
Page 1/17

Sub-lethal pesticide exposure erases colour vision
memory and affects �ower constancy in foraging
honey bees
Christopher Mayack  (  cmayack@sabanciuniv.edu )

Sabancı University https://orcid.org/0000-0003-0213-2149
Tuğçe Rükün 

Sabanci University
Neslim Ercan 

Sabanci University
Ece Canko 

Sabanci University
Bihter Avşar 

Sabanci University
Adrian Dyer 

adrian.dyer@rmit.edu.au https://orcid.org/0000-0002-2632-9061
Jair Garcia 

RMIT University
İbrahim Çakmak 

Bursa Uludag University

Biological Sciences - Article

Keywords: Imidacloprid, Colour vision, Apis mellifera, Opsin, CaMKII, CREB, Flower constancy

Posted Date: December 1st, 2021

DOI: https://doi.org/10.21203/rs.3.rs-1127589/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1127589/v1
mailto:cmayack@sabanciuniv.edu
https://orcid.org/0000-0003-0213-2149
https://orcid.org/0000-0002-2632-9061
https://doi.org/10.21203/rs.3.rs-1127589/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/17

Abstract
Neonicotinoid pesticide use has increased around the world despite accumulating evidence of their
potential detrimental sub-lethal effects on the behaviour and physiology of bees, and its contribution to
the global decline in bee health. Whilst �ower colour is considered as one of the most important signals
for foraging honey bees, the effects of pesticides on colour vision and memory retention remain
unknown. We trained free �ying foragers to an unscented arti�cial �ower patch presenting yellow �ower
stimuli to investigate if sub-lethal levels of imidacloprid would disrupt the acquired association made
between �ower colour and food reward. We found that for concentrations higher than 4% of LD50
foraging honey bees no longer preferentially visited the yellow �owers and bees reverted back to baseline
foraging preferences for blue �owers, with a complete loss of �ower constancy. Higher pesticide dosages
also resulted in a signi�cant decrease in CaMKII and CREB gene expression, revealing a plausible
mechanism to explain the disruption of bee foraging performance. Within important bee pollinators,
colour vision is highly conserved and essential for e�cient nutrition collection and survival. We thus
show that to maintain e�cient pollination services bees require environments free from neonicotinoid
pesticides.

Introduction
Pollinators provide vital ecosystem services and serve as keystone species for the maintenance of
biodiversity and agricultural production. Bees are one of the most abundant and important species for
pollination services, which is worth around 235 - 577 billion USD1. Some crops are almost entirely
dependent on bee pollination services, while for other self-pollinated crops the yield and quality of
produce is signi�cantly increased with bee pollination services2-4. Around the world most biotically
pollinated �ower colours show spectral characteristics of having evolved to suit the phylogenetically
conserved colour vision of trichromatic bees5-8. Interestingly, bee species around the world appear to
most frequently have a preference for short wavelength rich bluish colours9-12, which likely in�uenced
�ower colour evolution13. Bees in general play an important role in both pollination for ecology and also
food production, and speci�cally the honeybee is a major model species for understanding potential
stressors on essential pollination services. Ecological stressors such as reduction of foraging areas due
to changes in land use, pathogens, pesticide exposure, and parasitic infections have been identi�ed as
probably causes for observed declines14-16. However, the effects of sub-lethal exposure to pesticides, on
foraging behaviour of honey bees, in a �eld realistic setting, and the underlying neural mechanisms
responsible for a potential disruption to vital sensory capabilities like colour vision learning and memory,
remain unknown.

Pesticides and neonicotinoids in particular, have been identi�ed as important agents responsible for bee
declines due to their damaging effects on survival and reproduction, even at sub-lethal levels of
exposure17-19. Neonicotinoid pesticides have become the most widely used insecticides in the world since
1990s and are now found in the agricultural soil, pollen, and nectar of treated crops. Thus, forager bees



Page 3/17

are known to be easily exposed to sub-lethal levels of neonicotinoid pesticides, on a regular basis, from
the surrounding environment19-21. Foraging honeybees are responsible for collecting all of the food for
the bee hive which includes nectar and pollen, so they are crucial for the survival of the colony as a
whole22. Recently, it has been shown that imidacloprid and thiamethoxam has a variety of sub-lethal
effects on foraging bees �oral odour learning and memory performance23,24 and navigational homing
ability to return back to the hive25.

Flower colour is used not only to locate the �ower, and where the nectar and pollen is located in the
�ower, but bees can learn colour and associate this with the food reward obtained from the �ower via
associative conditioning26,27, this signal is also used to remember this food source, which determines
how likely a bee will return to this food source (�ower constancy) or recruit other bees to this food source
in the future28,29. Exposures to sub-lethal levels of pesticides may have a direct impact on not only the
survival of the colony, but may decrease pollination e�ciency services for a particular plant crop species
due to the loss of �ower constancy from poor associative learning stemming from altered colour vision
perception and memory. Flower colours in addition to �oral odours play a major role in the bee making an
association between the �ower and the reward it provides30 and it is considered as one of the most
important signals for associative learning, which is necessary for foraging honey bees to reliably identify
pro�table �owers26,31, whilst avoiding alternative �ower colours that offer no reward at that time32,33. 

Honeybees have trichromatic vision that contains three spectrally different photoreceptors including
maximum sensitivity to UV (344nm), blue (436nm) and green (544nm) regions of the spectrum,
respectively34, and attentional mechanisms involving both learning and memory are essential to how
bees can utilise colour information to e�ciently collect nutrition26. Colour vision is enabled via opponent
processes involving all three types of photoreceptors in sequential regions of the bee brain to generate a
perceptual experience, whilst a separate visual pathway utilizes only input from the green sensitive
receptor to enable fast achromatic vision, which is important for collision avoidance and target detection
at a distance26,27,35,36. 

We investigated if sub-lethal oral exposure of the neonicotinoid imidacloprid on free �ying forager honey
bees will alter �oral visitation preferences based on colour and assessed the underlying mechanisms
involved in colour vision sensory perception and memory. We show that at higher pesticide exposure
level, preference and memory for the �ower colour that the bee was trained to was disrupted, and instead
bees reverted to baseline foraging colour preferences known to be present across bee species.

Results
3.1 Imidacloprid effects on foraging behaviour

A total of 160 honey bees were used in the experiment, out of these 116 honey bees (72.5%) returned to
the arti�cial �ower board for the test phase of the experiment. The number of bees that returned to the
arti�cial �ower patch in the 4% and 10% treatment groups were signi�cantly lower than expected (Chi-
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square goodness of �t: χ2 = 6.75, df = 1, P = 0.009; χ2 = 4.17, df = 1, P = 0.041). For the rest of the
treatment groups 0, 20, and 40% there was no signi�cant difference between the observed and expected
number of returning forager bees to the arti�cial �ower patch (Chi-square goodness of �t: χ2 = 1.21, df =
1, P = 0.73, χ2 = 1.81, df = 1, P = 0.18, χ2 = 1.57, df = 1, P = 0.21) (Fig. S3).

Overall imidacloprid had a signi�cant effect on foraging behaviour of honey bees (Generalized Linear
Model: χ2

4,704
 = 20.28, P < 0.001) and the preference of �ower colour was dependent upon pesticide

exposure (Generalized Linear Model: Colour*Pesticide Exposure Dose: χ2
4,704= 467.83, P < 0.0001). Honey

bees in the control group and ones treated with 4% of the LD50 value exhibited non-random choices
(Generalized Linear Model: Parameter Estimate: Colour*Pesticide Exposure Dose 0%: Colour*Pesticide
Exposure Dose 4%: χ2

1,704 = 176.08, P < 0.0001; χ2
1,704 =174.31, P < 0.0001) as they had a high

preference for yellow or similar wavelength re�ecting hues to which they had been conditioned (red, green
and yellow) (Chi-square goodness of �t: χ2

1,60 = 410.61, P < 0.0001). The 10%, 20%, and 40% of the LD50

value treatments however demonstrated a signi�cant preference for the blue like �ower colours (blue,
violet and white) instead of the yellow-like �owers found with the untreated and 4% of the LD50 value

exposure groups (Chi-square goodness of �t: χ2
1,54 = 216.23, P < 0.0001) (Fig. 2). Thus, in the higher

dosage test groups the conditioning experience to the yellow stimulus had been extinguished.

3.2 Colour vision 

Based on the absorbance values of the arti�cial �ower colours used from the spectral analysis (Fig. 3A)
and according to the model predicting honey bee colour vision perception, the highest to the lowest colour
contrast versus the background of the arti�cial �ower patch are as follows based on absolute
conditioning: white > yellow > blue > green > purple > and red (Table S2). The colour contrast values
among the arti�cial �owers indicate that white and blue along with white and green �owers are unlikely to
be discriminated from each other by a bee considering absolute conditioning, while the yellow �ower
colour should be the easiest to discriminate from the rest of the �ower colours (Table S3; Fig. 3B).

3.3 Differential gene expression analysis 

There was a signi�cant increase in relative gene expression of Blop in the forger bees exposed to 4% of
the LD50 value (General linear mixed model: F4,135 = 2.83, P = 0.027), while for UVop and Lop1 there was
a signi�cant increase in opsin relative gene expression for all of the pesticide doses (4%, 10%, 20% and
40% of the LD50 value) (F4,144 = 4.21, P = 0.0030; F4,144 = 5.84, P < 0.001; Fig. 4A-C). FENI demonstrated
only a signi�cant difference between the 4 and 10% exposure treatment of the LD50 value (F4,92 = 3.07, P
= 0.02), while CAMKII and CREB had signi�cantly consistent lower relative gene expression at the 10%,
20%, and 40% of the LD50 exposure levels in comparison to the control bees (F4,93 = 15.81, P < 0.001; F4,93

= 9.34, P < 0.001; Fig. 4D-F).

Discussion



Page 5/17

Foraging bees in the control group trained with absolute conditioning to associate yellow arti�cial �owers
with a sucrose reward were subsequently able to recall the experience and signi�cantly prefer choosing
yellow and other similar long wavelength rich stimuli when presented in a mixed array of colours. A
consistent �nding was observed for bees experiencing 4% pesticide exposure. However, the foraging bees
that received  either 10, 20, or 40% pesticide exposure levels demonstrated a signi�cant preference for
blue-like �owers, consistent with innate foraging preferences of bees9. Thus, bees in these higher dosage
experimental groups failed to either learn the association between the sucrose food reward and the
yellow stimulus, or failed to enable the formation of memory traces required to recall rewarding colour
information. The change in behaviour and gene expression occurred only after 30 minutes from being
exposed to the pesticide orally, and according to our colour vision modelling, discriminating the yellow
�ower colour in comparison to the rest of the �ower colours in the arti�cial �ower patch should have been
an easy cognitive task for the foraging honey bee. Therefore, it appears the acquired appetitive
association of the yellow �ower colour as evidenced in control and low dosage groups was completely
absent at the higher pesticide exposure levels owing to the blocking of higher-level colour processing
and/or memory formation of forager bees. 

The change in foraging behaviour corresponded with a decrease in CAMKII and CREB gene expression at
the higher 10, 20, and 40% exposure. CaMKII is important for long-term potentiation (LTP), a cellular
mechanism of learning and memory. Phosphorylation of CaMKII results in the activation of cyclic AMP
response element-binding protein (CREB), which then modulates transcription for the long-term memory
of newly formed associations37,38, so our results suggest that mid and long-term memory is being
affected as observed with the CaMKII and CREB gene expression and behavioural data. FEN-1 on the
other hand did not show decreased gene expression in response to higher doses of pesticide exposure,
however this is expected, because it is speci�cally associated with aversive learning39 and here the bees
underwent appetitive positive reinforcement learning instead.

All three opsins demonstrated signi�cantly higher gene expression at 4% exposure and at 10, 20, and 40%
exposure there was an increase in UVop and Lop1 gene expression, but the differences observed are not
substantial enough for altered colour vision perception due to the neural wiring and adaptation processes
in the bee brain. Spectral signals are captured by the three spectrally different photoreceptors (UV, BLUE
and Green-sensitive) in the bee eye and this information is projected along distinct visual pathways to
sequential specialised regions in the brain including the lamina, medulla and lobula, before integration in
higher levels including the central complex and mushroom bodies. To enable colour perception, opponent
mechanisms are required and these are �rst evidenced at the medulla and lobula levels of processing26. It
is known that even considering large changes in relative stimulus colour such as when light colour varies
that bee colour vision is very robust for making corrections via adaptation processes in early stages of
visual processing40, and thus neural mechanisms can easily cope with even large �uctuations of the
input signals. Our behavioural observations support this notion, at the 4% exposure level there was still a
preference for the yellow �ower. In addition, the foraging bees could still locate �owers at the higher
exposure levels and preferred baseline �oral preferences, further evidencing that colour was still
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functional and thus the loss of �ower constancy from pesticide exposure was due to an interruption in
associative learning.

We conclude that this disruption by higher dosage treatments is likely to be due to interference of mid-
term memory required to recall which �ower colour was previously rewarding. These neurological effects
are consistent with the mode of action of imidacloprid, which works by blocking the acetylcholine
receptors, which triggers the depolarization of the postsynaptic membranes in the central nervous
system. Therefore, it acts as nicotinic acetylcholine receptor agonist (nAChR) and competes for the target
site of acetylcholine. Acetylcholine activity is present in the inner chiasm between the medulla and lobula
of the brain as well as the central nervous system of insects41. The retinotopic organization is reversed
again in the inner chiasm and chromatic properties of neurons are ampli�ed in the lobula that contain
distinct colour-opponent neurons and it is suggested that the visual neuropils rely on cholinergic signal
transmission in bees42. Therefore, it is plausible that neonicotinoids mode of action can affect vision
processing in the bee brain as there is a spatial overlap where vision is processed and cholinergic signal
transmission is involved.

We propose that there is likely to be a threshold value in between the 4 and 10% exposure levels for
imidacloprid to produce these physiological and behavioural effects, which was lower than expected and
is within the range of realistic exposure levels from the agricultural environment43. At the 10%, 20%, and
40% LD50 doses there was not a signi�cantly lower proportion of bees returning back to the bee board.
Therefore, the loss of �ower constancy for the yellow-like �owers in this study cannot be attributed to
only testing a subset of foragers being able to return back to the arti�cial �ower patch over time.

In summary, we show that sub-lethal imidacloprid pesticide exposure extinguishes the ability for the
honey bee to return back to the �ower that it was conditioned on based on colour cues. The cause is likely
to be from the loss of colour vision memory formation as indicated by the changes in gene expression
pro�les in the honey bee brain. Bee pollinators that have a high level of �ower constancy are critical for a
successful pollination event because they are likely to visit �owers of the same species resulting in a
higher probability of a successful plant reproductive event. Consequently, without �ower constancy there
will be an alteration of plant-pollinator co-evolution trajectories, the destabilization of plant-pollinator
networks, loss of plant biodiversity, agriculture productivity, and ecosystem stability around the world44.
As the debate of neonicotinoid use persists due to its potential harmful effects on bees, here we show a
dramatic effect on colour vision which is central to foraging success, pollination services for crop
production and biodiversity, as well as the survival of the honey bee.
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Methods
2.1 Experimental setup

A foraging board representing an arti�cial �ower patch used was adapted from Karahan et al. (2015)45.
The foraging board presented six spectrally different colours (blue, green, yellow, white, red or purple
appearance considering human vision; (Paint Land enamel paint, Istanbul, Turkey; Fig S1). Stimuli colour
was quanti�ed for trichromatic bee vision using standard techniques (see Bee colour vision perception
modelling below). These arti�cial �owers were randomly arranged on 90 mm long, 5 mm diameter
dowels presenting respective stimuli against an achromatic grey background. Arti�cial �owers were made
from 28 mm x 28 mm Plexiglass squares with 6 mm thickness. At the centre of each square, there was a
5 mm diameter hole drilled, with a 5 mm depth in which a hidden nectar reward could be placed during
the experiment. 

2.2 Bee colour vision perception modelling

A UV-VIS-NIR integrating spectrophotometer, sphere attachment model UV-3100 (SHIMADZU Corporation,
Kyoto, Japan) with a Halogen (RJ-5012) and Deuterium lamp (L6380) light source, was used to measure
the re�ectance spectra between 300 nm and 700 nm of the enamel paints used to produce the arti�cial
�owers. Barium sulphate (100% re�ectance) and black velvet (0% re�ectance) controls were used to
calibrate the instrument and data was managed by means of the UVProbe version 2.21 software
(Shimadzu, Kyoto, Japan). For details please see the supplemental information.

http://www.r-project.org/
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2.3 Training phase

Free �ying forager honey bees, Apis mellifera anatoliaca, from three different colonies, were trained to an
arti�cial �ower patch using arti�cial yellow �ower stimuli with non-scented 30% sucrose solution, 50 m
away from the hive, which consisted of an arti�cial �ower patch of 36 �owers (on a square achromatic
wooden bee board) (Fig. S2). The yellow feeder stimuli were initially placed right in front of the hive to
prime bees, and then moved incrementally to a distance 50 m away from the hive once active recruitment
was enabled. At this point, the arti�cial feeder was then replaced with an arti�cial �ower patch �lled with
each �ower containing a reward of 4 µL unscented 15% sucrose solution. Later in the season 30%
sucrose solution was used in each �ower stimuli to increase the motivation of the forager bees to return
back to the arti�cial �ower patch after pesticide treatment. In order to distinguish the bees being trained
from the same hive we individually paint-marked bees either on the abdomen, thorax or both, as soon as
they initially visited the feeder. After about 15 - 20 bees were marked, any unmarked bees observed at the
arti�cial feeder were removed using a glass vial and were released at the end of the experiment to avoid
unnecessary competition from other bee hives.

 

2.4 Experimental test phase

The experiment took place between July 22, 2019 and August 30, 2019. Each trial contained 3 phases
that proceeded sequentially: (1) Crop Attachment Phase, (2) Pesticide Exposure, and (3) Test Phase (Fig.
1). In the crop attachment phase each arti�cial �ower on the bee board contained 4 µL of 30% sucrose
solution. After a bee consumed the reward, the �ower was re�lled manually using a micropipetter. After
30 min, the bees were captured on the �rst �ower that they landed on, before they could consume the
food reward and were put in a 20 mL glass vial for pesticide exposure. 

The pesticide exposure phase lasted 30 min and there were two parts: in the �rst part, bees were hand fed
5 µl of unscented 30% sucrose solution, with a micropipetter and it was ensured that bee consumed all of
the sucrose solution, mixed with nothing (control), or imidacloprid (PESTANAL®, Sigma Aldrich) at the
following doses: 0.00 ng/bee, the negative control (N = 31), 0.144 ng/bee which is 4% of the LD50 (N =
30), 0.36 ng/bee which is 10 % of the LD50 (N = 18), 0.72 ng/bee which is 20% of the LD50 (N = 20), and

1.44 ng/bee which is  40% of the LD50 (N = 17)30. For each dose, 4-7 trials were conducted and each time
with a new set of bees. Each trial started with roughly 6 to 8 bees at a time. In the second part, after 15
min, captured bees were released and the �ower patch remained in place without any food rewards for 15
min. This additional wait period ensured the oral ingestion of the pesticide. The sub-lethal doses and
administration of neonicotinoid pesticides were adjusted according to previous studies for agricultural
settings and the effects of pesticides for foraging bees, which conform to current national guidelines
(e.g.46).

https://www.sigmaaldrich.com/catalog/product/sial/37894?lang=en&region=TR
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During the test phase all arti�cial �owers were �lled with 4 µL of unscented 30% sucrose solution. The
�owers were once again re-�lled manually using a micropipetter after a bee consumed a reward during
the 45 min test period. After each �ower visitation, the colour of the �ower visited was recorded. A
visitation was de�ned only if the bee depleted the food reward that was placed at the centre of the �ower.
The pesticide treatment dose was blind to the observer and administered in random order. In between
trials, �owers were washed with ethanol, rinsed with water, and air-dried to prevent any potential odour
bias from the visitations of the bees to the arti�cial �owers.

 

2.5 Colour vision gene expression assay 

Returning forager bees were collected using 20 mL glass vials and were placed on ice to be immobilized,
these individuals were brought back to the lab. While in the vial, they were hand fed using a micropipettor
with 5 µL of unscented 30% sucrose solution (control) or mixed with the pesticide treatment of 4, 10, 20
or 40 % of the imidacloprid LD50 value. Each bee was held in the vial for a total of 15 min and we once
again insured that all of the food was consumed by the bee. Then the bees were held in the vials for an
additional 15 min without getting any food reward to mirror the timeline of the above �eld experiment.
After this, 6 bees from a treatment group were placed in a metal bee cage (10 cm x 10 cm x 6 cm) with a
sugar water feeder of unscented 30% sucrose solution. A total of 5 bee cages were used and 5 trials were
conducted for each treatment group, yielding a total sample size of 30 bees for each treatment group.
Bee cages were left in the lab by the window at room temperature which was approximately 23o C for 45
min. Then, bees were snap frozen and kept at -80o C until further gene expression analysis.

 

2.5.1 RNA extraction and cDNA synthesis 

For total RNA extraction, the head of the each bee sample was separated on ice and they were transferred
to a 2 mL microcentrifuge tube. To isolate the RNA we used the Ez-10 Spin Column Total RNA Mini-Prep
kit (Bio Basic Company, Canada) and followed the manufacturer’s instructions. During the isolation, total
RNA was treated with DNase I (EurX Molecular Biology Products, Poland) for the removal of DNA
contamination. The puri�ed RNA was measured using Thermo Scienti�c NanoDrop 2000/2000c (Thermo
Fisher Scienti�c, US) spectrophotometer and then the concentration was standardized. The RNA integrity
was checked by conducting a 1% agarose gel electrophoresis to determine if the RNA bands were clearly
visible, visualized using a GelDoc EZ instrument (Bio-Rad, Hercules, CA, USA). cDNA synthesis was
performed using OneScript cDNA synthesis kit (Applied Biological Materials, Canada) according to the
manufacturer’s instructions. All cDNA was stored at -20o C until the further use for quantitative real-time
PCR (qPCR).
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2.5.2 Quantitative PCR (qPCR) assays

The three opsin genes (Blop, UVop, and Lop1) and the three memory-related genes (FENI, CAMKII, and
CREB) were analysed for all of the pesticide treatments and the corresponding primer sets can be found
in Table S1. Ribosomal protein 49 (RP49) was used as a reference gene since it has been shown as a
stable housekeeping gene in Apis mellifera47.

qPCR assays were carried out in a �nal volume of 10 µL using a BrightGreen 2X qPCR MasterMix-No Dye
kit (Applied Biological Materials, Canada), which is suitable for the LightCycler 480 Real-Time PCR
system (Roche Life Sciences, Germany). PCR conditions were as follows: 10 min at 95o C, followed by 40
cycles of 15 s at 95o C, 30 s at 60o C and 30 s at 72o C ending with a melt curve analysis to account for
the primer speci�city. Each sample was run in duplicate and if a run failed then it was re-run again.

 

2.6 Statistical analysis

All statistical analyses were performed using SPSS software version 25 (IBM, city location) and R
statistical package48. A generalized linear model with Poisson distribution was used to analyse the
number of �ower visits across the visible light spectrum as a function of pesticide exposure. Therefore,
the number of �ower visits served as the dependent variable, while colour was a �xed factor with six
levels and the amount of pesticide exposure was considered as a continuous covariate. The trial and
colony were considered as a random effect in the model. A separate two by two chi-square goodness of
�t test was carried out where the number of visits were compared for blue like �owers versus yellow like
�owers and these preferences were pooled for the control and 4% treated bees versus the 10, 20, and 40%
of the LD50 treated bees. The gene expression data was found to be normally distributed, so a general
linear mixed model, with bee cage as a random effect, pesticide treatment dose as the independent
variable, and relative gene expression as the dependent variable was followed by a Tukey-HSD post hoc
test to analyse each of the six gene targets.

Figures
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Figure 1

A schematic diagram of the experimental design showed three phases of each trial that were run without
a break. In the crop attachment phase, bees were trained to visit arti�cial �ower patches. In the pesticide
phase, imidacloprid doses were offered and allowed to digest by the bee. In the test phase, colour
preferences of marked bees were recorded.



Page 16/17

Figure 2

Proportion of �ower visitation plotted as a function of �ower wavelength. Forager bees were trained to an
arti�cial �ower patch and then they were orally exposed to imidacloprid (1.44 ng imidacloprid which
equals 40 % LD50, 0.36 ng which equals 20 % LD50, 0.72 ng which equals 10 % LD50, 0.144 ng which
equals 4 % LD50, and 0 ng which equals 0 % LD50, the negative control). Afterwards, their visitations to
the different coloured �owers, with the same exact food reward of 4 µl of 30% sucrose solution, was
recorded. The blue area represents where there is a short wavelength "blue like” �owers, while the yellow-
coloured area represents the long wavelength “yellow like” �owers foraging bees can choose from.

Figure 3

Spectral pro�les of the colour stimuli used for the experiments (panel A.) and corresponding modelling in
the hexagon space (panel B.). In panel A stimuli are represented by their chromatic appearance
considering human colour vision: blue (circle marker), green (square marker), purple (triangle marker), red
(star marker), white (diamond marker) and yellow (pentagram marker). Re�ectance of the adapting
background is represented by a brown line with no markers. Stimuli in the hex colour space (panel B) are
represented by their respective markers in panel A. Spectral loci for A. mellifera in the hexagon space is
indicated by the solid, black line with cross markers.
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Figure 4

Relative gene expression of the three honey bee colour vision opsins (a) Blop, (b) UVop, and (c) Lop1 as
well as the colour vision memory related neurological targets that include (d) FEN-1, (e) CaMKII, and (f)
CREB. The individual dots, �lled circle (control), open circle (4% of the LD50 value), �lled square (10% of
the LD50 value), asterisk (20% of the LD50 value) and �lled diamond (40% of the LD50 value) represent
the mean expression levels across the pesticide exposure treatments after being normalized using the
-ΔΔ CT method, while the error bars represent the 95% con�dence intervals. The different letters above
each bar indicate signi�cant differences from a Tukey post hoc test. The numbers below each bar
indicate the sample size for each group.


