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Abstract

In some species displaying Wolbachia-induced cytoplasmic incompatibility, the
intensity of incompatibility depends on the density of symbionts in both parents.
Although modalities of the transmission process are poorly known, it appears that
the density of Wolbachia within the offspring of a female is variable and is
correlated with that of the mother. Assuming that the infection level of an host is
a continuous trait, we examine some theoretical consequences of the Wolbachia
transmission process on the evolution of the infection level within a population.
The hypotheses of this model concern two main points: the transmission of
Wolbachia is affected by stochastic processes and a deterministic bias, and the
bacterial load of the parents of a cross affects their compatibility relationships. It is
shown that the variance of the number of bacteria transmitted induced by the
stochastic processes tends to counteract the effect of bacterial curing on the
dynamics of infection. A general consequence of the model is that the extinction of
Wolbachia is possible even if there is strong incompatibility and no selective
disadvantage for the host to bear the bacteria. The model indicates that the
evolution of bacterial mutants does not depend on the level of incompatibility they
induce, but that mutants with higher transmission variance can be selected for.
Moreover, the mean infection level of the host population increases in the presence
of such bacteria.

* Author for correspondence.
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Introduction

Wolbachia, a Rickertsia-like endocellular microorganism, is present in many
species of Arthropods (O’Neill et al., 1992; Juchault and Mocquard, 1993, Werren
et al., 1995). This microorganism, which is maternally transmitted through the egg
cytoplasm, is known to alter the sexuality of its host by different means, including
parthenogenesis (Stouthamer, 1990), feminisation (Rigaud et al., 1991) and cyto-
plasmic incompatibility, an inability for two different strains of the host to produce
viable progeny. In the simplest case, this phenomenon is observed when an infected
male mates with an uninfected female, resulting in the failure of egg hatching (Yen
and Barr, 1973).

Theoretical analyses have focused on the dynamics of cytoplasmic incompatibil-
ity and particularly on the conditions required for loss, fixation or polymorphism of
the infection in natural populations. These models distinguished the presence or
absence of Wolbachia in individuals (Turelli, 1994; Hurst and McVean, 1996 and
references therein). In several species where cytoplasmic incompatibility is known to
occur, natural populations of the host are polymorphic for the infection, i.e.
infected individuals coexist with uninfected ones (e.g., Turelli and Hoffmann, 1995).
This phenomenon is of interest because females carrying a Wolbachia-free cyto-
plasm are at a disadvantage in a population with infected males. However, for
Drosophila simulans, D. melanogaster and Nasonia vitripennis, the level of the
infection is variable between individuals (Boyle et al., 1993; Breeuwer and Werren,
1993; Bressac and Rousset, 1993; Solignac et al., 1994; Rousset and De Stordeur,
1994; Mergot et al., 1995; Hoffmann et al., 1996) and the incompatibility has been
found to depend, at least in part, on the level of infection of the insects i.e. the
bacterial densities in the hosts (Boyle et al., 1993; Breeuwer and Werren, 1993;
Solignac et al., 1994; Mergot et al., 1995; Sinkins et al., 1995; Bourtzis et al., 1996).

The bacterial densities of an offspring and its mother may be different (Boyle et
al., 1993; Breeuwer and Werren, 1993; Rousset and De Stordeur, 1994, Solignac et
al., 1994; Turelli and Hoffmann, 1995). However, they are correlated, as illustrated
by the relative stability of infection levels within strains or the gradual decrease of
infection in crosses with infected females and uninfected males (Rousset and De
Stordeur, 1994). This peculiar inheritance of infection level may be due to stochastic
processes during oogenesis and maternal transmission by which the segregation of
a limited number of microorganisms is not equal among a finite pool of cells.
According to this hypothesis, the variability of infection level may be a more
general phenomenon. Breeuwer and Werren (1993) have proposed a simple model
to explain the effect of parental bacterial densities on cytoplasmic incompatibility in
Nasonia wasps. Following their “bacterial dosage’ model, sperm would be incom-
patible with an egg when the number of bacteria in the male strain is greater than
in the female strain. In D. simulans and D. melanogaster, the fraction of incompat-
ible zygotes seems to be a more continuous function of densities in parental strains
at least in paternal strains (Solignac et al., 1994; Mergot et al., 1995).

The possible evolutionary consequences of such a mechanism of inheritance of
bacterial density and its effect on incompatibility are investigated in the model
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presented here, that incorporates a potentially continuous range of infection density
(Fig. 1), and assumes that the fraction of incompatible zygotes is a continuous
function of densities in parental strains.

Analytical model and simulations

This analysis is focused on the dynamics of the Wolbachia infection in a
panmictic population. We assumed that the individual infection is a continuous
variable and is characterised by a probability density. We defined three identically
distributed variables, M and F for the distribution of infection level » in males and
Sfin females and Z as a third auxiliary variable. In this model, the bacterial density
may evolve under different constraints of selection, i.e. the incompatibility phe-
nomenon, and maternal transmission. In order to simplify the analytical part of the
model, we will assume that the survival probability of the offspring depends on the
infection level of the parents, that the effects of the maternal transmission on the
bacterial density take place during the development of the individuals, and finally
we will neglect the boundary effect of the limiting values 0 (no infection) and 1
(maximum infection level). Such assumptions have been made to keep the analysis
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Fig. 1. General patterns of distributions of Wolbachia infection level of an host population showing the
main differences between the present model (continuous) and the discrete model. The two distributions
have the same average Z.
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as simple as possible. Simulations where it is assumed first, that stochastic factors
affect the infection level of the gametes, second, that survival is a function of
infection levels of the gametes and where boundary effects are taken into account,
will be given.

1. Selection

We will consider that the survival probability of an embryo depends linearly on
the infection levels m of the male and f of the female.

s(f,m)y=1—am(l —) (1)

where the constant « is the parameter describing the strength of the incompatibility
of an incompatible cross. For example, in the case of an incompatible cross, if the
male has a bacterial density of 1 (1 = 1, in practice the maximum observed) and the
female is Wolbachia-free (f= 0), incompatibility will be «. Following Eq. (1) and
under the hypothesis of panmixia, the average survival is §= 1 — «Z(1 — Z) where
M= F=2Z is the average infection level of parents. Let us define the expected
survival of embryo with a maternal infection level of f as s(f)=1—aZ(l —f).
Then, the product of embryo’s infection from f infected mother by embryo’s
relative fitness is f s(f)/5. Thus, integrating this expression over the distribution of
/, the mean infection level of the embryos after selection can be written

I=Z<1 +%/> (2

where V is the variance of Z.

2. Transmission

The hypothesis assumes the existence of two factors affecting the maternal
transmission: some stochastic events and a transmission bias. First, the stochastic
variation corresponds to a drift during transmission since the segregation of a
limited number of microorganisms is not equal among a finite pool of cells.
Therefore, a variance in the number of bacteria transmitted by a female exists (this
variance v is called transmission variance in the following). Second, a number of
works supposed the existence of transmission bias that can be explained, for
example, by larval curing (Hoffmann et al., 1986; Hoffmann and Turelli, 1988;
Hoffmann et al., 1990; Turelli et al., 1992; Wade and Stevens, 1994) by which an
infected female produces Wolbachia-free offspring. In our continuous model, such
a transmission bias is assumed to act on the expected average density of symbionts
during the development of the larva. Therefore, if we assume that the decrease of
bacterial density in larva is proportional to the parasitic load, the mean infection
level of the larvae I, is

I=(1-pI (©)
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In the following, we will be interested in the cases where a female generally
transmits to the next generation fewer Wolbachia than its initial load (e.g., larval
curing), so that 0 < £ < 1.

3. Synthesis

The infection dynamics of a population is subject to two opposite forces. The
transmission bias tends to decrease the mean bacterial density while the infection
variance among hosts increases the mean injection level of the population. Indeed,
the variation AZ of the mean bacterial density between I, the larval population
and Z, the parental population can be obtained by computing Eq. (2) and Eq. (3)
after simplifications:

AZ ~Z(aV — p). 4

We can compare the two different biological cases of discrete and continuous
infection distributions presented in Figure 1, and we can show that the selection due
to the incompatibility relationship has a stronger effect on the infection distribution
in the case of variably infected individuals than in the discrete case of presence/ab-
sence of bacteria. As a matter of fact, the two infection distributions with the same
mean Z have different variances (Fig. 1) and this difference is proportional to the
variance of the infection distribution among infected individuals of the continuous
distribution:

Vcominuous - Vdiscrete =p Var(Z I infection) (5)

where p is the frequency of infected individuals. It results in a difference in the
mean variation of infection:

AZ, iinions = AZ syer + ZopVar(Z | infection). ©

Moreover, the relative effect of the presence of variably infected individuals will
be more important when the mean of infection is low because V... = Z?p(1 — p).

Additionally, the model suggests that the conditions of persistence of the
symbionts are less restrictive in the continuous than in the discrete model. Indeed,
if the transmission variance goes to zero (i.e. discrete model) the infection variance
will go to a minimum (Vg ee < Veonunuons £0r €qual mean infection levels) and
persistence of the symbionts at equilibrium will be possible for a lower range of
values of u.

As assumptions were made to simplify the analytical development and since no
exact analytical relation between the evolution of infection and the transmission
bias and variance is available, simulations of the infection dynamics in a population
of hosts have been made. We considered a panmictic population of constant size N
with non-overlapping generations, and an unbiased sex-ratio. We assumed that the
infection level of the female gamete (and therefore of the offspring) is randomly
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sampled in a normal probability distribution with a mean (I — x)f where f is the
infection of the mother, and a variance v (the transmission variance). The survival
probability of the offspring was generated as in Eq. (1) of the analytical model with
the bacterial loads of the gametes instead of those of the parents. Moreover, the
values 0 and 1 of infection level are limiting values, i.e. offspring of non infected
females will be non infected and females with maximum bacterial density will
produce only offspring with less or equal amounts of Wolbachia.

Simulations show that the transmission variance » has the same influence on the
dynamics of the mean infection as that found in the mathematical model (Fig. 2a)
since it partially determines total variance of the infection level of the population V.
For a population at equilibrium for an intermediate mean infection level, simula-
tions show that u ~ a¥ (Fig. 2b), which is a sufficient condition to obtain AZ =0
in Eq. (4). We have studied the relationship between transmission variance and the
probability of losing the bacteria during a fixed generation number (Fig. 2c). As
expected, increased transmission variance favours the persistence of the symbionts.
For large values of transmission variance v, the bacterial loss is due to stochastic
effects, and for low values of v, bacterial loss is deterministic. Figure 2a illustrates
this point, where Wolbachia is maintained in a large population (2500 individuals)
for large values of v, and is lost for low values of v.

4. Alternative survival functions

We have assumed that the survival of an offspring is linearly correlated to
parental bacterial densities. Qur model supposes that an intrastrain cross can lead
to a maximum incompatibility rate of 0.25 when the insects are slightly infected.
This is roughly in agreement with the results of Rousset and De Stordeur (1994) for
crosses between Drosophila simulans strains. The data available are too scarce for a
good approximation, but the form

s(fm)=1—am"(1 - ) @)
has been investigated and we found that
stm)=1-/m1 -/ @®

is a better fit for the results of Rousset and De Stordeur (1994). This function
describes more exactly the intensity of partial bidirectional incompatibility encoun-
tered between moderately infected parents. In this case, considering a higher
intensity of incompatibility, thus harder selection, the weight of the infection
variance on the dynamics of Wolbachia is increased. Simulations give the same
result and, for example, equilibrium at intermediate mean infection level can be
maintained when u > V (Fig. 2b). However, Mercot et al. (1995) found a linear
relationship between male infection level and incompatibility in crosses with
infected males and uninfected females in Drosophila simulans. The situation seems
to be variable when considering different host species. For example, Solignac et al.
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Fig. 2. (a) Dynamics of the mean infection level Z of a population. Simulations use # = 2500 individuals
and u = 0.01. (b) Relation between the transmission bias z and the mean infection variance F” over 2000
generations of quasi-stable populations for their infection level (AZ ~0) with s(fim)y=1—-—m(l —f)
(circles), s(f, m) =1 —J};(l —f) (squares) and s(f, m) = 1 —m(l — f)* with k = 72 (triangles); # = 2500
individuals. (c) Probability P of the bacterial loss as a function of the transmission variance v.
Simulations use # = 100 individuals, 100 repetitions, 2000 generations and u = 0.01.

(1994) have compared the results of crosses between females of Drosophila
melanogaster from various strains and males from a highly infected strain, and
crosses between females from an uninfected strain and males from the various other
strains. A correlation was found between infection level of males and strength of
incompatibility when males were crossed with uninfected females while females
from the weakly infected strains were as compatible with heavily infected males and
females from heavily infected strains (uninfected females were incompatible). Thus,
the results of Solignac et al. (1994) are compatible with the limit situation where
m=1 and k is large in Eq. (7). In this case, we may expect from the model that
selection will be negligible and that the maternal transmission bias would efficiently
lead to the decrease of bacterial load. Indeed, simulations show that the equilibrium
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variance must be far larger than u (Fig. 2b). When female infection is low,
s(f,m)~1—am(l —kf), so that the probability of bacterial loss is not increased
compared to that of the first model when initial infection is low. However, we
expect from this alternative situation that Wolbachia would rapidly reach a low
density in the host population and therefore are susceptible to be lost by stochastic
effects. This may be the case in Drosophila melanogaster where only 34% of the flies
are infected and where the mean infection level in males is only about 6% of
infected cysts (Solignac et al., 1994).

5. Two clones

It is possible to generalize the model by considering two different clones of
Wolbachia in a single host population: clone S (sterilising) and L (less sterilising).
We assume that multiple infections do not occur. The difference between bacteria
S and L is their capacity to make a cross more or less incompatible when S or L
Wolbachia are present in a male whatever the bacteria present in the female. This
difference is characterised by the incompatibility parameters ag and o, with
ag > o;. We will consider the two continuous variables Z¢ and Z, describing the
infection levels of individuals carrying S and L Wolbachia. In this model, the
constraints are the same as those for single-bacteria model.

An interesting point is the case of a host carrying a L mutant bacteria in a
population of S infected individuals. It can be shown that the evolution of the
mutant does not depend on its capacity to sterilise females of the population but on
the infection level at which it appears (Eq. (9)). This confirms the results of Turelli
(1994) in the cases where no kin selection is included in the models (see Frank,
1997).

Using the same argument as in the single clone model and considering the most
general conditions for the appearance of an individual carrying L mutant Wol-
bachia, we can write the mean of the infection variation due to incompatibility and
bacterial curing over all individuals with L bacteria as

AZ, ~[—p+as(prg —p*t7))g ©)

where p is the proportion of infected individuals, ¢ = Z /p, and g the infection level
at which the mutant appears in the population.

Another interesting consequence of this model is that mutant bacteria are
generally neutral and that the maintenance of Wolbachia infection in a population
is due to the fraction of individuals with a high bacterial load.

Indeed, given that the roots of Eq. (9) are

g=0 and g= + pt = pt (10)

and that the mean of infection level at which the mutant appears is G = pt, mutant
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will be generally neutral. The only cases of maintenance involve mutants with a
high infection level (g > pt).

However, mutants associated with higher transmission variance can be selected
for. Indeed, if the transmission variance of a mutant can be different from that of
the prevalent clone, a mutant with a high transmission variance is more likely to
reach the lowest as well as the highest infection loads, and if the most highly
infected hosts are the future ancestors of the population, a mutant Wolbachia with
unchanged transmission efficiency but higher transmission variance should be
selected for. Simulations (Fig. 3) confirm that this is so, the probability of fixation
of the mutant in this case being equivalent to that of a mendelian mutant with
selective advantage:

s~ 0.03 <vmmam - U“’“d). (1 D

5 Uiid

Discussion

This model shows that selection due to incompatibility depends on the distribu-
tion of the infection level in the population. For example, consider the extreme case

0.07 T «

0.06 T

o
®
t

p(fixation)
o
2

(vmtxtalxx )‘( Pvitd )

Fig. 3. Probability of fixation of a mutant as a function of its transmission variance v,,,,,,.. Simulations
use n=100 (closed squares) or 500 (open squares) individuals, 2000 repetitions, 3000 generations,
#=0.0015 and the wild Wolbachia transmission variance v, = 0.005,
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of an infection with null variance in the population, selection due to cytoplasmic
incompatibility will not act because all individuals have the same bacterial load, so
that the infection can be lost if the transmission bias is positive (1 —u < 1).
Conversely, the selection will have maximum effect when there is maximal variance
in the population.

The significance of infection distribution variance suggests that the stochastic
effects affecting the transmission of the endosymbionts during the oogenesis are
important to explain the evolution of the infection because it partially determines
the total variance of infection in the next generations. Simulations confirm the
importance of the transmission variance, v. With a fixed parameter of bacterial
curing u, a population can lose the symbionts if v is small. On the other hand, the
infection can be maintained at a high level when the variance of transmission is
large in spite of the recurrent curing of the microorganisms in females. Previous
models have shown that the Wolbachia infection can be lost in the case of cost
inducing bacteria; see for example Hurst and McVean (1996) who presented a
general model. Here, we have shown that the extinction of Wolbachia is possible
even if there is strong incompatibility and no selective disadvantage for the host to
bear the bacteria.

Influence of transmission bias u cannot be easily compared to the curing
parameter of previous works. In discrete models, this parameter is the proportion
of individuals losing Wolbachia in one generation (e.g. Turelli et al., 1992). In the
continuous model, total curing mainly concerns individuals whose mothers were
very slightly infected. It will depend on the distribution of infection in females and
on the distribution of differences between mothers and offspring.

In the case of bacterial mutation in an initially infected population, the evolution
of the mutant does not depend initially on the level of incompatibility they induce.
The spread or loss of the new bacteria depends on the infection level of its host
compared with the distribution of infection of the original population. A mutant
bacteria will spread initially in the population if its density in the host is high
enough (higher than the mean infection of the population). The study of a mutant
is a way to compare the dynamics of individual infection with the dynamics of
population infection: it shows that the ancestors of the whole bacterial population
may be the bacteria in individuals with a bacterial load higher than the mean
infection of the population, and that mutants with a higher transmission variance
will be selected for if there is variation for this trait.

We still know very little of both the distribution of infection in the offspring of
a female and of potential variation of the characters considered here that could help
predict the fate of an infection in natural populations. However, these models show
that the transmission variance may be an important factor that deserves attention
in experimental and population studies. Indeed, different experimental lines may
differ in their incompatibility levels due to purely stochastic factors (i.e. neither host
nor symbionts differences). This will be particularly relevant when the transmission
bias is positive (Rousset and De Stordeur, 1994), the infection frequency of the host
population is intermediate and the strength of incompatibility is intermediate
(Hoffmann et al., 1994; Solignac et al., 1994).
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