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Abstract

Background: Honeybees (Apis mellifera) exhibit an extraordinarily tuned division of labor that depends on age polyethism.
This adjustment is generally associated with the fact that individuals of different ages display different response thresholds
to given stimuli, which determine specific behaviors. For instance, the sucrose-response threshold (SRT) which largely
depends on genetic factors may also be affected by the nectar sugar content. However, it remains unknown whether SRTs
in workers of different ages and tasks can differ depending on gustatory and olfactory experiences.

Methodology: Groups of worker bees reared either in an artificial environment or else in a queen-right colony, were
exposed to different reward conditions at different adult ages. Gustatory response scores (GRSs) and odor-memory retrieval
were measured in bees that were previously exposed to changes in food characteristics.

Principal Findings: Results show that the gustatory responses of pre-foraging-aged bees are affected by changes in sucrose
solution concentration and also to the presence of an odor provided it is presented as scented sucrose solution. In contrast
no differences in worker responses were observed when presented with odor only in the rearing environment. Fast
modulation of GRSs was observed in older bees (12-16 days of age) which are commonly involved in food processing tasks
within the hive, while slower modulation times were observed in younger bees (commonly nurse bees, 6-9 days of age).
This suggests that older food-processing bees have a higher plasticity when responding to fluctuations in resource
information than younger hive bees. Adjustments in the number of trophallaxis events were also found when scented food
circulated inside the nest, and this was positively correlated with the differences in timing observed in gustatory
responsiveness and memory retention for hive bees of different age classes.

Conclusions: This work demonstrates the accessibility of chemosensory information in the honeybee colonies with respect
to incoming nectar. The modulation of the sensory-response systems within the hive can have important effects on the

dynamics of food transfer and information propagation.
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Introduction

A key organizational principle of most real-world networks such
as metabolic and social networks is that the majority of members
are involved in few interactions, while a very small number are
responsible for most the connections [1]. Differences in connec-
tivity strength among participants may occur within honeybee and
other social insect colonies during foraging [2,3]. When sharing
the collected nectar, most nest mates participate in some oral
contacts (trophallaxis events) to either receive or unload food [4,5].
Thus, the average bee is involved in a few trophallaxis events,
while a rather small number of workers participate in many
trophallaxis events. This is the case for older pre-foraging worker
hive bees that are approximately two weeks old and behave as food
receivers. Their function is to unload freshly-collected food from
incoming foragers and pass it on to other nest mates, an activity of
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crucial importance to ensure a fast flow of food and information
within the hive [4,6,7]. In contrast with older pre-foraging bees,
younger hive bees engage in fewer trophallaxis events [4,8]
probably because they are involved in other tasks (such as brood
care and cell cleaning) located away from the area where nectar is
brought into the hive [9-11].

Nectar flow inside the hive is greatly affected by bee prior
experience [12]. In this sense, trophallaxis plays a central role in
honeybee social cognition since it can modulate the response to
rewards and associative learning in food-receiving individuals
[13-16]. The information acquired during such social interac-
tions could affect the decisions receivers make in different
behavioral contexts [13,17]. Thus, the incoming olfactory and
gustatory information present in food might affect the response
thresholds in a way that food-processing bees either accept or
refuse to unload nectar from foragers, in turn strongly altering the
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nectar distribution and spread of information through the nest
[5,12,15].

The coordination of the distribution of incoming nectar among
hive mates may be explained by bees of different ages having a
range of response thresholds for specific stimuli [18-20]. These
differences in responsiveness may affect the display of particular
behaviors. In order to understand how gustatory and olfactory
cues associated with new resources (e.g. nectar or pollen sources)
could affect this aspect of hive dynamics, the present study is
focused on individual mechanisms related to response thresholds
and olfactory memory retention.

By investigating sucrose response thresholds (SRTs) in honey-
bees, previous studies have established that the responsiveness to
sugar could be a result of variation in genotype [21-23] and is
strongly modulated by the sugar concentration of the circulating
nectar [12,16,18,19,24,25]. Under controlled conditions, workers
in their first week of adult life, from colonies collecting highly
concentrated sucrose solutions (50% sucrose) exhibit higher
response thresholds to sucrose than those with access to lower
concentration solutions (20% sucrose) [12]. In addition, nectar
receiver bees (preforaging workers ca. two weeks old) also modify
their SRTs according to the sucrose concentration received from
the returning foragers, via trophallaxis [16]. However, within
honeybee colonies a broad variability of gustatory responsiveness
has been documented [12,18,25,26]. These results suggest that the
activities of foraging bees could modify the sucrose response
thresholds of non-foraging bees while performing different tasks
throughout the colony.

This is of particular importance when it is considered that the
initial high proboscis extension response (PER) after a single
pairing between an odor (conditioned stimulus, CS) and a sugar
solution reward (unconditioned stimulus, US) is dominated by a
sensitization component [27], leading to a transient increase in the
PER to many stimuli. Therefore, it is expected that this non-
associative component can influence the gustatory responsiveness
of the conditioned bees differently according to the age and/or the
task being performed. As gustatory response score (GRS) is
inversely related to SRT, this behavior can be quantified by the
SRT procedure [21,23], which consists of quantifying the GRS of
ecach bee, after presenting them with sucrose solutions of
Increasing concentration (see methods for details). The possibility
that not all age classes of hive bees respond in the same way to
changes in food chemosensory information may be related to
different sensitivity levels towards the stimuli. The variability of
sensory-response systems in bees involved in foraging-related tasks
can affect how the division of labor is regulated among hive bees.
In this context, we investigated whether hive bees of different ages
modify their SRTs, following sudden changes in gustatory and
olfactory information from the food they encounter. Additionally,
olfactory memories established during the distribution of scented
food throughout the hive were evaluated using the PER paradigm
to test bees that had already established specific associations
between an odor and sucrose solution transferred through mouth-
to-mouth trophallactic contact [13,15]. By using this procedure,
we were able to determine how scented nectars affect the olfactory
responses of bees involved in the distribution of hive nectar.

To evaluate the gustatory responsiveness and memory retention
we used worker bees of two age classes: one-and two-week-old bees
corresponding to bees involved in nursing or food-processing tasks
respectively [9-11]. Bees of these age classes, reared either in
laboratory or in in-hive conditions were evaluated under
controlled conditions after having experienced different reward
programs (an increase or a decrease in the sucrose content of the
food offered) and olfactory stimuli (odors either diluted in their
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food or volatile odors present only in the air of their rearing
environment). Finally, to determine the acceptance threshold of
the scented sucrose solutions within the colony, we also studied the
trophallaxis events among nest mates once the scented food started
circulating and subsequently after it was withdrawn.

The present experimental series allowed us to test three different
hypotheses: (1) GRSs of pre-foragers will be modified once a
change in gustatory information of the handled food occurs. This
modulation would depend on the age of pre-forager honeybees; (2)
GRSs will be modified by the odor cues associated with circulating
nectar but not the rearing environment and (3) the number of
social interactions among nest mates will be affected by the
presence of scent in the circulating food. To obtain a general
picture of the sensory-response system of bees throughout the nest
while the food circulates, we simultaneously analyzed responsive-
ness to sucrose and olfactory memory retrieval of hive bees
belonging to different age classes at different feeding times.

Materials and Methods

Study site and animals

The experiments were performed between January and June
2005, 2006 and 2007, during the austral summer-fall season, at the
experimental field of the University of Buenos Aires, Argentina
(34° 32" S, 58° 26" W).

Worker bees where either reared in the laboratory under
controlled conditions or captured at an observational colony. The
workers reared under controlled conditions were obtained from
sealed brood frames placed in an incubator (36° C, 55% relative
humidity (RH) and darkness). After emerging, young workers (0—1
days old) were collected in groups of about 120 individuals in
wooden cages (10x10x10 cm) with a wire mesh door on one side.
A 15% weight/weight (w/w) sucrose solution was offered in the
cages in addition to water and pollen ad lbitum. Caged bees were
kept in an incubator (30° C, 55% RH and darkness) until the
testing day. Bees subjected to the odor exposure experiment were
placed in a third incubator during the last 24 h prior to testing (see
below for details).

In addition, workers were also obtained from an observational
colony (reduced to a two-frame hive containing a mated queen,
brood and about 4000 workers). At the beginning of the
experiment, recently emerged bees (0—-1 days old) obtained from
sealed brood in the incubator (36° C, 55% relative humidity and
darkness) were marked with different colors of acrylic paint
(ALBA-Argentina), to determine their age at a later stage. Bees
were then introduced into the observational hive and were readily
accepted by the rest of the colony [29]. Forager bees were
captured while feeding on a plate (~8 cm in diameter) offering a
sucrose solution (15% w/w) a few centimeters from the entrance of
the hive. Bees ranging from 4-9 and 12-16 days old were captured
from the experimental hive by means of a Perspex device with
sliding walls (for details see [15]). One side of the device shid
horizontally, allowing us to scan the area of the exposed face of the
hive, while a second side (4 x27 cm) inserted into the previous one
could be moved vertically. The vertically sliding door contained a
plastic tube (3.5 cm diameter) to allow the insertion of a suction
tube to capture a marked bee. During the entire experimental
period the colony was placed inside a flight chamber (6 X3x2 m)
that remained open between the experiments allowing bees to fly
freely, but was kept closed while testing behavioral responses.

Gustatory responsiveness (PER-GRS assay)

In order to measure gustatory responsiveness, the antennae of
test bees were stimulated with droplets of sucrose solution of
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increasing concentration [21]. The captured bees were anesthe-
tized with CO» and mounted in small metal tubes that restrained
body movement but allowed free movement of antennae and
mouthparts [30]. After awakening, bees were offered water to
drink and housed in an incubator (30°C, 55% RH and darkness)
for at least 1.5 h before assessing their response. Prior to the PER-
GRS assay, water was offered again in order to avoid confounding
thirst effects. Bees were assayed by presenting sucrose solutions of
increasing concentration (0.1, 0.3, 1, 3, 10, 30 and 50% w/w). The
lowest sucrose concentration at which an individual responded by
extending its proboscis was interpreted as its SRT. Bees were
lined up in groups of 20-30 individuals and tested for each
concentration sequentially: i.e. all bees were tested first at 0.1%,
then at 0.3%, and so on [21]. Between each concentration of
sucrose solution, all bees were tested for their response to water.
This controlled for potential effects of repeated sucrose stimulation
that could lead to increased sensitization or habituation. The inter-
stimulus interval between water and sucrose solution varied
between 2 and 4 min depending on the number of individuals
tested at a given time. At the end of the procedure, a gustatory
response score (GRS) was obtained for each bee. This score was
based on the number of sucrose concentrations to which the bees
responded (correlating with the SRT since bee normally responds
to all concentrations above their threshold [12,23]). The response
was arbitrarily quantified with scores from one to seven, where one
represented a bee that only responded to one concentration of
sucrose (usually the 50% w/w), while a score of seven represented
an individual that responded to all concentrations tested. If a bee
failed to respond to a sucrose concentration in the middle of a
response series (e.g. responded to 0.1, 0.3, 3 and 10%, but did not
respond to 1%), this ‘failed’ response was considered to be an error
and the bee was deemed to have responded to that concentration
as well. A bee that did not respond to any of the sucrose
concentrations (score of 0) was excluded from further analyses
[16,31]. In addition, those bees that responded to all sucrose
concentrations and all presentations of water were excluded from
analyses as they appeared not to be able to discriminate between
sucrose solution and water.

Olfactory memory test

After a bee associates an odor with a reward, the presentation of
this odor alone triggers the proboscis extension response, i.e. the
conditioned response (CR) [26,28]. To measure this response, a
syringe containing either a clean filter paper (control: 30 x3 mm)
or a filter paper soaked with 4 pl of pure odor (Linalool, LIO or
Phenylacetaldehyde, PHE, Sigma-Aldrich) was connected to an
air pump creating a flow of 2.5 ml/s. The airflow was directed to
the antennae of a harnessed bee. Only bees that showed an
unconditioned response (extended their proboscis after applying
50% w/w sucrose solution to the antennae) and did not respond to
the mechanical air flow stimulus were tested. Stimulus presenta-
tion lasted for 46 s and consisted of 20 s of clean air, 6 s of odor,
and 20 s of clean air again. The volatile compounds used (LIO
and PHE) are natural components of flower odors [32].

Experimental procedure

Response to varying sucrose concentration. The aim of
this experiment was to evaluate the effect of changes in sucrose
concentration on the gustatory responsiveness of young and old
pre-foraging bees. PER-GRS assays were performed on 7- (young)
and 14- (old)-day-old bees. Caged bees were exposed to a constant
reward program of unscented sucrose solution (15% w/w) after
eclosion, except during the last 24 h (i.e. on the seventh or
fourteenth day depending of the age group). During these last

@ PLoS ONE | www.plosone.org

Sugar Responsiveness in Bees

24 h, caged bees were fed with either a diluted sucrose solution
(3% w/w, decreasing reward program) or a concentrated sucrose
solution (30% w/w, increasing reward program). Both sucrose
concentrations were offered also during the PER-GRS assay (see
above). To avoid offering a diet too poor in sugar throughout the
whole experimental period, we fed bees with 15% w/w instead the
intermediate sucrose solution (10% w/w) determined by the
concentrations tests in the PER-GRS assays. Experimental bees
were removed from the cages and their GRSs were measured at
different times with respect to replacing the 15% w/w sucrose
solution with either diluted or concentrated solutions (immediately
before replacing the solution, 0 h; six hours after the replacement
and 24 h later).

Response to scented food. The aim of this experiment was
to test for effects of volatile stimuli on the gustatory responsiveness
of young and old pre-foraging bees. PER-GRS and odor memory
assays were conducted on 7- and 14-day-old bees reared in cages
and exposed to odor for 24 h. While the sucrose concentration was
kept constant during the experimental period (15% w/w), during
the last 24 h in the cages, bees were presented with: (i) an
unscented sucrose solution, (ii) a scented sucrose solution (50 ul
LIO/L solution; it is assumed that feeding from a scented sucrose
solution leads to associative learning in honeybees, see [13,15,33]),
or (ii) an unscented sucrose solution with LIO presented as a
volatile in the rearing environment (via a filter paper with 150 pl
of LIO, [34]). To reduce odor accumulation in cages, air was
replaced regularly with a pump.

Experimental bees were removed from the cages and their GRS
and conditioned responses (CRs) measured in the PER setup,
before the presentation of the new solutions (0 h), at six hours and
24 h after changing the odor conditions (stimulation times). The
ingested volume of sucrose solution was also recorded for each
stimulation time and for each age class. The sucrose solutions were
delivered to bees through a volumetric test tube, so the total
ingested solution could be quantified. The total volume of sucrose
solution ingested was divided by the number of bees housed in the
group.

Response to food scent withdrawal. The aim of this
experiment was to assess the duration of the “food-scent effect” on
bee responsiveness to the reward and memory retention. GRSs
and CRs of two-week-old bees were measured in the PER setup
after removal of the scented sucrose solution. An unscented
solution (15% w/w) was made available during the first 13 days,
and then replaced by a scented one (50 pl LIO/L solution) for
24 h, after which the unscented solution was offered again. The
behavioral response was tested at zero hour and 24 h after
introduction of the scented sucrose solution, and subsequently six
and 24 h after withdrawing the scented food source (i.e. 30 and
48 h after the introduction of the scented solution, respectively).
The same procedure was repeated for another group of caged
bees, but in this case the unscented sucrose solution (15% w/w)
was presented throughout the whole experimental period (i.e. 15
days).

Response of free-flying bees to scented/unscented
food. The effect of scented food on gustatory responsiveness
was also studied under natural conditions in an experimental
colony. Foraging bees from the observation hive were trained to
an artificial feeder offering either an unscented sucrose solution
(15% w/w) or a LIO-scented sucrose solution (50 ul LIO/L of
15% w/w sucrose solution) for 8 and 24 hours. During these
periods, bees were not allowed to exit the flight chamber. Hive
bees of different ages (6-9 days old, and 12-16 days old) and bees
at the artificial feeder (henceforth: foragers; the minimum age at
which workers initiate foraging is approx. 17-20 days, [9-11])
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were captured. This procedure was repeated for alternating 8 h-
and 24 h-periods for unscented and scented sucrose solutions. To
minimize the effects of prior olfactory experiences on gustatory
responsiveness and memory retention, the colony was exposed to a
solution-odor sequence: the unscented solution was presented for
8 h on day 1, the scented solution was presented for 8 h on day 2.
This procedure was repeated twice, and the minimal interval
between scented solution periods was five days. Ten days from the
beginning of the experiment, the unscented solution was presented
again for 24 h, and the LIO-scented sucrose solution was
presented for 24 h the following day. In one group of bees, the
GRSs and CRs were tested in the PER setup after unscented food
was offered to the colony (i.e. O h of stimulation time) and after
eight hours or 24 h of scented food flow, the same measurements
were taken from a second group of workers.

We scan sampled the number of trophallaxis events within the
hive when unscented or scented sucrose solution was being passed
on between nest mates in the colony. Response variables were
recorded within a rectangular area (4cmx8cm) of the frame
(selected at random) during a 90-s period. Sampling was repeated
8 times within a two-hour period after the introduction of the
scented or unscented sucrose solutions. The trophallactic activity
was represented as the number of trophallaxis events per bee
during a 10 min-period and was measured at the same time as
either unscented or scented food flowed into the colony.

Statistical analysis

GRSs data were treated as nonparametric because the
assumption of homogeneity of variance was not met. Median
GRSs were compared between stimulation times within each age
class and under a specific reward program [35] using Kruskal-
Wallis (K-W) ANOVA tests followed by Dunn comparisons
between groups. Mann-Whitney U tests [36] were used to
compare GRSs between individuals that had responded positively
or negatively in the PER paradigm to food odor, within each age
group. G-tests were used to compare percentages of bees showing
PER in response to scented sucrose solution or to a novel odor
between the sub-groups in both experimental conditions. When
significant differences were found, multiple planned comparisons
between each group were performed with Dunn Sidak significant
level correction [0’ =1—(1—0) /¥, k=number of comparisons]
[35]. Volumes of ingested sucrose solution were compared
between reward programs in each age class with repeated
measures ANOVA. This parametric analysis was conducted as
the assumption of homogeneity of variance was satisfied.
Trophallaxis behavior was compared between groups within each
stimulation time using a Mann-Whitney U test [36].

Results

Gustatory responsiveness after changes in sucrose
concentration

Seven day-old bees reared under laboratory conditions
decreased their GRS after an increase in sucrose concentration,
while no changes over time were found after a decrease in
concentration (increasing reward program: K-W: H=20.61,
p<<0.001, N=69; decreasing reward program: K-W: H=0.8,
p=0.67, N=71, Fig. 1A and B). In contrast, the GRS of 14-day-
old bees changed in response to both an increase and decrease in
sucrose content. 14-day old bees decreased their GRSs after an
increase in the sucrose concentration of the food (K-W:
H=19.55, p<0.001, N =77, Fig. 1C), and increased their GRSs
after a decrease in sucrose content (K-W: H=20.39, p<<0.001,
N=96; Fig. 1D). Although responses to sucrose in young bees

@ PLoS ONE | www.plosone.org

Sugar Responsiveness in Bees

A B
) Increase Decrease )
*kk n.s.
% 23
= (-.—)
5 @
o 5 . @ @
z s e a
S 4] @ ; s s
N~ : :
) H
s 3 L @ @
w H '
2
o 2 T :
1 u: L — i
C) D)
Increase Decrease
o k%% *kk
2 6 e
L,
[5)
w 5
z
S 4 (28) @1 (35)
< H
- (28)
53 7 T
7] ]
£ 5 : 21
(O]
1 ° -

0 6 24 0 6 24

Time after changing food quality (hours)

Figure 1. Gustatory responsiveness after changes in sucrose
concentration. Prior to tests, caged adult bees were fed a constant
reward program of unscented 15% w/w sucrose solution and their
gustatory response scores (GRSs) were measured. At 7 days old, bees
were fed either with an increased (A, 30% w/w, increasing reward
program) or a decreased (B, 3% w/w, decreasing reward program)
concentration of sucrose solution. Similar reward programs were
offered to 14-day-old bees (C and D). Zero, 6 and 24 h columns in
each panel represent the time period which elapsed between the
change in sucrose concentration and testing. The number of bees
tested is shown in parentheses. Boxes indicate the inter-quartile range,
horizontal lines within boxes indicate the medians, whiskers include all
points within 1.5 times the inter-quartiles, empty circles indicate
outliers. (Kruskal-Wallis, ***P<0.0001, n.s. not significant).
doi:10.1371/journal.pone.0013498.g001

varied according to changes in the reward programs, these
responses were different for the two age classes studied.

Gustatory responsiveness to scented food

Seven-day-old bees exposed to no odor in the rearing
environment (laboratory conditions), did not differ in their GRSs
throughout stimulation time when unscented food was offered to
them (K-W: H=2.38, p=0.304, N=151, Fig. 2A). Similarly,
when bees of this age class were exposed to odor (LIO) in the
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Figure 2. Gustatory responsiveness after changes in odor. Gustatory response scores (GRSs) of caged bees fed on 15% w/w sucrose solution
throughout their adult life. Groups of 7- and 14-day-old bees experienced one of three treatments: i) fed unscented 15% w/w sucrose solution (A and
D, unscented food - no odor exposure: open boxes), ii) fed unscented 15% w/w sucrose solution with linalool (LIO) as a volatile in the rearing
environment (B and E, unscented food - odor exposure: dark gray boxes), or iii) fed LIO scented 15% w/w sucrose solution (C and F, scented food -
no odor exposure: light gray boxes). Zero, 6 and 24 h columns in each panel represent the time for which the treatment specific food type was
circulating in the hive prior to GRS testing. Asterisks indicate statistical differences (Kruskal-Wallis, ** p<<0.01, n.s. not significant; for details see the
text). Boxes indicate the inter-quartile range, horizontal lines within boxes indicate the medians, whiskers include all points within 1.5 times the inter-
quartiles, empty circles indicate outliers. The number of observations is shown in parentheses.

doi:10.1371/journal.pone.0013498.g002

rearing environment, the GRSs were not affected during the
exposure period (K-W: H=5.41, p=0.067, N=163; Fig. 2B).
Likewise, the GRSs did not differ among stimulation times in bees
exposed to no odor in the rearing environment but fed with
scented sucrose solution (K-W: H=5.51, p=0.064, N=172;
Fig. 2C). The GRSs of 14-day old (older pre-foraging) bees did not
appear to be affected when fed with an unscented sucrose solution
with (K-W: H=2.91, p=0.23, N =178; Fig. 2D) or without LIO
odor in their rearing environment (K-W: H=4.79, p=0.091,
N=157; Fig. 2E). In contrast, bees of this age class showed an
increase in the GRS after 24 h of stimulation with scented food
K-W: H=10.06, p=0.0065, N=174; Dunn contrast 0 h wvs.
24 h: Q=3.57, p<0.001, N=114; Dunn contrast 6 h vs. 24 h:
0 =2.82, p<0.01, N=124; Fig. 2F).

We also evaluated the PER after different durations of exposure
to the odor (a measurement of the CR). Results showed that 7-day-
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old bees increased their PER frequencies to the solution odor
(LIO) throughout the stimulation period (G test: G=17.39,
p=0.0002, N=242, Fig. 3A). Multiple comparisons allowed us
to detect statistically significant differences between 0 h and 6 h
after scenting the solution with LIO (p<<0.0001; Fig. 3A) and
between 0 h and 24 h (p<<0.0001; Fig. 3A), but not between 6 h
and 24 h (p>0.5; Fig. 3A). PER frequencies to LIO (solution odor)
increased in 14-day-old bees (G test for: G =38.49, p<<0.0001,
N =433; Fig. 3B), while we observed minimal PER levels in tests
with the novel odor (PHE) and a mixture of both odors (LIO and
PHE). Multiple comparisons showed statistical differences between
0 h and 6 h after scenting the solution with LIO (p<<0.0001;
Fig. 3B) and between 0 h and 24 h (p<<0.0001, Fig. 3B), but not
between 6 h and 24 h (p>0.05, Fig. 3B).

Since differences in the GRS were detected depending on the
age at which the caged bees were tested, we compared the GRSs
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Figure 3. Memory retention after exposure to scented food.
Prior to tests, caged adult bees were fed a constant reward program of
unscented 15% w/w sucrose solution. Either at 7 days old (A) or 14 days
old (B), percentage of bees that extended their proboscis upon the first
presentation of an odor (% PER) was calculated for: the solution odor
(linalool, LIO, gray bars), a novel test odor (phenylacetaldehyde, PHE,
dark gray bars), or both (white bars) in bees that were fed for 24 hours
with a scented 15% w/w sucrose solution. Asterisks indicate statistical
differences (G-test for, ** p<<0.01; for details see the text). The number
of observations is shown in parentheses.
doi:10.1371/journal.pone.0013498.9003

for 7 and 14 day old bees at the point when LIO-scented sucrose
was added (ie. all 0 h scores were defined as an unscented
situation). The GRS of 7 day old bees was significantly higher than
for 14 day old bees (7-day-old bees, GRS median =3, N =151 and
14-day-old bees, GRS median=2, N =166, Mann-Whitney U
test, U=4320.5, p=0.013).

In addition, for the LIO-scented sucrose solution treatment we
compared the GRS of 7 day old bees which showed a positive
response (extended their proboscis) to the odor, with those bees
which showed no response (i.e., responses of bees tested after 6 h
and 24 h were pooled). The same comparison was made for 14
day old bees. No statistical differences between groups were found
for 7-day-old bees (Mann-Whitney test, U=1413.5, p=10.0992,
N=172). In contrast, 14-day-old bees had higher GRSs when
considering those that showed the PER towards the odor (LIO) in
the solution (Mann-Whitney test, U=1610, p<<0.0005, N = 185).

It is worth mentioning that bees of both age classes did not differ
significantly in the amount of sucrose solution they ingested when
feeding from the unscented or scented solutions (for 7-day-old
bees: F; 5 =0.69, p=0.44, N=7; for 14-day-old bees: I, ;3 =0.62,
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p=0.46, N=15, two-way ANOVA for repeated measures),
suggesting similar levels of satiation for bees in both treatments.

Gustatory responsiveness to food scent withdrawal

Since only the 14-day-old caged honeybees showed an increase
in their GRSs after being exposed to LIO-scented food for 24 h,
the duration of this increased response was further investigated in
bees of this age. GRSs of 14 day-old bees fed with an unscented
sucrose solution did not differ over the 48 hour timescale tested
K-W: H=0.514, p=0.916, N=107, Fig. 4A). In contrast, bees
exposed to LIO-scented food showed evidence of changes in GRS
(K-W: H=13.24, p=10.004, N =131 Fig. 4B). Indeed, the GRSs
of these bees increased significantly during 24 hours of stimula-
tion (Dunn comparison: p<<0.001; Fig. 4B left), a result consistent
with those shown in Fig. 2F. However, these values significantly
decreased 48 h from the beginning of stimulation, i.e. 24 h after
withdrawing the LIO-scented food (24 h vs. 48 h: Dunn
comparison: p<<0.001; Fig. 4B right). Moreover, these GRSs
were lower than GRSs of bees tested six hours after withdra-
wing the LIO-scented food (i.e., 30 h from the beginning of
stimulation; Dunn comparison: p<<0.05; Fig. 4B right). No
significant differences were found between scores after 24 h of
stimulation with LIO-scented food versus scores of bees tested six
hours after replacing the scented solution by an unscented one,
i.e. after 30 hours (Dunn comparison: p>0.2; Fig. 4B). This
indicates that six hours after removal of the LIO-scented sucrose
solution, GRSs had not yet dropped significantly from the level
observed after 24 hours of exposure. However, GRSs did
subsequently decrease between 6-24 hours after the LIO-scented
sucrose was replaced by an unscented solution. In contrast, the
elevated PER levels to the solution odor recorded after 24 hours
of exposure to LIO-scented sucrose solution had not decreased
significantly from this level 24 hours after withdrawing this scent
cue (G-test: G =22.86, p<0.00001, N =246, Dunn comparison:
0 h vs. 24 h p<<0.0001, 0 h vs. 30 h p<<0.0001 and O h vs. 48 h
p<<0.001; Fig. 5).

Gustatory responsiveness of free-flying bees to scented
and unscented food

Within the social context of the hive, the effect of odor cues was
mvestigated in worker bees of different age categories. Nurse age
bees and food-receiver age bees (6/9- and 12/16-day-old bees
respectively) both showed an increase in their GRSs when tested at
intervals over the 24 h-stimulation period (K-W: bees of 6-9-days:
H=6.03, p=0.0491, N =106; Fig. 6A and 12-16-days: H=7.53,
p=0.0232, N=109; Fig. 6B). In both age classes there was a
significant increase in GRS after eight hours of stimulation (Dunn
comparison: p<0.03, for both age classes; Iig. 6A and 6B), and
this level of response was maintained 24 hours after LIO-scented
sucrose solution was introduced (Dunn comparison: p<<0.05 for 6—
9-days; Fig. 6A and p<<0.01 for 12-16-days; Fig. 6B). However,
foraging bees showed consistent GRSs throughout the test period
(K-W: H=1.105, p=0.5756, N =89; Fig. 6C).

Conditioned response in hive bees

While 6/9-day-old bees showed no significant difference in their
PER frequencies between stimulation times (G test: G=4.12,
p=0.127, N=112; Fig. 7A), 12/16 days old bees and foragers
increased their response levels to LIO over the 24 hour period (G
test 12-16: G=18.03, p=0.0001, N=114; Fig. 7B and G test
foragers: G=28.46, p=0.015, N=89; Fig. 7C). In both groups
there were significant increases in the PER frequency after
24 hours of exposure to LIO-scented sucrose solution in
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Figure 4. Gustatory responsiveness after withdrawl of scented
sucrose solution. Gustatory response score (GRS) of caged bees that
were exposed during their whole adult lifespan (15 days) to a constant
reward program of unscented 15% w/w sucrose solution (A). (B) GRSs
of bees that were fed until 14 days of age with an unscented solution,
then fed scented sucrose (LIO, 15% w/w) for 24 hours, and then again
on unscented sucrose for the following 24 hours (i.e. 15th day).
Asterisks indicate statistical differences (Kruskal-Wallis test, * p<< 0.05,
** p<<0.01, n.s. not significant; for details see the text). The number of
observations is shown in parentheses. Boxes indicate the inter-quartile
range, horizontal lines within boxes indicate the medians, whiskers
include all points within 1.5 times the inter-quartiles, empty circles
indicate outliers.

doi:10.1371/journal.pone.0013498.9g004

comparison to 0 h (multiple comparison: 12-16 day-bees:
p<<0.001; Fig. 7B and foragers: p<<0.01; Fig. 7C) and 8 h
(multiple comparison: 12-16 day-bees: p<0.005; Fig. 7B).
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Figure 5. Memory retention after withdrawl of scented sucrose
solution. Bees were fed until 14 days of age with an unscented solution,
then fed for 24 h with a scented sucrose solution (LIO, 15% w/w)
and on the 15th day once again fed with the unscented solution. The
figure shows the percentage of bees that extended their proboscis on
the first presentation of the odor for the solution odor (linalool, LIO, black
bars), a novel test odor (phenylacetaldehyde, PHE, gray bars), or both
(dark gray bars). The asterisks indicate statistical differences in a G-test
(** p<<0.01, for details see the text). The number of observation is shown
in parentheses.

doi:10.1371/journal.pone.0013498.g005

Within the group of bees exposed to scented sucrose solution in
their hive, we compared the GRSs of those bees which exhibited a
PER to the food odor and those which did not respond (i.e. those
which only performed the unconditioned response (UR) to
sucrose). Significantly higher GRSs were found for those hive
bees that extended their proboscis in response to LIO (Mann-
Whitney test, U=2454, p=0.002. Bees exhibiting PER, n=42;
bees not exhibiting PER, n=167; Fig. 8).

Trophallaxis events of free flying bees to scented and
unscented food

The number of trophallaxis events occurring in the colony were
recorded while foragers were exposed to two reward programs: (i)
a constant one in which a 15% w/w unscented sucrose solution
was offered during the whole experimental period (control); and (ii)
a variable one, in which foragers were fed a 15% w/w LIO-
scented sucrose solution during the initial 4 h after which the
sucrose solution was replaced by an unscented one. No significant
differences were found between the two experimental conditions
before foraging for scented food began (Mann-Whitney test:
Z=-0.73, p=0.465, N=10; Fig. 9), or two hours later (Mann-
Whitney test: Z=—0.24, p=0.807, N=12; Fig. 9). However,
after four hours we observed a significant increase in the number
of trophallaxis events performed by bees offered scented sucrose
compared to those offered an unscented solution (Mann-Whitney
test: Z=—2.64, p=0.008, N=13; Fig. 9. Two hours after
replacing the scented sucrose solution with an unscented one (6 h
after start of the stimulation), the number of trophallaxis events
was not different from the control (Mann-Whitney test: Z = —1.57,
p=0.116, N=10; Fig. 9). Moreover, the number of contacts did
not change four hours after the odor was withdrawn (i.e., 8 h after
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doi:10.1371/journal.pone.0013498.g006

the beginning of the experiment; Mann-Whitney test: Z=1.04,
p=0.297, N=8; Fig. 9).

Discussion

We showed that the gustatory responsiveness of pre-foraging age
honeybees was modified after variations in the sucrose content of
unscented and scented food, and that there were no changes after
exposing bees to a volatile compound in the rearing environment. On
the one hand, the observed tuned modulation in responsiveness to
sucrose was found in older pre-foraging bees (bees of two weeks of

age), which are those that often receive and process the nectar coming
mto the nest. On the other hand, results showed that younger pre-
foraging bees, often located far from the hive entrance and involved
in non-foraging related tasks [10,11], had higher GRSs and appeared
to be less able to modulate their responsiveness to sucrose once
changes in gustatory and olfactory information occur. Bees were also
found to adjust the number of trophallaxis events to the presence of
scent in nectar. Taking these observations together with observed
differences in the duration of gustatory responsiveness and memory
retention for hive bees of different age classes, suggests an enlarged
dynamic networking process may occur during nectar exploitation.
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Figure 7. Memory retention of free-flying bees after bees after exposure to scented sucrose solution. The percentage of bees that
extended their proboscis on the first presentation of an odor for the solution odor (linalool, LIO, black bars), a novel test odor (phenylacetaldehyde,
PHE, gray bars), or both (dark gray bars) were measured in hive bees belonging to different age groups: 6/9 days old (A), 12/16 days old (B) and
foragers (C). The asterisks indicate statistical differences in a G-test (** p<<0.01, for details see the text). The number of observations is shown in
parentheses.

doi:10.1371/journal.pone.0013498.g007
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Figure 8. Gustatory responsiveness of free-flying bees after
exposure to scented sucrose solution. GRSs of hive bees (bees of
6/9 days old, 12/16 days old and foragers were pooled) were measured
while being offered a scented sucrose solution (LIO, 15% w/w). We
compared the GRSs of hive bees which extended their proboscis to the
first presentation of the sucrose solution odor (LIO) against the other
hive bees which did not respond in this way. The asterisks indicate
statistical differences in a Kruskal-Wallis test (** p<<0.01; for details see
the text). The number of observations is shown in parentheses. Boxes
indicate the inter-quartile range, horizontal lines within boxes indicate
the medians, whiskers include all points within 1.5 times the inter-
quartiles, empty circles indicate outliers.
doi:10.1371/journal.pone.0013498.g008

Age-dependent gustatory responsiveness

While one-week-old bees only reduced their GRSs after an
increase in sucrose concentration, two-week-old bees modified
their GRSs with any change (increase or decrease) in sucrose
concentration as well as changes in odors associated with the
sucrose solution. Our results indicate that 7-day-old caged bees
have significantly higher GRSs than 14-day-old caged bees, a
finding which contradicts previous work investigating this trait for
bees reared in queen-right colonies [18]. However, recent studies
have shown that the rearing environment of honeybees strongly
affects odor learning at early ages [33,37,38]. These studies show
that groups of bees reared in cages and exposed to scented food
between five and eight days of age show enhanced memory
retention when they reach the foraging age compared with bees
exposed to scented food at older pre-foraging ages (bees of 9-/12
days old). These differences are not apparent for bees reared in
queen-right colonies. Thus, it could be hypothesized that the
higher GRS (i.e. lower sucrose response thresholds) found in one-
week-old bees might be one of the factors facilitating the formation
of highly stable associative memories at this early adult age
[33,37,38]. It is worth mentioning that lower sucrose response
thresholds correlate with improved learning performance in
honeybees conditioned in the PER paradigm [39].

The differences found in responsiveness to sucrose and memory
retention between young and old pre-foraging bees could be due
to physiological changes in the nervous system and non-neural
tissues. Such differences have been noted in circulating hormones
and biogenic amines such as the juvenile hormone (JH) and
octopamine (OA) throughout the worker’s lifespan [40—42]. OA
and other biogenic amines such as tyramine and dopamine have
been identified as behavioral modulators of bees during associative
learning [43-43] and gustatory responsiveness [19,46]. The first
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peak of JH (an OA-related hormone) during worker adulthood is
detected a few days after emergence [47]. Interestingly, a related
study found high GRSs for 8-day-old bees after topically applying
an analog of JH (methoprene), but noted no effect for recently
emerged bees treated with the same compound [19].

Gustatory responsiveness of pre-foraging age bees is also
associated with foraging choices later in the bee’s life [12,22].
GRSs are modulated by factors such as environmental stimuli
[25], nutritional status of the animal [12], and other changes over
the honeybee’s life related to their behavior [18]. In this sense, it
has been reported that there is a tight correlation between the
SRTs (GRSs) and the concentration of the incoming nectar in bees
within the first week of adult life [12] as well as in older pre-
foraging bees which receive the nectar unloaded by returning
foragers wia trophallaxis [16]. Pacheco and Breed [26] have
recently reported that middle-aged hive bees (ca. 2 weeks old) that
undertake non-foraging-related tasks (e.g. fanning, undertaking
and guarding) have GRSs similar to those of pollen foragers.
These authors hypothesize that such hive bees become pollen
foragers. Martinez and Farina [16] showed that nectar receivers
(also bees ca. 2 weeks old) did not display a sustained low level SR'T
throughout a four-month foraging season as would be expected for
the hive bees that become pollen foragers [21,26]. This suggests
that nectar receivers become nectar foragers, rather than pollen
collectors, later in life.

The present study also demonstrates the amount of food-related
information that is available in the colony as a result of foraging
activity and how each age class responds to these stimuli. The
olfactory and gustatory cues circulating within the hive may
provide information about the current foraging opportunities to
colony members, even to those that have little or no direct contact
with foragers ([12] and this study).

Changes in gustatory responsiveness of free flying bees

A clear reduction in the SRT was found in two-week old bees
immediately after an odorant compound was diluted in the sucrose
solution offered, in spite of the fact that the presence of odor
(diluted in the food) had no impact on the energetic value of the
circulating sucrose solution. It has been suggested that olfactory
memories formed during food sharing affect the sensitization to
sugar, leading to short-lived appetitive arousal [48] and excitation
of the animal by lowering the SRT. This response is reinforced by
experimental evidence showing that bees exhibiting the PER to
the solution odor (CR), also have higher GRSs (lower SRT’s) than
those that did not respond to the conditioned odor. Note however
that this correlation might only be a consequence of different levels
of satiation among bees tested [24,49,50]. Still, an increase in the
GRS occurred only after establishing the olfactory memory in 14-
day-old bees and was independent of the quantities of food they
ingested (i.e. 14-day-old bees exposed to scented and unscented
food consumed similar volumes of sucrose solution in the
experimental cages). The increase in GRS after introducing scent
only took place when the odorant was diluted in the sucrose
solution and not when it was presented as a volatile in the rearing
environment. The lack of changes in GRS while bees were
exposed to the airborne volatile suggests it is less likely that the
observed increases in the GRS could be caused by sensory priming
(a biased response to a stimulus on the basis of its previous
exposure; [51]). Similarly, since exposure to the volatile compound
did not appear to cause a decrease in the GRS, we can reject the
possibility of interference of this stimulus with gustatory respon-
siveness. Honeybees are known to use the olfactory information
acquired inside the hive to choose among sources of food outside
[33,52-53]. While the presence of scented food circulating in the
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colony attracts bees to land at feeding sites with this odor [33,53],
a scent exposed as volatiles (airborne) is avoided by bees foraging
outside [33]. Ants and bumble bees have also been described to
bias their choices according to the foraging context, likely
influenced by the odor brought in by a successful forager [54—
57]. Similar influence of the scent of the food stored in the colony
was also found in honeybees [52] and bumble bees [57-59].

The fact that the decrease in the GRSs after withdrawing the
scented food lasted for at least six hours is difficult to explain
within the framework of sensitization to sugar as the only process
involved, because sensitization is assumed to occur for a brief
period (minutes rather than hours). Also, it is unlikely that residual
scented food was still circulating after that time because the
solution used was so dilute (15% w/w). This is because a diluted
sucrose solution retained in the bee crop passes faster to the gut to
be digested than concentrated sucrose solutions [60]. The high CR
levels together with the low GRSs (found 24 h after replacing the
scented food by an unscented sucrose solution) are additional
factors that make it unlikely that these responses are consequences
of short lived US properties of the CS [27]. It has been suggested
that appetitive learning may produce high levels of reward
expectancy (the formation and subsequent activation of memories
about specific properties of a given reward; [61]). In this sense, the
odor learned during conditioning would not only trigger an
appetitive response (such as the extension of the proboscis), but
would also promote rewarding properties inducing persistent
appetitive arousal.
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Measuring in-hive information propagation through GRS
and CR levels

By using a queen-right colony it was possible to observe active
foragers achieving high and sustained GRSs, suggesting a high
motivational state throughout the stimulation period. The
youngest and middle-aged hive bees (12-16 days old) showed
increased GRS once the scented sucrose solution began to
circulate within the hive. A positive correlation between
gustatory responsiveness and odor memory retention was found
only in middle-aged bees (12-16 days old bees) showing that for
this age group, GRS is highest after scented-food became
available. A possible explanation why the younger bees (6-9
day old bees) showed slow increases in their GRSs but not their
CRs, is that these workers may be less frequently exposed to
multiple odor reward experiences by having fewer (perhaps only
one) trophallaxis events. In this case, establishing an appetitive
assoclation may be more difficult to achieve [27]. The fact that
these bees are located towards the periphery of the network leads
them to establish fewer contacts with foragers and unload nectar
less often (although 6-9 day old bees have lower response
thresholds than 12-16 day old bees). Therefore, the propagation
of chemosensory information within the hive, expressed as GRS
and CR during the circulation of the scented food, shows clear
differences between the various age categories (i.e., high and
unchanged behavioral responses for the foragers, an increasing
response for middle-aged bees and a lower response for the
youngest hive bees).
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Although these results clearly show the behavioral plasticity of
two-week-old bees in response to changes in chemosensory
information, such bees also showed their lowest responsiveness
to reward under both experimental conditions. This is particularly
relevant since these bees would be the main candidates to start
sharing food within the colony after unloading nectar from
incoming foragers. Having a high reward threshold implies that
the probability of accepting food from successful foragers would be
low. With this in mind, it is worth considering how the sharing of
the incoming nectar occurs, even when first-receiver bees show a
lower acceptance to receive nectar. Hive bees involved in nectar
reception are often located in hive areas where communication
signals such as dance maneuvers are frequently observed [62].
Therefore, those middle-aged bees might increase their respon-
siveness to reward by either following dances or staying close to the
dance floor. One of the informational components of the honeybee
dance is the readiness to respond to information [63,64]. Thus, a
hive bee with low GRS might need more arousal and stimulation
via this and/or an alternative communication system until it is
motivated enough to begin foraging-related tasks; in this particular
case, to unload and process the incoming nectar. This makes sense
particularly in the light of a study reporting that the honeybee
dance attracts not only potential (unemployed) foragers [62,65],
but also food processing bees, which unload the foragers [66].

Trophallactic changes following colony exposure to
scented sucrose solution

Our results suggest it is possible to predict a higher probability
of incoming food being accepted (i.e. faster nectar distribution
among hive mates), when odor cues are present in the food. Thus,
similarly to the exploitation of a profitable resource that would be
broadly shared within the colony [4,5], the increase in trophallaxis
events could also be caused by the presence of an odorant cue in
the food, even though the shared nectar contained a diluted
concentration of sucrose. The increased number of trophallaxis
events under the scented food condition could be caused by
changes in the gustatory perception of the bees involved, in
addition to the presence of an already learned odor inside the
colony that could release a CR (i.e. PER to the food odor) in
potential food receivers. This mechanism may increase the
occurrence of trophallaxis events between incoming foragers and
food-receiving bees [17]. The relevance of olfactory cues during
the circulation of resources within the hive was further shown by
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the sudden decrease in trophallaxis events in those assays in which
the scent was withdrawn from the food source.

Finally, the differences found in both responsiveness to sucrose
and memory retrieval between younger and older pre-foraging
hive bees could have implications for the regulation of division of
labor during collective foraging. These behavioral differences
related to age and current task could imply the presence of
individuals within the nest with a high plasticity in their response
to changes in resource information, coupled with a low
responsiveness to accepting the collected food. These character-
istics in nectar receivers would give them not only the role of fubs
(highly-connected nodes) within the dynamic network, but also of
moderators which either permit or prevent the passage of the
incoming nectar. In contrast, the younger hive bees located at the
periphery of the food delivery area (or even further removed) have
a higher receptivity to receive food of any quality.

A honeybee colony has the ability to direct its foraging force to
the best food sources found in the foraging area [65]. As a
consequence, the gustatory and olfactory information acquired by
foragers is distributed by individuals of all age groups within the
colony [7,12]. However, the speed and extent with which
information is propagated amongst nest mates will depend on
the characteristics of the exploited resource in terms of food
quality and odorant cues, factors that modulate the sensory-
response systems of bees throughout the hive differently. Once a
certain type of food is discovered and the collected nectar passes
from foragers to the rest of the colony, this modulation could have
profound effects on the overall balance between collection and
processing capacity of the entire colony in an ever-changing floral
market foraging environment.
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