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It is still held that natural selection will reduce the
virulence of parasites to a state of peaceful
coexistence. The ecological and pathogenic conditions
leading to virulence reduction are not always easy to
assess. The mode of transmission of parasites is
thought to be a key determinant in the evolution of
virulence1. For example, it is accepted that increased
virulence is favoured where parasite transmission is
horizontal, where there is a high chance that a host is
infected by several parasite strains, and where
parasite virulence is associated with parasite
fecundity and with the likelihood of transmission.
However, where parasites are vertically transmitted
(from parent to offspring), the reproductive success of
host and parasite are more tightly interlinked, and
selection should favour more benign parasite strains.
Indeed, selection might also promote a positive
contribution of the inherited agent to the host. Thus,
vertical transmission is also thought to promote the

development of mutualistic interactions. Vertically
transmitted parasites and symbionts are, in most
cases, microorganisms, either eukaryotic or
prokaryotic, referred to here as inherited
microorganisms.

Evolutionary biology of inherited microorganisms

The interaction between host and inherited
microorganisms outlined above is a simplification of
the way in which selection acts upon these agents.
These microorganisms, being inherited, have
interests in common with their host – more precisely,
they are maternally inherited, and thus have
interests in common with female hosts. The selective
pressures on maternally inherited elements differ
from those on the genome of the host2. First, selection
on inherited microorganisms should select directly
for beneficial effects towards the host sex responsible
for their transmission (i.e. in general, females)3.
Beneficial effects on males might follow indirectly,
but are not a consequence of direct selection. In fact,
selection might favour microorganism strains that
cause a reduction of the fitness of individuals not
involved in their transmission (males or uninfected
females), if these effects are associated with an
increase in the fitness of females bearing the
infection. Thus, in addition to becoming benign or
even beneficial to the hosts responsible for their
transmission (infected females), selection on
inherited microorganisms can favour the spread of
phenotypes that are detrimental to those hosts not
involved in their transmission (males or uninfected
females)3–7. Indeed, maternal inheritance underlies
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the different forms of microorganism-induced
reproductive manipulations observed in arthropods.
These manipulations frequently involve determining
a female-biased sex ratio: for maternally inherited
microorganisms, males are dead ends. In some 
cases, all-female broods are produced by converting
the female host to a particular form of asexuality
(thelytokous parthenogenesis)8,9; in other cases,
sexual reproduction is continued, but progeny that
would ordinarily develop as males instead develop 
as females (they are feminized)10. Apart from these
manipulations, certain inherited microorganisms 
are relatively benign in females, but kill male larvae
or embryos, if this either facilitates their horizontal
transmission, or if it enhances the survival of 
sisters of the dead male11–14. Finally, some 
inherited microorganisms cause cytoplasmic
incompatibility: through the sperm of infected males
they sterilize those females that do not harbour
them5–7.

These different microbial manipulators of host
reproduction are known as reproductive parasites3.
Reproductive parasites occur in various arthropod
hosts (insects, mites, crustaceans) and have been
assigned to different prokaryotic lineages, as well as
to the microsporidia (eukaryotic protists)3,4. One
special assemblage of reproductive parasites is
represented by the bacteria of the genus Wolbachia
(Fig. 1), which determine different kinds of
reproductive manipulations (from parthenogenesis
induction to feminization to the killing of male
embryos), and which are also thought to be beneficial
in filarial nematodes5–7. Maternal inheritance
underlies reproductive parasitism, but reproductive
parasites can also be transmitted horizontally.
Reproductive parasites can thus be contagious, as in
the case of the male-killing microsporidia in
mosquitoes or of parthenogenesis-inducing
Wolbachia in certain parasitoid wasps9.

Parthenogenesis induction

The development of unfertilized eggs into females
(thelytokous parthenogenesis) would increase the
fitness of a maternally transmitted microorganism.
In the early 1990s, it was first reported that
thelytokous parthenogenesis in certain species of
wasps could be cured by the administration of
antibiotics. This indicated the possible involvement of
some microorganism in parthenogenesis induction.
Parthenogenesis in these and a range of other
Hymenoptera was subsequently shown to be
associated with infection with certain strains of
Wolbachia8. More recently, Wolbachia has also been
shown to be associated with parthenogenesis in
insects phylogenetically distant from the
Hymenoptera (Arakaki et al.; Vandekerchove et al.,
Abstracts)∗ . In Hymenoptera, male progeny arise
from (haploid) unfertilized eggs and females from
(diploid) zygotes that are the product of fertilization.
Sex determination is based on ploidy. Wolbachia
induces the production of all-female broods through
doubling the chromosome constitution of unfertilized
eggs, restoring diploidy, and thus producing female
rather than male development15. Another possible
case of parthenogenesis induction is seen in the mite
Leptotrombidium tsutsugamushi, where infection
with the bacterium Orientia tsutsugamushi is
associated with female-biased sex ratios16.

Parthenogenesis-inducing Wolbachia are
frequently fixed within the population, converting the
sexual host species to an asexual one. In some of these
species, the ability to reproduce sexually has been lost
over time. Although antibiotics give rise to the
production of male progeny, these males are not
functional. In other species, the infection remains at a
polymorphic equilibrium, with both uninfected and
infected individuals remaining. Polymorphism is
thought to be promoted by host factors that resist the
action or transmission of the bacterium15.

Feminizing microorganisms, sex determination and

genetic conflicts

Parasitic feminization is induced by both bacterial
and protozoan microorganisms and has been reported
in several crustaceans and in one insect10,17,18. These
microorganisms distort sex determination,
converting genotypic males into functional,
phenotypic females17,19. By feminizing a male host, a
maternally transmitted microorganism ensures its
transmission to new hosts (i.e. the offspring) and the
relative frequency of infected females in the
population is increased17.

At least four ultrastructurally distinct species of
feminizing microsporidia have been reported
infecting the crustacean Gammarus duebeni20–22. The
best studied, Nosema granulosis, is characterized by
low pathogenicity and is present in up to 46% of
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Fig. 1. Electron
micrograph showing an
egg of the mosquito Culex
pipiens harbouring
numerous Wolbachia
bacteria (arrows). In
mosquitoes and in other
arthropods, various
strains of Wolbachia
determine cytoplasmic
incompatibility (Fig. 3).
Other reproductive
manipulations
determined by Wolbachia
are parthenogenesis,
feminization of genetic
males and death of male
embryos. Abbreviations:
f, nuclei of follicular cells
of the ovariole; n, oocyte
nucleus. Scale bar =
0.9 µm. Photograph by
Luciano Sacchi and
Claudio Bandi.

∗ Results presented at the First International Wolbachia Conference,
Kolymbari, Crete, 7–12 June 2000.



females in natural populations23. In terrestrial
isopods (woodlice), bacteria of the genus Wolbachia
are responsible for sex reversal19. Around half of the
woodlice species belonging to different families are
infected, each species carrying a single Wolbachia
lineage24. In the most intensively studied species,
Armadillidium vulgare, the prevalence of Wolbachia
in females ranges from 0% to 64%, but most
populations are uninfected19,25. In other species,
however, the Wolbachia can be at fixation: that is, all
females are infected26.

Feminization has implications for host ecology and
for the evolution of host sex ratios and mechanisms of
sex determination. As a feminizing microorganism
spreads through the host population, the sex ratio will
become more female biased. This sex ratio bias might
lead to conflict between inherited microorganisms and
hosts over sex ratio. Selection on the microorganisms
will favour a female-biased sex ratio, because only
females transmit the infection. However, selection
acting on the host genes will generally favour a 1:1
primary sex ratio27. As a result, host autosomal genes
that determine a greater investment in males (the
rarer sex) might be favoured, leading to compensatory
sex ratio evolution28,29. Co-evolutionary feedback
between host sex ratio and prevalence can drive
microorganism prevalence upwards and can lead to
the emergence of novel sex determining mechanisms
in the host28–30. This feedback between microorganism
prevalence and host sex ratio is predicted to lead to
fixation of the microorganism in females (all females
are infected) and monogeny in the host (all hosts are
genetically male)28,29. The conflict between autosomes
and inherited microorganisms might also select for
host resistance to microorganism transmission or
feminization30.

Resistance to Wolbachia has been found in 
A. vulgare through either suppression of  the
feminizing effect (albeit incompletely) or suppression
of microorganism transmission31. There is also
evidence for resistance to microorganism
transmission and feminization in G. duebeni infected
by feminizing microsporidia20,21,23. In some A. vulgare
populations, sex ratio evolution in the presence of a
feminizing Wolbachia has gone to the limit, as
predicted theoretically. In infected lineages, all
individuals are genetically male and infected
individuals are feminized by the bacteria, which has
become the female sex-determining factor in this
host19,32. In this context, by controlling
microorganism functions and/or transmission,
resistance genes can be seen as new sex-determining
factors. Although sex ratio evolution has been
reported for populations infected with N. granulosis,
there is no evidence for parasite fixation.
Feminization is not 100% efficient for these
microorganisms23 and so the drive to monogeny and
fixation will be less strong28.

Feminizing microorganisms might also affect host
population stability and extinction33,34. Even if a

feminizer does not become fixed in the host
population, theoretical models predict that the host
population might be driven to extinction if males
become too rare to sustain the population through
reproduction33,34. However, microsporidian sex ratio
distorters appear to be relatively stable in natural 
G. duebeni populations17, and recent models show
that metapopulation structure might enable
parasite–host coexistence, despite the transience of
local populations through turnover of uninfected,
infected and extinct patches34.

The mechanism of sex differentiation in
Crustacea might provide an opportunity for
feminization by inherited microorganisms of this
arthropod group10. In crustaceans, sex
differentiation is controlled by the male hormone
produced by the androgen gland35. If the androgen
gland differentiates, the circulating hormone
induces male development; in the absence of
androgen gland differentiation, female development
takes place. It has been suggested that these
microorganisms suppress the development of the
gland to induce feminization of the host32, a task
that is relatively easy to achieve because only one
tissue has to be targeted by the microorganism. In
woodlice, some Wolbachia strains cause
feminization through action on the androgen gland
and androgen hormone reception, whereas other
strains disrupt only the gland development,
resulting in imperfect feminization efficiency, with
some males harbouring Wolbachia26,36.

Several microsporidian species feminize 
G. duebeni, and it has been suggested that the
mechanism of environmental sex determination
(ESD) might increase vulnerability of the host to
feminization17. ESD is an adaptive sexual strategy
under which the sex of an individual is matched to its
size-related future fitness according to environmental
cues. The level of ESD varies between G. duebeni
populations37, and a study of microsporidian
prevalence across a series of populations found that
feminizer prevalence was higher in populations with
a high level of ESD. This supports the idea that the
delay in sex determination under ESD makes 
G. duebeni vulnerable to parasitic manipulations of
sex, and hence to the invasion of sex ratio disorters17.

Killing of male embryos

Inherited bacteria that selectively kill male embryos
are diverse and are found in a wide variety of insect
hosts11,12,14,38. Host species typically lay eggs in
batches (although exceptions such as the butterfly
Danaus chrysippus exist). In addition, male-killer
prevalence is highest in groups of species where
unhatched eggs are consumed by siblings shortly
after hatching, or where there is competition between
the hatched siblings for a limiting resource12. In these
cases, the death of male hosts enhances the survival
of sibling female hosts, which bear the same bacteria
by descent.
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Male-killing bacteria have been recorded within the
genus Spiroplasma (insect-associated mollicutes), the
flavobacteria (Fig. 2), the gamma proteobacteria
(Escherichia coli relatives) and the alpha
proteobacteria38. In this last group, it is notable that
members of the genus Rickettsia have been recorded as
showing the male-killing trait, in addition to Wolbachia
male killers38,39. A particular host species might be
infected by more than one male-killing bacterium40.
Thus, it is not possible to score the prevalence of the
associated bacteria solely from their phenotype.

The prevalence of male-killing bacteria varies
between host–bacterium associations. Most
commonly, prevalence is in the range of 5–50% of
female hosts. However, extremely low- and high-
prevalence infections do occur. In Drosophila
willistoni, fewer than 1% of females are infected41. 
By contrast, in the butterfly Acraea encedon, a male-
killing Wolbachia is found in 86% of female hosts in
certain populations, and results in sex role reversal in
its host, with females competing for access to a small
pool of males42. The prevalence achieved by these
bacteria is determined by the effect of male host death
on the survival of their sister hosts, the direct effects of
infection on female host physiology, and the efficiency
with which the bacteria are transmitted from a female
to her progeny. This last parameter might be affected
by both host and microorganism factors.

Killing of male larvae

Late male killing appears to have evolved only in
microsporidia that infect mosquito hosts. Male-

killing microsporidia display sex-differential
development and virulence in their hosts. These
parasites cause a relatively benign infection in
females, which go on to transmit the parasite to the
next host generation. However, in males, a different
developmental sequence occurs. Massive parasite
replication in the fat body results in death during
the fourth larval instar stage and subsequent
release of spores into the aquatic environment for
horizontal transmission. Varying degrees of male
killing have been reported13,14. True male killers
(type 1 infections)13 are typified by Thelohania
californica, which kills transovarially infected males
but forms a benign infection in females. By contrast,
most hosts that inherit Amblyospora campbelli die
and there is little sex-specific mortality, although
surviving females transmit the parasite to their
progeny. Sweeney et al.43 and Hurst14 suggested that
the different parasite–host interactions reflect the
ecology of the host and the relative efficiency of
horizontal versus vertical transmission. There is no
selective advantage of a benign infection in males
because male hosts do not transmit the infection
vertically, whereas male-specific virulence will be
selected if host death leads to horizontal
transmission. Virulence in females should be
selected if the opportunities for horizontal
transmission are high. For example, larval death in
mosquitoes infected with A. campbelli releases
spores that infect a copepod intermediate host44. By
contrast, a benign infection in females infected with
T. californica is adaptive because the host mosquito
is univoltine and vertical transmission is important
for parasite maintenance outside of the host
breeding season.

Cytoplasmic incompatibility

In cytoplasmic incompatibility (CI), embryonic death
is seen after mating between males infected by
certain strains of Wolbachia and females that are
either uninfected or infected with an incompatible
Wolbachia strain. Wolbachia that induce CI are found
in a wide variety of arthropods, particularly in
insects, but also in mites and isopod crustaceans5–7.
Different strains of Wolbachia can produce CI, and
these might be mutually incompatible (bidirectional
CI); that is, a male infected with strain w1 is
incompatible with a female infected with strain w2,
and vice versa.

CI is thought to be determined by some as yet
undetermined Wolbachia-induced modifications of
sperm from infected males (e.g. through a toxin:
Wolbachia is not transmitted through sperm). In
diploids, modified spermatozoans render inviable
those eggs they enter that do not harbour Wolbachia
(or harbour a different compatibility type of
Wolbachia). In infected eggs, the presence of
Wolbachia leads to the rescue of the egg (e.g. through
an antitoxin) and successful development can take
place. In other words, Wolbachia kills those eggs that
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Fig. 2. Electron
micrograph showing
male-killing bacteria
(arrows) from the ladybird
beetle Adonia variegata.
The bacteria are located
between the ovariole
surface and the envelope
formed by tracheocytes
(t). mc, myo-connective
fibres; o, oocyte. Scale bar
= 1.7 µm. Photograph by
Luciano Sacchi and Greg
Hurst.



do not carry Wolbachia (Fig. 3). It is also notable that
a Wolbachia type exists that rescues the host egg from
incompatibility, while being unable to modify the
sperm to induce it (mod− res+ Wolbachia)45.

CI-determined death occurs during early
development, and appears to be associated with
alterations of the proper condensation/
decondensation of the paternal chromatin5–7. This
association with paternal chromatin is witnessed
most spectacularly in haplodiploid species, where
improper condensation produces haploidy and male
development. The behaviour of CI can be seen as one
where the bacteria is interfering with the production
of uninfected offspring, and thus indirectly inducing
the spread of the infection. Field experimental
evidence from populations of Drosophila simulans
confirms the rapidity with which Wolbachia- induced
CI spreads46.

CI is probably the most widespread of all the
manipulations produced by Wolbachia. It is also the
most benign. This is because incompatibility is
produced only in crosses between infected males and
uninfected females. A strain that produces a strong
incompatibility spreads to high prevalence; so that
strong incompatibility becomes associated with the
presence of few uninfected females, and thus a rare
occurrence of the incompatibility phenotype within
the population.

Wolbachia is also known to have effects on sperm
production and sperm precedence5–7. By increasing the
relative fertility of infected males, CI Wolbachia might
increase the frequency of CI induction in uninfected
females. In D. simulans, by contrast, Wolbachia
infection is associated with reduced sperm number47.

Reproductive parasitism and control of insect pests 

and vectors

Because of their theoretical rapid spread in the host
population and the effect they might have on
reproduction, transovarially transmitted
microorganisms have the potential to provide

powerful help in controlling agricultural pests or
insect vectors48. Their use could be direct or indirect.
One direct way to use reproductive parasites is to
enhance the reproductive potentialities of parasites
or predators of particular pest species. Numerous
Hymenoptera are already used as agents for
biological control. The occurrence of Wolbachia
inducing parthenogenesis in numerous parasitoid
wasps could be helpful because, as only females
parasitize their hosts, the symbionts provide a unique
opportunity to double the ‘parasitically active’
population size of the parasitoid.

The direct use of microorganisms inducing CI has
been shown to be a useful tool to suppress local pest
populations49. However, increasing knowledge on the
mechanisms and dynamics of CI in wild populations
suggest that this direct use could be very complex in
large-scale practice. An indirect strategy would be to
use these microorganisms as gene vectors in their
host48. If a gene suppressing the transmission of a
given microbial disease in its insect vector could be
introduced into Wolbachia, the potential spreading of
this modified Wolbachia through the vector
population could limit disease transmission. To
achieve this goal, several steps forward need to be
taken: Wolbachia have to be transformed in cell
culture and re-introduced into the insect vector, and
the spread of this organism in pest populations must
be ensured. Trials of control await the further
development of these procedures. Another potential
way to control arthropod populations would be to
exploit the mechanism used by reproductive parasites
to manipulate host reproduction. Does Wolbachia
induce CI through some toxin carried by
spermatozoa? Do some male-killing bacteria produce
a male-specific toxin? Studying the biochemistry and
genetics of reproductive parasites, as well as the
responses of the arthropod hosts to their presence,
will facilitate understanding of the molecular
mechanisms involved in reproductive manipulations,
and reveal new molecular strategies for the control of
arthropod pests and vectors. In addition,
understanding how reproduction is manipulated
might provide new insight into the biology of
reproduction.

Wolbachia and the control of filarial diseases

The potential implications of the presence of
Wolbachia in filarial nematodes have recently
attracted a great deal of attention50–52. As in
arthropods, Wolbachia in filarial nematodes is
maternally transmitted. As discussed above,
uniparental transmission is thought to have
promoted the evolution of mechanisms to manipulate
host reproduction in arthropod Wolbachia: should
nematode Wolbachia behave differently from the
arthropod one? In filarial nematodes, the phylogeny
of Wolbachia matches the host phylogeny53. In
addition, in filarial species positive for Wolbachia, all
examined specimens have been shown to harbour
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Fig. 3. Diagram
illustrating unidirectional
cytoplasmic
incompatibility.
Spermatozoa coming
from infected males
(modified spermatozoa)
and Wolbachia bacteria
are red. The meeting
between modified
spermatozoa and
uninfected oocytes leads
to early embryonic death
(a). In infected females,
Wolbachia is thought to
produce a rescue factor
that allows the normal
development of oocytes
fertilized by modified
spermatozoa (b).
Spermatozoa from
uninfected males can
successfully fertilize both
uninfected (c) and
infected (d) oocytes.
Drawing by Maurizio
Casiraghi.



these bacteria50,51. This distribution pattern is also
seen at higher taxonomic levels: the association with
Wolbachia is typical of whole branches in the filarial
phylogenetic tree53. This differs from that seen in
arthropods, where Wolbachia is patchily distributed
and where host and symbiont phylogenies are not
congruent5–7. Thus the evolutionary dynamics of
Wolbachia in arthropods and nematodes is different,
indicating losses of the infection and horizontal
transmission events in arthropods, stable infection,
co-speciation and a long co-evolutionary history in
nematodes.

Long co-evolution of host and symbiont is expected
to result in co-adaptation and reciprocal dependence.
Indeed, bacteriostatic drugs, such as tetracycline,
which are known to be effective against Wolbachia in
arthropods, have been shown to have detrimental
effects on filarial nematodes that harbour Wolbachia.
In addition, tetracycline has been recorded to be
ineffective against Achantocheilonema viteae, a
filaria that does not harbour Wolbachia51,52. These
results support the hypothesis that those filarial
nematodes that harbour Wolbachia require the
presence of this bacterium, at least during some
stages of their life cycle. Wolbachia could thus
represent a useful target for the control of filariases.
Indeed, it has recently been shown that doxycycline
inhibits microfilaria production in Onchocerca
volvulus52. In addition, Wolbachia seems to play an
important role in the pathogenesis of filarial
diseases52. Treatments aimed at reducing Wolbachia
density in filarial worms could thus become useful; for
example, in reducing the side effects of
microfilaricidal treatments.

In view of the wide range of phenotypic effects
caused by Wolbachia in arthropods, it would not be
surprising if different Wolbachia endosymbionts
behave in different ways in different filarial
nematodes, being beneficial in some hosts and
determining reproductive manipulations in others.

The presence of Wolbachia might also result both in
reproductive alterations and physiological benefits in
the same host. Investigation of this subject awaits
further developments.

Reproductive parasites in vertebrates: why not?

Are reproductive parasites restricted to invertebrate
animals? A prerequisite for reproductive parasitism is
inheritance through a single sex, a modality of
transmission that occurs among vertebrate parasites,
even though it is usually coupled with some form of
horizontal transmission. Should we expect to find
reproductive parasites among protozoans such as
Toxoplasma and Neospora, or among the various other
microorganisms and viruses transmitted through the
placenta? Should we expect to find some degree of
male-specific virulence in these parasites? Should we
expect to find sex ratio biases among aborted fetuses,
where abortion is caused by transplacentally
transmitted parasites? The key factor is probably the
relative importance of vertical and horizontal
transmission in the life cycle of a given parasite. Even
a low level of horizontal transmission could allow the
perpetuation of the parasite, thus reducing selective
pressures for becoming less virulent towards females.
However, as in the case of male-killing microsporidia,
low levels of sex-specific virulence can still exist in the
presence of efficient horizontal transmission. An
aborted foetus or weak offspring harbouring coccidian
microorganisms could ensure horizontal transmission
of these parasites if consumed by carnivorous
mammals (where the sexual phase of the cycle takes
place). But why renounce the possibility of also being
vertically transmitted through females? This would
obviously require that congenitally infected females
transmit the microorganism, even inefficiently, to the
progeny during subsequent pregnancies. We predict
that future research on some transplacentally
transmitted parasites will lead to the discovery of
some level of male-specific virulence.
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