females.

As in the XX-XY system, this allele will be favoured by

selection in males if the condition B > 1 ⁄ (1 ) C) holds. In

the same way, this allele will be favoured by selection in

the homogametic sex (i.e. females) if the inclusive fitness

of a female mating at least once with a harming male is

greater than the inclusive fitness of females mating

exclusively with nonharming males. Thus, in these

systems this condition can be written as:

½ðm � 1Þ=m�½ð1 � pÞ þ pð1 � CÞ�
þ 1=m 1=2ð1 � CÞ½1=2Bð1 � CÞ
þ 1=2� þ 1=m 1=2ð1 � CÞ > 1 ð9Þ

Similar to the previous models the first term refers to the

number of grandchildren produced through normal

matings, whereas the rest of the inequality refers to the

total number of grandchildren fathered by a harming

male. Hence, the second term refers to the number of

grandchildren produced via harming sons and the third

term is the number produced via daughters carrying the

harming allele. Interestingly, inequality (9) is identical to
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Fig. 1 Effect of the inheritance system on the conflict thresholds for

males and females. Where B is the benefit obtained by males

carrying the male-limited mutant allele (e.g. mating advantage) and

C is the cost that these males inflict on the females that mate with

them. The solid line represents the male threshold above which a

mutant harming allele is favoured by selection. The three other lines

represent the thresholds for females, which vary with the inherit-

ance system of the male trait (dashed: X-linked; dotted: Z-linked;

dash-dot: Y-linked). The dotted line also represents the dominant

autosomal case previously studied by Parker (1979). Above these

lines the harming allele is also favoured by selection in females.

Consequently, during the initial spread of the harming allele sexual

conflict will occur if, for any given cost, the benefit to the male falls

between the male and female thresholds.
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the condition previously obtained by Parker (1979) for a

dominant harming allele at an autosomal locus. It

resolves to:

B > ½4pCðm � 1Þ þ 3C þ 1Þ=ðC � 1Þ2� ð10Þ

As previously, the condition for the males is always easier

to satisfy than the condition for the females. Conse-

quently, there will be sexual conflict over the spread of

the harming allele if

½1=ð1 � CÞ� < B < ½4pCðm � 1Þ þ 3C þ 1=ðC � 1Þ2�
ð11Þ

Correspondingly, the conditions under which this allele

would spread, being recessive, are the same as those

proposed by Parker (1979) for recessive alleles on an

autosomal chromosome.

Discussion

In this paper we have supplemented Parker’s (1979)

models to investigate the initial conditions under which a

sex-linked allele, coding for a sex-limited trait that

provides a fitness benefit to males but which inflicts a

direct cost to females, is favoured by selection. In contrast

to sexually antagonistic alleles located at the same loci

(Rice, 1984), the inheritance system does not appear to

have any effect upon the fate of sex-limited antagonistic

alleles. However, the inheritance system does have

important consequences for whether the allele initially

spreads at a cost to females (sexual conflict scenario) or

whether, despite the direct harm to females, it spreads

with a benefit to both sexes (sexual concurrence scenario).

An important result arising from Parker’s model (see

also Parker, 1979) is that a harming allele can spread

within a population and still be in the interest of both

sexes. This apparent paradox is explained when the

indirect genetic benefits acquired by females are taken

into account. In other words, females mating with

harming males will benefit overall if their sons inherit

the harming allele and if this indirect genetic benefit

outweighs the direct cost imposed by males. However, if

indirect genetic benefits are relatively weak (Møller &

Alatalo, 1999), this scenario will only be possible if the

cost imposed by males is small. Moreover, our model also

shows that in the systems in which the males are the

heterogametic sex, the probability that a harming allele

will spread into a population in the interest of both sexes

critically depends on the inheritance system (see Fig. 1).

Specifically, the probability that a harming allele will

spread into a population at an overall cost to females is

highest when the trait is X-linked, and lowest when the

trait is Y-linked, with the autosomal (dominant) thresh-

old lying in-between these two. This is because, with sex-

limited expression of a trait, the proportion of time an

allele is exposed to selection depends on where the gene

is located. When rare, an autosomal sex-limited allele is

exposed to selection half of the time. In comparison, in

the heterogametic sex (usually males), X-linked alleles

are exposed to selection only one-third of the time and

Y-linked alleles are always exposed to selection (see

Reinhold, 1999). Interestingly, in those systems in which

the males are the homogametic sex (i.e. birds, butterflies,

moths, some reptiles and some frogs), the probability that

sexually antagonistic alleles will invade a population at a

net cost for the females is only dependent on the

dominance relationships. If the new harming allele is

recessive, then it will always spread at a cost for females.

However, if it is dominant it may also invade the

population at an overall benefit for each sex (see Parker,

1979).

As the spreading conditions are independent of the sex

determination mechanism, our model predicts that in

diploid organisms, harming alleles should be equally

frequent across the different taxa independent of the

genetic system controlling sex determination.

The models presented here are clearly simplistic. First,

some of the critical assumptions of the models are quite

simple. For example, the proportion of matings with

harmful males remains constant, despite the frequency of

harming males changing. Secondly, the dynamics of the

system remains unexplored and thirdly, we do not take

into account the possibility that females could counter-

adapt. Despite these potential drawbacks, our conclu-

sions hold for the initial steps of a harming allele

spreading into a population. Therefore, the models

presented here help to clarify the conditions for the early

accumulation of such alleles but are limited because they

do not address longer term patterns that might involve

frequency dependence.

There has been recent interest in where genes, that

may be potential targets of sexual selection, are located

within the genome (Rice, 1984; Lahn & Page, 1997;

Reinhold, 1998; Hurst & Randerson, 1999; Roldan &

Gomendio, 1999; Saifi & Chandra, 1999; Hurst, 2001;

Wang et al., 2001). The model we present above suggests

that harming alleles potentially involved in sexual

conflict between loci should have an unbiased distribution

across autosomal and sex chromosomes. This is intui-

tively obvious as genes coding for sex-limited traits are

only selected in the sex that expresses them, and this is

true, irrespective of which chromosome the genes are

located on. However, this prediction only holds if the

mutations resulting in harmful alleles are sex-limited.

Rice (1984) suggested that most mutations are not

entirely sex-limited in their expression; therefore, this

condition is not likely and genes involved in sexual

dimorphism (including those implicated in sexual con-

flicts) would accumulate on the sex chromosomes rather

than on the autosomes (Rice, 1984; Gibson et al., 2002).

However, there is evidence that some mutations are sex-

limited when they arise (Stavenhagen & Robins, 1988;

Montgomery et al., 1996; Nelson & Robins, 1997; Jiang
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et al., 2001). In this case, an unbiased distribution in

sexually antagonistic alleles might be expected.

To summarize, our models provide new insights into

how sexual conflict could originate. We have shown that

although, in diploid organisms, the probability of a new

harming allele spreading is independent of both the

genetic sex determination system and the dominance

relationships, the incidence of interlocus sexual conflicts

in the initial steps of the invasion critically depends on

the inheritance system. In order to understand the

evolutionary dynamics of sexual conflict, further theor-

etical work is needed to elucidate the conditions for the

fixation and ⁄or maintenance of harming (and resistance)

alleles in natural populations.
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