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ABSTRACT

Wolbachia are intracellular bacteria that manipulate the reproduction of their ar-
thropod hosts. The nature of the manipulation varies with Wolbachia strain, arthro-
pod taxa, and arthropod genetic system. Nonreciprocal and reciprocal reproductive
incompatibilities, sex ratio biases, and induction of thelytoky are some of the results
of Wolbachia symbiosis. The Wolbachia present in the predatory mite Metaseiulus oc-
cidentalis are genetically similar to those found in insects, and are correlated with
nonreciprocal incompatibility in crosses between infected males and uninfected fe-
males. The incompatibility phenotype includes reduced numbers of eggs, shriveled
eggs, and a male-biased sex ratio of the few resulting progeny, which may be related
to the parahaploid genetic system of this phytoseiid mite.
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RESUMEN

Wolbachia son bacterias intracelulares que manipulan la reproduccién de sus hos-
pederos artrépodos. La forma de esta manipulacién varia con la sepa de Wolbachia, el
taxén del artrépodo, y el sistema genético del artrépodo. Incompatibilidades reproduc-
tivas reciprocas y no-reciprocas, variaciones del coeficiente sexual, e induccién de te-
litoquia son algunos de los resultados de la simbiosis con Wolbachia. La sepa de
Wolbachia que se encuentra en el dcaro depredador Metaseiulus occidentalis es gené-
ticamente similar a la que se encuentra en insectos, y esta correlacionada con incom-
patibilidad no-reciproca en cruzas entre machos infectados y hembras no infectadas.
El fenotipo de incompatibilidad incluye la produccién de un nimero reducido de hue-
vos, huevos arrugados, y un coeficiente sexual de la poca progenie que resulta incli-
nado hacia el macho, el cual puede estar relacionado al sistema genético para-
haploide de este acaro fitoseido.

HISTORICAL OVERVIEW

Wolbachia are intracellular, transovarially-transmitted, rickettsial-like endosym-
bionts in the alpha-subdivision of the proteobacteria (purple bacteria). Wolbachia bac-
teria were first described from the gonadal tissues of the mosquito Culex pipiens L. in
1924 by Hertig and Wolbach. Unusual reproductive incompatibilities were described
later in Culex pipiens mosquitoes by Ghelelovitch (1952) and Laven (1951). One type
of these incompatibilities was nonreciprocal, meaning that crosses of males from pop-
ulation A with females of population B resulted in normal hybrid progeny, but crosses
of males from population B with females from population A (the reciprocal cross) re-
sulted in few viable hybrid progeny. Because the nuclear genetic makeup of the two
hybrid crosses is essentially the same and the main difference is which mother’s cy-
toplasm is interacting with the nuclear genes, the incompatibilities have a cytoplas-
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mic inheritance pattern, also called “cytoplasmic incompatibility” (Laven 1959). In
the 1970s Yen & Barr (1971) first correlated these nonreciprocal, cytoplasmic incom-
patibilities with the presence of Wolbachia endosymbionts. They found that when
Wolbachia-infected males were treated with tetracycline (which is toxic to rickettsia-
like microorganisms), they could reproduce successfully with uninfected females.

Because Wolbachia’s morphological characters are of limited value and Wolbachia
are difficult to culture outside the host (Weiss & Moulder 1984, O’'Neill et al. 1992),
their presence in other arthropods was merely speculative. However, in 1992, Wolba-
chia-specific polymerase chain reaction (PCR) primers were developed (O’Neill et al.
1992). These primers, designed to be specific to Wolbachia, are also general enough to
amplify Wolbachia 16S ribosomal DNA from various insects. Reproductive anomalies
associated with the presence of an unknown rickettsia could now be correlated with
the presence of Wolbachia. For example, Wolbachia infection was confirmed in some
California populations of Drosophila simulans Sturtevant (O’Neill et al. 1992). This
symbiont was previously suspected as the causative agent of nonreciprocal reproduc-
tive incompatibilities between geographical populations of D. simulans (Hoffmann et
al. 1986).

WOLBACHIA BIOLOGY

Wolbachia are transmitted through the egg cytoplasm, and therefore solely by fe-
males, except for one reported case of male transmission in laboratory populations of
D. simulans (Hoffmann & Turelli 1988). Wolbachia are sensitive to high temperatures
(Stevens 1989, Stouthamer et al. 1990, Girin & Bouletreau 1995, Louis et al. 1993),
and the antibiotics rifampin and tetracycline (Stouthamer et al. 1990). The only suc-
cess to date in culturing them outside the host has been in an Aedes albopictus (Skuse)
cell line (O’Neill et al. 1995).

Because Wolbachia cannot be studied with traditional microbiological techniques
(Weiss & Moulder 1984), techniques such as the polymerase chain reaction (PCR) and
DNA sequencing have provided major breakthroughs in the study of these endosym-
bionts (O’Neill et al. 1992, Breeuwer et al. 1992, Rousset et al. 1992b, Stouthamer et
al. 1993). The PCR allows the amplification of a specific region of Wolbachia DNA
more than a million-fold. The presence or absence of the symbiont then can be deter-
mined by visual detection of the expected size fragment of DNA in an ethidium bro-
mide-stained agarose gel under UV light. This amplification also yields ample DNA
for sequencing and further description and characterization. DNA sequence analyses
indicate a lack of concordance between the phylogenies of the symbiont and of the
hosts, suggesting that this symbiont might sometimes be transmitted horizontally
from species to species (Rousset et al. 1992b, O’Neill et al. 1992). Recent studies with
the PCR determined that 16% of all insect species examined are infected with Wolba-
chia (Werren et al. 1995), and include representatives from a wide variety of orders
and families (Giordano et al. 1997). For an extensive review of the current knowledge
about Wolbachia, see Werren (1997).

WOLBACHIA’S EFFECTS

The effects of Wolbachia can be influenced by several factors. The strain of Wolba-
chia is important; some strains have been demonstrated to cause no reproductive al-
terations (Giordano et al. 1995). The phenotype of Wolbachia-mediated reproductive
alterations also depends on the taxonomic status of the affected arthropod (Insecta,
Arachnida, Isopoda) (see Werren 1997), as well as the genetic system of the arthropod.
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It is important to consider arthropod genetic systems in order to better appreciate the
diversity of Wolbachia’s effects on reproduction.

Diplo-diploid arthropods produce both sexes from fertilized eggs, each sex carrying
both the maternal and paternal sets of chromosomes throughout their lives. In haplo-
diploid arthropods, female progeny arise from fertilized eggs and are diploid, but the
male progeny arise from unfertilized eggs and are haploid, carrying only the maternal
set of chromosomes. Thelytoky is a genetic system in which virgin females produce
diploid daughters parthenogenetically, rarely producing males. In a parahaploid ge-
netic system, both sexes initially arise from fertilized (diploid) eggs, with both sets of
chromosomes. However, one chromosome set is subsequently lost in males, and the
adult male is haploid, producing sperm by a mitotic process.

When males of infected diplo-diploids mate with females lacking Wolbachia, the pa-
ternal chromosome set becomes abnormal in the fertilized egg (Kose & Karr 1995,
O’Neill & Karr 1990), resulting in the death of both male and female progeny (Hoff-
mann et al. 1986, Hsiao & Hsiao 1985). The reciprocal cross is normal. Although the
molecular mechanism of this incompatibility is not yet fully understood, it is speculated
that Wolbachia somehow “imprints” or “modifies” the paternal set of chromosomes dur-
ing spermatogenesis (Werren 1997), even though the bacteria themselves are not
present in the mature male gametes. If Wolbachia is present in the egg cytoplasm, it
can “rescue” the paternal chromosomes so that they remain normal and produce the
normal diploid sons and daughters. If no Wolbachia is present, there is no “rescue” and
those paternal chromosome set becomes abnormal, leading to embryonic death.

This same mechanism may occur in haplo-diploid insects, but with different con-
sequences. When infected haploid males mate with uninfected diploid females, the
male (haploid) progeny remain normal, but the normally diploid female embryos be-
come haploid due to abnormalities in the paternal set of chromosomes (Ryan & Saul
1968, Reed & Werren 1995). The resulting phenotype of Wolbachia-mediated incom-
patibilities in haplo-diploid species is a strongly male-biased sex ratio because of the
loss of female progeny. The haploid female embryos may die, as in some strains of the
mite Tetranychus urticae Koch (Chelicerata: Arachnida) (Vala & Breeuwer 1996), or
the haploid female embryos can become males thereby increasing the total number of
expected males, as in the wasp Nasonia vitripennis Walker (Mandibulata: Insecta)
(Breeuwer & Werren 1990, Ryan & Saul 1968).

Wolbachia can also cause bidirectional incompatibility in diplo-diploid species
(O'Neill & Karr 1990) and haplo-diploid species (Perrot-Minot et al. 1996). In this sit-
uation, two populations apparently host two different Wolbachia strains. The result is
reciprocal incompatibility, where both interpopulation crosses are incompatible.

Wolbachia induces thelytoky in some hymenopteran species, such as Tri-
chogramma (Stouthamer et al. 1990) and Aphytis (Zchori-Fein et al. 1995). Wolbachia
allows these females to produce diploid daughters parthenogenetically by causing ga-
mete or chromosomal duplication early in the first mitotic division (Stouthamer & Ka-
zmer 1994).

Wolbachia causes a typical diplo-diploid incompatibility phenotype in some iso-
pods (Rousset et al. 1992a), as well as an unusual phenotype in the species Armadil-
lium vulgare Latr. In this species, Wolbachia suppresses the androgenic gland in
genetically male individuals, causing these male isopods to become functional females
(Rigaud et al. 1991). It is likely that, with the diversity of Wolbachia’s effects on the
arthropod taxa and genetic systems described to date, there may be more Wolbachia-
mediated reproductive anomalies remaining to be described.

Because uninfected females are reproductively incompatible with infected males,
and infected females can reproduce successfully with infected and uninfected males,
infected females tend to have a reproductive advantage in polymorphic populations
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(Caspari & Watson 1959, Turelli & Hoffmann 1991). The D. simulans Wolbachia in-
fection has spread within and among California populations (Turelli & Hoffmann
1991, Turelli et al. 1992) since it was first documented in 1986 (Hoffmann et al. 1986).
However, the ability of Wolbachia to spread through a population is modulated by var-
ious factors, including the stability of the infection as a function of maternal trans-
mission frequency, fitness costs associated with infection, and the strength of
incompatibility (Hoffmann et al. 1990, Turelli et al. 1992, Clancy & Hoffmann 1997).

The potential for Wolbachia-infected individuals to sweep through a population
may be a useful phenomenon in the control of arthropod-borne pathogens. Efforts are
under way to genetically engineer insects to be refractory to disease agents like those
causing malaria or Chagas’ disease (Beard et al. 1993). A mechanism is needed to en-
able these transformed arthropods to replace the wild-type insects already present in
the field population. The ability of Wolbachia infection to spread through a popula-
tion, as documented in D. simulans, could be harnessed as a mechanism to help drive
a genetically altered trait through a population if the trait “hitchhikes” with the Wol-
bachia-infected cytoplasm (Caspari & Watson 1959, Beard et al. 1993). However, a
fuller understanding of Wolbachia biology will be necessary before it can be used suc-
cessfully as a drive mechanism (Werren 1997).

Wolbachia symbiosis may have other important effects. Wolbachia-mediated re-
productive isolation may be one mechanism that could allow sympatric speciation to
occur (Laven 1959, Werren 1997, Giordano et al. 1997). Wolbachia alters sex ratios
and progeny survival and, as a consequence, may affect laboratory experiments and
insect management in field programs. Wolbachia infection may have implications for
mass rearing projects, especially if the bacteria have an influence on the quality of the
natural enemies (Steiner 1993) or affect the rate of population increase of the individ-
uals being reared.

WOLBACHIA IN THE PREDATORY MITE METASEIULUS OCCIDENTALIS: A CASE STUDY

The predatory mite Metaseiulus (= Typhlodromus or Galendromus) occidentalis
(Nesbitt) is an important natural enemy of Tetranychus species, including Tetrany-
chus urticae Koch. This predatory mite is used as a biological control agent in various
crops in the western United States (Hoyt 1969, Flaherty & Huffaker 1970, Hoyt &
Caltagirone 1971, Hoy 1985). Biological characteristics that affect these predators’
rate of population increase are of particular importance (Sabelis 1985), including the
presence of nonreciprocal reproductive incompatibilities between different strains or
populations (Hoy 1985). Such nonreciprocal reproductive incompatibilities have been
reported in M. occidentalis, and are associated with shriveled eggs, low numbers of
eggs, low survival of immature stages, and reduced fecundity in surviving F, individ-
uals (Croft 1970, Hoy & Knop 1981, Hoy & Standow 1982, Hoy & Cave 1988). Studies
on the mode of inheritance of pesticide resistance have been affected by nonreciprocal
cross incompatibilities (Hoy & Knop 1981, Hoy & Standow 1982). Nonreciprocal in-
compatibilities have interfered with hybridization studies between different phy-
toseiid mite populations (one method of determining species designations), including
studies with M. occidentalis (Croft 1970), Typhlodromus annectens DeLeon (Mec-
Murtry & Badii 1989), and Amblyseius addoensis van der Merwe and Ryke (Mc-
Murtry 1980).

The cause of the nonreciprocal reproductive incompatibilities was unknown in
these phytoseiids. An intracellular rickettsia-like microorganism was found by Hess
& Hoy (1982) in M. occidentalis eggs and ovaries through light and electron micros-
copy. This observation, along with the nonreciprocal nature of the incompatibilities,
led Hoy & Cave (1988) to speculate that a cytoplasmic factor may be responsible for
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the observed reproductive aberrations seen in M. occidentalis, perhaps due to the
presence of Wolbachia.

By using Wolbachia specific PCR primers which amplify the 16S ribosomal RNA
and ftsZ genes, we determined that Wolbachia was present in both the predatory mite
and its prey, Tetranychus urticae (Johanowicz & Hoy 1996). Unexpectedly, the Wolba-
chia DNA sequences from the two mite species were nearly identical to each other and
to those from insects, including the type species Wolbachia pipientis from the mos-
quito Culex pipiens. Whether the Wolbachia from the mites are truly this similar to
each other and to the symbionts from insects remains to be answered, because these
genes are too conserved to resolve this question.

In order to study the biological effects of Wolbachia infection, it is crucial to obtain
a population without the symbionts with which infected individuals can be crossed or
compared. Rearing these mites at high temperatures (33°C) eliminated Wolbachia in
the treated mites, as indicated by a PCR assay for infection status, and allowed cross-
ing studies to be conducted. Interestingly, the incompatibility phenotype in M. occi-
dentalis was a unique combination of reduced progeny production (as in diplo-
diploids) and a skewed sex ratio (as in haplo-diploids) of the few resulting progeny,
when infected males were crossed with cured females (Johanowicz & Hoy 1998). This
phenotype may be due to the parahaploid genetic system (Hoy 1979) of this mite. Nel-
son-Rees et al. (1980) demonstrated cytologically that both male and female M. occi-
dentalis are diploid at the beginning of embryonic development, but at the onset of the
reductional division 24-48 hours after egg deposition, one of the sets (most likely the
paternal set) becomes heterochromatinized and excluded from the nucleus, resulting
in haploid males.

CONCLUSION

Wolbachia manipulate arthropod reproduction by causing nonreciprocal incom-
patibility, bidirectional incompatibility, skewed sex ratios, and thelytoky, depending
on the Wolbachia strain, arthropod taxa, and genetic system. For example, Wolbachia
is associated with both reduced egg production and a male-biased sex ratio of the few
remaining progeny in M. occidentalis, a predatory mite with a parahaploid genetic
system.

Interesting questions remain to be answered about Wolbachia symbiosis in M. oc-
cidentalis and in other arthropods. The exact mechanism of the reproductive manip-
ulations remains unknown. A more detailed phylogenetic analysis of the Wolbachia in
its various hosts using less conserved genes should provide a better estimate of the
evolutionary relationships between the symbionts. Further study of Wolbachia infec-
tion dynamics may determine it’s potential use as a drive mechanism. Other conse-
quences of Wolbachia infection remain to be described. For example, Hsiao (1996)
indicated that Wolbachia infection may be responsible for protecting the Western bio-
type of the alfalfa weevil from a parasitoid. Because of the complex interactions be-
tween this microorganisms and its arthropod hosts, a multidisciplinary approach will
be helpful in answering many of these remaining questions.
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