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Introduction

Promiscuity is rampant among sexually reproducing

organisms. Indeed, the long-held notion that females

are sexually monogamous has been shattered by evolu-

tionary biologists over the past few decades (reviewed in

Birkhead, 2000). More generally, the idea that mating

strategies are cooperative tactics to ensure successful

fertilization has been replaced by the harsh reality that

both males and females look to maximize their individual

fitness relative to individuals of the same sex (Birkhead,

2000; Arnqvist, 2004; Arnqvist & Rowe, 2005). Conse-

quently, alleles which enhance an individual’s mating

and fertilization success can spread in a population, even

if they depress the average fitness of individuals in the

population (Arnqvist, 2004). Therefore, alleles in one sex

partly determine the individual fitness of alleles in the

opposite sex. Such interplay between sex-specific alleles

provides the foundation for a coevolutionary arms race

between the sexes that is antagonistic, with each

successive counter-adaptation enhancing individual fit-

ness relative to members of the same sex (Rice & Holland,

1997; Partridge & Hurst, 1998; Rice, 1998).

For example, male-specific alleles for high mating rate

typically have higher fitness than low mating rate alleles,

even though high mating rates can negatively impact the

fitness of a female (e.g. Arnqvist & Nilsson, 2000;

Maklakov et al., 2005). In this scenario, female-specific

resistance-to-mating alleles would be under positive

selection to reduce the costs of mating (e.g. polyspermy

and caustic seminal fluid proteins; Chapman et al., 1995;

Civetta & Clark, 2000). With the spread of such female-

specific alleles, males would once again be under selec-

tion for higher mating rates, thus perpetuating the

antagonistic coevolution. This type of sexual conflict

has been suggested as a general cause of continuous and

rapid coevolution of reproductive traits (reviewed in Rice

& Holland, 1997; Holland & Rice, 1998; Rice, 1998;

Chapman et al., 2003; Pizzari & Snook, 2003; Arnqvist &

Rowe, 2005). Moreover, theoretical models have shown

that sexual conflict over mating rate can drive rapid,
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Abstract

Maternally inherited endosymbionts have been implicated as significant

drivers of sexual conflict within their hosts, typically through sex-ratio

manipulation. Empirical studies show that some of these endosymbionts have

the potential to influence sexual conflict not by sex-ratio distortion, but by

altering reproductive traits within their hosts. Research has already shown

that reproductive traits involved in mating/fertilization process are integral

‘players’ in sexual conflict, thus suggesting the novel hypothesis that

endosymbiont-induced changes in reproductive phenotypes can impact the

dynamics of sexual conflict. Here, we use a standard quantitative genetic

approach to model the effects of endosymbiont-induced changes in a female

reproductive trait on the dynamics of sexual conflict over mating/fertilization

rate. Our model shows that an endosymbiont-induced alteration of a host

female reproductive trait that affects mating rate can maintain the endo-

symbiont infection within the host population, and does so in the absence of

sex-ratio distortion and cytoplasmic incompatibility.
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antagonistic coevolution in reproductive traits (reviewed

in Gavrilets & Hayashi, 2005).

Manipulations of sex ratio can also influence the

dynamics of sexual conflict, as female-biased sex ratios

are believed to dampen sexual conflict via a reduction in

polyandry (see Arnqvist & Rowe, 2005). For this reason

and others, female-biasing, sex-ratio distorters (like some

strains of the reproductive endosymbiont Wolbachia) are

thought to have profound effects on host reproductive

biology (e.g. Weeks et al., 2002; Rigaud & Moreau 2004;

Wernegreen, 2004; Zeh & Zeh, 2005). Therefore, it is

clear that sex-ratio-distorting endosymbionts can influ-

ence sexual conflict over mating rate simply by changing

the sex ratio.

Interestingly, a few empirical studies have shown that

Wolbachia, in the absence of sex-ratio distortion, can alter

reproductive phenotypes that may affect mating (or

fertilization) rate. For example, Wade & Chang (1995)

show that Wolbachia infections can increase the competi-

tiveness of sperm in the flour beetle Tribolium. More

recently, Marshall (2007) shows that Wolbachia can alter

the length of the female reproductive tract in the ground

cricket Allonemobius. Specifically, Marshall (2007) found

that: (1) there is a Wolbachia infection-by-population

interaction effect on the length of the spermathecal duct;

(2) the infection-induced modification on spermathecal

duct length appears to be caused by Wolbachia and not

another bacterium; and (3) experimental curing of Wol-

bachia in juvenile females recovers the uninfected adult

morphology. Both of the above Wolbachia-induced mod-

ifications could potentially affect fertilization rate – thus

suggesting a novel role for endosymbionts in sexual

conflict. However, it is still not clear why these reproduc-

tive traits are influenced by Wolbachia. One possibility is

that the endosymbiont may gain fitness benefits (e.g.

maintenance of infection) by influencing sexual conflict

over mating/fertilization rate. The endosymbiont-induced

altering of the reproductive quantitative trait rather than

sex ratio can significantly affect the dynamics of sexual

conflict. The ubiquity of reproductive endosymbionts in

arthropods (e.g. Werren & Windsor, 2000) suggests that

the novel mechanism may potentially be present in a

broad range of species. Given its potential importance, we

wanted to assess the dynamics of sexual conflict over

mating/fertilization rate when endosymbiont infections

affect reproductive phenotypes, not sex ratio.

Here, we develop a model of sexual conflict over

mating (or fertilization) rate when an endosymbiont

infection alters a female phenotype that affects the

mating (or fertilization) rate. As suggested by empirical

studies (e.g. Arnqvist & Nilsson, 2000; Maklakov et al.,

2005) and often assumed in models of sexual conflict

over mating rate (reviewed in Gavrilets & Hayashi,

2005), we assume that male fitness increases with

increased mating rate wheras female fitness is optimized

at an intermediate mating rate because of various costs of

reproduction (reviewed in Arnqvist & Rowe, 2005). We

use a standard quantitative genetic approach (e.g. Lande

1976, 1979; Iwasa et al., 1991; Gavrilets 1997) which has

previously been successfully applied to modelling sexual

conflict (e.g. Gavrilets, 2000; Gavrilets et al., 2001;

Gavrilets & Hayashi, 2006). The objectives of this study

were to: (i) examine whether the endosymbiont-induced

alteration of host female phenotype could be adaptive for

the endosymbiont; and (ii) study the possible evolution-

ary impact of endosymbiont infection on the reproduc-

tive traits involved in sexual conflict over mating rate.

Model

Reproductive interactions between sexes are mediated by

two independent, sex-limited quantitative traits: a female

(egg) trait X and a male (sperm) trait Y (see Table 1 for a

glossary of notation). Motivated by Marshall’s (2007)

study of the Wolbachia-induced alteration of female phe-

notype in the Allonemobius socius complex of ground

crickets, we assume that: (1) the endosymbiont infection

only affects females (i.e. there is no induced phenotype or

direct cost of harbouring the endosymbiont for males) and

is transmitted only maternally (i.e. mother to daughter)

with probability 1 ) l, where 0 £ l < 1 is the probability

of infection loss during transmission; (2) the endosymbi-

ont infection increases female phenotype by a value c

taken from a probability distribution h(c) with mean value

�c; and (3) there is no other phenotypic effect caused by the

endosymbiont infection. The phenotypes of uninfected

and infected females, respectively, are given by X ¼ x + ex

and X ¼ x + c + ex, where x and ex are genotypic and

microenvironmental effects on the female phenotype,

respectively, and c is the phenotypic alteration by the

infection. The male trait is given by Y ¼ y + ey, where y and

ey are genotypic and microenvironmental effects respec-

tively. The distributions of x and y in the population are

denoted as f(x) and g(y) with mean values �x and �y
respectively. The probability distributions of ex and ey are

denoted as m(ex) and n(ey) with means equal to zero. We

assume that y, ey, x, ex and c are independent.

Let W(X,Y) be the probability that mating (or fertiliza-

tion) between female X and male Y is not prevented by

an isolating mechanism. Below, we will refer to W(X,Y)

as ‘compatibility’. The proportion of males compatible

with females X is

PðXÞ ¼
ZZ

WðX; yþ eyÞgðyÞnðeyÞdy dey: ð1Þ

The proportion of females compatible with male Y is

QðYÞ ¼ p

ZZZ
Wðx þ c þ ex;Y Þf ðxÞhðcÞmðexÞdx dc dex

þ ð1� pÞ
ZZ

Wðx þ ex;YÞf ðxÞmðexÞdx dex;

ð2Þ
where p is the frequency of infected female (0 £ p £ 1).

We regard P(X) and Q(Y) as the proxies of female and
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male mating (or fertilization) rates. Female fitness

increases with P(X) at small mating rates (because with

increased mating comes an increased probability of

successful fertilization). However, high mating rates

become damaging to females (reviewed in Arnqvist &

Rowe, 2005). Therefore, female fitness is optimal at

intermediate values of P(X). Following previous work

(e.g. Gavrilets, 2000; Gavrilets et al., 2001; Gavrilets &

Waxman, 2002), we postulate that female fitness is given

by a quadratic function of P(x):

Wf;sexðXÞ ¼ 1� a½PðXÞ � Popt�2; ð3Þ

where Popt (0 < Popt < 1) is an optimal value and a is a

measure of how important it is for females to succeed in

optimizing their mating rates. By contrast, male fitness

should be a monotonically increasing function of their

mating rate Q(Y). We use the simple linear function

Wm;sexðYÞ ¼ 1þ 2bQðYÞ; ð4Þ

where b is a positive parameter measuring the intensity

of sexual selection on males (and the constant 2 is merely

for mathematical convenience). Larger values of a and b

imply stronger selection in females and males respec-

tively.

Finally, we assume direct natural selection on both

traits. We consider two possibilities. First, natural selec-

tion can act directly on phenotypes X and Y. To describe

the corresponding fitness components of infected females

(WI,nat), uninfected females (WU,nat) and males (Wm,nat),

we use the quadratic functions:

WI;natðxÞ ¼ ½1� sxðx þ c þ ex � hxÞ2�ð1� scÞ; ð5aÞ

WU;natðxÞ ¼ 1� sxðx þ ex � hxÞ2 and ð5bÞ

Wm;natðyÞ ¼ 1� syðyþ ey � hyÞ2: ð5cÞ

Parameters sx and sy measure the strength of natural

selection, whereas parameters hx and hy specify optima

under natural selection for the traits. Parameter sc is the

cost of being infected that is independent of the host

female phenotype.

Second, selection can act directly on genotypic values

(i.e. x and y). For example, the endosymbiont may

produce an enzyme that results in an increase in female

phenotype without demanding extra energetic invest-

ment for host females. (In other words, an endosymbiont

may enable host females having genetic value x to

increase her phenotype to x + c with the same energetic

cost required for her to develop her phenotype to x when

uninfected.) Then, if the energetic cost is the focal factor

for natural selection on the female trait, selection acts on

the amount of latent energetic investment (x), not on the

realized phenotype (X). This case is described by fitness

functions for infected females (WI,nat), uninfected females

(WU,nat) and males (Wm,nat) as follows:

WI;natðxÞ ¼ ½1� sxðx � hxÞ2�ð1� scÞ; ð6aÞ

WU;natðxÞ ¼ 1� sxðx � hxÞ2 and ð6bÞ

Wm;natðyÞ ¼ 1� syðy� hyÞ2: ð6cÞ

Table 1 Glossary of notations.

X female (or egg) phenotype

x genotypic effect in female (or egg) phenotype

f(x) distribution of x

�x mean of x

Vx variance of x
�X mean of X, defined as �X ¼ pð�xþ �cÞ þ ð1� pÞ�x
Y male phenotype
�Y mean of Y

y genotypic effect in male (or sperm) phenotype

�y mean of y

g(y) distribution of y

Vy variance of y

c increase in female phenotype by infection

h(c) probability distribution of c

�c mean of c

ex environmental effect in female (or egg) phenotype

m(ex) probability distribution of ex

ey environmental effect in male (or sperm) phenotype

n(ey) probability distribution of ey

p frequency of infected female, 0 £ p £ 1

z difference between sexes traits, given by z ¼ x ) y

�z difference between average sexes traits, given by �z ¼ �x� �y

W(X,Y) compatibility between female having X and male having Y

P(X) proportion of males that would be compatible

with female having X

Q(Y) proportion of females that would be compatible

with male having Y

WI fitness of infected female

WU fitness of uninfected female

Wm fitness of male

WI compatibility of infected female evaluated

at x ¼ �x and y ¼ �y

WU compatibility of uninfected female evaluated

at x ¼ �x and y ¼ �y
�W average compatibility, given by �W ¼ pWI þ ð1� pÞWU

WxI derivative of with respect to x

WyI derivative of WI with respect to y

WxU derivative of WU with respect to x

WyU derivative of WU with respect to y

a range of compatibility between x and y

(a is inversely related to the range)

l fraction of uninfected ova produced by an

infected female transmission rate is defined as 1 ) l

Popt optimal mating rate for female

a strength of selection by sexual conflict in females

b fitness gain of male by increasing mating rate

sx strength of stabilizing natural selection to x (or X)

sy strength of stabilizing natural selection to y (or Y)

hx,hy optimum of x and y with respect to

natural selection, respectively

sc cost of being infected for females that is

independent of their phenotype

SI average cost (for infected females) caused by

endosymbiont infection
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Note that the case of directional selection on a trait can be

incorporated by assuming that the corresponding opti-

mum is at a boundary of possible trait values (e.g. at

zero).

Throughout the paper, we will use a standard weak

selection approximation assuming parameters a, b, sx, sy

and sc are small and that the function changes weakly

over the range of males and females present in the

population (see Iwasa et al., 1991; Gavrilets, 2000 and

Gavrilets et al., 2001 for an explanation of mathematical

techniques used). The fitnesses of infected females

(WI(x)), uninfected females (WU(x)) and males (Wm(y))

are approximated as

WIðxÞ ¼ f1� a½Wðx þ �c;�yÞ � Popt�2gWI;natðxÞ; ð7aÞ

WUðxÞ ¼ f1� a½Wðx;�yÞ � Popt�2gWU;natðxÞ and ð7bÞ

WmðyÞ ¼ f1þ 2b½pWð�x þ c; yÞ þ ð1� pÞWð�x; yÞ�gWm;natðyÞ:
ð7cÞ

Note that the effects of variances and higher moments of

x, y, c, ex and ey are negligible under the weak selection

approximation.

Our model assumes that infection is only inherited

from mother to daughter (Werren, 1997). The frequency

of infected females in the next generation depends on the

fitness of infected females relative to the average fitness

of all females in the population (cf. Hoffmann et al., 1990;

Turelli et al., 1992; Turelli, 1994). When natural selection

acts on the genotypic values (x and y), the average fitness

of infected females ( �WI), uninfected females ( �WU), and all

females in populations ( �Wf) are approximated as

�WI ¼ 1� a½Wð�x þ �c;�yÞ � Popt�2 � SI � sxð�x � hxÞ2; ð8aÞ

�WU ¼ 1� a½Wð�x;�yÞ � Popt�2 � sxð�x � hxÞ2 and ð8bÞ

�Wf ¼ p �WI þ ð1� pÞ �WU; ð8cÞ
where SI is the average fitness cost for infected females

caused by the infection, which is given by SI ¼ sc. When

natural selection acts on the phenotypes (X and Y), SI is

given by SI ¼ sc þ sx�c½2ð�x � hxÞ þ �c�. In the derivation of

eqns (8a)–(8c), the terms with products of a, b, sx, sy and

sc are negligible under weak selection approximation.

When natural selection acts on the genotypic values (x

and y), the dynamic equations for changes in the mean

trait values and infection frequency between two

subsequent generations are

D�x ¼ Vxfa½pðPopt �WIÞWxI þ ð1� pÞðPopt �WUÞWxU�
� sxð�x � hxÞg; ð9aÞ

D�y ¼ Vyfb½pWyI þ ð1� pÞWyU� � syð�y� hyÞg and ð9bÞ

Dp ¼ pfð1� pÞ½aðWU �WIÞðWU þWI � 2PoptÞ � SI� � lg;
ð9cÞ

where Vx and Vy are the additive genetic variances of x

and y. WI and WU are the average compatibilities of

infected and uninfected females with males, which are

given by WI ¼ Wð�x þ �c;�yÞ and WU ¼ Wð�x;�yÞ respectively.

WxI and WyI are evaluated at X ¼ �x þ �c and Y ¼ �y,

whereas WxU and WyU are evaluated at X ¼ �x and Y ¼ �y
(the subscripts x and y denote the derivatives with respect

to x and y respectively). Note that assuming weak

selection implies that linkage disequilibrium is negligible

and we assume that genetic covariance between male

and female traits is absent. In the derivation of eqn (9c),

it is straightforward to show from eqn (8c) that

Dp ¼ p½ð1 � pÞðWI � WUÞ=Wf � lWI=Wf�: A first-order

approximation, ignoring the expressions of order a2 and

al, leads to eqn (9c). When natural selection acts on the

phenotypes (X and Y), the last term in the right-hand

side of eqn (9a) is sxð�x � hx þ p�cÞ instead of sxð�x � hxÞ.
Note that assuming p ¼ 0 (i.e. assuming no infection)

results in the same equations as eqns 4a,b in Gavrilets

et al. (2001).

Analysis of the dynamics of infection frequency

The difference in the frequency p of infected females

between subsequent generations is given by eqn (9c) and

can also be rewritten as

Dp ¼ p½ð1� pÞð �WI � �WUÞ � l�: ð10Þ
We can derive some basic results from eqns (9c) and (10).

The equilibrium infection frequency (p*) can be found

from the equation

p� ¼ 1� l
�W �

I � �W �
U

ð11aÞ

¼ 1� l
aðW�U �W�I ÞðW�U þW�I � 2PoptÞ � SI

; ð11bÞ

where the asterisk means that the values are computed at

equilibrium. Maintaining infection is possible if

�W �
I � �W �

U > l; ð12Þ

that is, if the difference in fitness between infected and

uninfected females is larger than the probability of

infection loss at the equilibrium. The inequality (12)

can also be rewritten as

aðW�U �W�I ÞðW�U þW�I � 2PoptÞ > lþ SI: ð13Þ

Equations(11b) and (13) show that an increase in the

rate of transmission loss (l), the average cost of being

infected (SI) or optimal mating rate for females (Popt)

decreases the equilibrium infection frequency. Increase

in the strength of selection by sexual conflict in females

(a) increases the equilibrium infection frequency. The

maintenance of infection also requires that the average

compatibility of uninfected females with males be higher

than that of infected females (i.e. W�U > W�I ). Note that

W�U, W�I > Popt is almost always satisfied because neither

females nor males favour mating rates that are less than
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the female optimum. If a phenotype is not induced by the

endosymbiont infection (i.e. c ¼ 0), then the inequality

in eqn (13) is not satisfied (and thus infection cannot be

maintained) because c ¼ 0 means WU ¼ WI. The above

results for infection frequencies do not depend on

particular forms of functions for fitness and compatibility

between the sexes.

Dynamics with quadratic compatibility function

First, we analysed the dynamic equations assuming a

quadratic compatibility function, W(X,Y) ¼ 1 ) a(Y ) X)2

(cf. Gavrilets, 2000), where parameter a controls the range

of compatibility between X and Y. The values of a must be

chosen so that W(X,Y) > 0 within the ranges of X and Y.

This function may be applicable if mating or fertilization

probability depends on ‘matching’ between female and

male phenotypes.

No infection
When there is neither infection (i.e. p ¼ 0) nor natural

selection (i.e. sx ¼ sy ¼ 0), the eqns (9a)–(9c) are the

same as eqns 4a,b in Gavrilets (2000) (except for the

notation system). As a baseline for the cases with

infection, we briefly describe results for cases without

infection. Gavrilets (2000) showed that there are two

qualitatively different outcomes. First, if sexual selection

on males is sufficiently strong relative to that on females

[precisely, bVy > (1 ) Popt)aVx], the population evolves

toward a line satisfying �x ¼ �y (Fig. 1 in Gavrilets, 2000).

Subsequent changes in trait values along the line �x ¼ �y
can be caused by neutral drift. Second, if sexual

selection on males is not sufficiently strong relative to

that on females [precisely, bVy < (1 ) Popt)aVx], then

continuous coevolution (i.e. continuous changing of the

average trait values of females and males) occurs

between sexes (Fig. 2 in Gavrilets, 2000). During

coevolution, the difference in the mean trait values,

�z ¼ �y� �x, approaches asymptotically a constant value

displaced from zero. The value of the displacement (�z) is

intermediate between those that are optimal for males

(zero displacement) and females (displacement at a

value of Popt). Our numerical analysis suggests that the

incorporation of natural selection on the traits of each

sex results in an evolution towards stable equilibria

(data not shown).

Infection but no natural selection
When there is no natural selection on the traits (i.e. sx,

sy ¼ 0), the dynamics with infection (i.e. the case when

p can be positive) results in one of the three qualita-

tively different outcomes. First, endosymbiont infection

cannot be maintained when inequalities (12) and (13)

are not satisfied under the realized value of displace-

ment �z. For example, Fig. 1 shows that infection

always disappears (i.e. p becomes zero) whenever

�z > �c=2. This is because the average male trait is

always more compatible with infected females than

uninfected females when �z > �c=2. Similarly, infection is

not maintained when j�zj is too large. For example,

suppose that j�zj is large enough to satisfy WU ¼ Popt. In

this case, infection cannot be maintained because any

deviation in the phenotype causes suboptimal mating

rate. Once the infection disappears (i.e. p ¼ 0), the

system degenerates to the case without infection

discussed above.

The second outcome is coevolution between x and y

to a line of equilibria while maintaining infection

(Fig. 1a–c). This outcome requires that: (1) sexual

selection on males is sufficiently strong relative to that

on females (precisely, bVy > (1 ) Popt)aVx; see Appendix

for detail); (2) initial values allow for maintenance of

infection during coevolution to the line of equilibria;

and (3) the inequality �WI � �WU > l (eqn 12) is satisfied

at equilibrium. Our numerical simulations show that

coevolution between x and y stops in the neighborhood

of the value of �z that satisfies �y ¼ �X (Fig. 1a–c). This

means that the equilibrium value of the displacement �z
depends on the infection frequency p (because

�y ¼ �X ¼ ð1� pÞ�x þ pð�x þ �cÞ ¼ �x þ p�c and thus �z ¼ p�cÞ.
The average male phenotype is always located between

the average phenotypes of uninfected (�x) and infected

(�x þ �c) females. The equilibrium frequency of p cannot

be larger than 0.5 because infection always disappears

whenever �z > �c=2 [�z > �c=2 does not satisfy inequality

(13)]. The average compatibility ( �W) is intermediate

between the optimum values for males and females (i.e.

between one and Popt) (Fig. 1c).

The third outcome is continuous coevolution

between males and females while maintaining infection

(Fig. 1d–f). During coevolution, the difference in the

mean trait values between the sexes (�z) and infection

frequency (p) approach asymptotically constant values

which satisfy j�zj � f½Popt þ ðbVy=aVxÞ � 1�=ag1=2 � j�z � �cj
(Fig. 1e,f; see Appendix for an analysis). Note that �z and

�c always have opposite signs in this outcome. p

determines the asymptotic value of �z within the above

range. This outcome requires that: (1) sexual selection

on males is not sufficiently strong relative to that on

females (precisely, bVy < (1 ) Popt)aVx; see Appendix for

detail); (2) initial values allow for the maintenance of

infection during coevolution; and (3) the resulting

displacement �z satisfies �WI � �WU > l (inequality 12).

The equilibrium infection frequency decreases with

increasing sc (¼SI), as shown in eqn (9b). Note that the

presence of the cost of being infected (i.e. sc > 0) does not

mean that infection cannot be maintained. The mainte-

nance of infection is possible as long as the cost is small

enough to satisfy inequality (13).

Infection and natural selection
When natural selection acts on the genotypic values (x

and y), whether or not an endosymbiont infection is

maintained largely depends on the equilibrium value of
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�z. In general, infection is less likely to be maintained

when natural selection is stronger on males than females.

For example, our numerical simulations show that if

natural selection acts on males only, infection is likely to

be eliminated (Fig. 1g–i). In this case, j�zj typically

increases until the optimal mating rate for females is

reached and the fitness advantage of the endosymbiont-

induced phenotype eventually disappears. Then, the

infection is not maintained because of the continuous

decrease in the infection frequency because of incom-

plete transmission.

On the other hand, increasing natural selection on

females enhances the maintenance of infection (Fig. 1j–l).

In this case, natural selection on females tends to stop
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Fig. 1 The dynamics of infection frequencies (p), average female (�x) and male (�y) genotypic values and the displacement (�z ¼ �x � �y) under a

quadratic compatibility function. (a–c) Evolution towards a line of equilibria while maintaining infection (Vx ¼ 0.5, Vy ¼ 2, a ¼ 0.1,

b ¼ 0.05, �c ¼ 15, l ¼ 0.01, a ¼ 0.001, Popt ¼ 0.4, sx ¼ 0, sy ¼ 0, sc ¼ 0, hx ¼ 0, hy ¼ 0). (d–f) Continuous coevolutionary chase while

maintaining infection (parameters are the same as in (a–c) but with Vx ¼ 2 and Vy ¼ 0.5). (g–i) The elimination of infection under

natural selection on genotypic values in male only (parameters are the same as in (a–c) but with sy ¼ 0.001). (j–l) The maintenance of

infection under direct natural selection on genotypic values (parameters are the same as in (a–c) but with sx ¼ 0.0005, sy ¼ 0.001).

(a, d, g, j) The dynamics on the (p, �z) phase plane. Equilibrium points are specified with black circle. (b, e, h, k) Examples of the dynamics

of �x (solid line), �y (dashed line) and �X (dotted line) in time. (c, f, i, l) Examples of the dynamics of average compatible rate �W
(solid line) and p (dashed line) in time.
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coevolution at a point that nearly satisfies �z ¼ 0, where

males can be viewed as the winners of the sexual conflict.

In such a situation, the endosymbiont-induced phenotype

can improve the fitness of an infected female by reducing

her mating rate and thus can lead to the maintenance of

infection (Fig. 1j–l). The effect of sc on the evolutionary

dynamics is qualitatively the same as those in the cases

without natural selection mentioned above.

When natural selection acts on the phenotype of

females (X), our numerical simulations show that the

maintenance of infection does not occur (unless l is

very close to zero, say, in the order of 10)3 or smaller).

In this case, the cost of increasing the phenotype by

being infected is the same as that by evolving an

increase in the genotypic component x. Given the same

cost, only the evolution of x lasts and the infection is

not maintained because of the continuous decrease in

the infection frequency because of the incomplete

transmission.

Dynamics with S-shaped compatibility function

Here, we assume that the compatibility W(X,Y) is an

S-shaped function of the difference z ¼ y ) x between

the male trait (stimulus) and female trait (resistance),

such that W(X,Y) ¼ 0 for z fi )¥, W(X,Y) ¼ 1/2 for

z ¼ 0 and W(X,Y) ¼ 1 for z fi ¥. (In numerical simu-

lations below, W(X,Y) ¼ {tanh[a(Y ) X)] + 1}/2.) Such

a function may be applicable when an increase in male

phenotype stimulates female mating behaviour (or

fertilization) and an increase in female phenotype

enhances her resistance to the male’s stimulation (cf.

Gavrilets et al., 2001).

When there is no natural selection, there are two

qualitatively different outcomes. First, infection is not

maintained in the population when: (1) �WI � �WU � l for

the current value of displacement �z; or (2) sexual

selection on males is sufficiently strong relative to that

on females (precisely, bVy > (1 ) Popt)aVx; see Appendix

for detail) (Fig. 2a–c). Note that an S-shaped function

does not result in the maintenance of infection at a line

of equilibrium, which is observed in the case using a

quadratic function (Fig. 1a–c). The second outcome is

continuous evolution between x and y while maintaining

infection (Fig. 2d–f), which is qualitatively similar to one

of the outcomes with quadratic function (Fig. 1d–f). This

outcome happens when sexual selection on males is not

sufficiently strong relative to that on females (precisely,

bVy < (1 ) Popt)aVx; see Appendix for detail) and the

resulting �z satisfies �WI � �WU > l (inequality 12). Effects

of natural selection on the reproductive traits are qual-

itatively the same as those under the dynamics with

quadratic function (data not shown).

Discussion

Our model demonstrates that endosymbiont infections

can be maintained within populations by modifying host

 –10

0

 10

 20

 30

 40

 50

 60

 70

0

 0.2

 0.4

 0.6

 0.8

1

0

 0.2

 0.4

 0.6

 0.8

1

0  10 000  20 000  30 000  40 000  50 000

 –10

0

 10

 20

 30

 40

 50

 60

 70

0  10 000  20 000  30 000  40 000  50 000 0  10 000  20 000  30 000  40 000 50 000

0  10 000  20 000  30 000  40 000  50 000

 –10

0

 10

 20

 30

 40

z
z

 –10

0

 10

 20

 30

 40(a) (b) (c)

(d) (e) (f)

0  0.2  0.4  0.6  0.8 1

0  0.2  0.4  0.6  0.8 1

x,
 y

, a
nd

 X
x,

 y
, a

nd
 X

p t t

 a
nd

 p
 a

nd
 p

Fig. 2 The dynamics under an S-shaped compatibility function. (a–c) The disappearance of infection as the result of male winning
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female traits involved in sexual conflict over mating or

fertilization rate. Specifically, the model shows that the

phenotypic alteration by the endosymbiont can increase

the fitness of its host females by decreasing the average

compatibility with males within the population. This

fitness advantage to infected host females enhances the

maintenance of endosymbiont infection. Within our

model (in which no sex-ratio distortion nor cytoplasmic

incompatibility was present), endosymbiont infections

can be maintained in three different ways. First, infec-

tions can be maintained during continuous coevolution

between male and female reproductive traits. Secondly,

infections can be maintained at equilibrium where the

average male phenotype matches the average female

phenotype. Thirdly, when natural selection acts not on

the female phenotype but directly on genotypic values,

infections can be maintained when the coevolution

between the sex traits ends at an equilibrium – i.e. at a

point where the phenotypic alteration provides a large

enough advantage to infected females.

Our model also points to some important factors and

parameters regarding infection dynamics. First, the out-

come of infection dynamics largely depends on initial

values. This suggests that whether or not infection can be

maintained is determined not only by the biological

properties of endosymbionts but also by the history and

state of sexual conflict in each population. Secondly, the

qualitative dynamics of coevolution between the genetic

components of sex-specific traits (i.e. x and y) is largely

independent of infection frequency, and instead depends

on the genetic variances of the traits and the strength of

sexual conflict and natural selection on the traits.

Specifically, whether continuous coevolution occurs or

not depends on the sign of the expression bVy ) (1 )
Popt)aVx, which does not include terms with infection

frequency p. Thirdly, the equilibrium frequency of

infected females increases with increasing strength of

sexual conflict (i.e. decreasing Popt). Because increasing

the population size often increases the strength of sexual

conflict (Gavrilets, 2000; Martin & Hosken, 2003), this

predicts that infection frequency should positively cor-

relate with population size. The equilibrium frequency of

infected females also increases with increasing transmis-

sion rates and decreasing costs of being infected.

Another feature of our model is that infection can be

maintained at equilibrium when the average male

phenotype (�Y) is ‘trapped’ between the infected and

uninfected phenotypes of the female (i.e. �x < �Y < �x þ �c;
Fig. 1a–c). This outcome appears similar to the Buridan’s

Ass regime (Gavrilets & Waxman, 2002), which is

characterized by the extensive diversification in female

traits and no corresponding diversification in male traits.

In the model of Gavrilets & Waxman (2002), females

diverge into two distinct clusters, whereas males are

‘trapped’ at the centre of the diverged female clusters. In

the model presented here, two clusters (or a bimodal

distribution) in female phenotype are created by the

infected and uninfected female phenotypes. As in the

Buridan’s Ass regime, the male phenotype is ‘trapped’ at

the average phenotype of all females while the average

mating rate is reduced by the variance in female

phenotype.

As for empirical data, Wolbachia is often suggested as a

cause of rapid speciation in host species (e.g. Shoemaker,

1999; Rokas, 2000; Bordenstein et al., 2001; Wade,

2001). Our model suggests that phenotypic alterations

induced by such endosymbionts can also be a force of

speciation. Our model shows that trajectories and equi-

librium values of coevolutionary dynamics depend on

the degree of phenotypic alteration by the endosymbiont

(i.e. the value of �c). For example, suppose that we change

parameter �c from 15 to )15 while all else remains the

same, as in the examples of Fig. 1. In this case, we will

obtain the same dynamics on the ð�p;�zÞ phase plain as

Fig. 1a,d,g,j (because of the symmetry about x–y in the

model), but the sign of �z is reversed. This sign reversal

corresponds to the changes in the direction of coevolu-

tionary trajectories and the location of each equilibrium.

This dependency of trajectories and equilibrium values

on the degree of phenotypic alteration (�c) suggests that

two identical populations can diverge in reproductive

traits because of infection by different endosymbiont

strains that have different phenotypic effects (i.e. differ-

ent values of �c). This divergence could cause reproductive

isolation between the populations, thus suggesting a

novel mechanism for speciation via endosymbiont infec-

tion.

The maintenance of infection during continuous evo-

lutionary chase may seem unrealistic given the assump-

tion of unlimited phenotypic/genotypic space for female

and male traits. One of the realistic outcomes of such

continuous coevolution would be that stabilizing natural

selection eventually stops the coevolutionary chase. Our

models with stabilizing natural selection apply to these

cases. If there is a boundary to the phenotypic/genotypic

space and no natural selection, continuous evolutionary

chase would eventually reach the boundary. Whether

the infection is maintained or not would depend on the

resulting value of �z at the boundary (i.e. whether the

value of �z satisfies inequality (12) or not).

As we stated above, our model is also applicable to

sexual conflict over fertilization compatibility as well as

that over mating compatibility. For example, traits X and

Y can be interpreted as an ’egg/reproductive tract trait’

and ‘sperm trait’, respectively, whereas function W(X,Y)

can be interpreted as ‘fertilization probability’. It is this

application of our model that fits the empirical data

outlined in Marshall (2007), as the female trait (X) is the

length of the female reproductive tract. However, it

remains to be seen if the dynamics of Wolbachia infection

in the A. socius system (Marshall, 2004, 2007) meets the

predictions outlined by our model.

Overall, our results provide theoretical support to the

verbal argument that endosymbiont-induced alterations
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in host phenotype affecting mating (or fertilization) rate

are an adaptation of the endosymbiont to maintain its

infection (Marshall, 2007). We believe that our model is

the minimal model that captures the essence of the

system studied here. However, there are still some

extensions that can potentially result in qualitatively

different dynamics. For example, one possible extension

is to assume more than one female trait is involved in

sexual conflict (e.g. Rowe et al., 2003, 2005). Another

would be to relax the assumptions of constant genetic

variance and weak selection. We note that assuming

constant genetic variances severely limits the possibility

of divergence in traits (Gavrilets & Hayashi, 2005;

Hayashi et al., 2007). Yet another important extension

is to relax the assumption that the degree of phenotypic

alteration by the endosymbiont cannot evolve. This

assumption means that there is no heritable variation

in the degree of phenotypic alteration in endosymbiont

population, which may not be a general case. Incorpo-

rating the evolution of the degree of phenotypic alter-

ation may result in qualitatively different coevolutionary

dynamics. For example, in principle, female genotypes

could remain fixed and sexual conflict could drive

evolutionary changes in male genotypes and the trait of

endosymbionts only. Exploring these extensions is a

necessary next step for advancing the theory presented

here.
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Appendix

Analysis of the dynamics of �x and �y

We can analyse the coevolutionary dynamics between �x
and �y by focusing on the dynamics of displacement �z
(given by �z ¼ �y� �x). From eqns (9a) and (9b), the

difference in the �z between subsequent generations is

D�z ¼ D�y� D�x

¼ p½Vyb� VxaðWI � PoptÞ�WyI

þ ð1� pÞ½Vyb� VxaðWU � PoptÞ�WyU

¼ pIWyI þ ð1� pÞUWyU;

ðA1Þ

where I ¼ Vyb ) Vxa(WI ) Popt) and U ¼ Vyb ) Vxa(WU )
Popt).

Case 1: a monotonically increasing compatibility function
First, as a simple example, we assume a monotonically

increasing compatibility function in which increasing �z
always increases compatibility (e.g. an S-shaped compat-

ible function). This ‘monotonically increasing compati-

bility’ means that WyI and WyU are always positive, and it

enables us to analytically show that the qualitative

outcome of the dynamics of �z depends on the sign of

Vyb ) Vxa(1 ) Popt). If sexual selection in males is suffi-

ciently strong relative to that in females [precisely,

Vyb ) Vxa(1 ) Popt) > 0], the signs of IWyI and UWyU are

always positive. Thus, �z always increases and mating rate

becomes one (corresponding to the case shown in

Fig. 2a–c). If sexual selection in males is not sufficiently

strong relative to that in females [precisely, Vyb )
Vxa(1 ) Popt) < 0], the signs of I and U depend on �z. In

the range of WI < Popt + bVy/aVx < WU, the signs of IWyI

and UWyU are opposite. Then D�z becomes zero in a point

in the range of �z that satisfies WI £ Popt + bVy/aVx £ WU

(corresponding to the case shown in Fig. 2d–f), depend-

ing on the equilibrium value of p that satisfies eqn (11a).

[Note that �z approaches the value of �z satisfying WU ¼
Popt + bVy/aVx when p ¼ 0 (Gavrilets et al., 2001).] When

Popt + bVy/aVx < WI < WU, �z decreases into the value of �z
satisfying WI £ Popt + bVy/aVx £ WU (or approaches to the

value satisfying WU ¼ Popt + bVy/aVx if no infection is

maintained).

Case 2: a symmetrical unimodal compatibility function
Here, we assume a symmetrical unimodal compatibility

function in which the compatibility reaches maximum

when the male phenotype equals the female phenotype

(e.g. a compatible function with quadratic form). We

also assume c > 0. [These assumptions mean that WyI

and WyU have opposite signs (WyI > 0 and WyU < 0) in

the range of 0 < �z < �c, and have the same sign in the

range of �z < 0 or �z > �c.] The qualitative outcome of �z
depends on the sign of Vyb ) Vxa(1 ) Popt). First, sup-

pose the case in which sexual selection in males is

sufficiently strong relative to that in females [precisely,

Vyb ) Vxa(1 ) Popt) > 0]. When 0 < �z < c=2, I and U are

always positive and thus the signs of IWyI and UWyU are

opposite. Then, D�z becomes zero in a point in the range

of 0 � �z < c=2 (corresponding to the case shown in

Fig. 1a–c), depending on the equilibrium value of p that

satisfies eqn (11a). [Note that D�z becomes zero at �z ¼ 0

when p ¼ 0 (Gavrilets, 2000). When �z � 2=c, infection

is not maintained (i.e. p ¼ 0) because condition (13) is

not satisfied.] When �z < 0, �z increases to the range of

�z � 0.

If sexual selection in males is not sufficiently strong

relative to that in females [precisely, Vyb ) Vxa(1 )
Popt) < 0], the sign of I and U depend on �z. In the range

of WI £ Popt + bVy/aVx £ WU and �z < 0, the signs of IWyI

and UWyU are opposite. Then D�z becomes zero in a point

in the range of �z < 0 (corresponding to the case shown in

Fig. 1d–f), depending on the equilibrium value of p that

satisfies eqn (11a). [Note that D�z asymptotically ap-

proaches to zero where �z satisfies WU ¼ Popt + bVy/aVx

when p ¼ 0 (Gavrilets, 2000).] In the range of WI £
Popt + bVy/aVx £ WU and 0 � �z � c=2, �z increases into the

range of �z � c=2 where infection cannot be maintained

(i.e. p becomes zero). In the range of Popt + bVy/

aVx < WI < WU and �z < 0, �z decreases into the value
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satisfying WI £ Popt + bVy/aVx £ WU (or approaches to the

value satisfying WU ¼ Popt + bVy/aVx if no infection is

maintained). In the range of Popt + bVy/aVx < WI < WU

and 0 � �z � c=2, the signs of IWyI and UWyU are opposite.

Then D�z can be zero in a point in the range of

0 � �z � c=2, depending on the equilibrium value of p.

Our numerical simulations suggest that this equilibrium

is unstable and �z eventually increases to the range

�z � c=2 (in which no infection is maintained) or

decreases to the range �z < 0 (the case discussed above).

The complexity of the dynamic equations (eqns 9a–9c)

makes it difficult to make further analytical examination

of the system. Our numerical simulations to show the

combined dynamics of p and �z were given in the main

body of the paper.
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