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Abstract
Honeybees learn color information of rewarding flowers and recall these memories in future

decisions. For fine color discrimination, bees require differential conditioning with a concur-

rent presentation of target and distractor stimuli to form a long-term memory. Here we

investigated whether the long-term storage of color information shapes the neural network

of microglomeruli in the mushroom body calyces and if this depends on the type of condi-

tioning. Free-flying honeybees were individually trained to a pair of perceptually similar col-

ors in either absolute conditioning towards one of the colors or in differential conditioning

with both colors. Subsequently, bees of either conditioning groups were tested in non-

rewarded discrimination tests with the two colors. Only bees trained with differential condi-

tioning preferred the previously learned color, whereas bees of the absolute conditioning

group, and a stimuli-naïve group, chose randomly among color stimuli. All bees were then

kept individually for three days in the dark to allow for complete long-term memory forma-

tion. Whole-mount immunostaining was subsequently used to quantify variation of micro-

glomeruli number and density in the mushroom-body lip and collar. We found no significant

differences among groups in neuropil volumes and total microglomeruli numbers, but learn-

ing performance was negatively correlated with microglomeruli density in the absolute con-

ditioning group. Based on these findings we aim to promote future research approaches

combining behaviorally relevant color learning tests in honeybees under free-flight condi-

tions with neuroimaging analysis; we also discuss possible limitations of this approach.

Introduction

Bees are important pollinators of flowers and, in return, flowers often provide a vital source of
nutrients for bees [1, 2]. Besides olfactory cues [3], bees use a variety of visual information [4,
5] to find rewarding flowers. However, in complex natural environments not all plants present
flowers that are rewarding and some flowers mimic true rewarding flowers to incidentally
receive flower visits by insects to facilitate pollination [6, 7]. This complex foraging situation
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places demands on the visual processing of bees for fine discriminations [8], but to date there is
a relative dearth of information about how the sensory processing system of bees facilitates
such rich visual capabilities as have been observed in psychophysical studies.

Color is one of the most important features used by honeybees to identify flowers as poten-
tial food sources [9–15]. To enable highly efficient foraging, bees not only have to perceive the
color information, but also have to learn this information [16, 17] and retrieve it after days or
even weeks [18]. Honeybees are able to learn colors within their perceptual range (from 300
nm to 650 nm), although with varying efficiencies depending upon wavelength ([11, 17]
reviewed in [19]). However, the performance level when discriminating two colors is highly
dependent on the way in which stimuli are encountered in a foraging situation [8]. Discrimina-
tion of perceptually similar colors requires differential conditioning with target and distractor
stimuli. In contrast, when target colors are learnt in isolation with absolute conditioning only a
coarse level of color discrimination develops, i.e. the discrimination of perceptually different
colors can be achieved [14, 20]. This not only suggests different levels of behavioral plasticity in
bee color learning, but also different underlying neuronal processes. A first step towards under-
standing these mechanisms is to identify the neuropils where such visual information may be
processed and stored in a bee brain. Due to the complexity of visual computations, several
brain regions might be involved, either in parallel or via serial processing of such information
[4, 21–23].

Potentially essential neuropils are the paired mushroom bodies (MB) which have been iden-
tified as sensory integration centers that facilitate associative learning and (long-term)memory
formation [24–30]. In honeybees, the MBs contain a high number of neurons (ca. 170,000–
184,000 Kenyon cells per MB [31]; reviewed in [26, 32]) and take up a large part of the brain
volume compared to other neuropils. Recent studies have shown that age, behavior and social
environment may affect volumetric properties of the MB and its substructures [33–35]. The
four cup-shaped calyces (one median and lateral calyx per MB and brain hemisphere) repre-
sent the sensory input regions of the MBs. These structures are sub-divided into three modal-
ity-specific compartments comprising (i) the lip, receiving olfactory information from the
antennal lobes, (ii) the collar, receiving visual information from the optical lobes, and (iii) the
basal ring, a region that integrates olfactory and visual information [21, 36–39]. Neuronal cir-
cuits within a calyx are organized in distinct microglomeruli (MG), synaptic complexes con-
sisting of a single presynaptic bouton from the axon terminals of a projection neuron that is
surrounded by numerous postsynaptic dendritic spines of MB intrinsic neurons, the Kenyon
cells [29, 32, 40, 41]. Additionally, (GABAergic) MB feedback neurons and modulatory ami-
nergic neurons project to the calyces and contribute to the microcircuits of the MG [34, 42].
The MG synaptic circuits are characterized by a high degree of structural plasticity, as changes
in the distribution (or density) of the synaptic complexes are found to be associated with age
[34, 35], light exposure [43], and the formation of olfactory long-termmemory [28]. The late
(stable) form of olfactory long-termmemory lasts for 2 days up to lifetime and depends on pro-
tein synthesis [44, 45]. This was shown to be accompanied by an increase in MG densities and
total numbers in the olfactory lip region of the MB calyx [28, 30].

It is unknownwhether fine color discrimination and the formation of visual long-term
memory is also processed in the MBs and, thus, might affect (or is affected by) the MB calyx
neuronal network and synaptic structure. In bees, the visual collar region of the MB calyces is
innervated by projection neurons deriving from inner medulla and inner lobula layers ([46],
reviewed in [4]). Thus, major effects in visual memory formation should take place in the visu-
ally innervated collar, although little is known for color learning in free flying bees. Based on
this assumption, we aimed to test the following two hypotheses: First, in analogy to findings in
olfactory learning experiments [28], we propose that the formation of a new visual memory
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should be associated with an increase in MG density in the MB collar. Second, the strength of
the effect on MG density should be correlated with the complexity of the visual learning task,
i.e. compared to an easy absolute conditioning task, bees that learn to discriminate between a
pair of perceptually similar colors in a differential conditioning paradigm have to learn more
stimulus features, and thus more neuronal circuits may be involved. To investigate whether the
MG synaptic network is shaped by visual learning and depends on the level of complexity of a
learning task, honeybee foragers were individually trained in either absolute or differential con-
ditioning with two perceptually similar colors and subsequently tested for color discrimination
abilities in a choice test. MB characteristics (volume and MG number and density) were mea-
sured after three days (to allow long-termmemory formation) and tested for potential correla-
tion with behavioral performance.With this study we aim to provide a first step towards
understanding potential neuronal mechanisms underlying color learning and memory forma-
tion in bees under natural free-flying conditions.

Materials and Methods

Behavioral Color Conditioning

Experiments were conducted with the European honeybee (Apis mellifera carnica) maintained
in a colony located at the Campus Hubland Nord of the Julius Maximilian University (Würz-
burg, Germany). A feeding site (gravity feeder; e.g. as shown in [47]) was positioned 25 m away
from the colony, from which foragers were allowed to collect 5–10% (w/w) sucrose solution ad
libitum. Individual bees were transferred (by means of a Plexiglas1 spoon with a drop of
sucrose solution) from the feeding site to a test site 6 m away, where they received 25% sucrose
solution and were individually color marked on their thorax. Each bee was trained and tested
individually, which lasted approx. 90–120 min per individual.

Color stimuli were made from cardboard (6 x 8 cm2; Tonpapier no. 32 [turquoise] and 37
[blue], Baehr, Germany; as used in [18, 48]) that appear to a human observer turquoise and
blue, respectively. The stimuli were covered with matt lamination foil (ARGO SA, 80–393
Gdansk, Poland) and attached to freely rotating hangers with a landing platform, presented on
a vertical, circular and rotatable plastic screen of 50 cm diameter (as described in [49]; in the
following referred to as "rotating screen"). This set-up allowed an efficient rearrangement of
the stimuli to avoid location learning, and hanger replacement to avoid olfactorymarkings
[50]. The spectral reflectance of the stimuli was measured with a JAZ S1 spectrometer (Ocean
Optics; Fig 1A) and color loci were calculated in a hexagon color space [51] (Fig 1B). The color
distance (considering the grey background color of the rotating screen) between turquoise and
blue was 0.075 hexagon units, which is sufficiently large to be discriminated by bees [52, 53].
Target stimuli (CS+) were reinforced by 10 μl of 25% sucrose solution (US+) placed on the
landing platform, whereas distractor stimuli (CS-) contained 10 μl of pure water (US-).

Individual bees were randomly assigned to one of three treatment groups: one group of bees
received absolute conditioning with two rewarded target hangers (either blue or turquoise) and
two unrewarded grey hangers being of the same grey as the background.We are aware, that
due to the experimental setup, the bees in this group have to discriminate between two types of
hangers (colored vs. background-like grey) and hence are confronted with an “easy” differential
conditioning task. Nevertheless, in regard to the chromatic information provided by the sti-
muli, one can retain the terminology of absolute conditioning [54]. This is consistent with liter-
ature about absolute visual conditioning in free-flying bees, where some form of alternative is
presented to allow quantification of choices [14]. A second group of bees was trained using dif-
ferential conditioning, i.e. these bees had to discriminate between two blue and two turquoise
hangers; on one color (either blue or turquoise) sucrose solution (CS+) was provided and the
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other (remaining) color (CS-) was presented with pure water. A third control group (grey
group) was confronted with two grey hangers providing sugar solution and two grey hangers
offering pure water, thus these bees could not use any (visual) cues to discriminate the
rewarded from the unrewarded stimuli, and thus we expected no color learning effect at all.

Each of the 43 bees was trained for a total number of 50 decisions (fulfilledwith approx. 15–
20 foraging bouts). A decision was counted when a beemade any contact with the landing plat-
form or solution. All groups and stimuli were tested in a pseudorandomized order. Sample size
per experimental group is given in figure descriptions in the results part.

We are aware, that sensory exposure can affect microglomeruli distribution [35, 43]. How-
ever, with the recruitment procedure from a feeder dish we ensured that all tested bees were of
the same ontogenetical state (foragers) with fully maturated brains [35]. Moreover, due to a
random assignment of individual bees to the experimental groups, potential learning-depen-
dent changes should not be masked by variation due to age.

Choice Test

Following the training phase, each bee was allowed to imbibe sucrose solution on the next vis-
ited CS+ hanger until it was satiated and returned to the hive. After returning to the test site,
each bee (of all three tested groups) was individually tested for its color preference in an unre-
warded choice test, where two hangers with blue stimuli and two hangers with turquoise sti-
muli were presented on the rotating screen in a pseudorandom arrangement. The first 20
choices were counted, with a choice being scored when the bee touched or landed on a hanger.

Bee maintenance following behavioral testing

To allow for complete long-termmemory formation (which includes protein synthesis, [44]),
all bees that completed the behavioral experiments were maintained for three days in constant
darkness at 27°C and 60–70% humidity. An additional group of bees, termed as feeder control
group, was caught directly from the gravity feeder, to obtain a control group with the same
ontogenic state (forager bees), but without experience of the rotating screen setup (and its

Fig 1. Color stimuli qualities. A Spectral reflectance of stimuli. B Loci of color stimuli in a color hexagon. The cross marks the location of the

blue stimulus, while the triangle indicates the location of the turquoise stimulus. The hexagon’s center is indicated by the dot. See text for details.

doi:10.1371/journal.pone.0164386.g001
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operant requirements), and was also put for three days into the dark. For this purpose, bees
were caged individually in polystyrene tubes (6 cm in length and 2 cm diameter), closed by
foam plugs and furnishedwith a 1 x 4 cm piece of wax panel and a feeding dish, containing a
water-solved mixture of glucose and fructose.Due to the free-flying test conditions, bees were
not behaviorally tested for long-termmemory after three days.

Immunohistochemistry

After maintaining the bees for three days, synaptic complexes in the mushroom body calyces
were visualized by means of immunohistochemistryusing whole-mount preparations as
describedby Groh et al. [34] and Muenz et al. [35]. Briefly, each bee was chilled on ice and the
head capsule was opened frontally. After removal of tracheae and secretory glands, the heads
were immediately transferred to 4% formaldehyde (FA) in phosphate-buffered saline (PBS),
immersed overnight at 4°C and then washed in PBS (3 x 10 min). The heads were then fixed in
dental wax and dissected in PBS. The isolated brains were first permeabilized in 2% Triton X-
100 (Tx) in PBS for 10 min, then washed in 0.2% PBS-Tx (2 x 10 min) and eventually blocked
in 2% normal goat serum (NGS) in 0.2% PBS-Tx for one hour at RT. For anti-synapsin immu-
nohistochemistry, brains were incubated with the monoclonal primary antibody against the
Drosophila synaptic vesicle associated protein synapsin I (SYNORF1; kindly provided by Dr. E.
Buchner, University of Würzburg, Germany), diluted 1:50 in 0.2% PBS-Tx with 2% NGS for
four days at 4°C. After rinsing in PBS (5 x 10 min), brains were incubated in CF488-conjugated
goat anti-mouse secondary antibody (1:250) in PBS with 1% NGS for four days at 4°C. Brains
were finally washed in PBS (5 x 10 min), dehydrated in an ascending ethanol series (30%,
50%, 70%, 90%, 95%, 3 x 100%, each step lasting 10 min) and cleared and mounted in methyl
salicylate.

Laser scanning confocal microscopy, processing and data acquisition

Whole mount preparations were examined using a laser scanning confocal microscope (Leica
TCS SP2 AOBS, LeicaMicrosystems AG, Wetzlar, Germany) with optical sections being taken
at a resolution of 1,024 x 1,024 pixels (Fig 2A). For calyx reconstruction and volume measure-
ments, optical sections at 5 μm intervals (HC PL APO objective lens: 10x/0.4 NA imm; digital
zoom 3.5–4.0) were taken entirely through one of the randomly chosenmedial calyces, and for
analysis of MG density, high resolution scans were taken from the lip and dense collar region
in randomly chosen anterior-posterior direction up to a depth of 10 μm at 0.5 μm intervals
(63x/1.4 NA imm, digital zoom 2; Fig 2B and 2C). Digital image stacks were further processed
by means of 3D software (AMIRA 5.3; FEI Visualization SciencesGroup, Düsseldorf, Ger-
many). Calyces were digitally reconstructed for volumetric analysis by manually tracing the
neuropil boundaries of the lip, collar (divided in dense and loose region; [34]), and basal ring
on each optical sectionwith subsequent interpolation (Fig 2D). The number of MG (estimated
by counts of large synapsin-positive boutons) was analyzed in cubic volumes of 1,000 μm3 in
three regions: two cubes each in the medial and lateral antennal lobe tract (m- and lALT;
nomenclature after [55]) innervated lip region, and three cubes in the dense collar region (Fig
2B and 2C; see [34] for details). All counts were done in a blind manner without knowledge
about the experimental group, and MG number was region-specific averaged per individual.
To obtain estimation about the region-specific total MG number per calyx, meanMG number
per 1,000 μm3 cube was multiplied by the subregion’s volume.
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Statistical analyses

For the behavioral experiments, the proportion of correct decisions (decision towards CS+)
was calculated considering blocks of 10 trials for the three respective experimental groups, and
compared to random choice level (0.5) by means of a Wilcoxon test after arcsin square root
transformation. For the “grey” control group, two out of four grey stimuli were at the beginning
of the experiment randomly defined as “target” and the remaining two as “distractor” (non-

Fig 2. Synapsin immunostaining and 3D calyx reconstruction of a forager honeybee brain. A Confocal image of a frontal section

through the brain after whole-mount immunolabeling for synapsin. Calyx volume and MG density were quantified in one of the medial calyces

(mCA). In the magnified view of the lip (B) and the collar (C), synapsin-labeled projection neuron boutons (MG) were counted in defined

volumes (1000 μm3; yellow cubes) in three regions: mALT innervated lip, lALT innervated lip, and dense collar (dCO). D Cross section of the

volume reconstruction of the mCA rendered from confocal image stacks. AL, antennal lobe; BR, basal ring; mCA, medial calyx; lCA, lateral

calyx; CX, central complex; dCO, dense collar; lCO, loose collar; LA, lamina; LO, lobula; MB, mushroom body; ME, medulla; PED, peduncle.

Axes: ca, caudal; le, left; ri, right; ro, rostral. Scale bar in A is 500 μm, in B (and C) 25 μm, and in D 100 μm.

doi:10.1371/journal.pone.0164386.g002
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rewarded CS-) to record the proportion of virtually “correct” landings. Group performance in
the color choice test was compared to random choice level on the basis of the foragers’ propor-
tion of correct decisions using a Wilcoxon test after arcsin square root transformation. For the
“grey” control group, the blue stimulus was declared as “correct” and the turquoise stimulus
was declared as “incorrect”, to obtain the proportion of “correct” landings. This group addi-
tionally served as a test group for a potential preference towards either the blue or the turquoise
stimuli. Volumes of brain regions and MG numbers were compared among experimental
groups using Kruskal-Wallis-H test. Possible differences betweenMG number of lALT and
mALT region in the MB lip was calculated usingMann-Whitney-U test. Correlation between
learning performance (based on the individual’s number of correct landings during the 50 con-
ditioning trials) and number of MG was calculated by means of Spearman correlation analysis.

Results

Color conditioning and choice test

Color learning (Fig 3) in the absolute conditioning group occurred rapidly, and bees were able
to choose the target color to a significant extent already within the first block (trial 1-10:
0.67 ± 0.04; P = 0.005, Z = -2.825) at an accuracy level of 67%. The accuracy increasedwith the
number of trials and reached a level of 88% in the last block (trial 41–50). Means of all blocks
were significantly different from chance level (trial 11–20: 0.78 ± 0.04, P<0.001, Z = -4.964;
trial 21–30: 0.84 ± 0.04, P<0.001, Z = 5.267; trial 31–40: 0.81 ± 0.03, P<0.001, Z = 5.133; trial
41–50: 0.88 ± 0.03, P<0.001, Z = 6.292). Bees of the differential conditioning group chose

Fig 3. Learning performance and color discrimination (choice) test of bees of the three experimental

groups. One group of bees was trained with absolute conditioning to one color (against the grey

background, black squares). A second group received differential conditioning with one color rewarded and a

second color unrewarded (open squares). A third (control) group experienced the training without

conditioning to color stimuli (grey squares). See material and methods for the definition of “correct” decision

in the grey control group. All groups completed 50 conditioning trials, followed by a choice test, where all

bees had to choose between the two colors used in the experiment (blue and turquoise). Horizontal grey

dashed line indicates chance level (random choice). All values are mean proportion (±SEM) of correct

decisions; **p<0.01; ***p<0.001; ns: not significant; absolute: N = 15; differential: N = 16; grey: N = 12.

doi:10.1371/journal.pone.0164386.g003
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randomly during the first three blocks (trial 1–10: 0.48 ± 0.05, P = 0.983, Z = -0.131; trial 11–
20: 0.56 ± 0.04, P = 0.251, Z = -0.729; trial 21–30: 0.55 ± 0.03, P = 0.268, Z = -0.688) but
increased the proportion of correct choices in the course of the training. From the fourth
block on, bees significantly preferred the target color over the distractor color (trial 31–40:
0.65 ± 0.05, P = 0.028, Z = -2.109; trial 41–50: 0.67 ± 0.05, P = 0.009, Z = -2.653). Bees of the
control group chose randomly among rewarded and unrewarded grey stimuli throughout the
entire experiment (trial 1–10: 0.39 ± 0.04, P = 0.078, Z = -1.516; trial 11–20: 0.42 ± 0.03,
P = 0.138, Z = -1.170; trial 21–30: 0.45 ± 0.03, P = 0.175, Z = -0.972; trial 31–40: 0.40 ± 0.04,
P = 0.083, Z = -1.402; trial 41–50: 0.46 ± 0.04, P = 0.388, Z = -0.792). When testing the bees in
the subsequent color choice test for their preference for either blue or turquoise stimuli, bees of
the absolute conditioning group (0.52 ± 0.03, P = 0.392, Z = -0.742) and the grey control group
(0.48 ± 0.03, P = 0.194, Z = -0.895) chose randomly between stimuli; in contrast, bees of the dif-
ferential conditioning group chose significantlymore often the previously rewarded (correct)
stimulus compared to the non-rewarded stimulus (0.67 ± 0.03, P = 0.007, Z = -2.844).

Neuroarchitecture of the MBs

For all experimental groups we found no significant differences in the volume of the calyx or
its substructures, the dense collar region and the lip (Fig 4). The mean volume per calyx dif-
fered by less than 10% among groups (absolute: 12.7 ± 0.2 x 106 μm3; differential: 13.0 ± 0.4 x
106 μm3; grey control: 12.5 ± 0.4 x 106 μm3; feeder control: 11.9 ± 0.7 x 106 μm3) with no statis-
tical significance (P = 0.899, chi2 = 0.590). The same was true when considering the volumes of
substructures of the calyx; no significant differences were detectable among treatment groups
in the lip region (P = 0.872, chi2 = 0.705; absolute: 4.6 ± 0.2 x 106 μm3; differential: 4.7 ± 0.2 x
106 μm3; grey control: 4.7 ± 0.2 x 106 μm3; feeder control: 4.4 ± 0.3 x 106 μm3) and the dense
collar region (P = 0.307, chi2 = 3.608; absolute: 4.7 ± 0.1 x 106 μm3; differential: 5.1 ± 0.2 x 106

μm3; grey control: 4.7 ± 0.2 x 106 μm3; feeder control: 4.5 ± 0.3 x 106 μm3). For comparison of
MG number among groups, data of lALT and mALT regions in the lip were pooled, as no sig-
nificant differences occurred (MWU; absolute: P = 0.909, Z = -0.115; differential: P = 0.505,

Fig 4. Volume of the entire median MB calyx and MB calyx subcompartments (dense collar and lip).

No differences were found among experimental groups for the volumes of the entire calyx, dense collar and

lip regions. ns: not significant; absolute: N = 13; differential: N = 14; grey: N = 10; feeder: N = 10.

doi:10.1371/journal.pone.0164386.g004
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Z = -0.666; grey control: P = 0.664, Z = -0.434; feeder control: P = 0.162, Z = -1.398). Between
experimental groups, no significant differences were found in the number of MG per 1000 μm3

for the lip (P = 0.745, chi2 = 1.231; absolute: 36.6 ± 2.3 MG/box; differential: 34.5 ± 1.4 MG/
box; grey control: 37.3 ± 2.0 MG/box; feeder control: 36.7 ± 2.3 MG/box) or the dense collar
region (P = 0.266, chi2 = 3.955; absolute: 62.4 ± 2.8 MG/box; differential: 61.2 ± 2.5 MG/box;
grey control: 68.1 ± 2.9 MG/box; feeder control: 63.5 ± 2.9 MG/box; Fig 5A). Estimation of
total MG numbers in the lip and dense collar regions also revealed no significant differences
among groups, neither for the lip (P = 0.926, chi2 = 0.466; absolute: 15.6 ± 0.8 x 104 MG/calyx;
differential: 15.9 ± 0.6 x 104 MG/calyx; grey control: 16.6 ± 0.9 x 104 MG/calyx; feeder control:
15.6 ± 1.0 x 104 MG/calyx), nor for the collar (P = 0.310, chi2 = 3.587; absolute: 27.3 ± 1.3 x 104

Fig 5. Number of microglomeruli per cube (10x10x10μm in size, A) and extrapolated number of MG

per calyx (B). No differences in MG numbers were found among groups in any region (dense collar, lip),

either when counted per cube or extrapolated to the total number (per calyx). ns: not significant; absolute:

N = 13; differential: N = 14; grey: N = 10; feeder: N = 10.

doi:10.1371/journal.pone.0164386.g005

Color Learning and Calyx Properties in Honeybees

PLOS ONE | DOI:10.1371/journal.pone.0164386 October 26, 2016 9 / 17



MG/calyx; differential: 31.1 ± 1.5 x 104 MG/calyx; grey control: 30.0 ± 1.0 x 104 MG/calyx;
feeder control: 27.6 ± 1.7 x 104 MG/calyx; Fig 5B).

Possible correlation between behavioral performance and

neuroanatomy

Since recent studies have shown a correlation betweenMG number and olfactory learning and
long-termmemory in bees and ants [28, 30], we tested for possible correlations betweenMG
density or number, and learning performance,measured as total number of correct landings
that was achieved by an individual during the color conditioning phase. We observed evidence
for a negative correlation between the number of correct landings in the absolute conditioning
group and the MG density in the lip (P = 0.034, rS = -0.588, Fig 6) and the dense collar region

Fig 6. Correlation between numbers of microglomeruli (MG) and numbers of correct landings in

absolute conditioning experiment. Evidence for a correlation between the absolute number of correct

landings (from a total of 50 decisions during color conditioning) and an individual’s MG number in both calyx

subregions, the lip and the dense collar. Average number of MG per 1000 μm3 cube (A) and extrapolated to

whole volume (B). N = 13.

doi:10.1371/journal.pone.0164386.g006
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(P = 0.044, rS = -0.564). We then extrapolated the mean bouton numbers per box to the volume
of the calycal subregions to estimate the total bouton number per calyx lip and collar. Here we
observed evidence for correlation between learning performance and MG number in the lip
(P = 0.026, rS = -0.613), but not in dense collar region (P = 0.137, rS = -0.435). In contrast, no
evidence for a correlation was found for any of the other experimental groups regarding MG
density (differential: lip: P = 0.982, rS = —0.007, collar: P = 0.437, rS = -0.226; grey control: lip:
P = 0.103, rS = -0.311, collar: P = 0.289, rS = 0.373) and total MG numbers (differential: lip:
P = 0.458, rS = -0.216, collar: P = 0.710, r = -0.109; grey control: lip: P = 0.347, r = -0.333,
collar: P = 0.184, r = -0.457). However, the observedp-values just failed the significance level α
= 0.05 when a Bonferroni correction is applied to account for multiple comparisons (adjusted
p<0.025).

Discussion

Honeybees are able to associate color stimuli successfully with a sugar reward [9]. However,
learning speed and accuracy depend on the type of conditioning [8, 14, 53]. Here we show that
bees confronted with an easy absolute conditioning task (one rewarded color stimulus vs. unre-
warded background grey) quickly learned the association. No innate preference towards either
of the color stimuli was observed, as individuals of the grey control group chose randomly
between the respective blue or turquoise stimuli in the final choice test (Fig 3). However, bees
trained in the absolute conditioning task failed to discriminate the learned color from a novel,
perceptually similar color stimulus (separated by a small color difference of 0.075 hexagon
units) when both colors are presented simultaneously in an unrewarded test. When the same
two colors were presented to the bees of the differential color conditioning task (one rewarded
color vs. one unrewarded color), individuals learned the associationmuch slower, and to a
lower level of accuracy;but successfully discriminated between the colors in the subsequent
choice test. The difference of discrimination capability of the same set of stimuli in both types
of conditioningmight be explained by the kind of information that has been learned by the
bees during conditioning. Since the amount of information processing by the brain is limited,
selective attention enables animals to focus on the most important or easiest accessible features
of a given stimulus, rather than learning all potentially available information [56, 57]. Different
attention mechanisms might be involved in both types of conditioning, accompanied by a
stronger distraction impact of non-target stimuli but higher general attention levels in differen-
tial conditioning [8, 14, 58–61], resulting in a slower acquisition curve, but very fine-tuned
color discrimination.

At the neuronal level, the MBs were shown to be involved in processing selective attention-
like mechanisms in visual discrimination in Drosophila [62]. Furthermore, the mushroom bod-
ies have a central function in the formation and long-term storage of associative memories [63,
64]. For olfactory information, memory storage goes along with a modification of the micro-
glomerular organization, i.e. an increase in the connectivity of the neuronal network in the
mushroom body lip region ([28] for ants, see [30]). In the present study, we could not find sim-
ilar effects on the number of microglomeruli in the collar after visual conditioning for respec-
tive types of conditioning (Fig 5). It is possible, however, that a potential learning-dependent
change in the number of MG after visual conditioningmay bemasked by the layered structure
of the collar (Fig 2C). The MB dense collar region is segmented in five strata [21, 38], which are
innervated by neurons from different parts of the inner layers of the medulla [4, 46]. Within
the medulla, color information is pre-processed by broad-band, narrow-band and color-oppo-
nent neurons [65, 66]. The visual afferent projections from the medulla, which comprises the
anterior inferior optic tract (aiot) and the anterior superior optic tracts (asot), innervate the
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outer rim dense collar [22]. In contrast, lobula projection neurons, particularly the lobula tract,
terminate (besides the lip and basal ring) in the loose collar region. All MB input neurons in
the collar are color sensitive [22], but whether the different layers are uniformly activated dur-
ing color learning is currently unknown.However, an accurate estimation of MG in the loose
collar is difficult due to its irregularity in structure and MG densities [34]. Compared to the
more homogenous conditions in the MB lip, this layered type of projection pattern causes a
rather heterogeneous distribution of visually innervatedMG in the collar.

A major difference to the olfaction study by [28], in which a learning-induced increase in
the number of MG was found in the lip, concerns the conditioning procedure of the bees.
While Hourcade et al. [28] kept the bees in boxes for seven days after eclosion and maintained
them in harnesses for three days in constant darkness after conditioning, we tested free-flying
foragers since a non-restrained condition appears essential for fine color learning in bees [67,
68]. Thus, the stimuli-rich natural environment, higher activity rates and motoric require-
ments, in our case, might have masked a possible effect of the color learning on MG density
and number. We aimed to match the natural and ecologically relevant environment in which
free flying bees have to find, operate and memorize rewarding flowers. Interestingly, in a recent
study on olfactory long-termmemory and associated changes in MG organization in the MB
lip of leafcutter ants, Falibene et al. [30] found a significant increase of MG number two days
after learning in freely moving foragers of unknown age. We therefore assume that potentially
induced subtle changes of visual MGmay remain undetected by our quantification technique
due to the complex layered organization of MG in the collar region compared to the more
homogenous lip.

The current study found evidence for a negative correlation between number of MG and
learning performance (measured as numbers of landings on correct target stimulus) in the
absolute discrimination task. This finding suggests that individuals with a lower number of
MG perform better in a color learning task. Although the functional significance is currently
unclear, one can speculate an effect of experience underlying this correlation: honeybees
increase their foraging performance over lifetime (experience; [69]), whereas sensory exposure
(synaptic pruning) [43, 70] and increasing age [35] correlate with a decrease in MG density
and total number (as also found in two ant species [30, 71]). Therefore, more experienced for-
agers (with prunedMG density and number) may learn faster than unexperienced individuals
(with initially higherMG density and number). The reason why the observed effect was found
only in the absolute conditioning group is currently not clear, but might be caused by the fact
that the age-dependent increase in foraging performance [69] and hence a higher number of
correct landings, is most pronounced and experimentally observed for relatively simple dis-
crimination tasks. Experienced foragers exhibit a higher flower constancy [72], while novices
might operate in a more explorative manner (i.e. are more prone to visit novel and unreward-
ing stimuli). In contrast, performance in more sophisticated tasks, like fine color discrimina-
tion learning, might be more sensitive to general differences between learning capabilities of
individual bees, which are independent of age or foraging experience but more related to per-
sonality [73–75]. However, since the observed correlation was statistically rather weak, we sug-
gest more work on this topic. Additional experiments need to be performed to test the validity
and causality by training of age-controlled cohorts in more controlled environments. So far, it
remains unresolved whether neuronal correlates of visual information storage for fine color
discrimination tasks, rather than the pure processing of that information, are localized in the
MBs [22]. The effect of memory formation on the connection between projection neurons
from the optic lobes and the dendritic spines from Kenyon cells could potentially be reflected
in the ultrastructure of MG (e.g. shape and size of synaptic terminals; [34, 76]). Alternatively,
other central brain areas like the lateral protocerebrum (anterior optic tubercle; [23, 77]) and
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the central complex (Drosophila: [78]), or evenmore peripheral (and upstream) neuropils,
like the relatively large medulla [66] and lobula [65], may also play a role in visual memory
depending upon the type of conditioning experiencedby an individual. The latter may be sup-
ported by the observation that first light exposure leads to a significant volume increase in the
peripheral optic neuropils in ants [79]. Therefore, the present work underpins that the highly
parallel organization of the visual system requires more detailed studies, which aim to link
color learning experiments with potentially distributed neuronal plasticity underlying long-
termmemory formation, to take more brain subdivisions and fine structure (e.g. different col-
lar layers in the calyx) into consideration. Our study provides a potential approach to combine,
within subject, complex color learning type behavioral experiments with neuroanatomical
analyses to investigate the visual memory trace. In addition, a promising approach to untangle
this issue might be color learning under more controlled environmental conditions, using
recently developedmethods of visual conditioning of the proboscis extension response [68,
80–82] or pharmacological approaches to inhibit protein synthesis prior to MG quantification
to prevent neuronal reorganization. Such approaches will be of high value for understanding
how these important pollinators make decisions under complex ecological conditions.

Supporting Information
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