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Physiological cost induced by the maternally-transmitted
endosymbiont Wolbachia in the Drosophila parasitoid
Leptopilina heterotoma
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SUMMARY

Endosymbiotic bacteria of the genus Wolbachia infect a number of invertebrate species in which they induce various
alterations in host reproduction, mainly cytoplasmic incompatibility (CI). In contrast to most other maternally transmitted
parasites, manipulation of host reproduction makes the spread of Wolbachia possible even if they induce a physiological
cost on their hosts. Current studies have shown that fitness consequences of Wolbachia infection could range from positive
(mutualist) to negative (parasitic) but, in most cases, Wolbachia do not have strong deleterious effects on host fitness and
the status of association remains unclear. Here, we show that in the Drosophila parasitoid wasp Leptopilina heterotoma,
Wolbachia infection has a negative impact on several host fitness traits of both sexes. Fecundity, adult survival and
locomotor performance are significantly reduced, whereas circadian rhythm, development time and offspring sex-ratio are
not affected. Although the cost of bacterial infection can be overcome by effects on host reproduction i.e. cytoplasmic
incompatibility, it could influence the spread of the bacterium at the early stages of the invasion process. Clearly, results
underline the wide spectrum of phenotypic effects of Wolbachia infection and, to our knowledge, Wolbachia infection of
L. heterotoma appears to be one of the most virulent that has ever been observed in insects.
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INTRODUCTION

Wolbachia are obligate intracellular bacteria
(Rickettsiaceae) found species of
invertebrates including insects, mites, crustaceans,
and filarial nematodes (Werren, Zhang & Guo, 1995;
O’Neill, Hoffmann & Werren, 1997; Bandi et al.
1998; Cook & Butcher, 1999). These vertically
transmitted symbionts may alter host sexuality and
reproduction in different ways which all enhance
transmission of the bacteria in the host population.
In parthenogenetic haplo—diploid wasp species,
Wolbachia can revert reproduction from sexual
(arrhenotokous) to asexual (thelytokous), with off-
spring consisting of infected females only
(Stouthamer, Luck & Hamilton, 1990; Stouthamer,
1997). Wolbachia have also been shown to cause male
killing in several insect species (Hurst et al. 1999). In
isopod crustaceans, Wolbachia turn genetic males
into functional females (feminization), and thus
strongly interfere with sex determination (Rigaud,
1997). The last way Wolbachia alter their host
reproduction is cytoplasmic incompatibility (CI)

in numerous
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which has been the first and the most commonly
reported effect in a wide range of insects (Werren,
1997; Hoffmann & Turelli, 1997). Wolbachia-
induced incompatibility results in embryonic mor-
tality among the offspring of uninfected females
when they have mated infected males, whereas the
reciprocal cross is compatible (unidirectional in-
compatibility). CI also occurs between infected
individuals harbouring different Wolbachia variants
(bidirectional incompatibility) and then could con-
tribute to reproductive isolation between populations
and potentially lead to rapid speciation (Breeuwer &
Werren, 1990).

Generally, maternally transmitted parasites can
only be maintained in host populations if they do not
reduce host fitness (Anderson & May, 1982 ; Smith &
Dunn, 1991; Ebert & Herre, 1996). In contrast,
manipulation of host reproduction allows Wolbachia
to propagate even if they induce a physiological cost
to their hosts, and this can prevent these associations
evolving toward mutualism (Turelli, 1994; Werren,
1997; O’Neill et al. 1997). Evaluating this possible
deleterious effect is thus of particular importance to
clarify the status of host—-Wolbachia associations on
the mutualism—parasitism continuum (O’Neill,
1995). Moreover, it could help us to understand and
predict the rate and extent of Wolbachia spread into
host populations (Turelli, 1994; Vavre et al. 2000).
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Current studies have shown that in most cases
Wolbachia have no effect on host fitness (Hoffmann,
Clancy & Merton, 1994; Giordano, O’Neill &
Robertson, 1995; Bourtzis et al. 1996; Poinsot &
Mergot, 1997; Hoffmann, Hercus & Dagher, 1998).
In some cases, host fitness suffers slight reduction
that depends on host species and genotype, on
Wolbachia variants, and on fitness components
considered (Hoffmann, Turelli & Harshman, 1990;
Turelli & Hoffmann, 1995; Clancy & Hoffmann,
1997). The ‘popcorn’ variant has proved highly
virulent and induces deleterious effects in a line of D.
melanogaster, but its effect on host reproduction
remains unknown (Min & Benzer, 1997). In contrast,
enhanced reproductive success of infected indi-
viduals has been reported in some species (Wade &
Chang, 1995; Girin & Boulétreau, 1995; Vavre,
Girin & Boulétreau, 1999). The consequence of
Wolbachia infection on host fitness thus remains
unclear. Most data are only by-products of experi-
ments dealing with the effects of Wolbachia on host
reproduction and we lack careful studies on the
physiological cost of infection.

Here, we have investigated the physiological cost
that a parasitic wasp suffers when infected by a CI-
inducing Wolbachia. Female Leptopilina heterotoma
(Hymenoptera: Figitidae) deposit their eggs in the
body of Drosophila larvae which are then used for
parasitic development (Carton et al. 1986). In this
wasp species, all individuals have been shown to be
infected by 3 Wolbachia variants whose respective
roles in CI remain unknown (Vavre et al. 1999). In
contrast with previous investigations on the cost of
Wolbachia infection, we were not content with effects
on the classical components of wasp fitness such as
fecundity and adult survival, but we also analysed
behavioural traits, which surprisingly have not been
so far considered despite their importance in repro-
ductive success. We chose locomotor activity, a
good indicator of the overall physiological state of
individuals, and circadian rhythm, which determines
the temporal organization of behaviours and thus
constitutes an important component of fitness (Daan,
1984 ; Pittendrigh, 1993; Fleury et al. 2000). Here,
we show that Wolbachia have deleterious effects on
several fitness traits in L. heterotoma including
locomotor activity in both sexes, thus suggesting
heavy physiological cost of infection.

MATERIALS AND METHODS
Strains, rearing and experimental conditions

Effects of Wolbachia on host fitness were investigated
by comparing a naturally infected L. heterotoma line
and a derived uninfected subline obtained by curing
individuals with 0-29, rifampicin antibiotic treat-
ment over 3 consecutive generations (see Vavre et al.
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2000). The aposymbiotic line was then cultured
without antibiotics and no restoration of infection
has been observed (20 generations). We used a
highly inbred homozygous line (A7) originating
from a strain caught in Antibes (south France),
which was kept under regular sib-mating for 35
generations. This allows us to compare infected and
uninfected individuals with exactly the same nuclear
background, and prevents any interference of in-
fection status with possible genetic divergence
between infected and uninfected lines. All parasitoid
lines were reared on a Wolbachia-free strain of
Drosophila melanogaster fed standard diet (David,
1962). Experiments were performed 20 generations
after antibiotic treatment stopped, and thus any
direct deleterious effects of antibiotic exposure can
be discarded. Experiments and rearing were carried
out at 22 °C under LD 12:12 and 709, R.H.

Locomotor activity rhythms

Individual activity rhythms
monitored using a video-tracking and image analysis
system which allows automatic continuous measure-
ment of 120 insects over several days (Allemand et al.
1994). Individuals were isolated in experimental
circular glass arenas without hosts but with honey as
food. The locomotor activity of each individual was
quantified every 6 min by binary data (1 if wasp has
moved during a 2-sec video recording and 0 if not)
and hourly activity was calculated as the percentage
of active recordings among the 10 hourly ones.
Infected and uninfected individuals (30 of both
sexes) were measured 3 days under LD 12:12
(entrained rhythm), and then under constant dark-
ness (DD) during 7 days (free-running experiment).
Measurement in the absence of periodical environ-
mental cues reveals the period of endogenous clock 7
(see Saunders, 1982). Under both LD and DD
conditions, the average daily pattern of activity was
determined for each individual and 2 independent
parameters were estimated: the rate of locomotor
activity (RLLA), calculated as the mean percentage of
active recordings, and the profile of the rhythm,
which gives the pattern of the hourly percentage of
total daily activity. RILA measures the locomotor
performance of wasps, whereas the profile of the
rhythm illustrates the daily organization of activity
which is basically bimodal in L. heterotoma (Fleury
et al. 1995). Curves were plotted as a 3-point moving
average to better determine time (phase) of activity
peaks. Under LD 12:12, data are given as a function
of Zeitgeber time (time of environmental cycle, Zt in
hours) where light is turned on at Zt12 and off at Zt0.
Under DD, activity is plotted as a function of
Circadian time (Ct), each circadian unit being
equivalent to 7/24 h where 7 is the measured period
of free-running rhythm. This period was determined
by the Chi-square periodogram method (Sokolove &

locomotor were
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Table 1. Parameters of locomotor activity rhythms under LD 12:12
in infected and uninfected individuals

(Data were analysed using a two-way ANOVA and significant effects are given in
bold. Rate of locomotor activity (RLLA) was arcsine square root transformed prior
to ANOVA analysis. Zt = hours in Zeitgeber time with light-on at Zt 12 and light-

off at Zt 0. s.D., standard deviation.)

Morning peak Evening peak RLA
(Zt) (Z1) (%)
Mean +s.D. (N)
Male 1 12:14+07 22:1+07 8:8+63
(30) (30) (30)
Male U 12:3+0-8 22:1+06 13:6+8-0
(30) (29) (30)
Female 1 12:64+06 22:0+07 9-6+6'8
(29) (26) (28)
Female U 12:4407 219408 13-:2+86
(30) (30) (30)
F of ANOVA (p)
Infection 0-01 (0-94) 06 (0-45) 9-5 (0-003)
Sex 59 (0-02) 1-5 (0-21) 0-02 (0-88)
Interaction 36 (0-06) 0-3 (0:60) 0-2 (0-64)
D.F. (1,115) (1,111) (1,114)

Bushell, 1978) and most often differs from 24 h.
RLA of infected and uninfected individuals were
arcsine square root transformed prior to ANOVA
analysis. Since curves of the profile of the rhythm
become completely unclear when error bars are
given for each hour, we thus chose to calculate
the average confidence interval (aci) which is the
mean of confidence intervals of all active points of
each curve.

Development time and sex-ratio

Infected and uninfected parasitoids were cultured in
vials (10 vials per line) containing 15 g of axenic
medium (David, 1962). In each vial, 4 females were
allowed to parasitize 150 Drosophila larvae during
24 h. The parasitization rate of Drosophila larvae is
high and provides large numbers of adult parasitoids
having developed without resource limitation (no
competition). After development (22 °C, LD 12:12),
newly emerged parasitoids were collected every day,
sexed and counted. For each vial we calculated the
mean development time of sexes (80—120 individuals
per vial), and the sex-ratio (% males). A two-way
ANOVA was performed on the means per vial. Sex-
ratio analyses were carried out after arcsine square
root transformation.

Fecundity

Fecundity was estimated by the number of eggs in
ovaries. Since this species is proovigenic (no egg
production during the adult stage), egg load gives a
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good estimation of the reproductive potential of
females. Newly emerged females were kept 5 days in
vials containing honey as food to allow all eggs to
mature. Each female was then etherized and dis-
sected in a drop of physiological solution. One ovary
was transferred for 5 min into neutral red solution
and eggs were carefully scattered between slide and
cover-glass. Coloured eggs were counted under the
microscope with the help of a video system.
Fecundity was estimated as twice the egg load in
1 ovary.

Adult survival without food

Because the life-span of fed wasps can reach several
months, we measured adult survival under star-
vation. After development under controlled con-
ditions (no competition, 22 °C, LLD 12:12), 2-h-old
individuals were placed in vials containing humidi-
fied cotton but neither food nor host. In each line
and each sex, 10 vials containing 5 individuals were
kept until all the wasps died. Mortality was checked
every day and we calculated the mean individual life-
span in each sex. A two-way ANOVA was performed
on the means per vial.

RESULTS

Wolbachia
ponents studied in L. heterotoma. Tables 1 and 2
summarize the effects of infection on locomotor
activity rhythms and Table 3 on other fitness traits.

infection modifies most fitness com-
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Table 2. Parameters of locomotor activity rhythm measured under constant darkness (free-running

experiment) for infected and uninfected individuals

(Data were analysed using one or two-way ANOVA (significant effects in bold). Rate of locomotor activity (RLLA) was
arcsine square root transformed prior to ANOVA analysis. Ct = time in Circadian time (circadian period of the endogen-

ous clock 7 divided by 24, see text.)

Morning peak Evening peak Period (7) RLA
(Cv) (Cv) (hours) (%
Mean +s.p. (N)
Male I 13-4+11 — 23214242 7-8+36
(28) (28) (28)
Male U 13:6+16 — 23-28+2-50 11-7+54
(22) (22) (28)
Female 1 154+16 21-36 +1-54 22934323 25:0+92
(20) (28) (29) (29)
Female U 14-8+1-1 21-594+1-15 22:96+2-73 342+93
(29) (29) (30) (30)
F of ANOVA (p)
Infection 0-4 (0-51) 0-4 (0-52) 0-8 (0-37) 6:3 (0-001)
Sex 359 (< 0001) — 332 (< 0001) 22-8 (< 0-001)
Interaction 2:9 (0-09) — 0-13 (0-71) 3:6 (0-06)
D.F. (1,101) (1,55) (1,105) (1,113)

Table 3. Effect of Wolbachia infection on fitness components of Leptopilina heterotoma

(Means of each parameter (+ standard error) are given with results of one or two-way ANOVA (significant effects in
bold). Sex-ratio was arcsine square root transformed prior to ANOVA analysis.)

Fecundity Sex-ratio Adult survival Development time
(Nb eggs) (% males) (days) (days)
Mean +s.p. (N)
Male I 7:2+0-36 25:0+0-15
— — (10)* 10yt
Male U 771046 24-9+0-16
_ — (10)* (10)t
Female I 3046 +31-4 0-56+0-09 9:94+0-49 27-34+0-21
(30) 10yt (10)* (10)+
Female U 331:6+432 0:56+0-12 10-3+0-39 2744032
(30) (10)+ (10)* 10)+
F of ANOVA (p)
Infection 7-7 (0-008) 0-01 (0-99) 124 (0-001) 0-01 (0-94)
Sex — — 381 (< 0-0001) 114-2 (< 0-0001)
Interaction — — 0-4 (0-56) 04 (0-54)
D.F. (1,58) (1,18) (1,36) (1,36)

* 10 vials of 5 individuals.
1 10 vials of at least 70 individuals.

The most significant effect of Wolbachia was on the
locomotor performance of wasps (Fig. 1). Under LD
12:12, infection results in reduced RLA in both
males (— 35 9%) and females (—27 9,) (Table 1). Both
sexes are similarly affected (no significant sex-
infection interaction). In contrast, Wolbachia in-
fection does not change the profile of the rhythm
which is identical in infected and uninfected indi-
viduals. Figure 1 gives the average daily pattern of
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activity in both sexes, and shows that the temporal
organization of activity is bimodal with 1 peak at
light-on and 1 before light-off. The phase of these
peaks is the same in cured and control lines and the
only significant effect was among sexes for the first
peak, slightly earlier in males (Table 1).

Results under LD are fully confirmed by the free-
running experiment carried out in constant darkness
which reveals the endogenous basis of locomotor
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Fig. 1. Mean curves of locomotor activity rhythms of infected and uninfected Leptopilina heterotoma. Males and
females were measured for 3 days under LD 12:12 (Zeitgeber time) with light-on at Zt12 and light-off at Zt0. Black
and white rectangles on the top of the figure represent the night and the day respectively. aci = average confidence

interval (see text).
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Fig. 2. Mean curves of free-running rhythms of infected and uninfected Leptopilina heterotoma. Males and females
were measured for 7 days under constant darkness. Activity is plotted against Circadian time (circadian period of the
endogenous clock 7 divided by 24, see text). aci = average confidence interval.

activity thythms (Fig. 2 and Table 2). The stability
of rhythm under constant darkness demonstrates
that the daily pattern of activity is controlled by an
endogenous programme or biological clock, thus
confirming previous results (Fleury et al. 1995). The
main parameters of these endogenous oscillations are
not affected by Wolbachia infection, particularly the
period of the endogenous rhythm which differs
significantly from 24 h (circadian rhythm) (Table 2).
Similar results were observed on the phases of the
rhythm which only vary between sexes. Phase angle
between the first peak of activity and the light-off
signal is shorter in males, which could explain their
earlier activity in LD. It is also noteworthy that the
daily pattern of male activity shifts from bimodal
under LD to unimodal under constant darkness,
thus suggesting that male rhythm has basically only
1 peak of activity and that the second bout of activity
under LD has exogenous determinism. Under
constant darkness, the only significant effect of
Wolbachia infection is on RLA, which is 309,
reduced in infected individuals of both sexes (Fig. 2).
The persistence under constant darkness of lower
locomotor performance in infected individuals indi-
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cates that Wolbachia do not modify the response to
the light signal, but rather affect the whole host
physiology.

Among the 4 conventional components of insect
fitness here studied, development time and sex-ratio
do not differ between infected and uninfected
parasitoids, whereas both fecundity and adult sur-
vival are affected (Table 3). At 22 °C, egg to adult
development time is significantly shorter in males
(2-3 days) as already known in this species (Carton et
al. 1986), but Wolbachia have no effect on the trait.
Offspring sex-ratio is the same for infected and
uninfected females (569, males). In contrast,
Wolbachia significantly reduce adult survival in both
sexes. In the absence of food, the life-span of
uninfected wasps is, on average, 10 days for females,
7-7 for males. In infected wasps, survivorship is
reduced by half a day in both sexes (no infection X sex
interaction). This difference in adult survival is weak
(6 %) but highly significant, thus demonstrating that
Wolbachia induce a physiological cost to the host.
This is confirmed by the change in fecundity of
females. Infected females produce on average 27

eggs fewer than aposymbiotic ones (—89).
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Altogether, the results clearly show that Wolbachia
infection reduces the fitness of female parasitoids,
mainly their fecundity and survivorship.

DISCUSSION

Among the 6 traits studied in Leptopilina heterotoma,
3 proved affected by infection (adult survival,
fecundity and locomotor activity) while 3 remained
unchanged (development time, sex ratio and
circadian organization of activity). This contrasts
with previous studies which either failed to dem-
onstrate any fitness effect of Wolbachia infection
(Hoffmann et al. 1994; Turelli & Hoffmann, 1995;
Poinsot & Mergot, 1997), or evidenced either positive
or negative effects depending on the fitness traits
studied (Hoffmann et al. 1990; Wade & Chang,
1995). If we except the special case of the popcorn
variant which kills its adult Drosophila host (Min &
Benzer, 1977), Wolbachia inhabiting L. heterotoma
appear as one of the most pathogenic so far described
in insects. Decrease in fecundity (8 %) is consistent
with  that described in Drosophila simulans
(Hoffmann et al. 1990) and clearly results in fitness
reduction. The most detrimental effect occurs on the
rate of locomotor activity, which shows reduction in
both sexes without changes in the circadian pattern.
This reduction suggests that bacteria interact with
energy metabolism of infected adults, either through
reduction in their gross energy budget, or through
release of toxic compounds. Since locomotion is
directly linked to most behavioural fitness com-
ponents (Partridge, Ewing & Chandler, 1987; Bigler
et al. 1988; Bell, 1991; Ruiz-Dubreuil, Burnet &
Connolly, 1994), this reduced locomotor activity of
infected parasitoids probably has negative conse-
quences on their fitness such as resource finding
efficiency or ability to locate sexual partners. The
behavioural impact of Wolbachia infection remains
poorly documented despite its possible consequence
on the mating success of infected males and the
resulting frequency of incompatible crosses. This
could also have consequences for the dynamics of
Wolbachia invasion which is highly sensitive to
infection cost (Turelli, 1994; Vavre et al. 2000).
We can wonder about this virulence, since ver-
tically transmitted symbionts are expected to evolve
toward mutualism (Anderson & May, 1982; Smith &
Dunn, 1991; Ebert & Herre, 1996). However, due to
their effects on host reproduction, Wolbachia can be
considered as departing from this common rule.
Cytoplasmic incompatibility puts infected females at
an advantage over uninfected ones, and thus favours
bacterial spread into the host population despite
their physiological cost. Usually, this deleterious
effect is absent or light (Hoffmann & Turelli, 1997),
and its severity in L. heterotoma can be explained in
several ways. Heavy cost can be ascribed to high
bacterial density which could result from the novelty
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of the Wolbachia—L. heterotoma association with a
lack of coadaptation between the host’s and the
bacterial genomes. This could explain high trans-
mission efficiency and total cytoplasmic incompati-
bility in this species (Vavre et al. 2000) counter-
balancing the cost of infection. However, since
selection acting on both host and bacteria should
lead to reduced physiological cost (Turelli, 1994), it
is possible that the present association is in a
transient evolutionary stage. An alternative would be
to consider that evolutionary stable situations can be
reached with high infection levels and complete
transmission efficiency through high bacterial
densities, despite the corresponding physiological
cost. The last explanation results from theoretical
considerations predicting that while parasites should
evolve to avirulence when alone, conflicts of interest
occurring among different parasites (genotypes or
species) that share the same host individual should
favour the most virulent strategy (LLevin & Pimentel,
1981; Van Baalen & Sabelis, 1995). Since in L.
heterotoma all individuals prove infected by 3
different Wolbachia variants (Vavre et al. 1999),
within-host competition among them could favour
high bacterial densities and high physiological cost.

Actual field consequences of the deleterious effect
of Wolbachia infection in L. heterotoma populations
remain to be evaluated, but they could modify
interactions with other species such as Drosophila
hosts or other competing parasitoids. Depending on
the local structure of host—parasitoid communities,
L. heterotoma populations should evolve different
relationships with Wolbachia, thus leading to local
differentiation of wasp—bacteria relationships as
suggested by preliminary results (unpublished).
Finally, these results extend the phenotypic conse-
quence of Wolbachia infection in insects, which
proves particularly pathogenic in L. heterotoma but
could be positive or neutral in other species
(Hoffmann, Clancy & Duncan, 1996; Vavre, Girin &
Boulétreau, 1999; Hoerauf et al. 1999). However, in
most cases, fitness modification remains within a
narrow range of variation around neutrality and
Wolbachia thus appears as a useful model to study
evolution of symbiosis.

We thank R. Allemand for useful discussion on results of
these experiments and S. Martinez for rearing of
Drosophila parasitoids. Financial support came from the
European Commission (grant AIR CT 94-1433) and the
Centre National de la Recherche Scientifique (programme
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