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Parasitoid wasps lay female eggs or a high
proportion of female eggs in favourable host
insects because female wasps require many
more resources during their development. Many
studies have tested the effects of host physiological
status on the sex allocation of parasitoids, but few
have attempted to test the effects of host beha-
vioural traits. Cotesia glomerata is a gregarious
parasitoid wasp that lays eggs in caterpillars of
pierid butterflies. The brood sex ratio in
C. glomerata females that attacked aggressive
host caterpillars was compared with that in
females that attacked less aggressive hosts. The
male ratio was higher when C. glomerata attacked
aggressive Pieris brassicae caterpillars than when
it attacked less aggressive Pieris rapae crucivora
caterpillars. However, when C. glomerata females
were induced to oviposit in anaesthetized
P. brassicae caterpillars, the male ratio in their
offspring was significantly lower than when
they attacked unanaesthetized caterpillars.
C. glomerata was attacked by aggressive host
caterpillars during oviposition bouts. It is likely
that this aggressive host behaviour disturbed the
fertilization process in ovipositing C. glomerata
females. These results suggest that a behavioural
defence by host caterpillars affects sex allocation
in the parasitoid wasp C. glomerata.

Keywords: sex ratio; behavioural defence;
behavioural constraints; oviposition behaviour;
Cotesia glomerata (L.)

1. INTRODUCTION
The typical sex determination system of hymenop-

teran parasitoids is arrhenotokous haplodiploidy: fer-

tilized eggs develop into females and unfertilized eggs

develop into males. Therefore, female wasps are able

to produce progenies of the preferred sex depending

on various conditions associated with their hosts. For

example, sex allocation strategies of some parasitoid

wasps may vary with host size (Charnov et al. 1981),

developmental stage (King 1990; Joyce et al. 2002) or

species (Kochetova 1978; Wang & Messing 2004). In

any case, wasps tend to lay female eggs on preferred

hosts in terms of developmental performance,

because female reproductive success is increased

more by qualitatively or quantitatively preferable
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resources than male reproductive success ( Jones
1982; van den Assem et al. 1989). However, the most
desirable strategy may be blocked by many kinds of
disturbances, including host defences. Oviposition
behaviours of some parasitoids, which lay eggs with-
out temporary or permanent paralysis of their hosts,
would probably be affected by defensive attacks by
their hosts. No studies have examined the impacts of
behavioural defence by hosts on sex allocation by
parasitoid wasps.

Cotesia glomerata (L.) is a gregarious koinobiont
wasp that parasitizes caterpillars of pierid butterflies.
This wasp lays approximately 20 eggs in a first to
third instar caterpillar without temporary paralysis.
The sex allocation of C. glomerata suggests partial
local mate competition (Gu & Dorn 2003), and,
consequently, the wasp produces female-biased
broods (Brodeur et al. 1998; Tagawa 2000; Harvey
et al. 2004). In Japan, C. glomerata parasitizes mainly
Pieris rapae crucivora Boisduval, but in northern
Japan, it has also used Pieris brassicae (L.) since the
invasion of this butterfly approximately the mid-1990s
(Tanaka et al. 2007). For C. glomerata, the physiological
qualities of the two host species are almost equal,
provided that progeny derived from a single clutch
develops in a host caterpillar. However, these host
species differ completely in their behavioural traits
(Brodeur et al. 1996). P. rapae crucivora is solitary and
benign, whereas P. brassicae is gregarious and aggressive.
The difference in their behavioural traits possibly affects
host estimation by C. glomerata. To eliminate possible
adaptation to the aggressive defence of invasive
P. brassicae, brood sex ratios in a Kyoto population,
which has not experienced P. brassicae, were compared
with those in a Sapporo population, which could
potentially attack that species. Then, the brood sex
ratios of C. glomerata females that attacked aggressive
P. brassicae were compared with those of females that
attacked anaesthetized P. brassicae to separate the effects
of physiological characteristics from those of host
aggressiveness. The results of the experiments
confirmed the effects of host aggressiveness on sex
ratios of C. glomerata.
2. MATERIAL AND METHODS
Cotesia glomerata and host butterflies were collected from cabbage
fields in Sapporo and Kyoto. All collections in Sapporo were
conducted in a field of the National Agricultural Research Center
for the Hokkaido Region, with the permission of Dr J. Kaneko.
Emerged wasps that originated from a single host caterpillar were
reared in a test tube (diameter, 1.8 cm; length, 18 cm) and allowed
to inbreed. The following experiments were conducted from 09.00
to 18.00 with 4- to 6-day-old naive female wasps. The insects were
reared and the experiments conducted in the laboratory at 25G28C
under 16 : 8 light:dark conditions.

So that the sizes of the host caterpillars would be comparable,
late-stage first instar P. rapae and mid-stage first instar P. brassicae
caterpillars were used for the experiments. First, the host species
was evaluated as a factor affecting sex ratios. One caterpillar from
each of the two species was given to a female wasp, and the wasp
allowed to oviposit once. The parasitized caterpillar was retrieved
and reared on cabbage leaves in plastic cups (12 cm in diameter by
5 cm deep) to produce adults of the next generation. One day after
their emergence, the offspring were euthanized in a freezer and the
numbers of wasp cocoons, emerged individuals and male wasps
were counted. Sample sizes were 72 (Kyoto!P. brassicae), 69
(Kyoto!P. rapae), 70 (Sapporo!P. brassicae) and 44 (Sapporo!
P. rapae). Second, the effect of host aggressiveness was evaluated by
using P. brassicae caterpillars. Each C. glomerata female was
provided with either a caterpillar anaesthetized by carbon dioxide
or one that was unanaesthetized. The oviposition trials were
This journal is q 2009 The Royal Society
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Table 1. Test results for the effects of population and host
species on the sex ratio, with the number of wasps per
cocoon cluster as a covariate.

variables d.f. likelihood ratio c2 p-value

populations 1 182.3731 !0.0001
hosts 1 23.5642 !0.0001
number of wasps 1 31.0904 !0.0001
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Figure 1. Brood sex ratios (male ratios) in two different
populations of C. glomerata females that attacked two
different host species: solid bars, P. brassicae; open bars,
P. rapae. Male ratio means and 95% confidence intervals
are shown.
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conducted as described, except that second instar caterpillars were
provided as hosts. In this experiment, 38 anaesthetized and 28
unanaesthetized caterpillars were used.

The data were analysed statistically by logistic regression to
explain the variation in sex allocation. In the statistical model, the
populations and host species and the interactions between them
were treated as independent variables, and the number of emerged
wasps per cocoon cluster of C. glomerata as a covariate. In the first
model, all the interactions between the covariate and the indepen-
dent variables (population!host, population!number of wasps,
host!number of wasps and population!host!number of wasps)
were included. However, when the interactions were not significant,
they were removed from the model, and analysis was performed
again based on a new model. We also compared the brood size in
different host species by using two-way analysis of variance. The
wasp population, host species and the interactions between them
were treated as independent variables in the statistical model.
Statistical procedures were run using JMP 4.0.5 (SAS Institute
Inc., Cary, NC, USA).
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Figure 2. Brood sex ratios (male ratios) of C. glomerata
females that attacked second instar caterpillars of P. brassicae
that differed in their aggressiveness: solid bar, normal
aggressive caterpillars; open bar, anaesthetized caterpillars.
Male ratio means and 95% confidence intervals are shown.

Table 2. Test results for the effect of host condition
(anaesthetized/unanaesthetized) on the sex ratio, with the
number of wasps per cocoon cluster as a covariate.

variables d.f. likelihood ratio c2 p-value

condition of hosts 1 45.4123 !0.0001
number of wasps 1 40.3924 !0.0001
condition!number

of wasps
1 10.9951 0.0009
3. RESULTS
Logistic regression indicated that none of the

interactions between the covariate and the indepen-

dent variables was significant (population!host for

d.f.Z1, pZ0.9717; population!number of wasps

for d.f.Z1, pZ0.3431; host!number of wasps for

d.f.Z1, pZ0.1582; and population!host!number

of wasps for d.f.Z1, pZ0.9639) Thus, logistic

regression was recalculated by removing the

interactions from the model (table 1). The brood sex

ratio (male ratio) of C. glomerata females that ovipo-

sited in P. brassicae was higher than that in females

that oviposited in P. rapae (figure 1; table 1). In

addition, the sex ratio differed between the two wasp

populations. The male ratio in the Sapporo popu-

lation was significantly higher than that in the Kyoto

population irrespective of host species. Although the

male ratio was high in small broods, the brood size

neither differ significantly between the two host

species (F1,251Z1.2338, pZ0.2677) nor between the

two populations (F1,251Z2.5536, pZ0.1113).

The brood sex ratio (male ratio) in females that

oviposited in unanaesthetized P. brassicae caterpillars

was higher than the male ratio in females that

oviposited in anaesthetized caterpillars (whole model,

d.f.Z3, c2Z89.5411, p!0.0001; figure 2, table 2).

Unanaesthetized P. brassicae caterpillars intensely

bit or dragged ovipositing C. glomerata females

when the wasp inserted its ovipositor into the

caterpillars. The brood size did not differ signi-

ficantly between unanaesthetized and anaesthetized

P. brassicae caterpillars (F1,65Z0.0042, pZ0.9488,

one-way ANOVA), although small broods slightly

produced high proportion of male progeny, especially

in unanaesthetized hosts.
Biol. Lett. (2009)
4. DISCUSSION
The results of the present study show that

C. glomerata females alter the sex allocation of their

brood depending on host species, and that the male

ratio is higher when females oviposit in P. brassicae
than when females oviposit in P. rapae. This difference

in sex ratio cannot be explained by a difference

between the size of clutches deposited in the two host

species, but can be explained by the differences in

belligerence of the host caterpillars, which would

intensely affect oviposition behaviours of wasp

females irrespective of their population of origin.

This hypothesis was confirmed by the results of an

http://rsbl.royalsocietypublishing.org/
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experiment with anaesthetized and unanaesthetized
hosts; the male ratio of the C. glomerata brood was
higher in unanaesthetized aggressive caterpillar hosts
than in anaesthetized caterpillar hosts. The host
caterpillars used in this experiment differed only
in their aggressiveness; the species and instars were
the same.

When female wasps fertilize the eggs at the
moment of oviposition, they suspend their motion
for several seconds. The duration of motionless
behaviour is significantly longer when the female
wasps lay female eggs than when they lay male eggs
(Yamada & Kawamura 1999). Such a sex-biased
difference in ovipositional behaviour has been
reported from many wasp species (e.g. Cole 1981;
Strand 1989; Ueno 1995). Female wasps occasion-
ally fail to fertilize some eggs even while ovipositing
into paralysed hosts (Yamada & Kawamura 1999). If
wasps are attacked by their hosts during oviposition,
they may more often fail to fertilize eggs. Con-
sequently, since C. glomerata females are more
frequently attacked by P. brassicae caterpillars than by
P. rapae caterpillars, such interference may lead to
a higher male ratio in the brood deposited in
P. brassicae caterpillars.

The high male ratio in aggressive caterpillars still
may be explained from a viewpoint of ecological
adaptation. One has to consider that only a decade has
passed since Japanese C. glomerata began to attack
invasive P. brassicae. In comparison, European
C. glomerata would have achieved a counter adaptation
against aggressive defence of P. brassicae caterpillars to
ensure high fertilization success under partial LMC
condition through a long evolutionary history.
Although European C. glomerata exhibits high male
ratios in brood oviposited in P. brassicae (Brodeur et al.
1998; Harvey 2000), it may be due to group defence
by gregarious P. brassicae caterpillars. Early instar
caterpillars of the butterfly form an aggregate and some
of them join in an attack against parasitizing
C. glomerata. Therefore, it is possible that attack by a
single host caterpillar affects sex allocation by specialist
parasitoids only when their adaptations to an invasive
host have not been accomplished. In time, however,
Japanese C. glomerata may attain the high fertilization
success in P. brassicae.

The author would like to thank Dr N. Ohsaki, Kyoto
University, Dr S. Akimoto, Hokkaido University and
Dr J. Tagawa, Okayama University of Science, for their
helpful advice and encouragement.
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