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Abstract

The maternally inherited bacterium, Wolbachia pipientis, manipulates host
reproduction by rendering uninfected females reproductively incompatible
with infected males (cytoplasmic incompatibility, CI). Hosts may evolve
mechanisms, such as mate preferences, to avoid fitness costs of Wolbachia
infection. Despite the potential importance of mate choice for Wolbachia
population dynamics, this possibility remains largely unexplored. Here we
model the spread of an allele encoding female mate preference for uninfected
males alongside the spread of CI inducing Wolbachia. Mate preferences can
evolve but the spread of the preference allele depends on factors associated
with both Wolbachia infection and the preference allele itself. Incomplete
maternal transmission of Wolbachia, fitness costs and low CI, improve the
spread of the preference allele and impact on the population dynamics of
Wolbachia. In addition, mate preferences are found in infected individuals.
These results have important consequences for the fate of Wolbachia and

studies addressing mate preferences in infected populations.

Introduction

The maternally inherited, intracellular bacterium Wolba-
chia pipientis has gained much notoriety for its suite of
host manipulations and is emerging as one of the most
widespread reproductive parasites of arthropods (Weeks
et al., 2002; Charlat et al., 2003). The key to the success of
Wolbachia is its ability to improve its own transmission to
future generations by manipulating host reproduction.
Its strategy is either to produce more females, the
transmitting sex, by killing or feminizing male offspring
or inducing parthenogenesis, or to render uninfected
females reproductively incompatible with infected males.
This last mechanism is known as cytoplasmic incompa-
tibility (CI). CI is additionally unique because any
increase in Wolbachia frequency is an indirect result of
incompatibility: uninfected females produce relatively
fewer offspring than infected females because uninfected
ova fertilized by sperm of infected males undergo
abnormal mitosis and die (Tram & Sullivan, 2002)
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whereas the ova of infected females remain compatible
with both infected and uninfected males.

The spread of Wolbachia within populations has been
modelled extensively since it was discovered (Caspari &
Watson, 1959; Fine, 1978; Frank, 1997; Hoffmann &
Turelli, 1997). Without exception, these models predict
that once Wolbachia invades or reaches a critical threshold
frequency, it spreads rapidly to fixation. Despite theore-
tical predictions, field based surveys of CI inducing
Wolbachia in Drosophila simulans and D. melanogaster
regularly reveal intermediate infection frequencies
(Hoffmann et al, 1990; Turelli & Hoffmann, 1991;
Hoffmann & Turelli, 1997; Vala et al., 2004). For instance,
the only study of a Wolbachia epidemic over time is on the
fruit fly, D. simulans, in California. Although the infection
has arapidly expanding range, all host populations studied
remained polymorphic for Wolbachia infection after
6 years of observation and survey (Turelli & Hoffmann,
1991; Vala et al., 2004). The factors that cause Wolbachia
infection polymorphism are thought to result from costs
associated with Wolbachia (i.e. host fitness reductions),
maternal transmission failure, variable levels of Clinduced
by infected males and stochastic environmental effects,
such as temperature shock or naturally occurring antibi-
otics, resulting in the generation of uninfected individuals
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(Hoffmann et al., 1990; Stevens & Wicklow, 1992; Turelli
& Hoffmann, 1995; Clancy & Hoffmann, 1998; Reynolds &
Hoffmann, 2002). These factors have been investigated in
the field and their impact on Wolbachia population
dynamics modelled (Caspari & Watson, 1959; Hoffmann
et al., 1990; Guillemaud & Rousset, 1997; Schofield, 2002).
However, comprehensive models including all parameters
have not been undertaken. In addition, the role of host
behavioural mechanisms, such as mate preferences, in
regulating Wolbachia population dynamics has been
largely overlooked.

The scarcity of information regarding the potential
impact of behavioural mechanisms for Wolbachia avoid-
ance is surprising for two reasons. First, the spread of
Wolbachia in populations affected by CI depends on
individuals being unable to recognise incompatible
mates. Second, parasites and disease have been shown
to have a role in adaptive mate choice in other organisms
(Moller et al., 1999; Penn & Potts, 1999; Vala et al., 2004).
Indeed, Wolbachia and other reproductive parasites are
thought to place strong selective pressure on hosts to
evolve mechanisms to avoid the parasite and ensure
reproductive compatibility (Zeh & Zeh, 1996,1997;
Hatcher, 2000; Charlat et al., 2003). If uninfected females
avoid copulating with infected males their fitness is
unaffected by Wolbachia and the parasite loses its trans-
mission advantage.

The role of mate choice in a population manipulated
by Wolbachia has been modelled in only one instance.
This model addressed the evolution of male mate
preference for uninfected females in a system where
Wolbachia induces male killing (Randerson et al., 2000).
The model demonstrates that male mate choice can
evolve (Randerson et al., 2000). However, mate prefer-
ence for uninfected females has not been demonstrated
empirically in this system (Jiggins ef al., 2002). Never-
theless, there is some tantalizing evidence that mate
preferences may exist in Wolbachia manipulated popula-
tions. Male isopods (Armadillidium vulgare) prefer to
interact with uninfected females and attempt to mate
with uninfected females more frequently than with neo-
females (feminized males) (Moreau et al, 2001). In
addition, the spider mite, Tetranychus urticae, in which
Wolbachia induces CI, exhibits plastic female mate choice.
Uninfected temales prefer to mate with uninfected males
but infected females exhibit no preference for infected or
uninfected males (Vala et al., 2004). Other investigations
of mate preferences in species manipulated by CI indu-
cing Wolbachia have been unable to demonstrate mate
preferences in either virgin or nonvirgin females and
males (Hoffmann & Turelli, 1988; Hoffmann et al., 1990;
O'Neill, 1991). However these investigations involved
assays of large groups of individuals rather than tests of
individual mate preference.

Both theory and empirical data support the develop-
ment of models investigating the possibility of evolution of
mate preferences in CI systems. So here, for the first time,

we model the evolution of female mate preference for
uninfected males in a hypothetical population experien-
cing CI. Specifically, we investigate what general condi-
tions are necessary for the evolution of mate preferences
and question whether it is plausible to expect preferences
to arise at all and, in addition, whether we should expect
mate preferences in field or laboratory studies. The effect
of infection parameters (fitness costs, maternal transmis-
sion fidelity of Wolbachia and the degree of CI induced by
males) on the evolution of preference is investigated
alongside their impact on the population dynamics of
Wolbachia. Can these factors, on their own, or in associ-
ation with preference, maintain populations that are
polymorphic for Wolbachia infection?

We show that preference can evolve in populations
with CI inducing Wolbachia, but that evolution depends
on factors associated with the infection and the mode of
expression (dominant/recessive) of the preference allele.
This provides additional theoretical support for studies of
mate preferences in Wolbachia manipulated systems.
Furthermore, the evolution of preference, in conjunction
with other infection parameters, can have a dramatic
impact on the population dynamics of Wolbachia.

The model

We used a population genetic model to simulate the
dynamics of a Wolbachia infection that causes unidirec-
tional CI and the spread of an allele at a single locus
encoding female preference for uninfected males in a
hypothetical diploid population with equal sex ratio. In
this population, generations are discrete and we assume
that there are no post-mating advantages of particular
sperm. Furthermore, since we are interested in the
general conditions for the spread of preference, we
assume that the population is large enough for genetic
drift to be ignored and there is no migration or mutation.
Although these assumptions do not necessarily reflect
field conditions, they prevent the model from becoming
overly complicated. With respect to the preference allele,
we only consider a system where there is no cost
associated with preference. We assume that this allele
acts in females but has no effect on male mate choice.
Implicit in this is the notion that females are not coerced
to mate by males and that there is some method
(chemical cues or other) for identifying the infection
status of potential mates. The implications of some of the
assumptions of this model, e.g. the absence of male
limitation, and the lack of costs associated with prefer-
ence are addressed in the discussion.

In such a population, there are six possible genotype/
phenotype (infection status) combinations; individuals
can be homozygous for the preference allele (PP),
heterozygous for the preference allele (Pp) or homozy-
gous wild-type (pp) and each of these genotypes can be
either infected or uninfected with Wolbachia. This results
in 36 different mating combinations since both females
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and males possess the same genotype/phenotype combi-
nations. In populations with no mate preference, mating
between these types occur at random, in proportion to
the frequencies of the types in the population. However,
here we investigate the spread of an allele that encodes
female preference (rather than absolute choice) for
uninfected males and thus nonrandom mating.

Under this scenario, females expressing preference
mate with uninfected males more frequently than
females mating at random. This is modelled by including
a parameter that describes the strength of preference for
uninfected males, o (Kirkpatrick, 1982; Reinhold et al.,
1999; Servedio, 2000, 2001, 2004). This can be under-
stood in the context of a two-way choice experiment;
females exhibiting preference mate with uninfected
males o times more frequently than with infected males
(Kirkpatrick, 1982). Thus, when o > 1, the uninfected
males experience a frequency dependent advantage in
terms of proportion of matings over the infected males.
Alternatively, when o = 1 no preference is exhibited and
the mating probability reduces to the basic product of
female and male frequencies.

This modelling technique generates four basic equa-
tions (Table 1) that describe the frequency of matings
between females of varying preference status and males
of varying infection status. Note in the denominators
that, in the absence of preference, the sum of uninfected
and infected males equals one and so females mate at
random. When females exhibit preference, the relative
frequency of uninfected males increases by the factor .
This reduces the frequency that a female mates with an
infected male below that which would occur under
random mating. These four equations are applied to the
36 genotype/phenotype mating combinations described
previously. The preference allele is subject to normal
Mendelian inheritance.

The following rules apply to offspring generation when
no other factors associated with Wolbachia infections are
considered. Uninfected females that mate with infected
males experience complete CI and produce no offspring.
All other crosses produce viable offspring. Infected
females produce entirely infected offspring and likewise,

Table 1 The mating probabilities of female and male combinations
based on female mate preference status and male infection status.

Female mate preference status Male infection status Mating probability

Preference Uninfected Fi oMju/(eMy + M)
No preference Uninfected FiMju/(My + M)
Preference Infected FiMy/(aMy + M)
No preference Infected FiMy/(My + M)

Fi: frequency of female genotype I; Mjy: frequency of uninfected
male genotype j; M;: frequency of infected male genotype j; My:
frequency of all uninfected males; M;: frequency of all infected
males.

Recessive inheritance: preference = PP; no preference = Pp, pp.
Dominant inheritance: preference = PP, Pp; no preference = pp.
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uninfected females produce only uninfected offspring.
We will refer to this as the ‘basic model’.

Incorporating other factors associated
with Wolbachia infection

The conditions for offspring generation described above
are limited in their relevance to the dynamics of
Wolbachia infection in the field because it is well
established that Wolbachia infections are influenced by a
variety of factors. These include environmental factors
such as temperature or naturally occurring antibiotics,
the transmission fidelity of Wolbachia from mother to
offspring, costs to host fitness caused by the infection and
the degree of CI induced by the parasite (Hoffmann &
Turelli, 1997). Because these factors affect the spread of
Wolbachia, they are likely to have an impact on the
evolution or spread of mechanisms that arise in hosts to
avoid or reduce the effects of Wolbachia. Excepting
stochastic environmental effects, these factors are mod-
elled alongside the spread of the preference allele. We
attempted to approximate the situation in nature by
using estimates of these factors from field and laboratory
studies in the simulations.

Maternal transmission fidelity

Several studies have documented imperfect maternal
transmission of Wolbachia (Hoffmann et al., 1990; Turelli
& Hoffmann, 1995; Hoffmann et al., 1998). Specifically, a
small proportion of offspring from infected females may
be uninfected with Wolbachia. The transmission fidelity of
Wolbachia was incorporated into our models by assigning
a fraction of offspring from infected females to the
corresponding uninfected types each generation. Under-
lying this is the assumption that uninfected ova of
infected females remain compatible with the sperm of
infected males. If uninfected or weakly infected ova
produced by infected females are incompatible with
sperm from infected males then we slightly overestimate
the production of uninfected offspring. This factor also
accounts for any host evolution of resistance to Wolbachia
manipulations. Although the evolution of resistance is
not specifically dealt with in these models, the effect of
resistance is thought to have the same etfect on Wolbachia
population dynamics as incomplete maternal transmis-
sion. Estimates of maternal transmission fidelity depend
on whether the female is laboratory raised or field-
caught and vary between 99.9 and 91% (Hoffmann et al.,
1990; Turelli & Hoffmann, 1995; Hoffmann et al., 1998).
In this study we varied maternal transmission fidelity of
Wolbachia between 100 and 97%.

Host fithess costs

Although females infected with Wolbachia are compatible
with both infected and uninfected males, they may suffer
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reduced fecundity (Hoffmann et al., 1990; Nigro & Prout,
1990; Turelli et al, 1992; Turelli & Hoffmann, 1995).
These studies estimate that infected females produce
between 5 and 20% fewer offspring than uninfected
females. Since infected males produce fewer sperm
(Snook et al., 2000), infected females mated to infected
males may suffer additional fitness costs associated with
sperm limitation. In this study we explored the impact of
fitness costs to infected females that resulted in 1-5%
fecundity reductions. This was incorporated in the
models by introducing a function that reduced the
number of offspring produced by infected females by a
certain proportion. Uninfected females produced off-
spring as normal.

Degree of Cl

CI varies in its expression between species. In some
species, infected males produce sperm that nearly always
induce CI with uninfected ova. In others, only a
relatively small proportion of sperm from infected males
induces CI. Estimates of CI induction range between 0
and 99% and may depend on species, bacterial levels in
testes, male age and mating history (Hoffmann et al.,
1990; Bressac & Rousset, 1993; Reynolds & Hotfmann,
2002). In this model, we varied the level of CI expressed
by infected males between 100 and 90% expression.
Similar to host fitness costs, the degree of CI was
incorporated into the models by including a function
describing the proportion of offspring that survive CI
(1 — degree of CI).

The modelling process

The proportion of offspring generated by each parental
mating combination was calculated and iterated for
approximately 250 generations or until the infection
had attained its maximum frequency.

We considered two scenarios in reference to the
preference allele. In the first scenario, the preference
allele occurs in the population at low frequency (1%)
when Wolbachia commences its invasion. In the second
scenario we considered a population where there is
genetic variation for female preference prior to Wolbachia
invasion. It is biologically plausible that such an allele
could drift to high frequency, as it would be selectively
neutral prior to the arrival of Wolbachia. Hence, we
considered two relatively arbitrary allele frequencies at
the point of Wolbachia invasion: low (1%) and high
(20%) at Hardy—Weinberg equilibrium. We also com-
pared dominant and recessive expression of the prefer-
ence allele. Wolbachia was distributed evenly across
genotypes at the point of invasion and we explored the
impact of different frequencies of Wolbachia at the point
of its invasion. Even distribution of Wolbachia ensured no
bias to the outcome of the models. Irrespective of the
starting conditions, Wolbachia spreads rapidly to all

genotypes and natural Wolbachia invasions are likely to
comprise multiple genotypes rather than single individ-
uals (Turelli & Hoffmann, 1991; Vala et al., 2004).

We modelled the evolution of the mate preference
allele and the population dynamics of Wolbachia in three
ways. In the basic model, we only varied factors associ-
ated with the mate preference allele. In particular, we
examined the impact of the strength of preference () on
the evolution of the preference allele and the population
dynamics of Wolbachia. The next step in the modelling
process (intermediate models) explored the effects of (1)
maternal transmission fidelity, (2) host fitness costs and
(3) the degree of CI induced by Wolbachia on the spread
of the preference allele and the dynamics of Wolbachia
itself. For this purpose, we set the strength of preference
to o = 10 for all simulations. Focusing on each factor
individually, we varied the respective factor’s impact
(based on estimates from laboratory and field observa-
tions) and examined the spread of both the preference
allele and Wolbachia. The impact of different frequencies
of Wolbachia at its invasion was also assessed. Finally, all
the factors were modelled together alongside the prefer-
ence allele (full model).

The main aim of the modelling process was to
determine under what general conditions (if any) an
allele encoding preference for uninfected mates could
evolve in a CI system. In addition, we sought to
identity whether factors such as host fitness costs, the
degree of CI and maternal transmission fidelity could
contribute to or maintain populations that are poly-
morphic for Wolbachia infection. This process enables us
to assess the quality of the theoretical support for
studies examining mate preferences in Wolbachia mani-
pulated systems.

Results

The basic model

Despite the fitness advantages associated with the mate
preference allele, the benefit to the uninfected compo-
nent of the population is insufficient to prevent Wolbachia
becoming fixed in the population (Fig. 1). However,
prior to Wolbachia reaching fixation, the preference
allele’s advantage causes it to spread within the popula-
tion. Upon fixation of Wolbachia, the preference allele’s
advantage is lost because no uninfected individuals
remain in the population. Nevertheless, when the pop-
ulation dynamics of Wolbachia are unatfected by imper-
fect maternal transmission, fitness costs or the degree of
CI induced, the spread of the preference allele depends
on three key factors. These are (1) its mode of expression
(dominant or recessive), (2) its frequency in the popu-
lation at the start of Wolbachia invasion and (3) the
strength of pretference for which it encodes (Table 2).
Alleles with dominant expression reach greater fre-
quency than alleles with recessive expression and alleles
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Fig. 1 The increase in frequency (%) of the preference allele when
modelled alongside the spread of Wolbachia. « = 10, Wolbachia
invasion frequency: 1%; transmission fidelity: 100%; degree of CI:
100% and infected female fertility: 100%. Note the recessive allele
with 1% starting frequency increases by 0.02%.

that are at high (20%) frequency in the population when
Wolbachia commences its invasion increase more in
frequency than those at lower frequency (Fig. 2). The
strength of preference encoded by the allele affects the
spread of the allele as expected: increasing the value of o
increases the spread of the preference allele. In some
circumstances (for instance o > 10, preference allele at
high initial frequency with dominant expression) the
preference allele reaches such high frequency that nearly
all the females express preference for uninfected males
despite Wolbachia fixation.

In addition to these features of the allele itself, the
frequency at which Wolbachia commences its invasion
influences the degree to which the preference allele
spreads. As the initial frequency of Wolbachia increases,
the degree to which the preference allele spreads
decreases. This is because the initial frequency of Wolba-
chia affects the number of generations Wolbachia takes to
spread to fixation. The greater the initial frequency of
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Fig. 2 The rate of spread of Wolbachia when modelled with dom-
inant and recessive preference alleles with starting frequencies of 1
or 20%. a = 10, Wolbachia invasion frequency: 1%; transmission
fidelity: 100%; degree of CI: 100% and infected female fertil-
ity:100%. The spread of Wolbachia when modelled with recessive
alleles starting at 1% is not shown because it does not increase the
number of generations required until Wolbachia becomes fixed.

Wolbachia, the fewer generations required before achiev-
ing fixation.

As mentioned previously, the preference allele itself is
unable to overcome the transmission advantage of
Wolbachia that results from reducing the relative fitness
of uninfected females in the population. Therefore, in the
absence of other infection factors, Wolbachia ultimately
spreads to fixation within the population. However, the
preference allele is able to slow the rate of spread of
Wolbachia (Fig. 1). The extent to which this occurs
depends on the factors that affect the spread of the
preference allele. Preference alleles that spread rapidly
have a larger impact on slowing the spread of Wolbachia.
Thus dominant alleles have the greatest effect and
increasing their initial frequency in the population
results in further slowing of the Wolbachia invasion. An

Table 2 The spread of the preference allele
and its impact on the spread of Wolbachia.
This table illustrates 1) the number of gen-

Preference allele starting
frequency (%) 1 20

erations required for Wolbachia fixation and

Strength of
2) the increase in frequency (%) of the

Wolbachia starting

preference ()  frequency (%) 1 2 3 1 2 3
preference allele (as measured at Wolbachia
fixation), when the strength of preference, o,  (a) Recessive
the starting frequency of the preference 2 Generations to 108 58 41 111 59 41
allele and the starting frequency of Wolbachia 10 Wolbachia fixation 108 58 4 114 61 43
are varied. 50 108 58 41 116 63 44
2 Increase in preference 0.021 0.009 0.008 4.16 3.38 2.94
10 allele frequency % 0.021 0.018 0.016 10.95 8.69 7.49
50 0.024 0.020 0.018 15.80 12.19  10.40
(b) Dominant
2 Generations to 110 58 41 136 72 50
10 Wolbachia fixation 113 61 43 225 118 82
50 118 64 45 >250 225 155
2 Increase in preference 1.89 1.43 1.20 21.05 17.36 15.20
10 allele frequency % 9.00 6.04 4.74 66.30 62.12 58.89
50 2532 1467 1059 >70.00 76.42 7553
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interesting side effect of the invasion of Wolbachia and the
evolution of the preference allele is that, at or near
fixation of Wolbachia, the preference allele is found
predominantly in infected individuals.

Intermediate models

The combined effect of the preference allele and the
various infection factors (imperfect maternal transmis-
sion fidelity, fitness costs, degree of CI) is able to
significantly delay, and in some circumstances prevent,
the invasion of Wolbachia. The impact of each of these
factors on both the spread of the preference allele and the
invasion of Wolbachia is described briefly below and
summarised in Table 3. The data supporting these find-
ings are presented in tables as Supplementary Material.

Maternal transmission fidelity

Imperfect maternal transmission of Wolbachia can pre-
vent its invasion and spread (Table S1). However this
does not prevent the spread of the preference allele.
Decreasing the transmission fidelity of Wolbachia or
increasing the starting frequency of the preference allele
increases the number of generations required for Wolba-
chia fixation and increases the spread of the preference
allele but decreases the maximum frequency Wolbachia
attains. Increasing the starting frequency of Wolbachia
improves the likelihood of its successful spread and
increases the maximum frequency it attains in the
population. It also decreases the number of generations
required for its fixation and therefore decreases the
spread of the preference allele.

With imperfect maternal transmission, Wolbachia never
reaches complete fixation. In our models, Wolbachia
reaches a maximum frequency from which it typically
declines very slowly due to the preference for uninfected
mates. Because there are so few uninfected individuals in
the population at Wolbachia fixation, this decline is

usually so slight that it is unlikely to impact on the
population dynamics of Wolbachia in real populations.
Correlated with the slow decline of Wolbachia is a
similarly slow increase in frequency of the preference
allele. The continuing spread of the preference allele after
near fixation of Wolbachia is both facilitated and
constrained by the small number of uninfected offspring
generated by imperfect maternal transmission of Wolba-
chia.

Fitness costs

Like transmission fidelity, fitness costs (Table S2)
imposed on hosts by Wolbachia can prevent its invasion
and retard its spread. In such scenarios, the preference
allele spreads despite the decline in Wolbachia. Increasing
the fitness cost to females or the starting frequency of the
preference allele increases the number of generations
required for Wolbachia fixation and increases the spread
of the preference allele. Increasing the starting frequency
of Wolbachia decreases the number of generations
required for its fixation and also the spread of the
preference allele.

Degree of CI

In contrast to the other parameters, decreasing the
degree of CI (Table S3) induced by males does not
prevent the invasion or spread of Wolbachia. Instead, it
increases the number of generations required for fixation
of Wolbachia and reduces the increase in frequency of the
preference allele. This somewhat counterintuitive result
concerning the spread of the preference allele is discussed
alongside the full model results, but it results from
increased offspring production from uninfected females
that do not exhibit mate preference. Increasing the
starting frequency of the preference allele increases the
number of generations required for Wolbachia fixation
and the spread of the preference allele. Increasing the

Table 3 Summary of the general results of the models in terms of the outcome of varying parameters on the spread of both Wolbachia and the
preference allele. Note that the impact of varying the parameters is greater in models where the preference allele is dominant rather than
recessive. Except in the basic model, this table does not describe the effect of varying the starting frequency of either Wolbachia or the
preference allele. However, in all cases, increasing the starting frequency of Wolbachia acts as described in the basic model. Increasing the
starting frequency of the preference allele increases the subsequent spread of the preference allele and increases the impact on Wolbachia.

Model Change in parameters

Basic Increase initial Wolbachia frequency

Increase strength of preference (o)

Intermediate Decrease maternal transmission fidelity
Increase fitness costs

Decrease degree of Cl

Full Decrease maternal transmission fidelity,
increase fitness costs, decrease degree of Cl

Outcome

Wolbachia Preference allele

Quickens fixation
Slows fixation

Decreases spread
Increases spread

Slows and prevents fixation
Slows and prevents fixation
Slows fixation

Increases spread
Increases spread
Decreases spread

Slows and prevents fixation Increases spread
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starting frequency of Wolbachia decreases the number of
generations required for its fixation and also reduces the
spread of the preference allele.

In summary, including either a reduction in infected
female fecundity or incomplete maternal transmission of
Wolbachia to the model, raises the initial frequency of
Wolbachia required for successful spread of the bacterium,
and lengthens the time Wolbachia takes to reach fixation
(Tables S1 and S3). Reducing the level of incompatibility
experienced by crosses between an uninfected female
and an infected male does not raise the initial frequency
of Wolbachia required for invasion but it does delay the
spread of the parasite (Table S2).

Full model

We compared the relative impact of these factors by
assuming Wolbachia is associated with a 1% decrease in
each factor and that Wolbachia commences its invasion at
3% frequency. In this scenario, maternal transmission
fidelity of Wolbachia consistently has the greatest impact
on both the number of generations Wolbachia takes to
reach fixation (Fig. 3) and the increase in frequency of
the preference allele (Fig. 4). When all factors were
modelled together with the preference allele under the
same conditions, the number of generations required for
Wolbachia to reach its maximum frequency increased. In
addition, when these factors were modelled with a
dominant preference allele with initial frequency of
20%, spread of Wolbachia was prevented unless Wolbachia
commenced its invasion at 5% frequency, or greater, in
the population.

160 1
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Fig. 3 The impact of the model parameters on the number of
generations required for Wolbachia to reach fixation or maximum
frequency (transmission fidelity and full model). (<) Preference
allele only, (A) fitness costs and preference allele, (@) degree of CI
and preference allele, (OJ) transmission fidelity and preference allele,
(X) Full model (all parameters and preference allele), dashed line:
the number of generations Wolbachia requires to reach fixation when
modelled without parameters or preference allele. o« = 10, Wolbachia
invasion frequency: 3%; transmission fidelity: 99%; degree of CIL:
99% and infected female fertility: 99%. Note Wolbachia fails to
spread under full model conditions when preference allele has
dominant expression and 20% starting frequency.
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Fig. 4 The impact of the model parameters on the increase in
frequency of the preference allele. (&) preference allele only, (A)
fitness costs and preference allele, (#) degree of CI and preference
allele, (IJ) transmission fidelity and preference allele, () Full model
(all parameters and preference allele). « = 10, Wolbachia invasion
frequency: 3%; transmission fidelity: 99%; degree of CI: 99% and
infected female fertility: 99%. Note Wolbachia fails to spread under
full model conditions when preference allele has dominant expres-
sion and 20% starting frequency hence the increase in frequency of
preference allele cannot be displayed.

We also compared the full model with models of
Wolbachia population dynamics where (a) Wolbachia is
unaffected by any infection parameters or female mate
preference, or (b) Wolbachia is modelled alongside the
infection parameters but there is no female mate prefer-
ence (Fig. 5). The infection parameters, independent of
preference, have a large impact on the time Wolbachia
takes to achieve near fixation. However, the mate
preference allele in conjunction with the infection
parameters (full model) extends this further.

i
1
0.8 | ,
Ll
c 1
S 06 1 ’
] ' - = = Wolbachia
S o4 !
x Infection factors
0.2 4 ’ Infection factors &
“/ preference allele
0+ - : :

1 21 41 61 81
Generations

Fig. 5 The spread of Wolbachia when modelled; on its own (no
infection parameters or preference): ‘Wolbachia’; with infection
parameters but no preference allele: ‘infection factors’; and in full
model with infection factors and preference: ‘Infection factors &
preference allele’. Dominant model, preference allele starting
frequency: 1%; o = 10, Wolbachia invasion frequency: 3%; trans-
mission fidelity: 99%; degree of CI: 99% and infected female
fertility: 99%.
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Fig. 6 The spread of Wolbachia and the preference allele with a
stochastic event that results in natural curing of 90% of individuals
infected with Wolbachia at generation 80. Dominant model, prefer-
ence allele starting frequency: 1%; o = 10, Wolbachia invasion
frequency: 3%; transmission fidelity: 99%; degree of CI: 99% and
infected female fertility: 99%.

In order to investigate the impact of random stochastic
events, such as the hypothesised larval curing of Wolba-
chia infection by naturally occurring antibiotics or heat-
shock, on both the spread of the preference allele and the
dynamics of Wolbachia infection we simulated a mass
curing event under full model conditions using a dom-
inant model of preference. This was achieved by ‘curing’
a percentage of infected individuals at generation 80 and
reassigning these individuals to the uninfected compo-
nent of the population. At generation 80, Wolbachia has
reached near fixation. Following the curing, it again
increases in frequency but the presence of uninfected
individuals permits the increasing spread of the prefer-
ence allele (Fig. 6). Curing 50% of the population of
their infection results in a 5.8 % increase in the frequency
of the preference allele but this is increased to 40.6% if
90% of population is cured of infection.

Discussion

Our models reveal the potential for evolution of mate
preference in populations invaded by CI inducing
Wolbachia. The preference allele gains its advantage
because it encodes preference for uninfected mates,
thereby increasing the frequency of compatible matings
between uninfected females and uninfected males.
Under certain conditions, preference alleles, in conjunc-
tion with various infection factors, are capable of expel-
ling Wolbachia from a population or significantly delaying
its spread within a population. The preference allele is
not lost if Wolbachia spreads to fixation but instead may

be ‘hidden’ in a significant proportion of the infected
population.

Deterministic models such as this are well established
and commonly used tools for investigating the evolution
of mate preferences (Kirkpatrick, 1982; Servedio,
2000,2001,2004). However, they are limited to assessing
general outcomes rather than simulating real
populations. They ignore genetic drift, which would
increase the variability of outcomes and cause loss of
preference alleles when rare. A second limitation of our
model concerns the preference function, which ignores
male limitation. In reality, expressing preference for
uninfected males when they are at low frequency is
likely to be associated with some form of cost, such as
delayed mating, that may outweigh the advantage of
mating with an uninfected male. However, the preferred
trait (no Wolbachia infection) is initially at high frequency
in our models and, therefore no cost of preference is
expected until the near fixation of Wolbachia. When
Wolbachia is near fixation in the population, the prefer-
ence allele may incur a cost that subsequently results in
its decline. However, since real populations are typically
infected with Wolbachia at intermediate frequencies, it is
likely that any preference allele would retain a positive
selective advantage.

An important outcome of these models is the finding
that preference for uninfected males spreads among
infected females despite the lack of a selective advantage
to infected females in mating with an uninfected male.
Infected females do not improve their fitness by this
choice because they are compatible with both infected
and uninfected males. Preference for uninfected males is
however associated with direct fitness benefits to unin-
fected females and, as expected, we find a rapid change in
frequency of the preference allele within the uninfected
component of the population.

The spread of the preference allele through the
infected component of the population provides theoret-
ical support to studies examining mating behaviour in
animals cured of their infection by antibiotics (Hoffmann
et al., 1990; Wade & Chang, 1995), and impetus to similar
studies involving populations where all individuals are
infected. Curing individuals by rearing generations on
tetracycline treated food is a common way of establishing
uninfected lines but the consequences for behavioural
studies have been largely ignored. Curing subsets of
infected populations may reveal mate preferences. How-
ever, it is important to examine genetic variation in
preference rather than differences between infected and
uninfected groups per se. Some of the research into mate
preferences in CI systems (particularly in Drosophila) has
been undertaken using individuals that stem from iso-
female lines (Hoffmann et al, 1990; Vala et al., 2004).
This is advantageous in one sense because it reduces
genetic variation. However, genetic variation could be
crucial when (as suggested by these models) preference is
not distributed homogenously within populations. If this
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is the case, the probability of discovering mate prefer-
ences in iso-female lines is directly related to the
proportion of individuals expressing preference in the
original population. Investigations of mate preferences
may have greater success if the subjects of study stem
from newly established or wild caught populations, and/
or multiple maternal/paternal lines.

An important observation that stems from this work is
that the fate of the preference allele at equilibrium
depends on other population dynamics factors. In the CI
system, equilibrium occurs when Wolbachia becomes
either extinct or fixed in the population. When Wolbachia
is close to fixation, the fate of the preference allele is
likely to be influenced by forces that cause variation in
Wolbachia infection levels. Stochastic environmental
events such as curing of infected individuals via naturally
occurring antibiotics or extreme temperatures are
thought to be significant causes of fluctuating infection
levels in wild populations (Stevens & Wicklow, 1992;
Turelli & Hoffmann, 1995; Clancy & Hoffmann, 1998).
Although only briefly considered here, stochastic envir-
onmental events had important consequences for the
spread of the preference allele. Curing individuals of their
infection enabled the preference allele to regain its fitness
advantage and increase its spread. The occurrence of
multiple stochastic events over time, as predicted by
theory, should only serve to enhance this pattern. It is
plausible under this scenario that the preference allele
could attain a frequency that ultimately prevents the
spread of Wolbachia.

Delaying the spread of Wolbachia has important
consequences for the evolution of the preference allele.
Extending the number of generations Wolbachia takes to
reach high frequency results in greater increase in
frequency of the preference allele (Tables S1-S3; Fig. 4)
because the selective advantage of the preference allele is
greatest when Wolbachia is at intermediate frequency.
Consequently, we find the greatest increase in preference
allele frequency when the model incorporates all infec-
tion factors. However, if recessive preference alleles are at
low frequency (1%) when Wolbachia commences its
invasion, their spread is drastically limited regardless of
the impact of the infection factors. Presumably recessive
inheritance of the preference allele does not produce
enough ‘choosy’ types quickly enough to be able to
benefit from the decreased rate of spread of Wolbachia. In
contrast, if a recessive preference allele is at high
frequency (20%) when Wolbachia commences its inva-
sion, the allele significantly increases in frequency.

The spread of the preference allele depends on the
presence of uninfected offspring. The two mechanisms by
which uninfected offspring are produced have different
(positive and negative) effects on the evolution of the
preference allele. Imperfect maternal transmission of
Wolbachia is one such mechanism. Here, a constant source
of uninfected individuals is generated from infected
females. In models with imperfect maternal transmission,
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the preference allele does not reach an equilibrium
frequency within the population but instead continues to
increase (albeit very slowly) in frequency. Although it was
beyond the scope of these models to simulate the spread of
the preference allele over much longer time scales, it is
reasonable to assume that in these scenarios, where there
is no cost associated with preference, the preference allele
would eventually become fixed in the population.

Conversely, the second mechanism by which unin-
fected offspring are produced, incomplete CI induction by
Wolbachia, has a negative effect on the evolution of
preference alleles. Although the difference is slight, when
these are modelled together, the preference allele does
not increase to the same frequency as it does when the
preference allele is modelled on its own. When there is
incomplete CI, a fraction of offspring from crosses
involving uninfected females and infected males avoid
death through CI. This production of offspring from
‘incompatible’ pairings appears to undermine the advant-
age of ‘compatible’ mating promoted by the preference
allele. This is because the uninfected females involved in
the incompatible crosses are less likely to transmit alleles
encoding preference. This dilutes the allele in the
uninfected population and slows its spread. Transmission
infidelity does not have the same effect because there is
no bias in female genotype in terms of the fidelity of
Wolbachia transmission. Therefore, there is no bias in
genotype of offspring from infected females based on
transmission infidelity. Interestingly, when all factors are
modelled together, the negative effect of degree of CI is
not evident.

Despite field data suggesting Wolbachia exists at inter-
mediate frequencies in populations over time (Turelli &
Hoffmann, 1995; Hoffmann & Turelli, 1997; Jiggins et al.,
2002), we found no combination of parameters resulting
in stable intermediate frequencies of Wolbachia. Wolbachia
either spreading to fixation or becoming extinct is a
general feature of models of infection population dynam-
ics (Caspari & Watson, 1959; Fine, 1978; Rousset et al.,
1991; Turelli & Hoffmann, 1995; Hoffmann & Turelli,
1997). Incomplete maternal transmission generates a
small proportion of uninfected individuals but these are
almost negligible in terms of the dynamics of the
infection and the evolution of preference. It seems
unlikely that the parameters modelled here result in
stable intermediate frequencies of Wolbachia in the field.
Rather, intermediate frequencies of Wolbachia within
populations that appear to persist through time most
likely result from some stochastic environmental factor
that directly affects infection frequency.

There are two additional aspects concerning the spread
of Wolbachia that we have not considered here but which
have been addressed by others. Firstly, we did not
consider the impact of sperm competition. If sperm of
infected and uninfected males differ in number (Snook
et al., 2000), in their ability to fertilise eggs or their
utilisation by females, this can have a direct impact on
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the rate of spread of Wolbachia (Prout & Bungaard, 1977;
Hoffmann & Turelli, 1997). Our models suggest that any
change in the rate of spread of Wolbachia will influence the
evolution of preference. The second aspect not considered
here is the impact of selection on both the parasite and the
host genome that may affect CI parameters. Both Prout
(1994) and Turelli (1994) have shown that selection acts to
maximize the number of infected progeny produced by
infected females rather than acting directly on level of
incompatibility between infected males and uninfected
females. This may result in infections becoming increas-
ingly benign and levels of incompatibility decreasing
(Hoffmann & Turelli, 1997). The impact of this, in terms
of the evolution of preference, is uncertain: in our models
reduced incompatibility delays the spread of preference
whilst spread is favoured by slower invasion.

In summary, this is the first model considering the
evolution of mate preference in populations infected by
CI inducing Wolbachia. We have shown that mate
preferences have the potential to spread in such systems.
Preference is most likely to evolve when associated with
dominant expression of the allele, when the Wolbachia
infection incurs fitness costs in its hosts and when not
transmitted with perfect fidelity. Stochastic environmen-
tal effects are predicted to have a large impact on the fate
of preference alleles if Wolbachia initially invades to near
fixation. Our results support further investigations of
mate preferences in Wolbachia manipulated systems.
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