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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.

REPRODUCTIVE 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 INIUM

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
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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 ASYM METRIC 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 NTAGES 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 SO LU TION: A PLU 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 L ITTL E 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.

ANC I ENT 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

24

C
H

A
P

T
E

R
1



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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ABSTRACT

The past 15 years have witnessed a number of molecular studies that aimed to
resolve issues of species delineation and phylogeny of mites in the family
Tetranychidae. The central part of the mitochondrial COI region has frequent-
ly been used for investigating intra- and interspecific variation. All these studies
combined yield an extensive database of sequence information of the family
Tetranychidae. We assembled this information in a single alignment and per-
formed an overall phylogenetic analysis. The resulting phylogeny shows that
important patterns have been overlooked in previous studies, whereas others
disappear. It also reveals that mistakes were made in submitting the data to
GenBank, which further disturbed interpretation of the data. Our total analy-
sis clearly shows three clades that most likely correspond to the species T.
urticae, T. kanzawai and T. truncatus. Intraspecific variation is very high, possibly
due to selective sweeps caused by reproductive parasites. We found no evidence
for host plant associations and phylogeographic patterns in T. urticae are absent.
Finally we evaluate the application of DNA barcoding.

Experimental and Applied Acarology 2007, 42:239-262
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INTRODUCTION

Species identification is the basis for understanding species diversity, phyloge-
netic patterns, and evolutionary processes. Only correct identifications allow
for comparisons between studies and the repetition or expansion of earlier
experiments. In pest species, species identification is also important in the
development of (biological) pest control strategies.

Identification and delineation of species within the Tetranychidae has been
an issue of debate for the past few decades. Within the family about 1200 differ-
ent species are described, many of which are of agronomical importance
(Bolland et al. 1998). The genus Tetranychus is well studied and includes two com-
mon major agricultural pest species with a worldwide distribution: Tetranychus
urticae Koch, 1836 and Tetranychus kanzawai Kishida, 1927. Morphological identi-
fication of tetranychid species is difficult. The number of potential diagnostic
characters is limited (partly due to the small size of the mites) and key traits often
exhibit large phenotypic plasticity. As a result, many species cannot be distin-
guished on the basis of external morphology. For example, in Japan 10 Tetranychus
species are recognized (Ehara 1999). However, morphological identification
using adult females is possible for only two of the species. The remaining eight
species can only be identified by microscopic examination of the shape of the
aedeagus (part of the male genitalia). Another example that shows our inability
to identify species on the basis of morphology is the well-studied two-spotted
spider mite species T. urticae. This species is considered a species complex
(Navajas et al. 1998) and as many as 44 synonymous names are known (Bolland
et al. 1998). The question whether red T. urticae mites should be considered a sep-
arate species (T. cinnabarinus) has occupied taxonomists for many years (Dupont
1979; Gotoh and Tokioka 1996; Zhang and Jacobson 2000). The fact that there
are only few taxonomists specialized in morphological identification of mites and
that their number is decreasing adds to the problem of spider mite identification.

DNA sequences are currently an indispensable tool for delineating and iden-
tifying species. In this context it is important to distinguish between DNA tax-
onomy and DNA barcoding. DNA taxonomy concerns the circumscription and
delineation of species using evolutionary species concepts (Vogler and
Monaghan 2007). DNA barcoding aims at the identification of pre-defined
species and does not address the issue of species delineation per se (Monaghan
et al. 2005). In DNA barcoding a short standardized DNA sequence, usually the
5’ end part of the mitochondrial cytochrome c oxidase subunit I (COI) gene, is
used to identify species. DNA barcoding can be used to (i) identify and assign
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unknown specimens to species that have been previously described and (ii)
enhance the discovery of new species using a threshold of sequence divergence
(Hebert et al. 2003; Moritz and Cicero 2004). DNA taxonomy may be based on
one or several mitochondrial as well as nuclear DNA regions and can serve as a
database for DNA barcoding. DNA taxonomy is an offshoot of phylogenetics,
in which the evolutionary relationships between taxa (e.g., species) are investigat-
ed. Throughout this paper we use the term ‘species delineation’ when it concerns
DNA taxonomy and ‘species identification’ when it concerns DNA barcoding.

The usefulness of the COI region for delineating tetranychid species has
been investigated in several studies (Hinomoto et al. 2001; Hinomoto and
Takafuji 2001; Lee et al. 1999; Navajas et al. 1994, 1996a, b, 1998; Toda et al.
2000; Xie et al. 2006a). Recently, a DNA barcoding approach was used to iden-
tify tetranychid species (Hinomoto et al. 2007). Each of these studies used a dif-
ferent or sometimes partially overlapping subset of tetranychid sequences. Many
studies extended their dataset with one or several tetranychid sequences from the
GenBank database, serving as a reference for phylogeny reconstruction or
species identification. However, sequence diversity within T. urticae is substantial
(e.g., Navajas et al. 1998) so that different T. urticae sequences are available from
GenBank, some of which bear an incorrect species name (due to misidentifica-
tion). As a consequence, different T. urticae reference sequences were used in
above-mentioned studies, leading to the emergence of variable taxonomic group-
ings and phylogenetic patterns. This, combined with the analyses of restricted
subsets in each study, gives an incomplete and fragmented view of species delin-
eations and phylogenetic relationships within the family Tetranychidae.

In this study we create an extensive COI dataset of the family Tetranychidae,
with a wide coverage of the species T. kanzawai and T. urticae (including T.
cinnabarinus, which is currently considered synonymous to T. urticae). We have
collected all currently available mitochondrial COI sequences from GenBank
and added data on mites collected from Europe and North America. We criti-
cally evaluate the assembled data and perform an overall phylogenetic analysis.
This approach reveals novel patterns on species delineation and phylogenetic
relationships. We discuss the use of COI for DNA barcoding purposes by con-
sidering the intra- and interspecific variation. In addition, we discuss the
observed variation in COI in relation to associated host plant, phylogeographic
patterns and the presence of endosymbionts (e.g., Wolbachia, Cardinium). Finally,
we provide guidelines for future phylogenetic studies on (tetranychid) mites.
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MATERIALS AND METHODS

ADD I TI ONAL TETRANYCHID SAMPLES

Tetranychid mites were collected in Europe (six locations), in North America
(one location), and from two cultures maintained in our lab for 10 years (TABLE

1). Mites were not identified morphologically to the species level. DNA was
extracted from single individuals using a modified CTAB extraction method
(Doyle 1991). A single adult female was ground in 5 μl of proteinase K (20
mg/ml) and 100 μl CTAB (2% CTAB w/v in 100 mM Tris-HCl [pH8], 20 mM
EDTA, and 1.42 M NaCl) buffer was added. After vortexing, samples were
incubated at 55 °C for 1 hour. Next, 100 μl chloroform: isoamylalcohol (24:1)
was added and contents were gently mixed for 2 min. Tubes were centrifuged
for 10 min. at 15,800 g. After centrifugation, 80 μl of the supernatant was trans-
ferred to a clean tube and DNA was precipitated by adding 200 μl ice-cold 96%
ethanol. Tubes were incubated at -20 °C for at least 1 hour prior to centrifuga-
tion at 15,800 g for 15 min. at 4 °C. The supernatant was removed and the DNA
pellet was washed with 70% ethanol. Next, the DNA was air dried for at least
15 min., eluted in 30 μl sterile water, and stored at -20 °C.

Part of the mitochondrial COI gene was amplified using various primer
combinations (TABLE 1). Depending on the primer combination, this yielded a
fragment size of 410-863 basepairs (bp), excluding the primer annealing sites
(FIGURE 1). PCR was performed in a 25 μl reaction mix containing 2.5 μl 10X
Super Taq buffer (HT BioTechnology, Cambridge, UK), 1.25 μl bovine serum
albumin (10 mg/ml), 1.25 μl MgCl2 (25 mM), 5 μl dNTP mix (1 mM of each
nucleotide), 0.2 μl of each primer (20 μM each), 0.2 μl of super Taq (5 u/ μl)
(HT BioTechnology), 11.9 μl water and 2.5 μl of DNA extract. PCR cycling con-
ditions were 4 min. at 94 °C, followed by 35 cycles of 1 min. at 94 °C, 1 min. at
48 °C and 1 min. at 72 °C, and a final extension at 72 °C for 4 min. Products (2
μl) were visualized on a 1% agarose gel stained with ethidium bromide in 0.5X
TBE buffer (45 mM Tris base, 45 mM boric acid, and 1 mM EDTA, pH 8.0).

PCR products were purified using a DNA extraction kit (Fermentas, St. Leon-
Rot, Germany). The purified products were directly sequenced using the ABI
PRISM BigDye Terminator Sequence Kit (Applied Biosystems, Nieuwerkerk a/d
IJssel, The Netherlands) according to the manufacturer’s instructions but diluted
16 times. Both strands of the products were sequenced using the same primers as
used in the PCR amplification. Sequences were run on an ABI 3700 automated
DNA sequencer. Obtained sequences were aligned using ClustalX v 1.8.0
(Thompson et al. 1997) and compared to the sequences obtained from GenBank
(see below).
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DATA BA SE COM PIL ATION

Sequenc e  co l l e c t i on
A single database was constructed comprising all available tetranychid COI
sequences from GenBank and the sequences obtained in this study. Sequences
were collected from GenBank on September, 2006 (keywords for search were
‘cytochrome oxidase subunit I AND Tetranychidae’). This yielded a total of 165
sequences (156 from GenBank, 9 from this study), of which 79 (48%) were
published in peer reviewed journals. An overview of all sequences, their
GenBank accession numbers, assigned species names, references, sample loca-
tions, and associated host plants (if known) is given in the Appendix. Sequences
were aligned using ClustalX. Due to the use of different primer combinations
in the various studies, the sequences differed in length and in position on the
COI region (FIGURE 1). A central part of 390 bp was chosen for subsequent
analysis (highlighted region in FIGURE 1). Considering this central part, 25
sequences were found more than once (see Appendix). Prior to phylogenetic
analysis, identical sequences (except one) were removed from the dataset,
resulting in 96 unique sequences. In addition, six sequences with accession
numbers AF131105-AF131110 (Lee et al. 1999) were excluded from analysis
because of too many missing data in the region of overlap (272 bp of the 390
bp part are missing; FIGURE 1). The dataset was further adjusted for wrongly
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used for COI amplification.

Host plant Collection Primer2

Strain Country Locality Common name Scientific name date F R

NL1 NL Castricum European Spindle Euonymus europaeus Sep-06 1 2

NL2 NL Castricum European Honeysuckle Lonicera periclymenum Sep-06 1 2

F1 France Vireux Blackthorn Prunus spinosa Jul-06 1 2

T1 Unknown Cucumber1 Cucumis sativus 1 1 2

T2 NL Aalsmeer (greenhouse) Rose1 Rosa spec. 1 1 2

US1 USA Tucson (AZ) Unknown Unknown May-05 3 4

P1 Portugal Caldas de Monchique Citrus Citrus spec. Feb-05 3 4

S1 Spain Mont-roig del camp Orange Citrus spec. Apr-04 3 4

PL1 Poland Rabkowa Plumb Prunus spec. Aug-05 3 4
1 maintained in the lab on bean (Phaseolus vulgaris) for over 10 years; 2 1= GGAGGATTTGGAAATTGATTAGTTCC (Navajas

and Boursot 2003); 2= AAWCCTCTAAAAATRGCRAATACRGC (modified from Hinomoto and Takafuji 2001); 3= TGATTTTTTG

GTCACCCAGAAG (Navajas et al. 1994); 4= TACAGCTCCTATAGATAAAAC (Navajas et al. 1994)



submitted sequences (see next paragraph) leading to the addition of one cor-
rected sequence, yielding a final number of 91 aligned COI sequences. Of
these, 71 were published in peer reviewed journals and 68 belong to the genus
Tetranychus according to the GenBank submission info. A Clustal alignment of
the 91 unique sequences can be obtained from the corresponding author upon
request.

Data va l ida t i on :  in congruenc i e s  in  the  database
When compiling the dataset, two discrepancies were encountered between
sequence information submitted to GenBank and the description in the associ-
ated articles. The first one concerns accession X80860. Its sequence was wrong-
ly submitted to GenBank. In GenBank, accessions X80859 and X80860 are list-
ed as T. neocaledonicus and T. gloveri respectively. According to the associated arti-
cle, these sequences should differ 10% (Navajas et al. 1996b). However, acces-
sions X80859 and X80860 show identical sequences, both concurring with the
sequence T. neocaledonicus from the article. The correct sequence of T. gloveri was
obtained from the original article and added to the dataset. The second discrep-
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1474 3009Folmer fragment (658bp)1515 2172

1598 2195 2584 2734

this study (390bp)

(1) Fournier et al. 1994
(1)     Navajas et al. 1994
(18) Navajas et al. 1996b
(3) Navajas et al. 1997, 1998
(6) Lee et al. 1999
(7) Toda et al. 2000
(22) Hinomoto et al. 2001
(14) Hinomoto and Takafuji 2001
(12) Navajas and Boursot 2003
(1) Rodrigues et al. 2004
(13) Xie et al. 2006a
(17) Unpublished 1
(9) Unpublished 2
(5) Unpublished 3
(27) Unpublished 4
(9)     This study

FIGURE 1 – Overview of the COI fragments sequenced in different studies and their
relative position after alignment. The position of the fragment analyzed in this study
and of the standard DNA barcoding fragment (Folmer fragment) on the total mito-
chondrial COI gene (position 1474 to 3009) are indicated on top. Base pair numbers
correspond to the Drosophila melanogaster mitochondrial DNA sequence (GenBank
accession nr. U37541). For each study, thick horizontal lines represent the fragment
sequenced in all specimens and thin lines indicate the maximum sequence length.
Number of sequences (between parentheses) and references are listed at the right. For
references of unpublished studies, see APPENDIX.



ancy concerns accessions X99873, X99874 and X99875. According to the
description in GenBank, accession X99873 was obtained from the
Amphitetranychus quercivorus strain Sapporo and accession X99874 from the A.
quercivorus strain Tsukuba. Comparing this to sequences in Navajas et al. (1997),
the X99873 GenBank sequence concurs with A. quercivorus strain Tsukuba in
the article. GenBank sequence X99874 concurs with the sequence of A. vien-
nensis in the article (so is identical to the GenBank sequence of X99875, previ-
ously named T. viennensis). This means that the sequences of accessions X99873
and X99874 are different from the article sequences. We included accessions
X99873 as A. quercivorus and X99875 as A. viennensis in the dataset. Accession
X99874 was excluded from the dataset.

PHYLOGENETIC ANALYSIS

PAUP* version 4.0b10 (Swofford 2002) and DAMBE version 4.1.15 (Xia and
Xie 2001) were used to calculate numbers of variable sites, uncorrected pair-
wise divergences, nucleotide composition, and transition and transversion
ratios. PAUP was used to perform a chi-square test of base frequency homo-
geneity across all taxa.

Phylogenetic analyses were conducted in PAUP using Neighbor-Joining
(NJ) algorithms (p-distance) and Maximum Likelihood (ML) algorithms (TBR
heuristics, random addition sequence with five replicates, reconnection limit of
10). Both PAUP and Modeltest 3.6 (Posada and Crandall 1998) were used to
select the optimal evolution model for the ML analysis. The selected model was
further optimized by critically evaluating the selected parameters (Swofford and
Sullivan 2003) using the Akaike Information Criterion (AIC; Akaike 1974).
Because COI is a protein coding gene, we tested if the likelihood of models
with the lowest likelihood score could be further improved by incorporating
specific rates for each codon position (Shapiro et al. 2006). Under the selected
model, parameters and tree topology were optimized using the successive
approximations approach (Sullivan et al. 2005). For the NJ analyses robustness
of nodes was assessed with 1,000 NJ-bootstrap replicates. For the ML analyses
bootstrap support was assessed by performing a NJ bootstrap (1,000 replicates)
with distances calculated according to the selected ML model (because of com-
putational constraints).

Phylogenetic analyses were performed for i) the family Tetranychidae and ii)
the genus Tetranychus separately. The analysis of the family Tetranychidae includ-
ed all species. As the species T. kanzawai, T. urticae and T. truncatus are over-rep-

34

C
H

A
P

T
E

R
2



resented, eight strains were selected representing these three species (FIGURE 4).
The dataset for this analysis included 37 sequences. The final tree was rooted
using the species Petrobia harti and Bryobia kissophila. These two species belong to
a separate subfamily (Bryobiinae) than all other species (subfamily
Tetranychinae). The analysis of the genus Tetranychus included 68 sequences. For
this analysis, two Panonychus sequences and one Petrobia and one Bryobia sequence
were used as an outgroup.

Because saturation of the third codon position is frequently observed for
COI (Gleeson et al. 1998; Söller et al. 2001), an analysis excluding this position
was performed to see if this improved the resolution of the phylogeny.

RES ULTS

DATA ACQU ISITION: NEW SEQUENCING

Each COI sequence that we obtained in this study was identical to several
sequences already present in the GenBank dataset. Two samples, from the USA
(Arizona) and Portugal, were exactly identical to Eutetranychus banksi. The sam-
ple from citrus in Spain was identical to Panonychus citri from Japan and the sam-
ple from Poland (from Prunus spec.) to P. ulmi from Japan. The remaining sam-
ples (the two lab strains and a sample from France) were identical to an Asian
T. urticae strain (sampled from Japan, Thailand, and Taiwan) (see APPENDIX).

ALI GN MENT AND ANALYSIS OF PAT T ERNS OF MOLECULAR

EVOLUTION

All sequences could be unambiguously aligned; no insertions or deletions were
found. Translation of all sequences into amino acids revealed no stop codons.
The total alignment of the 91 tetranychid sequences was 390 bp (minimum
sequence length was 304 bp; FIGURE 1); 146 sites were phylogenetically inform-
ative, 31 sites were variable but uninformative, and 213 sites were constant. On
average across all taxa, the AT content was 75% (32%A, 43%T, 11%C, and
14%G). This high AT content is a general feature of the COI region in arthro-
pods, and is comparable to other studies on insect and mite taxa (Lunt et al.
1996; Navajas et al. 1996b). However, the distribution of bias in base composi-
tion was not uniform with respect to the three codon positions (FIGURE 2). First,
second, and third codon positions showed AT biases of 69, 64, and 94% respec-
tively. In some haplotypes, no C or G base was found at the third codon posi-
tion. Nevertheless, a chi-square test of base frequency homogeneity revealed no
significant differences across taxa for the overall data set or for the three base
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positions separately (FIGURE 2). Note that this test ignores correlation due to
phylogeny and therefore tends to reject the null hypothesis too easily, so that fail-
ure to reject can safely be taken as evidence of homogeneity (Frati et al. 1997).

The extent of saturation was assessed by plotting the transition and transver-
sion rates against uncorrected p-distance divergences (FIGURE 3). At the third
codon position, transversions outnumber transitions and the number of trans-
versions begins to plateau (FIGURE 3), indicating saturation and making this posi-
tion unsuitable for resolving more basal branching patterns. However, removing
the third codon position from the analysis did not result in a more resolved phy-
logeny (results not shown). This is probably due to a conserved amino acid
sequence (limiting the amount of variation in first and second base pair positions
as changes in these positions in most cases change the amino acid sequence).

The model selected by Modeltest for the tetranychid dataset was the
General Time Reversible Model with invariable sites and a gamma distribution
of rate heterogeneity (GTR+I+G). However, implementing the rate class ‘a b
a b e f ‘ significantly improved the likelihood (AIC) and was therefore used for
parameter and tree topology estimation. For the Tetranychus dataset the General
Time Reversible Model (GTR) with site-specific rates for the three coding posi-
tions was further optimized by incorporating the following rate class: a b c d e
a. This slightly simpler model significantly improved the likelihood (AIC) and
was used for parameter and tree topology estimation.
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FIGURE 2 – Base compositions for each codon position of the 390-bp aligned COI
region, averaged over all tetranychid samples. Error bars depict minimum to maximum
range. Results of the homogeneity test are given for each codon position.



PHYLOGENETIC RELATIONSHIPS B ET W EEN T ET RANYCHID GENERA

The ML tree of the overall analysis is shown in FIGURE 4. The phylogenetic
relationship among the taxa is not well resolved. This is probably due to the
strongly biased nucleotide composition and the saturation at the third codon
position. It shows that this portion of the COI gene is not suitable for resolv-
ing the branching order of the genera and the more distantly related species. P.
harti and B. kissophila, both belonging to the subfamily Bryobiinae cluster
together, and group outside the subfamily Tetranychinae. There is however no
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FIGURE 4 – Maximum likelihood tree of the tetranychid dataset based upon COI
sequences. GenBank accession numbers and associated species names are given. If a
haplotype is found more than once, the accession number is followed by the haplotype
number (see APPENDIX) and the number of times the haplotype is found between
parentheses. Numbers on the branches indicate the percentage bootstrap values (>50)
based on NJ bootstrapping with ML settings (1,000 replicates). Bar at the lower left
corner depicts the branch length corresponding to 10% maximum likelihood distance.



high support for monophyly of any of the genera. The NJ tree shows a similar
non-resolved phylogeny (not shown) with the only difference that the genus
Eotetranychus appears as a monophyletic group with high bootstrap support
(78%). Differences between genera range from 8-22% and between species
within genera from 1-13%.

THE G ENU S TETRANYCHUS

Just over 50% of the sequences in GenBank are unpublished. Hong, Xie and
colleagues have submitted 27 sequences (accessions DQ437542 through
DQ437568, submitted March 7, 2006) as T. cinnabarinus. It is unclear why all
these accessions were named T. cinnabarinus. The fact that these T. cinnabarinus
accessions are scattered all over the phylogeny shows that these sequences do
not concern a single species. Besides, the species name T. cinnabarinus is not gen-
erally accepted (Dupont 1979; Gotoh and Tokioka 1996), and is also not men-
tioned in the World Catalogue of the spider mite family (only as synonym of T.
urticae) (Bolland et al. 1998). In the remainder of this paper we will not use the
name T. cinnabarinus.

For the genus Tetranychus, the ML tree is shown in FIGURE 5. The NJ tree
shows a similar topology as the ML tree, bootstrap support values are slightly
lower in the ML tree (NJ tree not shown). Several clades emerge, although the
exact branching order remains unresolved (FIGURE 5). The species T. kanzawai,
T. urticae and presumably T. truncatus (see below) have been widely sampled and
intraspecific variation is substantial. These species form a monophyletic group
(bootstrap support 65%). The relationship between all other Tetranychus species
remains unresolved, except that T. pacificus and T. mcdanieli cluster together (boot-
strap support 83%). Two potentially new species are found (DQ437551 and
DQ437566). Sequence divergence between these two accessions is 9.2%, which
is of the same order as found between other species. Although these accessions
are described in GenBank as T. cinnabarinus, this seems incorrect (see above).

TE T RANYCHUS URTICAE , T. KANZAWAI , AND T. TRUNCATUS

The species T. urticae and T. kanzawai have been investigated in several different
studies and were sampled from all over the world (see APPENDIX). The analysis
of COI variation reveals the existence of very divergent lineages (FIGURE 5).
Clade 1 contains all T. kanzawai specimens (bootstrap value = 71%). This clade
contains two subclades that were previously described by Hinomoto and
Takafuji (2001). On the other hand, T. urticae specimens form a highly diverse

39

SPID
E

R
M

ITE
CO

I PH
Y

LO
G

E
N

Y
RE

V
IE

W
E

D



40

C
H

A
P

T
E

R
2

0.1

X80859

DQ437566
DQ437551

X80858

X80857
AB079041

AB079040 – 4 (5x)
AY044646 – 12 (2x)
DQ437560 – 9 (3x)

DQ437561

AB079038

AB079102
AB079036 – 5 (3x)

X80856
DQ437563 – 8 (8x)
AY044642 – 11 (3x)

AB079112 – 7 (8x)

AB116566

AB079034

AB079052
AB079035

AB079033

AB079049

AB116567
AB079043
AB079042 – 6 (3x)

DQ017588

DQ437564

DQ437548

DQ437565 – 20 (2x)
DQ437553

AB066459

AB066450 – 1 (16x)
AB079045

AB066451 – 2 (2x)

AJ414582
X80855

AJ414583 – 10 (2x)

AJ316600
AJ316603

AB066462 – 3 (8x)

AB066468

AJ316598
AJ316605

AB066458

AJ316606

AJ316604

AJ316602
AB066469

AJ316599

AJ316597
AB066466

X74571

DQ437542 – 14 (2x)
DQ437556 – 16 (2x)
DQ016523

DQ016514
DQ016517 – 15 (2x)

DQ016524
DQ016518
DQ016521

DQ016519
DQ016522

DQ017589
DQ437567 – 13 (4x)

DQ437568 – 18 (4x)
DQ437555 – 19 (2x)

AB041255

AB041253

X80870

X80871

T. gloveri

T. pacificus

(T. cinnabarinus)

T. neocaledonicus

Petrobia harti

Bryobia kissophila

Panonychus ulmi

T. mcdanieli

Panonychus mori

A

B

A

A

B

B

T. kanzawai

T. urticae

(T. turkestani)

T. truncatus

1

2

3

95

87

68

51

83

65

71

83

95

61

80

84

67

68

100

100

87

62

68

61

54

52

91

71

51

100

57

64

65



group in which several well-supported clades are recognized. One clade (clade
3 in FIGURE 5) comprises T. urticae specimens all originating from China (boot-
strap value = 100%). Hinomoto et al. (2007) renamed this clade T. truncatus. All
other T. urticae specimens form a group of highly divergent lineages (clade 2),
which fall into several more or less supported subclades. Moreover, within this
group several specimens have been identified as T. turkestani, but these do not
form a monophyletic group.

DIS CUSSION

The phylogenetic analysis of all COI sequences available in GenBank revealed
novel patterns, which alter current views on species delineation and phylogeo-
graphic patterns in spider mites. In addition, we found that a number of acces-
sions are probably registered under a wrong species name. This may in the past
have led to erroneous interpretations of phylogenetic patterns that included
these GenBank accessions.

One application of phylogenetic analysis is the identification of natural
groupings in phylogenetic trees that represent biological species (DNA taxon-
omy). Our most inclusive assemblage of data shows new, and previously unno-
ticed, groups that most likely concern different species (FIGURE 5). In particu-
lar, the phylogenetic patterns within T. urticae differ from these of previous
studies and provide new insights in the evolutionary history of this group. Up
to now, two clades within T. urticae were recognized, named clade A and B by
Navajas et al. (1998) and Hinomoto et al. (2001) and lineage I and II by Xie et
al. (2006a). The latter concluded that lineage I and II were consistent with the
two clades A and B. However, this conclusion is not supported by our analysis.
Our clade 2 (FIGURE 5) contains specimens of lineage II (Xie et al. 2006a) and
clade A and B (Navajas et al. 1998). Moreover, clade A and B disappear in our
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FIGURE 5 – Maximum likelihood tree of the genus Tetranychus based upon COI
sequences. GenBank accession numbers and associated species name are given (except
for T. cinnabarinus, see text). If a haplotype is found more than once, the accession
number is followed by the haplotype number (see APPENDIX) and the number of times
the haplotype is found between parentheses. Accessions deposited on GenBank as T.
turkestani are marked in grey. Accessions followed by the letter A or B indicate samples
belonging to clade A and B respectively, deduced from Navajas (1998) and Navajas et
al. (1998). Numbers on the branches indicate the percentage bootstrap values (>50)
based on NJ bootstrapping with ML settings (1,000 replicates). Bar at the lower left
corner depicts the branch length corresponding to 10% maximum likelihood distance.



total analysis and new groupings emerge. Clade 3 contains specimens of line-
age I. In fact, clade 3 is a well supported clade restricted to China that clusters
outside the other T. urticae samples. It is unclear from the study of Xie et al.
(2006a) whether mites from clade 3 were morphologically different from other
T. urticae samples. Clade 3 presumably represents T. truncatus, as suggested by
Hinomoto et al. (2007), based on morphological identification of newly sam-
pled Japanese mites with highly similar COI sequences.

TE T RANYCHUS URTICAE AND TETRANYCHUS TURKESTANI

GenBank specimens listed as T. urticae and T. turkestani do not form separate
monophyletic clades (FIGURE 5). This is in agreement with a study by Navajas
and Boursot (2003) that was based on a smaller dataset. Although Navajas and
Boursot (2003) were able to separate the two species based on ITS2 sequence,
this distinction was based on three diagnostic sites only. Moreover, intraspecif-
ic and intra-individual variation within ITS2 was found, which further questions
the recognition of two different species. In addition, there are no discrete mor-
phological differences between the two species. Taxonomic identification is
based on continuous traits (e.g., the shape of the aedeagus of males) and there
is no thorough study describing variation of these traits within and between
these species. The current data do not support the maintenance of T. turkestani
as a separate species.

HO ST PL ANT REL ATIONSHIPS

Host race formation is another evolutionary process studied in spider mites that
may explain the diversity in this group of mites. Phylogenetics is one approach
to assess spider mite – host plant associations. Most Tetranychus species are
reported from many different host plant species. For example, Bolland et al.
(1998) described 911 different host plant species for T. urticae, belonging to 121
plant families. We found no correlation between COI divergence and associat-
ed host plant species (FIGURE 5 and APPENDIX), similar to what was found by
Navajas (1998). Even strains with identical COI haplotypes can be found on
very different host plant species. Also the other two relatively well sampled
species T. kanzawai and T. truncatus do not show host plant associations.

PHYLOGEOGRAP HIC PATTERNS

Phylogenetic analysis is also used for determining phylogeographic distribution
patterns (Avise 2000). Phylogeographic information is important for assessing
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historic migration and colonization routes and can also be used for tracing the
origin of accidental introductions. For T. kanzawai, two main clades are distin-
guished originating from eastern Asia (Japan, Taiwan and China), except one
sample that originates from Congo. This suggests that T. kanzawai has a mainly
eastern Asian distribution. However, Bolland et al. (1998) reported T. kanzawai
from all over the world, but it is not known if these samples fall within the
clades found so far. Clade 3 (T. truncatus) appears restricted to China (FIGURE 5).

Within T. urticae no phylogeographic pattern is apparent with respect to
COI variation. Samples form Europe, Asia, and North and South America are
scattered over the tree. The phylogeographic patterns previously described by
Navajas et al. (1998) completely disappeared. They found an entirely
Mediterranean clade (clade A) and a clade of mixed origin (clade B). Because
the Mediterranean clade had the highest diversity, they argued that this region
served as a source from which other non-Mediterranean regions of the north-
ern hemisphere were recently colonized by a subset of the Mediterranean
clades (Navajas et al. 1998; Hinomoto et al. 2001). However, inclusion of all
currently available sequences does not support their conclusion. Clade A and B
fall apart and moreover, many more clades are found. There are several possi-
ble explanations for the absence of clear phylogeographic patterns. First, such
patterns may simply not exist. Second, T. urticae is a pest species on many crops
and ornamentals and it is likely that the international trade in crops has influ-
enced the distribution of the mites around the world. This will obscure any cor-
relation between geographical location and phylogeny. Finally, selective sweeps
can greatly influence phylogenetic patterns (Ballard and Rand 2005). Evidence
is accumulating that selective sweeps are often associated with the presence of
reproductive parasites such as Wolbachia and Cardinium (Hurst and Jiggins 2005).

PHYLOGENETIC INF ERENCE S AND DNA BARCODING

The analyzed COI region shows considerable variation among the tetranychids
examined. The diversity within species is especially high with a maximum of
7.2%. This is a mixed blessing: it makes COI suitable for investigating intraspe-
cific variation, but its usefulness for resolving phylogenetic species relationships
remains limited. The latter is due to a strongly biased nucleotide composition at
the third codon position and consequently saturation at this position. Variation
at first and second codon positions is very low. As a result, relationships
between taxa are difficult to resolve, especially at the deeper nodes. An extreme-
ly high AT content and saturation at the third codon position was also encoun-
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tered in other studies, for the same COI fragment as used in this study in par-
asitengona mites and for the adjacent COI region in velvet worms (Onycho-
phora) (Gleeson et al. 1998; Söller et al. 2001).

The COI fragment analyzed in this study is different from the usual DNA
barcoding fragment, which is located at the 5’ end side of our fragment
(FIGURE 1). Because this barcoding fragment is amplified by primers developed
by Folmer et al. (1994) it is referred to as the Folmer fragment (Erpenbeck et
al. 2006). Substitution patterns may differ between gene partitions and may
result in different phylogenetic signals for these partitions (Erpenbeck et al.
2006). To determine whether our fragment had the same phylogenetic signal as
the commonly used Folmer fragment we compared the substitution patterns of
both fragments. We did not find different substitution patterns when investigat-
ing 294-448 bp of the Folmer fragment for samples for which this fragment
was available (results not shown). A dataset of 27 unique sequences (represent-
ing 46 samples) revealed a highly similar substitution pattern with transversions
outnumbering transitions resembling the patterns in FIGURE 3. We therefore
assume that analyzing the Folmer fragment for tetranychid mites will reveal
similar patterns as found in this study.

Currently, the Folmer fragment is widely used as a gene partition for bar-
coding species (e.g., Gómez et al. 2007; Hebert et al. 2003, 2004), although
other fragments have also been proposed (e.g., in plants; Kress et al. 2005).
DNA barcoding assumes that genetic distances between species are greater
than within species. In that way, clusters of similar sequences represent species,
clearly separated from other clusters (species). Hebert et al. (2003) proposed the
use of a standard threshold (divergence value) to identify species. Up to now,
several studies have reported successful barcoding of species (e.g., Barret and
Hebert 2005; Gómez et al. 2007; Hebert et al. 2003, 2004). However, often,
intraspecific variation was not at all or not thoroughly investigated, because
only one or two individuals per species were analyzed or geographic sampling
was restricted (Dasmahapatra and Mallet 2006; Prendini 2005). This may result
in significant underestimation of the amount of intraspecific variation.
Additionally, interspecific variation might be overestimated if closely related sis-
ter taxa are not included in the analysis. Therefore, it is necessary to analyze
samples from more than one geographic region and to include closely related
sister species. Our study comprises an analysis of three closely related species
that were widely sampled and showed extensive amounts of intraspecific varia-
tion. Moreover, in several cases intraspecific variation exceeded interspecific
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variation between the species, as is illustrated by overlapping frequency distri-
butions of intra- and interspecific pairwise p-distances (FIGURE 6). For exam-
ple, differences within T. urticae reach up to 7.2%, exceeding the minimum 3.7%
difference between T. urticae and T. kanzawai. Thus the general barcoding
assumption that intraspecific variation is smaller than interspecific variation is
violated in tetranychids, indicating that simply relying on genetic distances is not
sufficient for species identification. This clearly illustrates the importance of
including samples of various, geographically different populations for each
species, and to include comparisons with sister species, when investigating the
efficacy of barcoding. It also shows the need to include phylogenetic informa-
tion to delineate species groupings, instead of simply relying on sequence diver-
gences (Prendini 2005; Rubinoff et al. 2006). A careful analysis of the DNA
phylogeny, preferably in a multi disciplinary approach (including multiple gene
data, morphological, ecological or other relevant data), can assist in defining or
delimiting species, but the use of single sequences in combination with a
threshold seems insufficient to simply identify species.
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FIGURE 6 – Histogram of pairwise differences (p-distance) between 91 COI sequences
within the family Tetranychidae. Pairwise differences are separated into three cate-
gories: 1. between individuals in the same species; 2. between individuals in the same
genus (excluding intraspecific differences); 3. between individuals in the same family
(excluding intraspecific and intrageneric differences). n = number of pairwise compar-
isons.
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REPRODUCTIVE PARASITES AND SELECT IVE SW EEPS

There are a number of additional problems associated with the use of a single
mitochondrial gene for barcoding. Hybridization can result in reticulate evolu-
tionary relationships between species and disturb groupings into species based
on mtDNA. Selective sweeps of mtDNA can both homogenize or increase
mtDNA diversity. The widespread occurrence of reproductive parasites in
arthropods can both influence the frequency of hybridization between host
species and indirectly cause selective sweeps of mtDNA (Hurst and Jiggins
2005). These parasites can cause homogenization of biological species after
hybridization followed by spreading of the intracellular reproductive parasite.
The mitochondrial haplotype is dragged along with these parasites resulting in
replacement of the original mitochondrial haplotype and reducing mitochondr-
ial diversity. In a recent study, Whitworth et al. (2007) found a lack of species
monophyly in the blowfly genus Protocalliphora due to introgressive hybridiza-
tion associated with Wolbachia infection. On the other hand, the presence of dif-
ferent reproductive parasites co-infecting the same host species may increase
the levels of mitochondrial diversity within that host species if each parasite is
tightly linked to a different haplotype (Schulenburg et al. 2002). Infection with
reproductive parasites may thus increase or decrease mitochondrial diversity
and severely influence the patterns of mitochondrial DNA variation.

Intracellular reproductive parasites such as Wolbachia, Cardinium, and
Rickettsia, are widespread in tetranychid mites (Breeuwer and Jacobs 1996;
Gotoh et al. 2003; Hoy and Jeyaprakash 2005; Xie et al. 2006b). They can cause
cytoplasmic incompatibility (CI) and hybrid breakdown in spider mites
(Breeuwer, 1997; Gotoh et al. 2003, 2006; Vala et al. 2000). It is possible that
the COI variation found within and between closely related mite species is a
result of selective sweeps caused by infection with reproductive parasites.
Variation within species is relatively high. It is not linked to geographical loca-
tion nor associated with the host plant. An interesting next step would be to
investigate the link between haplotype variation within COI and variation in
reproductive parasites. We should be especially cautious with the use of mito-
chondrial genes for delineating and barcoding biological species in light of the
presence of reproductive parasites.

CON C LUSIONS AND RECOMMENDAT IONS

Accurate species delineation and identification is important for our ability to
understand and interpret evolutionary processes and ecological diversity in
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mites. It is also clear that mites are a difficult group to identify morphological-
ly, as many key traits exhibit large phenotypic plasticity and lack suitable char-
acters for identification. Many ecological, behavioral, genetic and pest-control
studies have been conducted on various tetranychid species or strains, without
the concurrent storage of voucher specimens, leading to subsequent uncertain-
ty about the identity of the investigated specimens. In such cases, DNA barcod-
ing can be an important and powerful tool to assist in species identification
(Will et al. 2005). However, the use of a single (mitochondrial) gene for DNA
barcoding or DNA taxonomy seems inappropriate. An integrative approach is
needed combining nuclear and mitochondrial genes, morphological characters,
and ecological information (and if possible crossing experiments).

A combined analysis of mitochondrial and nuclear markers is commonly
used to avoid the problem that gene trees are not necessarily congruent with
species trees and for the detection of hybridization. The challenge is to find
suitable nuclear markers and robust geographic sampling designs that allow for
the assessment of intra- and interspecific variation. Navajas and Fenton (2000)
and Cruickshank (2002) have investigated the suitability of various molecular
markers, but there is still a need for nuclear markers suitable for distinguishing
closely related species. Recently, Sonnenberg et al. (2007) suggested the D1-D2
region of the nuclear 28S rDNA gene as a taxonomic marker. It could comple-
ment DNA barcoding studies based on mitochondrial DNA sequences. In
addition, molecular testing for reproductive parasites and crossing experiments
using isofemale lines should be standard procedure to delineate biological
species.
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List of tetranychid COI sequences from GenBank and sequences obtained in this study.
Sequences were collected from GenBank on September 8, 2006 (keywords for search
‘cytochrome oxidase subunit I’ and ‘Tetranychidae’). Information on host plant species
and geographic origin was extracted from the original reference article. Species names
were copied from GenBank. ‘Haplotype number’ indicates groups of identical sequences.
Sequences identical at the 390 bp part are indicated by the same number. Samples includ-
ed in the dataset for the phylogenetic analysis are marked grey in this column. ‘Form’ indi-
cates the green (G) and red (R) color morphs of T. urticae. Genus abbreviations:
T.=Tetranychus; A.=Amphitetranychus; B.=Bryobia; P.=Panonychus; O.=Oligonychus;
M.=Mononychellus; Eut.=Eutetranychus; Euryt.=Eurytetranychus; Eot.=Eotetranychus.

Accession nr. Haplotype Host plant

GenBank nr. Species Country Common name Scientific name Form Ref
AB041251 P. citri Japan Citrus Citrus spec. - 1
AB041252 24 P. citri Japan Citrus Citrus spec. - 1
AB041253 25 P. ulmi Japan Apple Malus spec. - 1
AB041254 P. osmanthi Japan Sweet Osmanthus Osmanthus fragrans - 1
AB041255 P. mori Japan Mulberry Morus spec. - 1
AB041256 P. mori Japan Japanese pear Pyrus spec. - 1
AB041257 1 T. urticae Japan - - - 1
AB066449 2 T. urticae Japan Clover Trifolium repens G 2
AB066450 1 T. urticae Japan Soybean Glycine max G 2
AB066451 2 T. urticae Japan Clover Trifolium repens G 2
AB066452 1 T. urticae Japan Hollyhock Althaea rosea G 2
AB066453 1 T. urticae Japan Strawberry Fragaria grandiflora G 2
AB066454 1 T. urticae Japan Chrysanthemum Chrysanthemum morifolium G 2
AB066455 1 T. urticae Japan Rose Rosa hybrida G 2
AB066456 1 T. urticae Japan Kidney bean Phaseolus vulgaris G 2
AB066457 1 T. urticae Japan Sweet pepper Capsicum annuum G 2
AB066458 T. urticae Italy Bindweed Convolvulus arvensis G 2
AB066459 T. urticae Brazil Strawberry Fragaria grandiflora G 2
AB066460 1 T. urticae Thailand Rose Rosa hybrida G 2
AB066461 1 T. urticae Taiwan Strawberry Fragaria grandiflora G 2
AB066462 3 T. urticae Japan Carnation Dianthus caryophyllus R 2
AB066463 3 T. urticae Japan Strawberry Fragaria grandiflora R 2
AB066464 3 T. urticae Japan Pansy Viola x wittrockiana R 2
AB066465 3 T. urticae Japan Carnation Dianthus caryophyllus R 2
AB066466 T. urticae Japan Baby’s breath Gypsophila paniculata R 2
AB066467 3 T. urticae Japan Prairie gentian Eustoma rusellianum R 2
AB066468 T. urticae Japan Carnation Dianthus caryophyllus R 2
AB066469 T. urticae Italy Bindweed Convolvulus arvensis R 2
AB066470 4 T. kanzawai Japan Tea Camellia sinensis - 2
AB079033 T. kanzawai Japan Kudzu Vine Pueraria spec. - 3
AB079034 T. kanzawai Japan Yabumame - - 3
AB079035 T. kanzawai Japan Yabumame - - 3
AB079036 5 T. kanzawai Japan Mulberry Morus spec. - 3
AB079037 5 T. kanzawai Japan Strawberry Fragaria grandiflora - 3
AB079038 T. kanzawai Japan Tea Camellia sinensis - 3



Accession nr. Haplotype Host plant

GenBank nr. Species Country Common name Scientific name Form Ref
AB079039 4 T. kanzawai Japan Tea Camellia sinensis - 3
AB079040 4 T. kanzawai Japan Eggplant Solanum melongena - 3
AB079041 T. kanzawai Japan Apple Malus spec. - 3
AB079042 6 T. kanzawai Japan Tea Camellia sinensis - 3
AB079043 T. kanzawai Japan Tea Camellia sinensis - 3
AB079044 3 T. urticae Japan Strawberry Fragaria grandiflora R 3
AB079045 T. urticae Japan Strawberry Fragaria grandiflora G 3
AB079046 P. mori Japan Pear Pyrus spec. - 3
AB079047 7 T. kanzawai Japan - - - 4
AB079048 8 T. kanzawai Japan - - - 4
AB079049 T. kanzawai Japan - - - 4
AB079050 4 T. kanzawai Japan - - - 4
AB079051 4 T. kanzawai Japan - - - 4
AB079052 T. kanzawai Japan - - - 4
AB079102 T. kanzawai Taiwan - - - 4
AB079103 5 T. kanzawai Taiwan - - - 4
AB079104 7 T. kanzawai Taiwan - - - 4
AB079105 8 T. kanzawai Taiwan - - - 4
AB079106 7 T. kanzawai Taiwan - - - 4
AB079107 7 T. kanzawai Taiwan - - - 4
AB079108 7 T. kanzawai Taiwan - - - 4
AB079109 7 T. kanzawai Taiwan - - - 4
AB079110 7 T. kanzawai Taiwan - - - 4
AB079111 8 T. kanzawai Taiwan - - - 4
AB079112 7 T. kanzawai Taiwan - - - 4
AB116566 T. kanzawai Japan? - - - 5
AB116567 T. kanzawai Japan? - - - 5
AB116568 8 T. kanzawai Japan? - - - 5
AB116569 6 T. kanzawai Japan? - - - 5
AB116570 6 T. kanzawai Japan? - - - 5
AB116571 9 T. kanzawai Japan? - - - 5
AB116572 8 T. kanzawai Japan? - - - 5
AB116573 1 T. urticae Japan? - - G 5
AB116574 3 T. urticae Japan? - - R 5
AF131105 T. urticae Sth Korea Soybean Glycine max - 6
AF131106 T. cinnabarinus Sth Korea Soybean Glycine max - 6
AF131107 T. kanzawai Sth Korea - Pisum savitum - 6
AF131108 T. truncatus Sth Korea Soybean Glycine max - 6
AF131109 T. viennensis Sth Korea Cherry Prunus serrulata - 6
AF131110 T. piercei Sth Korea Soybean Glycine spec. - 6
AJ316597 T. urticae Greece Citrus Citrus limon R 7
AJ316598 T. urticae Italy Citrus Citrus limon - 7
AJ316599 T. urticae Spain Citrus Citrus aurantium - 7
AJ316600 T. turkestani France Spurge Euphorbia spec. - 7
AJ316601 10 T. turkestani France Strawberry Fragaria spec. - 7
AJ316602 T. turkestani NL Bindweed Convolvulus arvensis - 7
AJ316603 T. turkestani Poland Rose Rosa spec. - 7
AJ316604 T. turkestani USA (CA) Strawberry Fragaria spec. - 7
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Accession nr. Haplotype Host plant

GenBank nr. Species Country Common name Scientific name Form Ref
AJ316605 T. urticae Egypt Bindweed Convolvulus arvensis G 7
AJ316606 T. urticae Tunisia Mallow Malva spec. R 7
AJ414582 T. urticae NL Elderberry Sambucus spec. G 7
AJ414583 10 T. turkestani France Bindweed Convolvulus arvensis - 7
AY044642 11 T. kanzawai China - - - 8
AY044643 11 T. kanzawai China - - - 8
AY044644 11 T. kanzawai China - - - 8
AY044645 12 T. kanzawai China - - - 8
AY044646 12 T. kanzawai China - - - 8
AY320030 23 Eu. banksi USA (FL) Sweet orange Citrus spec. - 9
DQ016514 T. urticae China Apple Malus pumila Mill. - 10
DQ016515 13 T. urticae China Soybean Glycine max - 10
DQ016516 14 T. urticae China Eggplant Solanum melongena - 10
DQ016517 15 T. urticae China Peach Amygdalus persica - 10
DQ016518 T. urticae China Apple Malus pumila Mill. - 10
DQ016519 T. urticae China Eggplant Solanum melongena - 10
DQ016520 15 T. urticae China Corn Zea mays - 10
DQ016521 T. urticae China Eggplant Solanum melongena - 10
DQ016522 T. urticae China Apple Malus pumila Mill. - 10
DQ016523 T. urticae China Pipal Ficus religiosa - 10
DQ016524 T. urticae China Apple Malus pumila Mill. - 10
DQ017588 T. urticae China Bean Phaseolus vulgaris - 10
DQ017589 T. urticae China - - - 10
DQ437542 14 T. cinnabarinus China - - - 11
DQ437543 16 T. cinnabarinus China - - - 11
DQ437544 17 T. cinnabarinus China - - - 11
DQ437545 13 T. cinnabarinus China - - - 11
DQ437546 3 T. cinnabarinus China - - - 11
DQ437547 13 T. cinnabarinus China - - - 11
DQ437548 T. cinnabarinus China - - - 11
DQ437549 8 T. cinnabarinus China - - - 11
DQ437550 18 T. cinnabarinus China - - - 11
DQ437551 T. cinnabarinus China - - - 11
DQ437552 18 T. cinnabarinus China - - - 11
DQ437553 T. cinnabarinus China - - - 11
DQ437554 19 T. cinnabarinus China - - - 11
DQ437555 19 T. cinnabarinus China - - - 11
DQ437556 16 T. cinnabarinus China - - - 11
DQ437557 18 T. cinnabarinus China - - - 11
DQ437558 8 T. cinnabarinus China - - - 11
DQ437559 20 T. cinnabarinus China - - - 11
DQ437560 9 T. cinnabarinus China - - - 11
DQ437561 T. cinnabarinus China - - - 11
DQ437562 9 T. cinnabarinus China - - - 11
DQ437563 8 T. cinnabarinus China - - - 11
DQ437564 T. cinnabarinus China - - - 11
DQ437565 20 T. cinnabarinus China - - - 11
DQ437566 17 T. cinnabarinus China - - - 11
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Accession nr. Haplotype Host plant

GenBank nr. Species Country Common name Scientific name Form Ref
DQ437567 13 T. cinnabarinus China - - - 11
DQ437568 18 T. cinnabarinus China - - - 11
X74571 T. urticae France (Bean) Phaseolus vulgaris - 12
X79901 M. progresivus Benin Cassava Manihot esculenta - 13
X80855 T. urticae France Bean Phaseolus vulgaris R 14
X80856 T. kanzawai Congo Cassava Manihot esculenta - 14
X80857 T. mcdanieli France Grape Vitis vinifera - 14
X80858 T. pacificus USA (CA) Grape Vitis vinifera - 14
X80859 21 T. neocaledonicus Benin Cowpea Vigna unguiculata - 14
X80860 21 T. gloveri1 Tahiti Taro Colocasia spec. - 14
X80861 A. viennensis2 France Apple Malus domestica - 14
X80862 O. gossypii Congo Cassava Manihot esculenta - 14
X80863 Eot. carpini France European Grape Vitis vinifera - 14
X80864 Eot. tiliarium France Common Lime Tilia x europaea - 14
X80865 O. ununguis France Mediterranean Cypress Cupressus sempervirens - 14
X80866 O. platani France London Plane Platanus acerifolia - 14
X80867 Eot. coryli France Common Hazel Corylus avellana - 14
X80868 P. ulmi France Apple Malus domestica - 14
X80869 P. citri France Cherry Laurel Prunus laurocerasus - 14
X80870 Petrobia harti France Wood sorrel Oxalis spec. - 14
X80871 B. kissophila France Ivy Hedera helix - 14
X80872 Euryt. buxi France Boxwood Buxus sempervirens - 14
X99873 A. quercivorus1 Japan Mongolian Oak Quercus mongolica - 15
X99874 22 A. quercivorus1 Japan Mongolian Oak Quercus mongolica - 15
X99875 22 A. viennensis2 Japan Yoshino Cherry Prunus yedoensis - 16
T. gloveri T. gloveri Tahiti Taro Colocasia spec. - 14
NL1 1 - NL European Spindle Euonymus europaeus - 17
NL2 1 - NL European Honeysuckle Lonicera periclymenum - 17
F1 1 - France Blackthorn Prunus spinosa - 17
T1 1 - Unknown Cucumber Cucumis sativus - 17
T2 1 - NL Rose Rosa spec. - 17
VS4-1 23 - USA (AZ) Unkown Unknown - 17
P4 23 - Portugal Citrus Citrus spec. - 17
S12 24 - Spain Orange Citrus spec. - 17
PL4-1 25 - Poland Plumb Prunus spec. - 17
1 Wrongly submitted sequences (see text)
2 Submitted as T. viennensis, renamed as A. viennensis (Navajas et al. 1994)
References: 1. Toda et al. 2000; 2. Hinomoto et al. 2001; 3. Hinomoto and Takafuji 2001; 4. Unpublished 1; submitted by Takafuji et al. 29-Jan-
02; 5. Unpublished 2; submitted by Hinomoto and Takafuji, 7-Aug-03; 6. Lee et al. 1999; 7. Navajas and Boursot 2003; 8. Unpublished 3; submit-
ted by Hong et al., 10-Jul-01; 9. Rodrigues et al. 2004; 10. Xie et al. 2006a; 11. Unpublished 4; Hong and Xie (and others), 7-Mar-06; 12. Fournier
et al. 1994; 13. Navajas et al. 1994; 14. Navajas et al. 1996b; 15. Navajas et al. 1997; 16. Navajas et al. 1998; 17. This study.
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ABSTRACT

Obligate asexual reproduction is rare in the animal kingdom. Generally, asexu-
als are considered evolutionary dead ends that are unable to radiate. The phy-
tophagous mite genus Bryobia contains a large number of asexual species. In
this study, we investigate the origin and evolution of asexuality using samples
from 111 populations in Europe, South Africa and the USA, belonging to
eleven Bryobia species. We also examine intraspecific clonal diversity for one
species, B. kissophila, by genotyping individuals from 61 different populations.
Knowledge on the origin of asexuality and on clonal diversity can contribute to
our understanding of the paradox of sex. The majority (94%) of 111 sampled
populations reproduces asexually. Analysis of part of nuclear 28S rDNA shows
that these asexuals do not form a monophyletic clade. Analysis of the mito-
chondrial COI region shows that intraspecific variation is extensive (up to
8.8%). Within B. kissophila, distinct clades are found, which are absent at the
nuclear 28S rDNA level. Moreover, paraphyletic patterns are found at the mito-
chondrial DNA. Asexuality is widespread in the genus Bryobia, signifying that
some animal taxa do contain a high number of asexuals. We argue that asexu-
ality originated multiple times within Bryobia. Wolbachia bacteria cause asexuali-
ty in at least two Bryobia species and may have infected different species inde-
pendently. The high intraspecific clonal diversity and the patterns of paraphyly
at the mitochondrial DNA in B. kissophila might be explained by a high muta-
tion fixation rate and past hybridization events. Reproductive parasites like
Wolbachia and Cardinium might influence these processes. We discuss the role
these bacteria could play in the evolutionary success of asexual species.

BMC Evolutionary Biology 2008, 8:153
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INTRODUCTION

Asexual taxa are found across the eukaryotic tree of life: many plant, fungal,
and animal taxa contain asexual lineages. In most cases however, this asexuali-
ty is facultative: apparent asexual species do have sex now and then. Obligate
asexuality is less widespread. In the animal kingdom less than 1% of all species
reproduce strictly asexually (Burt 2000). The distribution of these asexuals is
‘tippy’: most asexuals are found as single branches on the tips of the tree,
branching off from closely related sexual species (Burt 2000; Butlin 2002). Fully
asexual taxa contain few species. Apparently, asexual species can survive in the
short-term, but are doomed to extinction in the long-term.

Asexual reproduction has short-term advantages compared to sexual repro-
duction. In a sexual population females will produce both sons and daughters,
but in an asexual population females will produce only daughters. An asexual
population has therefore twice the growth rate of a sexual population (assum-
ing a sexually reproducing population with an equal sex ratio and with males
contributing nothing but gametes to the offspring). In other words, there is a
two-fold cost of sexual reproduction (Maynard Smith 1971, 1978). Besides this
two-fold cost, there are other costs related to sexual reproduction: costs of
finding a mate, of sexually transmitted diseases or selfish genetic elements, or
of the act of sex itself (Crow 1999). Despite these costs, sex is widespread (the
‘paradox of sex’). General explanations for this paradox 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
(reviewed in, e.g., Michod and Levin 1988; Hurst and Peck 1996; Barton and
Charlesworth 1998; Burt 2000; Otto and Lenormand 2002; de Visser and Elena
2007). This is why asexuals are considered short-lived evolutionary ‘dead ends’
with limited adaptive potential (Bell 1982; Judson and Normark 1996; Burt
2000). It also explains the sporadic and low-level phylogenetic distribution of
obligate asexual lineages. An exception to this pattern are a few groups that
have been reproducing exclusively asexually for a long evolutionary time, like
the bdelloid rotifers (Mark Welch and Meselson 2000), darwinulid ostracods
(Martens et al. 2003; but see Smith et al. 2006), and oribatid mites (Maraun et
al. 2003; Heethoff et al. 2007).

The phytophagous spider mite genus Bryobia (Acari: Tetranychidae) con-
tains both asexually (thelytokous) and sexually (arrhenotokous) reproducing
species. The genus is poorly studied and phylogenetic relationships are
unknown. Species are described on the basis of morphology and host plant
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associations (e.g., van Eyndhoven and Vacante 1985; Smith Meyer 1987).
However, suitable morphological characters are rare in these tiny mites and this
severely limits identification. In addition, host plant associations are generally
considered unsuitable as primary input for species identification (Menken
1996). Bolland et al. (1998) list over 130 species names, but these are likely to
include synonyms and overlapping species descriptions, as such descriptions are
often based on morphological descriptions of quantitative characters (e.g., body
size, number and length of setae) in single, locally occurring mites. Nonetheless,
for the majority of described species, no males have been reported and females
reproduce asexually through thelytokous parthenogenesis (Helle and Sabelis
1985), indicating that asexuality is widespread in this genus.

Parthenogenesis in at least two asexual Bryobia species is caused by the bac-
terial endosymbiont Wolbachia (Weeks and Breeuwer 2001). Wolbachia are repro-
ductive parasites that enhance their own transmission by manipulating the repro-
duction of their host, resulting in an increased number of infected females (for
a review see Stouthamer et al. 1999). Wolbachia were detected in four additional
asexual Bryobia species, but the causal effect was not established (Weeks and
Breeuwer 2001). In addition, Weeks and Breeuwer (2001) showed that the
parthenogenesis is functionally apomictic, as heterozygosity is maintained.

The occurrence of many asexuals in one genus is rare and raises questions
about the origin and evolution of the asexual lineages. One way to address such
questions is using a phylogenetic approach (e.g., Domes et al. 2007). Suppose a
phylogeny shows that asexuals occur as single lineages among sexual sister
groups, indicating that they are ‘evolutionary dead ends’ that are unable to radi-
ate. Then, the most likely explanation is multiple (and recent) origins of asexu-
ality. On the contrary, if all asexuals form a monophyletic group, the most like-
ly explanation would be a single and older origin with subsequent radiation of
asexuals, a phenomenon that has rarely been found for asexuals (Butlin 2002).

In this study, we investigate the phylogenetic history of asexual reproduc-
tion in the genus Bryobia. Also, we examine intraspecific clonal variation by ana-
lyzing samples collected on a large geographic scale. Generally, clonal species
are thought to harbor little genetic diversity. This approach provides the frame-
work for investigating the evolution of asexuality and host plant specificity
across the genus. We use a combination of mitochondrial (the cytochrome oxi-
dase c subunit I gene, COI) and nuclear (the 28S rDNA gene) sequence data for
inferring species relationships. Combining nuclear and mitochondrial data is
desirable for detecting processes such as hybridization and hitchhiking.
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MATERIALS AND METHODS

SA MPLI NG AND DNA EX TRACT ION

We sampled Bryobia mites from 111 different locations (populations) between
May 2000 and September 2006 (see APPENDIX 1 and 2 for details on Bryobia
samples). This collection comprised samples from a wide range of host plant
species (at least 12 different host plant genera in six families) in 14 different
countries in Europe. We investigated intraspecific variation in one species (B.
kissophila) by analyzing 61 populations across 12 different European countries.
Additionally, we included samples from South Africa (one population) and the
USA (two populations). As an outgroup reference, we sampled ten European
and two Chinese Petrobia spp. (Acari: Tetranychidae) populations. Bryobia and
Petrobia both belong to the subfamily Bryobiinae of the Tetranychidae (Bolland
et al. 1998). Mites were either directly used or stored in 96% ethanol until DNA
extraction. Mites were morphologically identified by Dr. F. Faraji (Mitox,
Amsterdam, The Netherlands) and Dr. E. Ueckerman (PPRI, Pretoria, South
Africa). However, not all samples could be identified morphologically.
Currently, few morphological keys for distinguishing Bryobia species exist, but
none of these includes all described species and all are developed for identify-
ing locally occurring mites only [Smith Meyer 1974, 1987 (South Africa);
Hatzinikolis and Emmanouel 1991 (Greece); Manson 1967 (New Zealand);
Tuttle and Baker 1968 (USA)]. Voucher specimens will be stored at the
Zoological Museum of the University of Amsterdam (ZMA). DNA was
extracted from single mites using the CTAB extraction method as previously
described (Ros and Breeuwer 2007). Adult females as well as males, if present,
were used.

SPEC I ES IDENTIFICATION

Samples were identified to the species level using morphological keys. Bryobia
sarothamni Geijskes, B. rubrioculus (Scheuten), B. berlesei van Eyndhoven, B. prae-
tiosa Koch, and B. kissophila van Eyndhoven were identified based on morphol-
ogy. Samples that could not be morphologically identified were a posteriori
named B. spec. I-VII, based on molecular phylogenetic analysis. The latter des-
ignations will be maintained throughout the article, although the exact species
status remains to be determined (see discussion). In addition, we sampled mites
from the related genus Petrobia. These were identified as Petrobia tunisea and P.
harti. Other Petrobia samples were a posteriori named P. spec. I and P. spec. II.
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(A)SEXUALITY OF SP ECIES

Where possible, field-collected females were reared as isofemale lines in the lab-
oratory. In this way the reproductive mode could be assessed. Strains, in which
males were neither observed in the cultures, nor encountered in the field, were
classified as asexual. Males are easily recognized by their smaller body size and
extremely long front legs (up to two times their body size) compared to females,
and by their mating behavior (Helle and Sabelis 1985). Additionally, the lower
part of the abdomen is V-shaped in males, while it is circular in females. For
those species that were not reared in the lab, the occurrence of males in the col-
lected field samples was assessed (TABLE 1). If males were encountered, the
clade was considered to reproduce sexually; if not, the clade was classified as
asexual.
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assessed by determining the presence of males directly in field samples only (field), or
in combination with laboratory cultures initiated with field samples (culture). A=asex-
ual, S=sexual. N indicates the total number of individuals investigated (in cases where
males were counted from field samples only). *=mode of reproduction is uncertain
because of the small sample size.

Species Reproductive mode Method Males present N

B. berlesei A culture no

B. kissophila A culture no

B. praetiosa A culture no

B. rubrioculus A culture no

B. sarothamni S culture no

B. spec. I A culture no

B. spec. II A field no 31

B. spec. III A field no 16

B. spec. IV S field yes 12

B. spec. V A culture no

B. spec. VI A field no 31

B. spec. VII A field no 14

P. harti S field yes 58

P. tunisea S field yes 94

P. spec. I A/S* field no 4

P. spec. II A culture no



PCR A MP L IFICATION AND SEQUENCING

Part of the mitochondrial COI gene was amplified using various primer com-
binations (as individual primer sets did not work for all species) (TABLE 2). Two
primers were adjusted based on sequences form other tetranychid taxa available
from GenBank (TABLE 2). Depending on the primer combination, a fragment
of 410-867 basepairs (bp) was obtained. A fragment of 410 bp, amplified by
the primers COI_F1 and COI_R1 (TABLE 2; Navajas et al. 1994), was used in
subsequent analyses. PCR conditions for COI were as described in Ros and
Breeuwer (2007). For one individual of each COI haplotype, the 5’ end of the
nuclear 28S rDNA (the D1 region) was amplified (see APPENDIX 1 and 2). This
region is generally less variable than the mitochondrial COI region (Sonnenberg
et al. 2007) and therefore, samples with identical COI haplotypes were assumed
to have an identical 28S haplotype. However, several processes might violate
this assumption (see discussion). The validity of the assumption was therefore
investigated by sequencing more than one individual per COI haplotype in sev-
eral cases (see APPENDIX 1 and 2). PCR reaction mix was the same as for COI
(Ros and Breeuwer 2007), except that no additional MgCl2 was added. PCR
cycling conditions for 28S were 2 min. at 94 ºC, followed by 35 cycles of 40 s
at 94 ºC, 40 s at 48 ºC, and 90 s at 72 ºC, and a final extension at 72 ºC for 5
min. A negative control in which water was added instead of DNA was includ-
ed in all PCR reactions. Products were visualized on a 1% agarose gel stained
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TABLE 2 – Primers used for amplification and sequencing of part of the COI and 28S
D1 region. The position of the COI primers on the COI gene is listed, position num-
bers correspond to the Drosophila melanogaster mitochondrial DNA sequence
[GenBank:U37541]. The fragment between primers F1 and R1 (410 bp) was used for
analyses in this study.

Primer Sequence 5’ to 3’ Reference Position

COI_F1 TGATTTTTTGGTCACCCAGAAG Navajas et al. 1994 2173

COI_F2 AAGAGGAGGAGGAGACCCAA Hinomoto & Takafuji 2001 2133

COI_F3 WGTHTTAGCAGGAGCAATTACWAT modified from Toda et al. 2000; 2067

Zhang & Hewitt 1997

COI_F4 GGAGGATTTGGAAATTGATTAGTTCC Navajas et al. 2003 1693

COI_R1 TACAGCTCCTATAGATAAAAC Navajas et al. 1994 2605

COI_R2 AAWCCTCTAAAAATRGCRAATACRGC modified from Hinomoto & Takafuji 2001 2620

28S_D1_F ACCCSCTGAAYTTAAGCAT Brown et al. 1999

28S_D1_R AACTCTCTCMTTCARAGTTC Brown et al. 1999



with ethidium bromide in 0.5X TBE buffer (45 mM Tris base, 45 mM boric
acid, and 1 mM EDTA; pH 8.0).

PCR products were purified using a DNA extraction kit (Fermentas, St.
Leon-Rot, Germany). The purified products were directly sequenced using the
ABI PRISM BigDye Terminator Sequence Kit (Applied Biosystems,
Nieuwerkerk a/d IJssel, The Netherlands) according to the manufacturer’s
instructions but diluted 16 times. Both strands of the products were sequenced
using the same primers as in the PCR amplification. Sequences were run on an
ABI 3700 automated DNA sequencer. Sequences were checked visually for
ambiguous nucleotides (double peaks) and the presence of stop codons.
Sequences of representatives of all haplotypes were submitted to GenBank (see
APPENDIX 1 and 2 for GenBank accession numbers).

DATA A NALYSIS

Sequences were aligned using ClustalX version 1.8.0 with default settings
(Thompson et al. 1994). Analyses were performed for the 28S and COI datasets
separately. PAUP* version 4.0b10 (Swofford 2002) and DAMBE version 4.1.15
(Xia and Xie 2001) were used to calculate numbers of variable sites, uncorrect-
ed pairwise divergences, nucleotide composition, and transition and transver-
sion ratios. PAUP was used to perform a chi-square test of base frequency
homogeneity across all taxa.

Phylogenetic analyses were performed using Neighbour-Joining (NJ),
Maximum Likelihood (ML), and Bayesian methods. Both PAUP and Modeltest
3.6 (Posada and Crandall 1998) were used to select the optimal evolution
model. The selected model was further optimized by critically evaluating the
selected parameters (Swofford and Sullivan 2003) using the Akaike
Information Criterion (AIC; Akaike 1974). For 28S, a submodel of the
GTR+G (General Time Reversible model with gamma distributed rate hetero-
geneity among sites) with a rateclass ‘a b c a b d’ had the highest likelihood
score (i.e., the lowest -ln likelihood score) (AIC). Because COI is a protein cod-
ing gene, we tested if the likelihood of models could be further improved by
incorporating specific rates for each codon position (Shapiro et al. 2006). Using
this approach, the Transition model (TIM) with site specific rates for the three
codon position was selected for COI. Under the selected models, parameters
and tree topology were optimized using the successive approximations
approach (Sullivan et al. 2005). NJ analyses (p-distances) and ML analyses
(heuristic search, random addition of sequences with five replicates, TBR
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branch swapping, and a reconnection limit of 10 for COI analysis) were per-
formed in PAUP. Robustness of nodes was assessed with 1,000 NJ- resp ML-
bootstrap replicates. However, as PAUP does not allow for site-specific rates in
bootstrap analysis, ML bootstrapping for COI was performed with gamma dis-
tributed rates, with 100 bootstrap replicates. Bootstrap values were then plot-
ted on the phylogeny obtained with the TIM model with site specific rates.
Bayesian analyses were performed as implemented in MrBayes 3.1.2 (Ronquist
and Huelsenbeck 2003). For 28S we used a GTR+G model; for COI we used
a GTR model with separate rates for each codon position. Analyses were initi-
ated form random starting trees. Two separate MCMC (Markov chain Monte
Carlo) runs, each composed of four chains (one cold and three heated), were
run for 2 million generations. The cold chain was sampled every 100 genera-
tions, the first 5,000 generations were discarded afterwards (burn-in of 25%).
Posterior probabilities were computed from the remaining trees. We checked
whether the MCMC analyses ran long enough using the program AWTY (Are
We There Yet?) (Wilgenbusch et al. 2004). Stationarity was assumed when there
was convergence between the two MCMC runs and when the cumulative pos-
terior probabilities of splits stabilized; in both analyses 2 million generations
proofed sufficient. The final trees were rooted using four species of the genus
Petrobia as outgroup.

TEST O F MONOP HYLY

The COI phylogeny depicts B. kissophila as a paraphyletic species (see results).
We tested if a phylogeny with B. kissophila as a monophyletic group is signifi-
cantly less likely than the presented phylogeny by performing a Kishino-
Hasegawa test (KH-test; Kishino and Hasegawa 1989) and a Shimodaira-
Hasegawa test (SH-test; Shimodaira and Hasegawa 1999) as implemented in
PAUP. First, we performed a constrained heuristic search (B. kissophila as a
monophyletic clade; search settings same as without constraint). The KH- and
SH-test were used to test for significant differences between the likelihood
scores of the trees (unconstrained and constrained). We used a one-sided KH-
test to correct for comparing an a priori-specified phylogeny (the constrained
tree) with an a posteriori-specified phylogeny (the ML tree) (Goldman et al.
2000). We also tested for monophyly of all asexual respectively sexual species
using the same approach (constrained search with asexuals resp. sexuals as a
monophyletic clade).
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RES ULTS

PATTERNS OF M OL ECU LAR EVOLUT ION

The 28S D1 f ragment
The 28S D1 fragment could be amplified in all but one Bryobia species (ampli-
fication in B. spec. II failed). No signs of ambiguity were found and intraspe-
cific variation was absent or very low (0-1%), indicating that intra-individual
variation is absent for 28S D1 (which is a multiple copy gene). Therefore, it was
decided not to clone the PCR products before sequencing. The length of the
amplified 28S fragment was 356 bp. This included the D1 region (168 bp) and
its flanking regions (79 bp before and 109 bp after the D1 region) (Schmitz and
Moritz 1998). Of the 356 sites, 60 sites were phylogenetically informative, 20
sites variable but uninformative, and 276 sites were constant. In two species (B.
sarothamni and B. spec. VI) an insert of 1 bp was found. All sequences could be
unambiguously aligned. On average, across all Bryobia taxa, the AT content was
54% (33% A, 21% T, 19% C, and 27% G), i.e., an unbiased basepair composi-
tion. A chi-square test of base frequency homogeneity revealed no significant
differences in basepair composition across taxa (FIGURE 1a). The extent of sat-
uration was assessed by plotting the transition and transversion rates against the
uncorrected p-distance divergences (FIGURE 2a). Transitions outnumbered
transversions as the divergence time increased and both did not reach a plateau.
This observation, plus the fact that the basepair composition was unbiased,
indicates that saturation is absent and that this fragment can be used for phy-
logeny reconstruction.

The COI f ragment
The length of the amplified COI region ranged from 410 to 867 bp (depend-
ing on the choice of primer combinations); a homologous 410 bp fragment
(TABLE 2) was used for subsequent analyses. All sequences could be unambigu-
ously aligned; no insertions or deletions were found. Translation of the
sequences into amino acids revealed no stop codons. Of the 410 sites, 142 sites
were phylogenetically informative, 10 sites were variable but uninformative, and
258 sites were constant. On average, across all Bryobia taxa, the AT content was
73% (29% A, 44% T, 12% C, and 15% G). This AT bias is comparable to that
found for other Tetranychidae (Ros and Breeuwer 2007) or for insects (Lunt et
al. 1996). However, the bias in base composition was not uniformly distributed
over codon positions (FIGURE 1b). First, second, and third codon positions
showed AT biases of 65, 63, and 91%, respectively. In some haplotypes, the G
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base was entirely absent at the third codon position. A chi-square test of base
frequency homogeneity revealed no significant differences across taxa for the
overall data set or for the three base positions separately (FIGURE 1b).
Transversions outnumbered transitions as the divergence time increased, pre-
dominantly at the third codon position (FIGURE 2b and 2c). This indicates sat-
uration, although the transversion rate did not reach a plateau yet. The extreme-
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FIGURE 1 –Base composition, averaged over all Bryobia samples, of a) the 28S region
and b) the COI region. Error bars depict minimum and maximum values. Results of
the homogeneity test are given below the graphs. For the COI region, data are shown
for each codon position separately and for the three positions together.
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FIGURE 2 –Saturation plots of a) transition and transversion rates against uncorrected
p-distance for the 28S region and b) transition and c) transversion rates against uncor-
rected p-distance for each codon position separately for the COI region.
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ly biased base composition combined with saturation at the third codon posi-
tion severely limits the use of this COI region for resolving phylogenetic rela-
tionships, especially at deeper nodes. Exclusion of the third codon position did
not result in a better resolution because variation at the first and second codon
position was very low. A high AT content and the resulting limited phylogenet-
ic resolution for the COI region was also found for other tetranychid mites (Ros
and Breeuwer 2007) as well as for parasitengona mites (Söller et al. 2001) and
velvet worms (Onychophora) (Gleeson et al. 1998).

28S PHYLOGENY

FIGURE 3 shows the ML phylogeny reconstructed from the 28S D1 fragment,
with ML bootstrap values and Bayesian posterior probabilities. Identical
topologies were obtained from the different analyses (NJ, ML and Bayesian).
The resulting phylogeny is well-resolved. Populations belonging to a single lin-
eage have different geographic origins and are invariably found on the same
host plant species or group of host plant species. This indicates that each
species has a strong host plant association. Certain species group together, and
this grouping is again linked to related host plant species. Bryobia berlesei, B.
sarothamni, B. spec. III, and B. spec. VI form a monophyletic group (bootstrap
value 77%) and are all found on host plant species of the Fabaceae, tribe
Genisteae. Bryobia species found on host plant species of the tribe Genisteae
have been named the Berlesei group (van Eyndhoven and Vacante 1985).
Closely related to this group are B. kissophila and B. praetiosa, although exact rela-
tionships remain unresolved (low bootstrap values). Bryobia kissophila is restrict-
ed to Hedera helix (Ivy), whereas B. praetiosa is found on grasses and herbaceous
plant species growing along road sides. Samples from rosaceous fruit tree
species also form a monophyletic group (bootstrap value 100%). Here, three
haplotypes are distinguished. The p-distances between these haplotypes are low
(0.6-1.0%) and these haplotypes most likely all concern B. rubrioculus. All afore-
mentioned species group together (bootstrap value 64%) and are clearly sepa-
rated from another group of species collected from grasses and herbs (B. spec.
I, B. spec. V, and B. spec. VII) and Malva spec. (B. spec. IV). Average distances
between Bryobia species range from 1.7 to 11.5%.

COI PHY LOGENY

FIGURE 4 shows the ML phylogeny reconstructed from the COI fragment, with
ML bootstrap values and Bayesian posterior probabilities. NJ, ML, and Bayesian
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analyses show identical topologies. The COI region is more variable than the
28S D1 region, with interspecific distances ranging from 7.5 to 16.8%. The ML
phylogeny reconstructed from COI sequences shows clustering of haplotypes
into distinct clades (FIGURE 4), which in most cases correspond to the 28S lin-
eages found. Clades found for COI are well supported; however, the phyloge-
netic relationships between these clades remain largely unresolved. Therefore,
higher-level groupings (e.g., the Berlesei group) are less pronounced than for
28S. The wide sampling of B. kissophila revealed a large amount of intraspecif-
ic variation. Samples from 61 populations cluster into four different clades
(named A-D in FIGURE 4). Average pairwise distances between these clades
range from 5.5 to 8.8%. Clade B is the largest, covering samples from all over
Europe. Samples of clade A fall within the geographical range of clade B (clade
A contains one French and two Dutch populations). Clade C is comprised of
populations from the USA and clade D of populations from Spain and
Portugal (note however that the sampling intensity in clade C is low).

Based on the COI sequences, B. kissophila is paraphyletic; B. praetiosa forms
a monophyletic group, which is nested within the B. kissophila clades. The same
topology is supported by the NJ and Bayesian analysis (data not shown).
However, the KH-test and SH-test do not reject a topology with a monophylet-
ic B. kissophila clade (P=0.51 for both tests), so paraphyly of B. kissophila is not
well supported. All B. kissophila COI clades share the same 28S haplotype,
which differs 1.7% from B. praetiosa. Nucleotide differences between B. praetiosa
and the four B. kissophila clades range from 5.1 to 5.9% and are thus smaller
than those among B. kissophila clades (5.5 to 8.8%).

For all species except B. rubrioculus, all COI haplotypes found within the var-
ious species clades share an identical 28S haplotype. The assumption that sam-
ples with identical COI haplotypes have an identical 28S haplotype proved also
to be true in cases where this was tested. In B. rubrioculus, however, this assump-
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FIGURE 3 – Maximum likelihood tree of the genus Bryobia and four outgroup species
of the genus Petrobia for the nuclear rDNA 28S D1 region. For each haplotype (branch
tip) samples sharing that haplotype are given (see APPENDIX 1 and 2 for abbreviations
and sample details). Clades are colored according to their host plant association (see
legend at the bottom). Clades are followed by the mode of reproduction (A=asexual,
S=sexual) and presumed species name. Numbers above branches indicate the percent-
age bootstrap values based on 1,000 replicates, numbers below branches depict
Bayesian posterior probabilities (only values larger than 50 (ML) and 0.50 (Bayesian) are
indicated). The bar at the bottom indicates a branch length of 10% likelihood distance.
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tion was violated, as two samples sharing the same COI haplotype (NL16 and
GR5) have different 28S haplotypes (distances between 0.6 and 1.0%).

PHYLOGENETIC DISTRIBU TION OF ASEXUALIT Y

Despite extensive sampling, from different host plant species in various coun-
tries, only seven out of 111 sampled populations contained males (6%). These
samples concern two species: B. spec. IV and B. sarothamni. All other popula-
tions reproduced asexually, indicating that asexuality is widespread in the genus
Bryobia (TABLE 1). In the 28S phylogeny, the asexual species do not form a
monophyletic clade. This is supported by the KH- and SH-test: a phylogeny
enforcing asexuals as a monophyletic clade is significantly different from the
maximum likelihood phylogeny (P=0.002 for both tests). The two sexual
species form two apical branches within different asexual clades. This pattern
does not support the general observation that each asexual species forms a sin-
gle apical branch with a sexual sister species. The observed patterns indicate
either a single origin of asexuality with subsequent reversals to sexuality or mul-
tiple origins of asexuality. Unfortunately, the observed patterns in the 28S phy-
logeny could not be confirmed by the COI phylogeny, which is unresolved at
deeper branching patterns due to saturation.

DIS CUSSION

We present a detailed study of the genus Bryobia, using samples collected from
a wide range of host plants across Europe. Our phylogenetic approach shows
several distinct clades or lineages, supported by both nuclear 28S and mitochon-
drial COI data. For those species that could be morphologically identified, these
clades are consistent with morphological data. Other clades are tentatively
named B. spec. I-VII. Except for B. spec. IV these species all reproduce asexu-
ally. The assessment of species in asexual taxa is problematic, as the biological
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FIGURE 4 – Maximum likelihood tree of the genus Bryobia and four outgroup species
of the genus Petrobia for part of the mitochondrial COI region. For each haplotype
(branch tip) samples sharing that haplotype are given (see APPENDIX 1 and 2 for abbre-
viations and sample details). Clades are colored according to their host plant associa-
tion (see legend in FIGURE 3). Clades are followed by their presumed species name.
Clades of B. kissophila are coded as A-D. Numbers above the branches indicate the per-
centage bootstrap values based on 100 replicates, numbers below branches depict
Bayesian posterior probabilities (only values larger than 50 (ML) and 0.50 (Bayesian) are
indicated). The bar at the bottom indicates a branch length of 10% likelihood distance.



species concept is not applicable and each clonal lineage can be considered as
a single species. However, Fontaneto et al. (Fontaneto et al. 2007) showed that
even in ancient asexual bdelloid rotifers, well-separated genetic clusters are
found. In the genus Bryobia we find distinct phylogenetic entities, here tentative-
ly labeled with different species names. Most species are restricted to a single
host plant species (FIGURES 3 and 4). Bryobia kissophila, B. spec. III, B. berlesei, B.
sarothamni, and B. spec. IV are each restricted to a specific host plant species and
are thus true specialists. Furthermore, B. rubrioculus is restricted to rosaceous
fruit tree species. However, different species may co-occur on a single host
plant species. For example, both B. sarothamni and B. berlesei are found on com-
mon broom (Cytisus scoparius). Also B. spec II and B. spec VI are found on
broom-like species, although they might each be restricted to a different broom
species (van Eyndhoven and Vacante 1985). Finally, four species (B. praetiosa, B.
spec. I, spec. V, and B. spec. VII) are more generalistic, feeding on several host
plant species belonging to different families. The high level of specificity found
for most Bryobia species contrasts with findings of Groot (2006), who showed
that three asexual species of Brevipalpus mites were host plant generalists, found
on over 30 different host plant species with several host plant species shared
among species. With an intensive sampling effort, including samples form a
wide geographic area and a variety of host plants, we sampled 12 Bryobia
species. This is in contrast with the total number of described species [see com-
pilation by Bolland et al. (1998)]. We think that the number of species listed
might be an overestimation due to the general lack of informative morpholog-
ical characters for reliable species identification and the existence of synony-
mous species names – similar individuals collected from different geographic
areas or host plants have been given different species names.

Below, we will first discuss the high levels of intraspecific clonal diversity
found for B. kissophila and subsequently we will focus on the origin and evolu-
tion of asexuality within the genus Bryobia.

CLO N A L DIVERSITY

Extensive sampling of B. kissophila shows that intraspecific diversity at COI is
very large. Four clades (A-D) are distinguished, with interclade distances rang-
ing from 5.5 to 8.8%. Clade (B) is the largest clade and comprises populations
from all over Europe. Two other clades (C and D) are linked to geographically
different areas (USA and Iberian Peninsula, respectively). The fourth clade (A)
contains three populations from areas within clade B.
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Intraspecific COI differences between some B. kissophila clades are larger
than interspecific distances between B. kissophila and B. praetiosa. In the phylo-
genetic tree (NJ, ML, and Bayesian analyses) B. kissophila, which is only found
on Hedera helix, forms a paraphyletic species: B. praetiosa falls within the B.
kissophila clade. However, bootstrap support is not very high and a KH- and
SH-tests do not exclude monophyly of B. kissophila. Still, the overlapping range
of inter- and intraspecific divergence is remarkable. Intraspecific differences are
much higher than values found in for example asexual Brevipalpus mites (Acari:
Tenuipalpidae). In this mite genus intraspecific ML distances range between 1.9
to 4.3% for the same COI region (Groot 2006). Extremely high intraspecific
differences (up to 20.9%) were found between sexual and asexual lineages of
the ostracod Eucypris virens (Schön et al. 2000).

There are several hypotheses that could explain this high level of intraspe-
cific diversity in asexual species. Clonal diversity can originate in at least three dif-
ferent ways (Butlin et al. 1999): 1) through separate and recurrent origin of
clones from a sexual ancestor, 2) through hybridization between asexual females
with males (either from the same or from other species), or 3) through mutation.
Separate origins of clones from a sexual ancestor is often found in species with
mixed reproduction (sexual as well as asexual lineages), where asexual clones are
continuously formed over time (Schön et al. 2000). Mixed reproduction is absent
in B. kissophila, because the whole species is asexual. It is still possible that the
different asexual clones independently originated from a highly variable sexual
ancestor (Vrijenhoek 1998) and that ancestral mitochondrial polymorphism is
maintained. This would, however, result in a correlation between the nuclear and
mitochondrial phylogeny. The fact that the distinction between B. kissophila and
B. praetiosa (1.7% difference) at the nuclear 28S locus is not supported by the
mitochondrial COI phylogeny is not consistent with the above expectation.

Hybridization as a current source of clonal diversity, is not very likely
because males are completely absent in B. kissophila as well as in B. praetiosa.
Males have never been observed in cultures or in the field. Moreover, Weeks
and Breeuwer (2001) showed that males obtained after antibiotic treatment do
not successfully mate with females. Furthermore, although males do exist in
other species, these species are restricted to very different host plant species.
On the other hand, hybridization might have occurred in the past before the
origin or fixation of asexuality. Then, the phylogenetic pattern we currently
observe is simply a reflection of the relatively recent fixation of asexual repro-
duction in different lineages.
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Finally, mutations could explain part of the clonal diversity. We observed
high levels of intraspecific diversity at the mitochondrial level, but almost none
at the nuclear level. High levels of intraspecific mitochondrial COI diversity
either signify a long history of asexuality or an elevated rate of mutations at the
mitochondrial DNA. In the case of a long asexual history, divergence at nuclear
genes is also expected, and alleles within an individual would eventually diverge
over time (Meselson effect; Mark Welch and Meselson 2000). However, if gene
conversion occurs during meiosis, divergence at nuclear genes can be reduced or
absent. Although heterozygosity is maintained in Bryobia, indicating that
parthenogenesis is functionally apomictic (Weeks and Breeuwer 2001), the
mechanism of parthenogenesis is unknown. Maintenance of heterozygosity can
be achieved by strictly apomictic parthenogenesis (no meiosis) or by premeiotic
doubling. Only in the latter case, meiosis is present, and gene conversion can
take place. It is unclear whether parthenogenesis in Bryobia involves meiosis, and
at this moment we can not distinguish between the alternative explanations.

Reproductive parasites like Wolbachia and Cardinium can influence processes
like hybridization and fixation of mutations and can therefore have a large impact
on clonal diversity. They can cause selective sweeps of mitochondrial DNA,
which increase the rate of fixation of mutations. Selective sweeps can either
decrease (homogenization of mitochondrial variation in a population) or increase
(when a species is infected with different bacterial strains each linked to a mito-
chondrial haplotype) genetic variation (Hurst and Jiggins 2005). The pattern we
found for B. kissophila, with distinct mitochondrial clades with high interclade
divergence, was also found in Drosophila simulans (Ballard et al. 2002; Dean and
Ballard 2005). In D. simulans these mitochondrial clades were most likely associat-
ed with different Wolbachia strains. Selective sweeps combined with hybridization
between different species can also cause homogenization of species after a
hybridization event, when the parasites spread and drag along the associated
mitochondrial haplotype. This can result in paraphyletic patterns at the mitochon-
drial DNA. Such mitochondrial introgression patterns have indeed been found in
several closely related species of Drosophila (Rousset and Solignac 1995; Ballard
2000) and in species of the blowfly genus Protocalliphora (Whitworth et al. 2007).
Wolbachia are present in both B. kissophila and B. praetiosa (Weeks and Breeuwer
2001). It is possible that the different haplotypes observed within B. kissophila are
a consequence of selective sweeps caused by different Wolbachia strains.
Additionally, interspecific transfer of mitochondrial DNA from B. kissophila to B.
praetiosa could also explain the paraphyly observed for B. kissophila and B. praetiosa.
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In conclusion, both mutations and hybridization can explain the clonal
diversity and paraphyletic patterns in B. kissophila and B. praetiosa and both
processes are possibly driven by reproductive parasites. These processes might
cause similar divergence patterns in other Bryobia species and explain incongru-
encies between 28S and COI phylogenies for B. rubrioculus as well.

The observed high levels of intraspecific variation at the COI gene have
serious consequences for the use of COI as a tool for identifying species (DNA
barcoding; Hebert et al. 2003, 2004). Although the region we investigated is a
different COI fragment than is usually used in barcoding studies (the Folmer
fragment; Folmer et al. 1994), a similar pattern may be expected for the total
COI gene (Ros and Breeuwer 2007). DNA barcoding assumes that intraspecif-
ic variation is lower than interspecific variation. A standard threshold of 2%
divergence for identifying species has been proposed (Hebert et al. 2003). With
intensive intraspecific sampling over a wide geographic range we demonstrated
that intraspecific variation can be extensive and easily exceeds interspecific dif-
ferences, thus undermining current barcoding assumptions. Similar high levels
of intraspecific variation are not restricted to Bryobia mites but were also
observed in other tetranychid mites (Ros and Breeuwer 2007).

ORI G I N OF ASEX UALITY

The 28S phylogeny shows that the asexual Bryobia species do not form a mono-
phyletic clade (FIGURE 5). This implies two possible scenarios for the origin of
asexuality in the genus: 1) asexuality originated once, with subsequent radiation
of asexuals and at least two independent reversals to sexuality, or 2) asexuality
originated multiple times (at least seven times; FIGURE 5). The first scenario is
the most parsimonious, because only three transitions (one from sexual to asex-
ual, and two from asexual to sexual) are needed instead of seven (sexual to asex-
ual) to explain the observed phylogenetic pattern. However, there are several
arguments against this scenario.

First, reversals to sexuality are less likely than origins of asexuality. Once a
species becomes strictly asexual, mutations are expected to accumulate in traits
involved in sexual reproduction (Birky 1999; Butlin 2002; Normark et al. 2003)
and the capacity to produce sexually is lost very quickly. This process will also
operate in species where asexuality is caused by bacteria. In species with bacte-
rial-induced asexuality, including B. praetiosa, experiments have shown that
females fail to reproduce sexually after removal of the bacteria (Weeks and
Breeuwer 2001; Gottlieb and Zchori-Fein 2001; Jeong and Stouthamer 2005;
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FIGURE 5 – Origins of asexuality. Cladogram of the 28S tree of FIGURE 3 showing the
relationships between asexual and sexual Bryobia species. Grey and white (boxed)
branches indicate asexual and sexual species respectively. Black arrows indicate the
minimum number of times asexuality has originated (note that the actual origin of
asexuality might occur anywhere along the indicated branch). A single origin of asex-
uality at * requires at east two reversals to sexuality (white branches).



Pannebakker et al. 2005; Groot 2006). Moreover, Groot and Breeuwer (2006)
showed that in Brevipalpus mites where Cardinium causes asexual reproduction,
some strains lost the Cardinium bacteria but still reproduced asexually.
Apparently, loss of Cardinium did not result in a reversal to sexuality. Although
we can not exclude the possibility of reversal to sexuality (see Domes et al.
2007), the aforementioned studies suggest that it is not likely.

Second, although we performed an extensive geographic sampling of
species, sampling of the genus is not complete. For example, van Eyndhoven
and Vacante (1985) described thirteen species as members of the ‘Berlesei’
group, three of which are sexual. We have only sampled four species of this
group, one of which reproduces sexually. If more sexual species belong to this
group, we need to invoke more reversals to sexuality in order to maintain the
hypothesis that asexuality has a single origin in Bryobia (FIGURE 5).

Third, several independent infections with Wolbachia could explain inde-
pendent origins of asexuality. Asexuality in B. praetiosa is caused by Wolbachia
(Weeks and Breeuwer 2001). It is possible that Wolbachia or other reproductive
parasites are widespread in this genus, causing asexuality in all asexual species.
Wolbachia strain diversity and abundance in Bryobia has not been studied so far.

The above arguments suggest that multiple origins of asexuality are likely.
At least seven independent origins of asexuality are required based on our cur-
rent phylogenetic information (FIGURE 5). Radiation of asexuals within partic-
ular clades remains a possibility, especially because sexual species seem rare
within the genus. The general thought that asexuals are always single lineages
branching off from closely related sexual relatives is certainly not valid within
Bryobia. Asexuality seems evolutionary successful, at least in the short term.
Asexuality in Bryobia is functionally apomictic, resulting in the maintenance of
heterozygosity (Weeks and Breeuwer 2001). This may contribute to the success
of asexual Bryobia species, as high levels of heterozygosity are assumed to be
advantageous (heterosis or overdominance; Futuyma 2005). In other hap-
lodiploid systems parthenogenesis leads to complete homozygosity
(Stouthamer and Kazmer 1994; Gottlieb et al. 2002; Pannebakker et al. 2004).

Additionally, bacterial parasites can play a role in the adaptive success of
asexuals. Wolbachia has been found in six Bryobia species so far (Weeks and
Breeuwer 2001). Generally, asexual clones are considered genetically identical if
they are identical at their own genomic DNA. However, such genetically iden-
tical clones may harbor different bacterial strains. Differences in bacterial com-
position can influence the fitness of clones, as bacterial symbionts may play a
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role in protection against parasitoid attack (Oliver et al. 2005) or against fungal
pathogens (Scarborough et al. 2005). These differences, and also changes in
bacterial composition through occasional horizontal transfers, could play a role
in the adaptive success of asexual Bryobia species, and of asexuals in general.
Furthermore, bacterial genes can be transferred to the host DNA. Recently,
Dunning Hotopp et al. (Dunning Hotopp et al. 2007) showed that an almost
complete Wolbachia genome was transferred to genome of its host, Drosophila
ananassae. Other arthropod and nematode species also contained fragments of
Wolbachia DNA in their genome, indicating that lateral gene transfers occur
more often (Dunning Hotopp et al. 2007). If occurring in asexuals, such trans-
fers undermine the strict clonality of these asexuals and may play a crucial role
in their long term evolutionary success.

CON C LUSION

Asexuality is widespread in the genus Bryobia. The hypothesis that asexuality
originated multiple times is the most plausible, given the fact that reversals to
sexuality are unlikely and that more sexual species might be found. A likely
explanation is that Wolbachia, which causes asexuality in at least two Bryobia
species (Weeks and Breeuwer 2001), has independently infected different
Bryobia species. The high prevalence of asexual species is in contradiction with
the general idea that asexuals are single lineages among sexual sister species.
Clonal diversity within the asexual species B. kissophila is very high at the mito-
chondrial DNA. Several distinct clades are found that are paraphyletic to B.
praetiosa. Past hybridization events and an elevated fixation rate of mutations are
possible causes for this high clonal diversity. Reproductive parasites like
Wolbachia can influence these processes. Moreover, such parasites may play an
important role in the evolutionary success of asexuals.
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APPENDIX 1 – DETAILS OF BRRYYOOBBIIAA SAMPLES

See p. 78

APPENDIX 2 – DETAILS OF B. KKIISSSSOOPPHHIILLAA SAMPLES

See p. 82
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List of Bryobia and Petrobia samples (excluding B. kissophila, see APPENDIX 2 for details of B.
kissophila samples). Listed are sample code, species name, sample location (country and
locality), host plant, collection date, and GenBank accession numbers (including identical 

Host plant

Code Species Country Locality Common name

ITA8 B. praetiosa Italy Palestrina Field Marigold

NL10 B. praetiosa Netherlands Amsterdam Grass  

NL11 B. praetiosa Netherlands Enkhuizen Grass  

NL12 B. praetiosa Netherlands Amsterdam Grass and herbs

NL13 B. praetiosa Netherlands Utrecht Trefoil

BEL4 B. spec. I Belgium Olloy-sur-Viroin Vetches

NL14 B. spec. I Netherlands Nieuweschans Vetches

FR14 B. rubrioculus France Aubrives Apple

FR15 B. rubrioculus France Peumerit Apple

GER4 B. rubrioculus Germany Darmstadt Apple

GR5 B. rubrioculus Greece Thessaloniki Damson Plum

GR6 B. rubrioculus Greece Paliokastro Sour Cherry

GR7 B. rubrioculus Greece Paliokastro Blackthorn

GR8 B. rubrioculus Greece Paliokastro Plum

GR12 B. rubrioculus Greece Panorama Almond

NL15 B. rubrioculus Netherlands Amsterdam Apple

NL16 B. rubrioculus Netherlands Amsterdam Plum

PL1 B. rubrioculus Poland Przenosza Apple

PL2 B. rubrioculus Poland Skrudzina Apple

PL3 B. rubrioculus Poland Kwaczala Apple

PL4 B. rubrioculus Poland Makow Podhalanski Apple

SLK1 B. rubrioculus Slovakia Piesok -

SLK3 B. rubrioculus Slovakia Casta Apple

SLK4 B. rubrioculus Slovakia Piesok Apple

BEL5 B. sarothamni Belgium Vierves sur Viroin Common Broom

BEL6 B. sarothamni Belgium Vierves sur Viroin Common Broom

FR16 B. sarothamni France Vireux Common Broom

FR20 B. sarothamni France Peumerit Common Broom

FR21 B. sarothamni France Piriac sur mer Common Broom

NL17 B. sarothamni Netherlands Schoorl Common Broom

FR17 B. berlesei France Vireux Common Broom

ITA9 B. berlesei Italy Sabaudia Common Broom
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numbers for identical haplotypes, see FIGURES 3 and 4. Numbers of samples submitted to
GenBank are depicted in italics). ‘COI’ and ‘28S’ indicate the number of individuals
sequenced.

GenBank accession nr.

Scientific name Collection date COI 28S COI 28S

Calendula arvensis 19-Mar-05 1 EU487089

Holcus lanatus 24-May-00 2 2 EU487091 EU487059

EU487088

Holcus lanatus May-00 1 EU487088

- May-04 1 1 EU487088 EU487059

Lotus spec. 17-May-05 1 1 EU487090 EU487059

Vicia spec. 26-May-04 1 1 EU487115 EU487050

Vicia spec. 23-Jul-05 1 EU487115

Malus spec. 26-May-04 2 1 EU487110 EU487061

Malus spec. 11-Aug-06 1 EU487110

Malus spec. 25-Jun-04 1 1 EU487110 EU487061

Prunus insititia 2-Jun-05 2 1 EU487108 EU487062

Prunus cerasus 4-Jun-05 1 EU487108

Prunus spinosa 4-Jun-05 1 EU487109

Prunus domestica 4-Jun-05 1 EU487062

Amygdalus webbii 6-Jun-05 1 1 EU487112 EU487061

Malus spec. 17-May-04 1 EU487110

Prunus spec. 10-May-06 1 1 EU487108 EU487063

Malus spec. 13-Aug-05 1 EU487110

Malus spec. 14-Aug-05 1 EU487110

Malus spec. 21-Aug-05 1 EU487110

Malus spec. 21-Aug-05 1 EU487111

Prunus spec. 20-May-04 1 1 EU487109 EU487061

Malus spec. 21-May-04 1 EU487111

Malus spec. 23-May-04 1 EU487110

Cytisus scoparius 26-May-04 1 1 EU487124 EU487056

Cytisus scoparius 26-May-04 1 1 EU487124 EU487056

Cytisus scoparius 26-May-04 1 1 EU487125 EU487056

Cytisus scoparius 11-Aug-06 1 1 EU487123 EU487056

Cytisus scoparius 11-Aug-06 1 1 EU487125 EU487056

Cytisus scoparius 27-Jun-04 1 EU487124

Cytisus scoparius 26-May-04 3 1 EU487094 EU487057

Cytisus scoparius 21-Mar-05 1 1 EU487093 EU487057
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Host plant

Code Species Country Locality Common name

NL18 B. berlesei Netherlands Hilversum Common Broom

SP7 B. berlesei Spain El Rocio Broom spec.

FR19 B. spec. II France St. Maximine Broom spec.

GR9 B. spec. II Greece Chortiatis Broom spec.

SP8 B. spec. II Spain Nulles Broom spec.

SP9 B. spec. III Spain Olesa de Bonesvalls Gorse

SP10 B. spec. III Spain Villa rodona Gorse

SP11 B. spec. III Spain Castello, vill. d’Escornalbou Gorse

SP12 B. spec. III Spain Ribesalbes Gorse

SP13 B. spec. III Spain Olivella Gorse

POR4 B. spec. IV Portugal Caldas de Monchique Mallow

ITA11 B.spec. V Italy S. Felice Circeo Grass and herbs

POR7 B.spec. V Portugal Alferce Pitch Trefoil

SP17 B.spec. V Spain Villa rodona Vetches

SP18 B.spec. VI Spain Trujillanos Broom spec.

SP19 B.spec. VI Spain Alhaurin el Grande Broom spec.

FR18 B.spec. VII France Le Clerjus Grass

NL20 B.spec. VII Netherlands Hilversum Grass

ITA10 P. tunisea Italy S. Felice Circeo Brome

SP14 P. tunisea Spain Begues Grass  

SP15 P. tunisea Spain Olesa de Bonesvalls Grass  

SP16 P. tunisea Spain Marmellar Grass  

POR5 P. spec. I Portugal Olhao Soursob

POR6 P. spec. I Portugal Caldas de Monchique Soursob

CH1 P. harti China Huanyaguan Soursob

CH2 P. harti China Dali Soursob

GR10 P. harti Greece Thessaloniki Soursob

GR11 P. harti Greece Pella Soursob

NL19 P. spec. II Netherlands Utrecht Trefoil

POR8 P. spec. II Portugal Alferce Pitch Trefoil
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GenBank accession nr.

Scientific name Collection date COI 28S COI 28S

Cytisus scoparius 12-May-04 1 EU487093

? (Fabaceae) 15-Apr-05 1 EU487095

? (Fabaceae; Genisteae) 17-May-05 1 EU487100

? (Fabaceae; Genisteae) 6-Jun-05 1 EU487101

? (Fabaceae; Genisteae) 14-Apr-04 1 EU487100

Ulex spec. 14-Apr-04 1 EU487097

Ulex spec. 14-Apr-04 1 EU487096

Ulex spec. 15-Apr-04 1 1 EU487098 EU487058

Ulex spec. 19-Apr-04 1 EU487099

Ulex spec. 20-Apr-04 1 EU487097

Malva spec. 1-Feb-05 2 1 EU487106 EU487065

EU487107

- 21-Mar-05 1 1 EU487113 EU487049

Psoralea bituminosa 1-Feb-05 1 1 EU487114 EU487049

Vicia spec. 14-Apr-04 1 EU487113

? (Fabaceae; Genisteae) 27-Apr-05 1 1 EU487102 EU487055

? (Fabaceae; Genisteae) 29-Apr-05 1 1 EU487103 EU487055

Holcus spec. 24-Jul-05 1 1 EU487104 EU487064

Holcus lanatus 12-May-04 1 1 EU487105 EU487064

Anisantha spec. 21-Mar-05 1 EU487118

- 14-Apr-04 1 EU487119

- 14-Apr-04 2 EU487118

- 14-Apr-04 1 1 EU487119 EU487052

Oxalis pes-caprae 7-Feb-05 1 EU487122

Oxalis pes-caprae 1-Feb-05 1 1 EU487122 EU487051

Oxalis pes-caprae 3-Aug-05 1 1 EU487121 EU487054

Oxalis pes-caprae 13-Aug-05 1 EU487121

Oxalis pes-caprae 2-Jun-05 1 EU487120

Oxalis pes-caprae 31-May-05 1 1 EU487120 EU487054

Lotus spec. 17-May-05 1 1 EU487116 EU487053

Psoralea bituminosa 1-Feb-05 1 EU487117



APPENDIX 2 – DETAILS OF B. KKIISSSSOOPPHHIILLAA SAMPLES
List of B. kissophila samples. All samples were collected from Hedera helix. ‘Clade’ lists
the clade annotations (A-D) concordant with FIGURE 4. Listed are sample code, loca-
tion (country and locality), collection date, and GenBank accession numbers (includ-
ing identical numbers for identical haplotypes, see FIGURES 3 and 4. Numbers of sam-
ples submitted to GenBank are depicted in italics). ‘COI’ and ‘28S’ indicate the num-
ber of individuals sequenced.

GenBank accession nr.

Clade Code Country Locality Collection date COI 28S COI 28S

A FR13 France Vireux 26-May-04 3 1 EU487092 EU487060

NL9 NL Nes (Ameland) 9-Apr-04 2 1 EU487092 EU487060

NL21 NL Nes (Ameland) 9-Apr-04 1 EU487092

B BEL1 Belgium Lompret 26-May-04 1 EU487067

BEL2 Belgium Olloy-sur-Viroin 26-May-04 1 EU487067

BEL3 Belgium Werpin 23-Apr-06 1 EU487067

DEN1 Denmark Vester Aby 3-May-05 1 EU487076

DEN2 Denmark Varde 4-May-05 1 EU487067

ENG1 England Edale 21-Aug-04 1 EU487073

ENG2 England Shrewsbury 28-Aug-04 1 EU487067

ENG3 England Little Stretton 1-Sep-04 1 EU487067

FR1 France Paris 25-Apr-04 1 EU487067

FR2 France Angers 10-May-04 1 1 EU487067 EU487060

FR3 France Givet 26-May-04 1 EU487067

FR4 France Piriac sur Mer 27-Jul-04 1 EU487067

FR5 France Kermoizan Jul-04 1 EU487067

FR6 France Peymeinade 15-May-05 1 EU487067

FR7 France Villeneuve sur 18-May-05 1 EU487067

Avignon

FR8 France Liverdum 24-May-05 1 EU487067

FR9 France St Clement de 26-Jun-04 1 EU487068

Riviere

FR10 France Bellegarde 23-May-05 1 EU487071

FR11 France Gonfaron 16-May-05 1 EU487077

FR12 France Brignolle 17-May-05 1 EU487077

GER1 Germany Mainz Apr-04 1 EU487067

GER2 Germany Darmstadt 25-Jun-04 1 EU487067

GER3 Germany Erfurt 5-Feb-05 1 EU487067

GR1 Greece Thessaloniki 2-Jun-05 1 EU487081

GR2 Greece Thermi 27-May-05 1 EU487081

GR3 Greece Athene 29-May-05 1 EU487081
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GenBank accession nr.

Clade Code Country Locality Collection date COI 28S COI 28S

[B] GR4 Greece Thessaloniki 2-Jun-05 1 EU487081

ITA1 Italy Palestrina 19-Mar-05 1 EU487076

ITA2 Italy Fiuggi 19-Mar-05 1 EU487067

ITA3 Italy Pompei 20-Mar-05 1 EU487067

ITA4 Italy S. Felice Circeo 21-Mar-05 1 EU487067

ITA5 Italy Rome 22-Mar-05 1 EU487067

ITA6 Italy Certosa di Trisulti 19-Mar-05 2 EU487070

ITA7 Italy Sabaudia 21-Mar-05 1 EU487075

NL1 NL Hardegarijp 6-Apr-04 1 1 EU487079 EU487060

NL2 NL Nijmegen 4-May-04 1 EU487069

NL3 NL Amsterdam 13-Apr-04 1 1 EU487078 EU487060

NL4 NL Den Burg (Texel) 15-Feb-04 1 EU487078

NL5 NL West- Terschelling 2-Apr-05 2 EU487078

NL6 NL Valkenburg 4-May-04 1 EU487074

NL7 NL Varsseveld 15-May-04 1 EU487076

NL8 NL Utrecht 25-Apr-04 1 EU487076

POR2 Portugal Quinta da Balaia 5-Feb-05 1 EU487074

SA1 South Africa Johannesburg 13-Aug-05 1 1 EU487080 EU487060

SLK2 Slovakia Modra 23-May-04 1 EU487072

SLV1 Slovenia Maribor 10-May-05 1 EU487066

SWE1 Sweden Lund 3-Apr-05 1 EU487067

SWE2 Sweden Lund 3-Apr-05 1 EU487067

SWE3 Sweden Lund 3-Apr-05 1 EU487067

C US1 USA Riverside 24-May-05 1 1 EU487087 EU487060

US2 USA Newark 17-May-05 1 EU487087

D POR1 Portugal Portimao 2-Feb-05 1 EU487083

POR3 Portugal Quinta da Balaia 5-Feb-05 1 EU487084

SP1 Spain Begues 14-Apr-04 2 EU487085

SP2 Spain Castello, vill. 15-Apr-04 1 1 EU487082 EU487060

d’Escornalbou

SP3 Spain Gatova 19-Apr-04 1 1 EU487086 EU487060

SP4 Spain Alcossebres 19-Apr-04 1 1 EU487082 EU487060

SP5 Spain Alcossebres 20-Apr-04 1 EU487082
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How diverse is Wolbachia? Multiple
gene sequencing reveals a new
Wolbachia supergroup recovered

from spider mites (Acari:
Tetranychidae)

Vera I.D. Ros
Vicki M. Fleming

Edward J. Feil
Johannes A.J. Breeuwer



ABSTRACT

At least 20% of all arthropods and some nematode species are infected with
intracellular bacteria of the genus Wolbachia. This highly diverse genus has been
subdivided into eight ‘supergroups’ (A-H) on the basis of nucleotide sequence
data. Here, we report the discovery of a new Wolbachia supergroup recovered
from the spider mite species Bryobia spec. V (Acari: Tetranychidae), 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. Our data also clar-
ify the existing supergroup structure, and highlight the use of multiple gene
sequences for robust phylogenetic analysis. In addition to previous reports of
recombination between arthropod-infecting supergroups A and B, we provide
evidence for recombination between nematode-infecting supergroups C and D.
Robust delineation of supergroups is essential for understanding the origin and
spread of this common reproductive parasite, and for unraveling mechanisms
of host adaptation and manipulation across a wide range of hosts.

Submitted to Applied and Environmental Microbiology

86

C
H

A
P

T
E

R
4



INTRODUCTION

Wolbachia is a genus of endosymbiotic α-Proteobacteria infecting a wide range
of arthropods and filarial nematodes. In arthropods, Wolbachia often manipu-
lates the reproductive mode of its host, causing parthenogenesis, feminization,
cytoplasmic incompatibility, or male killing (Stouthamer et al. 1999). In nema-
todes, and also in some arthropods, Wolbachia is an obligate symbiont, required
for host fertility (Bandi et al. 2001; Pannebakker et al. 2007). It is estimated that
more than 20% of arthropod species are infected with Wolbachia, 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). The
genus Wolbachia is genetically highly diverse and is divided in eight ‘supergroups’
(A-H) (Lo et al. 2007). Currently, all supergroups are thought to represent one
species, Wolbachia pipientis (Lo et al. 2007). Supergroups A and B were described
first, and are most commonly found among arthropod species (Breeuwer et al.
1992; Werren et al. 1995a, b). Supergroups C and D are restricted to filarial
nematodes (Bandi et al. 1998). Since the description of these four supergroups
the number of host taxa investigated has grown and the accuracy of detection
has improved (investigating multiple individuals per host species and using a
combination of primers). This led to the discovery of new Wolbachia strains and
new host species. For example, supergroup F was described in 2002 (Lo et al.
2002), yet the known diversity and geographic range of host species infected
with this supergroup is rapidly expanding. It has been detected in both nema-
todes and several major arthropod orders [in Chelicerata: scorpions
(Scorpiones) and Hexapoda: termites (Isoptera), weevils (Coleoptera), bush
crickets (Orthoptera), cimicids (Hemiptera), lice (Phthiraptera), and louse-flies
(Diptera)] (Lo et al. 2002; Casiraghi et al. 2005; Sakamoto et al. 2006; Baldo et
al. 2007; Covacin and Barker 2007; Panaram and Marshall 2007). Other host
taxa for which there is evidence of infection by supergroup F are cockroaches
(Blattodea) and ant lions (Neuroptera) (Dunn and Stabb 2005; Vaishampayan et
al. 2007). Supergroups E and H are less widespread, with E so far only found
in springtails (Collembola) (Vandekerckhove et al. 1999; Timmermans et al.
2004) and H in one genus of termites (Isoptera) (Bordenstein and Rosengaus
2005). Isolates recovered from Australian spiders (Araneae) have been assigned
as supergroup G (Rowley et al. 2004), although it has been argued that these
strains are in fact recombinants between supergroups A and B rather than rep-
resenting a distinct lineage (Baldo and Werren 2007). Other diverse Wolbachia
strains have been detected in fleas (Siphonaptera) (Gorham et al. 2003), the
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filarial nematode Dipetalonema gracile (Spirurida) (Casiraghi et al. 2005), and the
pseudoscorpion Cordylochernes scorpioides (Pseudoscorpionida) (Zeh et al. 2005),
but these strains have not yet been assigned to a supergroup.

The genotypic diversity of Wolbachia mirrors an equally impressive range of
phenotypes in terms of host range and manipulative effects. Much is still
unknown about the origin and spread of Wolbachia, about which host taxa were
first infected and how Wolbachia was transferred between taxa. Routes of trans-
fer are still unclear; it is for example unknown if arthropods or nematodes were
first infected (Casiraghi et al. 2005). Robust phylogenetic analysis and the delin-
eation of supergroups is therefore essential to elucidating the pathways and
processes by which these diverse phenotypes have evolved, and recent studies
have highlighted the promise of the multiple gene sequencing approach
(Bordenstein and Rosengaus 2005; Casiraghi et al. 2005; Baldo et al. 2006b,
2007; Roy and Harry 2007). Such datasets can also reveal evidence concerning
the contribution of lateral gene transfer to the evolution and host adaptation of
Wolbachia.

Here, we describe the characterisation of a diverse sample of Wolbachia
strains by multiple gene sequencing of 16S rDNA and three protein coding
genes (gltA, groEL, and ftsZ). We report the discovery of a new Wolbachia super-
group (K) in a spider mite species of the genus Bryobia (B. spec. V; Acari:
Tetranychidae) and show that other tetranychid species (Bryobia praetiosa, Bryobia
sarothamni, Bryobia spec. I and Tetranychus urticae) harbor B-group Wolbachia. The
co-occurrence of two supergroups (B and K) within a single host genus is very
unusual, and has previously only been noted for supergroups A and B, which
often occur in the same arthropod species and are known to recombine
(Werren et al. 1995a, b; Baldo and Werren 2007). We further rationalise the
supergroup structure by proposing that the strains recovered from fleas
(Siphonaptera) (Gorham et al. 2003; Casiraghi et al. 2005) and the filarial nem-
atode Dipetalonema gracile (Spirurida) (Casiraghi et al. 2005) correspond to the
new supergroups I and J, respectively.

MATERIALS AND METHODS

DNA I SOL ATION, AM PLIFICAT ION, AND SEQUENCING

We analyzed Wolbachia strains from four Bryobia species (B. praetiosa, B. sarotham-
ni, B. spec I and V) and T. urticae (TABLE 1). The Bryobia species were sampled
within Europe between 2004 and 2006, maintained as isofemale lines in the lab,
and identified using 28S rDNA and COI sequence data (Ros et al. 2008). An
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infected strain of T. urticae has been maintained in the lab for over ten years.
DNA was extracted from single individuals using the CTAB method as des-
cribed in Ros and Breeuwer (2007).

FtsZ was amplified and sequenced using the primer sets ftsZ1, 5’-CCGTAT
GCCGATTGCAGAGCTTG-3’ and ftsZ2, 5’-GCCATGAGTATTCACTTG
GCT-3’ (Holden et al. 1993), and ftsZf1, 5’-GTTGTCGCAAATACCGATGC-3’
and ftsZr1, 5’-CTTAAGTAAGCTGGTATATC-3’ (Werren et al. 1995b). GroEL
was amplified using the primers groEL-F 5’-CAACRGTRGSRRYAACT
GCDGG-3’ and groEL-R 5’-GATADCCRCGRTCAAAYTGC-3’, designed
from available Wolbachia and Rickettsia genome sequences (Andersson et al. 1998;
McLeod et al. 2004; Wu et al. 2004) and tested on isolates representative of super-
groups A and B (samples kindly donated by Dr. Robert Butcher, University of
Bath). GltA was amplified and sequenced as described in Casiraghi et al. (2005).

PCR amplifications were performed in 25 μl reactions containing 2.5 μl 10X
Super Taq buffer (HT BioTechnology, Cambridge, UK), 1.25 μl bovine serum
albumin (10 mg/ml), 5 μl dNTP mix (1 mM of each nucleotide), 0.2 μl of each
primer (20 μM each), 0.2 μl of super Taq (5 u/μl) (HT BioTechnology), 13.15 μl
water, and 2.5 μl of DNA extract. PCR cycling profile for ftsZ was 35 cycles of
30 s at 95 °C, 30 s at 51 °C, and 1 min. at 72 °C, and for groEL 35 cycles of 1
min. at 95 °C, 1 min. at 49 °C, and 1.5 min. at 72 °C. PCR products were puri-
fied using a DNA extraction kit (Fermentas, St. Leon-Rot, Germany). The puri-
fied products were directly sequenced using the ABI PRISM BigDye Terminator
Sequence Kit (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands)
according to the manufacturer’s instructions but diluted 16 times. Both strands
of the products were sequenced using the same primers as used in the PCR
amplification. Sequences were run on an ABI 3700 automated DNA sequencer.
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TABLE 1 – Sampling details of tetranychid species analyzed in this study.

Host plant Collection Reproductive

Code Species Country Locality Common name Scientific name date modea

NL12 Bryobia praetiosa NL Amsterdam Grasses and herbs - May-04 A

FR16 Bryobia sarothamni France Vireux Common Broom Cytisus scoparius Jul-06 S

NL14 Bryobia spec. I NL Nieuweschans Vetches Vicia spec. May-06 A

ITA11 Bryobia spec. V Italy S. Felice Circeo Grasses and herbs - May-05 A

T2 Tetranychus urticae Unknown Cucumberb Cucumis sativus b S
a A=asexual, S=sexual (for details see Ros et al. 2008); b maintained in the lab on bean (Phaseolus vulgaris) for over ten years



AMPLI FICATION AND CLONING OF 16S RDNA
To check for multiple infections (by different Wolbachia strains or by other bac-
teria), part of the 16S rDNA locus was amplified and cloned for the four
Bryobia samples. DNA was extracted from five pooled individuals per isofemale
line following the CTAB method (Ros and Breeuwer 2007). 16S rDNA was
amplified using the primers 27F 5’-AGAGTTTGATCMTGGCTCAG-3’ and
1513R 5’-ACGGYTACCTTGTTACGACTT-3’ (Weisburg et al. 1991) in a 25 μl
reaction mix containing 2.5 μl 10X Super Taq buffer, 5 μl dNTP mix (1 mM of
each nucleotide), 0.5 μl of each primer (10 uM each), 0.2 ul of super Taq (5 u/
μl), 13.3 μl water, and 3 μl of DNA extract. PCR cycling profile was 35 cycles
of 1 min. at 94 °C, 1 min. at 54 °C, and 1 min. at 72 °C. PCR products were
cleaned using the method of Boom et al. (1990). The cleaned products were lig-
ated and bacteria were transformed using the pGEM-T Easy Vector System and
JM109 competent cells (Promega, Madison, WI, USA). Plasmids were recov-
ered for ten colonies per sample, using mini-preparation procedures (Sambrook
et al. 1989). Plasmids were sequenced using the M13 forward primer and the
internal 16S rDNA primers 704f 5’-GTAGAGGTRAAATTCGTAAA-3’ and
765r 5’-CTGTTTGCTCCCCACGCYTTG-3’ (modified from (Bandi et al.
1994)) as described above. For T. urticae, the 16S rDNA locus was sequenced
directly using the same primers and PCR protocol. All new sequences were
deposited in the GenBank database under accession numbers EU499315-
EU499334 (see APPENDIX).

DATA A SSEM BLING AND P HYLOGENET IC ANALYSES

The sequences obtained in this study were combined with sequences obtained
from GenBank representing all currently known supergroups of Wolbachia
(APPENDIX). We analyzed alignments of 636 bp for gltA, 489 bp for ftsZ, 491
bp for groEL, and 1255 bp for 16S rDNA. Sequences for which at least two of
the three protein coding genes were available were included. The 16S rDNA
dataset contained a few additional samples (for which data of the mentioned
protein coding genes are unknown) to explore the full range of Wolbachia diver-
sity. Sequences were identified by the name of the host species. Sequences were
aligned using ClustalX version 1.8.0 with default settings (Thompson et al.
1997). Phylogenetic analyses were performed using Neighbor-Joining (NJ),
Maximum Likelihood (ML), and Bayesian methods, for each locus separately
and for a concatenated dataset of the three protein coding genes. PAUP* ver-
sion 4.0b10 (Swofford 2002) was used to select the optimal evolution model by
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critically evaluating the selected parameters (Swofford and Sullivan 2003) using
the Akaike Information Criterion (AIC) (Akaike 1974). For the protein coding
genes, we tested if the likelihood of models could be further improved by
incorporating specific rates for each codon position (Shapiro et al. 2006). This
approach suggested the following models: 16S rDNA (HKY + I + G), gltA
(TIM + G), ftsZ (TrN with site-specific rates for each codon position), groEL
(submodel of GTR with rate class ‘a b c c d c’ and site-specific rates), and the
concatenated dataset (submodel of GTR + I + G with rate class ‘a b c c d e’).
Under the selected models, parameters and tree topology were optimized using
the successive approximations approach (Sullivan et al. 2005). NJ analyses (p-
distances) and ML analyses (heuristic search, random addition of sequences
with ten replicates, TBR branch swapping) were performed in PAUP.
Robustness of nodes was assessed with 100 NJ- resp. ML-bootstrap replicates.
However, as PAUP does not allow for site-specific rates in bootstrap analysis,
ML bootstrapping for ftsZ and groEL was performed with gamma distributed
rates, with 100 bootstrap replicates. Bootstrap values were then plotted on the
phylogeny obtained with the original model with site-specific rates. Bayesian
analyses were performed as implemented in MrBayes 3.1.2 (Ronquist and
Huelsenbeck 2003). Models used were GTR + I + G (16S rDNA), GTR + G
(gltA), and GTR with separate rates for each codon position (ftsZ and groEL).
For the concatenated dataset, the same models were used for each gene parti-
tion. Analyses were initiated from random starting trees. Two separate Markov
Chain Monte Carlo (MCMC) runs, each composed of four chains (one cold and
three heated), were run for 6,000,000 generations. The cold chain was sampled
every 100 generations, the first 15,000 generations were discarded afterwards
(burn-in of 25%). Posterior probabilities were computed from the remaining
trees. We checked whether the MCMC analyses ran long enough using the pro-
gram AWTY (Wilgenbusch et al. 2004). Stationarity was assumed when there
was convergence between the two MCMC runs and when the cumulative pos-
terior probabilities of splits stabilized; in all analyses 6,000,000 generations
proved sufficient.

ANA LYSIS OF RECOMBINATION

Alignments were checked for signs of intragenic recombination using the soft-
ware package RDP3 (Martin et al. 2005) and by visual inspection. Programs
used in the RDP3 software package were RDP, Geneconv, Bootscan, MaxChi,
Chimaera and Sister Scanning. Analyses were run with default settings, except
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for window- and stepsizes: these were varied during independent analyses.
Analyses were performed for total datasets and reduced datasets with one or
two strains representing each supergroup. We have only included those cases of
recombination that were detected by at least two of the listed programs and
supported by visual inspection.

RES ULTS

Phylogenetic analysis of four Wolbachia loci (a total of 2871 bp) shows the exis-
tence of two highly divergent Wolbachia strains within the family Tetranychidae
(FIGURES 1 and 2). The species Bryobia spec. V harbors a Wolbachia strain that
does not cluster with any of the previously described supergroups. It forms a
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FIGURE 1 – Concatenated phylogenetic tree (ML, unrooted) based on Wolbachia
sequences of three protein coding genes (gltA, ftsZ, and groEL) (1616 bp). Strains are
characterized by the name of their host species. Each supergroup is indicated with a
different shade. ML bootstrap values (top number, in bold) based on 100 replicates and
Bayesian posterior probabilities (bottom number) are depicted (only values larger than
50 are indicated). Values for recently diverged taxa within supergroups are sometimes
excluded for clarity of presentation. The bar at the bottom indicates a branch length
of 10% likelihood distance.



distinct phylogenetic lineage, highly divergent from all known supergroups (2.8-
5.5% pairwise difference of the 16S rDNA locus). The three other Bryobia
species and T. urticae harbor (different) Wolbachia strains that cluster with
Wolbachia supergroup B.

Cloning of 16S rDNA shows that each Bryobia mite is infected with a sin-
gle Wolbachia lineage, and no double infections with other bacteria are found.
The ten clones sequenced per species show minimal sequence differences
(<1%), and those differences that are detected may reflect cloning artefacts
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(Bandi et al. 1998). For each sample a majority-rule consensus sequence was
created. Among the ten clones sequenced for B. spec. I, one clone was identi-
fied as belonging to the genus Streptococcus (‘oral clone’). This strain was consid-
ered as contamination and discarded.

Our analysis confirms supergroups A-F and H as distinct, coherent phylo-
genetic clades, supported by high bootstrap and posterior probability values
(FIGURES 1 and 2). These clades are consistently recovered for each locus sep-
arately (data not shown), although support for supergroup A is low in the 16S
rDNA phylogeny (FIGURE 2). Apart from these known supergroups, three fur-
ther distinct Wolbachia lineages are observed: a lineage found in Ctenocephalides
felis and Orchopeas leucopus (both Siphonaptera) (Casiraghi et al. 2005; Gorham et
al. 2003), a lineage found in Dipetalonema gracile (Spirurida) (Casiraghi et al. 2005)
and a lineage in B. spec. V (Tetranychidae; this study). These lineages are high-
ly distinct from all other supergroups for all analyzed loci. We propose to name
these lineages supergroup I, J, and K, respectively (FIGURES 1 and 2, APPENDIX).

The 16S rDNA phylogenetic tree includes additional samples of interest.
These represent newly described supergroups, or were recovered from host
species only recently discovered to harbor Wolbachia (Czarnetzki and Tebbe
2004; Dunn and Stabb 2005; Gorham et al. 2003; Lo et al. 2002; Vaishampayan
et al. 2007). Our analysis also includes isolates assigned to supergroup G
(Rowley et al. 2004) (FIGURE 2, APPENDIX). The phylogeny of 16S rDNA is less
well-resolved than the phylogenies of the protein coding genes. Supergroup A
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AF179630  E Folsomia candida  .CTGTGGACCG......G..G..GGGAGACGCGCT.CC...CCC....ATA.AG.TAAGG.....ACT.TTACACCC 

AY335923  I Ctenocephalides felis CTAACAAGTTTAGACGCAAGCGGCCCGCCTAAATCTGGGCGATGACGGGCGACACCGGCAGAGGCGTAGACCTGAAT 

NL12  B Bryobia praetiosa  T...T.GA...GAGTAT.GAGAAGGGAGACGCGCTCCCATACCCGTATA.AGAGTT.AGGTGACA..TATTACACCC 
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NL12  B  Bryobia praetiosa  T.........A....TATTGAAA.ACTCTACC.GTCGAT.GT.TGACA. 

DQ068788  G? Myrmeleon mobilis  CAGGAACTAGGGGTCCGCCAGGGGGTCTCGTTCACAAGGCACTGAGGCA 

Y11377  F  Kalotermes flavicollis .GAAGGTCGA.AACTT.......AAC.C..CCT..CG..T..C.....G 

FIGURE 3 – Two cases of recombination between Wolbachia 16S rDNA sequences.
Only polymorphic sites are shown (position in alignment is given on top). Sequences
are named by their GenBank accession number, supergroup (in bold), and host species
name. Different shadings indicate possible recombinant regions (see results).
Differences and identities (dots) compared to the middle sequence are shown.



lacks support and samples from the spider genus Diaea (Araneae) and the ant
lion Myrmeleon mobilis (Neuroptera) fall between or within supergroup A and B.
This finding is therefore consistent with a previous suggestion by Baldo and
Werren (2007) that the Wolbachia strains from Diaea are supergroup A/B recom-
binants, rather than forming an independent lineage (supergroup G) as pro-
posed by Rowley et al. (2004). These observations also challenge the common
assumption that 16S rDNA is a reliable phylogenetic marker and recalcitrant to
recombination. Our data reveal at least one clear case of recombination in 16S
rDNA (FIGURE 3). Recombination has occurred between Wolbachia strains from
M. mobilis and isolates from supergroups B (B. praetiosa) and F (K. flavicollis)
(P<0.05 for MaxChi, Chimaera, Bootscan, and Siscan) (FIGURE 3a). Exact
break-points could not be determined and it remains unclear which sequence
represents the recombinant. A second, less evident, recombination event was
revealed between strains from supergroups E (Folsomia candida), I (Ctenocephalides
felis), and B (B. praetiosa) (P<0.05 for MaxChi and Chimaera) (FIGURE 3b). In
this case, recombination may have occurred at several places along the
sequences, between all strains. This could reflect recombination events in the
distant past but may alternatively relate to past demographic changes. Clear
recombination is also evident by the striking mosaic structure observed within
gltA, between strains from supergroups C and D (FIGURE 4; P<0.001 in all
cases). The sequence of Wuchereria bancrofti (supergroup D) is a combination of
the sequence of Brugia malayi (D) and Onchocerca gibsoni (C) (FIGURE 4). Strains
of these two supergroups both infect filarial nematodes, but are highly diver-
gent (FIGURES 1 and 2). Within gltA recombination was also detected within and
between strains from supergroups A and B, similar to earlier findings of Baldo
et al. (2006a). No well-supported signs of recombination were detected within
groEL or ftsZ.
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AJ609639 C Onchocerca gibsoni   .G................................TTAGATGTCAACCTATAAGAGAATGAAGTTCTCTACAT.GATGACCGTAGGTGTTATTAGCATTCTAGATAATA 

AJ609644 D Wuchereria bancrofti ACTTACGGGAGGATCTTGTCATGCCTAGGGAATGACGCGCTCTGGTACGCGGACAGGCAGCACCTCACGTGCAAGCAGTTACGAACACCGAAGATGGGTCTATCTGCT 

AJ609643 D Brugia malaya   GACCGTAAAGCAGCTCCACTGGAATCCAAAGGAA....A..............A......T...........G.................G...C....T.....A.. 

FIGURE 4 – Overview of recombination between Wolbachia gltA sequences of filarial
nematodes (supergroups C and D). Only polymorphic sites are shown (position in
alignment is given on top). Sequences are named by their GenBank accession number,
supergroup (in bold), and host species name. Different shadings indicate the similari-
ty of the recombinant strain in Wuchereria bancrofti with each of the other strains.
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DIS CUSSION

We describe the discovery of a new Wolbachia supergroup, named K, within
Bryobia spec V. The other Wolbachia strains from B. praetiosa, B. sarothamni, B.
spec. I, and T. urticae clustered within supergroup B. Whilst supergroups A and
B frequently infect species of a single genus and have even been found co-
infecting the same species (Breeuwer et al. 1992; Werren et al. 1995a, b), thus
providing the opportunity for recombination (Baldo et al. 2005; Baldo and
Werren 2007), other supergroups have rarely been found co-infecting the same
host genus. The discovery of another Wolbachia supergroup expands the known
diversity of Wolbachia, and we consider it very likely that more supergroups
remain to be discovered as screening techniques improve and a wider variety of
potential host species are examined. The detection of supergroup K within
Bryobia also underscores the fact that little is known about Wolbachia diversity
even within known host species, and that the analysis of multiple individuals
within single host species will further increase the chance of detection of new
strains or even supergroups. The design of more pairs of degenerate primers
utilising the known range of sequence diversity within the Wolbachia will expe-
dite this process, as detection may be biased by primer choice and previous
screening studies have almost certainly underestimated the abundance of
Wolbachia. In order to spread the net as wide as possible, we suggest that screen-
ing studies should utilise a combination of validated primers based on con-
served sequences spanning the broad range of diversity currently described for
Wolbachia. A more fully representative nucleotide dataset is required before a
universal primer set can be identified which reliably encompasses the full range
of Wolbachia diversity.

Wolbachia has been found in several species of the spider mite family
Tetranychidae (Breeuwer and Jacobs 1996; Weeks and Breeuwer 2001; Gotoh
et al. 2003, 2007; Weeks et al. 2003). Prior to this study, all isolates recovered
from spider mites have corresponded to supergroup B (Breeuwer and Jacobs
1996; Jeyaprakash and Hoy 2000). Wolbachia infection in Bryobia is known to
cause parthenogenesis in B. praetiosa (Weeks and Breeuwer 2001), and there is
good evidence that many other Bryobia species, including B. spec I, and B. spec.
V, are asexual (Ros et al. 2008). Possibly, Wolbachia is widespread within the
genus Bryobia and responsible for the parthenogenetic reproduction. The fact
that two different supergroups are detected in this genus suggests at least two
independent infections within Bryobia. Independent infections could explain
our finding that asexual species do not form a monophyletic clade and asexual-
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ity originated more than once (Ros et al. 2008). We also note that Wolbachia
infection is not restricted to asexually reproducing Bryobia species, as it is also
detected in the sexually reproducing species B. sarothamni. In sexual species of
other spider mite genera (Tetranychus, Panonychus, Oligonychus), including T. urticae
which is included in this study, Wolbachia causes CI (Breeuwer 1997; Gotoh et
al. 2003, 2005, 2007; Vala et al. 2000). However, in other studies no detectable
effect of Wolbachia infection was found (Gomi et al. 1997; Gotoh et al. 2003,
2007). The effect of Wolbachia in B. sarothamni remains to be investigated.

Even though a strict definition of a supergroup is lacking, the generation
of data from multiple genes clearly can be used to delineate well-supported
clades within Wolbachia. Depending on how one views the phylogenetic status
of a ‘supergroup’, the multilocus sequencing approach for defining Wolbachia
supergroups falls somewhere between Multilocus Sequence Typing (MLST),
where the alleles at a set of housekeeping genes define strains and clonal groups
within a named species, and Multilocus Sequence Analysis (MLSA), where the
same procedure provides evidence concerning the boundaries between closely
related ‘species’ (Gevers et al. 2005). The level of diversity within each super-
group varies (e.g., supergroup C is very diverse; FIGURES 1 and 2), but all cur-
rently recognized supergroups are well-supported (A-F and H), and the levels
of divergence between the supergroups are generally more akin to inter- rather
than intra-species differences (TABLE 2). Similarly, the newly defined super-
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TABLE 2 – Minimum, maximum, and average p-distance within and between Wolbachia
supergroups, for each of the analyzed genes.

gltA ftsZ groEL concat 16S rDNAc

dist. dist. dist. dist. dist.

within sgb within sg within sg within sg within sg

min.a 0.0032 H 0.0021 H 0 H 0.0019 H 0 H

max. 0.0907 C 0.0732 C 0.0536 C 0.0675 C 0.0173 C

avg. 0.0425 0.0273 0.0256 0.0331 0.0084

dist. dist. dist. dist. dist.

between sgsb between sgs between sgs between sgs between sgs

min. 0.0613 AB 0.0556 AH 0.0672 IF 0.0716 AH 0.0135 AE

max. 0.2484 IK 0.1396 CK 0.1711 JK 0.2248 EJ 0.0658 IJ

avg. 0.1764 0.1120 0.1276 0.1477 0.0361
a Excluding supergroups with only one strain; b Indicated is within which supergroup (sg) or between which supergroups (sgs)

the minimum or maximum distance was found; c Excluding strains that were not assigned to a supergroup.



groups I, J, and K are highly divergent from all other supergroups, and are well
supported by all analyzed loci.

In our opinion this validates the designation of these supergroups, and the
possible promotion of Wolbachia supergroups to species status. The occurrence
of occasional gene transfer between supergroups does not preclude such a re-
evaluation, as by this token many closely related named bacterial species should
be lumped together. Although there is currently no universal conceptual basis
for species (or supergroup) assignment, the equivalence of supergroups and
species would help to bring Wolbachia systematics in to line with other bacterial
taxa and encourage debate as to the evolutionary and ecological significance of
these major Wolbachia clades.

The 16S rDNA dataset was supplemented with recently identified strains
of interest. Within the ant lion Myrmeleon mobilis (Neuroptera) two distinct
strains were detected (Dunn and Stabb 2005), one of which clusters with
supergroup F. The other strain clusters with samples previously identified as
supergroup G (see below). Thus, two divergent strains infect this ant lion
species, although this should be further investigated using other genes as our
data and previous studies point to the possibility of recombination at 16S
rDNA. Furthermore, Wolbachia strains from two cockroach species, Blatella
spec. and Supella longipalpa (Blattodea) and a weevil, Rhinocyllus conicus
(Coleoptera) cluster with supergroup F based on 16S rDNA data (Lo et al.
2002; Vaishampayan et al. 2007). This shows that, like supergroup A and B,
supergroup F is also widespread among different arthropod orders (TABLE 3).
Supergroup G was described for Wolbachia strains from two species of the spi-
der genus Diaea (Araneae) (Rowley et al. 2004). We included these samples in
our 16S rDNA analysis, and FIGURE 2 shows that these samples fall in between
supergroup A and B. Based on analyses of wsp sequences, Baldo and Werren
(2007) showed that Wolbachia strains defined as supergroup G are recombi-
nants between strains of supergroup A and B. Recombination is apparently
also present at the 16S rDNA locus (FIGURE 3). This is illustrated for the
sequence from M. mobilis, which clusters with samples from the two Diaea
species in the 16S rDNA phylogenetic tree (FIGURE 2). This sequence shows
signs of recombination events with strains from supergroups B (B. praetiosa)
and F (K. flavicollis) (FIGURE 3a). Only part of the 16S rDNA locus is
sequenced for the Diaea samples, making exact inference of relationships
impossible. A more detailed investigation including other genes should be per-
formed to infer the exact relationship of these samples.
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TABLE 3 – Distribution of Wolbachia supergroups across nematode and arthropod
orders.

Taxon Ordera Supergroup
Phylum Arthropoda

Subphylum Chelicerata
Class Arachnida

Acarinab B,K
Araneae A,B,(G)
Pseudoscorpionida ?c

Scorpiones F
Subphylum Crustaceae

Class Ostracoda
Podocopida A,B

Class Malacostraca
Amphipoda B
Isopoda B

Subphylum Hexapoda
Class Entognatha

Collembola B,E
Class Insecta

Blattodea F
Coleoptera A,B,F
Dermaptera ?c

Diptera A,B,F 
Hemiptera A,B,F
Hymenoptera A,B 
Isoptera A,B,F,H
Lepidoptera A,B 
Mecoptera ?c

Neuroptera F,?c

Odonata B 
Orthoptera B,F
Phthiraptera F
Psocoptera A,B
Siphonaptera I
Thysanoptera B,F
Thysanura B

Phylum Nematoda
Class Secernentea

Spirurida C,D,F,J
Strongylida ?c

a Only orders in which Wolbachia was found are listed; b Oribatida, Prostigmata, Mesostigmata, c Wolbachia detected, but
supergroup undetermined



While horizontal transfers and recombination between arthropod-infecting
supergroups A and B are common, they are considered entirely absent in or
between nematode-infecting supergroups (Jiggins 2002; Baldo and Werren
2005; Baldo et al. 2006a, b). So far, phylogenies of filarial nematodes and their
Wolbachia parasites were found congruent, suggesting co-evolution between
nematodes and Wolbachia for nearly 100 million years (Bandi et al. 1998;
Casiraghi et al. 2001). We illustrate a clear case of recombination between nem-
atode supergroups C and D. Although Wolbachia – nematode associations are
found to be highly specific, this does apparently not exclude occasional hori-
zontal transfer and recombination. Possibly, there are ecological opportunities
(e.g., sharing of the same nematode host or arthropod vector species) allowing
strains of different supergroups to recombine.

Some supergroups have taxonomically widespread host ranges, while oth-
ers are restricted to a single taxon (TABLE 3). Supergroups A and B are found
in the three major arthropod subphyla (Chelicerata, Crustacea, Hexapoda).
Supergroup F is found in the subphyla Chelicerata and Hexapoda, and also in
the phylum Nematoda, indicating inter-host transmission of Wolbachia between
arthropods and nematodes (Casiraghi et al. 2005; Panaram and Marshall 2007).
Transmission of supergroups A, B, and F between the subphyla is also thought
to be common. In contrast, supergroups E, H, I, J, and K are each currently
restricted to a single order or even a single species, although there is very little
evidence concerning the true distribution of these supergroups. When consid-
ering all subphyla, the Hexapoda contain the highest diversity of Wolbachia
strains: all supergroups are found except C, D and J (restricted to the phylum
Nematoda) and K [only found in the order Prostigmata (Acarina)]. Within the
subphylum Crustacea, only supergroup A and B are found. The diversity with-
in the subphylum Chelicerata is much larger: so far, supergroups B [spiders
(Araneae), mites, and ticks (Acarina)], A (spiders), F [scorpions (Scorpiones)],
and K (mites), and possible new strains [pseudoscorpions (Pseudoscorpionida)
and spiders] have been reported (Baldo et al. 2007; Breeuwer and Jacobs 1996;
Hartelt et al. 2004; Rowley et al. 2004; Zeh et al. 2005). This suggests multiple
independent infections of the Chelicerata with Wolbachia. Most of these find-
ings were only recently reported and we expect that future investigations with-
in these and other taxa will further enlarge the known diversity of Wolbachia.

In conclusion, the combined analysis of the three protein coding genes
gltA, ftsZ and groEL give a congruent and well-supported representation of the
current supergroup designation. This concurs with the findings of Casiraghi et
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al. (2005) and Bordenstein and Rosengaus (2005). The phylogeny obtained
from 16S rDNA sequences is less well resolved, and recombination is observed
within this region, rendering it less suitable for supergroup assignment (see also
Lo et al. 2002). Although a single intragenic recombination event was found for
gltA, this does not affect the supergroup classification. Sets of primers are avail-
able that work well across all known supergroups, and these should help in
refining the structure further and for uncovering more diversity in the future.
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APPENDIX
Taxonomic details of Wolbachia hosts and accession numbers of analyzed sequences.

GenBank accession numberb Super-

Taxon Order Species Strain 16S rDNA gltA groEL ftsZ group

Phylum Arthropoda

Subphylum Chelicerata

Class Arachnida

Araneae Diaea spec. wDiaspp1 AY486069 – – – ?a

Diaea spec. wDiaspp2 AY486070 – – – ?a

Diaea circumlita wDiacir1 AY486071 – – – ?a

Diaea circumlita wDiacir2 AY486072 – – – ?a

Diaea circumlita wDiacir3 AY486073 – – – ?a

Prostigmata Bryobia praetiosa NL12 EU499317 EU499327 EU499332 EU499322 B

(Acarina) Bryobia sarothamni FR16 EU499315 EU499325 EU499330 EU499320 B

Bryobia spec. I NL14 EU499318 EU499328 EU499333 EU499323 B

Bryobia spec. V ITA11 EU499316 EU499326 EU499331 EU499321 K

Tetranychus urticae T2 EU499319 EU499329 EU499334 EU499324 B

Subphylum Hexapoda

Class Entognatha

Collembola Folsomia candida AF179630 AJ609649 – AJ344216 E

Mesaphorura macrochaeta AJ422184 – – – E

Class Insecta

Blattodea Blatella spec. DQ354919 – – – F

Supella longipalpa DQ354920 – – – F

Coleoptera Rhinocyllus conicus M85267 – – – F

Tribolium confusum X62247 AY714784 AY714798 U28194 B

Diptera Culex quinquefasciatus AF397409 AY714789 AY714804 - B

Drosophila melanogaster wMel AE017196 AE017196 AE017196 U28189 A

Drosophila simulans wMa AF390864 AY714786 AY714799 AY508999 B

Drosophila simulans wRi DQ412085 AY714791 AY714806 U28178 A

Hymenoptera Encarsia formosa AF045189 AY714783 AY714797 U28196 B

Nasonia giraulti M84690 AY714793 AY714810 U28182 A

Nasonia longicornis M84691 AY714794 AY714811 - A

Nasonia vitripennis M84688 AY714795 AY714812 U28188 A

Nasonia vitripennis M84686 AY714782 AY714796 U28205 B

Protocalliphora sialia – AY714788 AY714801 U28202 B

Isoptera Kalotermes flavicollis Y11377 AJ609651 AJ609660 AJ292345 F

Microcerotermes spec. AJ292347 - AJ628411 AJ292346 F

Zootermopsis angusticollis AY764279 AY764281 AY764278 AY764283 H
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GenBank accession numberb Super-

Taxon Order Species Strain 16S rDNA gltA groEL ftsZ group

[Phylum Arthropoda

Subphylum Hexapoda

Class Insecta

Isoptera] Zootermopsis nevadensis AY764280 AY764282 AY764277 AY764284 H

Neuroptera Myrmeleon mobilis OTU1 DQ068882 – – – F

Myrmeleon mobilis OTU2 DQ068788 – – – ?a

Siphonaptera Ctenocephalides felis AY335923 AJ609650 AJ609659 AJ628415 I

Orchopeas leucopus AY335924 – – – I

Phylum Nematoda

Class Secernentea

Spirurida Brugia malayi AF051145 AJ609643 AF373870 AJ010269 D

Brugia pahangi AJ012646 AJ609642 AJ609654 AJ010270 D

Dipetalonema gracile AJ548802 AJ609648 AJ609658 - J

Dirofilaria immitis Z49261 AJ609641 AJ558023 AJ010272 C

Dirofilaria repens AJ276500 – AJ609653 AJ010273 C

Litomosoides brasiliensis AJ548799 AJ609646 AJ609655 - D

Litomosoides sigmodontis AF069068 AJ609645 AF409113 AJ010271 D

Mansonella ozzardi AJ279034 AJ609647 AJ609657 - F

Mansonella spec. – AJ628413 AJ628412 AJ628414 F

Onchocerca gibsoni AJ276499 AJ609639 AJ609652 AJ010267 C

Onchocerca ochengi AJ010276 AJ609640 – AJ010266 C

Onchocerca volvulus AF069069 – Y09416 AJ276501 C

Wuchereria bancrofti AF093510 AJ609644 – AF081198 D
a supergroup assignment unclear; b sequences obtained in this study are depicted in bold
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ABSTRACT

Wolbachia and Cardinium are endosymbiotic bacteria infecting a large number of
arthropods, and manipulating their host’s reproductive system in order to
enhance their own transmission. Although these bacteria are maternally trans-
mitted, incongruencies between phylogenies of host and parasite suggest hori-
zontal transmission. For Wolbachia, evidence for recombination has been found
as well, as single bacterial gene phylogenies were also found incongruent. It is
however unclear to what extent recombination contributes to Wolbachia diversi-
ty compared to point mutation. Here, we explore Wolbachia and Cardinium strain
diversity within spider mites (Tetranychidae), investigating strains from nine
species (38 populations). Two highly divergent Wolbachia supergroups (B and
K) were detected. Using sequence data from four genes, we show that for
Wolbachia new alleles are 7.5 to 11 times more likely to be generated by recom-
bination than by point mutation. These high recombination rates are compara-
ble to rates found for other horizontally transmitted bacteria, suggesting that
horizontal transfer of either genes or complete bacteria is substantial within
Wolbachia. We found no indication for cospeciation of host and Wolbachia, and
a lack of congruence between strain diversity and mtDNA diversity or geo-
graphical distribution. Cardinium was less frequently found in the 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. A lack of congruence observed among host and Cardinium phyloge-
nies suggest that horizontal transfer is also prevalent for Cardinium.

Submitted to Journal of Bacteriology
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INTRODUCTION

Wolbachia and Cardinium are intracellular reproductive parasites, being able to
manipulate their host’s reproductive system in order to promote their own
transmission (O’Neill et al. 1997). These bacteria are vertically transmitted,
from mother to offspring, via the cytoplasm in the eggs. As males are ‘dead
ends’ in terms of transmission, these bacteria tend to bias their host’s sex ratio
towards females by a variety of means: male killing, feminization, thelytokous
parthenogenesis, or cytoplasmic incompatibility (CI) (although male killing has
not been observed for Cardinium yet). Wolbachia is well studied and is widespread
among arthropods and nematodes. It is estimated that more than 20% of all
arthropods are infected with Wolbachia (Werren et al. 1995a; Breeuwer and
Jacobs 1996; Jeyaprakash and Hoy 2000; Jiggins et al. 2001a). This diverse genus
has been subdivided into 11 ‘supergroups’ (A-K) on the basis of molecular phy-
logenetic analysis (Werren et al. 1995a; Bandi et al. 1998; Lo et al. 2002;
Bordenstein and Rosengaus 2005; Casiraghi et al. 2005; Ros et al. submitted a).
Cardinium was more recently discovered and has so far been found in 6-7% of
all arthropods, though seems to be more common in Chelicerates than in
insects (Weeks et al. 2003; Zchori-Fein and Perlman 2004; Duron et al. 2008).
In some cases, Wolbachia and Cardinium have been found co-infecting the same
host species (Weeks et al. 2003; Zchori-Fein and Perlman 2004; Gotoh et al.
2006; Enigl and Schausberger 2007; Duron et al. 2008).

As Wolbachia and Cardinium are clonally inherited via vertical transmission,
it might be expected that the evolution of bacteria and host are intimately asso-
ciated, such that the phylogeny of one reflects the other (Moran and Baumann
1994). However, there is now a large body of molecular evidence for discordant
phylogenies of host and endosymbiont (Werren et al. 1995b; Vavre et al. 1999a;
van Meer et al. 1999; Cordeaux et al. 2001; Baldo et al. 2008). Distantly related
Wolbachia or Cardinium strains can infect closely related host species, and close-
ly related strains may infect distantly related host species. Such patterns suggest
horizontal transmission of bacteria between hosts (or at least of some bacteri-
al genes), although direct evidence for horizontal transmission is rare (Heath et
al. 1999; Huigens et al. 2000, 2004). Horizontal transfer has been further sup-
ported by evidence for recombination. For Wolbachia, recombination has been
found between genes (intergenic) as well as within genes (intragenic). Intergenic
recombination is evident from inconsistencies between gene trees (Jiggins et al.
2001b; Werren and Bartos 2001; Baldo et al. 2006a). Intragenic recombination
has been observed within wsp, ftsZ, and gltA, within and between supergroups
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A and B, and between supergroups C and D (Jiggins 2002; Reuter and Keller
2003; Keller et al. 2004; Malloch and Fenton 2005; Baldo et al. 2005, 2006a;
Verne et al. 2007; Ros et al. submitted a). Although there is some evidence for
inconsistent phylogenies between Cardinium and their hosts, which is compati-
ble with horizontal transmission, only a few studies have been performed,
mainly focusing on a single gene (16S rDNA) (Weeks et al. 2003; Zchori-Fein
and Perlman 2004; Duron et al. 2008), and there is currently no evidence
regarding the existence and frequency of recombination in Cardinium.

Phylogenetic and evolutionary studies on Wolbachia have mainly focused on
diverse samples representing a wide range of host species (Jiggins et al. 2001b;
Jiggins 2002; Baldo et al. 2005, 2006a). Based on two genes, Jiggins (2002)
showed that among strains from a wide range of host species, the rate of
recombination is similar to that of a horizontally transmitted bacterium
(Cowdria ruminantium). It remains however unclear to what extent these conclu-
sions can be extrapolated to samples recovered from closely related host gen-
era, or even from a single host species from a single geographical and temporal
source. Most current studies which address this have used only one or two
genes or a restricted number of species or populations (Werren and Bartos
2001; Reuter and Keller 2003; Verne et al. 2007; Malloch and Fenton 2005). A
recent study by Baldo et al. (2008) included a more detailed study of the extent
of recombination and horizontal transfer in a single spider genus and revealed
that horizontal transfer explains a large part of the Wolbachia distribution pat-
terns within the genus. Exact rates of recombination among Wolbachia strains
have however not been inferred so far, which makes it difficult to draw direct
comparisons with rates found for other bacteria. Recombination rates can be
obtained from multilocus sequence data. Isolates that differ at only a single
locus are grouped into clonal complexes. Subsequently, the allele sequences are
examined to determine whether single allelic variants within a clonal complex
result from point mutation or homologous recombination (Feil et al. 1999).

We present here a detailed study of the diversity of Wolbachia and Cardinium
in the phytophagous spider mite family Tetranychidae, by analyzing isolates
recovered from seven Bryobia species, Tetranychus urticae, and Petrobia harti. Both
Wolbachia and Cardinium have been reported from this family. Wolbachia has been
detected in at least six asexual and one sexual Bryobia species and strains from
both supergroup B and K have been found (Weeks and Breeuwer 2001; Ros et
al. submitted a). Supergroup K concerns a new supergroup that has only been
isolated from Bryobia so far (Ros et al. submitted a). Most Bryobia species repro-
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duce asexually through thelytokous parthenogenesis (Helle and Sabelis 1985),
and Weeks and Breeuwer (2001) showed that in at least two species asexuality is
caused by Wolbachia. Wolbachia and Cardinium have been found co-infecting the
asexual species B. rubrioculus (Enigl and Schausberger 2007) as well as the sexual
species T. urticae. In the latter species, Wolbachia was found inducing CI, although
not in all populations (Breeuwer 1997; Vala et al. 2000; Perrot-Minnot et al.
2002; Gotoh et al. 2003, 2007). For Cardinium infecting T. urticae, no CI induc-
tion was detected (Gotoh et al. 2006). Wolbachia and Cardinium have both been
reported from P. harti, but the phenotypic effect is unknown (Weeks et al. 2003).

In this study we examine the diversity and population structure of Wolbachia
and Cardinium within the Tetranychidae. We investigate intra- and interspecific
recombination for Wolbachia (four genes) and Cardinium (two genes) and quan-
tify the rate of recombination relative to mutation for Wolbachia, by analyzing
variation found within clonal complexes. We explore Wolbachia and Cardinium
strain diversity between tetranychid host species, within single host species
(investigating multiple populations; up to 20 populations for B. kissophila) and
within single populations and individuals. This diversity is related to the degree
of host congruence (co-speciation), host mitochondrial DNA diversity, and
geographical distribution.

MATERIALS AND METHODS

DNA I SOL ATION, AM PLIFICAT ION, AND SEQUENCING

We analyzed Wolbachia and Cardinium strains from seven Bryobia species (34 pop-
ulations), T. urticae (three populations), and P. harti (one population) (FIGURE 1
and APPENDIX 1). Samples were collected between May 2004 and November
2006 from eight European countries, and from South Africa, USA, and China.
For each host population, information on mitochondrial (part of the COI
gene) and nuclear (part of the 28S rDNA gene) diversity was obtained as des-
cribed in Ros et al. (2008) and used for species identification.

Mites were either set up as cultures in the lab or stored in 96% ethanol.
DNA was extracted from single mites using the CTAB extraction method as
previously described (Ros and Breeuwer 2007) or using the NucleoSpin Kit
(Macherey-Nagel, Düren, Germany) following manufacturers’ instructions.

For Wolbachia, four genes were amplified and sequenced: wsp, ftsZ, groEL,
and trmD. Wsp was amplified and sequenced using the primers wsp-81F and wsp-
691R (Braig et al. 1998). FtsZ and groEl were amplified and sequenced as des-
cribed in Ros et al. (submitted a). TrmD was amplified and sequenced using the
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primers trmD-F 5’-GAACTATTCTCTTTGCCGGAAAAGC-3’ and trmD-R
5’-CACTGCTCAGGTCTAGTATATTGAGG-3’.These primers were designed
from available Wolbachia and Rickettsia genome sequences (Andersson et al. 1998;
McLeod et al. 2004; Wu et al. 2004) and were shown to reliably amplify prod-
ucts from strains representative of supergroups A and B (data not shown; sam-
ples kindly donated by Dr. Robert Butcher, University of Bath, UK).

For Cardinium, two genes were amplified: 16S rDNA and gyrB. 16S rDNA
was amplified and sequenced directly using the primers CLOf and CLOr1
(Weeks et al. 2003). GyrB was amplified using primers from Groot and
Breeuwer (2006), cloned, and subsequently sequenced. Amplified fragments
were separated from non-specific products by running the PCR products on a
1% agarose in 1x TAE gel and excising the fragments from the gel. Fragments
were purified using the method of Boom et al. (1990). Products were first
cloned and subsequently sequenced following the cloning protocol described
below, with 1-2 clones sequenced per sample using M13 forward and reverse
primers.

PCR amplifications were performed in 25 μl reactions containing 2.5 μl 10X
Super Taq buffer (HT BioTechnology, Cambridge, UK), 1.25 μl bovine serum
albumin (BSA; 10 mg/ml), 1.25 μl MgCl2 (25 mM), 5 μl dNTP mix (1 mM of
each nucleotide), 0.2 μl of each primer (20 μM each), 0.2 μl of super Taq (5
u/μl) (HT BioTechnology), 11.9 μl water, and 2.5 μl of DNA extract. For ftsZ,
groEL, and trmD, no extra MgCl2 was added and for 16S rDNA no MgCl2 and
BSA was added. PCR cycling profile for wsp and ftsZ was 35 cycles of 30 s at 95
°C, 30 s at 51 °C, and 1 min. at 72 °C, for groEL and trmD 35 cycles of 1 min.
at 95 °C, 1 min. at 49 °C, and 1.5 min. at 72 °C, for Cardinium 16S rDNA 35
cycles of 40 s at 95 °C, 40 s at 57 °C, and 45 s at 72 °C, and for gyrB 35 cycles
of 1 min. at 95 °C, 1 min. at 50 °C, and 1 min. at 72 °C. Products (2 μl) were
visualized on a 1% agarose gel stained with ethidium bromide in 0.5X TBE
buffer (45 mM Tris base, 45 mM boric acid, and 1 mM EDTA, pH 8.0). PCR
products were purified using a DNA extraction kit (Fermentas, St. Leon-Rot,
Germany). The purified products were directly sequenced using the ABI
PRISM BigDye Terminator Sequence Kit (Applied Biosystems, Nieuwerkerk
a/d IJssel, The Netherlands). Both strands of the products were sequenced
using the same primers as used in the PCR amplification. Sequences were run
on an ABI 3700 automated DNA sequencer. All new sequences will be deposit-
ed in the GenBank database.
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TESTI N G F OR M U LTIP L E INFECT IONS

We tested for multiple infections by checking all sequences for the presence of
double peaks in the chromatograms and for differences between forward and
reverse sequences. Additionally, 11 PCR products were cloned and subsequent-
ly sequenced (two for wsp, groEL, trmD, and gyrB, and three for ftsZ) (APPENDIX

1). This approach would reveal multiple infections by Wolbachia or Cardinium.
PCR products selected for cloning were cleaned using the method of Boom et
al. (1990). The cleaned products were ligated into vectors and transformed into
bacteria using the pGEM-T Easy Vector System and JM109 competent cells
(Promega, Madison, WI, USA). Plasmids were recovered for 3-11 colonies per
sample, using mini-preparation procedures (Sambrook et al. 1989). Plasmids
were sequenced using the M13 forward and reverse primers.

DATA A SSEM BLING AND P HYLOGENET IC ANALYSES

Sequences were aligned using ClustalX version 1.8.0 with default settings
(Thompson et al. 1997) and modified in BioEdit version 7.0.7 (Hall 1999). We
excluded one Wolbachia strain (ITA11) from subsequent analyses, as this strain
represents a separate supergroup and is highly divergent from all other strains
(see results). We analyzed alignments of 525 bp for wsp, 557 bp for ftsZ, 491 bp
for groEL, 453 bp for trmD, 407 bp for Cardinium 16S rDNA, and 631 bp for
gyrB. Nucleotide diversity was calculated in MEGA v 4.0 (Tamura et al. 2007).
Phylogenetic analyses were performed using Neighbor-Joining (NJ), Maximum
Likelihood (ML), and Bayesian methods, for each gene separately and for a con-
catenated dataset of four genes for Wolbachia and two genes for Cardinium.
PAUP* version 4.0b10 (Swofford 2002) was used to select the optimal evolu-
tion model by critically evaluating the selected parameters (Swofford and
Sullivan 2003) using the Akaike Information Criterion (AIC; Akaike 1974). For
the protein coding genes, we tested if the likelihood of models could be fur-
ther improved by incorporating specific rates for each codon position (Shapiro
et al. 2006). This approach suggested the following models: wsp (submodel of
GTR + G with rate class ‘a b c c a c’), ftsZ (K3P+I), groEL (submodel of GTR
with rate class ‘a a b b a b’), trmD (HKY with site-specific rates for each codon
position), 16S rDNA (submodel of GTR with rate class ‘a a b c a c’), gyrB (sub-
model of GTR with rate class ‘a b c d b a’ and site-specific rates), the concate-
nated Wolbachia dataset (submodel of GTR + I + G with rate class ‘a b c c b
d’), and the concatenated Cardinium dataset (submodel of GTR + G with rate
class ‘a b c a b c’). Under the selected models, parameters and tree topology
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were optimized using the successive approximations approach (Sullivan et al.
2005). NJ analyses (p-distances) and ML analyses (heuristic search, random
addition of sequences with 10 replicates, TBR branch swapping) were per-
formed in PAUP. Robustness of nodes was assessed with 100 NJ- resp. ML-
bootstrap replicates. However, as PAUP does not allow for site-specific rates in
bootstrap analysis, ML bootstrapping for trmD and gyrB was performed with
gamma distributed rates, with 100 bootstrap replicates. Bootstrap values were
then plotted on the phylogeny obtained with the original model with site-spe-
cific rates. Bayesian analyses were performed as implemented in MrBayes 3.1.2
(Ronquist and Huelsenbeck 2003). Models used were GTR + G (wsp), GTR +
I (ftsZ), GTR (groEL, 16S rDNA), and GTR with separate rates for each codon
position (trmD, gyrB). For the concatenated dataset, the same models were used
for each gene partition. Analyses were initiated from random starting trees. Two
separate Markov Chain Monte Carlo (MCMC) runs, each composed of four
chains (one cold and three heated), were run for 6,000,000 generations
(7,000,000 generations for the concatenated Wolbachia set). The cold chain was
sampled every 100 generations, the first 15,000 generations were discarded
afterwards (burn-in of 25%). Posterior probabilities were computed from the
remaining trees. We checked whether the MCMC analyses ran long enough
using the program AWTY (Wilgenbusch et al. 2004). Stationarity was assumed
when there was convergence between the two MCMC runs and when the
cumulative posterior probabilities of splits stabilized; in all analyses 6,000,000
generations proved sufficient. The concatenated Wolbachia dataset however,
showed no convergence or stabilization of probabilities (not even after
15,000,000 generations). This is most likely due to the extensive recombination
present within this dataset.

ANA LYSIS OF RECOMBINATION

Evidence for recombination within Wolbachia and Cardinium was obtained by
comparing topologies of different genes. For Wolbachia, we also quantified the
relative impact of recombination compared to point mutation over short-term
clonal diversification. Following standard MLST protocol (Maiden et al. 1998),
we assigned allele identifiers for each unique sequence at a particular locus, and
an ‘ST’ (sequence type) for each unique allelic profile. We used eBURST version
3 (Feil et al. 2004; FIGURE 2) to identify closely related pairs or clusters descend-
ed from a common founder, forming clonal complexes. All members assigned
to a clonal complex share identical alleles at three of the four loci with at least
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one other ST member of the complex. By comparing, for each ST within a clon-
al complex, the sequence of the deviating allele with the allele of the founding
genotype, it is possible to estimate how many STs have arisen by de novo point
mutation (i.e., a novel change at a single base) or homologous recombination (a
single non-unique change or multiple nucleotide changes) (Feil et al. 1999).

Additionally, single gene alignments for Wolbachia and Cardinium were
checked for signs of intragenic recombination using the software package
RDP3 (Martin et al. 2005) and by visual inspection. Programs used in the RDP3
software package were RDP, Geneconv, Bootscan, MaxChi, Chimaera, and
Sister Scanning. Analyses were run with default settings, except for window-
and stepsizes: these were varied during independent analyses. Analyses were
performed for total datasets and reduced datasets (removal of highly similar
strains). This analysis was performed for each of the four Wolbachia genes and
for the two Cardinium genes.

RES ULTS

We included Wolbachia strains from seven Bryobia species (B. berlesei, B. kissophi-
la, B. praetiosa, B. rubrioculus, B. sarothamni, B. spec. I, and B. spec. V) and T. urticae,
and Cardinium strains from B. rubrioculus, B. sarothamni, T. urticae, and P. harti
(FIGURE 1 and APPENDIX 1). We were unable to reliably determine the infection
status of the other host species due to the lack of adequate material and/or
inconsistent amplification of the bacterial genes, therefore these species were
excluded from further analyses. The dataset includes strains from sexually (B.
sarothamni, T. urticae, P. harti) and asexually (the remaining species) reproducing
species.

MULTI PLE INF ECTIONS

In B. rubrioculus and B. sarothamni, Wolbachia and Cardinium strains were isolated
from doubly infected individuals, whereas in T. urticae they were isolated from
singly infected individuals (APPENDIX 1). However, multiple Wolbachia strains
infecting a single host individual were not detected, and neither were multiple
Cardinium strains. Sequence chromatograms revealed no double peaks and
cloning and sequencing of eleven PCR products did not reveal multiple infec-
tions. Sequenced clones obtained from a single individual differed less than
1.6%. The observed differences were randomly distributed and in some cases
led to stop codons or amino acid changes and therefore likely represent
sequence artifacts rather than multiple infections.
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WO L BACHIA DIVERSITY

Sequences from the four Wolbachia genes (wsp, ftsZ, groEL, and trmD) were
recovered for 65 Wolbachia-infected individuals, except for wsp from B. spec. V
(ITA11). The Wolbachia strain infecting B. spec. V belongs to the newly des-
cribed supergroup K (Ros et al. submitted a), which is highly divergent from
supergroup B strains infecting other tetranychid mites. We excluded the super-
group K strain from phylogenetic and recombination analyses. No insertions or
deletions were found within ftsZ, groEL, and trmD. Within wsp small indels (3-9
bp) were found in a few strains but all sequences could be unambiguously
aligned.

The sequenced Wolbachia strains reveal a high diversity. Between 11 (groEL)
and 18 (trmD) alleles were found (TABLE 1). From the 64 Wolbachia strains
(excluding the supergroup K Wolbachia strain in B. spec. V), 36 unique strains
(sequence types; STs) were found (APPENDIX 2). Nucleotide diversity was 5-11
times higher for wsp than for the other loci (TABLE 1). The wsp gene also
revealed a high rate of intragenic recombination (see below). Mosaic structure
is often observed in genes encoding surface proteins, as these genes are direct-
ly involved in host immune response (Feil et al. 2000b; Baldo et al. 2005).
Despite this high nucleotide diversity and recombination rate, we found the
most alleles for trmD. Even so, when analyzing diversity within the clonal com-
plexes, more variant alleles were found for trmD than for the other genes,
including wsp.

Forty-four out of the 64 strains were grouped into five clonal complexes (I-
V; FIGURE 2 and TABLE 2). All other strains differed at more than one locus
from the strains in these complexes. A total of 17 alleles deviated from the alle-

115

D
IV

E
RSITY

A
N

D
RE

CO
M

BIN
ATIO

N
IN

W
O

LBA
CH

IA
A

N
D

C
A

RD
IN

IU
M

FIGURE 1 – Phylogenetic relationship between the tetranychid host species from which
Wolbachia and Cardinium strains were obtained. Maximum likelihood cladogram (28S
rDNA) of the genus Bryobia and four outgroup species of the genus Petrobia is shown
(from Ros et al. 2008). Tetranychus urticae was depicted separately as the exact position
of T. urticae relative to the other host species was not studied so far. The genus
Tetranychus belongs to another subfamily (Tetranychinae) than Bryobia and Petrobia (both
Bryobiinae) of the family Tetranychidae. The mode of reproduction is given for each
host species (A=asexual, S=sexual) in a separate column, and the subsequent columns
indicate from which host species Wolbachia and or Cardinium strains were included in
this study. Host species in grey were not included in this study. Numbers above branch-
es (bold) indicate ML bootstrap values based on 1,000 replicates, numbers below
branches (plain) depict Bayesian posterior probabilities (only values larger than 50 are
indicted).
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Variable sites p-distance 

Locus Size (bp) Alleles n % π max. (%)

Wolbachia (n=64) wsp 525 13 155 29.52 0.1030 20.08

ftsZ 507 14 20 3.94 0.0126 2.37

groEL 491 11 18 3.67 0.0087 1.83

trmD 453 18 34 7.51 0.0176 4.42

Cardinium (n=15) 16S rDNA 407 6 15 3.69 0.0151 2.22

gyrB 631 8 127 20.13 0.0839 14.9

FIGURE 2 – Schematic overview of the clonal relatedness of the Wolbachia STs as pre-
dicted by eBURST. Each ST is represented by a black dot, the size of which is propor-
tional to the number of strains of that ST. STs that differ at a single locus are linked
by lines. Only one variant is likely due to a mutational event (indicated by *), the other
variants are most likely due to recombination events. STs that are not linked to other
STs do not share at least four identical alleles with any other ST. Host species name in
which each ST was detected is indicated: BB=B. berlesei; BK=B. kissophila (A-D indicate
different COI clades, see text); BP=B. praetiosa; BR=B. rubrioculus; BS=B. sarothamni;
BspI= B. spec. I; TU=T. urticae.
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les from the founding genotypes within the clonal complexes (TABLE 2). A sig-
nificant higher number of these variant alleles were found for trmD compared
to the other loci (TABLE 2; Chi-square test; P=0.003), which is consistent with
the observation that this locus contains the most alleles.

Recombinat ion  be tw een  Wolbachia s t ra ins
We investigated intergenic recombination by analysis of allelic variation within
the clonal complexes. This approach reveals whether variant alleles arose by
point mutation or by recombination. Of the 17 variant alleles, four differed
from the typical allele in the clonal complex by a single nucleotide change
(TABLE 2). Three of these single nucleotide changes, however, were non-
unique. Two other alleles differed by two nucleotide changes, and could be

TABLE 2 – Clonal complexes found for Wolbachia. Allelic variants within each clonal
complex are highlighted, listed per sequence type (ST). Likely recombinational changes
are highlighted in dark grey, and putative mutations are shown as white text on a grey
background. Disputable cases are highlighted in light grey (possible recombinational
changes). For each allelic variant the allele number is given, with in superscript the
number of polymorphic sites between the allelic variant and the typical allele of the
clonal group. Host species name in which each ST was detected is indicated (for abbre-
viations see legend FIGURE 2). The frequency of each sequence type is listed in the
bottom row. * indicates non-unique mutations (in cases where one or two mutations
were found).

Complex I II
ST 4 9 5 2 1 11 6 30 29 28 27
wsp 1 - - - - - 5 18 12 - - -
ftsZ 2 - - - 1 1 - - 10 - - -
groEL 8 - - 4 4 4 4 - - 8 - - -
trmD 1 3 1* 10 15 - - 6 7 6 7 1 14 9 6 7 2 1*

Species BK-B BK-B BK-B BK-B BK-B BK-D BK-D BK-B BspI BK-D BK-B
Freq. 2 1 1 12 1 1 1 1 1 1 1
Complex III IV V
ST 16 15 14 13 36 10 12 24 25 33 34
wsp 5 3 8 - - - - 4 16 12 - 6 -
ftsZ 3 - - - - - - 10 - 14 -
groEL 8 - 4 4 - - - - 12 11 2 3 -
trmD 1 - - 5 2* 17 9 15 8 15 8 8 - 9 11 1*

Species BK-D BK-D BK-D BR BR BspI BR BK-D BK-D BS BS
Freq. 2 1 1 1 1 1 1 3 1 8 1
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either derived by point mutations or recombination (the chance of two muta-
tions in one out of four genes is 0.25). Two variant alleles contained two base-
pair changes; in one allele these two were unique, in the other allele these were
non-unique. All other allelic variants differed from the founder alleles at four or
more sites and were considered as putative recombinational imports. Ignoring
alleles with one non-unique and two nucleotide changes, the estimated ratio of
recombinational events to mutational events per gene fragment is 11:1. If we
include non-unique changes as recombinational imports, and unique changes as
point mutations, the ratio is 15:2. This is slightly lower than 11:1 but still sug-
gests a much higher rate of recombination compared to point mutation. In
other words, new alleles were 7.5 to 11 times more likely to be generated by
recombination than by point mutation. This is a conservative estimate because
single nucleotide changes were attributed to point mutation and not to recom-
bination, although recombination between similar alleles could result in a single
nucleotide change. Further, a high rate of recombination is consistent with the
observed incongruence between the four gene tree topologies (APPENDIX 3).
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trmD 
               11233333444 

        112466723156679013 

        292213808744905128 

NL16_1 BR*  TAGTAATC.........T 

BEL1_1 BK-B^ CGAAGGCTGCGGTAATGC  

NL15_1 BR  ........TTAACGGCAT 

 

 

wsp 
                            1111111111222222222223333333333333333334444444444455555 

         12333455555667788890345778899000124457992223444444555555563334557789900001 

       6968067602568692368975516231569568824620471578013568012356712574363942901347 

T3   TU TTGAAGAGCTAATGCCAAGCCATGAAGGAGACCGTACATAATGGATGTAAGGTTACGGTAGTATTT.......G.. 

BEL5 BS CCATTAGAAAGCGAAGGCAGATCAGGCACAGGAACCTGCGGCAACCAAGTATAAGTAAACACTACCAGAAGGCTAC 

FR13 BK-A ........C...A.....................................................GAGGACTGTG 

 

 

 

                                    111111111111111111111111222222222233333344444444444444444444455555555555 

         123334445555566677777788889133345567777788888999999000012222944445633345577788888999999900000000111 

       69680572592568935601236716899025813691234801235124789025620689406790025743638934579013457901235679036 

FR17 BB TTGAAGACCGTAAAAACCGTTCGATAGCGCCTCGGACAAACACGACTGTCCATTACCCAGGG.GAGG.TACTT........G.................T. 

POR1 BK-D CCATTAGTTAAGCGCTAAAAGGAGCCAGAGTCTAAGTGGCTGTACACTATATGCTGAAGTAAAAGAACGGTAATTGAAAGAAAGTTCACACTAAGAGTCCC 

BEL5 BS ..............................................................G.A.GATACT.CCAGGGACGTAAGATAGGCGTATCAA-T 

FIGURE 3 – Examples of recombination within trmD and wsp. Only polymorphic sites
are shown (position in alignment is given on top). Sequences are named by their sam-
ple code (APPENDIX 1) and abbreviated host species name (see legend FIGURE 2). Each
sequence may have been found in different populations or host species, see phyloge-
nies of trmD and wsp in APPENDIX 3. Different shadings indicate possible recombinant
regions (see results). Differences and identities (dots) compared to the middle
sequence are shown. * = also detected in BspI, BK-A, BK-C, and BP. ^ = also detect-
ed in BR.



Intragenic recombination is another process that may contribute to the ori-
gin of new Wolbachia genotypes. We detected intragenic recombination within
the trmD and wsp genes (FIGURE 3). The alignment of wsp genes shows that the
variation is not randomly distributed, but clearly shows fragments that have
been exchanged among different alleles. The resulting mosaic pattern is most
likely due to recombination. Intragenic recombination is not restricted to
Wolbachia strains from the same host species, but also involves strains infecting
different host species. For example, the wsp sequence obtained from Wolbachia
in B. sarothamni (all populations) is a recombinant between the wsp sequences
obtained from Wolbachia in B. kissophila (FR13) and T. urticae (T3) (FIGURE 3).

Cospe c ia t i on  o f Wolbachia and hos t  spe c i e s
Examination of the concatenated Wolbachia phylogeny reveals that there is gen-
erally a lack of cospeciation between host and parasite (FIGURE 4). Wolbachia
strains obtained from a single host species do not clearly cluster. For example,
strains isolated from B. rubrioculus are found at different places in the phyloge-
ny. The same is true for strains from B. spec. I. On the other hand, the Wolbachia
phylogeny is not completely random with respect to host species. Some
Wolbachia strains from B. kissophila cluster together, whilst others cluster with
strains from B. spec I (BEL4_2) or B. rubrioculus (FR15). Two B. kissophila-
derived strains (NL9 and FR13) are very divergent from all other B. kissophila
strains. In the exceptional case of B. sarothamni, the same Wolbachia genotype
was found in all five populations (from Belgium and France; except for a minor
difference in trmD for BEL6; FIGURES 2 and 4, and TABLE 2). This strain was
not found in any of the other species, although it closely resembles the
Wolbachia strain infecting B. berlesei at three of the four genes (wsp is highly diver-
gent between the two strains). Bryobia sarothamni and B. berlesei share the same
host plant species, Cytisus scoparius, which potentially facilitates horizontal trans-
mission of both Wolbachia strains and genes.

Finally, a single B. praetiosa individual was investigated. Although this species
was found to harbor a unique Wolbachia strain, this strain shares each of its alle-
les with strains in (multiple) other host species. Although allelic identity by
descent cannot be ruled out without more detailed analysis, this observation is
also consistent with frequent inter-allele recombination. Within the other
species, divergent Wolbachia strains were found between populations and also
within populations (FIGURE 4). In five B. rubrioculus mite populations, six diver-
gent Wolbachia strains were found: population PL5 contains two divergent
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FIGURE 4 – Concatenated ML phylogeny for Wolbachia, based on four genes (wsp, ftsZ,
groEL, and trmD). Thirty-six unique strains are shown. Sample code (APPENDIX 1) and
host species name in which each strain was detected are indicated (for abbreviations
see legend FIGURE 2). ML bootstrap values (top number, bold) and Bayesian posterior
probabilities (bottom number, plain) are depicted (only values larger than 50 are indi-
cated). * = the topology within this clade is slightly different for the MrBayes topolo-
gy. The bar at the bottom indicates a branch length of 10% likelihood distance.
Independent phylogenies for each gene are depicted in APPENDIX 3.



Wolbachia strains. For B. spec. I three Wolbachia strains were detected in two pop-
ulations: two individuals from BEL4 harbor highly divergent Wolbachia strains
(mainly due to differences at wsp and ftsZ).

Cor r e la t i on  be tw een  Wolbachia and hos t  mi to chondr ia l  d i v e r s i t y  o r
g eographi ca l  l o ca t i on
It has been suggested that infection by Wolbachia affects host mitochondrial
diversity and that mitochondrial haplotypes and Wolbachia haplotypes may be
linked (Ahrens and Shoemaker 2005; Dean and Ballard 2005; Hurst and Jiggins
2005; Rasgon et al. 2006). As this has serious implications for population studies
based on mtDNA (Ros et al. 2008), we were motivated to examine this possibil-
ity for B. kissophila. High levels of diversity at the mitochondrial COI locus were
observed within B. kissophila, which resolved into four clades (A-D) (Ros et al.
2008). However, there was little evidence for correlation between the COI hap-
lotypes and the Wolbachia strains (FIGURES 2 and 4). A total of 20 populations
were investigated for B. kissophila, and a highly divergent set of Wolbachia strains
was found within this species. Twenty-one Wolbachia strains were found, four of
which were shared between populations. Within several populations (BEL1, FR2,
NL1, NL3, NL6, SP3, and SP4) more than one Wolbachia strain was detected.

Bryobia kissophila COI clade A was highly divergent from all other COI
clades, and contains Wolbachia strains that are divergent from the ones found in
the other clades. However, the two investigated populations belonging to clade
A (NL9 and FR13) harbor divergent Wolbachia strains. Also, some alleles of
these strains are shared with other B. kissophila clades (for groEL and trmD) or
with other Bryobia species (for all four genes) (APPENDIX 3). Wolbachia strains
from clade B, C, and D show a mixture of different Wolbachia strains. There is
no correlation with COI haplotype, although there are no strains shared among
populations belonging to different COI clades.

There is a similar lack of congruence between Wolbachia strain diversity and
geographic location of the host populations. Very distant populations may har-
bor identical Wolbachia strains (e.g., BEL2 and SA1; B. kissophila), while nearby
populations harbor very divergent Wolbachia strains (e.g., NL15 and NL16; B.
rubrioculus). Also within populations divergent strains are found.

CARD INIUM DIVERSITY

Cardinium diversity was investigated by sequencing part of the 16S rDNA and
gyrB gene. Sequences were successfully recovered from all Cardinium-infected
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FIGURE 5 – 16S rDNA, gyrB, and concatenated ML phylogenies for Cardinium. Sample
code (APPENDIX 1) and host species name in which each strain was detected are indi-
cated: BR=B. rubrioculus; BS=B. sarothamni; PH= P. harti. Two clades are named I and
II. ML bootstrap values (top number, bold) and Bayesian posterior probabilities (bot-
tom number, plain) are depicted (only values larger than 50 are indicated). The bar at
the bottom indicates a branch length of 10% likelihood distance.



individuals and all sequences could be unambiguously aligned. No insertions or
deletions were found within gyrB. Within 16S rDNA, one insertion and one dele-
tion (both 1 bp) were found. For 16S rDNA six alleles were found, with 3.7%
variable sites, a maximum p-distance of 2.2%, and a nucleotide diversity of 0.015
(TABLE 1). Diversity for gyrB was much higher, with eight alleles, 20.1% variable
sites, a maximum p-distance of 14.9%, and a nucleotide diversity of 0.084.

In total, eight strains were detected within eight populations, belonging to
four species. The Cardinium strain found in P. harti (CH1) is divergent from two
other clades (named I and II), which were detected in B. sarothamni and B. rubri-
oculus (both clade I and II), and in T. urticae (clade I) (FIGURE 5). These two
clades are highly supported. Clade I and II differed 1.7% for 16S rDNA and
10.6% for gyrB, while differences within clades are small (<1.2% for both
genes). Generally, there is congruence between the phylogenies obtained for
16S rDNA and gyrB which suggests less recombination than in Wolbachia,
although the evidence is equivocal. However there is no obvious association
between Cardinium genotype and host species. Clade I contains strains found in
three B. rubrioculus populations and in one T. urticae and one B. sarothamni pop-
ulation, while clade II contains highly related strains found in two B. sarothamni
populations and one B. rubrioculus population. One strain was found infecting
two host species: B. rubrioculus (NL15_1-4) and B. sarothamni (FR21_3). Other
strains belonging to B. sarothamni population FR21 group within clade II
(FR21_1-2). These patterns imply horizontal transfer of strains (or genes)
between and within host species.

DIS CUSSION

This detailed study of reproductive parasites in nine tetranychid mite species
reveals a high genetic diversity. Wolbachia strains belonging to two highly diver-
gent supergroups (B and K) were detected (see also Ros et al. submitted a). The
diversity within supergroup B was high, with 36 unique strains found in 64
investigated individuals. The level of recombination detected is extremely high
for clonally inherited bacteria, which are thought to exhibit little or no recom-
bination (Tamas et al. 2002; Wernegreen 2004). Cardinium was less frequently
found in the 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.

WO L BACHIA DIVERSITY

We investigated Wolbachia diversity at a small scale, by comparing strains from
nine closely related host species, all belonging to the family Tetranychidae, and
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mainly from the genus Bryobia. Our study shows that even within a single host
genus there exists a high level of Wolbachia diversity. Wolbachia strains belonging
to two highly divergent supergroups (B and K) were detected. Even within
Wolbachia supergroup B, 36 unique STs were obtained from 64 infected hosts.
Although there was little correlation between host species and Wolbachia strains,
strains were not shared among different species (FIGURES 2 and 4), so that a cer-
tain level of specificity was observed. Strains within clonal complex I were
restricted to B. kissophila and within clonal complex V to B. sarothamni. Other
complexes however contain strains isolated from different host species. It is
striking that many alleles are shared among the different STs, even from differ-
ent host species, indicating that recombination contributes substantially to the
genetic diversity of Wolbachia. Recombination is further evidenced by the many
phylogenetic conflicts observed among the individual gene trees and a high
recombination rate compared to mutation rate. Analysis of the variant alleles in
the clonal complexes reveals that the rate of recombination compared to point
mutation in the diversification of lineages ranges between 7.5:1 and 11:1.

The observed recombination rate, and diversity is much higher than what
would be expected for clonal organisms. Recombination is rare in other clonal-
ly inherited, obligate intracellular bacteria (Tamas et al. 2002; Wernegreen 2004).
The high recombination rate we found is comparable to rates of horizontally
transmitted pathogenic bacteria. For example, for Streptococcus pneumoniae a
recombination to mutation ratio of 10:1 was found, for Neisseria meningitidis a
ratio of 5:1 (Feil et al. 2000a). Both bacteria are horizontally transmitted.
Wolbachia is thought to be vertically (clonally) transmitted. Horizontal transfer
has been observed, but examples are rare (Heath et al. 1999; Huigens et al. 2000,
2004). Although many studies based on molecular data have suggested extensive
horizontal transfer of Wolbachia (due to incongruence between independent
gene trees; Werren and Bartos 2001; Jiggins et al. 2001b; Baldo et al. 2008), it is
unclear if bacteria are transferred horizontally, or if the transfer concerns single
genes, possibly via bacteriophages (Charlat and Merçot 2001). The high rate of
recombination found in this study, the observation that individual alleles are
shared among Wolbachia strains from different host species but complete STs are
not, and the fact that Wolbachia is mainly clonally inherited, suggest that individ-
ual genes rather than complete bacteria are exchanged. Alternatively, transfer of
bacteria leading to mixed infections and subsequent recombination may explain
these observations. Although mixed infections seem rare considering our
cloning data, this option cannot be completely excluded.
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Homologous recombination in bacteria can occur by transformation, con-
jugation, or transduction. Conjugation and transformation, require physical
contact, or close proximity, of donor DNA and recipient bacteria. Ecological
circumstances may create opportunities for recombination, e.g., Wolbachia
strains from B. sarothamni and B. berlesei share three of the four alleles, and their
mite hosts feed on the same host plant species (we found both species co-
occurring on the same individual plant). Other ecological interactions have
been suggested as means for bacteria or gene exchange, e.g., host-parasite inter-
actions or double Wolbachia infections (Vavre et al. 1999a; Werren and Bartos
2001; Verne et al. 2007). However, in many other cases, opportunities for
recombination are less obvious. Transduction involving vectors (e.g., plasmids,
phages, or viruses) is a more likely manner of gene exchange. Good vector can-
didates are bacteriophages, as these have been isolated from Wolbachia-infected
populations (Masui et al. 2000; Bordenstein and Wernegreen 2004; Gavotte et
al. 2007). Phylogenetic information suggests that the bacteriophage WO is hor-
izontally transferred between different Wolbachia strains, and is able to infect
new Wolbachia hosts (Bordenstein and Wernegreen 2004; Gavotte et al. 2007).
Other, free-living, bacteria might even be involved in phage-transfer. We also
found, by accidence, evidence for the presence of a bacteriophage in an indi-
vidual of B. spec. I, which makes a role of bacteriophages in gene transfer more
likely. The bacteriophage sequence, detected with groEL primers, appeared sim-
ilar to the sequence of the Wolbachia bacteriophage WOcauB1 from Cadra cautel-
la (GenBank: AB161975; 12% p-distance) (Fujii et al. 2004), and to part of the
sequenced genome (located within the gene dnaA) of Wolbachia from Drosophila
melanogaster (GenBank: AE017196; 11% p-distance).

With strict vertical transmission, strong linkage disequilibrium between host
mtDNA and Wolbachia would be expected. However, recombination may
uncouple such associations, and could be a reason for the observed lack of con-
gruence between host mtDNA and Wolbachia STs. There are some signs of con-
gruence, with related host strains (with identical COI sequences) sharing iden-
tical or closely related Wolbachia strains, but due to the high rate of recombina-
tion such associations are broken up rather quickly.

CARD INIUM DIVERSITY

For Cardinium, the two investigated genes showed highly similar phylogenies,
giving no clear evidence for intergenic recombination. Also, no signs of intra-
genic recombination were found. There was however no congruence between
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Cardinium strains and associated host species: similar strains were found in B.
rubrioculus, B. sarothamni, and T. urticae. Only the strain infecting P. harti was clear-
ly distinct from all other strains. The sharing of strains among different host
species, and the occurrence of divergent strains in one host population (FR21),
suggest that horizontal transfer (of either bacteria or bacterial genes) is also
prevalent for Cardinium. This should however be further studied including more
genes. An MLST set for Cardinium is desirable, for reliable strain typing and for
investigating patterns of recombination, horizontal transfer, or host manipula-
tion. This requires the use of several independent markers, sufficiently distant
within the genome.

PHENOTYPIC EF FECTS OF WOLBACHIA AND CARDINIUM IN SPIDER

MI TES

We analyzed Wolbachia and Cardinium strains from both asexual and sexual host
species. Weeks and Breeuwer (2001) showed that Wolbachia is involved in caus-
ing asexuality in at least two species: B. praetiosa and an unidentified species.
Wolbachia is possibly causing asexuality in the other infected asexual species as
well. The general observation is that all individuals within the asexual species
are infected with Wolbachia. No males have ever been observed, neither in cul-
tures nor in the field, and additional lab experiments including at least 20 indi-
viduals per species (except for B. berlesei) show a fixed infection with Wolbachia
(unpublished data). Moreover, Weeks and Breeuwer (2001) analyzed 240 B.
kissophila, 144 B. praetiosa, and 24 B. rubrioculus individuals and found all individ-
uals infected with Wolbachia. We detected Cardinium in one asexual species, B.
rubrioculus. This species is doubly infected with both Wolbachia and Cardinium,
although Cardinium was not found in all individuals. It is unclear if Cardinium is
having an effect on the host species, but it is unlikely that it induces the asexu-
ality as not all individuals are infected. We detected both Wolbachia and
Cardinium in the sexually reproducing species B. sarothamni and T. urticae. Both
species appear polymorphic for infection with both bacteria. Previously,
Wolbachia was found inducing CI in T. urticae (Breeuwer, 1997; Vala et al. 2000;
Gotoh et al. 2003, 2007), but no effect of Cardinium on T. urticae was found so
far (Gotoh et al. 2007). We detected only Cardinium in P. harti, but Weeks et al.
(2003) also report Wolbachia from P. harti. The effects of both Wolbachia and
Cardinium in B. sarothamni, P. harti, and T. urticae require further investigation.
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CON C LUSIONS AND DIRECTIONS FOR FURT HER RESEARCH

We found a relatively high rate of recombination for Wolbachia strains isolated
from host species of the family Tetranychidae. Considering the fact that
Wolbachia is widely distributed among arthropods, we investigated strains from
a restrictive host range. It remains to be investigated if our findings present a
general pattern and if similar recombination rate will be found among strains
from other restricted host ranges. Our study of diversity within Cardinium
revealed incongruencies among host and bacterial phylogenies, confirming ear-
lier findings. Analysis of additional genes is needed to investigate recombina-
tion rates within this reproductive parasite.
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List of tetranychid samples from which Wolbachia and/or Cardinium strains were isolated.
Listed are sample population code, host species name, sample location (country and local-
ity), host plant, and collection date. Each entry represents a different site of collection
(population). More than one individual at a site was examined in some cases (n). ‘W’ and
‘C’ indicate whether Wolbachia and/or Cardinium were detected (+ = detected; – = not 

Host plant

Code Species Country Locality Common name
BEL1 B. kissophila Belgium Lompret Ivy
BEL2 B. kissophila Belgium Olloy-sur-Viroin Ivy
FR2 B. kissophila France Angers Ivy
FR13 B. kissophila France Vireux Ivy
GR2 B. kissophila Greece Thermi Ivy
ITA5 B. kissophila Italy Rome Ivy
NL1 B. kissophila Netherlands Hardegarijp Ivy
NL3 B. kissophila Netherlands Amsterdam Ivy

NL4 B. kissophila Netherlands Den Burg (Texel) Ivy
NL6 B. kissophila Netherlands Valkenburg Ivy
NL7 B. kissophila Netherlands Varsseveld Ivy
NL9 B. kissophila Netherlands Nes (Ameland) Ivy
POR1 B. kissophila Portugal Portimao Ivy
SA1 B. kissophila South Africa Johannesburg Ivy
SP1 B. kissophila Spain Begues Ivy
SP2 B. kissophila Spain Vill. d’Escornalbou Ivy
SP3 B. kissophila Spain Gatova Ivy
SP4 B. kissophila Spain Alcossebres Ivy
SP5 B. kissophila Spain Alcossebres Ivy
US1 B. kissophila USA Riverside Ivy
NL12 B. praetiosa Netherlands Amsterdam Grass and herbs
FR14 B. rubrioculus France Aubrives Apple
FR15 B. rubrioculus France Peumerit Apple
NL15 B. rubrioculus Netherlands Amsterdam Apple
NL16 B. rubrioculus Netherlands Amsterdam Plum
PL5 B. rubrioculus Poland Krakow Apple

BEL5 B. sarothamni Belgium Vierves sur Viroin Common Broom
BEL6 B. sarothamni Belgium Vierves sur Viroin Common Broom
FR16 B. sarothamni France Vireux Common Broom
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detected). If the analyzed individuals within a population differ for infection status, these
are listed separately (e.g., PL5_1 and PL5_2). NL3_9-10 means individual NL3_9 and
NL3_10. ‘Cloned’ indicates which gene was cloned and subsequently sequenced for which
sample. * = maintained in the lab on bean (Phaseolus vulgaris) for over 10 years.

Cloned

Scientific name Collection date n Individual code W C sample gene
Hedera helix May 2004 2 + - 
Hedera helix May 2004 1 + - 
Hedera helix May 2004 2 + - 
Hedera helix May 2004 1 + - 
Hedera helix May 2005 1 + - 
Hedera helix May 2005 1 + - 
Hedera helix April 2004 2 + - 
Hedera helix April 2004 2 NL3_9-10 + - 

Nov 2006 8 NL3_1-8 + - NL3_1 trmD
Hedera helix June 2006 1 + - 
Hedera helix May 2004 2 + - 
Hedera helix May 2004 1 + - 
Hedera helix June 2006 1 + - 
Hedera helix Feb 2005 1 + - 
Hedera helix Aug 2005 1 + - 
Hedera helix April 2004 1 + - 
Hedera helix April 2004 1 + - 
Hedera helix April 2004 3 + - 
Hedera helix April 2004 2 + - 
Hedera helix April 2004 1 + - 
Hedera helix May 2005 1 + - US1 groEL, ftsZ
- May 2004 1 + - NL12 wsp

Malus spec. May 2004 1 + + FR14 wsp
Malus spec. Aug 2006 1 + +
Malus spec. May 2006 4 + +
Prunus spec. May 2006 4 + - 
Malus spec. May 2006 2

PL5_1 + + PL5_1 trmD, gyrB
PL5_2 + - 

Cytisus scoparius July 2006 1 + - 
Cytisus scoparius May 2004 1 + - 
Cytisus scoparius July 2006 5

FR16_1 + - 
FR16_2 + + gyrB
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Host plant

Code Species Country Locality Common name

[FR16 B. sarothamni France Vireux Common Broom

FR21 B. sarothamni France Piriac sur mer Common Broom

FR17 B. berlesei France Vireux Common Broom
BEL4 B. spec. I Belgium Olloy-sur-Viroin Vetches
NL14 B. spec. I Netherlands Nieuweschans Vetches
ITA11 B. spec. V Italy S. Felice Circeo Grass and herbs
T1 T. urticae France Vireux Blackthorn
T2 T. urticae Unknown Unknown Cucumber*
T3 T. urticae Spain Valencia ? 
CH1 P. harti China Huanyaguan Soursob

Clonal 
ST wsp ftsZ groEL trmD Freq. complex Species Samples
1 1 1 4 1 1 I BK-B GR2
2 1 2 4 1 12 I BK-B BEL2, ITA5, NL3_1-8, NL4, SA1
3 5 2 4 18 1 - BspI NL14
4 1 2 8 1 2 I BK-B FR2_1, NL6_2
5 1 2 8 10 1 I BK-B NL6_1
6 5 2 8 6 1 I BK-D SP3_2
7 12 2 8 8 1 - BK-D SP5
8 1 2 9 7 1 - BK-D SP1
9 1 2 8 3 1 I BK-B FR2_2
10 5 3 8 15 1 III BspI BEL4_1
11 1 2 8 6 1 I BK-D SP3_3
12 4 3 8 15 1 III BR FR14_1
13 5 3 8 5 1 III BR FR15
14 5 3 4 1 1 III BK-D NL3_9
15 3 3 8 1 1 III BK-D NL1_1
16 5 3 8 1 2 III BK-D NL1_2, NL3_10
17 7 4 4 16 1 - BK-A NL9
18 8 5 1 13 1 - TU T2
19 4 6 5 15 1 - BR PL5_2

APPENDIX 2
Allelic profiles for each of the 37 unique Wolbachia STs. Indicated is how many times each
ST was found (Freq.), to which clonal complex each ST belongs, in which species it was 
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Cloned

Scientific name Collection date n Individual code W C sample gene

Cytisus scoparius July 2006 5] FR16_3 + - 
FR16_4 + +
FR16_5 + +

Cytisus scoparius Aug 2006 3
FR21_1 + +
FR21_2 - +
FR21_3 + +

Cytisus scoparius May 2004 1 + - FR17 ftsZ
Vicia spec. May 2004 2 + - BEL4_1 groEL
Vicia spec. May 2006 1 + - 
- May 2005 1 + - ITA11 ftsZ

Prunus spinosa July 2006 1 - +
Cucumis sativus * 1 + - 
? (Lamiaceae) May 2004 1 + - 
Oxalis pes-caprae Aug 2005 1 - +

Clonal 
ST wsp ftsZ groEL trmD Freq. complex Species Samples
20 5 7 6 17 4 - BR NL16_1-4
21 4 8 10 15 1 - BK-A FR13
22 5 8 4 15 1 - BP NL12
23 9 9 2 12 1 - TU T3
24 12 10 12 8 3 V BK-D POR1, SP2, SP3_1
25 12 10 11 8 1 V BK-D SP4_1
26 13 10 4 1 1 - BK-B BEL1_1
27 12 10 8 2 1 II BK-B NL7
28 12 10 8 6 1 II BK-D SP4_2
29 12 10 8 14 1 II BspI BEL4_2
30 12 10 8 1 1 II BK-B BEL1_2
31 10 11 4 4 4 - BR NL15_1-4
32 11 13 3 9 1 - BB FR17
33 6 14 3 9 8 IV BS BEL5, FR16_1-5, FR21_1, FR21_3
34 6 14 3 11 1 IV BS BEL6
35 - 15 13 19 1 - BspV ITA11
36 5 3 8 17 1 III BR PL5_1
37 2 12 4 15 1 - BK-C US1

detected (for abbreviations see legend FIGURE 2), and in which individual sample (for codes
see APPENDIX 1).
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APPENDIX 3
Wolbachia gene phylogenies (wsp, ftsZ, groEL, and trmD). Sample code (APPENDIX 1) and
host species name in which each strain was detected are indicated (for abbreviations see
legend FIGURE 2). * = the topology within this clade is slightly different for the MrBayes
topology. ML bootstrap values (top number, bold) and Bayesian posterior probabilities 
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(bottom number, plain) are depicted (only values larger than 50 are indicated). The bar at
the bottom indicates a branch length of 1% (ftsZ, groEL, and trmD) or 10% (wsp) likeli-
hood distance.
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The effects of, and interactions
between, Cardinium and Wolbachia in

the doubly infected spider mite
Bryobia sarothamni

Vera I.D. Ros
Johannes A.J. Breeuwer



ABSTRACT

Many arthropods are infected with vertically transmitted, intracellular bacteria
that manipulate their host’s reproduction. Cytoplasmic incompatibility (CI) is
commonly observed and is expressed as a reduction in the number of hybrid
offspring in crosses between infected males and uninfected females (or females
infected with a different bacterial strain). CI is often related to the presence of
the endosymbiont Wolbachia, but recent findings indicate that a second repro-
ductive parasite, Cardinium, is also capable of inducing CI. Although both
Wolbachia and Cardinium occur in arthropods and have been found infecting the
same host species, little is known about their interactions. We observed
Wolbachia and Cardinium in the sexual spider mite Bryobia sarothamni (Acari:
Tetranychidae) and investigated the effects of both bacteria on reproduction.
We performed all possible crossing combinations, and show that Cardinium
induces strong CI in B. sarothamni, expressed as an almost complete female mor-
tality. 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. Wolbachia, however, did not induce CI. Even so, CI was not induced by
doubly infected (Wolbachia and Cardinium) males and neither singly Wolbachia-
infected nor doubly infected females could rescue CI induced by Cardinium-
infected males. We found a cost of infection in singly infected individuals
(which laid fewer eggs), but not in doubly infected individuals. We show that
infection frequencies in field populations ranged from completely uninfected to
a polymorphic state with uninfected, singly infected, and doubly infected indi-
viduals co-occurring. No population was found fixed for infection with one or
both bacteria.

Submitted to Heredity
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INTRODUCTION

Vertically transmitted, intracellular bacteria that manipulate their host’s reproduc-
tive mode in order to enhance their own spread are termed reproductive parasites
(O’Neill et al. 1997). These manipulations include male killing, feminization, the-
lytokous parthenogenesis, and cytoplasmic incompatibility (CI) and result in an
increased number of infected females (the transmitting sex) in the host popula-
tion. CI is the most common effect associated with reproductive parasites (O’Neill
et al. 1997; Stouthamer et al. 1999). It is observed in crosses between infected
males with females that are either uninfected (unidirectional CI) or infected with a
different, incompatible symbiont strain (bidirectional CI). All other crosses are
compatible. In this way, the fitness of uninfected or differentially infected females
is reduced compared to the fitness of infected females. As a result, the infection
will spread along with the increasing frequency of infected females.

CI is the result of paternal genome fragmentation in fertilized eggs. The
exact mechanisms of CI are unknown, but its cytological effects are clear. The
mechanism conforms to a ‘modification-rescue’ system (Hoffmann and Turelli
1997; Werren 1997). Sperm is modified in the testes and as a result the paternal
chromosomes show improper segregation during early mitotic divisions
(Breeuwer and Werren 1990; Reed and Werren 1995; Tram and Sullivan 2002;
Tram et al. 2006). This modification is ‘rescued’ if appropriate symbiont strains
are present in the egg. Thus fertilization is successful when both male and
female are infected by symbiont strains with the same modification-rescue sys-
tem. Strains that can both modify and rescue are typed as mod+resc+. Other
strain types exist as well: strains that do not modify but are capable of rescuing
(mod-resc+) or strains that neither modify nor rescue (mod-resc-) (Bourtzis et al.
1998; Merçot and Poinsot, 1998; Vala et al. 2002; Zabalou et al. 2004). CI leads
to a reduction in the number of surviving hybrid offspring. In diploid host
species, this is expressed by increased F1 mortality. Usually the embryo’s die
before hatching, and therefore an increased number of unhatched eggs is
observed (Hoffmann and Turelli 1997). In haplodiploid host species two types
of CI effects have been described: increased female mortality (the hybrid sex in
haplodiploids) and increased male production (Breeuwer and Werren 1993;
Breeuwer 1997; Vavre et al. 2000; Bordenstein et al. 2003; Mouton et al. 2005).
In the latter case, fertilized eggs develop as normal, haploid, males after com-
plete elimination of the paternal chromosomes.

CI caused by intracellular bacteria has been demonstrated in a large number
of arthropods (O’Neill et al. 1997; Stouthamer et al. 1999; Werren 1997). In the
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majority of cases, CI was related to the presence of the endosymbiont
Wolbachia, a genus in the α-Proteobacteria. Wolbachia is widespread among
arthropods and nematodes. It is estimated that more than 20% of all arthro-
pods are infected with Wolbachia (Werren et al. 1995a; Breeuwer and Jacobs
1996; Jeyaprakash and Hoy 2000; Jiggins et al. 2001a; Hilgenboecker et al.
2008). Wolbachia is involved in causing CI in many insects, isopods, and mites
(reviewed by Stouthamer et al. 1999). More recently, CI was found associated
with the endosymbiont Cardinium, which belongs to the Cytophaga-
Flavobacterium-Bacteroides (CFB) phylum, a phylum that is unrelated to the α-
Proteobacteria. Cardinium has so far been found in 6-7% of all arthropods, and
seems to be more common in Chelicerates than in insects (Weeks et al. 2003;
Zchori-Fein and Perlman 2004; Duron et al. 2008). Cardinium is the first bacteri-
um other than Wolbachia that causes CI (Hunter et al. 2003). Only two cases of
Cardinium-induced CI have been found so far: in the parasitoid wasp Encarsia
pergandiella (Hunter et al. 2003) and the spider mite Eotetranychus suginamensis
(Gotoh et al. 2006).

Cardinium and Wolbachia have been found co-infecting the same host species
(Weeks et al. 2003; Zchori-Fein and Perlman 2004; Gotoh et al. 2006; Enigl and
Schausberger 2007; Duron et al. 2008). Although both Cardinium and Wolbachia
can manipulate their host’s reproductive system, little is known about their
interactions. In this study we investigate the effects of both Wolbachia and
Cardinium, and their interactions, in the sexually reproducing spider mite Bryobia
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Does Wolbachia cause CI? 
U x U 
U x IW 
IW x U 
IW x IW 

Is CI expressed in doubly infected 
individuals? 
U x U 
U x IWC 
IWC x U 
IWC x IWC 

Single infections 

Interactions 

IC x IW 
IW x IC 
IWC x IW 
IWC x IC   
IW x IWC 
IC x IWC 

can Cardinium rescue Wolbachia CI? 
can Wolbachia rescue Cardinium CI? 
is CI rescued by doubly infected individuals? 

is CI, induced by doubly infected individuals,  
rescued by Wolbachia resp. Cardinium? 

control 
CI? 
control 
control 

Does Cardinium cause CI? 
U x U 
U x IC 

IC x U 
IC x IC 

control 
CI? 
control 
control 

control 
CI? 
control 
control 

When CI is induced: 

FIGURE 1 – Overview of research questions and associated crossing schemes needed
to determine the role of Wolbachia and Cardinium in CI induction in singly and doubly
infected host individuals.



sarothamni. This phytophagous mite species feeds on common broom (Cytisus
scoparius) and Wolbachia and Cardinium have been detected in this mite species
(Ros et al. submitted b). We test if both bacteria independently induce CI,
whether they are mutually incompatible (bidirectional CI), whether CI is
induced in doubly infected individuals, and whether one bacterium can rescue
CI induction of the other (see FIGURE 1 for an overview of tested hypotheses).
We additionally investigate the distribution and infection frequency of both
bacteria in five populations.

MATERIALS AND METHODS

SA MPLE COLLECTION

Bryobia sarothamni mites were collected from Cytisus scoparius plants from five
European populations in July and August 2006 (TABLE 1). Individual mites
(male and female) were either immediately analyzed in the laboratory in order
to assess the infection frequency (see below), or individual females were reared
as isofemale lines in a controlled climate room (20 °C, 60% relative humidity,
and 16L:8D photoperiod). Isofemale lines were initiated by putting a single
adult female on a single C. scoparius branch. Individual branches were placed in
water-soaked square blocks of florist’s foam covered with parafilm. Foam
blocks were placed in plastic trays filled with water. Females were allowed to lay
eggs for 1-2 weeks and were subsequently analyzed in the laboratory for infec-
tion status (see below). Two doubly infected (Wolbachia and Cardinium; IWC), four
singly Wolbachia-infected (IW), one singly Cardinium-infected (IC), and two unin-
fected lines (U) were selected and maintained for subsequent experiments
(TABLE 1). Infection status of these lines was checked regularly.

INFEC TION FREQU ENCY

We screened 250 field collected individual mites from five populations for
infection with Wolbachia and/or Cardinium (TABLE 1). DNA was extracted from
single mites using the CTAB extraction method as previously described (Ros
and Breeuwer 2007). Presence of Wolbachia was detected using PCR amplifica-
tion of wsp and gltA. Presence of Cardinium was detected using PCR amplifica-
tion of part of the 16S rDNA (using Cardinium specific CLO-primers; Weeks
et al. 2003) and gyrB. Wsp, 16S rDNA, and gyrB were amplified as described in
Ros et al. (submitted b). GltA amplification was as described for gyrB, using the
primers gltA-F 5’-GAYCATGARCARAAYGCTTCTAC-3’ and gltA-R 5’-
CCHGARTAAAAATCAACRTTDGG-3’, designed from available Wolbachia
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and Rickettsia genome sequences (Andersson et al. 1998; McLeod et al. 2004;
Wu et al. 2004) and tested on isolates representative of Wolbachia supergroups
A and B (samples kindly donated by Dr. Robert Butcher, University of Bath).
Products (5 μl) were visualized on a 1% agarose gel stained with ethidium bro-
mide in 0.5X TBE buffer. PCR amplification of part of the mitochondrial COI
gene was used as a positive control for the DNA extraction. PCR was per-
formed as described in Ros and Breeuwer (2007) with the primers COI_F3 (5’-
WGTHTTAGCAGGAGCAATTACWAT-3’; modified from Toda et al. 2000;
Zhang and Hewitt 1997) and COI_R2 (5’-AAWCCTCTAAAAATRGCRAAT
ACRGC-3’; modified from Hinomoto and Takafuji 2001). Samples for which
amplification of COI failed were excluded from the dataset. Sequence data on
Wolbachia and Cardinium strains from each infected population were obtained
from Ros et al. (submitted b).

SC REENING FOR OTHER REPRODUCT IVE PARASIT ES

To test for multiple infections by other bacteria we amplified and cloned the
16S rDNA gene for five pooled individuals per isofemale line (one of each
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and infection status of isofemale lines (IF) that were used in the crossing experiments.
U = uninfected, IW = Wolbachia-infected, IC = Cardinium-infected, IWC = doubly infect-
ed (Wolbachia and Cardinium). * This isofemale line was used for 16S amplification and
cloning, but was not included in the crossing experiments. Population BEL6 and NL17
were included in the assessment of infection frequencies, but not in the crossing exper-
iments.

Population Country Locality Collection date IF Infection

BEL5 Belgium Vierves sur Viroin July 2006 BEL5_2 IW
BEL5_3 U

BEL6 Belgium Vierves sur Viroin July 2006

FR16 France Vireux July 2006 FR16_1 IW
FR16_2* IWC
FR16_3 IW
FR16_4 IWC
FR16_6 U

FR16_7 IWC
FR16_8 IW

FR21 France Piriac sur mer Aug 2006 FR21_2 IC
NL17 Netherlands Schoorl Aug 2006



infection status). DNA extraction, PCR amplification, and cloning of 16S
rDNA were performed as described in Ros et al. (submitted a). 10-11 clones
were sequenced per sample, using the M13 forward primer. The sequence of
each clone was compared to sequences present in GenBank using BLAST
(www.ncbi.nlm.nih.gov/blast).

CRO SSI NG EX PERIM ENT

The effects of Wolbachia and/or Cardinium on host reproduction were estab-
lished by combining doubly infected, singly infected, and uninfected mites (see
FIGURE 1 for crosses and their possible effects). Mites from individual isofemale
lines from three populations were used (TABLE 1). Infection status of each line
was assessed by screening individual females as described above. For each pos-
sible infection status (IWC, IW, IC, and U) 1-4 isofemale lines were used (TABLE

1). Age cohorts were produced for each of these selected lines, by groups of
females laying eggs for 1-2 days on C. scoparius branches. Offspring of these
cohorts were used in crossing experiments. Mites were collected as (virgin)
teleiochrysalids (last resting stage before the adult reproductive phase). Pupae
were placed individually on filter paper in petridishes covered with parafilm, and
checked daily for emergence. Upon emergence, pairs of one female and one
male were formed and placed on a single C. scoparius branch. Adult males and
females were maximal 1 day old, except for four cases where males were 2 days
old. Males were removed after 24 hours. Males were only used once, except for
two cases where males mated twice. Females were removed after 10 days (which
generally means 8 days of egg laying; the first 2 days after emergence no eggs are
produced). The number of eggs, unhatched eggs, emerging adult offspring (sons
and daughters), and mortality (dead stages excluding eggs) were scored per cross.

FI TN ESS EF FECTS

The fitness costs of infection with Wolbachia, Cardinium, or both were assessed
by comparing the fecundity of females with the four possible infection types.
We compared crosses in which females were crossed with uninfected males, to
exclude any influence of differences in male fertility due to infection.

STATI STICAL ANALYSES

Groups of crosses were tested for differences in investigated traits using the
software package SPSS version 15.0 (Chicago, IL, USA). Tests were performed
for individual bacterial effects, and for interactions between Wolbachia and
Cardinium (TABLE 2). Data were first tested for normality (Kolmogorov-
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Smirnov test) and homogeneity of group variances (Levene’s test). Where pos-
sible, square-root, logarithmic, or arcsine transformations were performed to
attain normality and homogeneity of variances. A one-way analysis of variance
(ANOVA) was performed for each trait [number of eggs laid, unhatched eggs,
sex ratio (% males), number of offspring, number of sons, number of daugh-
ters, mortality] separately to determine if there was heterogeneity among differ-
ent crosses with respect to each trait. If heterogeneity was significant, pairwise
comparisons were performed using Tukey post hoc tests. Additional nonparamet-
ric tests (Kruskal-Wallis) were used when ANOVA assumptions on normality
and homogeneity of variances were violated and could not be met by data
transformations. Crosses in which fewer than nine eggs were laid were exclud-
ed from CI analyses. Females from crosses in which the sex ratio was 100%
males, and for which the number of unhatched eggs and dead stages was less
than four were considered unmated and excluded from CI analyses. Differences
in fecundity between each of the four infection types were determined using
the same statistical approach as outlined above.

RES ULTS

INFEC TION FREQU ENCY

We screened 250 field collected individual mites from five populations for
infection with Wolbachia and/or Cardinium (FIGURE 2). Four populations
appeared to be infected: two with both Cardinium and Wolbachia, and two with
Wolbachia only. Only the population from The Netherlands (NL17) was unin-
fected. Population FR16 is polymorphic for infection with Wolbachia as well as
Cardinium: 59% of the individuals harbor both Wolbachia and Cardinium, 36% is
only infected with Wolbachia, 2% only with Cardinium, and 3% is uninfected.
Populations BEL5 and BEL6 are closely located to FR16, but harbor only
Wolbachia and no Cardinium: 53% (BEL5) and 73% (BEL6) of the individuals
are Wolbachia-infected. The more distantly located population FR21 shows a
high frequency of doubly infected individuals (89%) and no singly infected
individuals; however, for this population only nine individuals were screened.

SC REENING FOR OTHER REPRODUCT IVE PARASIT ES

We screened four isofemale lines (one of each infection status) for infections
with other bacteria. Cloning of 16S rDNA shows that strain FR16_1 is infect-
ed with Wolbachia only, as no double infections with other bacteria are found.
The ten clones sequenced show minimal sequence differences (<1%).
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Differences were randomly distributed across first, second, and third codon
positions, and in some cases lead to stop codons or amino acid changes. It is
therefore likely that these differences are sequence artifacts and do not concern
multiple infections. For B. sarothamni strain FR21_2 all clones were Cardinium
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FIGURE 2 – Infection frequencies of uninfected, singly infected (Wolbachia or
Cardinium) and doubly infected (Wolbachia and Cardinium) individuals of Bryobia
sarothamni in five European populations. n = sample size.



sequences, except one clone which was identified as Ochrobactrum spec. (α-
Proteobacteria). Ochrobactrum has been described from nodules of Cytisus scopar-
ius (Zurdo-Piñeiro et al. 2007), which is the host plant of B. sarothamni. This
strain was considered as contamination and discarded. Within B. sarothamni
strain FR16_2 both Wolbachia (eight clones) and Cardinium (two clones) were
detected. This confirms the double infection found by PCR amplification.
Within B. sarothamni strain FR16_6 neither Wolbachia nor Cardinium were detect-
ed, confirming earlier PCR results. No other reproductive parasites, such as
Rickettsia or Spiroplasma, previously shown to be common in spiders (Goodacre
et al. 2006), were detected in any of the cloned samples. The sequences found
most likely represent general contaminant bacteria: six clones were similar to
Streptococcus spp. (human oral clones), two to the family Flavobacteriaceae
(human oral clones), one to a soil bacterium (family Xanthomonadaceae), and
one to an unidentified human oral bacterium.

CRO SSI NG EX PERIM ENTS

Ind i v idua l  bac t e r ia l  e f f e c t s
The number of aborted eggs was significantly different among the four cross-
es in which the effect of Cardinium was investigated (TABLE 2a). In the predict-
ed incompatible cross (U x IC; FIGURE 1) on average 56.9% of all eggs did not
hatch, against 3.6-10.2% in the other crosses. The sex ratio of the offspring that
did hatch in the incompatible cross approached 100%; only in one of the cross-
es a single female was produced. Related to the large number of aborted eggs,
the total number of offspring was also significantly lower in the incompatible
cross. This was due to a decrease in the number of females produced, as the
number of males produced was not significantly different between the four
crosses. The number of eggs produced and the mortality (of non-egg stages)
were not significantly different among the four crosses.

Among the four crosses in which we tested possible Wolbachia CI effects, no
significant differences were found between the predicted incompatible cross
and the other crosses for any of the investigated traits (TABLE 2b). A significant
difference in number of aborted eggs was found between crosses IW x U and
IW x IW. The low number of aborted eggs in the IW x IW cross was, however,
likely due to a problem with the experimental set-up. In the IW x IW cross a high
number of eggs were drowned (these eggs were not included in the computa-
tion of the number of aborted eggs).
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In t e ra c t i ons  be tw een  Wolbachia and Cardinium
Doubly infected males (IWC) did not induce CI (TABLE 2c). No significant
effects were found for any of the investigated traits for the four crosses. The
average number of aborted eggs was higher in the predicted incompatible cross
(U x IC), but it is not significantly different from the other three crosses.

Concluding from the results in TABLE 2a-c, singly infected Cardinium indi-
viduals induce strong CI, while singly Wolbachia or doubly infected individuals
do not induce CI. We compared all possible crosses involving singly infected
Cardinium males, to investigate in which crosses the induced CI was rescued. As
is apparent from TABLE 2d, Cardinium-induced CI is only rescued in crosses
with Cardinium-infected females. Crosses involving uninfected, Wolbachia-infect-
ed, or doubly infected females all show strong CI, expressed in a reduced egg
hatchability and a male-biased sex ratio. Therefore, CI induced by Cardinium is
neither rescued by Wolbachia nor by doubly infected individuals.

We also investigated other possible crosses, involving Wolbachia-infected
males (TABLE 2e) and doubly infected males (TABLE 2f). Among the four cross-
es involving Wolbachia-infected males, a significant difference in the number of
aborted eggs and in the sex ratio was found: the cross between Wolbachia-infect-
ed females and males (IW x IW) had a lower number of aborted eggs than the
three other crosses (U x IW, IC x IW, and IWC x IW). The number is however also
lower than that found in many other crosses, and might be due to the fact that
a high number of eggs was lost in this cross due to a problem with the experi-
mental set-up (a number of eggs got wet) (see above). The sex ratio in the IC x
IW cross was higher than in the IW x IW and IWC x IWC crosses, but not higher
than the U x IW cross.

Fitnes s  e f f e c t s
We measured fitness costs of infection by comparing the fecundity of singly, dou-
bly, and uninfected females. Egg production was highest in doubly infected females,
and significantly higher than the egg production of singly (Wolbachia or Cardinium)
infected females (TABLE 3). It was not significantly different from the egg produc-
tion of uninfected females. The same pattern was observed for the number of
daughters, and therefore also for the total number of offspring produced. The
remaining traits were not significantly different between the four crosses.

When all crosses are included in the analysis (i.e., including crosses with
singly and doubly infected males), the differences in egg production are less
obvious (TABLE 3). The number of eggs produced by doubly infected females
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% unhatched

Effect Cross F x M N Nr. of eggs eggs

a. Single effect: Cardinium CI? U x U 20 20.0 ± 1.3 3.6 ± 1.0a

U x IC 16 19.1 ± 1.3 56.9 ± 4.4b

IC x U 17 16.6 ± 0.8 10.2 ± 2.3a

IC x IC 19 17.5 ± 0.8 4.9 ± 1.1a

NS ***

b. Single effect: Wolbachia CI? U x U 20 20.0 ± 1.3 3.6 ± 1.0a,b

U x IW 15 21.5 ± 1.5 8.6 ± 2.0a,b

IW x U 16 17.7 ± 1.0 10.6 ± 3.5b

IW x IW 14 17.2 ± 1.5 1.6 ± 1.3a

NS **

c. Interaction: double infection CI? U x U 20 20.0 ± 1.3 3.6 ± 1.0

U x IWC 18 21.7 ± 1.7 15.5 ± 5.3

IWC x U 11 22.4 ± 1.5 4.4 ± 1.4

IWC x IWC 9 21.8 ± 1.4 2.3 ± 1.1

NS NS

d. Interaction: Cardinium CI rescued? U x IC 16 19.1 ± 1.3 56.9 ± 4.4a

IC x IC 19 17.5 ± 0.8 4.9 ± 1.1b

IW x IC 12 15.6 ± 1.2 50.6 ± 6.8a

IWC x IC 12 17.0 ± 1.0 67.2 ± 5.7a

NS ***

e. Interaction: remaining crosses U x IW 15 21.5 ± 1.5 8.6 ± 1.8a

IC x IW 16 17.9 ± 1.4 10.5 ± 1.8a

IW x IW 14 17.1 ± 1.5 1.6 ± 1.9b

IWC x IW 16 17.6 ± 1.4 4.5 ± 1.8a,b

NS **

f. Interaction: remaining crosses U x IWC 18 21.7 ± 1.7 15.5 ± 5.3

IC x IWC 10 17.9 ± 0.9 11.2 ± 3.7

IW x IWC 10 16.2 ± 1.6 6.6 ± 1.5

IWC x IWC 9 21.8 ± 1.4 2.3 ± 1.1

NS NS

TABLE 2 – Results of crosses between uninfected (U), Cardinium-infected (IC), Wolbachia-
infected (IW), and doubly infected (IWC) Bryobia sarothamni strains. Rows a-f contain groups
of crosses that were compared for each trait. Traits are listed in the top row. Values for each
trait are mean ± s.e. The effect that was tested for is listed in the left column. N = number
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Sex ratio %  mortality

(% males) Sons Daughters Total offspring (excl. eggs)

39.1 ± 4.0a 5.5 ± 0.8 8.3 ± 1.1a 13.8 ± 1.6a 10.4 ± 2.4

96.9 ± 3.1b 3.9 ± 0.5 0.1 ± 0.1b 3.9 ± 0.5b 3.0 ± 0.8

48.8 ± 5.9a,c 4.7 ± 0.7 5.0 ± 0.8c 9.7 ± 0.8a 4.6 ± 1.0

56.9 ± 3.6c 5.4 ± 0.6 4.3 ± 0.6c 9.7 ± 1.0a 10.3 ± 3.0

*** NS *** *** NS

39.1 ± 4.0 5.5 ± 0.8 8.3 ± 1.1 13.8 ± 1.6 10.4 ± 2.4

44.2 ± 4.1 6.3 ± 0.8 8.5 ± 1.1 14.7 ± 1.4 5.1 ± 1.5

38.6 ± 6.0 3.4 ± 0.7 6.3 ± 1.0 9.6 ± 1.2 8.4 ± 2

33.7 ± 4.8 3.9 ± 0.9 6.6 ± 1.1 10.4 ± 1.7 8.6 ± 2.6

NS NS NS NS NS

39.1 ± 4.0 5.5 ± 0.8 8.3 ± 1.1 13.8 ± 1.6 10.4 ± 2.4

50.9 ± 6.5 6.6 ± 1.2 6.9 ± 1.3 13.4 ± 2.1 6.7 ± 3.7

28.7 ± 6.5 4.4 ± 1.4 11.3 ± 1.7 15.6 ± 1.7 5.9 ± 2.5

33.8 ± 7.1 6.0 ± 1.4 11.7 ± 1.6 17.7 ± 1.3 5.0 ± 2.5

NS NS NS NS NS

96.9 ± 3.1a 3.9 ± 0.5a,b 0.1 ± 0.1a 3.9 ± 0.5a 3.0 ± 0.8

56.9 ± 3.6b 5.4 ± 0.6a 4.3 ± 0.6b 9.7 ± 1.0b 10.3 ± 3.0

100.0 ± 0.0a 3.2 ± 0.8a,b 0.0 ± 0.0a 3.2 ± 0.8a 7.5 ± 2.5

100.0 ± 0.0a 2.4 ± 0.6b 0.0 ± 0.0a 2.4 ± 0.6a 2.3 ± 1.0

*** ** *** *** NS

44.2 ± 5.1a,b 6.3 ± 0.9 8.5 ± 1.1 14.7 ± 1.5 5.1 ± 2.9

58.2 ± 4.9a 6.8 ± 0.9 4.6 ± 1.0 11.3 ± 1.5 6.5 ± 2.8

33.7 ± 5.3b 3.9 ± 1.0 6.6 ± 1.1 10.4 ± 1.6 8.6 ± 3.0

34.7 ± 4.9b 4.6 ± 0.9 8.0 ± 1.0 12.6 ± 1.5 11.1 ± 2.8

** NS * NS NS

50.9 ± 6.5 6.6 ± 1.2 6.9 ± 1.3a,b 13.4 ± 2.1a,b 6.7 ± 3.7

56.3 ± 5.8 6.3 ± 0.8 5.2 ± 1.1a 11.5 ± 1.2a,b 3.7 ± 1.1

46.4 ± 5.6 4.3 ± 0.8 5.0 ± 1.1a 9.3 ± 1.6a 12.9 ± 3.0

33.8 ± 7.1 6.0 ± 1.4 11.7 ± 1.6b 17.7 ± 1.3b 5.0 ± 2.5

NS NS ** * NS

of replicates. Outcomes of statistical analyses are listed for each trait and each group of
crosses: NS = not significant; *P<0.05; **P<0.01; ***P<0.001. For each group of crosses,
comparisons within a column marked with the same superscript (a, b, or c) are not signifi-
cantly different (P>0.05) by a Tukey post hoc test.



was not significantly different from females of any of the other infection types.
This is mainly due to the fact that fewer eggs were produced in crosses between
doubly infected individuals and either singly Cardinium-, or singly Wolbachia-
infected males (TABLE 2). The number of eggs produced by singly infected lines
was significantly lower than the number produced by uninfected lines.

DIS CUSSION

Cardinium causes severe CI in the sexual spider mite B. sarothamni. Cytoplasmic
incompatibility is expressed as a strong reduction in egg hatchability and strong-
ly male-biased sex ratio in crosses between uninfected females and infected
males. The CI expression is nearly complete: only one daughter was produced
in all incompatible crosses, while male production was not significantly differ-
ent from the compatible crosses. The observed pattern suggests that fertilized
eggs, which would normally develop into females, suffer from mortality. This is
concordant with the female mortality type of CI (Breeuwer 1997; Vavre et al.
2000; Bordenstein et al. 2003; Mouton et al. 2005). 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. The other two studies on
Cardinium CI found incomplete CI expression: in the parasitoid wasp E. per-
gandiella 87% fewer daughters were produced in incompatible crosses, and in the
spider mite E. suginamensis this was 46% (Hunter et al. 2003; Gotoh et al. 2006).
Female mortality is the only CI type found for Cardinium so far (Hunter et al.
2003; Gotoh et al. 2006). It is also the most common type of CI expression
observed for Wolbachia in haplodiploid species (Breeuwer 1997; Vavre et al.
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Crossings with uninfected males

% unhatched sex ratio

Cross F x M N nr. of eggs eggs (% males) sons

U x U 20 20.0 ± 1.3a,b 3.6 ± 1.0 39.1 ± 4.0 5.5 ± 0.8

IC x U 17 16.6 ± 0.8a 10.2 ± 2.3 48.8 ± 5.9 4.7 ± 0.7

IW x U 16 17.7 ± 1.0a 10.6 ± 3.5 38.6 ± 6.0 3.4 ± 0.7

IWC x U 11 22.4 ± 1.5b 4.4 ± 1.4 28.7 ± 6.5 4.4 ± 1.4

** NS NS NS

TABLE 3 – Fitness of uninfected (U), Cardinium-infected (IC), Wolbachia-infected (IW), and
doubly infected (IWC) Bryobia sarothamni strains. N = number of replicates. Traits are listed in
the top row. Values for each trait are mean ± s.e. Outcomes of statistical analyses are listed



2000; Vala et al. 2000; Mouton et al. 2005). The second CI type that has been
observed in haplodiploid species is the male development type, which is
expressed as an increased male production due to the conversion of fertilized
diploid eggs into haploid eggs in early development (Breeuwer and Werren
1993; Breeuwer 1997; Vavre et al. 2000; Bordenstein et al. 2003; Mouton et al.
2005). Until now, this type of CI has not been observed for Cardinium.

Although we found a strong CI effect for Cardinium in B. sarothamni, no CI
was induced by Wolbachia. This absence of Wolbachia-induced CI may have sev-
eral reasons. Environmental factors including age of host, remating frequency,
or temperature may influence the degree of CI as they affect bacterial densities
in the host (Clancy and Hoffmann 1998; Reynolds and Hoffmann, 2002; Weeks
et al. 2002). Bacterial densities are known to influence the level of CI expres-
sion (Breeuwer and Werren 1993; Hoffmann and Turelli 1997; Clancy and
Hoffman 1998; Perrot-Minnot and Werren 1999). Breeuwer and Werren (1993)
showed that males of a strain with higher infection densities are incompatible
with females from strains with lower bacterial densities. In our experiments, we
controlled for these factors by using 1-day-old males and females, mating males
only once, and performing experiments at a constant temperature. Therefore, it
is unlikely that these factors are the reason for the lack of CI induction by
Wolbachia.

Other factors that may influence CI expression are host genotype or inter-
actions between bacteria and host species (Stouthamer et al. 1999; Weeks et al.
2002). For example, some studies revealed that host genetic background may
account for variations in CI expression (McGraw et al. 2001; Bordenstein et al.
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All crossings

% mortality

daughters total offspring (excl. eggs) Inf. N nr. of eggs

8.3 ± 1.1a,b 13.8 ± 1.6a,b 10.4 ± 2.4 U 75 20.0 ± 0.7b

5.0 ± 0.8a 9.7 ± 0.8a 4.6 ± 1.0 IC 64 16.2 ± 0.7a

6.3 ± 1.0a 9.6 ± 1.2a 8.4 ± 2.0 IW 68 16.7 ± 0.4a

11.3 ± 1.7b 15.6 ± 1.7b 5.9 ± 2.5 IWC 60 17.9 ± 0.7a,b

** * NS **

for each trait and each group of crosses: NS = not significant; *P<0.05; **P<0.01;
***P<0.001. For each group of crosses, comparisons within a column marked with the
same superscript (a or b) are not significantly different (P>0.05) by a Tukey post hoc test.



2003), while others showed that expression is independent of the host genome
(Breeuwer and Werren 1993). Cytoplasmic incompatibility may be differential-
ly expressed in different populations of the same species, or even in individu-
als within a single population (Vala et al. 2000; Gotoh et al. 2007). In our exper-
iments we used singly Wolbachia-infected individuals from four isofemale lines
from two different populations, and CI was not expressed in any of these isofe-
male lines. All Wolbachia-infected (singly or doubly) strains used in our study
harbored Wolbachia strains that are identical at four investigated loci (2026 bp:
wsp, ftsZ, groEL, trmD; Ros et al. submitted b). This indicates that the Wolbachia
strains are at least highly related, if not completely identical.

A likely explanation for the lack of CI induction by Wolbachia-infected males
is that the Wolbachia strain has the mod- genotype that does not modify sperm
(Bourtzis et al. 1998; Merçot and Poinsot 1998; Charlat et al. 2001; Vala et al.
2002; Zabalou et al. 2004). Males infected with mod- strains are phenotypically
indistinguishable from uninfected males; they are compatible with infected as
well as uninfected females. Whether the Wolbachia strain in B. sarothamni is able
to rescue is unclear. The ability to rescue can only be assessed when confronted
with another CI inducing bacterial strain, and depends on the modification type.

Interactions between Wolbachia and Cardinium were investigated by compar-
ing crosses involving doubly infected individuals, and crosses between differen-
tially infected individuals. The Wolbachia strain in our experiment was unable to
rescue Cardinium modification; crosses between Wolbachia-infected females and
Cardinium-infected males were incompatible. Apparently, these strains differ in
their modify-rescue system. Based on the observations in crosses involving
singly infected individuals, we would expect that doubly infected males are
incompatible with females that do not harbor Cardinium. Our data clearly
showed that this is not the case; all crosses produced similar offspring numbers
and sex ratios. Also, doubly infected females were unable to rescue Cardinium-
induced CI. There are two other studies that investigated CI in individuals
infected with both Wolbachia and Cardinium: Gotoh et al. (2006) detected no CI
effect in the spider mite Tetranychus pueraricola, while Perlman et al. (2006) found
a strong CI effect (increased female mortality) in the whitefly parasitoid Encarsia
inaron. In the latter case, it is unknown whether the CI is induced by Wolbachia,
Cardinium, or both.

A lack of CI induction in doubly infected individuals could be related to
host genotype (see above), interference between Wolbachia and Cardinium,
and/or bacterial densities. Wolbachia and Cardinium might interfere in such a way,
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that Cardinium can neither rescue nor modify in the presence of Wolbachia. This
could be related to bacterial densities. Cardinium densities may be lower in dou-
bly infected individuals than in singly infected individuals due to competition
with Wolbachia. Possibly, Cardinium densities fall below a certain threshold need-
ed for successful modification or rescue. Mouton et al. (2005) showed that
Wolbachia CI induction and/or rescuing was independent of the presence of
other Wolbachia strains in up to triply infected individuals of Leptopilina hetero-
toma. At this point we cannot rule out effects of bacterial density on CI expres-
sion of doubly infected individuals.

Another explanation for the lack of CI induction in doubly infected indi-
viduals might be related to genetic differences between the Cardinium strains in
singly and doubly infected individuals. Singly and doubly infected individuals
were collected from different populations (resp., population FR16 and FR21).
We were unable to obtain singly and doubly infected isofemale lines from a sin-
gle mite population. Ideally one would like to generate singly infected lines from
doubly infected isofemale lines to rule out confounding effects of host and bac-
terial genotype. Unfortunately, antibiotic treatment of doubly infected isofe-
males lines has so far not resulted in offspring infected with only Cardinium or
Wolbachia. Genotyping of Cardinium strains from the two populations showed
that they are slightly different: 0.7% difference at 16S rDNA (3 bp out of 407)
and 0.8% at gyrB (5 bp out of 631). It is possible that the modifier-rescue sys-
tem of the Cardinium strain found in doubly infected individuals is different
from that of the strain found in singly infected individuals, similar to the vari-
ation found for modifier-rescue systems of Wolbachia.

The mechanism behind Wolbachia-induced CI is described as a modifying-
rescue system which leads to improper segregation of the paternal chromo-
somes during early mitotic divisions in incompatible crosses (Breeuwer and
Werren 1990; Reed and Werren 1995; Tram and Sullivan 2002; Tram et al.
2006). It is reasonable to assume that Cardinium-induced CI involves a similar
mechanism and these mechanisms have the same genetic basis. The fact that
Wolbachia and Cardinium have been found in the same host species may support
this assumption. The co-occurrence of Wolbachia and Cardinium in a single indi-
vidual creates the opportunity for lateral gene transfer across unrelated bacter-
ial strains. Such interspecific gene transfer is a well-known phenomenon among
bacteria, and is important to bacterial evolution (Ochman et al. 2000). Although
Wolbachia and Cardinium are highly unrelated [they belong to different phyla,
resp. α-Proteobacteria and Cytophaga-Flavobacterium-Bacteroides (CFB)],
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they induce similar phenotypic host effects. Lateral gene transfer of genes
implicated in the induction of such effects might explain this observation.
Wolbachia are known to recombine (Jiggins et al. 2001b; Werren and Bartos
2001; Baldo et al. 2006a, Ros et al. submitted b). Lateral gene transfers might
even be highly selected for in CI inducing strains: being able to rescue CI effects
induced by another strain could prevent extinction. Genes involved in rescuing
may be especially selected for horizontal transfer. Such genes might be trans-
ferred to the host genome, rendering the host able to rescue bacterial induced
CI. Although evidence for Wolbachia gene transfer to the host genome has been
observed (Kondo et al. 2002; Dunning Hotopp et al. 2007; Nikoh et al. 2008),
these transferred genes have not been found active so far.

Costs related to infection are important for determining the spread and
maintenance of infections within populations (Hoffmann et al. 1998; Werren
1997). We found a cost of infection with either Wolbachia or Cardinium: fewer
eggs and daughters are produced by singly infected females, compared to unin-
fected or doubly infected females. The latter observation is surprising: a fitness
cost is imposed on singly infected individuals, but not on doubly infected indi-
viduals. This fitness advantage of doubly infected females (compared to singly
infected individuals) is only apparent when these females are mated with either
uninfected or doubly infected males, but not when mated to singly infected
males. Apparently, the infection status also influences male fertility. Fitness
effects of Wolbachia are diverse: there are several examples known where infec-
tion with Wolbachia led to decrease in fecundity of infected females (Vala et al.
2000; Perrot-Minnot et al. 2002), had no significant effect (Hoffmann et al.
1996; Poinsot and Merçot 1997; Bordenstein and Werren 2000; Montenegro et
al. 2006), or led to an increase in fecundity (Vavre et al. 1999b; Dobson et al.
2004). In a few other arthorpods and in all nematodes, Wolbachia is obligatory,
and thus required for host fertility (Bandi et al. 2001; Pannebakker et al. 2007).
Cardinium is known to increase fecundity in Metaseiulus occidentalis (Weeks and
Stouthamer 2004).

Fitness costs are important determinants of infection frequencies in the
field. This study is the first to compare fitness between singly and doubly infect-
ed females, with a surprising outcome. Our finding may have implications for
the persistence and spread of Wolbachia and/or Cardinium in populations.
Doubly infected individuals have a higher fitness (measured as fecundity) than
singly infected individuals. This observation, combined with the fact that single
Cardinium infections induce CI – and therefore stimulate the spread of singly
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infected Cardinium individuals – may result in complex infection dynamics. We
investigated infection frequency in five populations, and found two populations
that were infected with both Wolbachia and Cardinium. In population FR16 (140
individuals) the majority (59%) of individuals harbor both Wolbachia and
Cardinium, and singly infected Cardinium individuals are extremely rare (2%). In
population FR21 (nine individuals) most individuals are doubly infected. These
polymorphisms might be transient states, e.g., because Cardinium and/or
Wolbachia recently infected the population and fixation of infection has not
been reached yet. However, polymorphism may persist under certain condi-
tions. Factors determining the infection frequencies are the level of CI induced,
the costs of infection, efficiency of vertical transmission, and rate of possible
horizontal transmission (Hoffmann et al. 1998; Werren 1997). Horizontal trans-
mission allows invasion without any manipulation, and was recently suggested
as a possible explanation for the invasion of Cardinium in spiders (Duron et al.
2008). Even so, a high temperature or naturally occurring antibiotics may cure
individuals of infection (van Opijnen en Breeuwer 1999). It is also unknown
how densities are regulated in doubly infected individuals, and how, e.g., both
Wolbachia and Cardinium are faithfully transmitted to the next generation
(Stouthamer et al. 1999; Perlman et al. 2006). More detailed transmission stud-
ies should answer such questions. Furthermore, other factors, like the role of
symbionts in resistance to parasitoids, may influence the frequency of sym-
bionts in populations (Oliver et al. 2005). In most studies on CI, infection fre-
quencies in the field have not been estimated; more detailed studies including
field estimates will improve our understanding of infection dynamics and the
fundamental factors determining symbiont frequencies (Weeks et al. 2002).
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7

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
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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.

157

G
E

N
E

R
A

L
D

ISC
U

SSIO
N



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 Bryobia mites 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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SUMMARY

SYMBI O SIS

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.

REPRODUCTIVE 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.

183



REPRODUCTIVE 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.

WO L BACHIA 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 DER 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 L ITY 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.

WO L BACHIA 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.

CYTOPLASMIC 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.

CON 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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SAMENVATTING

SYMBI O SE

Symbiotische associaties zijn overal te vinden en hebben grote invloed gehad op
de evolutie van het leven op aarde. Het betreft associaties tussen twee verschil-
lende organismen, die wederzijds afhankelijk van elkaar zijn. Deze associaties
kunnen geclassificeerd worden als mutualistisch (beide soorten profiteren),
commensaal (één soort profiteert, de ander heeft geen voor- of nadeel) en para-
sitair (één soort profiteert, de andere ondervindt nadeel). Veel geleedpotigen
(insecten, spinnen, mijten, enz.) leven in symbiose met micro-organismen (bijv.
bacteriën of schimmels). Zulke associaties variëren van relaties waar arthropo-
den en micro-organismen apart samenleven tot relaties waar micro-organismen
binnen in de cellen van geleedpotigen leven. Deze intracellulaire micro-organis-
men worden ‘endosymbionten’ genoemd. Een grote groep endosymbionten
bestaat uit bacteriën die geëvolueerd zijn naar een obligate (‘verplichte’) intra-
cellulaire leefstijl. Deze bacteriën kunnen zich niet meer buiten de gastheercel-
len voortplanten.

REPRODUCTIEVE PARASIETEN

Endosymbionten kunnen verticaal (dwz. van moeder naar nakomelingen) of
horizontaal (infectueus) worden doorgegeven. Verticale transmissie wordt vaak
gevonden in mutualistische interacties. Vaak worden dan beide organismen
wederzijds afhankelijk van elkaar. In zulke obligate interacties co-evolueren
gastheer en symbiont. Dit leidt tot co-cladogenese: de fylogeniën (stambomen)
van gastheer en symbiont zijn dan congruent. Het verticaal doorgegeven van de
endosymbionte bacteriën wordt alleen door vrouwtjes verzorgd, via het cyto-
plasma in de eieren. Mannetjes, die sperma produceren dat geen cytoplasma
bevat (er is dus geen ruimte voor meereizende bacteriën), zijn doodlopende
wegen voor de bacteriën. Er zijn bacteriën, bekend als reproductieve parasieten
(of sex ratio verstoorders), die manieren hebben ontwikkeld om het aantal
vrouwtjes in de populatie te laten toenemen, om zo hun eigen transmissie te
verhogen. Ze manipuleren het voortplantingsmechanisme van hun gastheer
dusdanig dat relatief meer of fittere vrouwtjes geproduceerd worden. Dit leidt
tot een toename in geïnfecteerde vrouwtjes. Vier typen bacteriële reproductie-
ve manipulaties zijn waargenomen: parthenogenese, ‘male-killing’, feminisatie
en cytoplasmatische incompatibiliteit (CI). Andere effecten op de gastheer
betreffen toenamen van fecunditeit (het aantal eieren dat gelegd wordt) en
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vruchtbaarheid. Bekende reproductieve parasieten zijn bacteriën uit de geslach-
ten Wolbachia en Cardinium, die beide de focus van dit proefschrift zijn.

REPRODUCTIEVE M ANIPULAT IES

Bij bacterieel-geïnduceerde parthenogenese produceren geïnfecteerde, maagde-
lijke vrouwtjes alleen maar dochters (aseksuele voortplanting). Mannetjes zijn
niet nodig voor de voortplanting. Bacterieel-geïnduceerde parthenogenese
wordt gevonden in sommige soorten wespen, tripsen en mijten. Male-killing
bacteriën doden het mannelijk nageslacht vroeg in de ontwikkeling. Vrouwelijke
nakomelingen van geïnfecteerde vrouwtjes hebben een fitness-voordeel omdat
ze hun dode broers kunnen opeten en minder lijden onder inteelt en competi-
tie. Male-killing wordt in veel geleedpotigen gevonden (o.a. veel lieveheersbeest-
jes en vlinders) en wordt geïnduceerd door verschillende bacteriën. Bij femini-
satie worden genetische mannetjes tijdens hun ontwikkeling getransformeerd
tot functionele vrouwtjes. Feminisatie is aangetroffen in pissebedden, vlinders
en mijten. CI is de meest voorkomende manipulatie door reproductieve para-
sieten. Kruisingen tussen geïnfecteerde mannetjes en ongeïnfecteerde vrouw-
tjes zijn incompatibel, terwijl alle overige kruisingscombinaties compatibel zijn.
Op deze manier wordt de fitness van ongeïnfecteerde vrouwtjes in de popula-
tie gereduceerd, en het aantal geïnfecteerde vrouwtjes neemt toe, wat leidt tot
een toename in de verspreiding van de bacteriën. CI is wijdverbreid binnen de
geleedpotigen.

WO L BACHIA AND CARDINIUM

Wolbachia is de meest bestudeerde reproductieve parasiet. Wolbachia behoort tot
de α-Proteobacteriën en infecteert een groot aantal ongewervelde dieren, zoals
geleedpotigen en nematoden. Verspreidingsstudies tonen aan dat ten minste
20% van alle geleedpotigen geïnfecteerd is, waaronder alle grote insecten ordes,
en enkele kreeftachtigen en spinachtigen. Door moleculaire technieken is de
detectie en studie van Wolbachia en andere reproductieve parasieten flink verbe-
terd. Cardinium is recenter ontdekt en induceert drie van de vier reproductieve
manipulaties die bekend zijn voor Wolbachia (parthenogenese, feminisatie en
CI). Cardinium-bacteriën vormen een groep binnen de Cytophaga-
Flavobacterium-Bacteroides (CFB) cluster, die niet verwant is aan de α-
Proteobacteriën waartoe Wolbachia behoort. Dubbele infecties, met zowel
Wolbachia als Cardinium, zijn regelmatig waargenomen. Verspreidingsstudies sug-
gereren dat zo’n 7% van de geleedpotigen geïnfecteerd zijn met Cardinium.
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Infecties met reproductieve parasieten hebben belangrijke gevolgen voor de
evolutie van arthropoden, omdat deze infecties effect kunnen hebben op de
genetische populatiestructuur van de gastheer, op de populatie-dynamica, of op
het geslachtsbepalingsmechanisme. Ook kunnen reproductieve parasieten een
rol spelen in soortsvorming binnen arthropoden, door reproductieve isolatie te
veroorzaken tussen populaties met een verschillende infectiestatus. In dit proef-
schrift, richt ik mij op de evolutionaire effecten van de reproductieve parasieten
Wolbachia en Cardinium in spintmijten (familie Tetranychidae), met de nadruk op
het geslacht Bryobia.

SPI NTMIJTEN

Spintmijten zijn planteneters en over de hele wereld te vinden. Ze zijn van aan-
zienlijk economisch belang: verscheidene soorten verzoorzaken schade aan
belangrijke landbouwgewassen. Er zijn ongeveer 1200 spintmijtsoorten
beschreven. Morfologische soortsidentificatie is problematisch bij deze kleine
mijten, niet alleen omdat het aantal diagnostische kenmerken beperkt is, maar
ook omdat de weinige diagnostische kenmerken nogal variabel zijn. Er bestaat
onenigheid over de taxonomie en synoniemen in naamgeving komen regelma-
tig voor.

Het sequencen van DNA is een veelbelovende, objectieve methode die kan
helpen in de beschrijving en afbakening van soorten die weinig taxonomisch
bruikbare morfologische kenmerken hebben, zoals mijten. Het 2E HOOFDSTUK

van dit proefschrift gaat over het gebruik van DNA sequentiebepaling in de
taxonomie en fylogenie van spintmijten. Tot zover is voornamelijk het centrale
deel van de mitochondriële COI (cytochroom oxidase c subunit I) regio
gebruikt om fylogenetische patronen af te leiden en om variatie binnen en tus-
sen soorten te bepalen. Ik heb een complete analyse uitgevoerd van alle, op dit
moment in de GenBank-database beschikbare, COI-informatie. Deze meta-
analyse laat zien dat in eerdere studies belangrijke patronen over het hoofd zijn
gezien (groepen zijn met elkaar verward), en ook laat het zien dat er incon-
sistenties zitten in de gegevens die naar GenBank gestuurd zijn. Ik laat ook zien
dat de variatie binnen soorten erg hoog is voor COI. Bovendien heeft de COI
regio een hoog percentage AT en een scheve nucleotidensamenstelling op de
derde codonpositie. Dit maakt de COI-regio ongeschikt voor het bepalen van
fylogenetische verwantschappen, omdat vertakkingspatronen tussen soorten
onduidelijk blijven. De grote variate die binnen soorten gevonden is heeft
belangrijke gevolgen voor DNA-barcoding. DNA-barcoding is een techniek
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waarbij aan de hand van een korte, standaard DNA sequentie (deel van het COI
gen) organismen kunnen worden geïdentificeerd tot op de soort. DNA barco-
ding gaat er van uit dat variatie binnen soorten laag is, en kleiner dan variatie
tussen soorten. Mijn onderzoek laat zien dat deze veronderstellingen niet altijd
gelden. De grote COI variatie is mogelijk een gevolg van versnelde fixatie van
mutaties als gevolg van infectie met reproductieve parasieten (door selectie op
de parasieten worden mutaties op het, alleen via de vrouwelijke lijn overervend,
mitochondriale DNA ‘meegesleept’). Het gebruik van (aanvullende) nucleaire
DNA merkers kan een aantal problemen met mitochondriële COI sequentie
data verhelpen. De uitdaging is om geschikte nucleaire markers te vinden.

ASEKSUAL ITEIT BINNEN BRYOBIA

Er zijn zowel seksuele als aseksuele spintmijten bekend. Spintmijten die zich
seksueel voortplanten zijn haplodiploïd: vrouwtjes zijn diploïd en ontwikkelen
uit bevruchte eieren, mannetjes zijn haploïd en ontwikkelen uit onbevruchte
eieren. Dit verschijnsel (mannetjes ontstaan uit onbevruchte eieren) wordt
arrhenotoke parthenogenese genoemd. Er zijn ook soorten bekend die zich
aseksueel voortplanten door middel van thelytoke parthenogenese: diploïde
vrouwtjes ontwikkelen uit onbevruchte eieren; mannetjes komen niet voor. In
dit proefschrift worden de termen parthenogenese en aseksualiteit gebruikt om
te verwijzen naar thelytoke parthenogenese. Binnen de Tetranychidae is parthe-
nogenese wijdverbreid in de sub-familie Bryobiinae, waartoe Bryobia behoort,
terwijl het zeldzaam is in de sub-familie Tetranychinae, waartoe Tetranychus
behoort. Weeks en Breeuwer (2001) hebben aangetoond dat in tenminste twee
Bryobia soorten, parthenogenese geïnduceerd wordt door Wolbachia bacteriën.

Het 3E HOOFDSTUK richt zich op de evolutie van aseksualiteit binnen het
geslacht Bryobia. Obligate aseksuele voortplanting is zeldzaam in het dierenrijk.
De meeste aseksuelen zijn te vinden als geïsoleerde takken aan de uiteinden van
de fylogenetische boom. Blijkbaar kunnen aseksuelen wel overleven op de korte
termijn, maar zijn ze gedoemd tot uitsterven op de lange termijn. Op de korte
termijn is aseksuele voortplanting voordelig omdat een aseksuele populatie een
twee keer zo grote groei snelheid heeft dan een seksuele populatie (er worden
immers geen mannetjes geproduceerd). Aan aseksuele voortplanting zijn ook
geen kosten verbonden gerelateerd aan bijv. het vinden van een partner, en er
is geen risico om een ziekte over te brengen. Ondanks deze voordelen voor
aseksuele voortplanting, is seksuele voortplanting verreweg het meest wijdver-
breid in het planten- en dierenrijk (dit is de ‘paradox of sex’). Algemene verkla-
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ringen voor deze paradox verwijzen naar de nadelen van aseksuele voortplan-
ting op lange termijn: aseksuelen kunnen zich minder snel aanpassen aan nieu-
we omstandigheden en staan bloot aan opeenhoping van nadelige mutaties, ter-
wijl verschillende voordelige mutaties niet bij elkaar kunnen komen. Dit is waar-
om aseksuelen als kort levende evolutionaire ‘doodlopende wegen’ worden
beschouwd, met weinig aanpassend vermogen. Het verklaart ook het sporadi-
sche voorkomen van obligate aseksuelen, en hun positie aan de uiteinden van
de fylogeniën.

In dit opzicht is het voorkomen van veel aseksuelen in één geslacht (Bryobia)
zeldzaam, en dit wekt vragen op over het ontstaan en de evolutie van aseksue-
le lijnen. In HOOFDSTUK 3 onderzoek ik de fylogenetische geschiedenis van
aseksuele voortplanting in het geslacht Bryobia. Ik laat zien dat aseksualiteit wijd-
verbreid is binnen Bryobia, wat laat zien dat  bepaalde dierlijke taxa wél een groot
aantal aseksuelen kunnen bevatten. Door middel van een combinatie van mito-
chondriële (COI gen) en nucleaire (28S rDNA gen) gegevens, laat ik zien dat
aseksualiteit meerdere malen ontstaan is binnen Bryobia. In ten minste twee
Bryobia soorten wordt de aseksualiteit veroorzakt door Wolbachia. Het is moge-
lijk dat Wolbachia verschillende Bryobia soorten onafhankelijk heeft geïnfec-
teerd. Ik heb ook naar clonale variatie binnen soorten gekeken, door monsters
te analyzeren die verzameld zijn op een grote geografische schaal. Over het
algemeen wordt aangenomen dat clonale soorten weinig genetische variatie
hebben. Echter, binnen B. kissophila trof ik een grote diversiteit aan, en ook
vond ik parafyletische patronen in het mitochondriële DNA. Deze bevindingen
kunnen mogelijk verklaard worden door een hoge fixatiesnelheid van mutaties
en door hybridisatie in het verleden (kruisingen tussen soorten). Reproductieve
parasieten als Wolbachia en Cardinium kunnen zulke processen beïnvloeden. Ik
beargumenteer dat dergelijke bacteriën een rol kunnen spelen in het evolutio-
naire succes van aseksuele soorten.

DI V ERSITEIT VAN WOLBACHIA EN CARDINIUM

Het geslacht Wolbachia is divers en is opgedeeld in acht ‘supergroepen’ (A-H),
op basis van DNA sequentiegegevens. In HOOFDSTUK 4, beschrijf ik de ontdek-
king van een nieuwe Wolbachia supergroep die ik aangetroffen heb in Bryobia
spec. V., gebaseerd op de sequenties van drie eiwitcoderende genen (ftsZ, gltA
en groEL) en 16S rDNA. In alle tot nu toe bestudeerde spintmijtsoorten is
alleen supergroup B aangetroffen. De ontdekking van weer een nieuwe
Wolbachia supergroup vergroot de diversiteit van Wolbachia en benadrukt de
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grote variatie die binnen dit geslacht aanwezig is. Verder lever ik bewijs voor
recombinatie (uitwisseling van DNA) tussen de supergroepen C en D, die beide
nematoden infecteren. Recombinatie tussen supergroepen is zeldzaam en is tot
dusver alleen maar aangetroffen tussen de geleedpotigen-infecterende super-
groupen A en B. De vondst van recombinatie tussen C en D is onverwacht,
omdat Wolbachia en nematodes (in tegenstelling tot Wolbachia en geleedpotigen)
een obligate, mutualistische relatie hebben. Ze laten een stricte co-cladogenese
zien en in een dergelijk patroon is voor recombinatie weinig plaats.

In HOOFDSTUK 5 bestudeer ik meer gedetailleerd de diversiteit van repro-
ductieve parasieten binnen het geslacht Bryobia. Ik toon aan dat zowel Wolbachia
als Cardinium binnen Bryobia aanwezig zijn, en dat ze soms in dezelfde soort, of
zelfs in hetzelfde individu aangetroffen worden. Ook leid ik de mate van recom-
binatie af voor Wolbachia. Het is bekend dat Wolbachia recombineert, maar het
is onduidelijk in hoeverre recombinatie bijdraagt aan de diversiteit van Wolbachia
in vergelijking tot puntmutaties. Met behulp van sequentiegegevens van vier
genen laat ik zien dat nieuwe allelen 7.5 tot 11 keer zoveel kans hebben om door
recombinatie gegenereerd te worden dan door puntmutaties. De hoge mate van
recombinatie is vergelijkbaar met waardes gevonden voor andere horizontaal
overgebrachte bacteriën, wat suggereert dat horizontale transmissie van genen,
of van complete bacteriën, aanzienlijk is binnen Wolbachia. Ik heb geen indica-
tie gevonden voor cospeciatie van gastheer en Wolbachia, en tevens vond ik een
gebrek aan congruentie tussen Wolbachia diversiteit enerzijds en mitochondrieel
DNA diversiteit of geografische verspreiding anderzijds. Cardinium werd min-
der vaak aangetroffen dan Wolbachia, maar liet ook een hoge diversiteit zien, met
acht unieke lijnen in 15 mijten, op basis van slechts twee genen. Ik vond geen
bewijs voor recombinatie, maar verder onderzoek met meer genen is nodig om
hier meer definitieve uitspraken over te doen. Een gebrek aan congruentie tus-
sen gastheer en Cardinium fylogeniën suggereert dat horizontale transmissie ook
aanwezig is voor Cardinium.

CYTOPLASMATISCHE INCOMPAT IB ILIT EIT

Binnen het geslacht Bryobia blijkt Wolbachia niet alleen in aseksuele soorten aan-
wezig te zijn, maar bijvoorbeeld ook in de seksuele soort B. sarothamni. Ik vond
bovendien dat deze soort ook geïnfecteerd is met Cardinium. In HOOFDSTUK 6
geef ik de resultaten weer van kruisingsexperimenten die zijn uitgevoerd om het
effect van Wolbachia en Cardinium in B. sarothamni te onderzoeken. Ik heb tevens
eventuele interacties tussen Wolbachia en Cardinium bekeken. Ik laat zien dat
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Cardinium sterke CI veroorzaakt in B. sarothamni. Dit betekent dat kruisingen
tussen Cardinium-geïnfecteerde mannetjes en ongeïnfecteerde vrouwtjes geen
nakomelingen opleveren (eieren komen niet uit). De bacteriën ‘modificeren’ het
sperma in geïnfecteerde mannetjes. Wanneer deze geïnfecteerde mannetjes
paren met ongeïnfecteerde vrouwtjes, leidt deze modificatie tot fragmentatie
van de paternale chromosomen in bevruchte eieren. Wanneer mannetjes
gekruist worden met vrouwtjes die met dezelfde bacterie geïnfecteerd zijn,
wordt de modificatie ‘gered’, en ontwikkelen de eieren zich normaal. Bryobia
sarothamni is de derde gastheersoort waarin Cardinium-geïnduceerde CI gevon-
den is, en deze studie laat het sterkste CI effect zien dat tot dusver is aangetrof-
fen voor Cardinium. In tegenstelling tot Cardinium induceert Wolbachia geen CI
in Bryobia. Ook vond ik dat Wolbachia niet in staat is CI geïnduceerd door
Cardinium te ‘redden’. Echter, CI wordt niet geïnduceerd wanneer een mannet-
je geïnfecteerd is met zowel Cardinium als Wolbachia. Ik heb ook gekeken naar de
infectiefrequentie in enkele populaties en vond dat frequenties uiteenlopen van
ongeïnfecteerde populaties tot polymorfe populaties waar zowel ongeïnfecteer-
de, enkel geïnfecteerde, als dubbel geïnfecteerde individuen voorkomen. In
geen van de populaties was één van de bacteriën gefixeerd. Ik bediscussieer
enkele factoren die van invloed kunnen zijn op infectiefrequenties in het veld.

CON C LUSIE

Het is duidelijk dat de associatie tussen de reproductieve parasieten Wolbachia en
Cardinium en spintmijten erg dynamisch is. Op velerlei manieren spelen de
reproductieve parasieten een rol in de evolutie van spintmijen, bijvoorbeeld
door de genetische diversiteit of het voortplantingsmechanisme te beïnvloeden.
Mogelijk hebben ze een rol gespeeld in reproductieve isolatie en soortsvorming,
en zelfs kunnen ze een rol spelen in de overleving van aseksuelen. Anderzijds
wordt de evolutie van de symbionten beïnvloed door hun intracellulaire levens-
stijl en interacties met de gastheer en met elkaar. Binnen Wolbachia blijkt recom-
binatie een grote rol te spelen in het genereren van diversiteit, maar voor het
achterhalen van exacte patronen van recombinatie en transmissie is verder
onderzoek noodzakelijk. Dit proefschrift beschrijft tevens de relatief onbeken-
de reproductieve parasiet Cardinium. Verdere analyse en vergelijking van deze
verschillende bacteriën is wenselijk en noodzakelijk voor het begrijpen van de
mechanismen die een rol spelen in reproductieve manipulaties.
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