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abstract: Nucleocytoplasmic genetic conflicts arise as a result of
asymmetric transmission of cytoplasmic and nuclear genes. Spread
of a cytoplasmic element promoting female-biased sex ratios creates
selection on nuclear genes for mechanisms that decrease the bias.
Here we investigate the conflict over sex ratio between the cyto-
plasmic bacterium Wolbachia and the two-spotted spider mite Te-
tranychus urticae Koch. We show that, first, infected females produce
significantly more female-biased sex ratios than uninfected (cured)
females. Second, this effect is not due to parthenogenesis, male kill-
ing, or feminization, phenotypes commonly associated with infection
by Wolbachia. Third, sex ratio is a trait with a heritable component
in this species; thus, it can evolve under selection. Fourth, the sex
ratio produced by uninfected (cured) females changes over time,
approaching the sex ratio produced by females from the infected
culture. On the basis of these results, we suggest that after sex ratio
manipulation by Wolbachia, a host compensatory mechanism evolved
that allows infected females to produce the sex ratio favored by
nuclear genes. We discuss the evolution of “mutualism” with respect
to the evolution of host mechanisms that compensate for effects
induced by vertically transmitted “parasites.”

Keywords: Wolbachia, spider mite, sex ratio, evolution of mutualism.

Nucleocytoplasmic intragenomic conflicts arise as a result
of uniparental inheritance of cytoplasmic genes (Cosmides
and Tooby 1981). Nucleocytoplasmic intragenomic con-
flicts are conflicts of interest between cytoplasmic and nu-
clear genes within an individual. Most commonly, these
conflicts translate into a conflict over sex ratio: while se-
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lection on cytoplasmically transmitted genes favors in-
vestment in females (the egg-producing sex), selection on
nuclear genes favors investment in both sexes. Therefore,
there is a conflict over sex ratio between nuclear genes
and cytoplasmically transmitted genotypes such as organ-
elles (chloroplasts or mitochondria). The same conflict
exists between cytoplasmically transmitted endosymbionts
and their hosts (Maynard Smith and Szathmary 1995).

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

Although the origin of conflict is the same—
maximization of cytoplasmic fitness at the expense of nu-
clear fitness—nucleocytoplasmic conflicts may be ex-
pressed in different ways (reviewed by Hurst et al. 1996;
Werren and Beukeboom 1998). Wolbachia bacteria ma-
nipulate 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. 1999).
Furthermore, Wolbachia in males may either promote ster-
ilization of females that do not possess the bacteria, a
phenomenon named cytoplasmic incompatibility (CI), or
cause male killing (MK), thus biasing offspring sex ratio
toward daughters (see Stevens et al. 2001). In MK and CI,
the effect induced by Wolbachia in males results in an
increase in fitness of related cytoplasmic elements in fe-
males (see Stouthamer et al. 1999).

In a genetic conflict, spread of a gene produces positive
selection for another gene of opposite effect (Hurst et al.
1996). Thus, after manipulation by a cytoplasmic element,
selection on nuclear genes favors mechanisms that coun-
teract or suppress this manipulation. To see why, assume
a population of individuals that reproduce sexually and
produce a sex ratio such that the fitness of nuclear genes
is the same when present in males or females. If sex ratio



Genetic Conflicts over Sex Ratio 255

distortion toward one sex is induced in this popula-
tion—for example, a bias toward females—the fitness of
nuclear genes in males increases because on average a male
will have higher reproductive success (i.e., produce more
offspring) than a female (cf. Fisher 1958). Therefore, an
allele favoring the production of the rare sex increases in
frequency in the population until the original sex ratio is
restored. In populations with Wolbachia-induced F or MK,
we expect nuclear genes that restore male production in
infected females to be positively selected. Selection is pos-
itive since males are required to produce offspring and are
rare because of the sex ratio bias.

The number of studies that investigate or discuss host-
determined genetic mechanisms that counteract Wol-
bachia-induced F or MK is still low. Juchault et al. (1993)
studied feminizing Wolbachia in isopods. In this species,
females are heterozygous (WZ) and males are homozygous
(ZZ). The authors propose that spread of Wolbachia creates
the conditions for integration of an f-element into a Z
chromosome, creating a neo-W chromosome. This chro-
mosome then spreads in the host population and male
production is reestablished. For Wolbachia-induced MK,
the existence of host resistance genes for transmission of
the infection is suspected in a butterfly population with
unusually high prevalence of the infection (Jiggins et al.
2000). Finally, Hurst et al. (2001) surveyed several iso-
female lines of Drosophila bifasciata infected with a Wol-
bachia that induces MK with high penetrance, but none
was positive for resistance to transmission of the symbiont.

As discussed by Hurst et al. (2001), selection for host
suppression of Wolbachia-induced effects may be amelio-
rated if infection frequencies are environmentally balanced
(e.g., as a result of curing in the field through high tem-
peratures or naturally occurring antibiotics). For example,
the two-spotted spider mite T. urticae Koch may lose its
infection if cultured at high temperatures (Van Opijnen
and Breeuwer 1999). Clearly more studies are necessary
to decide whether the existence of genetic resistance to
Wolbachia-induced phenotypes is the exception or the rule.
In this article, we investigate the existence of a compen-
satory mechanism to Wolbachia-induced sex ratio distor-
tion in T. urticae.

Two-spotted spider mites are phytophagous, haplodip-
loid mites (Helle et al. 1970); females are diploid and
develop from fertilized eggs. Unmated females produce
only haploid eggs that develop into males. Spider mites
have a subdivided population structure where females ma-
ture and mate near the site of egg eclosion before disper-
sion (McEnroe 1969; Mitchell 1973). Behavior of ovipos-
iting females seems to conform to local mate competition
(LMC) theory (Hamilton 1967): sex ratios produced by
single females or by groups of genetically related females
are more female biased than sex ratios produced by ge-

netically unrelated females (Roeder et al. 1996; F. Vala,
personal observation).

In T. urticae mites, Wolbachia bacteria can induce CI
(Breeuwer 1997; Vala et al. 2000). Furthermore, in a strain
of spider mites collected from cucumber plants (hereafter
“C-strain”), Wolbachia seemed to induce a sex ratio dis-
tortion toward females (Vala et al. 2000). In this article
we confirm that infected C-females produce more female-
biased sex ratios than uninfected (cured) C-females. Fur-
ther, we ask whether C-Wolbachia is associated with CI
(test whether uninfected females are compatible with in-
fected males), P (test whether virgin females produce
daughters), MK, or F (test whether infected females pro-
duce infected males). Subsequently, we note that the sex
ratio produced by females from the uninfected culture
became more female biased, approaching the sex ratio
produced by infected females. We hypothesized that this
was due to selection and tested whether sex ratio has a
genetic component. Our results suggest that sex ratio ma-
nipulation by Wolbachia is counteracted by compensatory
host mechanisms that allow infected females to produce
the sex ratio favored by nuclear genes.

Material and Methods

Spider Mite Lines

The base population of Tetranychus urticae spider mites
was established from mites collected from cucumber plants
obtained from the Institute for Horticultural Plant Breed-
ing in Wageningen, The Netherlands. Since collection, spi-
der mites were reared on detached leaves of Phaseolus vul-
garis (variety “Arena”). Cultures (1200 individuals) were
maintained by adding a fresh bean leaf every week. Cul-
tures and experiments were maintained in one climate
room at 23�C, 60%–80% relative humidity, and 16L : 8D
photoperiod. Presence of Wolbachia in the base population
of the C-strain and derived C-isofemale lines was detected
using the polymerase chain reaction (PCR) assay with
Wolbachia-specific primers (Breeuwer and Jacobs 1996).
The uninfected line representing the “base population” of
this strain was established by curing with tetracycline an-
tibiotics as described by Breeuwer (1997). The infected
and uninfected lines of the C-strain are the same as in
Vala et al. (2000).

In addition to the base population of infected and un-
infected lines, five infected inbred isofemale lines were
created (labeled C1–C5). Virgin females were taken from
the infected base population, and mother # son matings
were performed for four consecutive generations; for hap-
lodiploid organisms, this gives, at least theoretically, an
inbreeding coefficient of .98 (Hartl 1980). This procedure
attempts to minimize the genetic differences between each
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infected line and the corresponding uninfected subline
established subsequently. From each infected isofemale
line, the corresponding uninfected subline was created ei-
ther by tetracycline curing as described by Breeuwer (1997)
or by heat treatment as described by Van Opijnen and
Breeuwer (1999). We used whatever method produced a
cured subline first. (We show in a separate paper [Vala et
al. 2002] that type of treatment does not affect female
traits like clutch size or F1 mortality or sex ratio.)

For tetracycline treatment, 20–30 females fed on an an-
tibiotic solution using the method described by Breeuwer
(1997). For heat treatment, 20–30 females were placed at
32�C and reared as a culture at this temperature for eight
to nine generations to maximize the number of uninfected
females at the end of treatment. To assess treatment effect
and establish the uninfected lines, individual mated fe-
males were placed on leaf discs to oviposit for 3 d and
were subsequently collected for PCR with Wolbachia-
specific primers. For each isofemale line, offspring from
females that gave negative results were kept, the rest were
discarded, and the process was repeated twice. Finally, off-
spring of negative females were pooled to establish the
uninfected lines. Polymerase chain reaction assays with
Wolbachia-specific primers and DNA isolation were as de-
scribed by Breeuwer (1997).

All experiments were performed using offspring from
age cohorts produced by 25–30 females from each line.
Cohorts were produced on detached leaves placed on
water-soaked cotton wool balls. Experiments were per-
formed on bean leaf discs ( cm). Leaf discs wereØ p 1.5
placed on water-soaked cotton wool “sheets” stretched on
sponges (9.5 cm # 15.5 cm). Sponges were placed on
plastic trays, and water was added every 3 d. In all ex-
periments, crosses and isofemale lines were randomized
across sponges to randomize environmental effects.

Does Wolbachia Affect Reproduction?

Two sets of experiments were performed: experiments with
the base population and experiments with the isofemale
lines. Experiments with the base population tested whether
there was an effect of Wolbachia on reproductive incom-
patibility (cytoplasmic incompatibility and/or hybrid
breakdown) and on sex ratio. Experiments with the iso-
female lines presented here test only for the effect of Wol-
bachia on sex ratio.

Experiments with the infected and uninfected lines of
the base population were repeated three times. The first
set of experiments took place approximately 7 mo after
curing (∼16 generations), and in this experiment all pos-
sible crosses between infected (W) and uninfected (U)
individuals were performed (female # male: ,W # W

, , and ). This experiment testedW # U U # U U # W

whether CI is associated with the infection in this strain,
as has been found for two other strains of this species
(Breeuwer 1997; Vala et al. 2000). Because hybrid break-
down (HB) has also been described in association with
Wolbachia in T. urticae (Vala et al. 2000), the test was
extended to the F2. If Wolbachia is associated with HB,

crosses produce aneuploid females, that is, femalesU # W
whose diploid nuclear genome is incomplete. These fe-
males survive because they have an intact set of chro-
mosomes (the maternal set) to compensate for the incom-
plete (the paternal) one. However, these females will
produce aneuploid gametes after meiosis. Fully haploid
eggs develop into males, but aneuploid eggs abort. Con-
sequently, a test for HB consists of allowing virgin F1 fe-
males from crosses to oviposit, scoring the mor-U # W
tality among their broods, and using F1 virgin females from

crosses as a control (see Vala et al. 2000). Later,U # U
virgin W females were tested to determine whether Wol-
bachia induced parthenogenesis, feminization, or male
killing. (Experiments with U and W females were not per-
formed simultaneously, so we did not compare them
statistically.)

The second and third set of experiments with the base
population took place 15 mo after curing (∼30 genera-
tions) and 21 mo after curing (∼42 generations). The same
experimental protocol as above was used except that only

and crosses were tested.W # W U # U
Experiments with the inbred isofemale lines aimed at

assessing the effect of host genotype and presence of Wol-
bachia on sex ratio (thus, for each isofemale line, data on

and crosses are reported). Infected iso-W # W U # U
female lines were established from the infected strain of
the base population soon after the last sex ratio experi-
ment. Cured sublines for each isofemale line were estab-
lished 3–5 mo later. Experiments using the infected and
uninfected sublines of each inbred isofemale line were per-
formed 1 or 2 mo (three to four generations) after the
cured subline had been established.

Experimental females were collected as teleiochrysalids
from the age cohorts (to ensure they were virgin) and
placed in mating groups of five females and three males
for 48 h. Subsequently, females were individually trans-
ferred to clean leaf discs for oviposition. Oviposition was
scored for 6 d in total in periods of 3 d per leaf disc.
Offspring (F1 female, male, and unhatched egg numbers)
were counted 10 d later and used to compute clutch size
( of unhatched of F1CS p number eggs � number

of F1 males), F1 sex ratio (females � number SR p
of F1 of F1 ofnumber males/[number females � number

F1 males]), and F1 mortality ( of un-mortality p [number
hatched of other dead ). For ex-eggs � number stages]/CS
periments with virgin females, females at the last molting
stage were collected 10–12 d after oviposition and allowed
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to oviposit. After 5 d (1 d to d of feedingemerge � 1
before oviposition d of oviposition), they werestarts � 3
transferred to a new leaf disc for another 3 d. Having
established that Wolbachia did not cause reproductive in-
compatibility in the base population, we excluded from
the analysis data from females that produced all-male
broods. This is because we had no other way of guaran-
teeing that females included in the study had mated suc-
cessfully (i.e., that sperm had been transferred), which is
a crucial condition if the trait under study is sex ratio in
a haplodiploid (females are produced from fertilized eggs).
Thus, in order to be included in the data set, females must
have been present during the entire experiment and must
have produced at least one daughter.

Is There a Genetic Component to Sex Ratio?

These experiments test whether sex ratio is a trait with a
heritable component. Females were collected from cohorts
at the last-molt stage and placed individually on fresh leaf
discs with a male. Males were removed after 2 d, and
females were transferred to fresh leaf discs 5 d later. Thus,
6 d of oviposition were scored (females start laying eggs
1–2 d after emerging as adults from the last-molt stage).
After another 10 d, one daughter and one son per female
were collected from the first leaf disc, and the procedure
was repeated. To be included as a data point for further
analysis, both mother and daughter must have survived
the entire 6-d oviposition period and must have produced
at least one daughter (this did not result in removal of a
significant number of females or in a bias toward one
group).

To investigate whether there is a genetic basis for sex
ratio (SR), we first performed within-line parent-offspring
regressions on this trait. Since the overall environment was
constant, significant regressions would indicate both that
SR has a genetic component and that there is genetic var-
iability within isofemale lines despite inbreeding. Regres-
sion coefficients could then be used to estimate the
narrow-sense heritability, h 2 (Lynch and Walsh 1998). This
was the case for only one uninfected subline. Therefore,
if a genetic basis for SR exists, inbreeding effectively re-
moved genetic variability within the isofemale lines.

Because isofemale lines are expected to be nearly ho-
mozygous, and within-line regressions were consistent
with this hypothesis, each isofemale line may be considered
a clone. Thus, broad-sense heritability (H 2) can be esti-
mated as the ratio of the between-line component of var-
iance to the total variance (Lynch and Walsh 1998). Since
both F1 and F2 SRs had been estimated, four estimates of
H 2 were obtained: two (F1 and F2) for each infected line
and two (F1 and F2) for each of the uninfected sublines.
Therefore, we can compare between estimates of herita-

bility and also assess whether Wolbachia has an effect on
heritability of SR (e.g., by increasing it) by comparing
between pairs of estimates (infected/uninfected).

The analysis proceeded as follows: first, model 2 (ran-
dom effect) ANOVAs were performed separately for F1

and F2 arcsine–square root SR and for infected and un-
infected isofemale lines. If ANOVAs were significant (after
Bonferroni correction), we reject the null hypothesis that
there was no added variance component due to isofemale
line. Second, the mean squares (MS)-within of a model 2
ANOVA is, in the absence of shared environmental ma-
ternal effects, an estimate of the environmental variance
( ; Lynch and Walsh 1998). The MS-among from each2dE

ANOVA is an estimate of (where is the2 2 2d � n # d dE 0 G G

added variance component due to random effects or ge-
netic variance and n0 is the n used when sample sizes are
different across groups; Sokal and Rohlf 1995). Conse-
quently, the MS-among can be used to estimate (Sokal2dG

and Rohlf 1995; Lynch and Walsh 1998). Finally, H 2 can
then be estimated as . Standard errors (SEs)2 2 2d /(d � d )G G E

associated with each H 2 were estimated as (16 #
(where a is the number of groups; Falconer2 1/2H )/n # a0

1993). We considered broad-sense heritability estimates
positive if their SEs did not include 0 and similar if SEs
overlapped.

Statistics

Normality was examined graphically, and significance was
tested using the Shapiro-Wilk test. Homocedasticity
(equality of group variances) was tested using Levine’s test.
In MANOVAs, equality of covariance matrices was tested
using the Box’s test. Nonparametric tests (Mann-Whitney)
were used when violation of normality and homocedas-
ticity assumptions could not be solved by transformation.
When ANOVA and MANOVA were performed, sex ratio
and mortality were arcsine–square root transformed. Sta-
tistical analysis was performed using SPSS. Significant
MANOVAs were followed with a series of univariate
ANOVAs. The significance level a of these ANOVAs,

, was adjusted following the Bonferroni procedureP p .05
to correct for multiple analyses (Field 2000). Pairwise com-
parisons were performed using Tukey post hoc tests.

Results

Spider Mite Lines: Establishing and Curing

Five inbred isofemale lines were established through
mother # son mating. Uninfected sublines of isofemale
lines 1, 2, and 4 were established by curing with tetracy-
cline, and isofemale lines 3 and 5 by heat treatment. The
uninfected subline 1 was lost soon after the first set of
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Table 1: Effect of Wolbachia on F1 clutch size, sex ratio, and mortality for
crosses within the C-strain of spider mite

Cross:
female # male n Clutch size

Sex ratio
(proportion males) Mortality

W # W 68 49.96A � 1.03 .28A � .02 .06A � .01
U # U 42 59.05B � 1.15 .46B � .02 .13B � .02
U # W 48 56.65B � 1.17 .41B � .02 .11B � .01
W # U 66 51.61A � .79 .26A � .01 .07A � .01

Note: error; size, infected,Mean � standard n p sample W p Wolbachia U p
(cured). Entries within columns marked with the same superscript did not differuninfected

on a pairwise comparison with a Tukey post hoc test. MANOVA on these three variables

showed a significant result of cross (Wilks’s , , , );l p .45 F p 23.125 df p 9, 531 P ! .05

subsequent univariate ANOVAs showed that this effect was significant for all variables after

Bonferroni correction (clutch size: , , ; sex ratio: ,F p 16.28 df p 3, 223 P ! .05 F p 33.75

, ; mortality: , , ).df p 3, 223 P ! .05 F p 16.57 df p 3, 223 P ! .05

experiments, and therefore, it could not be tested further.
All individuals from cured sublines were PCR negative
when tested before and after the experiments. Conversely,
all individuals from infected (nontreated) lines yielded am-
plification products with the same primers.

Does Wolbachia Affect Reproduction?

Effect on Cytoplasmic Incompatibility: F1 Results. Results for
the effect of Wolbachia on F1 clutch size, sex ratio, and
mortality in crosses within the C-base population (between
the infected and uninfected strain) are presented in table
1. Pairwise comparisons showed that, first, Wolbachia does
not induce cytoplasmic incompatibility in this strain; that
is, crosses between uninfected females and infected males
are not associated with less female-biased sex ratios and
increased mortality, as shown for two other spider mite
strains (Breeuwer 1997; Vala et al. 2000). Second, a fe-
cundity cost is associated with the infection; uninfected
C-females produce more eggs than infected females, sim-
ilar to Vala et al. (2000). This effect remains even though
uninfected females have increased mortality among their
broods. Third, presence of Wolbachia in females is asso-
ciated with the production of more female-biased sex ra-
tios. Although exact quantitative predictions cannot be
made, it is the SR produced by infected females (.27) rather
than the SR of uninfected females (.44) that seems closer
to what one would expect under LMC for females ovi-
positing alone (cf. Hamilton 1967; Taylor and Bulmer
1980).

Effect on Hybrid Breakdown: F2 Results. Mean number of
F2 males, clutch sizes, and mortality of broods from F1

virgin females from different crosses are presented in table
2. Cross type had a significant effect on clutch size because
daughters of uninfected females mated to infected males
produced larger egg clutches. Mortality was also higher in

broods of these females, but not significantly so. The com-
bined effect of larger clutch size and higher mortality prob-
ably resulted in approximately the same number of F2

males being produced by both types of virgin females.
Infected virgin females produced only males;W # W
therefore, F and P were not induced. Moreover, broods of

virgin females had mortality comparable to thoseW # W
of virgin females. Thus, HB was not associatedU # U
with the presence of Wolbachia in parental males (no dif-
ferences in F2 number of males or mortality were found
between broods of and virgin F1 females).U # U U # W
Additionally, parthenogenesis, feminization, and male kill-
ing (i.e., abortion of haploid eggs) were not induced by
Wolbachia.

In conclusion, analysis of F1 from different crosses (table
1) and F2 from virgin F1 females (table 2) produced by
those crosses does not support the hypothesis that presence
of Wolbachia in males induces reproductive incompati-
bility (cytoplasmic incompatibility or hybrid breakdown).

Effect on Sex Ratio. Because of the significant effect of the
presence of Wolbachia in females on F1 sex ratio, we per-
formed a second MANOVA on total number of females
and males among the offspring (fig. 1). This analysis iden-
tifies the details of the SR differences found in broods of
infected and uninfected females.

Number of males was square root transformed because
that improved normality. Pairwise comparisons between
crosses showed that, for production of both sons and
daughters, crosses involving uninfected (cured) females
did not differ significantly from each other but were sig-
nificantly different from crosses involving infected females;
similarly, crosses involving infected females did not differ
significantly. The sex ratio difference between the C-
infected and uninfected strains is not the result of in-
creased female mortality in uninfected broods and con-
sequent male bias. Instead, sex ratios by uninfected
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Table 2: F2 males, clutch sizes, and mortality of broods from F1 virgin females
from crosses within the cucumber strain

F1 female’s parents:
female # male n F2 clutch size F2 mortality

Number of
F2 males

U # U 46 42.67B � 1.23 .12A � .02 37.59B � .02
U # W 49 47.12C � .80 .22A � .03 36.94B � .01
W # Wa 54 54.59 � 1.16 .12 � .03 48.43 � 1.41

Note: error; size, infected,Mean � standard n p sample W p Wolbachia U p
(cured). Entries within columns marked with the same superscript were notuninfected

significantly different in nonparametric Mann-Whitney tests; only and wereU # U U # W

compared.
a Significant effects were detected for clutch size (Mann-Whitney test ,statistic p 744.00

, ).df p 1 P ! .05

mothers are less female biased because they produce fewer
daughters and more sons than infected mothers. As noted
previously, it is the sex ratio produced by infected females
that approximates the SR expected under LMC theory for
females ovipositing alone.

We repeated the experiment 8 and 14 mo after the pre-
vious test and measured the sex ratio produced by infected
and uninfected females (table 3). Within sampling events,
infection had a significant effect on SR 6 and 14 mo after
curing but not 20 mo after the antibiotic treatment. Spe-
cifically, the SR of infected females, with a mean value
close to that expected under LMC, remained constant over
time. The sex ratio produced by uninfected females grad-
ually approached the infected sex ratio, thus becoming
closer to the expected LMC sex ratio. We hypothesize that
this result was produced by selection in the cultures.

To corroborate this hypothesis, we tested whether sex
ratio was a trait with positive heritability. To do so, we
used inbred isofemale lines; as long as some genetic var-
iability is present in the base population, inbreeding will
produce lines fixed for different genotypes, and heritability
can be tested. Furthermore, isofemale lines allow us to
exclude the possibility that the initial differences in sex
ratio were due to genetic differences other than Wolbachia.
If genetic variability is removed before curing, differences
between the uninfected and infected sublines of each iso-
female line are probably related to the absence/presence
of the symbiont.

The sex ratios obtained for infected and uninfected sub-
lines of five inbred isofemale lines are presented in figure
2. Considerable heterogeneity in SR is observed across
lines. Generally, crosses have less female-biased sexU # U
ratios than their corresponding crosses. The re-W # W
verse pattern is observed in only one line (line 3), where
uninfected females produce more female-biased sex ratios.
This difference, if real, could reflect the existence of genetic
variation for Wolbachia effects; however, this result is not
significant. The mean sex ratio, pooled among isofemale
lines, is .35 for crosses and .44 for crosses;W # W U # U

these values agree with what was found previously in the
base population (cf. tables 1, 2). To test the effect of host
genotype and Wolbachia on SR, a univariate ANOVA was
performed. In this ANOVA, isofemale line was taken as
the random factor and cross ( , ) as the fixedW # W U # U
factor. This analysis showed that the interaction effect was
significant ( , , ). Thus, SR re-F p 5.48 df p 4, 339 P ! .05
sults from host-determined properties in combination
with presence/absence of Wolbachia.

We tested whether removal of Wolbachia could produce
an SR shift in the isofemale lines through within-isofemale
line univariate ANOVAs. This analysis revealed that, after
Bonferroni correction, there was a significant effect of cross
on SR ( , , ) for isofemale lineF p 4.50 df p 1, 67 P ! .01
5. This effect is similar to the effect found in the base
population in that the SR of the uninfected subpopulation
is closer to .50 (proportion males). The possibility that the
SR shift is a side effect of the type treatment used can be
excluded because line 3, which was also cured by heat
treatment, did not show the effect and the base population
had been cured with tetracycline.

Is Sex Ratio a Heritable Trait?

Absence of Genetic Variation for Sex Ratio within Lines. To
investigate sex ratio heritability, we first performed parent-
offspring regressions on arcsine–square root sex ratio (fig.
3). Data for the uninfected strain of isofemale line 2 were
not included because sample size was small (see table 5).
A significant regression was found only for the uninfected
strain of isofemale line 4 ( , ,2R p 0.21 F p 4.38 df p

, ). Therefore, we concluded that if there is a1, 17 P p .05
genetic basis for SR, inbreeding effectively removed genetic
variability within the remaining isofemale lines. We ex-
pected a significant regression for the base population but
did not find it. Possibly, at the time of this experiment,
genetic variability in the base populations had been much
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Figure 1: Box-whisker plots for the effect of Wolbachia on daughter and son production for crosses with the C-strain (base population). Cross
female # male: 1 p , , , ; size. Box whiskers marked with the same superscript did notW # W 2 p U # U 3 p U # W 4 p W # U N p sample
differ on a pairwise comparison with a Tukey post hoc test. MANOVA on number of females and males showed a significant result of cross type
(Wilks’s l p .67, , , ); subsequent Bonferroni corrected univariate ANOVAs showed that this effect was significant forF p 16.13 df p 6, 438 P ! .05
both variables; number of females: , , ; number of males: , , .F p 13.74 df p 3, 223 P ! .05 F p 32.40 df p 3, 223 P ! .05

reduced (note that these experiments were performed ap-
proximately 2 yr after the experiments of table 1).

Sex Ratio Is a Heritable Trait. Plots of mean F1 to F2 sex
ratio of the four isofemale lines (separately for infected
and uninfected strains) neatly fell in straight lines (fig. 3,
rightmost panels), with slopes very close to 1 and intercepts
quite close to 0. The broad-sense heritability (H 2) was
estimated as the ratio of the among-isofemale line com-
ponent of variance to the total variance (Lynch and Walsh
1998); that is, we treated each isofemale line as a clone.
We used F1 and F2 SRs (table 4) to produce four estimates
of H 2 (as explained in “Material and Methods”): two for
infected sublines and two for the uninfected sublines (table
5). Model 2 (random effect) ANOVAs were performed
separately for F1 and F2 arcsine–square root SR and for
infected and uninfected isofemale lines. All four ANOVAs
were significant after Bonferroni correction, demonstrat-
ing that there was a significant effect of isofemale line
(uninfected F1: , , ; uninfectedF p 14.34 df p 2, 93 P ! .05
F2: , , ; infected F1:F p 36.86 df p 2, 93 P ! .05 F p

, , ; infected F2: ,10.22 df p 3, 102 P ! .05 F p 8.61 df p
, ). Broad-sense heritabilities for infected and3,102 P ! .05

uninfected isofemale lines are considered positive because
their standard errors (SE) did not include 0 (table 5).

Concordance between Broad-Sense (H2) Heritability Esti-
mates. Estimates of H 2 are quite similar, showing that the

result is repeatable. The exception is the estimate calculated
for F2 uninfected individuals (table 5). Why would the
latter estimate be greater than the other three? Possible
sources of variance in H 2 estimates are environmental ma-
ternal effects. If such effects are not excluded experimen-
tally, they may introduce an experimental artifact: H 2 es-
timates become inflated (Lynch and Walsh 1998) because
maternal effects reduce the MS-within (i.e., the and,2dE

consequently, the total d2). The H 2 estimate corresponding
to the F2 of the uninfected group is larger because of the
difference in mean F1 and F2 SR of isofemale line 5 (cf.
table 4). This difference increases the value of the F2 MS-
among, which in turn inflates the value of and, con-2dG

sequently, the value of H 2. One maternal environmental
effect could have caused this shift in SR. Females that
develop in leaves have practically unlimited resources com-
pared with females that develop in leaf discs. Thus, F1

females that developed on leaf discs had comparatively less
available food than their mothers (which emerged from
egg cohorts produced on leaves). This may have resulted
in malnutrition of F1 C5-U females because these females
produced the largest clutch size. Malnutrition and hence
production of more male-biased sex ratios by all females
from this subline may have resulted (other lines were not
affected because they produced fewer eggs). This idea may
not be far-fetched. For example, predatory mite females
subjected to starvation produce more male-biased sex ra-
tios (Friese and Gilstrap 1982). If this explanation holds
true, we should ignore the F2 estimate of H 2 for the un-
infected isofemale lines and conclude that sex ratio is a
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Table 3: F1 sex ratios produced by infected and uninfected females in trials performed at ∼6-mo intervals

Cross: female # male

Sex ratio (proportion males)

n 6 mo after curing n 14 mo after curing n 21 mo after curing

W # W 68 .28A � .02 49 .29A � .02 49 .30A � .03
U # U 42 .46B � .02 46 .39C � .02 52 .35A, C � .02

Note: error; size, infected, (cured). Entries within columnsMean � standard n p sample W p Wolbachia U p uninfected

marked with the same superscript did not differ on a pairwise comparison with a Tukey post hoc test. Sex ratio was arcsine–square

root transformed because that generally improved ANOVA assumptions. A multifactorial univariate ANOVA detected significant

effects of cross ( , , ), year ( , , ), and the interaction ( ,F p 41.85 df p 1, 300 P ! .05 F p 3.41 df p 2, 300 P ! .05 F p 4.53 df p
, ).2, 300 P ! .05

Figure 2: Box-whisker plots of F1 sex ratio for infected and uninfected
sublines of each C-isofemale line. Cross female # male: ,W p infected

, size. Entries within columns marked withU p uninfected N p sample
the same superscript did not differ, after Bonferroni correction, on within-
isofemale line univariate ANOVAs.

trait with a heritable component, sex ratio H 2 is the same
for infected and uninfected females, and .2H p .27

Discussion

Our results suggest that the cytoplasmically transmitted
bacteria Wolbachia can manipulate F1 sex ratio of female
spider mites. This manipulation is not parthenogenesis,
feminization, or male killing (cf. tables 1, 2), which are
phenotypes known to be induced by Wolbachia. Spider
mite females cured of the infection generally produced less
female-biased F1 sex ratios than infected females (tables
1–4; fig. 2). This result was repeatable using two different
types of methods to cure the infection. Thus, presence of
Wolbachia in females is associated with a sex ratio bias
toward females. Mathematical analysis shows that this ef-
fect is sufficient to provide Wolbachia with a mechanism
to invade a host population and spread to high prevalence
(Egas et al. 2002).

Host Compensatory Mechanisms for Wolbachia
Manipulation of Sex Ratio

It is the sex ratio produced by infected females that is
closer to the sex ratio expected under LMC for females
ovipositing alone (cf. Hamilton 1967; Taylor and Bulmer
1980). Hamilton (1967) estimated the optimal sex ratio
for a (somatic) nuclear gene. In broad terms, his analysis
predicts that if females are more likely to be inseminated
by genetically related males (and a male can inseminate
more than one female), then genes producing female-
biased sex ratios will be favored by selection. In the two-
spotted spider mite, this theoretical prediction is generally
supported by empirical results: females allocate sex ratio
in response to genetic relatedness (Roeder et al. 1996; F.
Vala, personal observation).

How can these observations be reconciled with our re-
sults that it is the sex ratio produced by infected females
that best approaches the expected LMC sex ratio? One
possibility is that treatment of the lines to eliminate the
infection produced a bottleneck, and consequently the

level of inbreeding in the uninfected lines may be higher
than in the corresponding infected ones. However, we ex-
pect genetically related females laying together to produce
more female-biased sex ratios. Therefore, as a result of
inbreeding, we would expect uninfected females to pro-
duce more female-biased sex ratios than infected females,
but our results show precisely the opposite.

Another possibility is that deleterious fitness effects of
inbreeding depression or of the antibiotic or heat treat-
ment itself could result in deterioration of female fitness.
Less fit (e.g., starved) predatory female mites tend to pro-
duce more males (Friese and Gilstrap 1982). Thus, assum-
ing deleterious effects of treatment on female fitness, we
would expect uninfected females to produce more males.
However, the effect should disappear within one or two
generations after treatment was suspended. Our experi-
ments were performed more than three generations after
antibiotic or heat treatment, and all experiments were re-
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Figure 3: Parent-offspring regressions for arcsine–square root sex ratio
for infected and uninfected sublines of all C-lines (base population and
isofemale lines); , . In panels 1–5 (left toW p infected U p uninfected
right), a line is drawn if regressions were significant (see text for details).

peated at least once. In other words, the effects we report
were measured at least twice several generations after treat-
ment had been performed and are thus unlikely to be
transient side effects of curing.

Finally, we examine the possible effect of inbreeding
depression on fitness. It is crucial to note that the five
isofemale lines used in this study were deliberately inbred
through four consecutive mother # son matings before
the treatment. Thus, an effect of inbreeding depression on
sex ratio, if present, should be detected in both the infected
and uninfected sublines of each isofemale line. It seems
unlikely that after the (deliberate) bottleneck of four con-
secutive generations of mother # son matings a “treat-
ment bottleneck” may still produce an appreciable addi-
tional effect on inbreeding.

Our results can best be explained by the hypothesis that
the sex ratio produced by cured females is less than optimal
from a nuclear gene’s “eye view.” We propose, albeit ad-
mittedly ad hoc and speculatively, that curing females of
infection by Wolbachia exposed a host compensatory
mechanism that has evolved to counteract manipulation
of sex ratio by the bacteria. Thus, infected females produce
LMC sex ratios that are adaptive (more female biased),
but when the females are cured of the infection by Wol-
bachia, the compensatory effect is exposed, and less than
optimal (less female biased) sex ratios result. (Note that
this hypothesis is not in contradiction with Werren’s
[1987] predictions. Werren [1987] discusses the evolution
of compensatory shifts in sex ratio by modeling a system
where the effect of the sex ratio distorter overrides the
expression of host [nuclear] genes. Thus, his analysis al-
lows the study of only one possibility: whether a com-
pensatory mechanism will evolve in uninfected individuals
[which, perhaps unsurprisingly, turns out not to be the
case]. What we propose is that the compensatory mech-
anism has evolved in infected females.)

Our interpretation is supported by the observation that
sex ratio in the uninfected strain of the base population
converged in time to the sex ratio produced by infected
females. We expect the sex ratio favored by selection, that
is, the LMC sex ratio, to be the same in the uninfected
and infected lines representing the base population because
genetic relatedness of mites in each of these lines is the
same (the uninfected culture was derived from the infected
one) and all cultures were maintained in the same way
since collection. The gradual shift in sex ratio that we
observed (table 3) can be explained by selection in the
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Table 4: F1 and F2 sex ratios for infected and uninfected
strains of all lines obtained during the sex ratio heritability
experiments

Isofemale line n F1 sex ratio F2 sex ratio

Uninfected (cured):
2 7a .38 � .04 .32 � .11
3 50 .28 � .02 .30 � .02
4 18 .23 � .02 .24 � .03
5 28 .42 � .02 .56 � .03

Wolbachia infected:
2 31 .28 � .02 .36 � .03
3 26 .27 � .02 .27 � .02
4 25 .21 � .02 .22 � .02
5 24 .37 � .03 .41 � .03

Base:
Uninfected (cured) 28 .35 � .03 .33 � .03
Wolbachia infected 30 .35 � .03 .35 � .03

Note: Sex ratios given as error; size.mean � standard n p sample
a Has not been considered in further analysis.

Table 5: Estimates of F1 and F2 sex ratio broad-sense heritabilities from infected and uninfected females

Infection and
source df

SS MS
Expected

MS n0

H2 � SE

F1 F 2 F1 F 2 F1 F2

Uninfected (cured):
Within n � a p 96 1.928 2.419 .021 .026 2dE 29.21 .31 � .03 .55 � .05
Among a � 1 p 2 .595 1.918 .297 .959 2 2d � n # dE 0 G

Wolbachia infected:
Within n � a p 102 1.443 2.719 .014 .027 2dE 26.41 .26 � .02 .23 � .02
Among a � 1 p 3 .434 .688 .145 .229 2 2d � n # dE 0 G

Note: of squares, squares, -sense heritability, error, of freedom,2SS p sum MS p mean H p broad SE p standard df p degrees n p
size, of groups. See text for n0 and further details.sample a p number

uninfected culture for genotypes with the ability to pro-
duce more daughters. Sex ratio as a trait can evolve under
selection because it has a heritable component in both the
presence and absence of Wolbachia (table 5). Thus, selec-
tion in the uninfected culture of the base population fa-
vored females that produced more female-biased sex ra-
tios, and this resulted in the shift observed. Such a shift
could not have been observed in the uninfected isofemale
lines because these lines lack genetic variability as a result
of inbreeding (cf. fig. 2 and table 4, which are independent
replicas; in fact, sex ratio produced by isofemale line fe-
males has been measured a third time [not shown here],
and the differences remain).

An important question is how selection operated in the
uninfected culture to produce F1 sex ratio shifts of females
laying alone. Presumably, a genotype change that allows
females to bias offspring toward daughters in the culture
works to increase fertilization rates in general. Therefore,
such a genotypic change will also influence the ability of
a female to produce more daughters when ovipositing

alone. It is not yet known how spider mite females control
sperm access to eggs to control fertilization rates. Future
research should elucidate the mechanism underlying Wol-
bachia and host control of sex ratio.

Host Compensation for Manipulation by Endosymbionts
and the Evolution of Mutualism

The most interesting aspect of studying cytoplasmically
transmitted symbionts is that it may help us understand
the evolution of obligate endosymbiosis: Which evolu-
tionary mechanisms can turn a symbiont into an organ-
elle? The study of the interaction between Wolbachia and
its hosts is particularly attractive because Wolbachia, like
the prokaryotic ancestor of mitochondria (Margulis 1970,
1981), belongs to the a subdivision of proteobacteria
(Weisburg et al. 1991).

It has been demonstrated that if the only new hosts a
parasite can infect are offspring of the current host, then
less harmful variants of the parasite will replace harmful
ones (Yamamura 1993, 1996; Lipsitch et al. 1995). While
these results may explain why selection on a vertically
transmitted parasite will favor less harmful parasite vari-
ants, they do not explain why selection on the host would
favor increased vertical transmission of the symbiont. In
other words, a parasite remains a parasite no matter how
less harmful it may be to its host (Van Baalen and Janssen
2001). Selection acting on the host will favor increased
vertical transmission if the parasite becomes useful. At least
two mechanisms have been proposed for how this may
happen. First, a parasite may confer immunity against
more virulent forms (for a short review, see Lipsitch et al.
1995). This explanation is unlikely to apply to Wolbachia
because it implies both vertically and horizontally trans-
mitted parasites. For most hosts, horizontal transmission
of Wolbachia seems to be extremely uncommon (but see
Huigens et al. 2000 for the exception).

Second, obligate symbiosis may evolve if the host de-
velops a costly defense (Law and Dieckmann 1998). A host
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defense mechanism may evolve such that the host will do
better to live in symbiosis than to pay the price of the
defense while living alone (Law and Dieckmann 1998).
Selection will then favor increased vertical transmission of
the symbiont (Law and Dieckmann 1998). We propose
that our data may provide an example that resembles the
latter. The defense mechanism that we found (decreasing
fertilization rate of eggs in order to restore the optimal
sex ratio) imposes a cost to uninfected females. In the
absence of Wolbachia, females with such a “modifier” ge-
notype produce nonoptimal sex ratios. Thus, these ge-
notypes will be negatively selected in uninfected hosts.
However, selection on infected females with compensatory
mechanisms would favor genotypes that are more efficient
at transmitting the symbiont to their daughters. This could
be a first evolutionary step toward mutualism. It remains
to be explored whether “host and ”modifier � symbiont
associations could spread to fixation.

Three studies suggest that evolution of Wolbachia and
their hosts to mutualistic endosymbiosis may indeed occur.
Indeed, infections seem to be fixed in those taxa. First,
nematode hosts seem unable to survive without Wolbachia.
Feeding antibiotics to hosts of pathogenic nematodes cures
them of the nematode infection (Langworthy et al. 2000).
Second, presence of Wolbachia in a parasitic wasp (Asobara
tabida) is required for normal oogenesis in females (De-
deine et al. 2001). Third, P-Wolbachia is required for re-
production of Encarsia formosa, a haplodiploid wasp. Ex-
perimentally cured unmated females of this species
produce uninfected but unfertile males. Thus, E. Formosa
has lost the ability to reproduce sexually and relies on
Wolbachia for asexual reproduction.

As discussed by Dedeine et al. (2001), the obligatory
character of the infection in nematodes and in A. tabida
may have derived from physiological redundancy: host and
symbiont may both be capable of performing an essential
and costly physiological function. If there is a physiological
cost to the host as a result of infection by Wolbachia,
suppressing a given physiological function may compen-
sate for that cost. An infected host that has eliminated or
reduced the fitness deficit associated with the cost of har-
boring a symbiont increases its reproductive success rel-
ative to other infected hosts. However, the same genotype
is selected against in uninfected hosts. Thus, loss of the
ability to perform a physiological function creates selection
pressure on infected hosts to increase the fidelity with
which the “parasite” is transmitted to its offspring. The E.
formosa case can be interpreted similarly: females cured
of the infection survive, but they produce males that are
not fertile (Zchori-Fein 1992). Male fertility traits may
have been selectively excluded because they are costly to
females and unnecessary in the presence of the P-inducing
symbiont. Genotypes that are inefficient at transmitting

the symbiont are selected negatively because uninfected
females have no mates (and thus do not produce
offspring).

Conclusion

Our results show that Wolbachia may manipulate sex ratio
without inducing parthenogenesis, male killing, and fem-
inization. We suggest that a host mechanism has evolved
that confers a solution to the genetic conflict between
Wolbachia and their hosts—solving it, apparently, in favor
of the host. However, this mechanism may have also ren-
dered the symbiont indispensable, creating selective pres-
sure that favors increased fidelity of transmission of the
symbiont. Two other case studies suggest that, perhaps
while trying to compensate for the cost the symbiont im-
poses, a host may lose or acquire traits that make the
presence of the symbiont vital. Can such a succession of
events turn a vertically transmitted parasite into a
mutualist?
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