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The past decade has revealed the bacterium Wolbachia
as the most widespread symbiont of arthropods and
nematodes. Behind this evolutionary success is an
remarkable variety of effects on host biology, ranging
from manipulation of reproduction in favor of females
to more classical mutualistic interactions. Here we dis-
cuss the potential of Wolbachia for promoting evolu-
tionary changes in its hosts.

The intracellular bacterium Wolbachia causes an impress-
ive range of effects on its hosts: it can kill males, turn them
to females, sterilize uninfected females (Box 1) or behave
as a mutualistic symbiont. Being present in numerous
arthropod and filarial nematode species (reviewed in [1]),
this symbiont is attracting attention from cell, develop-
mental and evolutionary biologists. Excellent overviews of
Wolbachia biology have been presented elsewhere [2—4],
and in this article, we concentrate on the significance of
Wolbachia for the evolution ofits hosts. We first discuss the
involvement of Wolbachia in the function and design of
core biological process, such as sex determination, cell
cycle and gametogenesis. We then show that Wolbachia
can provide material for evolutionary novelty, by con-
tributing to host functions, or even transferring genes to
the nucleus. Finally, we turn to consider higher-level
Wolbachia effects, ranging from sex role-reversal to birth,
and death, of new host species. The unpublished results we
discuss were presented at the Second International
Wolbachia Conference (Crete, Greece, 9—15 July, 2002)

Wolbachia-host conflicts and the diversification of core
process

Sex determination

Most arthropods produce males and females, but the
mechanism of sex determination varies among species.
The chromosomal basis of sex determination can change,
with female heterogamety, male heterogamety, genic and
haplodiploid systems all occurring within insect species
[5]. In addition, the particular genes involved in sexual
differentiation vary. For example, the Sex-lethal (SxI) gene
is present in many Diptera, but only in Drosophila is it the
key switch gene of sex determination [6]. Also, msl-3, is
involved in dosage compensation in Drosophila, but not in
Sciara [7].
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As a frequent manipulator of host reproductive biology
(Box 1), Wolbachia must interact with the host sex-
determination system. Male-killing (MK, Box 1) bacteria
must either detect host sex and then act to kill males, or
interfere directly with sex determination to produce male-
specific death. Given that death occurs during embryo-
genesis, they must therefore interact with upstream
components of sex-determination pathways. Feminizing
bacteria (Box 1) must also alter the sex-determination
pathway in fundamental ways, although this might occur
in more downstream elements of the system.

The host sex-determination system is therefore at the
heart of the interaction between host and reproductive
parasite. Given that male-killing or feminizing manipula-
tions are deleterious to the host in the vast majority of
cases (Box 2), selection will favor host mutations that
prevent the action of the parasite. If parasite prevalence is
high (as is often the case), then the selection pressure for
modifiers of sex determination that circumvent the action
of the Wolbachia will be very strong. In such conditions,
fairly revolutionary modifications in sex-determination
system can be selected; changes that otherwise would be
costly to the host [8,9].

The role of the feminizing Wolbachia in the modification
of the sex-determination system of the woodlouse is now
well recognized [10]. The pill woodlouse Armadillidium
vulgare is ancestrally female heterogametic, and some
populations remain this way today. In these populations,
sex determination is straightforward, with ZZ individuals
developing as males following development of the andro-
genic gland. Androgenic gland formation is induced by
androgenic hormone, as proven by the development of ZW
individuals (usually female) into functional males follow-
ing injection with purified extracts of the hormone [11]. In
other populations of this species, there is a strain of
Wolbachia that feminizes its hosts. Thus, ZZ individuals
infected with Wolbachia do not form androgenic glands,
despite their karyotype, and therefore develop as females.
The spread of the feminizing Wolbachia has caused the loss
of the female-determining W chromosome from infected
populations, and all individuals in these populations are
7ZZ. The female-determining factor has switched from
being the W chromosome to the feminizing Wolbachia:
individuals are female if Wolbachia is present and active,
and male if it is either absent or inactive. Selection on the
host to promote the production of sons has in turn favored
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Box 1. Wolbachia misdeeds
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Wolbachiais intracellular and is passed from one generation to the next
by females only, through the egg cytoplasm. It is therefore subject to
different selective pressures from nuclear genes: its effect on males
does not affect its own reproductive success, because males are
‘dead ends’ through which they are not transmitted. By contrast,
any Wolbachia variant that makes infected females produce more
daughters, or daughters that survive or reproduce better than
uninfected ones, will invade uninfected host populations, whatever
the effects on males. This rationale probably explains why Wolbachia
evolved the ‘reproductive manipulations’ described here.

Male killing (MK)

In Coleoptera [55,56], Lepidoptera [41,57,58] and Diptera [59] Wolbachia
kills the sons of infected females’ (reviewed in Refs. [1,60]). This is not
deleterious to the bacterium, because itis transmitted only by females. It
is advantageous if the hosts’ daughters benefit from their brothers’
death. Benefits might include eating their brothers (which happens in
ladybirds and flour beetles), a reduced probability of inbreeding or
reduced intensity of antagonistic interactions between siblings.
Infected females produce daughters with a higher probability of survival
than uninfected ones, allowing their cytoplasm to be more efficiently
transmitted, and the infection to spread.

Feminization in diploids (FD)

In isopod crustaceans [61,62] and Lepidoptera [13,63], Wolbachiaturns
males into females (reviewed in Ref. [10]). Infected females produce
twice as many daughters as uninfected ones, allowing their cytoplasm
to be transmitted to twice as many granddaughters.

Parthenogenesis induction (PI)

In haplodiploid species (Hymenoptera, thrips and mites), Wolbachia
also turns males into females (reviewed in [21]). In these
organisms, males normally develop from unfertilized haploid
eggs (arrhenotokous parthenogenesis), whereas females develop
from fertilized diploid eggs. The bacterium effects a doubling of
chromosome number in the unfertilized haploid eggs, rendering
them diploid. This leads to development as an asexually produced
female, so that infected females produce twice as many daughters
as uninfected ones, allowing their cytoplasm to be transmitted to
twice as many granddaughters.

host genes that prevent either the action or transmission
of the bacterium [12]. In summary, the spread of the
feminizing Wolbachia has caused a change in sex deter-
mination from the ancestral system of female hetero-
gamety to one where sex is determined by Wolbachia as the
female-determining element, balanced against host genes
that affect Wolbachia transmission and action, which are
the new male-determining elements, with no karyotypic
differences between male and female.

The Armadillidium case study establishes that
Wolbachia can be important in the design and function
of host sex-determination system. The influence of
feminizing Wolbachia on sex determination is unlikely to
be confined to Armadillidium, as indicated by the creation
of ZZ females by feminizing Wolbachia in some populations
of the moth Ostrinia furnacalis and the butterfly Eurema
hecale [13,14]. Furthermore, the low prevalence of the
infection in these populations suggests there could be host
modifiers of Wolbachia action, as found in Armadillidium
(as theory predicts very high prevalence of the parasite
in the absence of host genes modifying the parasite
action).
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Cytoplasmic incompatibility (Cl)

Reproductive incompatibility between populations of the mosquito
Culex pipiens was reported in the 1950s [64], but it was not until the
1970s that Wolbachiawas identified as the causative agent [65]. Itis now
well known that embryonic mortality occurs when males that bear
Wolbachia mate with uninfected females, but if the female is infected,
then the same cross is perfectly viable. Wolbachia here ‘utilizes’ males
to make uninfected females’ offspring inviable, and thus gain a relative
fitness benefit. Incompatibility also occurs if the two partners bear
different Wolbachia variants. It is then referred to as bidirectional Cl,
because both directions of cross are lethal. Cl has now been described in
numerous host species, making it the most widespread Wolbachia-
induced manipulation (reviewed in Refs [66,67]). It also seems to be the
only Wolbachia-specific phenomenon: other bacteria or unicellular
eukaryotes are known to cause MK (reviewed in Ref. [60]), FD (reviewed
in Ref. [10]) and PI [68,69].

Who's got the control?

Both host and bacterial factors seem to be important in determining
which type of manipulation is expressed, and with which efficiency. In
terms of quantitative variation, the strength of Cl (the rate of embryo
death in incompatible crosses) is known to depend on bacterial
properties as well as host genomic background [18,19]. Host genes
also seem to modulate Cl effects in Nasonia wasps (S. Bordenstein,
unpublished).

In terms of qualitative variation, different Wolbachia in the wasp
Asobaratabidahave totally different phenotypic effects, suggesting that
bacterial factors are determining which type of manipulation is
achieved (F. Dedeine, unpublished). Accordingly, in terrestrial isopods,
Moret et al. [70] observed that a Cl-inducing Wolbachia retained its
ability to induce Cl after transfer into a host feminized by its natural
infection. However, similar experiments in Lepidoptera led to very
different conclusions; Fujii et al. [58] showed that the feminizing
Wolbachiafrom Ostrinia scapulalis [13,63] induces MK after transfer in
the new host Ephestia kuehniella, although Cl is induced by the natural
infection in this host [71]. Furthermore, a Wolbachia strain that does not
appear to cause sex ratio distortion in its native host, Cadra cautella,
becomes a male killer on transfection to Ephestia kuehniella, where Clis
induced by the natural infection [72]. These results highlight that the
phenotype depends on bacterial and host factors, and on the interaction
between these two.

The case for feminizing bacteria driving sex-determination
system evolution is strong. However, a widespread influ-
ence of inherited bacteria on the evolution of arthropod sex
determination will depend on the importance of male-
killing bacteria in the process, as these are present much
more widely. Much less is known about the mechanism of
the interaction between male-killers and the host sex-
determination system, and it will be important to delineate
which parts of sex determination are key in the recognition
of host sex, and therefore the potential focus of selection.
When we know the level in the sex-determination cascade
at which male-killers detect sex, we will be able to appraise
the potential role of these bacteria in the evolution of sex-
determining systems, and the levels at which they could
have been important.

Sexual differentiation

Recent studies indicate that Wolbachia can also be
important in downstream processes of sexual differen-
tiation, such as germline development. Starr and Cline
[15] observed that the phenotypes of certain loss-of-
function mutations of Sx/, which normally produce
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Box 2. Wolbachia and their hosts: conflicting or not?
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Wolbachia are often referred to as reproductive parasites or selfish
genetic elements [4,9]. These terms assume that Wolbachia and its
hosts are conflicting and that reproductive manipulations decrease the
host’s fitness. Here we delimit situations where Wolbachia and their
hosts are actually conflicting, and therefore, where evolution of
resistance mechanisms is to be expected. Before starting, we should
point out that host fitness refers here to the reproductive success of
nuclear autosomal genes. Mitochondrial genes always have common
interests with Wolbachia, and are thus not considered.

Sex-ratio distortion

Male killing (MK), feminization in diploids (FD) and parthenogenesis
induction (PI) result in female-biased sex ratio: males get rarer as
infection frequency increases. Because the rarest sex always has the
highest reproductive success, producing females rather than males in
female-biased populations is costly for host nuclear genes [73,74]. In
other words, any nuclear gene that would eliminate the infection or
repress its effect would increase in frequency. The intensity of the
conflict (or the strength of selection for resistance genes) depends on
the frequency of infection: the more biased the sex ratio (i.e. the more
frequent the infection), the stronger the cost of sex-ratio distortion.

MK bacteria are more costly than other sex-ratio distorters: added to
the cost of sex-ratio distortion is the fact that infected females produce
fewer offspring than uninfected ones, because their sons die. Thus, for
equal infection frequencies, selection for resistance genes is always the
strongest with male killers.

Regarding the intensity of conflicts, turning males to females in
diploids (i.e. FD) or in haplodiploids (i.e. Pl) also have different
consequences. In diploids, males can get so rare and sperm so limiting
that not all eggs will be fertilized; in haplodiploids, females do not need

aberrations of oogenesis, were rescued by Wolbachia. This
study is complemented by the study of Dedeine et al. [16],
which indicated Wolbachia is essential for oogenesis in the
parasitoid wasp Asobara tabida. Collectively, they indicate
that the influence of Wolbachia in processes of female
sexual differentiation goes beyond altering the basic
system of sex determination to the process of gametogen-
esis. Surprisingly, the study by Starr and Cline indicates
that Wolbachia interacts with SxI, the key gene in sex
determination and gametogenesis [15]. Thus, important
interactions can occur between Wolbachia and key genes
in host sex determination and sexual differentiation.

Wolbachia can also have a role in the design of the male
germline. In the case of Wolbachia that induce cytoplasmic
incompatibility (CI, Box 1), host genes preventing Wol-
bachia entry into testes are selected for, as CI lowers
male host fitness (Box 2), and infection can also lower
spermatogenesis efficiency [17]. A role of host genes in
regulating the entry of Wolbachia into the testes is
suggested by trans-infection experiments. For instance,
the strain of Wolbachia in Drosophila melanogaster causes
weak CI, but following trans-infection to Drosophila
simulans induces strong CI [18]. Reciprocally, a natural
strain from D. simulans shows high CI in D. simulans, but
low CI on ¢rans-infection to D. melanogaster [19]. The
Wolbachia strains in D. melanogaster achieve only very
low densities in sperm cysts compared with those in
D. simulans ([18,20], Z. Veneti, unpublished). These dif-
ferences are attributable to the host and not the bacterium,
and could be interpreted as selection on D. melanogaster
having favored alterations in testes biology to exclude
Wolbachia from this tissue.
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males. Thus, with extreme infection frequencies, FD is more costly than
Pl. One should not conclude, however, that resistance is more likely to
evolve in diploids. Indeed, although the conflict caused by Pl is less
intense, it can last longer, because populations where infection is fixed
do not go extinct. The conflict will vanish only when genes preventing
sexual reproduction have invaded, which can occur through two main
processes, as discussed in the main text. At that stage, producing
females only is not costly anymore, because males are sterile.

Cytoplasmic incompatibility

The costs of Cl are not straightforward to predict. This question was
investigated by Turelli [75]. For females, bearing Wolbachia is
advantageous, because it protects the eggs from Cl-induced mortality.
By contrast, bearing Wolbachia is deleterious for males, because it
reduces fertility in crosses with uninfected females. The direction of
selection thus depends on infection prevalence: when Wolbachia
prevalence is low, the cost suffered by infected males is far stronger
than the benefit to infected females; when it is high, costs suffered by
infected males will be much lower than benefits to infected females.
Overall, costs and benefits of bearing Wolbachia will equilibrate when
infected and uninfected individuals are equally frequent, which isonly a
transient stage. When infection frequency passes 50%, selection will
favor nuclear genes increasing female transmission rates. By contrast,
nuclear genes reducing levels of embryonic mortality in crosses
between infected males and uninfected females are selected for in
most conditions. More precisely, if infection frequency is lower than
100%, host factors that would allow infected males to exclude
Wolbachia from testes, or to resist the mechanism of Cl in embryos,
are advantageous.

Interaction with the cell cycle

Beyond the processes of sex determination and sexual
differentiation, Wolbachia also interacts with cell-cycle
processes. Parthenogenesis induction (PI, Box 1) in haplo-
diploid species involves alterations of mitosis or meiosis. In
these organisms, where normally males develop from
unfertilized haploid eggs and females from diploid eggs,
Wolbachia induces female development by restoring
diploidy, most often through gamete duplication [21], but
more rarely by preventing normal meiosis [22].

Cell-cycle disruption is also observed in Wolbachia-
induced CI. In incompatible crosses of Drosophila,
paternal chromosomes are undercondensed at the first
embryonic mitosis, which results in their loss or improper
segregation [23]. In addition, by observing early develop-
ment in living embryos of the wasp Nasonia, Tram and
Sullivan showed that nuclear envelope breakdown, an
important stage of the first mitosis, is delayed [24]. This
suggests that Wolbachia targets cell-cycle regulator(s)
acting upstream of both chromosome condensation and
nuclear envelope breakdown (e.g. possibly the Cdk1/cyclin B
complex) [24].

Prospects

Better understanding the consequences of Wolbachia on
the evolution of its hosts’ core traits will require us to
determine the Wolbachia genes involved in reproductive
manipulation, as well as their targets. Characterization of
Drosophila mutants mimicking Wolbachia’s CI effects,
such as ms(3)K81 [25,26] and maternal haploid (mh)
[27,28], could give useful insights. In the near future,
genomic approaches will also be valuable. The first full
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Wolbachia sequence has now been obtained (strain wMel
from D. melanogaster; S. O’Neill, unpublished) and three
other strains from different arthropods are currently being
sequenced (K. Bourtzis, unpublished). This will provide
the basis for analysis of Wolbachia factors involved in host
manipulation. As an example, different Wolbachia strains
from D. melanogaster (namely wMel and wMelPop) that
differ in virulence in adult hosts, have been found to differ
by an important deletion/insertion (S. O’Neill, unpub-
lished). The genome sequence is also the basis for the
development of microarray techniques, allowing compari-
son of the transcription patterns of Wolbachia displaying
different properties. For example, two very closely related
Wolbachia variants of D. simulans differ with regard to
their ability to induce CI: wNo does, and wMa does not
(reviewed in [29]). Identifying differences in the tran-
scriptome of these variants might provide candidate
pathways underlying the genetic basis of phenotypic
differences. Comparison of the proteome of spermatozoa
and eggs from infected and uninfected individuals using
2D gel electrophoresis will also identify candidate genes
involved with incompatibility (H. Harris, unpublished).
The next step is testing the function of these loci. Here,
ectopic expression in Drosophila will be important.
Finally, transformation of the Wolbachia genome, hope-
fully feasible in the near future, will prove to be a powerful
approach.

Providing novelty

Domestication

Domestication (or co-option) refers to the use by the host
of some properties of selfish genetic elements. Now
well recognized as occurring with transposable elements
[9,30,31], this can also occur with inherited microorgan-
isms. In its filarial nematode hosts, Wolbachia does not
obviously manipulate reproduction, but experiments
based on antibiotic therapy revealed that Wolbachia is
necessary to nematode embryogenesis and other develop-
mental stages. In this case, therefore, Wolbachia is best
regarded as an essential partner in host function
(reviewed in [1]). This role is further emphasized by the
congruence of Wolbachia and filarial phylogeny for more
than 100 million years, which is typical of ‘partnership’
interactions. The precise role of Wolbachia in nematode
function is unclear, but it has been suggested that in
addition to its contributions to nematode physiology,
Wolbachia could help to evade oxidative damage caused
by the mammalian host’s immune system in response to
nematode infection. Indeed, Wolbachia produces a cata-
lase enzyme that is functional in the detoxification of
hydrogen peroxide [32].

Wolbachia is also involved the function of other hosts;
for example in mosquito, where subtle increases of host
fitness have been observed [33]. More dramatically,
Dedeine et al. [16] discovered that eliminating Wolbachia
from the parasitic wasp Asobara tabida prevents correct
development of the female germline: antibiotic-treated
hosts do not produce eggs. Although other interpretations
are not ruled out [34], this result is best explained by
assuming that Wolbachia takes part in host oogenesis.
Presumably, the wasp has lost some component of

http://tigs.trends.com

oogenesis because Wolbachia was providing something
better, or at least not worse, than the host itself. The wasp
phenotype after antibiotic treatment strikingly resembles
that of the above-mentioned Sx/ loss-of-function mutants
in D. melanogaster [15], and suggests a common inter-
action between Wolbachia and germline function.

Gene acquisition

Wolbachia and mitochondria both belong to the
a-proteobacteria clade, and are both maternally inherited
symbionts [35,36]. One striking aspect of the eukaryote—
mitochondria symbiosis is that numerous mitochondrial
genes have been transferred to the nuclear genome [37].
Until very recently, gene transfer between Wolbachia and
the host genome was only speculation, but now there is
hard evidence [38]. Based on sequence data, three
Wolbachia variants were initially described in the adzuki
bean beetle Callosobruchus chinensis [39], with most
individuals being triply infected. Aiming to understand
the respective phenotypic effects of the three Wolbachia,
Kondo et al. undertook to separate them through limited
antibiotic treatment, and observed that one variant
(namely wBruAus) was never lost. Quantitative PCR
revealed that wBruAus has a lower titer than the two
other variants in triply infected individuals. Most surpris-
ingly, wBruAus was found to be transmitted not only by
females, as expected, but also by males, and to segregate
like an X-linked trait. The authors also observed that
females present twice as many copies of wBruAus than
males. Together, these results strongly suggest that
wBruAus is not a bacterium, but a bacterial genome
fragment inserted on the X chromosome. Confirming this,
they found that a eukaryotic transposable element flanks
‘wBruAus’ sequences.

Higher levels evolutionary consequences

We now turn to consider the consequences of Wolbachia on
higher-level biological traits, ranging from sex role-
reversal to speciation and extinction.

Sexual selection and population sex ratio

Sexual selection theory states that males compete for
females because males increase their reproductive success
through multiple copulations. Conversely, female repro-
ductive success mainly depends on the quality, rather than
quantity, of males fathering their offspring. Thus, males
compete for access to females, and females are choosy [40].
As is the case for other sex-ratio distorters, Wolbachia has
the potential to perturb this rule, by making males rare.
When males are rare, competition between males is
reduced, and competition between females can occur.
Traits associated with male—male competition and female
choosiness are thus expected to be lost in female-biased
populations, and traits associated with female—female
competition and male choice should be visible. Very high
frequencies of infection by an MK Wolbachia were reported
in the butterfly Acraea encedon [41], and large number of
virgin females were observed, suggesting that reproduc-
tion is sperm limited. This is apparently behind a peculiar
mating behavior where females tend to group together and
to mate readily, which is typically a male mating strategy.
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In this species, and others where extreme sex-ratios are
observed [42], many sexually selected traits would be
worth investigating. Those associated with sperm compe-
tition could be of particular interest: in populations where
males are rare, ejaculate size is expected to be reduced,
first because sperm competition is reduced, and second
because the number of matings achieved by any male is
increased.

The loss of sex

Wolbachia that induce parthenogenesis (PI strains) can
invade haplodiploid species without eventually inducing
population extinction, because females can reproduce
without males. In some species, males are indeed absent
in natural populations (or very rare), but can be obtained
by removing Wolbachia with antibiotics. However, in
several cases these males either fail to mate successfully
or to fertilize females (reviewed in [21]), which has been
interpreted as sexual traits having degenerated in species
where selection on such traits is relaxed.

An interesting alternative interpretation was recently
put forward (R. Stouthamer, unpublished). In female-
biased populations, producing males is advantageous. In
haplodiploids, this means that remaining a virgin (or at
least preventing eggs from being fertilized) is beneficial for
uninfected females, because uninfected unfertilized eggs
develop into males. The same is true for infected females
if some of their unfertilized eggs can develop into males
(i.e. if gamete duplication does not affect 100% of infected
eggs, or transmission efficiency is less than 100%). Selec-
tion on nuclear genes can thus drive ‘virginity genes’ to
fixation. Such genes do actually appear to exist in the
parasitic wasp Telenomus nawai (G. Jeong, unpublished).

Speciation

As discussed above, Wolbachia alterations of host repro-
duction might induce adaptive changes in host nuclear
genes. Such nucleo-cytoplasmic coevolution has the poten-
tial to accelerate divergence, and thus reproductive iso-
lation, between populations of different infection status.
Aside from this, CI can have direct consequences on gene
flow between populations, making it a potentially import-
ant speciation agent. First, incompatibility between males
from infected populations and females from uninfected
populations (unidirectional incompatibility) can reduce
gene flow in one direction. This seems to be important in
the isolation between two closely related Drosophila
species [43], but in other Wolbachia-infected insects,
unidirectional incompatibility appears to be independent
of CI itself [44]. Possibly more powerful is bidirectional
incompatibility, occurring between populations infected by
different Wolbachia variants. The potential of bidirectional
CI in inducing, or contributing to speciation has been
discussed and debated in detail elsewhere [45—48]. Theory
suggests this phenomenon can be efficient in promoting
divergence [49], but compelling empirical evidence is
lacking so far. In Nasonia wasps, bidirectional incompati-
bility appears to have arisen early in speciation, but might
not be the causal agent [50]. In D. simulans and in the
birdnest blowfly Protocalliphora siala, two species where
different populations are infected with incompatible

http://tigs.trends.com

TRENDS in Genetics Vol.19 No.4 April 2003 221

Wolbachia strains, the bacterium does not seem to cause
detectable divergence between populations at the nuclear
level ([51], E. Baudry and J. Werren, pers. commun.).

Extinction

Aside from giving birth to new species, Wolbachia might
also cause their death. First, Wolbachia can increase
extinction risks directly by decreasing population pro-
ductivity (the number of offspring produced at every
generation). In diploid species, sex-ratio bias toward
females can decrease population productivity if extremely
high infection frequencies are reached. (By contrast,
limited female biased sex-ratio can increase population
productivity as a small number of males can insure
fertilization of many females.) Cases are known where
sex-ratio is too biased for all females to be fertilized [41],
but the effects on population size have not been assessed.
In addition to sex-ratio distortion, CI can also have heavy
consequences on population productivity. During the
process of invasion of an uninfected population, numerous
crosses are incompatible and thus lead to inviable progeny.
Dobson et al. [52] investigated this issue and emphasized
the possible use of serial introduction of different CI
strains for reducing population size of pest species.

In the long term, Wolbachia can also increase extinction
risk by reducing genetic diversity. Effective population size
is greatly reduced by sex-ratio bias: genetically speaking,
population size is close to that of the rarest sex [53].
Finally, in parthenogenetic populations, the lack of sex
leads to the accumulation of deleterious mutations, and
lower evolvability [54].

Conclusion

In many ways, Wolbachia has come of age. It is now
emerging as a potent evolutionary force. Its interactions
with host sex-determination systems and the cell cycle
place it at the heart of organismal biology, and its effect on
host populations can frame sexual behaviors and species
diversity. Moreover, Wolbachia can become indispensable
to its hosts, suggesting reproductive parasitism as a
possible pathway for the emergence of evolutionarily
stable and intimate associations. The complete genome
will give new impetus to understanding the mechanistic
basis of Wolbachia/host interactions, which will in turn
provide a fuller understanding of the degree to which this
bacterium has framed its hosts’ biology.

Acknowledgements

We thank Daphnée Reiss, Stéphane Ronsseray, Richard Stouthamer,
Fabrice Vavre, John Werren and three anonymous referees for comments
on an earlier version of this article, as well as those authors who provided
authorization for mentioning unpublished results.

References

1 Stevens, L. et al. (2001) Male-killing, nematode infections, bacterio-
phage infection, and virulence of cytoplasmic bacteria in the genus
Wolbachia. Annu. Rev. Ecol. Syst. 32, 519—-545

2 O'Neill, S.L. et al. (1997) Influential Passengers: Inherited Micro-
organisms and Arthropod Reproduction, Oxford University Press

3 Werren, J.H. (1997) Biology of Wolbachia. Annu. Rev. Entomol. 42,
587-609

4 Stouthamer, R. et al. (1999) Wolbachia pipientis: microbial manipu-
lator of arthropod reproduction. Annu. Rev. Microbiol. 53, 71-102


http://www.trends.com

5 Bull, J.J. (1983) The Evolution of Sex Determining Mechanisms,
Benjamin Cummings
6 Schutt, C. and Nothiger, R. (2000) Structure, function and evolution of
sex-determining systems in Dipteran insects. Development 127,
667-677
7 Ruiz, MLF. et al. (2000) Evolution of dosage compensation in Diptera:
the gene maleless implements dosage compensation in Drosophila
(Brachycera suborder) but its homolog in Sciara (Nematocera
suborder) appears to play no role in dosage compensation. Genetics
156, 1853-1865
8 Werren, J.H. and Beukeboom, L.W. (1998) Sex determination, sex
ratios and genetic conflict. Annu. Rev. Ecol. Syst. 29, 233—-261
9 Hurst, G.D. and Werren, J.H. (2001) The role of selfish genetic
elements in eukaryotic evolution. Nat. Rev. Genet. 2, 597—-606
10 Rigaud, T. (1997) Inherited microorganisms and sex determination of
arthropod hosts. In Influential Passengers: Inherited Microorganisms
and Arthropod Reproduction (O’Neill, S.L. et al., eds), pp. 81-101,
Oxford University Press
11 Martin, G. et al. (1999) The structure of a glycosylated protein hormone
responsible for sex determination in the isopod, Armadillidium
vulgare. Eur. J. Biochem. 262, 727-736
12 Rigaud, T. and Juchault, P. (1993) Conflict between feminizing sex
ratio distorters and an autosomal masculinizing gene in the terrestrial
isopod Armadillidium vulgare Latr. Genetics 133, 247—-252
13 Kageyama, D. et al. (2002) Feminizing Wolbachia in an insect, Ostrnia
furnacalis. Heredity 88, 444—449
14 Hiroki, M. et al. (2002) Feminization of genetic males by a symbiotic
bacterium in a butterfly, Eurema hecabe (Lepidoptera: Pieridae).
Naturwissenschaften 89, 167—170
15 Starr, D.J. and Cline, T.W. (2002) A host parasite interaction rescues
Drosophila oogenesis defects. Nature 418, 76—79
16 Dedeine, F. et al. (2001) Removing symbiotic Wolbachia bacteria
specifically inhibits oogenesis in a parasitic wasp. Proc. Natl. Acad.
Sci. U. S. A. 98, 6247—-6252
17 Snook, R.R. et al. (2000) Offsetting effects of Wolbachia infection and
heat shock on sperm production in Drosophila simulans: analyses of
fecundity, fertility and accessory gland proteins. Genetics 155,
167-178
18 Poinsot, D. et al. (1998) Wolbachia transfer from Drosophila
melanogaster into D. simulans: Host effect and cytoplasmic incompat-
ibility relationships. Genetics 150, 227-237
19 Boyle, L. et al. (1993) Interspecific and intraspecific horizontal transfer
of Wolbachia in Drosophila. Science 260, 1796—1799
20 Bressac, C. and Rousset, F. (1993) The reproductive incompatibility
system in Drosophila simulans: DAPI-staining analysis of the
Wolbachia symbionts in sperm cysts. J. Invertebr. Pathol. 61, 226—230
21 Stouthamer, R. (1997) Wolbachia-induced parthenogenesis. In Influ-
ential Passengers: Inherited Microorganisms and Arthropod Repro-
duction (O’Neill, S.L. et al., eds), pp. 102—124, Oxford University Press
22 Weeks, A.R. and Breeuwer, J.A. (2001) Wolbachia-induced partheno-
genesis in a genus of phytophagous mites. Proc. R. Soc. Lond. Ser. B
268, 2245-2251
23 Callaini, G. et al. (1997) Wolbachia-induced delay of paternal
chromatin condensation does not prevent maternal chromosomes
from entering anaphase in incompatible crosses of Drosophila
simulans. J. Cell Sci. 110, 271-280
24 Tram, U. and Sullivan, W. (2002) Role of delayed nuclear envelope
breakdown and mitosis in Wolbachia-induced cytoplasmic incompati-
bility. Science 296, 11241126
25 Fuyama, F. (1984) Gynogenesis in Drosophila melanogaster. Jpn.
J. Genet. 59, 683-704
26 Yasuda, G.K. et al. (1995) Genetic characterization of ms (3) K81, a
paternal effect gene of Drosophila melanogaster. Genetics 140,
219-229
27 Loppin, B. et al. (2001) Paternal chromosome incorporation into the
zygote nucleus is controlled by maternal haploid in Drosophila. Dev.
Biol. 231, 383-396
28 Charlat, S. and Mercot, H. (2001) Cytoplasmic incompatibility and
maternal-haploid. Trends Genet. 17, 440—-441
29 Mercot, H. and Charlat, S. Wolbachia infections in Drosophila
melanogaster and D. simulans: polymorphism and levels of cyto-
plasmic incompatibility. Genetica (in press)

http://tigs.trends.com

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

TRENDS in Genetics Vol.19 No.4 April 2003

Miller, W.J. et al. (1999) Molecular domestication — more than a
sporadic episode in evolution. Genetica 107, 197—207

Kidwell, M.G. and Lisch, D.R. (2000) Transposable elements and host
genome evolution. Trends Ecol. Evol. 15, 95-99

Henkle-Duhrsen, K. et al. (1998) Gene structure, activity and
localization of a catalase from intracellular bacteria in Onchocerca
volvulus. Mol. Biochem. Parasitol. 96, 69—81

Dobson, S.L. et al. (2002) Mutualistic Wolbachia Infection in Aedes
albopictus. Accelerating cytoplasmic drive. Genetics 160, 1087—-1094
Charlat, S. and Mergot, H. (2001) Did Wolbachia cross the border?
Trends Ecol. Evol. 16, 540—-541

Yang, D. et al. (1985) Mitochondrial origins. Proc. Natl. Acad. Sci.
U. S. A. 82,443-447

O'Neill, S.L. et al. (1992) 16S rRNA phylogenetic analysis of the
bacterial endosymbionts associated with cytoplasmic incompatibility
in insects. Proc. Natl. Acad. Sci. U. S. A. 89, 2699-2702

Blanchard, J.L. and Lynch, M. (2000) Organellar genes: why do they
end up in the nucleus? Trends Genet. 16, 315-320

Kondo, N. et al. (2002) Genome fragment of Wolbachia endosymbiont
transferred to X chromosome of host insect. Proc. Natl. Acad. Sci.
U. S. A. 99, 14280-14285

Kondo, N. et al. (2002) Prevailing triple infection with Wolbachia in
Callosobruchus chinensis (Coleoptera: Bruchidae). Mol. Ecol. 11,
167-180

Krebs, J.R. and Davies, N.B. (1997) Behavioural Ecology, An
Evolutionary Approach, 4th edn, Blackwell

Jiggins, F.M. et al. (2000) Sex-ratio-distorting Wolbachia causes sex-
role reversal in its butterfly host. Proc. R. Soc. Lond. Ser. B 267, 69-73
Hopkins, G.H.E. (1927) Part III Butterflies of Samoa and some
neighbouring island groups. Insects of Samoa and Other Terrestrial
Arthropoda, pp. 25—33, British Museum (Natural History)
Shoemaker, D.D. et al. (1999) Wolbachia and the evolution of
reproductive isolation between Drosophila recens and Drosophila
subquinaria. Evolution 53, 1157-1164

Mandel, M.J. et al. (2001) Do Wolbachia infections play a role in
unidirectional incompatibilities in a field cricket hybrid zone? Mol.
Ecol. 10, 703-709

Coyne, J.A. (1992) Genetics and speciation. Nature 355, 511-515
Werren, J.H. (1998) Wolbachia and speciation. In Endless Forms,
Species and Speciation (Howard, D. and Berlocher, S., eds),
pp. 245—-260, Oxford University Press

Hurst, G.D.D. and Schilthuizen, M. (1998) Selfish genetic elements
and speciation. Heredity 80, 2—8

Weeks, A.R. et al. (2002) Wolbachia dynamics and host effects: what
has (and has not) been demonstrated? Trends Ecol. Evol. 17, 257262
Telschow, A.P. et al. (2002) The effect of Wolbachia on genetic
divergence between populations: models with two way migrations.
Am. Nat. 160, 54—66

Bordenstein, S.R. et al. (2001) Wolbachia-induced incompatibility
precedes other hybrid incompatibilities in Nasonia. Nature 409,
707-710

Ballard, J.W. et al. (2002) Divergence of mitochondrial DNA is not
corroborated by nuclear DNA, morphology, or behavior in Drosophila
simulans. Evolution 56, 527—-545

Dobson, S.L. et al. (2002) The effect of Wolbachia-induced cytoplasmic
incompatibility on host population size in natural and manipulated
systems. Proc. R. Soc. Lond. Ser. B 269, 437—-445

Wright, S. (1932) The roles of mutation, inbreeding, crossbreeding, and
selection in evolution. Proc. VI Intl. Congress Genet. 1, 356—-366
Maynard Smith, J. (1978) The Evolution of Sex, Cambridge University
Press

Hurst, G.D.D. et al. (1999) Male-killing Wolbachia in two species of
insect. Proc. R. Soc. Lond. Ser. B 266, 735—740

Fialho, R.F. and Stevens, L. (2000) Male-killing Wolbachia in a flour
beetle. Proc. R. Soc. Lond. Ser. B 267, 1469—-1473

Jiggins, F.M. et al. (2000) High prevalence of male-killing Wolbachia in
the butterfly host Acrae encedana. J. Evol. Biol. 13, 495-501

Fujii, Y. et al. (2001) Transfection of Wolbachia in Lepidoptera: the
feminizer of the adzuki bean borer Ostrinia scapulalis causes male
killing in the Mediterranean flour moth Ephestia kuehniella. Proc.
R. Soc. Lond. Ser. B 268, 855—-859

Hurst, G.D. et al. (2000) Male-killing Wolbachia in Drosophila: a


http://www.trends.com

60

61

62

63

64

65

66

temperature-sensitive trait with a threshold bacterial density.
Genetics 156, 699-709

Hurst, G.D. and Jiggins, F.M. (2000) Male-killing bacteria in insects:
mechanisms, incidence and implications. Emerg. Infect. Dis. 6,
329-336

Martin, G. et al. (1973) Mise en évidence d'un micro-organisme
intracytoplasmique symbiote de I'Oniscoide Armadillidium vulgare L.
dont la présence accompagne l'intersexualité ou la féminisation totale
des males génétiques de la lignée thélyghne. Comptes Rendus de
I’Academie des Sci. Paris Série III 276, 2313—-2316

Rousset, F. et al. (1992) Wolbachia endosymbionts responsible for
various alterations of sexuality in arthropods. Proc. R. Soc. Lond. Ser.
B 250, 91-98

Kageyama, D. et al. (1998) Female-biased sex ratio in the asian corn
borer, Ostrinia furnacalis: evidence for the occurence of feminizing
bacteria in insects. Heredity 81, 311-316

Ghelelovitch, S. (1952) Sur le determinisme génétique de la stérilité
dans les croisements entre différentes souches de Culex autogenicus
Roubaud. Comptes Rendus de I’Academie des Sciences, Paris. Série III
234, 23862388

Yen, J.H. and Barr, A.R. (1971) New hypothesis of the cause of
cytoplasmic incompatibility in Culex pipiens. Nature 232, 657—658
Hoffmann, A.A. and Turelli, M. (1997) Cytoplasmic incompatibility in
insects. In Influential Passengers: Inherited Microorganisms and
Arthropod Reproduction (O’Neill, S.L. et al., eds), pp. 42—80, Oxford
University Press

67

68

69

70

71

72

73

74

75

Review TRENDS in Genetics Vol.19 No.4 April 2003 223

Charlat, S. et al. (2001) Wolbachia-induced cytoplasmic incompat-
ibility. In Symbiosis: mechanisms and model systems (Seckbach, J.
et al., eds), pp. 621-644, Kluwer Academic Publisher

Weeks, A.R. et al. (2001) A mite species that consists entirely of haploid
females. Science 292, 2479—-2482

Zchori-Fein, E. et al. (2001) A newly discovered bacterium
associated with parthenogenesis and a change in host selection
behavior in parasitoid wasps. Proc. Natl. Acad. Sci. U. S. A. 98,
12555-12560

Moret, Y. et al. (2001) Wolbachia endosymbiont responsible for
cytoplasmic incompatibility in a terrestrial crustacean: effects in
natural and foreign hosts. Heredity 86, 325—332

Sasaki, T. and Ishikawa, H. (1999) Wolbachia infection and cyto-
plasmic incompatibility in the almond moth and the mediterranean
flour moth. Zoolog. Sci. 16, 739-744

Sasaki, T. et al. (2002) Interspecific transfer of Wolbachia between two
lepidopteran insects expressing cytoplasmic incompatibility: A Wol-
bachia variant naturally infecting Cadra cautella causes male killing
in Ephestia kuehniella. Genetics 162, 1313—1319

Fisher, R.A. (1930) The Genetical Theory of Natural Selection, Oxford
University Press

Hamilton, W.D. (1967) Extraordinary sex-ratios. Science 156,
477-488

Turelli, M. (1994) Evolution of incompatibility-inducing microbes and
their hosts. Evolution 48, 1500-1513

Articles of interest in Trends and Current Opinions

Non-homologous end-joining: bacteria join the chromosome breakdance
Thomas E. Wilson, Leana M. Topper and Phillip L. Palmbos
Trends in Biochemical Sciences (2003) 28, 62-66

Fulfilling the promise: drug discovery in the post-genomic era
Sumit K. Chanda and Jeremy S. Caldwell
Drug Discovery Today (2003) 8, 168-174

In search of a better mouse test
Douglas Wahlsten, Nathan R. Rustay, Pamela Metten and John C. Crabbe
Trends in Neurosciences (2003) 26, 132-136

Queens versus workers: sex-ratio conflict in eusocial Hymenoptera
Natasha J. Mehdiabadi, Hudson Kern Reeve and Ulrich G. Mueller
Trends in Ecology and Evolution (2003) 18:2: 88-93

The building blocks of pathogenicity
Nicholas R. Thomson and Julian Parkhill
Trends Microbiology (2003) 11, 66-67

The impact of nucleic acid secondary structure on PNA hybridization
Bruce A. Armitage
Drug Discovery Today (2003) 8, 222-228

Evolution and ecology, after the malaria genomes
Jacobus C. de Roode and Andrew F. Read
Trends in Ecology and Evolution (2003) 18, 60-61

Translational control by the 3'-UTR: the ends specify the means
Barsanjit Mazumder, Vasudevan Seshadri and Paul L. Fox
Trends in Biochemical Sciences (2003) 28, 91-98

Did the loss of sigma factors initiate pseudogene accumulation in M. leprae?
M. Madan Babu
Trends in Microbiology (2003) 11, 59-61

http://tigs.trends.com


http://www.trends.com

	Evolutionary consequences of Wolbachia infections
	Wolbachia-host conflicts and the diversification of core process
	Sex determination
	Sexual differentiation
	Interaction with the cell cycle
	Prospects

	Providing novelty
	Domestication
	Gene acquisition

	Higher levels evolutionary consequences
	Sexual selection and population sex ratio
	The loss of sex
	Speciation
	Extinction

	Conclusion
	Acknowledgements
	References


