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

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 



40 0 CHAPTERR 3 

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 
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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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