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GENERAL INTRODUCTION

FISHER

Although it is considered that Fisher (1930) first provided a formal explanation for the ubiquity
of equal amounts of males and females in eukaryotic species with two sexes, the very first
argumentation dates back to Darwin’s second book “The Descent of Man and Selection in
Relation to Sex” (1871). Here, he touches upon the idea of an equal sex ratio being selected for
in biased populations due to a higher fitness at mating of the rarer sex. However, in the second
edition of the book, he abandons this and leaves it to future generations to solve. A mathematical
argument was subsequently provided by Diising (1883, 1884). Nonetheless, the work of Fisher

is considered to be path breaking in sex ratio theory (Charnov, 1982). He argues that as each
offspring has one mother and one father, the total reproductive value of males should be equal
to that of females (Fisher, 1930). Consider a sex ratio biased population in which it is equally
costly to produce daughters and sons. The per capita reproductive value will be higher for

the underrepresented sex and this will select for genotypes expressing this rarer sex,

which increases in the population and ultimately leads to an equal sex ratio. A numerical
example is given in table 1. In a male biased population, males will obtain on average less
matings than females, rendering the average reproductive value of females higher than

that of males and favours the production of the female sex. The same argumentation holds for

a female biased population in which males will experience a higher average reproductive value
as more matings are obtained than females, favouring the production of the male sex.

Only in an unbiased population males and females have an equal average reproductive value and
consequently the production of equal amounts of males and females is favoured.



Males 200 100/200 = 0.5 Female biased sex ratio
Females 100 1

Males 100 200/100 =2 Male biased sex ratio
Females 200 1

Males 150 150/150 =1 Unbiased sex ratio
Females 150 1

Table 1. A numerical illustration of Fisher’s theory. The relative reproductive values of male and female offspring
are given for situations where the population sex ratio is biased towards males or females or is unbiased.

The mean reproductive value of females is assumed to be 1.0, and the mean reproductive value of males is given by
the average number of matings they will obtain multiplied by the mean reproductive values of females, which is

given by (number of females/number of males) x 1.0 (adopted from West, 2009).

The implications of Fisher’s model are important for two reasons (West, 2009). First, it illustrates
the negative frequency dependence of sex ratio selection, that is, a bias towards one sex causes

a rise in the reproductive value of the other sex. Secondly, it provides a basic theory for sex
allocation; if sex ratio bias is detected, this suggests that other factors play a role causing this
deviation from an even sex ratio. It should be emphasized that predictions of this model also
allow to predict biased production of male and female offspring. If, for example, males are twice
as costly to produce than females, the sex ratio should be biased towards females (approximately
twice as much females than males) as parents are assumed to invest equal amounts of resources
into male and female offspring (West, 2009). Sex ratio biases could therefore be explained in
terms of relaxed assumptions of the general Fisherian model (Hamilton, 1967, West, 2009).

We discuss some of these relaxed assumptions (competition/cooperation between individuals
and non-Mendelian segregation of alleles determining sex allocation) below.



LOCAL RESOURCE
COMPETITION / ENHANCEMENT

In the absence of competition and/or cooperation between individuals the production of equal
amounts of males and females is predicted. However, the occurrence of such interactions has
been suggested to explain the existence of biased sex ratios. Two categories can be distinguished,
local resource enhancement (LRE) and local resource competition (LRC).

Local resource enhancement occurs when the production of a certain sex enhances the fitness
of related individuals, therefore favouring the biased production towards this particular sex
(Trivers and Willard, 1973, Taylor, 1981, West, 2009). In the Seychelles warbler, females
regularly remain in the nest to serve as helpers of the breeding couple by aiding in territory
defense and feeding of the young. This suggests that sex ratio selection should favour the
production of the helping sex, i.e. females. Indeed, female biased sex ratios are observed in
territories that benefit from the presence of helping females (Komdeur, 1996, Komdeur et al.,
1997, West, 2009).

In local resource competition production of a certain sex causes increased levels of competition
between relatives for resources, this favours the production of the sex resulting in lower levels
of competition (Bulmer and Taylor, 1980, Taylor and Bulmer, 1980, Taylor, 1981). A special case
of LRC is local mate competition (LMC) (Hamilton, 1967). If related males strongly compete for
access to females, a female biased sex ratio is favoured. Bark beetles of the weevil subfamily
Scolytinae can be divided into two groups according to their time of mating, one group mates
before dispersal of their larval host and the other at the new host, after dispersal from their
native host. If mating occurs before dispersal, LMC among male relatives is considered to be
high and hence female biased sex ratios are expected. In the case mating occurs after dispersal,
unrelated males compete against each other, decreasing LMC and equal sex ratios are expected.
In line with these predictions, highly female biased sex ratios are found in the pre-dispersal
mating group and even sex ratios in the group with mating after dispersal (Hamilton, 1967,
Kirkendall, 1993, Jordal et al., 2002). More experimental evidence has recently been obtained
in a mite species as female biased sex ratios were observed in the presence of high levels of local
mate competition (Macke et al., 2011).



SELFISH GENETIC ELEMENTS

A key insight into the existence and actions of selfish genetic elements comes from

the understanding that selection can work on individual genes rather than on the individual
itself (Gershenson, 1928, Ostergren, 1945, Dawkins, 1976, Doolittle and Sapienza, 1980, Orgel
and Crick, 1980). Hence, if these elements alter their transmission to subsequent generations,
by distorting the Mendelian inheritance pattern, their fitness will increase (reviewed in Werren
et al., 1988, Lyttle, 1991, Werren, 2011). We focus here on sex ratio distorting elements, causing
a marked sex ratio bias in their host, as a result increasing their transmission into the next
generation. This sex ratio skew is in strong contrast with the equal sex ratio favoured by

the host according to the theory of Fisher (1930), therefore resulting in the occurrence of genetic
conflict (see further). They can be classified according to their location in the host, nuclear or
cytoplasmic (Stouthamer et al., 2002, West, 2009). An overview of the effects of the different
types of selfish genetic elements is given in table 2.

Meiotic drive is the non-Mendelian inheritance of alleles on homologous chromosomes or
heteromorphic chromosomes (sex-chromosomes), resulting in the unequal transmission of both
alleles in the offspring (Lyttle, 1991, Jaenike, 2001). In the absence of meiotic drive, individuals
of the heterogametic sex produce equal amounts of male and female determining gametes
resulting, after fertilization, in an equal production of male and female offspring.

However, sex-chromosome meiotic drive results in the presence of the driving chromosome in
more than half of the gametes produced which causes the production of biased amounts of male
and females. This phenomenon was first discovered in Drosophila obscura as a female biased sex
ratio distortion was observed, inherited only through males (Gershenson, 1928). In this species
males are the heterogametic sex as they produce X- and Y-chromosome bearing sperm. It was
observed that the female bias correlated with a lower production of Y-sperm, and as the sex
ratio bias was inherited only through male offspring, a factor located on the X-chromosome was
thought to be the causative agent. Subsequent work on the mechanism of sex-chromosome drive
revealed that a driving gene present on the X-chromosome causes aberrations in the meiotic
development of sperm cells containing the Y-chromosome (Montchamp-Moreau and Joly, 1997,
McKee, 1998, Cazemajor et al., 2000, Wilkinson and Sanchez, 2001). X-drive has been primarily
documented from a number Diptera species such as Drosophila species, sciarid flies and stalk-
eyed flies (overview in West 2009) and only scarcely in other taxa such as vertebrates (Fregda

et al., 1976, Fregda et al., 1977) and plants (Taylor, 1999). In contrast with the female biased sex
ratio caused by X-drive, a male biased sex ratio resulting from Y-drive has been far less observed
(Hickey and Craig, 1966). It is not entirely clear why Diptera species seem particularly prone to
exhibit sex-chromosome drive but it can be argued that drive should arise in species where males
are the heterogametic sex. The loss of half of the produced gametes would be less detrimental in
males than in females as sperm is normally produced in excess (Majerus, 2003).



Supernumerary (B) chromosomes are not essential for survival and function of the organism
and can be present in multiple copies per individual, additional to the standard complement

of chromosomes (A)(Hurst and Werren, 2001, West, 2009, Camacho et al., 2011). Although

in general few sex ratio effects are documented, a particularly well studied system is the
supernumerary chromosomal PSR (psr) element present in Nasonia vitripennis (Hymenoptera).
In this species with haplodiploid sex determination, females normally develop from fertilized
eggs while males originate from unfertilized eggs. However, the PSR element, which is only
present in males, causes after fertilization of the egg a dense condensation of the entire paternal
genome, except itself. This potential loss of the paternal genome renders fertilized eggs haploid
which subsequently develop into PSR infected males (Werren et al., 1981, Nur et al., 1988,
Werren and Stouthamer, 2003). The penetrance of this effect is very high as 99% of eggs develop
as males. A male biased sex ratio is favoured from the perspective of the PSR element as it is
passed on to all the sperm cells produced by a haploid male, while in diploid females it ends up
in only half of the egg cells. It is regarded as one of the most ultimate selfish genetic elements
as it can not only influence the host sex ratio towards the production of all males, it actively
destroys the rest of the male genome, depleting the genetic contribution of the male to the next
generation. A second PSR element has been detected in the parasitoid wasp Trichogramma kaykai
(Stouthamer et al., 2001) and a PSR like mechanism is observed in the parasitoid wasp Encarsia
pergandiella (Hunter et al., 1993). In other species effects of supernumerary chromosomes on
the sex ratio are expected as they are found in a higher frequency in males than in females
(Imai, 1974, Morgan-Richards, 2000, de Brito Portela-Castro et al., 2001) or in the reverse
situation of a higher frequency in females (Vicente et al., 1996, Neo et al., 2000).

More convincingly, a correlation with the occurrence of a sex ratio distortion has been found

in Anostraca and cichlid fishes (Beladjal et al., 2002, Yoshida et al., 2011).

X-chromosome Female biased sex ratio Paternal
Y-chromosome Male biased sex ratio Paternal
B-chromosomes Male biased sex ratio Paternal
Endosymbiont bacteria Female biased sex ratio Maternal

Table 2. Overview of the effects of different types of selfish elements on the offspring sex ratio produced by females

harbouring this element and indication of the inheritance pattern of the sex ratio bias.



Symbiosis is defined as the living together of dissimilar organisms (de Bary, 1879).
Interactions between these organisms can range from a mutualistic, commensal to
a parasitic nature.

The most commonly known cases of symbiosis within the arthropod order are the protist

and bacterial communities present in the digestive system of termites and the endosymbiont
bacteria in aphids. The degradation of lignocellulose, allowing termites to feed on a variety

of plant fibers is ascertained by the action of digestive enzymes produced by a large number

of protist and bacterial species present in the hindgut (Martin, 1991, Ohkuma, 2008, Kudo,
2009). In aphids, bacterial endosymbionts of the genus Buchnera are present in specialized
cells, termed bacteriocytes, which provide essential amino acid nutritioning (Douglas, 1998).
These interactions can clearly be regarded as beneficial as endosymbiont presence is necessary
for survival of the host. However, negative interactions can also be found. One such example is
infection with endosymbiont bacteria that distort the sex ratio of their host. These bacteria are
considered to be obligatorily intracellular (but see further Spiroplasma and Arsenophonus) and
cannot survive outside the host. Therefore, as they are almost exclusively maternally inherited
through the cytoplasm of the egg cell, males are considered evolutionary dead ends. Because of
this maternal inheritance pattern biasing the sex ratio of the host towards females is favoured
from the perspective of the endosymbiont. As this contradicts with an even sex ratio favoured by
the host, these endosymbionts can be regarded as reproductive parasites (Werren and O’Neill,
1997, Bandi et al., 2001). Several strategies have evolved that result in a higher proportion

of infected females. These are male-killing, feminization, parthenogenesis induction and the
occurrence of cytoplasmic incompatibility (Werren, 1997, Stouthamer et al., 1999, Charlat et al.,
2003, Werren et al., 2008, Engelstadter and Hurst, 2009).

A male-killing phenotype results from the death of male embryos, early in the embryonic
development, while female embryos have a normal development resulting in a female-biased

sex ratio. Due to male mortality, infected females typically produce half the number of offspring
compared to uninfected females. Although killing of males does not directly result in higher
numbers of infected females, indirect benefits are suspected such as reduced competition
between female offspring, reduced levels of inbreeding and nutritional advantages by consuming
dead brothers (Hurst and Majerus, 1993, Majerus and Hurst, 1997, Charlat et al., 2003, Elnagdy
et al., 2011). Male-killing endosymbionts have been found in several arthropod orders (Hurst
and Jiggins, 2000) such as Diptera (Williamson and Poulson, 1979), Lepidoptera (Jiggins et al.,
2000a, Jiggins et al., 2001, Charlat et al., 2005), Pseudoscorpiones (Zeh et al., 2005, Zeh and
Zeh, 2006), Hemiptera (Groeters, 1996), Hymenoptera (Werren et al., 1986) and Coleoptera
(Fialho and Stevens, 2000). The Coccinelidae seem particularly prone to male-killing agents as

a high number of ladybird species has been shown to be infected with up to three different male-
killing endosymbionts (Majerus and Hurst, 1997, Majerus and Majerus, 2000, Majerus, 2006,
Majerus and Majerus, 2010a). The exact mechanism of male killing remains elusive, however,



evidence suggest that in Drosophila the bacteria targets the male sex-determining system (Veneti
et al., 2005) and in the parasitoid wasp Nasonia the formation of centromeres is inhibited,
causing cell development arrest (Ferree et al., 2008).

Feminization acts by turning genetic males into phenotypic fertile females, constituting a high
fitness advantage for the bacterium as a non-transmitting male is turned into a transmitting
female. In contrast with male-killing, feminization does not affect the number of offspring
produced by an infected female and results in equal amounts of offspring being produced by
infected and uninfected females. Feminizing bacteria are present in the pillbug Armadillidium
vulgare, where they cause hypertrophy of the androgenic gland resulting in the inhibited
production of androgenic hormone, responsible for male development (Martin et al., 1999).
This leads to the development of a phenotypic female with an underlying male genotype
(Rousset et al., 1992, Juchault et al., 1993, Rigaud et al., 1999). Feminization has further
been recorded from two insect species belonging to the Lepidoptera (Hiroki et al., 2002) and
Hemiptera (Negri et al., 2006) and from a mite species (Weeks et al., 2001).

Parthenogenesis induction has been shown in species with a haplodiploid sex determination
system such as mites (Weeks and Breeuwer, 2001), thrips (Arakaki et al., 2001) and
Hymenoptera (Stouthamer et al., 1990, Huigens and Stouthamer, 2003). In uninfected

mothers, haploid males normally develop from unfertilized eggs while diploid females hatch
from fertilized eggs. However, infected mothers produce all female broods in the absence of
fertilization. This results from alterations in the embryonic development, which restores diploidy
by interference in the cell cycle (Stouthamer and Kazmer, 1994, Pannebakker et al., 2004,
Adachi-Hagimori et al., 2008) and fusion of nuclei (Gottlieb et al., 2002). As in feminization,

a higher proportion of infected females is obtained, constituting a direct transmission advantage
for the bacterium.

Cytoplasmic incompatibility is the phenomenon where sperm and egg cells are reproductively
incompatible (Werren, 1997). Unidirectional CI is observed when infected males mate with
uninfected females, causing high mortality rates in the offspring of these crosses. The reciprocal
cross (uninfected males with infected females) and crosses between infected males and infected
females yield normal numbers of viable offspring. Bidirectional CI occurs when males and
females are infected with different, mutually incompatible strains of bacteria, resulting in higher
offspring mortality as well. A modification/rescue model has been proposed in which bacteria
cause a modification of male sperm that is subsequently counteracted by the bacterial production
of a rescue factor in infected eggs. In the absence of such a rescue factor (i.e. in the absence of



infection in the egg cell) male sperm remains incompatible, resulting in an erroneous embryonic
development (Werren, 1997). Cytological observations revealed that this is due to a delay in
development of the male pronuclei in the first mitotic division causing the loss of paternal
chromosomes (Tram and Sullivan, 2002, Serbus et al., 2008). In diploids this causes reduced
offspring viability through production of a haploid embryo and in haplodiploid species where
bacterial modified sperm is only present in fertilized eggs developing as females, this causes
female mortality or the production of haploid males, dependent on the level of paternal genome
loss (Breeuwer and Werren, 1990, Breeuwer, 1997, Vavre et al., 2000). Given that uninfected
females experience a dramatic loss in offspring production if mated with an infected male, while
infected females produce viable offspring when mated with both infected and uninfected males,
CI strongly increases the proportion of infected females in the population. CI has been found in
mites, isopods and most of the insect orders (detailed overview in Bourtzis and Miller, 2003) and
is therefore considered to be the most widespread bacterial reproductive alteration.

Currently five genera of bacteria have been found that can cause the above mentioned
reproductive alterations in their arthropod host.

(Class alpha-proteobacteria, Order Rickettsiales, Family Anaplasmataceae)

The alpha-proteobacterium Wolbachia was first observed in the ovaries of the mosquito Culex
pipiens (Hertig and Wolbach, 1924). However, the first report of the effects of a Wolbachia
infection and consequently the first report of a reproductive effect of endosymbiont bacteria
took till 1971 when it was demonstrated that Wolbachia causes cytoplasmic incompatibility

in mosquitoes (Yen and Barr, 1971). Since then it has been found that Wolbachia is the only
endosymbiont species that can cause all of the above mentioned reproductive alterations in its
host, i.e. male-killing, feminization, parthenogenesis induction and cytoplasmic incompatibility
(Werren, 1997, Stouthamer et al., 1999, Werren et al., 2008, Engelstadter and Hurst, 2009;

table 3). Moreover, it has been found to be extremely widespread as infections have been
shown for all major insect orders, arachnids such as mites, spiders and scorpions, isopods and
nematodes (Stouthamer et al., 1999, Duron et al., 2008a, Werren et al., 2008, Engelstadter and
Hurst, 2009) and meta-analysis of a large number of screening studies suggest that 66% of

all arthropod species are infected with Wolbachia (Hilgenboecker et al., 2008). Currently,

8 Wolbachia lineages are identified (commonly referred to as supergroup A-H), although their
monophyletic status is debated (Baldo and Werren, 2007). Inside the host, Wolbachia infection
is situated predominantly inside vacuoles in cells of the reproductive system although it has
been observed to infect the somatic tissue as well (Dobson et al., 1999). Besides obvious effects
on host reproduction, negative effects on host fecundity have been found (Stouthamer and Luck,
1993, Brownlie et al., 2009). Moreover, a shift of initial negative effects of Wolbachia infection
towards a positive effect on host fecundity have been shown in natural populations of Drosophila



simulans over the course of twenty years (Weeks et al., 2007). Other effects were

demonstrated such as increased protection against RNA viruses (Hedges et al., 2008)

and a lowered transmission rate of dengue virus in mosquitoes (Bian et al., 2010).

This led to the recent anthropogenic introduction and spread of CI inducing Wolbachia in
natural populations to successfully suppress dengue transmission (Hoffmann et al., 2011, Walker
et al., 2011).

(Class alpha-proteobacteria, order Rickettsiales, family Rickettsiaceae)

Rickettsia are mostly known of the arthropod vectored diseases in vertebrates such as typhus
and Rocky mountain fever (Raoult and Roux, 1997). However, insight into the range of effects

of Rickettsia was altered by recognizing its effects on arthropod hosts (Perlman et al., 2006,
Weinert et al., 2009). These are, among others, reduced fecundity in aphids (Chen et al., 2000,
Sakurai et al., 2005), negative effects on their host dispersal behavior in the dwarf spider Erigone
atra (Goodacre et al., 2009) and reproductive alterations in several insect species. Rickettsia,
most notably in the same bacterial order as Wolbachia, has been shown to induce a strong male-
killing phenotype in several ladybird (Majerus and Hurst, 1997, Majerus and Majerus, 2010a)
and one buprestid species (Lawson et al., 2001) and parthenogenesis induction in Hymenoptera
(Hagimori et al., 2006, Giorgini et al., 2010). To date, male-killing and parthenogenesis induction
are the only reproductive alterations associated with Rickettsia as no cases are documented

for feminization and cytoplasmic incompatibility (table 3). Similar to Wolbachia, Rickettsia is
found within the cytoplasm of host cells, albeit not in vacuoles, of the reproductive and somatic
tissue (Hurst et al., 1996a, Caspi-Fluger et al., 2011). One former Rickettsia species, Orientia
tsutsugamushi (Tamura et al., 1995), the causative agent of scrub typhus, is suspected to suppress
male development in a mite species as antibiotic treatment resulted in the production of a highly
male biased sex ratio (Takahashi et al., 1997).

(Class Bacteroidetes, Order Bacteroidales, Family Bacteroidaceae)

Cardinium bacteria were only recently discovered to infect arthropods (Kurtti et al., 1996) and
reproductive effects on their host were first documented for the false spider mite Brevipalpus
phoenicis as Cardinium induced feminization was observed (Weeks et al., 2001). Furthermore,
parthenogenesis induction and CI were demonstrated for several wasp and spider mite species
(Hunter and Zchori-Fein, 2006 and references herein) demonstrating that Cardinium is able to
cause multiple reproductive phenotypes and, together with Wolbachia, is the only endosymbiont
known to induce feminization and cytoplasmic incompatibility (table 3). Screening studies
revealed the presence of Cardinium bacteria in the Acari, Araenae, Opiliones, Hymenoptera and
Hemiptera with specifically high frequencies in spiders and mites (Weeks et al., 2003,
Zchori-Fein and Perlman, 2004, Duron et al., 2008b, Chang et al., 2010, Perlman et al., 2010).
Recently, a new Cardinium group has been proposed to infect biting midges (Diptera, Nakamura
et al., 2009). Other non-reproductive effects have been documented such as changes in host



oviposition behaviour (Zchori-Fein et al., 2001, Kenyon and Hunter, 2007) and increased

fecundity (Weeks and Stouthamer, 2004). Similar to Rickettsia, Cardinium is found within
the cytoplasm of host cells in the absence of vacuoles, and is shown to infect somatic and
germline tissue (Kitajima et al., 2007).

(Class Mollicutes, Order Entomoplasmatales, Family Spiroplasmataceae)

Spiroplasma endosymbionts are most commonly associated with arthropods (most frequently
with insects and ticks and to a lesser extent with Crustaceae) and plants where they can

cause several pathogenic phenotypes (Ammar and Hogenhout, 2006, Regassa and Gasparich,
2006). Moreover, some of the arthropod associated Spiroplasma induce a sex ratio distortion
in their host through the action of male-killing (table 3). Male-killing has first been observed
in Spiroplasma infected Drosophila (Poulson and Sakaguchi, 1961, Williamson et al., 1999) and
furthermore in several Lepidoptera (Jiggins et al., 2000a, Tabata et al., 2011) and ladybird
species (Hurst et al., 1999, Majerus et al., 1999). Spiroplasma is found both inside somatic and
reproductive tissue cells as well as extracellularly in the hemocoel (Bourtzis and Miller, 2003).
The effects of many associations of Spiroplasma with arthropod hosts are currently unknown,
but it seems that effects of Spiroplasmas may shift towards beneficial mutualisms such as
enhanced host survival in the presence of parasitic wasps (Xie et al., 2010).

(Class gamma-proteobacteria, Orde Enterobacteriales, Family Enterobacteriaceae)

Arsenophonus has first been identified as the son-killer trait in the parasitoid wasp Nasonia
vitripennis (Skinner, 1985, Werren et al., 1986) where it causes the production of almost all
female biased broods by the selective killing of males (Gherna et al., 1991). This is achieved
through inhibiting the formation of maternal centromeres, which are necessary for male
development (Ferree et al., 2008). Although screening studies showed a widespread distribution
in diverse taxa of arthropods (overview in Wilkes et al., 2012), reproductive effects remain
confined to the male-killing trait in Nasonia (table 3). Unlike the endosymbiont species described
above, Arsenophonus is transmitted horizontally, while the other described endosymbiont show
an almost exclusive vertical transmission through the cytoplasm of the egg cell. Arsenophonus
is injected into the fly host by ovipositing females, after which it is ingested by the developing
larvae and subsequently invades through the gut wall (Huger et al., 1985, Werren et al., 1986).
This is reflected in the possibility of culturing Arsenophonus in cell-free media (Werren et al.,
1986) and, more importantly, has been shown in natural populations to cause lateral transfer of
bacteria to previously uninfected larvae (Duron et al., 2010).



Wolbachia X X X X
Rickettsia X X

Cardinium X X X
Spiroplasma X X

Arsenophonus X

Table 3. Summary of the reproductive effects associated with Wolbachia, Rickettsia, Cardinium, Spiroplasma and

Arsenophonus infection (adopted from Engelstadter & Hurst, 2009).

This overview shows that the strategies employed by endosymbiont bacteria are diverse and
have evolved at least several times independently, even within lineages (e.g. Spiroplasma).
Moreover, bacterial taxa can differ in the frequency of occurrence of reproductive

distorters from almost all currently documented members of the genus showing these
capabilities (Wolbachia, Cardinium) to constituting only a small part (Spiroplasma).

The same argumentation can be made for the diversity of reproductive phenotypes induced
by a particular bacterial genus, with Wolbachia being the unsurpassed master manipulator
(Werren et al., 2008). However, our current knowledge may be strongly biased towards

the effects of Wolbachia, and the discovery of new endosymbiont species is only beginning
to emerge. Nonetheless, due to the pronounced effects of these reproductive alterations and
the high number of species infected with endosymbiont bacteria, endosymbionts are considered
important actors in shaping their host reproductive biology and therefore evolutionary
processes such as, among others, sex role reversal (Jiggins et al., 2000b), evolution of sex
determination systems (Werren and Beukeboom, 1998, Caubet et al., 2000, Dedeine et al.,
2001, Weeks et al., 2001, Cordaux et al., 2011) and speciation (Bordenstein et al., 2001,
Jaenike et al., 2006).



GENETIC CONFLICT

Sex ratio biases in the presence of competition and cooperation (see above) can be regarded

as adaptive as it maximizes individual fitness by reducing competition or enhancing the use

of limited resources. However, the occurrence of a sex ratio bias induced by the presence

of selfish genetic elements, i.e. endosymbiont bacteria, sex-chromosome meiotic drive and
B-chromosomes, strongly opposes the Mendelian inheritance of the nuclear genes in the rest

of the host genome. This difference in inheritance pattern generates intragenomic conflict
between the selfish gene set and the host nuclear gene set (Cosmides and Tooby, 1981,

Werren, 1987, Hurst, 1992, Hurst et al., 1996b, Werren and Beukeboom, 1998). Therefore,

in the presence of such selfish sex ratio distorters, strong selection is suspected to occur on

the host genes to develop suppressing factors acting against the effects of the selfish element.
In Drosophila simulans X-drive is caused by several X-linked loci targeting the Y-chromosome,
which results in the production of an excess of females. However, in accordance with genetic
conflict theory, this drive effect is countered by the action of suppressor genes on every major
autosomal chromosome and on the Y-chromosome, subject to drive (Cazemajor et al., 1997).
B-chromosome suppression has been detected in the grasshopper Eyprepocnemis plorans and

in the mealy bug Pseudococcus obscurus as genetic factors caused a reduction in transmission
levels of the B-chromosome (Nur and Brett, 1985, Herrera et al., 1996). Males of the ladybird
species Cheilomenes sexmaculata are rescued from the effects of a male-killing endosymbiont by
the presence of an autosomal suppressing gene (Majerus and Majerus, 2010b). Particularly well
studied is the population dependent distribution of suppressor genes acting against the male-
killing activity of a Wolbachia infection in the butterfly Hypolimnas bolina (Hornett et al., 2006).
Although individuals of all populations are infected with the same Wolbachia endosymbiont,
populations located at the edge of its geographic distribution show a difference in the sex ratio
produced by infected females. Interpopulation crosses revealed that this is due to presence

of suppressor genes in certain populations, counteracting the endosymbiont effects and thus
resulting in the production of equal sex ratios and masking the effect of the endosymbiont.

In other populations these suppressor genes are absent and highly female biased sex ratios

are produced.

These examples show that in line with genetic conflict theory host counteracting factors

may evolve against the effects of sex ratio distorting selfish genetic elements. Moreover,

the occurrence of such suppressor genes can render both the endosymbiont and their own effects
quiescent.

ARANEAE: CURRENT STATUS

Sex determination in the Araneae order normally occurs through the presence of sex-
chromosomes with males being the heterogametic sex and females the homogametic sex

(see study species for a more detailed explanation). This results, after fertilization, in the
production of an equal ratio of male and female offspring. Nevertheless, alternative reproductive
phenotypes, seemingly contradicting the general pattern of a sex-chromosome based even



sex ratio, have been observed in several spider species. Currently, two types are identified,
parthenogenesis induction and primary sex ratio distortion (overview in Goodacre et al., 2006,
Martin and Goodacre, 2009). Parthenogenesis in the presence of males has been observed in
the species Dysdera hungarica (Dysderidae, Deeleman-Reinhold, 1986, Rezac et al., 2007),

in maleless populations of Theotima minutissima (Ochyroceratidae, Edwards et al., 2003) and is
suggested to occur in Coelotes spp. (Amaurobiidae, Shimojana and Nishihira, 2000).

The absence of males, which could indicate parthenogenesis or a highly female biased sex ratio,
has been found in Anapistula caecula (Symphytognathidae, Baert and Jocque, 1993) and in

a Hypognatha spp. (Araneidae, Levi, 1996). A primary sex ratio distortion (sex ratio bias at the
time of fertilization) is documented from the solitary dwarf spider Pithyohyphantes phrygianus
(Linyphiidae, Gunnarsson and Andersson, 1992) and several social spider species belonging to
different families (Eresidae, Theridiidae and Thomisidae, Aviles and Maddison, 1991, Rowell
and Main, 1992, Aviles et al., 2000). This shows that the occurrence of alternative reproductive
phenotypes has a rather wide distribution over several spider families,

and should not be considered as rare, isolated events. However, the underlying mechanism has
received only little attention and remains largely unexplored. No cases are documented of sex-
chromosome meiotic drive and although suspected supernumerary chromosomes are sometimes
observed in karyotype studies of spiders, even in species with sex ratio distortion (Aviles and
Maddison, 1991, Rowell and Main, 1992, Qingtao et al., 1996, Zhao et al., 2010, Stavale et al.,
2011) their distribution and possible effects on reproduction remain unknown.

In contrast with sex-chromosome meiotic drive and B-chromosomes, infection with
endosymbiont bacteria has received much more attention. A high number of screening studies
revealed that all endosymbiont species, known to cause reproductive alterations in their host
(i.e. Wolbachia, Rickettsia, Cardinium, Spiroplasma and Arsenophonus) are present in spiders
(Rowley et al., 2004, Goodacre et al., 2006, Duron et al., 2008a, Duron et al., 2008b, Martin
and Goodacre, 2009) and even that some endosymbionts (Cardinium) show a particular high
frequency of infection (Duron et al., 2008b). Nevertheless, the effects of endosymbiont bacteria
have been investigated in few cases. A non-reproductive effect has been shown in the dwarf
spider Erigone atra as Rickettsia infected females show a lower propensity for long-distance
dispersal (Goodacre et al., 2009). In another dwarf spider species Pityohyphantes phrygianus
female post-copulatory position was found to influence offspring sex ratio (Gunnarsson and
Andersson, 1996, Gunnarsson et al., 2004) resulting in female biased clutches. This relationship
is dependent on female size and moreover seems to shift according to the Wolbachia infection
status of both males and females, indicating an indirect effect of endosymbiont infection
(Gunnarsson et al., 2009). Currently, no direct causal relationships between endosymbiont
bacterial presence and reproductive effects in spiders are recorded.



STUDY SPECIES OEDOTHORAX
GIBBOSUS (ERIGONINAE, LINYPHIIDAE,
ARANEAE; BLACKWALL, 1841)

Currently 72 species are recognized in the dwarf spider genus Oedothorax (Platnick, 2012) of
which five species i.e. O. agrestis, O. apicatus, O. fuscus, O. retusus and O. gibbosus (ARABEL,
Baert, 1996) can be found in northwestern Europe, including Belgium. O. apicatus is a colonizing
species that is often found in open, disturbed habitats such as agricultural fields while O.
agrestis has a much more limited distribution, inhabiting shaded river banks. O. retusus is

often found in a variety of wet habitats while O. fuscus is found predominantly in wet pastures.
Oedothorax gibbosus, however, requires a constant wet environment and is therefore found in
wet to very wet habitats with a stable groundwater level such as oligo- and mesotrophic alder
carrs, wet meadows and peat bogs where it resides in leave litter and mosses, near the vicinity
of open water (De Keer and Maelfait, 1989, Alderweireldt, 1992). It has a limited distribution
in the northern part of Belgium where its prevalence has been extensively investigated and is
classified as vulnerable according to the Red List for spiders of Flanders (Maelfait et al., 1998).
Females are typically larger than males in this species (Vanacker, 2005). In addition to this
variation between the sexes, the species is quite unique as it shows a remarkable polymorphism
within the male sex which is not encountered in the other Oedothorax species. Two male
morphs are found differing in the presence of cephalic modifications. The gibbosus morph
(figure 1a) is characterized by the presence of a conspicuous protuberance on the last third of
the cephalothorax and a deep anterior groove lined with numerous, black setae. The tuberosus
morph, however, lacks any such differentiations and has a flat carapace, resembling those

of females (figure 1b). Previously it was assumed that both males belong to different species
(Oedothorax gibbosus, Blackwall, 1841 and Oedothorax tuberosus, Blackwall, 1841) of which

the females could not be discriminated phenotypically. However, it has been demonstrated

that the two types of males resulted from a male dimorphism within a single species as both
morphs hatched from the same egg sac (De Keer and Maelfait, 1988). Moreover, morphometric
analysis revealed that the differences in male head structure represent two distinct morphs

as no intermediates forms were found and all males could be clearly assigned to one of both
phenotypes (Heinemann and Uhl, 2000). Laboratory crosses showed that the male dimorphism is
determined by the presence of a diallelic gene which is not expressed in females (Maelfait et al.,
1990, Vanacker et al., 2001). Expression of the dominant G allele, coding for a gibbosus morph
(allele combination GG and Gg), results in the development of a hunch with hairy groove, while
the recessive gene g codes for the development of a tuberosus morph (allele combination gg).

Marked differences exist between the two morphs in general life cycle characteristics.

The juvenile phase (hatching from the egg sac till reaching adulthood) is longer for gibbosus
males while the tuberosus morph has a longer adult phase (Vanacker, 2001). A higher adult
lifespan for tuberosus was also detected under food stressed conditions and varying levels of
humidity (Vanacker, 2003). Investigation of the reproductive output revealed that females
copulated with a tuberosus male produce more viable egg sacs, of which more offspring hatch
(Vanacker, 2005).



Figure 1. SEM photograph of the cephalothorax of a gibbosus (A) and tuberosus (B) male (Danny Vanacker, 2005).).

Moreover, it was inferred from laboratory matings that the difference in cephalic structures of
the two morphs represents alternative mating strategies (as defined in Gross, 1996). For the first
mating, females do not display any preference for either morph with the gibbosus and tuberosus
morph showing equal acceptance rates (Vanacker et al., 2004). However, a strong preference
exists towards the gibbosus male if the female is already inseminated as a high number of
matings was observed of non-virgin females with a gibbosus male and almost no copulations
occur with tuberosus males. This constitutes an advantage for the gibbosus male as sperm
competition experiments demonstrated a clear last male sperm priority pattern (Vanacker,
2005). Most of the offspring of the first egg sac produced by a female are sired by the last male
she mated with, after which last male sperm use steadily declines and more sperm of previous
males is used. It is thought that the head structures of the gibbosus male are crucial for this
preference by allowing the male to perform a gustatorial courtship. It was observed that before
mating, females put their feeding parts in the groove of the male and exhibit feeding like
behavior (Vanacker et al., 2003a). This strongly suggests the production of a secretion in

the groove of the male which is offered as a nuptial gift, hence obtaining an additional
copulation. This is supported by the observation of a high concentration of gland cells
surrounding the hairy groove (Vanacker, 2005, Michalik and Uhl, 2011) and by interspecific
interactions with a male from a related species, equally exhibiting feeding like behavior
(Vanacker et al., 2003a, Vanacker et al., 2003b).

The persistence of such a male polymorphism in one population remains an evolutionary
paradox as it is expected that strong sexual selection exists on these male traits affecting
reproductive fitness (Oliveira et al., 2008). Especially in the case of Oedothorax gibbosus,

where the dimorphism has a genetic basis, it is required that both morphs should have an equal
fitness to be maintained in a stable manner (Shuster and Wade, 1991). This can be achieved if
the male morphs are negatively frequency dependent selected, that is, if the relative fitness of
a particular morph increases when its frequency is reduced in the population (Gadgil, 1972,
Maynard Smith, 1982, Gross, 1996). However, empirical verification of the effect of frequency



dependent selection is currently lacking (Taborsky and Brockmann, 2011) as most studies focus
on direct male-male competition (e.g. the competition between large males that fight to obtain
copulations and smaller, sneaker males in beetle species (Emlen, 1997)) and do not incorporate
the effect of female choice (Alonzo, 2008), which is likely to play an important role in

O. gibbosus. Moreover, as inferred from theoretical approaches, the operational sex ratio (ratio
of males and females, ready to mate in a population at any given time, Emlen and Oring, 1977,
Kvarnemo and Ahnesjo, 1996) is expected to influence the dynamics of a male polymorphism
due to its effect on the intensity of sexual selection. Particularly in O. gibbosus, it is expected
that the operational sex ratio can alter the relative fitness of both morphs as the relative number
of matings of both morphs is highly dependent on the number of inseminated females in the
population (see above). As this number of inseminated females is expected to differ profoundly
as a function of the operational sex ratio, this implies that the relative fitness of both morphs

might alter accordingly (figure 2).
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Figure 2. Relationship between population sex ratio and male fitness level. Striped line depicts the varying fitness of

a tuberosus morph; full line represents a gibbosus morph.

If the population sex ratio is female biased a high proportion of virgin females is present

and it can be suspected that, due to the shortage of males, most females will only mate once.
These assumptions hold a fitness advantage for the tuberosus morph as virgin females show

no preference for either morph and tuberosus males therefore will secure more matings than
gibbosus males due to their faster juvenile development and longer adult lifespan. However, if the
population sex ratio is male biased most females will mate multiple times and this constitutes



an advantage for the gibbosus morph as already inseminated females only accept gibbosus males
for an additional mating, combined with the observed patterns of last male sperm priority.
Preliminary theoretical efforts based on evolutionary game theory showed that if both males
would be able to adjust their sex ratio, this system evolves towards an evolutionary stable
strategy with tuberosus males producing a more female biased sex ratio compared to gibbosus
males (Hendrickx and Mazalov, in prep). Previous breeding experiments performed by Vanacker
(2004) similarly showed that tuberosus males tended to produce a more female biased sex ratio.

However, as sex determination in spiders occurs through the action of sex-chromosomes (Foelix,
1996) with the absence/presence of the sex-chromosomes determining the sex of an individual
(Westergaard, 1958, Bull, 1983, Charlesworth, 1991) the production of an equal sex ratio is
expected. In the case of Oedothorax gibbosus, males are characterized by the presence of one

set of sex-chromosomes X1X2 (Kral & Vanacker, unpublished results). Consequently, during
spermatogenesis, two types of haploid sperm cells are produced in equal amounts: one type
containing sex-chromosomes (X1X2-sperm) and a type characterized by the absence of sex-
chromosomes (0-sperm). Females, on the other hand, develop when two sets of chromosomes
are present, X1X2 X1X2. Because of this, one type of gamete is produced, containing one pair of
sex-chromosomes, resulting, after fertilization, in the production of equal amounts of male and
female offspring. Nevertheless, considerable variation in offspring sex ratio was observed in this
species with the production of a significantly female biased sex ratio by some females (Vanacker
et al., 2001, Vanacker, 2005), indicating the presence of a female biasing factor in this species.

Therefore, before investigating a potential link between sex ratio variation and the evolutionary
dynamics of both male morphs, it is a prerequisite to first obtain a thorough insight into the
mechanism behind the sex ratio variation in this species. This is the main objective of the
current PhD study.

Spiders originated from two different sampling localities, the Walenbos and Damvallei of which
previous work demonstrated the presence of Oedothorax gibbosus (De Knijf, 1993, Hendrickx,
1999).

The Walenbos is a large forest which is characterized by areas of water seepage resulting in

the presence of isolated wet habitats such as alder carrs, providing a ideal habitat for Oedothorax
gibbosus. This was confirmed in a sampling study as individuals of O. gibbosus were indeed found
in every alder carr investigated, but not in the enclosing dry oak-birch forest areas (De Knijf,
1993). Within an alder carr, spiders can be found concentrated on tufts of moss isolated by open
water. This indicates that Oedothorax gibbosus is highly habitat specific and only found under
specific environmental conditions, which consequently results in a rather patchy distribution
both within as well as among forest fragments. A comparable situation is found in the Damvallei,
where a lowland marsh ecosystem arose by the formation of peat in a left meander of the river
Schelde (Hendrickx, 1999). This equally results in the patchy presence of wet habitat where
Oedothorax gibbosus can be found. In both localities spiders were sampled in one specific

locality following a similar methodology. Spiders were collected through hand catches on

a previously selected wet area of approximately 200 m?, by, on average, four catchers for one
hour. The same sampling location was used for consecutive sampling sessions. Previous research



suggested differences in O. gibbosus density as standardized hand catches revealed a higher
number of individuals caught in the Walenbos compared to the Damvallei population
(Patou, 2005). Moreover, it was observed that in the Damvallei population other species
(i.e. Oedothorax retusus) were encountered in a higher frequency compared to the Walenbos
sampling locality where almost exclusively Oedothorax gibbosus was caught (pers. obs.).
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OBJECTIVES AND
THESIS OUTLINE

This thesis aims at providing a mechanistic insight in the evolution of distorted sex ratios in
the Araneae order. Although several species are known to exhibit a significantly distorted sex
ratio, the underlying mechanisms remain at present elusive. As study organism, we selected
the male dimorphic species Oedothorax gibbosus, known to exhibit considerable sex ratio
variation. Moreover, given that changes in the population sex ratio are expected to strongly
influence traits related to sexual selection, investigating the mechanisms of sex ratio variation
in this species allows future studies to address the relationship between sex ratio and male
dimorphic evolutionary dynamics. Here, we aim to:

(i) quantify sex ratio variation in this species and explore the inheritance pattern
of this sex ratio trait.

(i) investigate the role of endosymbiont bacteria as a causative agent for
the observed sex ratio variation.

(iii) explore if a genetic conflict occurs between the sex ratio distorting factor
and the host’s nuclear genes.

(iv) investigate if the phenomenon of sex ratio distortion is confined to this rather
unique male dimorphic species, or if it is also present in a closely related species
that lacks this male dimorphism.

Within chapter 1 we investigate the inheritance pattern of the sex ratio bias as this provides
information on the possible causative agent of the sex ratio distortion. We fit an animal model
to a large pedigree containing several generations of lab rearing and information of thousands
of offspring. The role of endosymbiont bacteria as a causative agent is further explored by
performing specific PCR’s to characterize the endosymbiont community in Oedothorax gibbosus
and apply an antibiotics treatment to test if the sex ratio trait has a bacterial basis.



In chapter 1 we found that individual spiders can be infected with up to three different
endosymbiont species, known to cause reproductive alterations in their host i.e. Wolbachia,
Rickettsia and Cardinium. Although a significant relationship was found between Wolbachia
infection and the occurrence of a female distorted sex ratio bias, several distorted sex ratios
were observed in the absence of Wolbachia as well. This strongly suggests that an additional
factor causes a female bias in this species. In chapter 2 we explore this further by concentrating
on those individuals that are not infected with Wolbachia. Several molecular tools and antibiotics
treatments are used in order to pinpoint the exact identity of possible endosymbionts present.

As obligate intracellular endosymbiont bacteria are almost exclusively maternally inherited,
conflict with the biparental inheritance of the host genes predicts the evolution of host
suppressor genes that counteract the effects of the endosymbiont. In chapter 3 we investigate
the presence of such nuclear suppressor genes by performing inter- and intrapopulation crosses
of two isolated populations, and test for intrapopulation variation among males in their ability to
suppress the bacterial phenotype.

This is also touched upon in chapter 4, where we investigated the possibility of sex-chromosome
meiotic drive by flow cytometric sexing of spider sperm.

In chapter 5, we move beyond the male dimorphic study species and test if the same factor
that causes sex ratio variation in Oedothorax gibbosus is also present in the related species,
Oedothorax retusus, which lacks the occurrence of multiple male phenotypes.



*

“I'm tough,
I’'m ambitious,
and I know exactly

what I want.
If that makes me
a bitch, okay.”

Madonna ‘Wolbachia ’ Ciccone




CHAPTER 1

SPIDERS DO NOT
ESCAPE REPRODUCTIVE
MANIPULATIONS BY
WOLBACHIA
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ABSTRACT

Maternally inherited bacteria that reside obligatorily or facultatively in arthropods can increase
their prevalence in the population by altering their hosts’ reproduction. Such reproductive
manipulations have been reported from the major arthropod groups such as insects

(in particular hymenopterans, butterflies, dipterans and beetles), crustaceans (isopods) and
mites. Despite the observation that endosymbiont bacteria are frequently encountered in spiders
and that the sex ratio of particular spider species is strongly female biased, a direct relationship
between bacterial infection and sex ratio variation has not yet been demonstrated for this
arthropod order. Females of the dwarf spider Oedothorax gibbosus exhibit considerable variation
in the sex ratio of their clutches and were infected with at least three different endosymbiont
bacteria capable of altering host reproduction i.e. Wolbachia, Rickettsia and Cardinium. Breeding
experiments show that sex ratio variation in this species is primarily maternally inherited and
that removal of the bacteria by antibiotics restores an unbiased sex ratio. Moreover, clutches

of females infected with Wolbachia were significantly female biased while uninfected females
showed an even sex ratio. As female biased clutches were of significantly smaller size compared
to non-distorted clutches, killing of male embryos appears to be the most likely manipulative
effect. This represents to our knowledge the first direct evidence that endosymbiont bacteria,
and in particular Wolbachia, might induce sex ratio variation in spiders. These findings are
pivotal to further understand the diversity of reproductive phenotypes observed in this
arthropod order.



1. INTRODUCTION

Maternally inherited endosymbiont bacteria of arthropods received considerable attention owing
to their ability to shape their hosts’ reproductive biology and consequently their ecology and
evolution (Werren and Beukeboom, 1998, Charlat et al., 2003, Werren et al., 2008, Engelstadter
and Hurst, 2009). The strategies adopted by these microorganisms to increase their fitness are
surprisingly diverse and involve the induction of parthenogenesis, killing of male offspring,
feminization of genetic males and cytoplasmic incompatibility, wherein, in its simplest form,

the development of an uninfected egg is inhibited if inseminated by sperm of an infected male
(Stouthamer et al., 1999, Werren et al., 2008, Engelstadter and Hurst, 2009).

Recently, several molecular screening studies demonstrated that the degree of arthropod
infection is considerably higher than previously thought (Jeyaprakash and Hoy, 2000, Duron

et al., 2008a) and that even up to 66% of arthropod species are thought to be infected
(Hilgenboecker et al., 2008). Despite the discovery of their widespread occurrence within
arthropods, knowledge about the extent to which they may alter their hosts’ reproduction is
lagging behind. Even for some large taxonomic groups, such as the order of spiders (Araneae),
conclusive evidence is at present lacking. Nevertheless, some spider species exhibit reproductive
phenotypes similar to those expected under endosymbiont infection such as parthenogenesis
and primary sex ratio distortion in social as well as solitary species (e.g. Avilés, 1986, Deeleman-
Reinhold, 1986, Rowell and Main, 1992, Camacho, 1994, Avileés et al., 2000, Edwards et al.,
2003, Gunnarsson et al., 2004) (and see Martin and Goodacre, 2009 for an extensive overview).
In particular for solitary species, primary sex ratio distortion is commonly expected to result
from reproductive manipulation by endosymbionts as Fisher’s sex-allocation theory generally
predicts that an equal sex ratio is the only evolutionary stable outcome from the host’s
perspective. Moreover, the prevalence and diversity of endosymbiont bacteria in spiders is
among the highest within the arthropods and of up to five different endosymbionts capable

of manipulating their hosts‘ reproductive biology have been found in several spider families:
Wolbachia, Rickettsia, Cardinium, Arsenophonus and Spiroplasma (Oh et al., 2000, Rowley et al.,
2004, Goodacre et al., 2006, Duron et al., 2008a, Duron et al., 2008b, Martin and Goodacre,
2009).

Causal relationships between endosymbiont infection and sex ratio distortion in spiders are up
till now only suggested by a difference in their prevalence between males and females (Duron
et al., 2008a) or by an indirect relationship (Gunnarsson et al., 2009). Yet, as many other
factors beside endosymbionts might cause sex ratio distortion (Werren and Beukeboom, 1998),
multiple lines of evidence such as maternal inheritance of sex ratio variation, use of different
antibiotics that target an array of different bacterial families and a direct relationship between
endosymbiont presence and sex ratio effect are necessary to disentangle the impact of each
endosymbiont on the produced sex ratio (Stouthamer et al., 1999, Weeks et al., 2002).

In this study, we report on sex ratio variation in the solitary spider Oedothorax gibbosus
(Araneae: Linyphiidae: Erigoninae). This small dwarf spider has a palearctic distribution and
occurs exclusively in damp habitats such as marshes and wet forests, where they reside in grass
tussocks and patches of moss situated close to the water. Besides the observation that the species



exhibits a clear male dimorphism with alternative mating strategies (Vanacker et al., 2004),
previous research showed primary sex ratio distortion with an excess of females (Vanacker,
2004). Here, we explore the potential role of endosymbionts in inducing this sex ratio variation
by (i) unraveling the inheritance pattern of the sex ratio trait, (ii) relating the presence of
several endosymbiont bacteria with sex ratio variation and (iii) investigating whether an equal
sex ratio can be restored by antibiotic treatments.



2. MATERIAL AND METHODS

To estimate the among female variance in clutch sex ratio and decompose it into a maternally
inherited and residual component, a total of 192 females were captured in a wet forest
(“Walenbos”, Belgium) and mated with males from the same population. Offspring were bred for
five consecutive generations in the lab, which resulted in a total of 3884 offspring originating
from 414 different females. Spiders were reared individually in plastic vials of 5 cm diameter
and 2, 5 cm height. Plaster was added to the bottom and moistened to keep humidity levels at
100 %. A piece of moss was provided to allow the construction of a functional web. The vials
were placed in a climate chamber with a constant temperature of 20°C and light-dark regime

of 16L-8D. Juveniles were fed with an overabundance of springtails (Sinella curviseta) and after
the third moult an excess of fruit flies (Drosophila sp.) was provided. Vials were checked several
times a week for food and humidity level. After reaching adulthood one male was placed in the
vial of the female. The male was removed after at least 24h. Mated females were allowed to lay
cocoons in the vial they were reared in. Sex was determined upon reaching adulthood by visual
inspection using a stereomicroscope and tertiary sex ratio, defined as number of male offspring
divided by the total number of adult offspring, was assessed.

Presence of a maternally inherited sex ratio variation and an estimate of its variance ( 02)
over multiple generations was obtained by means of an animal model (Lynch and Walsh, 1998)
in which maternal effects were updated using Gibbs sampling. It is an extension of a model
developed by (Damgaard, 2007) to estimate additive genetic effects for continuous traits in
pedigrees.

More specifically, let Y, be the sex of offspring i and let d,i refer to the mother of the i’th
offspring, then Y, was modelled following a Bernoulli distribution with mean =, , i.e. the sex
ratio of the dam d, where

T

ln(

d,i
l ):“+md,i+ed,i
l-ﬂ:di

with y the average logit sex ratio in the population, m,, the maternally inherited sex ratio effect
and e, the sex ratio effect that is not captured in m,,. Possible causes of e, ; to deviate from zero
includes additional variation in sex ratio among dams that is not attributed to sampling error.
As sex ratio data are obtained over multiple generations in the pedigree, m,, can be updated
separately from e, ; by means of a recursive equation that sets the maternally inherited sex
ratio effect of a particular mother equal to that of her daughters, i.o.w. m, = m, . Hence, m,, of
a particular dam is updated from both the sex ratio she produces as well as the sex ratio that
her (grand)mother(s) and (grand)daughters produce. Following this procedure, the posterior
distribution of the variance in m,, and e, , i.e. 02 and o? respectively, was obtained and used to
calculate a point estimate based on the mean of the distribution and a 95% credibility interval
(CI). The model was fitted using a Bayesian approach as implemented in the program WinBugs



v.1.4. A gamma (0.1, 0.1) was chosen as a prior distribution for o, and 0,. Two independent
MCMC chains, each with different starting values, were run simultaneously for 12.000
generations. The first 2.000 generations were discarded as burn-in period.

We also fitted a more complex model that included a genetic component that contributes to

the sex ratio variation. However, visual inspection of the independent MCMC’s indicated that
no convergence and, hence, no reliable estimates of the variance components could be obtained.
To explore which manipulation is involved, we correlated clutch size and clutch sex ratio.
Ideally, killing of male offspring by endosymbiont bacteria reduces the clutch size to half

the clutch size produced by non-manipulated females. Feminization and parthenogenesis on

the other hand are expected to have no effect on clutch size. We related clutch size and clutch
sex ratio by means of a Pearson correlation, wherein the estimate of the clutch sex ratio was
weighed by the clutch size in order to down weight the inaccurate sex ratio estimates of

small clutches.

Infection status and screening of endosymbionts was performed by means of PCR (Polymerase
Chain Reaction) with endosymbiont specific primers. DNA was extracted from whole spiders
with the Nucleospin Tissue kit (©Machery Nagel) following the manufacturers recommended
protocol.

Spiders were screened for four different endosymbionts that are known to alter the hosts
reproduction in arthropods and that are already detected in spiders by means of the following
specific primers: (i) WSP81F and WSP691R (Braig et al., 1998) to amplify a part of the cell
surface protein coding gene of Wolbachia (wsp) and 16Swolb99F and 16Swolb994R (O’Neill et al.,
1992) to selectively amplify the 16S ribosomal RNA gene of Wolbachia; (ii) CLO-f1 and CLO-r1
(Gotoh et al., 2007) to selectively amplify ~468bp part of the 16S rRNA gene of Cardinium;
(iii) RICS741F and RICT1197R, which amplify a part of the citrate gene of Rickettsia (Davis et
al., 1998, Majerus et al., 2000) and (iv) SP-ITS-J04 and SP-ITS-N55 (Majerus et al., 1999) to
selectively amplify the spacer region between 16S and 23S rRNA genes of Spiroplasma ixodetis.
To investigate whether Wolbachia detection in our study species was not confounded by

the presence of Wolbachia in prey items, one sample of three fruitflies and one of 20 springtails
were screened. None of these samples showed any traces of Wolbachia. PCR conditions were as
follows: initial denaturation at 95 °C for 2 min, followed by 35 cycles of denaturation at 94 °C
for 30 s, annealing (54 °C, 30 s), extension (72 °C, 90 s) and a final extension at 72 °C during

5 min. Electrophoresis was performed on a 1,5% agarose gel. The primers 3F and 9R

(Giribet et al., 1996), which amplify part of the 18S rDNA, were used as a positive control.

Gels were stained in a solution of GELRED and bands were visualized by UV-fluorescence.

PCR products were sequenced using BigDye Terminator Sequencing mix and run on an ABI 3710
automated sequencer for a random sample of five to ten independent individuals to validate
primer specificity and to test for the presence of different strains. Sequences were aligned with
the ClustalW algorithm implemented in MEGA4 (Tamura et al., 2007) with sequences from other



spiders available in GenBank (mainly reported in the studies Goodacre et al., 2006, Duron et
al., 2008a, Duron et al., 2008b). The closest relatives of the obtained endosymbiont sequences
were identified by BLAST searches. Phylogenetic position and similarity of the endosymbionts
with those of other spider species were analyzed based on a Bayesian Inference using MrBayes
(Huelsenbeck and Ronquist, 2001) with posterior probability support values calculated for the
nodes. We assumed a general time reversible model of DNA substitution allowing a proportion
of invariant sites and gamma distributed variation in substitution rate among sites (GTR+I+G)
for all four DNA fragments. Four simultaneous chains (two cold, two heated) were run for two
million generations and trees were sampled every 1000 generations. To check convergence and
stability of the parameter estimates and to determine the burn-in value, we used Tracer 1.3
(Rambaut and Drummond, 2007) to inspect the log files.

Prevalence of the bacteria was tested in two populations in Belgium, i.e. “Walenbos”, being the
same locality where spiders of the breeding experiment (i) originated from (n = 53 andn = 11
females and males respectively) and a second population “Damvallei” situated approximately
100km westward (n = 39 and n = 7 females and males respectively).

Spiders used for investigating the prevalence of the endosymbiont infections and testing the
relationship between endosymbiont presence and sex ratio originated from hand catches carried
out in the two populations mentioned earlier. Only juvenile and subadult spiders were used to
ensure that females were virgin at the start of the experiment. Spiders were reared under the
same conditions as mentioned above. At adulthood, females (n = 15 and n = 19 for Damvallei
and Walenbos respectively) were mated with males of the same population and their offspring
(n = 446 and n = 485 for Damvallei and Walenbos respectively) were reared individually till
adulthood to determine offspring sex ratio and survival. Females were stored in ethanol after
the production of three egg sacs and afterwards screened for the presence of endosymbionts. If
a female died before being stored, daughters were screened for endosymbiont presence. Only

a single daughter was inspected if the result was positive and the mother was considered to be
infected. In the case of a negative result, two additional daughters were screened and if these
results were also negative the mother was considered to be uninfected. Offspring of a few
females (number of females: n = 2 and n = 5 for Damvallei and Walenbos respectively) were
reared for a second generation to increase sample size (number of offspring: n = 74 and n = 93
for Damvallei and Walenbos respectively). Significance of a relationship between endosymbiont
infection and sex ratio was tested by means of a generalized linear mixed model (Proc GLIMMIX
in SAS v.9.1.2) with endosymbiont presence/absence, population and their interaction as fixed
effects. To correct for sex ratio variation among females which may inflate the error degrees of
freedom, female was included as a random effect.



To test whether an equal sex ratio can be restored after removal of the endosymbionts,

we treated one highly distorted maternal line known to be infected with Wolbachia, Rickettsia
and Cardinium with antibiotics. This line originated from the breeding experiment to test

the relationship between endosymbiont infection and sex ratio distortion (see Methods section
2.3) and was kept in the lab for 7 generations. At generation 4, two females were mated with
an unrelated male and 18 offspring from each female were randomly assigned to three different
treatments i.e. (i) untreated (to continue the control line and reared as mentioned above),

(i) tetracycline hydrochloride treatment which eliminates Wolbachia, Rickettsia and Cardinium
(0.1%, w/v; 0.002 M), (iii) penicillin treatment which only eliminates Cardinium (0.1%, w/v;
0.003 M)(Morimoto et al., 2006, Gotoh et al., 2007). Antibiotics were applied by moistening
the vials permanently with the antibiotics solution. Although tetracycline is bacteriostatic
(Baron, 1996) and does not remove the bacteria but renders them inactive, PCR screening of
antibiotics treated individuals demonstrated that tetracycline removed Wolbachia for about
half of the specimens. For the remaining individuals, only faint PCR bands, often out of

the expected range of the PCR product size were observed. After reaching adulthood,

females of each treatment were mated with unrelated males and sex ratio and survival of

the clutches was determined (number of females: n = 39, n = 7 and n = 8 for control,
penicillin and tetracycline treatment respectively). Differences in average clutch sex ratio
between the treatments were analyzed by means of a generalized linear mixed model

(Proc GLIMMIX in SAS v. 9.1.2) with treatment as fixed effect. To account for dependence in
sex ratio among clutches, mother (factor DAM) was included as a random effect. Survival was
generally high and did not differ between spiders treated with tetracycline (mean + SE: 0.86
+ 0.06), penicillin (mean *= SE: 0.87 + 0.07) and control spiders (mean *+ SE: 0.92 = 0.02)
(Generalized Linear Mixed Model; treatment effect: F, , = 0.89; P = 0.42), indicating that

2,40
administering antibiotics did not influence offspring survival.



3. RESULTS

Previous studies showed that sex ratio in O. gibbosus is significantly female distorted, but varies
considerably among clutches (Vanacker, 2004). If this observed sex ratio distortion is caused by
maternally inherited endosymbiont bacteria, only daughters should inherit the sex ratio trait.

By means of an animal model (see Methods section) applied to our extensive pedigree data,

the variance in sex ratio among females that is not attributed to sampling error is decomposed
into a maternally inherited part (02 ), which only incorporates this part of the sex ratio variation
that is transmitted to their daughters, and a residual part ( 0?) that estimates the remaining
variation. Possible causes of 0? to deviate from zero include non-random variation in sex ratio
among dams, for instance due to loss of the bacterium, genetic variation in resistance,

direct paternal effects or other causes of sex ratio variation.

The average sex ratio equalled 0.34 (95% CI: 0.31 — 0.36) and is hence significantly lower

than 0.5, but showed considerable variation among clutches (figure 1). Posterior densities of
both variance components show that the largest source of sex ratio variation consists of

the maternally inherited part. As this variance is much higher than zero ( 02 ; mean: 0.64; 95%
CI: 0.34 - 1.05), this is evidence that the observed sex ratio variation in this species is strongly
maternally inherited. However, a smaller but still highly significant residual sex ratio variation

( Uf) was observed (mean: 0.27; 95% CI: 0.12 — 0.47), indicating that not all sex ratio variation
in this species is maternally inherited and that other factors of minor magnitude are additionally
responsible for the among female variation.

The clutch sex ratio was significantly related with the size of the clutch (weighted Pearson
correlation; r = 0.18; P = 0.01), with the proportion of sons being significantly lower in smaller
clutches (figure 1).
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Figure 1. Relationship between proportion of male offspring in a clutch and size of the clutch in the dwarf spider
Oedothorax gibbosus. Solid line depicts the linear correlation. The dotted line depicts a 50:50 sex ratio and is given

for illustrative purposes.

Single individuals, sampled at two independent populations, tested positive for up to three
different endosymbionts capable of altering host reproduction i.e. Wolbachia, Cardinium and
Rickettsia. For Wolbachia, both sets of primers (i.e. wsp and Wolbachia specific 16S ribosomal
DNA) gave consistent results. Sequences of both genes could be read unambiguously and no
among individual variation was observed within the obtained wsp and Wolbachia specific 16S
sequences ([GenBank: HQ286290] and [GenBank: HQ286291] respectively). This suggests that
a single Wolbachia strain is present in infected individuals. BLAST searches for both genes
returned the highest matches with available Wolbachia sequences (E-values < 1e-199).

For wsp, the obtained sequence clustered within supergroup G (See additional file 1: Bayesian
inference tree of Wolbachia wsp sequences), which according to Rowley et al (2004) primarily
comprises of Wolbachia endosymbionts of spiders. The recognition of this supergroup as

a monophyletic clade has however recently been debated (Baldo and Werren, 2007). Sequences
were most closely related with wsp sequences found in the spiders Diaea circumlita [GenBank:
AY486092] and Hylyphantes graminicola [GenBank: EU723842], the nematode Angiostrongylus
cantonensis [GenBank: AY508980] and the mosquito Malaya genurostris [GenBank: AY462865]
(See additional file 1: Bayesian inference tree of Wolbachia wsp sequences). For 16S, the sequence
could not be classified unambiguously into one of the supergroups as defined in Lo et al. (2002)



and was most closely related to the Wolbachia 16S sequence found in the spider Tetragnatha
montana [GenBank: EU333940] (See additional file 2: Bayesian inference tree of Wolbachia 16S
sequences). Similarly, sequences for Rickettsia and Cardinium were easily readable and showed
no variation ([GenBank: HQ286289] and [GenBank: HQ286292] respectively). The citrate partial
sequence of Rickettsia clustered within a monophyletic group that consists almost exclusively of
Rickettsia sequences obtained from other spiders (See additional file 3: Bayesian inference tree
of partial citrate sequences of Rickettsia). The phylogenetic position of the Cardinium sequence
could not be positioned with high support among one of the other endosymbiont Cardinium
sequences available at GenBank (See additional file 4: Bayesian inference tree of Cardinium 16S
sequences). For Spiroplasma, only a few faint bands were visible after electrophoresis. However,
sequencing and BLAST searches revealed that these were false positives and due to amplification
of the bacteria Acidovorax.

Approximately half of the individuals were infected with Wolbachia with 44% (n = 39) of

the females and 57% (n=7) of the males of the Damvallei testing positive. For the Walenbos
population 42% (n = 53) of the females and 64% (n = 11) of the males showed Wolbachia
infection. There was no difference between the sexes in infection frequency for both populations
(Fisher’s exact test: P > 0.2) and no difference in infection frequency between populations

(P = 0.9). Prevalence of Rickettsia and Cardinium was fixed in the two investigated populations.

As virtually no variation in infection frequency was observed for Cardinium and Rickettsia,
female infection with these endosymbionts is unlikely to explain the maternal sex ratio
variation. However, for Wolbachia, infection status of the female had a significant effect on
tertiary sex ratio (FL 3.2 = 0.61; P = 0.014; figure 2), wherein infected females produced

a significantly distorted sex ratio (mean * SE: 0.36 + 0.04; t,, = -3.70; P = 0.0007) while

uninfected females produced a sex ratio that was not significantly different from 0.5 (mean

+ SE: 0.47 + 0.02; t,,,= -1.81; P = 0.086). The population a female originated from did

not have a significant effect on the sex ratio (FL 5.2 = 0.93; P = 0.340) and the effect of

the Wolbachia infection was not different between both populations (7, ,,, = 0.20; P = 0.65).
Within infection groups, no significant variation among females could be detected (estimated
variance component: 0.008 = 0.037; P = 0.59).
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Figure 2. Relationship between average proportion of male offspring in a clutch and Wolbachia infection status
of the mother that produced the clutch in two different populations. (filled circles = population Damvallei,
unfilled circles = population Walenbos). Error bars indicate 95% confidence intervals. The dotted line depicts

a 50:50 sex ratio.

Sex ratio produced by females differed significantly among treatments (F, ,,, = 4.67; P = 0.016;
figure 3). While females of the control group produced a significantly distorted sex ratio (mean
+ SE: 0.25 * 0.03; t,,, = -7.27; P < 0.0001), tetracycline treated females produced an even
amount of males and females (mean + SE: 0.47+ 0.08; t,,, = -0.38; P = 0.7). Although females
treated with penicillin also produced a more even sex ratio compared to the control treatment
(mean + SE: 0.36 + 0.08;t, , = -1.56; P = 0.126), there was no significant difference compared
to the sex ratio of both control and the tetracycline treated females (Tukey post-hoc comparison:
ty,, = -1.35; P = 0.38 and t,; = -0.96; P = 0.60 respectively). Although a single maternal line
was used for the experiment, there was still significant variation among females (estimated

variance component 0.55 *+ 0.19; P = 0.002).



Antibiotic treatment significantly influenced the number of hatched offspring of the first clutch
(F, 3 = 5.14; P = 0.010). There was no significant difference in number of hatched offspring
between control spiders (mean + SE: 16.8 + 1.6) and penicillin treated spiders (mean

+ SE: 9.8 + 2.2; Tukey post-hoc comparison: t,, = 2.25; P = 0.075). However, a higher number
of offspring from females treated with tetracycline (mean * SE: 24.6 *+ 4.5) hatched compared
to the penicillin treatment (Tukey post-hoc comparison: t,, = -3.21; P = 0.007) but not

compared to the control treatment (Tukey post-hoc comparison: t,,, = -1.85; P = 0.167).
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Figure 3: Relationship between average proportion of male offspring in a clutch and antibiotics treatment applied
to the mother. Error bars indicate 95% confidence intervals. The dotted line depicts a 50:50 sex ratio. An asterisk

indicates proportions significantly different from 0.5.



4. DISCUSSION

Results of our three independent experiments are consistent with the hypothesis that sex

ratio variation in the solitary dwarf spider Oedothorax gibbosus is caused by reproductive
manipulations by endosymbiont bacteria. First, as these bacteria are exclusively transmitted
from mother to offspring by means of her eggs, daughters of sex ratio distorted females are
expected to produce female distorted clutches as well. In line with this, our pedigree analysis
shows that up to 70% of the sex ratio variation among females that is not attributed to sampling
error is maternally inherited. Second, PCR-assays showed that Oedothorax gibbosus is infected
with at least three different endosymbionts known to potentially affect reproductive behavior

in arthropods namely: Wolbachia, Rickettsia and Cardinium. Out of these, Wolbachia certainly
affects sex ratio in our study species; infected females produced a significantly female biased
sex ratio compared to the even sex ratio of Wolbachia uninfected females. Third, the sex ratio
manipulation by endosymbiont bacteria is further confirmed by treating distorted females

of bacteria with the antibiotic tetracycline, which restored the production of equal amounts

of males and females. Since juvenile survival was in general sufficiently high (>85%) and

all female clutches were found for clutches with 100% juvenile survival, it is unlikely that
differential juvenile mortality rates of males and females can account for the observed sex ratio
bias. The combination of these results unequivocally demonstrates that, among other potentially
distorting endosymbionts, Wolbachia is able to manipulate sex ratio in spiders. This represents to
our knowledge the first clear evidence of a causal relationship between endosymbiont infection
and its manipulative effect on host reproduction in spiders.

Several studies confirm the prevalence of several endosymbiont bacteria in the Araneae order,
but convincing evidence of their effects on the hosts’ reproductive biology is currently lacking.
As argued by Weeks et al. (2002), the establishment of multiple lines of evidence are

a prerequisite to confirm the manipulative effect exhibited by these microorganisms.

Previously, one such connection has been suggested by Gunnarsson et al. (2009) who found

an effect of female size on female post-copulatory position, which in turn affects brood sex ratio
in Pityohyphantes phrygianus. This effect is altered by an interaction of the Wolbachia infection
status of the male and infected female size which makes the observed effect indirect and subject
to female control. Duron et al. (2008a) suggested manipulative effects by reporting a sex biased
prevalence of Wolbachia in the spiders Tetragnatha montana and Meta mengei. It remains however
unknown whether sex ratio distortion is present in those species.

Identifying the phylogenetic position of the Wolbachia strain of Oedothorax gibbosus might help
to further explore the incidence of reproductive manipulations by Wolbachia in spiders. Based

on the wsp sequences, the strain present in our study species is situated within supergroup G,
previously reported by Rowley et al. (2004) to be spider specific and has highest similarities with
the strains found in the spider genera Diaea and Dysdera. These genera are known to exhibit
primary sex ratio distortion (Diaea (Rowell and Main, 1992)) and parthenogenesis induction
(Dysdera (Deeleman-Reinhold, 1986)). The classification of these sequences into a monophyletic
distinct clade G is however not well supported, not only as it is merely based on a single gene,
but additionally because it has been suggested to represent a recombinant of the supergroup A
and B wsp sequences (Baldo and Werren, 2007). For 16S, unambiguous classification into one of



the existing supergroups could not be supported, but it is most closely related to the sequences
found in the spider Tetragnatha montana. Remarkably, this was also one of the two species out
of the 26 spiders species tested by Duron et al. (2008a) where a manipulative effect of Wolbachia
was suggested based on a higher prevalence in females compared to males.

Notwithstanding, whilst Wolbachia obviously plays an important role in the reproductive
biology of O. gibbosus, our findings also point out that there is no simple one-to-one relationship
between infection status and sex ratio distortion. First, if Wolbachia infection status alone was
responsible for sex ratio variation, all among female variation would be expected to be inherited
maternally. Our pedigree analysis in contrast revealed that a smaller though significant part

of the among female variation is not strictly inherited from mother to daughters. Although the
most straightforward explanation would be an imperfect transmission of the bacterium towards
offspring, PCR screening demonstrated for a subset of the data that infected females (n = 4) only
produced infected offspring (n = 47), indicating very high transmission efficiencies. Paternal
effects, whether caused by meiotic drive, i.e. the unequal production of male and female
producing sperm (Jaenike, 2001), or suppression of the manipulative effect by nuclear genes
(Hornett et al., 2006, Majerus and Majerus, 2010) are therefore more plausible mechanisms.
Second, paternal effects are also suggested from the antibiotics treatment experiment; although
a single maternal line was used there is still significant variation among females within the
control treatment, which could be explained by the fact that females were mated with different
males. Variation in Wolbachia titer, potentially induced by Wolbachia specific bacteriophages,
may also substantially affect the expression of the manipulative effect (Bordenstein et al., 2006).
It remains however at present less understood which factors determine Wolbachia concentrations
in arthropods (Serbus et al., 2008). Third, a relative large proportion of males are still infected
with Wolbachia, indicating an imperfect manipulative effect or the presence of resistance genes
in both populations. Wolbachia infection of field captured individuals even suggests a higher
prevalence in males compared to females, although this can be most probably attributed to
sampling error. Indeed, given that the observed prevalence averaged over both populations
equals 0.45, and that the observed sex ratio of infected females averages 0.36, the estimated
proportion of individuals that are male and infected (i.e. males that originate from infected
females) equals (0.45)*(0.36) = 0.162. Likewise, the proportion of individuals that are male

and uninfected (i.e. males that originate from uninfected females) equals (0.55)*(0.5) = 0.275.
Hence, the estimated proportion of infected males equals 0.162/(0.162 + 0.275) = 0.37. An
exact binomial test however reveals that the observation of 11 infected males out of 18 males
tested is not sufficient to reject the hypothesis that only 37% of the males are infected (P =
0.07).

Multiple species of endosymbionts were found to infect the same individual, which creates the
opportunity for interaction effects to occur. Our use of several antibiotics that target different
endosymbiont species allows to investigate the potential occurrence of such interaction effects.
However, penicillin treated females, expected to only target Cardinium, did not result in a
significantly different offspring sex ratio compared to the control and tetracycline treatment.
Therefore no indications of the potential additional effect of Cardinium on the sex ratio could be
observed.



It is known that Wolbachia can induce several reproductive alterations like parthenogenesis
induction, male-killing and feminization (Stouthamer et al., 1999, Werren et al., 2008,
Engelstadter and Hurst, 2009). Parthenogenesis induction is highly unlikely to occur since

no offspring were produced by unmated females (pers. obs.). A female biased sex ratio can
further be caused both by male killing and feminization. If male killing is present, the number
of hatched offspring from infected females is typically half of that from uninfected females
since male embryos are selectively killed. Feminization, however, converts genetic males into
phenotypic females which results in an equal number of hatching offspring.

Based on our pedigree data, we found a significant positive correlation between clutch size

and proportion of sons in each clutch, wherein smaller clutches were significantly more

female biased. This points into the direction of killing of male embryos as the most likely
manipulating mechanism. Nevertheless, more exclusive evidence could have been obtained from
the antibiotics treatment. Although the higher hatching rate of tetracycline treated individuals
approached twice the clutch size of control females, which is congruent with the expectations
under male killing, this difference was not significant. The difficulty to clearly infer about the
possible manipulating mechanism in our study species is most likely attributed to the large
variance in clutch size (see figure 1). Relationships between clutch size and sex ratio could
therefore only be observed for the extensive pedigree data set.

Recognizing the effect of microorganisms on the reproductive biology of spiders is of high
importance to further understand the mechanisms that cause the pronounced diversity of
reproductive phenotypes observed in this arthropod order. At least for our male dimorphic study
species (Vanacker et al., 2004), the sex ratio distorting effect of Wolbachia could be involved

in the stable coexistence of both distinct male phenotypes through its influence on sexual
selection, as suggested by theoretical (Wade et al., 2003) as well as empirical (Shuster and
Sassaman, 1997) investigations. In addition, our findings of an important role of endosymbionts
on sex ratio distortion might provide a useful framework to decipher the mechanisms that cause
parthenogenesis in spiders (Camacho, 1994) and the facilitation of adaptive sex ratio adjustments
that are commonly observed in social spiders to reduce male mate competition (Avilés et al.,
1999, Aviles et al., 2000).



In this study we adopted a threefold strategy to corroborate the role of endosymbiont bacteria
in causing a female distorted sex ratio in the solitary dwarf spider Oedothorax gibbosus.

(i) Pedigree analysis confirms that the sex ratio trait is primarily maternally inherited,

(ii) PCR-assays show that individuals are infected with up to three endosymbionts known to
cause reproductive alterations in arthropods, i.e. Wolbachia, Rickettsia and Cardinium and that
females infected with Wolbachia produce significantly more females than males compared to
uninfected females. (iii) Antibiotic curing of Wolbachia infected females restores the production
of an equal amount of males and females. This is the first direct evidence of endosymbiont
interference in reproductive characteristics in the Araneae order. These findings can have major
implications on understanding the mechanism causing the variety of reproductive phenotypes
present in spider species.
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the manuscript. Bram Vanthournout, Frederik Hendrickx and Janne Swaegers analyzed the data
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6. ADDITIONAL FILES

EU723842 Hylyphantes graminicola
HQ286290 Oedothorax gibbosus
AY486092 Diaea circumlita
AY462865 DIPTERA Malaya genurostris
1.00 (\Y508981 NEMATODA Angiostrongylus cantonensis
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Additional file 1. Phylogenetic position of Wolbachia wsp sequence of Oedothorax gibbosus [GenBank:HQ286290].

Tree was constructed by Bayesian tree searching as implemented in MrBayes (Huelsenbeck and Ronquist, 2001)

on a subset of Wolbachia wsp sequences available at GenBank, with indication of the major Wolbachia supergroups.

Node values represent posterior probabilities of the clades. Genbank accession numbers are given in front of the

species name. Sequences that do not originate from spider hosts are preceded with the taxonomic group to which

the host species belongs, spider hosts are underlined. Oedothorax gibbosus is shown in bold.
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Additional file 2. Phylogenetic position of Wolbachia 16S rDNA sequence of Oedothorax gibbosus

[GenBank:HQ286291]. Tree was constructed by Bayesian tree searching as implemented in MrBayes (Huelsenbeck

and Ronquist, 2001) on a subset of Wolbachia 16S rDNA sequences available at GenBank, with indication of

the major Wolbachia supergroups. Node values represent posterior probabilities of the clades. Genbank accession
numbers are given in front of the species name. Sequences that do not originate from spider hosts are preceded

with the taxonomic group to which the host species belongs, spider hosts are underlined. Oedothorax gibbosus is

shown in bold.
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Additional file 3. Phylogenetic position of Rickettsia (partial citrate sequence) endosymbiont of Oedothorax gibbosus
[GenBank:HQ286289]. Tree was constructed by Bayesian tree searching as implemented in MrBayes (Huelsenbeck
and Ronquist, 2001) on a subset of Rickettsia sequences available at GenBank. Node values represent posterior
probabilities of the clades. Genbank accession numbers are given in front of the species name. Sequences that do not
originate from spider hosts are preceded with the taxonomic group to which the host species belongs, spider hosts

are underlined. Oedothorax gibbosus is shown in bold.
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Additional file 4. Phylogenetic position of Cardinium (16S rRNA gene) endosymbiont of Oedothorax gibbosus
[GenBank:HQ286292]. Tree was constructed by Bayesian tree searching as implemented in MrBayes (Huelsenbeck
and Ronquist, 2001Huelsenbeck and Ronquist, 2001) on a subset of Cardinium sequences available at GenBank. Node
values represent posterior probabilities of the clades. Genbank accession numbers are given in front of the species
name. Sequences that do not originate from spider hosts are preceded with the taxonomic group to which the host

species belongs, spider hosts are underlined. Oedothorax gibbosus is shown in bold.
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ABSTRACT

Endosymbiont bacteria can bring about profound changes in their host biology due to

the reproductive alterations they induce resulting in the increase of their own transmission.
Screening studies show that a high number of arthropod species are infected with
endosymbionts and that one host species can show infection with multiple species of
endosymbiont bacteria. Although the knowledge of the effects of such endosymbiont infection
is currently lagging behind, a few well studied cases reveal distinct reproductive effects of
multiple endosymbiont species within one host species. However, this persistence of multiple
species of endosymbionts is still poorly understood as theoretical approaches show that stable
coexistence is possible only under specific conditions. The dwarf spider Oedothorax gibbosus has
previously been shown to be infected with Cardinium, Rickettsia and Wolbachia, with the latter
causing a female biased sex ratio of approximately 30% males by male-killing. In this study

we show that Wolbachia is unlikely to be the only sex ratio distorting agent in this species as
few females, uninfected with Wolbachia, produced clutches with an even lower proportion of
males. Given that this sex ratio trait is inherited only through daughters, and that tetracycline
treatment restored sex ratio towards the production of an equal proportion of males and
females, infection with a second male-killing endosymbiont is suggested. As current attempts to
identify this endosymbiont failed, we cannot distinguish if this is caused by one of the present
endosymbiont bacteria, in particular Rickettsia, or a yet unidentified endosymbiont that is
present in very low numbers in infected females. Furthermore, an additional endosymbiont was
found to infect individuals of Oedothorax gibbosus as molecular analysis revealed the presence of
Rhabdochlamydia. Moreover, this endosymbiont infection seems to be population dependent as it
was only detected in one of the two populations sampled.



1. INTRODUCTION

Endosymbiont bacteria that affect their hosts reproduction are considered important actors in
shaping their hosts reproductive biology and as such may impact evolutionary processes by

the phenotypic effects they impose (Hurst and Werren, 2001, Charlat et al., 2003, Cordaux et
al., 2011). Due to their almost exclusive maternal inheritance, they primarily alter reproductive
strategies resulting in a higher proportion of infected females in the population. These are
male-killing, feminization, parthenogenesis induction and cytoplasmic incompatibility (CI)
(Werren, 1997, Stouthamer et al., 1999, Bandi et al., 2001, Werren et al., 2008, Engelstadter
and Hurst, 2009).

The five bacterial genera of endosymbionts that infect arthropods and that are known to exhibit
such phenotypes are Wolbachia, Rickettsia, Cardinium, Spiroplasma and Arsenophonus (Bandi

et al., 2001, Moran et al., 2008, Engelstadter and Hurst, 2009). Traditionally, the reproductive
effects of Wolbachia endosymbionts have been most frequently studied, however, the discovery
of other endosymbiont species causing similar reproductive phenotypes led to the understanding
that a particular phenotype can be caused by different species of endosymbiont bacteria

(Weeks et al., 2002). In line with this, screening studies show that species, populations and
even individuals are often infected with multiple species or strains of endosymbiont bacteria
(Majerus, 2006). This not only led to the increasing interest in the individual effects of each
endosymbiont species, but moreover in the cause of potential interactions within this microbial
community. Although in general the knowledge of the effects of endosymbiont infection through
empirical verification is lagging behind, some systems are studied more in detail, revealing the
effects of multiple endosymbiont species or strains in particular species (Charlat et al., 2006),
populations (Hurst et al., 1999, Majerus et al., 2000, Jiggins et al., 2001) and even individuals
(Rousset and Solignac, 1995). Especially for the male-killing strategy, several studies showed
that multiple male-killers can coexist within the same species. In ladybirds, wherein a high
number of species are infected with male-killing endosymbionts, multiple infections cause

a similar male-killing phenotype (Majerus, 2006). In Adalia bipunctata male-killing effects

have been assigned to endosymbionts of the genera Rickettsia, Spiroplasma and two strains of
Wolbachia (Hurst et al., 1999, Majerus et al., 2000). Two other species, Harmonia axyridis and
Cheilomenes sexmaculata, are suspected to exhibit multiple infections (Majerus, 2006).

In the butterfly species Acraea encedon two strains of male-killing Wolbachia are found (Jiggins
et al., 2001) and in the butterfly Hypolimnas bolina a male-killing Wolbachia is present as well
as a Wolbachia strain inducing almost complete CI (Charlat et al., 2006). It is argued that certain
host life history traits play an important role in the probability of acquisition and invasion of
male-killers (Hurst, 1991, Hurst and Majerus, 1993, Majerus and Hurst, 1997, Elnagdy et al.,
2011). For example, host species with high levels of intraspecific competition for resources and
sibling cannibalism are expected to be prone to invasion by a male-killer as the killing and
consuming of dead brothers results in decreased resource competition and a direct nutritional
advantage for infected daughters (but see Jiggins et al., 2000).

Theoretical approaches, however, reveal that two male-killers can only stably coexist in one
population under certain specific conditions. Two male-killers with different transmission
frequencies can persist in one population when spatially structured populations are considered



(Groenenboom and Hogeweg, 2002) and in the presence of sibmating with high male mating
capacity (Dannowski et al., 2009). Also, a male-killing endosymbiont with low transmission rate
can invade and persist in a population harbouring a male-killer with high transmission if host
resistance genes evolved against the stronger male-killer (Randerson et al., 2000). Recently it
has been shown that individuals of the dwarf spider Oedothorax gibbosus are infected with

a male-killing Wolbachia endosymbiont with a prevalence of approximately 45% (Vanthournout
et al., 2011). Two other endosymbiont genera , i.e. Rickettsia and Cardinium, were found to be
fixed in the populations investigated. Pedigree analysis revealed that not all sex ratio variation
could be explained by a strict maternal inheritance pattern. This suggests the presence of
additional factors influencing the sex ratio, such as the action of paternal suppressor genes.
Additionally, the high frequency (64%, n = 11) of adult males infected with Wolbachia also
indicates the presence of a suppressing effect on the male-killing phenotype. According to
theoretical and ecological prerequisites, the suspected presence of a suppressing factor and

the similarities with life history traits of ladybirds and butterflies, such as egg laying grouped
in egg sacs, the occurrence of sibling cannibalism and high levels of juvenile mortality, indicate
that Oedothorax gibbosus could be highly liable to invasion by male-killers. Therefore, we
investigated the hypothesis that this species has been indeed invaded by multiple male-killers by
resampling populations for which Wolbachia effects have been demonstrated and determining if
endosymbiont induced distorted sex ratios are present in the absence of Wolbachia.



2. MATERIAL AND METHODS

Subadult and adult female spiders were collected by hand in two populations Damvallei

and Walenbos in 2010 (Vanthournout et al., 2011) and 2011. Sex ratio of their clutches was
determined in the lab and subsequently tested for the presence of Wolbachia (see 2.2), which

is known to distort sex ratio in this species (Vanthournout et al., 2011). Females were reared
individually in the lab under standardized conditions as described in Vanthournout et al. (2011).
Upon reaching adulthood, a single male was placed in the vial of a female for 24 h to allow
copulation. Females were first allowed to lay egg sacs in the vial and were afterwards stored in
97% ethanol. Offspring were reared individually and their sex was assessed at adulthood using
a stereomicroscope to determine tertiary sex ratio (number of adult males / number of total
adult offspring). Offspring of one Walenbos female (W-01), uninfected with Wolbachia and
producing a significantly distorted sex ratio, was further mated with unrelated males.

This matriline (Wol-) was kept in the lab for six generations to determine the inheritance pattern
of the sex ratio bias (number of crosses = 30; total number of offspring = 611). The effect of this
sex ratio distorting factor was compared to a Wolbachia infected matriline (Wol+), originating
from the same Walenbos population and reared for an identical number of generations in

the lab (number of crosses = 31; total number of offspring = 797). Differences between

the two matrilines were analyzed using a generalized linear mixed model with matriline as

a fixed effect (proc GLIMMIX in SAS v. 9.1.2). Dependence between offspring sex ratios from

egg sacs originating from the same male was tested and accounted for by including female ID,
nested within male, as a random effect.

To investigate the underlying mechanism that causes sex ratio distortion in the Wol- matriline,
we related clutch sex ratio to clutch size by means of a Pearson correlation weighted for
number of adult offspring. Under male-killing, clutch size is expected to be lowered in distorted
clutches due to the killing of male offspring. However, under feminization of genetic males into
phenotypic females, clutch size is expected to be unaltered in highly distorted clutches.

Three different molecular techniques were used to characterize the endosymbionts in this
species. First, PCR assays with endosymbiont specific primers were performed to determine the
presence of seven genera of arthropod infecting endosymbionts of which five are known to cause
reproductive alterations. As this technique is limited by the primer specificity, we next amplified
16S rRNA with general eubacterial primer based techniques and investigated for variation in
PCR amplicons by means of cloning and denaturating gel gradient electrophoresis (DGGE).



Whole spiders were used for DNA extraction using the Nucleospin Tissue kit (OMachery Nagel)
following the manufacturers recommended protocol. The following primers were used: (i)
16Swolb99F and 16Swolb99R (Oneill et al., 1992) to amplify the 16S ribosomal RNA gene of
Wolbachia; (ii) WSP81F and WSP691R (Braig et al., 1998) amplifying a part of the cell surface
protein coding wsp gene of Wolbachia (iii) RICS741F and RICT1197R (Davis et al., 1998, Majerus
et al., 2000), which amplify a part of the citrate gene of Rickettsia; (iv) CLO -f1 and CLO-rl
(Gotoh et al., 2007) to selectively amplify a part of the 16S rRNA gene of Cardinium (v)
SP-ITS-J04 and SP-ITS-N55 (Majerus et al., 1999) to selectively amplify the spacer region
between the 16S and 23S rRNA genes of Spiroplasma ixodetis, (vi) ArsF, ArsF3/ArsR2 to

amplify a part of the 16S rDNA of Arsenophonus nasoniae (Duron et al., 2008), (vii) the general
eubacterial primer 27F (Weisburg et al., 1991) and PASScmp (Lundgren et al., 2007) which
amplifies a part of the 16S rDNA of Serratia symbiotica (Fukatsu et al., 2000) and (viii) F1 and R1
which amplify a part of the type specific antigen of Orientia (Takahashi et al., 1997).

Results of the cloning assay (see 3.3) revealed the presence of Rhabdochlamydia in individuals
of Walenbos. To investigate the prevalence of this endosymbiont in the Walenbos en Damvallei
population, primers Rhab16S-F1 5-CGAGCCTGGGTAAGGTTCTTC-3’and Rhab16S-R1
5-CTATCAAAGTGGGGGCCCTTG-3’ were designed which amplify a part of the 16S rRNA

gene. PCR conditions were as follows: initial denaturation at 95 °C for 2 min, followed by 35
cycles of denaturation at 94 °C for 30 s, annealing (52 °C for Arsenophonus and Spiroplasma;

54 °C for Wolbachia, Rickettsia, Cardinium, Rhabdochlamydia and Orientia; 55 °C for Serratia,

30 s), extension (72 °C, 90 s) and a final extension at 72 °C during 5 min. Electrophoresis was
performed on a 1,5 % agarose gel. Gels were stained in a solution of GELRED for approximately
15 min and bands were visualized by UV-fluorescence. The PCR products were sequenced using
BigDye v.1.1 Terminator Sequencing mix and run on an ABI 3710 automated sequencer. BLAST
searches were used to check primer specificity and to identify the best match of the obtained
endosymbiont sequences in the nucleotide collection database. To investigate the presence of
multiple strains, sequences were aligned using the Muscle algorithm (Edgar, 2004) implemented
in MEGA 5 (Tamura et al., 2011).

DNA isolates of three females from the wol- matriline, two from the wol+ matriline and one
additional female were used in the cloning assay. As positive PCR bands were present for
Cardinium and Rickettsia in all samples, this ensured that the DNA isolates were of good quality.
16S rRNA sequences were amplified using the universal primers F45 and R1242 (Oneill et al.,
1992). PCR conditions were as follows: initial denaturation at 95 °C for 2 min, followed by 35
cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension (72 °C, 90 s) and a
final extension at 72 °C during 5 min. The PCR amplicons were then ligated into pCR®II-TOPO®
vector (Invitrogen) and transferred into TOP10TM chemically competent cells (Invitrogen)
according to the manufacturers recommended protocol. Clone sequences were reamplified using



the M13F and M13R primers and presence of the insert was checked by gel electrophoresis.
Inserts with bands of expected size were sequenced as described above and a BLAST search was
performed to identify the best match in the nucleotide collection database.

Females of the Wol-, Wol+ matriline and an additional set of females originating from the
Damvallei and Walenbos population were included in the DGGE assay. 16S rRNA sequences were
obtained using the previously mentioned universal primers F45 and R1242 (Oneill et al., 1992).
Next, a nested PCR was performed with use of the primers F357 (5-CCTACGGGAGGCAGCAG-3")
and R518 (5-ATTACCGCGGCTGCTGG-3") which amplify the highly variable V3 region of the
16S rRNA gene (Temmerman et al., 2003). A GC-clamp was added to the forward primer to
ensure clear DGGE separation (Myers et al., 1985, Sheffield et al., 1989). PCR conditions were

as follows: initial denaturation at 95 °C for 1 min, followed by 30 cycles of denaturation at 95

°C for 30 s, annealing (55 °C for 45 s), extension (72 °C, for 60 s) and a final extension at 72 °C
during 7 min. DGGE analysis was carried out on PCR products using a DCode Universal Mutation
Detection System device (Bio-Rad) (as described in Temmerman et al., 2003, Hollants et al.,
2010). Electrophoresis was performed using 35%-70% denaturating gradient polyacrylamide
gels at 70 V in 1x TAE buffer at 60 °C for 16.5 hours. This allows discrimination of the different
amplified 16S rRNA sequences based on nucleotide composition. Gels were placed in the staining
solution SYBR gold (Molecular Probes, Invitrogen) for 30 min after which the gel was visualized
and photographed with the Molecular Imager Gel Doc XR System. Selected bands were excised
by inserting a pipette tip (1 ul) into the gel and incubated overnight at 4°C in TE buffer. A PCR
with the primers F357 and R518 (Oneill et al., 1992) was performed on the DNA solution and
PCR amplicons were sequenced as described above. A BLAST search was performed to obtain
the best match in the nucleotide collection database.

To investigate the bacterial basis of the sex ratio bias in the Wol- matriline, we conducted

a heat and antibiotic treatment. 24 offspring of one female (lab generation 4) from the Wol-
matriline were randomly assigned to four treatments: (i) distilled water treatment (control),
(ii) tetracycline, being a broad spectrum antibiotic (iii) penicillin, which is known to target
Cardinium but not Rickettsia and Wolbachia and (iv) a heat treatment in which the offspring
were reared at 30°C for seven days after which the temperature was returned to 20°C.

Studies show that heat shock treatment targets several endosymbiont species by elimination
of the endosymbiont or decreasing bacterial density levels (Van Opijnen and Breeuwer, 1999,
Hurst et al., 2000, Kyei-Poku et al., 2003, Sakamoto et al., 2008). Antibiotics were provided by
permanently moistening the vials with the antibiotics solution. It has previously been shown
that application of antibiotics in this way is effective in targeting endosymbionts in Oedothorax
gibbosus (Vanthournout et al., 2011). After reaching adulthood, females were mated with
unrelated males and offspring sex ratio and survival was determined. Female offspring were
further mated to increase sample size and offspring sex ratio and survival was determined



(total number of females:n = 8, n = 5, n= 7 and n = 5 for the control, penicillin, tetracycline
and heat treatment respectively). Effect of treatment on average clutch sex ratio and juvenile
survival was analyzed by means of a generalized linear mixed model (Proc GLIMMIX in SAS

v. 9.1.2). Dependence in sex ratio among females was taken into account by including DAM
,18.08 1.02;
P = 0.40) which was generally high for control (mean = SE: 0.90 + 0.04), penicillin (mean

+ SE: 0.83 = 0.08), tetracycline (mean * SE: 0.95 = 0.03) and heat treated offspring (mean

+ SE: 0.94 + 0.03) indicating that administering antibiotics or exposure to heat does not

as a random effect. No effect of treatment could be found on juvenile survival (F,

influence juvenile survival.



3. RESULTS

A total of 48 females was screened for the Damvallei population of which 20 were found to be
uninfected with Wolbachia, producing an average sex ratio of 0.5 (mean *= SE: 0.49 = 0.02;
t,, = -0.01; P = 0.99). However, one of these females produced only females (table 1).

Of the 52 females screened for the Walenbos population, 27 were uninfected with Wolbachia.
These females equally produced an average sex ratio of 0.5 (mean + SE: 0.43 + 0.04;

t,s s = -1.65; P = 0.11), of which tree females produced a significantly female biased

sex ratio (table 1).

Both the Wol- matriline (mean * SE: 0.05 + 0.02; t

2760 = ~7-65, P < 0.0001) originating
from one of these females and the Wol+ matriline (mean + SE: 0.25 + 0.04; t,, ,, = -4.18,
P < 0.0001) produced a significantly distorted sex ratio. As the juvenile survival is sufficiently
high (= 95%), this indicates that the sex ratio bias is not caused by differential sex-specific
juvenile mortality. Moreover, females from the Wol- matriline produced significantly more
female biased sex ratios than females from the Wol+ matriline (FL a1z = 17.49; P < 0.0001).
This sex ratio distortion was exclusively maternally inherited as females mated with males
originating from this matriline produced equal amounts of male and female offspring (sex ratio:
0.43; P = 0.12). The penetrance of the sex ratio effect is considered to be high as almost all
females produced highly distorted sex ratios, contrastingly, in the Wol+ matriline much
more variation in the produced sex ratio is observed (figure 1). A positive correlation was
found between the sex ratio of a clutch and number of offspring for this Wol- matriline,
with significantly fewer males in smaller clutches (weighted Pearson correlation; r = 0.61,
P <0.0001, figure 2).

D-01 0 19 0 < 0.0001
W-01 0 9 0 0.004
W-02 3 15 0.2 0.04
W-03 0 40 0 < 0.0001

Table 1. Overview of the female biased sex ratios produced by Wolbachia uninfected females originating
from the Damvallei (D) and Walenbos (W) population. P-values represent the probability of difference from

a sex ratio of 0.5.
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Figure 1. Frequency distribution of the sex ratios produced by females from the Wol- and Wol+ matriline.
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Figure 2. Relationship between proportion of adult offspring and offspring number for females originating from
the Wol- matriline. Solid line depicts the linear correlation. The striped line depicts an even sex ratio and is given

for illustrative purposes.



Females of the Wol- and Wol+ matriline (n = 10 for each matriline), originating from
different generations of lab rearing were screened using species specific primers. All females
tested positive for Cardinium and Rickettsia infection, ensuring that the extracted DNA was

of good quality. Clear bands were obtained for all females of the Wol+ matriline when tested
for Wolbachia. No bands could be detected for females of the Wol- matriline, indicating the
absence of Wolbachia in this matriline. A subset of these females (n = 3 for each matriline)
were screened for Arsenophonus, Spiroplasma, Serratia symbiotica and Orientia, which resulted
in the absence of clear bands for all endosymbionts except Arsenophonus. Bands of varying
intensity could be detected for the Arsenophonus endosymbiont for all investigated females.
However, sequencing and corresponding blast searches revealed that these were amplifications
of Rickettsia and therefore constituted false positives.

Comparison of the 16S DNA sequences of Rickettsia and Cardinium did not yield any differences
between both matrilines, suggesting that both are infected with the same strains. Hence, based
on the specific PCR essays, all females of the Wol- and Wol+ matriline were infected with
same strains of Rickettsia and Cardinium and, with the exception of Wolbachia, did not possess
a specific endosymbiont community.

As the presence of Arsenophonus, Orientia and Serratia symbiotica was not previously investigated
(Vanthournout et al., 2011) field captured females were additionally screened for the presence

of Arsenophonus (n = 26 for Walenbos and n = 19 for Damvallei), Orientia (n = 3 for Walenbos
and n = 4 for Damvallei) and Serratia symbiotica (n = 3 for Walenbos and n = 1 for Damvallei).
No additional positives were found for Arsenophonus, indicating that this endosymbiont is not
present in the sampled populations. The Orientia and Serratia symbiotica screening equally did
not reveal additional positives suggesting the absence of these endosymbionts, however,

as a small number of females was used, a more extensive screening should be performed to
obtain more detailed information on the infection frequency of Orientia and Serratia symbiotica.

A total of 82 clones were isolated from three different females of the Wol- matriline.

No variation was detected in sequences of different females. Sequences of the largest group of 77
clones matched closely with Rickettsia limonae (table 2). The five remaining clones were closely
related to Rhabdochlamydia porcellionis (table 2). The 19 clones of the Wol+ matriline could
equally be grouped in two clusters, each containing identical sequences. 13 clones matched
with an uncultured alpha proteobacterium (table 2) which is most likely Wolbachia as a high
similarity was also detected with a Wolbachia sp. ([Genbank: CP001391], E-value: <e-199,
maximum identity: 98%). Six clones corresponded to Rickettsia limonae (table 2). 50 readable
clones were obtained for the W-121 female, dividable in three groups. One group comprised
three clones containing a sequence that was closely related to Serratia marcescens and a group
of 46 clones corresponded to Rickettsia limonae (table 2). Again, one clone was found to share

a high level of relatedness with Rhabdochlamydia porcellionis (table 2).



As Rhabdochlamydia was found in the distorted Wol- females, and, hence, constitutes a possible

candidate causing the sex ratio bias, we designed specific primers for this endosymbiont to

screen multiple individuals. This however revealed that Rhabdochlamydia infection was not

restricted to the mothers that produced a distorted sex ratio, but that all individuals of the

Walenbos population are infected (n = 20). Moreover, infection with Rhabdochlamydia was not

detected in the Damvallei population (n = 18). Primer specificity was subsequently confirmed

by sequencing the obtained amplicons and yielded no interspecific variation.

NCBI 16S r RNA

(AF3224453)

(NRO36774)

NCBI Nucleotide E-value sequence librar E-value
Number collection closest . 4 Y (maximum
Female . (maximum closest match . .
of clones match (accession . . . identity)
ber) identity) (accession
number number)
Rickettsia limonae R o Rickettsia belii R o
7 (AF322443) €199 (99%) (NRO36774) (7199 (95%)
Wol- Rhabdochlamydia Parachlamydia
porcellionis - o acanthamoebae - o
5 (AY223862) <e-199 (91%) (NRO26357) <e-199 (864%)
Rickettsia limonae B 5 Rickettsia belii R o
6 (AF322443) <e199 (95%) (NRO36774) <e-199 (91%)
Wol+ Uncultered alpha- Ehrlichia
13 pmgimﬂgﬁ’)’“m <e-199 (98%) ruminatium <e-199 (89%)
(NRO44831)
Serratia Serratia
3 marcescens <e-199 (99%) nematodiphila <e-199 (99%)
(EU233275) (NR044385)
Rhabdochlamydia Parachlamydia
W21 1 porcellionis <e-199 (94%) acanthamoebae <e-199 (83%)
(AY223862) (NR0O26357)
46 Rickettsia limonae <e-199 (96%) Rickettsia belii <e-199 (93%)

Table 2. Taxonomic affiliation of the clones originating from Walenbos females (Wol- and Wol+ matriline and

female W-121).
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Comparison of the DGGE pattern between individuals of the Wol+ and Wol- matriline only
showed strong discriminating bands that were shared among individuals of the Wol+ matriline
(Bands C,D,E,L ; figure 3), but no unique bands that were shared among all offspring of

the distorted Wol- matriline. A total of 12 bands (A — L) were selected for sequencing (figure 3;
table 3) and revealed that these correspond to identical sequences of Wolbachia (C,D,E, and L;
Wolbachia endosymbiont of Bemisia tabaci, table 3), Rickettsia (A and B; Rickettsia endosymbiont
of Macrolophus sp., table 3), Serratia marcescens (F and G, Serratia marcescens, table 3) and
Acinetobacter (J, Acinetobacter sp., table 3). Sequencing of bands H, I and K did not give
readable results. Several DNA amplicons from the cloning study were included in the DGGE

as a reference. This indeed resulted in one clear band in the DGGE profiles corresponding to
Rickettsia and Wolbachia of the Wol- and Wol+ matrilines respectively.
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Figure 3. DGGE profiles for the 16S rRNA amplicons of females originating from the Wol- and Wol+ matriline and
females of the Damvallei (D) and Walenbos (W) population. Clones indicate the use of DNA amplicons resulting from
the cloning study. Bands A and B: Rickettsia endosymbiont; C,D,E,L: Wolbachia endosymbiont; F and G: Serratia

marcescens; J: Acinetobacter sp.; bands H, I and K did not give readable results.



Wol+ CDEL (Zg’é%‘;%‘;) <3e-61(98%)
Wol- AB (fé%kese;fzscl)%) <e-49 (100%)
W-121 FG Se”‘(’;’gg}oggzs)ce”s <7e-39 (90%)
D-026 J Acinefobacter <9e-98 (100%)

(UN228282)

Table 3. Taxonomic affilation of the sequenced bands obtained by DGGE of Walenbos females

(Wol- and Wol+ matriline, female W-121 and D-026).

Antibiotic and heat treatment of females from the Wol- matriline had a significant effect on

the sex ratio produced by a female (F, ,; ., = 6.94; P = 0.003, figure 4). Control females

(mean sex ratio + SE: 0.09 *+ 0.04; t,, ,. = -5.25; P < 0.0001) and penicillin treated females
(mean sex ratio = SE: 0.17 = 0.07; t,, = -3.27; P = 0.004) produced a significantly distorted sex
ratio, while heat and tetracycline treated females produced sex ratios not significantly different
from 0.5 (mean sex ratio + SE: 0.49 + 0.1; ¢t,,, = -0.20; P = 0.84; mean * SE: 0.54 * 0.12;
t12.55 = 0.33; P = 0.74 for heat and tetracycline respectively; figure 4).
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Figure 4. Effect of antibiotics and heat treatment applied to the mother on the average proportion of male offspring.

The dotted line indicates a sex ratio of 0.5. Significantly distorted proportions are indicated with an asterisk.



4. DISCUSSION

Previous research on Oedothorax gibbosus revealed the presence of a male-killing Wolbachia
endosymbiont. Results of this study clearly suggest the presence of an additional male-killing
cytoplasmic factor as four females produced highly distorted sex ratios in the absence of
Wolbachia. Moreover, daughters from one of these females persistently produced female biased
sex ratios during six generations of lab rearing (Wol- matriline). This bias was clearly maternally
inherited as it was only manifested in female offspring. Indeed, when females were mated

with males, originating from this matriline, a sex ratio not significantly different from 0.5 was
produced, indicating that the sex ratio distortion is not inherited through males.

Antibiotic and heat treatment reversed the sex ratio to equal amounts of male and female
offspring, demonstrating that the sex ratio distortion has a bacterial basis. As significantly fewer
males are present in smaller clutches, the most likely endosymbiont effect is the occurrence

of male-killing. However, although these combined results strongly suggest the presence of

a male-killing endosymbiont, it remains currently impossible to conclusively assign a particular
bacterial strain as a causative agent to the sex ratio distortion.

Endosymbiont specific PCR assays showed that the Wol- matriline is infected with Rickettsia

and Cardinium in females of different generations of lab rearing, but not with Wolbachia,
Arsenophonus, Orientia, Spiroplasma and Serratia symbiotica. Cloning of 16S rRNA amplicons and
DGGE confirmed the presence of Rickettsia in the Wol- matriline and of Rickettsia and Wolbachia
in the Wol+ matriline. The cloning study additionally revealed the presence of partial 16S
sequences that were highly similar to Rhabdochlamydia porcellionis in the Wol- matriline and in
female W-121. A screening with Rhabdochlamydia specific primers revealed that this infection is
limited to the Walenbos population as all females in the Walenbos showed infection and none of
the Damvallei population.

Chlamydia-like microorganisms have been found in the spider Coras luctuosus (Osaki, 1973),
however, Rhabdochlamydia has not been reported from spiders before and only recently found
to constitute a obligatorily intracellular infection in arthropods. Rhabdochlamydia crassificans
(Corsaro et al., 2007) infects cockroaches and causes abdominal swelling of the host. The effects
of Rhabdochlamydia porcellionis (Kostanjsek et al., 2004) in the terrestrial isopod Porcellio scaber
are currently not known. No effects on the reproductive biology of the host are documented
making it unlikely that this endosymbiont species causes the observed sex ratio distortion.

Although Rickettsia, Cardinium and Rhabdochlamydia appear to be fixed in the Walenbos
population and no correlation exists between their presence and the occurrence of sex ratio
distortion, it cannot be excluded that subtle variations in particular regions of the genome may
have profound effects on the phenotypic effects they impose on their host. Significant genomic
diversity has been detected in closely related endosymbiont strains, which is the result of high
levels of lateral gene transfer, observed in some endosymbiont species (Baldo et al., 2006, Moran
et al., 2008, Ishmael et al., 2009, Klasson et al., 2009). The production of female biased sex
ratios after treatment with penicillin, which targets Cardinium but not Rickettsia, suggests that
Cardinium has no direct effect on the sex ratio distortion. The results of the tetracycline and heat
treatment indicate that the unknown endosymbiont is susceptible to both treatments.



This points into the direction of Rickettsia as this endosymbiont species shows the same
susceptibility pattern.

Moreover, individual effects of the different endosymbionts present could be investigated using
a q-PCR which quantifies bacterial densities of Rickettsia, Cardinium and Rhabdochlamydia

and relating this with the occurrence of the sex ratio effect (Goto et al., 2006). Several studies
report on natural variation in infection density and interaction effects such as competition
between endosymbionts strongly influencing their abundance and hence the penetrance of

the reproductive effect on the host (Hurst et al., 2000, Goto et al., 2006, Unckless et al., 2009).
Alternatively, the use of low doses of antibiotics and transfection of endosymbionts through
microinjection into uninfected hosts could produce singly infected females which can provide
more convincing evidence on the individual effects of each endosymbiont (Sasaki et al., 2002,
Sasaki et al., 2005).

Both the cloning study and the DGGE approach demonstrated the presence of Serratia marcescens
in female W-121. Serratia marcescens is associated with arthropods as a potential pathogen

(Flyg et al., 1980, Lauzon et al., 2003) and is often found in the digestive tract (Lundgren et

al., 2007) where it is thought to also play a role in the digestive system by producing enzymes

or as a regulator of the bacterial community (Tews et al., 1996, Adams and Boopathy, 2005,
Ruiz-Sanchez et al., 2005). As Serratia marcescens is commonly found in water and soil (Hejazi
and Falkiner, 1997) and the sequence matched closely with the sequence of Serratia marcescens
found in acid mine rocks [Genbank: FN293172] and on human skin [Genbank: JF127037]
contamination of the sample or the presence of the bacteria on the surface of the spider cannot
be excluded. Moreover, it has only been detected in a sample originating from a female with an
even offspring sex ratio and the screening for Serratia symbiotica with species specific primers
revealed that this endosymbiont is absent, suggesting that this bacterial species is unlikely to
induce sex ratio distortion in O. gibbosus. The DGGE analysis revealed an additional presence of
Acinetobacter in a sample originating from a female of the Damvallei population. This bacterial
genus has been found to infect ticks, fleas and mosquitoes and one species of Hemiptera (Murrell
et al., 2003, Montllor Curley et al., 2007, Zouache et al., 2009). In Aedes albopictus, Acinetobacter
is found in the salivary glands and hindgut, but not in the reproductive organs, suggesting no
effects on host reproduction. Similar to Serratia, it is also commonly found in environmental
samples (Towner et al., 1991), therefore contamination of the sample and presence of the
bacterium on the surface of the spider can equally not be ruled out. As it was also found in

a sample from a female that produced equal amounts of male and female offspring, this indicates
that Acinetobacter probably does not influence the sex ratio in this spider species.

Our inability to identify the endosymbiont distorter could also be attributed to the fact that

the frequency of the endosymbiont is very low within the infected individuals. Indeed, if the
concentration of the bacteria differs several orders of magnitude, isolation of clones and DGGE
can lack resolution to detect rare bacterial species. This was for example shown for Cardinium.
Although this species is present within O. gibbosus as shown with primer specific PCR’s and
subsequent sequencing analysis, it was not picked up with both DGGE and isolation of clones.
Therefore, a next generation sequencing approach would be highly recommended to give a
more complete picture of the bacterial community present in O. gibbosus (Andreotti et al., 2011).



Scoring of the different bacterial species, correlating their presence with the occurrence of
the sex ratio distortion and performing an antibiotics and heat treatment could yield valuable
information on the causative agent of sex ratio distortion in the absence of Wolbachia.

Although the identity of the sex ratio distorter cannot be assigned using the molecular
techniques in the current study, they independently confirm that Wolbachia is absent in this
matriline and therefore that an additional sex ratio distorter is present. Moreover, the presence
of this additional endosymbiont resulted in the production of highly female biased sex ratios,
more distorted compared to Wolbachia infected females. The presence of such weaker and
stronger male-killers has equally been found in studies of the ladybird Adalia bipunctata where
four different male-killers have varying effects on the offspring sex ratio (Hurst et al., 1999,
Majerus et al., 2000). However, the two male-killing endosymbionts in Acraea encedon both
cause the production of all female broods (Jiggins et al., 2001). As theoretical models often
incorporate weak and strong effects of multiple male-killing endosymbionts in one host species
(see below), it would be most interesting to integrate these observed differences of the field
situation in the model assumptions.

It is striking that the theoretical prerequisites for stable coexistence of two male-killers

are suspected to be all present in Oedothorax gibbosus. It has been argued that the evolution

of costly suppressor genes acting against a strong male-killer (Randerson et al., 2000) allows

for a stable male-killer polymorphism. Costly selection against the strong male-killer allows
invasion of a weaker male-killing endosymbiont, unaffected by the suppressor gene.

As the frequency of the stronger male-killer decreases, so does the frequency of the resistance
gene due to the high costs on the host of carrying such a gene. This negative frequency
dependent selection creates the necessary conditions for a stable male-killing polymorphism
which could be maintained for extended evolutionary periods due to so called Red Queen
dynamics, resulting in the occurrence of reciprocal host-endosymbiont interactions that can lead
to a long-term co-evolutionary process (Decaestecker et al., 2007). The presence of suppressor
genes is suspected in Oedothorax gibbosus as the inheritance pattern cannot be interpreted as
purely maternal and by the occurrence of high numbers of adult males infected with a male-
killer. However, performing a specific breeding design is necessary to investigate the presence
and precise action of the suppressor genes (Majerus and Majerus, 2010). Interpopulation
crosses, performed in chapter 3, indeed suggest the presence of a suppressing nuclear effect

in Oedothorax gibbosus. Groenenboom & Hogeweg (2002) showed that spatial structure is an
important factor in the coexistence of two male-killers. A high spatial subdivision allows for

the existence of different niches where the weaker or stronger male-killer is selectively favoured.
This spatial pattern formation is also found in Oedothorax gibbosus as it occurs exclusively

in damp habitats, such as alder carrs, on isolated tufts of moss, surrounded with water.
Additionally, a high male mating capacity coupled with low levels of sibmating also produces

a stable coexistence of two male-killers (Dannowski et al., 2009). Sibmating is expected to occur
in O. gibbosus due to the strong spatial division of the preferred habitat. Field data concerning
the frequency of sibmating is not available for this species. Mating experiments, however, reveal
that mating between siblings readily occurs in the lab (pers obs.). These experiments also show
high levels of male mating capacity as males can mate with up to four different females,

all producing viable offspring (pers. obs.).



The finding of two-male killers in this spider species is congruent with the hypothesis that
certain host life history traits play a role in the invasion of male-killers (Hurst, 1991, Hurst and
Majerus, 1993, Majerus and Hurst, 1997, Elnagdy et al., 2011). Spiders show a high number of
similarities with the life history traits of ladybirds known to be infected with multiple species
of male-killers. These are egg laying in groups (egg sacs), the occurrence of juvenile cannibalism
and high levels of resource competition. In order for a male-killer to invade there must be an
advantage for infected females by killing of the males, either directly through the nutritional
advantage it holds to consume their dead brothers or indirectly through reduced local resource
competition. Both are plausible in spiders. Studies show that spiders are often food limited
(reviewed in Wise, 2006), therefore elimination of a potential competitor would result in

a higher prey availability. This elimination can also constitute direct nutritional benefits if
cannibalism occurs of dead males. High levels of sibling cannibalism were detected in lab studies
of Oedothorax gibbosus even in the presence of prey items (Vanacker et al., 2004).

Moreover, cannibalism was more likely to occur between juveniles of different size with

larger spiders being more cannibalistic. Therefore, consuming dead brothers before hatching
from the egg sac could give infected females an important additional size advantage.

These examples show that spiders in general and particularly Oedothorax gibbosus show a high
number of the life history traits which are thought to facilitate the invasion and spread of
male-killing endosymbionts. Moreover, recently it has been additionally found that a male-
killing endosymbiont is present in the related species Oedothorax retusus (chapter 5).

More investigations are clearly needed to determine the frequency of male-killers in

the Araneae order and the effects on their host ecology and evolution.

Bram Vanthournout and Frederik Hendrickx conceived and designed the study and wrote

the manuscript. Bram Vanthournout and Frederik Hendrickx analysed the data and Bram
Vanthournout, Frederik Hendrickx and Viki Vandomme performed the breeding experiments and
molecular analyses.

Bram Vanthournout is holder of a PhD scholarship grant from the agency for Innovation by Science
and Technology (IWT grant n° 73344). Additional financial support was received from the Belgian
Science Policy (BELSPO, research project MO/36/025).



5. REFERENCES

+ ADAMS, L. & BOOPATHY, R.2005. Isolation and characterization of enteric bacteria from the
hindgut of Formosan termite. Bioresource Technology, 96,1592-1598.

+ ANDREOTTI, R, DELEON, A.A.P., DOWD, S. E., GUERRERO, F. D., BENDELE, K. G. & SCOLES, G. A.
2011. Assessment of bacterial diversity in the cattle tick Rhipicephalus (Boophilus) microplus
through tag-encoded pyrosequencing. BMC Microbiology, 11:6.

¢ BALDO, L., BORDENSTEIN, S., WERNEGREEN, J. J. & WERREN, J. H.2006. Widespread
recombination throughout Wolbachia genomes. Molecular Biology and Evolution, 23, 437-449.

« BANDI, C, DUNN, A. M., HURST, G.D.D. & RIGAUD, T.2001. Inherited Microorganisms, Sex-
Specific Virulence and Reproductive Parasitism. Trends in Parasitology, 17, 88-94.

< BRAIG,H.R., ZHOU, W.G,,DOBSON, S. L. & O'NEILL, S.L.1998. Cloning and characterization of
a gene encoding the major surface protein of the bacterial endosymbiont Wolbachia pipientis.
Journal of Bacteriology, 180, 2373-2378.

*« CHARLAT, S, ENGELSTADTER, J.,, DYSON, E. A, HORNETT, E. A, DUPLOUY, A.,, TORTOSA, P,
DAVIES, N, RODERICK, G. K., WEDEL, N. & HURST, G.D.D.2006. Competing Selfish Genetic
Elementsin the Butterfly Hypolimnas Bolina. Current Biology, 16, 2453-2458.

« CHARLAT, S., HURST, G.D.D. & MERCOT, H. 2003. Evolutionary Consequences of Wolbachia
Infections. Trends in Genetics, 19, 217-223.

« CORDAUX,R.,BOUCHON, D.& GREVE, P. 2011. The impact of endosymbionts on the evolution of
host sex-determination mechanisms. Trends in Genetics, 27, 332-341.

« CORSARO, D, THOMAS, V., GOY, G., VENDITTI, D., RADEK, R. & GREUB, G.2007. ‘Candidatus
Rhabdochlamydia crassificans’, an intracellular bacterial pathogen of the cockroach Blatta
orientalis (Insecta : Blattodea). Systematic and Applied Microbiology, 30, 221-228.

+ DANNOWSKI, J., FLOR, M., TELSCHOW, A. & HAMMERSTEIN, P.2009. THE EFFECT OF SIBMATING
ON THE INFECTION DYNAMICS OF MALE-KILLING BACTERIA. Evolution, 63, 2525-2534.

« DAVIS, M. J, YING, Z. T., BRUNNER, B. R., PANTOJA, A. & FERWERDA, F. H.1998. Rickettsial
relative associated with Papaya bunchy top disease. Current Microbiology, 36, 80-84.

« DECAESTECKER, E., GABA, S, RAEYMAEKERS, J., STOKS, R., VAN KERCKHOVEN, L., EBERT, D. &
DE MEESTER, L. 2007. Host-parasite ‘Red Queen’ dynamics archived in pond sediment. Nature,
450 (7171), 870-874.

« DURON, O, BOUCHON, D.,BOUTIN, S., BELLAMY, L., ZHOU, L. Q., ENGELSTADTER, J. & HURST, G.
D.2008. The Diversity of Reproductive Parasites Among Arthropods: Wolbachia Do Not Walk
Alone. BMC Biology, 6:27.

+ EDGAR,R.C.2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Research, 32,1792-1797.

« ELNAGDY, S.,, MAJERUS, M. E.N. & HANDLEY, L. J.L.2011. The value of an egg: resource
reallocation in ladybirds (Coleoptera: Coccinellidae) infected with male-killing bacteria.
Journal of Evolutionary Biology, 24, 2164-2172.

* ENGELSTADTER, J. & HURST, G.D.D.2009. The Ecology and Evolution of Microbes That
Manipulate Host Reproduction. Annual Review of Ecology Evolution and Systematics, 40,127~
149.



FLYG, C., KENNE, K. & BOMAN, H. G.1980. INSECT PATHOGENIC PROPERTIES OF SERRATIA-
MARCESCENS - PHAGE-RESISTANT MUTANTS WITH A DECREASED RESISTANCE TO CECROPIA
IMMUNITY AND A DECREASED VIRULENCE TO DROSOPHILA. Journal of General Microbiology,
120,173-181.

FUKATSU, T., NIKOH, N., KAWAI, R. & KOGA, R.2000. The secondary endosymbiotic bacterium
of the pea aphid Acyrthosiphon pisum (Insecta : Homoptera). Applied and Environmental
Microbiology, 66, 2748-2758.

GOTO, S.,, ANBUTSU, H. & FUKATSU, T.2006. Asymmetrical interactions between Wolbachia
and Spiroplasma endosymbionts coexisting in the same insect host. Applied and
Environmental Microbiology, 72, 4805-4810.

GOTOH, T.,, NODA, H. & ITO, S. 2007. Cardinium Symbionts Cause Cytoplasmic Incompatibility
in Spider Mites. Heredity, 98, 13-20.

GROENENBOOM, M. A.C.& HOGEWEG, P.2002. Space and the persistence of male-killing
endosymbiontsin insect populations. Proceedings of the Royal Society of London Series
B-Biological Sciences, 269, 2509-2518.

HEJAZI, A. & FALKINER, F. R.1997. Serratia marcescens. Journal of Medical Microbiology, 46,
903-912.

HOLLANTS, J., LELIAERT, F.,, DE CLERCK, O.& WILLEMS, A.2010. How endo- is endo-? Surface
sterilization of delicate samples: a Bryopsis (Bryopsidales, Chlorophyta) case study.
Symbiosis, 51,131-138.

HURST, G.D.D., JOHNSON, A. P.,, VON DER SCHULENBURG, J.H.G. & FUYAMA, Y.2000. Male-
killing Wolbachia in Drosophila: A temperature-sensitive trait with a threshold bacterial
density. Genetics, 156, 699-709.

HURST, G.D.D. & MAJERUS, M. E. N.1993. WHY DO MATERNALLY INHERITED MICROORGANISMS
KILL MALES. Heredity, 71, 81-95.

HURST, G.D.D., VON DER SCHULENBURG, J. H. G, MAJERUS, T.M. O,, BERTRAND, D.,
ZAKHAROV, I. A., BAUNGAARD, J., VOLKL, W., STOUTHAMER, R. & MAJERUS, M. E. N.1999.
Invasion of one insect species, Adalia bipunctata, by two different male-killing bacteria. Insect
Molecular Biology, 8,133-139.

HURST, G.D.D. & WERREN, J. H.2001. The Role of Selfish Genetic Elements in Eukaryotic
Evolution. Nature Reviews Genetics, 2, 597-606.

HURST, L. D.1991. THE INCIDENCES AND EVOLUTION OF CYTOPLASMIC MALE KILLERS.
Proceedings of the Royal Society of London Series B-Biological Sciences, 244, 91-99.
ISHMAEL, N, HOTOPP, J. C. D., IOANNIDIS, P, BIBER, S., SAKAMOTO, J,, SIOZIOS, S., NENE,

V., WERREN, J., BOURTZIS, K., BORDENSTEIN, S.R. & TETTELIN, H.2009. Extensive genomic
diversity of closely related Wolbachia strains. Microbiology-Sgm, 155, 2211-2222.

JIGGINS, F.M, HURST, G.D.D., JIGGINS, C.D., VON DER SCHULENBURG, J.H. G. & MAJERUS,
M.E.N.2000. The butterfly Danaus chrysippus is infected by a male-killing Spiroplasma
bacterium. Parasitology, 120, 439-446.

JIGGINS, F.M., HURST, G.D.D., SCHULENBURG, J. & MAJERUS, M. E. N.2001. Two male-killing
Wolbachia strains coexist within a population of the butterfly Acraea encedon. Heredity, 86,

161-166.



KLASSON, L., WESTBERG, J., SAPOUNTZIS, P, NAESIUND, K., LUTNAES, Y., DARBY, A. C., VENETI,
Z., CHEN, L., BRAIG, H.R., GARRETT, R.,, BOURTZIS, K. & ANDERSSON, S. G. E.2009. The mosaic
genome structure of the Wolbachia wRi strain infecting Drosophila simulans. Proceedings of
the National Academy of Sciences of the United States of America, 106, 5725-5730.
KOSTANJSEK, R., STRUS, J.,, DROBNE, D. & AVGUSTIN, G.2004. ‘Candidatus Rhabdochlamydia
porcellionis’, an intracellular bacterium from the hepatopancreas of the terrestrial isopod
Porcellio scaber (Crustacea : Isopoda). International Journal of Systematic and Evolutionary
Microbiology, 54,543-549.

KYEI-POKU, G. K., FLOATE, K. D., BENKEL, B.& GOETTEL, M. S.2003. Elimination of Wolbachia
from Urolepis rufipes (Hymenoptera : Pteromalidae) with heat and antibiotic treatments:
Implications for host reproduction. Biocontrol Science and Technology, 13, 341-354.

LAUZON, C.R., BUSSERT, T.G., SUOGREN, R. E. & PROKOPY, R. J.2003. Serratia marcescens ds
a bacterial pathogen of Rhagoletis pomonella flies (Diptera : Tephritidae). European Journal
of Entomology, 100, 87-92.

LUNDGREN, J. G., LEHMAN, R. M. & CHEE-SANFORD, J. 2007. Bacterial communities within
digestive tracts of ground beetles (Coleoptera : Carabidae). Annals of the Entomological
Society of America, 100, 275-282.

MAJERUS, M. E.N.2006. The impact of male-killing bacteria on the evolution of
aphidophagous coccinellids. European Journal of Entomology, 103, 1-7.

MAJERUS, M. E. N., HINRICH, J., SCHULENBURG, G. V. D. & ZAKHAROV, I. A.2000. Multiple
Causes of Male-Killing in a Single Sample of the Two-Spot Ladybird, Adalia Bipunctata
(Coleoptera : Coccinellidae) From Moscow. Heredity, 84, 605-609.

MAJERUS, M. E.N. & HURST, G.D. D.1997. Ladybirds as a model system for the study of male-
killing symbionts. Entomophaga, 42,13-20.

MAJERUS, T.M. O. &§ MAJERUS, M. E. N.2010. Intergenomic Arms Races: Detection of a Nuclear
Rescue Gene of Male-Killing in a Ladybird. Plos Pathogens, 6.

MAJERUS, T.M. O., VON DER SCHULENBURG, J. H. G.,, MAJERUS, M. E. N. & HURST, G.D. D.1999.
Molecular Identification of a Male-Killing Agent in the Ladybird Harmonia axyridis (Pallas)
(Coleoptera : Coccinellidae). Insect Molecular Biology, 8, 551-555.

MONTLLOR CURLEY, C., BRODIE, E. L., LECHNER, M. G. & PURCELL, A. H.2007. Exploration for
facultative endosymbionts of glassy-winged sharpshooter (Hemiptera : Cicadellidae). Annals
of the Entomological Society of America, 100, 345-349.

MORAN, N. A, MCCUTCHEON, J. P. & NAKABACHI, A.2008. Genomics and Evolution of Heritable
Bacterial Symbionts. Annual Review of Genetics, 42,165-190.

MURRELL, A, DOBSON, S. J., YANG, X. Y., LACEY, E. & BARKER, S. C.2003. A survey of bacterial
diversity in ticks, lice and fleas from Australia. Parasitology Research, 89, 326-334.

MYERS, R. M., FISCHER, S. G., MANIATIS, T. & LERMAN, L. S.1985. MODIFICATION OF THE
MELTING PROPERTIES OF DUPLEX DNA BY ATTACHMENT OF A GC-RICH DNA-SEQUENCE AS
DETERMINED BY DENATURING GRADIENT GEL-ELECTROPHORESIS. Nucleic Acids Research, 13,
3111-3129.

ONEILL, S. L., GIORDANO, R., COLBERT, A.M.E., KARR, T. L. & ROBERTSON, H. M.1992.16s
Ribosomal-Rna Phylogenetic Analysis of the Bacterial Endosymbionts Associated With
Cytoplasmic Incompatibility in Insects. Proceedings of the National Academy of Sciences of

the United States of America, 89, 2699-2702.



OSAKI, H.1973. Electron microscopic observations of Chlamydia-like microorganism in
hepatopancreas cells of the spider, Coras luctusosus. Acta Arachnol., 25, 23-36.

RANDERSON, J.P., SMITH,N.G. C. & HURST, L. D.2000. The evolutionary dynamics of male-
killers and their hosts. Heredity, 84,152-160.

ROUSSET, F. & SOLIGNAC, M.1995. EVOLUTION OF SINGLE AND DOUBLE WOLBACHIA
SYMBIOSES DURING SPECIATION IN THE DROSOPHILA-SIMULANS COMPLEX. Proceedings of
the National Academy of Sciences of the United States of America, 92, 6389-6393.
RUIZ-SANCHEZ, A., CRUZ-CAMARILLO, R., SALCEDO-HERNANDEZ, R. & BARBOZA-CORONA, J. E.
2005. Chitinases from Serratia marcescens Nima. Biotechnology Letters, 27, 649-653.
SAKAMOTO, H., KAGEYAMA, D., HOSHIZAKI, S. & ISHIKAWA, Y.2008. Heat treatment of the
adzuki bean borer, Ostrinia scapulalis infected with Wolbachia gives rise to sexually mosaic
offspring. Journal of Insect Science, 8.

SASAKI, T., KUBO, T. & ISHIKAWA, H. 2002. Interspecific transfer of Wolbachia between two
lepidopteran insects expressing cytoplasmic incompatibility: A Wolbachia variant naturally
infecting Cadra cautella causes male killing in Ephestia kuehniella. Genetics, 162, 1313-1319.
SASAKI, T., MASSAKI, N. & KUBO, T.2005. Wolbachia variant that induces two distinct
reproductive phenotypes in different hosts. Heredity, 95, 389-393.

SHEFFIELD, V. C., COX, D.R., LERMAN, L. S. & MYERS, R. M. 1989. ATTACHMENT OF A 40-BASE-
PAIR G+C-RICH SEQUENCE (GC-CLAMP) TO GENOMIC DNA FRAGMENTS BY THE POLYMERASE
CHAIN-REACTION RESULTS IN IMPROVED DETECTION OF SINGLE-BASE CHANGES.
Proceedings of the National Academy of Sciences of the United States of America, 86,
232-236.

STOUTHAMER, R., BREEUWER, J. A. J. & HURST, G. D. D.1999. Wolbachia pipientis: Microbial
Manipulator of Arthropod Reproduction. Annual Review of Microbiology, 53, 71-102.
TAKAHASHI, M., URAKAMI, H., YOSHIDA, Y., FURUYA, Y., MISUMI, H., HORI, E., KAWAMURA,

A.& TANAKA, H.1997. Occurrence of high ratio of males after introduction of minocycline in

a colony of Leptotrombidium fletcheriinfected with Orientia tsutsugamushi. European Journal
of Epidemiology, 13, 79-86.

TAMURA, K., PETERSON, D., PETERSON, N., STECHER, G., NEI, M. & KUMAR, S. 2011. MEGA5:
Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary Distance,
and Maximum Parsimony Methods. Molecular Biology and Evolution, 28, 2731-2739.
TEMMERMAN, R., SCHEIRLINCK, I., HUYS, G. & SWINGS, J.2003. Culture-independent analysis
of probiotic products by denaturing gradient gel electrophoresis. Applied and Environmental
Microbiology, 69,220-226.

TEWS, I., VINCENTELLI, R. & VORGIAS, C.E.1996. N-acetylglucosaminidase (chitobiase) from
Serratia marcescens: Gene sequence, and protein production and purification in Escherichia
coli. Gene, 170, 63-67.

TOWNER, K. J., BERGOGNE-BEREZIN, E. & FEWSON, C. A.1991. Acinetobacter: portrait of

a genus. In: TOWNER, K. J., BERGOGNE-BEREZIN, E. & FEWSON, C. A. (eds.) The Biology of
Acinetobacter. Fems symposium no.57.

UNCKLESS, R. L., BOELIO, L. M., HERREN, J. K. & JAENIKE, J. 2009. Wolbachia as populations
within individual insects: causes and consequences of density variation in natural populations.

Proceedings of the Royal Society B-Biological Sciences, 276, 2805-2811.



VAN OPIJNEN, T. & BREEUWER, J. A. J.1999. High temperatures eliminate Wolbachia,

a cytoplasmic incompatibility inducing endosymbiont, from the two-spotted spider mite.
Experimental and Applied Acarology, 23, 871-881.

VANACKER, D.,, DEROOSE, K., PARDO, S., BONTE, D. & MAELFAIT, J. P.2004. Cannibalism and
prey sharing among juveniles of the spider Oedothorax gibbosus (Blackwall, 1841) (Erigoninae,
Linyphiidae, Araneae). Belgian Journal of Zoology, 134, 23-28.

VANTHOURNOUT, B.,, SWAEGERS, J. & HENDRICKX, F. 2011. Spiders do not escape reproductive
manipulations by Wolbachia. BMC Evolutionary Biology, 11:15.

WEEKS, A. R, REYNOLDS, K. T, HOFFMANN, A. A. & MANN, H.2002. Wolbachia Dynamics and
Host Effects: What Has (and Has Not) Been Demonstrated? Trends in Ecology & Evolution, 17,
257-262.

WEISBURG, W. G., BARNS, S. M., PELLETIER, D. A.& LANE, D. J.1991.16S RIBOSOMAL DNA
AMPLIFICATION FOR PHYLOGENETIC STUDY. Journal of Bacteriology, 173, 697-703.

WERREN, J. H.1997. Biology of Wolbachia. Annual Review of Entomology, 42,587-609.
WERREN, J.H., BALDO, L. & CLARK, M. E.2008. Wolbachia: Master Manipulators of Invertebrate
Biology. Nature Reviews Microbiology, 6, 741-751.

WISE, D.H.2006. Cannibalism,food limitation, intraspecific competition and the regulation of
spider populations. Annual Review of Entomology.

ZOUACHE, K., VORONIN, D., TRAN-VAN, V., MOUSSON, L., FAILLOUX, A.B. & MAVINGUI, P.2009.
Persistent Wolbachia and Cultivable Bacteria Infection in the Reproductive and Somatic

Tissues of the Mosquito Vector Aedes albopictus. Plos One, 4.



*

“Vive la resistance!”




CHAPTER 3

INTRAGENOMIC CONFLICT
CAUSES LOCAL ADAPTATION
IN A DWARF SPIDER

BRAM VANTHOURNOUT '
FREDERIK HENDRICKX "2

1 Terrestrial Ecology Unit, Department of Biology, Ghent University, Ledeganckstraat 35, 9000 Ghent, Belgium

2 Royal Belgian Institute of Natural Sciences, Vautierstraat 29, 1000 Brussels, Belgium



ABSTRACT

A biased sex ratio induced by selfish genetic elements such as endosymbiont bacteria strongly
opposes the Mendelian inheritance of the nuclear genes in the rest of the host genome.
Therefore, genetic conflict theory predicts strong selection for the evolution of host nuclear
factors suppressing the reproductive effects of the endosymbiont bacterium. Previous research
revealed that Oedothorax gibbosus is infected with a male-killing Wolbachia and a putative
second male-killing endosymbiont causing the production of a female biased sex ratio.

In line with this, pedigree analysis revealed a clear maternal inheritance pattern of the sex
ratio. However, significant additional variation was also detected, suggesting the influence of
additional factors, such as suppressor genes, contributing to sex ratio variation. To investigate
the presence of such host suppressor genes, inter- and intrapopulation crosses were performed
using individuals of two populations. These revealed a strong effect of male nuclear background
with males from the Walenbos population performing better in restoring an equal sex ratio,
indicating the presence of suppressor genes in this population. This suggests that genetic conflict
can cause local adaptation within populations and, moreover, as both populations do not differ
in sex ratio produced by a female, that this process can be strongly hidden and only revealed by
interpopulation crosses.



1. INTRODUCTION

When components of a genetic system exhibit a different inheritance pattern, this sets the stage
for the occurrence of genetic conflict (Cosmides and Tooby, 1981, Werren, 1987, Hurst, 1992,
Hurst et al., 1996, Werren and Beukeboom, 1998). One potential situation is the presence of
selfish genetic elements such as certain endosymbiont bacteria, supernumerary chromosomes
and genes exhibiting meiotic drive. As these elements are primarily transmitted by one of

the two sexes, distorting the sex ratio of their host may favour their transmission to the next
generation. Those endosymbiont bacteria, which obligatorily reside in the cytoplasm of host
cells, are only transferred to the next generation via the egg cell of the female. Therefore, high
selection pressures exist which bias the sex ratio of the host towards the transmitting female
sex. This is achieved through the evolution of different reproductive manipulation strategies
that increase the proportion of infected females in the population. These are parthenogenesis
induction, male-killing and feminization, which all effect changes in the host offspring sex
ratio towards females, and the occurrence of cytoplasmic incompatibility, which decreases

the reproductive output of uninfected females when mated with an infected male (Werren, 1997,
Stouthamer et al., 1999, Charlat et al., 2003, Werren et al., 2008, Engelstadter and Hurst, 2009).
From the viewpoint of nuclear genes of the host, the production of biased amounts of female
offspring will lower the proportion of males in the population, which on its turn increases male
reproductive value compared to females. This is explained by Fisher’s sex-allocation theory,
who demonstrated that a 50:50 sex ratio is an evolutionary stable strategy given particular
assumptions. In a population with uneven numbers of males and females, the underrepresented
sex will have a fitness advantage at the time of mating. As a consequence, selection will favor
these genotypes expressing the rarer sex, ultimately leading to the evolution of a stable 50:50
sex ratio (Fisher, 1930, West, 2009).

Hence, due to the difference in inheritance mode between nuclear genes and cytoplasmic
bacterial genes, theory predicts strong selection for the evolution of a host’s nuclear suppressor
counteracting the effects of the endosymbiont genes (Cosmides and Tooby, 1981, Werren, 1987,
Hurst, 1992, Hurst et al., 1996, Werren and Beukeboom, 1998, but see Jaenike and Dyer, 2008).
These genes can act to prevent transmission of the endosymbiont or to silence its phenotypic
effects. Indeed, several studies showed that interactions between host and endosymbiont genes
readily occur in nature. Transferring bacterial strains across species boundaries indeed revealed
negative effects of host genotype on the intensity of the reproductive manipulation (Riegler et
al., 2004, Tinsley and Majerus, 2007, Kageyama et al., 2009) and indicates the possibility

of host interference on the reproductive alteration. Within individuals of a single species,
bacterial density was found to vary between different host genotypes (Kondo et al., 2005).

More convincingly, Majerus and Majerus (2010) recently demonstrated the presence of a nuclear
rescue factor in the ladybird Cheilomenes sexmaculata. This factor consists of a single dominant
allele that is expressed in both sexes and suppresses the action of the endosymbiont rather than
influence its transmission. A dominant autosomal masculinizing gene that resists the effect of
sex ratio distorters is thought to be present in the pill bug Armadillidium vulgare (Rigaud and
Juchault, 1993) and a recessive allele in Drosophila prosaltans (Cavalcanti et al., 1957). The high
number of adult males infected with a known male-killing endosymbiont in several species of
ladybirds suggests the occurrence of suppression of the male killing effect (Weinert et al., 2007).



Theoretical models show that suppressor genes acting against the endosymbiont effects are
strongly selected and therefore expected to rapidly reach high frequencies in a population
(Werren, 1987, Hurst, 1992 and references herein) making it challenging to demonstrate their
presence. The manifestation of an apparently new endosymbiont phenotype after transfection
into a related species is indicative of the presence of such concealed suppressor genes (McGraw
et al., 2001, Sasaki et al., 2002, Jaenike, 2007). Another possible approach to uncover hidden
phenotypes is the investigation of offspring phenotypes originating from interpopulation crosses.
In the jumping spider Habronattus pugillis for example, reduced offspring viability was observed
after interpopulation crosses, which could indicate the presence of cytoplasmic incompatibility
(Masta and Maddison, 2002) although this may also be attributed to genetic incompatibility

of these isolated populations. A more well studied system is the infection of a male-killing
Wolbachia in the butterfly Hypolimnas bolina (Dyson et al., 2002). Females from Polynesian
populations exhibit a strong male-killing phenotype resulting in the production of nearly all
female broods. Females of South East Asian populations in contrast produce even sex ratios with
the same Wolbachia strain being present in all males (Charlat et al., 2005, Hornett et al., 2006).
Crosses between the populations revealed that this difference in male-killing expression arose
due to the presence of a suppressor gene in the South East Asian butterflies.

Previous research on the dwarf spider Oedothorax gibbosus revealed the presence of a male-
killing Wolbachia endosymbiont, which causes a significantly female biased sex ratio of
approximately 30% males (Vanthournout et al., 2011). Comparison between two populations
revealed a similar infection rate and sex ratio bias. Besides the Wolbachia infection, a yet
unidentified endosymbiont is suspected to cause a highly distorted sex ratio of only 5% males
in individuals from the Walenbos population. Moreover, it was found that infection rate of
particular endosymbionts may differ strongly between both populations as shown

for Rhabdochlamydia, where fixation was observed for females of the Walenbos population,
while none of the screened Damvallei individuals showed the infection.

Hence, given the fact that populations, which produce similar average sex ratios, may strongly
differ in endosymbiont community at a relatively small scale, and that endosymbiont infection
does not explain all sex ratio variation in this species (Vanthournout et al. 2011), it can be
expected that local adaptation to suppress the effect of endosymbiont induced sex ratio
distortion is acting. We test this hypothesis by performing inter- and intrapopulation crosses
using individuals of the Damvallei and Walenbos.



2. MATERIAL AND METHODS

Juvenile male and female spiders were captured by hand in two populations, Damvallei (D)

and Walenbos (W), in 2010 and 2011. Spiders were reared individually under standardized
conditions (Vanthournout et al., 2011) till adulthood. To test for the action of different
suppression genes and to determine any potentially hidden phenotypes within these populations
of Oedothorax gibbosus, intra- and reciprocal interpopulation matings were performed that
resulted in four different types of crosses: D x D, Dx W, Wx D and W x W (& x Q; Table 1).
Spiders were mated according to a half-sib mating scheme wherein each male was mated with
females from both the Damvallei and Walenbos population. To correct for possible effects

of male mating order, half of the Damvallei males were first mated with a Damvallei female

and half with a Walenbos female. Subsequent matings were performed with females from

the alternate population. A similar strategy was applied for males of the Walenbos population.
Males were placed in the vial of the female for at least 24 hours and afterwards stored in ethanol
(97%). Females were allowed to lay up to four egg sacs in the vial they were mated in and

were subsequently stored in ethanol (97%). Offspring were reared individually under the same
standardized conditions and upon reaching adulthood, sex of the spider was determined by
visual inspection using a stereomicroscope.

Significance of the effect of male and female population and female Wolbachia infection
status, as determined by performing specific PCR’s (see Vanthournout et al. 2011 for details),
and all their respective interactions were determined using a generalized linear mixed model
(proc GLIMMIX in SAS v. 9.1.2) with a binomial error structure and logit link function.

As a half sib breeding design was used, male id was included as a random effect to account
for the dependence of sex ratios resulting from females mated with the same male.

DxD 22 694
DxwW 23 560
W x D 26 763
W x W 29 671

Table 1. Overview of the number of lines and total number of offspring for the different inter-

and intrapopulation crosses.

It was found that females from the D x W (&' x Q) cross produce a highly female biased sex ratio
(see results 3.1). To verify the effect of nuclear and cytoplasmic population origin, the nuclear
background of these F1 hybrid offspring was enriched for both a Damvallei (D introgression)



and Walenbos (W introgression) nuclear background by crossing female offspring with pure
males of Damvallei and Walenbos respectively. To investigate the bacterial basis of this
distortion, four D x W females were treated with the broad spectrum antibiotic tetracycline
hydrochloride which targets bacteria of different families (0.1%, w/v; 0.002M), as described in
Vanthournout et al. (2011), and subsequently mated with pure Damvallei lines. Effect of male
population origin was examined using a generalized linear mixed model (proc GLIMMIX in
SAS v. 9.1.2) with male population as a fixed effect. Female matriline was included as a random
effect to account for dependence of sex ratios resulting from the same matriline.

To test if intrapopulation variation is present in the capacity to restore sex ratio distortion
caused by two different endosymbionts, field collected Walenbos males were mated with females
from two Walenbos matrilines (Wol- and Wol+) using a half-sib breeding design. Females from
the matriline Wol- resulted from the 6™ generation of lab rearing and are infected with a yet
unidentified endosymbiont factor causing a highly distorted sex ratio with the production of
almost all-female clutches (chapter 2). Wol+ females also resulted from a 6% generation lab
rearing and this matriline shows infection with a male-killing Wolbachia, which causes the
production of female biased clutches (30% males) (chapter 2 ). To test for variation in males in
their ability to restore the sex ratio, males were incorporated as a random effect in a generalized
linear model, and the variance in the sex ratio produced among males was estimated and tested
if it is significantly larger than zero. It is important to note that this model only addresses

the question if there is significant variation among males to restore the sex ratio’s of both
matrilines simultaneously. To test if male specific effects differs among matrilines, we also
estimated a male*matriline random effect and tested its significance. More specifically,

an unstructured covariance matrix was implemented that estimates the variation among males
to restore the sex ratio within each matriline, as well as their correlation among matrilines.
Models were run with the GLIMMIX procedure in SAS v. 9.1.2.



3.RESULTS

Wolbachia infection status of the female, and male and female population origin significantly
affect the clutch sex ratio produced by a female (table 2, figure 1). Remarkably, male and female
population origin affected sex ratio in an opposite direction. While W females produced

a significantly more female biased sex ratio compared to D females, the effect of male population
origin was reversed with D males having a more female biasing effect compared to W males.

In accordance with previous results Wolbachia infection status of the female lowered the
proportion of male offspring significantly across male and female population origins. However,
the effect of Wolbachia and male and female population origin did not affect sex ratio in a mere
additive way. When W females were crossed with D males, the produced sex ratio was even more
directed towards female biased clutches as would be expected from the additive female biasing
effects of W females and D males only (table 2: male x female population interaction; figure 1).
Moreover, this interaction was dependent of Wolbachia infection status of the female and much
more pronounced when females are infected with Wolbachia (table 2: three-way interaction;
figure 1).

To further confirm the female biasing effect of D males versus the restoring effect of W males,
offspring of the D x W cross, from both Wolbachia infected and uninfected females,

were mated with both pure D and W males. The sex ratio produced by these D x W offspring
was significantly affected by the population origin of their mates in a direction consistent with

the previously obtained results (F, ,, = 8.15; P = 0.002; figure 2). Hence, introgression of

, 24
the D background into this hybrid nuclear and Walenbos cytoplasmic background (mating of
a D x W female with a D X D male) retained the highly distorted sex ratio (mean * SE: 0.25

+ 0.05; ¢, 4,
a D x W female with a W X W male) resulted in the production of an even sex ratio (mean
+ SE: 0.38 + 0.06; t

12.07
no significant effect of Wolbachia infection status of the parental females was present

(F

1,4.3
by D x W females that were mated with pure D x D males is caused by endosymbiont bacteria,

= -4.36; P = 0.0008), while introgressing a Walenbos background (mating of
= -1.92; P = 0.08). For this analysis based on a few maternal lines only,
= 1.39, P = 0.3). However, to explicitly test if the female bias in clutches produced

a subset was treated with the broad spectrum antibiotic tetracycline. As expected, this treatment
significantly restored an equal sex ratio (mean = SE: 0.48 = 0.08; t = -0.21; P = 0.84,

20.17
figure 2).

Significant variation exists between males in their capacity to restore a female biased sex ratio
when mated with females from the Wol- (estimate = 1.66, SE = 0.95, P = 0.04) and Wol+
matriline (estimate = 0.49, SE = 0.26, P = 0.03, figure 3). However, males that were able

to restore the sex ratio in one matriline did not necessarily restore sex ratio in the other



matriline as shown by a weak correlation across matrilines that was significantly lower than
1(r = 0.19, SE = 0.42; P = 0.03). Consistent with previously obtained results (chapter 2),

a highly significant effect of matriline was found on the sex ratio produced by females

(F, 5004 = 13.57; P = 0.0009), with females originating from the Wol- matriline producing
an even more female biased sex ratio (mean *+ SE: 0.07 * 0.02; significance of female bias:
t = -7.96; P <0.0001) compared to females of the Wolbachia infected matriline

37.91
(mean * SE: 0.25 = 0.05, t. = -4.36; P = 0.0003).

21.86

Source F P-value
Fixed effects
gg{ﬁ:igg;’l‘fd'o” 2787 <0.0001
Population male 13.89 0.0008
Population female 30.18 <0.0001
Pop male * Pop female 5.99 0.017
Pop male * Wol female 0.32 0.57
Pop female * Wol female 5.47 0.02
Pop male * Pop female * Wol female 4.89 0.03
Random effect
Male 0.05 n.s.

Table 2. Effect of male and female population origin and Wolbachia infection status and their respective interactions

on clutch sex ratio as analyzed by means of a generalized linear model.
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Figure 1. Effect of male and female population origin (D = Damvallei and W = Walenbos) on the average proportion
of male offspring produced by Wolbachia uninfected and Wolbachia infected females. The striped line depicts an even

sex ratio. An asterisk indicates sex ratios significantly different from 0.5.
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with a tetracycline treated female. The striped line depicts a sex ratio of 0.5. An asterisk indicates sex ratios

significantly different from 0.5.
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4. DISCUSSION

Infection with maternally inherited endosymbiont bacteria is thought to impose strong selective
forces on the host as their uniparental inheritance pattern conflicts with the biparental
inheritance pattern of the hosts’ autosomal genes (Cosmides and Tooby, 1981, Werren, 1987,
Hurst, 1992, Werren and Beukeboom, 1998). Theory therefore predicts the evolution of

host factors which suppress the effects of the endosymbiont genes. Our results are in strong
concordance with the presence of such genetic conflict by demonstrating a significant effect of
nuclear population background on an identical cytoplasmic background.

The results of the inter- and intrapopulation crosses strongly suggest that more effective
suppressor genes are present in the Walenbos population to counteract the sex ratio distorting
effect of the endosymbiont community in this population. Indeed, females originating from
the W population produced a significantly more female biased sex ratio compared to D females,
irrespective of the population origin of their mates. Hence, if genetic conflict would act to
restore this stronger female bias observed for W females, stronger selection on nuclear genes
to restore this bias is expected in this W population. This was confirmed by performing
interpopulation crosses as males of the W population appeared more effective compared to

D males in producing a more equal sex ratio, irrespective of the female population origin.
Remarkably, these counteracting selection effects on the nuclear (host) and the cytoplasmic
(endosymbiont) background results in no detectable difference in the sex ratio of pure

bred females of both populations. This demonstrates that the ongoing arms race between
endosymbionts and their hosts can be strongly hidden and only unmasked when different
populations are crossed reciprocally.

The two populations used in the current study have been previously shown to be infected

with a sex ratio distorting Wolbachia endosymbiont (Vanthournout et al. 2011). The effect of

a Wolbachia infection on the sex ratio is again confirmed as female biased offspring sex ratios
are produced by infected females from the four inter and intra-population crosses. Yet, this sex
ratio biasing effect of Wolbachia is strongly dependent on the interaction with male and female
population. This is illustrated by the highly female biased sex ratio produced by Wolbachia
infected females from the Walenbos when mated with males originating from the Damvallei
population (D x W cross, & x Q). As clutches originating from this cross are more female biased
than the intrapopulation cross W x W, male population appears to have a very strong effect

on the offspring sex ratio. The effect of male population is indeed supported by introgressing
nuclear genes of the two populations in the cytoplasmic background of the Walenbos population.
Enriching D male x W female hybrids with nuclear genes from Walenbos resulted in the
production of an even sex ratio, demonstrating the restoring capacity of Walenbos males which
is indicative for the presence of suppressor genes in this population. As an even sex ratio is
obtained in the first generation offspring, this suggests that the suppressor acts zygotically.

In contrast, when D male x W female hybrids were introgressed with a Damvallei nuclear
background by mating them with pure Damvallei males, the distorted sex ratio of the F1 hybrids
was retained. The bacterial basis of the female biased sex ratio distortion was confirmed by

the tetracycline treatment of females mated with Damvallei males as this causes the production
of an even sex ratio.



Although these data suggest that females of both populations harbor Wolbachia strains that
differ in their capacity to distort sex ratios, no variation was previously detected in the wsp
(Wolbachia surface protein) sequences from both populations. However, mutations in other
parts of the genome could have strong effects on the penetrance of the sex ratio effect.

Natural variation in Wolbachia density, known to be correlated with the severity of the
reproductive effect, as caused by e.g. variation in the frequency of bacteriophages (Bordenstein
et al., 2006) and interactions with other endosymbiont species could account for the observed
differences in sex ratio effect between the Wolbachia endosymbionts of both populations.

Interestingly, Wolbachia uninfected females of the interpopulation cross D x W also produce

a slight though significant female biased sex ratio which could indicate that a similar though
less pronounced mechanism is active in absence of Wolbachia. Previous endosymbiont species
specific PCR revealed that Arsenophonus, Orientia and Serratia symbiotica are most likely
absent in the Damvallei and Walenbos population (chapter 2). Both populations show fixation
of Cardinium and Rickettsia endosymbionts, making it at first sight unlikely that one of these
species could be the causative agent of the female biased sex ratio distortion in Wolbachia
uninfected females. However, it cannot be excluded that different strains exist in the two
populations. Although sequence analysis revealed no interpopulation variation in Cardinium
16S sequences and Rickettsia citrate sequences, multiple loci should be investigated to decisively
answer this question. The presence of different strains of Cardinium or Rickettsia has also
been hypothesized to account for the effects of the putative endosymbiont in the Walenbos
population (Wol- matriline, chapter 2). However, it is unlikely that this particular unidentified
endosymbiont is responsible for the sex ratio distortion in interpopulation crosses. Several
generations of lab rearing resulted in the production of highly female biased sex ratios even
when mated with males of the Walenbos, revealing little suppression of the sex ratio effect.

Moreover, previous molecular screening of both populations revealed that individuals of both
populations can be infected with different endosymbionts, as shown for Rhabdochlamydia which
was found in all investigated female individuals of the Walenbos populations, but not in the
individuals captured at Damvallei. This pattern of infection suggests that Rhabdochlamydia could
cause the sex ratio bias in interpopulation crosses in the absence of Wolbachia.
Rhabdochlamydia has been reported in isopods (Kostanjsek et al., 2004) and cockroaches
(Corsaro et al., 2007), with no effects on the host reproduction currently recorded for both
species, making it unlikely that this endosymbiont causes the sex ratio distortion in the

absence of Wolbachia. However, using antibiotics that target the Rhabdochlamydia infection and
transferring Rhabdochlamydia isolates from Walenbos females into Damvallei females could be
a first step to determine the effects of this endosymbiont on host reproduction and clarifying

its potential role in interpopulation crosses. As it has been shown that both populations differ
in endosymbiont community there is a clear need to investigate this further in order to obtain

a clear view on the endosymbiont species richness. A next generation sequencing approach
would allow us to obtain a much more exhaustive assessment of the bacterial community and

a quantification of the endosymbiont diversity in both the Damvallei and Walenbos population
(Andreotti et al., 2011).



Selection for genes to suppress a sex ratio bias assumes that variation should exist in the
capacity to restore a female biased sex ratio within a population. This was demonstrated in our
second experiment mating males of the Walenbos with females of two female biased matrilines.
Significant variation exists in the ability of males to restore an even sex ratio, although this
effect was strongly dependent on female matriline as females of the Wol- matriline produced

a more female biased sex ratio compared to females from the Wol+ matriline. Moreover, the
action of the suppressing mechanism seems not to be consistent for both the Wol- and Wol+
endosymbiont as males capable of restoring an even sex ratio in Wol+ females were not able to
produce a high number of males when mated with females of the Wol- matriline and, albeit to a
lesser extent, vice versa.

Currently, only a small number of host species have been identified to harbour genes that
suppress the action of phenotypic effects exerted by endosymbionts. Most extensively studied
are ladybirds (Majerus and Majerus, 2010) and butterflies (Hornett et al., 2006). It was shown
that in the ladybird Cheilomenes sexmaculata a nuclear rescue factor is present that counteracts
the effects of a male-killing y-proteobacterium. In the butterfly Hypolimna bolinas marked
differences are observed between populations originating from the outer margins of the species
range despite being infected with the same male-killing Wolbachia endosymbiont (Hornett et
al., 2006). Females from Polynesian populations produce a highly distorted sex ratio with the
production of almost all female broods while South East Asian females produce even sex ratios.
Interpopulation crosses revealed that South East Asian females when mated with Polynesian
males produce female biased sex ratios after two generations of introgression. Crossing of
Polynesian females with males from South East Asia returns the sex ratio back to 0.5 after one
generation, demonstrating the presence of zygotically acting suppressor genes in the South East
Asian populations which are absent in the Polynesian populations. This population dependent
distribution of suppressor genes is the driving force behind the distinct differences in sex ratio
between the Polynesian and South East Asian populations. Contrastingly, in Oedothorax gibbosus
no difference between the average sex ratio of the Damvallei (0.42 = 0.03) and Walenbos

(0.39 *+ 0.02) is detected, showing that endosymbiont effects can be highly masked by

the action of suppressor genes. Only by performing interpopulation crosses it was revealed that
the penetrance of the reproductive effect of Wolbachia is suppressed in the Walenbos population,
demonstrating that genetic conflict can cause populations to adapt locally with the evolution of
specific suppressor genes rendering the endosymbiont effect quiescent. This lack of phenotypic
differentiation between populations could lead to an underestimation of both the frequency

of reproductive effects of endosymbionts on their hosts and the rate of evolution of suppressor
genes. At least for the Araneae order this could explain the discrepancy between the high
number of spider species infected with endosymbionts and the paucity of cases in which their
effects have been demonstrated. Moreover, these findings have implications in the field of
conservation biology as reconnecting locally adapted populations could have strong, short-term
deleterious effects.
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ABSTRACT

The presence of selfish genetic elements, such as meiotic drive genes, supernumerary
chromosomes and endosymbiont bacteria can cause a marked sex ratio distortion in their host.
Females of the dwarf spider Oedothorax gibbosus have previously been shown to display such
female biased sex ratios due to infection with at least two different endosymbiont bacteria.
Although pedigree analysis demonstrated that the largest part of sex ratio variation is indeed
maternally inherited, additional sex ratio variation was detected, suggesting that additional
factors influence the sex ratio in this species. Here, we investigate the presence of sex-
chromosome meiotic drive and the occurrence of primary sex ratio compensation by estimating
the amount of male and female determining sperm produced by males through the use of flow
cytometry. These results show that all investigated males produce equal amounts of male and
female determining sperm cells, even when their offspring sex ratio is strongly female biased.
Hence, it appears unlikely that a biased production of sperm types contributes to the sex ratio
bias in this species. Nevertheless, the use of flow cytometry is put forward as a fast and reliable
method to obtain accurate estimates of the proportion of male- and female determining sperm in
invertebrates.



1. INTRODUCTION

According to Fisher’s theory of sex ratio evolution, frequency dependent selection will increase
the fitness of the minority sex and a sex ratio of 50:50 is thus expected to be the evolutionary
stable outcome (Fisher, 1930, West, 2009). The evolution of populations and species that
produce sex ratios that differ substantially from this ratio therefore intrigued biologists for many
decades. One of the causes of such a distortion is the presence of selfish genetic elements, such
as genes that exhibit meiotic drive (Lyttle, 1991, Jaenike, 2001), supernumerary chromosomes
(Beladjal et al., 2002, Werren and Stouthamer, 2003, Camacho et al., 2011) and infection with
endosymbiont bacteria (Stouthamer et al., 1999, Werren et al., 2008, Engelstadter and

Hurst, 2009).

In a previous study on the dwarf spider Oedothorax gibbosus, we demonstrated a distorting
effect caused by maternally inherited endosymbiont bacteria (Vanthournout et al., 2011).
Females infected with the endosymbiont Wolbachia and a yet unidentified endosymbiont
produced sex ratios that were on average more female biased (30% males) compared to those
produced by uninfected females (chapter 2). In concordance with sex ratio distortion by
endosymbiont bacteria, pedigree analysis revealed that the largest part of the sex ratio variation
in this species could indeed be explained by a maternal inheritance pattern. However, significant
levels of additional variation were detected suggesting that infection status of females is not

the sole factor that determines sex ratio variation in this species (Vanthournout et al. 2011).

One such possibility is the presence of suppressor genes, which are thought to evolve by genetic
conflict. In accordance with Fisher’s sex ratio theory, it is expected that when populations are
female biased, strong selection acts on the host nuclear genes that counteract the reproductive
effects of the endosymbiont bacterium (Werren and Beukeboom, 1998). Indeed, a strong, direct
effect of male nuclear background on the penetrance of the sex ratio effect is observed for this
species, which indicates the presence of such suppressor genes (chapter 3). Nevertheless, host
resistance to the manipulating effect of the endosymbiont could also evolve by biasing primary
sex ratio, i.e. number of males divided by number of total offspring at fertilization, towards
males (Werren, 1987).

Alternatively, the observed non-maternal inherited part of sex ratio variation could also be
attributed to sex chromosome meiotic drive genes, being the non-Mendelian inheritance of
alleles on homologous chromosomes or heteromorphic chromosomes (e.g. sex-chromosomes)
resulting in an unequal transmission of both alleles in the offspring (Lyttle, 1991, Jaenike,
2001). In the case of sex-chromosome drive this results in interference of the meiotic division by
causing aberrations in the development of sperm cells containing the sex-chromosome subject to
drive (Montchamp-Moreau and Joly, 1997, McKee, 1998, Cazemajor et al., 2000, Wilkinson and
Sanchez, 2001). As such, the driving sex-chromosome will be overrepresented in the produced
gametes.

In the case of Oedothorax gibbosus, males are heterogametic with one set of sex-chromosomes
X1X2, while in females two sets of chromosomes are present, X1X2 X1X2 (Krél & Vanacker,
unpublished results). The presence of a driving gene in males on one of the X1X2 chromosomes
with deleterious effects on 0-sperm, could lead to a biased production of X1X2-sperm and



therefore to the production of a female distorted sex ratio.

Both hypotheses, sex ratio compensation by biasing the primary sex ratio towards males and
the presence of sex-chromosome meiotic drive can be tested by investigating the proportion

of both sperm types produced by a male. Traditionally, estimates of the proportion of both
types of sperm are obtained through the use of chromosome preparations of sperm nuclei in
metaphase and determining the number of male and female determining sperm (Aviles and
Maddison, 1991). Unfortunately, the preparation of chromosome slides is highly time consuming
and only yields a small sample of investigated sperm. In this paper, we investigate the use of
flow cytometry as this allows to examine several thousands of sperm cells in very short time
frame. Flow cytometry allows the measurement of physical and chemical characteristics of
cells or other biological particles (Shapiro, 2003). These particles pass in a single file through
a fluid stream, eventually crossing a laser beam which generates scattering of light and

with the use of appropriate dyes emits fluorescence that is picked up by detectors. Multiple
parameters can be scored at the same time such as size and granularity of the particle and, in
combination with a DNA stain, DNA content of a cell. As the two types of sperm cells contain
different sets of chromosomes they can be discerned by quantifying the nuclear DNA content
of each sperm cell. By analyzing a large number of sperm nuclei, this produces highly accurate
estimates of the proportion of male and female determining sperm that can be used as an
indicator for the presence of sex chromosome meiotic drive and to evaluate the hypothesis of
sex ratio compensation in this female biased species. We investigate the occurrence of these
two phenomena by determining the proportion of male and female yielding sperm in males and
relating this to the sex ratio produced by females mated with these males.



2. MATERIAL AND METHODS

Subadult males were collected in two populations, Damvallei and Walenbos, by means of hand
catches and reared in the laboratory under standard conditions. Upon reaching adulthood,

male Oedothorax gibbosus transfer a droplet of sperm, through the ventral genital pore on

the abdomen, onto a silk thread, after which loading of the pedipalps occur. These charged
pedipalps, being a modified first pair of legs, function as a sperm reservoir and are subsequently
inserted in the genital organ of the female (epigyne) to play an active role in the transfer of
sperm (Foelix, 1996; figure 1). Reloading of the palp occurs after mating (pers. obs.).

Upon reaching adulthood, males were mated according to a half-sib breeding design with
unrelated females whose offspring were reared till adulthood to determine tertiary sex

ratio (number of adult males / total number of adult offspring). After mating, males were
anaesthetized using the cold temperature method by placing them in a freezer for approximately
one minute. DNA content of individual sperm cells of these paternal males was measured

by means of flow cytometry. For a few males, we also measured the DNA content of sperm
immediately after reaching adulthood and thus no data of the sex ratio of their offspring is
available. DNA of the isolated nuclei was stained with propidium iodide (PI) using the protocol
described in Vindelov et al. (1983) and Aron et al. (2003). Pedipalps were clipped of and

ground individually in 200 pl of solution A (trypsin: 1.5 mg/50 ml buffer solution: 200 mg
trisodium citrate.2H,0, 104.4 mg spermine tetrahydrochloride, 12.1 mg Tris(hydroxymethyl)
aminomethane, 200 pl Igepal and 200 ml dH20; pH 7.6). 10 min later, 150 pl of solution B

(25 mg trypsin inhibitor, 5 mg ribonuclease A, 50 ml buffer solution) was added. After 10 min,
150 pl of solution C (20.8 mg propidium iodide, 58 mg spermine tetrahydrochloride, 50 ml
buffer solution) cooled in an ice-bath, was added. Preparations were stored at 4 °C for 30-60 min
and protected from light by using brown-colored eppendorfs. DNA-content analysis of prepared
nuclei was performed on a FACSaria flow cytometer (Argon laser emitting at 488 nm) and

the resulting data was processed using FlowJo (Treestar Inc).



Figure 1. Top photo: copulation position of a tuberosus male and female Oedothorax gibbosus. Picture taken just
before male pedipalp insertion into the female genital organ (epigyne). Bottom photo: detail of the male pedipalp

and female epigyne, picture taken just before copulation (Dajo Smet).



Before analysis, dots representing sperm cells were selected by visual inspection of a two
dimensional plot depicting propidium iodide (PI) fluorescence intensity, which reflects the
DNA content of each particle, and the forward scatter, which is used as a proxy for particle size
(figure 2, Shapiro, 2003)

After selecting the appropriate datapoints, estimates of the proportion of 0- and X1X2-
containing sperm, p, and p, respectively, were obtained by fitting a mixture of two normal
distributions with unknown means (1), proportion (p) and a common unknown variance (¢2) i.e.

2
X = EpiN(ui, )
i=1

where X represents the particle PI fluorescence intensity.

The model was fitted to the data using a Bayesian approach as implemented in Winbugs v.1.4
(Lunn et al., 2000). As prior distributions we specified a Dirichlet (1,1) distribution for sampling
both proportions, a normal distribution with mean 0 and precision (=1/ 0) of 1.0E-6 was chosen
as prior distribution for u, and a uniform (0,100) distribution for 0. MCMC chains were run for
10.000 generations, wherein the first 2.000 generations were discarded as burn-in period.

This procedure allows obtaining estimates of the produced proportion of each class of

sperm cell. From these estimates, we also calculated the mean and coefficient of variation

for each peak.



5. RESULTS AND DISCUSSION

Based on the dot plot of nuclei isolated from the pedipalp of an adult male, several dense clouds
can clearly be distinguished (figure 2). The two clouds characterized by a high PI fluorescence
intensity correspond to a cloud consisting of very small particles (A) and a second cloud
consisting of particles with a higher PI fluorescence intensity and a larger forward scatter
corresponding to a larger particle size (B). The distribution of the PI fluorescence intensity
values in cloud A clearly show a bimodal pattern, suggesting that these correspond to 0-sperm
nuclei (left peak) and X1X2-nuclei (right peak), while cloud B corresponds to diploid nuclei that
are present in the male palpal organ (figure 2, inset). To confirm that cloud A indeed correspond
to sperm nuclei, we also analyzed two male legs (results not shown) and revealed that a cloud
of particles with very high PI density and a large size is retained, while a cloud similar to cloud
A is absent. This confirms that the bimodal pattern of PI fluorescence intensity values indeed
correspond to 0- and X1X2-sperm nuclei.

Based on the results of the statistical analysis, estimates of the proportion of male determining
sperm were obtained with an average precision of about 5% (table 1). These values demonstrate
that for all investigated males, no evidence was obtained for the production of unequal amounts
of X1X2- and 0-sperm. As the sex ratios produced by some of these males clearly deviates from
50% males, there is consequently no relationship between sperm proportion produced by a male
and offspring sex ratio. Indeed, a highly distorted sex ratio is often produced by females, even
when mated with males producing an equal proportion of sperm types. Also, no differences

are observed in the proportion of 0-sperm produced by the two different male morphs and by
males originating from the Damvallei and Walenbos population. This is evidence that the female
bias in the offspring sex ratio cannot be explained by a biased production of male and female
determining sperm. Hence, these data at first indicate that sex chromosome meiotic drive is a
less plausible mechanism in the investigated populations. However, to decisively demonstrate
the absence of driving sex chromosomes, these results should ideally be complemented with a
screening of the number of live and dead sperm as it is possible that the action of the driving
gene is situated in the late development of the sperm cell, resulting in the presence of dead
spermatozoa in the pedipalp of the male. The combined use of a live cell staining dye (DAPI
(4’-6-diamimidino-2-phenylindole), SYBR-14) and a dead cell stain PI (propidium iodide, used

in this study) would allow to determine the proportion of live and dead sperm cells (Garner et
al., 1994, Fry and Wilkinson, 2004, Angelard et al., 2008). However, for spiders this remains
difficult as live sperm is transferred as packages containing multiple sperm cells (Foelix, 1996,
Herberstein et al., 2011), which complicates to distinguish multiple peaks for an accurate
estimation of the individual proportions.
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Figure 2: Dotplot of propidium iodide stained nuclei isolated from the pedipalp of an adult male. Two clouds of
sperm cells (A) and somatic cells (B) of different DNA content (PI fluorescence intensity) and size (FSC-A) can clearly
be distinguished. Inset: flow cytometric DNA histogram of propidium stained nuclei. The two peaks on the left
consist of 0 (left)- and X1X2-sperm nuclei (right). The thirth peak represents somatic diploid nuclei. The large cloud
consisting of particles with a large variation in DNA content (PI fluorescence intensity) and size (FSC-A) represents

background staining.

The use of flow cytometry in determining the ratio and to isolate sperm types is often adopted
in veterinary science and husbandry for sex preselection of mammalian embryos (Garner, 2006)
and in plants to investigate the proportion of male and female determining pollen (Stehlik et al.,
2007). We show that this technique is also applicable when performed on an invertebrate
species as it is possible to discriminate between the sperm cell types based on nuclear DNA
content. Moreover, a very large number of sperm nuclei can be processed, resulting in accurate
estimates of the number of X1X2 and 0-sperm. The accuracy of the estimated proportions is
highly dependent on the difference in DNA content between the two classes of sperm cells
which is influenced by the ratio of autosomal chromosomes to sex-chromosomes and the size

of the sex-chromosomes. For any given species this difference has to be large enough to allow
an irrefutable assignment of nuclei to either class.



Sexing sperm in spider species holds some advantages, as males of spiders store sperm in the two
pedipalps prior to fertilization, sperm can readily be obtained by clipping of the pedipalps.
Using both pedipalps in the analysis provides two replicate measurements for one individual
providing an assessment of the repeatability of the analysis. Next to sperm type analysis, flow
cytometry has been used in studies primarily in hymenoptera to investigate brood sex ratio
(Aron et al., 2003), individual ploidy level (Boivin and Candau, 2007, Cournault and Aron, 2009)
and patterns of sperm number (Cournault and Aron, 2008, Pearcy et al., 2009) and sperm use in
ant queens (den Boer et al., 2009). These examples show that flow cytometry is a very versatile
technique that can be implemented in a multitude of evolutionary research domains.

Proportion of Total
Male O-sperm (Male number Number Number Sex
Male moroh Pedipalp determining) of counted of adult of adult ratio
P [Credibility sperm males offspring
interval] nuclei
16 33 0.48
D-124 Tub 162 0.51[0.47;0.54] 2286 3 12 0.25
0 9 0**
2 43 0.05**
D-153 Tub 1 0.51[0.46; 0.57] 1225
2 10 0.2
1 0.53[0.49;0.58] m9 28 55 0.51
D-85 Tub
2 0.54 [0.50; 0.59] 180 5 10 0.5
1 14 0.07**
D-70 Tub 1 0.53[0.50;0.56] 2877
3 15 0.2*
14 30 0.47
D-49 Tub 1 0.50 [0.44; 0.58] 1742 14 53 0.26**
1 7 014
16 26 0.62
D-40 Tub 1 0.50 [0.46; 0.54] 1628 3 15 0.2
8 25 0.32
1 0.51[0.47; 0.55] 1214
D-87 Tub 20 35 0.57
2 0.51[0.48; 0.55] 1970
1 0.53[0.46; 0.59] 840
D-55 Tub 12 35 0.34
2 0.53[0.47;0.58] 1213
1 0.53[0.50;0.57] 1614 3 4 0.75
W-131 Tub
2 0.46 [0.41;0.50] 178 20 37 0.54




W-148 Tub 1 0.53[0.50;0.56] 2607 47 76 0.62*
22 45 0.49
16 35 0.46
W-132 Tub 1 0.52[0.48; 0.55] 1514
15 36 0.42
19 47 0.40
33 54 0.61
- 1 0.51[0.47;0.54] 1422
W22l Tub 2 0.54 [0.50;0.57] 1213 > 13 0.58
29 60 0.48
1 0.52[0.49; 0.55] 2016
W-212 Tub 22 60 0.37*
2 0.52[0.49;0.55] 2606
1 0.49 [0.42;0.56] 1362
W-102 Tub unmated
2 0.48 [0.41; 0.55] 1807
1 0.50 [0.46; 053] 1445
W-111 Tub unmated
2 0.47 [0.43; 0.52] 1242
1 0.47 [0.42; 0.54] 803
WwW-97 Gib unmated
2 0.48 [0.46; 0.50] 1741
1 0.49 [0.42; 0.56] 1362
W-64 Gib unmated
2 0.48 [0.41; 0.55] 1807
1 0.49[0.43;0.54] 1210
D-84 Gib unmated
2 0.48 [0.44; 0.52] 1101
1 0.52[0.48;0.57] 1390
D-125 Gib unmated
2 0.53[0.48;0.58] 2038
D-44 Gib 1 0.54[0.48;0.60] 1513 unmated

Table 1. Overview of the proportion of male determining sperm in males of Oedothorax gibbosus. Results depict

the estimated proportion of 0-sperm (male determining) in one or two pedipalps analyzed for tuberosus (Tub)

and gibbosus (Gib) males originating from two populations Damvallei (D) and Walenbos (W). The sex ratios given
represent the proportion of male offspring produced by female mated with the corresponding male. As males were
mated with multiple females, multiple sex ratios are given. Sex ratios that differ significantly from a 0.5 sex ratio are

indicated with an asterisk (* =< 0.05; ** < 0.01).
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ABSTRACT

Spiders exhibit a remarkable variety of reproductive phenotypes such as parthenogenesis
induction and reproductive skew in primary sex ratio. However, the underlying mechanisms
remain to this day poorly explored. One of the potential causes of these reproductive alterations
is infection with maternally inherited endosymbiont bacteria that alter a mother’s offspring sex
ratio and hence increasing their own fitness. Although studies show that spiders are infected
with several endosymbiont species, it was only recently discovered that endosymbiont bacteria
can cause a female sex ratio bias in this order. To explore the distribution and susceptibility to
endosymbionts we further investigated the bacterial presence and potential effects in the species
Oedothorax retusus. Individuals were infected with at least three different endosymbiont species
known to cause reproductive alterations in their host i.e. Wolbachia, Rickettsia and Cardinium.
Consistent with a bacterial effect the sex ratio bias showed a clear maternal inheritance and
treatment with antibiotics reversed the sex ratio to an equal amount of males and females.
Female biased clutches were found to exhibit a significantly lower number of hatched spiderlings
than unbiased clutches, suggesting the occurrence of male-killing. All females showed infection
with Cardinium, while only females infected with Wolbachia and Rickettsia produced a distorted
sex ratio. These findings show that effects of endosymbiont bacteria in the order of Araneae
could be more widespread than previously assumed and confirm the use of a bacterial model as
a mechanistic framework to explain the existence of alternative reproductive phenotypes.



1. INTRODUCTION

Endosymbiont bacteria are maternally inherited micro-organisms that may cause a variety of
reproductive alterations in their hosts. Due to their almost exclusively maternal inheritance,
induction of parthenogenesis, feminization and male-killing, which all bias the offspring sex
ratio towards females, and the occurrence of cytoplasmic incompatibility result in the increase
of infected females in the population (Stouthamer et al., 1999, Charlat et al., 2003, Werren et
al., 2008, Engelstadter and Hurst, 2009). Owing to their obvious effects on host ecology and
reproductive biology, they received increasing attention, resulting in an ever growing

number of identified host species infected with microbial reproductive manipulators.
Moreover, the combination of screening studies and meta analyses further provides mounting
evidence that these endosymbionts are more widespread than previously thought (Goodacre

et al., 2006, Duron et al., 2008a, Hilgenboecker et al., 2008). However, knowledge of

the phenotypic effects of a large number of such endosymbiont infections remains poorly
investigated, leaving major taxonomic groups unexplored. This is particularly the case for the
large arthropod group Araneae. Although several studies show that spider species exhibit a high
diversity and prevalence of endosymbiont species known to influence their hosts’ reproductive
biology (Goodacre et al., 2006, Baldo et al., 2007, Duron et al., 2008a, Duron et al., 2008b,
Martin and Goodacre, 2009, Yun et al., 2011), their potential effects are largely unknown.

It has been suggested that endosymbionts play a role in influencing offspring sex ratio in

the spider Pityohyphantes phrygianus (Gunnarsson et al., 2009) and only recently it was shown
by multiple lines of evidence that the endosymbiont bacterium Wolbachia is a causative agent
of a female biased sex ratio distortion in the male dimorphic dwarf spider Oedothorax gibbosus
(Vanthournout et al., 2011). Despite these documented cases, it remains at present unknown
whether susceptibility to endosymbiont species is confined to only a very limited number of
spider species, or whether the effect is more widespread. Moreover, it is striking that sex ratio
distorting endosymbiont bacteria are found in a male dimorphic species Oedothorax gibbosus
(chapter 2 and 3) as a sex ratio bias can have profound effects on the persistence of a male
polymorphism in a population (see general introduction). To test the prevalence of the effects
of endosymbiont bacteria in spiders, we investigated the presence of such cytoplasmic sex ratio
distorting elements in a related species Oedothorax retusus (Araneae: Linyphiidae: Erigoninae)
that does not exhibit a male polymorphism. This palearctic dwarf spider is found in a variety
of mostly wet habitats usually in mosses, grasses and undergrowth and is known to be infected
with several endosymbiont species (Goodacre et al., 2006), making this a suitable candidate
for examination. In this study we investigate the diversity and prevalence of the endosymbiont
community in O. retusus using endosymbiont specific PCR-assays. To quantify potential effects
of each endosymbiont on clutch sex ratio we combined pedigree data resulting from several
generations of lab rearing and results from a broad spectrum antibiotic treatment.
Furthermore, the phylogenetic position of the identified endosymbiont species was determined
and compared to those found in Oedothorax gibbosus.



2. MATERIAL AND METHODS

Six adult females were collected by means of hand catches at the Damvallei (Belgium) in summer
2010. They were placed individually in plastic vials of 5 cm diameter and 2.5 cm height.

Plaster was added to the bottom and moistened with tap water to keep humidity levels at 100%.
A piece of moss was added to allow the construction of a functional web. Fruit flies (Drosophila
sp.) were provided in overabundance and food and humidity levels were checked several times

a week. Vials were placed in a climate chamber with a constant temperature of 20°C and

a light-dark regime of 16L-8D. Females were allowed to deposit up to three egg sacs before being
stored in ethanol. Offspring were reared individually as described above with juvenile spiders
receiving collembolans as a food source till the third moult, which was followed by the supply
of fruit flies. After the final moult, sex of the spiders was determined by visual inspection using
a stereomicroscope. This allowed assessing the tertiary sex ratio (number of adult male

offspring / total number of adult offspring). Adult females were then mated with unrelated, lab
reared males (n = 22 females) to investigate the inheritance pattern of the sex ratio trait and
for the application of antibiotics (see 2.3). Offspring were reared under standard conditions and
again tertiary sex ratio was determined. A second generation was reared in the lab to increase
sample size and to investigate the underlying mechanism (n = 19 females, see 2.4).

Infection status of the females was investigated by means of PCR-assay for five endosymbionts
i.e. Wolbachia, Rickettsia, Cardinium, Spiroplasma and Arsenophonus, known to potentially cause
reproductive alterations in arthropods. Since one female died before being stored in ethanol,
three daughters were used in the PCR-assay in order to determine maternal infection status.

All three daughters gave consistent results for every endosymbiont tested. Whole spiders were
used for DNA extraction using the Nucleospin Tissue kit (OMachery Nagel) following the
manufacturers recommended protocol. The following primers were used: (i) 16Swolb99F and
16Swolb99R (Oneill et al., 1992) to amplify the 16S ribosomal RNA gene of Wolbachia;

(ii) WSP81F and WSP691R (Braig et al., 1998) amplifying a part of the cell surface protein
coding gene of Wolbachia (iii) RICS741F and RCIT1197R (Davis et al., 1998, Majerus et al., 2000),
which amplify a part of the citrate gene of Rickettsia; (iv) CLO-f1 and CLO-rl (Gotoh et al., 2007)
to selectively amplify a part of the 16S rRNA gene of Cardinium (v) SP-ITS-J04 and SP-ITS-N55
(Majerus et al., 1999) to selectively amplify the spacer region between the 16S and 23S rRNA
genes of Spiroplasma ixodetis and (vi) ArsF, ArsF3/ArsR2 to amplify a part of the 16S rDNA of
Arsenophonus nasoniae (Duron et al., 2008a). PCR conditions were as follows: initial denaturation
at 95 °C for 2 min, followed by 35 cycles of denaturation at 94 °C for 30 s, annealing (54 °C for
Wolbachia, Rickettsia and Cardinium; 52 °C for Arsenophonus and Spiroplasma, 30 s), extension
(72 °C, 90 s) and a final extension at 72 °C during 5 min. Electrophoresis was performed on



a 1.5% agarose gel. Gels were stained in a solution of GELRED for approximately 15 min.

Bands were visualized by UV-fluorescence. Given that a particular endosymbiont tested positive
for all individuals, this ensured that DNA extraction was reliable and no further positive control
was used. Prey items can be ruled out as a potential source of Wolbachia contamination in

the samples as it has previously been shown that our fruit fly and springtail breeding stocks

are uninfected (Vanthournout et al., 2011). To test the significance of a relationship between
endosymbiont infection and sex ratio a generalized linear mixed model was used

(Proc GLIMMIX in SAS v.9.1.2.) with endosymbiont presence/absence as fixed effect.
Dependence in sex ratio among matrilines was accounted for by including it as a random factor.
The obtained estimates of the sex ratios for infected and uninfected females were compared to
an even sex ratio using a t-test. Differences in sex ratio between matrilines were analyzed using
a chi square test (RxC).

The PCR products were sequenced using BigDye v.1.1 Terminator Sequencing mix and run on
an ABI 3710 automated sequencer to check primer specificity and to investigate the presence of
different strains. For Wolbachia, only the wsp gene was sequenced. BLAST searches were used to
identify the closest relatives of the obtained endosymbiont sequences. The ClustalW algorithm
implemented in MEGA4 (Tamura et al., 2007) was used to align the obtained sequences with
sequences from other endosymbionts available in Genbank, which mainly originate from the
studies reported in (Rowley et al., 2004, Goodacre et al., 2006, Duron et al., 2008b, Wang et al.,
2010).

Phylogenetic position of the endosymbiont wsp (Wolbachia), 16S (Cardinium) and citrate
(Rickettsia) gene sequences were compared with those found in spider and other host species.
For the wsp phylogeny, Wolbachia supergroup delimitation was used as reported in Rowley et al.
(2004) and Goodacre et al. (2006). A p-distance based Neighbour Joining tree was constructed
as implemented in MEGA 5 (Tamura et al., 2011). Bootstrap percentage support was calculated
for the nodes by generating 10000 bootstrap values.

To test whether administering antibiotics restores an equal sex ratio (Morimoto et al., 2006,
Gotoh et al., 2007), we exposed F1 females from the distorted line (M1; table 1) to the broad
spectrum antibiotic tetracycline, which targets endosymbionts from different bacterial families.
After reaching adulthood, females were treated by permanently moistening the plaster on

the bottom of the vial with the antibiotics solution (0.1%, w/v; 0.002 M). After approximately

7 days females were allowed to copulate with first generation unrelated males. Offspring were
reared individually as described above with the continuous use of antibiotic solution.

It has been previously shown that application of antibiotics by moistening plaster is effective in
eliminating endosymbionts in the dwarf spider Oedothorax gibbosus (Vanthournout et al., 2011,
chapter 2 and chapter 3) and by spraying the spider in the dwarf spider Erigone atra (Goodacre et
al., 2009). Other F1 females from the distorted matriline were used as a control treatment.

Sex ratio and survival of the clutches was determined (number of females: n = 6 for both control
and tetracycline treatment) and compared between the treatments by means of a generalized



linear mixed model (proc GLIMMIX in SAS v. 9.1.2). To account for dependence in sex ratio
among mothers, mother ID was included as random effect.

Infection with male-killing endosymbionts typically lowers the clutch size to half the number
of clutch sizes produced by uninfected females. Feminization and parthenogenesis induction do
not influence clutch size. Based on these properties, it is possible to discriminate among these
mechanisms. Therefore, two different approaches were used to investigate the manipulating
mechanism. Number of adult offspring and egg sac sex ratio were correlated for all Wolbachia/
Rickettsia infected (M1, M2; table 1) and all uninfected (M3-M6; table 1) females by means of

a Pearson correlation on all clutches weighted for number of adult offspring. In addition a more
experimental approach was used: the number of offspring was determined at two different
census times, at the egg stage and at hatching from the egg sac. Females that were used to
produce the second generation offspring were allowed to oviposit up to three egg sacs before
being stored in ethanol. The first egg sac, designated as “after hatching” was allowed to emerge
and offspring were reared to adulthood to determine total number of emerged spiderlings

and tertiary sex ratio. The second and third egg sac, designated as “before hatching” was
stored on ethanol (97%) six days after oviposition to allow sufficient development of the eggs.
Afterwards, the proportion of fertile to the total number of eggs produced was determined. This
approach is the most favourable to directly link number of emerged spiderlings, egg number and
corresponding offspring sex ratio of one female since hatching from the egg and first moult of
the spiderlings occurs inside the egg sac. This causes a time lag between hatching of the eggs
and emergence of the spiderlings from the egg sac resulting in the inability to discriminate

any undeveloped eggs. Total number of emerged spiderlings and number of eggs produced

was compared for Wolbachia/Rickettsia infection status of the mother, census time (before
hatching versus after hatching) and their interaction using a generalized linear mixed model
(proc GLIMMIX in SAS v.9.1.2). Identity of the mother was included as random effect to correct
for dependence between clutches.



3. RESULTS

Field captured females showed a highly significant difference in the sex ratio of their clutches
(table 1; df = 5, X? = 65.6; P < 0.0001). This difference was primarily attributed to a single
female that produced significantly female biased offspring (M1; table 1). Moreover, this bias

was maintained by the daughter offspring for at least two subsequent generations, which
indicates maternal inheritance. Three females, mated with males originating from this matriline,
produced sex ratios that were not significantly different from 0.5 (mean *+ SE: 0.54 = 0.05,

P = 0.22), indicating that the sex ratio distortion is not heritable through males and confirming
the exclusive maternal inheritance. For the other five females, equal amounts of males and
females were produced, even in subsequent generations. Individual females were found to be
infected with up to three different endosymbionts known to cause reproductive alterations in
arthropods. All females were infected with Cardinium, while two females were infected with
both Wolbachia and Rickettsia. Wolbachia/Rickettsia infection status had a significant effect on
the sex ratio produced by a female (F, ,. = 4.62; P = 0.04) with females infected with Wolbachia
and Rickettsia producing a significantly distorted sex ratio compared to uninfected females
(mean + SE: 0.35 + 0.06, t,,= -2.46, P = 0.02; 0.51 * 0.04, t,, = 0.25, P = 0.8 respectively)

For the two females testing positive for Wolbachia infection both the wsp and Wolbachia specific
16S rRNA primer gave consistent results. Sequencing of the wsp primer revealed no individual
variation and sequences were easily readable. Blast searches revealed high support with
available Wolbachia sequences (E-values < 1e-199). The wsp sequence [Genbank: JN889706] was
most similar with sequences of the spiders Cybaeus penedentatus [Genbank: GQ480746], Araneus
diadematus [Genbank: DQ231505] and Pityohyphantes phrygianus [Genbank: DQ231504] and
clustered with high support within supergroup B (Additional file 1: Bayesian inference tree of
Wolbachia wsp sequences).

The same females with Wolbachia infection also tested positive for Rickettsia with clear bands
present. Blast searches confirmed the primer specificity showing homology with Rickettsia
sequences (E-values < 1e-199). The Rickettsia sequence [Genbank: JN889707] showed high
similarity with the sequences of the spiders Oedothorax gibbosus [Genbank: HQ286292],
Hylaphantes graminicola [Genbank: DQ231487] and a Theridiidae sp. [Genbank: DQ231486]
(Additional file 2: Bayesian inference tree of Rickettsia sequences).

For the Cardinium endosymbiont clear bands were present for all of the females tested.
Alignment of the obtained sequences revealed no individual variation and blast searches yielded
high similarity with available Cardinium sequences (E-values < 1e-199). Sequences [Genbank:
JN889705] were closely related with the Cardinium sequence of the spider Holocnemus pluchei
[Genbank: EU333930] and clustered with high support together with the sequence of the

spider Oedothorax gibbosus [Genbank: HQ286292] (Additional file 3: Bayesian inference tree of
Cardinium sequences). Bands were detected for Arsenophonus in the two females infected with



Wolbachia and Rickettsia. However, sequencing and BLAST searches revealed that these were

amplifications of Rickettsia and thus constituted false positives. .

M1 + + + 16
M2 + + + 5
M3 + - - 6
M4 + - - 5
M5 + - - 4
M6 + - - 5
M1 6

123

62

102

73

88

71

434

135

165

156

225

165

0.49

0.44

0.56

0.43

<.0001

0.09

Table 1. Sex ratio data and endosymbiont infection status grouped per matriline. * number of adult males + females,

** indicates the probability value of difference from an even sex ratio as calculated by a binomial test.

Treatment with antibiotics significantly affected the tertiary sex ratio produced by a female

(F

1,10

= 6.46; P = 0.03) with control females producing a significantly female biased sex ratio

(mean + SE: 0.21 *+ 0.05, t,, = -4.47, P = 0.0012) while tetracycline treatment reverses the sex

ratio back to an equal proportion of males and females (mean + SE: 0.43 + 0.07, ¢,

= -0.97,

9.92

P = 0.4). Applying antibiotics did not influence offspring survival as no difference was found

(F

1,1

control offspring (mean + SE: 0.97 + 0.01).

= 2.6, P = 0.4) in survival between tetracycline treated (mean = SE: 0.93 = 0.02) and

A positive relationship was found between number of adult offspring and egg sac sex ratio with

a significant lower proportion of males in smaller egg sacs for Wolbachia/Rickettsia infected

females (weighted Pearson correlation; r = 0.57; P = 0.005; figure 1). For uninfected females no

correlation could be detected (weighted Pearson correlation; r = 0.02; P = 0.95; figure 1).

Total number of spiderlings is smaller than the total number of eggs produced, irrespective of

the Wolbachia/Rickettsia infection status of the mother (F, 5

= 47.58, P < 0.0001).

However, significantly fewer spiders emerge as spiderlings when the female is infected with

Wolbachia and Rickettsia (mean * SE: 19.4 + 1.8) compared to uninfected mothers



(mean *+ SE: 32.8 = 3.2; F, ., = 15.32, P = 0.0005; figure 2). Wolbachia/Rickettsia infection
status has a significant lowering effect on the total number of spiderlings and number of eggs
(Fr, 1341 = 6.76, P = 0.02). Again, for this subset a significant effect was found of Wolbachia/
Rickettsia infection status on the offspring sex ratio (F, ,, = 11.67, P = 0.005). Wolbachia and
Rickettsia infected mothers produce a significant female biased sex ratio (mean = SE: 0.30

+ 0.04; t,, =-5.08, P = 0.0002) while uninfected mothers produce an even sex ratio

(mean *+ SE: 0.48 = 0.04; ¢, ,, = -0.65, P = 0.54).
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Figure 1. Relationship between number of adult offspring and proportion of male offspring in the egg sac.v
Open circles: Wolbachia and Rickettsia infected females, filled circles: Wolbachia and Rickettsia uninfected females.

The solid line visualizes the linear correlation.



50
b b
. 1
] b
9)
: 1
o)
£ 30 A
5}
o
73 a
G 20
—
)
o)
€
S
z 10 -
0 T T
after hatching before hatching

Census time

I Wolbachia / Rickettsia infected mother
[ Wolbachia / Rickettsia uninfected mother

Figure 2. Clutch size number produced by Wolbachia and Rickettsia infected (black bars) and uninfected (grey
bars) females after and before hatching. Bars indicated with the same letter annotation indicate values that are not

significantly different.



4. DISCUSSION

In this study we report on the presence of a maternally inherited sex ratio distorting element
in the dwarf spider Oedothorax retusus. This is deduced from several lines of evidence:

(i) one matriline produced significantly female biased offspring sex ratios and several
generations of lab rearing reveals that this biased sex ratio trait is maintained when mated
with males, originating from even clutches, confirming the exclusive maternal inheritance,
(ii) administering antibiotics to this distorted matriline reverses the sex ratio back to an
equal proportion of males and females corroborating the bacterial basis and (iii) several
endosymbionts known to cause sex ratio biases in their hosts are found to infect this species
i.e. Wolbachia, Rickettsia and Cardinium. Differential mortality of the sexes during juvenile
development is unlikely to contribute to the sex ratio distortion, as the average juvenile
survival is generally high (92%) and highly distorted clutches were found with almost
100% juvenile survival.

All females were found to be infected with Cardinium while only two females were infected
with Wolbachia and Rickettsia. As a significant relationship was found between Wolbachia/
Rickettsia infection and occurrence of the sex ratio bias, one of these endosymbionts is the most
plausible causative agent of the sex ratio distorting effect. However, the relationship between
bacterial presence and sex ratio effect is not completely clear-cut. A significant difference in sex
ratio exists between the two Wolbachia and Rickettsia infected matrilines (table 1; df = 2;

X? = 14.51; P < 0.0002). This variable pattern of bacterial expression could be explained by
differences in endosymbiont density levels of which it is known to affect the expression of

the reproductive manipulation (Breeuwer and Werren, 1993, Hurst et al., 2000, Bordenstein et
al., 2006). Alternatively but not exclusively, the presence of parental suppressor genes could
equally produce variation in the expression of the sex ratio trait. Such suppressor genes are
commonly expected to evolve in the framework of general sex ratio theory which predicts

a 50:50 sex ratio to be the only stable evolutionary strategy from the viewpoint of the host.

The discovery of an effect of male nuclear background in the related species Oedothorax gibbosus
(chapter 3) and in other species harbouring endosymbiont bacteria indeed provides empirical
confirmation (Hornett et al., 2006, Majerus and Majerus, 2010b). Performing specific crosses
investigating the precise mode of action of a suppressor gene are however necessary

to conclusively demonstrate their presence in this species (Majerus and Majerus, 2010b).

The combination of these factors does not allow us to assign with high certainty the causative
agent for the sex ratio distortion. A first indication of the identity of the sex ratio distorter as
well as a possible explanation for the high variation in the sex ratio effect can be obtained

by analyzing the different densities of Wolbachia and Rickettsia using quantitative PCR

(Goto et al., 2006). However, obtaining females singly infected with either endosymbiont could
lead to more conclusive evidence on the exact roles of each endosymbiont and their possible
interaction effects. This can be realized by increasing the sample size of field caught females if
natural variation is present between females in infection with either Wolbachia or Rickettsia.
Alternatively, treatment of doubly infected females with low doses of antibiotics (Sasaki et

al., 2005) or transfection of endosymbionts through micro-injection (Sasaki et al., 2002) can
establish such single infections.



As a clear positive correlation exists between number of adult offspring and egg sac sex ratio
with smaller clutches containing significantly less males, killing of males is the most plausible
mechanism caused by the endosymbiont infection. This is confirmed by the results from

the experiment comparing total number of spiderlings and total number of eggs produced.

As expected, spiderling number is significantly smaller than egg number produced for both
infected and uninfected mothers. This can be caused by mortality during egg hatching and
early juvenile cannibalism occurring inside the egg sac. However, significantly smaller numbers
of spiderlings emerge from egg sacs produced by Wolbachia and Rickettsia infected females.
Moreover, the offspring sex ratio is also significantly female biased for these clutches produced
by Wolbachia and Rickettsia infected females compared to uninfected females. As this deviation
from an even sex ratio matches the reduction in offspring being produced, this suggests that
the offspring which do not emerge from the egg sac are predominantly males. This is again
strong evidence for the occurrence of male-killing. Because almost all eggs showed signs of
embryonic differentiation (95.7 %, n = 349) in the egg sacs of infected mothers the timing

of male-killing is most likely situated in the late embryonic development or during hatching.

Establishing the phylogenetic position of the 16S sequence of the Cardinium endosymbiont
reveals a close relatedness with the sequence of the Cardinium endosymbiont infecting the sister
species Oedothorax gibbosus. This is also the case for the Rickettsia citrate gene sequence which is
closely related to the sequence of the Rickettsia endosymbiont of O. gibbosus. In contrast, a clear
dissimilarity is found between the wsp sequence of Wolbachia as the O. retusus wsp sequence
clusters within supergroup B while the wsp sequence of O. gibbosus clusters within supergroup
G. Therefore, these data suggest that the Cardinium and Rickettsia infection predates speciation
of the species, followed by independent invasions of different strains of Wolbachia in the two
species. However, to gain more insight into the routes of infection in the different species and
the relatedness between endosymbionts in the Oedothorax genus, a more detailed analysis by
applying a multilocus comparisons (Baldo et al., 2006) would be most suitable.

Although based on a small sample size, it is striking that the prevalence and frequency of
endosymbiont species is almost similar to the ones found in Oedothorax gibbosus (Vanthournout
et al., 2011). For the populations investigated, both species seem to be fixed for the Cardinium
endosymbiont while Wolbachia infection shows a more variable pattern with approximately half
of the individuals infected. The infection pattern of the Rickettsia endosymbiont is different for
the two species; O. gibbosus seems to be fixed while O. retusus shows infection for half of

the individuals. Moreover, the extent of the male-killing effect is similar for both systems,

with infected females showing a high variation in clutch sex ratio, which is of the same order of
magnitude compared to the other Oedothorax species (O. gibbosus: 0.36 = 0.04 (Vanthournout et
al., 2011); O. retusus: 0.35 *= 0.06).



This is congruent with the effect of male-killing endosymbionts in several species of ladybirds
where similar variation in the production of offspring sex ratios, ranging from all female broods
to the production of significant amounts of males, is observed (Hurst et al., 1992, Majerus and
Majerus, 2010a). In contrast, for butterfly species, infection with male killers has been shown to
exhibit a higher level of penetrance with the production of only all female broods (Jiggins et al.,
2001, Dyson et al., 2002). The evolutionary significance of this difference in expression pattern
of sex ratio distortion remains to be investigated.

Our findings show that the phenotypic effects of endosymbiont bacteria on reproductive
characteristics could be more widespread in the Araneae order. At least for the Oedothorax
genus it seems that endosymbiont bacteria can have profound effects on their hosts ecology
and evolution. This confirms the use of a bacterial model to explain the mechanism of
different reproductive phenotypes found in many spider species. Further investigations into
the effects in other spider taxa are necessary to determine their general susceptibility to
endosymbiont bacteria.
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6. ADDITIONAL FILES

AY486086 ARANEAE Holoplatys sp.
70’{ AY486095 ARANEAE Larina tabida
= LAY486097 ARANEAE Bad i
AY486094 ARANEAE Leucauge
DQ231506 ARANEAE Tegenaria duellica
AY486089 ARANEAE Diaea sp.

AY486099 ARANEAE Zosis geniculatis
AY486096 ARANEAE
. Clade A

100 | AY486085 ARANEAE Pholcus
EF612773 ARANEAE Pholcus cr
61 [.EU423911 ARANEAE Larinia argiopiformis
100 FL EU423910 ARANEAE Araneus
DQ778738 ARANEAE Eriovixia cavaleriei
84 48 AY486093 ARANEAE Diaea ci it
*98‘ [ EU916178 ARANEAE Nurscia

100 L EU916177 ARANEAE Nurscia

99

EU916191 ARANEAE Neriene i
EF612772 ARANEAE Nephila clavata
"AY486087 ARANEAE Araneus sp.
AY486100 ARANEAE Nephila plumipes
DQ231507 ARANEAE Zygiella x-notata
DQ231508 ARANEAE ia cucullata
AY486088 ARANEAE i Clade B
100 | EF612771 ARANEAE Oxyopes sertatus
EU423909 ARANEAE C I
_JN889706 ARANEAE Oedothorax retusus
GQ4B0746 ARANEAE Cybaeus penedentatus
EU188678 COLEOPTERA Diabrotica barberi

49

69 DQ231505 ARANEAE Araneus diadematus
100 DQ231504 ARANEAE Pi phrygianus
45 AY486091 ARANEAE Diaea circumlita
42 AY486090 ARANEAE Diaea sp.

AY486098 ARANEAE P«
AJ276615 ARANEAE Dysdera erythrina
GQ480741 ARANEAE Cybaeus morosus
8 4" % 5480743 ARANEAE Cybaeus signifer
'GQ480742 ARANEAE Cybaeus vulpinus Clade G
9 EU723842 ARANEAE £
HQ286290 ARANEAE Oedothorax gibbosus
AY486092 ARANEAE Diaea circumlita
AY508981 NEMATODA Angiostrongylus cantonensis
AY508980 NEMATODA Angiostrongylus cantonensis
AY462865 DIPTERA Malaya genurostris

AJ276497 NEMATODA Onchocerca gutturosa
90 AJ252061 NEMATODA Brugia malayi

Additional file 1. Phylogenetic position of Wolbachia wsp sequence of Oedothorax retusus [GenBank: JN889706].
Terminal taxa represent host species. A p-distance based Neighbour Joining tree was constructed as implemented

in MEGA 5 (Tamura et al., 2011) on a subset of Wolbachia wsp sequences available at GenBank, with indication of

the major Wolbachia supergroups (as reported in Rowley et al., 2004, Goodacre et al., 2006). Percentage bootstrap
support was calculated for the nodes. Genbank accession numbers are given in front of the taxonomic group to which
the host species belongs. Sequences that originate from spider hosts are underlined. Oedothorax retusus is shown

in bold.



91| EU448154 ACARI Haemaphysalis punctata
99 | DQO81187 ACARI Haemaphysalis sulcata
EU863190 ACARI Haemaphysalis sulcata
FJ666771 HYMENOPTERA Pediobius rotundatus
FJ666772 COLEOPTERA Coccidula rufa
FJ666770 HYMENOPTERA Aulogymnus balani
93 ' FJ666769 HYMENOPTERA Aulogymnus trilineatus
GU131156 ACARI Amblyomma maculatum
FJ666762 COLEOPTERA Subcoccinella vigintiquatuor
U20242 COLEOPTERA Adalia bipunctata
FJ666766 COLEOPTERA Halyzia 16 guttata
FJ666765 COLEOPTERA Adalia bipunctata
36| FJ666768 COLEOPTERA Adalia decempunctata
63'FJ666767 COLEOPTERA Calvia quatuordecimguttata
68~ FJ666756 HEMIPTERA Acyrthosiphon pisum
499‘}‘1666755 DIPTERA Bombyliidae sp
FJ666757 DIPTERA Bombyliidae sp
90 99 FJ766353 HEMIPTERA Bemisia tabaci
GU559856 HYMENOPTERA Pnigalio sp
FJ666761 LEPIDOPTERA Noctuidae sp
FJ666760 COLEOPTERA Elateridae sp
61 FJ666759 NEUROPTERA Chrysopid sp
96 ' FJ666758 NEUROPTERA Brachys tessellatus
FJ666754 COLEOPTERA Meloidae sp
FJ666753 COLEOPTERA Rhyzobius litura
DQ231483 ARANEAE Meta mengei
98 | DQ231482 ARANEAE Meta mengei
DQ231484 ARANEAE Gnathonarium dentatum
DQ231485 ARANEAE Troxochrus scabriculus
FM955314 COLEOPTERA Deronectes semirufus
70 | DQ231487 ARANEAE H) graminicola

DQ231486 ARANEAE Theridiidae sp.
52
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Additional file 2. Phylogenetic position of the Rickettsia (partial citrate sequence) endosymbiont of Oedothorax
retusus [GenBank: JN889707]. Terminal taxa represent host species. A p-distance based Neighbour Joining tree

was constructed as implemented in MEGA 5 (Tamura et al., 2011) on a subset of Rickettsia sequences available at
GenBank. Percentage bootstrap support was calculated for the nodes. Genbank accession numbers are given in front
of the taxonomic group to which the host species belongs. Sequences that originate from spider hosts are underlined.

Oedothorax retusus is shown in bold.



AB506773 HOMOPTERA Harmalia sirokata
AB506773 HEMIPTERA Harmalia sirokata
AB506775 HOMOPTERA Euides speciosa
GQ455421 HEMIPTERA Lepidosaphes pinnaeformis
EU930867 ACARI Chaetodactylus sp
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GQ455413 HEMIPTERA Howardia biclavis
GQ455427 HEMIPTERA Aspidiotus nerii
GQ455426 HEMIPTERA Chionaspis heterophyllae
GQ455411 HEMIPTERA Abgrallaspis degenerata
AY327472 HYMENOPTERA Plagiomerus diaspidis
DQ854713 HYMENOPTERA Encarsia hispida
EU567084 HEMIPTERA Bemisia tabaci
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Additional file 3. Phylogenetic position of the Cardinium (16S rRNA gene) endosymbiont of Oedothorax retusus
[GenBank: JN889705]. Terminal taxa represent host species. A p-distance based Neighbour Joining tree was
constructed as implemented in MEGA 5 (Tamura et al., 2011) on a subset of Cardinium sequences available at
GenBank. Percentage bootstrap support was calculated for the nodes. Genbank accession numbers are given in front
of the taxonomic group to which the host species belongs. Sequences that originate from spider hosts are underlined.

Oedothorax retusus is shown in bold.
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GENERAL DISCUSSION

Investigating the underlying mechanism of sex ratio biases led to the identification of several
factors, such as selfish genetic elements, that result in the production of unequal production

of male and female offspring (table 1, see also general introduction). As these elements target
different aspects of their host reproduction and are transmitted either through males or females,
a first indication of the nature of the distorting factor can be found by investigating

the direction of this bias and by unraveling the inheritance pattern. Most often heritability
values are determined by performing a parent-offspring regression (Falconer and Mackay, 1996)
in which the slope of the regression line is an estimate of the heritability of the trait. For sex
ratio data a regression can be performed by relating the sex ratio of the clutch of the offspring
and the sex ratio of the clutch a parent originated from. Performing this for both male and
female parents allows to test whether the sex ratio bias is paternally or maternally inherited
(Voordouw et al., 2005). However, this approach is severely limited as it can only incorporate
data of two generations in one analysis and therefore reduces the effectiveness in case of large
datasets with multiple generations. However, animal models can integrate data obtained from
multiple generations by simultaneously incorporating individual phenotypic information of
the trait (in casu sex ratio of an individual) and the genetic relatedness of the individuals
incorporated in the pedigree. Therefore an animal model approach is most suitable to analyze
extensive datasets containing a large amount of information of several generations (Lynch and
Walsh, 1998, Wilson et al., 2011). This revealed that the largest source of sex ratio variation
originates from the part that is maternally inherited (chapter 1). Additionally, a smaller though
significant amount of additional variation was detected, suggesting the occurrence of factors
influencing the sex ratio that cannot be explained by a maternal inheritance pattern.



MATERNAL INHERITANCE

The observation of a female biased sex ratio in combination with a clear maternal inheritance
pattern (Vanthournout et al., 2011), strongly suggests that infection with endosymbiont bacteria,
rather than the actions of other selfish genetic elements such as sex-chromosome meiotic drive
genes (see further) and B-chromosomes (table 1), cause the occurrence of sex ratio distortion.

In order to verify endosymbiont presence and explore the diversity of the endosymbiont
community in Oedothorax gibbosus, individuals of two populations i.e. Damvallei and Walenbos
were screened using PCR assays with endosymbiont specific primers in combination with
Denaturing Gel Gradient Electrophoresis (DGGE) and cloning (Vanthournout et al., 2011

and chapter 2; overview in table 2) of amplicons generated from a PCR based on a general
eubacterial primer.

X-chromosome Female biased sex ratio Paternal
Y-chromosome Male biased sex ratio Paternal
B-chromosomes Male biased sex ratio Paternal
Endosymbiont bacteria Female biased sex ratio Maternal

Table 1. Overview of the effects of different types of selfish elements on the offspring sex ratio produced by females

harbouring this element and indication of the inheritance pattern of the sex ratio bias.



Wolbachia 32 (63) 7.(17) 29 (74) 13 (26)
Rickettsia 26 (26) 3(3) 44 (44) 6 (6)
Cardinium 24 (24) NA 42 (42) NA
Spiroplasma 0 (3) 0 (3) 0 (10) 0 (5)
Arsenophonus 0 (14) NA 0 (27) NA
Rhabdochlamydia 0 (14) 0 (14) 19 (19) 10 (38)
Orientia 0 (16) NA 0 (5) 0 (20)
Serratia symbiotica oM NA 0 (4 NA

Table 2. General overview of endosymbiont prevalence (number of infected individuals (total number of screened

individuals)) for males and females from two populations of Oedothorax gibbosus .

Of the five known endosymbiont genera known to cause reproductive alterations in their

host, Wolbachia, Rickettsia and Cardinium were found to infect individuals of Oedothorax
gibbosus, while no evidence was found of Spiroplasma and Arsenophonus infection.

Also, no evidence was found for infection of Orientia and Serratia symbiotica, whose effect on
the host still remains elusive. However, one additional endosymbiont species, Rhabdochlamydia,
was detected. Moreover, the four identified endosymbiont species showed marked differences
in infection frequency (table 2). Wolbachia infection was detected in approximately half of

the screened individuals for both the Damvallei and Walenbos population. In contrast, Rickettsia
and Cardinium did not show any variation in infection status as they appear to be fixed in both
populations. Interestingly, Rhabdochlamydia infection seems to be highly population dependent
as it was only detected in individuals of the Walenbos population and not in the Damvallei
individuals.

The presence of a Wolbachia and Rickettsia infection and the absence of Spiroplasma is congruent
with previous results of an endosymbiont screening of an Oedothorax gibbosus female performed
by Goodacre (2006). However, as this study did not include Cardinium in the analysis,

the observation of Cardinium infection is the first report for this species. This is in line with

the finding that Cardinium, although found to also infect other arthropod groups (Zchori-Fein
and Perlman, 2004, Hunter and Zchori-Fein, 2006), has a particularly high prevalence in spiders
(Duron et al., 2008, Martin and Goodacre, 2009). The occurrence of three endosymbionts
implies that several spiders are infected with at least three different endosymbiont species
which potentially can distort their hosts’ reproduction. Moreover, a similar endosymbiont
community composition and prevalence has been found in Oedothorax retusus (chapter 5) with
all individuals showing infection with Cardinium and approximately half with Wolbachia and
Rickettsia. However, due to the small sample size, decisive information on the frequency of these
endosymbionts in Oedothorax retusus could not yet be obtained. Nevertheless, this feature of



triple infection of a single individual in both Oedothorax species is one of the few reports
in spiders (Goodacre et al., 2006).

Investigating the phylogenetic relationship among the sequences obtained from

the endosymbionts infecting O. gibbosus and O. retusus revealed an often remarkably

distant relationship. For the 16S sequence of Cardinium a high relatedness was detected for

the sequences of both species. Similar to Cardinium, the citrate gene sequence of the Rickettsia
endosymbiont in O. retusus shows a close similarity with the Rickettsia endosymbionts infecting
O. gibbosus and O. retusus. Moreover, these sequences cluster within a Rickettsia subgroup which
seems to be spider specific (Goodacre et al., 2006). Contrastingly, the Wolbachia wsp sequence
of both species showed a large dissimilarity, with the wsp sequence of O. gibbosus clustering
within subgroup G, while the sequence of O. retusus clusters within subgroup B. However,

the monophyletic origin of supergroup G has recently been questioned as this would constitute
a recombination product of supergroups A and B (Baldo and Werren, 2007). High levels of
lateral gene transfer have been reported in endosymbiont genomes (Baldo et al., 2006, Moran
et al., 2008, Ishmael et al., 2009, Klasson et al., 2009), which could imply an overestimation of
the evolutionary distance between the two Wolbachia infections. However, a four-gamete test
of recombination (Librado and Rozas, 2009) revealed no recombination events between the two
Wolbachia strains. Therefore, these data suggests that Cardinium and Rickettsia infection was
present before both species split, while Wolbachia is more likely to have infected both species
after their speciation event. However, as this is based on a single gene approach, the robustness
of these findings should be tested by incorporating the phylogeny of multiple endosymbiont
genes obtained from a larger number of individual spiders.

In chapter 1, a positive relationship was found between Wolbachia infection and the occurrence
of sex ratio distortion as infected females produced female biased clutches of approximately
30% males, while uninfected females produced equal amounts of male and female offspring.
However, clearer evidence of a causative relationship is provided by the application of antibiotics
(Stouthamer et al., 1999). The bacterial basis of the female bias was confirmed as Wolbachia
infected females, treated with tetracycline, produced equal sex ratios. The combination of these
findings provides strong evidence that at least Wolbachia causes a female biased sex ratio in
Oedothorax gibbosus. To our knowledge this is the first direct evidence of an endosymbiont effect
and more specifically of Wolbachia on reproduction in the Araneae order. To date, Wolbachia is
the only endosymbiont which can induce all the four currently known reproductive alterations.
Together with a very high infection frequency in arthropods (Hilgenboecker et al., 2008) and

a large number of identified host species in which Wolbachia effects have been demonstrated,

it cannot be refuted that Wolbachia has a profound effect on arthropod reproduction. However,
as argued by Weeks et al. (2002) it is important not to overemphasize the extent of Wolbachia
effects and caution should be taken in assigning reproductive phenotypes to a particular
endosymbiont. Indeed, as shown in chapter 2, a few females also produced an even stronger
female biased sex ratios in the absence of Wolbachia infection. Again, this bias was found to
show an underlying bacterial basis as antibiotic and heat treatment reversed the produced

sex ratio back to 0.5. This demonstrates that a similar phenotype can be induced by multiple
endosymbiont species in the same population and emphasizes the need for consistent screening.



Currently, the effects of Rickettsia and Cardinium in Oedothorax gibbosus are not known but
reproductive effects induced by these endosymbiont species (especially Rickettsia) should not be
excluded (chapter 2 & 3). The fixed infection frequency in both populations (table 2) suggests
that either previous reproductive effects could have been active, or that a current beneficial
effect on host fitness allows them to spread in the population. More populations should be
sampled to determine if a fixed infection frequency constitutes a species characteristic rather
than a population characteristic.

Three reproductive strategies employed by endosymbiont bacteria are currently reported to
cause a female biased sex ratio in their host, these are parthenogenesis induction, male-killing
and feminization (Werren, 1997, Stouthamer et al., 1999, Charlat et al., 2003, Werren et al.,
2008, Engelstadter and Hurst, 2009). Parthenogenesis induction is highly unlikely to occur in
Oedothorax gibbosus as unmated females never produced viable offspring (pers. obs.).
Male-killing results in the specific death of male offspring causing a marked reduction in

the clutch size compared to uninfected females. In the case of feminization, which turns
genetic males into phenotypic females, no effect on the number of offspring is expected.

This differential effect on the clutch size produced by infected females allows to discriminate
between these strategies. To explore which reproductive manipulation is induced by both
Wolbachia and the unidentified endosymbiont infection, we related clutch size and clutch sex
ratio. A clear positive relationship was detected for both infections, with smaller clutches
containing significantly less males. This is consistent with the occurrence of male-killing as

the death of male offspring results in a smaller, more female biased clutch. In other arthropod
groups, such as ladybirds, butterflies and beetles, the male-killing phenotype was detected

by determining the egg hatching rate of infected females. Typically, male-killing lowers

the hatching rate to approximately half the hatching rate of uninfected females as males are
killed early in embryonic development (Fialho and Stevens, 2000, Jiggins et al., 2000, Majerus et
al., 2000, Jiggins et al., 2001). However, in spiders, accurate determination of the hatching rate
is difficult as eggs are deposited inside egg sacs hampering visual inspection of egg development.
Opening of the egg sac causes the development of fungi resulting in inaccurate estimates of
hatching rates (pers. obs.). Moreover, as the first mould of the spiderlings occurs within the egg
sac, a time-lag exist between hatching from the egg and emergence of the spiderlings from

the egg sac. Therefore, hatching rate can also not be determined after emergence of juvenile
spiders as remains of eggs have yet disappeared. A more experimental approach was used in
Oedothorax retusus (chapter 5) to tackle this problem. The first egg sac of a female was allowed
to hatch and offspring were reared till adulthood to determine offspring sex ratio. The second
and third egg sac of a female were stored in ethanol (97%) six days after deposition, which
enables to discern developed versus undeveloped eggs. In this way, estimates are obtained of
the number and sex ratio of hatched juveniles (first egg sac) and the number of viable eggs
produced in a clutch (second and third egg sac). Although no significant differences in the
number of eggs could be detected between females producing a biased versus unbiased sex ratio,
significantly less juvenile spiders hatch from female biased egg sacs, indicating the occurrence
of male-killing (chapter 5). Interestingly, all eggs showed evidence of embryonic development,



indicating that the male-killing probably takes place during the late embryonic development.
Ideally, this approach should be performed on Oedothorax gibbosus to further verify
the occurrence of male-killing.

It is interesting to note that both these approaches, i.e. correlating clutch size and clutch sex
ratio and determining the number of hatched spiderlings produced by infected and uninfected
females, only allow to discern between the male-killing and feminization strategy if both are
highly efficient. If male-killing is inefficient, clutch sizes will not be lowered to half of these
produced by uninfected females. Similarly, if feminization imposes a cost on the host, a decrease
in clutch size is expected as not all males are successfully feminized. The discrimination
between both is not always straightforward as demonstrated in the moth Ostrinia scapulalis
where the production of all female broods was thought to be caused by a feminizing Wolbachia
endosymbiont (Kageyama et al., 2002). However, it was shown that the female bias was in fact
caused by lethal feminization of males as sexual mosaic males were produced under reduced
Wolbachia density (Kageyama and Traut, 2004).

Nevertheless, if feminization would be active in O. gibbosus and O.retusus, it is expected

that some infected females produce male biased clutches after antibiotics treatment as these
phenotypic females are in fact genetic males with an underlying male determining sex
chromosome combination. No male biased clutches were observed for both O. gibbosus and
O. retusus, indicating that the endosymbiont reproductive strategy is most likely male-killing.

Nevertheless, the significant correlation between clutch size and clutch sex ratio in Oedothorax
gibbosus presents evidence that male-killing is induced by both Wolbachia and a putative second
endosymbiont. Together with a male-killing endosymbiont found in Oedothorax retusus this
demonstrates that at least three different male-killers are now recognized in spiders. As some
taxonomic groups appear to be particularly prone to infection by male-killers, it has been
argued that host life history characteristics might play a role in the invasion of male-killing
endosymbionts (Hurst, 1991, Hurst and Majerus, 1993, Majerus and Hurst, 1997). Taxonomic
groups such as ladybirds, which show high levels of sibling interaction in early life history stages
through egg laying in groups and high levels of sibling cannibalism and strong competition for
resources, are shown to be infected with male-killers. As male-killing in itself does not directly
increases the proportion of infected females in the population, an indirect increase of the fitness
of female offspring is expected through the death of male brothers. This can occur through
nutritional advantages by consuming dead males and a decrease in the probability of being
cannibalized by other siblings. It has been shown that ladybird larvae, after consuming a sibling
egg, show a higher survival time and move faster. This increases the likelihood of finding aphid
prey both by the possibility to search a larger area and by experiencing reduced competition.
Strikingly, spiders show some ecological similarities with ladybirds in this respect, such as egg
laying in egg sacs, high levels of sibling cannibalism and strong local resource competition as
spiders are often food-limited (Wise, 2006). Therefore, the same mechanisms as for ladybirds,
such as nutritional benefits from consuming dead males and a higher prey availability through



elimination of a potential competitor, could favour male killing in spiders. High levels of sibling
cannibalism were found in Oedothorax gibbosus in a previous lab study, indicating that direct
nutritional benefits through consumption of dead siblings are likely to be present in this species
(Vanacker et al., 2004a). Moreover, as it was shown that larger offspring are more likely to feed
on smaller spiders compared to individuals of the same size, a synergistic effect can be expected.
It would be most interesting to further explore the role of host ecology on the persistence of

a male-killing phenotype by investigating a larger number of spider species on the presence

of male-killing bacteria.

Moreover, it was found that individuals of one population could be infected with two different
male-killing endosymbionts (chapter 1 & 2). The presence of multiple male-killers in one
population is not fully understood as theoretical models show that stable coexistence is only
possible under certain conditions such as spatial division, sibmating and the presence of
suppressor genes (see further) (Randerson et al., 2000, Groenenboom and Hogeweg, 2002,
Dannowski et al., 2009). Under the assumptions of infection with a strong and weak male

killer, it has been shown that a high spatial structuring of the populations induces the presence
of different niches were the stronger and weaker male-killer are differentially selected
(Groenenboom and Hogeweg, 2002). Such spatial structuring is thought to be present in
Oedothorax gibbosus as spiders show a highly clustered distribution within one population.
Additionally, this can result in low levels of sibmating which, in combination with high male
mating capacity, can produce the conditions for a stable coexistence of a strong and weak male
killer (Dannowski et al., 2009). Field data of the frequency of sibmating is currently not available
for this species. However, it is observed that under laboratory conditions sibmating readily
occurs (pers. obs.). Mating experiments revealed a high male mating capacity as viable offspring
are produced by up to four females mated with the same male. Additionally, the sperm count of
this male (W132) performed by flow cytometry (chapter 4) revealed similar amounts of sperm
compared to other males. This indicates that even after four successful matings, males are not
sperm depleted.

These models investigating the stable coexistence of such two male-killers assume 100%
endosymbiont efficiency, i.e. all infected males die, and varying levels of endosymbiont
transmission rate from mother to offspring (Randerson et al., 2000, Groenenboom and
Hogeweg, 2002, Dannowski et al., 2009). These differences in transmission efficiency result in
the occurrence of a weaker and stronger male killer within a population. Comparison with

the sex ratio data of the Wolbachia infected matriline (Wol+) reveals that the sex ratio distortion
is significantly more female biased in the matriline infected with an unidentified endosymbiont
(Wol-), indicating a higher efficiency of the latter. Indeed, during six generations of lab rearing,
low amounts of males were produced by a few females while even sex ratios were produced by
only two females in the Wol- matriline. This suggests that Oedothorax gibbosus is infected with
two male killers which clearly differ in their strength to bias sex ratios. Transmission rate of
the Wolbachia endosymbiont is considered to be high as all the tested offspring of infected
females showed infection (100%, n = 49; chapter 1), it can be argued that the transmission rate
of the unknown sex ratio distorter is equally high as almost all females produced highly female
biased sex ratios for six generations and female offspring, resulting from undistorted clutches,
again produced distorted amounts of males and females. This suggest that, in contrast with



the current assumptions of theoretical models, a weaker and stronger male killing phenotype
can equally result from a varying endosymbiont efficiency and high transmission rates from
mother to offspring. It would be most interesting to investigate the effects of these alternative
assumptions on male-killer coexistence by incorporating them into a modelling approach.

Results of the cloning study (chapter 2) revealed the presence of Rhabdochlamydia in certain
females of the Walenbos population. Subsequent screening of a high number of females showed
that Rhabdochlamydia infection is highly population dependent as all investigated females of
the Walenbos population showed infection, contrasting strongly with the absence of infected
females in the Damvallei population (table 2). Bacteria of the Chlamydiales are considered
obligate intracellular parasites and are known to infect arthropods (Thao et al., 2003, Everett et
al., 2005, Corsaro and Greub, 2006). In scorpions pathogenic effects are observed caused by

a Porochlamydia infection in the hepatopancreas (Morel, 1976). Chlamydia-like micro-organisms
have been observed in spiders (Osaki, 1973), however, as the genus Rhabdochlamydia has
recently been described and was known to infect only cockroaches and terrestrial isopods
(Kostanjsek et al., 2004, Corsaro et al., 2007), this is the first report in spiders. Pathogenic
effects are reported in the cockroach Blatta orientalis where Rhabdochlamydia crassificans
causes abdominal swelling of the host. To date, no effects on host reproduction are documented.
However, in the cockroach Blatta orientalis, Rhabdochlamydia was isolated from both fat

body and ovary tissue (Corsaro et al., 2007). This association with reproductive tissue is

a first indicator of potential reproductive effects. In Oedothorax gibbosus the particular pattern
of fixed infection in the Walenbos and absence of infection in the Damvallei suggests that
Rhabdochlamydia could potentially cause the observed sex ratio distortion in interpopulation
crosses of Damvallei males and Walenbos females (D x W cross) in the absence of Wolbachia
(chapter 3). Nevertheless, as further experiments definitely need to be conducted to investigate
the role of this endosymbiont, some preliminary experiments were yet performed within

the framework of the current study.

First, we attempted to target the Rhabdochlamydia infection by means of a specific antibiotic.
Offspring resulting from D x W (&' x @) crosses were therefore treated with erythromycin, which
is known to target related bacteria of the genus Chlamydia (Baron, 1996). As erythromycin is not
water soluble, it first has to be resolved in ethanol and subsequently diluted with water to obtain
an aqueous solution. This resulted in high levels of juvenile mortality and hence in unreliable
estimates of the offspring sex ratio. Pinpointing the optimal concentration of erythromycin

by performing a dilution series experiment should be performed to investigate the effects of
erythromycin on Rhabdochlamydia.

Second, a preliminary transfection experiment was performed by transferring a macerate of

an adult Walenbos female infected with Wolbachia and Rhabdochlamydia to an adult Damvallei
female, uninfected with Wolbachia and Rhabdochlamydia through micro-injection in the region
of the epigyne, being the external female genital structure (Sasaki et al., 2002). This female was
allowed to deposit an egg sac and offspring were reared till adulthood to determine tertiary sex



ratio. A second generation of offspring was obtained by mating female offspring with unrelated
males. Interestingly, while originating from a clutch with equal amounts of males and females,
this female produced an almost significantly female biased sex ratio of 0.30 (P = 0.06; number
of offspring = 24). Screening of the injected female gave positive results for the presence of
Rhabdochlamydia but not for Wolbachia infection. Moreover, offspring screening revealed that
Rhabdochlamydia infection was maintained for at least two generations. This suggests that
Rhabdochlamydia could possibly induce reproductive effects. However, as these results are
currently based on a single female only, these experiments need to be elaborated further.

Third, as Rhabdochlamydia infection was only screened in females of the Walenbos

population, an additional PCR screening was performed of Walenbos males. This revealed that
the prevalence in males (25%; Table 2) was significantly less compared to females, which further
suggest that Rhabdochlamydia could induce sex specific effects in this species



ADDITIONAL VARIATION

Although results of the animal model analysis revealed that the sex ratio distortion shows

a clear maternal inheritance pattern, significant levels of additional variation were detected.
This suggests that factors, other than endosymbiont infection, influence sex ratio distortion
in this species. In chapters 3 and 4 we investigated the presence of host suppressor genes
counteracting the female biasing effects of an endosymbiont infection and the possibility of
occurrence of sex-chromosome meiotic drive genes.

The presence of selfish genetic elements, such as endosymbiont bacteria causing a sex ratio
distortion, strongly opposes the Mendelian inheritance pattern of the nuclear genes of the host.
Therefore genetic conflict theory predicts strong selection for the evolution of host suppressor
genes, counteracting the female biasing effects of endosymbionts (Cosmides and Tooby, 1981,
Werren, 1987, Hurst, 1992, Hurst et al., 1996, Werren and Beukeboom, 1998). However,

as these counteracting factors are strongly selected for and as such expected to reach high
frequencies in a population, demonstrating their presence is challenging. One way to approach
this is to perform interpopulation crosses as they allow unlocking the strong association of
suppressor genes and endosymbiont bacteria within a population and therefore to disentangle
the individual effects of both host and endosymbiont genes. In chapter 3 we performed inter

- and intrapopulation crosses using spiders originating from two populations, Damvallei and
Walenbos, differing in endosymbiont community (chapter 2). As it was found that Walenbos
females produced a significantly more female biased sex ratio compared to Damvallei females,
irrespective of the population origin of her mate, these results are in line with genetic conflict
theory, i.e. a stronger selection in the Walenbos population to restore an equal sex ratio.

This was further confirmed by the observation that Walenbos males performed better in
restoring an equal sex ratio compared to Damvallei males, indicating the presence of more
effective suppressor genes in the Walenbos populations (chapter 3). In sum, given that these
populations do not differ in average sex ratio produced by a female, the occurrence of genetic
conflict can strongly mask the effect of endosymbiont bacteria and the presence of suppressors
against their effect.

Additionally, field collected males were mated with females originating from two female biased
matrilines, one infected with Wolbachia (Wol+) and one matriline infected with an unidentified
endosymbiont (Wol-). Besides a clear effect of the different matrilines, significant variation

was detected in the ability of males to restore an even sex ratio. Moreover, this ability was not
consistent as males that were able to restore the sex ratio in one matriline did not necessarily
perform equally well for the other matriline. This indicates that the suppressor genes are not
equally effective against both the Wolbachia endosymbiont and the unidentified endosymbiont
distorter. Strikingly, the presence of an endosymbiont specific suppressor gene has been shown to
generate a stable male-killer coexistence (Randerson et al., 2000) as selection against one of the
endosymbionts allows invasion of the other male-killing endosymbiont and, hence, constitutes
a likely mechanism to explain the presence of multiple male-killers in O. gibbosus (chapter 2).



The variation among males in their ability to restore sex ratios could have profound implications
in the framework of the male dimorphism. In Oedothorax gibbosus two types of males can be
found (see also general introduction). A gibbosus morph, with a hunch on the cephalothorax

and an anterior transversal groove, lined with hairs, and a tuberosus morph which lacks

these cephalic structures. These two types represent alternative mating strategies as it was
found that virgin females do not exhibit any preference for either morph, resulting in equal
acceptance rates (Vanacker et al., 2004b). However, a gibbosus male can secure matings with
already inseminated females, presumably through providing a substance in the groove which
serves as a nuptial gift (Michalik and Uhl, 2011). It has been suggested that the operational

sex ratio (ratio of males and females, ready to mate in a population at any given time, Emlen
and Oring, 1977, Kvarnemo and Ahnesjo, 1996) could have major implications on the dynamics
of a stable male dimorphism in this species (see general introduction). Due to the difference

in alternative reproductive strategies of both morphs, only the gibbosus morph is accepted by
already inseminated females. In combination with the observed patterns of last male sperm
priority, this constitutes a fitness advantage for the gibbosus male. Therefore, in populations
with a more even sex ratio and thus a high number of inseminated females, the relative fitness
of tuberosus is expected to decrease relatively more compared to gibbosus. However, in female
biased populations, it is expected that a tuberosus male can secure more matings due to its faster
juvenile development and longer adult lifespan.

Preliminary theoretical efforts based on evolutionary game theory showed that the male
dimorphism would evolve towards a evolutionary stable strategy if both males would be able to
adjust their sex ratio, with tuberosus males producing a more female biased sex ratio compared
to gibbosus males (Hendrickx and Mazalov, in prep). This was equally found in previous breeding
experiments where females, mated with a tuberosus male, tended to produce a more female
biased sex ratio (Vanacker, 2005). Merging these previous empirical and theoretical results with
the data obtained within the framework of this PhD, the presumed sex ratio adjustment could
be attributed to differences in the ability of males to restore an even sex ratio. This hypothesis
could, however, only be tested in a very preliminary way. For the experiment investigating

the variation between males in restoring an equal sex ratio (chapter 3), field collected males
were used of both types of morphs. Gibbosus (n = 10) and tuberosus (n = 12) males were

mated with females from both the Wol- and Wol+ matriline. In line with the above mentioned
expectations, females mated with gibbosus males tended to produce higher amounts of males
compared to tuberosus males (figure 1). However, this male morph effect on the offspring sex

ratio was not significant (F = 4.01, P = 0.06).
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Figure 1. Proportion of male offspring produced by females of two matrilines when mated with different male
morphs (Wol+: Wolbachia infected, Wol-: unidentified endosymbiont; black bars: gibbosus male, grey bars: tuberosus
male). Striped line depicts an even sex ratio and is given for illustrative purposes, asterisks indicate sex ratios

significantly different from 0.5.

These findings suggest that gibbosus males could be able to restore an even sex ratio more
frequently. Although still premature, genetic linkage of genes coding for the male dimorphism
and suppressor genes counteracting the female biasing effect of the endosymbiont could induce
such an effect. Repeating this experiment with a higher number of field-collected males and
the use of more matrilines would be highly recommended to further explore the potential
interactions between male morph and offspring sex ratio. Moreover, the discovery of a similar
female biasing factor, i.e. a male-killing endosymbiont, in a related species Oedothorax retusus
suggests that the occurrence of sex ratio distorting endosymbionts is not limited to male
polymorphic spider species.

The animal model employed in chapter 1 allowed to makes estimates of the maternally inherited
variation and additional variation. A more complex model was also fitted to this dataset to
investigate the existence of host nuclear factors influencing the sex ratio by including a genetic
component that contributes to the sex ratio variation. However, this model did not converge
and, hence, no accurate estimates could be obtained for this genetic component. This is probably
due to the fact that, although based on approximately 4000 spiders, this particular dataset does
not contain sufficient half sib families to gain enough statistical power to accurately estimate
this genetic variance component. The total dataset obtained from the different breeding designs
(chapter 1-4) is based on a parental generation of 275 individuals and several lab reared



generations of which some matrilines have been maintained for six generations. In total, sex
ratio data is available based on approximately 11.000 spiders. Therefore, this dataset should be
more suitable to investigate the genetic component of sex ratio variation and to quantify

the presence of suppressor genes by means of an animal model.

In chapter 4 we investigated to what extent the production of biased amounts of male and
female determining sperm influences sex ratio variation in this species. One mechanism that can
create such a bias is the occurrence of sex-chromosome meiotic drive causing the non-Mendelian
inheritance of a sex-chromosome resulting in its presence in more than half of the produced
gametes (Lyttle, 1991, Jaenike, 2001). If a meiotic drive gene is present in Oedothorax gibbosus
on one of the X-chromosomes, this results in the production of more female determining sperm
and hence in the production of a female biased sex ratio. As this feature is paternally inherited
(table 1) this could account for the additional variation detected in the animal model analysis
(chapter 1).

In concordance with genetic conflict, counteracting effects against the reproductive effects of
an endosymbiont infection have been demonstrated in chapter 3. Alternatively, host resistance
to a distorted sex ratio could in principle arise equally well from selection on the nuclear
genes to compensate the overproduction of the rarer sex (Werren, 1987, Hatcher and Dunn,
1995, West, 2009). To compensate the female biased sex ratio in Oedothorax gibbosus, a shift
in the primary sex ratio is expected towards males, which can be achieved through the biased
production of male determining sperm cells. To date, no empirical evidence has been found of
such primary sex ratio compensation.

We used a flow cytometric approach to determine the proportion of sperm types produced

by a male to test the above mentioned hypothesis. Flow cytometry allows the discrimination of
a large number of sperm cells based on DNA content and therefore assumed to accurately
estimate the proportions of male and female determining sperm as information from a very
large number of sperm cells per individual can be obtained. However, we could not find any
evidence that the production of sperm is biased towards one of the sperm types. This strongly
suggests that biased production of sperm cells is absent in the populations examined and
therefore no evidence was found of sex chromosome meiotic drive and primary sex ratio
compensation. However, the technique of sexing sperm through flow cytometry has proven to
be highly efficient as accurate estimates of both sperm types were obtained of a large sample
of sperm within a short time-frame. This shows that, although exclusively used in sexing sperm
of vertebrates (Garner, 2006), this technique can also be employed on invertebrate sperm and
therefore could be implemented in diverse evolutionary domains.



FUTURE PROSPECTS

As deduced from some parts of the general discussion, several aspects of endosymbiont infection
in Oedothorax gibbosus are in need of more investigative attention in order to gain a more
complete understanding of the implications of endosymbiont bacteria in this, as well as other,
spider species.

There is a clear need to fully characterize the endosymbiont community of Oedothorax
gibbosus. The recent discovery of new endosymbiont species causing reproductive alterations

in their host suggests that the number of currently known endosymbionts is an underestimation
of the endosymbiont diversity with more reproductive distorters awaiting discovery.

Next generation sequencing would be highly recommended to explore the endosymbiont
community as it provides an almost exhaustive assessment of the number of endosymbiont
species. For Oedothorax gibbosus this could result in the identification of the potential

unknown endosymbiont distorter found in chapter 2 and 3.

In line with the previous point, as Oedothorax gibbosus shows an exceptionally high diversity
of endosymbiont species currently known, this holds a unique opportunity to investigate

the interactions between members of the endosymbiont community. This could be achieved
by a determining variation in endosymbiont density through a Q-PCR assay and a combination
of specific antibiotics treatments and transfection experiments.

For Oedothorax gibbsosus, the occurrence of infection with endosymbionts could have major
implications for the persistence of the male dimorphism through its influence on frequency
dependent selection by altering the operational sex ratio.

As several screening studies show a high prevalence of endosymbionts with known alterations
of host reproduction in other spider species, this suggests that more reproductive effects are yet
to be discovered. Especially for the male-killing phenotype, three different male-killers have
been shown to be present in two spider species, therefore suggesting that this reproductive
effect could be more widespread. To determine the extent of endosymbiont induced reproductive
alterations in the Araneae order more spider species of different taxonomic groups should be
investigated.
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SUMMARY

Sex ratio theory indicates that, given particular assumptions, the production of equal amounts
of male and female offspring is the expected evolutionary stable outcome, providing a general
theoretical framework for the ubiquity of equal sex ratios. Exceptions to this general rule,

i.e. distorted sex ratios, have therefore intrigued biologists for many decades and resulted

in the discovery of several mechanisms responsible for male and female biases in offspring
production. Yet, the question why sex ratios deviate from this general pattern remains still
virtually unexplored for some larger taxonomic groups, such as spiders. Despite the fact that
several species are documented to produce distorted sex ratios, the underlying mechanisms are
not known. The dwarf spider Oedothorax gibbosus holds a unique opportunity to investigate
distorted sex ratios in spiders as females show remarkable variation in their offspring sex ratio
with some females producing biased amounts of female offspring. This thesis aims to investigate
the underlying mechanism by employing an integrative approach of specific breeding designs,
pedigree analysis and molecular techniques.

In chapter 1 we investigated the inheritance pattern of the sex ratio variation as a first step to
determine the nature of the sex ratio biasing factor. By fitting an animal model to a pedigree
data set containing information of thousands of offspring from multiple generations of lab
rearing, it was shown that the largest part of sex ratio variation could be explained by

a maternal inheritance pattern. This strongly suggests the involvement of endosymbiont bacteria
in causing a sex ratio bias as they are predominantly inherited through females. A subsequent
molecular screening of two populations, Damvallei and Walenbos, indeed revealed the presence
of several endosymbiont species, i.e. Wolbachia, Rickettsia and Cardinium, known to cause
reproductive alterations in their hosts. Rickettsia and Cardinium were found to be present in

all of the screened individuals suggesting that they are fixed in both populations and, hence,
unlikely to explain sex-ratio variation. In contrast with this, substantial variation in Wolbachia
infection status was detected as approximately half of the individuals showed infection.
Moreover, Wolbachia presence correlated positively with the occurrence of female biased sex
ratios of approximately 30% males. The effect of Wolbachia was decisively demonstrated by
treatment of infected females with antibiotics which resulted in the production of equal amounts
of male and female offspring. As significantly less offspring are produced in female biased
clutches, male-killing is the most likely reproductive strategy induced by Wolbachia.



Although a significant relationship was found between Wolbachia infection of a female and

the production of female biased sex ratios, some females produced distorted sex ratios in the
absence of Wolbachia infection. In chapter 2, we focus on this apparent additional sex ratio
distorting factor by examining the sex ratio variation in females uninfected with Wolbachia.
Maintaining a lab-reared matriline of one of these females revealed a consistent production of

a highly female biased sex ratio in female descendants. Moreover, this sex ratio distortion was
only inherited through female offspring as male offspring were not able to induce a female bias
in their offspring. As this again suggests the action of endosymbiont bacteria an antibiotics and
heat treatment was performed confirming the underlying bacterial basis. Three independent
molecular techniques were used to identify this additional endosymbiont. The previously
employed endosymbiont specific PCR screening was extended with the use of additional primers
for endosymbionts known to infect arthropods. As this technique is limited by primer specificity,
two eubacterial 16S rDNA primer based techniques, i.e. cloning of general eubacterial 16S
rDNA amplicons and Denaturing Gel Gradient Electrophoresis (DGGE) were used to get a more
complete picture of the endosymbiont community. First, these three techniques independently
showed that Wolbachia is absent in these females producing highly female biased sex ratios
while positive results were found using females originating from a matriline known to harbour
Wolbachia, demonstrating the effectiveness of these techniques to detect Wolbachia.

Moreover, Rickettsia and Cardinium were found in all individuals tested, confirming that

they indeed show a fixed prevalence in the populations investigated. The cloning study

further revealed the presence of a bacterial species, closely related to Rhabdochlamydia,

an endosymbiont known to infect arthropods, albeit with no documented effects on host
reproduction. A PCR assay with specific primers revealed that Rhabdochlamydia infection was
population dependent as all females of the Walenbos, but none of the Damvallei population were
infected. However, as the results of the molecular techniques did not allow to decisively assign
the identity of the endosymbiont distorter, we cannot distinguish between the possibility of one
of the current identified endosymbionts causing the female bias or potential effects of

an unknown endosymbiont.

The female biased sex ratio, induced by infection with endosymbiont bacteria is expected to
strongly select for the evolution of host factors counteracting the endosymbiont effects.

In chapter 3, we explore the incidence of such intragenomic conflict by investigating

the presence of host nuclear genes that suppress the effects of infection with male-killing
endosymbionts. We found evidence of such host suppressor genes as inter- and intrapopulation
crosses revealed a strong effect of the male nuclear background on the produced sex ratio. If
Damvallei males were mated with Wolbachia infected females originating from the Walenbos
population (D x W cross) , a highly female biased sex ratio was observed. This sex ratio bias was
retained when female offspring of this cross were mated with pure Damvallei males, however,
when mated with Walenbos males equal amounts of male and female offspring were produced.
As an even sex ratio was produced in the first generation after mating, this suggests that the
suppressor acts zygotically. Additionally, significant levels of variation were detected between
males of the Walenbos population in their ability to restore an equal sex ratio when mated with
females from two female-biased matrilines. In sum, these results strongly suggest the presence
of host nuclear factors being present in the Walenbos population counteracting the effect of
endosymbionts on host reproduction. As the frequency of these suppressor genes seems highly



dependent on population, this suggests local adaptation of populations against the reproductive
effects induced by the endosymbiont community. Moreover, no difference in population sex ratio
was observed between Damvallei and Walenbos, indicating that the evolution of suppressor
genes can mask both the endosymbiont reproductive effects imposed by the endosymbionts.

Though pedigree analysis revealed that a large part of the sex ratio variation could be explained
by an inheritance pattern through female offspring, smaller but additional variation was
detected which could not be explained by a maternal inheritance pattern. This suggests that
additional factors other than endosymbiont bacteria, are present that influence the sex ratio

in this species. One potential factor are the effects of host suppressor genes (chapter 3) and,
alternatively, the presence of other sex ratio biasing mechanisms, such as the occurrence of sex-
chromosome meiotic drive. In Oedothorax gibbosus males are the heterogametic sex producing
equal male and female determining sperm. However, the presence of driving genes on the
sex-chromosomes results in the biased production towards female determining sperm cells,
causing a female biased sex ratio. In chapter 4 we investigate this hypothesis by examining the
proportion of male and female determining sperm cells using flow cytometry. Flow cytometry
allows the measurement of several cell characteristics including nuclear DNA content of particles
crossing a laser beam. Due to the difference in chromosome number between both types of
sperm cells, assignment of sperm cells to either class, male or female determining, can be
performed with the use of DNA dyes. This analysis revealed that males produce equal proportion
of both sperm types, therefore suggesting that biased production of sperm cells due to meiotic
drive has at most a minor role in the female biased sex ratio.

In chapter 5 we explore the sex ratio variation in a related species of dwarf spider Oedothorax
retusus. It was found that females infected with Wolbachia and Rickettsia produced significantly
female biased sex ratios, indicating that one of these endosymbionts causes a sex ratio distortion
in this species. In line with this, antibiotics treatment resulted in the production of equal sex
ratios. Fewer spiderlings emerged from egg sacs of infected females compared to uninfected
females. As the reduction in spiderling number is of the same order of magnitude as the sex ratio
bias, this suggest that mainly males do not hatch. Therefore, male-killing is the most suitable
reproductive alteration causing the female bias.



SAMENVATTING

Sex ratio theorie geeft aan dat, onder bepaalde assumpties, de productie van gelijke aantallen
mannelijke en vrouwelijke nakomelingen een te verwachten, evolutionair stabiel gevolg is.

Dit inzicht voorziet een algemene theorie die het wijdverspreid optreden van gelijke sex ratios
voorspelt en verklaart. Het vaststellen van uitzonderingen op deze algemene regel,

het optreden van ongelijke sex ratios, is daarom zeer intrigerend en onderzoek naar de oorzaken
van een verschuiving naar mannelijke of vrouwelijke nakomelingen leverde verschillende
onderliggende mechanismen op. Echter, in sommige grote groepen, zoals spinnen, is de oorzaak
van een gedistorseerde sex ratio weinig of niet onderzocht en is het mechanisme onbekend,
hoewel sommige spinnensoorten gekend zijn die een sterk gedistorseerde sex ratio vertonen.

De bultdwergspin Oedothorax gibbosus biedt een unieke gelegenheid om deze problematiek te
onderzoeken aangezien vrouwtjes een hoge mate van variatie vertonen in de sex ratio van hun
nakomelingen waarbij sommige vrouwtjes een vrouwelijk gedistorseerde sex ratio produceren.
Het is dan ook de doelstelling van deze thesis om het onderliggende mechanisme uit te klaren
door het geintegreerd gebruik van een specifieke kweekopzet, stamboomanalyse en moleculaire
technieken.

In hoofdstuk 1 onderzochten we, als een eerste stap in het bepalen van de aard van de sex
ratio distorserende factor, het overervingspatroon van de sex ratio variatie. Door het gebruik
van een animal model dat de analyse van een stamboom, gebaseerd op de informatie van
duizenden nakomelingen, mogelijk maakt, werd het aangetoond dat het grootste deel van sex
ratio variatie kan verklaard worden door een overervingspatroon via de moeder. Dit specifiek
overervingspatroon suggereert sterk dat endosymbiotische bacterién de oorzaak zijn van de sex
ratio bias aangezien deze enkel overgeérfd worden langs vrouwelijke lijn. Een daaropvolgende
moleculaire screening van twee populaties, Damvallei en Walenbos, bevestigde inderdaad

de aanwezigheid van verschillende endosymbiotische bacterién, namelijk Wolbachia, Rickettsia
en Cardinium, waarvan effecten op de reproductie van de gastheer gekend zijn. Rickettsia en
Cardinium werden in alle gescreende individuen teruggevonden, suggererend dat ze in beide
populaties gefixeerd zijn. Het is daarom onwaarschijnlijk dat deze bacteriéle soorten de sex ratio
variatie kunnen verklaren. Dit contrasteert sterk met de variatie in infectiestatus teruggevonden
bij Wolbachia aangezien een infectie werd gedetecteerd bij de helft van de onderzochte
individuen. Bovendien werd een positieve correlatie aangetoond tussen de aanwezigheid

van Wolbachia en het optreden van vrouwelijke gedistorseerde sex ratios van ongeveer 30%
mannetjes. Het effect van Wolbachia werd overtuigend aangetoond door het behandelen van
geinfecteerde vrouwtjes met antibiotica wat resulteerde in gelijke aantallen van mannelijke en
vrouwelijke nakomelingen. Aangezien significant minder nakomelingen werden aangetroffen
in vrouwelijk gedistorseerde cocons, is het doden van mannetjes de meest waarschijnlijke
reproductieve strategie geinduceerd door Wolbachia.



Hoewel een significante verhouding werd gevonden tussen een Wolbachia infectie van een
vrouwtje en het produceren van een vrouwelijke gedistorseerde sex ratio, werden er ook
gedistorseerde sex ratios aangetroffen in de afwezigheid van Wolbachia. In hoofdstuk 2
focussen we op deze blijkbaar additionele sex ratio distorserende factor door de sex ratio
variatie te onderzoeken in vrouwtjes die niet geinfecteerd zijn met Wolbachia. Het in stand
houden van een matriline in het labo van één van deze vrouwtjes toonde de consequente
productie van vrouwelijke sex ratios aan in vrouwelijke nakomelingen. Bovendien werd deze
sex ratio verschuiving enkel overgeérfd via vrouwtjes aangezien mannelijke nakomelingen

er niet in slaagden de sex ratio bias door te geven. Dit suggereert opnieuw de invloed van
endosymbiotische bacterién en daarom werd een antibiotica en hitte behandeling uitgevoerd
die de onderliggende bacteri€le oorzaak bevestigde. Drie onafhankelijke moleculaire technieken
werden vervolgens gebruikt om deze additionele endosymbiont te identificeren. De voordien
gebruikte, endosymbiont specifieke PCR screening werd uitgebreid door het gebruik van extra
primers voor endosymbionten waarvan het aangetoond is dat ze arthropoden infecteren.
Aangezien deze techniek sterk gelimiteerd is door de specificiteit van de gebruikte primers
werden er twee eubacteriéle 16S rDNA primers gebaseerde technieken, clonering van algemene
16S rDNA amplicons en Denaturerende Gel Gradient Electrophorese (DGGE), gebruikt om

een beter beeld te verkrijgen van de endosymbiotische gemeenschap.

Deze drie technieken toonden onafhankelijk aan dat Wolbachia inderdaad afwezig is in
vrouwtjes die een sterk gedistorseerde sex ratio produceren, terwijl positieve resultaten

werden gevonden bij vrouwtjes afkomstig van een matrilinie geinfecteerd met Wolbachia.

Dit toont duidelijk de efficiéntie aan van de gebruikte moleculaire technieken in het detecteren
van Wolbachia. Bovendien werd de gefixeerde prevalentie van Rickettsia en Cardinium in

het Walenbos en de Damvallei bevestigd aangezien beide endosymbionten gedecteerd werden
in alle gescreende individuen. Het onderzoek via clonering toonde verder de aanwezigheid

aan van een endosymbiont, nauw verwant aan Rhabdochlamydia waarvan de aanwezigheid

in arthropoden aangetoond is zonder enig effect op de reproductie van de gastheer. Een PCR
analyse met specifieke primers wees uit dat infectie met Rhabdochlamydia populatieafhankelijk
is, aangezien alle vrouwtjes uit het Walenbos infectie vertoonden, in tegenstelling tot vrouwtjes
uit de Damvallei waarvan geen enkel vrouwtje geinfecteerd was. Echter, aangezien de resultaten
van de moleculaire technieken het niet toelieten om de identiteit van de endosymbiont
beslissend toe te kennen, kunnen we op dit moment niet onderscheiden of de vrouwelijke bias
veroorzaakt wordt door de huidig geidentificeerde endosymbionten of door een voorlopig
onbekende endosymbiont.

Het wordt verwacht dat de vrouwelijk gedistorseerde sex ratio, geinduceerd door een infectie
met endosymbiotische bacterién, resulteert in de evolutie van bepaalde factoren in de gastheer
die de effecten van een endosymbiotische infectie tegengaan. In hoofdstuk 3 verkennen

we het voorkomen van zo’n intragenomisch conflict door de aanwezigheid te bepalen van
gastheer genen die de effecten van het doden van mannetjes door een endosymbionten infectie
onderdrukken. Er werd bewijs gevonden voor het optreden van zo’n onderdrukkende genen in
de gastheer aangezien een uitgesproken effect werd gedecteerd van de genetische achtergrond
van het mannetje op de geproduceerde sex ratio door een vrouwtje. Wanneer mannetjes van
de Damvallei gepaard werden met vrouwtjes, geinfecteerd met Wolbachia, uit het Walenbos



(D x W kruising) werd een sterk vrouwelijke bias in de nakomelingen geobserveerd.

Deze sex ratio distortie werd behouden wanneer vrouwelijke nakomelingen van deze kruising
gepaard werden met pure Damvallei mannetjes, echter, wanneer ze gepaard werden met
Walenbos mannetjes, werden gelijke aantallen mannelijke en vrouwelijke nakomelingen
geproduceerd. Aangezien een gelijke sex ratio werd geproduceerd in de eerste generatie
nakomelingen suggereert dit dat de suppressor werkzaam is in de zygotische fase.

Bovendien werd significante variatie gedetecteerd in de mogelijkheid van Walenbos mannetjes
om een gelijke sex ratio te herstellen wanneer ze gepaard werden met vrouwtjes van twee
vrouwelijk gedistorseerde matrilinies. Samenvattend, deze resultaten wijzen sterk op

de aanwezigheid van gastheer factoren in de Walenbos populatie die de effecten van

een endosymbionten infectie op de reproductie van de gastheer onderdrukken.

Aangezien de frequentie van deze suppressor factoren zeer populatieafhankelijk blijkt,
suggereert dit het optreden van lokale adaptatie van populaties tegen de reproductieve effecten
geinduceerd door de endosymbiotische gemeenschap. Bovendien werden er geen verschillen
in sex ratio geobserveerd tussen de Damvallei en Walenbos populaties wat er op wijst dat

de evolutie van suppressor factoren zowel de reproductieve effecten van endosymbionten

als de eigen onderdrukkende effecten kan maskeren.

Hoewel stamboomanalyse uitwees dat het grootste deel van de sex ratio variatie kon verklaard
worden via een vrouwelijk overervingspatroon werd er ook lagere, maar significante
additionele variatie gedetecteerd dat niet kon verklaard worden door een overerving langs
vrouwelijke zijde. Dit suggereert dat bijkomstige factoren, naast endosymbiotische bacterién,
aanwezig zijn die de sex ratio beinvloeden in deze soort. Eén potentiéle factor zijn de effecten
van onderdrukkende factoren in de gastheer (hoofdstuk 3) naast de mogelijkheid van

het optreden van geslachtschromosoom meiotic drive. In het geval van Oedothorax gibbosus
zijn mannetjes het heterogametische geslacht dat gelijke aantallen van mannelijk en vrouwelijk
determinerende spermacellen produceert. Echter, de aanwezigheid van driving genen op

de geslachtschromosomen veroorzaakt een ongelijke productie waardoor meer vrouwelijk
determinerende spermacellen geproduceerd worden wat resulteert in een vrouwelijk
gedistorseerde sex ratio. We onderzoeken deze hypothese in hoofdstuk 4 door de proportie
aan mannelijk en vrouwelijke determinerende spermacellen te bepalen aan de hand van

flow cytometrie. Het gebruiken van flow cytometrie laat het meten van verschillende cel
karakteristieken toe, inclusief het DNA gehalte van partikels die een laserstraal passeren.

Door de verschillen in chromosoomaantal tussen de twee spermacel types, is het mogelijk

om spermacellen toe te kennen aan één van beide klassen, namelijk mannelijk of vrouwelijk
determinerend, door het gebruik van een DNA kleuring. Deze analyse toonde aan dat mannetjes
een gelijk aantal spermacellen van beide types produceren, wat suggereert dat de overproductie
van spermacellen van één type hoogstens een zeer beperkte rol speelt in de gedistorseerde

sex ratio.

In hoofdstuk 5 onderzoeken we de sex ratio variatie in de verwante soort Oedothorax retusus.
Er werd gevonden dat vrouwtjes, geinfecteerd met Wolbachia en Rickettsia een significant
vrouwelijk gedistorseerde sex ratio produceerden, wat aantoont dat één van deze
endosymbionten de oorzaak is van de geobserveerde sex ratio verschuiving in deze soort.

Dit werd bevestigd door het behandelen van vrouwtjes met antibiotica wat het produceren



van gelijke sex ratios tot gevolg had. Een kleiner aantal juveniele spinnen kwam uit eicocons
van geinfecteerde vrouwtjes vergeleken met niet-geinfecteerde. Aangezien de reductie in aantal
juveniele spinnen van dezelfde grootteorde is als de sex ratio bias suggereert dit dat vooral
mannetjes niet uit de eicocon komen en, bijgevolg, dat het doden van mannetjes de meest
waarschijnlijke reproductieve strategie is.
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