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}\bstract. Two experiments are described that employ a Y-tube odor-training paradigm to address questions
relating to olfactory perception in free-flying worker honey bees. The first is designed to evaluate how easily
bees can be conditioned to discriminate between two odors and how willing they are to generalize between
closely related odors. In particular, we demonstrate that individual worker bees have no trouble learning
to discriminate between atkyl ketones or alcohols that differ by only one carbon atom (e.g. heptanone versus
octanone) or between a ketone and alcohol functional group attached to the same alkyl radical; but they generalize
between compounds with the same functional group much more readily than those with the same alky! radical.
The second experiment is designed to explore the relationship between the perception of a mixture of odorants
and the perception of the individual odorants themselves. Our results suggest that there appears to be a stronger
. relationship between a two-odorant mixture and its constituents than would be suggested by the mixture being
an odor intermediate between the two constituent odorants. We also include a comprehensive discussion
on the problem of extracting quality and concentration information from an odor stimulus and we explore
ideas relating to the perception of the constituent odorant components of complex odors.

 Introduction

%jLight and sound are propagated in the form of a wave and, hence, visual and auditory
'signals can be represented by amplitudes associated with a spectrum of frequencies.
'Chemosensory stimuli have no such convenient representation. Seemingly insignificant
structural modifications to odorant molecules can decisively influence the quality and
strength of an odor (Ohloff, 1986). (Note that we use the term odorant to refer to the
molecules of a pure odoriferous compound, while we use the term odor to refer to
an odoriferous substance that generally consists of a mixture of various odorant
‘molecules.) A representation can be obtained, however, if we make it organism specific.
In particular, we can characterize chemicals by the way an organism’s chemosensory
. neurons respond to stimulation. Of course there are a number of problems associated
‘with this approach. We have to be able to separate out concentration effects from
chemosensory cell receptor odorant-sensitivity effects. Also the problem is highly multi-
. dimensional in the sense that many organisms possess several dozen different classes
‘of chemosensory receptors, each with different sensitivity characteristics.

In this paper, our discussion centers around the structure of insect olfactory systems,
as are typical in beetles, cockroaches, moths and bees. In general, however, there are
a number of striking resemblances between arthropod and vertebrate olfactory systems.
The existence of convergent evolutionary structures can be particularly useful in helping

us identify the fundamental problems that olfactory systems need to solve. One of the
commonalities is the fact that tens of thousands (invertebrates) or even millions (some
vertebrates) of sensory neurons synapse to form several tens or hundreds of richly
interconnected glomeruli or ball-like structures in the antennal lobe (insects) or olfactory
bulb (vertebrates) of the brain (Shepherd, 1972; Boeckh, 1984). In both cases, the
glomeruli are richly interconnected with local neurons, many of which are inhibitory
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(Hildebrand and Montague, 1986; De Jong and Visser, 1988a). Also in both cases a
tract containing one to several hundred or so relay axons (of projection neurons) connect
individual glomeruli with other processing centers in the brain (Shepherd, 1972; Mobbs,
1982, 1985; Boeckh, 1984; Homberg, 1984; Boeckh and Ernst, 1987). In the cockroach,
Periplaneta americana, only one relay axon projects from most of the glomeruli, an
exception being the female sex pheromone-specific macroglomerulus in males which
is innervated by several projection neurons (Boeckh and Ernst, 1987).

Olfaction can be studied at a number of different levels, each providing insights
required to obtain a complete understanding of both the signal processing features of
the olfactory system and the olfactory perceptual capabilities of the organism involved.
Various levels of study include individual neurons (e.g. measuring and classifying the
response of different sensory neurons—Sass, 1978), measuring the integrated response
of one or more neural subsystems (e.g. measuring the electrical fields generated by
the olfactory lobe—Freeman and Skarda, 1985) or evaluating the behavioral response
of an animal to a particular stimulus (e.g. how well can an organism learn to discriminate
between two similar stimuli that are important in an ecological context—Waller et al.,
1974).

Here we examine the behavioral response of free-flying honey bees trained to enter
a Y-tube apparatus and to choose between two odor stimuli, only one of which is
associated with a sugar reward. We present data obtained from experiments designed
to address two particular questions. The first relates to the question of how well individual
workers are able to distinguish between the alcohol and ketone forms of the same
saturated unbranched carbon chain (alkyl radical) and between different length carbon
chains with the same functional group. The second question follows from our previous
work (Getz and Smith, 1987) on how individuals relate the perception of mixtures to
the component parts of these mixtures.

Similar experiments could have been conducted by conditioning tethered bees to extend
their proboscides when stimulated with certain odors (see Vareschi, 1971; Bitterman
et al., 1983; Menzel, 1983; Getz and Smith, 1987; Brandes, 1988). In fact, Vareschi
(1971) conducted an extensive study in which he trained tethered bees to respond to
a particular odor and the tested whether these bees responded to any of 27 other odors.
In his experiments, however, he could not distinguish whether a response was due to
alack of discrimination or a willingness to generalize. His experiments were extensive
in terms of the number of odors tested, but lacked the refined design of the experiments
presented here (namely, distinguishing between generalization and actual lack of
discrimination). Also, the difference between this proboscis-extension conditioning
paradigm and the Y-tube decision paradigm described here is that the latter forces
individuals to choose between two odors, while the former only tests whether individuals
respond differentially when sequentially presented with different stimuli. Since a response
or lack of response during proboscis conditioning may be due to factors other than an
ability to perceive differences between two odors, a forced-decision methodology, such
as the Y-tube, has the potential to uncover subtle differences that may not emerge using
proboscis-extension conditioning. (Note, however, that proboscis-extension conditioning
does provide a more controlled situation for delivering odors, as well as a more efficient
procedure for collecting large sets of data.) Also, results obtained and compared using
fundamentally different training paradigms can ultimately provide some insight into
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the effect of trauma (such as being tethered) or even motivational state, on the outcome
of perceptual experiments.

The first set of experiments described below is aimed at assessing how well honey
bees are able to discriminate between the aliphatic ketone and alcohol functional groups
attached to saturated unbranched carbon chains consisting of between five and eight
carbon atoms. The second set of experiments is aimed at assessing how well honey
bees are able to discriminate between mixtures and the components of those mixtures,
using a set of three odorants (2-heptanol, 2-heptanone and heptanal) and comparing
the results when using a set of three complex floral odors (lemon, lavender and pep-

permint).
Methods

Apparatus

Foragers were trained to fly from their colony to a window (von Firsch, 1967) ~70 m
away where the Y-tube apparatus illustrated in Figure 1 was located. This apparatus
is constructed of a wooden base and sides with a Plexiglass top. The top of the gates
penetrate through a slot in the Plexiglass and are opened by manually lifting the gates
and placing them over the slot. All bees learned to enter the apparatus at E, pass through
gates Q on the left and right sides, drink undisturbed at feeding dishes F and then pass
through a cone-shaped exit at gate X to fly back to the colony, before returning to obtain
another load of sucrose solution. Sucrose concentrations at the side dishes F and the
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Fig. 1. A diagram of the Y-tube apparatus used in both experiments.
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