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Abstract The honey bee is a model organism for studies
on the neural substrates of learning and memory. Associa-
tive olfactory learning using sucrose rewards is fast and
reliable in foragers and older hive bees. However, research-
ers have so far failed to show any significant learning in
newly emerged bees. It is generally argued that in these
bees only part of the brain structures important for learning
are fully developed. Here we show for the first time that
newly emerged honey bees are capable of associative learn-
ing, if they are sufficiently responsive to sucrose. Respon-
siveness to sucrose, which can be measured using the
proboscis extension response (PER), increases with age.
Newly emerged bees are on average very unresponsive to
sucrose. We show that if newly emerged bees displaying a
PER to 10% sucrose or lower sucrose concentrations are
conditioned to an odour, they show significant associative
learning and early long-term memory. Nevertheless, the
level of acquisition is still lower than in foragers. The gen-
eral assumption that newly emerged honey bees are incapa-
ble of associative learning must therefore be reconsidered.
Further, our study suggests that an age-dependent increase
in responsiveness to rewarding stimuli is directly related to
the development of early learning abilities. The decisive
influence of responsiveness to rewarding stimuli in associa-
tive learning of newly emerged bees has far reaching conse-
quences for studies on the development of associative
learning capabilities in insects and vertebrates.
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Introduction

The honey bee has a high capacity for learning and memory
and can associate environmental stimuli like colours and
odours with a nectar source fast and reliably (von Frisch
1967; Menzel and Miiller 1996; Giurfa 2004). A well-
established method to measure associative learning in bees
under laboratory conditions is the conditioning of the pro-
boscis extension response (PER) (Kuwabara 1957). Bees
can be trained effectively to different stimuli (Bitterman
etal. 1983; Menzel and Miiller 1996; Erber et al. 1998;
Giurfa 2004). Most of these experiments involved experi-
enced worker bees. Only few experiments were conducted
with younger hive bees or even with newly emerged bees.
Studies by Ray and Ferneyhough (1997) and by Morgan
et al. (1998) suggest that newly emerged bees have no sig-
nificant associative learning capacity. This is not trivial,
since metamorphosis to the adult is already completed in
the capped brood before the bees emerge. Nevertheless,
newly emerged bees strongly differ in their gene expression
profiles from older bees (Whitfield et al. 2006), which
might be related to their learning capacities. After 1-2 days
of life the bees already start to conduct social tasks in the
colony. More complex brains like those of young human
infants, in contrast, display evidence for early learning
(Bower 1974; Kirkham et al. 2002). In Drosophila melano-
gaster, behavioural adaptations to sensory inputs (e.g.
avoidance response to benzaldehyde) were shown to
develop in early adulthood (Devaud et al. 2003). In Aplysia,
habituation and dishabituation occur in early juvenile
stages (Rankin and Carew 1987). Shock-avoidance

@ Springer



250

Anim Cogn (2009) 12:249-255

behaviour was also shown to develop with age in young
mice (Nagy etal. 1977). It is generally assumed that the
poor learning performance in newly emerged bees is related
to the ongoing development of the antennal lobe, which is
an important neuropile for olfactory learning (Masson and
Arnold 1984; Morgan etal. 1998). Sigg etal. (1997)
showed that volumetric increases of the antennal lobe
glomeruli temporally correlate with activity-dependent
improvement in learning performance. However, the onset
of significant learning performance in other studies is not
detected before 5 days of adult life (Maleszka and Helliwell
2001) and seems to be delayed compared to the rapid
growth of the antennal lobes (Masson and Arnold 1984).
This suggests that additional factors contribute to the poor
learning and memory performance of newly emerged bees.
A number of studies on young worker bees (Ray and Fer-
neyhough 1997; Morgan et al. 1998; Maleszka and Helli-
well 2001) investigated external factors that have an effect
on the development of associative learning capacity (e.g.
juvenile hormone titres, social structure of the colony,
queen pheromone). In contrast to our study, those experi-
ments did not control for individual responsiveness to
sucrose. The sucrose responsiveness of honey bee workers,
however, increases with age (Pankiw and Page Jr 1999),
and associative learning performance strongly depends on
responsiveness to sucrose (Scheiner etal. 1999, 2001a,
2001b, 2001c, 2003, 2005). Bees that are highly responsive
to sucrose show a better learning performance than bees
that are less responsive to sucrose. Hence, low sucrose
responsiveness could be an important factor limiting the
associative learning performance of young bees when they
are conditioned with sucrose. Habituation of the PER, a
form of non-associative learning, also correlates with
sucrose responsiveness in newly emerged bees and foragers
(Scheiner 2004).

In the present study we investigated for the first time the
olfactory acquisition performance of newly emerged bees
with known sucrose responsiveness.

Methods
Bees

During July and August 2007 combs with capped brood
were incubated at 80% humidity and 34°C. Newly emerged
bees were brushed off the comb every 24 h. Randomly
selected bees were collected in glass vials after they had
rested for 15 min.

After collection in glass vials bees were cooled at 4°C in
the refrigerator until they showed first signs of immobility.
Subsequently, they were mounted in metal tubes and
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restrained with one tape between head and thorax and one
over the abdomen. Afterwards, bees rested for 1h in a
humidified chamber before behavioural experiments were
conducted. Data for sucrose responsiveness and acquisition
performance of experienced forager bees were taken from
Behrends et al. (2007). These bees were handled according
to the same learning protocol and had been collected
directly from brood combs out of the hive.

Sucrose responsiveness

Sucrose responsiveness was measured using the PER. Each
bee was stimulated at the tip of her antennae with water and
the following sucrose concentrations 0.1, 0.3, 1, 3, 10, 30%
(weight/volume;  molarity of a 30%  sucrose
solution = 0.88). The inter-test interval was 2 min at mini-
mum to prevent sensitisation effects. At each stimulation, it
was recorded if the bee showed the PER. The gustatory
response score (GRS) was used as a measure of sucrose
responsiveness and comprises the total number of PERs
over the stimulation series. The GRS ranges between 0 and
7, where 7 indicates the highest level of responsiveness
(bee responded to all stimulations) (Scheiner 2004).

Olfactory conditioning

Before conditioning, bees were tested for a spontaneous
response to the conditioned stimulus carnation. Two micro-
litres of the odour were applied to a piece of filter paper that
was placed in a 20-ml syringe. The syringe was placed in
front of the bee that was moved into a constant neutral air
stream approximately 8 s before odour stimulation. The bee
remained in the air stream approximately 8 s after stimula-
tion with the odour. The inter-trial interval was 5 min. Only
bees that did not respond spontaneously to the odour were
conditioned to carnation. During each conditioning trial,
approximately 5 ml of air filled with odour were applied to
the bee’s antennae. While the bee experienced the odour,
the PER was elicited by applying a droplet of 30% sucrose
solution to her antennae. When the bee showed proboscis
extension, she was allowed to drink approximately 1 pl of
sucrose solution. For each conditioning trial, it was
recorded whether the bee showed a conditioned PER. Bees
were conditioned six times with carnation. The acquisition
score was calculated as an overall measure of learning per-
formance. It comprises the total number of conditioning tri-
als that resulted in a conditioned PER. The scale was 0-5,
because bees that responded in the first conditioning trial
were discarded from the further experiment. At 24 h after
conditioning, it was tested whether the conditioned newly
emerged bees still showed the conditioned PER in a single
test using the CS odour.
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Unpaired controls

To exclude effects of pseudo-conditioning, unpaired con-
trols were used. Bees in this group were either stimulated
with the odour or with sucrose, but the two stimuli were
never applied together or close to each other. However,
each bee in this group received the same number of odour
and sucrose stimulations and feeding stimulations as bees
in the conditioning group.

Statistical analyses

For graphic display of GRS and acquisition scores means
and standard errors of the means (SEM) were calculated
(SPSS 15.0). The learning curves show the percentage of
bees displaying PER during conditioning. Comparisons of
GRS and acquisition scores were performed using two-
tailed Mann—Whitney U-tests. Spearman rank correlations
were calculated to analyse correlations between GRS and
acquisition scores. T-Tests were used for one sample com-
parisons (SPSS 15.0). Comparisons between conditioned
bees and unpaired controls for their responses to the condi-
tioned stimulus in each conditioning trial were analysed by
two-tailed Fisher Exact Tests (GraphPad InStat 3.06). All
tests were two-tailed. When we compared the GRS, acqui-
sition scores or the number of conditioned responses
between conditioned newly emerged bees, unpaired newly
emerged controls and foragers, we applied the correspond-
ing Bonferroni correction (Miller 1981) to the level of sig-
nificance: the new alpha level to which the probabilities
extracted from the respective tests were compared was
0.017 in order to detect a significant difference with a confi-
dence level of 5%.

Results
SUCI‘OSC responsiveness

Pilot experiments showed that newly emerged bees with
a GRS <2 reliably fail to show the PER to the uncondi-
tioned sucrose stimulus. Therefore, only bees with a
GRS >2 were used for the learning assays. These bees
only constituted a subset of 22% of the total number of
newly emerged bees tested for PER (Fig. 1), because
sucrose responsiveness was generally very low (mean
GRS of all newly emerged bees = 1.68 £ 0.093 SEM).
In the group of foragers, in contrast, 74% of the bees
tested for PER could be examined for olfactory condi-
tioning (Fig. 1; mean GRS of all foragers: 3.65 £ 0.226
SEM). Half of the newly emerged bees (GRS >2) were
subsequently used for olfactory conditioning and the
other half served as unpaired controls. GRSs did not

newly emerged bees foragers

74 %

== conditioned bees
= hees only tested for PER

Fig. 1 Percentage of newly emerged bees and foragers that were used
in olfactory conditioning. Only 22% of newly emerged bees could be
used for the conditioning assay and as unpaired controls. The criterion
for the learning assay was a GRS of >2, indicating sufficient respon-
siveness to sucrose. In contrast to the newly emerged bees, 74% of the
foragers could be used for olfactory conditioning. For details on statis-
tics see text. The number of bees tested is shown
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Fig. 2 Sucrose responsiveness and acquisition scores of newly
emerged bees in olfactory conditioning, unpaired controls, and forag-
ers. a Mean gustatory response scores (GRS) and standard errors of the
means. b Mean acquisition scores and standard errors of the means.
GRS of newly emerged bees tested for olfactory learning and those
serving as unpaired controls did not differ. But conditioned newly
emerged bees displayed significantly higher acquisition scores than un-
paired controls. Foragers displayed significantly higher GRS and sig-
nificantly higher acquisition scores than conditioned newly emerged
bees. For statistics see text. Asterisks indicate significant differences
between groups (*P < 0.017; **P < 0.01; ***P < 0.001; two-tailed
Mann-Whitney U-test). The number of bees tested is shown

differ between the two groups (Fig. 2a; two-tailed Mann—
Whitney U'teSt; z=041 1’ Neonditioned newly emerged = 40’
Mynpaired controls = 40, P =0.681). This is important,
because GRS are a decisive factor for associative learn-
ing in honey bees (Scheiner et al. 2004). Foragers tested
for acquisition performance were significantly more respon-
sive to sucrose than newly emerged bees (Fig. 2a; two-tailed
Mann-Whitney U-test; z=2.772; ngypeers = 56, 1
=40, P = 0.006).

newly

emerged
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Acquisition and memory

Interestingly, newly emerged bees selected for the learning
assay displayed significant olfactory learning (Fig. 2b; two-
tailed one-sample 7-test; df=39, P <0.001). Unpaired
controls, in contrast, did not show any olfactory PER learn-
ing (Fig.2b; two-tailed one sample T7-test; df=39,
P =0.160). The acquisition scores of conditioned bees were
significantly higher than those of the unpaired control
group (Fig. 2b; two-tailed Mann—Whitney U-test; z = 6.813;
conditioned newly emerged = 40’ nunpaired controls — 40, P =< 0001)
Foragers displayed significantly higher acquisition scores
in the conditioning assay than newly emerged bees
(Fig. 2b; two-tailed Mann—Whitney U-test; z=2.511;
Nforagers = 905 Mnewly emerged = 405 P =0.012). The learning
curve of newly emerged bees is displayed in Fig. 3. In each
trial, conditioned newly emerged bees responded signifi-
cantly more often to the conditioned odour than bees of the
unpaired control (two-tailed Fisher Exact Test; nynireq
controls = 40’ Meonditioned newly emerged = 40’ P Ist trial = 10’
P 2nd trial—6th trial <0.001), which demonstrates associa-
tive learning. Unlike in foragers, conditioned responses
declined after the third trial in newly emerged bees (Fig. 3;
two-tailed Fisher Exact Test; ngyppers =565 Npeyiy-
emerged = 405 P-values: 1st trial = 1.0, 2nd trial = 0.049, 3rd
trial = 0.835, 4th trial = 0.093, 5th-6th trial <0.001). Only
one-quarter of the bees showed conditioned PER till the last
trial (Fig. 4, group “cond. PER in last trial”), displaying a
learning curve resembling that of foragers (compare with
Fig. 3). But three quarters of the bees sharply decreased in
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Fig. 3 Learning curves of newly emerged bees in olfactory condition-
ing, of unpaired controls and of foragers. The percentages of bees
responding with PER to the conditioned odour carnation are displayed
for each acquisition trial. In each trial, conditioned newly emerged
bees displayed significantly more often the PER than unpaired controls
(for statistics see Table 1). Compared to conditioned newly emerged
bees, foragers displayed significantly more conditioned responses in
the Sth and 6th trials (for statistics see Table 1). Number of bees tested
in each group is the same as in Fig. 2
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Fig. 4 Learning curves differ between bees responding in the last con-
ditioning trial with PER and those that did not. Conditioned bees were
divided according to their response in the last conditioning trial. Bees
that responded in the last conditioning trial (“cond. PER in last trial”)
displayed a learning curve with mostly increasing conditioned respons-
es with increasing trials. Conditioned bees which did not respond with
conditioned proboscis extension in the last conditioning trial (“no
cond. PER in last trial”’) displayed a sharp decrease in conditioned PER
after the third trial. Asterisks indicate significant differences
(*P < 0.05; ***P < 0.001; two-tailed Fisher Exact Test)

their conditioned PER after the third trial (Fig. 4, group “no
cond. PER in last trial”). The two subgroups of conditioned
newly emerged bees differed significantly from each other

in the last three trials (two-tailed Fisher Exact Test; n 4

PER in last trial = 11; Mo cond. PER in last trial = 29’ 4th trial:
P =0.031, 5th trial: P = 0.042, 6th trial: P < 0.001). Never-

theless, both subgroups displayed the PER to the uncondi-
tioned stimulus sucrose throughout the whole conditioning
procedure. Sucrose responsiveness did not correlate with
acquisition scores in newly emerged bees (Fig. 5; Spear-
man rank correlation; p =0.168; n =40, P = 0.299), but in
the group of foragers (Spearman rank correlation;
p =0.667, n=56, P <0.001). This implies different rela-
tionships between sucrose responsiveness and acquisition
in newly emerged bees and foragers.

At 24 h after conditioning, 50% of all newly emerged
bees trained in olfactory conditioning still displayed the
conditioned PER and thus demonstrated early long-term
memory.

Discussion

Our results show for the first time that newly emerged bees
can build a stable association of a sucrose reward with an
odour. But a certain level of sucrose responsiveness is
required for forming this association. If newly emerged
bees are not pre-selected based on their sucrose responsive-
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Fig. 5 Relationship between sucrose responsiveness and acquisition
performance of newly emerged bees and foragers. The x-axis displays
classes of gustatory response scores (GRS classes) of bees tested for
olfactory conditioning. The mean acquisition scores and standard er-
rors of the means are shown on the y-axis. Whereas in foragers acqui-
sition scores correlated with GRS, newly emerged bees did not show
this correlation (for details on statistics see text). Significant differ-
ences in the acquisition scores of foragers in different GRS classes are
indicated by asterisks (**P < 0.01; ***P < 0.001; two-tailed Mann—
Whitney U-test). Number of bees tested in each group is shown

Table 1 Comparison of bees showing conditioned PER in each con-
ditioning trial between conditioned newly emerged bees and unpaired
controls or foragers from Behrends et al. (2007)

Conditioning Conditioned Conditioned

trial no newly emerged newly emerged
bees versus bees versus foragers
unpaired controls from Behrends et al. (2007)

1 P =1.000 P =1.000

2 P <0.001 P=0.142

3 P <0.001 P =0.996

4 P <0.001 P =0.254

5 P <0.001 P <0.001

6 P <0.001 P <0.001

ness, most of them (about 80%) will not show any associa-
tive PER learning. Even of the bees responding to 10%
sucrose or to lower sucrose concentrations, only a subset
displayed the conditioned responses till the end of the train-
ing session. Newly emerged bees displayed a lower acquisi-
tion in olfactory learning than forager bees, which becomes
particularly apparent in the last three conditioning trials.
The learning capacity, however, exists and the brain struc-
tures involved in learning also appear to be sufficiently
developed. However, the degree of development might be
different between individuals, which could have led to the

fact that some newly emerged bees performed reasonably
well in the tests while others quit showing the conditioned
PER after few trials. These individual differences in learn-
ing behaviour could be related to differences in gene
expression. A recent study of Whitfield et al. (2006) shows
a relationship between gene expression profiles and ongo-
ing brain maturation during the first 8 days after eclosion.
In their study, for example, newly emerged bees displayed
different gene expression profiles than bees older than
3 days. Individual differences in gene expression among
newly emerged bees and their relationship to behavioural
differences are currently under investigation in our labora-
tory. Another factor that seems to account for behavioural
differences is brood temperature, which was shown to have
a distinct effect on the development of learning capacities
independent of sucrose responsiveness (Tautz et al. 2003).

Surprisingly, GRSs did not correlate with acquisition
scores in newly emerged bees. In the group of foragers and
in most foragers and hive bees from previous studies
sucrose responsiveness and acquisition correlated (Scheiner
etal. 1999, 2001a, 2001b, 2001c, 2003, 2005). The only
other group in which we did not find such a correlation is
aged worker bees with long foraging duration (Behrends
et al. 2007). The possible reasons for this finding are cur-
rently under study. An important aspect of this issue is cer-
tainly that we could hardly condition any bees with a higher
GRS. A correlation between responsiveness to the uncondi-
tioned stimulus and associative, olfactory learning perfor-
mance was recently also found in aversive learning (Vergoz
etal. 2007). In that study, the sting extension reflex in
response to an electric shock was conditioned to the deliv-
ery of an odour. This shows that the responsiveness to the
unconditioned stimulus in these very different paradigms is
a decisive factor for successful associative learning. Earlier
experiments on the habituation of the PER (Scheiner 2004)
revealed that even newly emerged bees display the correla-
tion between to sucrose responsiveness and non-associative
habituation.

Our data prove the generally accepted idea that newly
emerged bees are incapable of associative learning wrong.
The apparent absence of learning ability can be explained
by a general low responsiveness to olfactory and gustatory
stimuli, which is related to immature olfactory and gusta-
tory systems (Masson and Arnold 1984; Morgan et al.
1998; Pankiw and Page Jr 1999). Responsiveness to
sucrose has been shown to increase with age in bees (Pan-
kiw and Page Jr 1999), and sucrose responsiveness is a
decisive determinant of associative and non-associative
learning performance (Scheiner et al. 1999, 2001a, 2001b,
2001c, 2003, 2005). The insensitivity for the reward in
associative learning might also explain poor learning per-
formance of young individuals of other animal species
(Nagy et al. 1977; Rankin and Carew 1987; Devaud et al.
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2003). Our experiments suggest that in learning experi-
ments, responsiveness to rewarding stimuli has to be con-
trolled for before conclusions about learning capacities
between groups can be drawn. But the olfactory system is
also not fully developed in newly emerged bees (Masson
and Arnold 1984; Morgan etal. 1998) and experiments
analysing the role of odour intensity and odour sensitivity
in associative olfactory learning of newly emerged should
be conducted.

In our experiments, 50% of the conditioned newly
emerged bees displayed early long-term memory 24 h after
conditioning. This level of conditioned responses is similar
to that obtained by pre-foraging hive bees of approximately
1 week of age (50-55%, data from Scheiner et al. 2003) or
of nurse bees and foragers trained to a tactile stimulus (37—
60%, R. Scheiner, unpublished data). Compared with the
low level of acquisition achieved by newly emerged bees,
the level of retention 24 h after conditioning is thus surpris-
ingly high. A better performance of the bees in the memory
test than during conditioning might be related to different
satiation levels. At 24 h after conditioning, bees might have
been less satiated than directly after emergence, so that bees
which had not shown the conditioned response during con-
ditioning (although they showed the PER at antennal
sucrose stimulation and imbibed a small volume of sucrose
solution) showed the conditioned PER 24 h later in expec-
tation of food. Ray and Ferneyhough (1997) did not detect
any long-term memory after 24 h in bees younger than
5 days which were conditioned to odours. But the low
memory performance in their experiments might have been
a consequence of insufficient responsiveness to the sucrose
reward and thus poor acquisition in the newly emerged bees
they tested. Maleszka and Helliwell (2001) reported reten-
tion levels of 65-70% in 5-day-old bees 24 h after olfactory
conditioning, but they did not test newly emerged bees. Our
results show that newly emerged bees can build a reliable
and stable association of an odour and a sucrose reward,
indicating that even newly emerged bees have fully devel-
oped mechanisms for memory consolidation and transition
from short-term memory to long-term memory (for review
see Menzel and Miiller 1996). Borsellino etal. (1970)
showed in a maze test that adult mealworm beetles can
even recall experiences which they had acquired prior to
metamorphosis. Honey bee larvae, however, which were
exposed to an unrewarded odour, did not exhibit any sig-
nificant behavioural adaptations to that odour in a PER-
conditioning paradigm or in an olfactometer after emer-
gence (Sandoz et al. 2000). This suggests that in honey
bees there is no transfer for olfactory memory contents
from the pupae to the adult status. But certainly more
experiments are needed to validate this hypothesis.

The development of visual and olfactory learning capac-
ities of honeybees in the field is experience-dependent and
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starts with the first orientation flights (for review see Fahr-
bach and Robinson 1995). In addition, the brain structures
associated with learning and memory in honeybees display
a high plasticity depending on the social tasks the bees per-
form. Neuropiles in the mushroom bodies, for example,
increase in volume when worker bees that previously
engaged in hive duties switch to foraging (Withers et al.
1993). Interestingly, even very young bees are able to
undergo a precocious development as early as 4 days of
age, when the colony lacks older worker bees or in single-
cohort colonies (Fahrbach and Robinson 1996; Behrends
etal. 2007). This suggests a rapid structural change in
important brain centres, which accompany the high plastic-
ity of behaviour. It is intriguing to speculate that the experi-
ence of newly emerged bees during conditioning already
improved their performance in the 24 h memory test by
affecting the structure of brain centres involved in learning
and memory, such as the antennal lobes and mushroom
bodies.

Our data suggest that newly emerged bees are able to
acquire and store reward-related information in an associa-
tive manner. But these experiments are only a first step in
understanding the memory formation in newly emerged
bees. Numerous studies on the details of memory forma-
tion, for example on the different forms of long-term mem-
ory and extinction, on gene expression and on protein
synthesis in newly emerged bees are required to fully grasp
this aspect of honey bee behaviour.
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