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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). 
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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 
strainss of all lines. On horizontal axis: arcsinV(Fl sex ratio), on vertical axis: 
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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