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Abstract Olfactory learning may occur at different stages
of insect ontogeny. In parasitoid wasps, it has been mostly
shown at adult emergence, whilst it remains controversial at
pre-imaginal stages. We followed larval growth of the
parasitoid wasp, Aphidius ervi Haliday, inside the host
aphid, Acyrthosiphom pisum Harris, and characterised in
detail the behaviour of third instar larvae. We found that
just before cocoon spinning begins, the third instar larva
bites a hole through the ventral side of the mummified
aphid exoskeleton. We then evaluated whether this period
of exposure to the external environment represented a
sensitive stage for olfactory learning. In our first experiment, the third instar larvae were allowed to spin their
cocoon on the host plant (Vicia faba L.) surface or on a
plastic plate covering the portion of the host plant exposed
to the ventral opening. Recently emerged adults of the first
group showed a preference for plant volatiles in a glass Yolfactometer, whereas no preference was found in adults of
the second group. In a second experiment, during the period
in which the aphid carcass remains open or is being sealed
by cocoon spinning, third instar larvae were exposed for
24 h to either vanilla odours or water vapours as control. In
this experiment, half of the parasitoid larvae were later
excised from the mummy to avoid further exposure to
vanilla. Adult parasitoids exposed to vanilla during the
larval ventral opening of the mummy showed a significant
preference for vanilla odours in the olfactometer, regardless
of excision from the mummy. The larval behaviour
described and the results of the manipulations performed
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are discussed as evidences for the acquisition of olfactory
memory during the larval stage and its persistence through
metamorphosis.
Keywords Chemical legacy . Hopkins’ host selection
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Introduction
Changes in behaviour derived from olfactory experiences
may occur at different stages of the life of an insect and
influence its preference when searching for food, mates and
oviposition site (Wcislo 1987; Vet and Groenewold 1990).
Numerous studies have shown that learning of olfactory
cues occurs during adult emergence or in young adults (e.g.
Turlings et al. 1993; Du et al. 1997; Fujiwara et al. 2000). It
has also been shown that pre-imaginal environment has an
important influence on adult behaviour (e.g. Thorpe 1939;
Kudon and Berisford 1980; Chow et al. 2005). This latter
effect has been proposed to occur in two different ways:
First, as a result of larval experiences, which implies that
the larva can learn from its environment and that this
memory may be transferred from pre-imaginal stages to the
adult—the so-called Hopkins’ host selection principle
(reviewed by Barron 2001); second, at eclosion of the
imago, in which the larval environment is carried over to
the adult stages and olfactory learning occurs during its
contact with olfactory cues at emergence—the so-called
“chemical legacy” hypothesis (Corbet 1985). Most studies
fail to distinguish between these two phenomena (e.g.
Manning 1967; Smith and Cornell 1979; Rojas and Wyatt
1999; Rietdorf and Steidle 2002); hence, there is a need for
fine grain experiments to distinguish between the effect of
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experience during the larval stage and during eclosion (Vet
et al. 1995, Gandolfi et al. 2003).
Endoparasitic wasps show obligatory development inside an arthropod host from which they emerge as adults
(Quicke 1997). During this period, such parasitoids can be
affected by stimuli derived from the host, the host’s food
and the surrounding environment (Turlings et al. 1993;
Godfray 1994); however, relevant external influences may
not be evident to an observer. In particular, aphid parasitoids are known to bite a hole in the mummified aphid’s
ventral side of the exoskeleton during development just
before cocoon spinning (Van Achterberg 1984; Quicke
1997), thus briefly exposing the larva to the outside
environment. Early exposure of the larva to the plant in
endoparasitic wasps may correspond to a similar kind of
early learning as in ectoparasitic wasps (Gandolfi et al.
2003) and may lead to host fidelity in the adult insect. In
this work, we test if the chemical stimuli to which the larva
of Aphidius ervi Haliday (Hymenoptera: Aphidiidae) is
exposed through the hole affect the behaviour of the
recently emerged adult, and we further test whether the
learning of olfactory cues is due to a chemical legacy effect
or to a true pre-imaginal learning process.

Materials and methods
Parasitoids Parasitoids were maintained in the laboratory
on Acyrthosiphon pisum Harris on broad bean plants (Vicia
faba L.). To get parasitoids of the same age, synchronised
aphids were obtained by leaving 30 to 50 fourth instar
aphids on broad bean plants during 8 h. Adults were
removed, and 48 h later, groups of 20 to 30 nymphs were
placed on small Petri dishes with a female parasitoid during
20 to 30 min. Thereafter, the nymphs were returned to
broad bean plants. All manipulations were carried out in a
room at 21°C and 14L/10D photoperiod.

Characterisation of pre-pupation behaviour Aphids parasitised at the same time as described above (N=30) were
isolated 7 days after parasitation and observed every half
hour to determine the timing of aphid death (i.e. the
moment at which the aphid no longer responded to physical
harassments) and ventral opening. To observe and record
the detailed behaviours of the third instar parasitoid before
and after the ventral opening occurred, the legs of a
parasitised aphid (N=10) were attached with adhesive tape
to a glass microscope slide, and changes in the ventral side
of the aphid were recorded with a digital colour video
camera (Sony SSC-DC324) attached to a stereoscopic
microscope (Nikon). Recordings lasted from 24 to 48 h.
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Training with plant odours during pre-pupation period To
assess the effect of ventral opening and pupation behaviour
on the initial response of the adult parasitoid to the host
plant, two groups of parasitised aphids were assembled,
which had just died but had not yet been perforated by the
larva inside. One group was left to mummify over a leaf of
broad bean, and the other was manipulated in such a way
that a plastic plate was inserted between that parasitised
aphid and the broad bean leaf. After 24 h, the mummies
that had just formed were isolated in Petri dishes containing
a piece of wet filter paper and kept at 21°C and 14L/10D
photoperiod. Newly eclosed male and female parasitoids
were fed only with water and tested in olfactometers
between 12 and 36 h after eclosion. Data were analysed
with two-way analysis of variance (ANOVA) and by paired
t tests.
Training with vanilla odour during pre-pupation period
Aphids that had just died but had not yet been perforated by
the parasitoid larva were individually placed lying on their
dorsal side on clean glass Petri dishes. Over each aphid, a
plastic Petri dish with an orifice in its base not bigger than
the total width of the dead aphid was placed in such way
that the orifice was exactly over the ventral side of the dead
aphid where the ventral opening was to occur. Two 2.5-μl
drops of vanilla extract (Marcopolo®) or two 2.5-μl drops
of distilled water were placed near the walls of the dish in
such a way that the protruding larva would not reach them
and would only be exposed to vanilla odours or water
vapours. To assess effects at eclosion, 24 h later, half of the
larvae in each treatment were excised and were individually
placed in Petri dishes containing a layer of agar gel at 5%,
and the other half was allowed to develop in Petri dishes
containing a piece of wet filter paper. Newly eclosed male
and female parasitoids were fed only with water and tested
in olfactometers between 12 and 36 h after eclosion.
Olfactometric data were analysed with three-way ANOVA
and by independent two-way ANOVAs for sexes. Data for
females were ranked.
Olfactometric studies Y-tube olfactometers were used to
investigate the responses of A. ervi adults when offered a
choice of odours. Olfactometers utilised (9-cm-long tube
and 6-cm-long arms forming an angle of 80°) were
designed to allow parasitoids to explore both arms and
move from one arm to the other (Villagra et al. 2005).
Olfactometers were changed after each test and cleaned
successively with ethanol, odour-free soap and distilled
water. Pure air to feed into the arms was obtained from an
ultra-pure synthetic air cylinder (Indura®). The air flow
during the tests was maintained at 250 ml/min, light
intensity at 3,600 lx, and temperature at 20°C. Relative
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humidity varied between 40 and 50%. Experimental parasitoids were exposed to air only and to air containing the
odours from a commercial vanilla extract (Marcopolo®) at
a concentration of 0.02 μl extract/ml air, following Villagra
et al. (2005). In the case of plant conditioning experiments,
air in the stimulus arm came from a chamber containing a
broad bean plant. As a measure of the attraction to an
olfactory stimulus, the time spent in each arm of the
olfactometer was determined. The times devoted to the
following behaviours were also determined: antennating,
exploring, standing still, grooming the abdomen and
grooming the antennae. Tests were performed between
09:00 and 11:30, and lasted 5 min. Behavioural data were
collected utilising the JWatcher software 0.9® (Blumstein et
al. 2000) and analysed with two-way ANOVAs.
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Further larval activity expanded the crack in the abdomen
to produce a hole that occupied the abdominal and thoracic
plates and exposed the larva to the external environment
(Fig. 1b). Immediately thereafter, the larva began to deposit
silk inside the exoskeleton of the host, first at the borders of
the ventral opening and then towards the center of the hole
until the latter was sealed. The larva continued to spin at an
increasing speed, and after 24.2±0.5 h (mean±SE), a
cocoon was produced (Fig. 1c). Whilst the hole was open,
the larva protruded its head outside the host’s corpse and
made contact with the surface where the dead aphid was
standing (Fig. 1b) and secreted silk, which glued the host’s
exoskeleton to that surface through the entire area of the
opening (Fig. 1c). During this period, the aphid acquired
the characteristic opaque colouration of a “mummy”.
Eclosion took place between 4 and 5 days after pupation.
Figure 1 also shows the duration of the main stages of
the parasitoid life inside the host under the described
laboratory conditions.

Results
Characterisation of pre-pupation behaviour Using the
protocol designed, we were able to define and characterise
in detail the different stages of larval activity that culminate
with ventral opening and attachment to the pupation
surface. The parasitoid larva showed a series of stereotyped
movements during its development inside the aphid host.
Under the conditions of our observations, 168.5±6.3 h
(mean±SE) after parasitation, the aphid host died and
became progressively transparent (Fig. 1a). At this time
and during the next 7.4±0.5 h (mean±SE), the third instar
larva of the parasitoid could be seen spinning slowly inside
the host. Then the larva pushed with its head the ventral
side of the host’s abdomen and bit through its exoskeleton.

Fig. 1 Duration of different
periods of development of A.
ervi until eclosion. a A. pisum
recently killed by the activity of
A. ervi. b Ventral opening
through the aphid’s exoskeleton,
showing the protruding head of
the A. ervi third instar larva.
c Partial closure of the ventral
opening (ca. 6 h after it was
produced) by silk produced
during cocoon spinning of
A. ervi

Training with plant odours during pre-pupation period Twoway ANOVA with ranked data showed no effect of sex
(F1,55 =0.200, p=0.819), place of occurrence (host plant or
plastic plate) of ventral opening (F1,55 =0.715, p=0.401) or
their interaction (F1,55 =0.182, p=0.671) on the difference
between times spent on the stimulus and the control arms of
the olfactometer. The parasitoids (pooled females and
males) that spun their cocoon directly on the host plant
surface showed significant differences between times spent
in the olfactometer arms (paired t test, t=2.083, N=31, p=
0.046, Fig. 2). The individuals that spun their cocoon over
plastic plates covering the plant surface showed no differences between time spent in the olfactometer arms (paired
t test, t=0.747, N=28, p=0.92, Fig. 2).
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of the olfactometer for both female (F1,33 =4.86, p=0.031)
and male (F1,59 =9.39, p=0.004) parasitoids.
Ventral opening
over plate
7f + 21m

Discussion

Ventral opening
over plant
14f + 17m

4

3

*
2

1

Time in pure air arm (min)

0

1

2

3

4

Time in plant odour arm (min)

Fig. 2 Time spent (mean and standard error) by A. ervi adults in
olfactometer arms permeated by air passing through a host plant or by
pure air. At the larval stage, the parasitoids were allowed to open the
ventral side of their host aphids either directly over the host plant or
over a plastic plate covering the host plant. The asterisk shows a
significant difference (p=0.046, paired t test). Number of individuals
used (f, females; m, males) are indicated

Two-way ANOVA showed no effect of treatment or sex
in any of the behaviours (see Materials and methods)
performed by the parasitoids in the olfactometer (data not
shown).
Training with vanilla odour during pre-pupation period Three-way ANOVA showed significant effects of exposure
(vanilla or water) and sex on the difference between times
spent on the stimulus and the control arms of the
olfactometer (stimulus: F1,92 =11.60, p<0.001; sex: F1,92 =
4.38, p=0.04). No effect was found for manipulation of
eclosion experience (mummy excision or normal eclosion;
F1,92 =0.370, p=0.544) or for any of the interactions
between treatments. Independent two-way ANOVA’s were
performed for males and females. Both showed a significant effect of exposure on the olfactometric response
(males: F1,59 =4.40, p= 0.04; females: F1,33 =7.49, p=
0.01), and a non-significant effect of manipulation of
eclosion experience (males: F1,59 =0.008, p=0.92; females:
F1,33 =0.72, p=0.40; Fig. 3).
Two-way ANOVA showed no effect of exposure (vanilla
or water) or manipulation of eclosion experience on any of the
behaviours performed by the parasitoids (see Materials and
methods), with the exception of exploring behaviour (data
not shown). In this latter case, the two-way ANOVA showed
a significant effect of stimulus on the difference between the
times spent exploring in the vanilla arm and the control arm

The third-instar larval stage of A. ervi was shown to be a
behaviourally active stage during which the larva opened a
hole in the ventral side of the aphid mummy. Through this
hole, the larva actively glued the mummy to the surface
beyond, thus confirming similar reports on other braconids
(Shaw and Huddleston 1991).
Most braconid parasitoids pupate outside the host. In
these wasps, the last-instar larva crawls out of the remains
of the host and spins a cocoon next to it; in this way, the
pupa is glued onto the surface where the aphid host was
attached (Quicke 1997). Internal pupation is a derived
character within the braconids, which is present only in
Aphidiidae and Rogadinae (Belshaw and Quicke 1997).
Hence, it seems that at least within the Aphidiidae, gluing
to the pupation surface has been conserved during the
transition from external to internal pupation by means of
the ventral opening behaviour. This indicates the importance of this event for the survival of these parasitoids: if
the ventral opening didn’t occur, the mummy could easily
fall from the plant surface.
During the period of ventral opening, the growing larva
is exposed to the external environment (Fig. 1). The
importance of this event is shown by the fact that only
parasitoids that had direct contact with the plant through the
ventral opening showed a preference towards the plant
odours after eclosion (Fig. 2). Additionally, the larvae
exposed to vanilla odour during the ventral opening period
were attracted to vanilla when adults, independent of
whether the larvae experienced normal eclosion or were
removed from the mummy before eclosion (Fig. 3). The
small amount of vanilla used, the brief exposure to it and
the form in which vanilla was presented to the larva (see
Materials and methods) make it unlikely that the response
of the adult parasitoid to this compound were due to traces
of vanilla present in the imago at the moment of eclosion.
Collectively, these results indicate pre-imaginal learning.
In the aphid parasitoid, Aphidius rhopalosiphi, van
Emden et al. (1996) reported that the pupation period was
critical in determining the olfactory response of the adult to
plants. Thus, when parasitised aphids were transferred
between different plants, the adult parasitoids were attracted
to the plant over which they had mummified. Moreover, in
a subsequent report, van Emden et al. (2002) showed that
adult parasitoids responded to odours of an alien plant only
if it was present at mummification. The evidence presented
herein suggests that exposure of the larvae to the external
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Fig. 3 Effect of vanilla exposure during ventral opening and
manipulation of the eclosion
experience on the olfactometric
responses of A. ervi male and
female adults (mean and standard error). The asterisks show
significant differences between
groups (see Results). Number of
individuals used are indicated by
the bars
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environment during the ventral opening of the aphid may
be responsible for these reported behaviours.
Conditioning to odours present during mummification
disappeared if the pupae of A. rhopalosiphi were excised
from the mummies (van Emden et al. 1996, 2002).
However, in A. colemani conditioning to odours present
during pre-imaginal stages persisted despite the excision of
the larva from the mummy (Vamvatsikos et al. 2004).
Differences may be due to the different biology of the
parasitoid species or/and particularities of the host-plant
systems studied. On the other hand, Storeck et al. (2000)
raised A. colemani in two different hosts and reported that
when parasitoids were left in one of the hosts until
pupation, extracted from their mummy and further exposed
as imagoes to an empty mummy of the second host, the
adults showed a preference for the odours of the second
host. Thus, although a part of the evidence for the effect of
eclosion environment on adult olfactory preferences is still
controversial, it seems clear that odours present at eclosion
affect the behaviour of the adult parasitoid. Thus, good
evidence exists for two successive instances of learning: at
the pre-imaginal stage and at eclosion. Furthermore, if
odours present at eclosion are different from those present
during ventral opening, experience at eclosion may bias the
olfactory preference of the adult.
In recent years, pre-imaginal conditioning has been
questioned as a mechanism to explain the influence of
larval environment on adult behaviour, and “chemical
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2

3

4

Time in vanilla arm (min)

legacy” has been suggested as the sole explanation to this
phenomenon (van Emden et al. 1996; Barron and Corbet
1999; Barron 2001). The present results show that preimaginal conditioning may also determine olfactory
responses of the imago. Survival of memory through
metamorphosis has been convincingly demonstrated in
many insects (Alloway 1972, Isingrini et al. 1985; Carlin
and Schwartz 1989; Tully et al. 1994; Ray 1999), and
neurobiological evidences exist to support its occurrence
(Armstrong et al. 1998). Further research is needed, which
focuses on the mechanism of integration of pre-imaginal
and eclosion experiences and their effect on the behaviour
of the adult.
The early exposure to the host-plant complex could have
important consequences for the fidelity of parasitoids to
their host. Early preference towards a given host-plant
complex due to pre-imaginal learning could be reinforced if
adult activities such as oviposition or mating occur in the
same system because females during oviposition (reviewed
by Vet and Groenewold 1990) and males during mating
(Villagra et al. 2005) can be conditioned to the environment
where these activities are performed. Thus, if parental
behaviour determines the environment where the offspring
will develop, by choosing on which host-plant complex to
copulate or oviposit the learned responses could transcend
to the following generation as parental effects (Bernardo
1996), and fidelity towards the host-plant complex could
become transgenerational and constitute an epigenetic
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inheritance of host-plant complex preference (Rossiter
1996, Maturana and Mpodozis 2000). This may provide a
stable ecological niche promoting the splitting and speciation
of natural populations (Bush 1968, Pennacchio and Tremblay
1989). However, comparative and experimental research is
needed to know how experiences during ontogeny are
related to the maintenance of parasitoid host range and
specificity through evolutionary time.
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