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1. Abstract 

The honeybee is one of the model species in insect olfaction and its sense of smell is well studied. 

However, knowledge about the spectrum of odorants detectable to honeybees is limited. One 

class of odorants that has never been tested so far are the amino acids, which are important 

constituents of floral nectar. The experiments reported here were conducted in order to (1) 

determine if the odor of amino acids is detectable to honeybees (Apis mellifera), and (2) 

determine olfactory detection thresholds in honeybees for detectable amino acid odors. To this 

end, the proboscis extension reflex, a classical conditioning paradigm that takes advantage of the 

honeybee’s ability to build a robust association between an odor stimulus and a nectar reward, 

was used. The results demonstrate that five out of 20 amino acids presented at 100 mM were 

detectable. The honeybees’ median olfactory detection thresholds for these five amino acids are 

12 mM for L-tyrosine and L-cysteine, 50 mM for L-asparagine and L-tryptophan, and 100 mM 

for L-proline. These threshold values are high in comparison to naturally occurring concentrations 

in floral nectar, and compared to threshold values obtained in vertebrate species. One possible 

explanation for these findings is that the size of the olfactory receptor repertoire of honeybees 

limits their olfactory capabilities in terms of detectability and sensitivity for the odor of amino 

acids.  

 

Keywords:  

amino acids, olfaction, Apis melllifera, honeybee, proboscis extension reflex, olfactory detection 

threshold, classical conditioning. 

 

 

2 List of abbreviations  

 

PER – proboscis extension reflex 

CS – conditioned stimulus 

US – unconditioned stimulus 

AA – amino acid 

ITI – inter trial interval 

ISI – inter stimulus interval 

 

 

3. Introduction 

The honeybee is one of the model species in insect olfaction, and its sense of smell has been well 

studied, both anatomically (e.g. Schröter and Malun 2000; Haddad et al. 2004) and 

physiologically (e.g. Galizia et al. 1999; Sachse et al. 1999). Several studies demonstrated that 

honeybees have an excellent ability to quickly and robustly learn the reward value of new odors 

(e.g Menzel 2008; Pelz et al. 1997; Wright et al. 2009a-b) and to discriminate between 

monomolecular odorants that are components of flower odors (Laska and Galizia 2001; Laska et 

al. 1999). However, only little is known about the spectrum of odorants that honeybees are able 

to perceive. One class of odorants that has never been tested with honeybees so far are the amino 

acids. This is surprising given that free amino acids are the second most abundant group of 

compounds in nectar after carbohydrates (Baker and Baker 1973, 1986), and given that the 

behavior of honeybees suggests that they prefer nectar containing amino acids over solutions 

containing only sucrose (e.g Alm et al. 1990; Carter et al. 2006; Inouye and Waller 1984; 

Petanidou et al. 2006). It is well-established that amino acids evoke specific smell sensations in 
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vertebrates such as fish, mice and primates including humans (e.g Nikonov and Caprio 2007; 

Laska 2010) raising the possibility that honeybees, too, might be able to perceive the odor of 

amino acids.  

Nectar is an aqueous carbohydrate solution rich in sugars such as sucrose, glucose, and fructose 

(Gottsberger et al. 1984; Carter and Thornburg 2004). These compounds serve as a reward to 

pollinators, thereby increasing the fecundity of nectar producing plants (Jackson and Nicolson 

2002). However, the composition of nectar includes not only sugars, in fact it is a combination of 

many substances. Baker and Baker (1973) were the first to report the presence of amino acids in 

floral nectar. Based on the analysis of approximately 1500 plant species, they suggest that free 

amino acids are probably ubiquitous in the nectar of flowering plants (Baker 1977; Baker and 

Baker 1973, 1977, 1986, 1976; Baker et al. 1978). However, the biological and ecological 

significance of amino acids in nectar is widely debated (Bertazzini et al. 2010).  

   The total amino acid concentration in nectar is variable but the general composition is often 

fairly similar between plant species (Gardener and Gillman 2001). The plants that exhibit the 

highest concentration of amino acids in their nectar are pollinated by butterflies. This is 

reasonable since butterflies are liquid feeders, and therefore have to rely on nectar as their only 

source of nitrogen (Hall and Willmott 2000). Plants pollinated by bees, which are able to collect 

and consume pollen as well as nectar, show intermediate concentrations, and plants pollinated by 

birds show the lowest concentrations of amino acids in their nectar (Baker and Baker 1973). Due 

to the observed correlation between amino acid content and pollination ecology (Baker and Baker 

1977), it is reasonable to assume that amino acids in floral nectar play an important role for 

pollinating insects, and thus should be somehow detectable to secure efficient intake.   

Honeybees collect nutritious nectar and pollen wherever it is accessible, and store it to secure a 

food supply for periods of starvation. Consequently, in order to accomplish successful foraging, 

the honeybees’ associative learning abilities are important for their survival (Menzel 1993). 

Environmental cues, such as landmarks and special features of a food source (odor, color etc) are 

learned and associated with a reward, i.e. food (Masson et al. 1993). Bees usually visit many 

different places and, as a result, learn several different flower cues throughout their lifespan 

(Masson et al. 1993). It is thus crucial for the bees to quickly learn to associate visual and 

olfactory cues with a food reward (Menzel 1993). Since amino acids are the second most 

abundant group of compounds in nectar, it is possible that they are detectable to pollinating 

insects and thereby might have an impact on their foraging decisions. 

   When determining the responses of honeybees to amino acids dissolved in an aqueous solution 

mimicking floral nectar, Inouye and Waller (1984) found that honeybees preferred weak 

solutions of some amino acids over a sucrose control. Moreover, they found that the consumption 

generally declined as amino acid concentration increased, except for phenylalanine for which the 

strongest concentration was preferred. For some of the amino acids presented there was no 

significant difference in consumption between the amino acid and the control solution (Inouye 

and Waller 1984). Alm et al. (1990) also demonstrated that honeybees preferred solutions 

containing a mixture of amino acids over solutions without amino acids. Carter et al (2006) found 

that honeybees both preferred and consumed artificial nectar containing moderate (2 to 6 mM) 

levels of proline. More recently, Bertazzini (2010) showed, with the use of a dual choice feeding 
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test, that artificial nectar containing proline and alanine was preferred over sucrose alone. It is 

thus reasonable to assume that the senses of smell and/or taste play an important role in the 

foraging decisions of honeybees (Carter et al. 2006).  

The aim of the present study was therefore to evaluate whether honeybees are able to perceive the 

odor of amino acids, and at what concentrations the amino acids are detectable. To this end, the 

proboscis extension reflex (PER), a classical conditioning paradigm that takes advantage of the 

honeybee’s ability to build a robust association between an odor stimulus and a nectar reward 

(Bitterman et al. 1983) was used. 

 

4. Material and Methods 

4.1 PER method – general overview 

Associative learning is a well studied concept and it is fundamental across a wide variety of 

animal species. In a classical conditioning paradigm a neutral stimulus acts as a predictor for a 

biologically significant stimulus (Pavlov 1927, in Giurfa and Malun 2004). The learning abilities 

of bees have been well studied, most commonly in the laboratory with the use of a well 

established conditioning paradigm: the olfactory conditioning of the proboscis extension reflex 

(e.g. Bhagavan and Smith 1996; De Jong and Pham-Delègue 1991; Menzel 1993; Pelz et al. 

1997; Wright and Smith 2004; Wright et al. 2005; Wright et al. 2009a-b). When the antennae, a 

honeybee’s olfactory organ, are stimulated with sucrose the bee will reflexively extend its 

proboscis (tongue) in an attempt to feed (Giurfa and Malun 2004). Proboscis extension reflex 

(PER) towards a sucrose stimulus at the antennae is a highly reliable reflex (Menzel 1993), 

especially when the honeybee is hungry (Giurfa and Malun 2004).  

   In order to conduct these experiments and to be able to observe the proboscis extension, the 

honeybees need to be immobilized in individual harnesses. In the present study the honeybees 

learn to associate the odor of an amino acid (conditioned stimulus, CS) with a sucrose reward 

(unconditioned stimulus, US). After a couple of conditioning trials the bees then learn to extend 

their proboscis to the mere presentation of the amino acid odor, provided that the amino acid odor 

is detectable. This effect is associative and a case of classical conditioning (Bitterman et al. 

1983).  

 

4.2 Preparation and animal management 

Experiments were conducted from 24 May to 20 September 2010 at the University of Exeter, 

Centre for Research in Animal Behaviour, Exeter, United Kingdom.  

Foraging honeybees (Apis mellifera) were collected using a transparent plastic cone as they were 

flying out of the hive. Through a hole in the distal tip of the cone, the bees were transferred into 

small cylinder-shaped glass bottles. The glass bottles were then placed on ice so that each bee 

was cooled down until they got immobilized. Each honeybee was then restrained individually, by 

using small straps of Gaffer tape, in metal-tubes so that only their mouthparts and antenna were 

movable. When they started to move again (after approximately 10 min) each bee was fed with 

50 % sucrose solution until satiety. The bees were then left under a piece of paper (to lower the 
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light intensity) at room temperature for approximately 20 hours before conditioning. At least 20 

minutes before the start of each experiment the bees were stimulated with a droplet of sucrose on 

their antenna to provoke the proboscis extension reflex (PER). Only the animals that extended 

their proboscis were used in the conditioning experiments.  

 

4.3 Odor stimuli 

The following amino acids were used as odor stimuli; L-alanine, L-arginine, L-asparagine, L-

aspartic acid, L-cysteine, L-glutamic acid, L-glutamine, glycine, L-histidine, L-isoleucine, L-

leucine, L-lysine, L-methionine, L-phenylalanine, L-proline, L-serine, L-threonine, L-tryptophan, 

L-tyrosine, L-valine. All amino acids were obtained from Sigma-Aldrich and had a purity of 

99.8%. They were diluted in demineralised water to obtain a specific molar concentration.  

 

4.4 Experimental set-up 

The odor stimulus was prepared so that the final volume of solution was 20 ml in a 60 ml Boston 

glass bottle. The Boston bottle was sealed with a silicone cork penetrated by two syringe needles. 

The needles facilitated airflow in and out of the bottle through plastic tubes attached to the needle 

heads with plastic fittings. One end of the tube was attached to the needle and the other end led 

into the valve that was controlled by the air-stream generator delivering the puff of air. Another 

tube led from the other needle to a plastic syringe pointing towards the honeybee in the test-arena 

(fig. 1). The distance between the tip of the plastic syringe delivering the air-stream and the head 

of the bee was always 4 cm. Every odor stimulus was presented for 4 seconds, and consisted of 

odorized air created in the headspace of the Boston glass bottle.  

The term test-arena refers to the small area, 4 cm in front of the plastic syringe delivering the 

odorized air-stream, where the bees were placed during conditioning and testing. At the 

beginning of each conditioning trial the bee was placed into the test-arena 25 seconds before the 

delivery of the conditioned stimulus (CS), the odorized air-stream. This was to prevent the bees 

from associating the movement with the reward. The CS was then presented to the bee during 4 

seconds. 3 seconds after onset of odor delivery the bee received the unconditioned stimulus (US), 

a 30 % sucrose-solution, to the antenna to initiate proboscis extension, and then the sucrose was 

delivered onto the proboscis (fig. 2). Thus, the inter stimulus interval (ISI) was 3 seconds and the 

overlap between CS and US was 1 second. The honeybee was then left undisturbed in the test-

arena for 25 seconds before returning to its resting position (fig. 3) to allow the next bee to be 

conditioned. Thus, the total time spent in the test-arena was 1 min for each bee.   

 



5 

 

Figure 1. Schematic picture showing the experimental set-up.  

 

 
 

 

 

             
 

 

 

 

 

 

The stimulus set-up: A 

Boston glass bottle with a 

given amino acid solution 

(20ml). One plastic tube (2) 

connects the air-stream 

generator (1) to the glass 

bottle, and the other tube 

(3) is delivering the 

odorized air-stream to the 

honeybee in the test arena. 

Test arena. 

Resting position. 

Figure 2.  

Delivery of the US (sucrose 30%) 

with the use of a cocktail stick  

Figure 3. Resting position.  
The picture is showing a group consisting of  

5 control-bees placed in resting position while 

the amino acid-bees are under training.  
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3 
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4.5 Experiment 1: Olfactory detectability of amino acids 

 

4.5.1 Experimental procedure 

Bees were collected, as they were flying out of the hive, in the morning at 11.00 a.m. and in the 

afternoon at 16.00 p.m. In the detection experiment every bee was also fed with water prior to 

testing, until they no longer extended their proboscis when stimulated with water on their 

antenna. This was to minimize the risk of bees responding to water vapor instead of getting 

conditioned to the odor of amino acids.  

A test group consisted of five AA-bees (amino acid bees) and five control-bees, and was tested 

for 1 hour. A total sample size of 80 honeybees per amino acid was used. That accounts for a 

total sample size of 1600 bees for the detection experiment. All amino acids were tested both in 

the morning and in the afternoon, with a new group of bees for every test session. 

Half of the bees, the AA-bees, were conditioned with the odor of a given amino acid as the CS. 

As a control, the other half of the bees was conditioned with only the solvent (demineralised 

water) as the CS. The honeybees that received water served as a negative control to make sure 

that the bees did not respond to the water vapor or the mechanosensory stimulation provided by 

the air-stream. As the US both groups received a droplet of 30 % sucrose solution, first by 

touching the antenna briefly and then touching the proboscis. Thus, the only difference between 

the control- and the AA-group was the CS. All the other handling procedures were exactly the 

same for the AA-bees and for the control-bees.  

Each honeybee received 5 conditioning trials with an inter trial interval of 10 min (ITI=10 min), 

and the 6
th

 trial was delivered as an unrewarded test to evaluate the detectability of each amino 

acid and for the solvent alone. Amino acids were presented at 100 mM, except for L-glutamic 

acid, L-aspartic acid and L-tyrosine which were presented at 50 mM because of their limited 

solubility. L-tryptophan is highly hydrophobic and it was therefore presented as a saturated 

solution using an amount of L-tryptophan corresponding to a theoretical 100 mM solution.   

 

4.5.2 Data collection for detectability 

During conditioning, the response variable measured was proboscis extension. For each of the 6 

trials (including the test trial) it was recorded whether a honeybee extended its proboscis, or not, 

in response to the delivery of the odor. On a given trial, each bee was recorded as having 

responded towards the odor of a given amino acid (or towards the background stimulus, the 

solvent) if it extended its proboscis during the first 3 seconds of odorant delivery, before delivery 

of the reward. 

 

4.5.3 Statistical analysis 

The responses were calculated as percentage of bees that learned versus percentage of bees that 

did not learn to associate the odor of a certain amino acid with a sucrose reward. Responses in the 

last trial (number 6) were compared for the AA-bees, receiving the odor of an amino acid, and for 

the control-bees receiving only the solvent. This means that the number of bees that were able to 

detect the odor of the amino acid was compared to the number of bees that learned to associate 

the background stimulus with a reward. Fisher’s Exact Test (analysis of contingency tables) was 

used to analyze the result. An amino acid was considered to be detectable if significantly more 
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bees responded with proboscis extension towards the odor of the amino acid, compared to the 

number of bees that responded by proboscis extension towards the solvent alone.  

Honeybees that randomly responded on the first trial were replaced by new bees or excluded 

from statistical analysis. Bees that died during the experiment or stopped responding to sucrose 

were also excluded from statistical analysis. Data was pooled for the AA-bees and for the 

control-bees separately and the result was calculated by averaging the binary responses over all 

test subjects for each stimulus (CS).  

 

4.6 Experiment 2: Olfactory detection threshold 

 

4.6.1 Experimental procedure 

Bees were collected once a day, every other day in the morning and every other day in the 

afternoon. A test group consisted of five test-bees and two such groups were tested after each 

other every day. All of the five amino acids that turned out to be detectable in experiment 1 were 

tested during 3-4 days each. The aim was to obtain threshold values for 10 bees per amino acid. A 

total of approximately 150 bees were used in the detection threshold experiments.  

The following amino acids were used; L-asparagine, L-cysteine, L-proline, L-tryptophan, L-

tyrosine (99.8 % purity; Sigma-Aldrich). All odors, in different concentrations, were freshly 

prepared every day just before the start of each experiment. In order to avoid any mixture of the 

different concentrations, new material (glass bottles, plastic tubes, silicon corks, needles and 

syringes) were used for each concentration step.  

Honeybees in groups of five experienced an initial training session with differential conditioning 

in which the amino acid odor was rewarded with 30 % sucrose solution and the background 

stimulus (demineralised water) was punished with 1.5M NaCl solution applied to the antennae 

only. Thus the amino acids were paired with an appetitive reinforcer and these stimuli served as 

CS+, while the background stimulus was paired with an aversive reinforcer and served as CS-. In 

the initial training phase the bees were presented with a total of 20 trials (10 CS+ and 10 CS-, 

delivered every other time). Since the bees were tested in groups of five, the ITI was 5 minutes 

between CS+ and CS-, accordingly the ITI was 10 minutes between the CS+ trials. Only the 

honeybees that significantly discriminated between the background stimulus and the amino acid 

odor were used further in the threshold experiment. To reach significance and be qualified for the 

detection threshold experiments, a bee needed to give six correct responses in a row or at least 15 

correct responses out of 20 possible (p<0.05). If all the bees in the first group of a given day 

failed to discriminate between the background stimulus and the odor of the amino acid, this group 

was discarded and the second group was then trained before moving on to the threshold 

experiment.  

In the threshold experiments bees were trained to discriminate between the background stimulus 

and a given amino acid in descending concentration. This was still done by using differential 

conditioning up until a maximum of 30 trials (15 CS+ and 15 CS-). To minimize the risk that the 

bees will get saturated during the threshold experiment they were placed in their resting positions 

as soon as they reached significant discrimination, until the next concentration step was tested. A 

one-tailed Binomial test was used to determine significant discrimination between the CS+ and 

the CS-, and only the bees that significantly discriminated between these two were tested in the 
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next concentration step. The bees were given a maximum of 30 trials for each concentration step 

(15 CS+ and 15 CS-), and to reach significant detection they had to give a minimum of 20 correct 

responses out of 30 possible or respond correctly to six trials (3 CS+ and 3 CS-) in a row 

(p<0.05). Thus, depending on how many bees met this criterion and thus qualified for the next 

concentration step, the ITI varied between the concentrations. Occasionally, the ITI also varied 

within concentrations since some bees reached significant detection quite early, for example by 

giving 10 correct responses out of 12 possible, 11 out of 14, or 12 out of 16 etc. (p<0.05). By 

using this method for every concentration step, the bees were exposed to the odor of amino acids 

in descending concentrations until they failed to reach significant discrimination between a given 

amino acid and the background stimulus.   

The concentration steps used are listed in table 1. The rationale for using different concentration 

steps for L-proline and L-cysteine was that according to previous studies conducted on humans, 

the olfactory detection threshold for L-proline was found to be 100mM and for D-proline to be 

75mM. In the same study the olfactory detection threshold was found to be 200 µM for L-

cysteine and 220 µM for D-cysteine (Laska 2010).   

 

Table 1. Concentration steps. 

Step number L-tyrosine L-proline L-cysteine L-asparagine L-tryptophan 

1 50 mM 100 mM 100 mM 100 mM 100 mM 

2 25 mM 75 mM 12.5 mM 50 mM 50 mM 

3 12.5 mM 50 mM 6.25 mM 25 mM 25 mM 

4 6.25 mM 25 mM 3.125 mM  12.5 mM 12.5 mM 

5 3.125 mM 12.5 mM 1.563 mM  6.25 mM 6.25 mM 

6 1.563 mM 6.25 mM 781 µM 3.125 mM 3.125 mM 

 

4.6.2 Data collection for olfactory detection threshold 

During conditioning, the response variable measured was proboscis extension. On a given trial, 

each honeybee was recorded as having responded towards the odor of a given amino acid (or 

towards the background stimulus, the solvent) if it extended its proboscis during the first 3 

seconds of odorant delivery, before delivery of the appetitive (sucrose) or aversive (NaCl) 

reinforcer. A correct response for a CS+ trial was proboscis extension, while a correct response 

for a CS- trial was absence of proboscis extension. Significant detection for every concentration 

step was determined by using a one-tailed Binomial test.  

 

4.6.3 Statistical analysis 

The binary response variable measured was proboscis extension. A one-tailed Binomial test was 

used to evaluate whether individuals significantly detected a given concentration of a given 

amino acid by means of discriminating the amino acid odor from the background stimulus. The 

olfactory detection thresholds were determined for each individual honeybee that qualified for the 

threshold experiments. 

Honeybees that randomly responded with proboscis extension on the first trial were replaced by 

new bees. Bees that died during the experiment or stopped responding to sucrose were also 

excluded from statistical analysis.  
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5 Results 

 

5.1 Detection of amino acids  

Five out of the 20 amino acids tested turned out to be detectable to the honeybees when 

presented at a concentration of 100 mM. These five are L-tyrosine, L-proline, L-cysteine, L-

tryptophan and L-asparagine (fig. 4).  

L-tyrosine had the highest detection score with 42.5 % of the bees responding to the odorized 

air-stream. This was a significant difference in comparison to the 17.5 % of the bees that 

responded to the background stimulus presented alone (P < 0.05; Fisher's Exact Test, FET).  

35.9 % of the bees successfully learned the odor of L-proline while only 7.7 % learned to 

respond towards the background stimulus (P < 0.01, FET).  

32.5 % of the bees were able to detect L-cysteine, which is significantly different from the 8.6 % 

that learned the background stimulus alone (P < 0.05, FET). The frequency of responses towards 

the odor of L-tryptophan (27.5 %) differed significantly from the frequency of responses towards 

background stimulus (5%) (P < 0.01, FET). Finally, L-asparagine was also detectable as 27.5 % 

of the bees learned the odor of L-asparagine, while 10 % of the bees responded when exposed to 

the background stimulus alone (P < 0.05, FET). 
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Figure 4. Acquisition curves for detectable amino acids. The graph shows the percentage of 

bees that associated the odor of the amino acids with a reward. Individual curves represent the 

percentage of proboscis extension reflexes (PER) to a given amino acid odor (CS), and each 

data point represents a mean value across animals. L-tyrosine (N=40), L-proline (N=39), L-

cysteine (N=40), L-tryptophan (N=40), L-asparagine (N=40). The control curve is averaged 

across the tests with all the five amino acids, and represents the responses by the control-bees 

towards the background stimulus alone. 
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When presented at a concentration of 100 mM, honeybees did not detect the odors of L-alanine, 

L-arginine, L-aspartic acid, L-glutamic acid, L-glutamine, glycine, L-histidine, L-isoleucine, L-

leucine, L-lysine, L-methionine, L-phenylalanine, L-serine, L-threonine and L-valine (fig. 5 a-c, 

and table 2). There was no significant difference between the percentage of AA-bees responding 

towards the odor of the amino acids and the percentage of control-bees responding towards the 

background stimulus alone.  
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Figure 5 a. Acquisition curves for non-detectable amino acids. Individual curves represent the 

percentage of proboscis extension reflexes (PER) to a given amino acid odor (CS), and each 

data point represents a mean value across animals. L-isoleucine (N=40), L-phenylalanine 

(N=40), L-alanine (N=40), L-glutamine (N=40), L-threonine (N=40). The control curve is 

averaged across the tests with all the five amino acids, and represents the responses by the 

control-bees towards the background stimulus alone.   

 

 

Honeybees showed a very low frequency of proboscis extension towards L-lysine, L-valine, L-

arginine, L-aspartic acid, L-glutamic acid, L-leucine, L-methionine, L-histidine, L-serine and 

glycine. For some of these amino acids (L-aspartic acid, L-methionine, L-histidine, L-leucine, 

glycine and L-serine) the responses towards the amino acid odor was even lower than the 

responses towards the background stimulus alone.  
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Figure 5 b. Acquisition curves for non-detectable amino acids. Individual curves represent the 

percentage of proboscis extension reflexes (PER) to a given amino acid odor (CS), and each 

data point represents a mean value across animals. L-lysine (N=40), L-valine (N=40), L-

arginine (N=40), L-aspartic acid (N=40), L-glutamic acid (N=40). The control curve is 

averaged across the tests with all the five amino acids, and represents the responses by the 

control-bees towards the background stimulus.      
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Figure 5 c. Acquisition curves for non-detectable amino acids. Individual curves represent the 

percentage of proboscis extension reflexes (PER) to a given amino acid odor (CS), and each 

data point represents a mean value across animals. L-leucine (N=40), L-methionine (N=40), L-

histidine (N=40), L-serine (N=40), glycine (N=40). The control curve is averaged across the 

tests with all the five amino acids, and represents the responses by the control-bees towards the 

background stimulus.  
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Table 2 shows the sample size used for each amino acid and for the corresponding control group. 

The table also reports the number of honeybees that responded with proboscis extension in the 

amino acid test-trial (the last unrewarded trial) as well as the number of bees that responded with 

proboscis extension in the control test-trial. The p-value is shown in the column on the far right. 

 

 

Table 2. Detectability of amino acids. 

R = Responses (number of proboscis extension reflexes in the last unrewarded trial).  

N = Sample size (number of possible proboscis extension reflexes in the last unrewarded trial). 

AA = amino acid group.  

Con. = control group.  

Significant values set as p < 0.05, calculated with the use of Fisher’s exact tests.   

 

Amino acid  R-AA N-AA R-Con.  N-Con. p-value 

L-proline 14 39 3 39 0.003 ** 

L-tryptophan 11 40 2 40 0.006 ** 

L-cysteine 13 40 3 35 0.011 * 

L-tyrosine 17 40 8 40 0.026 * 

L-asparagine 11 40 4 40 0.042 * 

L-threonine 9 40 3 40 0.057 

L-isoleucine 14 40 7 40 0.063 

L-glutamine 10 40 4 40 0.070 

L-alanine 10 40 5 40 0.126 

L-phenylalanine 12 40 12 40 0.192 

L-lysine 11 40 11 40 0.197 

L-glutamic acid 5 40 5 40 0.263 

L-valine 10 40 8 40 0.395 

L-arginine 9 40 8 40 0.500 

L-aspartic acid 5 40 6 40 0.500 

L-methionine 6 40 8 39 0.385 

L-histidine 3 40 5 40 0.356 

L-leucine 6 40 9 40 0.284 

Glycine 1 40 4 40 0.179 

L-serine 1 40 5 40 0.100 

* = p < 0.05, ** = p < 0.01, *** = p < 0.001 
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5.2 Olfactory detection threshold 

Figure 6 (a-e) shows the distribution of individual olfactory detection thresholds for the five 

amino acids that were found to be detectable to the honeybees.  

L-tyrosine 

Out of 20 bees tested for their ability to discriminate L-tyrosine at 100 mM from the background 

stimulus, nine bees succeeded. That accounts for a detection score of 45% which is in 

accordance with the bees’ performance in the detection experiment. For two out of these nine 

bees the lowest concentration detected was 25 mM. Five honeybees showed significant 

discrimination between L-tyrosine and the solvent all the way down to 12.5 mM, and the two 

remaining bees significantly detected L-tyrosine down to a concentration of 6.25 mM (fig. 6 a). 

Thus, the median olfactory detection threshold concentration is 12.5 mM for L-tyrosine. 

L-proline 

In the initial training phase 10 out of 25 bees successfully detected L-proline when presented at 

100 mM (40%). Eight out of these ten bees reached their olfactory detection threshold at 100 

mM, meaning that they did not discriminate any lower concentrations of L-proline from the 

solvent. One bee reached its threshold at 75 mM and the last bee significantly discriminated L-

proline from the background stimulus down to a concentration of 50 mM (fig. 6 b). 

Consequently, the median threshold concentration for L-proline is 100 mM. 

L-cysteine 

The detection score for 100 mM L-cysteine was 33% (10 out of 30 bees discriminated between 

L-cysteine and the solvent presented alone). Seven honeybees significantly detected L-cysteine 

down to a concentration of 12.5 mM. Two bees significantly discriminated between 6.25 mM L-

cysteine and the background stimulus, and one bee even detected L-cysteine down to a 

concentration of 3.125 mM (fig. 6 c). This results in a median olfactory detection threshold 

concentration of 12.5 mM. 

L-asparagine 

When trained to discriminate between 100 mM L-asparagine and the solvent, 33% of the bees 

succeeded (10 out of 30 bees). Out of these 10 bees, only one detected L-asparagine down to a 

concentration of 25 mM. For the rest of the honeybees the olfactory detection threshold was 50 

mM (fig. 6 d). Accordingly, 50 mM is the median threshold concentration for L-asparagine. 

L-tryptophan 

Out of the eight bees that significantly detected L-tryptophan (26.7%) when presented at 100 

mM, only two bees reached significant discrimination between L-tryptophan and the solvent 

down to a concentration of 25 mM. The remaining six bees reached their olfactory detection 

threshold at 50 mM (fig. 6 e). This accounts for a median threshold concentration of 50 mM. 

 

Interindividual variability was comparatively low for L-proline, L-tryptophan and L-asparagine 

as the individual olfactory detection thresholds differed by a dilution factor of 2 between the best 

and the poorest performing individual. The difference between the best and the worst performers 

for L-tyrosine and L-cysteine was slightly higher and differed by a dilution factor of 4 (from 25 

mM to 6.25 mM for L-tyrosine, and from 12.5 mM to 3.125 mM for L-cysteine).  
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Figure 6 (a-e). Distribution of 

olfactory detection thresholds. 

For every amino acid (figures a-e), 

the bars show the number of 

animals which reached their 

olfactory detection threshold at a 

given concentration.  
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Figure 7 compares the distribution of the individual olfactory detection thresholds between the 

five amino acids. L-tyrosine and L-cysteine were detected by the bees at the lowest 

concentrations, and the range of threshold values for these two amino acids (6.25-25 mM for L-

tyrosine and 3.125-12.5 mM for L-cysteine) does not even overlap with the threshold range 

obtained for L-proline (50-100 mM) which had the highest olfactory detection threshold. In fact, 

the threshold range for L-cysteine does not overlap with the olfactory detection thresholds 

acquired for L-asparagine and L-tryptophan either as they were relatively high as well, ranging 

from 25 mM to 50 mM.  

 

 
Figure 7. Distribution of olfactory detection thresholds for L-tyrosine, L-proline, L-

cysteine, L-asparagine and L-tryptophan. Given is the number of honeybees that 

reached their detection threshold at a given concentration per odorant. L-tyrosine (N=9), 

L-proline (N=10), L-cysteine (N=10), L-asparagine (N=10), L-tryptophan (N=8).  

 

6. Discussion 

To my knowledge, this study is the first to examine whether Apis mellifera (the European 

honeybee) is able to detect the odor of amino acids. The results demonstrate that honeybees can 

significantly detect five out of 20 amino acids presented at 100 mM. These five amino acids were 

detected at median olfactory detection thresholds as low as 12.5 mM with L-tyrosine and L-

cysteine, 50 mM with L-tryptophan and L-asparagine, and 100 mM with L-proline.   

All animals need a balanced diet of carbohydrates, protein, lipids, vitamins, and minerals. Nectar 

is the honeybees’ primary source of carbohydrates which represents their main energy source. 

Pollen provides bees with protein, lipids, vitamins, and minerals, vital for their growth and 

survival (Herbert and Shimanuki 1978). Amino acids are the molecular building blocks of 

L-proline 

L-asparagine 

L-tryptophan 

L-tyrosine 

L-cysteine 
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proteins, and are therefore an important nutrient. Honeybees, as well as other animals, need to 

secure the intake of essential amino acids, which must be obtained externally and cannot be 

synthesized by the animal itself or be reconstituted from other amino acids. Essential amino acids 

required for normal growth in higher animals are: threonine, valine, methionine, leucine, 

isoleucine, phenylalanine, lysine, histidine, arginine and tryptophan. According to De Groot 

(1953), the requirements of insects for amino acids are in good agreement with that of higher 

animals, and thus the honeybees’ need for amino acids should be fairly similar (De Groot 1953). 

It is therefore logical to reason that these ten amino acids should be somehow detectable to 

honeybees, either by olfactory properties or taste, in order to facilitate adequate consumption. I 

found that the odor of L-tryptophan is indeed detectable to honeybees whereas the other nine 

essential amino acids are not. 

Olfactorily detectable amino acids 

The present results suggest that the essential amino acid L-tryptophan was olfactorily detectable 

to the honeybees, as well as the odors of L-tyrosine, L-proline, L-cysteine and L-asparagine, 

which are non-essential amino acids.  

   Tyrosine can be synthesized by honeybees and there is no direct need for external intake of this 

amino acid, and it is therefore not an essential amino acid in this species (De Groot 1953). 

However, since tyrosine can only be synthesized from phenylalanine, which is an essential amino 

acid, it is sometimes regarded as a semi-essential amino acid, and sufficient intake is therefore 

important for honeybees. Interestingly, L-tyrosine reached the highest detection score in this 

present study (42 %).  

   In a food-preference test using free-flying honeybees, Inouye and Waller (1984) found that 

artificial nectar rich in tyrosine was preferred over a control solution containing only sucrose. The 

same study also reports that phenylalanine was strongly preferred over the sucrose-control. Other 

amino acids for which a significant preference was shown over the sucrose-control were alanine, 

arginine, cysteine, glutamine, histidine, isoleucine, ornithine, proline, and threonine (Inouye and 

Waller 1984). These results are based on consumption and are therefore assessing the honeybees’ 

preference for different food sources, and do not give any indication of which senses were 

involved in the honeybees’ choice of nectar composition. Interestingly, results from this present 

study suggest that, from the preferred amino acids in Inouye and Waller’s study (1984), the odor 

of L-tyrosine, L-proline and L-cysteine are also detectable to honeybees. Moreover, tyrosine is 

important for many insects since it is involved in the formation of sclerotin, a mixture of proteins 

that builds up the cuticles of insects (Andersen 2004; Gorman and Arakane 2010). It is therefore 

likely that tyrosine may play an important role for honeybees as well. 

Proline is not an essential amino acid to honeybees (De Groot 1953). Yet, the present results 

indicate that the odor of L-proline is detectable to honeybees. Interestingly, proline is commonly 

found in nectar of honeybee-pollinated plant species (Petanidou et al. 2006), and it is considered 

to be one of the most abundant amino acids in floral nectar (Baker and Baker 1973; Gottsberger 

et al. 1984; Rusterholz and Erhardt 1998). Proline is also an important nutrient for insects and 

plays a profound role in the honeybee life cycle. Proline is found in large quantities in the 

honeybee hemolymph, and some studies suggest that proline is used by foraging bees in the 

initial foraging stages or in the take off phase of flight (Auerswald et al. 1998; Micheu et al. 

2000). There are studies indicating that proline is oxidized in the flight muscles of insects 

(Balboni 1978; Brosemer and Veerabhadrappa 1965; Crabtree and Newsholme 1970; Njagi et al. 

http://rspb.royalsocietypublishing.org/content/276/1667/2597.full#ref-40
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1992). During the first 30 seconds of a flight proline is utilized as a source of energy and it 

therefore seems like proline is used for rapid, short-term bursts of energy (such as the lifting 

phase) while glucose provides endurance for longer flights (Crabtree and Newsholme 1970; 

Njagi et al. 1992). It is also known that the queen in a bee community requires proline for egg-

laying (Hrassnigg et al. 2003). Since proline is utilized by the honeybee in several physiological 

processes, it makes sense that honeybees have the ability to detect the odor of L-proline in order 

to enable efficient intake. 

   Proline has been used to enhance the attractiveness of a food reward in order to assess how 

reward quality influences olfactory biases (Wright et al. 2009a). Honeybees have been shown to 

prefer sucrose solutions containing 0.01 M proline over sucrose solutions alone (Carter et al. 

2006). In a later study using dual choice feeding tests, it was again found that artificial nectar 

containing proline was preferred over nectar containing only sugars. When the honeybees were 

given the choice between two different kinds of nectars enriched with various compounds, 

proline was preferred over both alanine and serine, and alanine over serine (Bertazzini et al. 

2010). Several studies suggest that proline is a strongly preferred amino acid, and it is therefore 

not surprising that honeybees were able to olfactorily detect proline in the present study as well. 

Honeybees in this present study were able to detect L-cysteine down to a concentration of 3.125 

mM. Cysteine (C3H7O2NS) is an unstable molecule and is often confused with cystine 

(C6H12O4N2S2) which is composed of two cysteine molecules joined by a disulfide bond. As soon 

as cysteine dissolves in water it oxidizes and cystine is formed. During this process, when the 

sulphur side groups form disulfide bonds, a distinct smell of sulphur occurs (Zumdahl and 

Zumdahl 2007, pp 1030). Sulfur-containing odorants, such as thiols, are detected at low 

concentrations by a variety of vertebrate species and have been interpreted as a warning signal 

against consumption of spoiled food due to putrefaction (microbial degradation of proteins) 

(Laska et al. 2007). Since honeybees feed on nectar and pollen it is not likely that this warning 

signal is of major importance to them. Nevertheless, L-cysteine is a sulphur-containing amino 

acid and the transformation of L-cysteine into cystine is a very rapid process that quickly causes a 

distinct smell of sulphur, an odor which may be easily associated with a food reward in this 

present experiment.  

Even though asparagine is not an essential amino acid (De Groot 1953), the present results 

suggest that honeybees are able to detect the odor of L-asparagine. A study assessing the amino 

acid composition of floral nectars of plant species in the East Mediterranean found that plants 

containing high levels of asparagine acted as repellent for bees, especially long-tongued bees. 

The same was true for plants containing high levels of tryptophan (Petanidou et al. 2006), which 

supports the present result indicating that the odor of L-tryptophan is detectable to honeybees. If 

these two amino acids act as repellent they should be somehow detectable to bees as well, an idea 

supported by the present results. Other amino acids that are avoided by some insect groups are 

glycine-threonine, H-serine, serine, β-alanine, valine, and leucine (Petanidou et al. 2006). None 

of these amino acids turned out to be detectable to honeybees in this present study.  

Non-detectable amino acids 

In the present study, honeybees failed to detect the odor of 15 out of the 20 amino acids tested. 

These results are somehow surprising since amino acids serve as important nutrients (De Groot 

1953). Moreover, free amino acids are known to be the second most abundant group of 

http://rspb.royalsocietypublishing.org/content/276/1667/2597.full#ref-8
http://rspb.royalsocietypublishing.org/content/276/1667/2597.full#ref-8
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compounds in nectar after carbohydrates (Baker and Baker 1973, 1986), and the behavior of 

honeybees suggests that they prefer nectar containing amino acids over sucrose solutions 

containing only sucrose (e.g. Alm et al. 1990; Carter et al. 2006; Inouye and Waller 1984; 

Petanidou et al. 2006). Unexpectedly, the odor of L-phenylalanine was not detected in the present 

experiments. Several studies report that phenylalanine serves as an attractant in natural 

(Petanidou et al. 2006) and artificial nectars (Inouye and Waller 1984) for pollinating insects. It is 

also known that phenylalanine has a strong phagostimulatory effect on honeybees (Inouye and 

Waller 1984), not to mention the fact that phenylalanine is one of the ten essential amino acids 

and therefore a crucial part of a honeybees’ daily food intake (De Groot 1953).  

Detection of amino acids by smell and taste  

The present study is dealing with chemosensory perception, and it is therefore interesting to 

compare taste and smell to see if honeybees, or other insects, have the ability to taste amino 

acids. However, only insufficient literature is available with regard to the honeybees’ ability to 

taste amino acids. It has been suggested in several studies that phenylalanine might act in a 

phagostimulatory way (Petanidou et al. 2006; Inouye and Waller 1984). Furthermore, proline has 

been used to enhance the attractiveness of a food reward (Wright et al. 2009a), but there are no 

conclusive studies on the honeybees’ ability to taste these or other amino acids. 

   For flies, however, which is another insect model species, conclusive results on taste 

perceptibility exist. It is known that the fleshfly (Boettcherisca peregrine), the blowfly, (Phormia 

regina) and the drone fly (Eristalis tenax L.) have the ability to taste proline as it is stimulating 

their salt receptor cells (Shiraishi and Kuwabara 1970; Wacht et al. 2000). Shiraishi and 

Kuwabara (1970) tested flesh flies for their ability to taste 19 different amino acids. The amino 

acids were divided into four groups depending on the effect they had on the taste cells. None of 

the amino acids in group number 1 (glycine, alanine, serine, threonine, cysteine and tyrosine) 

evoked responses in any of the receptor cells of the labellar chemosensory hairs. High 

concentrations of amino acids in group number 2 (aspartic acid, glutamic acid, histidine, arginine 

and lysine) turned out to inhibit all three receptor cell types (sugar, salt and water). From group 

number 3 (proline and hydroxyproline) only proline was able, in low concentrations, to evoke 

responses in both the salt and water receptor cells. The sugar receptor cells responded to 

stimulation with amino acids from group number 4 (valine, leucine, isoleucine, methionine, 

phenylalanine and tryptophan) (Shiraishi and Kuwabara 1970). When comparing the effect that 

amino acids have on the taste receptors of some fly species to the result obtained in this present 

study, assessing olfactory detectability of amino acids in honeybees, there are both similarities 

and differences. Cysteine and tyrosine did not evoke any taste sensations in flies (Shiraishi and 

Kuwabara 1970), but honeybees were able to perceive L-cysteine and L-tyrosine with their sense 

of smell. The odors of L-proline and L-tryptophan turned out to be detectable to honeybees, and 

these amino acids also evoked responses in some of the labellar hair chemosensory cells of B. 

peregrina and P. regina (Shiraishi and Kuwabara 1970).  

Olfactory detection thresholds  

If honeybees benefit from being able to detect amino acids, it is reasonable to assume that bees 

should be able to detect amino acids at concentrations corresponding to those found in the nectar 

of different species of flowers. However, since pollen grains contain much more amino acids than 

nectar, a pollen contaminated nectar sample could probably have increased amino acid amounts 

http://rspb.royalsocietypublishing.org/content/276/1667/2597.full#ref-8
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(Gottsberger et al. 1984). Pollen contamination occurs naturally during the process of pollination 

or artificially while collecting nectar-samples (Baker and Baker 1986; Gottberger et al. 1984). 

This makes it difficult to assess the actual amino acid concentration in nectar and compare it to 

the lowest concentrations that the honeybees in the present study were able to detect. 

Furthermore, when searching through the literature for data on amino acid content in nectar, I 

found it to be very variable depending on flower species and distribution range. Nevertheless, the 

honeybees’ olfactory detection thresholds are relatively high in comparison to the concentration 

of amino acids reported in different kinds of floral nectar (table 3).  

 

Table 3. Amino acid concentrations reported in different kinds of floral nectar. 

Amino acid  Highest concentration 

reported in pollen/nectar 

The honeybees’ detection threshold 

value (lowest concentration detected) 
 

L-alanine 2429 pmoles/flower
1 

0.237 mM/sample
3 

0.131 mM/ml nectar
4 

Undetectable  

L-arginine 816 pmoles/flower
1 

0.034 mM/sample
3 

0.068 mM/ml nectar
4 

Undetectable  

L-asparagine 2094 pmoles/flower
1
  25 mM  

L-aspartic acid 24529 pmoles/flower
1
  

0.114 mM/sample
2 

0.525 mM/sample
3 

Undetectable  

L-cysteine 0.0052 mM/ml nectar
4 

3.125 mM  

L-glutamic acid 867 pmoles/flower
1
  

0.047 mM/sample
3 

0.311 mM/ml nectar
4 

Undetectable  

L-glutamine 3793 pmoles/flower
1
  Undetectable  

Glycine 7000 pmoles/flower
1
  

0.040 mM/sample
2 

0.037 mM/ml nectar
3 

Undetectable  

L-histidine 3793 pmoles/flower
1
  

0.060 mM/sample
2 

0.062 mM/sample
3 

0.029 mM/ml nectar
4 

Undetectable  

L-isoleucine 276 pmoles/flower
1 

0.054 mM/sample
2
  

0.036 mM/sample
3 

0.170 mM/ml nectar
4 

Undetectable  

L-leucine 568 pmoles/flower
1
  

0.041 mM/sample
2 

0.053 mM/sample
3 

0.064 mM/ml nectar
4 

Undetectable  

L-lysine 419 pmoles/flower
1
  

0.039 mM/sample
3 

0.324 mM/ml nectar
4 

Undetectable  

L-methionine 1519 pmoles/flower
1
  

0.011 mM/sample
3 

Undetectable  

L-phenylalanine 13780 pmoles/flower
1
  

0.062 mM/sample
2 

0.471 mM/sample
3 

0.067 mM/ml nectar
4 

Undetectable  
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L-proline 2.02 mM/sample
2 

2.076 mM/sample
3 

0.029 mM/ml nectar
4 

50 mM  

L-serine 1619 pmoles/flower
1
  

0.319 mM
2 

0.060 mM/sample
3 

0.157 mM/ml nectar
4 

Undetectable  

L-threonine 7000 pmoles/flower
1
 

0.131 mM/sample
2 

0.065 mM/sample
3 

0.70 mM/ml nectar
4  

Undetectable  

L-tryptophan 689 pmoles/flower
1
  25 mM  

L-tyrosine 2429 pmoles/flower
1
  

0.670 mM/sample
2 

0.613 
 
mM/sample

3 

0.053 mM/ml nectar
4 

6.25 mM  

L-valine 804 pmoles/flower
1
  

68 mM/sample
2 

0.146 mM/sample
3 

0.169 mM/ml nectar
4 

Undetectable  

1
 (Petanidou et al. 2006); 

2
 (Carter et al. 2006); 

3 
(Carter et al. 2006); 

4 
(Gottsberger et al. 1984) 

 

Since amino acids are known to evoke specific smell sensations in vertebrates such as fish, mice 

and primates including humans (Nikonov and Caprio 2007; Wallén 2010; Engström 2010; Laska 

2010) it is interesting to compare the honeybees’ olfactory detection thresholds for amino acids to 

those obtained in other species. However, when making cross-species comparisons, it is 

important to take into account that the methods used to determine olfactory detection thresholds 

differ in the different species and that this could possibly lead to differing results.  

   The honeybees’ olfactory detection threshold for L-proline is higher than that of mice and 

spider monkeys. Mice have been reported to detect L- and D-proline down to a concentration of 

10 mM (Wallén 2010). Engström (2010) assessed olfactory sensitivity for six amino acids in 

spider monkeys, and found that the detection threshold for L-proline ranged between 30 mM and 

3 mM. Humans, on the other hand, detected L-proline at 100 mM, and thus performed similar to 

honeybees (Laska 2010). The olfactory detection threshold for L-cysteine in spider monkeys 

varied between 1 mM and 0.3 mM (Engström 2010). Humans are able to detect L-cysteine down 

to a concentration of 200 µM (Laska 2010) and mice are able to detect L-cysteine down to 0.01 

mM (Wallén 2010). The honeybees in the present study detected L-cysteine down to a median 

concentration of 12.5 mM with the lowest detectable concentration being 3.125 mM. The present 

results therefore suggest that the honeybees’ olfactory sensitivity for L-cysteine is lower than that 

of the other species mentioned. Dietz and Traud (1978) reported human subjects to detect the 

odor of L-tyrosine down to a concentration of >60 µM which is lower than the lowest threshold 

concentration obtained for honeybees in the present study (6.25 mM). Honeybees were not able 

to detect L-methionine at all while mice, spider monkeys and humans were able to perceive this 

amino acid. Mice detected L-methionine down to a concentration of 3.3 mM (Wallén 2010). The 

olfactory detection threshold for L-methionine in spider monkeys varied between 3 mM and 0.3 

mM (Engström 2010). Humans performed even better as they are able to detect L-methionine 

down to a mean olfactory detection threshold of 80 µM (Laska 2010). Interestingly, while 

honeybees in the present study failed to detect L-phenylalanine, human subjects detected the odor 

of D- and L-phenylalanine at concentrations as low as >55 µM (Dietz and Traud 1978).  
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Honeybees detected the odor of L-asparagine and L-tryptophan down to a concentration of 25 

mM. I failed to find any comparable data from other species on olfactory detection threshold for 

these two amino acids.  

Figure 8 shows the lowest concentrations of L-proline, L-cysteine, L-methionine and L-tyrosine 

that mice, spider monkeys and humans have been reported to detect, as well as the threshold 

values obtained in honeybees in the present study.  

 
Figure 8. Olfactory detection thresholds for L-proline, L-cysteine, L-methionine and L-

tyrosine. Each data point represents the lowest concentration that mice, spider monkeys 

and humans have been reported to detect, and the lowest concentration that the 

honeybees in the present study were able to detect (Mice: Wallén 2010; Spider monkeys: 

Engström 2010; Humans: Laska 2010, Dietz and Traud 1978). 
 

The present results indicate that the honeybees’ olfactory detection thresholds for amino acids are 

generally higher than those found for vertebrate species. The honeybee genome contains 161 

genes coding for olfactory receptors (Robertson and Wanner 2006). This number is considerably 

lower than that found in vertebrates such as mice (1194 genes) (Zhang et al. 2007), dogs (872 

genes) (Quignon et al. 2005) and even humans (388 genes) (Niimura and Nei 2006). Thus, it is 

possible that the size of the olfactory receptor repertoire affects the honeybees’ olfactory 

capabilities in terms of detectability and sensitivity for the odor of amino acids. 

Comments on methodology and further research 

In any olfactory conditioning or testing procedure, the background stimulus will compete with 

the conditioned stimulus for association with reinforcement. How various stimuli are associable 

can be seen as a function of their salience (Rescorla and Wagner 1972, cited by Wright and Smith 

2004). Thus, in this present study the odorant was a salient part of the stimulus for L-tyrosine, L-
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cysteine, L-tryptophan, L-asparagine, and L-proline. However, the detection scores for these five 

amino acids were low (27.5-42%) in comparison to detection scores reported for other volatile 

chemical compounds (Wright and Smith 2004; Wright et al. 2005; Wright et al. 2009a-b, Pelz et 

al. 1997). For example, in a study by Guerrieri et al. (2005) responses to the CS in the third and 

last conditioning trial reached a level of 80% for aldehydes, 70% for primary and secondary 

alcohols, and 61% for ketones. The low detection scores for amino acids in this present study 

therefore suggest that only a subset of the bees are capable to perceive an amino acid at the 

concentration presented.  

The present results, suggesting that only five out of 20 amino acids presented were detectable to 

honeybees, are somehow surprising. However, it should be noted that the conditioning protocol 

consisted of five acquisition trials followed by an unrewarded test trial. The results suggest that 

during these five trials the bees were either not able to detect a given amino acid, or not able to 

build an association between the odor and the food reward in order to establish a strong enough 

olfactory memory. In fact, when presented with L-threonine and L-isoleucine, two of the 

essential amino acids, the bees just failed to reach significant response rates indicating olfactory 

detection (L-threonine: p=0.057, L-isoleucine p=0.063). It is possible that more amino acids 

would turn out to be detectable if the bees were presented with a higher number of conditioning 

trials. Moreover, it is important to remember that water is also a vital nutrient for honeybees, 

especially during warm summer days (Kühnholz and Seeley 1997). This increased water demand 

during particularly warm days might be an explanation as to why honeybees sometimes 

responded with a high frequency of proboscis extension towards the odorless solvent. The lowest 

level of proboscis extensions for the background stimulus was 5 % (control L-tryptophan) and the 

highest level of proboscis extensions was 30 % (control L-phenylalanine). For future experiments 

it is recommended to randomly distribute the amino acids over the season in an attempt to control 

for daily variations.  

   Another possible factor which might have affected the present results is the concentration at 

which the amino acids were presented. Wright et al. (2009b) found that odor concentration 

affects learning rate in terms of lower acquisition for odors at lower concentrations and faster 

acquisition for a higher concentration of the same odor. Results from imaging studies of 

activation of glomeruli indicate that higher concentrations of an odor contribute to recruitment of 

new or different sensory cell populations in the olfactory bulb of rats and mice (Rubin and Katz 

1999; Xu et al. 2000). Furthermore, when increasing the concentration of an odor the glomerular 

activity in the olfactory bulb increases due to a higher number of firing olfactory receptor neurons 

(Ma and Shepherd 2000). Thus, the recruitment of additional sensory neurons when the 

honeybees are presented with odors at higher concentration could possibly increase the salience 

of the amino acids relative to that of the background stimulus. In order to assess detectability of 

amino acids at higher concentrations, one needs to use a different solvent since some of the 

aqueous amino acid solutions got saturated at 100 mM.  

   In the present study only five out of 20 amino acids presented turned out to be olfactorily 

detectable to honeybees. Poor detectability might be due to the fact that the amino acids were 

presented at concentrations that are relatively close to their olfactory detection threshold. 

However, it should be noted that the majority of the bees always stopped responding or failed to 

discriminate between the conditioned amino acid and the background stimulus at concentration 

step number 1 to 3, which might indicate an experimental-time limitation rather than a 
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concentration limitation. Since only a few bees were able to learn the amino acids used in the 

threshold experiments, a ‘screening through phase’ was needed in order to pick out individuals 

that only responded to the odor of the amino acid and not to the background stimulus. 

Subsequently, the bees were already tested for a long time before starting the threshold 

experiment. The reason for the honeybees not responding to lower concentrations could be 

because they got exhausted or saturated.  

   A less time consuming way to perform the threshold experiments would be to initially train the 

bees to respond to the highest concentration step, and instead of continuing to condition the bees 

to the same amino acid odor in descending concentrations, one could apply unrewarded test trials 

for the different concentrations. With this latter method, however, there is a risk of getting 

adaptation effects towards the higher concentration (Bhagavan and Smith 1997). Moreover, 

Wright et al (2005) found that odor concentration can change odor identity. Some odorants can 

have different perceptual qualities across concentrations (Bhagavan and Smith 1997; Pelz et al 

1997).  

   Since this study is a pioneer attempt to assess olfactory sensitivity with the use of the PER 

method, the threshold values need to be validated. Electroantennogram (EAG), which is a 

technique that measures the output of the antenna to the brain when stimulated with an odor, has 

been used in other PER-experiments to ensure detectability of different odors before starting with 

the experiment (Wright and Smith 2004). It is, however, important to remember that detectability 

and learning are two separate concepts. Not being able to learn the reward value of an odor is not 

the same as being incapable to detect an odor. Thus, the PER method is a way of looking at the 

bees’ ability to associate a stimulus with a sucrose reward and the learning ability can be affected 

by several factors such as concentration, sampling time, time latency between the CS and the US, 

conditioning protocol and number of conditioning trials (Bhagavan and Smith 1996; Menzel 

1993; Pelz et al. 1997; Wright and Smith 2004; Wright et al. 2005; Wright et al. 2009a-b).  

It is known that amino acids evoke specific smell sensations in a wide range of vertebrates such 

as fish (Nikonov and Caprio 2007; Valentincic et al. 1993, 1996, 2000), mice (Wallén 2010), 

spider monkeys (Engström 2010), and humans (Laska 2010). Results from this present study 

complement this field of knowledge by indicating that the odor of some amino acids are 

detectable to honeybees as well. Honeybees are one of the model species in insect olfaction 

(Menzel 2008), and it has been demonstrated that honeybees have an excellent ability to 

discriminate between monomolecular odorants that are components of flower odors (Laska and 

Galizia 2001, Laska et al. 1999). Thus, in future studies it would be interesting to address the 

question of the honeybees’ ability to discriminate between the odors of amino acids.  

 

6.3 Conclusion  

Based on the results from this study it can be concluded that honeybees are able to detect the odor 

of five out of 20 amino acids presented at 100 mM. The olfactory detection thresholds of 

honeybees for L-tyrosine, L-proline, L-cysteine, L-asparagine and L-tryptophan are high in 

comparison to concentrations found in floral nectar. The honeybees also displayed higher 

olfactory detection thresholds for L-tyrosine, L-proline and L-cysteine compared to threshold 

values obtained from mice, humans and spider monkeys. This suggests that the size of the 

olfactory receptor repertoire may affect the honeybees’ olfactory capabilities in terms of 

detectability and sensitivity for the odor of amino acids.  
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