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Insects process and learn information flexibly to adapt to their
environment. The honeybee Apis mellifera constitutes a tradi-
tional model for studying learning and memory at behavioural,
cellular and molecular levels'. Earlier studies focused on elemen-
tary associative and non-associative forms of learning determined
by either olfactory conditioning of the proboscis extension reflex'
or the learning of visual stimuli’ in an operant context. However,
research has indicated that bees are capable of cognitive perfor-
mances that were thought to occur only in some vertebrate
species. For example, honeybees can interpolate visual informa-
tion’, exhibit associative recall*’, categorize visual information®™®
and learn contextual information’. Here we show that honeybees
can form ‘sameness’ and ‘difference’ concepts. They learn to solve
‘delayed matching-to-sample’ tasks, in which they are required to
respond to a matching stimulus, and ‘delayed non-matching-to-
sample’ tasks, in which they are required to respond to a different
stimulus; they can also transfer the learned rules to new stimuli of
the same or a different sensory modality. Thus, not only can bees
learn specific objects and their physical parameters, but they can
also master abstract inter-relationships, such as sameness and
difference.

An important cognitive capacity is the ability to learn relation-
ships between stimuli. In vertebrates, the capacity to acquire
sameness—difference concepts has been studied using two experi-
mental procedures, the matching task and the oddity task. A
variation of the former is the ‘delayed matching-to-sample’ task,
in which an animal is presented with a ‘sample’ and subsequently
with two or more secondary stimuli, one of which is identical to the
sample. The animal is required to respond to the stimulus just
encountered. The ‘delayed non-matching-to-sample’ task is a varia-
tion of the oddity task. The procedure is similar to the matching-to-
sample task except that the animal is required to respond to the
stimulus that is different from the sample. In both cases, broadly
construed sameness and difference concepts are shown only if the
animal exhibits positive transfer to a completely new set of stimuli,
which it had not experienced during training.

We trained honeybees, A. mellifera, in a delayed matching-to-
sample paradigm to examine whether they could form a concept of
sameness. Training was carried out using a Y-maze placed close to a
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laboratory window. Each bee entered the maze by flying through a
hole in the middle of an entrance wall. At the entrance, the bee
encountered the sample stimulus. The sample was one of two
different stimuli, A or B, alternated in a pseudo-random sequence.
The entrance led to a decision chamber, where the bee could choose
one of two arms. Each arm carried either stimulus A or stimulus B as
secondary stimulus. The bee was rewarded with sucrose solution
only if it chose the stimulus that was identical to the sample. If the
bees managed to learn the original discrimination, they were
presented with new sample and secondary stimuli in ‘transfer
tests’: the bees had to choose between stimuli C and D, when the
sample was either C or D.

Four experiments were carried out, each by training a fresh group
of bees. In experiment 1, A and B were colours, whereas C and D
were vertical and horizontal black and white gratings. In experiment
2, A and B were gratings, whereas C and D were colours. In
experiment 3, A and B were radial and circular gratings, whereas
C and D were oriented linear gratings. In experiment 4, A and B
were odours, whereas C and D were colours. In all experiments the
stimuli chosen were well distinguished by the bees, as indicated by
preliminary investigations.

The results for experiments 1 and 2 are shown in Fig. 1. In
experiment 1, the bees were trained to match a given colour (blue
versus yellow). The acquisition curve showed a significant improve-
ment during training (Fig. 1a: P < 0.0001): bees preferred the colour
that was identical to the sample, independently of the sample
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Figure 1 Experiments 1 and 2. a, Learning performance of bees during training on
colours (experiment 1) and on vertical and horizontal gratings (experiment 2). Data show
the results of blocks of ten consecutive training visits for each experiment. b, ¢, Results of
transfer tests. b, Transfer tests with patterns (colour training). In experiment 1, bees
trained on the colours were tested on the gratings. ¢, Transfer tests with colours (pattern
training). In experiment 2, bees trained on the gratings were tested on the colours.

n, number of choices evaluated.
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colour. In experiment 2, the bees were trained to match a given
grating orientation (vertical versus horizontal). The acquisition
curve also increased significantly along the training (Fig. la; P <
0.0005): bees preferred the orientation of the grating that was
identical to that of the sample, independently of the sample
orientation. At the end of the learning phase, the choice frequency
for the matching stimulus was above 70% in both experiments 1
and 2.

These results, however, do not necessarily show a capacity to learn
the concept of sameness between stimuli. Bees could solve the
problem by simply learning the appropriate choice for each of the
configurations used in training (for example, in experiment 1
‘choose blue and not yellow if blue was seen at the entrance’ and
‘choose yellow and not blue if yellow was seen at the entrance’),
without abstracting a general concept of sameness. The capacity to
abstract a general concept of sameness is shown in the transfer tests,
where the bees were confronted with new samples and secondary
stimuli. In such tests, bees that had been trained to match the
colours (experiment 1) could match the gratings (Fig. 1b); and bees
that had been trained to match the gratings (experiment 2) could
match the colours (Fig. 1c).

The performance in these transfer tests was similar to that
attained in the training. In the transfer tests of experiment 1 (Fig.
1b), the matching orientation was chosen with a frequency of 76.3%
(n =91, P<0.001) if the sample was a vertical grating, and 75.0%
(n =170, P<<0.001) if the sample was a horizontal grating. The
difference between the preferences for vertical in the two cases was
highly significant (P <0.001). In the transfer tests of experiment 2
(Fig. 1c), the matching colour was chosen with a frequency of
67.3% (n =178, P<<0.005) if the sample was blue, and 65.3%
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Figure 2 Experiment 4. a, Set-up in which bees were trained to match odours. b, Set-up
used for transfer tests in which bees trained on odour matching were tested on colour
matching. ¢, Results. Left, learning tests for odour matching; right, transfer tests for
colour matching.
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(n =285, P<0.005) if the sample was yellow. The difference
between the preferences for blue in the two cases was highly
significant (P < 0.001).

Similar results were obtained in experiment 3, in which the bees
were trained with radial and circular gratings. After acquisition, the
bees chose the matching stimulus with a frequency of 78.0%
(n =477, P<0.001) if the sample was a radial grating, and of
77.7% (n =491, P<0.001) if it was a circular grating. In the
transfer tests using linear gratings (oriented at +45° and —45°),
the trained bees chose the appropriate grating with a frequency of
59.8% (n = 92,0.1 <P <0.2) if the sample was a 45° grating, and of
63.9% (n = 119, P<0.05) if it was a —45° grating. The difference
between the preferences for the 45° grating in the two cases was
highly significant (P <0.001). As in experiment 2, bees that had
been trained on the radial and circular gratings could transfer their
learned matching ability to colours (data not shown).

In experiment 4, we explored matching in a different stimulus
modality, as well as transfer across stimulus modalities. The bees
were trained to match odours (lemon and mango; Fig. 2). After
acquisition, the trained bees showed a significant preference for the
matching odour (Fig. 2c, left). When the trained bees were subjected
to transfer tests using colours (blue and yellow), they showed a
preference for the appropriate colour (Fig. 2¢, right). Details and
statistics are given in Fig. 2. The difference between the preferences
for yellow in the two cases was highly significant (P < 0.001). Thus,
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Figure 3 Experiments 5 and 6, investigating non-matching performance. a, Learning
performance of bees during training on colours (experiment 5) and on vertical and
horizontal gratings (experiment 6). Data show the results of blocks of ten consecutive
training visits for each experiment. b, ¢, Results of transfer tests. b, Transfer tests with
patterns (colour training). In experiment 5, bees trained on the colours were tested on the
gratings. ¢, Transfer tests with colours (pattern training). In experiment 6, bees trained on
the gratings were tested on the colours. i, number of choices evaluated.
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bees can learn to perform a delayed match-to-sample task even in
the odour domain. Furthermore, they can transfer this capacity to
the visual domain.

Finally, we trained bees in a delayed non-matching-to-sample
task to examine whether they could form a concept of difference.
Training was carried out as in experiments 1 and 2, except that in
both cases bees were rewarded only if they chose the stimulus that
was different from the sample. In experiment 5, bees were trained
with the colours yellow and blue and tested with the vertical and
horizontal black and white gratings. In experiment 6, bees were
trained with the gratings and tested with the colours.

In experiment 5, the bees learned to choose the colour that was
different from that of the sample. The acquisition curve showed a
significant improvement during training (Fig. 3a; P<<0.02). In
experiment 6, the bees learned to choose the grating orientation
that was different from that of the sample. The acquisition curve
also increased significantly along the training (Fig. 3a; P < 0.03). At
the end of the training, the choice frequency for the matching
stimulus was above 70% in both experiments.

In the transfer tests, the bees that had been trained to choose the
different colour (experiment 5) transferred their choice to the
different grating (Fig. 3b); and bees that had been trained to
choose the different grating (experiment 6) transferred their
choice to the different colour (Fig. 3c). In all cases, the bees
showed a significant preference for the non-matching sample (for
details and statistics, see Fig. 3).

Animals can learn matching or oddity tasks by using simple rules
such as similarity judgements if they are trained and tested on the
same stimuli. Our experiments reveal, however, that bees can do
more than this: they can transfer the matching or non-matching
ability to new stimuli for which the rules of choice are not specified
in the training. Because the bees continue to choose the appropriate
matching (or non-matching) stimulus even in new situations, we
conclude that they can form and use a concept of sameness (experi-
ments 1 to 4) and difference (experiments 5 and 6) in making their
choices. The ability to judge sameness and difference has been
shown in many vertebrates'~’, but in some cases the results seem to
depend critically on procedural details®. Furthermore, transfer
from one problem to another, when shown, is usually very weak'.

Our findings with bees, however, are very consistent. They were
repeatable in two different laboratories that used different experi-
mental set-ups, test procedures and colonies. The concepts of
sameness and difference, once learned, can be transferred to other
stimuli that belong either to the same domain (as in the transfer
from radial and circular gratings to oriented linear gratings) or to a
different domain (as in the transfer from colours to oriented linear
gratings and vice versa). Furthermore, the concept of sameness can
be learned even in the olfactory modality, and can be transferred
across stimulus modalities (from odours to colours). Thus, in the
bee, the ability to form ‘sameness—difference’ concepts is broad
and robust. Such concepts might contribute to improve foraging
activities.

Our results question the view that vertebrates, and in particular
primates, may be the only animals able to form ‘sameness’ or
‘oddity’ concepts®'. They also show that higher cognitive functions
are not a privilege of vertebrates>. Moreover, as such functions
result from a relatively simple and accessible nervous system in
which elementary associative learning pathways have been already
characterized”, there is a realistic chance of uncovering the neural
mechanisms that underlie this capacity. O

Methods
Bees and set ups

For each experiment, a group of 6—8 individually marked bees were trained to enter and
collect 50% (weight/weight) sucrose solution in a Y-maze placed close to an open window
in the laboratory. Experiments 1, 2, 5 and 6 were conducted in Berlin; experiments 3 and 4
were conducted in Canberra. All mazes were covered by an ultraviolet-transmitting

932

%4 © 2001 Macmillan Magazines Ltd

Plexiglas ceiling. Bees entered the maze by flying through an aperture, 4 cm in diameter.
The set-up for training the olfactory stimuli is shown in Fig. 2a. Bees received odour 1 as
they entered chamber A. They then entered chamber B, where they were presented with
two odours (1 and 2) and had to learn to choose the odour matching that at the entrance.
The odours were presented by perforated vials containing tissue paper soaked in liquid
odorant. To prevent mixing of odours in chamber B, and to remove any feeder odours in
the reward chambers D1 and D2, suction fans were run for 5-10 s immediately after each
time the stimulus positions in the decision chamber were interchanged; that is, every
10 min on average. Bees trained with odours in this way were subsequently tested for
colour matching, using the apparatus shown in Fig. 2b. Here the odours were replaced by
colours, and the odour vials were replaced by dummy vials which carried no scent, but had
the same visual appearance as the vials used in the training. Baffles prevented the bees from
experiencing the stimuli in chamber B until they had entered it, and from viewing the
feeder from chamber B.

Visual stimuli

The visual stimuli used in the experiments were 11-cm diameter discs presented in the
vertical plane. The colour stimuli were blue and yellow, cut from HKS-N 44 and 3
cardboards, respectively (K+E Stuttgart). All gratings were black and white and were
printed using a high-resolution laser printer. The linear gratings had a period of 3 cm, the
annular gratings had a period of 4 cm, and the radial gratings had an angular period of 60°.

Training and experiments

During training in all experiments, the position (left or right) of the rewarded stimulus in
the maze was changed after every two visits per bee (on average), and the sample was
changed after every four visits per bee. We evaluated the learning of the training
discrimination by determining significant changes in the acquisition curves (experiments
1,2, 5and 6) or by learning tests in which the performance was quantified by recording the
choices of each bee after it entered the maze (experiments 3 and 4). In the latter case
choices were registered as the first entry by the flying bee through an aperture that was
associated with each stimulus.

Transfer tests were conducted after 60 training visits per bee (equivalent to one day of
training) in experiments 1, 2, 3, 5 and 6 (which involved training on visual stimuli) and
after 80 visits in experiment 4 (which involved training on olfactory stimuli). No reward
was offered during these tests. Performance was recorded either as touches (flights towards
a stimulus that ended with the antennae touching the stimulus surface) during 2 min
(experiments 1, 2, 5 and 6) or as in the learning tests (experiments 3 and 4). In all cases,
each test was divided into four parts: two with one stimulus as the sample and two with the
alternative stimulus as the sample. Tests with a given sample were performed twice: once
with the matching stimulus presented in the right arm of the maze, and once in the left
arm. Between transfer tests, the bees were retrained (usually 5-10 visits to the apparatus)
to maintain the level of learning at its plateau.

As the stimuli in the transfer tests were different from those used in the training, bees
were sometimes reluctant to enter the apparatus and make a choice during the transfer
tests. To eliminate this difficulty, in experiments 3 and 4 a ‘familiarization procedure’ was
used from time to time during the training, in which the set-up presented the sample and
secondary stimuli that would eventually be used in the transfer test. However, the feeder
was placed at a ‘neutral’ position beyond the entrance, at the point where they would
normally choose between the stimuli in the two arms. This procedure ensured that the bees
became accustomed to the transfer stimuli, without being trained to choose between them.

Statistical analysis

We used analysis of variance for repeated measurements to determine whether the bees’
performance in experiments 1, 2, 5 and 6 significantly improved as a result of the training.
In the learning tests in experiments 3 and 4 and in the transfer tests in all experiments,
X tests were used to determine whether the experimentally measured choice frequencies
were significantly different from random-choice. We used x*2 X 2 tests to determine
whether two choice frequencies were significantly different from each other.

Received 19 October 2000; accepted 29 January 2001.

1. Menzel, R. & Miiller, U. Learning and memory in honeybees: from behavior to neural substrates.
Annu. Rev. Neurosci. 19, 379—404 (1996).

2. Menzel, R. in Experimental Behavioral Ecology (eds Holldobler, B. & Lindauer, M.) 55-74 (Gustav
Fischer, Stuttgart, 1985).

3. Collett, T. S. & Baron, J. Learnt sensori-motor mappings in honeybees: interpolation and its possible
relevance to navigation. J. Comp. Physiol. A 177, 287-298 (1995).

4. Srinivasan, M. V., Zhang, S. W. & Zhu, H. Honeybees links sights to smells. Nature 396, 637-638
(1998).

5. Zhang, S. W., Lehrer, M. & Srinivasan, M. V. Honeybee memory: navigation by associative grouping
and recall of visual stimuli. Neurobiol. Learn. Mem. 72, 180-201 (1999).

6. Hateren, J. H, Srinivasan, M. V. & Wait, P. B. Pattern recognition in bees: orientation discrimination.
J. Comp. Physiol. A 167, 649—654 (1990).

7. Giurfa, M., Eichmann, B. & Menzel, R. Symmetry perception in an insect. Nature 382, 458—461 (1996).

8. Horridge, G. A. & Zhang, S. W. Pattern vision in honeybees (Apis mellifera): flower-like patterns with
no predominant orientation. J. Insect Physiol. 41, 681-688 (1994).

9. Collett, T. S., Fauria, K., Dale, K. & Baron, J. Places and patterns—a study of context learning in
honeybees. J. Comp. Physiol. A 181, 343—353 (1997).

10. Moon, L. E. & Harlow, H. E. Analysis of oddity learning by rhesus monkeys. J. Comp. Physiol. Psychol.

48, 188194 (1955).
. Strong, P. N. & Hedges, M. Comparative studies in simple oddity learning. 1. Cats, racoons, monkeys

and chimpanzees. Psychonom. Sci. 5, 13—14 (1966).

NATURE [VOL 410] 19 APRIL 2001 | www.nature.com




12. Thomas, R. K. & Boyd, M. G. A comparison of Cebus albifrons and Samiri sciureus on oddity
performance. Anim. Learn. Behav. 1, 151-153 (1973).

13. Herman, L. M. & Gordon, J. A. Auditory delayed matching in the bottlenose dolphin. J. Exp. Anal.
Behav. 21, 19-26 (1974).

14. Zentall, T. R. & Hogan, D. E. Same/different concept learning in the pigeon: the effect of negative
instances and prior adaptation to transfer stimuli. J. Exp. Anal. Behav. 30, 177-186 (1978).

15. Holmes, P. W. Transfer of matching performance in pigeons. J. Exp. Anal. Behav. 31, 103-114 (1979).

16. Lombardi, C. M., Fachinelli, C. G. & Delius, J. D. Oddity of visual patterns conceptualized by pigeons.
Anim. Learn. Behav. 12, 2—6 (1984).

17. D’Amato, M. R., Salmon, D. P. & Colombo, M. Extent and limits of the matching concept in monkeys
(Cebus apella). J. Exp. Psychol. Anim. Behav. Proc. 11, 35-51 (1985).

18. Wilson, B., Mackintosh, N. J. & Boakes, R. A. Transfer of relational rules in matching and oddity
learning by pigeons and corvids. Quart. J. Exp. Psychol. 37B, 313—-332 (1985).

19. Oden, D. L., Premack, D. & Thompson, R. K. R. Spontaneous transfer of matching by infant
chimpanzees. J. Exp. Psychol. Anim. Behav. Proc. 14, 140—145 (1988).

. Wright, A. A, Santiago, H. C., Urcuioli, P. J. & Sands, S. E. in Quantitative Analyses Of Behavior:
Discrimination Processes Vol. IV (eds Commons, M. L., Herrnstein, R. J. & Wagner, A. R.) 295-317
(Ballinger, Cambridge MA, 1984).

21. Davey, G. Ecological Learning Theory (Routledge, London, 1989).

22. Menzel, R. & Giurfa, M. Cognitive architecture of a mini-brain: the honeybee. Trends Cognit. Sci. 5,

62-71 (2001).
23. Hammer, M. The neural basis of associative reward learning in honeybees. Trends Neurosci. 20, 245—
252 (1997).

2

=]

Acknowledgements

We thank C. Bonisch and C. Wiley for help with experiments 5 and 6. M.G., A.J. and
R.M. were supported by the Special Programme SFB 515 of the Deutsche Forschungs-
gemeinschaft. M.G. was also supported by a grant from the Deutsche Forschungsge-
meinschaft. S.W.Z. and M.S. were supported partly by a grant from the Human Frontiers
in Science Program and from the US Defence Advanced Research Projects Agency and the
Office of Naval Research. The two laboratories contributed equally to the work.

Correspondence and requests for materials should be addressed to M.G.
(e-mail: giurfa@cict.fr) or S.W.Z. (e-mail: swzhang@rsbs.anu.edu.au).

Chromatic sensitivity of ganglion cells
in the peripheral primate retina

Paul R. Martin*, Barry B. Leet, Andrew J. R. White*,
Samuel G. Solomon* & Lukas Riittiger

* Department of Physiology and Institute for Biomedical Research,
University of Sydney, NSW 2006, Australia

t Neurobiology group, Max-Planck-Institute for Biophysical Chemistry,
D37077 Gottingen, Germany

i State College of Optometry, SUNY, New York, New York 10036-8003, USA

Visual abilities change over the visual field. For example, our
ability to detect movement is better in peripheral vision than in
foveal vision, but colour discrimination is markedly worse". The
deterioration of colour vision has been attributed to reduced
colour specificity in cells of the midget, parvocellular (PC) visual
pathway in the peripheral retina®~°. We have measured the colour
specificity (red—green chromatic modulation sensitivity) of PC
cells at eccentricities between 20 and 50 degrees in the macaque
retina. Here we show that most peripheral PC cells have red—
green modulation sensitivity close to that of foveal PC cells. This
result is incompatible with the view that PC pathway cells in
peripheral retina make indiscriminate connections (‘random
wiring’) with retinal circuits devoted to different spectral types
of cone photoreceptors*®’. We show that selective cone connec-
tions can be maintained by dendritic field anisotropy, consistent
with the morphology of PC cell dendritic fields in peripheral
retina®. Our results also imply that postretinal mechanisms
contribute to the psychophysically demonstrated deterioration
of colour discrimination in the peripheral visual field.

In primates, ganglion cells of the midget, parvocellular pathway
(PC cells) are proposed to be the origin of the red—green channel for
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colour vision™'*"'%. Most foveal PC cells show chromatic opponent
responses: they are excited by some wavelengths in the visible
spectrum and inhibited by others. Chromatic opponency of PC
cells in the fovea is thought to depend on the fact that they derive
input to the receptive field centre from an individual middle (M) or
long (L) wavelength-sensitive cone through a midget bipolar
cell*®". In peripheral retina, the receptive field centres (and den-
dritic fields) of PC cells are much larger than those in the fovea, and
encompass the area of 20—40 M and L cones® (Fig. 1a, b). The M
and L cones show little or no spatial clustering'*'; therefore, if the
peripheral PC cells draw their receptive field centre indiscrimi-
nately from the cones in their dendritic field, they will receive
mixed spectral input, and show reduced red—green chromatic
sensitivity in comparison to their foveal counterparts. Mixed
spectral input to PC cells has been proposed as the basis for the
decline in chromatic sensitivity in peripheral vision (the ‘random
wiring” hypothesis)*~.

To test directly the random wiring hypothesis, we made extra-
cellular single-cell recordings from the intact eye of anaesthetized
macaque monkeys using standard techniques'>'. Recording sites
were concentrated in peripheral retina between 20 and 50 degrees
eccentricity (Fig. 1c). Cells were classified by receptive field
tests'"'”"®, including measurement of receptive field dimensions,
and measurement of contrast sensitivity using luminance-matched
red and green light-emitting diodes (LEDs; Fig. 1d)'*. Unexpectedly,
when tested with hand-held stimuli, most peripheral PC cells (34/
53, 64%) displayed overt red—green opponent responses. Quanti-
tative analysis of 35 peripheral PC cells revealed 28 (80%) in which
response amplitude to isoluminant red—green exchange exceeded
the response amplitude for luminance change (produced by in-
phase modulation of the red and green LEDs). This is an unambig-
uous sign of cone opponency'®. Average red—green modulation
sensitivity of opponent PC cells with receptive fields above 30
degrees eccentricity (0.836 = 0.53 (mean *s.d.), n = 11; Fig. 2a,
b) was not significantly different from the average value for a sample
of 18 foveal cells (1.207 = 0.46)"%. As expected"’, however, the
average sensitivity for three human observers, viewing the same
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Figure 1 Morphology of PC cells. a, Whole-mount view (modified with permission from
ref. 9). b, Outline of the dendritic field of the peripheral PC cell, which encompasses 27
cones (grey). Sample box 200 x 200 wm. ¢, Diagram of the eye showing the recording
configuration. d, Peri-stimulus time histograms of a PC cell at 36.5 degrees eccentricity.
Responses (impulses sec™) to red—green isoluminant exchange (top) exceed responses
to luminance modulation (bottom).

933




