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Preimaginal Induction
of Adult Behaviour in Insects

Yves Caubet, Pierre Jaisson, and Alain Lenoir

Université Paris-Nord, Villetaneuse, France

This review illustrates the role of preimaginal experiences in four main aspects
of insect life: feeding, habitat choice, host selection, and social relationships.
After an illustration of the two former aspects with examples taken from
various species, special attention is paid to the two latter aspects. First, an
experiment is described, which demonstrates the existence of preimaginal
induction involved in host selection by the solitary parasitoid wasp
Dinarmus basalis (Hymenoptera: Pteromalidae). Then, a review of
preimaginal induction in ants’ behaviour is presented; orientation of social
behaviour, particularly altruism, is mainly determined by preimaginal
imprinting. All the examples developed in this review clearly show that insects
can no longer be considered as strictly, rigidly “pre-programmed”’ beings.
Their complex behavioural development and plasticity is clearly documented.

For centuries, insects were considered as admirably miniaturized “machine
animals”’, in which behavioural plasticity, common in vertebrates, was
replaced by a highly elaborated and programmed stereotypy. This thinking
was supported by considerations about the size and relative simplicity of
insect brains, which were not supposed to contain enough neuronal “wir-
ing” to permit complex developmental behavioural mechanisms.
Although insects are not comparable to higher vertebrates, their
behaviour appears to be far more complex, plastic, and flexible than pre-
viously thought. In fact, the increasing impact of insects on agriculture has
focused interest on studies of the determinants of host recognition in
phytophagous' as well as entomophagous’ species. This concern has had
a major influence on the evolution of thought about insect behaviour.
Another influence, partly also motivated by economic considerations, was
the growing interest in bee biology. Indeed, discoveries made by Karl von
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Frisch and his German students documented the learning capabilities of
social Hymenoptera. More recently, kinship theory opened a new era in
the investigation of developmental mechanisms involved in kin recognition
and discrimination behaviour.

From many of these studies, it appears that two preimaginal (in a wide
sense) stages’ may be susceptible to external stimulation, producing further
imaginal, mature behaviour: larval and teneral® (or neoimaginal) stages.
In this survey, we will consider successively significant examples of such
induction phenomena involved in feeding, egg-laying, habitat choice and
social behaviour in insects.

ROLE OF PREIMAGINAL LEARNING
ON FEEDING BEHAVIOUR

In 1939, Thorpe showed that adult Drosophila flies proceeding from larvae
reared in a peppermint-scented medium displayed a preference for a per-
fumed over a non-perfumed medium. Conversely, adult Drosophila flies
born from larvae reared in a standard non-scented medium showed a spon-
taneous avoidance for a peppermint-scented milieu when given a choice
involving a non-scented one. These results were confirmed by further
authors (e.g. Cushing, 1941; Hershberger & Smith, 1967; Manning, 1971).
Also, preimaginal learning phenomena were widely documented in phyto-
phagous insects, particularly in lepidopteran and dipteran larvae: olfactory
conditioning in larvae determines the host selection in adults (‘“Hopkins’
effect”) (see reviews by Hanson, 1983; Papaj & Prokopy, 1986, 1989). For
example, Colias butterfly caterpillars familiarized to a particular fabaceous
plant develop adult behavioural and physiological specializations adapted
to this plant (Karowe, 1989). Evidence of specific food preference induc-
tion in lepidopterous larvae was demonstrated earlier by Jermy, Hanson,
and Dethier (1968).

PPEIMAGINAL INDUCTION OF HABITAT CH’OICE’

Following previous unconvincing attempts made by various authors,
Alloway (1972) trained grain beetle larvae (Tenebrio molitor) in a T-maze
using food reward, and observed a high degree of facilitation of learning
in imago (adult beetles) resulting from these larvae and retested on the
same task. They learned to orientate themselves in the maze more easily
than imagos from inexperienced control larvae.

3Preimaginal includes all stages during which insects still do not present adult (imago)
characteristics.

“Teneral represents the state of an adult (imago) insect immediately after moulting, during
which it is soft, not very mobile, and generally immature in colouring. :
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More recently, learning of environmental cues was investigated in newly
emerged imago insects. In Drosophila, this learning phenomenon seems
to be involved in evolutionary genetics at the population level, where it
complicates the patterns of host utilization in these phytophagous species
(Hoffmann, 1988; Jaenike, 1983). Taylor (1986) demonstrated that habitat
choice in D. pseudoobscura adults was influenced by early exposures to
different temperature or light conditions; and the observed effect depended
on the flies’ genetic strain. However, the experimental design made it
impossible to specify the period during which the stimulation operated.

In Formicine ants (Formica polyctena and Camponotus vagus), Jaisson
(1980a) demonstrated that, in a nest-relocation situation, the presence of
aromatic thyme (Thymus vulgaris) was actively preferred by mature
workers that had been forced to spend their teneral stage (the first three
or four weeks of an imago life lasting about two years) in the presence of
thyme twigs. However, thyme was spontaneously repellent for mature
workers collected in the field or for workers from thyme-less laboratory
colonies. In these examples, social behaviour is actively invelved through
the decision made by scout ants seeking a nest location and subsequently
recruiting the rest of the group to enter the new nest site. - '
In the primitive Ponerine ant Neoponera villosa, Dejean (1990) discovered
preimaginal learning involved in habitat selection, which depended on
exposure to a host plant during the larval stage. In the study area (Yucatan
Peninsula, Mexico), these predatory ants nest within big Bromeliacea
epiphytes, Aechmea bracteata. Young N. villosa ants reared in laboratory
colonies in the presence of another plant, Schomburgkia tibicinis (Or1-
chidacea), showed a clear preference for the latter when they were given
a nesting choice between both plants. Individuals proceeding from labor-
atory nests in the absence of any plant chese randomly between the two
plants. More investigation would be needed to understand why, in'natural
conditions, Neoponera villosa generally occupies only one epiphyte species
in this region.

PREIMAGINAL LEARNING IN HOST SELECTION
| FOR EGG-LAYING

Early Learning in ‘Parasitoid Wasps

Parasitoid wasps, including the ancestors of the social Hymenoptera (social
bees, wasps, and ants) present an array of behavioural adaptations in their
relations with their host species: The main difference between “‘true” para-
sites and parasitoids is that the Jatter’s parasitic life is restricted to.immature
stages only. The host species are generally other insects, sometimes
spiders. The parasitized stage may be one or more of the host’s develop-
mental stages, from the egg to the adult. In most cases, target hosts are
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phytophagous insects, which gives economical importance to parasitoids,
as they often attack pests in the field or storage areas.

The host-parasitoid tandem involves co-evolutionary processes (see
reviews by Vinson, 1975, 1984), which are often accompanied by a parallel
co-evolution between the host and its host plant (see review by Smith,
1973). Here, researchers are facing tri-trophic level models with high com-
plexity in adaptive phenomena. This is clearly illustrated by the examples
of hyperparasitism where a parasitoid species becomes a potential host for
an over-parasitoid species (Espelie & Brown, 1990). The specificity of
parasitoid wasps for their host can be strict (specialist species) or rather
low (generalist species).

When emerging from the host on which she developed, a young adult
parasitoid female must seek a new potential host population. In many
species, she rarely meets a suitable host near ihe eclosion site. In this
context, natural selection favoured behavioural processes improving a
rapid recognition of new egg-laying sites soon after ovarian maturation
(mating takes place in early imaginal life). Several experimental studies
have documented the importance of the first search for a host, or ovi-
position experiences, in further choices made by adult female parasitoids
(Vinson, Barfield, and Henson, 1977; Vet & Schoonmann, 1988; Drost &
Cardé, 1989). The experience of the host’s plant early after emergence
may also be important (see reviews by Vinson, 1981, 1984, 1985; Godfray
& Waage, 1988). In its host seeking behaviour the parasitoid may success-
ively use induced preferences for the host habitat (Carton, 1976; Vet,
Dejong, Van Giessen, & Visser, 1990), for the damaged plant and host
by-products (frass, exsuvies), and finally for the host itself (Dmoch, Lewis,
Martin, & Nordlund, 1985; Lewis & Tumlinson, 1988). e

Only a few works have analysed precisely the role of preimaginal
learning in the induction of adult preference for a specific host stimulus
(Thorpe, 1939; Smith & Cornell, 1979; Debolt, 1989; Caubet & Jaisson,
1991) or for a stimulus related to the presence of the preferred host (Thorpe
& Jones, 1937; Arthur, 1965). We propose to illustrate these processes by
the model of the Pteromalid wasp Dinarmus basalis Rondani, previously
studied by two of us (Caubet & Jaisson, 1991).

The Dinarmus basalis model

This tiny wasp originates from eastern countries and has spread throughout
Europe, Africa, and America, being confined to grain-storagc-units in the
last two continents but also found in the field in the former. She parasitizes
the immature stages of several bruchid (bean weevil) species (Coleoptera)
feeding on stored or field seeds. Using a powerful sting apparatus, the
D. basalis female perforates the grain integuments and paralyzes the host
Jarva or pupa living inside. Then she lays eggs near the host’s body. After
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eclosing, the parasitoid larva eliminates supernumerary parasitoid eggs and
feeds on the host’s body (ectoparasitism). Once her development has been
completed, she starts an eight-day metamorphosis within the chamber pre-
viously burrowed by the host larva into the grain. Finally, the adult wasp
emerges from the seed, using her mandibles to cut through the grain inte-
gument. Frequently the young parasitoid female mates soon after escaping
from the grain and begins to search for a suitable host to parasitize. How-
ever, the teneral wasp stays in the host chamber for several hours after
the imaginal moult before finally freeing from the seed.

D. basalis is potentially able to parasitize several species of bruchids.
This led us to study the possibility of inducing host preference in females
whose developmental stages were manipulated. For this purpose, we used
two bruchid species, both potential wasp hosts, and reared on kidney beans
(Phaseolus vulgaris): Acanthoscelides obtectus and Zabrotes subfasciatus.
Wasps derived from the same population were reared on both species, and
their mated daughters were tested for their first spontaneous host prefer-
ence three days after emergence. They were given a choice between two
beans, one infested by Acanthoscelides and the other by Zabrotes. The
results showed a clear difference according to their host origins: females
that developed on Zabrotes chose this same host type in almost all tests,
whereas those reared on Acanthoscelides made choices not significantly
different from random. This demonstrated that the developmental origin
of the parasitoid wasp influences her spontaneous preference in the first
situation for host selection. However, the asymmetry in the results
suggested a likely constraint on learning through an endogenous pre-
disposition to learn features of one host species more easily than those of
the other. In this case, predispositions would favour Zabrotes cues over
Acanthoscelides ones.

In a second experiment, D. basalis pupae were manipulated in order to
locate the sensitive period during which familiarization takes place: ‘old
parasitoid pupae reared on one host species were moved beside the remains
of an individual of the other host species. It showed that only one period
was involved: the teneral stage, which occurs during the few hours of
confinement spent in the host chamber, just beside the host’s remains.
Therefore, the host the parasitoid larva had fed on did not affect further
host selection behaviour as an adult. Hence, this acquisition of host prefer-
ence appears to differ from the classical preimaginal conditioning through
host consumption, as described in “‘Hopkins’ host selection effect” (Hop-
kins, 1917). Conclusively, the imago female who escapes from the seed is
already trained for a clear host preference only if, as a teneral wasp, she
was exposed to Zabrotes remains.

Starting from these results, we investigated possible differences in the
oviposition behaviour between wasps from different host origins. The data
presented below concern female wasps proceeding from either Zabrotes
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or Acanthoscelides hosts and exposed to bean seeds infested by Zabrotes.
A significant difference between the two kinds of tested wasps appeared
in the time latency before entering into contact with one of the bean seeds.
Parasitoid females reared on Acanthoscelides (Group A) spent more time
before choosing any bean than did the Zabrotes originating wasps
(Group Z). After choosing a bean, the antennai exploration of the seed
surface took longer for Group A females, whereas those of Group Z began
more rapidly to drill the grain integument with their ovipositors.

The duration of the first complete ovipositor insertion was shorter for
Group Z females. This first insertion is known to be the stage during which
the paiasitoid female recognizes the host larva and evaluates its suitability
by collecting information through the ovipositor sensilla (King & Fordy,
1970; Weseloh, 1971). The duration of following insertions-(which corres-
pond to egg-laying) was longer for parasitoid females proceeding from
Zabrotes hosts. The general tendency of these data is to show that adult
parasitoid females proceeding from a Zabrotes host behave with greater
“confidence” when they are engaged in the egg-laying behaviour sequence
in the presence of Zabrotes hosts. This probably means that their repro-
ductive investment is higher.

Dinarmus basalis constitutes.an excellent model for experimenting on
preimaginal learning as well as for theoretical considerations about behavi-
oural development or behavioural ecology in higher insects. In- fact, it
represents a significant example of behavioural plasticity during immature
stages and illustrates the role of endogenous constraints favoured by
natural selection and acting -directly upon individual responsweness to
stimulation experienced during the preimaginal life. -

PREIMAGINAL INDUCTION OF SOCIAL
’ BEHAVIOUR

It is difficult to affirm definitively that susceptibility to environmental influ-
ences in the ethogenesis of parasitoid Hymenoptera constitutes a pre-
adaptation-that favours the evolution of sociality in this taxonomic group:
The idea is well supported by finding more than one example in which a
young social Hymenoptera (mainly ants: and social wasps) integrates
information from nestmates or from nest material during the larval stage
and then uses this to-determine its behaviour during its mature stage. Two
periods seem to be'important in these developmental processes: the larval
stage (examples known in ants) and the teneral (young callow) stage (ex-
amples known in ants and social wasps). Their importance has been
documented in three distinct behavioural situations: species-spécific recog-
nition, colony recognition, and environment recogmtlon (this'last reviewed
above). :
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Early Induction of Species-specific Recognition

Social parasitism in ants (see recent reviews by Buschinger, 1986, and
Davies, Bourke, & de Brooke, 1989) is known in about 2% of all living
species. The more complex form of permanent social parasitism, slave-
making, is only shown by species belonging to two advanced subfamilies
of ants among the twelve represented in the present-day fauna: Myrmicinae
and Formicinae. This is possibly related to the higher capability of social
learning in advanced ants than in more primitive subfamilies (Jaisson,
1991). A slave-maker colony consists of two social groups living together
and forming an integrated interspecific society in which one group (the
social parasite) exploits for its own benefit the resources provided by the
other (the social host). Enslaved individuals are collected by the slave-
maker species through repeated raids during summertime. Attention was
paid to the fact that in the raids made by Formicinae slave-makers, only
pupae (exceptionally teneral workers) are captured. One current inter-
pretation is that this choice made by the raiding slave-makers was selected
because pupae do not need to be fed. Another interpretation (Jaisson,
1973, 1975a), compatible with the former, considers that selective raiding
on pupae is more adaptive because it uses, in an interspecific context,
behavioural characteristics already present in many advanced species: the
ability to learn the colony chemical visa during the early moments of ima-
ginal life (teneral stage). In advanced species, there is a rule of thumb
based on a total reliance between members of the colony, which might be
expressed as: “display care for any member of the colony you emerged
in”’. Consequently, the most important trick used in the slave-maker stra-
tegy would be the deception of the enslaved individuals as soon as they
emerge from the pupae. In fact, teneral workers of the host Formicine
Serviformica fusca could be experimentally induced to recognize pupae of
a variety of genera (including the Raptiformica slave-maker as well as
Formica, Camponotus, ot Lasius species, which are neither slave-makers
nor slaves) as their own if they were kept in their presence during the few
days afterthe imaginal moult (Jaisson, 1973, 1975b). This was confirmed
in other related Serviformica species (e.g. Le Moli & Mori, 1985, 1987).
Moreover, Formica polyctena, which is never enslaved, shows the same
training capacities to recognize allospecific cocoons, although it is never
found in natural mixed colonies. Mature Serviformica workers from a pure
Serviformica colony consistently refuse to tend offered Raptiformica
cocoons, which are considered as prey. Hence, the evolution of early
learning capabilities, apparently related to the total reliance between mem-
bers of the colony, seems to have strongly favoured the evolution of
cheating species (Jaisson, in press). However, little is known still about
the individual ethogenesis of worker ants enslaved in Myrmicinae colonies.
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Such studies will surely take place in the next few years, and it can be
expected that they will somewhat confirm those results obtained with For-
micinae slave and slave-making species.

Artificial mixed nests of ants have been formed and studied since the
end of the nineteenth century (see reviews by Breed & Bennett, 1987,
Carlin, 1988; Jaisson, 1985, 1991).' As for natural mixed colonies, early
learning processes are involved in the successful establishment of artificial
colonies. However, in natural conditions parasite and host ‘species-are
phylogenetically closely related, as predicted by Emery’s rule (1909), and
there are never more than two species in one nest. In the laboratory, more
“fantasy” is possible than in the “natural laboratory”, and in optimal
conditions it is possible to rear six species together without observing any
aggression. The feasibility of an artificial, queenless, mixed colony depends
on the optimal combination of two variables: the age of the individual ants
and the phylogenetic distance between their species (Jaisson, 1980b). In
other words if the species are phylogenetically distant (e.g. belonging to
distinct subfamilies), it is essential to use very young teneral workers,
within a few hours after eclosing; conversely, two sibling species can be
successfully joined together even if workers are several days old (Errard,
1984). Thus, the limits of the sensitive period during which the establish-
ment of a mixed colony is feasible between two allospecific worker groups
depends on their phylogenetic distance. It is highly probable that genetic
characteristics of each species determine chemical recognition cues sec-
reted by cuticulaf glands on the body surface. Moreover, there are several
pieces of evidence supporting cuticular hydrocarbons as good candidates
for recognition substances (Blum, 1987; Bonavita-Cougourdan, Clément,
& Lange, 1987; Morel, Vander Meer, & Lavine, 1988; Nowbahari et'al.,
1990). In heterospecific queenless groups, workers are able to produce
recognition cues. But in small queenright groups the queens wouldcon-
stitute the main source of colony visa (Carlin & Holldobler, 1986, 1987).
It seems that passive adsorption of hydrocarbons between members of the
mixed colony occurs, whereas an active familiarization learning takes place
in small groups (Errard & Jallon, 1987). Moreover, the hypothesis that
individual ants are able to synthesize actively chemicals characterizing a
partner species when they are reared in mixed groups has been recently
proposed with some supporting evidence (Bagneres et al., 1991; Errard &
Jaisson, 1991). ¢ e =2 ’

Early Induction of Colony Recognition

In ants, development of colony 'rec(-)'gnit_i'on _secms to follow. the same
general mechanisms as for species-specific recognition. Generally speak-
ing, recognition between adult nestmates seems stricter than colony-brood
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recognition. Consequently, a colony is far more tolerant towards an alien
conspecific brood than towards non-nestmate conspecific adults (Jaisson,
1985; Crosland, 1988). Here also, early familiarization processes take
place. Moreover, it was demonstrated in two Camponotus species that
adult worker assistance during the eclosion of a new ant from the cocoon
is important for the further social integration of this newly emerged callow
(Morel, 1983, 1988). :

In two Formicine genera at least, the development of colony recognition
occurs during the larval stage. This was demonstrated experimentally by
Isingrini, Lenoir, and Jaisson (1985) with the northern Mediterranean
species Cataglyphis cursor. Workers of C. cursor responded preferentially
to nestmate larvae when given a choice between nestmate and alien con-
specific larvae presented simultaneously. C. cursor €ggs Were transferred
from their natal nest to an adoptive conspecific colony where they
developed to pupation. These pupae were then returned to the natal nest.
Five days after emergence, the resulting workers showed a significant pre-
ference for carrying and licking non-sister larvae from the adoptive colony
presented together with sister larvae. Familiarization took place during the
larval stage and was retained through metamorphosis. Carlin and Schwartz
(1989) obtained a similar result in slightly different experimental conditions
with the carpenter ant Camponotus floridanus. Here, larvae were reared
from the first instar to pupation in an adoptive colony, and the callow ants
were transferred soon after emergence to a group of workers and pupae
from a foreign colony. When they were 5-7 days old, experimental work-
ers, when given a choice test, preferred to lick pupae from the colony
known during the larval stage. This together with experiments on Cata-
glyphis, supports the idea that nestmate brood recognition documented in
various ant genera (see reviews by Carlin, 1988, and Jaisson, 1991) could
depend on a widely spread preimaginal Jearning process, at least in For-
micine species. Its biological meaning is unclear; we may speculate that it
plays a role in within-colony recognition. In fact, young worker nurses
influenced by their own larval experience might clunp together the larvae
according to their own odour, which would provide, by return, preimaginal
experience to these larvae (Carlin & Schwartz, 1989).

Preimaginal learning does not affect intra- or inter-specific aggression,
which is determined by imprinting during and soon after emergence (see
review by Jaisson, 1991). Recently it was suggested that queen recognition
could be learned during larval life in Cataglyphis cursor: callow workers
adopted by a new alien queen for two months were still attracted to their
old familiar mother queen whom they had experienced as larvae (Berton,
Lenoir, Nowbahari, & Barreau, 1991).
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CONCLUSIONS

The examples presented in this review show that preimaginal and more
generally early learning phenomena are far more common than previously
expected for insects. They mainly occur in the following situations: habitat
choice, feeding preferences, search for an oviposition site, and orientation |
of social behaviour. Hence, insects no longer appear to be inflexible “pre-
programmed automatons”, and early learning processes secm to be found
as often as they are investigated. Nevertheless, many limits appear as in
hygienic behaviour (Rothenbuhler, 1964) and topographic orientation
capacities (Lauer & Lindauer, 1971) of honey bees and in recognition of
homospecific brood by slave-making species of ants (Jaisson, 1985), where .
endogenous mechanisms do operate.

We must also keep in mind that early behavioural plasticity is very
probably closely linked to neurophysiological plasticity during larval and
neoimaginal stages (Blaney, Schoonhoven, & Simmonds, 1986; Palka,
1984; Vet et al., 1990). This point has rarely been explored experimentally.
However, Gascuel and Masson (1987) observed that olfactory deprivation
in honey bees during the pupae stage and the first 10 days of adult life
induced a 27% decrease in the synaptical density in the glomeruli. This
clearly means that the adult olfactory system develops through epigenetic
mechanisms and, according to the authors, probably with a synaptic select-
ive stabilization process comparable to the vertebrates. It is suspected that
only few neurones persist through metamorphosis in insects. Nevertheless,
these neurones can memorize early experiences. As early learning is also
maintained through metamorphosis in amphibians (Miller & Berk, 1977),

one may hypothesize that mnemonic storage could have common basis in
insects and in some vertebrates.
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Expérience pré-imaginale et comportement adulte
chez les insectes

Cet articles illustre le role de P’expérience pré-imaginale sous quatre des principaux
aspects du qomporteme'nt des insectes: comportement alimentaire, choix de
I’habitat, sélection de I’hote et interactions sociales. Apres une illustration des deux
premiers themes chez diverses especes, nous abordons les deux derniers aspects
avec une attention toute particuliere. Tout d’abord, une expérience est présentée,
démontrant I'existence d’une induction pré-imaginale impliquée dans la sélection
de I’héote par la guépe solitaire parasitoide Dinarmus basalis (Hyménoptere,
Pteromalidae). Ensuite, une revue actualisée de Pinfluence de P'induction pré-
imaginale sur le comportement des fourmis est présentée. L’orientation des com-
portements sociaux, en particulier les comportements altruistes, est fortement
déterminée par I'empreinte pré-imaginale. Tous les examples développés dans cette
revue montrent indubitablement que les insectes ne peuvent éntre considérés plus
longtemps comme des automates “pré-programmés”. La complexité de leur
développement comportemental et sa plasticité sont, maintenant, clairement

démontrées.

Induccién pre-imaginal de comportamiento adulto
en insectos

Presentamos una revision del rol de las experiencias pre-imaginales en cuatro
aspectos de la vida de los insectos: alimentacion, seleccion de habitat, seleccion de
huéspedes y relaciones sociales. Luego de ilustrar los primeros dos aspectos con
ejemplos de diversas especies, se presta especial atencion alos ultimos dos aspectos.
Primeramente describimos un experimento que demuestra la existencia de induc-
cién pre-imaginal en la seleccién de huéspedes por la avispa parasitoide solitaria
Dinarmus basilis (Himenoptera: Pteromalidae). Luego presentamos una revision
de induccién pre-imaginal en hormigas: la orientacion del comportamiento social,
especialmente de altruismo, es determinada principalmente por acufiamiento pre-
imaginal. Todos los ejemplos en esta revision demuestran que los insectos no
pueden ser considerados como seres estricta y rigidamente pre-programados. Se
demuestra el complejo desarrollo comportamental y la plasticidad de los insectos.
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