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F.. Vala £2001] Genetic conflicts between cytoplasmic bacteria and their mite host 

11 INTRODUCTIO N TO THE THESIS S 

Thiss thesis focuses on the genetic conflicts between cytoplasmically 
transmittedd bacteria and their hosts. The aim is to experimentally test 
theoriess on how such conflicts evolve. To this end, I analyzed aspects of the 
interactionn between the two-spotted spider mite Tetranychus urticae Koch and 
thee cytoplasmic bacterium Wolbachia. 

Thiss introduction is divided in four parts. First, I briefly introduce the 
hostt species and review information on manipulation of host reproduction by 
thee endosymbiont. Second, possible outcomes of the co-evolution of 
Wolbachiaa and its hosts are discussed in light of current theories on the 
evolutionn of symbiosis and genetic conflicts. Third, I summarize the results 
andd possible implications of the results presented in the chapters of this 
thesis.. Fourth, I draw four general conclusions on the evolution of genetic 
conflictss between Wolbachia and their hosts. 

HOSTT A N D SYMBION T 

Thee two-spotte d spide r mit e 

Thee two-spotted spider mite T. urticae is a phytophagous mite that feeds on 
manyy different host plants. Populations of this mite are patchily distributed 
overr host plants, and exhibit local mating structure (Mitchel 1973; McEnroe 
1969).. Propagation of mite colonies is ensured by adult females that disperse, 
usuallyy mated, and settle for oviposition on uninfested leaves of the same or 
anotherr host plant. In this thesis two strains of two-spotted spider mites are 
used.. One strain arises from mites collected from rose plants, another from 
mitess collected from cucumber plants. 

Sexuall  species of spider mites are arrhenotokous haplodiploids (Helle et al. 
1970),, ie. females are diploid, and develop from fertilized eggs whereas males 
aree haploid and develop from unfertilized eggs. Consequently, un-
inseminatedd females produce males. Both the rose and cucumber populations 
off  the two-spotted spider mite are naturally infected with Wolbachia 
(Breeuwerr & Jacobs 1996). 

Wolbachi aa manipulatio n of hos t reproductio n 

Wolbachiaa are obligate intracellular a-proteobacteria that manipulate host 
reproductionn in ways that promote replacement of an uninfected host 
populationn by an infected one (review by Stouthamer et al. 1999). Wolbachia 

9 9 



10 0 CHAPTERR I 

cannott be cultured outside host cells and essentially depend on their hosts for 
reproduction.. These bacteria are transmitted to offspring of the female host 
throughh the egg (the cytoplasm donor gamete). Since infected females 
producee infected eggs, natural selection on Wolbachia favors mechanisms 
thatt increase the relative frequency of infected females (reviewed by Werren 
1997).. Manipulation of host reproduction by Wolbachia includes 
parthenogenesis,, feminization, male killin g and cytoplasmic incompatibility. 

Inn Wolbachia-induced parthenogenesis, unmated infected females produce 
infectedd daughters (cf. Stouthamer 1997). Through feminization infected 
maless are converted into reproductively functional phenotypic females, which 
havee to mate to produce offspring (cf Rigaud 1997). In Wolbachia induced 
male-killingg infected males die and serve as first meals to their sisters, most 
off  which are infected (cf. Hurst et al. 1997). Wolbachia-induced cytoplasmic 
incompatibilityy is discussed in detail in the next section. Wolbachia infections 
thatt induce parthenogenesis, feminization, and male-killing directly augment 
thee relative fitness of infected females. These infections are expected to 
increasee in frequency in a host population when rare (although this does not 
meann that they can spread to fixation). 

Twoo further features of Wolbachia biology are important: the role of host 
genotypess in the infection phenotype, and the occurrence of horizontal 
transmission.. First, closely related hosts harbor infections that are not 
distinguishedd based on sequences of Wolbachia genes but that result in 
differentt infection phenotypes (cf. Fialho & Stevens 2000). Although 
homologyy of gene sequences may arise due to recombination between 
Wolbachiaa 'types' (Jiggins et al. 2001; Werren & Bartos 2001), the possibility 
cannott be excluded that host genotype plays a role in the phenotype 
expressedd in a given infection - especially given the results obtained with 
introgressionn experiments. Introgression of Wolbachia by microinjection 
showss that host genotypes may affect infection phenotypes both 
quantitativelyy (cf. Boyle et al. 1993; Poinsot et al. 1998) and qualitatively 
(Fujiii  et al. 2001). Second, the general absence of correlation between 
Wolbachiaa and host phylogenies suggests that horizontal transmission of 
Wolbachiaa between host taxa must occur, even though transmission is 
predominantlyy vertical (Stouthamer etal. 1999). 

Wolbachiaa induced cytoplasmic incompatibilit y 

Cytoplasmicc incompatibility : Cytoplasmic incompatibility (CI) is expressed 
inn crosses between infected (W) males and uninfected (U) females. If there is 
CI,, $ U x c5*W crosses are reproductively incompatible (Table l) . This type of 
CII  is called uni-directional because the reverse cross ( $W x <$\J) is 
compatible.. Induction of CI is suppressed if the same Wolbachia strain that is 
presentt in the male is also present in the eggs that his sperm fertilizes 
(revieww by Hoffmann & Turelli 1997). Thus, $Wi x c?Wi is a compatible 
crosss (and ^U x c Û is also compatible) (Table l). 
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Tablee 1 Wolbachia-induced uni-directional and bi-directional cytoplasmic 
incompatibility.. W: infected with Wolbachia, subscripts (l>2) indicate infection 
'types';; U: uninfected; X: incompatible cross; V: compatible cross. 

$ $ 

X X 

w, , 
w2 2 
u u 

wt t 

V V 
X X 
X X 

a a 
w2 2 

X X 

V V 
X X 

u u 
V V 
V V 
V V 

Becausee infection in the male has to 'match' the infection in the female, bi-
directionall  cytoplasmic incompatibility can also occur. In this case both 
$W22 x c?Wi and the reverse, $Wi x c?Wa, are incompatible crosses 
(whereass ? W, x ó*U and $W« x $U are compatible) (Table l). 

Cytologicall  studies of CI in Nasonia wasps (Reed & Werren 1995) and 
DrosophilaDrosophila simulans (Callaini et al. 1997) showed that incompatible crosses 
producee haploid or aneuploid embryos. This is because the paternal set of 
chromosomess fails to segregate properly in mitotic divisions early in 
embryonicc development (Callaini et al 1997; Reed & Werren 1995). In 
diploidd species, haploid and aneuploid embryos abort, thus CI is expressed as 
increasedd Fl mortality. In haplo-diploid species, where females are diploid 
andd males are haploid, haploid eggs develop as males. However, aneuploid 
eggss may die if haploidization is incomplete. This may explain why in 
haplodiploidss CI results in a bias of F1 sex ratio towards males that is usually 
accompaniedd by an increase in Fl (female) mortality (cf. Breeuwer 1997; 
Vavree et al 2000; Chapter 2). 

Althoughh the molecular details of CI remain unknown, CI is interpreted as 
involvingg Wolbachia-mediated modification and rescuing steps (Hoffmann & 
Turellii  1997; Werren 1997) as follows. Chromosomes from infected males 
aree modified by Wolbachia and become unable to respond properly to cell 
cyclee cues in uninfected eggs (Werren 1997). However, if infection in the 
fertilizedd egg 'matches' the infection that was present in the father, paternal 
chromosomess are 'rescued', i.e. they segregate properly during mitosis. 

Populationn dynamics of cytoplasmic incompatibility : Theory predicts that 
CI-Wolbachiaa spread in a panmictic population of hosts because CI reduces 
thee fitness of uninfected females, relative to infected females (Caspari & 
Watsonn 1959). This theoretical result is supported by field data on Drosophila 
simulanssimulans (Turelli & Hoffmann 1991). Furthermore, for realistic assumptions 
off  that model, imperfect maternal transmission and/or a fecundity cost to 
infectedd females, two predictions emerge (Turelli 1994; Hoffmann & Turelli 
1997). . 

First,, if there is a reproduction cost to infected females CI cannot increase 
inn frequency when rare (Caspari & Watson 1959). The same result is 
obtainedd if transmission of Wolbachia from infected mothers to their 
offspringg is imperfect (Hoffmann et al. 1990). Thus, for imperfect maternal 
transmission,, and/or a fecundity cost to infected females, an infection 
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frequencyy exists above which the proportion of infected hosts increases to 
somee prevalence value (stable equilibrium V ) and below which the infection 
disappears.. In other words, there is an unstable equilibrium representing an 
invasionn threshold. This is intuitively easy to understand. If infected mothers 
producee less infected daughters than uninfected mothers produce uninfected 
daughterss despite CI then the infection cannot spread. CI can only work to 
reducee the fecundity of uninfected females when sufficient infected males are 
presentt in the population. Absence of infection is thus another stable 
equilibrium. . 

Second,, under imperfect transmission, CI cannot spread to fixation within 
aa host population (Hoffmann et at 1990). Thus, if transmission is not perfect, 
thee infection wil l converge to the 'infection prevalence' stable equilibrium 
wheree infected and uninfected individuals co-occur. 

CO-EVOLUTIO NN OF WOLBACHI A A N D ITS HOSTS 

Geneti cc  conflict s betwee n Wolbachi a and its host s 

Sexuall  reproduction with uniparental inheritance of cytoplasmic genes sets 
thee stage for nucleo-cytoplasmic conflicts (Cosmides & Tooby 1981). This 
conflictt arises because cytoplasmic elements are transmitted only via the 
motherr whereas nuclear genes are transmitted through both sexes (Hurst et 
atat 1996). Most commonly nucleo-cytoplasmic conflicts translate into a 
conflictt over sex ratio: while selection on cytoplasmically transmitted genes 
favorss investment in females (the egg producing sex) selection on nuclear 
autosomall  genes favors investment in both sexes. Conflicts of interest 
betweenn nuclear genes and genes in organelles (mitochondria and 
chloroplasts)) are 'intragenomic conflicts' because they occur between genes 
withinn the genome of an individual. The same type of conflict exists between 
hostss and cytoplasmically transmitted symbionts like Wolbachia, although 
heree an intragenomic conflict sensu stricto is not present since Wolbachia are 
nott part of the genome of their host (Maynard Smith & Szathmary 1995). 

Inn a genetic conflict, the spread of one gene creates the context for the 
spreadd of another gene of opposite effect (Hurst et at 1996). Thus, in nucleo-
cytoplasmicc conflicts, selection on nuclear genes wil l favor mechanisms that 
suppresss manipulation by a cytoplasmic element (and vice versa) (Hurst et at 
1996).. Assume the sex ratio of a population of individuals to be such that 
nuclearr genes in either sex have equal fitness. If sex ratio distortion towards 
onee sex is induced, for example a bias towards females, the fitness of nuclear 
geness in males increases because males wil l have more mating opportunities 
(cf.(cf. Fisher 1958). Therefore genes favoring the production of the rare sex 
increasee in frequency until the 'original' sex ratio is restored. In populations 
withh female-biasing sex ratio distorters, for example microbe-induced 
feminizationn or male-killing, nuclear genes that restore male production in 
infectedd females wil l be positively selected. This selection arises as long as 
males,, which are rare due to the microbe-induced sex ratio bias, are required 
too produce offspring. 

Althoughh CI does not directly result in a sex ratio bias, host suppression 
off  CI is also to be expected. For the endosymbiont, CI provides a mechanism 
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thatt increases the relative fitness of infected females. But for nuclear host 
geness CI means that not all crosses between infected and uninfected 
individualss wil l produce viable offspring. Thus, in populations polymorphic 
forr the infection, a nuclear allele that increases compatibility of infected males 
withh uninfected females is expected to increase in frequency when rare 
(Turellii  1994; Chapter 3). Similarly, an allele that influences the preference of 
femaless for males of the same infection type, and thus also results in 
avoidancee of CI, may also be able to invade (Chapter 4). 

Thee evolutio n of endosymbiosis : privat e interest s and commo n 
goo d d 

AA central theme in evolutionary theory is the evolution of obligate 
endosymbioticc associations. Endosymbionts are organisms that live inside 
thee cells of other organisms. Obligate endosymbionts cannot survive outside 
theirr hosts. That obligate endosymbiosis can evolve is a fact demonstrated by 
associationss of mitochondria and chloroplasts, once free-living prokaryotes, 
withh eukaryotic cells (Margulis 1970, 1981). But why do obligate 
endosymbiontss evolve? In other words, why does a partner in a symbiotic 
associationn loose its 'evolutionary sovereignty' (Van Baaien & Jansen, in 
press)? ? 

Onee possibility is that the association between the two organisms is 
beneficiall  from the beginning. If both parties are better off together than 
alone,, it may pay to be together as early in lif e as possible. Consequently, 
verticall  transmission wil l be favored by selection once it arises. It is unlikely, 
however,, that two entities that interact for the first time wil l immediately 
increasee each other's well being (one has to have some knowledge of cats to 
knoww which places to scratch). Most probably first contact wil l not be 
pleasantt [^children always pull cat's whiskers first — and cats don't like that 
(F.. Vala, personal observation)]. 

Anotherr possibility is that the association starts off as antagonistic and 
evolvess to apparent mutualism. If all the new hosts a parasite can infect are 
offspringg of the current host, then less harmful variants of the parasite wil l 
replacee harmful ones (Yamamura 1993, 1996; Lipsitch et al. 1995). In other 
words,, increased vertical transmission favors less virulent parasites. 
Unquestionably,, for the host, infection by a mild parasite is better than 
infectionn by a virulent one. However, a parasite remains a parasite — it 
decreasess host fitness. Consequently, selection acting on the host wil l not 
favorr increased vertical transmission unless the parasite becomes beneficial 
(Vann Baaien & Jansen, in press). How can a parasite become beneficial? One 
possibilityy is that a less virulent form of the parasite confers immunity 
againstt more virulent forms (for a mini-review see Lipsitch et al. 1995). 
Competitionn between two parasites for hosts may favor increased vertical 
transmissionn in one parasite and, consequently, decreased virulence. Because 
possessingg the less virulent form confers immunity (to the more virulent 
parasite),, selection in the host wil l also favor increased vertical transmission. 

Anotherr mechanism by which selection on hosts and parasites wil l 'align' 
inn favor of increased vertical transmission is discussed by Law & Dieckmann 
(1998).. These authors consider the evolution of an exploiter-victim system 
wheree exploitation occurs when victim and exploiter join forming a 
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'holobiont'.. When in holobionts exploiters receive more help from victims 
thann they give in return, and thereby increase their (exploiters) fitness 
relativee to the free-living form. Holobionts can replicate and each offspring is 
composedd of one exploiter and one victim. Both victims and exploiters can 
stilll  reproduce in the free-living form. Suppose victims evolve a compensation 
mechanismm (against exploitation when in holobionts) with a cost that is paid 
alsoo in the free-living form. Then if due to that cost deaths exceed births in 
thee free-living form, victims wil l also 'prefer' to live in holobionts. At this 
point,, the interaction wil l be considered 'mutualistic'. 

Commonn good eventually arises from interactions between organisms -
includingg antagonistic ones (Van Baaien & Jansen, in press). In the previous 
example,, holobionts become the common interest of both victim and 
exploiter.. Investment in common good, i.e. cooperation, is favored by 
selectionn because that serves the private interests of both partners (Van 
Baaienn & Jansen, in press). In the latter example, free-living forms have 
decreasedd fitness, thus the frequency of free-living form may decrease. In 
individualss that live in partnership traits that allow free-living are not under 
selectionn and may be lost. Moreover, selection for better partnerships may 
resultt in loss of the ability to live independently. For example, gene transfer 
fromm mitochondria to the nucleus may have made for more efficient 
eukaryoticc cells (Maynard Smith & Szathmary 1995). As a consequence one, 
orr both, partners may lose their 'evolutionary sovereignty' and the 
associationn becomes 'obligate' (Van Baaien & Jansen, in press). 

Inn the previous example both victim and exploiter replicate when 
holobiontss reproduce. When ancestral mitochondria first joined eukaryotic 
cellss replication probably yielded one cell with several mitochondria. 
However,, in currently living sexually reproducing anisogamous organisms, 
thee situation is different When individuals reproduce they produce males and 
femaless — but only females transmit cytoplasmic elements like mitochondria 
andd Wolbachia. Thus, an essential question is: can co-evolution of Wolbachia 
andd their hosts lead to loss of 'evolutionary sovereignty' of hosts despite the 
geneticc conflict? 

Currently,, two examples suggest that hosts may indeed lose their 
evolutionaryy sovereignty and form a permanent bond with Wolbachia. First, 
nematodee hosts may be unable to survive without Wolbachia (Langworthy et 
al.al. 2000). Second, presence of Wolbachia in a parasitic wasp (Asobara tabida) 
iss required for oogenesis (Dedeine et al 2001). Did the obligate character of 
thee association arise because infection by a 'mild' Wolbachia strains conferred 
immunityy to a 'parasitic' Wolbachia, or because a costly defense arose in the 
host?? To date frequent horizontal transmission of Wolbachia within a species 
hass been described only in parasitoid wasps (Huigens et al. 2000). The fact 
thatt at present Wolbachia bacteria spread predominantly vertically (i.e. from 
motherr to offspring) does not confer support to the first possibility (although, 
thee situation may have been different in the past). In the absence of frequent 
horizontall  transmission, a costly compensation mechanism seems a more 
plausiblee alternative. In Chapter 5 we provide an example very similar in 
essencee to that discussed by Law & Dieckmann (1998). 
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THISS THESIS 

Ass mentioned above, the focus of this thesis is the genetic conflict between 
cytoplasmicallyy transmitted bacteria and their hosts. Consequently, I start by 
assessingg how this conflict is expressed in the association of Wolbachia with 
thee two-spotted spider mite. 

Inn Chapter 2 the effects of Wolbachia infection in mites from two different 
spiderr mite populations is discussed. This chapter reports on three main 
results.. First, in mites collected from rose plants, the effect of Wolbachia on 
reproductivee incompatibility extends to the F l . Daughters of Q\J x c?W 
crossess that 'survive' CI have reduced reproductive viability themselves. This 
effectt may well be unique to host species with holokinetic chromosomes. 
Holokineticc chromosomes have a diffuse centromere, such that microtubules 
attachh anywhere to the chromosome. This property may enhance 
chromosomee fragment survival during induction of CI to the extent that a 
femalee wil l develop, albeit with an incomplete diploid genome (aneuploid 
females).. Aneuploid females wil l inevitably produce aneuploid unviable 
gametess - at least as haploid individuals (males). 

Second,, it is demonstrated that presence of Wolbachia in rose (R) males 
aggravatess reproductive incompatibility between these males and females 
fromm a population of mites originating from cucumber plants. This result is 
importantt because of its implications for host race formation, and consequent 
sympatricc speciation, in the host species. 

Third,, a sex ratio effect was noticed in association with infection in mite 
femaless from the cucumber (C) strain. Infected C-females produce more 
femalee biased sex ratios than uninfected (cured) females. Increased female 
productionn is in the interest of Wolbachia. This effect is investigated further 
inn Chapter 5. 

Inn Chapter 3 (and 4) I investigate whether there exist mechanisms that 
resultt in avoidance of CI. As explained above, in a genetic conflict 
manipulationn by one gene creates the context for the spread of another gene 
off  opposite effect. Clearly, if a gene for such a mechanism segregates in our 
labb cultures it has not spread to fixation because induction of CI is observed 
(Chapterr 2). To look for variation in the effect of Wolbachia on reproductive 
incompatibilityy several inbred lines were created and tested. These lines 
(hereafterr 'inbred isofemale lines') were derived from one female and 'inbred' 
throughh four generations of mother to son mating. There is one further 
advantagee to use highly inbred isofemale lines. Test for CI involves crossing 
off  infected and uninfected individuals. Uninfected cultures are obtained by 
curingg infected mites with antibiotics. A risk of using cured individuals is 
thatt the genetic variability in the uninfected population may not be 
representativee of the genetic variability in the original, infected population. 
Testingg isofemale lines of mites that were highly inbred prior to curing is 
onee way around this problem. 

Inn Chapter 3 I ask whether there may be within and/or between 
populationn variation for Wolbachia-induced reproductive incompatibility. 
Evidencee for both was found. First, two isofemale lines from the R strain (Rl 
andd R2) express Wolbachia induced reproductive incompatibility whereas 
onee (Rs) does not. The latter infection rescues sperm modified by Rl (thus, 
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9WRSS x c?WRl is a compatible cross), but does not modify R3 sperm (thus, 
9URSS x c?WRs and $URl x $ W R3 are also compatible crosses). This 
resultt shows that there is variation within the strain for induction of 
reproductivee incompatibility. Second, none of the C-isofemale lines express 
reproductivee incompatibility. 

Furtherr to this, two Wolbachia genes from infected C and R mites were 
sequencedd and it was found that sequences were identical. This result 
supportss (or at least is not in contradiction with) the hypothesis that the 
differencess found between the two mite strains are due to genetic differences 
att the host level. This line of thought was taken further by simulating what 
wouldd happen in a population of infected and uninfected hosts if a host 
mutantt gene would arise that made sperm 'resistant' to modification by 
Wolbachia.. A Wolbachia infected female with such a genotype can rescue CI. 
However,, as for line Rs, an infected male with the mutant allele cannot 
inducee CI. As expected, it is found that this mutant increases in frequency 
whenn rare. In doing so it creates conditions for re-invasion by uninfecteds 
thatt spread to fixation. Importantly, however, the host population that 
resultss is 'immune' to invasion by a Wolbachia using the same type of 
modification. . 

Inn Chapter 4 I focus on the possibility of assortative mating with respect 
too infection. In Chapter 2 and 3 it was established that presence of Wolbachia 
inn R males could result in CI. In those experiments, females were confined to 
leaff  discs and were offered only one type of male to mate with. Such 
experimentss cannot detect whether hosts avoid CI by choosing compatible 
mates.. According to the experiments presented in this chapter, assortative 
matingg does occur and is manifested in essentially three different ways. First, 
uninfectedd females prefer to mate with uninfected males. Second, infected 
femaless aggregate their eggs. Third, on average 50% of the females tested 
preferr to start their own colony. This promotes sib (and thus assortative) 
mating.. Together, these results suggest that panmixis may not apply to 
populationss of spider mites where infected and uninfected individuals co-
occur.. Panmixia, however, is an important assumption for the claim that CI 
servess as a mechanism promoting the spread of the infection. This creates a 
paradox:: if hosts can avoid CI, CI cannot be a spreading mechanism. Why, 
then,, is CI commonly observed? 

Twoo possibilities are discussed in Chapter 4. These possibilities have in 
commonn that an advantage to individual mites possessing CI (and thus 
Wolbachia)) is evoked. The first possibility concerns competition between 
mites.. Infected mites may have a competitive advantage because CI prevents 
establishmentt of uninfecteds in their food-patches. Assuming high 
transmissionn efficiency, most uninfected mites wil l be genetically unrelated to 
thee resident mites in a patch. The second possibility concerns co-adapted 
genomes.. Imagine that efficient exploitation of a food source depends on 
moree than one gene. Co-adapted genomes associated with CI retain their 
cohesionn more efficiently as they wil l be incompatible with other gene 
combinations. . 

Inn Chapter 5 I report on a Wolbachia infection that causes sex ratio 
distortionn but is not parthenogenesis, male killin g or feminization. The most 
commonn expression of a nucleo-cytoplasmic incompatibility is a bias of sex 
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ratioo towards females. Upon sex ratio manipulation by a cytoplasmic element, 
selectionn on nuclear genes favors mechanisms that counteract it. First it is 
demonstratedd that infected females produce significantly more female biased 
sexx ratios than uninfected (cured) females. Next, it is shown that sex ratio 
producedd by female mites from a culture cured of the infection was not stable 
andd converged in time to the sex ratio produced by females from the infected 
culture.. Finally, evidence is presented that sex ratio is a heritable trait both 
inn presence and absence of the bacteria, and can thus be subjected to 
selection. . 

Basedd on these results, I suggest that upon sex ratio manipulation by 
Wolbachiaa compensatory host mechanisms evolved that allow infected 
femaless to compensate for the sex ratio manipulation. Curing caused this 
compensatoryy effect to become manifest. Subsequently, selection in the 
uninfectedd culture favored females that could produce more daughters — thus 
producingg the sex ratio shift observed. This result is interesting because a 
genotypee for a compensatory mechanism of this kind wil l be selected against 
unlessunless in association with the symbiont. Consequently, such 'resistant' 
genotypess favor the establishment of permanent bonds with Wolbachia - cf. 
Sectionn 'The evolution of endosymbiosis'. 

Chapterr 6 centres on the problem of invasion by CI-Wolbachia. As 
explainedd above, for realistic assumptions CI cannot increase in frequency in 
aa panmictic host population when rare. Typically, drift is evoked to explain 
howw a CI infection reaches frequencies above the unstable equilibrium -from 
whichh it can spread. The first important result of Chapter 6 is to show that 
thee probability that a CI infection drifts to the threshold frequency is 
extremelyy small — even for small population sizes. Thus, unless horizontal 
transmissionn across taxa is very common, (for which there is presently no 
evidence),, drift alone probably cannot account for all CI infections observed. 
Thereforee there must be other mechanisms by which infections increase in 
frequencyy when rare. 

Inn Chapter 6 three possibilities are discussed. First, induction of a sex 
ratioo bias towards females by Wolbachia, an effect suggested by the results 
obtainedd in Chapter 5, is considered by means of a model. Analytical results 
showw that even small sex ratio biases are sufficient to bring the infection 
abovee the 'CI-threshold'. The second possibility considered is that if fitness 
measuree of the host is the reproduction rate then fecundity costs of infected 
hostss may be compensated by faster development. Lastly, it is suggested that 
subdividedd population structure of hosts may also aid spread of CI, because 
mostt CI-patches cannot be invaded by uninfecteds (whereas the reverse is 
sometimess true). 

CONCLUSIONS S 

II  suggest that the evidence presented in this thesis provides empirical 
supportt to the following conclusions: 
1.. the ways in which the conflict of interests between Wolbachia and its 

hostss are expressed may depend on characteristics of the host (Chapters 2, 
33 and 5); 
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2.. in the genetic conflict that results from manipulation of host reproduction 
byy Wolbachia, hosts do not necessarily behave as 'innocent by-standers' 
(Chapterss 3, 4 and 5); 

3.. evolution of the genetic conflict between Wolbachia and its hosts may 
workk to actually re-enforce the strength of the association between the 
conflictingg parts (Chapter 5). 

Furthermore,, theoretical analysis suggests that: 
4.. the probability that genetic drift results in invasion of CI inducing 

Wolbachiaa is low, thus other mechanisms must be operating to lif t 
infectionss above the invasion threshold (Chapter 6). 

Acknowledgementss I thank H. Breeuwer, D. Claessen, M. Egas, S. Magalhaes 
andd M. Sabelis for helpful remarks on the manuscript and many insightful 
discussions. . 
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F.. Vala [2001] Genetic conflicts between cytoplasmic bacteria and their mite host 

2 2 WOLBACHIA-INDUCE DD 'HYBRI D BREAKDOWN ' IN 
THEE TWO-SPOTTED SPIDER MITE TETRANYCHUS 
URTICAEKOGH URTICAEKOGH 

FF Vala, JAJ Breeuwer & MW Sabelis 

Thee mos t commo n post-zygoti c isolatio n mechanis m betwee n population s 
off  the phytophagou s mit e Tetranychu s urtkae  is 'hybri d breakdown ' (HB), i.e. 
whenn individual s fro m tw o differen t population s are crosse d FI hybri d 
female ss are produced , but F2 recombinant-mal e offsprin g suffe r increase d 
mortality .. Two-spotte d spide r mite s collecte d fro m tw o populations , one 
onn ros e and the othe r on cucumbe r plant s wer e infecte d wit h Wolbachi a 
bacteria .. These bacteri a may induc e cytoplasmi c incompatibilit y (CI) in thei r 
hosts ::  uninfecte d (U) females becom e reproductivel y incompatibl e wit h 
infecte dd (W) males . We repor t on the effec t of Wolbachi a infection s in 
intra -- and inter-strai n crosse s on (i) FI mortalit y and sex ratio s (tes t fo r 
CI),, and (ii ) numbe r of haploi d offsprin g and mortalit y in clutche s of FI 
virgin ss (tes t fo r HB). Withi n the ros e strain , U * W crosse s exhibite d 
partia ll  CI. Mor e interestingly , F2 males suffere d increase d mortalit y - a 
resul tt  identica l to the HB phenomenon . The experiment s wer e repeate d 
usin gg females fro m the cucumbe r strain . In inter-strain , U * W and U * U 
crosses ,, HB was much stronge r in the forme r (80% vs. 26%). This is the 
firs tt  repor t of a Wolbachi a infectio n causin g a HB phenotype . Our result s 
sho ww that Wolbachi a infection s can contribut e to reproductiv e 
incompatibilit yy  between  population s of T. urticae. 

[Proc .. R. Soc. Lond . B 267, 1931-1937 (2000)] 

Thee vertically transmitted intracellular bacteria Wolbachia manipulate host 
reproductionn in ways that result in population replacement: an infected 
populationn of hosts replaces an originally uninfected one. Cytoplasmic 
incompatibilityy (CI), the most common effect associated with Wolbachia 
bacteria,, is the phenomenon where infected (W) males become reproductively 
incompatiblee with uninfected (U) females or with females harboring 
Wolbachiaa of a different type or strain. CI has been described in several 
speciess of insects, three species of mites and one isopod (reviewed by 
Stouthamerr etal. 1999). 

Cytologicall  analyses in Nasonia wasps (Ryan & Saul 1968; Breeuwer & 
Werrenn 1990; Reed & Werren 1995) and Drosophila simulans (O'Neill & Karr 

21 1 



22 2 CHAPTERR 2 

1990;; Callaini et al. 1994-, 1997) have suggested that there is a common 
mechanismm operating across species: in uninfected eggs fertilized by 
fVolbachia-impr'mtedfVolbachia-impr'mted sperm from infected males, abnormal mitosis develops 
followingg syngamy, which results in improper condensation and segregation 
off  paternal chromosomes. During anaphase, maternal chromosomes migrate 
too the opposite poles, whereas paternal chromosomes remain at the spindle's 
equatorr (Callaini et al. 1997). This results in the formation of aneuploid and 
haploidd nuclei (Callaini et al. 1997). Consequently, these matings yield 
reducedd numbers of diploid individuals: in diplo-diploid species few or no 
offspringg are produced, and in haplodiploid species (where females are diploid 
andd males are haploid) male biased or all-male sex ratios result. The latter 
suggestss that egg restoration to the haploid state is complete, since normal 
maless are produced. 

Severall  authors have reported on reproductive incompatibilities in crosses 
betweenn populations of the two-spotted spider mite, Tetranychus urticae Koch 
{e.g.,{e.g., Helle & Pieterse 1965; De Boer & Veerman 1983; Young et al. 1985; 
Gotohh & Takioka 1996). T. urticae is a polyphagous herbivore with a 
haplodiploidd reproductive system. Post-zygotic isolation between populations 
off  this species is common and takes different forms (reviewed by De Boer 
1985):: (i) few or no hybrids (i.e. females) are produced (thus all-male or male-
biasedd sex ratios result), (ii) hybrids are produced but are infertile, or (iii ) 
hybridss are produced but high F2 recombinant male mortality is observed. 
Thee latter phenomenon, termed 'hybrid breakdown', is more common. A test 
forr hybrid breakdown consists of scoring the mortality of broods of F1 virgin 
females.. Post-zygotic isolation may be bi-directional but unidirectional 
incompatibilitiess are more frequently reported. This has led several authors 
too hypothesize on the role of nucleo-cytoplasmic interactions on reproductive 
compatibilityy in crosses between strains (e.g. Overmeer & Van Zon 1976; De 
Boerr 1982; Fry 1989; Gotoh et al. 1995). 

Followingg detection of Wolbachia in the two-spotted spider mite 
(Breeuwerr & Jacobs 1996; Tsagkarakou et al 1996), Breeuwer (1997) 
investigatedd the effect of this symbiont in crosses between uninfected females 
andd Wolbachia -infected males (hereafter TJ x W' crosses) within a strain of 
T.T. urticae collected from tomato plants. His results contrasted with results in 
hymenopterann haplodiploid species in that incompatibility was not expressed 
ass increased male production but, rather, as increased mortality and reduced 
Fll  female production. Breeuwer (1997) proposed incomplete destruction of 
paternall  chromosomes and production of diplo-aneuploid embryos in 
explainingg the appearance of Fl females in U x W crosses: some of the 
aneuploidd individuals produced were non-viable and died (accounting for the 
increasedd mortality), whereas others developed into apparently normal 
females.. This hypothesis is consistent with the cytological details of CI in D. 
simulanssimulans (Callaini etal. 1997). 

Onee way of testing this hypothesis is to allow Fl virgin females from 
UU x W crosses to oviposit and contrast mortality among their F2 with the 
F22 mortality of Fl virgins from crosses between uninfected females and 
uninfectedd males (hereafter XJ x U' crosses). If females produced i n U x W 
matingss are indeed surviving aneuploids then they wil l produce both normal 
andd aneuploid eggs, leading to increased F2 mortality. The result is 
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indistinguishablee from hybrid breakdown, although in fact not related to the 
productionn of genotypic hybrids, but to the presence of Wolbachia in parental 
males. . 

Wolbachiaa infections have been reported in two other strains of two-
spottedd spider mites (Breeuwer & Jacobs 1996): mites collected from rose 
plantss (hereafter 'R strain'), and mites collected from cucumber plants 
(hereafterr 'C strain'). Here we focus on the effect of Wolbachia infections in 
maless of the R-strain, on reproductive incompatibility expressed both in the 
Fll  (typical CI) and among the haploid F2 (hybrid breakdown). 

First,, we investigated whether the symbiont had an effect on cross 
compatibilityy between infected males and uninfected (cured) females of the R-
strainn ('intra-strain' crosses). Crosses were set up in all combinations between 
infectedd and uninfected individuals and resulting Fl mortality and sex ratios 
weree analyzed. Furthermore, Fl virgin females from all crosses were 
collectedd and tested for hybrid breakdown (HB) (i.e. they oviposited and 
subsequentt mortality of their F2 haploid offspring was scored). Second, we 
askedd whether the Wolbachia infection in the R-strain could affect cross 
compatibilityy between this and another strain of mites. Mites collected from 
cucumberr plants were used as a test strain. Infected and uninfected R-males 
weree mated to infected and uninfected (cured) C-females and tested for CI 
andd HB. 

MATERIALL AND METHODS 

Mitee strain s 
Twoo strains of T. urticae were used: mites collected from rose plants in a 
greenhousee in Aalsmeer, the Netherlands; and mites collected from cucumber 
plantss obtained from the Institute for Horticultural Plant Breeding in 
Wageningen,, the Netherlands. Since collection the spider mites have been 
masss reared at our laboratory on detached leaves of the common bean 
(Phaseolus(Phaseolus vulgaris, variety 'Arena') in climate rooms (23°C, RH = 60-80%, 
16L:8DD photoperiod). At the time of these experiments both strains had been 
inn the lab for more than 2 years and could be effectively considered 
laboratoryy strains. Both were infected with Wolbachia based on a polymerase 
chainn reaction (PCR) assay with Wolbachia specific primers (Breeuwer & 
Jacobss 1996). 

Uninfectedd populations from the C and R strains were established by 
curingg with tetracycline antibiotic as described by Breeuwer (1997). The 
strainss remained uninfected and were kept without further antibiotic 
treatmentt for 8 months (ca. 16 generations) until the crossing experiments. 

Wolbachiaa infection in individual adult females was determined with PCR 
usingg fisL Wolbachia specific primers (Holden et al. 1993). PCR assay and 
DNAA isolation procedures were as described by Breeuwer (1997). Al l 
individualss from tetracycline-treated strains were PCR negative when tested 
beforee and after the experiments with JtsZ Wolbachia-specific primers. 
Conversely,, all individuals from infected (non-treated) strains yielded 
amplificationn products with the same primers. 
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Effec tt  of Wolbachi a on reproductiv e compatibilit y 

Experimentss were performed using spider mites from age cohorts produced 
fromm mass cultures of each strain. Cohorts were produced by ca. 100 females 
perr strain, laying eggs in groups of approximately 25 females on detached 
beann leaves, placed on a water-soaked cotton wool ball. Offspring from these 
cohortss were used in the experiments. These were performed in the climate 
roomm as above. 

Femaless and males were collected as teleiochrysalids (to ensure they were 
virgins)) and kept separately until emergence. Upon emergence, groups of five 
femaless and three males were placed on bean leaf discs (0 = 1.5 cm). Intra-
strain,, ^ R U x ^ R U , $RU x ^RW, j R W x ^ R W , ? RW x <?RU, and 
inter-strain,, $CU x c?RU, $CU x <?RW, $CW X ^RW, $CW X J R U, 
matingss were set up. Males were removed after 24 hrs, and individual 
femaless were transferred to clean bean leaf discs (0 = 1.0 cm). Oviposition 
wass scored for the first six days. Numbers of emerging adult females and 
males,, and of dead stages, were scored per leaf disc per female. Next, Fl 
femaless were collected as teleiochrysalids and placed on clean bean leaf discs 
(0(0 — 1.5 cm), in groups of five or six sisters. Upon emergence five sisters per 
parentall  female were transferred individually to fresh leaf discs. Females 
ovipositedd for six days. The number of dead stages and number of adult 
offspringg were scored per leaf disc per female. 

Statisticall  analysis 

Forr Fl results, the following variables were analyzed: clutch sizes (CS) — 
(numberr of Fl females + F1 males + aborted eggs + other dead stages), Fl 
mortalityy = [(number of aborted eggs + other dead)/CS^]; Fl sex ratio = 
[numberr males/(number of females + number of males)]; and number of Fl 
femaless and of F1 males. Analyses were conducted separately for intra- and 
inter-strainn crosses, and aimed at detecting differences between crosses with 
differentt combinations of infected and uninfected individuals. For F2 results, 
CS,, number of F2 males, and F2 mortality were analyzed. 

Thee normality of data was estimated graphically by means of quartile 
plotss and histograms. Mortality data were transformed: arcsinV (mortality), 
forr data from crosses within the R-strain, or arcsinV {(total dead + 
3/8)/(clutchh size + 3/4)}, for data from C x R crosses)J (Zar 1996). 

Thee effect of crossing treatment was first investigated by MANOVA on 
derivedd variables, i.e. variables computed from what was actually measured in 
thee experiments (clutch size, mortality, and sex ratio) since these variables 
aree not truly independent from each other. Variables for which MANOVA s 
detectedd a significant effect of crossing (P<0.005) were further investigated 
byy univariate ANOVAs, followed by pairwise comparisons between crosses 
usingg Tukey post hoc tests. This allowed us to identify those crosses 
responsiblee for the significant effects detected in the overall MANOVA . 

Sexx ratio was always significantly affected by cross type. However, 
differencess in sex ratio can arise due to changes in the number of females, 
males,, or both. Therefore, the mean values of the numbers of Fl females and 
maless obtained were analyzed by univariate ANOVAs followed by Tukey post 
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hochoc pairwise comparison tests, so that the changes underlying shifts in the 
sexx ratio can be identified. 

Finally,, the number of sons produced by virgin F1 females is listed as 
numberr of F2 males in Tables 3 and 4. These values have been included 
becausee they provide estimates of actual numbers of surviving individuals. 
However,, they have not been analyzed statistically because their effect on 
totall  variance has already been taken into account in the overall MANOVAs. 

Tablee 1 Fl female and male production, clutch sizes, mortality and sex ratio for 
intra-strainn crosses (Rose-strain female x Rose-strain male). 

cross s 

? x c ? ? 

U x U U 

U x W W 

W x W W 

W x U U 

clutc hh size* 

uls e e 

SS.SlO.^ ^ 

52.911.0* * 

41.811.4* * 

42.410.8" " 

N N 

62 2 

79 9 

63 3 

59 9 

mortality y 
(frequency) ) 

ee N 

22 62 

22 79 

0.111 1 61 

22 58 

sexx ratio * 
(proportio nn  <S<$) 

uls ee N 

0.3H0.0I""  62 

0.411 ' 79 

0.3010.01** 61 

0.2410.02** 59 

numberr of 
Fll females 

u lse e 

33.811.. Ib 

26.911.0* * 

26.311.1' ' 

29.011.0" " 

N N 

62 2 

79 9 

63 3 

59 9 

numberr of 
Fll males 

u lsee N 

15.110.7** 62 

19.211.0ss 79 

10.810.6''  63 

9.110.6''  59 

W:: Wolbachia-infected; U: uninfected (cured); : mean  standard error; N: 
samplee size. Clutch size, mortality and sex ratio were included in an overall 
MANOVA ;; variables marked with * are those for which a significant effect of 
crossingg was detected in this analysis. Entries within columns marked with the same 
superscriptt (a'b-c) are not significantly different (P>0.005) on a pairwise comparison 
withh Tukey post hoc test. 

RESULTS S 

Effect ss of Wolbachi a on reproductiv e incompatibilit y fo r crosse s 
withi nn th e R strai n 

Thee results of crosses between uninfected and infected R mites are presented 
inn Table 1. The MANOVA analysis detected a significant effect of crossing 
treatmentt (Wilks' X = 0.514, Fg.ess = 21.756, /><0.00l) on the observed 
variance.. The variables significantly affected were clutch size and sex ratio 
(F3,25gg = 4>5.556, /XO.OOI, and F3,a58 = 20.882, /xo.001, respectively) (Table 
1).. A Tukey post hoc pairwise comparison test following univariate ANOVA 
onn sex ratio (Fs.ase = 20.478, /»<0.00l) revealed that the least female-biased 
sexx ratio is that produced by the U x W cross, the potential incompatible 
cross,, suggesting that the presence of Wolbachia in R males results in partial 
cytoplasmicc incompatibility. This result is associated with an increase in male 
production,, but not with an increase in F1 mortality (Table 1). 

Withh respect to the F2 results (Table 2), the MANOVA revealed a 
significantt effect of treatment on the observed variance (Wilks' X — 0.557, 
F6,3922 - 22.215, ^><0.0Ol) and this effect was explained by mortality alone 
(F3J977 = 47.902, /><0.00l). Female virgins from W x W crosses showed the 
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lowestt mortality among their F2 haploid broods, which was associated with 
somee increase in the number of males produced (Table 2). However, the most 
strikingg effect is that of virgins from U x W crosses: their clutches had the 
highestt F2 mortality in association with a dramatic decrease in the number of 
FF 2 males (Table 2). Thus, the presence of Wolbachia in i?-males resulted in 
hybridd breakdown if female mates were uninfected. 

Tablee 2 F2 recombinant haploid production, clutch sizes and mortality of Fl virgin 
femaless from intra-strain crosses (Rose-strain female x Rose-strain male). 

Fll female's 
parents s 

(?X(J ) ) 

( U x U ) ) 

( U x W ) ) 

( W x W ) ) 

( W x U ) ) 

clutchh size 

u lse e 

44.211.2 2 

4 I . I H . 2 2 

2 2 

45.311.2 2 

N N 

56 6 

60 0 

38 8 

48 8 

mortality* * 
(frequency) ) 

ulse e 
b b 

c c 

0.0710.01* * 
b b 

N N 

56 6 

59 9 

38 8 

48 8 

numberr of F2 males 

u lsee N 

33.311.88 56 

00 60 

33 39 

33.911.88 48 

W:: Wolbachia-infected; U: uninfected (cured); : mean + standard error; N: 
samplee size. Clutch size, mortality and sex ratio were included in an overall 
MANOVA ;; variables marked with * are those for which a significant effect of 
crossingg was detected in this analysis. Entries within columns marked with the same 
superscriptt (a-bc) are not significantly different (P>0.005) on a pairwise comparison 
withh Tukey post hoc test. 

Tablee 3 Fl female and male production, clutch sizes, mortality and sex ratio for 
inter-strainn crosses (Cucumber-strain female x Rose-strain male). 

cross s 

?xd d 
U x U U 

U x W W 

W x W W 

W x U U 

clutchh size* 

e e 

59.011 l.4b 

57.411.5" " 

50.011.0* * 

49.011.1* * 

N N 

29 9 

28 8 

72 2 

63 3 

mortality y 
(frequency) ) 

u lsee N 

0.1210.022 29 

0.1610.033 28 

0.0710.011 72 

0.0610.011 63 

sexx ratio* 
proportionn S<S) 

ulsee N 
cc 29 

0.66*0.03'' 28 

0.4310.00 l b 72 

0.3410.02** 63 

numberr of 
Fll females 

u lsee N 

20.011.7'' 29 

16.811.5'' 28 

26.410.8"" 72 

30.311.0"" 63 

numberr of 
Fll males 

p i see N 

31.611.6"" 29 

3IA1I.9++ 28 

20.210.9** 72 

15.310.8** 63 

W:: Wolbachia-infected; U: uninfected (cured); : mean  standard error; N: 
samplee size. Clutch size, mortality and sex ratio were included in an overall 
MANOVA ;; variables marked with * are those for which a significant effect of 
crossingg was detected in this analysis. Entries within columns marked with the same 
superscriptt (a-b-c) are not significantly different (P>0.005) on a pairwise comparison 
withh Tukey post hoc test. 
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Tablee 4 F2 recombinant haploid production, clutch sizes and mortality of Fl virgin 
femaless from inter-strain crosses (Cucumber-strain female x Rose-strain male). 

Fll  female' s 
parent s s 

<$xc? ) ) 

(UxU ) ) 

(UxW ) ) 

(WxW) ) 
(WxU) ) 

clutc hh size 

e e 
b b 

* * 
b b 

b b 

N N 

37 7 

29 9 

58 8 

52 2 

mortality * * 
(frequency ) ) 

e e 

0.211 * 
b b 

b b 

* * 

N N 

37 7 

28 8 

58 8 

52 2 

numberr  of F2 males 

ee N 

34.612.33 38 

6.110.99 29 

00 58 

22 52 

W:: Wolbachia-infected; U: uninfected (cured); : mean  standard error; N: 
samplee size. Clutch size, mortality and sex ratio were included in an overall 
MANOVA ;; variables marked with * are those for which a significant effect of 
crossingg was detected in this analysis. Entries within columns marked with the same 
superscriptt (a<b) are not significantly different (P>0.005) on a pairwise comparison 
withh Tukey post hoc test. 

Effect ss of Wolbachi a on reproductiv e incompatibilit y fo r crosse s 
betwee nn C female s and R male s 

Thee results of crosses between uninfected and infected C females, and 
uninfectedd and infected R males, are presented in Table 3. The MANOVA 
showedd a significant effect of crossing (Wilks' A. = 0.442, F9, «a = 20.050, 
/KO.001)) on the observed variance. The variables significantly affected were 
clutchh size and sex ratio (F3, iss = 13.926, p <0.001, and F3, iss = 53.192, 
/KO.001,, respectively). In the case of sex ratio, U females produce more males 
andd fewer females than infected females and, consequently, show a less female 
biasedd sex ratio (Table 3). These results could suggest that presence of 
Wolbachiaa in C females is associated with increased daughter production. 
Twoo known Wolbachia associated effects result in increased proportion of 
daughters:: parthenogenesis and male killin g (reviewed by Stouthamer et al. 
1999).1999). We can exclude (i) the possibility of a male-killer Wolbachia in these 
femaless because mortality among their broods was not higher than that of 
broodss from uninfected females; and (ii) the possibility of parthenogenetic 
productionn of females because infected Fl virgin females did not produce 
daughters.. The difference in the number of daughters could have been due to 
geneticc divergence of both uninfected and infected strains since they had 
beenn separated for 16 generations. Nevertheless, these results are 
independentt of the infection status of the R-males, which is the focus of this 
paper,, and may actually mask any effect that the presence of Wolbachia in 
thesee males may have had on reproductive incompatibility with C-females. 

Thee effect of the presence of Wolbachia in fï-males becomes clear when 
thee F2 results are considered (Table 4). The MANOVA of the F 2 results 
revealedd a significant effect of treatment on the observed variance (Wilks' X 
== 0.324, F6. 340 = 42.867, P<0.00l) for both clutch size and mortality. 
Univariatee ANOVAs and pairwise comparisons were performed on clutch 
sizee (FSl 172 = 16.041, P<0.001) and on F2 mortality (F3, m = 87.637, 
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P<0.0Ol).. F 2 mortality among haploid clutches of the Fl hybrids increased 
dramaticallyy when parental males were infected: virgin females from U x W 
andd W x W crosses, show the highest F2 mortality among their offspring 
(Tablee 4). Thus, the presence of Wolbachia in R-males was associated with 
hybridd breakdown induction. Furthermore, virgin females from U x W also 
laidd significantly fewer eggs (Table 4), a result that was not observed in 
crossess within the R strain. This partial sterility effect could be another 
consequencee of female aneuploidy. 

DISCUSSION N 

Thee presence of Wolbachia in males of the R strain induced reproductive 
incompatibilitiess with uninfected females of this strain as well as with 
infectedd and uninfected females of the C strain of T. urticae. More 
interestingly,, the incompatibility effects extended into the next generation, 
therebyy also affecting also the haploid offspring of $ x $, RU x RW, 
CUU x RW and CW x RW females. This effect is similar to that which has 
beenn described as hybrid breakdown in the literature on spider mite. 

Thee effec t of Wolbachi a in ros e males on reproductiv e 
incompatibility ::  partia l cytoplasmi c incompatibilit y and hybri d 
breakdow n n 

Partiall  cytoplasmic incompatibility in crosses within the R-strain is 
expressedd as an increase in sex ratio (proportion males) due to an increase in 
malee production observed in U x W crosses, and is not associated with an 
increasee in Fl mortality (Table l). These results contrast with Breeuwer 
(1997),, who found that sex ratios were more male-biased due to decreased 
femalee production in a tomato strain of T. urticae, but are in accordance with 
thee CI phenotype described in Nasonia wasps (Breeuwer & Werren 1990). 

Thee increase in male production in U x W crosses (Table l) could arise 
fromm two different processes: (i) fewer eggs are fertilized than in U x U 
crosses,, or (ii) a proportion of the fertilized eggs return to the haploid state 
duee to cytoplasmic incompatibility. Since crosses of uninfected or infected 
maless with infected females [i.e., RW x RU and RW x RW crosses) produced 
similarr numbers of Fl males and Fl females (Table l), reduced fertilization 
abilityy of sperm from infected males can be rejected. Moreover, the fact that a 
significantt increase in F 2 mortality was observed among broods of Fl 
(UU x W) females (Table 2) indirectly supports the second hypothesis. The 
reasoningg is similar to which was proposed by Breeuwer (1997) and 
consistentt with the cytological phenotype of CI described by Callaini et al. 
(1997).. Production of aneuploid females when haplodization of (U x W) eggs 
iss not complete. This process may be particularly common in spider mites 
duee to the holokinetic structure of their chromosomes (Breeuwer 1997). 
Holokineticc chromosomes do not have a localized centromere and spindle 
fiberss can attach anywhere in the chromosome. Consequently, fragments of 
paternall  may still segregate into daughter nuclei. Resulting U x W females 
wil ll  develop as apparently 'normal' because only the paternal set of 
chromosomess is affected (the maternal set of chromosomes is not affected). 
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However,, meiosis in these 'aneuploid hangover' females wil l result in haploid 
(n)) and aneuploid (n-x) gametes. Since males develop from unfertilized eggs 
and,, thus, have no extra set of chromosomes to compensate for the missing 
genome,, aneuploid eggs wil l abort. This wil l result in an F2 mortality 
patternn wil l result which is identical to what has been termed 'hybrid 
breakdown'' in mite literature (reviewed by De Boer 1985). Cytological 
analysiss of haploid eggs from F1 (U x W) virgins is necessary to confirm or 
dismisss this hypothesis: in the former case, aneuploid F2 eggs should be 
observed. . 

Thee similarity between the F2 mortality pattern observed among broods 
off  Fl U x W females, in crosses within the R strain, and the reported cases of 
hybridd breakdown observed between different populations of T. urticae, 
promptedd us to investigate whether the presence of Wolbachia in R males 
couldd also affect the reproductive compatibility between R males and females 
fromm a C strain of mites of the same species. Because the C strain was also 
infectedd with Wolbachia we included the crosses between infected C females 
andd infected R males (CW x RW) and between infected C females and 
uninfectedd R males (CW x RU) in this analysis. These crosses tell us 
whetherr cucumber-Wolbachia can rescue rose-Wolbachia imprinted sperm. 

Althoughh CI was not detected in crosses between CU or CW females and 
RWW males, Fl CU x RW and CW x RW females suffered severe hybrid 
breakdown.. Does the infection status of the female play a role when the 
parentall  male is infected? It is interesting to note that, when the parental 
femalee was infected, hybrid breakdown seemed to be ameliorated (although 
neverr to the extent of broods where the parental male was also uninfected): 
F11 W x W virgins produced larger clutches and lower F2 mortality than 
UU x W virgins (Table 4). This result suggests that C-Wolbachia may be able 
too rescue R-Wolbachia imprinted sperm. This could indicate that these 
Wolbachiaa are closely related (Bourtzis et al. 7998) or that they are the same. 
Inn the latter case, the hybrid breakdown effect observed could still be 
obtainedd if the symbiont densities in the two strains were different (the R 
strainn having the highest density). 

Iss  ther e a relationshi p betwee n th e cytoplasmi c incompatibilit y and 
hybri dd breakdow n phenotypes ? 

Ourr results show that the presence of Wolbachia in R-males is associated 
withh reproductive incompatibility induction expressed both as partial CI (less 
femalee biased sex ratios due to increased male production) and HB (increased 
mortalityy among broods of Fl U x W virgin females). Provided a certain 
infectionn threshold is reached (Turelli 7994), HB may result in population 
replacementt through a similar process to that of CI in that it reduces the 
fecundityy of U x W females — at least with respect to male production. 
However,, this hypothesis should be formally tested by means of theoretical 
simulations.. In order to understand the evolution of HB it is also important 
too determine whether this phenotype is a property of the host, of the 
symbiont,, or of the interaction. 

Thee degree of CI expression in different populations of the same species 
mayy vary (see, for example, Hoffmann & Turelli 1988) or may not be 
expressedd at all (see, for example, Hoffmann et al. 1996) — even if the 
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symbiontss in the female retain the ability to rescue imprint from other 
Wolbachiaa strains (Mercot & Poinsot 1998). Differential bacteria densities 
havee been implicated in the level of CI expression (Clancy & Hoffmann 1998; 
Sinkinss et al. 1995; Breeuwer & Werren 1993; Perrot-Minnot & Werren 
1999).. However, other host and/or bacteria factors cannot always be 
excludedd in explaining different levels of CI (Bourtzis et al. 1996). Partial CI 
inn both the tomato strain of T. urticae (Breeuwer 1997) and in the R-strain 
(Tablee l) of T. urticae could be the result of low densities of infection, but 
whatt about HB? Could female aneuploidy be the consequence of 'leakage' at 
thee imprinting stage of incompatibility induction due to lower densities of the 
symbiont?? Cytological studies in D. simulans have shown that, in this species, 
reducedd densities of infection result in decreased numbers of infected sperm 
cystss per male but not in overall reduced densities of the symbiont per sperm 
cystt (Bressac & Rousset 1993). If this is the general case, 'leakage' cannot 
explainn HB: female embryos either develop from eggs fertilized by un-
imprintedd sperm, or fail to develop because they result from eggs fertilized by 
imprintedd sperm. Cytological studies are essential in order to elucidate the 
detailss of'HB' and its relation with the CI phenotype. 

Effec tt  of Wolbachi a on clutc h size 

Ann important parameter when modeling the dynamics of Wolbachia 
infectionss in a host population is whether or not the infection carries a cost 
forr the infected female (Turelli 1994). In this respect, our result showed that, 
infectedd females generally produce smaller clutches than uninfected females, 
andd this is true for both the R (Table l) and C (Table 3) strains. This result 
suggestss a cost of harboring the symbiont. In fact, decreased fecundity of 
infectedd females has been previously reported in infections by both 
cytoplasmicc incompatibility-inducing Wolbachia {e.g., Hoffmann & Turelli 
1988;; Hoffmann et al. 1990; Stevens & Wade 1990) and some 
parthenogenetic-inducingg Wolbachia {e.g. Stouthamer & Luck 1993). 
However,, infections of Australian and of Indo-Pacific populations of D. 
simulanssimulans do not have detectable effects on host fecundity (Hoffmann et al. 
1996;; Poinsot & Mercot 1997). If, in accordance with our Fl results, there is 
aa cost to infected spider mite females included in this study, why is this result 
nott repeated among broods of virgin females (Tables 2 and 4)? One possible 
explanationn is that the cost is only associated with the production of fertilized 
eggss (daughters), the Wolbachia-transmitting sex. 

Wolbachi aa infection s as a reproductiv e isolatin g mechanis m 

Reproductivee incompatibility between populations or strains of spider mites 
iss a frequent finding, and it is interesting to ask why this is so. If populations 
aree allopatric the appearance of reproductive isolation may be incidental. 
However,, if populations are sympatric, for example living on two different 
hostt plants, reproductive isolation probably evolved in order to maintain an 
adaptedd genome. Evolution of reproductive isolation may therefore be 
consideredd adaptive (see Dieckmann & Doebeli 1999; Kondrashov & 
Kondrashovv 1999). So far, verbal models have argued that the contribution of 
Wolbachiaa to a sympatric speciation process is likely to be restrictive 
(Werrenn 1998), probably because reproductive isolation has not been 
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consideredd as a desired trait. 
Att least two non-mutually exclusive possibilities are conceivable for the 

evolutionn of reproductive isolation in sympatry: one is that reproductive 
isolationn arises directly as a by-product of adaptation to the new habitat (e.g. 
aa novel host plant); while the other is that an isolating mechanism must 
evolvee separately. One study in spider mites investigated the former 
possibilityy (Fry 1999). In that particular case adaptation to a novel host plant 
didd not result in reproductive isolation. However, Overmeer (1966) showed 
that,, as a result of selection for resistance to a pesticide, selected and 
unselectedd lines became reproductively isolated, while selected lines remained 
compatiblee among themselves. Thus the possibility that reproductive 
isolationn can arise as a by-product of the adaptation-selection process itself 
shouldd not be excluded. Wolbachia symbionts may provide an isolating 
mechanismm for the situations where adaptation itself does not result in 
reproductivee isolation. Adapted genomes that are reproductively isolated 
fromm non-adapted genomes, for example by being associated with a new 
incompatibilityy type Wolbachia, wil l persist. Adapted genomes, which are not 
associatedd with an isolating mechanism, wil l be diluted through 
recombinationn (Dieckmann & Doebeli 1999; Kondrashov & Kondrashov 
1999).. Of course natural selection is expected to favor ever-stronger degrees 
off  incompatibility (re-enforcement) and ultimately pre-zygotic isolating 
mechanisms. . 

Inn conclusion, we suggest that Wolbachia could provide a reproductive 
isolationn mechanism in a sympatric speciation process. Our results provide 
onlyy partial evidence for this hypothesis because the two strains used are 
allopatricc since they originate from two different greenhouses. However, the 
resultss in this paper clearly show that Wolbachia can serve as an isolating 
mechanismm in T. urticae. 
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3 3 WITHIN-- A N D BETWEEN-POPULATIO N VARIATIO N 
FORR WOLBACHL A INDUCED REPRODUCTIVE 
INCOMPATIBILIT YY I N A HAPLODIPLOI D MITE 

FF Vala, A Weeks, D Claessen, JAJ Breeuwer & MW Sabelis 

Wolbachi aa are cytoplasmicall y transmitte d bacteri a tha t induc e cytoplasmi c 
incompatibilit yy  (CI), the phenomeno n whereb y infecte d males are 
reproductivel yy  incompatibl e wit h uninfecte d females . CI spread s in a 
populatio nn of host s becaus e it reduce s the fitnes s of uninfecte d females 
relativ ee to infecte d females . CI encompasse s tw o steps : modificatio n (mod ) 
off  sper m of infecte d males and rescuin g (resc ) of thes e chromosome s by 
Wolbachi aa in the egg. Infection s associate d wit h CI have 'mod +resc +' 
phenotypes .. However , mod"  resc + phenotype s also occu r (whic h do no t 
resul tt  in CI). If 'mod/resc ' phenotype s are interprete d as propertie s of the 
symbiont ,, theor y predict s tha t mod ' resc + infection s can onl y spread in a 
hos tt  populatio n wher e a mod + resc + infectio n is alread y present . A mod" 
resc ++ infectio n spread s if the cos t it impose s on the infecte d females is 
lowe rr  than the cos t inflicte d by the residen t (mod * resc* ) infection . 
Furthermore ,, introductio n of a mod"  Wolbachi a eventuall y drive s infectio n 
too extinction . The uninfecte d populatio n tha t result s can potentiall y be re-
colonize dd by a Cl-Wolbachia . Here, we investigate d whethe r variabilit y fo r 
inductio nn of CI was presen t in tw o mit e populations . In one populatio n ail 
teste dd isofemal e lines were mod" . In the other , mod * resc * and mod"  resc * 
isofemal ee lines co-occurre d but we foun d no evidenc e fo r a cos t differenc e 
too females infecte d wit h eithe r typ e (mod*'") . Infection s in thes e tw o 
population ss coul d no t be distinguishe d based on sequence s of tw o 
Wolbachi aa genes . Assumin g tha t the tw o infection s are identica l then mod ' 
mus tt  be a propert y of the host . W e analyze thi s possibilit y wit h a 
populatio nn dynamic s mode l and conclude d tha t introductio n of a mod ' hos t 
alsoo leads to infectio n extinction . However , the uninfecte d populatio n tha t 
result ss  is immun e to re-establishmen t of the ('same' ) Cl-Wolbachia . 

Wolbachiaa are cytoplasmically transmitted bacteria that occur in several 
arthropodd and nematode hosts. In the two-spotted spider mite Tetranychus 
urticaeurticae Koch, a phytophagous haplodiploid arthropod, Wolbachia can induce 
bothh cytoplasmic incompatibility (Breeuwer 1997; Vala et al. 2000) and 
hybridd breakdown (Vala et al. 2000, see Chapter 2). 

35 5 
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Cytoplasmicc incompatibility (CI) is expressed in crosses between 
uninfectedd (U) females and infected (W) males (reviewed by Stouthamer et al. 
1999;; Hoffmann and Turelli 1997). CI is not induced if the same Wolbachia 
strainn that was present in the male is also present in the fertilized egg [i.e. in 
$WW x c^W crosses). CI reduces the fitness of uninfected females (which are 
incompatiblee with W-males) relative to infected females (which are 
compatiblee with both W- and U-males). As a result, the frequency of infected 
femaless (and the CI-trait) increases in the host population. 

Cytologicall  studies of CI in Nasonia wasps (Reed & Werren 1995), and 
DrosophilaDrosophila simulans (Callaini et al. 1997), showed that in 9U x cJ'W crosses 
thee paternal set of chromosomes fails to segregate properly in mitotic 
divisionss early in embryonic development. This results in haploid or 
aneuploidd embryos. In diploid species, haploid and aneuploid embryos abort, 
thuss CI is expressed as increased Fl mortality. In haplo-diploids, where 
femaless are diploid and males are haploid, haplodized eggs wil l develop as 
males.. Depending on the degree of aneuploidy eggs may: 1. develop as a male 
(iff  eggs revert to the haploid state); 2. die, if haplodization is not complete but 
insufficientt to develop as a female; or 3. develop as an aneuploid female 
(explainedd below). Mortality of aneuploid embryos would explain why, in 
haplodiploids,, CI is expressed as a bias of Fl sex ratio towards males 
associatedd with an increase in mortality (cf. Breeuwer 1997; Vala et al. 2000; 
Vavree et al. 2000). 

Althoughh detailed cytological analysis is still lacking, crossing 
experimentss using two-spotted spider mites suggest that aneuploid embryos 
producedd in 9U x <^W crosses may also develop as females (Breeuwer 1997; 
Valaa et al. 2000). Aneuploid females, i.e. females whose (diploid) nuclear 
genomee is incomplete, survive as they have an intact (maternal) set of 
chromosomess to compensate for the incomplete paternal set. Aneuploid 
femaless produce aneuploid gametes upon meiosis. Fully haploid eggs develop 
ass males, but haplo-aneuploid eggs abort. Consequently, a test for aneuploidy 
consistss in allowing virgin Fl females from ($U x c?W) crosses to oviposit, 
scoree the F2 mortality among their broods, and use F2 mortality from Fl 
virginn ($U x <^U) females as a control. Increased mortality among broods of 
virginn hybrid Fl females is termed hybrid breakdown (HB) in the literature 
onn spider mites (reviewed by De Boer 1985). HB arises when males and 
femaless from two different populations are crossed. However, this phenotype 
iss also observed in virgin Fl females from ($U x c?W) crosses (Vala et al. 
2000,, see Chapter 2), where the mother and father are from the same 
populationn but the mother was cured of the infection. As for CI, HB is not 
observedd when Wolbachia was present in the grandmother (and/or absent in 
thee male). 

Thee modificatio n and rescuin g mode l 

Althoughh the molecular details of CI are not known, the phenomenon has 
beenn interpreted as involving a Wolbachia produced toxin and anti-toxin 
(Hurstt 1991; Rousset & Raymond 1991) or, similarly, Wolbachia mediated 
modificationn and rescuing step (Hoffmann & Turelli 1997; Werren 1997). 
Chromosomess from infected males are modified by Wolbachia and become 
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unablee to respond properly to cell cycle cues in uninfected eggs. If the 
fertilizedd egg is infected with the same bacterial strain that was present in the 
father,, paternal chromosomes are 'rescued' - i.e. they segregate properly 
duringg mitosis. 

Ann infection where Wolbachia induces CI (and/or HB) is denoted 'mod+ 

resc+'(Werrenn 1997). In this case CI is observed in crosses between infected 
maless and uninfected females, but presence of Wolbachia in females 
eliminatess the CI effect. However, if neither CI nor HB are induced the 
infectionn phenotype may be either 'mod- resc-', an infection where neither 
malee chromosomes are modified nor are modified chromosomes rescued when 
inn infected eggs; or 'mod- resc+', an infection where male chromosomes are 
nott modified but where modified chromosomes are rescue when in infected 
eggs.. To distinguish between the two, females of a 'mod* resc?' infection are 
crossedd with males harboring a 'mod+ resc+' Wolbachia (Bourtzis et al. 1998; 
Mercott & Poinsot 1998). If CI is induced, then the infection (in the female) is 
mod""  resc\ Of course, this test is valid only if females and males are 
reproductivelyy compatible in the absence of Wolbachia. Note that this test 
doess not indicate whether mod" is a property of the symbiont or of the host. 

Mod-- is typically assumed to be a property of the symbiont. In that case, 
theoryy predicts that in a population with a resident mod+ resc+ Wolbachia, 
mod-- resc+ infections increase when rare, if it is assumed that the mod" 
Wolbachiaa inflicts a cost to the infected female that is lower than the cost 
imposedd by the resident type of infection (Prout 1994; Turelli 1994; Hurst & 
McVeann 1996). However, assuming that not all progeny of an infected 
motherr is infected, mod" resc+ infections cannot spread or persist without the 
mod++ resc+ type (Hurst & McVean 1996). The mod" resc+ Wolbachia relies on 
thee sterilizing effect of the mod+ resc+ infection to reduce the fitness of 
uninfecteds.. It (initially) increases in frequency within the infected 'sub-
population'' because it reduces (its) host fecundity less than the resident 
Wolbachia. . 

Underr the assumption of imperfect maternal transmission none of the two 
phenotypess (mod+ or mod") spreads to fixation (Turelli 1994; Hurst & 
McVeann 1996). Therefore, in practice, if a mod_resc+ phenotype is present it 
shouldd co-occur with mod+ resc+ phenotypes and the uninfected type. Hurst 
&&  McVean (1996) showed by means of mathematical modeling that spread of 
aa mod" Wolbachia eventually leads to infection extinction. Both mod"and 
mod++ infections disappear and the population returns to the uninfected state. 
Sincee potentially any uninfected population, may be (re-)colonized by a CI-
Wolbachiaa and again revert to the uninfected state, in a sense, 'reversible' or 
cyclicc evolution is possible (Hurst & McVean 1996). 

Mod""  resc+ infection phenotypes have been described in Drosophila 
(Bourtziss et al 1998; Mercot & Poinsot 1998) but have not been shown to co-
occurr with mod+resc+ infections. In the present study we investigate whether 
variabilityy for induction of reproductive incompatibility is present in two 
mitee populations. Infections in these two populations are identical based on 
sequencee data of two Wolbachia genes. In a strain of mites originating from 
cucumberr plants all isofemale lines tested were mod". In this strain, 
Wolbachiaa may have spread through manipulation of host sex ratio (Vala et 
al,al, see Chapter 5). From a strain of mites from rose plants, mod+ resc+ and 
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mod""  resc+ infection types were isolated. However, a cost difference between 
thee two infection types could not be detected. In the absence of a cost 
difference,, how could a mod" infection phenotype spread? We hypothesized 
thatt mod" is a property of the host (rather than of Wolbachia) and examined 
thee implications of this hypothesis through mathematical modeling. We 
concludee that introduction of a mod" mutation in a host population where 
uninfectedd individuals are present also leads to extinction of infection. 
However,, the uninfected population that results is immune to re-colonization 
byy a CI-Wolbachia (that uses the 'same' modification). 

MATERIA LL A N D METHODS 

Spide rr  mit e lines : establishin g and curin g 

Basee population Two populations of T. urticae spider mites were established 
inn the lab. One from mites collected from rose plants (the R strain, hereafter) 
inn a greenhouse at Aalsmeer, The Netherlands; and another from mites 
collectedd from cucumber plants (the C strain, hereafter) obtained from the 
Institutee for Horticultural Plant Breeding in Wageningen, The Netherlands. 
Sincee collection, spider mites have been reared on detached leaves of 
PhaseolusPhaseolus vulgaris (variety 'Arena'). Cultures were maintained, and 
experimentss were performed, in one climate room at 23°C, 60-80% relative 
humidity,, and 16L:8D photoperiod. Both strains were infected with 
Wolbachiaa based on a polymerase chain reaction (PCR) assay with 
Wolbachia-specificc primers (Breeuwer & Jacobs 1996). DNA isolation and 
PCRR were as in Breeuwer (1997). The R- and C-strain are the same as those 
describedd in Vala et al. (2000, see Chapter 2). 

Isofemalee lines isofemale lines of the two strains were created by taking 
virginn females from the infected base populations and performing 
motherr x son matings for 4 consecutive generations — for arrenotokous 
haplodiploidd organisms this gives an expected inbreeding coefficient of 0.98 
(Hartll  & Clark 1997). From each inbred isofemale line an uninfected counter 
partt was created either by tetracycline curing as described by Breeuwer 
(1997)) or by heat treatment as described by Van Opijnen & Breeuwer (1999) 
(whateverr method worked first). For tetracycline treatment 20-30 females 
weree placed on arenas and fed on an antibiotic solution (described by 
Breeuwerr 1997). For heat treatment, 20-30 females were placed at S2°C (Van 
Opijnenn & Breeuwer 1999) and reared as a culture (>200 individuals) at this 
temperaturee for 8 to 9 generations to maximize the number of uninfected 
femaless at the end of treatment. Isofemale lines cured by tetracycline are 
labeledd 'TET', isofemale lines cured by heat treatment are labeled 'HT'. For 
onee isofemale line (Rose 3) two uninfected sub-lines were established, one by 
curingg with tetracycline the other by curing through heat treatment. The 
'TET'' and 'HT' Rs sub lines were compared to control for treatment method 
effects.. To establish the uninfected sub-lines, several (10-15) mated females 
perr isofemale line were placed alone on leaf discs to oviposit for three days, 
andd were subsequently collected for PCR. For each isofemale line, offspring 
fromm females that did not give amplification products on a PCR with 
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Wolbachiaa specific primers were kept. Offspring from females positive in the 
PCRR was discarded. This process was repeated twice. Finally, F3 females 
weree pooled to establish the uninfected sub-lines. PCR assays with 
Wolbachiaa specific primers and DNA isolation were as in Breeuwer (1997). 

Currentlyy two methods are used to cure spider mites from Wolbachia 
infectionss and none is effective in one generation (see Breeuwer 1997; Van 
Opijnenn & Breeuwer, 1999). Moreover to be absolutely sure that treatment 
hass been effective (i.e. that infection has been completely eliminated) it is 
preferablee to test females two to three generations after the treatment using 
PCRR with Wolbachia specific primers (F. Vala, personal observation). 
Therefore,, there is a time gap between treatment and performance of the 
experimentss where infected and uninfected sub-lines could have diverged 
genetically.. Furthermore founder effects in the cured sub-lines could also 
generatee genetic differences between sub-lines. To minimize these 
possibilitiess the number of individuals cured per isofemale line was 
maximizedd and isofemale lines were inbred prior to curing. After four 
consecutivee generations of mother to son mating, in a true arrenothokous 
species,, we expect mites within each isofemale line to be nearly homozygous. 
Therefore,, differences between the infected and uninfected sub-line of each 
isofemalee line are most likely due to presence or absence of Wolbachia. 
Assumingg some nuclear genetic variation in the base population, differences 
betweenn isofemale lines are likely to be due to genetic differences at the 
nuclearr level £the genetic similarity of Wolbachia in the two populations is 
treatedd below^]. 

Thee effec t of Wolbachi a on reproductiv e incompatibilit y 

Testt  fo r cytoplasmi c incompatibilit y (CI) and hybri d breakdow n (HB) To 
detectt variation in Wolbachia induced reproductive incompatibility, several 
isofemalee lines from each population were tested for CI and HB. To test for 
CII  all possible crosses between infected and uninfected individuals were 
performedd (? x $-. W x W, W x U, U x U, U x W). In haplodiploids CI 
resultss in a male bias of Fl sex ratio associated, or not, with an increase in 
mortalityy in $U x c^W crosses compared to U x U crosses. If Wolbachia is 
presentt in the female and/or absent in the male (thus, 9 x $-. W x W and 
WW x U) crosses should be compatible. A test for HB consists of allowing 
virginn Fl females from ($U x c?W) crosses to oviposit, score the mortality 
amongg their broods, and compare it to the mortality in broods of F1 virgin 
femaless from (U x U) crosses (the control). If Fl ($U x c?W) females are 
aneuploid,, then higher mortality wil l be observed among their haploid 
broods.. As in the CI test, HB should not be observed in daughters from 
?UU x Ó*U, ?W x $W and ?W x $U parents. 

Assessingg infection type, 'mod- resc-'  vs. 'mod- resc+'  To distinguish 
betweenn mod_resc and mod~resc+, crosses were performed between 'mod' 
resc?'' females and mod+ resc+ males of another isofemale line. 

Proceduress for  all experiments Twenty-five to 30 females of each line laid 
eggss on detached bean leaves (Phaseolus vulgaris) placed on water-soaked 
cottonn wool balls These females were transferred at three-day intervals to 
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producee age cohorts. Offspring from these cohorts were used in the 
experimentss ensuring that all mites tested were of approximately the same 
age.. Al l experiments were performed on bean leaf discs (1.5 cm in diameter). 
Leaff  discs were placed on water-soaked cotton wool 'sheets' stretched upon 
sponges.. Sponges were placed on plastic trays and water was added regularly 
too prevent the leaf discs from drying. In all experiments, crosses and spider 
mitee lines were randomized across sponges. 

Forr Fl analysis (test for CI), experimental females were collected at the 
lastt molting stage from age cohorts (to ensure they were virgin) and placed 
inn groups of five females and three males for 48 hours to mate. Subsequently, 
femaless were transferred individually to fresh leaf discs for oviposition. In 
totall  six days of oviposition were scored and females were transferred to a 
freshh leaf disc after three days. Offspring (Fl female, male, unhatched eggs 
andd dead individuals) were counted 10-12 days later and used to compute 
clutchh size (CS = number unhatched eggs + number dead + number Fl 
femaless + number Fl males), Fl sex ratio (SR = number Fl males / (number 
Fll  females + number Fl males)) and Fl mortality (mortality = (number 
unhatchedd eggs + number of dead) / CS). 

Forr experiments with Fl virgin females (test for HB), Fl females were 
collected,, from all crosses, 10-12 days after oviposition. Females at the last 
moltingg stage were collected and transferred individually to leaf discs. After 
fivee days (one day to emerge + one day of feeding before oviposition starts + 
33 days of oviposition), they were transferred to a fresh leaf disc for another 3 
days.. Offspring (F2 male, unhatched egg numbers and dead individuals) were 
countedd 10-12 days later and used to compute clutch size (CS = number 
unhatchedd eggs + number dead + number F2 males), and F2 mortality 
(mortalityy = (number unhatched eggs + number of dead) / CS). Only females 
(Fll  and F2) present during the entire experiment were included in the data 
set. . 

Statisticall  analysis Effect of factors was analyzed by MANOVA s on derived 
variabless (i.e. variables computed from what was actually measured in the 
experiments:: clutch size, sex ratio and mortality) because these variables wil l 
generallyy not be independent. We report the MANOVA Wilk' s X test 
statistic.. The normality of data was tested graphically and significance was 
examinedd using the Shapiro-Wilk test. Homocedasticity (equality of group 
variances)) was tested using Levine's test. In MANOVA s equality of 
covariancee matrices was tested using the Box's test. Non-parametric tests 
(Kruskal-Wallis)) were used when of assumptions normality and 
homocedasticityy were violated (provided they could not be solved by 
transformation).. When (M)ANOVA were performed sex ratio and mortality 
weree arcsinVx transformed. Statistic analysis was performed using SPSS. 
MANOVA ss were followed by a series of univariate ANOVAs. The 
significancee level a of these ANOVAs, P=O.05, was adjusted following the 
Bonferronii  procedure to correct for multiple analysis (Field 2000). Pairwise 
comparisonss were performed using Tukey post hoc tests. 

Clonin gg and sequencin g of Wolbachi a ftsZ  and wsp  genes 

Twoo Wolbachia genes (wsp and ftsT) from both the cucumber and rose 
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populationss of T. urticae were cloned and sequenced to determine the 
relatednesss of their Wolbachia strains. Ten individual female mites from each 
masss bred population of cucumber and rose were pooled separately. DNA 
wass extracted using the CTAB method adapted for mites from Breeuwer 
(1997).. TheJbZ primers (491F and 1262R), that amplify 730 base pairs (bp) 
off  the cell division gene (Holden etal 1993), and the primer pairs wsp8lF and 
wsp6\9Rwsp6\9R (Zhou et al 1998), which amplify 590-632 bp of the wsp gene, were 
usedd in separate PCR amplifications. PCR reaction mixes and amplification 
conditionss were the same as described in Weeks & Breeuwer (2001). PCR 
productss were then cleaned using GENECLEAN® (BIO 101, Inc.) and cloned 
intoo a pGEM®-T vector (Promega). We extracted five vectors from 
recombinantt colonies for each gene from each strain using the alkaline-lysis 
methodd (Sambrook et al 1989). After extraction, l ug of vector DNA was 
usedd as template for a cycle sequencing reaction (Thermosequenase kit, 
Amersham/Pharmacia)) using fluorescent-labeled primer (IRD 700/800, 
Biolegio)) and subsequently run on an NEN Global IR2 DNA analyzer (LI -
COR). . 

RESULTS S 

Spide rr  mit e lines : establishin g and curin g 
Wee easily created ca. 15 inbred isofemale lines through mother x son mating 
fromm each of the strains of T. urticae spider mites used (however, we did not 
curee or test them all). Eight pairs of sub-lines of two-spotted spider mites 
weree established and used in this study. One reason why it may be easy to 
establishh these lines is haplodiplody: recessive deleterious mutations are 
mostlyy eliminated through male mortality (Crozier 1985). Thus, in a sense, 
motherss usually mated to 'good sons'. 

Liness established from PCR-negative females in an assay with Wolbachia 
specificc primers, remained negative without further treatment, when tested 
beforee and after the experiments. For isofemale line 3, two cured sub-lines 
weree established by curing with tetracycline ('TET') and by curing with heat 
treatmentt ('HT'). No differences were found in crosses with mites cured by 
onee or the other method (Table 1, Rose 3). Similarly, results with Fl virgin 
femaless show no effect of treatment on mortality (Table 2). However, clutch 
sizee (and consequently, number of males) of Fl females was lower in crosses 
betweenn 'TET' females and males (Table 2). This effect was only observed in 
thee F2 and it did not seem to be general — i.e. crosses between TET-mites did 
nott consistently produce smaller clutch sizes than crosses between HT- mites 
inn other isofemale lines (cf. Tables 3 and 4). Thus, we are uncertain that the 
originn of this effect really is the method of curing. Furthermore, qualitative 
resultss did not change with treatment - i.e., neither CI nor HB were induced 
inn crosses between infected males and either type (TET/HT) of female 
(Tabless 1 and 2). Therefore, for assessment of of the effect of Wolbachia on 
reproductivee compatibility, we assume that method of curing had no effect 
otherr than removal of the symbiont. 
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Tablee 1 Test for induction of cytoplasmic incompatibility: crosses within isofemale 
liness from the Rose population. 

Cros s s 
? x c ? ? 

N N clutc hh size 
meann  SE 

mortalit y y 
meann  SE 

sexx rati o 
meann  SE 

Rosee 1 (HT) 
U x U U 
U x W W 
W x W W 
W x U U 

Manova : : 
Anovas : : 

33 3 
39 9 
31 1 
24 4 

42.211  1.50 
39.988 6 
40.799  2.20 
43.977  1.68 

rr  9,195 = 

F3. l26=0.47.ns s 

3 3 
0.64bb  0.03 

2 2 
O ^^  0.03 

== 29.09, Wilk' s A, = 0.21 
F3I26=3.70,, P<0.00l 

0.53''  0.03 
0.93bb  0.02 

3 3 
0.44''  0.03 

P<0.00l l 
F m 6 = 4 . l 3 ,, P<0.0l 

Rosee 2 (YET) 
U x U U 
U x W W 
W x W W 
W x U U 

Manova : : 
Anovas : : 

37 7 
47 7 
36 6 
45 5 

46.322 9 
40.499  2.04 
40.566  2.44 
42.577 1 

""  ».J85 
F3.i633 = '-46, ns 

2 2 
0.488 b  0.02 

2 2 
2 2 

0.2811  0.02 
0.58""  0.02 
0.2711  0.02 
0.26''  0.02 

== 37.06, Wilk' s k = 0.22, PO.001 
F3,l633 =3.70, P<0.00l Fj. IM =4.13, P<0.00l 

Rosee 3 (HT and TET) 

UHTT
 X U H T 

U H T X W W 

W X W W 

W x U H T T 

UTETT * UTEr 
U T E T * W W 

W x W W 
W X U T E T T 

Manova : : 
Anovas : : 

33 3 
27 7 
26 6 
33 3 

33 3 
37 7 
39 9 
35 5 

46 . I2 M 4 4 
44.44 l b '  1.86 
29.35''  3.00 

4 l .76 b 5 5 

36.6 l w d 4 4 
37.79"" 6 
43.79b-c  1.54 
39.42b ''  2.53 

FF 21.721 
F7.2w== 5.64, P<0.00l 

0.25'bb  0.03 
0.20t hh  0.03 
0.22'bb  0.03 
0.27""  0.03 

0.25''  0.02 
0 .31"" 3 
0. l5 b 2 2 
0.1B"-""  0.01 

== 3.96. Wilk' s \ = 0.81, 
F7.2M=3.70,, P=0.00l 

0.26'-bb  0.04 
0.28l bb  0.03 
0.24''  0.03 
0.39bb  0.04 

O ^ * ""  0.03 
0.29ss  0.03 
0.25i bb  0.02 
0.26***  0.02 

P<0.00l l 
F7260=2.54,, P=0.0I5 

W:: Wolbachia infected; U: uninfected (cured); N: sample sizes; HT: mites cured with 
heatt treatment; TET: mites cured with tetracycline; sex ratio: proportion of males. 
Identicall  superscripts (a-bc) within columns indicate non-significant differences 
betweenn crosses at the 5% level (Tukey test). 

Thee effec t of Wolbachi a on reproductiv e incompatibilit y 
Testt  fo r cytoplasmi c incompatibilit y (CI) and hybri d breakdow n (HB) 
Variabilityy for Wolbachia induced reproductive incompatibility was found 
amongg isofemale lines of the rose strain. Presence of Wolbachia in males of 
isofemalee line R1 and R2 resulted in induction of cytoplasmic incompatibility 
whenn mated with uninfected females. CI was expressed as increased Fl 
mortalityy and a sex ratio bias towards males (Table l). However, in crosses of 
infectedd R3-males with uninfected Rs females CI was not observed (Table l) . 
PCRR with Wolbachia primers confirmed that this result was not due to a 
changee in infection status of the uninfected sub-lines (or of the infected one). 
Finally,, absence of CI was stable over time: the same result was obtained in 
laterr experiments (cf. Table 5). 
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Tablee 2 Test for induction of hybrid breakdown: crosses within isofemale lines from 
thee Rose population (for legend, see Table 1). 

Fll  female' s 
parents : : 

<$*<?) ) 

N N clutc hh size 
meann  SE 

mortalit yy  numbe r of sons 
meann  SE mean  SE 

Rosee I (HT) 
( U x U ) ) 
( U * W ) ) 
( W x W ) ) 
( W x U ) ) 

Manova : : 
Anovas : : 

17 7 
4 4 
13 3 
24 4 

26.94**  1.88 
18.75** 6 
37.15""  ZOO 
34.52b l l 

FF 9.116 = 

F„3=7. IZP<0.00 I I 

0.333 5 18.59 0 
0.499 6 10.75 1 
0.244 7 28.69 1 
0.299 5 25.17 8 

1.99,, Wilk' s X = 0.636, P =0.02 
F3533 = 1.05, ns F3,24 = 3.46, ns 

Ro$e2fTET ) ) 
( U x U ) ) 
( U x W ) ) 
( W x W ) ) 
( W x U ) ) 

Manova : : 
Anovas : : 

22 2 
16 6 
27 7 
28 8 

37.500  2.32 
29.944  3.93 
36.077  1.38 
29.944  2.65 

''  9,112 = 

F33 92 = 1 -74, ns 

0.100 4 33.41 7 
0.088  0.02 27.75  3.75 
0.199 4 29.63 0 
0.144 3 25.42 0 

1.99,, Wilk' s X = 0.82, P=0.042 
F3911 =3.70, ns F3 n =4.13, ns 

Rose3(HTandTET ) ) 

(UHTT * UHT) 

( U H T * W ) ) 
( W x W ) ) 

( W X U H T ) ) 

( U T E T X U T E T ) ) 

( U T E T X W ) ) 

( W X W ) ) 

(WW x U T E T ) 

Manova : : 
Anovas : : 

21 1 
14 4 
I I I 
20 0 

23 3 
15 5 
27 7 
26 6 

40.90** 9 
35.31"" 0 
33.55*""  4.25 
38.50""  2.09 

26.50**  2.87 
28.60*""  4.05 
32.41 t hh 2 
30.22*"" 8 

''  21,417 = 

F71M=3.82,P=0.00I I 

0.299 6 30.29" 0 
0.222 6 29.12" 5 
0.322 7 21.73*" 3 
0.255 5 29.90" 1 

0.411 6 16.54* 4 
0.322  0.07 20.67*"  3.24 
0.266 5 24.59*" 1 
0.266 4 23.63*" 7 

3.96,, Wilk' s X = 0.77, P =0.008 
F7IS44 = 1.01, ns F7JM = 3.62, P=0.001 

Hybridd breakdown was not observed in any of the three isofemale lines 
(Tablee 2). However, we did not properly test induction of HB in the case of 
Rll  because very few Fl ($U x c^W) females 'survived' CI. Nevertheless, 
$UU x c£W Fl females that were tested showed increased mortality among 
theirr haploid broods. Based on CI and HB results with R-isofemale lines, we 
concludee that Rl and R2 have mod+ phenotypes, where Rs is mod-. 

Althoughh in isofemale line 3 from the Cucumber population (Cs) higher 
Fll  mortality was observed i n U x W crosses (Table 3), and in isofemale line 
C55 higher F2 mortality was observed (Table 4), these effects were not 
statisticallyy significant. Thus, the cucumber isofemale lines tested showed 
neitherr CI nor HB associated with presence of Wolbachia in males. 
Therefore,, all infections in C-lines were associated with mod* phenotypes. In 
C55 a significant effect in sex ratio was found: infected females produced more 
femalee biased sex ratios. A sex ratio shift towards females provides a 
spreadingg mechanism for Wolbachia (Egas et at, see Chapter 6) and is 
consistentt with results obtained previously in the base population (Vala et ai, 
seee Chapter 5). 
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Tablee 3 Test for induction of cytoplasmic incompatibility: crosses within isofemale 
liness from the Cucumber population (for legend, see Table I). 

Cros s s 

?*< ? ? 
N N clutc hh size 

meann E 
mortalit y y 

meann  SE 
sexx rati o 

meann  SE 
Cucumbe rr  1 (JET) 

U * U U 

U x W W 
W x W W 
W x U U 

Manova : : 

33 3 
43 3 
43 3 
24 4 

43.844  1.50 
43.333  1.85 
44.166  1.50 
47.755  2.36 

0.200  0.03 
0.222  0.02 
0.144 3 
0.166 2 

0.577  0.03 
0.588  0.04 
0.555  0.03 
0.544  0.03 

FF ,,435= 1.85, Wilk' s >. = 0.89, ns 
Cucumbe rr  2 (TET) 

U x U U 
U x W W 
W x W W 
W x U U 

Manova : : 
Anovas : : 

24 4 
19 9 
40 0 
34 4 

33.888  2.74 
33.555  3.50 
34.322  2.08 
37.911 0 

''  9.170 

F3 I I 6=0.72,, ns 

0.32""  0.04 
0.30""  0.03 
0.21"" 3 
0.23"**  0.03 

== 2.61, Wilk' s ?i = 0.81, 
F3 I I6=3.70,, P=0.0I4 

0.45"-""  0.05 
0.50""  0.05 
0.35""  0.03 
0.33""  0.03 

PP =0.007 
F 3 I I 4 =4. I3 ,, P=0.008 

Cucumbe rr  3 (HT) 
U x U U 
U x W W 
W x W W 
W x U U 

Manova : : 
Anovas : : 

38 8 
34 4 
34 4 
33 3 

53.17"" 7 
38.67""  2.67 
61.23'  1.49 
43.54""  2.97 

''  9,334 

Fj l 4 I == 16.75, P<0.00l 

0.16** 3 
0.28""  0.04 
0.17"" 3 
0.17"** 3 

== 6.49, Wilk' s X = 0.68, 
F3I42=5.75,, P=0.00l 

0.366  0.03 
0.444  0.05 
0.355  0.02 
0.366  0.04 

P<0.00l l 
F3,i42=0-8l,n s s 

Cucumbe rr  4 (TET) 
U x U U 
U x W W 
W x W W 
W x U U 

Manova : : 
Anovas : : 

38 8 
20 0 
39 9 
43 3 

43.66"43.66"  1.35 
48.60*""  1.61 
48.79" **  0.99 
5 I . I 4 "  1.15 

rr  9,302 

F3129=4.54,, P=0.005 

0.122 2 
0.211 2 
0.199 1 
0.177 1 

0.31"" 2 
0.22""  0.02 
0.24"-""  0.02 
0.20""  0.02 

== 3.79, Wilk' s X = 0.77, P <0.00l 
Fj.,»=4.54,n s s F3IMM = 4.54. P=0.004 

Cucumbe rr  5 (HT) 
U x U U 
U x W W 
W x W W 
W x U U 

Manova : : 
Anovas : : 

44 4 
48 8 
38 8 
41 1 

46.45"-""  2.00 
40.58""  2.23 
43.66"43.66"  1.35 
48.88""  1.40 

FF 9,402 

F 3 mm = 4.l7 , P=0.007 

0.100 1 
0.122 2 
0.122 2 
0.133 1 

== 4.74, Wilk' s X = 0.78, 
F 3 mm = 1.53, ns 

0.35"" 1 
0.34""  0.02 
0.23""  0.02 
0.28thh  0.02 

P<0.00l l 
FJI711 = 7.70,P<0.00I 

'Mod-- resc-'  or  'mod- resc*7 To test whether infected R3 females retained 
thee property of rescuing modified sperm, despite the fact that sperm from 
infectedd Rs males is not modified, Rs and Rl mites were crossed. Results are 
presentedd in Table 5. First, as for previous experiments (presented in Table l 
andd 2), W-Rl males induced CI in U-Rl females and W-Rs males did not 
inducee CI in U-Rs females. Second, W-Rl males induced CI in U-Rs females, 
whereass W-R3 males did not induce CI in U-Rl females. Third, presence of 
Wolbachiaa in R3 females eliminated incompatibility in crosses with W-Rl 
males.. In other words, mortality and sex ratio of $R3W x c?RlW were not 
significantlyy different from those of $RsU x c?RlU crosses (whereas both 
differedd from $R3U x c?RlW crosses). We conclude that the phenotype of 
thee Wolbachia-host association in isofemale line R3 is of type mod- resc+. 
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Tablee 4 Test for induction of hybrid breakdown: crosses within isofemale lines from 
thee Cucumber population (for legend, see Table 1). 

Fll  female' s 
parents : : 
<$*c?) ) 

(U*U) ) 
(U*W) ) 
(WxW) ) 
(WxU) ) 

Manova : : 

N N 

26 6 
30 0 
28 8 
24 4 

clutc hh size 
meann  SE 

Cucumbe r r 
33.788  2.25 
35.422 1 
31.900 8 
37.333  2.05 

FF 9.248 = 

mortalit y y 
meann  SE 

(TET) ) 
0.399  0.05 
0.344  0.04 
0.300  0.06 
0.222  0.03 

1.12,, Wilk's> . = 0.91, 

numbe rr  of sons 
meann  SE 

21.411 5 
24.900  2.38 
24.700  3.04 
29.388  2.22 

ns s 
Cucumbe rr  2 (TET) 

( U x U ) ) 
( U « W ) ) 
( W x W ) ) 
( W * U ) ) 

Manova : : 

8 8 
9 9 
24 4 
18 8 

30.633 1 
28.000  3.80 
33.544  1.27 
31.444  1.43 

FF »,IZ9 = 

0.444 1 
0.311 6 
0.322  0.05 
0.299  0.04 

== 1.05, Wilk's X = 0.41, 

20.133 3 
18.500 5 
22.833  2.02 
22.566  1.54 

ns s 
Cucumbe rr  3 (HT) 

( U x U ) ) 
( U * W ) ) 
( W x W ) ) 
( W x U ) ) 

24 4 
16 6 
30 0 
24 4 

Kruskal-Wallis : : 

36.711 7 
34.000  3.49 
39.744 6 
37.200  2.26 

X2,== l.94,n i 

0.277  0.07 
0.144 4 
0.155 3 
0.133 3 

XI3=l.l9,n s s 

30.711  3.28 
29.811 3 
33.900  2.38 
32.400  2.37 

X2
}} = 0.681, ns 

Cucumbe rr  4 (TFT) 
(UxU ) ) 
(UxW ) ) 
( W x W ) ) 
(WxU ) ) 

19 9 
18 8 
30 0 
41 1 

Kruskal-Wallis : : 

42.799  1.74 
39.611 9 
39.900  1.98 
37.599  1.97 
xS=2.06,ns s 

0.266  0.05 
0.288  0.04 
0.255  0.03 
0.266  0.03 

XSS = 0.96, ns 

30.955  1.90 
28.500  2.25 
30.033 5 
27.599  1.64 
X23=l92,n s s 

Cucumbe rr  5 (HT) 
(UxU ) ) 
(UxW ) ) 
( W x W ) ) 
(WxU ) ) 

Manova: : 

17 7 
4 4 
13 3 
21 1 

26.944  1.88 
18.755 6 
37.155 0 
34.522 1 

''  9.15) = 

0.344  0.05 
0.499 6 
0.244  0.07 
0.299  0.0S 

0.5l4,Wilk's ^^  = 0.93 

18.599 7 
10.755 2 
28.699  3.33 
25.177 0 

,, ns 

Wolbachi aa variatio n withi n cucumbe r and ros e strain s of T. urticae 

Noo differences were found in either of the fisZ or wsp sequences within or 
betweenn the cucumber and rose mass bred populations of T. urticae. Al l ten 
insertss sequenced (five from cucumber and five from the rose populations) for 
bothh fisZ and wsp were identical (Genbank accession numbers are cucumber: 
jfeZ-AF40476S,, tt«/>-AF404765 and rosei/&Z-AF404764, W5^AF404766). 
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Tablee 5 Mod+ or Mod-? Crosses between R1 and Rs isofemale lines (for legend, see 
Tablee l). 

Cross s NN mortalit y sex ratio 
meann  SE mean  SE 

Doess RIW induc e CI in RIU? Yes 
RIUxRl U U 
RIUU x RIW 

588 0.25*  0.03 0.35**  0.04 
311 0.5 lc 5 0.604e  0.05 
Doess RIW induc e CE in R3U? Yes 

R3UxR| U U 
R3UU x RIW 

355 0.09"  0.02 0.32**  0.02 
411 0.49c 3 3 

Cann R3W rescue RIW? Yes 
R3WxR| W W 511 0.l5*-b  0.02 2 

Doess R3W induc e CI in R3U? No 
R3UU x R3U 
R3UU x R3W 

366 0.24'  0.04 0.46bAd  0.03 
344 0.14** 3 0.55cd 4 
Doess R3W induc e CI in Rl U? No 

RIUXR3U U 
RIUU x R3W 

Manova: : 
Anovas : : 

488 0.15**  0.03 0.44bc  0.03 
400 0.20**  0.03 0.56cd  0.04 

FI«.TMM = l 8 -74 . W i l k ' s *- - 48, P<0.00l 
FW733 = 23.24, P<0.001 F8373 = 21.11, P<0.00l 

Fll  female' s 
parents : : 
(9*<? ) ) 

NN mortalit y numbe r of sons 
meann  SE mean  SE 

Doess RIW induc e HB in RIU? No 
(RIUU x RIU) 
(RIUU x RIW) 

466 0.21 **  0.04 28.16"*d  1.84 
155 0.39*  0.06 21.67**c  3.00 
Doess RIW induc e HB kt R3U? No 

(R3UxR|U) ) 
(R3U xU x RIW) 

311 0.63" 3 12.58**  1.45 
166 0.52cd 9 11.67**  0.03 

(Cann R3W rescu e RIW? Yes) 
(R3WW x RIW) 400 0.36** 4 21.30»*'  2.00 

Doess R3W induc e HB in R3U? No 
(R3U xU x R3U) 
(R3UU x R3W) 

266 0.17*10.04 34.08" 3 
222 0.29**  0.05 24.65c-<t  2.92 
Doess R3W induc e HB in Rl U? No 

(RIUxR3U) ) 
(RIUxR3W) ) 

Manova: : 
Anovas : : 

377 0.60^0.0 3 12.68** 4 
288 0.68c 3 9.68* 9 

F,M788 = 1000, Wilk' s X = 0.56, P<0.00l 
Fw«« = 15.24, P<0.001 FW48 = 19.51, P<0.001 

DISCUSSION N 

Threee genes are commonly used to infer Wolbachia phylogeny, 16S rDNA, 

wspwsp and fisZ. The latter two evolve faster and wsp is the most variable and 

informativee (Zhou et al. 1997; Jiggins et al 2001). For the mite populations 

usedd in our study, wsp and JisZ sequences did not correlate with infection 

phenotype.. Sequences were identical in the rose and cucumber strains and 

reproductivee incompatibility was induced in isofemale lines of the first, but 
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nott of the second strain. A similar result has been described by Fialho & 
Stevenss (2000). These authors report that in Tribolium madens Wolbachia 
infectionn is associated with male killin g and in T. confusum the infection 
resultss in cytoplasmic incompatibility. However, based on ftsZ and wsp 
sequencess the bacteria infecting the two species cannot be distinguished. It is 
off  course possible, that the Wolbachia present in these pairs of strains and 
speciess differs in genes other than the two we have sequenced. For example, 
thee two 'strains' of Wolbachia may have acquired similar copies of wsp and 
fisLfisL genes through recombination (Jiggins et al. 2001; Werren & Bartos 
2001).. Another possibility is that host effects may influence the phenotypes 
associatedd with these infections. 

Crossess within isofemale lines of the cucumber strain revealed that 
infectionss behaved as mod" resc? phenotypes in all C-isofemale lines (Tables 3 
andd 4), i.e. CI was not induced in any line. The same result (lack of CI 
induction)) is observed in crosses within the cucumber base population (Vala 
etet al., see Chapter 5). It is possible that C-infections can, to some extent, 
rescuee R-modified sperm (resc+) has it has been suggested based on previous 
resultss (Vala et al. 2000, see Chapter 2). However, it is difficult to 
conclusivelyy determine whether infected C-females can rescue sperm from 
infectedd R-males because the two strains are reproductively isolated even in 
thee absence of Wolbachia (cf. Vala et al 2000). In the absence of CI the C-
infectionn may maintain itself in the host population due to a Wolbachia 
inducedd sex ratio bias towards females (Vala et al, see Chapter 5; Egas et al, 
seee Chapter 6). 

Fromm the rose strain mod+ resc+ and mod' resc+ infection phenotypes were 
isolated.. Crosses within isofemale line RS did not show induction of CI 
(Tablee l), whereas CI was induced in crosses within isofemale lines Rl and 
R2.. Further crossing experiments demonstrated that the Wolbachia-host 
associationn in RS exhibits a mod' resc+ phenotype (Table 5). Thus, either 
mod""  resulted from a mutation in RS during or after the establishment of this 
linee or mod+ resc+ and mod" resc+ phenotypes co-occured in the host 
population.. The latter hypothesis is in line with predictions of population 
geneticss models (Prout 1994; Turelli 1994; Hurst & McVean 1996). 

Thee between-line and between-population variation reported here is likely 
too reflect genetic differences because environmental conditions were constant 
throughoutt experiments. Since identical sequences were obtained for 
Wolbachiaa genes in the two mite populations, there is a possibility that the 
differencess observed are due to genotypic differences at the host (nuclear) 
level. . 

Iss mod" a property of Wolbachia or of the host? 
Theoryy predicts that mod" resc+ infections cannot invade an uninfected host 
population.. However, a mod" resc+ Wolbachia may increase in frequency 
whenn rare if a resident mod+ resc+ Wolbachia is present, as long as it entails a 
lowerr cost to the infected female (Prout 1994; Turelli 1994; Hurst & McVean 
1996).. Invasion of a mod" resc+ phenotype eventually leads both infection 
typess to extinction (Hurst & McVean 1996). Under the (realistic) assumption 
off  imperfect maternal transmission none of the two Wolbachia types wil l 
spreadd to fixation (Turelli 1994; Hurst & McVean 1996). Therefore, unless 



48 8 CHAPTERR 3 

anotherr strategy is being employed by the symbiont {e.g. a sex ratio shift), we 
doo not expect to encounter a population with only mod" resc+ infections. Our 
resultss show that the two types of infection could be isolated from a 
populationn of hosts that is fixed for the infection. Infection is fixed possibly 
becausee transmission efficiency is perfect, or very high, in the laboratory 
(Hoffmannn & Turelli 1997). As we do not have data on the relative 
frequenciess of infecteds and uninfecteds in the natural population, a 
quantitativee test of the theory is not possible here. 

Remarkably,, however, our results do not indicate any correlated 
differencess between fecundity and CI induction in R3 and Rl or R2 infected 
females.. Infected Rl and R3 females generally produce similar clutch sizes 
(Tablee l). Average Fl mortality in W x W and W x U crosses yields 0.25 
forr Rl, 0.16 for R2 and 0.21 for R3. Therefore, the mod+ resc+ infection in R2 
incurss lower mortality in broods of W females than the mod" resc+ infection 
inn R3. If we repeat these calculations for sex ratio, then Rl has the least 
femalee biased sex ratio (0.48), whereas R2 and RS have similar sex ratios 
(0.277 and 0.26). Thus, infection in Rl or R2 does not appear more costly to 
femaless than the infection in R3. One possibility for the absence of a 
differencee in cost to W females is that the Wolbachia-type in Rl, R2 and RS 
iss the same. This hypothesis cannot be refuted based on our sequence data. 
Thee difference in phenotypes (mod- resc+ and mod+ resc+) may, instead, be 
duee genetic differences between the hosts. 

Althoughh rescuing from CI is a property that is definitely under 
Wolbachiaa control (uninfected RS females cannot rescue modified R1 sperm, 
whereass infected R3 females can), modification of sperm may be under 
controll  of Wolbachia or the host. The host may mutate, or otherwise 
'protect'' target sites of Wolbachia from modification. Or it may prevent 
bacteriall  growth in males (Bressac & Rousset 1993; Poinsot et al. 1998). 
Unlesss information on horizontal transmission experiments is available, a 
mod+/""  classification refers only to the phenotype of a particular Wolbachia-
hostt association. It does not distinguish between a Wolbachia that fails to 
modifymodify sperm or a host that 'resists' modification. 

Iss there evidence that mod" is a Wolbachia trait rather than a host trait in 
otherr organisms? To date, the best-studied Wolbachia-induced CI system is 
thee Wolbachia-Drosopkila simulans system. Six Wolbachia 'strains' have been 
identifiedd in this species: wRi, wHa, wAu, wKi, wMa and wNo. This 
classificationn is consistent with sequence data from wsp and 16S rDNA (cf. 
Jamess & Ballard 2000). Interestingly, if we assume that Wolbachia 
modificationn of sperm can only occur at specific sites of the host DNA, four 
(host)) target sites in D. simulans suffice to explain the incompatibility 
patternss found so far. A site being modified by wRi, a site used by wHa, the 
targett site of wMa, wNo and wKi, and a site for wAu. The existence of four 
hostt 'sites' subject to modification by Wolbachia is consistent with the 
observationn that 1. wKi and wMa both rescue wNo (Mercot & Poinsot 1998; 
Bourtziss et al 1998); 2. wAu cannot rescue wNo, wRi or wHa (Mercot & 
Poinsott 1998b); 3. wRi, wHa and wNo are bi-directionally incompatible with 
eachh other (Hoffmann & Turelli 1997; Mercot & Poinsot 1998b; James & 
Ballardd 2000). (Note that James & Ballard (2000) report that crosses between 
fliess infected with wAu and wMa are compatible but they do not conclusively 
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demonstratee that males infected with either type can induce CI — therefore, 
compatibilityy does not show that the two infections can rescue each other). In 
thiss respect, if wMa, wAu and wKi fail to induce CI that could be because the 
hostt evolved 'resistance' to the modification of sperm (and not because these 
Wolbachiaa strains have lost the ability to modify sperm). This hypothesis is 
consistentt with the observation that wAu fails to induce CI in flies from 
Australiaa (Hoffmann et al 1996; Mercot & Poinsot 1998b), but induces CI in 
somee isofemale lines of flies collected in Florida (Ballard etal. 1996). 

Thiss analysis of literature shows that based on data published so far on D. 
stmulansstmulans there is no reason to assume that mod" is a property of Wolbachia. 
Wee reached the same conclusion based on our own data. Placing the 
Wolbachiaa from a host line where it is non-expressing in a host background 
thatt is expressive provides a test for the hypothesis that mod* is a property of 
thee host (thus, a test would be Rs Wolbachia in a Rl host-background and, 
similarly,, wAu from Australia in a 'Florida' host-genotype). Future research 
shouldd provide tests of this hypothesis. 

Populatio nn dynamic s consequence s of a hos t mod ' allel e 

Inn a population where U and W-CI hosts co-occur, host suppression of CI is 
expectedd to evolve. For the endosymbiont, CI provides a spreading 
mechanism.. But for nuclear host genes CI means that not all crosses between 
infectedd and uninfected individuals wil l produce viable offspring. Males that 
possesss a nuclear resistance allele against sperm modification, however, are 
compatiblee with all (infected and uninfected) females in the population. Such 
ann allele wil l therefore invade (Turelli 1994), even if the mod- trait is not 
associatedd with a lower cost to the infected (mod-) female. The allele spreads 
because,, being a host allele, it is transmitted by both sexes: it can enter the 
uninfectedd sub-population through crosses between infected-mod- males and 
(anyy type of) uninfected female, and re-enter the infected population through 
matingss between (any type of) infected-female and uninfected-mod" males. 
Thee latter cross renders (half of the) offspring of a mod+-female mod". But 
whatt happens after invasion? It is conceivable that spread of a mod- host 
allelee would result in conditions for re-establishment of uninfecteds, 
analogouss to the case of a Wolbachia mod' discussed by Hurst & McVean 
(1996).. Simulations show that this is indeed the case (Fig. 1, see Appendix for 
details).. More specifically, invasion by a host allele conferring resistance to 
spermm modification by Wolbachia leads to establishment of resistant 
uninfecteds.. Thus, an uninfected population results which cannot be re-
invadedd by a Wolbachia using the same modification site. Re-colonisation by 
thee same Wolbachia type does not occur. Infections by wAu in Australia 
occurr at zero to low frequencies in different populations (Hoffmann et al 
1996).. It could be that populations infected with wAu constitute an example 
off  host-gene mediated dynamics such as those we have described. The effect 
off  these infections on reproductive incompatibility was tested on pooled 
sampless from an Australian population and shown not to cause CI. However, 
whenn isofemale lines were created from Florida populations, which are also 
infectedd with wAu, CI was detected in some isofemale lines (Ballard et al. 
1996).. The low frequencies of wAu infections in Australian populations may 
constitutee an example of host-mediated dynamics such as those we have 
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describedd here: host populations segregate for a mod" host allele and the 
infectionn wil l eventually disappear. 

Inn conclusion, our observations support model predictions regarding co-
occurrencee of mod+ resc+ infections and modresc+ in host populations (Prout 
1994;; Turelli 1994; Hurst & McVean 1996). Mutation of infection type, from 
mod++ to mod", can be expected to evolve in either the symbiont or the host. 
Ass long as uninfecteds are still present in the host population, co-occurrence 
off  mod+ and mod" is a transient phenomenon. However, we show that the 
secondd possibility results in re-invasion by 'resistant' uninfecteds. Such a 
populationn is immune to re-colonization by a CI-Wolbachia that uses the 
samee modification site. To test if mod" is a property of the host, Wolbachia 
bacteriaa from expressing isofemale lines should be placed in related non-
expressingg nuclear backgrounds. Data published so far does not allow 
discriminationn between a Wolbachia or host effect. 

0.5--

0 0 

susceptiblee hosts (mod* 

infected d 
uninfected d 

00 100 200 300 400 500 

resistentt hosts (mod ) 

(b) ) 

00 100 200 300 400 500 

Generations s 
Figuree 1 The effect of a host allele resistant to modification by Wolbachia in the 
populationn dynamics of the infection (see appendix and Table A1 for details). The 
dynamicss depicted here are based on |i=0.9, F=0.9, H=0.1. With these parameters 
andd in the absence of mod" (pr = q, = 0) there is an unstable equilibrium at p,=0.235, 
q.,=0.765.. With initial conditions ps=0.3, q,=0.7, pr=0, qr=0 the dynamics quickly 
convergee to the equilibrium ps = 0.986, qs= 0.014. After one generation, a mod" allele 
wass introduced (pr=10--5) thus mimicking a mutation in a single infected host, (a) 
frequencyy of types susceptible to modification by Wolbachia (mod+): ps (dashed) and 
qss (solid), (b) Frequency of types resistant to modification by Wolbachia (mod-): pr 
(dashed)) and qr (solid). 
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APPENDIX X 

Wee study the dynamics of allele frequencies after invasion of the mod" host 
allele,, with a population genetic model that follows Turelli (1994). The 
variabless in our model are the frequency of infected hosts susceptible to 
modificationn by Wolbachia (ps), the frequency of infected hosts resistant to 
modificationn by Wolbachia (pr), the frequency of uninfected hosts possessing 
thee allele for susceptibility to modification by Wolbachia (qs), and the 
frequencyy of uninfected hosts possessing the resistant allele to modification 
byy Wolbachia (qr). Other notation follows Turelli (1994); (J. is the proportion 
infectedd offspring produced by an infected mother; F is the fecundity of 
infectedd females relative to uninfected females and H is the hatchability in 
incompatiblee crosses (H=0 implies that CI results in 100% Fl mortality). 
Notee that u,, F and H correspond to a, l-U and 1-k, respectively, in Hurst & 
McVean(l996). . 

Tablee Al lists all possible matings, the frequency at which they occur 
assumingg random mating, and the expected distribution of offspring over the 
fourr different host categories. Assuming non-overlapping generations and 
haploidd genetics for reasons of model tractability, the dynamics of the 
populationn is described by four difference equations. For example, the 
frequencyy of infected, susceptible hosts in the next generation (ps) is obtained 
byy summing all separate contributions to Ws in Table Al , and dividing by 
thee sum of all contributions, i.e., 

ps'' = (ps
2 ^ F +1 / ^ p s p r n F + ... + % pr qs |i F)/(ps

2 n F + ... + qr
2). 

Notee that since ps + pr + qs + qr = 1 one variable can be eliminated leaving 
threee difference equations. 

Thee objective of this exercise is to investigate whether Hurst & McVean's 
(1996)) predictions hold assuming mod" is a property of the host. In other 
words,, do uninfecteds re-establish following invasion by mod-? Using the 
samee parameter values as Hurst & McVean (1996, their Fig. 2), we find: 
1.. invasion of the mod- host allele, followed by extinction of Wolbachia (Fig. 

2.. the resulting uninfected host population is immune to any Wolbachia that 
usess the same modification site; 

3.. results (1) and (2) hold provided that (I<1 and that the two equilibria (ps, 
qs,, 0, 0) exist \J.e., the unstable (or threshold) equilibrium and the high 
prevalencee (or polymorphic) internal equilibriunT]. 

Notee that if there were a cost to mod", the uninfected population would 
slowlyy return to the susceptible state. However, population immunity is 
providedd by any frequency qr>0. Therefore we argue that re-invasion of 
Wolbachiaa requires a new modification site. 
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Tabl ee A l The model. List of possible crosses between host types, the frequency by 
whichh they occur and the distribution of offspring over the four types, in a 
populationn that segregates a host allele resistant to modification by Wolbachia. Host 
typess are classified by infection status (W: infected, U: uninfected) and susceptibility 
too modification (s: susceptible or mod+, r: resistant or mod-). The last four columns 
aree expressed in units of the clutch size of an uninfected female. 
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ENDOSYMBION TT ASSOCIATED ASSORTATIV E 
MATIN GG IN A SPIDER MIT E 

FF Vala, JAJ Breeuwe r & MW Sabelis 

Whenn mated to males infecte d wit h Wolbachi a bacteria , uninfecte d (U) 
femaless produc e unviabl e offspring , a phenomeno n called cytoplasmi c 
incompatibilit yy  (CI). So 'Why do (infected ) males steriliz e females?* 1 

Curren tt  theor y predict s tha t 'sterilization ' confer s a fitnes s advantag e to 
Wolbachi aa in infecte d (W) females 1"3. Abov e a threshol d frequenc y in a 
panmicti cc  population , incompatibl e mating s reduc e the fitnes s of U-females 
belo ww that of W-females "  and, consequently , di e proportio n of infecte d 
host ss increases 2"4. Thus , Wolbachi a in males act spitefully : they indirectl y 
benefi tt  relate d Wolbachi a in females but are no t transmitte d to offsprin g 
diemselves 5.. CI is a mechanis m dia t benefit s the bacteri a but , apparently , 
no tt  di e host . So why doesn' t di e hos t avoi d incompatibl e matings ? Parasit e 
loadd and diseas e resistanc e are know n to be involve d in mate choice 6,7. Can 
aa non-patftogen , lik e Wolbachia , also be implicate d in mate choice ? Here 
wee sho w that U-female s prefe r to mate wid i U-males whil e W-female s 
aggregat ee thei r offsprin g thereb y promotin g sib mating . Our result s pose an 
interestin gg conundrum : if CI infection s sprea d unde r panmixis , selectio n wil l 
favo rr  assortativ e matin g and dii s in tur n reduce s the advantag e CI confer s 
too the bacterium . Paradoxically , CI is relativel y common 8. 

Panmixiaa is an important assumption underlying the claim that CI promotes 
thee spread of cytoplasmically transmitted Wolbachia bacteria. This 
advantagee wil l be ameliorated as hosts that choose compatible partners {or 
geness that suppress CI) increase in frequency. Empirical tests to the 
assumptionn of random mating between hosts from populations infected with 
CI-inducingg Wolbachia have been performed in three instances (twice for 
infectionss in Drosophila simulans9-10 and once for an infection in Tribolium 
confusumconfusum1111).). Al l three cases failed to find evidence for assortative mating. 
However,, in the isopod Armadillidium vulgare, where Wolbachia infections 
aree associated with feminization of genetic males, males prefer real females to 
neo-females12.. Neo-females are genotypic males that acquire a female 
phenotype,, and are fertile, due to infection by a feminizing Wolbachia. In this 
case,, a genotypic difference exists between the two types of female that may 
determinee male preference: if neo-females (i.e. feminized males) lack the 
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abilityy to produce female sexual pheromones they wil l be less 'attractive'. 
Here,, we tested the assumption of panmixia in the CI-Wolbachia and two-
spottedd spider mite association. Experiments were performed in such way 
thatt the role of host genotype was minimized so that the determinant factor 
inn decision-making by females and males was the presence/absence of the 
bacteria. . 

Two-spottedd spider mites, Tetranychus urticae Koch, are phytophagous 
arthropodss with haploid males (that develop from unfertilized eggs) and 
diploidd females (that develop from fertilized eggs). Populations of this mite 
aree patchily distributed over their host plants, and exhibit local mating 
structure.. Adult females, usually mated, disperse and start new colonies on 
uninfestedd leaves of the same or another host plant. Larvae and immatures 
havee limited mobility and do not move further than a few millimeters from 
theirr hatching place unless food conditions are poor13,14. Females in the last 
moultingg stage are guarded by males and mate immediately after 
emergence15.. However, females may mate again, and use sperm from later 
mates15.. Therefore assortative mating may become manifest as a preference 
off  males for females or of females for males - females may refuse males or 
theirr sperm. As matings occur locally, ovipositing females may promote 
assortativee mating by choosing to lay eggs in isolated clutches, and/or place 
themm in clutches of eggs from females of the same type. In this article we test 
ovipositionn site selection and mate choice of uninfected and Wolbachia-
infectedd male and female spider mites. 

Wee used two highly inbred isofemale lines of spider mites, T. urticae, to 
preventt females or males from choosing for traits other than the 
presence/absencee of Wolbachia. Isofemale lines were established from 
populationss collected from Rose (R) and Cucumber (C) plants16. After four 
consecutivee generations of mother x son mating, a sub-strain of each of the 
twoo isofemale lines was cured (see Methods). Crosses within the R line (i.e. 
linee Rl from Chapter S) showed that presence of Wolbachia in males renders 
themm incompatible with uninfected females (Table 1). 

Tablee 1 Cytoplasmic incompatibility: reproductive output of compatible and 
incompatiblee crosses within the Rose isofemale line (mean  standard error). Sex 
ratio:: proportion sons. 

$*<S $*<S 

w * w w 
w * u u 
U x U U 

u* w w 

N N 

24 4 

31 1 

42 2 

33 3 

clutc hh size 

40.799  2.20 

43.977  1.68 

42.211  1.50 

39.988 6 

sexx ratio * 

4 4 
0.44''  0.03 

0.53''  0.03 

0.93""  0.02 

mortality * * 

2 2 
0.28**  0.03 

0.41"" 3 

0.64cc  0.03 

numberr  of 
daughters * * 

15.33'  1.12 
17.45'  1.16 

11.00** 4 
0.933 c  0.24 

numbe rr  of 
sons s 

17.211  1.71 

14.488  1.48 

14.188  1.30 

14.333  1.51 

W:: Wolbachia infected; U, uninfected (cured); MANOVA on untransformed Fl data 
detectedd a significant effect of cross (Wilk's X=0.201, F= 17.263, df=l5, 328, 
P<<0.001);; variables significant (after Bonferroni correction) according to 
univariatee ANOVAs are marked with *. Identical superscripts (a-bc) within columns 
indicatee non-significant differences between crosses at the 5% level (Tukey test). 
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A)) Egg clutches on leaves are from R females: B) Egg clutches on leaves are from C females: 

proportionn eggs 
proportionn eggs 

Figuree 1 Oviposition site selection tests. A) egg clutches on leaves are from Rose 
(R)) females and B) egg clutches on leaves are from Cucumber (C) females. Top row: 
proportionn of females that allocated all their eggs to new or an existing patch; of the 
femaless that allocated all their eggs to an existing egg clutch, preference was tested 
usingg the one-tailed binomial distribution (oc=0.05). Bottom row: distribution of 
eggss from all ovipositing females tested (thus, both females that allocated all their 
eggss to one place and females that allocated eggs to more than one place were 
included).. W, Wolbachia infected; U, uninfected (cured); ns, not significant; N, 
numberr of females tested (top row), or number of eggs laid (bottom row). 

RESULTSS A N D DISCUSSION 

Sincee mating is more likely to occur between individuals born nearby in 
spacee and time, we investigated oviposition site selection of infected and 
uninfectedd R-females. These were offered a choice between laying eggs near 
eggg clutches from infected or uninfected females, or elsewhere (or any 
combinationn of these). In the first set of experiments, egg clutches offered on 
leaff  discs had been produced by females from the rose line (Fig. 1, top left 
panel)) and in the second by females from the cucumber line (Fig. 1, top right 
panel).. When given a choice, 35% to 54% of R-females deposited all their 
eggss in a new patch of their own which - since immature stages have reduced 
mobilityy and only females disperse - wil l promote sib-mating. An additional 
thirdd of the females allocated all their eggs to one of the two egg clutches 
offered.. A significantly larger proportion of infected R-females deposited all 
theirr eggs in infected R-clutches: 25% of infected females placed all their eggs 
inn patches from infected females versus 3% that placed all eggs in clutches by 
uninfectedd R-females (Fig. 1, top left panel). The same tendency was 
observedd when egg clutches were from infected C-females: 18% of infected R-
femaless placed all their eggs in patches by infected C-females versus 3% that 
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placedd their eggs in clutches by uninfected C-females (Fig. 1, top right panel) 
butt this result was not significant. Uninfected females that allocated all their 
eggss to an existing egg clutch did not show a significant preference for either 
off  the two clutch types available. Based on these results we suggest that -
independentt of host genotype - infected females of this isofemale line can 
assesss the infection status of the eggs. 

Takingg all females together, 80-90% of the clutches contained eggs of the 
samee infection type only (Fig. 1, bottom row) — thus, clutch heterogeneity 
withh respect to infection is reduced to other causes like imperfect 
transmissionn of the infection or environmental curing [e.g. due to high 
temperatures17).. Results were similar when clutches available on the leaf-
discss were from C-females. Sequences of two Wolbachia genes (Jis-Z and wsp) 
aree identical in the mite populations from cucumber and rose (Vala et al, see 
Chapterr 3). Thus we hypothesize that infected R- females respond to a signal 
associatedd with presence of Wolbachia in eggs irrespective of host genotype. 

malee R U 

malee R W 

wmm wmm ^ ^ vv 4 

ns s 

 , . 

QQ guarding female R W 

 guarding female R U 

 not guarding 

00 0.5 1 
proportionn guarding 

femalee R U 
00 mated to male R W 

DD mated to male R U 

 not mated after 30 min. 

femalee RW 

0.5 5 
proportionn mating 

Figuree 2 Male and female choice tests. Top row: proportion of males choosing 
betweenn female W- or U-Rose (R) teleiochrysalids. Bottom row: proportion of 
femaless mating with U or W-Rose males. Preference (of males that guarded and 
femaless that mated) was tested using one-tailed binomial distribution with a=0.05; 
ns,, not significant; N, number of individuals tested; W, Wolbachia infected; U, 
uninfectedd (cured). 
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Too examine avoidance of incompatible matings, infected or uninfected R-
maless were offered a choice between guarding last molting stages of infected 
andand uninfected R-females. Males that did guard (40-60%; Fig. 2, top row) 
showedd no preference for a given type of female. Choosiness in mites, 
however,, may rather be a property of females18. We tested mate preference of 
virginn R-females by offering one infected and one uninfected virgin R-male, 
onee of which was marked with water-based paint. While infected females are 
compatiblee with both types of males, uninfected females are incompatible 
withh infected males and consequently should avoid them. This is exactly 
whatt our results show (Fig. 1): infected females have no preference, whereas 
uninfectedd females mated significantly (P=0.007) more frequently to 
uninfectedd males. Thus, even when infected and uninfected spider mites co-
occur,, most matings wil l be compatible (cf. Table 1). 

Thee preference of infected females to deposit eggs near clutches from 
infectedd females and the preference of uninfected females to mate with 
uninfectedd males provides compelling evidence that hosts mate assortatively 
withh respect to infection status (infected or uninfected). This suggests that 
Wolbachiaa infections impose selection pressure on hosts leading to adaptive 
matee choice. 

Iff  spider mite populations are not panmictic with respect to Wolbachia 
thiss has important consequences for the dynamics of Wolbachia infections. 
Theoreticall  models for panmictic populations show that if there is a cost to 
infectedd females and/or transmission efficiency is not perfect, induction of CI 
perper se wil l not result in an increase of infection frequency when rare3. 
However,, once the infection surpasses a certain threshold frequency, 
Wolbachia-CII  infected individuals wil l replace uninfected individuals3-5. But 
wil ll  CI promote an increase in infection frequency in a non-panmictic 
population?? If not, why then do males sterilize females? We propose that CI 
persistss because it may confer at least two direct advantages to the infected 
host. . 

First,, Wolbachia-induced CI may help spider mite hosts prevent 
establishmentt of unrelated individuals in their patch — conferring a 
competitivee advantage to the infected host. Early in the colonization process, 
infectedd hosts are likely to be related and CI wil l isolate them from unrelated 
(i.e.(i.e. uninfected) intraspecific competitors. In this way, infected hosts stay in 
controll  of local resources. This is also advantageous to Wolbachia because, 
beingg transmitted vertically, they benefit from the reproductive success of the 
hostss they occupy. In addition, there is an exclusive benefit to Wolbachia — 
whichh remains even after the infection has spread: CI wil l hamper 
reproductivee success of related uninfected females that occasionally emerge 
byy imperfect transmission. 

Second,, reproductive isolation is a positively selected trait in a sympatric 
speciationn process19-20: co-adapted genomes retain their fitness advantage on 
aa 'new resource' only when recombination with other genotypes is 
prevented19* 21.. Thus, before assortative mating evolves in a sympatric 
speciationn process, co-adapted genotypes of Wolbachia infected hosts may 
gainn an advantage from CI. In fact, Wolbachia have been implicated in 
reproductivee isolation between species22-23. 
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Ourr results show that hosts of CI endosymbionts are not innocent 
bystanders:: mechanisms that avoid CI can evolve. Nevertheless, CI persists. 
Futuree research should establish the conditions under which a CI phenotype 
iss selectively favored. 

MATERIA LL A N D METHODS 

Mit ee strain s 

Strainss of two-spotted spider mites, T. urticae, were reared on bean (Phaseolus 
vulgaris)vulgaris) leaves at 22°C8. Two strains of mites were used, one collected from 
Rosee (R) and another from Cucumber (C)16. Isofemale lines were produced by 
fourr consecutive generations of mother-son mating (which gives an 
inbreedingg coefficient of 0.98). For each isofemale line a sub-line was cured 
byy culturing at 32°C17 for 8-9 generations. Curing was checked by PCR 
amplificationn of the Jts-Z Wolbachia gene24,25. Infected C- and R-females 
harborr a Wolbachia whose wsp andJis-Z sequences are identical (Vala et al. -
seee Chapter Sj). Cytological analysis revealed only one morphotype of 
bacteria.. Hence, it is assumed that the infected and uninfected sub-lines of 
eachh isofemale line are genetically similar at the nuclear level, and only differ 
duee to presence of Wolbachia. 

Testt  fo r cytoplasmi c incompatibilit y 

Crossingg experiments were performed on bean. Fl clutch size, sex ratio 
(proportionn males) and mortality of all possible crossing combinations 
betweenn infected and uninfected mites were assessed16. The normality of data 
wass checked graphically. Homogeneity of error variances was analyzed using 
Levine'ss test. Data transformations were applied if it improved compliance to 
(M)ANOV AA assumptions. To test for cytoplasmic incompatibility the effect 
off  cross was tested by MANOVA on Fl data, followed by univariate 
ANOVAs. . 

Ovipositio nn sit e selectio n test s 

Too create infected and uninfected clutches, one infected and one uninfected 
femalee of the same isofemale line were placed on bean leaf discs ( 0 = 3 cm) 
onn water-soaked cotton wool. Each female was confined to a small area (ca. 
0.55 cm in diameter) using wet cotton wool as a barrier. The two areas were 
oppositee one another at the edges of the leaf discs and placed in a line parallel 
too but 0.5 cm away from the mid axis. Females and cotton wool barriers were 
removedd after 24 hrs. The number of eggs laid by each female was counted 
andd their position was mapped. Clutches had on average 6 eggs. Next, the 
testt female was introduced on the leaf disc and allowed to lay eggs for 24 hrs. 
Locationn and number of newly laid eggs were identified using the 'egg-map'. 
Eggss laid by experimental females were assigned to one, the other, or a 
separate,, new, clutch. Because females lay eggs where they feed, the area of 
feedingg scars defines each clutch. The clutch of the newcomer was considered 
separatee when feeding scars from the test female did not overlap with 
existingg scars. Typically, 'separate clutches' were located 1-1.5 cm from 
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existingg scars. 

Malee and femal e choic e test s 

Youngg males were individually given a choice between infected and 
uninfectedd R-females in the last molting stage. Females were placed opposite 
onee another, on the mid axis, each at 0.5 cm from the edge of a bean leaf disc 
( 00 = 1.5 cm). Leaf discs were checked two hours later and guarding was 
scoredd when the male was on of a top molting female25. 

Inn the female preference tests, final molting stages of females and males 
weree individually isolated on separate leaves so that emerging mites were 
virgin.. Five R-females and two R-males, one infected and one uninfected, 
weree placed on leaf discs and mating behavior was observed and recorded for 
halff  an hour26. A 5:2 ratio was chosen to reduce competition between males. 
Maless produce enough sperm to successfully inseminate (at least) 10 
females27.. Females were removed from the group as they mated. To 
distinguishh the infected from the uninfected male, one was painted dorsally 
withh a minute droplet of blue water-based paint (in half the samples 
uninfectedd males were painted, in the other half infected males were painted). 
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55 GENETIC CONFLICTS OVER SEX RATIO: MITE» 
ENDOSYMBION TT INTERACTIONS 

FF Vala, T van Opijnen , JAJ Breeuwe r & MW Sabelis 

Nucleo-cytoplasmi cc geneti c conflict s aris e due to asymmetri c transmissio n 
off  cytoplasmi c and nuclea r genes . In a nucleo-cytoplasmi c geneti c conflict , 
thee sprea d of a cytoplasmi c gene create s the contex t fo r sprea d of a 
nuclea rr  gene of opposit e effect . Thus , sprea d of a cytoplasmi c elemen t 
promotin gg femal e biased sex ratio s is expecte d to creat e selectio n on 
nuclea rr  genes for mechanism s tha t decreas e the bias . Here we investigat e 
thee effec t of the verticall y transmitte d cytoplasmi c bacteriu m Wolbachi a on 
thee sex rati o produce d by females of the two-spotte d spide r mite , 
TetranychusTetranychus  urtkae  Koch . Firs t we sho w tha t infecte d females produc e 
significantl yy  mor e femal e biased sex ratio s than uninfecte d (cured ) females . 
Thiss  effec t is not due to parthenogenesis , male-killin g or feminizatio n -
whic hh are phenotype s know n to be associate d wit h Wolbachi a in othe r 
species .. Next , we demonstrat e tha t sex rati o is a heritabl e trai t bot h in 
presenc ee and absenc e of the bacteria , thu s it can evolv e unde r selection . 
Intriguingly ,, we observe d tha t the sex rati o produce d by females fro m the 
cultur ee of mite s cure d of the infectio n was not stabl e and graduall y 
converge dd to the sex rati o produce d by females fro m the infected  culture . 
Basedd on thes e results , we sugges t tha t upo n sex rati o manipulatio n by 
Wolbachi aa compensator y mechanism s evolve d allowin g infecte d females to 
produc ee a SR favore d by nuclea r genes . Curin g caused thi s compensator y 
effec tt  to becom e manifes t and subsequentl y selectio n in die uninfecte d 
culture ,, favore d females tha t coul d produc e mor e daughters , thu s 
producin gg the observe d shif t in sex ratio . 

Uniparentall  inheritance of cytoplasmic genes sets the stage for nucleo-
cytoplasmicc intragenomic conflicts (Cosmides & Tooby 1981). Nucleo-
cytoplasmicc intragenomic conflicts are conflicts of interest between 
cytoplasmicc and nuclear genes expressed in the same individual. Most 
commonlyy these conflicts translate into a conflict over sex ratio: while 
selectionn on cytoplasmically transmitted genes favors investment in females 
(thee egg producing sex) selection on nuclear genes favors investment in both 
sexes.. Therefore, there is a conflict over sex ratio between nuclear genes and 
cytoplasmicallyy transmitted element with a genotype such as organelles 
(chloroplastss or mitochondria). The same conflict exists between 
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cytoplasmicallyy transmitted endosymbionts and their hosts (Maynard-Smith 
&&  Szathmary 1995). 

Wolbachiaa are endosymbiotic bacteria, transmitted from mother to 
offspringg via the cytoplasm of the egg. They occur in arthropod and 
nematodee hosts and manipulate host reproduction in a variety of ways that 
promotee their spread through a host population (Stouthamer et al. 1999). Our 
researchh addresses the conflict over sex ratio between Wolbachia and its 
host,, the two-spotted spider mite Tetranychus urticae Koch. 

Althoughh the origin of conflict is the same - maximization of cytoplasmic 
fitnesss at the expense of nuclear fitness — nucleo-cytoplasmic conflicts may be 
expressedd in different ways (reviewed by Hurst et al. 1996). Wolbachia 
bacteriaa manipulate host reproduction by converting genotypic males into 
females,, a process termed feminization (F); and by inducing parthenogenesis 
(P),, where infected unmated females produce only daughters (Stouthamer et 
al.al. 1999). Furthermore, Wolbachia in males may increase the fitness of 
relatedd Wolbachia in females by (l) , promoting sterilization of females that 
doo not possess the bacteria - a phenomenon named cytoplasmic 
incompatibilityy (CI); or (2) by causing male killin g (MK), thus biasing 
offspringg sex ratio towards daughters. In MK and CI the fitness of 
cytoplasmicc elements in males is not reduced, since it is already zero (Hurst 
etet al. 1996), but through their action the fitness of related cytoplasmic 
elementss in females increases (see Stouthamer et al. 1999). 

Inn a genetic conflict, the spread of a gene creates the context for the 
spreadd of another gene of opposite effect (Hurst et al 1996). In other words, it 
iss expected that upon manipulation by a cytoplasmic element, selection on 
nuclearr genes favors mechanisms that counteract or suppress this 
manipulation.. To see why assume the sex ratio of a population of individuals 
too be such that nuclear genes in either sex have equal fitness. If sex ratio 
distortionn towards one sex is induced, for example a bias towards females, the 
fitnesss of nuclear genes in males increases because males wil l have more 
matingg opportunities (cf. Fisher 1958). Therefore genes favoring the 
productionn of the rare sex increase in frequency until the 'original' sex ratio 
iss restored. In populations with female-biasing sex ratio distorters, for 
examplee Wolbachia-induced F or MK, nuclear genes that restore male 
productionn in infected females wil l be positively selected. This selection 
arisess as long as males, which are rare due to the induced sex ratio bias, are 
requiredd to produce offspring. 

Thee number of studies that investigate or discuss host determined genetic 
mechanismss that counteract Wolbachia induced F or MK is still remarkably 
low.. Juchault et al (1993) propose that in the case of feminizing Wolbachia in 
isopodss -where females are the heterozygous sex (WZ) and males are 
homozygouss (ZZ) — the spread of Wolbachia creates the conditions for 
integrationn of an f-element into a Z chromosome. Thus, a neo-W sex 
chromosomee spreads through the host population and male production is re-
established.. For Wolbachia induced MK, the existence of host resistance 
geness for transmission of the infection is suspected - but as yet unconfirmed 
-- in a butterfly population with unusually high prevalence of the infection 
(Jigginss et al 2000). Finally, Hurst et al. (in press) surveyed several isofemale 
liness of Drosophila bifasciata infected with a Wolbachia that induces MK with 
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highh penetrance but none was positive for resistance to transmission of the 
symbiont. . 

Ass discussed by Hurst et al. (in press), selection for host suppression 
mechanismss of Wolbachia induced effects maybe ameliorated if infection 
frequenciess are environmentally balanced (e.g. due to spontaneous curing in 
thee field through high temperatures, or naturally occurring antibiotics). In 
fact,, spider mites may lose their infection if raised at high temperatures (Van 
Opijnenn & Breeuwer 1999). However, given the limited number of studies so 
far,, it is premature to conclude whether the existence of genetic resistance to 
Wolbachiaa induced phenotypes is the exception or the rule. In this paper, we 
reportt on the existence of a compensatory mechanism to Wolbachia induced 
sexx ratio distortion in the two-spotted spider mite, T. urticae. 

Two-spottedd spider mites are phytophagous, haplodiploid mites: females 
aree diploid and develop from fertilized eggs. Unmated females produce only 
haploidd eggs that develop into males. Spider mites have a subdivided 
populationn structure where females mature and mate near the site of egg 
eclosionn before dispersion (Mitchell 1973; McEnroe 1969). Behavior of 
ovipositingg females seems to conform to local mate competition theory 
predictionss (Hamilton 1967): sex ratios produced by females laying alone are 
moree female biased than sex ratios from patches produced by groups of 
femaless (Roeder 1992). Similarly, sex ratios produced by groups of 
geneticallyy related females are more female biased than sex ratios produced 
byy genetically unrelated females (Roeder et al. 1996; F. Vala, personal 
observation). . 

Inn two-spotted spider mites Wolbachia bacteria can induce CI (Breeuwer 
1997;; Vala et al. 2000, see Chapter 2). Furthermore, Wolbachia infection in a 
strainn of spider mites collected from cucumber plants ('C-strain' of mites, 
hereafter)) was suspected to induce a sex ratio distortion towards females 
(Valaa et al. 2000). In this paper we show that infected C-males were 
compatiblee with uninfected C-females - thus, infection did not induce CI. 
Furthermore,, we confirmed that the type of SR distortion induced by 
Wolbachiaa was not P (virgin females did not produce daughters), MK, or F 
(infectedd females produced males). Having established that, we noted that the 
SRR produced by females from the uninfected (cured) culture was not stable 
andd became more female biased in time. We hypothesized that this was due to 
selectionn in the uninfected cultures and proceeded to investigate whether sex 
ratioo is a trait with a genetic basis. We show that this is the case both in 
presencee and absence of the symbiont. 

Ourr results suggest that upon sex ratio manipulation by Wolbachia 
compensatoryy host mechanisms evolved that allow infected females to 
producee a SR favored by nuclear genes. Curing of mites exposed this 
compensatoryy effect. Subsequently, selection in the uninfected culture favored 
femaless that could produce more daughters, thus producing the SR shift 
observed. . 
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MATERIA LL A N D METHODS 

Spide rr  mit e lines : establishin g and curin g 

Thee base population of T. urticae spider mites was established from mites 
collectedd from cucumber plants obtained from the Institute for Horticultural 
Plantt Breeding in Wageningen, The Netherlands. Since collection, spider 
mitess have been reared on detached leaves of Phaseolus vulgaris (variety 
'Arena').. Cultures (>200 individuals) were maintained, and experiments were 
performed,, in one climate room at 23°C, 60-80% relative humidity, and 
16L:8DD photoperiod. At the time of the first experiment this strain (C-strain) 
hadd been in the lab for 2 years and could effectively be considered a 
'laboratoryy strain'. This strain was infected with Wolbachia based on a 
polymerasee chain reaction (PCR) assay with Wolbachia-specific primers 
(Breeuwerr & Jacobs 1996). An uninfected line of this strain was established 
byy curing with tetracycline antibiotics as described by Breeuwer (1997). Both 
thee infected and uninfected strains are the same as those in Vala et al. (2000, 
seee Chapter 2). 

Inbredd isofemale lines of the C-strain were created by taking virgin 
femaless from the infected base population and performing mother x son 
matingss for 4 consecutive generations - for arrenotokous haplodiploid 
organismss this gives, at least theoretically, an inbreeding coefficient of 0.98 
(Hartll  1980). From each infected isofemale line an uninfected counter part 
wass created either by tetracycline curing as described by Breeuwer (1997) or 
byy heat treatment as described by Van Opijnen and Breeuwer (1999). We 
usedd whatever method worked first. Procedures were as described in Chapter 
3.. To assess treatment effect and establish the uninfected lines, individual 
matedd females were placed on leaf discs to oviposit for three days, and were 
subsequentlyy collected for polymerase chain reaction (PCR) with Wolbachia 
specificc primers. For each isofemale line, offspring from females that gave 
negativee results were kept, the rest was discarded, and the process was 
repeatedd 2 times. Finally, offspring of negative females were pooled to 
establishh the uninfected lines. PCR assays with Wolbachia specific primers 
andd DNA isolation were as described by Breeuwer (1997). 

Al ll  experiments were performed using offspring from age cohorts 
producedd by 25-30 females from each line. Ten to 12 days later females and 
maless were collected from these cohorts for experiments. Cohorts were 
producedd on detached leaves placed on water soaked cotton wool balls. Al l 
experimentss were performed on bean leaf discs (0 =1.5 cm). Leaf discs were 
placedd on water soaked cotton wool 'sheets' stretched upon sponges (9.5 x 
15.55 cm). Sponges were placed on plastic trays and water was added every 3 
too 4 days. In all experiments, crosses and spider mite lines were randomized 
acrosss sponges to exclude environmental effects. 

Doess Wolbachi a affec t reproduction ? 

Twoo sets of experiments were performed: experiments with the base 
populationn and experiments with the isofemale lines. Experiments with the 
basee population tested whether there was an effect of Wolbachia on 
reproductivee incompatibility (cytoplasmic incompatibility and/or hybrid 
breakdown)) and on sex ratio. Experiments with the isofemale lines presented 
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heree test only the effect of Wolbachia on sex ratio. 
Experimentss with the infected and uninfected lines of the base population 

weree repeated 3 times. The first set of experiments took place ca. 6-8 months 
afterr curing (ca. 16 generations) and in this experiment all possible crosses 
betweenn infected (W) and uninfected (U) individuals were performed ($ x <£ 
WW x W, W x U, U x U, U x W). This experiment tests whether CI is 
associatedd with the infection in this strain, as it has been found for two other 
strainss of this species (Breeuwer 1997; Vala et al. 2000, see Chapter 2). 
Becausee hybrid breakdown (HB) has also been described in association with 
Wolbachiaa in T. urticae (Vala et at 2000, see Chapter 2), the test was 
extendedd to the F2. If Wolbachia is associated with HB, U x W crosses 
producee aneuploid females, i.e. females whose diploid nuclear genome is 
incomplete.. These females survive as they have an intact set of chromosomes 
(thee maternal set) to compensate for the incomplete (the paternal) one. 
However,, these females wil l produce aneuploid gametes upon meiosis. Fully 
haploidd eggs develop into males, but aneuploid eggs abort. Consequently, a 
testt for HB consists in allowing virgin Fl females from U x W crosses to 
oviposit,, score the mortality among their broods, and use Fl virgin females 
fromm U x U crosses as a control (Vala et al. 2000, see Chapter 2). Later, we 
alsoo tested virgin W females to check whether Wolbachia induced 
parthenogenesis,, feminization or male killin g - experiments with U and W 
femaless were not performed simultaneously and so we did not compare them 
statistically. . 

Thee second and third set of experiments with the base population took 
placee 15 months after curing (ca. 30 generations) and 21 months after curing 
(ca.(ca. 42 generations). For the last two experimental sets only W x W and 
UU x U crosses were tested. 

Experimentss with the inbred isofemale lines were performed only once. 
Thesee experiments aimed at assessing the effect of host genotype and 
presencee of Wolbachia on sex ratio (thus for each isofemale line, data on 
WW x W and U x U crosses is reported). Infected isofemale lines were 
establishedd from the infected strain of the base population soon after the last 
'sexx ratio experiment' (January 1999). Cured sub-lines for each isofemale line 
weree established 3-5 months later (April-June 1999). Experiments with the 
infectedd and uninfected sub-lines of each highly inbred isofemale line were 
performedd 1-2 months (ca. 2-4 generations) after the cured sublime had been 
established. . 

Experimentall  females were collected as teleiochrysalids from the age 
cohortss (to ensure they were virgin) and placed in mating groups of 5 females 
andd 3 males for 48 hrs. Then females were individually transferred to clean 
leaff  discs for oviposition. Six days of oviposition were scored in total in 
periodss of three days per leaf disc. Offspring (Fl female, male and unhatched 
eggg numbers) were counted 10 days later and used to compute clutch size 
(CSS = number unhatched eggs + number Fl females + number Fl males), Fl 
sexx ratio (SR = number Fl males / (number Fl females + number Fl males)) 
andd Fl mortality (mortality = (number unhatched eggs + number of dead) / 
CS).. Virgin females were obtained by collecting females at the last molting 
stagee (i.e. from a 10-12 days-old cohort) and individually transferred to leaf-
discss to oviposit. After five days (one day to emerge + one day of feeding 
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beforee oviposition starts + 3 days of oviposition), they were transferred to a 
neww leaf disc for another 3 days. Having established that Wolbachia did not 
causee reproductive incompatibility in the base population, we excluded from 
thee analysis data from females that produced all-male broods. This is because 
wee had no other way of guaranteeing that females included in the study had 
matedd successfully (i.e. that sperm had been transferred) - which is a crucial 
conditionn if the trait under study is sex ratio in a haplodiploid (where males 
aree produced form unfertilized eggs). In order to be included in the data set, 
femaless must have been present during the entire experiment and must have 
producedd at least one daughter. 

Iss there a genetic component t o sex ratio? 

Thesee experiments test whether sex ratio is a trait with a heritable 
componentt and were performed after the experiments described above 
(August-Septemberr 2000). Females were collected from cohorts as 
teleiochrysalidss and placed individually on fresh leaf discs with a male. Males 
weree removed after two days, and females were transferred to fresh leaf discs 
afterr 5 days. Thus, six days of oviposition were scored (females start laying 
eggss one day after emerging as adults from the last molting stage). Ten days 
laterr one daughter and one son per female were collected from leaf disc 1 and 
thee procedure was repeated. To be included on the data and further analysis 
bothh mother and daughter must have survived the entire 6-day oviposition 
periodd and must have produced both sons and daughters. 

Too investigate whether there is a genetic basis for sex ratio (SR), we first 
performedd within-line parent-offspring regressions on this trait. Since the 
environmentt was constant, significant regressions would indicate both that 
SRR has a genetic component, and that there is genetic variability within 
isofemalee lines despite inbreeding. Regression coefficients could then be used 
too estimate the narrow sense heritability, h2 (Lynch & Walsh, 1998). A 
significantt regression was obtained only for one uninfected sub-line. 
Therefore,, if a genetic basis for SR exists, inbreeding effectively removed 
geneticc variability within the isofemale lines. 

Becausee isofemale lines are expected to be nearly homozygous (see above), 
andd within-line regressions were consistent with the hypothesis that 
inbreedingg removed genetic variability for the trait, each isofemale line 
maybee considered a clone. Thus, broad sense heritability (H2) can be 
estimatedd as the ratio of the between-line component of variance to the total 
variancee (Lynch & Walsh 1998). Because both Fl and F2 SRs had been 
estimated,, four estimates of H2 were obtained: two for each infected line and 
twoo for each of the uninfected sub-lines. Therefore, we can compare the 
estimatess of heritability within each pair (presence or absence of Wolbachia), 
andd also assess whether Wolbachia has an effect on heritability of SR (e.g. by 
increasingg it) by comparing between pairs of estimates. 

Thee analysis proceeded as follows: 
1.. Model II (random effect) ANOVAs were performed separately for Fl and 

F22 arcsin\SR and for infected and uninfected isofemale lines. If ANOVA's 
weree significant (after Bonferroni correction) we reject the null hypothesis 
thatt genetic line had no effect on SR. 
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2.. The Mean Squares (MS)-within group of a model two ANOVA is, in the 
absencee of shared environmental maternal effects, an estimate of the 
environmentall  variance (82E) (Lynch & Walsh 1998). The MS-among 
groupss (genetic lines) from each ANOVA is an estimate of 52E + n0.8

2G 
(wheree C Ĝ is the added variance component due to random effects, or 
geneticc variance; and n0 is the n used when sample sizes are different 
acrosss groups - Sokal & Rohlf 1995). Consequently, the MS-among can be 
usedd to estimate 52G (Sokal & Rohlf 1995; Lynch & Walsh 1998). 

3.. H2 can than be estimated as 82
G / (52G + 52E). Standard errors (SEs) 

associatedd with each H2 were estimated as (l6.H2)/n0.al / 2 (where a equals 
thee number of groups) (Falconer 1989). We considered broad-sense 
heritabilityy estimates positive if their SEs did not include zero, and similar 
iff  SEs overlapped. 

Testin gg th e effec t of inbreeding , Wolbachi a and isofemal e lin e on 
lif ee histor y component s 
Thesee experiments are designed to control and separate the effect of 
inbreedingg from the effects of Wolbachia and isofemale line. Effects common 
too all isofemale lines but not present in the base population, are probably due 
too inbreeding; differences between infected and uninfected females within 
isofemalee line are probably due to Wolbachia; differences across isofemale 
liness most likely reflect host genetic differences. 

Eighteenn females per line were collected from cohorts as teleiochrysalids 
andd placed on leaf discs with a male (from the same cohort) for three days. 
Maless were removed and females were individually transferred to new leaf 
discss every Monday and Friday until they died, or did not lay any eggs for 3 
consecutivee transfer days. Offspring (males, females and unhatched eggs) 
weree scored per leaf disc, 10-12 days after oviposition on that leaf disc. 

Too test whether Wolbachia, isofemale line, or inbreeding had an effect on 
longevityy Kaplan-Meyer (K-M) estimates of survival were calculated and the 
complementt of cumulative survival (l-cumulative survival) was plotted 
againstt time (Hosmer & Lemeshow 1999). To compare survivorship 
functionss the generalized Wilcoxon rank-sum test, for analysis of censored 
data,, was used. We preferred a non-parametric test to the semi-parametric 
Coxx Regression analysis because our data severely violated the proportional 
hazardss assumption, as demonstrated by a plot of the logminlog (of the 
withinn group K-M estimates) of the survivor functions versus log-time. If 
hazardss are proportional, than this plot should show parallel lines (Hosmer & 
Lemeshoww 1999), which was clearly not the case (data not shown). 

Statistic s s 
Normalityy was tested graphically and significance was examined using the 
Shapiro-Wilkk test. Homocedasticity (equality of group variances) was tested 
usingg Levine's test. In MANOVA s equality of covariance matrices was tested 
usingg the Box's test. Non-parametric tests (Kruskal-Wallis) were used when 
violationn of normality and homocedasticity assumptions were present (that 
couldd not be solved by transformation). When (M)ANOVA were performed 
sexx ratio and mortality were arcsinVx transformed. Statistic analysis was 
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performedd using SPSS. We followed significant MANOVA s with series of 
univariatee ANOVAs. The significance level a of these ANOVAs, P=0.O5, was 
adjustedd following the Bonferroni procedure to correct for multiple analysis 
(Fieldd 2000). Pairwise comparisons were performed using Tukey (HSD) post 
hochoc tests. 

RESULTS S 

Spide rr  mit e lines : establishin g and curin g 

Fivee inbred isofemale lines were established through mother x son mating 
(labeledd '1' to '5'). Uninfected sub-lines of isofemale lines 1, 2, 3 and 4 were 
establishedd by curing with tetracycline, and isofemale lines 3 and 5 by heat 
treatmentt (cf Chapter 3). The uninfected sub-line ' l ' was lost soon after the 
firstt set of experiments, therefore, line 1 was not used in further experiments. 
Al ll  individuals from cured sub-lines were PCR negative when tested before 
andd after the experiments. Conversely, all individuals from infected (non-
treated)) lines yielded amplification products with the same primers. 

Doess Wolbachi a affec t reproduction ? 

Effec tt  on cytoplasmi c incompatibilit y - FI result s 
Resultss regarding effect of Wolbachia on Fl clutch size, sex ratio and 
mortalityy for crosses within the cucumber strain are presented in Table 1. 
Pairwisee comparisons showed that, for all variables, crosses involving 
uninfectedd females were never significantly different from each other, and 
alwayss significantly different from crosses involving infected females. 
Similarlyy crosses involving infected females were never significantly different 
amongg themselves. These results can be summarized as follows: 

1.. In the cucumber strain, less female biased sex ratios and increased 
mortalityy are not associated with U x W crosses, as showed for two other 
spiderr mite strains (Breeuwer 1997; Vala et al. 2000, see Chapter 2), i.e. 
Wolbachiaa is not associated with cytoplasmic incompatibility in this strain. 

Tablee 1 The effect of Wolbachia on Fl clutch size, sex ratio and mortality for 
crossess within the cucumber spider mite strain (mean  standard error). 

cros ss N clutc h size sex rati o mortalit y 
$$ x <$ (proportio n SS) (freqency ) 

0.28** 2 1 

0.46b 22 0.13" 2 

0.41"" 2 0.11b 1 

11 0.07 s 1 

W x W W 
U x U U 

U x W W 

W x U U 

68 8 
42 2 

48 8 

66 6 

49.96**  1.03 

59.05b  1.15 

56.65""  1.17 

9 9 
M a n o v a :: F„ 3070S = 23.125, Wilk' s X = 0.45, P <0.05 
Anovas ::  F3 m = 16.28, P<0.05 FJ22J = 33.75, P<0.05 F} 223 = 16.57, P<0.05 

W:: Wolbachia-infected; U: uninfected (cured); N: sample size. Clutch size, mortality 
andd sex ratio were included in an overall MANOVA; entries within columns marked 
withh the same superscript (a-b) are not significantly different on a pairwise 
comparisonn with a Tukey post hoc test. 
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Tablee 2 Number of F2 males, clutch size and mortality of broods from Fl virgin 
femaless from crosses within the cucumber strain (mean  standard error). 

Fll female's 
parents: : 
(9xc?) ) 
(UxU) ) 

(UxW) ) 

( W x W ) * * 

N N 

46 6 

49 9 

54 4 

F22 clutch size 

42.67**  1.23 

47.l2b 0 0 

54.5911 1.16 

F22 mortality 

0.12*10.02 2 

0.22** 10.03 

0.1210.03 3 

numberr of F2 Sd 

37.59**  0.02 

1 1 

48.433 1 1.41 

W:: Wolbachia infected; U: uninfected (cured); N: sample size. Entries within 
columnss marked with the same superscript (a-b-c) were not significantly different in 
non-parametricc Mann-Whitney tests - only (U x U) and (U x W) were compared; * 
thiss cross was not compared statistically to the other two (see M&M for details). 
Significantt effects were detected for clutch size (M-W test statistic=744.00, df= l). 

2.. As observed by Vala et al. (2000, see Chapter 2), uninfected C-females 
producee more eggs than infected females, so there seems to be a fecundity 
costt associated with the infection. As a consequence less infected offspring 
reachedd adulthood even though there was increased mortality among broods 
off  uninfected females. 

3.. Presence of Wolbachia in females is associated with the production of 
moree female biased sex ratios. Although exact quantitative predictions 
cannott be made, it is the SR produced by infected females (0.28) that seems 
closerr to what one would expect under local mate competition (LMC) for 
femaless ovipositing alone (cf. Hamilton 1967). 

Effec tt  on hybri d breakdow n - F2 result s 
Meann number of F2 males, clutch sizes and mortality of broods from Fl 
virginn females from different crosses are presented in Table 2. Cross type had 
aa significant effect on clutch size because Fl females from ($U x $ W) 
parentss produced larger egg clutches. Mortality was also higher in broods of 
thesee females - but not significantly so. Probably the combined effect of 
largerr clutch size and higher mortality resulted in approximately the same 
numberr of F2 males being produced by both types of virgin females. Infected 
(WW x W) virgin females did produce males, did not produce females and had 
mortalityy among their broods comparable to those of (U x U) virgin females. 
Thus, , 
1.. no HB was associated with the presence of Wolbachia in parental males, 

i.e.i.e. no differences in F2 number of males or mortality were found between 
broodss of (U x U) and (U x W) virgin Fl females. 

2.. infected unmated females produced males, did not produce females, and 
didd not have increased mortality among their broods, showing that 
parthenogenesis,, feminization and male killin g were not induced by 
Wolbachia. . 

Inn conclusion, analysis of Fl (Table l) from different crosses, and of F2 from 
virginn Fl females (Table 2) produced by those crosses, does not support the 
hypothesiss that presence of Wolbachia in males induces reproductive 
incompatibilityy (cytoplasmic incompatibility or hybrid breakdown) in this 
strain. . 
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Figuree 1 Box-Whiskas plots for the effect of Wolbachia on daughter and son 
productionn for crosses within the cucumber strain. Cross $ x §": l = W x W , 
2=UU x U, 3=U x W, 4=W x U; N: sample size. Entries within columns marked' 
withh the same superscript did not differ on a pairwise comparison with a Tukey post 
hochoc test. MANOVA on number of females and males showed a significant result of 
crosss type (Wilk's X = 0.67, F„,„s = 16.13, P<0.05); subsequent Bonferroni corrected 
univariatee ANOVAs showed that this effect was significant for both variables, 
numberr of females, F3,22a = 13.74, P<0.05; number of males, F.,,223 = 32.40, P<0.05. 

Effec tt  on sex rati o 

Fll  data shows that infected females produce more female biased sex ratios 
(Tablee 1) and analysis of" F2 from virgin infected females shows that 
Wolbachiaa did not induce P, MK or F (Table 2). Given the significant effect 
off  the presence of Wolbachia in females on Fl sex ratio (SR), we performed a 
secondd MANOVA on total number of females and males among the offspring 
(Fig.. 1). This analysis aimed at understanding how the different SRs arose: 
increasedd numbers of females, decreased number of males, or both. 

Numberr of males was square root transformed because that improved 
normality.. Pairwise comparisons between crosses showed that, for 
productionn of both sons and daughters, crosses involving uninfected females 
weree not significantly different from each other, but were significantly 
differentt from crosses involving infected females; and similarly, crosses 
involvingg infected females were not significantly different. Sex ratios by 
infectedd mothers are more female biased because they produce more 
daughterss and fewer sons than uninfected mothers. 

Interestingly,, it is the sex ratio produced by infected females that 
approximatess the SR expected under LMC theory, for females ovipositing 
alone.. Why do infected and uninfected females produce different sex ratios? 
Wee measured the sex ratio produced by infected and uninfected females in 
threee trials at ca. half-year intervals (Table 3). Post hoc pairwise comparisons 
revealedd that within sampling events, cross had a significant effect on SR in 
9/977 and 5/98 but not in 11/98. In fact, while the mean SR of W x W 
crossess remains constant over time, the mean SR of U x U crosses becomes 
graduallyy more female biased and approaches the mean SR of W females. 
Thiss result is important since, as noted above, the SR produced by infected 
femaless is closer to a SR expected under LMC. We hypothesize that 
directionall  selection for SR in the cultures caused the shift in mean SR in 
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femaless from the uninfected base population. To test this hypothesis it should 
bee demonstrated that, 1. SR is a heritable trait so that it can be argued that 
selectionn produced this results; 2. presence of Wolbachia is associated with a 
SRR shift effect under conditions where we can guarantee that host genotype 
iss the same (as to convincingly argue that Wolbachia has an effect on SR). 

Inbredd isofemale lines allow us to test 1. and 2.: on the one hand, as long 
ass some genetic variability is present in the base population, inbreeding wil l 
producee lines fixed for different genotypes; on the other hand, when curing 
wee can be sure that differences between the uninfected and infected sub lines 
off  each isofemale line are due to absence or presence of the symbiont, rather 
thann to other genotypic differences. 

Thee sex ratios obtained for infected and uninfected sub-lines of five inbred 
isofemalee lines are presented in Fig. 2. In general U x U crosses have mean 
SRR that are less female biased than W x W crosses. Also, considerable 
heterogeneityy in SR is observed across lines. The average sex ratio, pooled 
amongg isofemale lines, is 0.35 for W x W crosses and 0.44 for U x U crosses 
-- these values are in accordance to what was found previously in the base 
populationn (cf. Tables 1 and 2). To test the effect of host genotype and 
Wolbachiaa on SR, a univariate ANOVA was performed. In this ANOVA 
isofemalee line (l , 2, 3, 4, 5) was taken as random factor, and cross (W x W, 
UU x U) as fixed factor. The analysis showed that only the interaction effect 
wass significant (F4,s39 = 5.48, P<0.05). This effect suggests that SR results 
fromm host-determined properties in combination with presence/absence of 
Wolbachia. . 

Furthermore,, we tested whether the removal of Wolbachia can result in a 
SRR shift. To do so, a series of within isofemale line univariate ANOVAs were 
performed.. This analysis revealed that, after Bonferroni correction, there was 
aa significant effect of cross on SR (Fi,67 = 4.50, P<0.Ol) for isofemale line 5. 
First,, this effect is similar to the effect found in the base population in that 
thee SR of the uninfected subpopulation is closer to 0.50. Second, the 
possibilityy that the SR shift is a side effect of the curing treatment itself can 
bee excluded because 1. line 3, which was also cured by 'heat treatment', did 
nott show the effect, and 2. the base population had been cured with 
tetracycline. . 

Tablee 8 Fl sex ratios (proportions males) produced by infected and uninfected 
femaless in trials performed at ca. 6 month intervals (mean  standard error). 

cross : : 
?x<J J 

W x W W 
U x U U 

Septemberr  1997 
N N 
688 0.281  0.02 
422 0.46"  0.02 

N N 
49 9 
46 6 

Mayy 1998 

0.29ss  0.02 
0.39**  0.02 

N N 
49 9 
52 2 

Novembe rr  1998 

0.3011  0.03 
0.35""  0.02 

W:: Wolbachia infected; U: uninfected (cured); N: sample size. Entries within 
columnss marked with the same superscript f8-^) did not differ on a pairwise 
comparisonn with a Tukey post hoc test. Sex ratio was arcsinVx-transformed. A 
multifactoriall  univariate ANOVA detected significant effects of cross (Fi.soo = 41.85, 
P<0.05),, year (Fs,SOo = 3.41, P<0.05) and their interaction (F2|3oo = 4.53, P<0.05). 



74 4 CHAPTERR 5 

T.Z T.Z 

1.0 0 

CO O 
CD D 

tio
o 

(p
ro

p,
 m

a 

TO TO 

& _ _ 
XX .4 
CD D 

CO O 

,2 2 

0.0 0 

aa a g 
bb b 

.. J, —1— -

—i— — 

rr  f 

dd d _ 

CROSS S 

II |WxW 

II |UxU 
NN = 38 40 40 24 34 38 

11 2 3 

355 33 

5 5 

Isofemalee line 

Figur ee 2 Box-Whisker plots of Fl sex ratio for infected and uninfected strains of 5 
inbredd isofemale lines. Cross 9 x <S> W: infected; U: uninfected; N: sample size. 
Pairss of crosses within isofemale lines marked with the same superscript did not 
differ,, after Bonferroni correction, on within-isofemale line univariate ANOVAs. 

Tablee 4 Fl and Fc2 sex ratios for infected an uninfected strains of all lines obtained 
duringg the sex ratio heritability experiments (mean  standard error). 

isofemalee line 
2 2 
3 3 
4 4 
5 5 
2 2 
3 3 
4 4 
5 5 

Base e 
Base e 

infection n 
U U 
U U 
U U 
U U 
W W 
W W 
W W 
W W 
U U 
W W 

N N 
7* * 
50 0 
18 8 
28 8 
31 1 
26 6 
25 5 
24 4 
28 8 
30 0 

FII sex ratio 
0.388  0.04 
0.288  0.02 
0.233  0.02 
0.422  0.02 
0.288  0.02 
0.277  0.02 
0.211 2 
0.377 + 0.03 
0.355  0.03 
0.355  0.03 

F22 sex ratio 
0.322  0.I I 
0.300  0.02 
0.244  0.03 
0.566 + 0.03 
0.366  0.03 
0.277  0.02 
0.222 + 0.02 
0.411 3 
0.333  0.03 
0.355  0.03 

W:: Wolbachia infected; U: uninfected (cured); N: sample size. * has not been 
consideredd in further analysis. 
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Tablee 5 Estimates of F1 and F2 sex ratio broad sense heritabilities from infected 
(W)) and uninfected (U) females 

infectio nn sourc e 

... withi n 
among g 

. . .. withi n W W 
among g 

df f 

n-aa = 96 
a-ll  = 2 

n-a== 102 
a-ll  =3 

SS S 
Fll  F2 

1.9288 2.419 
0.5955 1.918 
1.4433 2.719 
0.4344 0.688 

MS S 
Fll  F2 

0.021 1 
0.297 7 
0.014 4 
0.145 5 

0.026 6 
0.959 9 
0.027 7 
0.229 9 

expecte d d 
MS S 
5*E E 

02E+no*S*G G 
5*E E 

S^E+no* ^ ^ 

no o 

29.21 1 

26.41 1 

E E 
Fll  F2 

0.3110.033 0.5510.05 

0.2610.022 0.2310.02 

n:: sample size; a: number of groups; df: degrees of freedom; SS: sum of squares, MS: 
meann squares; H2: broad sense heritability; SE: standard error - see text for n0 and 
furtherr details. 

Doess SR have a geneti c component ? 
Absenc ee of geneti c variatio n for sex rati o withi n lines 
Too investigate whether there is a genetic basis for sex ratio, we first 
performedd parent offspring regressions on sex ratio (Fig. 3) — data for the 
uninfectedd strain of isofemale line 2 was not included because sample size was 
smalll  (see Table 5). A significant regression was found only for the 
uninfectedd strain of isofemale line 4 (R2 = 0.21, Fi,i7 = 4.38, P = 0.05). 
Therefore,, we concluded that - if there is a genetic basis to SR - inbreeding 
removedd genetic variability within the remaining isofemale lines. We 
expected,, but did not find, a significant regression for the base population. 
Possibly,, at the time of this experiment, genetic variability in the base 
populationss had been much reduced despite the average number of mites 
(>200)) in the rearings (heritability experiments were performed, respectively, 
ca.ca. 4 and ca. 2 years after the infected and uninfected population were 
established). . 

Sexx rati o is a heritabl e trai t 
Thee first positive indication for a genetic basis of sex ratio was that when the 
meanss of the 4 isofemale lines were plotted (separately for infected and 
uninfectedd strains) they neatly fell in straight lines (Fig. 3, right most 
panels),, which had slopes very close to 1 and intercepts quite close to 0. 
Therefore,, we proceeded by taking each isofemale line as a clone, and by 
estimatingg the broad sense heritability (H2) as the ratio of the among 
isofemalee line component of variance to the total variance (Lynch & Walsh 
1998).. Fl and F2 SRs (Table 4) were used to produce four estimates of H2 (as 
explainedd in the Methods): two for infected sub-lines and two for the 
uninfectedd sub-lines (Table 5). Model II (random effect) ANOVAs were 
performedd separately for Fl and F2 arcsinV(SR) and for infected and 
uninfectedd isofemale lines. Al l four ANOVA's were significant after 
Bonferronii  correction demonstrating that there was a significant variance 
componentt added due to isofemale line (uninfected F l , F2,93 = 14.34, P<0.05; 
uninfectedd F2, F2,93 = 36.86, P<0.05; infected F l, F3,102 = 10.22, P<0.05; and 
infectedd F2, F3 i l02 = 8.61, P<0.05). Broad-sense heritabilities for infected and 
uninfectedd isofemale lines are considered positive because their standard 
errorss (SE) did not include zero (Table 5). 
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Figur ee 3 Parent-offspring regressions for sex ratio for infected and uninfected 
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arcsinV(F22 sex ratio). U: uninfected; W: infected; in panels one through five (top to 
bottom),, a line is drawn if regressions were significant - see text for details. 
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Concordanc ee betwee n broa d sense heritabilit y (H2) estimate s 
Al ll  H2s are quite similar, except for the F2 estimate of uninfected individuals 
(Tablee 5). Why would the latter estimate be greater than the other three? 
Onee possible source of variance in our H2 estimates is environmental 
maternal-effects.. If such effecst are not excluded experimentally, they may 
inflatee H2 estimates (Lynch & Walsh 1998) because they reduce the MS 
withinn (i.e. the 52E and, consequently, the total S2). Statistically, H2 estimates 
(forr the uninfected group) are larger because of the difference in mean FlSR 
andd F2 SR of isofemale line 5 (see Table 4). This difference increases the 
valuee of the F2 MS among, which inflates the value of 82G, and thus of H2. 
Theree is one environmental effect that may have caused this shift in SR, 
whichh does not involve a genetic component. Whereas resources are 
practicallyy unlimited under developing conditions of the mothers (leaf 
cohorts),, teste Fl females had limited food. Especially in the 5-U sub-line 
whichh produces the largest clutch size. This may lead to food limitation and 
hencee more male biased sex ratios. This idea may not be far-fetched. For 
example,, predatory mite females subjected to starvation produce more male 
biasedd sex ratios (Friese & Gilstrap 1982). If this explanation holds true we 
shouldd ignore the F2 estimate of H2 for the uninfected isofemale lines and 
concludee that: 

1.. Sex ratio is a trait with a heritable component; 
2.. Sex ratio broad sense heritability is the same for infected and uninfected 

femaless and H2 s 0.27. 

Testin gg the effect s of inbreeding , Wolbachi a and isofemal e lin e on life -
histor yy component s 
Longevityy To test whether presence of Wolbachia, isofemale line, or 
inbreedingg had an effect on longevity Kaplan-Meyer (K-M) estimates of 
survivall  were calculated and one minus cumulative survival was plotted 
againstt time (Fig. 4). Survivorship functions were compared using the 
generalizedd Wilcoxon rank-sum test (which allows analysis of censored data). 

Non-parametricc tests for comparison of survivorship curves are limited in 
essentiallyy two ways. First they may fail to detect differences because 
survivorshipp lines cross. Second, they may detect differences, or fail to find 
them,, if censoring patterns are different across groups. The first problem can 
bee assessed visually: if survival curves seem to be different, but cross each 
other,, and if the test fails to detect a difference than crossing of curves may 
bee the problem (Hosmer & Lemeshow 1999). The second problem is solved if 
censorr patterns are similar between groups. We are confident about the 
resultss of our analysis of longevity because pairwise comparisons using 
Wilcoxonn test confirms a visual inspection of Fig. 4 would lead us to 
concludee - with one exception, to be explained below. First, within line 
comparisonss of infected and uninfected strains did not detect differences. 
Therefore,, Wolbachia per se did not have an effect on longevity. Second, for 
infectedd lines, isofemale lines 2 through 5 are the same and they all differ 
fromm the base population (overall comparison test statistic = 9.647, DFs=4, 
P<0.05;; pairwise comparisons, 2 vs. base, 3 vs. base, 4 vs. base, and 5 vs. base 
hadd test statistics between 5.5 and 5.9, DFs=l and P<0.05, all other pairwise 
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comparisonss were non significant). This result is consistent with the curves 
off  the complement of survival for infected lines (cf. Fig. 4, left panel). 

Forr uninfected lines, however, Wilcoxon tests show no differences across 
isofemalee lines, which is consistent with Fig. 4 (right panel). However, this 
testt also fails to detect a difference between inbred lines and the base 
(uninfected)) population - which is somewhat inconsistent with Fig. 4 -
speciallyy given what we know about the test limitations, explained above. 
Therefore,, a difference may be present, but the test does not detect it because 
thee uninfected base population line crosses the remaining curves at the later 
timee period. 

Inn summary, we conclude that: 
1.. Wolbachia per se does not have an effect on longevity; 
2.. Isofemale line, i.e. host genotype, per se does not have an effect on 

longevity,, since no differences were found among inbred lines; 
3.3. Inbreeding, in combination with Wolbachia probably has an effect on 

longevity:: while the infected base population seems to die at a constant 
rate,, inbred isofemale lines seem to die at a rate that increases with time. 
Thee same is the case for the uninfected lines. 

Infectedd Uninfected 

00 10 20 30 40 50 

Figuree 4 One minus cumulative survival plots for infected and uninfected strains of' 
alll  lines. 

Life-tim ee clutch size, sex rati o and mortalit y We plotted life time clutch 
size,, F1 sex ratio, F1 mortality and number of F1 females for infected and 
uninfectedd strains of all lines used in this study (not shown). Because the 
shapess of the curves did not differ greatly within and between isofemale lines, 
thiss set of data was analyzed using group means of lifetime (total) clutch size, 
mortality,, sex ratio and number of Fl females (Table 6). For the analysis, sex 
ratioo and mortality were arcsinVx-transformed because that improved 
(M)ANOVAA assumptions. A MANOVA performed on the 4 variables with 
isofemalee line and Wolbachia as factors detected significant effects for both 
factorss and for the interaction (see Table 6). 

Isofemalee line had an effect on all variables. Therefore, for each variable, 
isofemalee lines were compared pairwise using Tukey post hoc test. Results 
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aree presented in Table 6. Differences in clutch size and number of Fl females 
wass exactly the same and reflect the same underlying effect (more offspring 
impliess more daughters), consequently we did not consider the variable 'Fl 
females'' any further. For clutch size, no differences were found between 
inbredd lines, but all isofemale lines differed from the base population. 
Therefore,, this effect is likely to be due to inbreeding. 

Too investigate the effect of Wolbachia within isofemale lines MANOVA s 
onn SR and mortality were performed (Table 6). These MANOVA s were 
significantt for line 4 (Wilk's X = 0.78, F2,26 = 9.26, P<0.05), line 5 (Wilk's X 
== 0.81, Fa,3o = 9.26, P = 0.05) and the base population (Wilk's X = 0.77, F2,31 

== 9.26, P<0.05). For line 5, the significance found was due to an effect on SR 
(Fi,3ii  - 9.26, P<0.05). For line 4 and the base population the significance 
foundd was due to an effect of Wolbachia on mortality (line 4: Fi,27 = 6.98, 
P<0.05;; base line: Fi,3*  = 7.90, P<0.05). 

Too conclude, inbreeding had an effect on longevity and clutch size and 
hostt genotype and Wolbachia affected Fl mortality and sex ratio. 

Tablee 6 Lifetime sex ratio, mortality, clutch size and number of FI females for 
infectedd and uninfected females from all lines (mean  standard error). W: 
Wolbachiaa infected, U: uninfected (cured); N: sample size; Wolbachia had an effect 
onn variables marked with *; an interaction effect of Wolbachia and isofemale line 
wass found for variables marked with #; the first column of each variable shows the 
resultss of Tukey post hoc pairwise comparisons between isofemale lines and 
superscriptss of means show results for within isofemale line comparisons - for both 
casess the same letter indicates that means were not significantly different after 
Bonferronii  correction - see below and text for further details. 

isofemalee infection N sex ratio* mortality** clutch size FI females'* 
line e 
22 W 18 a .0.52 6 a 0.30  0.05 a 51.7 3 a 17.0 8 

UU 17 0.56  0.07 0.23  0.05 71.-4  11.8 32.2  7.5 

33 W 18 ab 0.43 5 b 0.12 7 a 55.6 1 a 23.4  6.7 

UU 18 0.48 5 0.04 9 70.4 6 36.9  7.8 

44 W 18 a 0.36 4 a 0.15* 3 a 66.3  9.5 a 39.0  5.8 

UU 18 0.41  0.09 0.50"  0.09 51.2  11.9 20.0  6.4 

55 W 18 b 0.50* 4 b 0.08  0.03 a 74.5  16.6 a 34.5  6.7 

UU 18 0.66b  0.05 0.11  0.02 91.3  8.8 24.1  3.2 

Basee W 18 ab 0.50 3 b 1 b 137.8 8 b 66.5  8.0 
UU 18 4 O.I3b 2 0 55.1 6 

AA multifactorial MANOVA was significant for isofemale line (Wilk's X - 0.41, F,6«, 
== 9.26, P<0.05), Wolbachia (Wilk's X = 0.90, F4,,4. = 4.11, P<0.05) and the 
interactionn (Wilk's X = 0.79, F,«,4si = 2.14, P<0.05); subsequent unifactorial 
MANOVA SS showed that isofemale line had an effect on all variables (sex ratio: F+,144 
== 3.35, P<0.05; mortality: F+,)44 = 17.12, P<0.05; clutch size: F4,1++ = 14.92, P<0.05; 
numberr of Fl females: F+.144 = 9.70, P<0.05); Wolbachia had an effect on sex ratio 
(F.,,4**  = 3.91, P = 0.05) and mortality ( FU H = 7.21, P<0.05); and an interaction 
effectt was found on mortality (FM4*  = 2.51, P<0.05) and number of females (F+ ,M = 
2.41,, P = 0.05). 
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DISCUSSION N 

Ourr results demonstrate that in the two-spotted spider mite T. urticae sex 
ratioo is a trait with a genetic component (Table 5), which can be influenced 
byy Wolbachia bacteria (Tables 1 and 6, Figs. 2 and 5). We hypothesize that 
Wolbachia,, a cytoplasmic element, causes the host to produce more 
daughters,, and that selection acting on host genes favored mechanisms that 
compensatedd for this manipulation. This hypothesis is based on two 
observations:: 1. infected females produced sex ratios that are closer to the 
predictedd by LM C theory than cured females (Table l); 2. sex ratio in the 
uninfectedd (cured) strain of the base population converged in time to the sex 
ratioo of infected females (Table 3). 

Ann important question is how selection in the uninfected culture operated 
too produce sex ratio shifts in offspring of females laying alone. Fl sex ratios 
inn patches of genetically related spider mite females is more female biased 
thann Fl sex ratios produced by unrelated females (Roeder et al. 1996; Vala, 
pers.. obsv.). The genetic relatedness among mites in the uninfected culture is 
thee same as the genetic relatedness among mites in the infected culture (from 
whichh it was derived). Thus, the sex ratio favored by selection on nuclear 
genes,, i.e. the LM C sex ratio, is the same in both cultures. If the genotype 
changee that caused the shift in sex ratio in the cultures influences the ability 
off  females to produce more daughters, than selection for increased daughter 
productionn in the culture also results in the ability to produce more 
daughterss when alone. It is presently not known how spider mite females 
controll  sperm access to eggs. Therefore, an important question that remains 
too be answered is: how does Wolbachia increase female production and how 
doess the host compensate for that effect. 

Hos tt  compensator y mechanism s fo r sex rati o manipulatio n and 
transmissio nn efficienc y of Wolbachi a 

Typicallyy modifiers that counteract self-promoting elements directly 
suppresss the effect of the element (see review by Hurst et al 1996). The 
presencee of a modifier in the absence of the self-promoting element either has 
noo effect on the phenotype of an individual or it may translate into a cost. 
Therefore,, when the onset of a modifier results in disappearance of the self-
promotingg element, it may follow that the modifier disappears as well (Hurst 
etal.etal. 1996). 

Thee 'resistance' mechanism that we found, however, wil l not result in 
disappearancee of the self-promoting element Wolbachia. Presumably by 
producingg more males in order to restore the 'optimal' sex ratio, this 
mechanismm 'compensates for' more than suppresses the female bias induced 
byy Wolbachia. In the absence of Wolbachia females with a 'resistant' 
genotypee (of the type described) here produce non-optimal sex ratios and wil l 
bee selected against. As a consequence, selection on infected hosts with 
compensatoryy mechanisms may favor those genotypes that are more efficient 
inn transmitting the symbiont to their daughters. Therefore, it is possible that 
evolutionn of compensatory mechanisms in hosts wil l intensify the strength of 
thee host-symbiont interaction and evolve towards obligate symbiosis. 
Evolutionn of an exploitative relationship to an obligate 'mutualistc' 
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interactionn is a plausible possibility at least on theoretical grounds (Law & 
Dieckmannn 1998). 

Inn this respect it is worth noting that two Wolbachia-host associations 
havee been described that may have evolved an obligate character. This 
hypothesiss is supported by evidence that these infections seem to be fixed in 
thee host taxa where they occur. First, nematode hosts may be unable to 
survivee without Wolbachia: feeding antibiotics to hosts of nematodes cures 
themm of the nematode-induced disease (Langworthy et al. 2000). Second, 
presencee of Wolbachia in a parasitic wasp (Asobara tabida) maybe required for 
oogenesiss (Dedeine et al. 2001). As discussed by Dedeine et al. (2001) the 
obligatoryy character of the infection in A. tabida and in nematodes may arise 
fromm physiological 'redundancy': host and symbiont are both capable of 
performingg an essential and costly physiological function. If the host loses 
thatt function and the symbiont retains it, the host may gain in fitness, but the 
associationn becomes obligate. A related example is the infection in Encarsia 
formosa.formosa. In this host, Wolbachia induces parthenogenesis. Although females 
curedd of the infection survive, they produce males that are not fertile (Zchori-
Feinn 1992). As a consequence genes that result in suppression of the infected 
aree not favoured by selection sine uninfected (non-parthenogenetic) females 
wil ll  have no mates. Male fertility traits may have degenerated because they 
aree neutral to selection under parthenogenesis. Another possibility is that 
malee fertility traits were eliminated by selection because they are costly to 
females.. Based on our results, we suggest that the association between 
Wolbachiaa and theirs hosts may evolve an obligatory character as a result of 
aa 'solution' to an intragenomic conflict. It is possible that the conflict was 
solvedd in favor of host genes, in the sense that the sex ratio produced by 
infectedd females equals the sex ratio produced by uninfected females after 
selectionn in the cultures, but in the process the symbiont becomes 
'indispensable'. . 

Iff  Wolbachia can manipulate sex rati o why induce reproductiv e 
incompatibility ? ? 

Parthenogenesis,, male killing , feminization and cytoplasmic incompatibility 
aree phenotypes that result in spread of Wolbachia in a host population. P, 
MKK and F infection phenotypes increase in frequency when rare in host 
populationss but only P can theoretically go to fixation, since in host species 
withh MK and F infected females still have to be mated to produce offspring. 
Becausee males become a limiting factor, infection frequencies of these two 
typess are expected to be relatively low (reviewed by Hurst et al. 1996; 
Stouthamerr et al 1999). CI infections cannot increase in frequency when rare 
iff  there is a cost to female fecundity associated with the infection. 
Mathematicall  models show that CI infections can only increase in frequency 
abovee a certain unstable equilibrium (or infection 'threshold') (Hoffmann etal. 
1990).. However, Egas et al. (Chapter 6) showed that small shifts in the sex 
ratioo produced by infected females would suffice to make the infection 
increasee when rare [i.e. the dynamics of such infections do not have an 
unstablee equilibrium) and spread to high prevalence. Thus, SR distortion is 
ann invading mechanism. 
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Breeuwerr (1997) and Vala et al. (2000, see Chapter 2) have shown that in 
twoo other strains of two-spotted spider mites (collected from tomato and rose 
plants)) Wolbachia infections cause cytoplasmic incompatibility and no sex 
ratioo effects are observed. In this paper we show that Wolbachia induces sex 
ratioo shifts in a strain of the same host species. Moreover, the infection 
presentt in the cucumber and in the rose strain of mites cannot be 
distinguishedd based on sequence data from two Wolbachia genes (Vala et al., 
seee Chapter 3). Therefore the differences observed are probably due to 
geneticc properties of the host. From a Wolbachia 'point of view' it seems that 
aa sex ratio shift would be the easiest way to invade a host population. Why, 
then,, is CI induced? One possibility is that in some evolutionary contexts one 
phenotypee may be selectively favored over the other. To identify what 
exactlyy these contexts might be should be the goal of future research. 
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66 O N THE EVOLUTION OF CYTOPLASMI C 

INCOMPATIBILIT YY IN HAPLODIPLOI D SPECIES 

MM Egas, F Vala & JAJ Breeuwe r 

Thee mos t enigmati c sexua l manipulatio n by Wolbachi a endosymbiont s is 
cytoplasmi cc incompatibilit y (CI): infecte d males are reproductivel y 
incompatibl ee wit h uninfecte d females . In thi s paper , we exten d the theor y 
onn populatio n dynamic s and evolutio n of CI, wit h emphasi s on haplodiploi d 
species .. First , we focu s on the proble m of di e threshol d to invasio n of the 
Wolbachi aa infectio n in a population . Simulation s of the dynamic s of 
infectio nn in smal l population s sho w that it does not suffic e to assum e 
invasio nn by drif t alon e (or demographi c 'accident') . W e propos e severa l 
promisin gg alternative s tha t may facilitat e invasio n of Wolbachi a in 
uninfecte dd populations : sex rati o effects , (meta)populatio n structur e and 
othe rr  fitness-compensatin g effects . Includin g sex rati o effect s of Wolbachi a 
allow ss invasio n wheneve r infecte d females produc e mor e infecte d 
daughter ss than uninfecte d females produc e uninfecte d daughters . Several 
studie ss on haplodiploi d specie s sugges t the presenc e of such sex rati o 
effects .. The simpl e metapopulatio n mode l we analyse d predict s that , given 
tha tt  infected s are bette r "invaders" , uninfected s mus t be bette r 
"spreaders ""  in orde r to maintai n coexistenc e of infecte d and uninfecte d 
patches .. This conditio n seems mor e feasibl e fo r specie s tha t suffe r loca l 
extinctio nn due to predatio n (or parasitisation ) than for specie s tha t suffe r 
loca ll  extinctio n due to overexploitin g thei r resource(s) . Finally , we analys e 
thee evolutio n of CI in haplodiploid s once a populatio n has been infected . 
Evolutio nn does not depen d on the typ e of CI, but hinge s solel y on 
decreasin gg the fitnes s cos t and/o r increasin g the transmissio n efficiency . 
Thee stud y of the evolutionar y ecolog y of CI Wolbachi a and thei r host s 
promise ss many surprisin g insight s yet . 

Wolbachiaa bacteria are obligate endosymbionts that are vertically 
transmittedd from mother to offspring. They infect a large number of 
nematodee and arthropod hosts and may induce several reproductive 
alterationss in their hosts (reviewed by Stouthamer et al 1999). The most 
enigmaticc effect is cytoplasmic incompatibility (CI): the process by which 
maless infected with Wolbachia become reproductively incompatible with 
uninfectedd females, or with females infected with a different strain of that 
bacteriaa ('incompatible matings') {e.g., see Breeuwer & Werren 1990; 
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Stouthamerr et al. 1999). 
Too understand the population dynamics and evolution of CI, several 

authorss have modelled the dynamics of infection in a diploid species (review 
inn Hoffmann & Turelli 1997). Two major conclusions have come from this 
work,, f i rst, in population dynamics Wolbachia faces a threshold to invasion 
off  an uninfected population whenever there is a fitness cost of infection 
and/orr imperfect transmission from mother to offspring. Second, evolution of 
CII  should result in a reduction of the fitness cost of infection to the host. 

Recently,, Vavre et al. (2000) extended the theory on population dynamics 
too haplodiploid species. In haplodiploids, incompatible matings may results in 
eitherr the death of a daughter or the production of a son instead of a daughter 
(explainedd in detail in the following section). The results of Vavre et al, 
(2000)) differed in details from those obtained in diploid models, but retained 
thee characteristic invasion threshold. An evolutionary analysis of CI in 
haplodiploidd species is still lacking, although Vavre et al. (2000) sketched an 
evolutionaryy scenario for evolution from one type of CI to the other. 

Inn this paper, we extend the theory on population dynamics and evolution 
off  CI in haplodiploid species. First, we summarise the current understanding 
off  CI. Second, we focus on the problem of the invasion threshold, showing 
thatt it does not suffice to assume invasion by drift alone. We offer several 
promisingg mechanisms that may facilitate invasion of Wolbachia in 
uninfectedd populations. Finally, we analyse the evolution of CI in 
haplodiploidss once a population has been infected, and derive conditions for 
thee evolutionary scenario proposed by Vavre et al. (2000). 

Thee background : how does CI work ? 

Althoughh the molecular details are still unknown, it is hypothesised that CI 
inductionn results from the 'imprint' by the symbiont of sperm in an infected 
male.. After fertilisation of an egg, the imprinted paternal chromosomes wil l 
faill  to segregate properly unless bacteria of the same strain are present in the 
cytoplasmm of the egg - so they may rescue the paternal chromosomes 
(Stouthamerr et al. 1999). Failure of paternal chromosomes to segregate 
properlyy wil l either result in a complete haploid, or in an aneuploid embryo 
(Callainii  et al. 1997). Consequently, if infection occurs in a diploid species, 
thenn CI wil l result in increased F1 mortality. 

However,, if infection occurs in a haplodiploid species, where males are 
haploidd and females are diploid, then CI wil l result in male-biased sex ratios. 
Theree are two ways in which this can happen. First, the number of Fl males 
producedd increases (and hence the number of Fl females decreases) in 
incompatiblee matings, as in Nasonia (Breeuwer & Werren 1990). This may be 
duee to complete haploidisation of fertilised eggs in the incompatible matings. 
Inn the second alternative, the number of Fl females decreases, due to 
increasedd mortality of fertilised eggs, whereas the number of Fl males 
remainss approximately the same. This phenotype is observed in Tetranychus 
urticaeurticae Koch (Acari: Tetranychidae) (Breeuwer 1997) and in Leptopilina 
heterotomaheterotoma (Hymenoptera: Figitidae) (Vavre et al 2000). Here the increased 
mortalityy of fertilised eggs may be caused by incomplete haploidisation and 
hencee aneuploidy. However, these inferences on haploidisation need 
confirmationn through cytological studies. 
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Severall  authors have studied the population dynamics of CI-inducing 
agents,, assuming haploid genetics of the infection in panmictic and 
sufficientlyy large populations of diploid hosts (review in Hoffmann & Turelli 
1997).. Under these conditions, CI results in population replacement, of 
uninfectedd hosts by infected ones, because it lowers the average fecundity of 
uninfectedd females due to the occurrence of incompatible matings (Caspari & 
Watsonn 1959). If no fitness costs are associated with the infection in females, 
andd the symbiont is transmitted to all offspring, then population replacement 
iss independent of the initial frequency of infecteds (Caspari & Watson 1959). 
However,, when there is a fitness cost and/or imperfect transmission, the 
modell  produces three equilibria, two stable and one unstable (Turelli 1994; 
Hoffmannn & Turelli 1997). The stable equilibria are: the population of hosts 
iss uninfected (equilibrium l), or a stable polymorphism is reached 
(equilibriumm 2). The unstable equilibrium has been termed a 'threshold 
frequency'' and it is the frequency of infection below which the infection wil l 
disappearr (the dynamics settle at stable equilibrium l) and above which it wil l 
increasee (the dynamics settle at stable equilibrium 2) (Turelli 1994). Thus, for 
realisticc assumptions (imperfect symbiont transmission and/or a cost to the 
infectedd female) CI cannot invade when rare: the infection dies out when the 
initiall  frequency is below a certain threshold value. 

Turelli'ss (1994) model was recently extended to dynamics of CI in a 
populationn of haplodiploid hosts. Vavre et al. (2000) considered both types of 
CII  observed in haplodiploid species: increase in F1 male production (hereafter 
calledd 'MP-type' for male production) and mortality of Fl females (hereafter 
calledd 'FM-type' for female mortality). The models have qualitatively the 
samee three equilibria as their diploid counterpart, but Vavre et al. (2000) 
showedd that, all else being equal, the unstable equilibrium (the 'threshold 
frequency')) is higher for haplodiploid species and highest for the MP-type CI. 
Thiss result can be understood as follows. MP-type CI produces more 
(uninfected)) Fl males in the incompatible matings than in the other matings. 
Thiss always leads to a lower frequency of infected males and, consequently, 
decreasess the probability of incompatible matings. Hence, the MP-type CI 
seemss to work against itself. On the other hand, FM-type CI reduces the 
fecundityy of incompatible matings without producing the surplus of males (a 
resultt more similar to CI in diploids). Therefore, its unstable equilibrium is 
lowerr than that of the MP-type. However, unlike diploids, where all offspring 
fromm incompatible crosses is affected, in the FM-type CI only diploid eggs 
aree affected. Therefore, incompatible matings inevitably do produce 
uninfectedd males, thus resulting in an unstable equilibrium, which is higher 
thann that of diploid type CI. 

However,, it must be realised that because of the invasion threshold each 
CII  type is selected against when its frequency in the population is close to 
zeroo (as it wil l have to be initially , in an effectively infinite population). CI 
cann never invade when rare, given a fitness cost and/or imperfect 
transmissionn of the infection - it would take another mechanism, not 
includedd in the models, to lif t the infection frequency over the threshold. 
Therefore,, these models (both for diploid and haplodiploid hosts) are 
insufficientt to understand the initial spread of CI infections and, 
consequently,, the evolution of CI. Generally, it has been assumed that 
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Wolbachiaa infections are carried above the threshold by stochastic changes in 
frequencyy (drift, or demographic 'accident') (see Hoffmann & Turelli 1997; 
Stouthamerr et al. 1999). In the next section, we show why it does not suffice 
too assume invasion by drift alone, and propose several mechanisms that may 
explainn how Wolbachia can overcome the invasion threshold. 

Howw to overcom e th e invasio n threshold ? 

Mostt authors on the population dynamics of CI invoke stochastic and/or 
founderr events to overcome the invasion threshold. However, no attempts 
havee been made to estimate the probability of a Wolbachia CI infection 
driftingg to frequencies above the threshold. Standard population genetic 
modelss show that the probability of even a slightly deleterious mutation to 
driftt to fixation is very slim indeed (Otto & Whitlock 1997; Phillips 1997). 
Thiss probability only increases when the population itself is decreasing. We 
couldd not find similar results in the literature for genetic models with an 
Alleee effect (as is the CI effect). Hence, standard results so far do not promise 
aa high probability for CI Wolbachia to invade a population. 

Wee have made a first effort to estimate the probability of a Wolbachia CI 
infectionn drifting to fixation, using the computer to simulate the probabilistic 
analoguess of the above deterministic models. In these stochastic models, 
populationn size was set to a fixed number, and the simulations were started 
withh one infected female in the population. New generations were established 
byy drawing random pairs of gametes from the "gamete pool". The relative 
contributionn of infected and uninfected females to the gamete pool depended 
onn their fitness: uninfected females had a relative fitness of 1, infected females 
off  \-Sf, where $/ is the fecundity cost of infection. Infection was assumed not to 
havee a fitness effect on males, hence the probability of drawing a gamete from 
ann infected male was equal to the frequency of infected males in the 
population.. In all cases simulated, we assumed a 50:50 sex ratio; this 
translatess into a probability of 0.5 for an offspring to become male or female. 
Inn this way, offspring was generated until the new generation had reached 
thee fixed number. (Note that the stochastic nature of the model leads to 
randomm variation of the sex ratio in the population around 50:50 over the 
generations.)) This process was iterated until the Wolbachia infection was 
fixedd in the population or lost. The probability of fixation for the infection 
wass estimated as the fraction of fixation events in 1 million runs. We 
simulatedd the "best-case" scenarios for Wolbachia infections, to estimate the 
highestt probabilities of invasion in small populations for different values of 
thee fecundity cost. This entails full incompatibility and 100% transmission 
fromm mother to offspring. In addition to this, we used the FM-type of CI in 
thee model for haplodiploid hosts. 

Thee results of these "best-case" scenarios, for populations ranging from 20 
too 400 individuals, are shown in Fig. la (diploid host) and lc (haplodiploid 
host).. As expected, the probability of fixation falls rapidly with increasing 
populationn number, as well as with increasing values of the fecundity cost. 
Thee latter effect is reflected by the threshold frequency in the deterministic 
modell  (indicated with the thick dashed line) increasing with the fecundity 
cost.. To illustrate the effect of transmission efficiency, we also performed 
simulationss with 90% transmission (instead of 100%); each offspring from an 
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infectedd mother has a 10% chance of loosing the infection. This reduces the 
probabilityy of fixation considerably (see Fig. lb for the diploid model and id 
forr the haplodiploid model), again as reflected in the threshold frequency of 
thee deterministic models. 

Givenn the low probability of a fixation event, even in very small 
populationss under the "best-case" scenario, and the ubiquity of infected 
populationss from species known to carry CI Wolbachia, we seriously 
questionn the importance of drift to "explain away" overcoming the threshold 
too invasion. Instead, more detail should be added to the deterministic models 
too allow new mechanisms capable of overcoming the invasion threshold. Up 
too date, only one of the published models on CI does incorporate such a 
mechanism.. Freeland & McCabe (1997) have shown that a CI element can 
invadee an uninfected population by hitchhiking with a male-killing (MK) 
element.. In essence, the fitness cost of the CI element is compensated with a 
fitnesss benefit of the MK element. Here, we propose several other 
mechanisms:: l) sex ratio effects, 2) effects of population structure, and 3) 
otherr fitness-compensating effects. We provide some simple examples of how 
thesee mechanisms work. 

0.022 0.04 0.06 

fecundit yy  cos t 

Figuree 1 The probability of fixation of the Wolbachia infection in populations of 
differentt sizes for different values of the fecundity cost (sj). Host populations consist 
off  20 individuals (dots), 50 individuals (squares), 200 individuals (diamonds) or 400 
individualss (triangles). The threshold frequency of infection in the deterministic 
modell  is indicated by the dashed line. Shown are the best-case scenarios for CI 
WolbachiaWolbachia in a diploid host (a) and in a haplodiploid host (c), i.e., full incompatibility 
andd 100% transmission and in the haplodiploid host FM-type CI. When 
transmissionn is reduced to 90%, probabilities of fixation fall strongly in both the 
diploidd (b) and the haplodiploid host (d), due to the threshold frequency being 
increased. . 
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Sexx Rati o 

Inn this section, we assume that CI Wolbachia may also affect the sex ratio in 
thee offspring of infected females. To understand the benefit of this, it is 
essentiall  to realise two things. First, Wolbachia are only transmitted through 
females;; when they find themselves in males, they are in a dead end because 
theyy are not transmitted through sperm. Second, for Wolbachia to be 
successful,, they need infected mothers to produce more infected daughters 
thann uninfected mothers produce uninfected daughters. They can achieve this 
byy decreasing the average number of uninfected offspring through CI, or by 
directlyy increasing the number of infected daughters (see also Werren & 
O'Neilll  1997). 

Too illustrate this, we extend the model for FM-type CI (equation 2 in 
Vavree et al. 2000) with the possibility to include different sex ratios for 
infectedd and uninfected females. The recurrence equations then become: 

ff = f.Q-SjXl-m-SR,) 

'+'' / ( l -5 /)( l - > W-5A -mr)( l -5/?1) + ( l - / , ) ( l - ^ . m J ( l - 5 / eu ) 

/O-^Xi-z/ WW (1) 

wheree ̂  is the fraction infected females in the population at generation /, mt is 
thee fraction infected males in the population at generation t, sAs the fecundity 
costt of infection, (l-,u) is the transmission efficiency, s  ̂is the fraction of eggs 
abortedd through fertilisation by sperm of infected males, SRi is the fraction 
sonss produced by infected females, and SR. is the fraction sons produced by 
uninfectedd females. Note that when SR, = SR,, the sex ratios cancel from the 
equationss and the model reduces to eq. 2 of Vavre et al. (2000), with (l-sA = F 
andd (l-Sfr) = H. 

Likee the models above, this model yields three possible equilibria: (l ) the 

"uninfected""  equilibrium (i.e., f = m=0); (2) the "threshold" equilibrium; 

andd (3) the polymorphic equilibrium. The latter two are the solutions to a 
quadraticc equation: 

-- 2-AAC 
2A 2A 

mm =— = 
/ ( I - s ,, )£ƒ?,+(!-ƒ)£*„ 

with h 
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AA = sh(l-S/)SRi(\-v)[(\-sf)(l-SRi)M-(l-SRH)\-... 

. . . - [ ( 1 - ^ )5^ -5 i?u ] [ ( l - ^K l -5 i? t ) - ( l - 5 /?H ) ] ] 

BB = sk(l-sf)SRi(l-M)Q-SRu) + ... 

...... + [(\-Sf)SRi-SRu][(l-s f)(l-SRi)(l-v)-Q-SRu)]-... 

...-SR^l-SsW-SRJ-il-SRj] ...-SR^l-SsW-SRJ-il-SRj] 

CC = SRu[(l~s/)(\-SRi)(\-/j)-(l-SRu)] 

Thee Wolbachia infection can invade the population when equilibrium I, the 
"uninfectedd equilibrium", is unstable. This is the case when the following 
conditionn is satisfied: (l-sj)(l-fit)(l-SRt) > (l-SRu), i.e., if the proportion 
infectedd daughters produced by infected females is bigger than the 
proportionn daughters produced by uninfected females (when mated with 
uninfectedd males). This can easily be shown by calculating the reproduction 
ratioratiottfft+lt+l /ff,/ff, from eq. 1 and fillin g in the condi t ion m̂t=0 . Moreover, under 
thee same condition, equilibrium 2 is out of biologically meaningful bounds 
(i.e.,(i.e., smaller than 0 or larger than 1). Therefore, the dynamics wil l settle in 
equilibriumm 3: (near) fixation of the infection. For this condition to hold, ( l -
SRj)SRj) must be larger than (\-SR^), since we are assuming that the infection 
causess a fecundity cost and/or imperfect transmission, (l-sMl-ju) < 1. 
Therefore,, if Wolbachia is able to make the sex ratio of its host sufficiently 
female-biased,, there is no longer a threshold for invasion. 

Thee assumption that CI Wolbachia can affect the sex ratio of their 
haplodiploidd hosts may not be far-fetched, because haplodiploidy potentially 
enabless the control of offspring sex ratio by determining the fertilisation of 
eggs.. Moreover, female-biased sex ratio of infected females has been 
documented.. For the two-spotted spider mite (T. urticae) a large difference in 
sexx ratio was recently reported (see Table 2 in Vala et al. 2000 [[Chapter 2]]; 
SRSR{{  ss 0.35, SRU a 0.6). We used the data in Vala et al. (20O0) to estimate the 
necessaryy parameters for the model. Fig. 2a shows the equilibria for different 
valuess of the sex ratio of infected females. The observed SRj is indicated by 
thee thin arrow below the axis. Clearly, there is no threshold to invasion at 
thatt sex ratio. Data on other Wolbachia-infected strains of T. urticae do not 
showw this effect on sex ratio (Breeuwer 1997; Vala et al. 2000, see Chapter 2). 

Also,, data in Vavre et al (2000) on the parasitoid wasp L. keterotoma 
indicatee a female-biased sex ratio of infected females. Assuming that the 
(non-significant)) difference in average sex ratio between infected and 
uninfectedd females (when mated with uninfected males) is a real effect, we 
againn estimated the necessary parameters for the model (Fig. 2b). Again, the 
observedd SR^  0.4) is sufficiently lower for Wolbachia to invade when rare. 
Indeed,, Vavre et al. (2000) found all populations of L. heterotoma (and, in fact, 
alll  individuals sampled) infected — a pattern that fits with our prediction. 
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Figur ee 2 Equilibrium values for (a) T. urticae and (b) L. heterotoma from the sex-
ratioo model. Solid lines are stable equilibria, hatched lines are unstable equilibria. 
Thee thin arrow indicates the observed sex ratio of infected females and the thick 
arrowss indicate where the dynamics wil l settle in the different areas of the graph. 
Notee the so-called fold bifurcation: for increasing sex ratio, the two equilibria 
approachh each other, and vanish when they coalesce. (This is because the square root 
inn the solutions becomes negative and hence the solutions themselves have an 
imaginaryy part). Hence, for higher sex ratios, the only remaining equilibrium is the 
uninfectedd state. Parameter values: (a) Sf= 0.1, [i  = 0.04, SRU = 0.6; (b) Sf= 0, Sfr = 
0.99,0.99, fl=0.04,SRu = 0.45. 

Third ly ,, in another parasitoid wasp, Nasonia vitripennis, a similar sex rat io 

effectt was reported (Bordenstein & W e r r en 2000). Infected females produced 

moree daughters and less sons than uninfected females. Th is infection is of the 

MP- type,, hence it does not apply to our cur rent sex rat io model. Therefore, 

wee rewr i te eq. 1 for the MP- t ype of CI: 
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Ji+\Ji+\ ~ 

/,/, (i - s f xi - Mm, 
fYifYi = ' —- --

Thee equation for the frequency of infected females is equal to that in eq. 1, 
andd therefore the stability criterion of the "uninfected equilibrium" for the 
MP-typee model is the same as well. Hence, the rule we described holds for 
bothh MP-type CI and FM-type CI: the Wolbachia infection can invade when 
raree whenever infected females produce more infected daughters than 
uninfectedd females produce uninfected daughters. This condition is again 
satisfiedd in N. vitripennis. 

Populatio nn Structur e 

Populationn structure may provide another mechanism to allow Wolbachia to 
invadee when rare. This is an important aspect to consider, because all 
haplodiploidd species so far known to carry CI Wolbachia [Nasonia, 
TetranychusTetranychus and Leptopilina species) have population structures that resemble 
metapopulations.. Wade & Stevens (1994) have investigated the effect of 
populationn subdivision in a standard CI model. In their model, the population 
iss mixed and randomly subdivided into a metapopulation every generation. 
Thiss extension to the model does not bring about qualitative changes in the 
stablee states (so there is still a threshold to invasion), but it does slow the 
ratee of spread of the infection compared to a panmictic population (or, for 
thatt matter, the rate of decline). 

However,, we think that the situation wil l change when we relax the 
assumptionn that the metapopulation is mixed and randomly subdivided every 
generation.. Consider the situation, where patches are founded by one or a few 
(mated)) females, and are connected via dispersing individuals. Here, the low 
numberr of foundresses may ensure that infected females can start infected 
patches,, whereas CI "helps" prevent the invasion of infected patches by 
uninfectedd individuals. Indeed, CI makes intuitive sense as a group strategy 
too prevent invasion of the group by uninfecteds. Maintenance of this strategy 
doess not require group selection arguments. The Wolbachia in the group of 
infectedd individuals form one clone; moreover, in many cases host individuals 
inn a patch are highly related (due to the limited number of founding 
individuals,, and a long patch life-time). Hence, "defending the group against 
invaders""  invokes kin selection. 

Wee illustrate this scenario with a very simple Levins-type 
metapopulationn model (Hanski 1997; Nee etal. 1997): 

-j-j LL = cu(N-nv -n,)nv -eunu +cl/iünt/n/ -c^^n^ 

an,an, ,%r . . . 
——JJ-- = c/(N-nu -«;)"/ -e,n, +c,i1n1nu - c ^ ^ n, 
at at 
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wheree N is the total number of patches in the system, njj the number of 
uninfectedd patches, and nj the number of infected patches. The first term in 
bothh differential equations describes the colonisation rate of empty patches, 
withh Cu the colonisation rate of uninfecteds per empty patch per uninfected 
patchh and Cj the corresponding colonisation rate of infecteds per empty patch 
perr infected patch. The second term describes patch extinction with ejj and ej 
thee extinction rate of uninfected and infected patches respectively. The third 
andd fourth term describe the gain and loss of patches through invasion of 
other-typee patches, with iv the probability of uninfecteds to invade an 
infectedd patch, and ij  the probability of infecteds to invade an uninfected 
patch. . 

Definedd as such, this model is a patch-type analogue of standard Lotka-
Volterraa competition between two species (Levins & Culver 1971; Slatkin 
1974;; Hanski 1983). This model has four possible equilibria, obtained by 
settingg the differential equations to zero and solving for njj and np 

fa,,*,)fa,,*,)  = (0,0) 
ff e ^ 

fa,,«,)fa,,«,) = O.tf—*-
\\ ci J 

(»„,« ,, )=|Ar-^,o | 
II  cu ) 
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A A 
.. cv 

11 + 

KKCC1 1 

A) A) 

ee ") _ZJJ_ _ZJJ_ 
ccuu J 

A A 

y y 

f f 
N N 

A A 

eeu u 

°U°U j 

.. ct 

+ + 

J J 

c c 

<<CCI I 

\+A) \+A) 
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Focusingg on the fourth equilibrium, coexistence of the two types, we can find 
thee conditions under which this is the stable state of the system. These are 
describedd by the following inequality: 

NN-fiL -fiL 
ccuu J 

<ElL.ÏL<ElL.ÏL <A<A\\NN.flL .flL 

l - ^ A A 
(5) ) 

whichh leads to the following necessary and sufficient criteria that must hold: 
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ifff  iL>fiL^LJ^ >£j->k^N> 

i f f £L<£^= >LA<fL<k A ^ < < 

(6) ) 

(7) ) 

Notee that the first criterion in eq. 6 can only be satisfied with iv < ij  (and, 
likewise,, the first criterion in eq. 7 with iy > ij). Therefore, we can conclude 
thatt if the infecteds have a lower colonisation rate and/or a higher extinction 
ratee (as in eq. 6), they must have a higher invasion rate in order to be able to 
coexist,, and vice versa. In other words: if the infecteds are worse "spreaders" 
theyy must be better "invaders", and vice versa. Note also that in this 
metapopulationn model, imperfect transmission is not a necessary ingredient 
forr coexistence of infecteds and uninfecteds, contrary to the panmictic 
populationn models. 

Howw does CI affect the parameters? The fecundity cost (which leads to the 
"threshold""  in a panmictic population) translates here into a lower growth 
ratee in infected patches. We propose that the values for the colonisation rate 
andd the extinction rate of infected and uninfected patches wil l depend on the 
ecologicall  interactions within the patch. If patch extinction is due to 
overexploitationn of resources, we expect the colonisation rate of infecteds to 
bee higher (cj > cy) and the extinction rate of infecteds to be lower (*/ < ejj), cf. 
thee Milker-Kille r dilemma of a predator (Van Baaien & Sabelis 1995; Sabelis 
etet al. 1999a,b). Infecteds grow at a lower rate, thereby depleting the resources 
att a lower rate, which leads to a longer patch life-time (lower extinction rate) 
inn which they are able to produce more dispersers (higher colonisation rate). 
Iff  patch extinction is due to being overexploited by predators, the opposite 
appliess (cj < CJJ and ej > ey), cf the dilemma of a prey to stay or to leave a 
patchh under predation (Sabelis et al. 1999a,b). In this case, the lower growth 
ratee of infecteds reduces the patch life-time (brought about by predators) so 
thatt they produce less dispersers. 

Inn the former case (which may be applicable to the parasitoid Leptopilina 
andd Nasonia species), infecteds are better "spreaders" and the criteria in eq. 7 
mustt be satisfied for coexistence: now uninfecteds must be the better 
"invaders""  (ij  < iy). However, CI wil l ensure that the infecteds are the better 
invaders,, by decreasing the probability of uninfecteds invading an infected 
patchh to virtually zero. Therefore, this condition wil l not be satisfied, and the 
metapopulationn is expected to consist entirely of infected patches. This is 
indeedd the case for Leptopilina (Vavre et al. 2000) and Nasonia (S.R. 
Bordenstein,, personal communication): no uninfected individuals, let alone 
uninfectedd patches are encountered in nature. 
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Inn the latter case (applicable to Tetranychus species), uninfecteds are better 
"spreaders""  and we have to satisfy the criteria in eq. 6 for coexistence of 
infectedd and uninfected patches: infecteds must be better "invaders" (ij  > iy). 
CII  guarantees that this condition wil l be satisfied, and coexistence is the 
expectedd outcome under this scenario. In agreement with this prediction, 
infectedd and uninfected patches do coexist in T. kanzawai (Gotoh et al. 1999) 
andd T. urticae (J.A.J. Breeuwer, personal observation). 

Itt goes almost without mention that fitness compensating effects, like a 
female-biasedd sex ratio or male-killing in cannibalistic species (Hurst & 
Majeruss 1993), wil l only improve the conditions for maintenance of the 
WolbachiaWolbachia infection in the metapopulation. If these effects make the infecteds 
equall  or even better "spreaders" (given that they already are better 
"invaders"),, they wil l even take over the metapopulation, driving the 
uninfectedd patches to extinction. 

Othe rr  Compensator y Fitnes s Effect s 

AA third mechanism involves the fitness effects of Wolbachia. In the current 
models,, that assume effectively infinite populations and discrete non-
overlappingg generations, the fitness cost of infection (sy) is interpreted as a 
fecundityy cost. Usually, such a fecundity cost is indeed found (Breeuwer 1997; 
Hoffmannn & Turelli 1997). However, the fecundity cost only translates into a 
fitnesss cost when fecundity is a determining component of fitness. In the 
modelss this is the case, because the appropriate fitness measure is the 
reproductionn ratio, RQ. But when fecundity is not a determining component 
off  fitness, the Wolbachia infection might yield a fitness benefit despite the 
fecundityy cost. This is the case when the appropriate fitness measure is the 
reproductionn rate, r. the lower fecundity can then be compensated by, e.g., a 
shorterr developmental time of the offspring. To our knowledge, there is only 
onee study addressing such effects of Wolbachia infection. Hoffmann et al. 
(1998)) report a difference in body size between infected and uninfected 
DrosophilaDrosophila melanogaster in the field: infected females are smaller, which may 
bee associated with a faster development. Whether fitness should be measured 
ass reproduction ratio or rate (or with yet another measure) depends on the 
wayy density dependence acts on lif e history (Mylius & Diekmann 1995). 

EVOLUTIO NN OF CI 

Turellii  (1994) analysed evolutionary changes in the degree of CI (the 
parameterr s  ̂ in eq. 1) for diploids in the standard population model, using 
invasionn probability of mutants when rare. The main conclusion was that 
evolutionn leads to reduced fitness cost of infection (i.e., prudence of 
Wolbachia).Wolbachia). Evolutionary changes in the degree of CI can only occur if it is 
correlatedd with the fitness cost. By doing a similar analysis in this final 
section,, we show that Turelli's conclusions also hold for the haplodiploid 
systemm and answer the question which type of CI (male production or female 
mortality)) has a selective advantage over the other. 
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Wee start by expressing the growth rate of an infinitely rare mutant in a 
populationn at equilibrium, infected by a resident type: 

,,, _ _ / 'f ( l-57XI-/O 
JJ /+]  — - 7, f(\-sf(\-s//)(l-/us)(l-/usll,m),m) + (\-f)(l-shm) 

,, .AO-^Xl -zO 
mm r +l = = 

Focussingg on the female frequency, the mutant reproduction ratio is 

/'..,/'.., _ u-s;)(i-M') 

f,f, / ( l - s / X l - / / s 1 m ) + ( l - / X 1 - s , - ' ") 

Usingg the resident reproduction ratio, 
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andd replacing the denominator in eq. 9, this leads to 

f>f> t+it+i  (1-.7X1-//') } 

ƒ'' ( l - 5 / X l - / / ) 

Clearly,, the criterion for invasion of the mutant Wolbachia is that eq. 11 
exceedss unity, or (l-s'Ml-fi') > (l-sj)(l-fï). In words: a mutant wil l invade and 
replacee the resident type when it produces more infected daughters per 
female.. Also, the invasion criterion is independent of the strength of CI: s'  ̂ or 
sshh are absent from eq. 11. This is all perfectly in line with the analysis of 

Turelli(l994). . 
However,, in haplodiploids we may also wish to derive invasion criteria for 

thee MP-type CI in a population of FM-type CI, and vice versa. Again 
assumingg complete compatibility between resident and mutant Wolbachia 
type,, we can repeat the above exercise with eqs. 2 and 3 in Vavre et al. (2000). 
Becausee these equations only differ in the denominator, the invasion criterion 
remainss exactly the same: ( 1 - ^ ( 1 - /0 > (l-sj)(l-fi). Just like the strength of 
CI,, the type of CI does not enter the invasion criterion. This makes sense, 
becausee the mutant type is assumed infinitely rare, and hence its different 
typee of CI has a vanishingly small effect on the average fitness of the 
uninfecteds,, whereas the resident type in equilibrium has reduced the average 
fitnesss in the population to its own level - irrespective of the type of CI it 
usedd to achieve this. Only if the mutant has an increased transmission (i.e., 1-
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fi'>fi'>  ]-/i) and/or a decreased fitness cost (i.e., Sj-< sj), it can invade: the type 
off  CI induced by the mutant Wolbachia need not have anything to do with 
thesee conditions. 

DISCUSSION N 

Inn this paper, we have focused on the problem of the threshold to invasion of 
ann uninfected population by CI Wolbachia, and we have analysed the 
evolutionn of CI in haplodiploids once a population has been infected, to derive 
conditionss for the evolutionary scenario proposed by Vavre et al. (2000). We 
showedd that it is insufficient to assume invasion by drift, and proposed 
severall  promising directions for research into the invasibility and evolution 
off  CI-inducing Wolbachia (in general, and for haplodiploids in particular): 
sexx ratio effects, population structure and other fitness compensating effects. 
Ourr models that include sex ratio effects of Wolbachia show that the invasion 
thresholdd is absent whenever infected females produce more infected 
daughterss than uninfected females produce uninfected daughters. Several 
studiess on haplodiploid species suggest the presence of such sex ratio effects. 
Thee simple metapopulation model we analysed already yielded an interesting 
prediction:: given that infecteds are better "invaders", uninfecteds must be 
betterr "spreaders" in order to maintain coexistence of infected and uninfected 
patches.. This condition seems more feasible for species that suffer local 
extinctionn due to predation (or parasitisation) than for species that suffer 
locall  extinction due to overexploiting their resource(s). The evolutionary 
analysiss shows that, like in diploid species (Turelli 1994), there is selection 
forr reduced fitness costs to the host. This is expected, because the vertically 
transmittedd parasite is dependent on its host for transmission. In 
haplodiploids,, there are two types of CI: MP (male production) and FM 
(femalee mortality). This triggered the question under which conditions one 
typee can invade the other. We found that invasion does not depend on the 
typee of CI, but hinges solely on decreasing the fitness cost and/or increasing 
thee transmission efficiency (in agreement with Turelli [1994]). 

Regardingg the sex ratio effects we discussed, it is clear that an 
evolutionaryy conflict arises between the infected female and Wolbachia. It is 
inn the interest of Wolbachia to make the female host produce as many 
daughterss as possible, whereas it pays the female to produce more sons as 
soonn as the population sex ratio is female-biased. Hence, a very interesting 
questionn is who wil l maintain control over the sex ratio: Wolbachia or the 
female?? Results of a study using laboratory strains of T. urticae suggest that 
thee females maintained control, because cured females produced a male-
biasedd sex ratio whereas infected females produced the normal sex ratio of 

%% males. During 1.5 years of maintenance as an uninfected strain, the sex 
ratioo changed back to that of the original infected strain (F. Vala, manuscript 
inn preparation). If selection on nuclear genes of the female hosts leads to 
compensationn for the effect of Wolbachia on sex ratio, as this example 
suggests,, then we anticipate that the Wolbachia-host association is 
strengthenedd - there wil l be selection against females that lose the infection, 
becausee they produce too many males. 



EVOLUTIONN OF CYTOPLASMIC INCOMPATIBILIT Y IN HAPLODIPLOI D SPECIES 9 9 

Addingg the complexities of population structure, density dependence or 
kinn selection (see Frank 1997) wil l affect the evolution of CI, be it in diploids 
orr in haplodiploids. It is beyond our scope to attempt an analysis here, yet we 
wouldd speculate that life history may have an important role in the outcome. 
Forr example, consider the effects of different life histories on the success of 
thee different CI-types from the metapopulation perspective. If Nasonia males 
doo not leave the patch (host) in which they are born, uninfected males 
producedd through MP-type CI do not affect the spread of Wolbachia. In 
Tetranychus,Tetranychus, patches (plants) last for several generations instead of just one. 
Hence,, if males also do not disperse, Wolbachia benefits from minimising the 
productionn of uninfected males in incompatible crosses, because these wil l 
dilutee the density of infected males and with it the effect of CI. MP-type 
Wolbachiaa would be lost from patches where FM-type Wolbachia may still 
bee able to maintain the infection. Hence, it may be that MP-type CI is the 
evolutionaryy endpoint in Nasonia life history, and FM-type CI in Tetranychus 
andd Leptopilina. 

Recently,, Vavre et al. (2000) speculated on the evolutionary history of CI 
inn haplodiploid species. Although they did not analyse evolutionary change, 
theyy proposed that MP-type CI is the ancestral type, and Wolbachia would 
thenn evolve to the FM-type CI. The scenario of Vavre et al assumes that 
FM-typee Wolbachia incur lower fitness costs than MP-type Wolbachia, and 
thatt CI-effects depend on bacterial density. High density would lead to 
completee haploidisation of fertilised eggs, i.e., MP-type CI as seen in Nasonia 
species.. Lower densities would result in incomplete haploidisation (i.e., 
aneuploidy),, leading to FM-type CI. As we have shown in this paper, 
evolutionn of CI in haplodiploids is independent of the type of CI: invasion of 
onee type into a population of the other only depends on the relative fitness 
costt and transmission efficiency of the mutant. However, assuming that the 
fitnesss cost of infection is proportional to bacterial density, does ensure that 
FM-typee Wolbachia can invade MP-type Wolbachia populations. 

Thee question arises, therefore, whether CI-effects and fitness costs are 
dependentt on bacterial density, or at least correlated with it. Breeuwer & 
Werrenn (1993) proposed the "bacterial dosage" model which states that the 
strengthh of CI is related to the bacterial density. Some support has been 
foundd for this in N. vitripennis (Perrot-Minnot & Werren 1999) and 
DrosophilaDrosophila simulans (Clancy & Hoffmann 1998). However, the relationship 
betweenn bacterial density and fitness costs has not been studied directly. Yet, 
indirectt evidence suggests there is no such relationship. In T. urticae, 
differentt lab strains showed the opposite effect: the strain with the higher CI-
effectt (higher mortality in the incompatible crosses) also has the lower 
fecundityy cost (Breeuwer 1997; Vala et al 2000, see Chapter 2). Also, 
fecundityy effects associated with Wolbachia in N. vitripennis (MP-type CI) 
weree found to be small or absent (Bordenstein & Werren 2000), whereas L. 
heterotomaheterotoma (FM-type CI) suffers strong fitness costs from Wolbachia infection 
(Fleuryy et al. 2000). Note that it is dangerous to compare across species, as it 
iss possible that L. heterotoma with MP-type CI would incur an even higher 
fitnesss cost, and N. vitripennis with FM-type CI an even lower fecundity cost. 
Also,, it has been suggested that the high fitness cost in L. heterotoma may be 
duee to within-host competition because it appears to be infected by three 
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Wolbachiaa variants (Fleury et al. 2000). Interestingly, then, N. vitripennis is 
infectedd by two Wolbachia variants but shows no fecundity effects 
(Bordensteinn & Werren 2000). However, these results still do not suggest at 
firstt hand that CI-effect and fitness costs are dependent on bacterial density. 
Last,, but certainly not least, the relationship between bacterial density and 
CII  type is the greatest unknown. At present, we do not know whether 
increasingg the bacterial density in a host would change the CI type from 
femalee mortality to male production. 

Furthermore,, rather than evolutionary ancestry, the two different types of 
CII  in haplodiploids may reflect ecological conditions, like differences in 
populationn structure as we already discussed above. It is possible that 
evolutionn of CI has led to the MP-type in N. vitripennis, and to the FM-type 
inn T. urticae and L. heterotoma, independent of effects of bacterial density on 
bothh fitness cost and CI type, and this may be an evolutionary stable 
situation. . 

Conclusio n n 

Inn our opinion, it is very likely that CI Wolbachia generally are not 
transmittedd to all offspring and/or do incur a fitness cost to their hosts, so 
thatt there is a threshold to invasion of the population. To explain the 
ubiquityy of infected populations despite this threshold, additional mechanisms 
mustt be considered in the population dynamics of the infection - invasion by 
driftt (or demographic 'accident') does not suffice. Our models show that 
incorporatingg population structure, fitness compensation or density 
dependentt effects may solve the problem of the threshold to invasion. 
Moreover,, they offer a lot of perspective for increasing our understanding of 
thee population and evolutionary dynamics of CI. At present, however, there 
iss hardly any empirical data to test our ideas with. The study of the ecology 
off  CI Wolbachia and their hosts promises many surprising insights. 
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SUMMARY Y 

Thiss thesis focuses on the association between two-spotted spider mites and 
Wolbachiaa bacteria. The two-spotted spider mite Tetranychus urticae feeds on 
plants.. Some of the populations of this species are infected with a bacterium 
calledd Wolbachia. Wolbachia bacteria infect not just mites but also many 
insectt species, isopods and nematodes. One characteristic of Wolbachia 
bacteriaa is that they live on the cytoplasm of host cells and do not seem to be 
ablee to survive on their own. Therefore they are called 'obligate 
endosymbionts'.. In fact, these bacteria are closely related to the bacteria that 
aree thought to have given rise to mitochondria (which are organelles present 
inn the cytoplasm of eukaryotic cells). 

AA consequence of the live style of Wolbachia is that they depend on their 
presentt host to infect new hosts. In fact, their mode of propagation consists 
off  being transmitted from infected host-mothers to their offspring through 
thee cytoplasm of the eggs. Since only the females can transmit Wolbachia, 
thee more infected daughters an infected mother produces, the better the 
bacteriaa wil l do. Not surprisingly therefore, Wolbachia are good at doing 
thingss that increase the number of infected females in a population. For 
example,, Wolbachia can cause parthenogenesis, where infected mothers give 
birthh to infected daughters without needing to be fertilized. Wolbachia may 
inducee feminisation, where infected males are converted into fully functional 
andd fertile females. 

Howeverr these manipulations of host reproduction by the bacteria are, at 
leastt most of the time likely, to be disadvantageous to the host. For example, 
considerr the following situation. Suppose a population of potential hosts 
wheree males and females exist in equal numbers. In this case males and 
femaless have the same mating opportunities. But following an infection by 
Wolbachiaa there wil l be more females than males. This means that males get 
moree opportunities to mate than females. Male individuals have an advantage 
-- they sire more offspring. However males do not transmit Wolbachia 
bacteriaa to their offspring - only the females do. Thus, there is a 'conflict of 
interests'' between the bacteria and the host about how many sons and how 
manyy daughters should be produced. 

Inn this thesis I present results on studies of the conflict between 
Wolbachiaa bacteria and spider mites. I was particularly interested in l) 
findingg out which factors may ease the invasion by the bacteria of a host 
population,, and 2) whether mite hosts have any mechanisms, genetic or 
behavioural,, that may help them circumvent the effects induced by the 
bacteria.. In the introduction I give a detailed description of what I did and 
why,, and what I think we could conclude from the results obtained. Here I 
wouldd just like to tell you about my two favourite results. The first is that 
somee data in this thesis suggests that mites may have evolved genetic and 
behaviourall  mechanisms that counteract the effects of the bacteria. However 
inn one of the instances studied the effect induced by Wolbachia is not 
geneticallyy suppressed but may be behaviourally avoided. Thus I propose 
thatt there may be ecological or evolutionary contexts where the effect 
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inducedd by Wolbachia has been retained because it may be of advantage to 
thee host. My second favourite result is that in the one instance where it was 
foundd that the effect induced by Wolbachia seemed to be directly 
counteractedd by the host, the mechanism was such that the host possessing 
thee 'resistance' mechanism is at a disadvantage unless it also possesses the 
bacteria.. The result may be that for 'resistant' hosts the bacteria becomes 
'indispensable'.. This is interesting because it provides a route by which this 
host-symbiontt association may acquire a permanent character. 

SAMENVATTIN G G 

Ditt proefschrift gaat over de symbiose tussen kasspintmijten en Wolbachia 
bacteriën.. De kasspintmijt Tetranychus urticae voedt zich met planten. 
Sommigee populaties van deze soort zijn geïnfecteerd door een bacterie die 
Wolbachiaa heet. Wolbachia bacteriën infecteren niet alleen mijten maar ook 
veell  soorten insecten, isopoden en nematoden. Een eigenschap van 
Wolbachiaa is dat ze leven in het cytoplasma van de cellen van de 
gastheer/vrouww en afhankelijk zijn van een gastheer/vrouw om te overleven. 
Daaromm worden ze "obligaat endosymbionten" genoemd. Deze bacteriën zijn 
nauww verwant aan de bacteriën waarvan gedacht wordt dat mitochondriën 
eruitt ontstaan zijn (mitochondriën zijn organellen in het cytoplasma van 
eukaryotee cellen). 

Eenn gevolg van de levensstijl van Wolbachia is dat ze van hun 
gastheer/vrouww afhankelijk zijn om nieuwe gastheren/vrouwen te infecteren. 
Hunn manier van voortplanten bestaat uit het worden doorgegeven van 
gastvrouww naar haar nakomelingen via het cytoplasma in de eitjes. Omdat 
alleenn vrouwtjes Wolbachia doorgeven doet de bacterie het beter naarmate 
eenn geïnfecteerde moeder meer geïnfecteerde dochters produceert. Daarom is 
hett niet verbazend dat Wolbachia goed is in het laten toenemen van het 
aantall  geïnfecteerde vrouwtjes in een populatie. Eén voorbeeld is dat 
Wolbachiaa parthenogenese kan veroorzaken, zodat een geïnfecteerde moeder 
alleenn maar (geïnfecteerde) dochters krijgt (en bovendien niet bevrucht hoeft 
tee worden). Een ander voorbeeld is het "vervrouwen" (feminization), waardoor 
geïnfecteerdee mannetjes worden omgezet in volledig werkzame vrouwtjes die 
zelfss kunnen voortplanten. 

Echter,, het is onwaarschijnlijk dat deze manipulaties van de voortplanting 
vann de gastheer/vrouw door de bacterie van voordeel zijn voor de 
gastheer/vrouw,, zoals moge blijken uit het volgende voorbeeld. Ga uit van 
eenn gastheer/vrouwpopulatie waarin mannetjes en vrouwtjes in gelijke 
aantallenn voorkomen. In dit geval hebben mannetjes en vrouwtjes dezelfde 
paarmogelijkheden.. Maar door infectie door Wolbachia zullen er meer 
vrouwtjess dan mannetjes zijn. Dit betekent dat mannetjes meer 
mogelijkhedenn tot paren krijgen dan vrouwtjes. Mannetjes hebben een 
voordeell  - ze krijgen meer nakomelingen. Maar mannetjes geven geen 
Wolbachiaa door aan hun nakomelingen - dat doen alleen vrouwtjes. Daarom 
iss er een "belangenconflict" tussen de bacterie en de gastheer/vrouw over 
hoeveell  zonen en hoeveel dochters er geproduceerd moeten worden. 
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Inn dit proefschrift presenteer ik resultaten van onderzoek naar het conflict 
tussenn Wolbachia bacteriën en spintmijten. Ik was met name geïnteresseerd 
inn {l ) factoren die het makkelijker maken voor de bacterie om een populatie 
vann gastheren/vrouwen te invaderen, en (2) of de spintmijten over 
mechanismenn beschikken (genetisch of gedragsmatig) die het mogelijk maken 
omm de effecten van de bacterie te vermijden. In de inleiding geef ik een 
gedetaileerdee samenvatting van wat ik heb gedaan en waarom, en wat ik 
denkk dat we daaruit kunnen concluderen. Hier wil ik alleen vertellen over 
mijnn twee favoriete resultaten. Ten eerste suggereert een aantal data dat 
mijtenn genetische en gedragsmatige eigenschappen hebben die de effecten 
vann de bacterie kortsluiten. In één van de situaties die ik bestudeerd heb is 
hett effect echter niet direct onderdrukt maar wel gedragsmatig vermeden. 
Ditt doet mij suggereren dat er mischien oecologische of evolutionaire 
omstandighedenn zijn waarin het effect door Wolbachia geïnduceerd blijft , 
omdatt het een voordeel geeft aan de gastheer/vrouw. Mij n tweede favoriete 
resultaatt is dat in het geval waarin het effect van Wolbachia wel direct 
onderdruktt is door de gastheer/vrouw, die gastheer/vrouw een nadeel heeft 
tenzijj  hij/zij ook geïnfecteerd is. Dus voor deze soort 'resistentie' is 
Wolbachiaa essentieel geworden. Dit is interessant want het suggereert een 
mechanismee waardoor deze symbiose permanent zou kunnen worden. 

SUMARIO O 

Estaa tese foca-se na associacao entre o écaro aranha e a bacteria Wolbachia. O 
écaroo aranha Tetranychus urticae alimenta-se de plantas. Algumas populacöes 
destaa espécie estao infectadas com uma bacteria chamada Wolbachia. 
Bacteriass do género Wolbachia infectam nSo só acaros mas tambem muitos 
insectos,, isopodes e nemétodas. Uma das caracteristicas das Wolbachia é que 
elass vivem no citoplasma das células dos seus hospedeiros e parecem ser 
incapazess de levar uma vida independente; e, consequentemente, s3o 
chamadass 'simbiontes obrigatórios'. De facto, estas bacterias estao 
evolutivamentee proximas das bacterias que se pensa terem dado origem as 
mitocondriass (as mitocondrias süo organitos celulares presentes no 
citoplasmaa de todas as células eucariotas). 

Umaa consequencia da forma de vida da Wolbachia é dependerem 
inteiramentee do hospedeiro que ocupam para poderem infectar novos 
individuos.. De facto, o seu modo de propagacao destas bacterias con siste em 
seremm transmitidas de mSes infectadas para a descendencia através do 
citoplasmaa dos ovos. Uma vez que só as fêmeas podem transmitir a 
Wolbachia,, quanto mais filhas uma m3e infectada produzir maior a vantagem 
daa bacteria. N3o é por isso de estranhar que as Wolbachia sejam peritas em 
induzirr efeitos que resultam, em ultima anélise, num aumento do numero de 
fêmeass infectadas na populaciïo de hospedeiros. Por exemplo, a Wolbachia 
podee induzir partenogénese, o fenómeno em que fêmeas infectadas produzem 
somentee filhas (nao produzem filhos) sem precisarem de ser fertilizadas. A 
Wolbachiaa pode também induzir feminizacüo, o processo em que machos 
infectadoss s5o convertidos em fêmeas completamente funcionais e ferteis. 
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Noo entanto estas manipulates do sistema reprodutor do hospedeiro pela 
bacteriaa provavelmente nao concedem, pelo menos na maior parte das vezes, 
vantagenss ao hospedeiro. Considere-se, por exemplo, a seguinte situagao: 
imagine-see uma populacSo de potenciais hospedeiros em que machos e fêmeas 
ocorremm em numeros iguais. Neste caso individuos machos ou fêmeas têm as 
mesmass opurtunidades de acasalamento. Mas após infeccao por Wolbachia 
haveraa mais fêmeas que machos na populacSo. Isto significa que individuos do 
sexoo masculino terao mais opurtunidades de acasalamento que individuos do 
sexoo feminino. Ha vantagem em ser um macho porque assim produz-se mais 
descendencia.. O problema é que os machos nao transmitem a Wolbachia. 
Resultaa assim um conflicto entre a bacteria e o hospedeiro sobre quantos 
filhoss e quantas filhas devem ser produzidos. 

Nestaa tese apresento resultados do estudo realizado sobre o conflicto entre 
Wolbachiaa e o acaro aranha. O meu interesse centrou-se sobretudo l) na 
analisee de factores que podem facilitar a invas3o de uma populacSo de 
hospedeiross por Wolbachia, e 2) em investigar se existem mecanismos, 
genéticoss ou comportamentais, que ajudem o hospedeiro a circundar os 
efeitoss induzidos pela bacteria. Inclui na introducao uma descricüo 
pormenorizadaa do que fiz e porquê, e daquilo que penso poder concluir-se dos 
resultadoss obtidos. Aqui gostaria de mencionar apenas os meus dois 
resultadoss preferidos. Em primeiro lugar, os dados apresentados nesta tese 
sugeremm que os acaros ter&o desenvolvido mecanismos genéticos e 
comportamentaiss que circundam os efeitos induzidos pela bacteria. No 
entanto,, num dos casos estudados, o efeito nao é geneticamente suprimido 
mass pode ser evitado comportamentalmente. Este facto levou-me a propor 
quee podem haver contextos ecológicos ou evolutivos em que o efeito induzido 
pelaa bacteria é retido porque confere uma vantagem ao hospedeiro. O meu 
segundoo resultado preferido é que no caso em que o efeito induzido pela 
bacteriaa parece ser directamente suprimido pelo hospedeiro, o mecanismo 
utilizadoo é tal que o hospedeiro 'resistente' esté. em desvantagem a menos que 
tambémm possua a bacteria. No fundo é como se para os hospedeiros 
'resistentes'' a bacteria se tenha tornado indispensavel. Este resultado é 
interessantee porque sugere uma via pela qual a associacSo entre o acaro-
aranhaa e a Wolbachia poderia tornar um caractér permanente. 
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CURRICULUMM VITAE 

Filipaa de Freitas Vala Salvador werd geboren op 16 mei 1972 in het Hospital 
Milita rr te Lissabon (haar vader Jorge vervulde zijn dienstplicht). Vanaf dat 
momentt woonde zij met haar ouders in Parede-Cascais, waar ze als peuter de 
Anjerrevolutiee (25 april 1974) meemaakte, en als kleuter de geboorte van 
haarr broer Kico (5 november 1975). Samen met haar vader deed ze haar 
moederr Nicha en Kico The dark side of the moon kado. Filipa's schooling begon 
inn 1978 op de Escola Primaria #2 de Oeiras, waar zij en haar vriendin Inês 
less kregen van Prof. Maria Luisa. In deze tijd leerde Filipa knopen bij de 
scouts.. Filipa zat van 1982 tot 1984 op de Ciclo Prepartorio da Parede en 
daarr ontmoette ze haar vriendin Rita. Filipa begon haar middelbare 
schoolcarrièree in 1984 op de Escola Secundaria dos Maristas (te Carcavelos) 
enn later de Escola Secundaria da Parede, maar stapte uiteindelijk over naar de 
Escolaa Secundaria de S3o Jo3o do Estoril, omdat de school was waar ze de 
richtingg Mariene Biologie kon kiezen. In de jaren 1986 tot 1989 was Filipa 
ookk actief bij Amnesty International (Paco d'Arcos en Parede). In 1989-1990 
deedd Filipa het senior year op de South Plantation High School te Fort 
Lauderdale,, Florida, in het kader van het A.F.S. uitwisselingsprogramma. 
Terugg in Portugal ontving Filipa haar middelbare schooldiploma van de 
Escolaa Secundaria de Sao Jo3o do Estoril. In 1990-1991 studeerde Filipa 
geologiee aan de Universiteit van Lissabon. Daarna stapte ze over op de studie 
Biologie.. Op de Faculteit der Natuurwetenschappen vormde Filipa samen 
mett Sara, Marta, Rita, Martim, Jo3o, Renata, Monica en Daniel de groep 
Cloaca.Cloaca. In 1994-1995 studeerde Filipa met een Erasmusbeurs aan de 
Universiteitt van Amsterdam en deed een doctoraalonderwerp over Wolbachia 
inn spintmijten, begeleid door Hans Breeuwer en Mous Sabelis van de Sectie 
Populatiebiologie.. In 1995 ontving Filipa haar diploma (Licenciatura) Biologie 
vann de Universiteit van Lissabon. Daarna keerde Filipa terug naar 
Amsterdamm om in dienst van N.W.O. onderzoek to doen aan bolmij ten, in 
eenn project van Iza Lezna. In 1997 kreeg Filipa haar diploma Biologie van de 
Universiteitt van Amsterdam. In datzelfde jaar ontving Filipa een beurs van 
dee Portugeze FundacSo para a Ciência e a Tecnologia om aan de Universiteit 
vann Amsterdam een promotieonderzoek te doen, wat geresulteerd heeft in 
hett proefschrift dat U nu in handen heeft. Filipa woont nu in Londen and 
doett onderzoek met Greg Hurst op het University College of London. 

Onn 16 May 1972, Filipa de Freitas Vala Salvador was born in the Hospital 
Milita rr in Lisbon (her father Jorge was doing military service). From that 
momentt on she lived with her parents in Parede-Cascais. She was a toddler at 
thee time of the Carnation Revolution (25 April 1974) and when her brother 
Kicoo was born (5 November 1975). Together with her father she gave her 
motherr Nicha and Kico The dark side of the moon when Kico was born. In 1978 
Filipa'ss education started at the Escola Primaria #2 de Oeiras, where she and 
herr friend Inês were taught by Prof. Maria Luisa. Around this time she 
learnedd to tie knots at the scouts. From 1982 to 1984 Filipa was at the Ciclo 
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Prepartorioo da Parede and there she met her friend Rita. Filipa started her 
secondaryy school career in 1984 at Escola Secundaria dos Maristas (in 
Carcavelos)) and later the Escola Secundaria da Parede, but eventually she 
changedd to Escola Secundaria de Sao JOÏÏO do Estoril, because that was the 
onlyy school offering Marine Biology classes. In the years 1986 to 1989 Filipa 
wass also active in Amnesty International (Paco d'Arcos and Parede). In 1989-
19900 she did the senior year at South Plantation High School in Fort 
Lauderdale,, Florida, as a part of the A.F.S. foreign exchange program. Back 
inn Portugal Filipa received her secondary school diploma from the Escola 
Secundariaa de S3o Joüo do Estoril. In 1990-1991 she studied geology at the 
Universityy of Lisbon. The next year she switched to Biology. At the Faculty 
off  Science, Sara, Marta, Rita, Martim, Joao, Renata, Monica en Daniel and 
Filipaa formed the group Cloaca. In 1994-1995 Filipa studied at the University 
off  Amsterdam with an Erasmus scholarship and there she did a research 
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