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The selection of appropriate food resources by bees is a critical aspect for the
maintenance of their populations, especially in the current context of global change
and pollinator decline. Wild bees have a sophisticated ability to forage selectively on
specific resources, and can assess the quality of pollen using contact chemosensory
perception (taste). While numerous studies have investigated the detection of pollen
macronutrients in bees and their impact on bee health and reproductive success, only
a few studies have described the gustatory responses of bees toward specialized
metabolites. In addition, these studies mostly focused on the response to nectar and
neglected pollen, which is the main food resource for both bee imagines and larvae.
Whether bees have the ability to detect specialized toxic metabolites in pollen and then
rapidly adapt their foraging behavior to avoid them is very little studied. In this study,
we tested whether pollen specialized metabolites affect bumblebees at both the micro-
colony and individual levels (i.e., biocassays using supplemented pollen), and whether
foragers detect these specialized metabolites and potentially display an avoidance
behavior (i.e., preference tests using supplemented syrup). Bumblebees were fed with
either amygdalin-, scopolamine- or sinigrin-supplemented pollen diets in ratios that
mimic 50%, 100%, and 200% of naturally occurring concentrations. We found no
effect of these specialized metabolites on resource collection, reproductive success
and stress response at the micro-colony level. At the individual level, bumblebees fed
on 50%-amygdalin or 50%-scopolamine diets displayed the highest scores for damage
to their digestive systems. Interestingly, during the preference tests, the solution with
50%-scopolamine displayed a phagostimulatory activity, whereas solution with 50%-
amygdalin had a deterrent effect and could trigger an active avoidance behavior in
bumblebees, with a faster proboscis retraction. Our results suggest that regulation of
toxin intake is not as well-established and effective as the regulation of nutrient intake in
bees. Bees are therefore not equally adapted to all specialized pollen metabolites that
they can come into contact with.
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INTRODUCTION

In the current context of global change and pollinator decline
(Potts et al., 2016; Dicks et al., 2020), consumption of adequate
food resources can provide bees with resilience to some
environmental stressors, as recently demonstrated in bumblebees
facing heat stress (Vanderplanck et al., 2019a), and in honeybees
facing viral infections (Dolezal et al., 2019). The other side of
the coin is that consumption of inadequate resources, even by
an otherwise healthy organism, can lead to reduced survival
and decreased immunity, as well as an increased susceptibility
to pathogens and parasites (e.g., Alaux et al.,, 2010; DeGrandi-
Hoffman et al., 2010; Di Pasquale et al., 2013; Roger et al., 2017;
Vanderplanck et al., 2018). Selecting appropriate food resources
is therefore a critical aspect for bees in order to maintain their
populations (see Vaudo et al., 2015).

It is common knowledge that bees predominantly collect
pollen to satisfy their nutritional and physiological requirements,
it being essential for reproduction and for the health of imagines
(Human et al., 2007; Di Pasquale et al., 2013; Cane, 2016; Cane
et al., 2016), as well as for the development of their offspring
(Génissel et al., 2002; Tasei and Aupinel, 2008a; Brodschneider
and Crailsheim, 2010; Quezada-Euan et al., 2011). Pollen is
a complex chemical mixture that contains both central (or
primary) metabolites, which are vital for plant survival (e.g.,
proteins, amino acids and lipids; see Roulston et al., 2000;
Weiner et al., 2010), and specialized (or secondary) metabolites,
which play a key role in the interaction of the plant with
the environment such as underpinning insect attraction or
deterrence (e.g., alkaloids; see Kempf et al., 2010; Cook et al.,
2013; Gosselin et al, 2013; Stegemann et al., 2018). Pollen
composition is highly variable among plant species so bees face
a high degree of variation in pollen quality (e.g., Roulston and
Cane, 2000; Roulston et al., 2000; Weiner et al., 2010; Vaudo et al.,
2015, 20205 Palmer-Young et al., 2019), with some pollen types
being unsuitable for some bee species because of lack in essential
nutrients, occurrence of toxic compounds or low digestibility
leading to difficulties in extracting nutrients (e.g., Levin and
Haydak, 1957; Praz et al., 2008b; Sedivy et al., 2011; Haider
et al., 2013; Vanderplanck et al., 2014, 2018, 2020). This implies
that even generalist bees cannot forage randomly on all available
resources, but have to display selective foraging to increase their
individual health and reproductive success.

Indeed, both social and solitary bees have been shown
to forage selectively on different pollen types according to
their nutritional quality. For instance, bumblebees preferentially
collect pollen rich in proteins and amino acids (Rasheed and
Harder, 1997; Robertson et al., 1999; Hanley et al., 2008; Kitaoka
and Nieh, 2009; Leonhardt and Bliithgen, 2012). Such selective
foraging on specific resources may arise from imprinting, with
bees developing preference toward pollen types they fed on
during their larval phase or as early imagines (e.g., Dobson and
Peng, 1997; Cane and Sipes, 2006; Ruedenauer et al., 2020b).
Additionally, social bee species could also rely on feedback from
their nest, such as the rate of food consumption by larvae, in
determining preferences (e.g., Ruedenauer et al., 2016). However,
evidence is that pre-imaginal learning does not always prevail

(e.g., Praz et al., 2008a), and that individual imagines can
differentiate between different pollen types without relying on
feedback from larvae (Ruedenauer et al., 2015). Wild bees have
therefore a sophisticated ability to forage selectively on resources
that allow them to achieve their nutritional optimum (Dobson
and Bergstrom, 2000; Hanley et al., 2008; Ruedenauer et al., 2015,
2016). Such assessment of pollen quality could be done through
olfactory (i.e., pollen odor; Dobson and Bergstrom, 2000), visual
(i.e., pollen color; Lunau, 2000) or chemotactile cues (i.e., pollen
taste; e.g., Pernal and Currie, 2002; Leonhardt and Bliithgen,
2012; Lunau et al., 2015; Ruedenauer et al., 2015, 2016; Muth
et al., 2016), without knowing all components. Among these
cues, it is more likely that bees would use smell (i.e., olfactory
cues) and/or pollen taste (i.e., chemotactile cues) rather than
pollen color to discriminate among food resources. Ruedenauer
et al. (2015) have actually shown that bumblebees are able
to differentiate between different nutrient concentrations using
contact chemosensory perception, which is enabled via gustatory
receptors on their antennae, mouthparts and tarsi (de Brito
Sanchez, 2011). They are therefore able to regulate their nutrient
intake by varying their foraging rate on different food resources.
This selective foraging appears to be guided by the fat content
and protein:lipid ratio of pollen rather than by the protein
content alone (Vaudo et al., 2016a,b; Ruedenauer et al., 2020a). In
particular, fatty acid cues appear to play akey role in fat regulation
and foraging decisions in Bombus terrestris (Ruedenauer et al.,
2020a). Hence, chemical composition of pollen might be involved
in the selection and use of resources, at least in some bee
species. However, the complete picture is lacking as studies on
selective foraging have mainly focused on macronutrients (i.e.,
central metabolites), whereas only a few studies have described
the gustatory responses of bees toward specialized metabolites
in food (e.g., Ayestaran et al., 2010; Tiedeken et al, 2014).
Moreover, these experiments have mainly used restrained bees
(i.e., stressed individuals with non-natural feeding responses;
Mommaerts et al., 2013), and have mostly considered specialized
metabolites that occur only in nectar.

Despite this, there have been several reports on the presence
of specialized metabolites in pollen of widespread plant species
that represent important food resources for pollinators (Rivest
and Forrest, 2020 and references cited). While the role of central
metabolites as nutrients for pollinators is largely assumed (e.g.,
Hiigel, 1962; Day et al., 1990; Herbert, 1992; Roulston et al., 2000),
the role of specialized metabolites is still controversial (Manson
et al,, 2010; de Roode et al., 2013; Wright et al., 2013; Arnold
et al,, 2014; Hurst et al., 2014; Richardson et al., 2015; Stevenson
et al., 2017; Stevenson, 2020). Originally, specialized metabolites
evolved in plants as chemical defenses in response to selection
imposed by herbivores and pathogens (Moore et al, 2014;
Richards et al., 2015; Rivest and Forrest, 2020). Their occurrence
in pollen could then play an important ecological role in plant-
pollinator interactions, such as by favoring pollen specialization
or pollen mixing behavior in bees; Eckhardt et al., 2014; Rivest
and Forrest, 2020). These biologically active metabolites could
improve the health status of pollinators (e.g., Palmer-Young et al.,
2017) through anti-oxidant (e.g., Ali¢i¢ et al., 2014) and anti-
microbial properties (e.g., Compean and Ynalvez, 2014), but they

Frontiers in Ecology and Evolution | www.frontiersin.org

September 2021 | Volume 9 | Article 669352


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Sculfort et al.

Effects and Detection of Specialized Metabolites in Bumblebees

could also impede larval development (de Carvalho and Message,
2004; Arnold et al., 2014), induce malaise behavior (Hurst et al.,
2014) and weaken the insect immune system through insecticidal
properties (Baracchi et al., 2015). In some instances, specialized
metabolites could even kill pollinators (Detzel and Wink, 1993;
Adler, 2000; de Carvalho and Message, 2004). Consequently, it
is critical that bees have the ability to detect pollen specialized
metabolites, especially if they have negative impact on their health
and fitness, and rapidly adapt their foraging behavior to avoid
such toxic resources.

In this study, we performed a range of bioassays and
behavioral experiments with freely moving workers of the
bumblebee Bombus terrestris to determine (1) whether pollen
specialized metabolites affect bumblebees at the micro-colony
level (resource collection, reproduction and stress response) as
well as at individual level (histological damage), (2) and whether
bumblebees detect these specialized metabolites and potentially
display an avoidance behavior. We focused on amygdalin,
scopolamine and sinigrin; three nitrogen-containing metabolites
synthesized by different plant families that are actively foraged
upon by bumblebees (Erickson and Feeny, 1974; King, 1993;
London-Shafir et al., 2003; Ares et al., 2015; Chowanski et al.,
2016; Saez et al., 2020). We assume that bumblebees must be
able to detect specialized metabolites (either through pre- or
post-ingestive effects, or both) that are toxic for them at either
the micro-colony or individual level. We further expect that
bumblebees will consequently display an avoidance behavior, for
instance by reducing their resource collection.

MATERIALS AND METHODS
Model System

Bombus terrestris is one of the most abundant and widespread
bumblebee species of the West Palearctic. This social species is
a highly polylectic bumblebee foraging on hundreds of different
plant species belonging to numerous plant families (Kleijn and
Raemakers, 2008; Rasmont et al., 2008; Leonhardt and Bliithgen,
2012). As a consequence, it has a very important role as a
pollinator in wild and cultivated plant communities (Free, 1993;
Velthuis and van Doorn, 2006). However, colonies do not show
equivalent development on all pollen species (Vanderplanck et al.,
2018), partly because of the occurrence of specialized metabolites.
In this study, we focus on three nitrogen-containing metabolites,
namely amygdalin, scopolamine and sinigrin.

Amygdalin belongs to the family of cyanogenic glycosides,
which are chemical defenses characteristic of Rosaceae
(Robinson, 1930; Conn, 1978). It occurs naturally at level
of 1,889 ppm in pollen of Prunus dulcis Mill (London-Shafir
et al., 2003). This Prunus species is one of the most economically
valuable bee-pollinated crop species because of its high
pollinator-dependence and high-market value (Séez et al., 2020),
bumblebees counting among the pollinators of almond crop
fields (Dag et al., 2006; Marqués et al., 2019). Repeat consumption
of such chemically defended pollen can be toxic to bees (Kevan
and Ebert, 2005), especially if they are not able to detect the
toxic substance. Upon enzymatic hydrolysis, amygdalin liberates

cyanide; its toxicity may be explained by its metabolization to
sulfocyanide, an inhibitor of the iodide pump.

Scopolamine belongs to the family of Solanaceae alkaloids,
which display insecticidal and fungicidal properties characteristic
of this plant family (Boulogne et al., 2012). It occurs naturally
at level of 20,014 ppm in pollen of Brugmansia aurea Lagerh
(Detzel and Wink, 1993). Plant species in the cosmopolitan family
Solanaceae are among the most ecologically and economically
important, particularly in terms of food production (e.g., potatoes
and tomatoes), and are generally pollinated by bumblebees
(i.e., buzz pollination) (King, 1993). The occurrence of such a
biologically active compound could then render the pollen of
Solanaceae species toxic to its pollinators, including bumblebees,
which could be highly detrimental if the substance has no
repellent effect. Scopolamine is a competitive antagonist of
acetylcholine at muscarinic receptors (Fraenkel, 1959; Brown and
Keith, 1987; Chowanski et al., 2016). It was shown to bind to
brain receptors and increase attacks on nestmates in honeybees
(Gauthier et al., 1994; Ismail et al., 2008).

Sinigrin is one of the most widespread glucosinolates (mustard
oil glycosides) occurring in many species of Brassicaceae and in a
few other plant families (Erickson and Feeny, 1974; Mazumder
et al, 2016). It has been detected at level of 1,892 ppm in
bee pollen of Brassica sp. (Ares et al., 2015). Brassicaceae is
a widespread plant family that includes numerous species of
agricultural and medicinal interest (Kissen et al., 2009). This plant
family is known to be largely bee-pollinated and bumblebees
are likely exposed to the potential insecticidal properties of its
glucosinolates, depending on their avoidance behavior. Upon
enzymatic hydrolysis, sinigrin yields allyl isothiocyanate, a
volatile and highly pungent compound that acts as plant defense
by deterring herbivores (Erickson and Feeny, 1974; Shields and
Mitchell, 1995; Frisch et al., 2015).

Bioassays

Pollen Diets

How specialized metabolites can impact pollinator behavior,
performance and health was investigated by the use of a
control diet as well as amygdalin-, scopolamine-, and sinigrin-
supplemented diets (i.e., test diets). The test diets contained
chemicals mixed with the control diet in ratios that mimic
50%, 100%, and 200% of the naturally occurring concentration
(i.e., a total of nine test diets; see Supplementary Table 1 for
naturally occurring concentrations). The control diet consisted
of ground pollen loads with a dominance of Salix sp. mixed with
inverted sugar syrup (BIOGLUC®, Biobest) to obtain consistent
ball-shaped candies. Salix pollen is described as an excellent
resource for B. terrestris and is unlikely to display specialized
metabolites at sublethal or lethal concentrations for bumblebees
since it support their larval and colony development well (Tasei
and Aupinel, 2008a; Moerman et al., 2017; Vanderplanck et al.,
2018). Chromatographic analyses confirmed that amygdalin,
scopolamine and sinigrin were absent from the control diet (for
analytical details see London-Shafir et al., 2003; Ares et al., 2015).
The test diets were prepared using commercial powders that
were dissolved in aqueous ethanol solution (1:1) before addition
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to the control diet. Aqueous ethanol was selected because,
even if all tested metabolites are soluble in water, it improved
their solubility at the highest concentrations and allowed for
not over-moisturizing the pollen candies as ethanol quickly
evaporates. All treatment diets (both control and test diets)
contained aqueous ethanol (1:1; 0.4 mL/g of diet) to control for
potential negative effects of the solvent when assessing the added
chemical treatments. Pollen loads of Salix were purchased from
the company “Ruchers de Lorraine,” which were sold as organic
nutrition complement (i.e., free of pesticides).

Experimental Design

The experiments were conducted at the University of Mons
from February 2015 to May 2016. A first run of bioassays was
performed in 2015 for amygdalin (i.e., four treatments; control,
50%-amygdalin, 100%-amygdalin, and 200%-amygdalin), and
a second run in 2016 for scopolamine and sinigrin (i.e.,
seven treatments; control, 50%-scopolamine, 100%-scopolamine,
200%-scopolamine, 50%-sinigrin, 100%-sinigrin, and 200%-
sinigrin). Ten queenless B. terrestris micro-colonies were
established for each treatment using workers from five different
colonies (Biobest bvba, Westerlo, Belgium) that were equally
distributed among the treatments to ensure homogeneity of
origin. A total of 110 micro-colonies were then monitored
for all experiments. Each micro-colony was composed of
five 2-day-old workers placed in different plastic boxes
(10 cm x 16 cm x 16 cm) in a dark room at 27°C and 76%
relative humidity. The micro-colonies were fed ad libitum with
sugar syrup (BIOGLUC®, Biobest) and pollen candies that were
freshly prepared and renewed every 2 days (0.5g,1.0g,or 1.5 g
depending on the age of the micro-colony) to avoid nutrient
alteration and drying out during the experiment. Pollen and
syrup collections were measured by weighing pollen candies and
syrup container before their introduction into the micro-colony
and after their removal. Ejected larvae were removed from the
micro-colony; workers that died during the experiment were
removed and replaced. Syrup and pollen supplies as well as
micro-colonies monitoring were done in the darkroom under
red light during the 35-day period following the first episode of
egg laying of a worker. At the end of the experiment, workers
were weighed. The total mass of workers was expressed as the
sum of the weights of the five workers in each micro-colony,
taking into account the time they spent in the micro-colony
in case of death and replacement. The nest was then carefully
dissected, and the number and mass of individuals were recorded
for each brood stage.

Micro-Colony Performance

Feeding response and micro-colony development were evaluated
based on: (i) composition (i.e., number of eggs, non-isolated
larvae, isolated larvae, pupae, non-emerged and emerged drones)
and fresh weight of offspring, (ii) larval ejection (i.e., number of
larvae, alive and dead, removed from the nest by workers), (iii)
pollen collection (i.e., amount of pollen consumed and stored)
(fresh matter), (iv) pollen efficiency (i.e., the weight of hatched
offspring divided by the total pollen collected per micro-colony),
(v) syrup collection (i.e., amount of syrup consumed and stored)
and (vi) pollen dilution (i.e., the total syrup collected divided

by the total pollen collected per micro-colony) (parameters
adapted from Tasei and Aupinel, 2008b). All weight parameters
(i.e., brood weight, pollen collection, and syrup collection) were
standardized by the total mass of workers in the micro-colonies
to avoid potential bias from worker activities (i.e., consumption
and brood care).

Digestive Damage

The general histology of the bumblebee digestive tract is
described in details in Vanderplanck et al. (2020). It is composed
of a cuticle-lined foregut (stomodaeum), a midgut (mesenteron)
and a cuticle-lined hindgut (proctodaeum). Histological
examination focused on the mesenteron, which is the principal
site of digestion and absorption of both nutrients and ingested
plant allelochemicals. It represents therefore the first line of
defense against the absorption of specialized metabolites, with
for instance the protective role of peritrophic membrane. Its
epithelium also represents an important interface between the
insect and its environment. It consists of discrete crypts and lies
on connective tissue. Its major cell type is the columnar cells with
numerous microvilli forming, at the apical pole, a brush-like
border. These cells display a slightly granular cytoplasm and, at
their center, a large ovoid and euchromatic nucleus (Calatayud
and Rabhé, 2013; Sarwade and Bhawane, 2013).

Tissues for histological evaluation were prepared following
the method described by Vanderplanck et al. (2020). For each
treatment, four bumblebee individuals were randomly collected
from the different micro-colonies and cold-anesthetized (n = 4
per treatment). Their abdomens were cut and incised to
facilitate the fixation (Duboscq-Brazil fluid), dehydration and
paraffin-embedding processes. Transverse serial sections of 5 um
thicknesses were performed with a microtome (Reichert-Jung®
2040 microtome) with the use of a softening agent (Mollifex™),
and placed on silane-coated glass slides. After rehydration, the
sections were stained with Masson’s Trichrome staining method.

A single-blind microscopic evaluation was carried out using
a research optical microscope (Leitz® Orthoplan). This allowed
for eliminating biases due to knowledge of treatment. The
parameters evaluated for damage score were the common
histopathological alterations in the digestive tract (Vanderplanck
et al.,, 2020), namely: (i) disorganization or loos of the brush-
like border, (ii) vacuolization of the epithelial cells (hydropic
degeneration), (iii) interstitial edema, (iv) apoptosis, and (v)
necrosis. All parameters were scored from 0 (no damage) to 5
(extensive changes), except necrosis parameter that was scored
from 0 to 6 (see Supplementary Table 2 for criteria and score
details). When necrosis parameter was set to at least 4 (ie.,
sublethal damage), all other parameters were automatically set to
the maximal value (5). Analysis was made of the damage score
for each of the parameters on one hand, and of the total sum of
damage scores (TDS) of the five parameters on the other hand.
Thus, the TDS had a minimum possible total damage score of 0
and a maximum possible total damage score of 26.

Detection of Specialized Metabolites

We tested the hypothesis that bumblebees can detect the
specialized metabolites using preference tests following the
protocol from Ma et al. (2016). For each treatment, 15 bumblebee
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individuals were randomly collected from five different colonies
(i.e., three bumblebees per colony) and starved for 2—4 h in plastic
vials (70 mm long, 25 mm inner diameter) in the rearing dark
room at 27°C and 76% relative humidity. After this starvation
period, bumblebees were transferred into a holding tube where
they were able to move freely. The holding tube consisted in a
modified 15 mL centrifuge tube fixed on a polystyrene holder
as described in Ma et al. (2016). After a habituation phase of
3 min, the trial started and was recorded with a digital Dino-lite
USB microscope camera fixed 5 cm above the tip of the holding
tube. The trial was recorded using the software Dinocapture
2.0, with a 26.7 frames.sec™! and a 25x magnification rate.
A drop of sugar syrup (BIOGLUC®, Biobest) was presented to
the bumblebee using a 1-mL syringe. Individuals that did not
consume the syrup within 5 min were discarded. For responsive
individuals, test solutions were presented using a 100 pL micro-
capillary tube connected to a pumping system to ensure the
presence of a permanent droplet of test solution at the top
of the micro-capillary tube (Ma et al, 2016). Test solutions
were prepared by diluting the commercial powders directly in
sugar syrup (50%, 100%, and 200% of the naturally occurring
concentrations, Supplementary Table 1). The control solutions
consisted of pure sugar syrup (negative control) and a 1 mM
quinine solution (positive control) that was proven to have a
deterrent effect (Ma et al., 2016). A total of 165 workers (i.e.,
15 workers per treatment and 11 treatments namely, negative
control, positive control, 50%-amygdalin, 100%-amygdalin,
200%-amygdalin, 50%-scopolamine, 100%-scopolamine, 200%-
scopolamine, 50%-sinigrin, 100%-sinigrin, and 200%-sinigrin)
have been tested.

The 2-min test phase started as soon as the bumblebee’s
proboscis contacted the test or control solution inside the micro-
capillary tube. The lengths of liquid inside the micro-capillary
tube were measured before and after the test phase to calculate the
volume of solution consumed. The volume of solution consumed
as well as the number of feeding bouts, the cumulative duration
of the feeding bouts, the total duration of effective feeding (i.e.,
contact with test or control solution) and the duration of the
first contact (i.e., before the first proboscis retraction) were used
to evaluate the phagostimulatory or the deterrent activity of
the compounds tested. A feeding bout was defined as a contact
between the extended proboscis and the test solution for at least
5s (French et al., 2015).

Data Analysis
All  analyses were
(R Core Team, 2017).

performed in R version 3.4.0

Micro-Colony Performance

To test for differences in resource collection, reproduction
(offspring mass; drone mass; number of individuals within
each developmental stage), and stress response of bumblebees
among diet treatments, we fitted general linear mixed effects
models with concentrations as a fixed effect, and colony as a
random factor. As the bioassays were conducted at different times
with a significant difference among controls, separate models
were fitted for each specialized metabolite. Pollen collection,

syrup collection, pollen dilution, total offspring mass, and pollen
efficiency per micro-colony were analyzed using models with
a Gaussian error structure (i.e., normally distributed residuals,
“Ime” function, R-package “nlme”; Kuznetsova et al., 2017).
Larval ejection was analyzed using a binomial model with the
number of ejected larvae and the total number of living offspring
produced per micro-colony as a bivariate response (“glmer”
function, R-package “lmerTest”; Kuznetsova et al., 2017), with
an observation-level random effect added to the model to
account for overdispersion (i.e., each data point received a
unique level of random effect that modeled the extra-parametric
variation present in the data; Harrison, 2014). Numbers of
individuals within each developmental stage per micro-colony
were assessed using models with Poisson distribution for
count data after checking for overdispersion (“glmer” function,
R-package “ImerTest”; Kuznetsova et al., 2017). An observation-
level random effect was added to the Poisson models when data
overdispersion occurred (Harrison, 2014). When a significant
effect was found (p < 0.05), multiple pairwise comparison
tests were performed using Tukey contrasts and FDR (false
discovery rate) adjustment to determine how diet treatments
significantly differed from each other (“glht” function, R-package
“multcomp”; Hothorn et al., 2008). Besides, Pearson (data being
normally distributed) and Spearman (data not being normally
distributed) correlation tests were used to evaluate the statistical
significance (p-values) and the strength (correlation coefficients)
of the correlation between pollen collection and total offspring
mass for each specialized metabolite.

Digestive Damage

The ordinal method used for histological evaluation (i..,
scoring system) involved a non-normal distribution of data.
Non-parametric analyses (i.e., Kruskal-Wallis test) were then
considered to compare the damage score for each of the
parameters (Supplementary Table 2) and the total sum of
damage scores (TDS) among diet treatments (Gibson-Corley
et al, 2013). When p-value was significant (p < 0.05),
multiple pairwise comparisons (post hoc test) were performed
(“kruskal” function, R-package “agricolae”; Mendiburu, 2020).
Given the reduced sample size for this part of the study,
a power analysis has been used to ensure sufficient power
and reliability (power = 0.99; “kwpower” function, R-package
“MultNonParam”; Kolassa and Jankowski, 2021).

Detection of Specialized Metabolites

To test for differences in the phagostimulatory or the deterrent
activity of the treatments, we fitted general linear mixed
effects models (GLMM) with treatment as a fixed effect, and
colony as a random factor. The volume of solution consumed,
cumulative duration of the feeding bouts, total duration of
effective feeding (i.e., contact with test or control solution) and
duration of the first contact (i.e., before the first proboscis
retraction) were analyzed using models with a Gaussian error
structure after log transformation (i.e., log-normally distributed
residuals, “Ime” function, R-package “nlme”; Kuznetsova et al.,
2017). The number of feeding bouts was assessed using
models with Poisson distribution for count data after checking
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for overdispersion (“glmer” function, R-package “lmerTest”;
Kuznetsova et al., 2017). When a significant effect was found
(p < 0.05), multiple pairwise comparison tests were performed
using Tukey contrasts to determine how treatments significantly
differed from each other (“glht” function, R-package “multcomp”;
Hothorn et al., 2008).

RESULTS

Micro-Colony Performance

Resource Collection

We found no significant effect of diet treatment on the collection
of pollen (amygdalin, x> = 6.78, df = 3, p = 0.079, Figure 1A;
scopolamine, x? = 5.69, df = 3, p = 0.128, Figure 1B; sinigrin,
x2 = 1.79, df = 3, p = 0.618, Figure 1C) or syrup (amygdalin,
¥? = 4.82, df = 3, p = 0.185; scopolamine, x? = 2.12, df = 3,
p = 0.549; sinigrin, x? = 2.19, df = 3, p = 0.534) (Supplementary
Table 3). Whatever the added specialized metabolite and
its concentration, micro-colonies fed the test diets did not
differ from micro-colonies fed the control diet. Pearson and
Spearman correlation coefficients highlighted that total pollen
collection (Figures 1A-C) correlated with the total mass of
hatched offspring (Figures 1D-F), regardless of the treatment
(amygdalin, r = 0.775, p < 0.001; scopolamine, p = 0.584,
p < 0.001; sinigrin, r = 0.771, p < 0.001).

Reproduction

We found no significant effect of diet treatment on the total
mass of hatched offspring (i.e., all developmental stages except
eggs) produced by B. terrestris micro-colonies (amygdalin,
¥? =592, df = 3, p = 0.116, Figure 1D; scopolamine, x* = 5.64,
df = 3, p = 0.131, Figure 1E; sinigrin, 2 = 150, df = 3,
p = 0.683, Figure 1F and Supplementary Table 3). All micro-
colonies produced eggs, non-isolated larvae, isolated larvae (pre-
and post-defecating stages), pupae and non-emerged drones.
We found no significant effects of treatment on numbers of
individuals within each developmental stage per micro-colony
(p > 0.05) except for the number of post-defecating larvae in
the scopolamine bioassays (x? = 11.31, df = 3, p = 0.010),
with post hoc Tukey analyses showing that micro-colonies fed
the scopolamine diets at 100% and 200% of the naturally
occurring concentration produced less post-defecating larvae
than micro-colonies fed control diet (Supplementary Table 3).
We then assessed if the diet treatment affected the ability of
a micro-colony rearing their offspring to adulthood but found
no significant difference in the number of emerged drones
(amygdalin, ¥? = 4.63, df = 3, p = 0.201; scopolamine, ¥ = 6.07,
df = 3, p = 0.108; sinigrin, x> = 6.72, df = 3, p = 0.081)
(Supplementary Table 3).

Stress Response

In response to a diet stress, adult bumblebees may display
peculiar behavior such as pollen dilution (Vanderplanck et al.,
2018) or larval ejection from the brood (Tasei and Aupinel,
2008a). We found no significant effect of diet treatment either
on the proportion of ejected larvae in micro-colonies (amygdalin,

¥? =3.19, df = 3, p = 0.363, Figure 1G; scopolamine, x? = 0.91,
df = 3, p = 0.822, Figure 1H; sinigrin, x> = 6.30, df = 3,
p = 0.098, Figure 1I) or on pollen dilution (amygdalin, x2 = 7.55,
df = 3, p = 0.056; scopolamine, x2 = 3.77, df = 3, p = 0.287;
sinigrin, x2 = 2.30, df = 3, p = 0.513) (Supplementary Table 3).
Another evaluated stress response was pollen diet efficiency that
highlights when a micro-colony needs to consume more pollen to
produce offspring, which could then be indicative of digestibility
constraint or nutrient deficiency. We found no significant effect
of treatment on pollen diet efficiency (amygdalin, x> = 0.10,
df = 3, p = 0.991; scopolamine, x> = 0.74, df = 3, p = 0.864;
sinigrin, 2 = 0.83, df = 3, p = 0.844), with micro-colonies
fed the test diets having similar pollen efficiency than micro-
colonies in control treatments (Supplementary Table 3). Such
absence of significant difference in pollen diet efficiency was not
surprising since total pollen collection (Figures 1A-C) correlated
with the total mass of hatched offspring (Figures 1D-F) in our
experiment, regardless of the treatment.

Digestive Damage

As expected, the control treatment did not cause damage to
the digestive tract (Supplementary Table 4). The mesenteric
epithelium displayed a normal organization, and the morphology
of digestive cells appeared to be normal without cytoplasmic
vacuolization or pyknotic nucleus. The nuclei had a smooth and
regular appearance, and microvilli at the apex of the digestive
cells were well-developed, without any partial degradation. No
necrotic cells were observed both in the base and at the apex of
the intestinal crypts that remained well shaped. Median scores of
any histological criteria did not exceed 2 and the median TDS was
7.5 (Figure 2 and Supplementary Table 4).

In comparison, the 50%-amygdalin and 50%-scopolamine
treatments had a significantly higher damage score (2 = 24.02,
df = 9, p = 0.004), median TDS being 25 for 50%-amygdalin
treatment and 24.5 for 50%-scopolamine treatment (Figure 2
and Supplementary Table 4). Both treatments induced marked
higher histopathological alterations in the digestive tract
compared to the control, with a significant augmentation of
features of apoptosis (criterion 4) (x? = 26.20, df = 9, p = 0.002;
Supplementary Table 4) as well as of necrosis (criterion 5) for
50%-amygdalin (x* = 24.04, df = 9, p = 0.004; Supplementary
Table 4). Pyknotic nuclei were more numerous and several
necrotic cells detached from the epithelium, forming large
clusters in the mesenteron lumen. Cytoplasmic vacuolization
(criterion 2) was also significantly more marked for both
treatments (x> = 23.79, df = 9, p = 0.005; Supplementary
Table 4), with hydropic degeneration in more than 50% of villus
intestinal epithelial cells. Disorganization or loss of the brush-
like border (criterion 1) were also more frequently observed
(2% =23.42,df = 9, p = 0.005; Supplementary Table 4) as well as
interstitial edema (criterion 3) in the connective tissue that forms
the central axes of intestinal crypts (x% = 17.90, df = 9, p = 0.036;
Supplementary Table 4).

Damage to the digestive tract of bees exposed to the 100%-
amygdalin treatment were less severe but significantly higher
than in the control treatment (X2 =24.02,df =9, p =0.004), TDS
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FIGURE 1 | Effects of diet treatments on resource collection, reproduction and stress response of B. terrestris in micro-colonies. (A=C) Pollen collection in each
micro-colony across treatments. (D-F) Total mass of hatched offspring in each micro-colony across treatments. (G-1) Percentage of ejected larvae in each
micro-colony across treatments. Each small data point represents a micro-colony and large points are mean values of each treatment. Error bars indicate the
standard error of means. No significant effect was found on any parameter.

being 19.5 (Figure 2 and Supplementary Table 4). The intestinal
crypts were still well-organized without interstitial edema.
However, occurrence of pyknotic nuclei was significantly higher
than for control treatment although we did not observe hydropic
degeneration despite cytoplasmic vacuolization (x% = 23.79,
df = 9, p = 0.005; Supplementary Table 4). Disorganization
or loss of the brush-like border was observed in 25-50% of
villus intestinal epithelial cells, which is significantly higher
than in control treatment (x> = 23.42, df = 9, p = 0.005;
Supplementary Table 4).

No degeneration of epithelial cells was observed in the
digestive tract of bees exposed to the other treatments,
which displayed a TDS similar to the control (Figure 2 and
Supplementary Table 4). The mesenteron displayed a normal

morphology as in the control treatment: the intestinal crypts
were well-formed with a homogeneous brush-like border. Only
some cells detached at the apex of the intestinal crypts in 100%-
sinigrin and 200%-amygdalin treatments, which is probably due
to normal cell renewal.

Detection of Specialized Metabolites

The treatments had a significant effect on the total volume of
solution consumed (x? = 30.42, df = 10, p < 0.001), whereby
the consumption of quinine solution (positive control) was
reduced in comparison to pure syrup solution (negative control)
(Figure 3A and Supplementary Table 5). As expected, quinine
displayed a deterrent activity in our assays based on food
consumption. Bumblebees collected significantly more solution
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with scopolamine (50, 100, and 200%) and 200%-amygdalin than
quinine solution, while they collected significantly less solution
with 50%-sinigrin, 50%-amygdalin, and 200%-sinigrin than
pure syrup solution (Figure 3A and Supplementary Table 5).
These results suggest that solutions with scopolamine (50, 100,
and 200%) and 200%-amygdalin displayed a phagostimulatory
activity for bumblebees, whereas solutions with 50%-sinigrin,
50%-amygdalin, and 200%-sinigrin had a deterrent effect.
The consumption of solution with 100%-sinigrin and 100%-
amygdalin did not differ from any controls, suggesting neither
phagostimulatory nor deterrent effects.

Similarly, the treatments had a significant effect on the
duration of the first contact of proboscis with the solution
(x? = 57.64, df = 10, p < 0.001). The duration of the first
contact with quinine solution (positive control) was significantly
reduced in comparison to pure syrup solution (negative control)
(Figure 3B and Supplementary Table 5), suggesting that
quinine triggered an active avoidance behavior in bumblebees
with a faster proboscis retraction. While the duration of
the first contact with solutions containing 200%-amygdalin,
100%-sinigrin, and scopolamine (50, 100, and 200%) was
significantly longer in comparison to quinine solution (positive
control) (i.e,, phagostimulatory activity of test solutions), it
was significantly reduced with the solutions containing 100%-
amygdalin, 50%-amygdalin, and 50%-sinigrin in comparison to
pure syrup solution (negative control) (i.e., deterrent activity of
test solutions) (Figure 3B and Supplementary Table 5). Only the
duration of the first contact with the 200%-sinigrin solution did
not differ from any controls.

Likewise, the treatments had a significant effect on the
cumulative duration of feeding bouts (x> = 74.38, df = 10,
p < 0.001). As expected, the cumulative duration of feeding
bouts with quinine solution (positive control) was significantly
reduced in comparison to pure syrup solution (negative control)
(Supplementary Table 5). Post hoc Tukey test showed that the

cumulative duration of feeding bouts with all test solutions (i.e.,
amygdalin, scopolamine and sinigrin) was significantly longer
than with the quinine solution and similar to the pure sugar
syrup solution (i.e., no deterrent effect based on this parameter,
Supplementary Table 5). The treatments had also a significant
effect on the total duration of effective feeding (x> = 86.77,
df = 10, p < 0.001), whereby the total duration of effective
feeding with quinine solution (positive control) was significantly
reduced in comparison to pure syrup solution (negative control).
For all test solutions (i.e., amygdalin, scopolamine and sinigrin),
the total duration of effective feeding was significantly longer
than with the quinine solution and similar to the pure sugar
syrup solution (i.e., no deterrent effect based on this parameter,
Supplementary Table 5). Only bumblebees in contact with the
solution containing 50%-sinigrin spent significantly less time for
effective feeding than the negative control but significantly more
than the positive one (Supplementary Table 5).

The treatments had also a significant effect on the frequency
of feeding bouts (x> = 91.63, df = 10, p < 0.001), whereby
the number of bouts with test solutions containing scopolamine
was significantly higher in comparison to other treatments.
However, the number of bouts to feed the negative control did
not significantly differ from the positive one, suggesting that this
parameter was not the most suitable to assess the deterrent effects
of substances in such assay (Supplementary Table 5).

DISCUSSION

Because floral visitors of a given plant species vary
in their contribution to plant pollination (Thomson
and Thomson, 1992), plants have evolved several

mechanisms through which they filter their pollinators
(Westerkamp and Claben-Bockhoft, 2007).  Such ~ “filtering”
mechanisms allow for interactions with the most eflicient
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pollinators to be maximized, while minimizing pollen loss
due to excessive harvesting by pollen-feeding visitors (Miiller,
1996). In the absence of specialized flower morphology, such
“filtering” may occur through chemical properties of pollen, for
instance occurrence of specialized metabolites that render the
resource unsuitable to some bee species (i.e., fitness loss caused
by pollen consumption) (Praz et al., 2008b; Trunz et al., 2020;
Vanderplanck et al., 2020). In order to be an effective defense
mechanism, these specialized metabolites have compulsorily
to generate an avoidance behavior in bees (i.e., floral visits
without pollen consumption), which then ensures the availability
of pollen for plant reproduction. Such avoidance behavior by
bees may have different mechanistic origins that are either pre-
ingestive, post-ingestive, or both. Although both mechanisms
involve the sensory system of pollinators, the former results
from signal detection (i.e., olfactory and chemotactile cues)
without consuming the resource, while the latter results from
an association between such signal and the malaise induced
by resource consumption, and hence ingestion of specialized
metabolites (Wright et al., 2010). Pre-ingestive detection is
therefore less costly for both bees and plants, as it does not
impair their reproductive success or their physiological state.
Such deterrent and toxic effects of specialized metabolites
from floral resources have largely been assessed in honeybees,
with a bias toward nectar specialized metabolites (Detzel and
Wink, 1993; Wink, 1993). Besides, studies on pollen specialized
metabolites and on other bee species, including the common
buff-tailed bumblebee species Bombus terrestris, remain scarce,

which does not allow for a complete picture of the ecological
role of specialized metabolites. One main aspect that needs to
be solved is the ability of generalist pollinators to detect pollen
specialized metabolites and avoid them in case of deleterious
effects. Here we have assessed the ability of workers of B. terrestris
to avoid specialized metabolites naturally occurring in pollen by
distinguishing (i) post-ingestive effects at both micro-colony (i.e.,
resource collection, reproduction success and stress response)
and individual (i.e., digestive damage) levels, as well as (ii) pre-
ingestive effects at both micro-colony (i.e., resource collection)
and individual levels (i.e., detection of specialized metabolites
through preference tests). As this study is one of the first to
address these aspects in bumblebees, we critically discuss its
limitations and suggest some parameters that would be of
great interest when assessing the effects of pollen specialized
metabolites (i.e., comprehensive evaluation). Caution has also
to be paid regarding the significance of our results as some
of the tested concentrations (i.e., 50%- and 200% treatments)
may fall outside the natural concentration ranges encountered
in plant pollen.

Considering the post-ingestive effects assessed at the micro-
colony level, neither resource collection, reproduction nor stress
response of the micro-colonies were affected by any of the tested
specialized metabolites, whatever their concentration. However,
caution has to be paid regarding the interpretation of post-
ingestive effect based on the total resource collection, as any
potential adjustment of resource collection (e.g., regulation of
pollen intake following brood feedback or worker malaise)
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during the experiment could have been obscured by behavioral
changes. For example, micro-colonies that may have had high
pollen consumption at the beginning of the experiment but
which may have decreased consumption following post-ingestive
regulation would display the same total pollen collection as
micro-colonies that may have had low pollen consumption at
the beginning of the experiment but could have increased it
during colony development. A more specific analysis of pollen
collection over time may have highlighted changes in resource
collection during the experiment, which would have been able
to better capture post-ingestive effects than the total pollen
collection metric (Brochu et al, 2020; Vanderplanck et al,
2020). Moreover, total pollen collection alone does not allow
for clearly distinguishing post-ingestive regulation of pollen
intake from pre-ingestive regulation. Again, an analysis of pollen
collection over time would allow for untangling these effects.
Regarding syrup collection, no difference was detected between
the supplementation and control treatments, indicating that
workers did not increase their syrup intake when fed pollen
supplemented with specialized metabolites. Hence occurrence
of the tested specialized metabolites did not appear to affect
worker resource collection (i.e., both pollen and syrup). In the
same way, both reproduction and stress response of micro-
colonies were not impacted during the supplementation assays.
Specifically, brood development and individual mass within each
developmental stage were similar between micro-colonies fed
with the control and the pollen supplemented with specialized
metabolites. Likewise, no mitigation of unsuitable chemical
properties was achieved through pollen mixing behavior during
our experiment (i.e., “toxin” dilution by excessive syrup addition;
Vanderplanck et al., 2018), and larval ejection was similar among
micro-colonies, regardless of the treatment.

While no post-ingestive effects were detected at the micro-
colony level, some post-ingestive deleterious effects were clearly
observed at the individual level through histological evaluation.
Whereas digestive damage (i.e., quantified by the TDS) was
significantly higher for workers exposed to the 50%- amygdalin,
100%- amygdalin and 50%-scopolamine treatments compared to
those from the control treatment, no sinigrin treatments induced
digestive damage. Astonishingly, the smallest concentrations
triggered the most severe damage since no damage was
observed in the 200% treatments, regardless of the specialized
metabolite tested. Such absence of digestive damage at very high
concentrations might be due to an activation of the complex
machinery of endogenous immune defenses, which could occur
only above a certain threshold. Indeed, as such endogenous
defenses are energetically costly (Moret and Schmid-Hempel,
2000), they are likely to be activated only when the fitness
loss caused by specialized metabolites is higher than the cost
associated with the use of such endogenous defenses (i.e., a
trade-off between the cost of endogenous defenses and the
fitness loss caused by stressors; Janashia and Alaux, 2016).
Besides digestive damage, evaluation of post-ingestive deleterious
effects at the individual level might also be assessed through
other parameters. Indeed, specialized metabolites could also
affect the health status of bees, either directly by impacting
their immune system (insecticidal properties) or indirectly by

affecting their gut microbiota (anti-microbial properties). As in
numerous organisms, bacterial symbiont communities have a
substantial impact on bee physiology and ecology (Feldhaar,
2011; Engel and Moran, 2013; Bonilla-Rosso and Engel, 2018).
For instance, they are involved in detoxification, protection
against pathogens, digestion of food components, and activation
of host immunity. Although the microbiota could provide
bee host with resistance to cope with toxic metabolites (e.g.,
degradation; Kesnerovd et al., 2017), its functional roles could be
disrupted (i.e., dysbiosis) by the ingestion of naturally occurring
metabolites displaying anti-microbial activities, as already shown
for pesticides (Paris et al., 2020). Indeed, in the same way that
pollen nutrients can modulate the bacterial composition in the
bumblebee gut (Billiet et al., 2015), specialized metabolites in
pollen could induce significant changes in the gut microbiota that
indirectly affect bee health. Besides, direct effects of specialized
metabolites on bee individual immunity might also be assessed by
measuring parameters related to immunocompetence (defined as
the capacity to mount an immune response), such as hemocyte
concentration, fat body content, and gut melanization (Alaux
et al., 2010; Roger et al., 2017; Brochu et al., 2020). Specifically,
hemocytes are involved in the encapsulation of parasite followed
by the melanization process (cellular immunocompetence), while
the fat body is the main tissue involved in the synthesis of
immunoproteins (humoral immunocompetence) (Alaux et al.,
2010). Such assessment of the baseline immunocompetence
could also allow for testing the hypothesis of the activation
threshold of the endogenous immune defenses. The impacts of
pollen specialized metabolites on the bee gut microbiota and
immunity should therefore also be taken into consideration when
investigating their post-ingestive effects at individual level.
Considering the pre-ingestive effects assessed at the micro-
colony level, total resource collection did not differ between
the treatments and the control, indicating that workers did not
avoid to collect pollen supplemented with specialized metabolites
based on olfactory and chemotactile cues. However, preference
tests showed that workers seemed able to detect these specialized
metabolites through pre-ingestive mechanisms. Caution has
nevertheless to be paid when comparing these two experiments
since specialized metabolites were mixed within willow pollen
for assessing pre-ingestive effects at the micro-colony level
(i.e., bioassays), whereas they were mixed within sugar syrup
for assessing pre-ingestive effects at the individual level (ie.,
preference tests). This might account for the contrasting results
obtained, as bees may perceive compounds in nectar but not
in pollen, likely due to the higher chemical complexity of
pollen (Ruedenauer et al., 2015, 2020a). Further bioassays with
addition of specialized metabolites within nectar would allow for
highlighting any significant effect on nectar intake at the micro-
colony level, annihilating the matrix effect of pollen. Regarding
the preference tests, the effects depended on the tested specialized
metabolite and its concentration (i.e., pre-ingestive effects at
individual level). While scopolamine at all tested concentrations,
amygdalin at 200%, and sinigrin at 100% appeared to elicit
phagostimulatory responses; amygdalin at 50 and 100%, as well
as sinigrin at 50 and 200% rather appeared to induce deterrent
effects based on the volume of solution consumed or the duration
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of the first contact with the solution. The fact that scopolamine
at 50% can be phagostimulatory despite its induced digestive
damage is not so aberrant. For instance, it has been shown that
glucosinolates may be feeding cues for the fly Scaptomyza nigrita
despite their deterrent and defensive properties (Humphrey et al.,
2016). The phagostimulatory activity of scopolamine remains,
however, quite unexpected regarding the results of a previous
study that found a deterrent effect of this specialized metabolite
toward honeybees (Detzel and Wink, 1993). Such discrepancy
could be explained by the different concentrations used in both
studies on one hand (minimum 10,007 ppm herein; maximum
300 ppm in Detzel and Wink, 1993), and by the different bee
models used on the other hand (Bombus terrestris herein; Apis
mellifera in Detzel and Wink, 1993). The possibility for different
responses to the same metabolite between both bee models is
supported by the finding that a same sterol, beta-sitosterol, is
known to have antifeedant effects on A. mellifera whereas it is
freely consumed by B. terrestris (Rasmont et al., 2005). Besides,
the hypothesis of concentration effect is directly supported by our
results since amygdalin had a phagostimulatory effect at 200%,
and a deterrent effect at both 50 and 100%. In the same way,
a concentration effect was detected for sinigrin since workers
displayed a deterrent response for the 50% and 200% solutions,
and a phagostimulatory response for the 100% solution. This
suggests that while a given specialized metabolite may have a
deterrent effect at some concentrations, it can turn out to have a
phagostimulatory activity once a certain concentration threshold
or range is reached. Likewise, Burden et al. (2019) found
compound- and concentration-dependent responses, at both pre-
and post-ingestive levels, in honeybees exposed to distinct heavy
metals. Actually, if we confronted results from several studies,
it clearly appears that concentration effects may occur, which
renders impossible any extrapolation of previous studies led in
different experimental conditions. For instance, Tiedeken et al.
(2014) demonstrated that B. terrestris suffered from amygdalin
deterrent effect when its concentration was at least 450 ppm.
Similarly, London-Shafir et al. (2003) showed that A. mellifera
reduced its consumption when amygdalin concentration was at
500 ppm whereas the honeybees were not sensitive to amygdalin
concentration of 50 ppm (Singaravelan et al., 2005). Such findings
that not only the nature of the specialized metabolite but also
its concentration may influence bee foraging decisions (and
hence fitness), and that these effects are likely to depend on
the bee species, are particularly relevant in the current context
of bee decline. Indeed, among the main drivers of bee decline,
pollinators must cope with land-use changes that lead to crop
homogenization and monotonous diet (Ricketts et al., 2008;
Winfree et al., 2009; Goulson et al., 2015). Bees are then probably
exposed to either very small quantities of specialized metabolites
(if a particular resource is scarce) or substantial quantities (if
a resource is abundant). In both cases, the reduction in the
diversity of available floral resources is likely to prevent bees
from displaying pollen mixing behavior to balance their diet and
regulate their intake of specialized metabolites, regardless of their
ability to detect them (see Eckhardt et al., 2014).

It is important to underline that although phagostimulatory
and deterrent effects have been highlighted during the preference

tests, no difference in total resource collection has been observed
during the bioassays. Such contradictory results between the
two experiments may arise from the co-occurrence of pre-
and post-ingestive mechanisms during the bioassays, whereas
only pre-ingestive mechanisms can occur during the preference
tests. Indeed, post-ingestive mechanisms are enabled (1) by
the possibility for brood feedback in the bioassays while
preference tests only included one individual without any
brood (Ruedenauer et al, 2016), and (2) by the possibility
for conditional taste aversion in the bioassays (35 days) while
preference tests comprise short feedings trials (2 min) that are
too short for such learning to occur (Reilly and Schachtman,
2009; Wright et al., 2010). Therefore, an initial phagostimulatory
response to a given specialized metabolite might be hidden
during the long-time bioassays after negative brood feedback
or associative learning in workers (Ruedenauer et al., 2016,
2020a), which was not necessarily reflected by the micro-
colony performance nor any of the measured parameters. In
the same way, although an initial avoidance response to a
given specialized metabolite may have occurred, workers might
have increased their resource intake over a long-time period
after brood feedback (nutritional requirements) or associative
learning in workers (no physiological damage associated with the
deterrence). Moreover, specialized metabolites were presented
differently to the bumblebees according to the experiments,
as above-mentioned: they were mixed within willow pollen
during the bioassays whereas they were mixed within sugar
syrup during the preference tests. While the co-occurrence
with pollen nutrients may have allowed for their intake for
nutritional purpose, when they were dissolved in sugar syrup this
may have facilitated their perception by the gustatory sensilla
on the mouthparts of bumblebees (de Brito Sanchez, 2011).
Besides, some specialized metabolites are considered to enhance
feeding only in the presence of other phagostimulants such as
sucrose, which may account for the differences observed between
our experiments (Nayar and Thorsteinson, 1963; Shields and
Mitchell, 1995; Mazumder et al., 2016). The presence of a given
specialized metabolite at a given concentration in nectar or in
pollen may then influence the detection ability of bees, as well
as their foraging decision. This hypothesis is strengthened by
the ecological “raison d’étre” of specialized metabolites from the
plant perspective: while a phagostimulatory activity of nectar
through the occurrence of specialized metabolites might attract
more specialized pollinators and subsequently enhance the plant
fitness, a phagostimulatory activity of pollen would have a reverse
effect by compromising the plants reproductive success (e.g.,
Gosselin et al.,, 2013; Trunz et al., 2020). This highlights the
importance for investigating not only the nectar specialized
metabolites but also the pollen ones using appropriate and
biologically relevant experimental designs. For instance, some of
the metabolites, such as sinigrin and amygdalin tested herein,
need specialized enzymatic activation by plant cytoplasmic
enzymes, which come into contact with their substrate upon cell
disruption. It should then be verified (i) whether the enzymes are
effectively present in the pollen of origin, and (ii) whether the bees
have the enzymatic capacity to liberate the active cyanide and allyl
isothiocyanate, and if so, at which level of activity.
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While we largely discussed the advantage of detecting
specialized metabolites to avoid them, another evolutionary
framework might also prevail from the pollinators’ perspective:
an active intake of specialized metabolites for medicinal purposes.
Indeed, besides neutral or negative impact on bees, pollen
specialized metabolites could also improve their health status
through antioxidant and anti-microbial properties (e.g., Alici¢
et al., 2014; Palmer-Young et al., 2017). Such active intake of
dietary chemicals suitable to improve health status corresponds
to the concept of “self-medication” (Beaulieu and Schaefer, 2013),
which occurs in many taxa (Povey et al., 2008; Forbey et al,,
2009; Singer et al., 2009; Hart, 2011; Parker et al., 2011). While
nutritional resilience to some environmental stressors has been
already demonstrated in bees (e.g., heat waves, Vanderplanck
et al., 2019a; parasites, Richardson et al., 2015; Vanderplanck
et al,, 2019b), there is only limited evidence for their ability
to recognize and use specialized metabolites as medicinal
resources when exposed to environmental stressors. There is
then an urgent need to repeat similar experiments assessing the
detection and effects of specialized metabolites in bees exposed
to environmental stressors such as pesticides, diseases and
parasites. Such experimental ecology could allow for developing
operational research and proposing nature-based solutions in the
current context of global bee declines.
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