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The nutritional composition of food is often complex as resources contain a plethora
of different chemical compounds, some of them more, some less meaningful to
consumers. Plant pollen, a major food source for bees, is of particular importance
as it comprises nearly all macro- and micronutrients required by bees for successful
development and reproduction. However, perceiving and evaluating all nutrients may be
tedious and impair quick foraging decisions. It is therefore likely that nutrient perception
is restricted to specific nutrients or nutrient groups. To better understand the role of taste
in pollen quality assessment by bees we investigated nutrient perception in the Western
honey bee, Apis mellifera. We tested if the bees were able to perceive concentration
differences in amino acids, fatty acids, and sterols, three highly important nutrient
groups in pollen, via antennal reception. By means of proboscis extension response
(PER) experiments with chemotactile stimulation, we could show that honey bees can
distinguish between pollen differing in amino and fatty acid concentration, but not in
sterol concentration. Bees were also not able to perceive sterols when presented alone.
Our finding suggests that assessment of pollen protein and lipid content is prioritized
over sterol content.

Keywords: nutrient perception, proboscis extension response, plant-pollinator-interactions, resource use,
gustation

INTRODUCTION

Like other animals, bees need to consume nutrients to maintain their homeostasis and produce
progeny (Filipiak et al., 2017). Some nutrients (i.e., non-essential nutrients) can be synthesized
by using components of other nutrients as building material. In contrast, essential nutrients
cannot be synthesized and need to be ingested with food. Nutrients required in relatively high
amounts are termed macronutrients, i.e., carbohydrates, protein, and fat, while micronutrients are
required in relatively small amounts, i.e., trace minerals or vitamins (Simpson and Raubenheimer,
2012). Protein consists of amino acids, which are needed for the synthesis of endogenic proteins
(Chapman, 1998) and for larval growth (DeGroot, 1953). They additionally provide energy to flight
muscles (Micheu et al., 2000). Fat consists of fatty acids, which mostly provide and store energy,
but also show antibiotic properties against several pathogens, like the American foulbrood causing
agent Bacillus larvae (Feldlaufer et al., 1993), and they may enhance cognitive performance (Arien
etal., 2015, 2018). Besides fatty acids, sterols represent particularly important lipids and are essential
for many insects (Hobson, 1935; Svoboda et al., 1978), since they can act as messengers in the
cellular membrane and as precursors for hormones such as the molting hormone (Svoboda et al.,
1978). The performance and well-being of bees and other insects does depend on both the quality
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(i.e., chemical composition) and quantity (i.e., overall amount) of
consumed nutrients. Several studies have shown that deviations
from optimal nutrient ratios (Simpson and Raubenheimer, 2012)
or over- and under-consumption of specific nutrients can lead to
reduced survival and impair reproductive success in honey bees
(Altaye et al., 2010; Arien et al., 2018) and bumble bees (Vaudo
et al., 2016a,b; Moerman et al., 2017; Grund-Mueller et al., 2020;
Ruedenauer et al., 2020).

Bees are unique in that they can obtain all essential and
non-essential micro- and macronutrients from floral resources,
i.e., mostly pollen and nectar (Haydak, 1970). Nectar is the
main source of carbohydrates (i.e., sugars) and only contains
low amounts of other nutrients (Baker, 1977; Nicolson and
Thornburg, 2007). Pollen, in contrast, provides all other nutrients
(DeGroot, 1953; Keller et al., 2005). However, pollen nutrient
content can significantly differ within the same and among
different plant species (Roulston and Cane, 2000; Roulston
et al., 2000; Hanley et al., 2008; Ruedenauer et al.,, 2019b). As
a consequence of such strong variation, bees need to assess
the nutritional content of pollen when foraging to ensure an
appropriate nutrient intake for themselves and their offspring
and thus proper health and development. Nutritional quality
assessment may take place directly through pollen nutrient
perception at flowers or indirectly through physiological (e.g.,
nausea) or larval feedback (Behmer, 2009). Direct assessment
requires the sense of taste using external chemoreception
through chemotactile nutrient receptors, since nutrients are
rarely volatile. In fact, bumble bees (Bombus terrestris) are
able to perceive free amino and fatty acids (Ruedenauer
et al., 2019a, 2020), whose concentrations correlate with their
respective macronutrients (Ruedenauer et al., 2019b). Honey
bees were found to use chemotactile cues to differentiate
between pollen of different plant species, indicating that they
may also use chemotactile cues to detect variations in nutrient
composition (Ruedenauer et al, 2018). It is, however, still
unknown, which pollen components honey bees can perceive
and thus may use to assess pollen quality. Interestingly,
we found that B. terrestris does “ignore” specific nutrients,
e.g., amino acids, in pollen, even though they can perceive
them when presented in isolation (Ruedenauer et al., 2019a).
Instead they focused on (i.e., “prioritized” perception of)
fatty acids in pollen (Ruedenauer et al, 2020). This finding
indicates that bees restrict perception to specific nutrients
when faced with a multitude of different compounds in
their food resources.

To elucidate which nutrients can be perceived by the honey
bee, Apis mellifera, we used a classical behavioral assay that
conditions the proboscis extension response [PER, Bitterman
et al. (1983), Matsumoto et al. (2012), Scheiner et al. (2013)].
PER conditioning makes use of the innate behavior of bees
to extend their proboscis in response to sucrose stimulation
(Bitterman et al., 1983), and has also been successfully adapted to
test chemotactile stimuli like nutrients (Ruedenauer et al., 2015,
2019a, 2020). Differential conditioning of the PER can be used
to test if bees are able to differentiate between different stimuli,
e.g., different concentrations of the same nutrients. It therefore
enables us to test if the bees are able to perceive concentration

differences of a specific nutrient or nutrient group through
manipulating their concentration, e.g., in pollen.

In this study we investigated whether honey bees are able
to perceive concentration differences in amino acids, fatty acids
and sterols (presented in isolation or in pollen) by means
of chemotactile PER conditioning. Based on our previous
results with bumble bees (Ruedenauer et al., 2020), which
show similarities to honey bees in foraging behavior and social
organization (Michener, 2000), we hypothesized that honey bees
can only perceive concentration differences in pollen fatty acids
and the structurally similar sterols, but ignore differences in
amino acid concentrations, while they may be able to perceive all
compound groups when presented in isolation.

MATERIALS AND METHODS

Bee Colonies

All experiments were performed with foragers of the western
honey bee (Apis mellifera carnica) between June and August
2019 (pollen experiments) and in October 2020 (filter paper
experiments). Honey bees were kept in Dadant bee hives at
the Biocenter of the University of Wiirzburg, Germany. The
landscape surrounding the hives comprised hedges, gardens,
grassland, and orchards, which enabled the colonies to forage
on a variety of different plant species (Kriesell et al., 2017).
Therefore, colonies were healthy and of normal size. We tested
bees from three different hives. In the late morning of sunny
and warm days, we collected five departing foragers at the nest
entrance of each colony, resulting in a total of fifteen bees
tested per day. Bees of each colony were placed in separate
containers. We did not differentiate between nectar and pollen
foragers, as our aim was to obtain a general overview on nutrient
perception in honey bees, though this might have increased
overall variation in responses.

Preparation of Stimuli

We used a bee-collected pollen mix (Naturwaren-Niederrhein
GmbH, Goch-Asperden, Germany), which was ground in an
electronic coffee grinder (CM 800, Graef, Arnsberg, Germany)
to produce a powder which ensured homogenization of pollen
from different plant species and thorough mixing with the added
substances. The pollen mix contains pollen from about fifteen
different genera and sustains healthy colony development in
honey bees and bumble bees (Ruedenauer et al., 2016). Pollen
stimuli were prepared as described in Ruedenauer et al. (2020).
For each stimulus, we added 24 g of ground pollen into a
petri dish. We then added ten times the natural concentrations
of either eleven different amino acids (10x AA), seven fatty
acids (10x FA) or five sterols (10x SP), mixed them well in a
coffee grinder and added 13 ml (for AA) or 24 ml (for FA and
SP) of de-ionized water (henceforth referred to as water) to
create nutritionally enriched pollen pastes of similar consistencies
(for details of the used AAs, FAs and SPs, see Supplementary
Tables 1-3). Amino acids were selected to represent a spectrum
of different amino acids typically found in pollen of flowers
(Ruedenauer et al., 2019b) and representing both essential and
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non-essential ones for bees (according to DeGroot, 1953), as well
as different chemical characteristics with regard to functional
groups, polarity, and acidity. Moreover, these were the same
amino acids as already used in a similar experiment with
bumble bees (Ruedenauer et al., 2019a). The fatty acids used
also corresponded to the ones used in previous experiments
(Ruedenauer et al., 2020) and represent fatty acids typically found
in pollen (Ruedenauer et al., 2019b). Unfortunately, many sterols,
which are frequently found in pollen (Ruedenauer et al., 2019b)
cannot be easily purchased; we therefore selected a spectrum of
common pollen sterols that were commercially available. Average
literature values of nutrient concentrations in pollen of a variety
of different plant species were used as a reference to estimate
natural concentrations (Manning, 2006; Weiner et al., 2010;
Vanderplanck et al., 2014). We used ten times the average natural
concentrations as they are still within the natural variation
observed in pollen (Ruedenauer et al., 2019b) and found to be
differentiated by Bombus terrestris in earlier studies (Ruedenauer
etal.,, 2019a, 2020). To create a pure (non-nutritionally enriched)
pollen paste, we only added water to the ground pollen. Pollen
pastes were frozen at —20°C and allowed to defrost for half an
hour before usage.

We found that honey bees were not able to perceive
concentration differences of sterols in pollen (see section
“Results”). Such a lack of behavioral perception may due to the
bees focusing on other substances (than sterols) in the chemically
complex pollen mixture, while they may still perceive sterols
when presented in isolation [as shown for amino acids in bumble
bees, Ruedenauer et al. (2019a, 2020)]. Alternatively, they may
not at all be able to perceive sterols. To differentiate between
these two possibilities, we additionally tested if honey bees are
able to perceive pure sterols, i.e., isolated from other compounds
found in pollen. For this, we dissolved all sterols used in the
pollen experiment in 1 ml chloroform in their ten-fold natural
concentration (10x SC, see Supplementary Table 3 for amounts
of individuals sterols) to obtain the same concentrations as used
in the pollen experiment. To prevent concentration changes due
to solvent evaporation, the mixture was always prepared on ice
directly before usage.

Experimental Procedure

The experimental procedure was based on Sommerlandt et al.
(2014) and Ruedenauer et al. (2015). The bees were chilled on ice
for 10 min in order to immobilize them, and were then harnessed
in plastic tubes (25 mm x 10 mm). Bees were fixed with a 1 mm
crepe tape strip behind the head and a 10 mm strip wrapped
around the tube to prevent movement except for antennae and
proboscis. After 5 min, the harnessed bees were fed 4 ul of a 30%
w/w sucrose solution with a micropipette and kept for 3 h in a
climate chamber (25°C, 60% humidity, constant darkness).

The experiments were conducted at constant temperature of
22°C and under daylight conditions complemented by artificial
light. All experimenters wore gloves during the experiments.

After the 3 h starvation period, bees were tested for a proper
PER by touching their antennae with a tooth pick, soaked in
30% w/w sucrose solution. Bees that responded with a PER
(ca., 84% of all bees) were allowed to consume a small drop
of sucrose solution. Bees not showing a PER were excluded

from the experiment. For conditioning, each bee was placed in
a rack and left resting for 15 s. We then presented the nutrient
stimulus (i.e., conditioned stimulus, CS: either pollen paste or
dissolved sterol) on a copper plate [3 mm x 4 mm, Scheiner
et al. (1999) and Ruedenauer et al. (2015)] by moving it toward
the bee’s left antenna. The bee was allowed to scan the stimulus
for 6 s and we recorded if it showed a PER to the CS during
the stimulation. Nutrient stimuli were prepared by placing 15 mg
of pollen paste on a 5 mm x 5 mm wet piece of filter paper
(6.8 mg after being soaked in water) or 5 pl of sterol extract
on dry filter paper. Filter papers with pollen paste were always
prepared directly before the stimulation (to prevent drying),
while filter papers with dissolved sterols were prepared 10 min
before the experiment to allow for complete evaporation of the
solvent. All plates were cleaned in 99% ethanol (Hartenstein,
Wiirzburg, Germany) after each stimulation. Three seconds after
presenting the CS to the left antenna, the right antenna was
touched with a wooden tooth pick. The tooth pick was either
soaked in 50% sucrose solution (representing the unconditioned
stimulus, US) as a reward (in CS+ trials) or blank (in CS—
trials). With this approach we could test whether the bees learn
to differentiate between the rewarded (CS+) and unrewarded
(CS—) stimulus. After stimulation, the bee was allowed to rest
for 15 s before being replaced by the next bee. After 8 min
the same individual was tested again [intertrial interval (ITI),
Bitterman et al. (1983)]. We conducted 20 trials for each bee, ten
CS+ and ten CS— presentations in a pseudorandomized order.
When bees responded with a PER after stimulation with either
CS+ or CS—, it was scored as a positive response to the CS (i.e.,
scored as 1). When bees did not respond to either stimulus with
a PER, but only showed a PER to the US (i.e., sugar water), it
was scored as a negative response to the CS (i.e., scored as 0).
Bees that did not respond to the US were scored with NA. If
they did not respond for more than four times in a CS+ trial,
they were excluded from the experiment. For bees scoring NA
only up to a maximum of four times and then continued to
show a PER upon CS, the NA responses were switched to no
responses (0) at the end.

When pollen paste was used as stimulus, we always tested the
pollen paste enriched with nutrients (10x AA, 10x FA, or 10x
SP) against pure pollen paste. Sterols dissolved in chloroform
were tested against chloroform only. To control for the effect of
stimulus type used as either CS+ or CS—, the same stimuli were
always tested with reversed meanings, i.e., each stimulus was once
tested as CS+ and once as CS— for two different sets of bees.

Statistical Analyses

To assess learning performance, we tested for differences in
the positive PER responses to the stimulus between CS+ and
CS—. We used a binomial generalized additive mixed model
(GAMM) to test for differences in responses between the two
conditioned stimuli CS+ and CS— in relation to “stimulus type”
(i.e., pure, 10x AA, 10x FA, 10x SP, or 10x SC). We used “trial”
as smoother and “bee colony” and “bee individual” as random
factors in the GAMM to take into account colony-specific
variation and data dependency as each bee individual contributed
with 20 data points (i.e., trials). Additionally, this approach also
allowed us to analyze differences between stimulus types while
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taking into account variation induced by reversed meanings
of the CS. Specifically, if bees showed differences in learning
patterns depending on the type of stimulus presented as
rewarded (CS+) and unrewarded (CS—), this would result in
a significant interaction between CS and stimulus type. If the
interaction was not significant, we merged the two datasets for
the two reversed meanings. We did not find any significant
interactions between conditioned stimulus and “stimulus type”
(Supplementary Table 4). Therefore, data of both experimental
series were merged for all datasets, following the standard
procedure for PER conditioning experiments (Laloi et al., 1999;
Sommerlandt et al., 2014).

If bees were able to differentiate between the different stimuli
and thus different nutrient concentrations presented in the
pollen paste (all nutrients) or chloroform (sterols), we considered
them able to perceive/taste the tested nutrients. We additionally
assessed differences in the number of trials required by bees
to significantly differentiate between the two stimuli (CS+ and
CS—) using generalized linear mixed effect models (GLMM, with
individual bee as random factor) for each trial. All statistical
analyses were performed using R v4.0.3 (R Core Team, 2020).

RESULTS

Honey bees were able to learn the difference between pure pollen
and 10x AA pollen (F = 4.398; P = 0.036, Figure 1), as well as
pure pollen and 10x FA pollen (F = 21.072, P < 0.001, Figure 2).
However, PER responses differed significantly between the AA
and FA experiment. When presented pure pollen and pollen
enriched with FA, the bees significantly differentiated between
CS+ and CS— already from the fourth trial onward (GLMM: trial
1-3: ns, trial 4: x2 = 122.5, P < 0.001, Figure 2). However, when
the bees were presented with pure pollen and pollen enriched
with AA, discrimination was only significant from the sixth trial
onward (GLMM: trial 1-5: ns, trial 6: x> = 129.58, P = 0.006,
Figure 1).

In contrast to FA and AA, the bees were not able to
discriminate between pollen differing in sterol concentrations,
irrespective of whether the sterol stimulus was presented in pollen
(F = 1.940, P = 0.164, Figure 3) or chloroform (F = 2.179,
P =0.140, Figure 4).

DISCUSSION

The ability to perceive concentration differences of nutrients in
pollen is a prerequisite for assessing the nutritional quality of
different pollen sources. Our results suggest that honey bees can
perceive and thus taste both amino (AAs) and fatty acids (FAs)
but not sterols in pollen when using their antennae. The lack of
perception of pollen sterols does not seem to be a consequence
of selective perception of specific nutrients (e.g., AAs or FAs) in
pollen, as indicated by the experiments with pure sterols. It rather
hints at a general inability of A. mellifera to perceive this nutrient
group via their antennae. Interestingly, these findings contradict
our hypothesis that honey bees restrict nutrient perception in
pollen to lipids, as has been shown for the bumble bee, Bombus
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FIGURE 1 | Percentage of proboscis extension responses (% PER) shown by
Apis mellifera individuals (N = 60) in differential chemotactile conditioning to
pollen enriched with 10x the natural amino acid concentration (10x AA)
against pure pollen over 10 trials. CS+ (black) represents the rewarded
conditioned stimulus, CS- (gray) the unrewarded conditioned stimulus. Both,
10x AA and pure pollen were used as CS+ and CS-. As there was no
significant difference in learning performance between 10x AA and pure pollen
used as CS+ or CS- (Supplementary Table 4), data from both groups were
combined. Different letters next to each line indicate a significant difference
between the two stimuli (P < 0.05).

terrestris (Ruedenauer et al., 2020). While bumble bees can
perceive AAs when presented in isolation (Ruedenauer et al.,
2019a), they appear to “ignore” them and only respond to
variation in FA content when part of a complex chemical mixture
as represented by pollen (Ruedenauer et al., 2020).

The observed difference in perception of pollen nutrients
between the two bee species may be related to species-specific
differences in nutrient intake regulation. While bumble bees
focus on the protein to lipid ratio (P:L-ratio) and specifically
regulate fat intake (Vaudo et al., 2016a,b; Ruedenauer et al., 2020),
honey bees seem to focus on the protein to carbohydrate ratio
(P:C-ratio) and mainly regulate protein intake (Altaye et al., 2010;
Pirk et al., 2010; Stabler et al., 2015), possibly in addition to the
P:L ratio (Vaudo et al., 2020). The content of free AA in pollen
correlates with its protein content (Ruedenauer et al., 2019b).
Through assessing pollen AA and FA content, honey bees may
consequently be able to regulate both protein and fat intake as
well as their ratio.

Interestingly, the honey bees studied seemed to learn
differences in pollen FA concentrations faster and more
thoroughly than differences in pollen AA concentrations (see
Figures 1 and 2). This finding suggests that it is easier for them
to learn FA concentration differences than AA concentration
differences, which might be related to the different effects that
these two nutrient groups have on bee performance and thus
fitness (Lepage and Boch, 1968; Vaudo et al., 2016b, 2020;
Ruedenauer et al., 2020). For example, fat is detrimental to
bees at much lower levels of overconsumption than protein
(Canavoso et al., 2001; Harrison et al., 2012). It may therefore
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FIGURE 2 | Percentage of proboscis extension responses (% PER) shown by
Apis mellifera individuals (N = 58) in differential chemotactile conditioning to
pollen enriched with 10x the natural fatty acid concentration (10x FA) against
pure pollen (N = 58) over 10 trials. CS+ (black) represents the rewarded
conditioned stimulus, CS- (gray) the unrewarded conditioned stimulus. Both,
10x FA and pure pollen were used as CS+ and CS-. As there was no
significant difference in learning performance between 10x FA and pure pollen
used as CS+ or CS- (Supplementary Table 4), data from both groups were
combined. Different letters next to each line indicate a significant difference
between the two stimuli (P < 0.05).
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FIGURE 3 | Percentage of proboscis extension responses (% PER) shown by
Apis mellifera individuals (N = 53) in differential chemotactile conditioning to
pollen enriched with 10x the natural sterol concentration (10x SP) against pure
pollen (N = 53) over 10 trials. CS+ (black) represents the rewarded
conditioned stimulus, CS- (gray) the unrewarded conditioned stimulus. Both,
10x SP and pure pollen were used as CS+ and CS-. As there was no
significant difference in learning performance between 10x SP and pure pollen
used as CS+ or CS- (Supplementary Table 4), data from both groups were
combined. Letters with an asterisk next to the line indicate no significant
difference between the two stimuli (P > 0.05).
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FIGURE 4 | Percentage of proboscis extension responses (% PER) shown by
Apis mellifera individuals (N = 30) in differential chemotactile conditioning to
sterols added to pollen in 10x their natural concentration and dissolved in
chloroform (10x SC) against pure chloroform over 10 trials. CS+ (black)
represents the rewarded conditioned stimulus, CS- (gray) the unrewarded
conditioned stimulus. Both, 10x SC and chloroform were used as CS+ and
CS-. As there was no significant difference in learning performance between
10x SC and pure chloroform used as CS+ or CS- (Supplementary Table 4),
data from both groups were combined. Letters with an asterisk next to each
line indicate no significant difference between the two stimuli (P > 0.05).

be adaptive for bees to be particularly sensitive to fat and
strictly avoid its overconsumption. Such a link between nutrient
perception and impact on animal fitness has recently also been
suggested for Bombus terrestris (Ruedenauer et al., 2020).
Interestingly, and in contrast to our hypothesis, honey
bees were not able to differentiate between different sterol
concentrations or even to perceive pure sterols at all when
using their antennae, suggesting that honey bees cannot receive
sterols via their antennae. Given the importance of this nutrient
group for bees in particular and insects in general (Hobson,
1935; Svoboda et al,, 1978), this finding may at first seem
surprising. However, sterol concentrations may simply be high
enough in pollen of all or at least most plant species to
fulfill the demand of honey bees, and/or variation in their
concentrations as naturally found in pollen only barely impacts
the bees’ performance and reproduction. In fact, data from
pollen analyzed so far (Vanderplanck et al., 2011; Somme et al.,
2015; Roger et al, 2017; Ruedenauer et al., 2019b) shows
that sterol contents in pollen vary less among different plant
species than protein or fat contents. An alternative explanation
for the lack of sterol perception in foragers might be that
honey bee nurses alter the sterol composition of food when
processing it inside the colony prior to provisioning their
larvae. Unfortunately, precise information on the amounts and
proportions of sterols required by bees and potential tolerances
toward deviations from these are still unknown for the sterols
used in our study (Herbert et al., 1980; Chakrabarti et al., 2019).
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We can, of course, not exclude that honey bees can perceive
other sterols not included in our mixture, such as, e.g., 24-
methylene cholesterol, which seems to be highly important for
honey bees (Vanderplanck et al., 2014; Chakrabarti et al., 2019).
We can also not rule out that bees may perceive sterols by
means other than their antennae, i.e., by tarsae or proboscis,
or post-ingestively. The observed lack of learning may also
be due to other reasons, such as aversiveness to the high
concentrations of sterols used. In B. terrestris, however, internal,
post-ingestive perception appears to complement external, pre-
ingestive perception (Ruedenauer et al., 2020), indicating that
antennal perception may represent a reliable proxy for overall
perception abilities. In fact, post-ingestive perception is mostly
used to determine the body’s current nutritional needs (Simpson
and Raubenheimer, 1996). Pre-ingestive perception, in contrast,
may therefore be especially important for polylectic bees, like
honey bees and bumble bees, which need to obtain information
on individual food/pollen sources collected before mixing and
processing it for larval provisioning.

In conclusion, our study reveals bee species-specific
differences in pre-ingestive antennal nutrient perception, which
may be linked to species-specific differences in nutritional
requirements, nutrient regulation and thus in the repertoire of
chemical receptors or in the neuronal processing of chemical
information. In fact, recent work found species-specific receptor
gene expression for different bumble bee species (Sun et al., 2020),
indicating that even closely related species that share many life-
history traits may differ in their perceptive strategies, likely as a
consequence of species-specific nutritional requirements.
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