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SUMMARY

SYMBI OSIS

Symbiotic associations are widespread and have had major impacts on the evo-
lution of life on earth. They encompass associations between two different
organisms that are reciprocally dependent upon each other for their survival.
These associations can be classified as mutualistic (beneficial to both species),
commensalistic (beneficial to one, neutral to the other species), and parasitic
(beneficial to one, harmful to the other species). Many arthropods (insects, spi-
ders, mites, etc.) have symbiotic associations with micro-organisms (e.g., bacte-
ria or fungi). These associations range from relationships where arthropods and
micro-organisms live separately to relationships where micro-organisms inhab-
it cells of arthropods. Such intracellular micro-organisms are named ‘endosym-
bionts’. A large group of endosymbionts concerns bacteria that have evolved
to an obligate intracellular lifestyle, unable to reproduce outside the host cell.

REPRO DUCTIVE PARASITES

Endosymbionts can be transmitted vertically (from mother to offspring) or
horizontally (infectious). Vertical transmission is often found in mutualistic
interactions. Often, these organisms become dependent upon each other. In
such obligate interactions, host and symbionts co-evolve, resulting in co-clado-
genesis: congruent phylogenies of host and symbiont. Vertical transmission is
however not always coupled with mutualism. In the case of vertical transmis-
sion, there is also scope for manipulation. Vertically transmitted bacteria are
transmitted by females only, via the cytoplasm in the eggs. Males, producing
sperm which lacks cytoplasm (so no space for bacteria), are dead ends for the
bacteria. There are bacteria, known as reproductive parasites (or sex ratio dis-
torters), that have developed ways to increase the number of females in the
population in order to enhance their own transmission. They manipulate repro-
duction of the host in such a way that relatively more or fitter females are pro-
duced leading to an increase in frequency of infected females. Four types of
reproductive manipulations by bacteria have been observed: parthenogenesis,
male-killing, feminization, and cytoplasmic incompatibility (CI). Other host
effects include fecundity and fertility enhancement. Well-known reproductive
parasites are the bacterial genera Wolbachia and Cardinium, which are also the
focus of this thesis.
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REPRO DUCTIVE M ANIPULAT IONS

Bacterium-induced parthenogenesis results in infected virgin females producing
daughters only (asexual reproduction). Males are not needed for reproduction.
Bacterium-induced parthenogenesis has been observed in some species of
wasps, thrips, and mites. Male-killing bacteria kill male offspring early in devel-
opment. Female offspring of infected females have a fitness advantage because
they can eat their dead brothers and suffer less from inbreeding and competi-
tion. Male-killing has been found in many arthropod species (including ladybird
and butterfly species), and is induced by different bacteria. Feminization refers
to cases in which genetic males are transformed into functional females during
development. This phenomenon has been observed in isopods, butterflies, and
false spider mites. CI is the most common effect induced by reproductive par-
asites. 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 proportion of
infected females increases, which enhances the spread of the bacteria. CI is
widespread in arthropods.

WOLBACHIA AND CARDINIUM
Wolbachia is the most intensively studied reproductive parasite. It belongs to the
α-Proteobacteria and infects a wide range of invertebrates, including both
arthropods and filarial nematodes. Screening studies indicate that at least 20%
of arthropods are infected, including all major insect orders, as well as some
crustaceans and chelicerates. Molecular tools have greatly improved the detec-
tion and study of Wolbachia and other reproductive parasites. Cardinium was
more recently discovered, and was found inducing three of the four reproduc-
tive manipulations that are known for Wolbachia (viz., parthenogenesis, femi-
nization, and CI). Cardinium-bacteria represent a clade within the Cytophaga-
Flavobacterium-Bacteroides (CFB) group, a group that is unrelated to the α-
Proteobacteria to which Wolbachia belongs. Double infections, with both
Wolbachia and Cardinium, have regularly been detected. Screening studies suggest
that Cardinium infects around 7% of arthropod species.

Infections with reproductive parasites have important implications for the
evolution of arthropods, as such infections may affect host population genetic
structure, population dynamics, or sex determination mechanism. Moreover,
reproductive parasites could play a role in arthropod speciation, by creating
reproductive isolation between populations with different infection status. In
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this thesis, I focus on the evolutionary consequences of the reproductive para-
sites Wolbachia and Cardinium in spider mites (family Tetranychidae), with an
emphasis on the genus Bryobia.

SPI D ER MITES

Spider mites are obligate plant feeders (phytophagous) and have a world-wide
distribution. They are of considerable economic importance, as several species
cause damage to important agricultural crops. Some 1200 tetranychid species
are described. Morphological species identification is problematic in these tiny
mites, not only because the number of diagnostic characters is limited, but also
because few diagnostic traits are variable. Disagreement exists on the taxonomy
and synonyms are common.

Currently, DNA sequencing is a promising objective tool to aid in descrip-
tion and delineation of species that have few useful taxonomic morphologi-
cal characters, such as mites. The 2ND CHAPTER of this thesis focuses on the
use of DNA sequencing in spider mite taxonomy and phylogenetics. So far,
the central part of the mitochondrial COI (cytochrome oxidase c subunit I)
region has mainly been used for inferring phylogenetic patterns, and for inves-
tigating intra- and interspecific variation. I performed an overall analysis of
tetranychid COI sequence information currently available in the GenBank
database. This meta-analysis shows that in earlier studies, important phyloge-
netic patterns have been overlooked (clades have been mixed up), and also
reveals inconsistencies in data submitted to GenBank. I also show that
intraspecific variation is very high for COI. Additionally, the COI region
reveals a high AT content and a biased nucleotide composition at the third
codon position. This makes the COI region unsuitable for inferring phyloge-
netic species relationships, as branching patterns between species remain
unresolved. The high intraspecific variation that was detected has serious con-
sequences for the field of DNA barcoding. DNA barcoding is a technique
aimed at the identification of pre-defined species using a short standardized
DNA sequence (part of the COI gene). It assumes that intraspecific variation
is low and smaller than interspecific variation. My study shows that these
assumptions are not always valid. The high COI variation found is possibly a
result of selective sweeps caused by infection with reproductive parasites:
when positive selection acts on the parasites, mutations in mitochondrial
DNA (that is female-transmitted along with the parasites) are indirectly select-
ed for as well. The use of (additional) nuclear DNA markers might overcome
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some of the problems encountered with mitochondrial COI sequence data.
The challenge is to find suitable nuclear markers.

ASEXUA LITY WITHIN BRYOBIA
Both sexually and asexually reproducing spider mites are known. Sexually repro-
ducing spider mite species are haplodiploid: females are diploid and develop
from fertilized eggs, whereas males are haploid and develop from unfertilized
eggs. This phenomenon (males developing from unfertilized eggs) is called
arrhenotokous parthenogenesis. Other species are known that reproduce asexu-
ally by means of thelytokous parthenogenesis: diploid females develop from
unfertilized eggs (males are absent). In this thesis, both parthenogenesis and
asexuality are used to refer to thelytokous parthenogenesis. Within the
Tetranychidae, parthenogenesis is widespread in the sub-family Bryobiinae,
which includes the genus Bryobia, while it is rare in the sub-family Tetranychinae,
which includes the genus Tetranychus. Weeks and Breeuwer (2001) showed that in
at least two Bryobia species, parthenogenesis is induced by Wolbachia bacteria.

The 3RD CHAPTER focuses on the evolution of asexuality within the genus
Bryobia. Obligate asexual reproduction is rare in the animal kingdom. Most
asexuals are found as single branches on the tips of the phylogenetic tree.
Apparently, asexual species can survive in the short-term, but are doomed to
extinction in the long-term. In the short term, asexual reproduction is advanta-
geous because an asexual population has twice the growth rate of a sexual pop-
ulation (no males are produced). With asexual reproduction, there are also no
costs related to e.g., finding a mate, and there is no risk of transmitting a dis-
ease. Despite these advantages, sexual reproduction is widespread in the animal-
and plant-kingdom (the ‘paradox of sex’). General explanations for this para-
dox refer to the long-term disadvantages of asexual reproduction: asexuals are
less able to adapt to novel environments and are exposed to accumulation of
deleterious mutations. This is why asexuals are considered short-lived evolu-
tionary ‘dead ends’ with limited adaptive potential. It also explains the sporadic
and low-level phylogenetic distribution of obligate asexual lineages.

The occurrence of many asexuals in one genus (Bryobia) is rare and raises
questions about the origin and evolution of the asexual lineages. In CHAPTER 3,
I investigate the phylogenetic history of asexual reproduction in the genus
Bryobia. I show that asexuality is widespread in Bryobia, signifying that some ani-
mal taxa do contain a high number of asexuals. Using a combination of mito-
chondrial (COI gene) and nuclear (28S rDNA gene) sequence data, I argue that
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asexuality originated multiple times within Bryobia. In at least two Bryobia
species, Wolbachia bacteria cause the asexuality. Possibly, Wolbachia has infected
different Bryobia species independently. I additionally examined intraspecific
clonal variation by analyzing samples collected on a large geographic scale.
Generally, clonal species are thought to harbor little genetic diversity. Within B.
kissophila, however, I found a high intraspecific clonal diversity, and I found
paraphyletic patterns at the mitochondrial DNA. These findings are possibly
explained by a high mutation fixation rate and past hybridization events.
Reproductive parasites like Wolbachia and Cardinium might influence these
processes. I argue that such bacteria could play a role in the evolutionary suc-
cess of asexual species.

WOLBACHIA AND CARDINIUM DIVERSIT Y

The genus Wolbachia is diverse and has so far been subdivided into eight so-
called ‘supergroups’ (A-H) on the basis of sequence data. In CHAPTER 4, I
report the discovery of a new Wolbachia supergroup recovered from Bryobia
spec. V, based on the sequences of three protein coding genes (ftsZ, gltA, and
groEL) and 16S rDNA. Other tetranychid mites possess supergroup B Wolbachia
strains. The discovery of another Wolbachia supergroup expands the known
diversity of Wolbachia, and emphasizes the high variability of the genus.
Furthermore, I provide evidence for recombination (exchange of DNA)
between nematode-infecting supergroups C and D. Recombination between
supergroups is rare, and has so far only been observed between arthropod-
infecting supergroups A and B. The finding of recombination between C and
D was unexpected, because Wolbachia and nematodes have (in contrast to
Wolbachia and arthropods) an obligate, mutualistic relationship. They show strict
co-cladogenesis, and the bacteria are not expected to recombine.

In CHAPTER 5, I study into more detail the diversity of reproductive para-
sites found within the genus Bryobia. I find evidence that both Wolbachia and
Cardinium infect Bryobia, and that sometimes they co-infect the same species or
even the same individual. Additionally, I infer the recombination rate for
Wolbachia. Wolbachia is known to recombine, but it is unclear to what extent
recombination contributes to Wolbachia diversity compared to point mutations.
Using sequence data from four genes I show that new alleles are 7.5 to 11 times
more likely to be generated by recombination than by point mutation. Such
high recombination rates are comparable to rates found for other horizontally
transmitted bacteria, suggesting that horizontal transfer of either genes or com-
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plete bacteria is substantial within Wolbachia. I found no indication for cospeci-
ation of host and Wolbachia, and I also found a lack of congruence between
strain diversity and mtDNA diversity or geographical distribution. Cardinium
was less frequently found in mites than Wolbachia, but also showed a high level
of diversity, with eight unique strains detected in 15 individuals on the basis of
only two genes. No evidence for recombination was found, although further
exploration including more genes is required to sustain this observation. A lack
of congruence observed among host and Cardinium phylogenies suggests that
horizontal transfer is also prevalent for Cardinium.

CYTO PLASMIC INCOM PATIBILIT Y

I discovered that within the genus Bryobia, Wolbachia is not only found in asex-
ual species, but also in the sexual species B. sarothamni. Moreover, I found that
this species is infected with Cardinium as well. In CHAPTER 6, I present results of
crossing experiments, performed to examine the effect of Wolbachia and
Cardinium in B. sarothamni. I also look at possible interactions between Wolbachia
and Cardinium. I show that Cardinium causes severe CI in B. sarothamni. This
means that crosses between Cardinium-infected males and uninfected females
yield no offspring (eggs do not hatch). The 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. When males are crossed with females infected with the same bacteria, the
modification is ‘rescued’, and eggs develop normally. Bryobia sarothamni is the
third host species in which Cardinium-induced CI is observed and this study
reveals the strongest CI effect found for Cardinium so far. In contrast to
Cardinium, I found no CI effect for Wolbachia within Bryobia. Also, I found that
Wolbachia is not able to rescue CI induced by Cardinium. Even so, CI is not
induced when both Cardinium and Wolbachia infect the same male. I additional-
ly examined field populations for their infection status, and found that infec-
tions ranged from completely uninfected to a polymorphic state with uninfect-
ed, singly infected, and doubly infected individuals co-occurring. No population
was found to be fixed for infection with one or both bacteria. I discuss several
factors that may influence infection frequencies.

CO N C LUSION

It is clear that the association between the reproductive parasites Wolbachia and
Cardinium and spider mites is highly dynamic. In many ways, the reproductive
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parasites play a role in the evolution of the spider mites, e.g., by affecting genet-
ic diversity or reproductive mode. Possibly, they have been involved in process-
es of reproductive isolation and speciation, and they may even play a role in the
survival of asexuals. Even so, the evolution of the symbionts is influenced by
their intracellular lifestyle and interactions with the host and with each other. At
least within Wolbachia, recombination seems to play an important role in gener-
ating diversity, but exact patterns of recombination and modes of transfer
require further exploration. Furthermore, in this thesis the relatively unknown
reproductive parasite Cardinium is studied. Future analysis and comparison of
these different bacteria is highly desirable and instrumental to understanding
mechanisms involved in reproductive manipulations.
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