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Cytoplasmic incompatibility between arthropods infected with
different strains of Wolbachia has been proposed as an
important mechanism for speciation. However, a basic
requirement for this mechanism is the coexistence of
different strains in neighbouring populations. Here we test
whether this required coexistence is possible in a spatial
context. Continuous-time models for the behaviour of one
and two strains of Wolbachia within a single well-mixed

population demonstrate the Allee effect and founder control,
such that one strain is always driven extinct. In contrast,
discretised spatial models show patchy persistence of the
two strains although coexistence within the same habitat is
rare. A simplified model of such founder control suggests that
it is fragmentation of (or barriers within) the habitat rather
than space itself that leads to persistence.
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Introduction
Wolbachia is a bacterial symbiont found in all the major
arthropod groups and filarial nematodes. It is an alphaproteobacterium that lives in the cell cytoplasm of its
host, and is transmitted through the egg from mother to
offspring. It has been estimated that 16–22% of insects
and 26% of crustacean species are infected with
Wolbachia (Werren et al, 1995; Bouchon et al, 1998; West
et al, 1998), and some studies have suggested that these
figures may substantially underestimate their true
incidence (Jeyaprakash and Hoy, 2000; Jiggins et al, 2001).
In insects and crustaceans, many Wolbachia strains
cause cytoplasmic incompatibility (CI) (Laven, 1951; Yen
and Barr, 1971; O’Neill et al, 1992). In diploid hosts, this
results in zygotic death of potential offspring when an
infected male is crossed with an uninfected female.
However, all other crosses are unaffected. CI therefore
allows the bacterium to spread through the population
by reducing the fitness of uninfected females in the
population (Caspari and Watson, 1959), and such
spreads have been observed in natural populations
(Turelli and Hoffmann, 1991).
Different strains of Wolbachia may be mutually
(bidirectionally) incompatible (Breeuwer and Werren,
1990; O’Neill and Karr, 1990). That is, if a male infected
with one strain is crossed to a female infected with a
second strain, inviable zygotes result. Therefore, if two
populations are infected with different strains, then
crosses between them will be incompatible. The potential
importance of this as a speciation mechanism was
immediately recognised: if two different populations
were bidirectionally incompatible, then gene flow between them is dramatically reduced or eliminated
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entirely (Laven, 1959; Werren, 1998). It is clear that
Wolbachia does not cause most of the observed cases of
reproductive isolation in insects, which tend to initially
involve sterility or inviability of the heterogemetic sex
(Coyne and Orr, 1989). However, this does not preclude
the possibility that Wolbachia can sometimes play a role
in speciation events.
If Wolbachia does play an important role in speciation,
then we expect to find Wolbachia-induced incompatibilities between populations and pairs of sibling species.
Several studies have found this to be the case, although
none have produced conclusive evidence that Wolbachia
causes speciation. In the sympatric jewel wasps, Nasonia
vitripennis and N. giraulti, Wolbachia cause F1 hybrid
inviability. However, it is unclear whether Wolbachia
itself played a role in speciation, as there is also
premating isolation and F2 hybrid breakdown (Breeuwer
and Werren, 1990). In a second pair of jewel wasps,
N. longicornis and N. giraulti, CI is the only cause of
postmating reproductive isolation, but in nature these
species are allopatric, and therefore isolated by geography (Bordenstein et al, 2001). Other studies have found
evidence for bidirectional CI between populations of the
same species. The best-characterised system is Drosophila
simulans, where several bidirectionally incompatible
Wolbachia types exist in different populations (O’Neill
and Karr, 1990; Montchamp-Moreau et al, 1991; Merçot
et al, 1995). More complex patterns of bidirectional and
unidirectional incompatibility exist between populations
(or sibling species) of the mosquito Culex pipiens
(Hoffmann and Turelli, 1997). In some instances, strong
incompatibilities were found between insects collected
from within a few kilometres of each other or from the
same locality (Barr, 1980; Magnin et al, 1987). However, it
is not clear whether this is caused by different Wolbachia
strains being maintained in adjacent populations.
Therefore, empirical studies suggest there may be
many cases where different host populations harbour
different strains of Wolbachia. Theoretical studies suggest
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that this can substantially increase the level of genetic
divergence between populations in the face of migration
(Telschow et al, 2002a, b).
Despite Wolbachia-induced incompatibilities being
widespread in nature, it has been argued that they may
be unlikely to be important agents causing speciation
(Hurst and Schilthuizen, 1998; Shoemaker et al, 1999;
Weeks et al, 2002). One criticism originates from
theoretical studies that have shown that within a
randomly mating population different Wolbachia strains
are not expected to coexist (Caspari and Watson, 1959;
Rousset et al, 1991). Therefore, it was argued that it was
unlikely that different Wolbachia strains would be able to
coexist in neighbouring populations (Shoemaker et al,
1999). The aim of this paper is to test this assertion by
examining the conditions under which stable contact
zones can be formed between bidirectionally incompatible CI types in adjoining populations.
Previous models have considered the dynamics of a
single CI type in a spatially structured population (Turelli
and Hoffmann, 1991; Wade and Stevens, 1994; Schofield,
2002) and multiple strains in a panmictic population
(Rousset et al, 1991). However, the dynamics of multiple
strains within a structured population have only been
considered verbally before (Hoffmann and Turelli, 1997).

Single strain model
The models developed throughout this paper assume
that Wolbachia is only transmitted vertically; that is, it can
only be passed from mother to offspring. The transmission of infection from mother to offspring is not perfect
however, and occurs with probability t.
Initially, we subdivide the population into four classes,
uninfected females, FU, infected females, FI, uninfected
males, MU, and infected males, MI. These compete
through the action of a density-dependent death rate,
such that in the absence of infection the population obeys
a logistic growth equation. When an infected male is
crossed with an uninfected female – or more precisely
when an infected male fertilizes an uninfected egg –
zygotic death due to cytoplasmic incompatibility is
assumed to occur (no offspring are produced) with
probability q. Although CI gives a benefit to infected
females through increased mating success, for generality
we assume that those individuals infected have slightly
lower natural fitness; as such their density-dependent
death rate is increased by an amount D. For simplicity we
shall often quote results and show simulations for the case
when D ¼ 0, as this does not change the qualitative
conclusions. Finally, we assume continuous time dynamics
with overlapping generations; the alternative (discrete
time and nonoverlapping generations) has also been
simulated and produces qualitatively similar conclusions.
The governing equations for the four classes are:
dFI
¼ ftbFI  ðd þ DÞTFI
dt


dFU
MI
 dTFU
¼ fbðFU þ ð1  tÞFI Þ 1  q
dt
MU þ MI
dMI
¼ mtbFI  ðd þ DÞTMI
dt


dMU
MI
 dTMU
¼ mbðFU þ ð1  tÞFI Þ 1  q
dt
MU þ MI

where T is the total population size, b is the natural birth
rate, f ( ¼ 1m) is the proportion of individuals born
female and d is the density-dependent death rate for
uninfected individuals.
While this set of equations obviously allows the
simulation of the Wolbachia dynamics, such a system is
too complex to allow clear analytical insights. We notice
however, that after one or two generations, the ratio of
males to females in each state is identical, MU:FU ¼ MI:FI.
This vastly simplifies the system, and we can rewrite the
equations solely considering the entire infected (I) and
uninfected (U) populations. With suitable parameter
rescaling:
dI
¼ tbI  ðd þ DÞTI
dt


dU
I
¼ bðU þ ð1  tÞI Þ 1  q
 dTU
dt
T
Even this reduced set of two coupled differential
equations is not trivial to understand, therefore we
examine the proportion of the population that is infected,
x ¼ I/(I þ U):
dx
¼ bxð1  tÞ  DTxð1  xÞ þ bqð1  txÞx2
dt
This differential equation clearly demonstrates that there
is an Allee effect (Courchamp et al, 1999), such that a
small level of infection cannot invade an uninfected
population (when x is sufficiently small, its rate of
change is negative; hence the level of infection decreases). It is only when the level of infection breaks
some critical threshold that the infection takes off
(Caspari and Watson, 1959). This corresponds exactly
with the Allee effect where low-density populations are
driven to extinction, but high-density populations can
survive. Looking at the simplified case where D ¼ 0, we
find that:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  1  4w
1 þ 1  4w
xequilibrium ¼
xthreshold ¼
2t
2t
where w ¼ ð1  tÞt=q. Hence, if t or q is too small,
infection cannot persist in the population.
This Allee effect raises the interesting question of how
Wolbachia could invade a totally susceptible population.
Three distinct possibilities exist. Firstly, t is so close to
one that the threshold is practically zero; therefore
invasion can occur from a very low density of infected
organisms. Secondly, the disease invades when the total
or local subdivided population size is small, so that even
with just a few infectious individuals the population is
above the threshold. Finally, there could be sufficient
immigration of infection from an external source to
counteract the Allee effect. Which of these is the most
likely scenario will depend on the precise population
dynamics and effects of Wolbachia.

Two strain models
Using the basic framework developed above, we can
consider the motivating question of competition between
two (or more) strains of Wolbachia, and whether coexistence is possible. If only maternal transmission can
occur, then the two strains must remain isolated. We can
therefore model the numbers of three distinct types of
Heredity
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organism, those uninfected, U, those infected with one
strain, I, and those infected with the other, J. For
generality, the two strains are considered to have
different parameters:


dI
J
¼ tI bI 1  qJ
 ðd þ DI ÞTI ¼ fI ðI; J; UÞ
dt
T


dJ
I
¼ tJ bJ 1  qI
 ðd þ DJ ÞTJ ¼ fJ ðI; J; UÞ
dt
T


dU
I
J
¼ bðU þ ð1  tI ÞI þ ð1  tJ ÞJÞ 1  qI  qJ
 dTU
dt
T
T
¼ fU ðI; J; UÞ
To simplify the notation in what follows, we have
introduced three functions, fI, fJ and fU, which are the
rates of changes of the three populations.
From this model, it is clear that when the system
is at the single strain equilibrium (such that
fI(I*, 0, U*) ¼ fU(I*, 0, U*) ¼ 0), then a small amount of the
other strain J cannot invade as it always performs worse
than the uninfected population (fJ(I*, J, U)ofU(I*, J, U*)E0
J51) – although both uninfected and strain J both suffer
from cytoplasmic incompatibility with the dominant I
strain, strain J fairs worse as its vertical transmission is
not guaranteed. The two strains therefore exhibit founder
control due to this competitive exclusion – neither strain
can invade from low levels when the other strain is
already present. We also note that there is no stable
equilibrium solution where the two strains I and J coexist
(Rousset et al, 1991). Hence, in a homogeneously mixed
population, one strain must always dominate; which
strain this is depends on the particular parameters
associated with each strain and their initial densities
(Rousset et al, 1991).
Due to the form of indirect competition between the
two strains, almost any form of aggregate (homogeneous)
model will predict founder control. However, multiple
strains clearly exist in the natural world; therefore the
question arises as to what factors can account for this
persistence. As with many model systems, spatial heterogeneity is a plausible candidate to explain the increased
coexistence (Slatkin, 1974; Hanski, 1983; Tilman, 1994;
Bolker and Grenfell, 1995; Pacala and Levin, 1996). This
could be induced by underlying environmental heterogeneities such that different regions favour different
strains – although this is difficult to envisage. A more
appealing concept is that spatial heterogeneity arises
naturally from the subdivision of the population and the
dynamics within each subpopulation. This may be
intuitively considered a partial geographic barrier to gene
flow, such that the mixing within a habitat (subpopulation) is much greater than the mixing between them.

A spatial model
We can make the model system spatial by subdividing
the landscape into a set of habitats, where the population
in habitat i is denoted by the appropriate subscripts.
Small amounts of movement are allowed between
habitats, leading to the following equations:
2
3
X
X
dIi
sij Ij  Ii
sji 5
¼ fI ðIi ; Ji ; Ui Þ þ m4
dt
j
j
Heredity

2
3
X
X
dJi
¼ fJ ðIi ; Ji ; Ui Þ þ m4
sij Jj  Ji
sji 5
dt
j
j
2
3
X
X
dUi
sij Uj  Ui
sji 5
¼ fU ðIi ; Ji ; Ui Þ þ m4
dt
j
j
where s (equal to 0 or 1) defines the allowed movements,
and m determines their magnitude. We
Pdefine the level of
coupling between populations as m j sij , which is the
rate at which individuals disperse out of a patch. This is
a very general formulation and can accommodate a wide
variety of spatial configurations. In what follows, we
discretise the entire space into a grid of equal-sized
habitats, and focus primarily on when movement is only
between adjacent habitats – this is an example of a locally
coupled lattice model (Hassell et al, 1991; Keeling, 1999).
We contrast this locally coupled model with global
movement between habitats.
Figure 1a shows an example of the typical spatial
configuration, starting with a random distribution of
strains, which results from small levels of local coupling.
This spatial pattern is stable and arises due to the
dynamic enhancement of small heterogeneities in the
initial configuration. We clearly see coexisting patches of
infection dominated by one or other of the two strains.
Therefore, in moving from a homogeneous to a spatial
system, we have enabled the two strains to coexist,
although at each location one strain generally dominates
and the other is forced to extinction. Only in the
boundaries between patches can local coexistence be
maintained by the influx of both strains. This simple
concept can be generalised to allow multiple strains to
coexist in a patchy manner.
Although the two-dimensional lattice implemented in
Figure 1a is the most biologically natural approach, it is
often more intuitive (and computationally feasible) to
consider a one-dimensional line of habitats, again with
local movement. Figure 1b shows the development of a
stationary spatial pattern in a one-dimensional system of
habitats. Starting with a random distribution of strains,
regions dominated by strain I (black) or strain J (grey)
soon emerge. We note that due to the parameters used in
this simulation narrow patches are not viable and are
‘devoured’ by the surrounding strain.
For a given set of infection parameters, the level of
localized movement, m, determines the width of habitat
that can survive. We assume that strain I is more fit than
strain J (tI4tJ and qI4qJ), and look for the critical value
of m at which a small patch of strain J can survive
(Figure 2a, solid line). Simulations are started with a
small number of contiguous habitats at the J strain
equilibrium, while all other habitats are at the I strain
equilibrium. Clearly, large patches are able to withstand
higher movement rates, but the asymptote is soon
reached. For the same disease parameters, we also
consider the movement rate necessary for strain J to
invade an uninfected population (dashed line). In the
region between these two curves, strain J can coexist
spatially with strain I, but equally important strain J (and
also strain I) can colonise new uninfected habitat. This
graph should be compared to Figure 2b, which shows
similar results for a population with global movement; in
this scenario it is the total amount of each strain present
in the population that determines the long-term
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dynamics. Simulations are begun with habitats in either
the I strain or J strain equilibrium. These two graphs
(Figure 2a and b) represent two extremes of movement;
reality is likely to lie somewhere in between.
For the local movement scenario, Figure 2c considers
this movement threshold for different sets of strain
J parameters. Below the black surface, a single habitat of J
can survive in a sea of strain I, and similarly below the
grey surface a single I habitat can survive in a sea of J.
Therefore, if the movement level is below both curves, a
patchy distribution can be maintained. We note that
when the transmission (tJ) and cytoplasmic incompat-

ibility (qJ) parameters are low; those infected with strain J
cannot out-compete the uninfected individuals; so strain
J is doomed to rapid extinction. This extinction occurs
when w (given above) is greater than 1/4.

Continuous spatial models
The spatial model given above, which demonstrates the
persistence of the two species, contains the implicit
assumption that within each habitat there is complete
random mixing, but between neighbouring habitats the
level of mixing is small – there are some form of
geographic barriers to spread (Keeling, 1999). We are
therefore examining the dynamics at a large spatial scale.
If the environment is not broken into discrete patches,
but the habitat is assumed to be large and continuous,
then this patchy model formulation is flawed. To
investigate this situation, we consider an idealised
stochastic spatial model, where individuals are distributed in space and interact with a set of nearby
individuals. To simplify the behaviour, we ignored
the true behaviour of Wolbachia infections and concentrated on the emergent phenomenon of founder
control.
Individuals within this model can be in one of two
states, which for conformity we shall call I and J. The
fecundity of the two strains is determined by their local
neighbourhood, such that fecundity increases with the
proportion of neighbours of the same strain. This clearly
produces local dynamics that display founder control, as
an isolated I in a sea of J (and vice versa) would have a
very low reproductive success. This simple model of
founder control consistently predicts the inevitable
extinction of the weaker strain, and this is largely
independent of the initial conditions. Figure 3 shows
that when there are just two large patches, the stronger
strain always invades in a wave-like manner with the
invasion front moving with a constant velocity. This
result is qualitatively robust to a wide range of changes
in the model structure, parameters and spatial interactions.

Discussion

Figure 1 Graph (a) is an example of the typical steady spatial
configurations of a two-dimensional arrangement of habitats. The
black areas show dominance by strain I (tI ¼ 0.9, qI ¼ 0.96, DI ¼ 0),
the white areas are dominated by strain J (tJ ¼ 0.85, qJ ¼ 0.92, DJ ¼ 0)
and grey areas are regions of coexistence. We have assumed
coupling of strength m ¼ 0.004 to the nearest four neighbours, and
birth and death rates of b ¼ 0.1 and d ¼ 0.01. Graph (b) shows the
time evolution to the steady state in a one-dimensional system,
giving the density of strain I (thick black line), strain J (thick grey
line) and uninfected individuals (thin black line). Initially, the
population levels in each patch are randomly chosen. The
parameters are tI ¼ 0.9, qI ¼ 0.96, DI ¼ 0, tJ ¼ 0.85, qJ ¼ 0.92, DJ ¼ 0,
m ¼ 0.008, b ¼ 0.1 and d ¼ 0.01.

It is now well documented that when individuals from
different populations are crossed, Wolbachia-induced
cytoplasmic incompatibility can cause the zygotic death
of hybrid offspring (reviewed in Werren, 1997). However,
if this is to lead to the speciation of those populations, it
is necessary that bidirectionally incompatible Wolbachia
infections can form stable contact zones between
populations. We have found that this can occur where
the habitat is patchy and fragmented, but not when the
population is continuous and uniform.
The continuous time model of a single Wolbachia strain
within a randomly mating population shows an Allee
effect, such that invasion of the bacterium is not possible
until infected individuals exceed a density threshold
(Caspari and Watson, 1959; Fine, 1978). Therefore, the
initial invasion of the bacterium requires either that the
infection arises within a small or structured population,
that there are high enough rates of immigration to exceed
the threshold or that the parameters are such that the
threshold is extremely small.
Heredity
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Figure 3 Results from the individual-based model (a cellular
automaton) with local founder control performed on a regular
two-dimensional lattice with four nearest neighbours. Starting from
two large patches of single strains at equilibrium, the lines show the
average spatial location where strain I is at 25, 50 and 75% of its
carrying capacity. This clearly shows that in a homogeneous spatial
system, one strain dominates and spreads in a wave-like manner;
for this parameter set the wave speed is approximately one cell
every 16.5 interactions (death rate I ¼ 0.15, death rate J ¼ 0.2,
reproductive rate of I ¼ 0.2*empty sites þ 1.0*I sites in the neighbourhood, reproductive rate of J ¼ 0.1*empty sites þ 1.0*J sites in the
neighbourhood).

Spatial structure has long been known to promote the
coexistence of competitors (Tilman, 1994; Pacala and
Levin, 1996); here we investigate its effect on two strains
of Wolbachia. First, we considered a grid of randomly
mixing populations, with neighbours connected by
migration. Under these conditions, a single strain
dominates within each localised subpopulation, but
different strains can persist in neighbouring subpopulations. This can be viewed as an example of the small
parameter model of Karlin and McGregor (1972). The
stability of a given patch of one strain depends mainly on
the local parameters but in part on the size of the patch; if
it is too small, the relatively high level of immigration
from neighbouring patches may allow invasion of the
other strain, a phenomenon known as patch swamping
(Hanson, 1966).
In an attempt to understand the role played by
different forms on insect dispersal, we contrasted the
results of local movement, with those of global movement, where insects are free to disperse to any available
b—————————————————————————
Figure 2 Persistence and invasion thresholds for the one-dimensional model. Graph (a): starting from a patch of strain J (at single
strain equilibrium) of a given width, two critical levels of local
coupling are shown. First, the maximal level of coupling that allows
strain J to persist in a sea of strain I (solid curve). Second, the
minimal level of coupling that allows strain J to invade a sea of
uninfected individuals (dashed curve). For the one-dimensional
model with local movement, the level of dispersal or coupling is 2m.
The same parameters are used as in Figure 1b. Graph (b) shows the
same invasion curves for global movement of individuals; here the
level of coupling is given by Nm, where N is the total number of
habitats. For the model with local movement, graph (c) shows how
the critical level of coupling for persistence of a single patch varies
with the parameters for strain J (tI ¼ 0.85, qI ¼ 0.92 and DI ¼ DJ ¼ 0).
Heredity
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habitat. Here it is the initial proportion of habitats that
are at the J strain equilibrium (rather than patch size) that
determines the invasion thresholds. For local dispersal,
even very small patches can be stable or even colonise
the surrounding habitat. When the coupling is global
however, we effectively see founder control at the habitat
level, where the initial proportion of habitat types is
crucial in determining the long-term behaviour. In
principle, the actual dispersal on insects is likely to be
dominated by local movement, although some longerrange dispersal will take place. Invasion of Wolbachia or a
new strain is therefore likely to proceed by a mixture of
long-range jumps and irregular localised spread (Turelli
and Hoffmann, 1995).
The second spatial model we investigated was at a
more local scale, simulating individuals in a continuous,
homogenous habitat. Following a reductionist principle,
this model ignored the detailed dynamics of Wolbachia
and focused instead on the emergent property of
founder control. The outcome in this situation is
quite different, with the strain that has the higher
transmission efficiency or causes the greater level of
incompatibility spreading as an advancing wave. After
testing a variety of situations, we firmly believe that this
result is robust for any form of founder control in an
individual-based system with local interactions and is
not dependent on the model assumptions. We therefore
conclude that spatial heterogeneity in migration rates
(the difference between within-patch and between-patch
interaction) is necessary for bidirectionally incompatible
Wolbachia types to stably coexist in neighbouring
populations.
This behaviour is strikingly similar to that of hybrid
zones, which occur when incompatibilities between
nuclear genes cause a reduction in the hybrid fitness
(Barton, 1979). These zones will also move as an
advancing wave in a homogenous population, but are
stabilised in places where there is reduced migration.
This can arise either from barriers to migration, in
regions of low population density or simply when the
boundaries of the population come close together in a
narrow corridor. The approach of Barton (1979) has been
previously applied to the spatial spread of a single strain
of Wolbachia (Turelli and Hoffmann, 1991). This led
Hoffmann and Turelli (1997) to verbally argue that
multiple strains of Wolbachia were likely to behave in a
similar way to hybrid zones, a conclusion which is borne
out by our analysis.
Although our results suggest that incompatible
Wolbachia can coexist in neighbouring populations,
this result critically depends on the absence of any
horizontal or paternal transmission. If this occurs, then
it may result in double infections within a single
female. It is expected that such infections will
rapidly spread through both classes of singly infected
populations. The perfect association observed between
bacterial strains and mitochondrial types within and
between populations suggests that horizontal and
paternal transmission of Wolbachia may be very rare
(Turelli et al, 1992; Rousset and Solignac, 1995; Schulenburg et al, 2002). However, rare paternal transmission has
been observed in D. simulans (Hoffmann and Turelli,
1988), and, under certain unusual ecological circumstances, horizontal transmission can be common
(Huigens et al, 2000).

The model generates testable predictions as to the
migration rates and bacterial characteristics necessary for
different CI strains to coexist in adjacent populations.
Therefore, it will be of great interest to identify
populations of this type and measure the relevant
parameters. Of particular interest would be a fuller
description of Wolbachia in C. pipiens, with the aim of
discovering whether it exhibits the patterns described by
our model.
A number of further questions remain to be answered
before we can conclude that Wolbachia can act as the
significant factor causing speciation (Hurst and
Schilthuizen, 1998; Werren, 1998). How long do these
infections persist for? Is cytoplasmic incompatibility an
effective barrier to the flow of nuclear genes? The true
importance of Wolbachia in causing speciation awaits
further empirical data on these questions.
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