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General discussion

Vera I.D. Ros



This thesis focuses on the evolution and dynamics of the symbiosis between
spider mites and the reproductive parasites Wolbachia and Cardinium. In this
chapter I will highlight and discuss some of the findings of this thesis.

Morphological species identification is difficult in spider mites, but molec-
ular sequence data appear to be a useful aid in species identification or delin-
eation. In Chapter 2, I describe problems encountered with mite taxonomy, and
review currently available molecular data by performing a meta-analysis, with a
discussion on the use of mitochondrial sequence data for taxonomic and phy-
logenetic purposes. For spider mites, part of the mitochondrial COI gene is
often used for identifying species and assessing phylogenetic relationships.
Although mite taxonomy was not a direct aim of this thesis, I show that there
are some drawbacks to using mitochondrial sequence data. In the search for
GenBank sequence data for comparison, I discovered several inconsistencies in
the available GenBank data, resulting in the study presented in Chapter 2. I
show that previously published studies have overlooked important patterns: a
clade representing a separate species (Tetranychus truncatus) was not recognized
and assumed clades within T. urticae disappeared in the total analysis. This
emphasizes the importance of thorough molecular studies and a proper com-
parison with other available sequence information.

I additionally showed that the use of COI for inferring relationships
between species is not very useful (Chapters 2 and 3). On the one hand, deep-
er level branching patterns are not resolved due to saturation of the COI gene.
On the other hand, intraspecific variation is very high and paraphyletic pat-
terns among species are observed, that are not supported by nuclear genes.
Such phylogenetic patterns could be a consequence of selective sweeps result-
ing from infections with reproductive parasites, such as Wolbachia and
Cardinium (Hurst and Jiggins 2005; Whitworth et al. 2007). In that case, a link
between mitochondrial and bacterial haplotypes is expected. Although I did
not find a direct link between mitochondrial COI diversity and bacterial strain
types (Chapter 5), such links might have been present in the past.
Recombination rates appear high among Bryobia-infecting Wolbachia strains,
and this can break up associations between mitochondrial and bacterial haplo-
types. Generally, there is a need for nuclear markers that can be used, and are
more reliable, for assessing species relationships and resolve taxonomy ques-
tions. Even so, molecular typing should be standard procedure in mite studies,
allowing comparisons among different studies. Few suitable nuclear markers
are available so far, e.g., the 28S rDNA gene used in Chapter 3. Genome

156

C
H

A
P

T
E

R
7



sequencing projects, like the intended genome sequencing of T. urticae (Grbic
et al. 2007), will yield suitable markers.

In Chapter 1, I discussed the ubiquity of sexual reproduction among
eukaryotes, and the presumed advantages of sexuality. The question arises why
asexuality exists, and how asexuals can survive in the long term. The genus
Bryobia represents an interesting case, as it contains a high number of asexual
species. Asexuals are considered evolutionary dead ends with limited adaptive
potential, and the occurrence of many asexual species in a single genus raises
the possibility of radiation of asexual species, which is rarely observed. Such
radiations may be driven by reproductive parasites, which have been found
within Bryobia (Weeks et al. 2001; Chapter 3). I investigated the possibility of
adaptive radiations of asexuals by investigating the phylogenetic relationship
between sexual and asexual Bryobia species. A single origin of asexuals would be
expected, with subsequent radiation into different species. I showed, however,
that asexual species do not form a monophyletic group, and argue that it is like-
ly that asexuality has evolved several times within Bryobia (Chapter 3). This is
based on the assumption that reversals to sexuality are unlikely, which has been
confirmed by studies showing that treated females fail to reproduce sexually.
Multiple origins of asexuality are also likely when the diversity and relationships
among the bacterial strains are considered (Chapters 4 and 5). There is no con-
gruence between host and bacterial phylogeny, suggesting that bacteria have
been horizontally transferred among different host species and populations.
Horizontal transfers make it more likely that uninfected species or populations
become infected. Additionally, two highly divergent supergroups have been
found (named B and K), and these must have infected the genus Bryobia inde-
pendently, supporting the view of multiple infections and subsequent origins of
asexuality. I additionally found high levels of clonal diversity within the species
B. kissophila, which was extensively investigated. Such a high level of clonal
diversity is exceptional for asexual species, and is possibly a consequence of
(bacteria-induced) selective sweeps (Chapter 3). Within other Bryobia species,
fewer populations were investigated than for B. kissophila, and further investiga-
tions may reveal that clonal diversity is high in these species as well. Generally,
reproductive parasites can greatly influence host mitochondrial diversity and
phylogenetic patterns. This has serious consequences for techniques as DNA
barcoding, which are solely based on a small fraction of the mitochondrial
genome (discussed in Chapters 2 and 3). As reproductive parasites are wide-
spread among arthropods (with recent estimates of around 66% infection;
Hilgenboecker et al. 2008), their impact is likely substantial.
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Asexuality appears fixed within the asexual Bryobia species, meaning that
these species entirely consist out of females, and males are absent. Males have
never been observed, neither in cultures nor in the field, and those that were
obtained after antibiotic treatment are sexually non-functional (Weeks and
Breeuwer 2001). All individuals were found infected with Wolbachia, suggesting
that Wolbachia is causative to the asexuality (Chapter 5). This has been con-
firmed with antibiotic treatments in B. praetiosa and an unidentified Bryobia
species (Weeks and Breeuwer 2001), but need further confirmation in other
species. Cardinium was found co-infecting B. rubrioculus, but infection was not
fixed, suggesting that it plays no role in the induction of asexuality (Chapter 5).
Additional experiments are needed to see if Cardinium in B. rubrioculus has any
effect on reproduction or fitness of its host. Why is Cardinium found in some
individuals and not in others? And are there any interactions between Wolbachia
and Cardinium? Or is Cardinium hitchhiking along with Wolbachia?

In most hymenopteran species where Wolbachia induces asexuality, infec-
tion with Wolbachia has gone to fixation. However, in some species of the par-
asitoid wasp genus Trichogramma, both sexually (uninfected) and asexually
(Wolbachia-infected) reproducing individuals were found within populations
(Stouthamer 1997; Huigens and Stouthamer 2003). In these species, infected,
thelytokous females can mate and use sperm to fertilize some of their eggs.
This fertilization apparently precludes the process of gamete duplication that
restores the diploidy. In gamete duplication, doubling of the genome content
of initially haploid eggs occurs after meiosis: in the first (or second) mitotic
division after meiosis segregation of chromosomes fails, yielding a diploid
nucleus (Stouthamer and Kazmer 1994; Gottlieb et al. 2002; Pannebakker et al.
2004). This process always leads to homozygosity. In other hymenopteran
species, in which individuals are fixed for Wolbachia-induced asexuality, rever-
sals to sexuality seem, however, impossible (Arakaki et al. 2001; Weeks and
Breeuwer 2001; Gottlieb and Zchori-Fein 2001; Pannebakker et al. 2005; Jeong
and Stouthamer 2005). When infected females are treated with antibiotics,
males are produced, but these fail to fertilize females. This is possibly a conse-
quence of the absence of selection pressures on genes involved in sexual
reproduction, and subsequent accumulation of deleterious mutations in these
genes (Butlin 2002; Normark et al. 2003). An alternative explanation is the ori-
gin of virginity mutations (Huigens and Stouthamer 2003). During initial the
infection phase of a population, it is advantageous to produce males when the
sex ratio is female-biased. A mutation that causes females to only produce
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male offspring (which in haplodiploids arise from unfertilized eggs, thus from
‘virgin’ females) will spread through the population. It is unknown which
mechanism prevents most Wolbachia infected asexual species from reversing to
sexual reproduction.

The mechanism of asexuality in Bryobia is unknown, but is supposed to be
different from the gamete duplication mechanism in hymenopteran species,
because in Bryobiamites heterozygous offspring is found. Possibly, meiosis does
not take place (apomictic parthenogenesis), or the genomic content is doubled
prior to meiosis (premeiotic doubling). Both mechanisms would prevent fertil-
ization by males (if present), because no haploid egg stage is present, in con-
trast to, e.g., Trichogramma, where normal meiosis takes place before gamete
duplication. If the mechanism in Bryobia is apomictic parthenogenesis, muta-
tions may also accumulate in genes involved in meiosis over time, which would
also make the production of males after antibiotic treatments impossible. This
could eventually lead to a situation in which the bacteria are required for the
reproduction of the host. Further investigation into the mechanism of asexu-
ality in Bryobia is challenging because chromosomes are holokinetic and there-
fore difficult to study, and because mites are thought to have ‘inverted meiosis’
(Wrensch et al. 1994), i.e., meiosis I (separation of homologous chromosomes)
and meiosis II (separation of chromatids) are switched.

It is still uncertain if, and unclear how, asexual species can survive in the
long term (Chapter 1), and I argue that bacterial parasites can play a role in the
adaptive success of asexuals (Chapter 3). In Chapter 5 I show that recombina-
tion is frequent among Wolbachia strains, and genetic material is being
exchanged. Therefore, the bacterial composition of the host clones changes
frequently, and differs between, and even within, populations. This potentially
gives clones different adaptive capabilities. Another possibility is that genes may
be exchanged between host and bacterial genomes, as has been found for sev-
eral Wolbachia-infected organisms (Kondo et al. 2002; Dunning Hotopp et al.
2007; Nikoh et al. 2008). Such gene exchange makes asexual genomes less stat-
ic, and undermines the strict clonality of the hosts. Gene acquisition may be
crucial for the long term evolutionary success of asexuals. This idea was recent-
ly also proposed by Gladyshev et al. (2008), who showed that in the genome of
bdelloid rotifers, many bacterial or other foreign genes are present. Apparently,
these famous ‘ancient asexuals’ take up foreign DNA, which increases their
adaptability and survival in the long term. An interesting step would be to see
if Wolbachia or Cardinium genes can be found in the Bryobia host genome.
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Potentially, genes involved in causing reproductive manipulation could be trans-
ferred from bacteria to the host genome, rendering the manipulation a capaci-
ty of the host itself.

In Chapters 4 and 5, I show that reproductive parasites are abundant with-
in Bryobia, infecting sexual and asexual species. Both Wolbachia and Cardinium
were detected, and strain diversity is high (Chapters 4 and 5). Although I
found no evidence for other reproductive parasites (by cloning several PCR
products), the possibility of multiple infections cannot be completely exclud-
ed. Reproductive parasites may occur at low frequencies, and can easily be
missed (Jiggins et al. 2001a; Weinert et al. 2008). So far, Wolbachia seems more
abundant within Bryobia than Cardinium. Based on a survey in spiders, Duron
et al. (2008) recently suggested that Cardinium is more prevalent in chelicerates
than in insects. Cardinium has not been studied as intensively as Wolbachia, and
it would be interesting to see if this pattern of high abundance of Cardinium
in chelicerates can be confirmed in mites. We further discovered a new
Wolbachia supergroup (named K), so far only found in B. spec. V. This super-
group is highly divergent from all described supergroups, and did not arise
from recombination between other known supergroups (as was the case for
supergroup G; Baldo and Werren 2007). Although the status of supergroups
is questionable, as was discussed in Chapter 4, the finding of another super-
group shows that Wolbachia is a highly diverse genus, and I expect that future
screenings will reveal a further expansion of the diversity. For the new super-
group K, the wsp gene could not be amplified. This gene is frequently used in
studies looking for Wolbachia infection. Generally, searches are often biased by
the primers used. Presence and diversity of Wolbachia and other reproductive
parasites might be higher than currently anticipated because searches are often
biased by the use of a restricted primer sets. It is likely that, e.g., for Wolbachia
more supergroups will be discovered. The use of a combination of primers is
highly recommended, even when screening for a single parasite like Wolbachia
or Cardinium.

In Chapter 5, I investigate the diversity of Wolbachia and Cardinium strains
within Bryobia, and try to get insight into the amount of recombination and hor-
izontal transfer of strains within and among Bryobia species. I show that the
diversity among supergroup B Wolbachia strains infecting Bryobia is high, with 36
different strains found in 64 individuals. Furthermore, recombination seems an
important determinant in generating diversity within Wolbachia. The recombina-
tion rate for a (thought to be) vertically transmitted bacterium is comparable to
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rates found for horizontally transmitted bacteria. This leads to questions about
how bacteria or bacterial genes are exchanged among host species or popula-
tions. Is horizontal transfer common? Can bacteria survive outside the host
cells? Are phages or other vectors involved in gene exchange? It is also feasible
is that multiple infections are more common than currently thought. I did not
find evidence for multiple infections, but a thorough investigation requires the
analysis of more individuals. Also, it may be difficult to detect multiple infec-
tions when strains that occur at low density in the host. If multiple infections
are common, it would be interesting to investigate the frequency dynamics and
to see how transmission of these strains works (are all strains equally transmit-
ted?). Even so, frequencies may differ in subsequent generations. This possibil-
ity could explain the high diversity that I found, and might be an alternative
explanation for the high recombination rates.

I found that not only asexual species were infected with Wolbachia and
Cardinium, but that also the sexual species B. sarothamni harbors both bacteria
(Chapter 6). A very strong CI induction of Cardinium was observed, while no
effect of Wolbachia on host reproduction was found. I was unable to obtain all
possible infection combinations, and therefore performed the crossing experi-
ments using isofemale lines with possibly different genetic backgrounds. Ideally,
these experiments should be repeated with isofemale lines that are cured of
infection with antibiotics, so that potential nuclear effects can be excluded.
Nevertheless, our results indicate a strong CI induction by Cardinium.
Interestingly, CI is not induced when Wolbachia and Cardinium co-infect males.
This suggests interactions between Wolbachia and Cardinium.
Wolbachia and Cardinium seem capable of inducing similar reproductive

manipulations, but belong to unrelated bacterial phyla (α-Proteobacteria and
Cytophaga-Flavobacterium-Bacteroides, respectively). Comparison of these
different bacteria is instrumental to understanding mechanisms involved in
reproductive manipulations. Genomic sequencing of Cardinium would enable a
complete comparison with Wolbachia genomes, and allow us to answer ques-
tions on, e.g., genomic organization, sharing of homologous genes, adaptations
to intracellular lifestyles, and potential importance of phage-mediated transfer.
Within Wolbachia, many transposons, ankyrin repeat genes, and other repeated
sequences have been found (Wu et al. 2004), and it would be interesting to see
if these are also found within Cardinium. Additional investigations may reveal if
Cardinium also induce male-killing, or if other (reproductive) manipulations are
to be found for one or both bacteria. Furthermore, despite being unrelated,
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Wolbachia and Cardinium might have exchanged genes, and this might explain
similar manipulative capacities. Horizontal gene transfer is common between
unrelated bacteria (Ochman et al. 2000) and could be possible since both bac-
teria co-infect host cells. In bacteria, incorporation of foreign genes is a major
route to acquiring novel capacities.
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