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General introduction

Vera I.D. Ros



SYMBIOSIS

Symbiotic associations are widespread on earth, and have played a crucial role
in the emergence of major life forms and the generation of biological diversi-
ty (Maynard Smith and Szathmáry 1995; Moran 2006). Symbiosis led to major
transitions in evolution, like the origin of eukaryotic organelles (mitochondria
and chloroplasts) by symbiotic incorporation of, respectively, α-Proteobacteria
and Cyanobacteria in eukaryotic cells (Maynard Smith and Szathmáry 1995;
Margulis et al. 2000). Although symbiosis is sometimes used to describe mutu-
alistic interactions only, the more general definition of symbiosis includes three
types of interactions: mutualistic (beneficial to both species), commensalistic
(beneficial to one, neutral to the other species), and parasitic (beneficial to one,
harmful to the other species). In some cases it is difficult to assign a certain
association to one of these interaction types, and interactions may change from
one into another, e.g., from parasitism into mutualism (Werren and O’Neill
1997; Aanen and Hoekstra 2007).

Many arthropods have symbiotic associations with micro-organisms. Such
associations have evolved independently multiple times, and have a large impact
on the ecology and evolution of both host and micro-organism (Moran and
Baumann 1994). These associations may be facultative or obligate, and range
from relationships in which arthropods and micro-organisms live separately,
e.g., in the case of fungus-growing termites and their associated fungi (Aanen
et al. 2002), to relationships where micro-organisms inhabit cells of their hosts.
Such intracellular micro-organisms are termed ‘endosymbionts’. A large group
of endosymbionts concerns bacteria that have evolved to an obligate intracel-
lular lifestyle, unable to reproduce outside the host cell (Wernegreen 2004).
Such an intracellular lifestyle has consequences for the bacterial genome: most
endosymbiotic bacteria have a reduced, stream-lined genome, a biased
nucleotide base composition, and show rapid DNA sequence evolution (Moran
and Wernegeen 2000; Wernegreen 2004; Sällström and Andersson 2005). For
example, the 160kb genome of the psyllid endosymbiont Carsonella ruddii is the
smallest and most AT-rich genome known for bacteria (Nakabachi et al. 2006).
Within the α-Proteobacteria, the smallest genomes are found for bacteria with
intracellular lifestyles, including Wolbachia (Sällström and Andersson 2005).

An important factor in the relation between hosts and the endosymbiotic
bacteria is the mode of transmission. Transmission can be vertical (heritable;
from mother to offspring) or horizontal (infectious). Strict vertical transmission
often leads to obligate, mutualistic interactions. These interactions include, for
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example, the Buchnera-aphid symbiosis and the symbiosis between Blattabacterium
and termites and cockroaches (Lo et al. 2003; Wernegreen 2004). In these cases,
host and symbiont are mutually dependent, and bacteria often occur in special-
ized host cells. In mutualistic interactions with strictly vertical transmission,
host and symbionts co-evolve, resulting in co-cladogenesis: congruent phyloge-
nies of host and symbiont (Moran and Baumann 1994; Lo et al. 2003).

REPRODUCTIVE PARASITES

Not all vertically transmitted bacteria are mutualists, however. Some have
evolved into reproductive parasites, also known as sex ratio distorters (O’Neill
et al. 1997). Four types of reproductive manipulations by bacteria have been
observed in hosts: male-killing, feminization, parthenogenesis, and cytoplasmic
incompatibility (CI). Other host effects include fecundity and fertility enhance-
ment (Vavre et al. 1999b; Bandi et al. 2001; Weeks and Stouthamer 2004). The
bacteria manipulate the reproductive mechanism of their host, in order to
increase their own transmission. The bacteria are only transmitted through
females, via the cytoplasm in the eggs, and therefore males, producing sperm
that lacks cytoplasm, are dead ends. The reproductive mechanism of the host
is manipulated in such a way, that relative more or fitter females are produced
leading to an increase in frequency of infected females. This inevitably leads to
conflicts between symbionts and host nuclear genes, with symbionts driving the
sex ratio towards more females, away from the optimal sex ratio for nuclear
genes (Cosmides and Tooby 1981). This conflict is however absent in the case
of bacteria-induced parthenogenesis. Well-known reproductive parasites are
Wolbachia and Cardinium (see below), which are also the focus of this thesis.

REPRO DUCTIVE M ANIPULAT IONS

This section describes the reproductive manipulations that have been associat-
ed with Wolbachia and Cardinium. For an extensive review of these reproductive
manipulations, see also Stouthamer et al. (1999), Werren (1997), and O’Neill et
al. (1997). Two reproductive manipulations, viz. parthenogenesis and cytoplas-
mic incompatibility, will receive attention in this thesis.

PARTHENOGENESIS is the ultimate form of sex ratio distortion: only female
offspring is produced. Infected virgin females produce daughters only, and
males are not required for reproduction. Bacteria-induced parthenogenesis has
been observed in Hymenoptera (wasps), Thysanoptera (thrips), Acari (mites),
and possibly also other taxa (Stouthamer 1997; Arakaki et al. 2001; Weeks and
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Breeuwer 2001; Huigens and Stouthamer 2003; Koivisto and Braig 2003).
Wasps, thrips, and mites are haplodiploid: males arise from haploid (unfertil-
ized) eggs, while females arise from diploid (fertilized) eggs. Often, treatments
with antibiotics or heat treatments of infected females lead to the production
of haploid males. However, in many cases these males fail to fertilize females
(Arakaki et al. 2001; Gottlieb and Zchori-Fein 2001; Weeks and Breeuwer 2001;
Jeong and Stouthamer 2005; Pannebakker et al. 2005; Groot 2006), although in
some Trichogramma species infected females can reproduce both parthenogenet-
ically and sexually (Stouthamer and Kazmer 1994). In most hymenopteran
species, the mechanism of parthenogenesis is gamete duplication. Haploid
gametes, formed through meiosis, go into mitosis, where in the first mitotic
anaphase division segregation of chromosomes fails, resulting in a diploid
nucleus (Stouthamer and Kazmer 1994; Pannebakker et al. 2004). In the wasp
Muscidifurax uniraptor this diploidy restoration occurs in the second mitotic divi-
sion (Gottlieb et al. 2002). As a result of diploidy restoration, whether occur-
ring in the first or second mitotic division after meiosis, all offspring is homozy-
gous, containing two sets of identical chromosomes. Both Wolbachia and
Cardinium have been found inducing parthenogenesis.

MALE-KILLING bacteria kill male offspring early in development. It is often
observed in species that lay their eggs in clutches, where female offspring of
infected females have a fitness advantage because they can eat their dead broth-
ers and suffer less from inbreeding and competition (Hurst et al. 1997). Male-
killing has been observed in a large number of arthropod species, and is
induced by a variety of bacteria: Rickettsia, Arsenophonus, Wolbachia, two species
of Spiroplasma, and a member of the Flavobacteria-Bacteroides group (Hurst
and Jiggins 2000). Male killing is well known in ladybirds, and has also been
found in other Coleoptera, some Lepidoptera, Diptera, Hymenoptera, and
Hemiptera (Weeks et al. 2002). Sex ratio distortion implies a cost to nuclear
genes of the host. It enforces a high selective advantage to the production of
males, which are still needed for successful reproduction. Suppressor genes in
the host genome might be selected for and they may quickly spread through
populations (Hornett et al. 2006; Charlat et al. 2007).

FEMINIZATION describes cases in which genetic males are transformed into
functional females during development (Rigaud 1997). The bacteria probably
inhibit the male-determining gene(s) that control the development and differ-
entiation of the androgenic gland. This phenomenon has been observed in
isopods, butterflies, and false spider mites (Rigaud 1997; Weeks et al. 2001;
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Hiroki et al. 2002; Kageyama et al. 2002; Groot and Breeuwer 2006). In the lat-
ter case, feminization of genetic males (males are haploid in spider mites)
results in haploid females, reproducing asexually. Feminization has been found
induced by Wolbachia, Cardinium, and microsporidia (Weeks et al. 2002).

CYTOPLASMIC INCOMPATIBILITY (CI) is the most common effect induced by
reproductive parasites (O’Neill et al. 1997; Stouthamer et al. 1999). Crosses
between infected males and uninfected females are incompatible, while all other
combinations of crosses are compatible. In this way, the fitness of uninfected
females in the population is reduced, and the relative proportion of infected
females increases, which enhances the spread of the bacteria. Unidirectional
and bidirectional CI have been found: unidirectional CI is expressed when an
infected male is crossed with an uninfected female, while bidirectional CI
occurs in crosses between infected individuals harboring different symbiont
strains. During CI, the paternal chromosomes are eliminated which either
results in embryonic mortality or in male development (in some haplodiploid
species) (Breeuwer and Werren 1993; Breeuwer 1997; Vavre et al. 2000;
Bordenstein et al. 2003). The exact mechanism of CI is still unknown. Bacteria
‘modify’ the sperm in infected males. When these infected males mate with
uninfected females, this modification leads to fragmentation of the paternal
chromosomes in fertilized eggs, but when males are crossed with females
infected with the same bacteria, the modification is ‘rescued’ (Hoffmann and
Turelli 1997; Werren 1997). CI is widespread in arthropods (O’Neill et al. 1997;
Werren 1997; Stouthamer et al. 1999). The strength of CI may vary greatly, and
expression is related to many factors, e.g., male age, temperature, bacterial den-
sities, and host genotype (Breeuwer and Werren 1993; Hoffmann and Turelli
1997; Stouthamer et al. 1999). CI has been found induced by Wolbachia as well
as Cardinium.

WO L BACHIA

Wolbachia is the most famous, and the most intensively studied, reproductive
parasite. Wolbachia was first described in the mosquito Culex pipiens and named
Wolbachia pipientis (Hertig and Wolbach 1924; Hertig 1936; Stouthamer et al.
1999). Wolbachia are rodlike or coccoid bacteria that are present in a vacuole
enveloped by three layers: host membrane – bacteria cell wall – bacteria plasma
membrane (Stouthamer et al. 1999). Wolbachia belongs to the α-Proteobacteria,
and is most closely related to the intracellular bacterial genera Anaplasma,
Crowdia, Ehrlichia, and Rickettsia. Wolbachia infects a wide range of invertebrates,
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including both arthropods (chelicerates, crustaceans, and insects) and filarial
nematodes. The genus is diverse, and has so far been subdivided into eight so-
called ‘supergroups’ (A-H) (Lo et al. 2007). Currently, all supergroups are
thought to represent one species, Wolbachia pipientis (Lo et al. 2007). C and D are
restricted to filarial nematodes, while the other supergroups are found in a large
set of arthropod species. Screening studies indicate that more than 20% of
arthropods are infected, including all major insect orders, and some crustaceans
and chelicerates (Werren et al. 1995a; Breeuwer and Jacobs 1996; Jeyaprakash
and Hoy 2000; Jiggins et al. 2001a). However, these studies tend to include only
a single individual per species. A recent study indicates that infection with
Wolbachia may approach 66% of all arthropods (Hilgenboecker et al. 2008).

Molecular tools have greatly improved the detection and study of Wolbachia
and other reproductive parasites. Molecular strain typing of Wolbachia started
with the 16S rDNA gene (Breeuwer et al. 1992; O’Neill et al. 1992). Later on,
the wsp (cell surface protein) and ftsZ (cell division gene) were mainly used for
identification of strains (Werren et al. 1995b; Braig et al. 1998). Straintyping and
phylogenetic inference based on one gene proved however highly unreliable,
due to horizontal transfers of bacteria and the occurrence of recombination
(Jiggins et al. 2001b; Werren and Bartos 2001; Baldo et al. 2006a). Generally,
there is a lack of concordance between arthropod host and Wolbachia phyloge-
nies, suggesting that Wolbachia may be horizontally transmitted between host
species. Even so, closely related Wolbachia strains may cause very divergent
effects on their hosts. Recently, a multi locus sequence typing (MLST) set was
developed for Wolbachia, based on five house-keeping genes distributed across
the genome (Baldo et al. 2006b).

In filarial nematode hosts, Wolbachia does not manipulate reproduction, but
is necessary for nematode embryogenesis and other developmental stages. This
is illustrated by congruence between Wolbachia and filarial phylogenies for over
100 million years, as has been observed for other mutualistic interactions like
the aphid-Buchnera symbiosis (Bandi et al. 2001). Wolbachia has also been found
obligatory to some other species, like the parasitoid wasp Asobara tabida, where
Wolbachia is necessary for host oogenesis (Pannebakker et al. 2007).

CARD IN IUM

It was long believed that Wolbachia was the only major reproductive parasite, but
recent findings offset this assumption. Cardinium was found inducing three of
the four reproductive manipulations that are known for Wolbachia. Cardinium

12

C
H

A
P

T
E

R
1



induces feminization in the false spider mites Brevipalpus phoenicis, B. obovatus,
and B. californicus (Weeks and Breeuwer 2001; Groot and Breeuwer 2006), the-
lytokous parthenogenesis in the parasitoid wasp genus Encarsia (Zchori-Fein et
al. 2001, 2004) and the hemipteran Aspidiotus nerii (Provencher et al. 2005), and
CI in the parasitoid Encarsia pergandiella and the spider mite Eotetranychus sugina-
mensis (Hunter et al. 2003; Gotoh et al. 2006). Furthermore, Cardinium was
found changing the oviposition behavior in E. pergandiella and enhancing the
fecundity in the predatory mite Metaseiulus occidentalis (Zchori-Fein et al. 2001;
Weeks and Stouthamer 2004; Kenyon and Hunter 2007). Male killing Cardinium
have not been found so far, but given the recent discovery of Cardinium, future
investigations may reveal this reproductive manipulation for Cardinium.
Cardinium-bacteria represent a clade within the Flexibacteraceae, which belong
to the Cytophaga-Flavobacterium-Bacteroides (CFB) phylum, a phylum that is
unrelated to the α-Proteobacteria to which Wolbachia belongs. The genus was
officially named Candidatus Cardinium (Zchori-Fein et al. 2004), but will be
referred to as Cardinium hereafter. Older descriptions include CFB-BP (Weeks
and Breeuwer 2003), EB (Encarsia bacterium) (Zchori-Fein et al. 2001), and
CLO (Cytophaga-like organism) (Hunter et al. 2003). Its closest relative is the
intracellular symbiont of Acanthamoeba, Candidatus Amoebophilus asiaticus
(which has 88% similarity at 16S rDNA with Cardinium) (Horn et al. 2001).
Other bacteria within the Bacteriodes phylum are mutualistic primary sym-
bionts of cockroaches (Bandi et al. 1994), symbionts inducing male killing in
coccinellid beetles (Hurst et al. 1999), and symbionts of sharpshooter insects
(Moran et al. 2003). Cardinium is characterized by a two-layered envelope and an
array of microfilament-like structures attached to the inner membrane, the
function of which is unknown (Zchori-Fein et al. 2001, 2004; Weeks and
Breeuwer 2003; Bigliardi et al. 2006). Comparisons among host and symbiont
phylogenies suggest that Cardinium is horizontally transmitted, as was also
found for Wolbachia (Zchori-Fein et al. 2001; Weeks et al. 2003; Zchori-Fein and
Perlman 2004). Closely related strains may induce different reproductive manip-
ulations (Hunter et al. 2003). So far, Cardinium has been detected in only a few
arthropod taxa (viz., Acari, Hemiptera, and Hymenoptera). Double infections,
with both Wolbachia and Cardinium, have regularly been detected (see also chap-
ter 4 and 5 of this thesis). Screening studies suggest that Cardinium infects 6-7%
of arthropod species (Weeks et al. 2003; Zchori-Fein and Perlman 2004).
However, a recent survey in spiders by Duron et al. (2008) suggests that the
incidence of Cardinium may be much higher in spiders and mites than in insects.
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Infections with reproductive parasites have important implications for the
evolution of arthropods, as such infections may affect the host population
genetic structure, population dynamics, or sex determination mechanism
(Stouthamer et al. 1999; Charlat et al. 2003). Moreover, reproductive parasites
could play a role in arthropod speciation, by creating reproductive isolation
between populations with different infection status, e.g., by inducing partheno-
genesis, bidirectional CI, or potentially by inducing unidirectional CI (Rokas
2000). Questions related to such evolutionary implications are investigated in
this thesis, that focuses on the evolution of the symbiosis between reproduc-
tive parasites (Wolbachia and Cardinium) and spider mites (Tetranychidae). The
following section gives an introduction to spider mites, with a main focus on
the genus Bryobia. This will be followed by a section on the evolution of sex and
the occurrence of asexuality, as the evolution of asexual reproduction in spider
mites is one of the subjects in this thesis.

SPIDER MITES

Mites and ticks together form the subclass Acari within the subphylum
Chelicerata of the phylum Arthropoda. Mites are the most diverse representa-
tives of the Chelicerata (Walter and Proctor 1999). They are among the oldest
of all terrestrial animals, with fossils known from the early Devonian, nearly
400 million years ago (Norton et al. 1988). Three superorders are recognized:
Opilioacariformes, Parasitiformes, and Acariformes. The Acariformes compris-
es the largest group, containing over 300 families including the Tetranychidae,
the family of spider mites. At present, some 1200 tetranychid species are des-
cribed, divided into 71 genera. Five genera each include more than 100 species
(including Bryobia and Tetranychus) (Bolland et al. 1998).

Species of the family Tetranychidae are obligate plant feeders (phy-
tophagous) and have a world-wide distribution. They are of considerable eco-
nomic importance, as several species cause damage to important agricultural
crops. A number of Tetranychus species are important pests all over the world.
Bryobia species are known that infest deciduous fruit trees (e.g., plumb, apple, or
cherry trees), causing severe damage. Bryobia praetiosa (the clover mite), which
feeds on grasses and herbaceous plants, has been classified as a ‘household
pest’. In North America and Europe, reports exist of mites moving in enor-
mous numbers into houses during spring or fall (van Eyndhoven 1954; Mathys
1957; Anderson and Morgan 1958). Sometimes at risk of the owner, as des-
cribed by Anderson and Morgan (1958):
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‘Householders become concerned because of their natural aversion to
crawling creatures. The clover mite is particularly obnoxious in this respect
because it swarms in large numbers over floors, furniture, and windows. The
mite does not attack man, but there have been cases of mental derangement
associated with the invasion of homes. In one extreme case at Summerland,
medical attention was required.’

Species identification is problematic in these tiny mites, not only because
the number of diagnostic characters is limited, but also because the few diag-
nostic traits are variable. The taxonomy of the genus Bryobia has troubled the
minds of acarologists for a long time. The first description of a Bryobia mite
was performed in 1763 by Scopoli. He described it as Acarus telarius. At that
time all mites were placed in one genus (Acarus, first described by Linnaeus)
(Baker 1979). In 1836, Koch described Bryobia praetiosa. He originally recog-
nized four species, based on behavioral, size, and color differences, but these
were reunited again in B. praetiosa. Various authors have investigated the
genus since its erection and many species names have been proposed. Species
distinction was mainly based on differences in life history, host plant associ-
ation, and behavior. As no morphological characters were found to distin-
guish all species, many of the proposed species names were not accepted.
The various forms were considered races belonging to the ‘B. praetiosa species
complex’ (Georgala 1958). Taxonomists have expressed their difficulties in
describing this complex (Roosje and van Dinther 1953; van Eyndhoven 1954,
1955; Snertsinger 1963; Meyer 1974). Van Eyndhoven (1955), Prichard and
Baker (1955), and Mathys (1957) were the first to distinguish species mor-
phologically. Confusion still exists concerning which characters are useful to
separate the Bryobia species. Van Eyndhoven (1957), Mathys (1957), and
Morgan and Anderson (1957) discovered that the immature stages (especial-
ly the larvae) are of great significance in species separation. From then on,
species descriptions accumulated, resulting in over 130 species described at
present. Main revisions of the genus were performed by Pritchard and Baker
(1955) (starting with 13 species), Meyer (1974, 1987), van Eyndhoven and
Vacante (1985), Hatzinikolis and Emmanouel (1991), and Bolland et al.
(1998) (describing 132 species). Still, disagreement exists on the taxonomy
and synonyms are common. Currently, DNA sequencing is a promising
objective tool to aid in description and delineation of species that have few
useful taxonomic morphological characters, such as mites (Navajas and
Fenton 2000; Cruickshank 2002).
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The life cycle of Bryobia is similar to that of other tetranychid mites,
although completion of the cycle takes longer than for most Tetranychus species.
The mite passes through four active and three resting stages: larva – pro-
tochrysalis (first quiescent) – protonymph – deutochrysalis (second quiescent) –
deutonymph – teleiochrysalis (third quiescent) – adult (Anderson and Morgan
1958). On average the life-cycle takes about a month to complete, depending on
temperature and humidity. Life-history traits may however differ substantially
between species. Species may have one (e.g., B. ribis) or several (e.g., B. kissophi-
la) generations per year (Mathys 1957). The occurrence of diapause differs
greatly (Helle and Sabelis 1985). Some species hibernate during winter in the egg
stage, other species hibernate independent of stage. In some species mites are
active during all seasons, while in others activity is lowered in summer (e.g., B.
rubrioculus) or winter (e.g., B. kissophila, the ‘cool season mite’) (Mathys 1957). In
contrast to other spider mites, Bryobia mites do not produce web (Helle and
Sabelis 1985). It does however cover its eggs with bits of dust particles or other
material (Anderson and Morgan 1958; personal observations). Eggs are laid sep-
arately or in small groups. Bryobia mites are all phytophagous, puncturing plant
cells with their mouth parts and sucking out the contents. The mites reside on
the lower and upper leaf surface as well as on branches and twigs.

Both sexually and asexually reproducing spider mites are known. Sexually
reproducing spider mite species are haplodiploid: females are diploid and
develop from fertilized eggs, whereas males are haploid and develop from
unfertilized eggs (FIGURE 1). The latter case is a form of asexuality described
as arrhenotokous parthenogenesis. Other species are known that reproduce
asexually by means of thelytokous parthenogenesis: diploid females develop
from unfertilized eggs. In this thesis, the terms parthenogenesis, asexuality,
and thelytoky will be used as synonyms for thelytokous parthenogenesis.
Sexuality or arrhenotoky will be used to refer to arrhenotokous species.
Within the Tetranychidae, parthenogenesis is widespread in the sub-family
Bryobiinae, which includes Bryobia, while it is rare in the sub-family
Tetranychinae, which includes Tetranychus. Weeks and Breeuwer (2001) showed
that in at least two Bryobia species, parthenogenesis is induced by Wolbachia.
Wolbachia-induced parthenogenesis has also been observed in many
hymenopteran species (Stouthamer 1997). In Hymenoptera, gamete duplica-
tion leads to diploid, homozygous female offspring (see above). In Bryobia,
however, female offspring is heterozygous, indicating that the mechanism of
diploidy restoration is not gamete duplication. Heterozygous offspring may
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result from apomictic parthenogenesis (no meiosis taking place), or from pre-
meiotic doubling (the genome content is doubled before meiosis) (Weeks and
Breeuwer 2001).

Wolbachia infects several species of the spider mite family Tetranychidae,
both sexually and asexually reproducing species (Breeuwer and Jacobs 1996;
Weeks and Breeuwer 2001; Gotoh et al. 2003, 2007; Weeks et al. 2003).
Wolbachia is related to parthenogenesis induction in at least two Bryobia species
(Weeks and Breeuwer 2001). In sexual species of the spider mite genera
Tetranychus, Panonychus, and Oligonychus, Wolbachia induces CI (Breeuwer 1997;
Vala et al. 2000; Gotoh et al. 2003, 2005, 2007). However, in other studies on
infected sexual species no detectable effect of Wolbachia infection was found
(Gomi et al. 1997; Gotoh et al. 2003, 2007). Cardinium-induced CI has been
observed in one sexual spider mite species, Eotetranychus suginamensis (Gotoh et
al. 2006).
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FIGURE 1 – Sexual and asexual reproduction in haplodiploids. In sexual reproduction,
females are diploid and develop from fertilized eggs, while males are haploid and devel-
op from unfertilized eggs. This asexual production of haploid males is termed
‘arrhenotokous parthenogenesis’ or arrhenotoky. The term arrhenotoky is however
also used as a synonym for sexual reproduction in haplodiploids in general. When
females are produced asexually (from unfertilized eggs), this is called thelytokous
parthenogenesis or thelytoky.
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WHY SEX?
Sexual reproduction seems self-evident. Sex has shaped many aspects of the
world surrounding us, from the existence of males and females to the color of
flowers, the beauty of sexual ornaments like the peacock’s tail, and the
courtship behavior of many animal species including humans. From an evolu-
tionary perspective however, the question arises why sex evolved and why it is
maintained. There are various disadvantages and costs related to sex. Despite
these costs, sex is the dominating form of reproduction in animals and plants.
This is known as ‘paradox of sex’.

SYMMETRIC AND ASYMM ETRIC SEX

Sexual reproduction can be symmetric or asymmetric (Otto and Lenormand
2002). Symmetrical reproduction concerns fusion of two gametes (syngamy)
into a zygote. Subsequently, this zygote produces gametes by reduction (meio-
sis), and gametes fuse again after fertilization, resulting in the next generation.
During meiosis, the genomes mix through recombination (crossing-over) and
chromosomal segregation. Symmetric reproduction is restricted to eukaryotes,
and is the form of sex referred to in this thesis. Asymmetrical reproduction is
mainly found in bacteria and concerns the transfer of a fragment of one
genome to another genome. The extent of asymmetrical reproduction varies
per species.

SEX I S COSTLY

In most eukaryotic species, sex takes two individuals. This means that for sex-
ual reproduction, a mate is required. Finding a mate is costly: in most species it
requires time and energy. In some hermaphrodites or self-fertilizing species this
cost is absent. However, there are more costs, like the act of sex itself, and the
risk of sexually transmitted diseases or selfish genetic elements. Above all, sex
is costly because males are produced. In a sexual population, females will pro-
duce both sons and daughters, but in an asexual population females will pro-
duce only daughters (FIGURE 2). An asexual population has therefore twice the
growth rate of a sexual population (this assumes a sexual reproducing popula-
tion with an equal sex ratio and with males contributing nothing but gametes to
the offspring). This is known as the cost of males (Maynard Smith 1971, 1978).
Thus in a sexually reproducing population, a mutation causing the female to
reproduce asexually would double in frequency every generation. Sex is also
costly because the genome is diluted. A sexually reproducing female will trans-
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mit only half of her genome to her offspring, while an asexual reproducing
female transmits her whole genome. This is referred to as the cost of meiosis
(cost of genome dilution) (Williams 1975). Both the cost of sex and the cost of
meiosis are referred to as ‘the two fold cost of sex’ [note that they concern two
different costs that are in some cases mutually exclusive (Charlesworth 1980;
Joshi and Moody 1998)].

In addition to the above well-known costs, there are more costs related to
sex, most of which are listed by Crow (1994, 1999). Among these are costs of
processes like meiosis and fertilization (which are both inefficient and compli-
cated processes) and costs of sexual selection. Apart from creating novel gene
combinations (see below), sex also breaks up favorable sets of genes (Hurst and
Peck 1996; Barton and Charlesworth 1998) and sex eliminates heterozygotes
(while heterozygosity can reach fixation in asexual populations). High levels of
heterozygosity are assumed to be advantageous (heterosis or overdominance;
Futuyma 2005). Furthermore, sex increases the likelihood of evolutionary con-
flict (Partridge and Hurst 1998). For example, cytoplasmic genes are present in
both sexes but usually transmitted by females only. A gene that increases trans-
mission of cytoplasmic genes (e.g., by decreasing male fitness) can spread.

The cost of sex is obviously dependent on the lifestyle of the species. In
many species, the cost is relaxed (less than two-fold), because of, for example,
non-random mating, paternal care, biased sex ratio (more females), or improve-
ment of average offspring quality (e.g., by selective abortion) (Michiels et al.
1999).
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FIGURE 2 – The two-fold cost of sex (Maynard Smith 1978). An asexual female pro-
ducing only female offspring will have twice the fitness of a sexual female producing
both male and female offspring, given that other conditions are equal.



ADVA N TAGES OF SEX

Despite its costs, sex is widespread in eukaryotes. Obviously, there must be an
advantage to sexual reproduction. But what is this advantage? This question has
intrigued biologists for over a century, and a satisfying answer has not been
found yet. The paradox of sex has been typed as ‘the queen of evolutionary
problems’ (Bell 1982) and a ‘crisis in evolutionary biology’ (Williams 1975).
Over time, different theories have accumulated (and are still accumulating)
explaining the advantage of sexual reproduction. Kondrashov (1993) lists many
of these theories. These can be divided into two categories (Crow 1994; Hurst
and Peck 1996), which are discussed in more detail below: (1) Sex enables a
faster adaptation to novel environments, and (2) Sex enables a more efficient
removal of deleterious mutations.

More recently, Otto and Lenormand (2002) and de Visser and Elena (2007)
consider these two categories as ‘indirect (evolutionary) explanations’ of sex:
sex facilitates the population’s response to selection because it increases the
genetic variation for fitness through reassortment of alleles. ‘Direct (proximate)
explanations’ include ideas in which there is an immediate direct benefit of sex
due to an increase in mean fitness of offspring. Direct explanations propose
that sex is a by-product of double-stranded DNA repair or of selfish genetic
elements (see Otto and Lenormand 2002; de Visser and Elena 2007). However,
these direct explanations are probably more important for explaining the origin
than the maintenance of sex (see below).

Sex enabl e s  a  fa s t e r  adapta t i on  to  nove l  env i r onment s
There are several, partly overlapping, explanations for this theory. Sex acceler-
ates adaptation because it creates novel genotypes. This idea was first proposed
by Weismann in 1889 (Burt 2000). Weismann stated that sex creates novel vari-
ation for selection to act upon. All descendants of a sexual reproducing indi-
vidual have a slightly differing genotype, and thus a different fitness. So sex
increases the variance of fitness (and thus the response to selection and mean
fitness after selection). Moreover, recombination allows the union of beneficial
mutations that arise in different individuals into one individual (FISHER-MULLER

HYPOTHESIS; Felsenstein 1974). The faster speed of adaptation is thought to be
especially prevalent in biotic interactions, where for example host and parasites
are engaged in an evolutionary arms race, resulting in continuously changing
selection pressures (Hamilton 1980). Sex is thus seen as an adaptation to escape
from parasites. The only way to survive in the relationship is to keep evolving.
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This theory is known as the RED QUEEN HYPOTHESIS, named after the Red
Queen in Lewis Carroll’s Through the Looking Glass, who says to Alice: ‘It takes
all the running you can do to keep in the same place’. The theory assumes that
the selection intensity and levels of recombination are high and that parasites
are short-lived compared to the host (Hamilton 1980).

The theory that sexual species adapt more quickly than asexuals relates also
to the BACKGROUND SELECTION HYPOTHESIS (Peck 1994; Gordo and
Charlesworth 2001; Rice 2002). In a natural population mildly deleterious muta-
tions are accumulating over time across the genome (deleterious mutations are
far more common than beneficial ones) (Rice 2002). Therefore, a beneficial
mutation is likely to arise in a background of many deleterious mutations. In
asexuals this beneficial mutation has no chance to become fixed through selec-
tion when arising in such a background. To become fixed, a beneficial mutation
must arise in an adult with no deleterious mutations (or the least mutated class).
In sexuals however, sex and recombination can ‘free’ a beneficial mutation from
a deleterious background, greatly enhancing the probability that a beneficial
mutation increases in frequency (Peck 1994; Rice 2002).

Sex enabl e s  a  mor e  e f f i c i en t  r emova l  o f de l e t e r i ous  mutat i ons
In all populations deleterious mutations are accumulating over time. This leads
to classes with different mutation-loads. The fittest class contains the least-
mutated individuals. In small populations, stochastic processes play a role, and
genetic drift can lead to the loss of the least-mutated class. This is a ‘click of
the ratchet’. After the click, the class with one mutation becomes the least
mutated class. The sequential occurrence of clicks of the ratchet leads to an
accumulation of deleterious mutations; this is known as MULLER’S RATCHET

(Muller 1964; Felsenstein 1974). Recombination offers an escape of the ratch-
et, by recreating the least-mutated class. The impact of Muller’s ratchet depends
on the population size, mutation rates, selection coefficient, and synergistic
interactions between deleterious mutations (negative epistasis) (Gordo and
Charlesworth 2001; Hurst and Peck 1996).

Deleterious mutations can also be removed in a deterministic way. Sexuals
are more efficient in purging deleterious mutations. This is the MUTATION-
LOAD-REDUCTION THEORY (Crow 1994) or DETERMINISTIC MUTATION

HYPOTHESIS (Kondrashov 1988, 1993). The theory applies to all populations, no
matter what size. Slightly deleterious mutations accumulate in a population. Sex
causes ‘shuffling’ of these mutations, leading to offspring with variation in
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mutation loads, including some individuals with many deleterious mutations.
This enables selection to remove a large number of mutations at once from the
population, by eliminating individuals with the highest mutation loads. In asex-
uals, where offspring has hardly any variation in mutation loads, selection is
much less efficient in removing deleterious mutations. The theory assumes neg-
ative epistasis between mutations, meaning that the deleterious effect of com-
bined mutations is larger than the sum of effects of each mutation separately.
In this way, individuals with many mutations have a major selective disadvan-
tage and will be selected against. The mutation-load-reduction theory requires
a high per-genome mutation rate.

In fact, all the aforementioned hypotheses assume negative linkage disequi-
librium, meaning that the distribution of alleles in a population is non-random
with certain combination of alleles being underrepresented (i.e., at a lower fre-
quency than expected by chance). This negative linkage disequilibrium can be
caused by drift (Fisher-Muller hypothesis; Muller’s ratchet; background selec-
tion hypothesis) or negative epistasis (deterministic mutation hypothesis and
Red Queen hypothesis) (de Visser and Elena 2007). Negative epistasis exists
when the combined effects of two deleterious mutations are larger than the
sum of both individual effects (i.e., they act synergistically). Keightly and Otto
(2006) question the importance of epistatic interactions. They emphasize the
important of genetic drift in finite populations: due to the effect of deleterious
mutations present in the ‘background’ the effective population size of a focal
locus is reduced (Hill-Robertson effect) and therefore the importance of genet-
ic drift compared to selection increases. Sex and recombination allow the
removal of deleterious mutations.

THE SOLU TION: A P LU RALIST IC APPROACH?
Clearly, theories on the maintenance of sex are numerous, and the lack of a
(single) all-explaining theory stimulates the continuation of the search and an
enumeration of ideas. The above-mentioned theories may all partially explain
the ubiquity of sex. However, none seems applicable to all sexual species as
each applies to specific circumstances. Models differ in assuming finite or infi-
nite populations, deleterious or advantageous mutations, absence or presence of
epistasis (positive or negative) and in assumptions of population structure or
other parameter values. Often, a high mutation rate is required, and it is ques-
tionable if high values are realistic. It is also questionable if sex indeed increas-
es genetic variation and if such variation is always favored (Otto and
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Lenormand 2002). Also, strong epistatic interactions are required in some mod-
els, and evidence for such interactions is lacking (Rice 2002). West et al. (1999)
proposed a pluralistic approach to explain the ubiquity of sexual reproduction.
They state that different mechanisms may act simultaneously and that probably
several mechanisms are needed to overcome the two-fold cost of sex. The
importance of each mechanism may differ between species and mechanisms
may work not only simultaneously, but also synergistically. Such an idea seems
appealing, especially considering the lack of a single theory, but is it not simply
a satisfying solution because such an overall explanation is lacking? Current mod-
els lack sufficient details and definitions of parameter values (Brookfield 1999;
Kondrashov 1999) and conditions favoring sex are very restrictive (Otto and
Lenormand 2002).

ORI G I N VERSUS MAINTENANCE OF SEX

An important consideration is that selective forces involved in the origin of sex-
uality are most likely different from forces involved in the maintenance of sex
over time (Lenski 1999; West et al. 1999). Once a trait becomes integrated into
an organism’s life cycle, the organism may become dependent on the continu-
ation of the trait. Consequently, selection against loss of that trait might be dif-
ferent or more complex than selection to produce that trait (Lenksi 1999).
Sexual reproduction evolved early in eukaryotic life and is therefore the ances-
tral state for most eukaryotes. If asexuality evolves (the derived state), the abil-
ity to reproduce sexually might quickly be lost, because mutations that inacti-
vate genes needed for sexual reproduction are not selected against (Birky 1999).
On the other hand, the asexual lineage might still contain traits related to sexu-
al reproduction (e.g., morphological or behavioral traits related to fertilization)
reducing the advantage that asexuals have over sexuals. The above mentioned
theories are all relevant to the maintenance of sex. Although they possibly
played a role in the origin of sex as well, there are several other theories for the
origin of sex, e.g. of sex having originated as a by product of DNA-repair or
of selfish genetic elements (see Michod and Levin 1988).

JUST A LITTLE SEX?
Given the idea that sex is often advantageous, but that asexuality renders a
much higher growth rate, why not reproduce asexually with a little sex now and
then? Most benefits of sex are fulfilled if only a small fraction of the offspring
are produced sexually (Hurst and Peck 1996). However, species alternating
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between sexual and asexual reproduction are rare (Bell 1982; Gouyon 1999;
Falush 1999), probably due to mechanistic constraints that hamper the switch
between sexuality and asexuality (Gouyon 1999). In species that do produce
sexual and asexual offspring, sexual and asexual individuals often differ in more
traits than just the mode of reproduction (e.g., in dispersal or dormancy). These
differences cause fitness differences between the asexual and sexual individuals
(Burt 2000), which could compensate for the difference in costs between sex
and asex. Species with no ecological differences between asexual and sexual off-
spring are rare, or may not exist at all (Burt 2000). There is also some theoreti-
cal evidence that a little sex is not advantageous, assuming that heterozygosity
is advantageous (Peck and Waxman 2000). Sexual species will produce both
homozygous and heterozygous offspring. Asexual species can produce only
heterozygous offspring, but if there is a little sex, they will also produce
homozygous offspring, which reduces their fitness. Strict asexuality will be
selected for, and might lead to the evolution of obligate asexuality.

AN C I EN T ASEXUALS

Sex is omnipresent among higher eukaryotes, suggesting that it is indeed advan-
tageous over asexual reproduction. Then, why are there still asexuals? Most of
these asexuals originated recently form sexual ancestors, and are given little
chance to live a long evolutionary life. They are considered ‘evolutionary dead-
ends’ with limited adaptive potential. One explanation for the occurrence of
asexuals is that the origin of asexuality is a frequent event. Another explanation
is that, in many other cases, asexuality is not ‘strict’: apparent asexual species do
have sex now and then (Hurst et al. 1992; Little and Hebert 1996), either with
(rare) males of their own species or with males of closely related species.
Asexuality is present all across the tree of life and many plant and animal taxa
contain asexual lineages (except birds and mammals). Most of these lineages
are indeed the terminal branches of the tree, and are all evolutionary short-lived
single lineages, branching off from closely related sexuals. This failure of asex-
uals to survive for an evolutionary long time is consistent with current ideas on
the maintenance of sex (see above). However, a few animal taxa exist that have
lived without sexual reproduction for a long time, completely clashing with all
these ideas. These taxa are therefore called ‘ancient asexual scandals’ (Judson
and Normark 1996). Most well-known are the bdelloid rotifers, a group of
small marine animals that form a completely asexual class, comprising four fam-
ilies and some 360 species (Mark Welch and Meselson 2000). Males and also
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meiosis are completely absent in this group. Mark Welch and Meselson (2000)
suggested that this absence of sex caused different alleles of single genes to
completely diverge over time (the so called ‘Meselson effect’; Birky 1996; Mark
Welch and Meselson 2000), although a recent study indicates that this diver-
gence is more likely a consequence of a tetraploid origin of the rotifers (Mark
Welch et al. 2008). Other candidates for ancient asexuals are some oribatid
mites (Maraun et al. 2003; Heethoff et al. 2007) and Darwinulid ostracods
(Martens et al. 2003; but see Smith et al. 2006).

THES IS OVERVIEW

In this thesis I focus on the evolution of the symbiosis between spider mites
and their intracellular reproductive parasites Wolbachia and Cardinium. The main
focus will be on the mite genus Bryobia, but other tetranychid genera will also
be considered. I will discuss the genetic diversity found in both the host species
(chapters 2 and 3) and the parasites (chapters 4 and 5), and how this diversity
might be influenced by interactions between host and parasite. I additionally
focus on the origin of asexuality in Bryobia (chapter 3) and on interactions
between Wolbachia and Cardinium co-infecting a sexual mite species (chapter 6).

CHAPTER 2 is a review on mitochondrial sequence diversity in the family
Tetranychidae. It gives an overview of mitochondrial COI sequence data cur-
rently available on GenBank. A meta-analysis of these data is performed and
resulting patterns are compared to earlier published studies on COI diversity.
Inter- and intraspecific variation is discussed in relation to the possible impact
of reproductive parasites, to host plant relationships, and to phylogeography.

CHAPTER 3 focuses on the origin of asexuality in the genus Bryobia. The
genus contains a high number of asexual species, and it has been suggested that
asexual species might have radiated, a phenomenon that is considered excep-
tional for asexual species (Weeks and Breeuwer 2001). Reproductive parasites
might have played a role in such adaptive radiation patterns. In order to inves-
tigate radiation patterns, we investigate the relationship among asexual and sex-
ual Bryobia species, using a large sample set of world-wide collected populations.
We additionally examine clonal diversity within B. kissophila, by genotyping indi-
viduals from 61 different populations.

In CHAPTER 4 we investigate the diversity of Wolbachia found in the
Tetranychidae. We present an overview of the current knowledge of diversity
of Wolbachia. So far, eight supergroups have been described for Wolbachia, which
have been found in diverse arthropod and nematode taxa. We provide evidence
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for a new supergroup (named K) which occurs in spider mites. Generally,
recombination is considered low among supergroups. Within supergroups,
however, recombination has been frequently observed, except for the nema-
tode-related supergroups C and D. We perform an overall recombination analy-
sis, providing evidence for recombination among supergroups C and D.

In CHAPTER 5 we consider in detail the diversity of both Wolbachia and
Cardinium in Bryobia. We use a multilocus approach to investigate strain diversi-
ty within a set of closely related host species. For Wolbachia, we investigate the
impact of recombination on generating diversity. We discuss this recombination
rate in relation to rates found in other bacteria. We further investigate patterns
of cospeciation between host and parasites, and relate the observed diversity to
mitochondrial diversity (chapter 2).

CHAPTER 6 focuses on interactions between Wolbachia and Cardinium in the
sexually reproducing spider mite B. sarothamni. Using crossing experiments we
investigate the effect of Wolbachia and Cardinium on compatibility in the host
species. We include strains that are uninfected, singly infected (with Wolbachia or
Cardinium), and doubly infected (Wolbachia and Cardinium). We assess the effects
that both bacteria have on the fitness of the host. We additionally investigate
infection frequencies in several field populations.

CHAPTER 7 resumes the most important findings of this thesis, and place
these findings in a broader context, discussing additional ideas and directions
for future research.
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