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Abstract

Honeybees (Apis mellifera L.) were individually subjected to a classical conditioning procedure in order to obtain
an olfactory conditioned proboscis extension response. To relate the behavioural response directly to antennal
detection abilities, atechnique was devel opped for coupling proboscis extension responses and el ectroantennogram
recordings, with the stimulation being provided by the effluent of agas chromatograph (GC). Beeswere conditioned
with asix-component mixture being part of oilseed rape (Brassica napusL..) floral volatiles, and tested with theindi-
vidual components separated by GC. Responses of the conditioned bees were compared to those of unconditioned
bees. No behavioural response was obtained in the control group, neither to the individual components nor to the
mixture. Conditioning induced behavioural responses for three components, and an increase of el ectroantennogram
responses for all components. A second experiment was conducted with an air entrainment extract of oilseed rape
flower volatiles. Behavioural responses of conditioned and unconditioned bees were recorded. Responses obtained
from conditioned bees tested with the air entrainment extract showed six groups of behaviourally active GC peaks.
Unconditioned bees showed the same pattern of responses but at a lower level. The coupled technique described
here appearsto be a reliable tool for locating active componentsin a synthetic as well as in a natural mixture of
floral volatiles. The effects of conditioning on odour discrimination and on its sensory correlates are discussed.

Introduction

Honeybeeforagersvisit plantsto collect nectar and/or
pollen for their own energetic needs and to provide
the colony with food. Orientation to food sources is
mainly mediated by floral volatiles, olfactory signals
being particularly well learnt by honeybees compared
to visua cues (Kriston, 1973; Menzel, 1984). Plant
volatilesare complex chemical blendswhich may fluc-
tuate according to species, varieties, or phenology (e.g.
in sunflower: Etiévant, et al., 1984; Pham-Delégue et
al., 1989). Now honeybees are able to select appropri-
ate floral sources by adapting their behaviour to chan-
ging stimuli. Complex odour recognition might rely on
the discrimination of a limited range of relevant com-
ponents, as shown with free-flying bees visiting food

sources scented with alfalfa volatiles (Waller et al.,
1974) or sunflower volatile extracts (Pham-Delegue et
al., 1986). To contribute to the understanding of natur-
al odour recognition in the honeybee, we investigated
honeybee responses to oilseed rape flower volatiles.
Oilseed rape was chosen as a model since it is a crop
plant intensively visited by honeybeeswhich areattrac-
ted by its abundant production of nectar and pollen
(Mesquidaet al., 1988).

Previous work on sunflower volatile blends recog-
nition showed that behaviourally active components
could differ from the range of components detected
at the antennal level (Thiéry et al., 1990). Vareschi
(1971), and morerecently Akers & Getz (1992, 1993),
have categorized individual components according to
the selectivity of receptor neurons and behavioural
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discrimination abilities. However, in these attempts
to correlate sensory and behavioura responses, both
levelswere investigated separately. To define biologic-
ally active componentsin floral mixtures, we designed
anovel technique for the simultaneous monitoring of
electrophysiological and behavioural responses. The
odour stimulation was provided by the effluent from
a gas chromatograph (GC), which led to a controlled
and reproducible stimulation with the individual com-
ponents of a mixture.

Proboscis extension responses together with elec-
troantennograms were recorded from restrained indi-
viduals. Actually, theuse of restrained beesenabled the
simultaneous recording of behavioural and antennal
responses to the same range of stimuli. The proboscis
extension response was used since it occurs under nat-
ural conditionswhen thebeelandson aflower provided
with nectar, and can be reproduced on restrained bees.
Good correlations were demonstrated in the olfactory
discrimination of either free-flying bees or restrained
individuals(Pham-Delegueet al., 1993a; Mauel shagen
& Greggers, 1993). Moreover, restrained bees can be
subjected to a conditioning procedure (Takeda, 1961;
Bitterman et a., 1983). Aslearning processes play an
important rolein the foraging behaviour of honeybees,
we used a conditioning procedure to investigate the
possible changes induced by learning on odour recog-
nition at the sensory and behavioural levels.

In afirst experiment, bees were conditioned to the
mixture of six compoundsidentified previoudly as oil-
seed rapefloral volatiles (Tollsten & Bergstrom, 1988;
Blight et al., 1992). Then, we recorded simultaneously
electroantennograms (EAG) and conditioned probos-
cis extension (CPE) responses to the individual com-
pounds separated by the GC, to determine the biolo-
gically active components in the mixture. Responses
of conditioned bees were compared to that of uncon-
ditioned ones.

In a second experiment, an air entrainment extract
of oilseed rapeflower volatiles(Blight et al., 1992) was
used to stimulate the bees. Considering the great num-
ber of constitutive components of this natural blend,
only behaviourally active components were investig-
ated, using a GC-CPE coupled assay. Discrimination
of individual componentsin the blend were compared
between unconditioned and conditioned bees.

Materials and methods

Biological material. Italian worker bees, Apis mel-
lifera ligustica, were used. The first experiment with
the six-component mixture was conducted with known
ageindividuals. Emerging bees collected from outdoor
hivesand caged in groupsof about 50individuals, were
fed with sugar, water and pollen ad libitum. They were
kept in an incubator (33 °C, 50% r.h., darkness) until
14-16 days old, the age at which the best learning
performances in the CPE assay are obtained (Pham-
Delégue et al., 1990). In the second experiment with
the floral extract, worker bees of unknown age, identi-
fied as foragers by their pollen pellets, were collected
on their way back to the hive to approach natural con-
ditions.

Chemicals. The synthetic compounds used werelin-
alool, 97%, 2-phenylethanol, 99+%, methyl salicylate,
99+%, benzyl alcohol, 99+%, (E)-2-hexenal, 99%, and
1-octen-3-ol, 98%. Solutions of the individual com-
pounds (1 1g/10 ul) were made up in purified hexane
and the mixture contained equal amounts (1 g/10 ul)
of the six compounds. The extract of floral volatiles
was obtained from flowers of oilseed rape, Brassica
napus L. (Topas variety), using a dynamic headspace
technique (Blight, 1990).

Proboscis extension conditioning. The general con-
ditioning procedure followed here has been described
elsawhere (Pham-Delegue et a., 19934). Before test-
ing, caged bees were starved for three hours; foragers
were fed after being collected and were then left to
starve overnight. Bees were mounted individualy in
glass holders with only their mouthparts and antennae
free. They were conditioned to the synthetic mixture,
or natural extract, in five trials (6 s duration per tri-
al, 15 min inter-trial intervals) in which the training
odour was associated with afood reward (30% sucrose
solution).

Coupled GC techniques. The first experiment was
conducted using the synthetic six-component mix-
ture as the stimulus source. Coupled GC-EAG-CPE
recordingswere carried out using the GC-EAG system
described previoudly (Blight et al., 1979). General GC
conditions are detailed in Wadhams et al. (1994). The
effluent from the GC column was split approximately
equally, with one part going to the flame ionisation
detector (FID) of the GC while the other was directed
over the bee antenna. EAG responses were obtained



using Ag-AgCl electrodes in glass capillaries, filled
with saline. One antenna of the restrained bee was
fixed, and therecording el ectrode was placed on thetip,
with the indifferent electrode being inserted into a cut
inthe scape. FID, EAG and CPE responseswere recor-
ded simultaneoudly and stored on tape. The responses
were sampled on a microcomputer and analysed using
custom software (Marion-Poll & Tobin, 1992). At the
end of the GC-EAG-CPE analysis, the initial condi-
tioning mixture was again presented, and bees that did
not exhibit a CPE response during this last trial were
discarded. Data were obtained from six individuals
previously conditioned to the six-component mixture
asdescribed above. In parallel, eight beesthat were not
subjected to the conditioning procedure were tested at
the output of the GC, and coupled EAG and probos-
cis extension responses were recorded. At the end of
the coupled assay, these bees were stimulated with
the six-component mixture, and behavioural responses
were noted. No discarding procedure was applied to
the unconditioned bees.

In the second experiment, coupled GC-CPE record-
ingswere carried out using the air entrainment extract.
At the end of the coupled experiments, bees were
tested with the initial extract. Two groups of bees,
one unconditioned and the other conditioned to the
extract, were considered. In the conditioned group,
only bees that till responded to the extract at the end
of the coupled procedure were kept, i.e. nineindividu-
als. Their responses were compared with those of nine
unconditioned individuals. FID and CPE responses
wererecorded as described above. CPE datawere con-
verted into bins that were later cumulated over 5 s to
generate response profiles. Records from individual
beesweretime synchronized on the GC injection time.

Data treatment. The effects of conditioning and of
the nature of the components tested in the first experi-
ment on the EAG responses (mV) were analysed using
aTwo-way ANOVA.

Results and discussion

In the first experiment when bees were tested with the
six-component mixture using the GC-EAG-CPE tech-
nigue, no proboscis extension response was obtained
from any of the unconditioned bees to the individu-
al components or to the mixture. Of the conditioned
bees, only one did not respond to any of the individual
compounds, although it still responded to the mixture
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at the end of the testing protocol. Under the GC condi-
tions used in this study, linalool and 2-phenylethanol
were only partly resolved. Five bees responded to
the linal ool/2-phenylethanol peak (Table 1). Two bees
werefound to respond to benzyl alcohol. These results
are consistent with a previous study, using a standard
stimulation device to record CPE responses, where
bees were conditioned to the same six-component-
mixture and tested to the individual components at
different concentrations (Pham-Delegueet al ., 1993a).
EAG responseswereelicited by all the GC peaks. EAG
responses induced in conditioned bees were aways
higher (15 to 40%) than those obtained from uncondi-
tioned bees (Table 1), this difference being significant
(Conditioning effect: F =11.12, 1 df, P=0.0015). This
suggests that antennal sensitivity is increased by con-
ditioning, a phenomenon already reported in bees con-
ditioned to plant odours of fennel and violet (de Jong
& Pham-Delegue, 1991), and in a parasitic wasp after
an oviposition experience (Vet et a., 1990). However,
further studies are required to determine whether these
sensory changes related to conditioning are specific to
the training odour or are the result of a general sens-
itisation process. Between components, no significant
differences appeared in EAG responses (Component
effect: F = 1.90, 4 df, P = 0.12), and the interac-
tion between the conditioning and component effects
was not significant (F = 0.35, 4 df, P = 0.84). The
three componentsfound to be the most effective at the
behavioural level in the conditioned bees are not better
detected at the antennal level. Therefore, no direct cor-
relates between peripheral sensitivity and behavioural
responses can be drawn. This had also been shown by
Allan et al. (1987) with sting-gland components, and
in a previous work using queen pheromonal blends
(Pham-Delegueet al., 1993b).

For the second experiment, the cumulated response
profiles of conditioned and unconditioned bees to the
air entrainment extract of rape flowers in the coupled
GC-CPE assay are shownin Figure 1. From these pro-
files, six major GC areas of CPE activity werelocated.
The activity areas were defined from the response pro-
file of the conditioned bees, every time an increase in
responses occurred. Since bees eliciting a proboscis
extension response may remain excited after the end
of the stimulus delivery, we considered that responses
recorded between areas 11 and 1V, areas V and VI,
and after V1, were related to the previous activity area.
Five areas were common to the two groups of bees.
In the conditioned group, al nine bees responded at
least once during the GC stimulation. Their highest
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Table 1. Behavioural and electrophysiological responses of worker honeybees to six syn-
thetic compounds identified in oilseed rape volatiles

Behavioural responses

EAG responses (mV + SE)

Compounds Unconditioned  Conditioned  Unconditioned  Conditioned
linal ool + 0 5 0.29 + 0.06 0.51 + 0.09
2-phenylethanol®

methyl sdlicylate 0 1 0.23 + 0.08 041+ 0.04
benzy! acohol 0 2 0.19 + 0.06 0.29 + 0.06
(E)-2-hexena 0 0 0.19 +0.03 0.31+ 0.07
1-octen-3-ol 0 0 0.23 + 0.05 0.31 4+ 0.07

2 Lindool and 2-phenylethanol were only partly resolved on the GC column.
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Figure 1. Coupled GC-CPE recordings showing the cumulated CPE responses of conditioned and unconditioned bees (nine individuals of each)

to volatiles of anatura floral extract eluted from GC.

CPE activity was associated with areas |1 (sevenindi-
vidualsresponding) and secondarily with area VI (five
individuals responding). Area V1 corresponded to the
elution of a major GC peak. The remaining areas of
activity each elicited weak to moderate CPE responses
with oneto four beesresponding. I n the unconditioned
group, no bee responded to the mixture when presen-

ted at the end of the coupled procedure. Despite the
fact that these bees were not conditioned to the mix-
ture, of the nine bees tested, six actually responded
to the individual components during GC stimulation.
The highest CPE activity was again associated with
arealll (six bees responding). However, in contrast to



the conditioned bees, all other areaselicited only weak
activity, or even no response to compoundsin area V.

Thus, both conditioned and unconditioned bees
showed some CPE responsesto the compoundseluting
from the GC column, whilst thetotal extract wasinact-
ive on the unconditioned bees. Thismay beinterpreted
as spontaneous responses to some compounds, espe-
cialy those eluting in area Il1. Further investigations
are in progress to identify such compounds (Blight
et al., unpubl.). Since the honeybee is a generalist
insect that potentially visits different floral sources,
we may assumethat components eliciting spontaneous
responses are common to several floral blends. An
aternative hypothesis is that the unconditioned bees
werenot totally naive. Thus, the experimentswere con-
ducted with foragers of unknown olfactory experience,
that may have previously encountered floral volatiles
in the hive or on floral sources. However, the fact that
no response to the oilseed rape extract was obtained
suggests that the active components have been experi-
enced in another floral blend context. To document this
point, complementary experiments are needed with
bees without foraging experience, i.e. reared under
controlled conditions, asthe caged beesusedinthefirst
experiment. Actually, data yet obtained (first experi-
ment) with unconditioned caged bees tested with the
six-component mixture support thissecond hypothesis,
no response being elicited neither with the individual
components nor with the mixture.

Neverthel ess, the conditioning procedureincreased
the level of behavioural response to the individual
components in the experiment with the extract, and
induced new responsesin the experiment with the six-
component mixture. This may rely on a general pro-
cess of changes in the olfactory detection threshold,
as we found that EAG responses were increased after
conditioning. However, an increase in the peripher-
al sensitivity cannot entirely account for the changes
observed at the behavioural level, since the increase of
antennal responses occursfor al components, whereas
only a reduced number of components become beha-
viourally active after conditioning. Therefore, central
nervous system processes are most probably involved
in the behavioural salience of some components, as
suggested by combined experimental and theoretical
approachesto document complex odour recognitionin
the honeybee (Masson et ., 1993; Masson & Linster,
1996).

This study, using the coupled GC-EAG-CPE tech-
nique demonstrates the occurrence of key behaviour-
al compounds in a synthetic mixture as well asin a
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much more complex floral volatile blend. Based on the
observed CPE activity areas, studiesarein progressto
identify the active compoundsin the mixture of oilseed
rape flower volatiles. The coupled technique described
here appears to be a reliable tool for locating active
components in complex mixtures of volatiles and for
investigating the effects of learning on the ability to
discriminate complex odours.
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