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ABSTRACT 

Allyson V. Pel 

INTERACTION OF TASTE AND SMELL ON PERCEPTION OF SWEETNESS IN 

HONEY BEES, APIS MELLIFERA 

Thesis under the direction of Susan E. Fahrbach, Ph.D., Reynolds Professor of 

Developmental Neuroscience 

Perception of sweetness depends on sugar content, but organic volatiles produced by 

certain fruits result in an overestimation of sweetness by humans. It is unknown if this 

phenomenon occurs in other species. This project focuses on how the interaction of smell 

and taste modulate perception of sweetness in honey bees (Apis mellifera). Honey bees 

are generalist foragers that forage for nectar of varying sweetness at different flowering 

plants; it is well-documented that they readily discriminate different concentrations of 

sucrose and show a strong preference for higher concentrations. Honey bees also 

experience floral odors as they forage, creating the possibility that the combination of 

taste and odor might modulate perception of sweetness. Linalool, geraniol, and 6-methyl-

5-hepten-2-ol were used as odorants that may enhance the perception of sweetness by 

honey bees found in some of the flowering plants honey bees forage upon; limonene and 

no odorant were used as controls. Bees were tested using gustatory response score (GRS) 

laboratory assays and gustatory acceptance score (GAS) field assays. In the GRS assays, 

only geraniol enhanced sweetness perception in honey bees compared with the limonene 

and no odor treatments. By contrast, there was no difference in responses to any 

compounds in the field studies.
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INTRODUCTION 

Different types of berries are perceived by human consumers to have varying degrees of 

sweetness. The perception of sweetness, however, depends on more than the sugar 

content of different berries. For example, many of us perceive that strawberries are 

sweeter than blueberries. If, however, we analyze the sugar content of each type of berry, 

we find that strawberries have a lower sugar content per gram than blueberries do 

(Gilbert et al., 2015; Greenwood, 2015). On average, strawberries contain 4.9g of sugar 

per 100 grams of strawberries while blueberries have 10g of sugar per 100 grams of 

blueberries (USDA). This raises the question: what factors other than concentration of 

sugar influence perception of sweetness? 

 In this project, I focus on two senses, smell and taste, to explore how the 

integration of these two senses formulate our perception of sweetness. Even though the 

sensory systems underlying this perception are anatomically distributed, the sensory 

impression they merge to create is unitary (Beauchamp et al., 2011) – causing our 

perception of strawberries to depend not solely on sugar content, but also how its 

associated odorant molecules interact with the sugar content to form what many of us 

recognize as the sweet flavor of strawberries. 

 

Relevance of Sweetness Perception in Humans. Humans have hard-wired reactions to 

the quality of foods we eat. It is a primitive reaction to ensure we consume safe foods 

while avoiding foods that may be toxic to us. In a study by de Snoo (1937) testing 
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responses to foods in newborns, infants were found to make faces demonstrating pleasure 

to sweet foods and displeasure to bitter foods. These observation suggest that affective 

behavior toward sweet taste is present early in life, so early that it is unlikely to be 

learned. This hard-wired reaction can be modified by the presence of odors. If the odor 

has not been previously associated with a particular taste and modifies the response, we 

assume that learning is not involved. However, odorants generate a patterned activation 

of glomeruli in the olfactory bulbs that produces an image of the structure of odorants 

stimulating our olfactory receptors, and this pattern of activation can be stored in our 

memories (Stevenson et al., 1999; Robertson et al., 2006; Bartoshuk & Klee, 2013). It is 

therefore possible that changes in behavior that occur in response to the co-occurrence of 

an odor and a taste can also reflect a learned association.  

It is likely that interactions between odorants and taste occur in the regions of the 

brain responsible for the perception of flavor. There are two types of olfaction, orthonasal 

and retronasal, only one of which is involved in the perception of flavor. Orthonasal 

olfaction is involved in odors perceived from outside the body through the nose while 

retronasal olfaction is involved in odors perceived through the nose when we are eating 

(Bartoshuk & Klee, 2013). The flavor of the food we eat is the combination of taste and 

retronasal olfaction (Rozin, 1982). In humans, the integration of these olfactory and 

gustatory inputs occurs primarily in the regions of the brain consisting of the anterior 

insula, frontal operculum, orbitofrontal cortex, and anterior cingulate cortex (Small et al., 

2004; Small & Prescott, 2005). This integration generates a perception of flavor, where 

its processing depends both taste and the presence of an odorant as well as the 
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conjunction of prior experience with the particular combination of multimodal sensory 

inputs (Small & Prescott, 2005).  

These functions of the brain can potentially be implemented into a new method 

for artificial flavoring. It is known that neutral olfactory inputs can be perceived as 

hedonically positive by association when paired with sweet taste (Bartoshuk & Klee, 

2013). In general, flavor quality of fruits appears to have deteriorated to consumers 

because producers typically concentrate on what makes the most yield without much 

concern for preserving the quality of taste. To combat this, previous literature has found 

that we can biochemically induce variation in strawberries to determine what contributes 

most to strawberry sweetness/flavor intensity and texture based on the sugar content and 

volatiles present (Schweiterman et al., 2014). The more we understand the factors that 

contribute to this enhancement, the more we can manipulate this understanding to our 

advantage. With knowledge such as this, perhaps we can isolate a substance that we can 

add to our food like Splenda that can enhance sweetness via the retronasal path without 

adding calories. 

 

Honey Bees as Models. To study the interaction of sweet taste and floral odor, I used the 

model Apis mellifera, or the honey bee. Honey bees are good models for the study of this 

interaction because they are classified as generalist foragers—foraging at a variety of 

different flowering crops rather than at just one. This allows us to study a variety of 

different volatiles effectively because these insects are responsive to many different 

odors. An integrated sweetness perception can therefore potentially occur in insects like 
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honey bees who taste nectar of varying sweetness and experience floral odors as they 

forage at different flowering plants (Wells and Wenner, 1971; Leonard et al., 2011). In 

addition to experiencing this interaction as part of their naturally occurring behavior, 

honey bees are well-established models for studying learning and behavior, memory, 

social interaction, and neuroanatomy (Giurfa and Malun, 2004; Gil and Marco, 2005). 

 

Sensory Integration in Honey Bees. Honey bees have two neuropils that are associated 

with antennal sensory information processing: the deutocerebrum, which contains the 

antennal lobes and the the protocerebrum, which contains the mushroom bodies (MB) 

(Homberg, 1984). When encountering an odorant such as pheromones or floral odors, 

olfactory receptors related to sensilla placodea send their axonal projections via the 

antennal nerve to the antennal lobe (AL) – where the primary olfactory neuropil of the 

insect brain is located (Marshall, 1935; Kanzaki, 1986; Jung et al., 2015). The antennal 

lobe neurons sends projections to higher-order centers of the brain where olfactory 

learning and memory are processed. It is likely that this occurs primarily in the 

mushroom bodies – the dorsal part of the honey bee brain where multimodal integration 

(Giurfa and Malun, 2004; Mobbs, 1982; Homberg 1984). As in the human olfactory 

bulbs, the deutocerebral antennal lobes are divided into glomeruli likely to play an 

integral role in learning and memory via their projections to integrative control centers of 

the brain (Iwama et al., 1995; Sanchez et al., 2011). 
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Odorants. Linalool, geraniol, and 6-methyl-5-hepten-2-ol were used as odorants that 

may enhance the perception of sweetness (Bartoshuk, 2013; Welle, 2015) by honey bees. 

They were selected because they are found in some of the flowering plants honey bees 

forage upon such as roses and citrus bearing plants. Linalool is a volatile that smells like 

lavender with a touch of citrus and is often classified as having a “woodsy lavender” 

smell (Elsharif et al., 2015). Geraniol is a volatile that has a waxy, sweet rose smell 

(Katsukawa, 2011). 6-methyl-5-hepten-2-one is a volatile that has a green, coriander 

smell (Katsukawa, 2011). The odorant limonene was used as a control to ensure that not 

just any odor will elicit a difference in response. Limonene has a citrusy-orange odor to it 

that is found in literature to not elicit a sweetness-enhancing response in humans (Nagai 

et al., 1991). 

 

PER, RT, and GRS. The proboscis extension response (PER) is an example of a 

classical conditioning paradigm used in honey bees, bumblebees, and fruit flies (Frasnelli 

et al., 2014). Especially in generalist foragers such as honey bees, this paradigm can be 

used for appetitive associative learning, olfactory conditioning, and mechanosensory 

conditioning (Felsenberg et al., 2011; Giurfa & Malun, 2004). When a forager bee’s 

antennae are touched with a sucrose solution that they deem as nutritious, the bee 

reflexively reaches out toward it with the proboscis in order to consume it (Giurfa & 

Malun, 2004; Mujagic and Erber, 2009). Using this reflex, it is possible to classically 

condition honey bees to pair odor or tactile stimuli with a sucrose sugar reward in order 

to induce forager bees to extend their proboscis to the cue stimulus alone. 
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 Though classical conditioning is widely used in studies of insect learning and 

memory, this project utilizes the PER reflex to focus on the odors that will cause this 

reflex to occur instinctively as opposed to manipulating it. To our knowledge, an odorant 

effect on the perception of sweetness has not been examined in honey bees.  

Through the use of PER, we can estimate a response threshold (RT) – or the 

lowest concentration that causes a honey bee to elicit the proboscis extension response 

(Pankiw, 2000; Pankiw, 2001; Scheiner et al., 2001; Scheiner et al., 2003; Mujagic and 

Erber, 2009). A low response threshold at a low concentration therefore suggests a high 

perceptual value of sucrose while a high response threshold at a high concentration 

suggests a low perceptual value of sucrose (Pankiw, 2001). 

From a response threshold, we can obtain a gustatory response score (GRS) for 

each honey bee individually. When tested with a series of concentrations, an individual’s 

GRS is defined as the sum of proboscis responses a honey bee exhibits when presented 

with a set range of different sucrose solutions (Scheiner et al., 2004; Mujagic and Erber, 

2009;  Ramirez et al., 2010; Mommaerts et al., 2013). This means that an individual with 

a higher GRS had a lower response threshold and therefore performed the PER reflex to a 

wider range of sucrose concentrations than an individual with a lower GRS. If an odorant 

enhances the perception of sweetness, the odorant will make lower concentrations of 

sucrose seem sweeter than they actually are, effectively lowering the response threshold – 

resulting in a higher GRS (more responses) when compared to a group of honey bees that 

were not exposed to a sweetness enhancing volatile.  
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Gustatory Acceptance Score (GAS). Gustatory Acceptance Score (GAS) is a 

measurement of sucrose sensitivity and enthusiasm displayed by foraging honey bees in 

the field. At an artificial feeder, one can determine GAS by identifying the lowest 

concentration of sucrose that an individual honey bee perceives as sweet enough to make 

it worthwhile for her to expend the time and energy required to return to the feeder. 

When a honey bee visits a feeder, she probes the solution via the contact chemoreceptors 

on her proboscis, mouthparts, and antennae. If she determines that the solution is valuable 

enough, she will accept the solution and later return. Otherwise she will not return to the 

feeder (Mujagic and Erber, 2009). This is related to a honey bee’s response threshold. 

She will accept a concentration at her individual threshold or higher. If an odorant is 

sweetness-enhancing, a honey bee’s response threshold will be lowered and she will 

accept lower concentrations of sucrose – lowering her GAS. Therefore, response 

thresholds and GAS are directly proportional. 

 

Objectives. To our knowledge, there is no demonstration of the modulation of the 

perception of sweetness in an insect by simultaneous olfactory input. Odorants that have 

been shown to enhance the perception of sweetness in humans will be referred to as 

positive odorants. The positive odorants tested in this project are linalool, geraniol, and 6-

methyl-5-hepten-2-one (Bartoshuk, 2014). Odorants that have been shown to cause no 

difference in response will be referred to as neutral odorants. The neutral odorant used in 

this project is limonene (Frank et al., 2015). Another form of control will be the presence 

of no additional odorant, or “no odorant.” The objective of the project is to determine 
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whether this sweetness enhancing effect can be demonstrated in honey bees both in the 

laboratory and in the field. 

 

Predictions. In the presence of positive odorants, we expect that a concentration of 

sucrose will be perceived by honey bees to be sweeter than the same concentration of 

sucrose in the control odorant conditions (no odorant and limonene). This difference in 

perception is expected to cause a lower response threshold to the honey bees exposed to 

the positive odors, therefore effectively causing the gustatory response scores to be 

greater when compared with the conditions in the presence of the control odorants. In the 

field, honey bees are expected to return to lower concentrations of sucrose (the measure 

of gustatory acceptance scores) in the presence of a positive odorant because positive 

odorants are expected to make lower concentrations of sucrose seem sweeter than they 

actually are. Therefore, gustatory acceptance scores are expected to be lower when 

compared to the conditions in the presence of the control odorants.  

Honey bees are social insects, working to maintain the health of their hives 

(Winston, 1991). Often a honey bee colony depends on mass collection of nectar, so it is 

in a honey bee’s best interest to consume and bring back as much high-quality nectar as 

possible. If a nectar source is sweet and high in nutritional value, a honey bee will drink 

more (ingest more nectar into her crop for later regurgitation in the hive) to meet the 

needs of the colony (Seeley, 1989). If the nectar source is not as sweet or nutritional, she 

will not drink as much. Therefore, if a positive odor makes a sucrose solution seem 
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sweeter than it is, we expect she will consume more of it than the same concentration in 

the presence of the control odorants.  
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MATERIALS AND METHODS 

Animals. Honey bees (Apis mellifera) were reared and collected from the research apiary 

maintained at Wake Forest University in Winston-Salem, North Carolina. Brood frames 

were obtained from a second set of hives from a separate off-campus location located 

within the city of Pfafftown, North Carolina starting at the end of May.  

 

Odorants. Limonene was purchased from Eastman Kodak Company (CAT: 113 6225). 

Linalool was purchased from Sigma-Aldrich (CAT: L2602-100G). Geraniol was 

purchased from MP Biomedicals, LLC (CAT: 157184). 6MH was purchased from Acros 

Organics (CAS: 110-93-0). 

 

Sucrose Solutions. Sucrose solutions were made using store-bought white table sugar 

and deionized water. A 100% w/v sucrose stock solution was made first, then diluted to 

create different concentrations of working sucrose solutions. The 100% w/v sucrose stock 

solution was made with 100g of white table sugar per 100mL of deionized water. The 

concentrations made thereafter were 0.1, 0.3, 1, 3, 10, 20, 30, 40, 50, 60, 80, 100%, and 

68.46% (2M). A table describing the preparation of different sucrose concentrations from 

the stock solution is included in Table I.  

 

The Effect of Odorants on GRS. Subjects were collected from the on-campus hives and 

brought into the laboratory for testing. 



11 

 

 

Age-Defining Test Subjects. Approximately two weeks before the desired testing date, a 

frame filled with capped brood from the hives located on the off-campus site was 

collected and brought into our laboratory. The frame was held in a cage inside an 

incubator (33℃). Once a day at 11:00 ± 30 minutes, the frame was removed from the 

frame box and brushed with a soft bristled brush above a plastic collecting bucket to 

collect all of the newly emerged honey bees from the frame. Because the frame was 

brushed every day at the same time, it was assumed that the collected bees were 24 hours 

or less in age (with reference to the adult stage). After collecting all of the newly emerged 

honey bees from the frame, the frame was placed back into the cage and left in the 

incubator until the next day.  

 Each newly emerged honey bee’s thorax was then painted with a unique color or 

color combination using an applicator stick. The paint used to paint each bee was non-

toxic Testors paint from any craft store. Each day’s color combination was recorded into 

a log so that we could later identify honey bees of a specific age in the hive. Once all of 

the day’s newly emerged honey bees were painted and counted, they were returned to a 

hive on the Wake Forest campus that otherwise contained unmarked bees. 

 

Honey Bee Collection. This project used 15, 25, and 35-day old honey bees as subjects. 

Fifteen day olds were likely to have had minimal foraging experience, twenty-five day 

olds are typical aged foragers, and thirty-five day olds are likely to be highly experienced 

foragers. On test days, 30-35 bees of known age would be collected from inside the hive. 
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Honey bees were collected by opening the hives and inspecting the whole hive, frame by 

frame, for our bees of interest – identified by their unique color/color combination. Once 

a honey bee of interest was identified, soft tipped forceps were used to transfer the bee 

into a small cage for transport into the laboratory. 

 

Harnessing. The Pain cages (Pain, 1966) containing the honey bees of known age were 

placed at 4℃ and/or on ice until the bees were temporarily immobilized. As in Dobrin & 

Fahrbach (2012), the honey bees were then positioned into modified two-inch drinking 

straws with two thin insect pins (NO. 4) placed through the straw in front and behind 

each bee’s neck to allow for freedom to extend the proboscis without the possibility of 

escape (Figure 1). Each honey bee was then fed to satiation with 100% w/v sucrose 

solution (Simcock et al., 2017) before being placed (still in the harness) to undergo a pre-

test starvation period of 6 hours.  

 

Behavioral Testing. After the 6 hour pre-test starvation period, honey bees were removed 

from the incubator and placed in a cardboard test box in the center of a standard 

laboratory fume hood as (Figure 2). Each odorant condition had its own cardboard test 

box to minimize the amount of cross contamination while also minimizing the chance 

that odors might be removed from the environment by the fume hood too quickly. The 

filter paper behind the tube rack functioned as the vehicle to deliver the odorants (~1mL 

of the volatile was used to soak the filter paper). A tube rack held the harnessed honey 
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bees in place, with each of the harnessed bees evenly spaced. The concentrations of 

sucrose used in this experiment were: 0 (water), 20, 40, 60, 80, and 100% w/v sucrose.  

Approximately 2 minutes prior to presenting the sucrose solutions, ~1mL of the 

volatile was used to soak the filter paper to allow for the odorant to fill the testing space. 

Each honey bee was presented a drop of water through the use of an applicator stick and 

was allowed to drink to satiation so that thirst would not confound the behavioral testing. 

The order of odorants presented was randomized every testing day to avoid any effect of 

odor presentation. Each testing day tested two different odor treatments. Using a clean 

applicator stick per sucrose concentration, each bee was presented with 20% w/v sucrose 

solution first by touching their antenna (without allowing them to drink the solution to 

prevent satiation from confounding results) and taking note of which subjects extended 

their proboscis. If a honey bee extended her proboscis, she received a score of 1 for the 

concentration and zero if she did not extend her proboscis. Then after all of the honey 

bees were tested with the 20% w/v sucrose solution, I would increase the concentration to 

40% sucrose, then to the remaining sucrose concentrations with water in between to 

avoid sensitization. Therefore the pattern of concentrations presented per odor treatment 

was: water, 20%, water, 40%, water, 60%, water, 80%, water, 100% per odor treatment. 

Each individual bee’s score was summed up per odor treatment to obtain their gustatory 

response score (GRS) for that odor treatment. This method of determining GRS is 

standard in the field of honey bee behavioral research (Scheiner, 2004; Mujagic and 

Erber, 2009; Mujagic et al., 2010; Scheiner et al., 2013). 

 For 30-35 bees, testing duration was ~1 hour long. Through pilot tests that varied 

testing duration, it was determined that the honey bees became either too exhausted or 
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frustrated to perform for any longer than an hour – therefore 2 odorants per day was the 

limit for this experiment. The GRS scores were then compiled by odor treatment and age, 

then analyzed using a Kruskal-Wallis Multiple Comparisons test and when applicable, 

post hoc analyses (Dunn’s Test). The data were non-parametric as indicated by Shapiro-

Wilk tests. Statistics were analyzed using R 3.3.2. Alpha levels to determine significance 

was set at α = 0.05. 

 

Gustatory Acceptance Score (GAS) Methods in the Field. All training methods were 

adapted from Dr. Byron Van Nest’s “TECHNICAL PAPER: How to Train a Honey Bee, 

unpublished” This was made possible with the consultation of Dr. Van Nest.  

 

Initiation of Visits to a Feeder. A cement block was placed in front of a hive with a 96 

well plate full of 2M unscented sucrose solution. A few pieces of filter paper soaked with 

2M sucrose solution were then placed partially inside the hive entrance to carefully lift 

several honey bees onto the 96 well plate. This process continued until honey bees 

continuously collected sucrose solution from the 96 well plate without needing to be 

transferred. Bees were allowed to continue foraging without interruption for a few 

minutes, then the feeder and cement block were moved about 20 cm away from the hive 

entrance, watching carefully to ensure that foragers still collected from the feeder. Once 

six or more bees were observed collecting from the feeder at the new distance, the feeder 

was moved about a meter away. This process of gradually moving the feeder away from 

the hive entrance was continued until the feeder was 3m from the hive entrance.  
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Orientation. It is important to differentiate between orientation bees (honey bees who 

were used to recruit other honey bees to the feeder) and experimental subjects. To do this, 

we placed a small gold dot of paint on the dorsal thorax of each honey bee that landed on 

and fed from the feeder to specify them as orientation bees – therefore every bee that 

visited the feeder had a gold paint dot or a different identification mark on their thorax to 

indicate their status. While this occurred, we continued to move the feeder incrementally 

to a predetermined testing site. We waited about 5 minutes between each move while 

ensuring that several bees continued to visit the new location before moving again. Early 

moves consisted of 2-3m distances while later moves were as far as 10-20m so long as 

the move was within sight of the old location upon completion of initiation. This process 

in total took approximately 8 hours. 

 

Individualized Paint Color Combinations. To differentiate between honey bees, a color 

code was used to identify individuals. Each day was assigned a different collection of 

colors of either two or three. These colors were painted on the honey bees directly – two 

small dots on the dorsal thorax and one on the abdomen of the honey bees (Figure 4). The 

left paint dot on the thorax is arbitrarily identified as position 1; the right paint dot on the 

thorax is identified as position 2; and the paint dot on the abdomen is identified as 

position 3. Each individual honey bee’s code was read from position 1, 2, and then 3. The 

color codes are abbreviated using the lettering system from Table II. This system allowed 

a pair of observers to record the behavior of individual honey bees foraging at the feeder. 
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Training. The initiation and orientation process only occurred once at the start of our field 

season because data collection occurred daily, allowing foragers to remember the location 

of the training site. On a data collecting day, recruitment started at 9 am in the morning 

with a highly concentrated 2M sucrose solution in a clean 96 well plate to incentivize 

previously experienced foragers (the gold orientation bees or bees from previous data 

collecting days) to recruit new foragers to the artificial feeder at the testing site. We used 

2M sucrose for training only. The artificial feeder set up was set up as shown in Figure 3. 

 

Testing. The solution remained as the 2M sucrose solution with no odor until we saw new 

bees (unpainted) flying around the training site that had not yet landed on the feeder. The 

feeder was then switched with a clean 96 well plate designated for use with a 50% 

sucrose solution, and the odorant tested at the time. The odorant was introduced by 

placing the 96 well plate on top of a filter paper soaked with the odorant of interest. The 

concentration of sucrose solution remained at 50% until six experimental subjects (focal 

bees) were painted. 

 

Measuring GAS. Concentrations used for testing were adapted from Mujagic and Erber’s 

methods to determine sucrose acceptance in the field and the laboratory (Mujagic and 

Erber, 2009). While painting and collecting data, if overcrowding occurred at the feeder, 

bees were collected in scintillation vials and put on ice until the end of the experiment for 

the day, then released. After six focal bees were painted with their individual paint color 
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combinations, the 50% sucrose solution feeder was replaced with one holding 30% 

sucrose solution and more odorant was added to the filter paper. Testing continued at 

30% sucrose solution for 5 minutes while records were kept of which focal bees returned 

to the feeder as well as the total number of visits the focal bees made during the 5 minute 

time period. After 5 minutes, the 30% sucrose solution feeder was replaced with a 10% 

sucrose solution feeder. The same testing process occurred but for 10 minutes after which 

time the concentration was dropped to 3%, also for 10 minutes. This process continued 

until the concentration reached zero or until none of the focal bees returned for the full 

duration of a testing period for a concentration. The order of concentrations and time 

duration was as follows: 2M (for recruitment), 50% (for the duration of painting focal 

bees), 30% (5 minutes), 10% (10 minutes), 3% (10 minutes), 1% (15 minutes), 0.3% (15 

minutes), 0.1% (15 minutes), and then 0% (10 minutes). The gustatory acceptance score 

(GAS) was then determined per individual bee. This was determined by identifying the 

last concentration which a bee perceived as sweet enough to induce her to return. For 

example, if a bee returned to all of the concentrations until 3%, returned once for 1% and 

never returned again, her GAS score was designated as 3%.  

Once the daily testing period was completed, the concentration of sucrose was 

switched back to 2M and the sequestered bees were released to incentivize foragers to 

return to feed. Because 2M is highly rewarding, this allowed us to continue testing across 

a span of days without having to implement multiple training and orientation processes. If 

weather permitted, the complete testing phase occurred twice each test day, with two 

different odor treatments presented a day in randomized order to prevent an order effect 

in the data. The GAS data was compiled by odor treatment and analyzed using a Kruskal-
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Wallis Multiple Comparisons test and when applicable, post hoc analyses (Dunn’s Test). 

The data were non-parametric as indicated by Shapiro-Wilk tests. Statistics were 

analyzed using R 3.3.2. Alpha levels to determine significance was set at α = 0.05. 

 

Drinking Duration Methods in the Field. The drinking duration methods were 

developed by Mujagic and colleagues as a potentially more sensitive measure for 

sweetness perception (Mujagic et al., 2009). The set up and methodology is similar to 

that of the previously described GAS method, however, instead of painting at 50% 

sucrose concentration, we painted at 30% sucrose concentration. Six focal bees were 

painted at a time. Testing occurred at 10% sucrose concentration. The drinking duration 

of each focal bee was recorded during a 15 minute observation period using a stopwatch. 

We started a stopwatch when a focal bee landed on the feeder and started drinking. Only 

the actual time spent drinking was recorded (as opposed to total time on the feeder). 

Drinking duration was determined by visually analyzing the behavior of the honey bees 

at the feeder. A honey bee was identified as drinking if her head was down, her proboscis 

was extended, and her abdomen was pumping. The individual drinking durations were 

then compiled by odor treatment and analyzed using a Kruskal-Wallis Multiple 

Comparisons test and when applicable, a post hoc analyses (Dunn’s Test). The data were 

non-parametric as indicated by Shapiro-Wilk tests. Statistics were analyzed using R 

3.3.2. Alpha levels to determine significance was set at α = 0.05. 
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RESULTS 

Effect of Odorants on GRS.  

 

GRS: 15 Day Olds. There was not a statistically significant effect of odor on GRS 

between 15-day old honey bees (Figure 5; Kruskal-Wallis chi-squared = 9.7903, df = 4, 

p-value = 0.0604). Linalool, geraniol, and 6MH tended to have greater mean GRS, but 

this increase in GRS did not achieve statistical significance. 

 

GRS: 25 Day Olds. A Kruskal-Wallis Test indicated a significant odor effect on GRS in 

25 day old honey bees (Figure 6; Kruskal-Wallis chi-squared = 13.419, df = 4, p-value = 

0.009401). A Dunn’s post hoc test identified the significant difference was between the 

odor treatments no odor and geraniol (p-value = 0.027). 

 

GRS: 35 Day Olds. No statistically significant effect of odor on GRS was found in 35-

day old bees (Figure 7; Kruskal-Wallis chi-squared = 1.4179, df = 4, p-value = 0.8411).  

 

GRS: All Ages Combined. Analysis from a Kruskal-Wallis Test indicate a significant 

odor effect on GRS in 15, 25, and 35 day old honey bees combined (Figure 8; Kruskal-

Wallis chi-squared = 20.025, df = 4, p-value = 0.0004938). A Dunn’s post hoc test 

returned a significant difference between the two controls (no odor and limonene) and 
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geraniol. GRS for geraniol was significantly higher compared to no odor (p-value = 

0.044) and limonene (p-value = 0.037). 

 

GRS: No Age Effect. No effect of age was observed between each of the odor treatments. 

The p-values resulting from the Kruskal-Wallis Tests used to analyze each age group at 

each odorant treatment are no odor (0.4414), limonene (0.2014), linalool (0.5981), 

geraniol (0.8022), and 6MH (0.9661). 

 

Effects of Odorants on PER Responsiveness. After conducting chi-squared tests and 

pairwise comparisons post hoc tests when applicable, an increased PER responsiveness 

was observed under the 6MH odorant treatment when compared to no odor (p-value = 

0.00133) and linalool (p-value = 0.036) and between no odor and geraniol (p-value = 

0.01420) at 20% w/v sucrose solutions for 25 day old honey bees. An increase in PER 

responsiveness was also observed between 6MH and no odor (p-value = 0.0159) at 40% 

w/v sucrose solutions for 25 day olds and between 6MH and limonene (p-value = 0.0458) 

at 20% w/v sucrose solutions for 35 day olds (Figures 9-12). 

 

Effect of Odorants on GAS in the Field. No effect of odorants was found on GAS in 

the field between no odor, limonene, and geraniol odor conditions. A Kruskal-Wallis test 

resulted in an F-value of 1.247 and a p-value of 0.289 (Figure 13). 
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Effect of Odorants on Drinking Duration in the Field. No effect of odorants was 

found on drinking duration in the field between no odor, limonene, and geraniol odor 

conditions. A Kruskal-Wallis test resulted in an F-value of 0.967 and a p-value of 0.384 

(Figure 14). 
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DISCUSSION 

Flowering Plants Attract Honey Bees. Honey bees are generalist foragers that visit 

various flowering plants. While this contributes to maintaining the health of their colony, 

there is a mutual relationship between them and flowering plants because the flowering 

plants are pollinated during these bee visits (Winston, 1991). This relationship potentially 

generates a competition between and within species of flowering plants. There is a 

pressure to attract pollinators with the “right” odorant to make their nectar seem sweeter 

and therefore more appealing – incentivizing pollinators to visit them because the goal is 

for them to reproduce as much as possible.  

 

GRS Data. When a honey bee has a large GRS, it means that  she has a higher sensitivity 

to sucrose and therefore a low response threshold since it takes less sugar for her to 

perceive the solution as sweet (Martinez et al., 2008). The opposite is true for a honey 

bee with a low GRS. The expected response for a honey bee exposed to an odor that is 

expected to enhance the appeal of the solution is to have a larger GRS when compared to 

a control. The typical response threshold for honey bees under natural conditions is 50-

60% w/v (Pankiw et al., 2001). Therefore given the concentrations tested, the expected 

GRS for the no odor and limonene conditions in the lab assay is 3-4 in honey bees. In the 

presence of one of the positive odor conditions (linalool, geraniol, and 6MH), the GRS 

should theoretically be statistically higher than 3 or 4. This occurs by collectively 

lowering the response thresholds of the honey bees so they will respond to a wider range 

of sucrose solutions. 
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15 Day Old GRS Data. We found no significant differences between any odor conditions 

tested. There was a trend in the data where GRS scores of the no odor and limonene 

treatments tended to be lower, however, the values did not achieve significance (p-value 

= 0.0604). Middle aged bees are classified to be between 12-21 days old (Johnson, 2010). 

This distribution of bees overlap with nurse bees, but unlike nurse bees, middle aged bees 

typically show no interest in foraging. Their hive duties solely focus on nest building and 

maintenance (Ben-Shahar & Robinson, 2001; Paerhati et al., 2015). The transition to 

becoming foragers occurs on average around 21 days of adult life (Johnson, 2010). Given 

these values, the 15-day old honey bees tested were assumed to not yet be forager bees. 

We therefore assume that the learned experiences from nectar/pollen sources do not yet 

exist in 15-day olds. The only odors they are exposed to are the odors from within the 

hive, including the odors the forger bees brought back from pollen and nectar sources 

within their foraging range. One possible explanation of the lack of difference in GRS 

found between the odor treatments because these young foragers have not been able to 

associatively learn that these odors are associated with sweeter tasting nectar yet. This 

claim cannot be made definitely, however, since we did not control for experience in our 

tests. Whether the odors selected for testing are present within our honey bees’ foraging 

range is also unknown. Given this, the possible causes of a lack of difference in 15-day 

olds are merely speculation. Many studies have shown that changes in the synaptic 

organization of the honey bee brain are associated with the transition to foraging, so it is 

likely that the mushroom bodies of the non-foragers in this study also differed (Muenz et 

al., 2015). 
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25 Day Old GRS Data. There was a significant difference between the odor treatments no 

odor and geraniol (p-value = 0.027). This difference defines geraniol as a positive odor 

(sweetness-enhancer) for honey bees. After 25 days, honey bees are more highly likely to 

be foragers (Johnson, 2010). The experience that they gain from potentially associating 

these odors (if present within their foraging range) with sweeter tasting nectar will 

possibly be starting to take effect. It is therefore possible that the difference in GRS 

scores of 15 and 25 day old bees reflects differences in experience. This can be controlled 

for in future experiments by testing honey bees reared under controlled conditions (no 

exposure to floral odors) in laboratory cages. 

 

35 Day Old GRS Data. We found no significant differences between any of the odor 

conditions (p-value = 0.886). There are several reasons why there were no differences in 

this data set. From visual observation while performing behavioral testing, the 35 day old 

bees tended to be more unpredictable and variable in behavior. The bees tested in this age 

group were either highly responsive by responding to nearly all of the sucrose 

concentrations or not responsive at all, resulting in a bimodal distribution of data. Testing 

occurred in the summer, and summer bees have a reported life span of 3-4 weeks 

(Rueppel et al., 2007), which is before the 35-day mark – indicating that the bees tested 

may have been near the end of their lives.  
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All Ages Combined GRS Data. The combined GRS data consists of all bees tested: 15, 

25, and 35 day old bees. We found a significant difference between the no odor and 

geraniol treatments (p-value = 0.044) and limonene and geraniol (p-value = 0.037). The 

significant difference between one positive odor (geraniol) and both no odor and 

limonene suggested that the other two presumed positive odors (linalool and 6MH) 

caused no difference in behavioral response. This suggests that geraniol was the only 

effective positive odor tested in this experiment. Because geraniol’s GRS is greater than 

no odor and limonene, the difference was significant in the direction we hypothesized, 

implying that it enhances the perception of sweetness by lowering honey bee RT and 

allowing bees to be more responsive to a larger range of concentrations because lower 

concentrations now seem sweeter to them relative to the no odor and limonene 

treatments. We also know that, because the responses to no odor and limonene did not 

differ, that this significant difference was not due to the mere presence of any odor. This 

reinforces the view that the result obtained with geraniol indicates enhanced perception of 

sweetness. 

 

PER Responsiveness Data. 6MH appeared to have an effect on PER responsiveness in 

lower concentrations for 25- and 35-day old bees when considered separately (Figures 10 

and 11). The wider spread between each odor treatment curve at lower concentrations, 

especially in 25-day olds (Figure 10), indicates an increasing odorant effect on PER 

responsiveness at lower concentrations only. In addition, because the curves converge at 

higher concentrations, odors such as 6MH may enhance PER responsiveness relative to 

our controls until the concentration of sucrose reaches a threshold high enough at which 
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odorants no longer have an effect. High concentrations of sucrose will elicit a response 

regardless of a sweetness enhancing volatile. 

 Honey bees that forage at food sources with high sucrose concentrations 

presented lower PER responsiveness while honey bees who foraged at low sucrose 

concentration food sources presented higher PER responsiveness (Mujagic and Erber, 

2009; Pankiw et al., 2001). Sucrose constitutes at least 10% of the solutes in nectar (Ortiz 

et al., 2003; Nicolson et al., 2008) however, because we did not analyze nectar sources in 

the area, the foraging experience of each honey bee was unknown. In the best case 

scenario, the individual honey bees tested could have exploited a range of different food 

sources. This might lead to subsets of subjects responding differentially to the tested 

odors on the basis of their past experience, which might reduce our ability to assess the 

effect of sensory integration on the perception of sweetness.  

There are different foraging classes in which a honey bee can be a part of which 

specifies the type of source a honey bee forges for: nectar foragers, pollen foragers, and 

water foragers. Depending on the foraging class, honey bee response thresholds will vary 

(Moauro et al., 2018). It perhaps would be more informative to test honey bees of the 

same foraging class or control for experience prior to testing. One advantage, however, of 

using subjects undergoing normal behavioral development in field colonies is that the 

results are more broadly applicable or are less subject to possible over-interpretation. 

 

Overall Conclusions – Laboratory Studies. GRS was age-independent when the data 

from all age groups were compiled into one dataset in the combined data analysis. 
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Geraniol was significantly stimulatory in 25 day old bees specifically and all age groups 

combined. 6MH is stimulatory when compared to the controls at lower concentrations 

and for 25 and 35 day old honey bees specifically. 

 

GAS Field Data. GAS is defined as the last concentration tested that a bee perceives as 

sweet or valuable enough for her to return to the artificial feeder. PER responsiveness is 

reported to be lower than acceptance in the field (Mujagic and Erber, 2009; Mujagic et 

al., 2010) which is why it is important to test our question both in the laboratory and in 

the field because we cannot simply infer accepted concentrations in the field from PER 

responsiveness in the laboratory. In addition, because it is expected that the positive 

odors will enhance perception of sweetness, lower concentrations of sucrose should seem 

sweeter to the bees. For example, if a honey bee’s GAS is 3%, she will not return to the 

feeder for concentrations below 3%. However, if a positive odor is present around the 

feeder and the positive odor makes 1% taste like 3%, she will return after 1% - therefore 

lowering her GAS from 3% to 1%. We expected GAS scores from the conditions with a 

positive odor present to be lower when compared to that of the controls. 

Due to the results of the GRS lab study, geraniol was the only positive odor tested 

in the GAS field study. We found no difference between odor treatments (p-value = 

0.289). Due to the sensitivity of field experiments compared to laboratory experiments, 

perhaps the lack of effect we found from the GAS field study is more representative of 

what happens in nature. 
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Honey bees utilize nectar as their main source of carbohydrates and pollen as their 

main source of protein for their colonies (Scheiner et al., 2003; Mujagic and Erber, 2009; 

Mujagic et al., 2010). Compared with other naturally occurring sugars, honey bees prefer 

sucrose (Barker and Lehner, 1974). Because sucrose was used in this experiment, our 

feeder functioning as a food source may have been perceived as so valuable, that even 

lower concentrations out-competed other natural nectar sources in the area. This relative 

preference potentially could be a cause of no difference.  

This discrepancy can also be influenced by the fact that we did not identify what 

type of forager our focal bees were, although their presence at the feeder is in itself strong 

evidence that they are nectar foragers. There are different classes of forager: nectar, 

pollen, and water foragers (Winston, 1991). Nectar foragers have been previously 

reported to be less responsive to sucrose than pollen foragers, meaning they only respond 

to higher concentrations (Pankiw et al., 2001). Pollen foragers are more responsive than 

nectar foragers but will not respond to lower concentrations of sucrose. Water foragers 

respond to all concentrations of sucrose including water (Mujagic and Erber, 2009). As 

discussed in the previous paragraph, a positive odorant treatment, would not have 

mattered if the no-odorant controls are already perceived as highly valuable. This type of 

explanation implies a threshold model of forager responses to sucrose – once the 

concentration of sucrose exceeds some threshold, the forager no longer attends to any 

other cues. 
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Drinking Duration Data. The measurement of drinking duration at a feeder has been 

proposed as a more sensitive measure of sweetness perception than GAS (Mujagic and 

Erber, 2009) – however, there is a discrepancy in the literature of whether a more 

valuable source of nectar induces greater or less consumption of a sucrose solution. 

Honey bees are members of a colony, prioritizing the health and well-being of their hive 

over their own individual needs (Winston, 1991). If this is truly the case, it is expected 

that honey bees will therefore consume more nectar in the presence of a sweetness 

enhancing volatile compared with odorant-free controls to bring more valuable nectar 

back to their colony. On the other hand however, honey bees also have a limited crop 

volume (Winston, 1991). Crops are organs within honey bees that function as a storage 

area for nectar so that foragers can successfully carry nectar back to the hive (Snodgrass, 

1956). Because the crop volume is limited, perhaps honey bees have a caloric limit in 

which they prioritize fulfilling their own nutritional needs. If a sucrose solution seems 

sweeter, it is assumed to have greater nutritional value (greater calories per volume). So 

consuming less of this sweet source enables foragers to reach this caloric limit quicker, 

therefore inducing them to consume less in the presence of a positive odorant. Several 

published studies have indicated that honey bees take the former option (more 

consumption in the presence of a more nutritive solution). For example, the sucrose 

concentration of a nectar source was found to be correlated with the size of each 

individual honey bee’s crop load (Scheiner et al., 2003). Therefore, foragers consume 

more in the presence of a more nutritional nectar source (van Nest, in review). Based on 

these published findings, we expected drinking duration to be greater in the presence of a 

sweetness enhancing volatile when compared with no-odor controls. 
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 We found no statistically significant differences in drinking duration between 

odor treatments (p-value = 0.384). During methods development, an attempt was made to 

conduct testing at 30% w/v. In a pilot experiment using this concentration, all foragers at 

the feeder drank for approximately the same duration (data not shown). As a consequence 

of these preliminary observations, the concentration of sucrose during testing was 

changed to 10% w/v. But if 10% was high enough for the foragers to keep coming back 

(greater than their GAS), it was possibly appealing enough for them to continue drinking 

until satiation for each visit. It is necessary to repeat these studies using a lower sucrose 

concentration. It has been reported that, in late summer and early fall, the proportion of 

bees accepting relatively lower nectar concentrations increases (Mujagic and Erber, 

2009), possibly explaining why 10% may not have been a low enough concentration to 

detect a difference. Our anecdotal observations indicated that the honey bees we studied 

were were highly enthusiastic about visiting the feeder regardless of how sweet the 

solution seemed, which may have contributed to the lack of an effect of the presence of a 

positive odorant on drinking duration. 

 

General Conclusions. Geraniol enhanced sweetness perception, as assessed using the 

PER response in laboratory tests with harnessed honey bees. A comparable enhancement 

was not detected when honey bees were tested under field conditions using a feeder.   

Overall, the presence of an odorant itself did not elicit a difference in response in either 

the laboratory or the field. 
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Given the demonstrated impact of geraniol on GRS, I propose a critical follow-up 

study. The GRS studies should be repeated using honey bees reared in controlled 

environments in laboratory cages. This would address the role of prior olfactory 

experience that cannot be controlled using subjects obtained from a typical field colony. 

This type of controlled rearing offers the possibility not only of testing subjects with a 

uniform olfactory background but could also allow the testing of subjects with known, 

controlled exposures to both positive and neutral odorants. I also propose to repeat the 

drinking duration experiments using lower concentrations of sucrose combined with 

positive odorants. Overall, a wider array of odorants could be tested using the procedures 

described in this thesis. In particular, compounds related to geraniol should be tested. 

These might include citral (the corresponding aldehyde), nerol (the double-bond isomer), 

rhodinal (a related terpene alcohol), and other geranyl-containing compounds. It is 

interesting, and perhaps a bit surprising, that linalool, the isomer derived from 

transposition of the allylic alcohol, did not have an effect on GRS under our test 

conditions. 

Finally, although geraniol is a naturally-occurring floral odor, several reports in 

the literature have suggested that geraniol may be produced by honey bee scent glands 

and used to mark the entrances to their hives and sources of nectar (Williams et al., 1981; 

Danka et al., 1990). Although these reports have not been confirmed or pursued by later 

investigators, there is a possibility that geraniol has a special status in honey bee life and 

that it is common for foragers to associate the scent of geraniol with a rewarding nectar 

source. Geraniol is a widely used odorant in studies of honey bee olfactory association 

condition, one that is readily learned by harnessed honey bees. The role of floral and bee-
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produced geraniol should be further explored, given its potential influence on honey bee 

foraging decisions. 
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Figure 1. Harnessing Honey Bees in Modified Straws. Drinking straws cut into ~2 

inch pieces were modified by cutting a window large enough for a honey bee’s head on 

one end. Two No. 4 insect pins were pierced through the sides of the straw, one in front 

and another behind the honey bee’s neck, to allow for freedom to extend her proboscis.   
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Figure 2. Behavioral Testing Set-up for GRS Methods. The set-up for behavioral 

testing was as shown above. A cardboard test box large enough to encompass the testing 

area was placed under a standard fume hood. The filter paper behind the tube rack 

functioned as the vehicle to hold the odorants (~1mL of the volatile was used to soak the 

filter paper) with a piece of aluminum foil under it to prevent the volatiles from soaking 

the cardboard box.  A tube rack held the harnessed honey bees in place, with each of the 

harnessed bees evenly spaced.   
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Figure 3. Artificial Feeder Set-Up. The set-up for in-field behavioral testing was as 

shown above. A light blue painted 96 well plate held sucrose solutions for honey bees to 

forage from. It was placed on top of a plastic buffer to separate the 96 well plate from the 

filter which was placed under the feeder. The filter paper served as a vehicle to hold 

volatiles. Under the filter paper was a piece of plastic to prevent the volatiles from 

penetrating the table. 
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Figure 4. Schematic of Individual Honey Bee Paint Codes. Each honey bee had a 

unique combination and position of paint dots. Color codes were read from position 1 (as 

yellow) to 2 (red) then 3 (blue). This example of a color code would be read as yellow-

red-blue which would be abbreviated to YRB according to the color abbreviations from 

Table 2.  
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Figure 5. No Effect of Odorants on GRS in 15 Day Old Honey Bees. Average GRS 

scores (mean ± SEM) for each odor treatment for 15 day old honey bees. GRS: Gustatory 

Response Score.  
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Figure 6. Geraniol Increases GRS Compared to No Odor in 25 Day Old Honey Bees. 

Average GRS scores (mean ± SEM) for each odor treatment for 25 day old honey bees. 

GRS: Gustatory Response Score. ** p ≤ 0.01. 

 

 

 

 

 

 

 

 



39 

 

 

Figure 7. No Effect of Odorants on GRS in 35 Day Old Honey Bees. Average GRS 

scores (mean ± SEM) for each odor treatment for 35 day old honey bees. GRS: Gustatory 

Response Score. 
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Figure 8. Geraniol Increases GRS Compared to No Odor and Limonene in All Ages 

of Honey Bees Tested. Average GRS scores (mean ± SEM) for each odor treatment for 

all ages of honey bees combined. GRS: Gustatory Response Score. ** p ≤ 0.01. 
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Figure 9. No Effect of Odorants on PER Responsiveness in 15 Day Old Honey Bees. 

Each line represents a different odor treatment: No Odor (grey), Limonene (red), Linalool 

(orange), Geraniol (light blue), and 6MH (pink). The points at each concentration for 

each odor treatment represents the proportion of honey bees that extended her proboscis 

out of all of the honey bees tested in that odor condition. 
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Figure 10. 6MH Increases PER Responsiveness at Lower Concentrations for 25 Day 

Old Honey Bees. Each line represents a different odor treatment: No Odor (grey), 

Limonene (red), Linalool (orange), Geraniol (light blue), and 6MH (pink). The points at 

each concentration for each odor treatment represents the proportion of honey bees that 

extended her proboscis out of all of the honey bees tested in that odor condition. 

Significances between: no odor and geraniol, no odor and 6MH, and linalool and 6MH at 

20%. Significance also between no odor and 6MH at 40%. 
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Figure 11. 6MH Increases PER Responsiveness Compared to No Odor at a Low 

concentration for 35 Day Old Honey Bees. Each line represents a different odor 

treatment: No Odor (grey), Limonene (red), Linalool (orange), Geraniol (light blue), and 

6MH (pink). The points at each concentration for each odor treatment represents the 

proportion of honey bees that extended her proboscis out of all of the honey bees tested in 

that odor condition. Significance between: limonene and 6MH at 20%. 
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Figure 12. No Effect of Odorants on PER Responsiveness in All Ages of Honey Bees 

Combined. Each line represents a different odor treatment: No Odor (grey), Limonene 

(red), Linalool (orange), Geraniol (light blue), and 6MH (pink). The points at each 

concentration for each odor treatment represents the proportion of honey bees that 

extended her proboscis out of all of the honey bees tested in that odor condition. 
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Figure 13. No Effect of Odorants on GAS in the Field. Average GAS scores (mean ± 

SEM) for each odor treatment in the field. GAS: Gustatory Acceptance Score. 
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Figure 14. No Effect of Odorants on Drinking Duration in the Field. Average 

drinking duration (mean ± SEM) for each odor treatment in the field.  
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Concentration 

(w/v) 

100% w/v 

Stock (mL) 

DI Water 

(mL) Molarity 

100 100 0 2.92 

80 80 20 2.34 

60 60 40 1.75 

50 50 50 1.46 

40 40 60 1.17 

30 30 70 0.88 

20 20 80 0.58 

10 10 90 0.29 

3 3 97 0.09 

1 1 99 0.03 

0.3 0.3 99.7 0.009 

0.1 0.1 99.9 0.003 

0 0 100 0 

  

Table I. Summary of Reagents Used to Make Sucrose Solutions. Molecular weight of 

sucrose is 342.3 g/mol.  
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Color Abbreviation 

Red R 

White W 

Blue B 

Green G 

Yellow Y 

Pink P 

Gold O 

Silver S 

Purple U 

 

Table II. Color code abbreviations for individualizing focal bees during field testing.  
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