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Abstract

Like all animals, bees need to consume essential amino acids to maintain their body’s protein synthesis. Perception and
discrimination of amino acids are, however, still poorly understood in bees (and insects in general). We used chemotactile
conditioning of the proboscis extension response (PER) to examine (1) whether Bombus terrestris workers are able to perceive
amino acids by means of their antennae and (if so) which ones, (2) whether they are able to differentiate between different
amino acids, and (3) whether they are able to differentiate between different concentrations of the same amino acid. We
found that workers perceived asparagine, cysteine, hydroxyproline, glutamic acid, lysine, phenylalanine, and serine, but not
alanine, leucine, proline, or valine by means of their antennae. Surprisingly, they were unable to differentiate between differ-
ent (perceivable) amino acids, but they distinguished between different concentrations of lysine. Consequently, bumblebees
seem to possess amino acid receptors at the tip of their antennae, which enable a general perception of those solute amino
acids that have an additional functional group (besides the common amino and carboxylic groups). They may thus have the
ability to assess the overall amino acid content of pollen and nectar prior to ingestion.

Keywords Chemoreception - Foraging - Ionotropic receptor - Nutrition - Protein

Abbreviations Introduction

CS Conditioned stimulus

CS+ Rewarded conditioned stimulus Proteins and specifically essential amino acids are important
CS—- Unrewarded conditioned stimulus nutrients for all animals to maintain their own protein syn-
GLMM  Generalized linear mixed effect model thesis. Under- or overeating protein damages health by, e.g.,
iGluR  Ionotropic glutamate receptor weakening the immune system, reducing growth or imped-
ITI Inter trial interval ing reproduction (Kropacova et al. 1968; Behmer 2009;
IR Ionotropic receptor Roche et al. 2011; Simpson and Raubenheimer 2012). For
PER Proboscis extension response example, excess amounts of protein (DeGroot 1953; Stan-
US Unconditioned stimulus difer et al. 1960; Herbert et al. 1977; Iwasaki et al. 1988;

Dourmad et al. 1994; Pirk et al. 2010; Helm et al. 2017) or

of certain amino acids (Simpson and Raubenheimer 2009;
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chemotactile sensation, particularly in invertebrates (how-
ever see Amrein and Thorne 2005).

We here investigate chemotactile perception of amino
acids via the antennae in a social bee, Bombus terrestris
(Apidae; Fig. 1A), to better understand the sensory mecha-
nisms underlying the perception of these essential nutri-
ents in insects. Bees obtain all amino acids from floral
resources, i.e., pollen and nectar, which are known to vary
in the composition and particularly in the amount of amino
acids (Roulston and Cane 2000; Somerville 2001; Petani-
dou et al. 2006; Weiner et al. 2010). Bees are known to
detect differences in the nutritional composition of pollen
and nectar and respond accordingly, e.g., through changing
foraging patterns or reproductive investment (Brodschneider
and Crailsheim 2010; Ruedenauer et al. 2015, 2016; Somme
et al. 2015; Hendriksma and Shafir 2016; Muth et al. 2016;
Zarchin et al. 2017). The sensory mechanisms underlying
such nutrient assessment in bees have so far only been elu-
cidated for carbohydrates, i.e., sugars, in nectar, which are
detected via specific sugar receptors on the antenna (Slone
et al. 2007; Jung et al. 2015). In contrast, the mechanisms
underlying amino acid perception remain largely unclear.

In Drosophila, ionotropic receptors (IR) appear to be
involved in amino acid reception (Benton et al. 2009; Cro-
set et al. 2016; Ganguly et al. 2017). This recently described
new receptor gene family most likely evolved from iono-
tropic glutamate receptors (iGluR), a large and conserved
family of synaptic ligand-gated ion channels (Rytz et al.
2013). However, it remains unclear whether IRs are spe-
cialized on particular amino acids allowing to differentiate
between them or if they act as general receptors sensitive to
a subset of (or all) amino acids (Croset et al. 2016; Kudow
et al. 2017).

To investigate amino acid perception in B. ferrestris, we
used the conditioning of the proboscis extension response
(PER) shown upon the perception of, e.g., an olfactory
(e.g., Laloi et al. 1999; Matsumoto et al. 2012) or gustatory/
chemotactile (Ruedenauer et al. 2015) cue associated with a
sugar reward. A PER in the context of classical conditioning
(Pavlov 1927) is typically shown when touching the bees’
antennae, tarsi, or parts of the mouth with a sugar solution

Fig. 1 Study animal: A Bombus
terrestris worker foraging on
Eupatorium cannabinum; B
restrained worker, which is
allowed to touch the filter paper
with its antennae. Photo credits:
J. Neumayer (left) and D. Mahs-
berg (right)

@ Springer

(de Brito Sanchez et al. 2007). In a learning experiment,
this so-called unconditioned stimulus (US) is evoked shortly
after presenting a conditioned stimulus (CS, e.g., an olfac-
tory or chemotactile cue) to associate both stimuli (i.e., US
and CS). If the bees are able to learn this association, they
will, after repeated exposure, extend their proboscis at the
mere presentation of the CS (Bitterman et al. 1983; Mat-
sumoto et al. 2012). Moreover, rewarding only one out of
two different stimuli (i.e., differential conditioning) allows
testing whether bees can differentiate between two stimuli.
In insects, gustatory/chemotactile receptors are distributed
over several body parts, including the antennae (Amrein and
Thorne 2005; Montell 2009; de Brito Sanchez 2011). PER
conditioning can thus be used to test whether bees can not
only perceive, but also differentiate between different non-
volatile cues by touching the antennae.

Using chemotactile PER conditioning, we tested whether
bumblebees can perceive and differentiate between differ-
ent amino acids as well as between different amounts/con-
centrations of the same amino acid. Given their nutritional
importance, we hypothesized that bumblebees can perceive
amino acids and differentiate between different amino acids
and concentrations. We especially expected the essential
amino acids [i.e., arginine, histidine, lysine, phenylalanine,
tryptophan, leucine, isoleucine, methionine, threonine, and
valine (DeGroot 1953)] as well as proline to be perceived
by bumblebees. The latter is important as energy source of
the flight muscles (Micheu et al. 2000) and seems to support
colony growth in B. terrestris (Kimper et al. 2016).

Materials and methods

Study animals and test substances

Bombus terrestris colonies were purchased (Behr, Kampen,
Germany) and kept in two-chambered wooden boxes
(240x210x 110 mm per chamber) in a climate chamber
(25 °C, 50% humidity, 12/12 h light/dark-cycle) for ca.
3 weeks before starting the behavioral experiment. Bum-
blebees had ad libitum access to Apiinvert (a mixture of
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sucrose, fructose, and glucose; Siidzucker AG, Mannheim,
Germany) and bee-collected polyfloral pollen (Naturwaren
Niederrhein GmBH, Goch-Asperden, Germany). For all
learning experiments, individual workers were captured and
chilled on ice for 15 min. As the size of a bumblebee deter-
mines its antennal sensitivity and differently sized workers
may carry out different tasks (Spaethe et al. 2007), we ran-
domly selected bumblebees of different sizes to cover the
full size spectrum.

We tested the following proteinogenic essential and non-
essential L-amino acids: alanine, asparagine, cysteine, glu-
tamic acid, leucine, lysine, phenylalanine, proline, serine
and valine as well as the non-proteinogenic hydroxyproline
(Table 1, all Sigma-Aldrich, Taufkirchen, Germany). For
stimulus presentation, all amino acids were solved in de-
ionized water (henceforth only referred to as water) at a
concentration of ~ 10 g/l, which was the highest possible
concentration of the least water-soluble amino acid, i.e.,

Table 1 Characteristics of the 11 amino acids used in the experiments

glutamic acid. This concentration is higher than concentra-
tions reported for single amino acids in pollen or nectar of
several plant species (Weiner et al. 2010; Ruedenauer et al.
2015) and should, therefore, fall within the perception range
of bees.

Experimental setup

The setup of the PER experiments followed Sommerlandt
et al. (2014) and Ruedenauer et al. (2015). The chilled bum-
blebees were placed in a plastic tube (7 mm diameter, 35 mm
long) and fixed with a “yoke” made of a paper clip, which
allowed free movement of the bumblebees’ head and fore-
legs, thus enabling a proper PER. The fixed animals were
fed ad libitum with a 0.5 M sucrose solution before being
placed in a climate cabinet for 25 h, at 20 °C and 70% rela-
tive air humidity.

Alanine Asparagine #

[0}

Amino acid

Cysteine *

Glutamic acid*  Hydroxyproline *  Leucine

0 o o

7 o Ho
%OH H,N \H/\I)J\OH HOWOH N "‘\\\OH OH
HS OH
NH, O NH, NH, NH,

NH, OH
Molecular mass 89.10 132.12 121.16 147.13 131.13 131.17
Essential No No No No No Yes
Polarity Nonpolar  Polar Polar Polar Polar Nonpolar
Charge Uncharged Negative Neutral Negative Uncharged Uncharged
Water solubility High Low High Low High Low
Acidity Neutral Neutral Neutral Acidic Neutral Neutral
Additional functional group None Amino Thiol Carboxyl Hydroxyl None
Form Forked T Forked T Ring Forked
Taste (human) Sweet Bitter Obnoxious Umami NA Bitter
Amino acid Lysine * Phenylalanine * Proline Serine * Valine
0 o o 0 o)
HN~ A~ Hom ©/\‘)\0H O)\OH HO/\)kOH )\)LOH
NH, NH

NH, NH, NH,
Molecular mass 146.19 165.19 115.12 105.09 117.15
Essential Yes Yes No/needed for flight No Yes
Polarity Polar Nonpolar Nonpolar Polar Nonpolar
Charge Positive Uncharged Uncharged Uncharged Uncharged
Water solubility High Low High High High
Acidity Alkaline Neutral Neutral Neutral Neutral
Additional functional group Amino Phenyl None Hydroxyl None
Form T Ring + forked Ring Forked Forked
Taste (human) Complex/bitter Bitter Sweet Sweet Weak

The molecular mass is rounded to two digits. Essentiality of an amino acid depends on whether it can be synthesized by the organism or needs
to be taken up via food. Essentiality of amino acids for honeybees was determined by DeGroot (1953). Water solubility of amino acids is influ-
enced by polarity, charge, and hydrophobicity. The acidity is determined by additional (non-amino) functional groups. The taste to humans was

determined by Schiffman et al. (1981). Amino acids that were differentiated from water in our study are marked with a hashtag
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Prior to the actual experiment, we tested whether the ani-
mals showed PERs by touching their antennae with a tooth-
pick soaked with a 0.5 M sucrose solution. Only bumble-
bees that properly responded to this stimulus by extending
their proboscis were used for the learning experiments. We
used a standard PER protocol for differential conditioning,
which was established for honeybees (e.g., Bitterman et al.
1983; Laloi et al. 1999) and allows testing whether bees
can differentiate between two stimuli, one rewarded (CS+)
with sucrose solution (US) and the second one unrewarded
(CS—). Each test animal was placed in a rack and allowed to
rest for 15 s. For stimulus presentation, 5 pl of the solution
was pipetted on a small filter paper, which was then placed
on a copper plate and moved towards an antenna using a
micromanipulator (Fig. 1B). The bee could then freely touch
the stimulus with the tip of its left antenna. After the first
touch, the stimulus was presented for 6 s. Three seconds
after stimulus onset, a toothpick was presented to the right
antenna, either as US (soaked with sucrose solution) or plain
to equalize visual cues for the CS+ and CS— presentation.
If the bumblebee extended its proboscis, it was allowed to

lick on the toothpick. The US was removed together with CS
offset after 3 s. Subsequently, the bumblebee was allowed
to rest for another 15 s before being replaced by the next
one. The time between trials (inter trial interval, ITI) was
8 min. The number of trials was 20 per individual (ten for
CS+ and ten for CS—) presented in a pseudorandomized
order (CS+, CS—, CS+, CS+, CS—, CS+, CS—, CS—, CS+,
CS—, CS+, CS—, CS+, CS+, CS—, CS—, CS+, CS—, CS—,
CS+). Each stimulus was tested once as CS+ and once as
CS— (reversed meaning), and each animal was tested in one
experiment only. The plates were cleaned with 70% ethanol
after each usage.
We performed three different experiments:

1. To determine whether bumblebees can perceive the
amino acids, each amino acid (10 g/l water) was tested
against pure water. Note that bumblebees, unlike hon-
eybees (Page et al. 1998), do not show a PER to pure
water. This experiment revealed that bumblebees could
differentiate some amino acids (e.g., lysine, cysteine,

Fig.2 Proportions of probos- : :
cis extension responses (PER) 1001 A CySteme B Lysme
shown by Bombus terrestris 80 ® CS+
towards amino acids (all 10 mg/ CS- a
ml water), which were dif- 60 a
ferentiated from water (H,O) in
chemotactile conditioning: A 40
cysteine, B lysine, C hydroxy-
proline, D glutamic acid, E
phenylalanine, and F serine. 20 b
CS+ represents the rewarded b
conditioned stimulus, CS— the 0
unrewarded conditionfrd Stiml.l— 100 C Hyd roxyproline D Glutamic acid
lus. Both substances (i.e., amino
acid and water) were used as 80
CS+ and CS— with no sig- a
. . oz a
nificant differences between the L 60
two stimulus groups (see Sup- n&
plementary Material, Table S1). o~ 40
Different letters to the right of
the learning curves indicate sig- 20
nificant differences in learning b b
performance between groups 0 <
(Table 1)
1001 E Phenyalanine F Serine
80 a
60 a
40
20 b b
0

12 3 4 5 6 7 8 910 1
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1001 A

@®CS+
80 CS-

60

Asparagine (CS+)

%PER
3

B Asparagine (CS-)

(1Y)

b

1 23 4567891 1
Trial

Fig.3 Proportion of proboscis extension responses (PER) shown by
Bombus terrestris towards asparagine (10 mg/ml water) vs. water
(H,0): A asparagine used as CS+, B asparagine used as CS—. CS+
represents the rewarded conditioned stimulus, CS— represents the
unrewarded conditioned stimulus. There was a significant difference

and hydroxyproline), but not others (e.g., alanine, leu-
cine, and proline) from water (Figs. 2, 3).

2. To determine whether the bumblebees can further dif-
ferentiate between different amino acids, we subse-
quently tested amino acids that could be differentiated
from water against each other and amino acids that could
not be differentiated from water against each other. We
finally tested all amino acids that could be differentiated
from water against one or two of the amino acids that
could not be differentiated from water.

3. To finally determine whether the bumblebees can also
differentiate between different concentrations of the
same amino acid, we presented the bumblebees with
three different concentrations (i.e., 1 g/l, 10 g/1, and
20 g/1) of lysine (which the bumblebees could differen-
tiate from water) and proline (which was not differenti-
ated from water). These two amino acids were chosen
because of their high water solubility, which allowed
testing of higher and lower concentrations than the one
previously used (i.e., 10 g/l).

Statistical analysis

The numbers of responses to each CS+ and each CS— were
counted for each animal (e.g., an animal may respond nine
times to CS+ and one time to CS—) and used as response
variable. To determine whether the bumblebees’ response
behavior and thus learning performance depended on the
type of rewarded substance, we first composed a Laplace
generalized linear mixed effect model (GLMM) with Pois-
son distribution and individual included as random effect
and tested for a significant effect of the interaction between
stimulus type [i.e., rewarded (CS+) or unrewarded (CS—)]

2 3 456 7 8 910

between the two stimulus groups (Supplementary Material Table S1),
preventing pooling of the two groups. Different letters to the right of
the learning curves indicate significant differences in learning perfor-
mance between groups (Table 1)

and substance (i.e., amino acids, water, and different con-
centrations). When the interaction was not significant
(Tables S1-S3), we only tested for a significant effect of
stimulus type. When the interaction was significant (i.e.,
in the case of asparagine), we tested for a significant effect
of stimulus for both substance groups separately.

All statistical tests were performed using R v3.1.2 (R
Foundation for Statistical Computing, Vienna, Austria).
For data visualization, GraphPad Prism v6.01 was used.

Table 2 Statistical results (X> and P values) of Laplace generalized
linear mixed effect models (GLMMs) with Poisson distribution ana-
lyzing differences between the rewarded (CS+) and unrewarded
stimulus (CS—) presented in differential chemotactile conditioning of
amino acids vs. water

Amino acid N X2 P

Alanine 58 1.232 0.267
Asparagine CS+ 30 19.015 <0.001
Asparagine CS— 28 0.282 0.595
Cysteine 56 64.880 <0.001
Glutamic acid 59 88.108 <0.001
Hydroxyproline 60 26.808 <0.001
Leucine 59 2.330 0.127
Lysine 54 76.627 <0.001
Phenylalanine 56 76.114 <0.001
Proline 56 1.357 0.295
Serine 58 58.762 <0.001
Valine 59 3.616 0.057

The table shows the amino acids used as stimulus, the number of
individuals tested (), and the results of the GLMM. Significant P
values (<0.05) are marked in bold

@ Springer
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Results
Differential conditioning of amino acids vs. water

Bumblebees differentiated asparagine, cysteine, glutamic
acid, hydroxyproline, lysine, phenylalanine, and serine
from water (Figs. 2, 3; Table 2). In case of asparagine,
bumblebees only differentiated between asparagine used
as CS+ and water used as CS—, but not vice versa (Fig. 3;
Table 2). Learning performance did not depend on the type
of rewarded substance for any of the other perceived amino
acids (Table S1). However, bumblebees did not differenti-
ate alanine, leucine, proline, or valine from water (Fig. 4;
Table 2).

Differential conditioning between different amino
acids

Bumblebees did not differentiate between amino acids that
could be differentiated from water, or between amino acids
that could not be differentiated from water (Fig. 5; Table 3).
They were, however, able to differentiate between amino
acids that could be differentiated from water and amino acids
that could not be differentiated from water (Fig. 6; Table 3).

100 P
®cs+ Alanine

80 Cs-

60
40

20

Differential conditioning between different
concentrations of the same amino acid

Bumblebees differentiated between different concentrations
of lysine (which could be differentiated from water), but not
between different concentrations of proline (which could not
be differentiated from water) (Fig. 7; Table 4).

Discussion

Bumblebees can only perceive some amino acids
by means of their antennae

Our results clearly show that, with access to chemotactile
information by means of the antennae, bumblebee work-
ers can differentiate some amino acids (i.e., asparagine,
cysteine, glutamic acid, hydroxyproline, lysine, phenylala-
nine, and serine) from water, but not others (i.e., alanine,
leucine, proline, and valine). Moreover, while bumblebees
were perfectly able to differentiate different concentrations
of the same (‘perceivable’) amino acid, they could not dif-
ferentiate between different amino acids of the same group
(‘perceivable’ or ‘non-perceivable’). These results were
quite unexpected and contrast our expectations that all

Leucine

0

1001¢ Proline

%PER

80
60
40
20

D Valine

0+—+¢
o1

Fig.4 Proportion of proboscis extension responses (PER) shown by
Bombus terrestris towards amino acids (all in a 10 mg/ml concentra-
tion in water) vs. water, where bumblebees showed no discrimination:
A alanine, B leucine, C proline, and D valine. CS+ represents the
rewarded conditioned stimulus, and CS— represents the unrewarded
conditioned stimulus. Both substances were used as CS+ and CS—
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with no significant differences between groups (see Supplementary
Material, Table S1). The same letters to the right of the learning
curves indicate no significant differences in learning performance
between groups (Table 1), and letters with an asterisk indicate that
the two (overlapping) curves had the same letter
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Fig.5 PER of Bombus terrestris 1001 A
towards different amino acids

(all 10 mg/ml water), which 80
were or were not differentiated

from water, tested against amino 60
acids from the same group: A

alanine vs. valine, B asparagine 40

vs. glutamic acid, C aspara-

gine vs. lysine, D cysteine vs. 20

phenylalanine, E glutamic acid

Alanine vs.Valine

B Asparagine” vs. Glutamic acid®

?
[V )
[

0
100

vs. lysine, F leucine vs. proline,
and G lysine vs. serine. CS+
represents the rewarded condi-
tioned stimulus, CS— represents 80
the unrewarded conditioned
stimulus. Both amino acids
were used as CS+ and CS—
with no significant differences
between groups (Supplementary
Material Table S2). Amino 20
acids that were differentiated

(o} Asparagine# VS. Lysine#

D Cysteine” vs. Phenylalanine#

%PER

from water are marked with a 0
hashtag, The same letters to the 1001E  Glutamicacid®vs. Lysine’ F  Leucinevs. Proline
right of the learning curves indi-
cate no significant differences in 80
learning performance between
groups (Table 2); letters with 60
an asterisk indicate that the two a* a
(overlapping) curves had the 40 a
same letter
20

100
80

(2]
(=]

%PER

amino acids could be differentiated from water and against
each other.

Interestingly, perception was not confined to those amino
acids that are essential to bees (DeGroot 1953) (Table 1).
Neither was perception related to polarity, charge, acidity, or
the (subjective) human taste impression (participants were
asked to eat amino acids and describe the taste, Schiffman
et al. 1981) (Table 1). The only consistent difference between
the two groups was that ‘perceivable’ amino acids possess a
terminal functional group in addition to the amino acid-char-
acteristic amino- and carboxyl group (Table 1). This differ-
ence is especially apparent for proline and hydroxyproline,
which only differ in the terminal (hydroxyl) group (Table 1).

ol —#
01 23 456 7 8 910

(=]

01 2 3 4567 8 910

G Lysine*vs. Serine”

D

ol—¢
01 23 456 7 8 910

Trial

While hydroxyproline was perceived by bumblebees, pro-
line was not, indicating that this difference was sufficient to
enable perception.

The rather non-specific perception of amino acids with
additional terminal functional groups contrasts with amino
acid perception in vertebrates. For example, humans are
able to differentiate between different amino acids and even
between different enantiomers, i.e., b- and L-forms (Schiff-
man and Dackis 1975; Schiffman et al. 1981), which are
received by different receptor types (as reviewed by Chan-
drashekar et al. 2006). Likewise, fish show different levels of
attraction by different amino acids, suggesting that they also
may be able to differentiate between different amino acids

@ Springer
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Table 3 Statistical results (X* and P values) of Laplace generalized
linear mixed effect models (GLMMSs) with Poisson distribution ana-
lyzing differences between the rewarded (CS+) and unrewarded stim-
ulus (CS—) presented in differential chemotactile conditioning of dif-
ferent amino acids against each other

Amino acids N X? P
Alanine vs. phenylalanine® 57 8.894 0.035
Alanine vs. valine 56 0.114 0.736
Asparagine® vs. glutamic acid® 56 0.703 0.402
Asparagine® vs. lysine” 58 0.083 0.773
Cysteine” vs. phenylalanine® 56 0 1
Glutamic acid” vs. lysine® 56 2.1576 0.142
Glutamic acid” vs. proline 58 57.191 <0.001
Leucine vs. proline 56 2.033 0.154
Lysine” vs. serine® 57 1.605 0.205

The table shows the amino acids used as stimuli, the number of indi-
viduals tested () and the results of the GLMM. Amino acids that
were differentiated from water are marked with a hashtag. Significant
P values (<0.05) are marked in bold

(Sutterlin 1975; Kasumyan and Morsi 1996), most likely
by means of specific chemoreceptors (Marui and Kiyohara
1987; Mullin et al. 1994).

Interestingly, the proboscis of the hoverfly Eristalis tenax
is sensitive to proline as a component of pollen (Wacht et al.
2000) and honeybees prefer nectar containing higher con-
centrations of proline (Carter et al. 2006). These findings
suggest that bumblebees might also be able to perceive more
amino acids and differentiate between them by means of
receptors that are located on body parts other than the anten-
nae, e.g., the proboscis, or after ingestion.

Potential antennal receptors

The lack of antennal differentiation in B. ferrestris suggests
that bumblebees possess generalistic receptors on their
antennae, which are activated non-specifically by amino
acids that possess an additional functional group. Such a
reception system may resemble the mammalian amino acid
receptor heteromer (T1R1+3) or the Drosophila ionotropic
co-receptor IR76b, which both respond to a broad spectrum
of L-amino acids (Nelson et al. 2002; Ganguly et al. 2017),
including amino acids that could not be perceived by bum-
blebees. Moreover, IR76b is highly conserved among insects
and also present in Apis mellifera (Croset et al. 2010), ren-
dering it a potential amino acid co-receptor also in B. ter-
restris. In fact, the IR76b receptor gene is present in the B.
terrestris genome, but it is distinct from the A. mellifera
IR76b in its amino acid sequence (Sadd et al. 2015). Alter-
natively, the additional functional groups may be received
non-specifically by non-amino acid-specific receptors
responding to functional groups in general.

Essentiality of amino acids is not important
for perception

Interestingly, some essential amino acids (i.e., leucine and
valine) were not perceived, indicating that antennal amino
acid perception in B. terrestris does not reflect the impor-
tance of a particular amino acid or its effect on the bumble-
bees’ health. However, essential amino acids seem to be pre-
sent in every pollen species and proline often dominates bee
resources (Weiner et al. 2010). Consequently, these amino
acids either do not need to be assessed specifically, are per-
ceived via receptors on other body parts or are perceived
only post-ingestive.

1001 A Alanine vs. Phenylalanine”® B Glutamic acid” vs. Proline
80
a
14
w 60 a
o
R 40
b
20 b
ot—e¢
01 2 3 456 7 8 9101 2 3 4 5 6 7 8 9 10

Fig.6 Proportion of proboscis extension responses (PER) shown by
Bombus terrestris towards amino acids (all 10 mg/ml water), which
were or were not differentiated from water tested against amino acids
from the other group: A alanine vs. phenylalanine and B glutamic
acid vs. proline. CS+ represents the rewarded conditioned stimulus,
CS— the unrewarded conditioned stimulus. Both amino acids were
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used as CS+ and CS— with no significant differences between groups
(Supplementary Material Table S2). Amino acids that were differen-
tiated from water are marked with a hashtag. Different letters to the
right of the learning curves indicate significant differences in learning
performance between groups (Table 2)
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Fig.7 Proportion of proboscis extension responses (PER) shown
by Bombus terrestris towards different concentrations of amino
acids which were or were not differentiated from water (concentra-
tions given in mg/ml water): A lysine 1:1 vs. 10:1, B lysine 10:1 vs.
20:1, C proline 1:1 vs. 10:1 and D proline 10:1 vs. 20:1. CS+ rep-
resents the rewarded conditioned stimulus, CS— the unrewarded

Table 4 Statistical results (X> and P values) of Laplace generalized
linear mixed effect models (GLMMs) with Poisson distribution ana-
lyzing differences between the rewarded (CS+) and unrewarded stim-
ulus (CS—) presented in differential chemotactile conditioning of dif-
ferent concentrations of the amino acids lysine and proline

Amino acids N Xx? P

Lysine” 10:1 vs. 1:1 55 30.831 <0.001
Lysine” 20:1 vs. 10:1 57 47.844 <0.001
Proline 10:1 vs. 1:1 57 0.053 0.819
Proline 20:1 vs. 10:1 54 0.622 0.430

The table shows the amino acids and concentrations used as stimuli,
the number of individuals tested (N) and the results of the GLMM.
Amino acids that were differentiated from water are marked with a
hashtag. Significant P values (< 0.05) are marked in bold

Do bumblebees use antennal perception to infer
information on protein content?

Although bumblebees cannot differentiate between dif-
ferent amino acids and are, therefore, not able to assess
qualitative differences in amino acid profiles of nectar and
pollen by means of their antennae, they can use antennal
perception to infer concentration differences of specific
amino acids. In both pollen and nectar, proportions of
different amino acids correlate with each other and with

Trial

conditioned stimulus. Both concentrations were used as CS+ and
CS— with no significant differences between groups (Supplementary
Material Table S3). Amino acids that were differentiated from water
are marked with a hashtag. Different letters to the right of the learn-
ing curves indicate significant differences in learning performance
between groups (Table 3)

overall amino acid content (r>0.5, P<0.01 for the data
set composed by Weiner et al. 2010). Therefore, bumble-
bees could easily infer the overall quantity based on the
content of only some amino acids and use this information
for their foraging decisions. This would provide them with
sufficient information on the amino acid content of floral
resources. It would further enable bumblebees to avoid
high concentrations of (free) amino acids potentially det-
rimental to bees (Huang et al. 2011).

It remains open why our tested bumblebees could only
differentiate between asparagine and water when asparagine
was presented as CS+. One possible explanation for this
finding is that asparagine needs reinforcement by the reward
(CS+) to be learned, whereas it cannot be learned when it is
not rewarded (CS—).

Conclusion

Summarizing our results, we suggest that antennal percep-
tion of dissolved amino acids enables bumblebees to assess
the free amino acid content of floral resources and thus to
assess their overall amino acid content, but most likely not
their qualitative composition. Moreover, the overall protein
content of pollen could be easily inferred via this free amino
acid assessment, as free amino acids seem to be positively
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correlated with overall protein (i.e., the sum of protein-
bound and free amino acids) in pollen (Weiner et al. 2010).
Although most nutrients in pollen are located inside the
grain and, therefore, inaccessible to bees (Stanley and Lin-
skens 1974), nutritional information could still be obtained
from small nutrients (e.g., free amino acids) leaking through
pores onto the pollen surface or through occasionally dam-
aged pollen grains. Following antennal perception of overall
amino acid content, more precise information on amino acid
composition might be obtained via receptor on other body
parts or post-ingestive. In future studies, electrophysiologi-
cal and molecular methods as well as tests for proboscis or
internal (via feeding) perception of amino acids will help
to further elucidate the mechanisms underlying amino acid
reception and perception in bees.
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