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Summary 
 

In the eusocial insect honeybee (Apis mellifera), many sterile worker bees live together 

with a reproductive queen in a colony. All tasks of the colony are performed by the 

workers, undergoing age-dependent division of labor. Beginning as hive bees, they take 

on tasks inside the hive such as cleaning or the producing of larval food, later 

developing into foragers. With that, the perception of sweetness plays a crucial role 

for all honeybees whether they are sitting on the honey stores in the hive or foraging 

for food. Their ability to sense sweetness is undoubtedly necessary to develop and 

evaluate food sources. Many of the behavioral decisions in honeybees are based on 

sugar perception, either on an individual level for ingestion, or for social behavior such 

as the impulse to collect or process nectar. In this context, honeybees show a complex 

spectrum of abilities to perceive sweetness on many levels. They are able to perceive 

at least seven types of sugars and decide to collect them for the colony. Further, they 

seem to distinguish between these sugars or at least show clear preferences when 

collecting them. Additionally, the perception of sugar is not rigid in honeybees. For 

instance, their responsiveness towards sugar changes during the transition from in-

hive bees (e.g. nurses) to foraging and is linked to the division of labor. Other direct or 

immediate factors changing responsiveness to sugars are stress, starvation or 

underlying factors, such as genotype.  

Interestingly, the complexity in their sugar perception is in stark contrast to the fact 

that honeybees seem to have only three predicted sugar receptors.  

In this work, we were able to characterize the three known sugar receptors (AmGr1, 

AmGr2 and AmGr3) of the honeybee fully and comprehensively in oocytes (Manuscript 

II, Chapter 3 and Manuscript III, Chapter 4). We could show that AmGr1 is a broad 

sugar receptor reacting to sucrose, glucose, maltose, melezitose and trehalose (which 

is the honeybees’ main blood sugar), but not fructose. AmGr2 acts as its co-receptor 

altering AmGr1’s specificity, AmGr3 is a specific fructose receptor and we proved the 
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heterodimerization of all receptors. With my studies, I was able to reproduce and 

compare the ligand specificity of the sugar receptors in vivo by generating receptor 

mutants with CRISPR/Cas9. With this thesis, I was able to define AmGr1 and AmGr3 as 

the honeybees’ basis receptors already capable to detect all sugars of its known taste 

spectrum. 

In the expression analysis of my doctoral thesis (Manuscript I, Chapter 2) I 

demonstrated that both basis receptors are expressed in the antennae and the brain 

of nurse bees and foragers. This thesis assumes that AmGr3 (like the Drosophila 

homologue) functions as a sensor for fructose, which might be the satiety signal, while 

AmGr1 can sense trehalose as the main blood sugar in the brain. Both receptors show 

a reduced expression in the brain of foragers when compared with nurse bees. These 

results may reflect the higher concentrated diet of nurse bees in the hive. The higher 

number of receptors in the brain may allow nurse bees to perceive hunger earlier and 

to consume the food their sitting on. Forager bees have to be more persistent to 

hunger, when they are foraging, and food is not so accessible. The findings of reduced 

expression of the fructose receptor AmGr3 in the antennae of nurse bees are 

congruent with my other result that nurse bees are also less responsive to fructose at 

the antennae when compared to foragers (Manuscript I, Chapter 2). This is possible, 

since nurse bees sit more likely on ripe honey which contains not only higher levels of 

sugars but also monosaccharides (such as fructose), while foragers have to evaluate 

less-concentrated nectar.  

My investigations of the expression of AmGr1 in the antennae of honeybees found no 

differences between nurse bees and foragers, although foragers are more responsive 

to the respective sugar sucrose (Manuscript I, Chapter 2). Considering my finding that 

AmGr2 is the co-receptor of AmGr1, it can be assumed that AmGr1 and the mediated 

sucrose taste might not be directly controlled by its expression, but indirectly by its co-

receptor. My thesis therefore clearly shows that sugar perception is associated with 

division of labor in honeybees and appears to be directly or indirectly regulated via 

expression.  
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The comparison with a characterization study using other bee breeds and thus an 

alternative protein sequence of AmGr1 shows that co-expression of different AmGr1 

versions with AmGr2 alters the sugar response differently. Therefore, this thesis 

provides first important indications that alternative splicing could also represent an 

important regulatory mechanism for sugar perception in honeybees. 

Further, I found out that the bitter compound quinine lowers the reward quality in 

learning experiments for honeybees (Manuscript IV, Chapter 5). So far, no bitter 

receptor has been found in the genome of honeybees and this thesis strongly assumes 

that bitter substances such as quinine inhibit sugar receptors in honeybees. With this 

finding, my work includes other molecules as possible regulatory mechanism in the 

honeybee sugar perception as well. We showed that the inhibitory effect is lower for 

fructose compared to sucrose. Considering that sugar signals might be processed as 

differently attractive in honeybees, this thesis concludes that the sugar receptor 

inhibition via quinine in honeybees might depend on the receptor (or its co-receptor), 

is concentration-dependent and based on the salience or attractiveness and 

concentration of the sugar present.  

With my thesis, I was able to expand the knowledge on honeybee’s sugar perception 

and formulate a complex, comprehensive overview. Thereby, I demonstrated the 

multidimensional mechanism that regulates the sugar receptors and thus the sugar 

perception of honeybees. With this work, I defined AmGr1 and AmGr3 as the basis of 

sugar perception and enlarged these components to the co-receptor AmGr2 and the 

possible splice variants of AmGr1. I further demonstrated how those sugar receptor 

components function, interact and that they are clearly involved in the division of labor 

in honeybees. In summary, my thesis describes the mechanisms that enable honeybees 

to perceive sugar in a complex way, even though they inhere a limited number of sugar 

receptors. My data strongly suggest that honeybees overall might not only 

differentiate sugars and their diet by their general sweetness (as expected with only 

one main sugar receptor). The found sugar receptor mechanisms and their interplay 

further suggest that honeybees might be able to discriminate directly between 
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monosaccharides and disaccharides or sugar molecules and with that their diet (honey 

and nectar). 

 Zusammenfassung 
 

Beim dem eusozialen Insekt Honigbiene (Apis mellifera) leben tausende sterile 

Arbeitsbienen zusammen mit einer fortpflanzungsfähigen Königin in einem Volk. Alle 

Aufgaben in der Kolonie werden von diesen Arbeiterinnen erledigt, während sie eine 

altersabhängige Arbeitsteilung durchlaufen. Als Stockbienen beginnend übernehmen 

sie Aufgaben im Stock wie die Reinigung oder die Produktion von Larvenfutter und 

entwickeln sich später zu Sammlerinnen. Das Wahrnehmung von Süße spielt für alle 

Honigbienen eine entscheidende Rolle, egal ob sie auf den Honigvorräten im Stock 

sitzen oder nach Nahrung suchen. Ihre Fähigkeit Süße zu wahrzunehmen ist zweifellos 

notwendig, um Nahrungsquellen zu identifizieren und zu bewerten. Viele der 

Verhaltensentscheidungen bei Honigbienen basieren auf ihrer Zuckerwahrnehmung, 

entweder auf individueller Ebene für die Nahrungsaufnahme oder für soziales 

Verhalten wie beispielsweise das Sammeln oder Verarbeiten von Nektar. Honigbienen 

zeigen auf vielen Ebenen ein komplexes Spektrum bei der Wahrnehmung von Süße. Sie 

können mindestens sieben Zuckerarten wahrnehmen und sammeln diese für ihren 

Stock. Darüber hinaus scheinen sie zwischen diesen Zuckern unterscheiden zu können 

oder zeigen zumindest klare Präferenzen beim Sammeln. Außerdem ist die 

Zuckerwahrnehmung bei Honigbienen nicht starr. Ihre Zuckerwahrnehmung ändert 

sich, wenn sie von einer Stockbiene (z. B. Ammen) zum Nahrungssammeln außerhalb 

des Stockes übergehen, und ist somit mit ihrer Arbeitsteilung verbunden. Andere 

direkte oder unmittelbare Faktoren, die die Reaktion auf Zucker verändern, sind Stress, 

Hunger oder zugrunde liegende Faktoren wie der Genotyp. 

Interessanterweise steht die Komplexität der Zuckerwahrnehmung in starkem 

Kontrast zu der Tatsache, dass Honigbienen bisher anscheinend nur drei mögliche 

Zuckerrezeptoren haben. 
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In dieser Arbeit konnten wir die drei bekannten Honigbienenzuckerrezeptoren 

(AmGr1, AmGr2 und AmGr3) in Xenopus-Oozyten vollständig und umfassend 

charakterisieren (Manuscript II, Chapter 3 und Manuscript III, Chapter 4). Wir konnten 

zeigen, dass AmGr1 ein breitdetektierender Zuckerrezeptor ist, der auf Saccharose, 

Glukose, Maltose, Melezitose und Trehalose (der Hauptblutzucker bei Honigbienen), 

aber nicht auf Fruktose reagiert. AmGr2 fungiert als ein Co-Rezeptor, der die Spezifität 

von AmGr1 verändert. AmGr3 ist ein spezifischer Fruktoserezeptor und wir haben die 

Heterodimerisierung der Rezeptoren überprüft. Mit meinen Studien konnte ich die 

gefundene Ligandenspezifität der Zuckerrezeptoren in vivo reproduzieren und 

vergleichen, indem ich Rezeptormutanten mit CRISPR/Cas9 generierte. Dabei konnte 

ich AmGr1 und AmGr3 als die Basisrezeptoren von Honigbienen definieren, die bereits 

alle Zucker ihres bekannten Geschmacksspektrums detektieren können. 

In der Expressionsanalyse meiner Doktorarbeit (Manuscript I, Chapter 2) konnte ich 

zeigen, dass beide Basisrezeptoren in den Antennen und im Gehirn von Ammenbienen 

und Sammlerinnen exprimiert werden. Diese Arbeit geht davon aus, dass AmGr3 (wie 

das Homologe in Drosophila) als Sensor für Fruktose fungiert, die das Sättigungssignal 

sein könnte, während AmGr1 Trehalose als Hauptblutzucker im Gehirn wahrnehmen 

kann. Beide Rezeptoren zeigen eine reduzierte Expression im Gehirn von 

Sammlerinnen im Vergleich zu Ammenbienen. Diese Ergebnisse könnten die höher 

konzentrierte Ernährung der Ammenbienen im Stock widerspiegeln. Die höhere Anzahl 

an Rezeptoren im Gehirn könnte es den Ammenbienen ermöglichen frühzeitiger 

Hunger wahrzunehmen und die Nahrung, auf der sie sitzen aufzunehmen. 

Sammelbienen dagegen müssen beim Sammeln und dem reduzierten 

Nahrungsangebot ausdauernder sein. Die gemessene reduzierte Expression des 

Fruktoserezeptors AmGr3 in den Antennen von Ammenbienen entsprechen meinen 

anderen Ergebnissen, wonach Ammenbienen im Vergleich zu Sammelbienen an den 

Antennen auch weniger empfindlich auf Fruktose reagieren (Manuscript I, Chapter 2). 

Dies ist möglich, da Ammenbienen eher auf reifem Honig sitzen, der nicht nur einen 
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höheren Zuckergehalt, sondern auch vermehrt Monosaccharide (wie Fructose) 

enthält, während Sammelbienen weniger konzentrierten Nektar bewerten müssen. 

Meine Untersuchungen zur Expression von AmGr1 in den Antennen von Honigbienen 

ergaben keine Unterschiede zwischen Ammenbienen und Sammlerinnen, obwohl 

Sammlerinnen empfindlicher auf den entsprechenden Zucker Saccharose reagieren. 

Angesichts unserer Ergebnisse, dass AmGr2 der Co-Rezeptor von AmGr1 ist, kann die 

Hypothese aufgestellt werden, dass AmGr1 und der vermittelte Saccharose-

Geschmack möglicherweise nicht direkt durch seine Expression, sondern indirekt durch 

seinen Co-Rezeptor reguliert werden. Meine Dissertation zeigt somit deutlich, dass die 

Zuckerwahrnehmung bei Honigbienen mit Arbeitsteilung verbunden ist und direkt 

oder indirekt über die Expression geregelt zu werden scheint. 

Der Vergleich mit einer anderen Charakterisierungsstudie, durchgeführt an anderen 

Bienenrassen und damit einer alternativen Proteinsequenz von AmGr1, zeigt, dass die 

Co-Expression verschiedener AmGr1-Varianten mit AmGr2 die Zuckerantwort 

unterschiedlich verändert. Daher liefert diese Arbeit erste wichtige Hinweise darauf, 

dass alternatives Spleißen auch bei Honigbienen einen wichtigen 

Regulationsmechanismus für die Zuckerwahrnehmung darstellen könnte.  

Des Weiteren habe ich herausgefunden, dass der Bitterstoff Chinin die Qualität der 

Belohnung in Lernexperimenten für Honigbienen senkt (Manuscript IV, Chapter 5). 

Bisher wurde kein Bitterrezeptor im Genom von Honigbienen gefunden und diese 

Arbeit deutet darauf hin, dass Bitterstoffe wie Chinin Zuckerrezeptoren in Honigbienen 

hemmen. Mit dieser Erkenntnis schließt meine Dissertation auch andere Moleküle als 

mögliche Regulationsmechanismen in die Zuckerwahrnehmung der Honigbiene ein. 

Wir haben gezeigt, dass die hemmende Wirkung bei Fruktose im Vergleich zu 

Saccharose geringer ist. Unter der Berücksichtigung, dass Zuckersignale bei 

Honigbienen möglicherweise unterschiedlich attraktiv verarbeitet werden, kommt 

meine Arbeit zu dem Schluss, dass die Hemmung der Zuckerrezeptoren durch Chinin 
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bei Honigbienen abhängig ist von der verwendeten Konzentration, der Bedeutung bzw. 

Attraktivität des Zuckers und seiner Konzentration. 

Mit meiner Doktorarbeit konnte ich das Wissen über die Zuckerwahrnehmung der 

Honigbiene insgesamt erweitern und einen komplexen, umfassenden Überblick 

formulieren. Ich konnte den mehrdimensionalen Mechanismus aufzeigen, der die 

Zuckerrezeptoren und damit die Zuckerwahrnehmung von Honigbienen reguliert. Ich 

konnte AmGr1 und AmGr3 als Basis der Zuckerwahrnehmung definieren und diese 

Komponenten auf den Co-Rezeptor AmGr2 und die möglichen Spleißvarianten von 

AmGr1 erweitern. Ich habe außerdem gezeigt, wie diese Zuckerrezeptorkomponenten 

funktionieren, interagieren, und dass sie eindeutig an der Arbeitsteilung bei 

Honigbienen beteiligt sind. Zusammenfassend beschreibt meine Dissertation die 

Mechanismen, die es Honigbienen ermöglichen, Zucker auf komplexe Weise 

wahrzunehmen, selbst wenn sie eine begrenzte Anzahl von Zuckerrezeptoren besitzen. 

Meine Daten deuten stark darauf hin, dass Honigbienen Zucker und ihre Nahrung nicht 

nur aufgrund ihrer generellen Süße unterscheiden können (wie dies mit nur einem 

Hauptzuckerrezeptor zu erwarten wäre). 

Die gefundenen Zuckerrezeptormechanismen und deren Zusammenspiel legen nahe, 

dass Honigbienen möglicherweise direkt zwischen Monosacchariden und 

Disacchariden bzw. Zuckermolekülen und damit zwischen ihrer Nahrung (Honig und 

Nektar) unterscheiden können. 
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1 General Introduction 
 

The very name of the honeybee (Apis mellifera) indicates that sweetness, and the 

ability to perceive it, is an important part of the bees’ environment and physiology. 

Due to the industrial production of sugar, the very sweet product honey has lost some 

importance to humans but not the fascinating, social insect itself (Allsop & Miller, 1996; 

Eggleston, 2019). For the honey production honeybees visit many flowers to collect 

nectar but they also collect pollen as a source for protein (Seeley, 1985; Winston, 

1991). In doing so, these eusocial insects perform significant pollination, providing a 

massive, as well as economic value for modern agriculture and nature (Gill, 1990; 

Brittain et al., 2013). Foraging for food is therefore just one of many tasks in the colony 

performed by thousands of female worker bees (Seeley, 1985; Winston, 1991). These 

sterile individuals initially take on tasks within the hive and thereby undergo an age-

dependent division of labor (Ben-Shahar, 2005). Those honeybee workers first perform 

tasks within the beehive and only later develop into foragers. During this transition 

their access to and the type of diet changes drastically as well as their task specific 

behavior towards it (Scheiner et al., 2004). Additionally, they are also able to 

communicate with each other and pass on information from the inner hive or food 

sources outside onto other individuals (Michelsen, 2003; George & Brockmann, 2019). 

This complex social organization, the eusociality, the division of labor, the learning 

ability, the cognition, and the behavior along with its already sequenced genome 

makes the honeybee an important model organism for various research questions.  

For all these scientific areas it is undoubtedly interesting how the honeybee's most 

anticipated and expected stimulus sweetness is perceived, processed, regulated, and 

set into the context of division of labor. 
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1.1  Perception of sweetness is an important ability for honeybees to perform 

division of labor  
 

Honeybees are eusocial insects. The only queen of the colony is responsible for its 

growth, and new queens and drones (in summertime) are responsible for its 

propagation (Butler & Fairey, 1963; displayed as colony development in Figure 1). All 

other tasks are performed by the sterile worker bees. Other than drones (emerging 

from unfertilized eggs), queens and workers emerge from fertilized eggs. Worker 

larvae are fed a less rich diet, pupate after about 13 days and hatch after 21 days (see 

individual development Figure 1). Young workers undergo an age-dependent division 

of labor starting with tasks within the hive such as cleaning (Seeley, 1985; Calderone 

et al., 1989; Ben-Shahar, 2005). Later they develop into nurse bees, begin to build wax 

combs, guard the nest entrance, and perceive food before they participate in their first 

orientation flights to become foragers (Seeley, 1985; worker development in Figure 1). 
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Figure 1: Overview of the biology of the eusocial insect honeybee adapted from Winston (1991). Honeybee colonies consist 
of one fertile queen and up to 30,000 worker bees. For colony propagation a portion of the worker bees and the old queen 
leave the colony just before a new queen hatches. When they have found another hive, the old queen begins to lay eggs and 
the new colony grows. Meanwhile the freshly hatched queen in the old colony is mated by several drones on the nuptial flight 
and begins to lay eggs to continue the old colony. From these eggs the honeybee larvae hatch after 3 days, develop into 
pupae before the adults emerge. Workers and new queens can develop from fertilized eggs. Male drones hatch from 
unfertilized eggs. The development time of the drones is the longest with 24 days, queens only need 16 days, workers 21 
days. After hatching as imago, the honeybee workers undergo age-dependent division of labor which is flexible and can be 
adapted. They start to clean the brood cells, and care for the brood with heating. As nurse bees they feed the larvae with 
food from their hypopharyngeal glands. Later they receive the incoming nectar. Worker bees develop wax glands for building 
the wax combs. They protect the nest entrance before performing the first orientation flights. At the end of their lives (around 
23 days in summer) they forage for pollen, nectar, water or plant resins (propolis). 

 

In all these tasks taste is not only an important sense for honeybee workers to find and 

ingest their own diet but also necessary to fulfill taste-related social behaviors (Seeley, 

1985; Winston, 1991). Stored pollen provides the protein source for honeybees and is 

consumed by freshly emerged bees. But besides that, nurse bees use pollen to produce 

the nutrition rich larval food with their hypopharyngeal glands which they develop 

from about the third day (Seeley, 1985; Winston, 1991). Additionally, it is well known 

that all honeybee workers feed on carbohydrates which they collect mainly from the 

nectar of flowering plants (Brodschneider & Crailsheim, 2010), and therefore 

particularly depend on the ability to sense sweetness. Hereby, the food supply in the 
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hive contains a wide spectrum from freshly harvested and low-concentration nectar to 

ripe honey. With that bees in the hive depend on their perception of sugar for choosing 

the right food for intake. Further, honeybees can differentiate between unripe nectar 

and ripe honey (Doner, 2003). Un-ripe nectar is taken up by in-hive bees, enriched with 

enzymes, and the water content is evaporated until they start to cap the ripe honey 

(Seeley, 1985). This clearly demonstrates that sugar perception and evaluation is also 

crucial for different behavioral responses of in-hive bees towards stored food. When 

bees later turn into receiver bees they can verifiably assess and evaluate the pollen and 

the nectar brought in by the foragers (Michelsen, 2003; George & Brockmann, 2019). 

It has been shown that in-hive bees give the foragers feedback on the quality of their 

forage but also on the hives stock level. Thus, the sugar perception of receiver bees 

and their subsequent behavioral feedback have a significant influence on foraging 

behavior of the whole colony (Schulz et al., 1998; Farina et al., 2007). As foragers 

honeybees must find and evaluate food sources considering quality, concentration, 

colony needs, and external supply based primarily on the pollen and nectar of 

flowering plants. Therefore, the gustatory ability of foragers, and in particular their 

perception of sweetness, is crucial for the inflow of food and nectar of the colony. Most 

of the foragers specialize on either pollen or nectar exclusively (Scheiner et al., 1999; 

Scheiner et al., 2001), while some collect both, water or propolis (a plant resin used as 

an antibacterial nest material; Hunt et al., 1995; Page, et al., 2000). Honeybee foragers 

also use their ability to perceive sweetness when they decide whether to communicate 

the direction and distance of the food source when back in the hive (von Frisch, 1967; 

Riley et al., 2005). All of this shows that the perception of sweetness plays an important 

role for worker bees during their lifespan and when carrying out different tasks. 

Although division of labor depends on age, even colonies consisting of same-aged bees 

(i.e., single-cohort-colonies; Huang & Robinson, 1996; Schulz et al., 1998) perform 

sophisticated task partitioning. The generally accepted hypothesis, trying to explain 

division of labor, assumes that differences in sensory response thresholds lie at the 

basis of social organization in a honeybee colony. Assuming that division of labor is not 
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strictly age-dependent, can be reversed and can still occur in colonies of same-age 

bees, an additional mechanism must be involved. The most settled model here 

assumes that bees inhere an individual responsiveness towards task-related stimuli, 

for instance the food-related sweetness, that may differ (Huang & Robinson, 1992; 

Theraulaz et al., 1998). In this so-called response threshold model (Huang & Robinson, 

1992; Theraulaz et al., 1998) the appropriate behavioral response is triggered when 

the task-related stimulus intensity reaches the bee’s individual threshold for it. The 

examples show that the factors influencing the threshold does not have to be  

exclusively age. Genetic variations due to sisterhood and different drones as fathers, 

or epi-genetical changes, may also influence those thresholds (Page & Robinson, 1991; 

Pankiw & Page, 1999). Experiments examining the behavior of honeybees to a specific 

stimulus support the assumptions of the response threshold model. For example, it 

was shown that nurse bees have a lower responsiveness for light stimuli compared to 

foragers, matching their behavioral differences inside and outside the hive (Ben-

Shahar, 2005; Erber et al., 2006; Scheiner et al., 2014). Additionally, a different 

responsiveness to sucrose was measured in honeybees performing different tasks. 

Nurse bees were less responsive compared to foragers (Scheiner et al., 2004). This may 

result in bees foraging for lower concentrated nectar outside the hive, while in-hive 

bees prefer to feed on high-concentrated honey. All of this shows that the honeybees’ 

social organization is strongly associated with perception of sweetness as well as 

nutritional cues (reviewed by Ament et al., 2010). 

Importantly, most experiments on sugar responsiveness in relation to division of labor 

focus on sucrose. This is astonishing since honeybees can detect a variety of sugars (as 

described before) and their diet comprises sucrose, fructose as main sugars (also 

glucose, as described in detail in the next section). Experiments that investigate the 

responsiveness of different bee cast (such as nurse bees and forager) towards other 

sugars, such as fructose, are missing. 
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1.2  Taste in honeybees is related to their natural context and their sweet diet 
 

The total sugar concentration of nectar can vary from 5% to 80% (Graham, 1992). 

During the ripening process honeybees remove water for preservation. Furthermore, 

long sugar chains are broken down by enzymes (diastase, invertase and glucose 

oxidase). That is why honey contains a higher sugar percentage (up to 80% and more; 

Doner, 2003), in addition to minerals, enzymes, amino acids and vitamins. Honey  

contains a higher fraction of fructose and glucose but a lower fraction of sucrose (or 

other di- and oligosaccharides) than nectar (Harborne, 1994). Sucrose is often the main 

component of nectar as in the plant families Laminacea or Ranuculacea, and their 

representatives mint, buttercup and clematis (Chalcoff et al., 2006; Ball, 2007). Yet, 

there are nectars that naturally contain larger portions of fructose and glucose, and a 

lower portion of sucrose, such as oilseed rape (Bertazzini & Forlani, 2016). Already a 

very early study by Percival categorized these plant nectars based on the distribution 

of these three main sugars (see Table 1) into (a) nectars high in sucrose, (b) nectars 

with roughly evenly distributed sugars, and (c) nectars in which only glucose and 

fructose predominate (Percival, 1961). 
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Table 1: Exemplary plant families and their nectars classified according to the categories defined by Percival (1961). A 
distinction is made between nectars rich in sucrose (a), nectars with an even distribution of sugar (b; sucrose, glucose and 
fructose) and nectars without, or with only small amounts of sucrose (c; only glucose and fructose). A tendency towards only 
one specific nectar category (a, b or c) was only found in some plant families (shown here as an example). However, the 
species within a family often show a wide variety of the nectar categories, so that most plant families cannot be assigned a, 
b or c (like Geraniales+). 

exemplary plant family 
three nectar categories* 

detailed description of the findings 
(a) (b) (c) 

Balsaminaceae X   all tested species showed (a) nectars 

Ranunculacea X   all tested species showed (a) nectars 

Ranales X   all tested species showed rich (a) nectars 

Berberidales X   all tested species showed rich (a) nectars 

Fumariaceae X   all tested species showed rich (a) nectars 

Geraniales+ X X X no specific nectar type was found among the species 

Boranginales  X  tested species rich in the intermediate products 

Lamiales  X  tested species rich in the intermediate products 

Compositae (x)  X most tested species showed (c) nectars, smaller section (a) 

Umbelliferae   X all tested species showed (c) nectars 

Limnanthaceae   X all tested species showed (c) nectars 

Cruciales   X all tested species showed (c) nectars, 1 exception 

Oxalidacea   X all tested species showed (c) nectars, 1 exception 

Cruciferae   X all tested species showed (c) nectars, 1 exception 

Saxifragaceae   X almost all tested species showed (c) nectars, few exceptions 

Rosaceae (x) (x) X most tested species showed (c) nectars, few were (a) and (b) 

*three nectar categories: 

(a) high sucrose (oligosaccharide) 

(b) evenly fructose, sucrose, and glucose (oligosaccharide & intermediate breakdown products) 

(c) predominant glucose and fructose (intermediate breakdown products) 

 

Besides this, nectars also contain other sugars such as maltose (found particularly in 

clover according to Furgala et al., 1958) or small amounts of raffinose and melezitose 

(Bosi & Battaglini, 1978; de Brito Sanchez et al., 2007; Stanley et al., 2013). In addition 

to nectar, honeybees collect honeydew, a sugary metabolic by-product excreted by 

aphids that contains large amounts of melezitose. Very early on von Frisch gained 

fundamental insights into the bees' sense of taste in free-flight experiments in which 

he showed that bees only accept 7 of the 30 sugars tested (von Frisch, 1934). Not 

surprisingly, he found that honeybees collect sugars that occur in their natural diet 

(sucrose, glucose, fructose, melezitose, maltose; von Frisch, 1934). Additionally, bees 
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collected α-methyl glucoside and trehalose which was later found to be the main blood 

sugar of honeybees and most insects (Woodring et al., 1993; Blatt & Roces, 2001). Since 

organisms must be able to sense the internal blood sugar level, honeybees seem to be 

able to perceive their type of blood sugar (trehalose) externally as well. Although sugar 

plays a very prominent role, honeybees are also able to perceive amino acids, fatty 

acids and salt. For instance, they prefer pollen or even sugar solutions enriched with 

amino acids (Harborne, 1994; Kim & Smith, 2000; Cook et al., 2003; Bertazzini et al., 

2010) and are able to discriminate pollen enriched with amino acids or fatty acids in a 

learning experiment (Ruedenauer et al., 2021). Further, foragers prefer a certain salt 

concentration to distilled (totally clean) water or higher concentrations (Butler & 

Fairey, 1963; Bonoan et al., 2017). Honeybees in general are attracted to those lower 

concentrations, whereas high salt contents are aversive as they are also to mammals 

(Oka et al., 2013). Similar to the effect on mammals, bitter substances also seem to 

have an aversive effect on honeybees. For example, quinine can be used as a 

punishment stimulus in learning experiments (Finke et al., 2021). 

As described honeybees cover a wide range of substances when evaluating their food 

but tasting sugars accounts for the largest part. Their ability to sense sweetness 

includes a wide range of concentrations as well as different types of sugar. This shows 

that the taste of sweetness in honeybees covers a much wider spectrum than 

previously studied, and analyses of the responsiveness to sugars, others than sucrose, 

are still lacking. In addition, it has not yet been proven at the receptor level how all 

sugars detected or foraged by honeybees can also be detected by the sugar receptors, 

when characterized, and which sugar receptors are particularly involved.  
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1.3  Sugar perception in honeybees is performed with only a small set of 

gustatory receptors 
 

The external organs responsible for taste perception in honeybees are the antennae, 

the tarsi and the mouthparts (de Brito Sanchez et al., 2007). With the sugar sucrose it 

was clearly shown that bees perceive sweetness in these organs and react accordingly 

with the extension of their tongue (PER, Proboscis Extension Response; Takeda, 1961; 

Bitterman et al., 1983). On the surface of the three sensory tissues there are specific 

structures, the so-called gustatory sensilla, also referred to as bristles. They can be 

visualized as hair-like structures by electron microscopy (Galić, 1971; Whitehead & 

Larsen, 1976). Sensilla bear a compound of several gustatory receptor neurons (GRN) 

presenting the chemoreceptors at their apex (Haupt, 2007; Simcock et al., 2017). 

Receptors that respond towards non-volatile substances via contact, such as sugar 

molecules, are referred as gustatory receptors or Grs (Mitchell et al., 1999). In 

electrophysiological studies electrodes were placed in the sensilla, which could identify 

gustatory neurons by their signaling when presented with a sweet stimulus. By that a 

response could be measured in labial palps, a subsection of the mouthparts, when 

stimulated with sucrose or fructose (Whitehead, 1978). Furthermore, a stimulation 

with sucrose could surge a signal in the last segment of the antennae (Haupt, 2007; de 

Brito Sanchez et al., 2015), the third and fourth tarsomeres of the pre-tarsi (de Brito 

Sanchez et al., 2014) or the galea as another subsection of the mouthparts (Miriyala et 

al., 2018).  It is known that these signals are initially triggered when the tested sugar 

binds to the corresponding receptor (Cuatrecasas, 1974). In insects some of these 

gustatory receptors (Grs) appear to have seven transmembrane domains and have 

been suggested to function as ion-gated channels when performing structural analysis 

with the genomic sequences (Benton et al., 2006; Sato et al., 2008; Zhang et al., 2011; 

Hull et al., 2012; Hopf et al., 2015). Homology analyses with other insect receptors 

showed that the fruit fly (Drosophila melanogaster) has 68 Grs, the mosquito 

(Anopheles gambiae) has 76 Grs, but the honeybee (Apis mellifera) has only ten 

gustatory receptors (AmGr1-10; Robertson & Wanner, 2006; Simcock et al., 2017). This 
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is remarkable, since honeybees can perceive several different tastes, including at least 

seven types of sugar alone (as described above). So far, only three of the gustatory 

receptors (AmGr1-AmGr3) have been identified and partially characterized as sugar 

receptors (Robertson & Wanner, 2006; Jung et al., 2015; Takada et al., 2018). 

Since bees can perceive a wide range of sweetness, a broad set of the respective sugars 

need to be included in a comprehensive characterization of these receptors. For 

example, melezitose is accepted by free-flying bees and is present in honeydew and 

nectar but has not yet been tested in such experiments. Although AmGr2 appears to 

function as a co-receptor for AmGr1, detecting a broad sugar spectrum, it is not yet 

clear to what extent all three known sugar receptors (AmGr1, AmGr2, and AmGr3) 

interact with each other in different combinations of co-expression. AmGr3 is 

suspected to be a specific fructose receptor. But its specificity needs be proven, also 

verified in the living animal, and its specific and unique role needs to be set and 

interpreted in a larger context with the overall sugar perception of honeybees. 

 

1.4  Investigation of sugar receptor regulation to understand sugar perception in 

honeybees 
 

For a comprehensive understanding of the receptor-based perception of sweetness in 

honeybees it is necessary to investigate gene expression.  Cells of many species and 

organisms regulate the amount of protein produced by their gene expression, 

providing important clues for honeybees as well (Rockmann & Kruglyak, 2006).  

Scheiner et al. (2017) already showed that nurse bees and forager bees differ in their 

sucrose responsiveness, but the gene expression of the putative sucrose receptor 

(AmGr1) has not yet been investigated in the two casts (Scheiner et al., 2017). Yet, 

qPCR is already established for many honeybee genes and can be transferred to 

another gene whose sequence is known, like the gustatory receptors (Reim et al., 

2013). 
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Both early PER experiments and electrophysiological measurement indicated that 

antennae, tarsi and mouthparts are capable for sucrose taste in honeybees 

(Whitehead, 1978; Scheiner et al., 2004; Haupt, 2007; Simcock et al., 2017). Besides 

those tissues, the expression of AmGr1 and AmGr2 was also detected in the brain 

(Simcock et al., 2017) and AmGr3 was found in the ganglia, glands, and midgut but not 

in the brain so far (Takada et al., 2018). This is not surprising since sweet taste receptors 

in other organisms are already found in many extra-gustatory tissues and are proposed 

to regulate metabolic processes (Laffitte et al., 2014). 

As described, sugar responsiveness changes when worker bees undergo age-

dependent division of labor. It is questionable whether differences in the expression 

of individual sugar receptors in the tissues are linked to the differences in behavior of 

the honeybees. Such studies can provide important insights and compare the 

individual sugar responsiveness (for instance of sucrose and fructose) with the 

expression of the respective receptors (AmGr1 and AmGr3) detecting them. Whether 

these changes in behavior are linked to a change in gene expression in the organs and 

tissues involved in taste perception, will be studied in Manuscript I, Chapter 2. 

 

1.5  Genomic manipulation as a tool to study sugar receptor specificity and 

regulation in the honeybee 
 

When studying the sugar receptor homologues in Drosophila, mutants with an inactive 

receptor were generated via transposons (Lim & Simmons, 1994). Such mutants 

showed a measurably different satiety behavior compared to those with functioning 

receptors in their brain. This technique of genetic manipulation, as well as the 

production of knock-out or knock-in mutants, is frequently performed in Drosophila 

but generally not available or successful in honeybees (reviewed by Lin et al., 2014).  

The advent of the CRISPR/Cas9 method has made it possible to perform gene editing 

in many organisms where it had not been possible previously. CRSIPR/Cas9 has been 

employed successfully in mammals as well as in numerous insects (respectively Bassett 
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& Liu, 2014; Singh et al., 2015; Kistler et al., 2015; Zeng et al., 2016). The enzyme Cas9 

and artificial RNA fragments (sgRNAs) thereby introduce site-specific double-strand 

breaks into the genomic DNA which lead to nonsense mutations and non-functional 

proteins. For honeybees this means that adult worker bees, hatched from eggs injected 

and mutated with Cas9 and such specific sgRNA, will carry this mutation throughout 

their cells (Doudna & Charpentier, 2014). Thus, Roth et al. was able to produce fully 

mutated worker bees lacking a functional feminizer (fem) protein via CRISPR/Cas9. 

Mutants in fem, even under normal nutrition, developed queen-like reproductive 

organs proving the gene as a genetic switch for size-control for those animals (Roth et 

al., 2019). As another example, Kohno et al. produced mosaic mutated queens in the 

major royal jelly protein gene (mrip1) to obtain mutated drones from them and, after 

backcrossing, fully mutated worker bees in turn (Kohno et al., 2016). Since these first 

studies many genes in honeybees have been successfully edited with CRISPR/Cas9 and 

this method can now be considered as established (for example Hu et al., 2019; Nie et 

al., 2021; Wang et al., 2021). Accordingly, the CRISPR/Cas9 method is very useful to 

reveal sugar receptor function and regulation in live honeybee worker.  

Although the sugar receptors have been characterized partly in the in-vitro Xenopus 

cell system, their ligand affinity has not been studied in live animals yet. To prove 

function and specificity of the sugar receptors in honeybees, it is important to study 

the behavior and responsiveness of their respective mutants towards the most 

common sugars. With CRISPR/Cas9 technique it would be possible, for the first time, 

to verify the role of sugar receptors in taste perception in vivo in honeybees. This is 

utmost important, since the fruit fly Drosophila (as described above) differs not only in 

the number of sugar receptors but also in the ability for taste perception and the 

associated behavior. 
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1.6  Bitter substances interfere with the sugar perception of honeybees 
 

Sugar receptors and the taste they mediate are an important factor for honeybees to 

determine food quality while foraging and consuming carbohydrates. The nectar of 

bee-pollinated plants can contain many other compounds besides sugars (Adler, 2000). 

It is possible that these include substances that are harmful or difficult for honeybees 

to digest. Such substances can include alkaloids, amino acids, phenols and other 

secondary compounds (Liu et al., 2004; Singaravelan et al., 2005; Liu et al., 2007). Most 

organisms, such as humans, recognize inedible ingredients by their bitter taste and 

therefore avoid them (Wooding et al., 2021). This behavior is also found in many other 

insects. In the fruit fly Drosophila, for instance, bitter taste induces aversive reactions 

and inhibits feeding (French et al., 2015). Also, the mosquito (Aedes aegypti) perceives 

the most common insect repellent DEET as bitter via contact with the tarsi and avoids 

it. But evidence for the avoidance behavior of honeybees when exposed to bitter taste 

is rare. The most prominent indirect evidence is found in learning experiments, where 

bitter substances in combination with sugar were used as aversive stimulus. These 

experiments unequivocally show that bees can be punished with bitter substances, 

such as quinine, to enhance their learning (Chittka et al., 2003; de Brito Sanchez et al., 

2014; de Brito Sanchez et al., 2015; Finke et al., 2021). For this experiment quinine, an 

alkaloid that does not occur naturally in nectar but is extracted from the bark of 

Cinchona sp., was mixed with sucrose (Barreiro et al., 2012). Overall, those 

experiments clearly show that honeybees perceive bitter, however, not all studies are 

conclusive. Von Frisch postulated in 1967 that honeybees are not sensitive to bitter 

substances alone (von Frisch, 1967). It also can be shown that harnessed honeybees 

trained for odor, as another stimulus, drink bitter and toxic substances, even when 

those have malaise effects (Ayestaran et al., 2010). 

Most organisms have bitter receptors that can detect such substances prior to 

ingestion (Behrens, & Meyerhof, 2006; Weiss et al., 2011; Sparks & Dickens, 2016). 

Nevertheless, among the reduced set of gustatory receptors of the honeybee (see 
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section above), no bitter receptor has yet been found (Robertson & Wanner, 2006). 

Homology analyses with the fruit fly gave no indication of bitter receptors in the 

genome of the bee, even if for Drosophila there are already five “core-bitter receptors” 

known among many other substance specific receptors (Moon et al., 2009; Lee et al., 

2010; Weiss et al., 2011; French et al., 2015). Interestingly, in addition to the bitter 

receptors, there seems to be a second perception pathway in the fruit fly for bitter 

substances that mediates their avoidance. Flies with ablated bitter-sensitive cells were 

still able to avoid the bitter substance strychnine mixed with sucrose (French et al., 

2015). Such experiments suggest that their perception of sugar is influenced by the 

bitter substances rather than tasting bitter. The mechanism behind this has not yet 

been studied in honeybees but might apply for their bitter perception as well. For 

instance, honeybees in PER (Proboscis Extension Reflex) experiments react less readily 

when exposed to a sucrose mixture with bitter substance, such as quinine at the 

antennae (de Brito Sanchez et al., 2005). Current studies about quinine as inhibitory 

bitter substance focus on the sugar sucrose which is detected by the sugar receptor 

AmGr1. However, fructose is specifically perceived by another receptor (AmGr3, 

described previously).  

How bitter substances affect sugar receptors, and whether honeybees inhere bitter 

receptors at all, is still unknown. It is also unclear how bitter substances, mixed with 

various sugars, influence or interfere the behavior of honeybees (such as foraging). In 

the last Manuscript (IV, Chapter 5) I show results that might deliver important evidence 

that bitter substances, like quinine, are indirectly perceived by the sugar receptors.  
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1.7  Thesis Outline 
 

Sugar perception is the most important trait for the honeybee to find, evaluate and 

ingest their carbohydrate food sources and to perform several tasks during division of 

labor. For this, honeybees supposedly only have three sugar receptors (AmGr1, AmG2 

and AmGr3) which are the particular focus of my investigations.  

The results of these research approaches are presented in the following Manuscripts 

I-IV in Chapter 2-5.  

In Manuscript I (Chapter 2) I investigated the question whether social organization is 

related to differential sugar sensing. I studied the differences in sugar perception of 

nurse bees and pollen foragers with PER (Proboscis Extension Reflex) experiments not 

only for sucrose but also for fructose as another comparative sugar. Since the 

pronounced behavioral change occurs in the nurse forager transition, I further 

investigated the gene expression within these roles. I quantified the mRNA expression 

of the sugar receptors which are capable for sucrose detection (with AmGr1) and 

fructose detection (with AmGr3) in the antennae and brains of individual nurse or 

forager honeybees.  

This enabled me to uncover differences in preference for these sugars (fructose and 

sucrose) of bees of different roles (nurse bees and foragers). Furthermore, it was 

possible to show that both roles (nurse bees and foragers) have different expression 

levels of the related sugar receptors (AmGr1 and AmGr3) in their tissues. I was able to 

correlate between sucrose and fructose responsiveness. Ultimately, based on my 

experiments, a connection between expression patterns of the sugar receptors in the 

tissues and sugar perception can be established. 

In Manuscript II (Chapter 3) I focused on the function of the sugar receptor AmGr3. A 

detailed characterization of this receptor could be carried out with the support of Fábio 

Luiz Rogé Ferreira. It was cloned in Xenopus oocytes and analyzed via the Patch Clamp 

approach to reveal that it is a hyperpolarization-activated and a specific fructose 
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receptor, even when tested for a broader sugar spectrum. With that it was able to 

show that its activation mediates different cation currents and is therefore 

nonselective. I was able to test how the absence of the functional receptor AmGr3 

affects the sugar responsiveness of honeybees. To do this, I generated AmGr3 

nonsense mutants via the CRISPR/Cas9 method and compared their fructose and 

sucrose responsiveness to wildtype bees. I showed for the first time in honeybees that 

a mutation in a taste receptor caused by CRISPR/Cas9 has a direct impact on behavior. 

In Manuscript III (Chapter 4) I have extended my comparative study of the function of 

all three sugar receptors to gain the full picture of the molecular basis of honeybee 

sugar reception. Therefore, I generated CRISPR/Cas9 nonsense mutants for one of the 

respective receptors and measured their PER to different sugars. The co-expression of 

two receptors (but the absence of the third), performed by Fábio Luiz Rogé Ferreira, 

enabled me to compare his characterization experiments with the behavior of the 

mutants missing the third receptor. In these experiments I placed particular emphasis 

on expanding the sugar spectrum for both characterization and behavioral testing. This 

comparative study was particularly advantageous, because it not only reveals the 

broad perception or specificity of the receptors, but also their possible role as a co-

receptor. Expression and co-expression were controlled using YFP-tags and BIFC.  

In Manuscript IV (Chapter 5) I investigated how honeybees evaluate bitter substances 

in the context of behavioral PER and learning experiments. I placed a comparative 

focus on sucrose and fructose, since these two sugars are perceived by two different 

receptors and might react differently to an inhibition through bitter. I therefore 

compared the olfactory learning of honeybees, when rewarded with pure sucrose or 

fructose or those sugar solutions added with the bitter substance quinine. I focused in 

these learning experiments on two different quinine concentrations for both sugars 

and was specifically interested in whether the inhibition of the responsiveness with 

quinine is comparable to a lower sugar reward per se. 
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In the General Discussion (Chapter 6) I will discuss in detail how these different 

findings of my investigations (Manuscript I-IV found in Chapter 2-5) draw a 

comprehensive picture about the sugar perception of honeybees. Furthermore, I will 

classify how the perception of sweetness is regulated at the molecular level regarding 

the three known sugar receptors (AmGr1, AmGr2 and AmGr3). I will discuss how these 

findings relate to the existing models of the division of labor and the response 

threshold theory. Finally, I will discuss how sugar receptor perception can be 

modulated by other substances, such as bitter substances, and can reduce the value of 

sugar for honeybees. I will summarize these findings with a formulated hypothesis in 

an overview and describe it in detail. 
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Abstract 15 

The nectar of honeybee (Apis mellifera)-pollinated flowers contains many compounds besides sugars, 16 

including bitter-tasting alkaloids. Protocols investigating honeybee cognitive behavior often use bitter 17 

compounds as an aversive taste stimulus. They frequently employ the alkaloid quinine, although it is not 18 

encountered by bees in nature. Intriguingly, no specific receptors for bitter substances have been found 19 

yet among the ten A. mellifera gustatory receptors (AmGr) known. We studied the influence of the bitter 20 

substance quinine on the responsiveness of honeybee nectar foragers to two of the most common 21 

nectar sugars, fructose and sucrose. When we stimulated the antennae of the bees with a sugar-quinine 22 

mixture, their responsiveness (measured through proboscis extension response) was lower compared 23 

to a pure sugar solution. Learning performance in olfactory conditioning was also lower when the sugar 24 

reward contained quinine, most likely because quinine lowers the reward value of the solution. A high 25 

quinine concentration of 60 mM showed a stronger effect than a low concentration of 1 mM. Generally, 26 

the effect of quinine on the behavior of the animals also depended on the sugar type and sugar 27 

concentration. Our findings support the hypothesis that bitter substances like quinine are sensed by 28 

honeybees indirectly, through inhibition of their sugar perception. 29 

___________________________________________________________________ 30 
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Introduction 32 

The sense of taste is fundamental for Western honeybee (Apis mellifera L.) workers to find high-quality 33 

forage for their colony, mainly pollen and nectar (Winston, 1991). The main sugars found in flower nectar 34 

are sucrose, glucose, and fructose (Adler, 2000). Out of these, bees show a natural preference for 35 

sucrose over fructose, which could be linked to a differential expression of sugar receptors (Değirmenci 36 

et al., 2018). With a total of ten gustatory receptors (Grs), bees have a relatively small set compared to 37 

other insects such as Drosophila melanogaster (Honey Bee Genome Sequencing Consortium, 2006; 38 

Smith et al., 2011). So far, only three of the gustatory receptors in the honeybee have been identified 39 

as sugar receptors (Robertson & Wanner, 2006; Değirmenci et al., 2020). The honeybee receptor 40 

AmGr1 and its co-receptor AmGr2 react to various sugars, including sucrose, glucose, maltose, and 41 

trehalose, while AmGr3 is a specific fructose receptor (Jung et al., 2015; Takada et al., 2018; Değirmenci 42 

et al., 2018). Taste receptors in A. mellifera are located in gustatory neurons within sensilla on the 43 

antennae, the mouthparts, and the tarsi (de Brito Sanchez et al., 2005). The antennae, in particular, play 44 

a fundamental role in evaluating potential food sources (Winston, 1991). Stimulation of the antennal 45 

sensilla with sucrose elicits the so-called proboscis extension response (PER; Takeda, 1961; Bitterman 46 

et al., 1983). PER is often used in behavioral preference or learning experiments to reward bees’ 47 

responses to different stimuli (Scheiner et al. 1999, 2001, 2003a, b; Wright et al., 2010; Scheiner et al., 48 

2013, 2014; Buckemüller et al., 2017).  49 

The nectar of bee-pollinated plants contains a myriad of compounds besides sugar (Adler, 2000). 50 

Among these are alkaloids, i.e., nitrogen-containing compounds with a bitter taste (Palmer-Young et al., 51 

2019). Alkaloids are mainly produced by plants as a defence against herbivores and are typically found 52 

in leaves, fruits, or bark (Grinkevich & Safronich, 1983), but they are also present in the pollen and 53 

nectar of some plants (Palmer-Young et al., 2019). The biological effects of nectar alkaloids on flower 54 

visitors are concentration-dependent (Stevenson et al., 2017) and range from being deterrent or even 55 

toxic (Baker, 1977) to making the nectar more attractive to pollinators. The latter is the case of caffeine, 56 

present both in the leaves and, in lower concentrations (in the range of 0.003-0.253 mM), in the nectar 57 

of Coffea spp. and Citrus spp. (Wright et al., 2015). Bitter alkaloids have been used in many studies as 58 

a punishment to enhance learning and memory formation through aversive conditioning (de Brito 59 

Sanchez et al., 2015). A well-established unconditioned stimulus in aversive conditioning in honeybees 60 

and bumblebees is quinine. It is typically applied in concentrations ranging between 0.1 and 100 mrM 61 

(de Brito Sanchez et al., 2014; Finke et al., 2021). Quinine is an alkaloid not naturally present in flower 62 

nectar but is isolated from the bark of Cinchona sp. (Barreiro et al., 2012). 63 

Taken together, this clearly shows bitter substances have an impact on honeybee behavior. But not 64 

much is known about the perception of bitter taste of honeybees. In fact, their capacity to detect bitter 65 

substances at all was already questioned by von Frisch and is nowadays still under discussion (von 66 

Frisch, 1934; de Brito Sanchez et al., 2014). It seems reasonable to expect bees to possess specific 67 

receptors for bitter substances, as do other insects (French et al., 2015; Xu et al., 2016; Kanost et al., 68 
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2016). However, neither evidence in favour of specific bitter receptor cells on the sensilla nor a clear 69 

homolog of a bitter taste receptor gene in the honeybee genome have been found (de Brito Sanchez et 70 

al., 2005; Robertson & Wanner, 2006; de Brito Sanchez et al., 2014). This may indicate that honeybees 71 

perceive bitter substances only indirectly, through inhibition of their sugar receptors (one of the main 72 

mechanisms by which plant secondary compounds deter herbivores; Chapman, 2003; Schoonhoven et 73 

al., 2005). 74 

We evaluated the influence of quinine in honeybee responsiveness to two sugars in nectar, i.e. fructose 75 

and sucrose, which are detected by distinct gustatory receptors. We investigated the effect of different 76 

quinine concentrations mixed into the sugar reward on olfactory conditioning, and whether there are 77 

differences in the quinine effects depending on the sugar used. We assumed that adding quinine lowers 78 

the reward value of the sugar solution. We tested this hypothesis at the behavioral level with a modified 79 

PER assay, quantifying responsiveness to different sugar solutions with and without quinine. Our 80 

experiments reveal for the first time the interplay of sugar salience and quinine concentration in the 81 

modulation of taste aversiveness of a sugar-quinine solution. Furthermore, our results support the 82 

hypothesis that bitter tastants like quinine are perceived through inhibition of sugar perception. This has 83 

important implications for understanding honeybee behavioral output to bitter tastants, given the 84 

presence of these secondary compounds in the nectar of bee-pollinated flowers. 85 

 86 

Materials and methods 87 

Honeybee sampling and preparation 88 

Honeybees were collected from colonies maintained at the departmental apiary at the university of 89 

Wuerzburg during the late summer of 2019 and 2020. Returning honeybee nectar foragers, 90 

differentiated by swollen abdomens and empty pollen baskets (Scheiner et al., 2013), were captured in 91 

the morning of each experimental day. Bees were caught in individual glass vials and cooled on ice for 92 

immobilization. They were then transferred into brass tubes and secured with fabric tape while their 93 

antennae and probosces could move freely (Scheiner et al., 2013). For the learning experiments, bees 94 

were fed with 5 µL of sucrose solution (30 % w/v) to be sufficiently motivated for the learning assay 95 

(Scheiner et al., 2003, 2005) and kept in a dark, humid chamber at room temperature to acclimatise for 96 

three hours. For the sugar responsiveness experiments, they were fed ad libitum with the same solution, 97 

which usually amounted to up to 40 µL, depending on the bees’ starvation state. After feeding, they 98 

were left to acclimatise for one hour. 99 

Olfactory conditioning 100 

To study the effect of quinine on the learning ability of the bees, we used an absolute olfactory 101 

conditioning paradigm. We conditioned the bees to extend their probosces in response to a specific 102 

odour, as described by Bitterman et al. (1983) and Scheiner et al. (2013, 2021). Before the start of each 103 
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experiment, the sucrose responsiveness of each bee was tested using the PER assay (Bitterman et al., 104 

1983; Scheiner et al., 2013). The antennae of each bee were stimulated by gently tapping them with a 105 

toothpick dipped in a sugar solution of increasing concentration. The sugar concentrations tested were 106 

0.1 %, 0.3 %, 1 %, 3 %, 10 % and 30 %, corresponding to a logarithmic series of -1, -0.5, 0, 0.5, 1 and 107 

1.5. Inter-trial intervals of at least 2 minutes were kept throughout all experiments to prevent intrinsic 108 

sensitization (Scheiner et al., 2003). The response was scored as a binary variable, ‘1’ for proboscis 109 

extension or ‘0’ for no response. The sum of responses to the different sucrose concentrations 110 

represents the gustatory response score (GRS) of a bee, ranging from 0 to 6 (Scheiner et al., 2013). 111 

Since sucrose responsiveness usually correlates with learning performance (Scheiner et al., 2004; 112 

Scheiner et al., 2021), only bees with a GRS of 3 or higher were chosen to be conditioned. For each 113 

experiment, two groups were formed with the same number of bees and an equal GRS median.   114 

For each learning experiment, the restrained bees were placed in a constant air stream. The odorant 115 

was delivered manually for 3 seconds, using a 20 mL syringe containing a 1 cm2 filter paper strip soaked 116 

with 5 µl of pure odour solution. The conditioned stimulus (CS) was 1-nonanol (Sigma-Aldrich; St. Louis, 117 

MO, USA). Bees showing spontaneous responses to this odour were discarded before the first 118 

experimental trial Scheiner et al., 2013). The unconditioned stimulus (US) was a sugar solution, 119 

delivered manually to the antennae (to elicit proboscis extension) and the proboscis using a toothpick 120 

dipped into the solution. It was presented for a total of three seconds, first overlapping with the CS for 121 

two seconds. Depending on the experiment, each of the two bee groups to be compared received a 122 

different US (in the following ‘reward’), consisting of a sugar solution of either sucrose or fructose. For 123 

one group, this solution was pure; for the other one, it contained quinine, at a concentration of either 1 124 

mM (a low concentration which already induces ‘malaise-like’ behaviors in honeybees; Hurst et al., 125 

2014) or 60 mM  (a high concentration typically used in behavioral experiments with honeybees; e.g.: 126 

Finke et al., 2021). It must be noted that the 60 mM quinine solution was made from quinine 127 

hydrochlorate dihydrate rather than pure quinine because of the low solubility of quinine in water. In a 128 

further test, the effects of a reward with a 30 % sugar solution on learning performance were compared 129 

to that of a lower sugar concentration of 5.6 % (logarithmic difference of approximately 0.75). This 130 

amounted to a total of six different experiments, each of which used a distinct set of 52-74 bees (see 131 

Table 1 for experimental design). After the presentation of CS and US, each bee was left in front of the 132 

clean airflow for a few additional seconds, to remove all traces of the scent (Scheiner et al., 2013). 133 

In each experiment, the presentation of the stimuli (CS and US) was performed for a total of six times. 134 

Inter-trial intervals of five minutes were used, representing a ‘spaced’ conditioning task, known to 135 

promote memory formation (Menzel et al., 2001). The response of each bee during the conditioning 136 

trials was recorded as a binary variable, with ‘1’ meaning a conditioned response (proboscis extension 137 

to CS before presenting US) and ‘0’ implying no conditioned response (proboscis extension only after 138 

US presentation). The sum of conditioned responses constitutes the learning score (LS) of a bee. After 139 
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the conditioning phase, bees were exposed to two odours with no reward: first, to a new, unconditioned 140 

scent, eugenol (clove leaf oil; Sigma-Aldrich), and then again to the CS, 1-nonanol. 141 

Sugar responsiveness 142 

We asked if adding quinine would mask the sweetness of sugar or activate aversive bitter receptors by 143 

mixing it in the sugar solution and quantifying the responses of the bees to antennal stimulation using a 144 

modified PER assay (Scheiner et al., 2013). Instead of presenting increasing concentrations of a single 145 

sugar solution in sequence, we here compared responses to one sugar concentration with those to the 146 

same sugar concentration enriched with quinine. Each bee was first stimulated with the pure sugar 147 

solution and then with a solution of the same concentration enriched with quinine. Water tests were 148 

introduced between each trial as described in Page et al. (1998) to act as a control of the effects of a 149 

repeated stimulation with sugar, which can potentially cause an increased sensitization of the response 150 

(Page et al., 1998). 151 

We performed a total of eight PER assays. Each of these used a different group of 71-142 bees. Each 152 

assay employed a different combination of three factors: sugar type, sugar concentration series and 153 

quinine concentration. The sugar type was either fructose or sucrose. The concentration steps of this 154 

sugar followed either a “low” concentration series (0.1 %, 0.3 %, 1 %, 3 %, 10 % and 30 %, 155 

corresponding to a logarithmic series of approximately -1, -0.5, 0, 0.5, 1 and 1.5; Scheiner et al., 2021; 156 

Schilcher et al., 2021) or a “high” concentration series (with 8 %, 11 %, 16 %, 25 %, 32 %, 45 % and 63 157 

%, corresponding to a logarithmic series of approximately 0.90, 1.05, 1.20, 1.35, 1.50, 1.65 and 1.80; 158 

Değirmenci et al., 2020). The sugar solution was enriched with a quinine concentration of either 1 mM 159 

or 60 mM.  160 

Statistics 161 

In both experiments, absolute non-responders (bees not responding during any trial or the pre-test) and 162 

non-discriminators (bees which responded to every single stimulus) were excluded from statistical 163 

analysis (Scheiner et al., 1999). 164 

In the pre-tests for olfactory learning experiment, median GRS were compared between different groups 165 

with a Mann-Whitney U test using GraphPad Prism 6.00 for Windows (GraphPad Software; La Jolla, 166 

CA, USA; www.graphpad.com), because data were not distributed normally. The percentage of bees 167 

reacting positively to the odorant was plotted as a function of conditioning trial number, and the resulting 168 

curves were analysed using generalized estimating equations (GEE) for repeated-measures logistic 169 

regression, with the type of reward (as a factor), the trial number (as a covariable) and their interaction 170 

as explanatory variables (Scheiner et al., 2021). Additionally, the percentage of bees responding to each 171 

odour during the learning test was compared using Fisher’s exact test (GraphPad Prism). 172 

Learning tests were analysed similarly, plotting response curves from the percentage of bees displaying 173 

a PER in each trial. The binary responses of the bees were analysed using GEE, with treatment (pure 174 
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sugar or sugar with quinine; factor), the sugar concentration (covariable) and their interaction as 175 

explanatory variables. These analyses were performed separately for fructose and sucrose according 176 

to the experimental design. For each experiment, each of the two water response curves (one for the 177 

water trials immediately before a pure sugar trial and the other one for the water trials immediately before 178 

a sugar and quinine trial) were tested independently for sensitization effects, with sugar concentration 179 

following water stimulation as a covariable. All generalised linear models were analysed in IBM SPSS 180 

Statistics version 23.0 for Windows (IBM Corp, Armonk, NY, USA). Learning and response curves were 181 

displayed graphically using GraphPad Prism.  182 

 183 

Results 184 

A high quinine concentration reduced learning performance 185 

Bees rewarded with sucrose enriched with 60 mM quinine showed a significantly poorer learning 186 

performance than those being rewarded with a pure sucrose solution, with the difference growing larger 187 

from trial to trial (Figure 1A, GEE, interaction: P < 0.05; see Table 2 for an overview of the statistics). A 188 

similar trend was observable with the fructose reward being enriched with 60 mM quinine, even though 189 

the difference was not significant here (Figure 1B, GEE, reward and interaction: P > 0.05). In the 190 

learning test following training, bees conditioned with sucrose and 60 mM quinine showed a significantly 191 

reduced memory formation compared to bees trained with pure sucrose (Figure 1C, Table S1, Fisher’s 192 

exact test: P < 0.01). For fructose, there was a similar, marginally significant trend when bees trained 193 

with fructose and 60 mM quinine were compared to bees trained with fructose only (Figure 1D, Fisher’s 194 

exact test: P = 0.06). 195 

Sugar water rewards enriched with the lower quinine concentration of 1 mM did not lead to significantly 196 

poorer learning performances compared to pure sugar rewards, neither for sucrose (Figure 2A, GEE, 197 

reward and interaction: P > 0.05) nor fructose (Figure 2B, GEE, reward and interaction: P > 0.05). In 198 

the learning test following training, there were also no significant differences between groups trained 199 

with sugar enriched with 1 mM quinine and those trained with sugar alone, irrespective of the sugar 200 

used (Figure 2C-D, Fisher’s exact test: P > 0.05). 201 

We hypothesized that the reduced learning performance of bees rewarded with sugar and the high 202 

quinine concentration of 60 mM was related to a lower incentive value of the sugar solution and trained 203 

bees with a low (5.6 %) pure sugar solution (sucrose or fructose) vs. a high sugar solution of 30 % 204 

(sucrose or fructose), expecting a similar difference in learning performance as observed in bees trained 205 

with sugar vs. those trained with sugar and 60mM quinine. Rewarding bees with the low sucrose 206 

concentration resulted in a significantly lower learning performance during acquisition (Figure 3A, GEE, 207 

reward: P = 0.05). The lower fructose concentration resulted in a weaker learning performance during 208 

conditioning compared to reward with the attractive 30 % fructose, but this trend was not significant 209 
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(Figure 3B, GEE, reward and interaction: P > 0.05). Intriguingly, the probability of showing conditioned 210 

PER during the test was slightly but not significantly higher in the group receiving the low-concentration 211 

reward (sucrose: Figure 3C, fructose: Figure 3D; both: Fisher’s exact test, P > 0.05). No significant 212 

differences were found in any of the learning tests for the non-conditioned odour eugenol (Fisher’s exact 213 

test: P > 0.05), indicating that bees were conditioned to the specific odour used during the experiment, 214 

1-nonanol, and not to the presence of any odour in general. 215 

Quinine inhibits responsiveness to sugar  216 

Responsiveness to both series of increasing sucrose concentrations was significantly higher compared 217 

to the same solutions enriched with a 60 mM quinine solution, indicating an inhibitory effect of quinine 218 

on sugar evaluation. In the low concentration series, this difference is apparent for sucrose 219 

concentrations of 1 % (log unit: 0) and higher (Figure 4A, P < 0.001, GEE). In the high concentration 220 

series, the difference is clear for every sugar concentration (Figure 4B, P < 0.05). The low quinine 221 

concentration did not affect responsiveness to the sugars (Figures 4C-D, P > 0.05; for an overview of 222 

the sucrose statistics, see Table 3). 223 

Bees were apparently unable to differentiate between a low-concentrated fructose solution and the same 224 

solution mixed with 60 mM quinine (Figure 4E, P > 0.05, GEE). Responses to antennal stimulation with 225 

fructose solutions up to 10 % (log 1.0) did not differ from those to fructose solutions enriched with 226 

quinine. But when the bees were stimulated with 30 % (log 1.5) fructose solutions, responsiveness to 227 

the pure sugar solution was clearly higher than to the sugar solution mixed with 60 mM quinine. This 228 

difference in responsiveness becomes even more pronounced with higher fructose concentrations 229 

(Figure 4F, P < 0.01). Correlating with the results from the learning experiment, the low (1 mM) quinine 230 

concentration appears not to be recognized by the bees, since responses to the different fructose 231 

concentrations did not differ from those to fructose solution mixed with quinine (low concentration series: 232 

Figure 4G; high concentration series: Figure 4H; for both: P > 0.05). (For an overview of the fructose 233 

statistics, see Table 4.) 234 

Before touching the antennae of each with a fructose solution or with a fructose-quinine solution, bees 235 

were presented with water to test for sensitization effects (curves shown in grey in Figure 4). Responses 236 

to these water stimulations increased significantly throughout some of the experiments, especially in 237 

those testing high-sugar concentration series (see Table 3 and Table 4 for details). 238 

 239 

  240 
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Discussion 241 

Our experiments investigated how honeybees evaluate sugar solutions with or without the addition of 242 

the bitter tastant quinine. We hypothesized that both in tests analysing responsiveness to sugar and in 243 

appetitive learning tests, a high quinine concentration (60 mM) should reduce performance, whereas a 244 

low quinine concentration (1 mM) might not be noticed by the bees. Two frequent nectar sugars, i.e., 245 

sucrose and fructose were used in each experiment.  246 

Honeybees show a poorer learning performance with high quinine concentrations in their 247 

sugar reward 248 

The olfactory conditioning experiments revealed that a reward with a sugar solution containing quinine 249 

generally resulted in a poorer learning performance than a reward with a pure sugar solution, leading to 250 

a lower percentage of bees showing the conditioned extension of the proboscis during training and 251 

testing. However, the strength of the “quinine effect” depended on the sugar used and on the quinine 252 

concentration added. 253 

In our experiments, honeybees rewarded with a strongly quinine-enriched sucrose solution showed a 254 

significantly poorer learning ability than those rewarded with sucrose only (Figure 1A). We saw a similar 255 

difference in performance with an equally bitter fructose reward (Figure 1B). When the quinine 256 

concentration was too low, however, there were no differences in learning with either type of sugar 257 

reward (Figure 2). 258 

An experiment by Guiraud et al. (2018) recently suggested that honeybees are unable to distinguish 259 

between bitter stimuli and water using an adapted conditioning paradigm. They proposed that the 260 

rejection of sugar-bitter mixtures may sometimes not reflect avoidance of a distasteful stimulus but 261 

simply of a non-sugary substance (Guiraud et al., 2018). Conditioning assays with D. melanogaster 262 

similarly showed that their ability to discriminate between different rewards was based on the intensity 263 

or palatability of the solution rather than its chemical identity, whether the rewards used were in the 264 

same taste modality (sweet or bitter) or a mixture of two (sweet-bitter; Masek & Scott, 2010). Our findings 265 

suggest that quinine is not only perceived as “unsweet” in honeybees but that it may also place a lower 266 

value on a sugar solution it is mixed with. 267 

Learning performance in honeybees is lowered by the bitter substance quinine similar to a 268 

reward with a lower sugar concentration  269 

The reduced learning performance with added quinine appears directly comparable to that observed 270 

with poor sugar water rewards (Figure 3). A reduced sugar concentration led to a lower learning 271 

performance compared to a higher sugar concentration. For both sugars, performance in the memory 272 

test was slightly better for the bees rewarded with the lower sugar concentration. We suggest that the 273 

lower sugar concentration of the reward plays a role in how many conditioning trials are necessary for 274 

memory acquisition, but not necessarily for the strength of the memory. Memory retention tests at 275 
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different points in time after each experiment are a way of clarifying this point in the future. Nevertheless, 276 

both a lowered sugar concentration and a quinine-enriched solution resulted in a lower learning ability 277 

when compared to a pure sucrose solution of 30%. We, therefore, assume that the bitter substance 278 

quinine is not directly perceived by bees, but rather inhibits the perception of sugar. This is likely, since 279 

the inhibition of sugar-sensing by bitter molecules such as quinine is one of the main mechanisms by 280 

which plant secondary compounds deter herbivores (Chapman, 2003; Schoonhoven et al., 2005) and 281 

has long been observed in insects (Morita & Yamashita, 1959). However, no single mechanism has 282 

been found to explain this phenomenon so far. De Brito Sanchez et al. (2011) propose that quinine 283 

modifies the membrane properties of taste neurons unspecifically. This conclusion is derived from their 284 

previous findings that sensilla normally responding to sucrose are inhibited by a sucrose-quinine 285 

mixture, and sensilla responding to NaCl are similarly inhibited by a NaCl-quinine mixture (de Brito 286 

Sanchez et al., 2005). Further studies may help understand in greater detail the mechanisms 287 

responsible for this inhibition. 288 

Bitter perception in honeybees might be indirect through inhibition of sugar receptors 289 

For a more precise understanding of taste perception, it is necessary to consider recent findings at the 290 

receptor level in honeybees. Intriguingly, these insects do not appear to perceive bitter substances 291 

through their direct activation of specific receptors, as no specific bitter receptors have been found so 292 

far (Robertson & Wanner, 2006). There seems to be a trend in insect genomics that the more 293 

polyphagous an insect is, and the more noxious substances it can potentially encounter, the more 294 

expanded its gustatory receptor family, and especially the candidate receptors for bitter taste (see 295 

examples in Li et al., 2019). In comparison, honeybees have a relatively limited range of food sources, 296 

and thus a limited risk of being exposed to harmful molecules, which could explain their lack of bitter 297 

receptors. Nevertheless, it is still possible that honeybees possess bitter receptors. Out of the gustatory 298 

receptors identified in A. mellifera so far, there are two whose specificity is still unknown, but which 299 

appear to cluster with the DmGr28a/b complex (Robertson & Wanner, 2006), which in D. melanogaster 300 

has been identified in bitter taste neurons in the legs and taste sensilla in the proboscis (French et al., 301 

2015). Future research should characterize these receptors using both electrophysiology techniques in 302 

vitro and CRISPR/Cas 9-mediated mutations in vivo, (Değirmenci et al. 2020). The fact that the sugars 303 

sucrose and fructose are perceived by two different receptors (AmGr1 and AmGr3, respectively; Jung 304 

et al., 2015; Takada et al., 2018; Değirmenci et al., 2020) is reflected in all our experiments. Sucrose 305 

produces a greater percentage of proboscis extension responses or a better learning performance than 306 

fructose (see Figure 1A and 1B or Figure 4A and 4E). The different effects of quinine in combination 307 

with these sugars could be due to a different inhibitory effect of quinine on their specific receptors, which 308 

characterization could also help identify.  309 

  310 
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Responsiveness of honeybees towards a solution is determined by its salience or 311 

attractiveness (including concentration of the bitter substance or the sugar and type of sugar) 312 

In all experiments, the responsiveness of the bees to each stimulus was determined by the salience or 313 

attractiveness of the solution, which depends on the interplay of sugar type, sugar concentration and 314 

quinine concentration. On the one hand, the learning experiments showed that a high quinine 315 

concentration reduces learning performance more than a low quinine concentration. This dose-316 

dependency was also visible in the percentage of bees reacting in the PER assays. There, a high quinine 317 

concentration was able to reduce honeybees’ responsiveness towards sucrose, both for low and high 318 

sugar concentrations (Figure 4A and 4B). The same was true for the high fructose concentration series 319 

(Figure 4F), but not for the low fructose concentration series (Figure 4E). A low quinine concentration 320 

did not affect bees’ responsiveness towards any of the sugars, neither at high nor at low concentrations 321 

(Figure 4C, 4D, 4G, 4H).  322 

On the other hand, the attractiveness of the sugar solution plays a fundamental role in the aversive 323 

effect of quinine in combination with each sugar. Sucrose, as a disaccharide, probably has a higher 324 

nutritional value than the monosaccharide fructose, and bees show a natural preference (manifested 325 

through higher responsiveness) to sucrose over fructose (Değirmenci et al., 2018). This preference 326 

strongly suggests that the salience of sucrose masks the aversive power of a low concentration of 327 

quinine. This is visible in our olfactory conditioning experiment since 1 mM quinine is not sufficient to 328 

reduce learning ability compared to a pure sucrose solution (Figure 2A). In our study, we use a fructose-329 

quinine mixture for the first time as a reward in olfactory conditioning. Since a fructose reward already 330 

results in a poorer learning performance than a sucrose reward, it is generally not used as a conditioning 331 

reward (Simcock et al., 2018). Moreover, Wright et al. (2007) showed that only bees rewarded with 332 

sucrose form memories that last longer than 10 minutes (Wright et al., 2007). This might explain why 333 

learning performance with fructose in our olfactory conditioning assays was generally too weak to see 334 

significant differences due to the addition of quinine (Figure 1B and Figure 2B). Learning performance 335 

was stronger in the groups rewarded with sucrose, and it is here that we see significant differences with 336 

the addition of a high quinine concentration. In the PER assays, the final factor affecting the salience of 337 

a solution was the sugar concentration. Higher sugar concentrations are more attractive and can mask 338 

the effect of quinine more easily. For example, when using fructose and 60 mM quinine, the differences 339 

only appeared at fructose concentrations beyond 25 %. With sucrose and 60 mM quinine, the 340 

differences between treatments only appeared at sucrose concentrations higher than 11%, whereas in 341 

the high concentration series, both curves show an almost parallel trajectory. All in all, quinine 342 

concentration, sugar type and sugar concentration all clearly determine the effect of a sugar-quinine 343 

solution on honeybee behavior. An explanation offered by Masek & Scott (2010) for D. melanogaster 344 

seems to also apply to A. mellifera. In these insects, taste discrimination is based on the intensity or 345 

palatability of the solution (Masek & Scott, 2010). These factors need to be taken into consideration 346 

when incorporating quinine into experimental protocols. 347 
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Biological relevance for indirect bitter perception via sugar receptor inhibition 348 

In the past, several studies have shown that honeybees and the closely related bumblebees can detect 349 

bitter compounds in sucrose rewards and learn to avoid the floral traits associated with their presence. 350 

However, the concentrations of toxins used in these studies were typically several degrees of magnitude 351 

higher than their actual concentrations in flower nectar. For example, Wright et al. (2015) found that 352 

bees were more likely to reject sucrose solutions that contained caffeine concentrations greater than 1 353 

mM (Wright et al., 2015). In contrast, caffeine appears in the nectar of Coffea sp. and Citrus sp. at 354 

concentrations in the range of 0.003-0.253 mM (Wright et al., 2015). Tiedeken et al. (2014) set out to 355 

clarify this: they performed a paired-choice experiment on bumblebees using different concentrations of 356 

several toxins present in the nectar of bee-pollinated flowers (Tiedeken et al., 2014). They found that 357 

bumblebees were not deterred by ecologically relevant concentrations of any of them, that is, the 358 

concentrations that are naturally present in nectar. The toxin that showed the lowest deterrence 359 

threshold of all, despite not being encountered by bees in nature, was in fact quinine, avoided in 360 

concentrations as low as 0.01 mM. Wright et al. (2010) similarly showed that honeybees were more 361 

sensitive to quinine than to amygdalin, although both are equally toxic for them (Wright et al., 2010). On 362 

the other hand, Barlow et al. (2017) found that lycaconitine and aconitine, the nectar alkaloids of 363 

Aconitum sp., are deterrent to the nectar-robbing bumblebee Bombus terrestris at concentrations as low 364 

as 20 ppm (≈ 0.03 mM), while it takes concentrations of 10-20 times higher to deter the real pollinator 365 

species, B. hortorum (Barlow et al., 2017). In other words, true pollinators are not deterred by the low 366 

toxin concentrations that deter nectar robbers. Taken together, this suggests that honeybees, as true 367 

pollinators, are not deterred by the bitter compounds they encounter in flower nectar. In fact, the 368 

presence of some bitter compounds such as caffeine and nicotine may actually have the opposite effect, 369 

encouraging pollinators. The higher sensitivity of bees to quinine in comparison to nectar toxins could 370 

be due precisely to the fact that quinine does not appear in their natural environment and plays no role 371 

in pollination. 372 

Conclusions 373 

The present study shows the role of the bitter alkaloid quinine on the behavioral responses of honeybee 374 

foragers to sugar solutions. The aversive effect of quinine is manifested as lower responsiveness to a 375 

sugar-quinine solution compared to a pure sugar solution, and as lower learning performance in olfactory 376 

conditioning when the sugar reward contains quinine. In both cases, quinine is perceived by the 377 

antennae, before ingestion, and it appears to reduce the value of the sugar solution that contains it. This 378 

effect was already visible with quinine concentrations as low as 1 mM, but it was especially strong with 379 

a high 60 mM concentration. The effect of quinine is modulated by the attractiveness of the solution it is 380 

mixed with, as its aversiveness can be overshadowed by the high appeal of, for example, a high sucrose 381 

concentration. But overall, quinine affects responses to fructose and sucrose in a similar way. This 382 

implies that these effects could be generalised to other sugar-quinine combinations, including glucose, 383 

the third sugar in nectar.  384 
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This evidence supports the hypothesis that bitter tastants, like quinine, are perceived through their 385 

inhibition of sugar perception. Considering that, so far, no bitter gustatory receptors have been identified 386 

in Apis mellifera, this is an important insight into honeybee gustatory perception. Furthermore, 387 

understanding the honeybee’s behavioural output to bitter tastants is important given the presence of 388 

these secondary compounds in the nectar of bee-pollinated flowers. 389 

 390 

Figures 391 

 392 

Figure 1: Appetitive learning with sugar and high quinine concentration (60 mM). Olfactory learning performance of 393 
honeybee foragers rewarded with 30 % sugar solution (sucrose or fructose) and those rewarded with sugar + quinine (60 mM). 394 
A: Frequency of conditioned proboscis extension responses (PER). A reward with sucrose and a high quinine concentration (S 395 
30% + Q 60 mM) generates a significantly lower learning performance compared to that of a pure sucrose reward (S 30%) (P < 396 
0.05, GEE, *). B: Learning performance with a reward of fructose and a high quinine concentration (F 30 % + Q 60 mM) does not 397 
differ significantly from that with a pure fructose reward (F 30 %) (P > 0.05). However, the learning rate was lower with fructose 398 
rewards compared to that with a sucrose reward. C: Post-conditioning test of the alternative odour (eugenol) and conditioned 399 
odour (1-nonanol). Percentage of bees displaying PER to the conditioned odour is significantly lower when the reward contained 400 
a high quinine concentration (S 30% + Q 60 mM) compared to when the reward was a pure sucrose solution (S 30%) (P < 0.05, 401 
Fisher’s exact test, *). There are no significant differences in the alternative odour test (P > 0.05). D: Post-conditioning test of the 402 
alternative odour (eugenol) and conditioned odour (1-nonanol). There are no significant differences between the pure fructose 403 
reward (F 30 %) and the reward with quinine (F 30% + Q 60mM), neither for 1-nonanol nor eugenol (P > 0.05). NA C = 52, NB,D= 404 
60. See Table 2 for detailed statistics of the learning curves and Table S1 for the post-conditioning test.  405 
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 406 

Figure 2: Appetitive learning with sugar and low quinine concentration (1 mM). Olfactory conditioning of honeybee nectar 407 
foragers rewarded with a 30 % sugar solution (either sucrose or fructose) compared to those rewarded with a low quinine 408 
admixture (1 mM). A: Frequency of conditioned proboscis extension responses (PER). Learning performance with a reward of 409 
fructose and a low quinine concentration (F 30% + Q 1mM) does not differ significantly from performance with a pure fructose 410 
reward (F 30%) (P > 0.05, GEE). B: Frequency of conditioned proboscis extension responses (PER). Learning performance with 411 
a reward of fructose and a high quinine concentration (F 30% + Q 60mM) does not differ significantly from performance with a 412 
pure fructose reward (F 30%) (P > 0.05). C: Post-conditioning test of the alternative odour (eugenol) and conditioned odour (1-413 
nonanol). There are no significant differences between the pure sucrose reward (S 30%) and the reward with quinine (S 30% + 414 
Q 1mM), neither for 1-nonanol for eugenol (P > 0.05, Fisher’s exact test). D: Post-conditioning test of the alternative odour 415 
(eugenol) and conditioned odour (1-nonanol). There are no significant differences between the pure fructose reward (F 30%) and 416 
the reward with quinine (F 30% + Q 1mM), neither for 1-nonanol nor eugenol (P > 0.05). NA ,C = 64, NB,D= 66. See Table 2 for 417 
detailed statistics of the learning curves and Table S1 for the post-conditioning test.  418 
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 419 

Figure 3: Appetitive learning with low sugar concentration (5.6%). Olfactory conditioning of honeybee nectar foragers 420 
rewarded with a high 30 % sugar solution (either sucrose or fructose) compared to those rewarded with a low 5.6 % solution of 421 
the same sugar. A: Frequency of conditioned proboscis extension responses (PER). Reward with a high sucrose concentration 422 
(S 30%) generates a significantly higher learning performance than a low sucrose concentration (S 5.6%) (P < 0.05, GEE, *). B: 423 
Frequency of conditioned proboscis extension responses (PER). Performance does not differ between bees being rewarded with 424 
a high fructose concentration (F 30%) and those being rewarded with a low fructose concentration (F 5.6%) (P > 0.05, GEE). C: 425 
Post-conditioning test of the alternative odour (eugenol) and conditioned odour (1-nonanol). There are no significant differences 426 
between the high sucrose concentration (S 30%) and the low sucrose concentration (S 5.6%), neither for 1-nonanol nor for eugenol 427 
(P > 0.05, Fisher’s exact test). D: Post-conditioning test of the alternative odour (eugenol) and conditioned odour (1-nonanol). 428 
There are no significant differences between the high fructose concentration (F 30%) and the low fructose concentration (F 5.6%), 429 
neither for 1-nonanol nor eugenol (P > 0.05). NA ,C = 74, NB,D= 58. See Table 2 for detailed statistics of the learning curves and 430 
Table S1 for the post-conditioning test.  431 
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 432 

Figure 4: Antennal responsiveness to sugar and sugar with quinine. Percentage of honeybee nectar foragers reacting with 433 
proboscis extension response (PER) to water and increasing sugar concentrations (sucrose, A-D, or fructose, E-H), alternately 434 
pure or mixed with quinine in a low concentration (1 mM) or a high concentration (60 mM), following a low sugar concentration 435 
series (log % = -1.0 – 1.5) or a high sugar concentration series (log % = 0.90 – 1.80). Bees are significantly less responsive to 436 
sucrose solutions mixed with a high quinine concentration (60 mM) in the low sugar concentration series (A, P < 0.05, GEE, *) 437 
and in the high sugar concentration series (B, P < 0.05, *). Similarly, responses to pure fructose solutions in the high concentration 438 
series were significantly more frequent than to fructose solutions mixed with the high quinine concentration of 60 mM in the high 439 
concentration series (F, P < 0.05, *). In all other cases (C-E, G-H) no significant differences (P > 0.05) were detected in the 440 
responses to the pure sugar solution and the responses to sugar solutions mixed with quinine. Grey lines show responses to 441 
stimulation with water before each pure sugar trial (W1) or before each sugar with quinine trial (W2). NA = 72, NB = 96, NC = 98, 442 
ND = 80, NE = 61, NF = 71, NG = 70, NH = 78. See Table 3 and Table 4 for detailed statistics.  443 
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Tables 444 

 445 

Table 1: Experimental design of the olfactory conditioning: solutions offered as reward in each group.  446 

Experiment CS+ CS- 

1 Sucrose 30 %  Sucrose 30 % + Quinine 60 mM  

2 Fructose 30 % Fructose 30 % + Quinine 60 mM  

3 Sucrose 30 % Sucrose 30 % + Quinine 1 mM  

4 Fructose 30 % Fructose 30 % + Quinine 1 mM  

5 Sucrose 30 %  Sucrose 5.6 % 

6 Fructose 30 % Fructose 5.6 % 

 447 

 448 

Table 2: Overview of statistical results of binomial models (GEE) of the olfactory conditioning experiments.  449 

 Fructose 30 % Sucrose 30 % 

 
vs. F 30 % + 

Q 60mM 

vs. F 30 % + 

Q 1mM 
vs. F 5.6 % 

vs. S 30 % + 

Q 60mM 

vs. S 30 % + 

Q 1mM 
vs. S 5.6 % 

N (per group) 60 66 58 52 64 74 

Trial number 

χ2
1,360 = 

12.530 

P < 0.001 

χ2
1,396 = 

30.554 

P < 0.001 

χ2
1,348 = 

50.425 

P < 0.001 

χ2
1,312 = 

43.488 

P < 0.001 

χ2
1,384 = 

87.979 

P < 0.001 

χ2
1,444 = 

53.833 

P < 0.001 

Reward 
χ2

1,360 = 0.040 

P = 0.842 

χ2
1,396 = 1.021 

P = 0.312 

χ2
1,348 = 0.682 

P = 0.409 

χ2
1,312 = 0.242 

P = 0.623 

χ2
1,384 = 0.000 

P = 0.991 

χ2
1,444 = 3.858 

P = 0.050 

Interaction 

(Trial × Reward) 

χ2
1,360 = 1.390 

P = 0.238 

χ2
1,396 = 0.117 

P = 0.732 

χ2
1,348 = 0.033 

P = 0.857 

χ2
1,312 = 8.786 

P = 0.003 

χ2
1,384 = 0.362 

P = 0.547 

χ2
1,444 = 1.109 

P = 0.292 

 450 

 451 

  452 
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Table 3: Overview of statistical results of binomial models (GEE) of the antennal responsiveness experiments with sucrose.  453 

Sucrose 

 Low sugar concentration series High sugar concentration series 

 vs. Quinine 1mM vs. Quinine 60mM vs. Quinine 1mM vs. Quinine 60mM 

N  72 98 96 80 

Sugar concentration 
χ2

1,864 = 48.110 

P < 0.001 

χ2
1,1176 = 105.379 

P < 0.001 

χ2
1,1204 = 219.500 

P < 0.001 

χ2
1,1099 = 95.587 

P < 0.001 

Treatment 
χ2

1,864 = 1.735 

P = 0.188 

χ2
1,1176 = 2.832 

P = 0.092 

χ2
1,1204 = 0.192 

P = 0.662 

χ2
1,1099 = 4.050 

P = 0.044 

Interaction 

(Sugar conc. × Treatment) 

χ2
1,864 = 0.109 

P = 0.741 

χ2
1,1176 = 20.626 

P < 0.001 

χ2
1,1204 = 0.065 

P = 0.798 

χ2
1,1099 = 2.474 

P = 0.116 

Water control 1 
χ2

1,432 = 0.096 

P = 0.757 

χ2
1,588 = 5.289 

P = 0.021 

χ2
1,602 = 60.248 

P < 0.001 

χ2
1,560 = 13.249 

P < 0.001 

Water control 2 
χ2

1,864 = 1.735 

P = 0.188 

χ2
1,1176 = 2.832 

P = 0.092 

χ2
1,1204 = 0.192 

P = 0.662 

χ2
1,1099 = 4.050 

P = 0.044 

 454 

 455 

 456 

Table 4: Overview of statistical results of binomial models (GEE) of the antennal responsiveness experiments with fructose. 457 

Fructose 

 Low sugar concentration series High sugar concentration series 

 vs. Quinine 1mM vs. Quinine 60mM vs. Quinine 1mM vs. Quinine 60mM 

N 61 70 71 78 

Sugar concentration 
χ2

1,732 = 48.463 

P < 0.001 

χ2
1,840 = 19.933 

P < 0.001 

χ2
1,994 = 35.842 

P < 0.001 

χ2
1,1092 = 41.307 

P < 0.001 

Treatment 
χ2

1,732 = 1.027 

P = 0.311 

χ2
1,840 = 0.034 

P = 0.854 

χ2
1,994 = 0.778 

P = 0.378 

χ2
1,1092 = 1.000 

P = 0.317 

Interaction 

(Sugar conc. × Treatment) 

χ2
1,732 = 1.000 

P = 0.317 

χ2
1,840 = 0.834 

P = 0.361 

χ2
1,994 = 0.053 

P = 0.818 

χ2
1,1092 = 9.360 

P = 0.002 

Water control 1 
χ2

1,366 = 0.51 

P = 0.475 

χ2
1,420 = 3.319 

P = 0.068 

χ2
1,497 = 10.167 

P = 0.001 

χ2
1,546 = 8.172 

P = 0.004 

Water control 2 
χ2

1,366 = 1.358 

P = 0.244 

χ2
1,420 = 1.041 

P = 0.308 

χ2
1,497 = 12.261 

P < 0.001 

χ2
1,546 = 8.374 

P = 0.004 

 458 

 459 
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Supplements 577 

 578 

Table S1:  Statistical values of the post-conditioning learning tests with the conditioned odour (1-nonanol) and the alternative 579 
odour (eugenol). Displayed are the number of tested bees (N) and the values of Fisher’s exact test comparing reward groups. 580 

 Fructose 30 % Sucrose 30 % 

 
vs. F 30 % + 

Q 60mM 

vs. F 30 % + 

Q 1mM 
vs. F 5.6 % 

vs. S 30 % 

+ Q 60mM 

vs. S 30 % 

+ Q 1mM 
vs. S 5.6 % 

N (per group) 60 66 58 52 64 74 

Conditioned 

odour 
P = 0.060 P = 1.000 P = 0.314 P = 0.002 P = 0.801 P = 0.640 

Alternative odour P = 0.612 P = 0.355 P = 0.760 P = 1.000 P = 0.492 P = 0.358 

 581 
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6 General Discussion 
 

6.1 The complex spectrum of sugar perception in honeybees is contrary to the 

reduced set of sugar receptors 
 

For honeybees, the perception of sweetness plays a crucial role to detect and evaluate 

their food sources such as carbohydrates in nectar and honey (Seeley, 1985). Many of 

their behavioral decisions are therefore based on sugar perception, either individually 

for ingestion or for social behaviors, like collecting or processing nectar (Winston, 

1991). Sugar perception is by no means rigid in honeybees and changes during the 

transition from in-hive bees (nurses) to foragers (Scheiner et al., 2001; Scheiner et al., 

2017). Honeybees seem to have a broad spectrum of different detectable sugar 

molecules when perceiving sweetness on many levels. They can detect at least seven 

types of sugars and decide to forage for them when offered (Vogel, 1931; von Frisch, 

1934). They thereby seem to show a clear preference for certain sugars such as sucrose 

(Wykes, 1952). Astonishingly, the broad spectrum of molecules of the sugar perception 

in honeybees is contrary to the fact that they seem to have only three putative sugar 

receptors (Robertson & Wanner, 2006). 

In the following chapters I expand how the presented results of the thesis draw a more 

comprehensive picture of sugar perception in honeybees. I discuss the underlaying 

mechanisms that allow only three sugar receptors (AmGr1, AmGr2 and AmGr3) to 

provide the well-known (and with the results shown, also expanded) complexity and 

flexibility of sugar perception in honeybees. Further, I speculate to what extend the 

role of the sugar receptors and receptor components can enable honeybees to 

discriminate sugars. Additionally, I will discuss how the receptors might be involved in 

the detection of other substances, such as bitter ones, or be modulated by them. This 

allows me to put the ability to sense sweetness in relation to the overall ability of taste 

perception in honeybees and to draw an outlook for future research to a certain extent.  
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6.2 AmGr3 is the only specific fructose receptor 
 

The gustatory receptor AmGr3 seems to be exclusively reserved for the perception of 

fructose when characterized in the Xenopus cell-system. It is a non-specific cation 

channel (Manuscript II, Chapter 3; also see Takada et al., 2018). No signals from AmGr3 

were detected in the presence of other sugars (such as arabinose, mannose, raffinose 

and galactose). However, AmGr3 did also not react towards sugars that honeybees can 

clearly perceive (such as sucrose, glucose, maltose, melezitose and trehalose; for which 

we later showed that AmGr1 is capable; Manuscript III, Chapter 4; for honeybees’ 

sugar preference see: Vogel, 1931; von Frisch, 1934; Wykes, 1952). My experiments 

proved that AmGr3 does not depend on the co-receptor AmGr2, in contrast to AmGr1.  

Further, the results displayed AmGr3 as a specific fructose receptor in vivo, since 

mutants lacking it as a functional protein were less responsive to fructose, but not as 

a sucrose receptor (Manuscript II, Chapter 3). The presented results indicate that 

fructose seems to inhere an outstanding specific role for the honeybee at the receptor 

level, for instance, their sensilla reacts less readily to fructose than to sucrose 

(Whitehead & Larsen, 1976). According to this, the PER experiments of this work 

demonstrated that honeybees are also less responsive to fructose than to sucrose, 

whether they are nurses or foragers (Manuscript I, Chapter 2). Additionally, this work 

proved that the learning performance for odors is lower when bees get rewarded with 

fructose instead of sucrose (Manuscript IV, Chapter 5). This confirms early choice 

experiments in which caged bees or foragers prefer sucrose and additionally glucose 

over fructose (Vogel, 1931; Wykes, 1952). With AmGr3 a separate and specific receptor 

for fructose was found, although this sugar seems to be less relevant in taste 

perception at first glance.  

Interestingly, this study discovered AmGr3 not only to be expressed in the antennae, 

but also in the brain (Manuscript I, Chapter 2 ). Therefore, an additional internal role 

for this specific receptor and fructose might be likely, even if the sugar is not preferred 

externally.  A possible function of such an internal sensor can be found in the homology 
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analysis with the gustatory receptor DmGr43a in the fruit fly Drosophila melanogaster 

(Miyamoto et al., 2012). The AmGr3 homolog DmGr43a was shown to mediate feeding 

in hungry flies and to suppress food intake when flies were satiated. In addition, it has 

been demonstrated that the hemolymph fructose level, even if it is only a small 

component of total blood sugar of the flies, increases dramatically up to 4- or 10-fold 

immediately after feeding (Miyamoto et al., 2012). Therefore, fructose could also play 

a similar role in the honeybee as a signal for recent food intake but not for the actual 

energy level in the blood. This might explain the specificity of AmGr3 as a possible 

internal sensor for satiation.  

When comparing the expression levels of AmGr3 in the brains of foragers and nurse 

bees, we found a significantly higher expression in nurses (Manuscript I, Chapter 2). 

For nurse bees, sitting directly on the food stores, a quick response to hunger 

(promoted by AmGr3) can be beneficial for consuming energy for production of larval 

food (Seeley, 1985; Crailsheim, 1990; Crailsheim et al., 1992). In contrast, foragers 

must be more resilient to starvation when foraging. When they have reached and 

validated the nectar source they are supposed to take up as much as possible and not 

to stop the intake due to early satiation (Fewell & Winston, 1996). Studies that directly 

compare feeding to satiety in nurses and foragers are still missing, while satiety affects 

the learning performance of nurse bees and foragers differently (Ben-Shahar & 

Robinson, 2001). When measuring AmGr3 expression levels via qPCR in the antennae 

of nurse bees, they show a significant lower expression of the specific fructose receptor 

AmGr3 when compared with the antennae of foragers (Manuscript I, Chapter 2). 

Honey contains much higher portions of monosaccharides, such as fructose, than 

polysaccharides, such as sucrose, compared to nectar (Doner, 2003). As in-hive bees, 

nurse bees rather sit on honey stores than on nectar, and it seems relevant to have 

fewer fructose receptors in the antennae and therefore be less sensitive to this highly 

concentrated diet (Seeley, 1985). In line with this, there was an overall higher 

responsiveness of the foragers to fructose (also sucrose) when compared with nurses 

(Manuscript I, Chapter 2). Most nectars, whether they mainly contain sucrose or 
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fructose (and glucose), are less concentrated than honey (Percival, 1961; Doner, 2003). 

The found expression differences of AmGr3 in nurse bees and foragers can be set 

directly in context with the known behavior of both bee casts. As an internal fructose 

sensor, its higher expression in the brain of nurse bees might promote a quicker 

response to satiety and hunger. A high antennal expression of AmGr3, as external 

receptor, enables foragers to accurately assess and validate nectar as a food source for 

their foraging. 

Nevertheless, the individual sucrose responsiveness of honeybees, whether nurse bees 

or foragers, correlates with their fructose responsiveness (Manuscript I, Chapter 2). 

This alone could falsely indicate that an overall sugar concentration would also be 

sufficient for food validation, which could have been carried out by just one external 

receptor for sugars. For example, humans cannot discriminate between different 

sugars and sweet taste perception of all sugars seems to be carried out mainly by one 

heteromeric G-protein-coupled receptor complex in the taste buds (T1R2 and T1R3; 

Zhao et al., 2003). In contradiction to this, the antennal responsiveness (for sucrose 

and fructose) in honeybees is based on two different receptors (AmGr1 and AmGr3; 

Manuscript III, Chapter4), while one of them inheres an outstanding and specific role 

as fructose receptor (Manuscript II, Chapter 3). Taking this into account, I hypothesize 

that the two taste receptors enable honeybees to differentiate between nectar and 

ripe honey, independently from their individual overall sugar responsiveness (Eyer et 

al., 2016). With that, two distinct receptors enable the honeybee to detect a ratio (of 

the monosaccharide fructose and other polysaccharides, such as sucrose), which 

delivers more information about the ripeness of the diet than sugar concentration 

alone.  

With the results shown, we demonstrated that only two taste receptors (AmGr1 and 

AmGr3) build the base for the perception of the sugar spectrum of honeybees. The 

specific fructose receptor AmGr3 might be used to detect satiation (internally) and to 

discriminate the ripeness of the diet (externally). In this context, AmGr3 shows a direct 

expressional regulation in the brain and antennae according to the bees’ age and task, 
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and is therefore linked with division of labor. However, we found that sugar perception 

in honeybees is even more complex and relies on further regulatory mechanisms when 

we focused on the other sugar receptors (AmGr1 and AmGr2). 

 

6.3  The gustatory receptor AmGr1 is a broad sugar receptor that is regulated by 

its co-receptor AmGr2 and expressional differences 
 

The presented studies demonstrate that AmGr1 acts as a broad sugar receptor 

detecting many different sugar molecules, when expressed in Xenopus oocytes 

(Manuscript III, Chapter 4). AmGr1 reacts to sucrose, glucose, maltose, trehalose and 

melezitose, but not fructose or other sugars that honeybees do not prefer (such as 

arabinose, mannose, raffinose and galactose; for honeybees sugar preference see 

Vogel, 1931; von Frisch, 1934; Wykes, 1952). Furthermore, these findings for AmGr1 

were supported by in vivo experiments, since its mutants generated with CRISPR/Cas9 

showed a reduced responsiveness towards sucrose and glucose but not towards 

fructose (Manuscript III, Chapter 4). The co-expression of AmGr1 and AmGr2 in our 

experiments alters the strength and time-dependent characteristics of sucrose-, 

glucose- and maltose-induced signals (Manuscript III, Chapter 4), while CRISPR/Cas9 

mutants and wildtypes of the co-receptor AmGr2 do not differ in their sugar 

responsiveness (Manuscript III, Chapter 4). A total loss of the responsiveness towards 

the respective sugars was never measurable in all our receptor mutants, even if it was 

clearly significant (for AmGr1 and AmGr3). Live animals in experiments are exposed to 

many different stimuli, and the measured behavior (such as in PER experiments) is 

influenced by many regulatory mechanisms upstream from receptor signaling (Thorne 

et al., 2004; Amrein, 2016; Miriyala et al., 2018; Scheiner et al., 2013). With that the 

modulating effect of AmGr2 in its mutants seems to be weaker and harder to measure 

in living animals than in the oocyte cell system. Nevertheless, our overall finding about 

AmGr1 and the co-expression with AmGr2 is well in line with the experiments by Jung 
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et al. (2015). Both studies show that AmGr1 is a broad sugar receptor whose specificity 

for certain sugars can be modulated and is thus regulated by the co-receptor AmGr2.  

However, in our experiments the co-expression of AmGr1 and AmGr2 shows a different 

modulation pattern compared to Jung et al. (2015). Both studies only used the cDNA 

sequences driven from mRNA found in the taste organs of different honeybee hybrids 

lingustica and caucasia (Manuscript III, Chapter 4 ; Jung et al., 2015). The discrepancy 

between the two studies is an important indication that different protein sequences of 

AmGr1 already influence the receptor and co-receptor interaction. Focusing on the 

annotated mRNA-Sequences of AmGr1 in the hybrid of our study (Apis mellifera 

carnica), different splice variants can be found (see LOC727431; Consortium Honeybee 

Genome Sequencing, 2006). Splicing is a known process in many genes of higher 

eukaryotic cells that also results in different protein sequences and is often used as a 

regulatory mechanism for the respective genes (Cooper, 2005). It is very likely that 

splicing is a similar additional regulation mechanism for AmGr1’s specificity, since there 

are different splice variants and the comparison of two studies shows that a different 

protein structure alters the interaction with its co-receptor (AmGr2). 

However, structural analyses investigating the detailed relationships between the 

protein sequences and their functional regions, and the specificity and interaction of 

the sugar receptors in honeybees, are still lacking. Compared to Jung et al. (2015) our 

study already draws a more comprehensive picture when proving the 

heteromerization and interaction of AmGr1 and its co-receptor AmGr2 by bimolecular 

fluorescence complementation (BiFC; Manuscript III, Chapter 4). Additionally, it was 

found that AmGr1 also detects the sugar melezitose excreted by aphids and rarely 

found in nectar (Manuscript III, Chapter 4; Bosi & Battaglini, 1978; de Brito Sanchez et 

al., 2007; Stanley et al., 2013). Excessive foraging and consumption of the so-called 

honeydew and possibly resulting negative effects are reported by beekeepers as the 

honeydew disease in bee colonies (Horn, 1985; Imdorf et al., 1985). Findings that one 

receptor (AmGr1) detects the healthy sugars, as well as the un-healthy melezitose, 

suggest that honeybees are unable to discriminate them (Seeburger, 2021). This might 
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be the explanation of the occurrence of the honeydew disease (when aphids over-

breed or honeydew is the only alternative to un-favorable nectar flow; Meiners et al., 

2017). 

The earlier study of this thesis found that honeybee foragers are more responsive to 

sucrose when compared to nurse bees, while there are no significant differences in the 

expression of the respective sucrose receptor (AmGr1) in their antennae (Manuscript 

I, Chapter 2). The behavioral data alone is well in line with previous findings of Scheiner 

et al. (2017). The regulation of antennal sucrose responsiveness of AmGr1 might be 

more influenced by its co-receptor AmGr2 (or other regulatory mechanisms) than its 

own overall expression level. A recent example for a co-receptor inhering an important 

regulatory function is CD28 in the human immune system (in b-cells). A reduced 

expression or lack of this regulatory co-receptor leads to autoimmune diseases 

(Okazaki et al., 2002). Nevertheless, my study revealed a significantly higher expression 

level of AmGr1 in the brain of nurse bees compared to foragers (Manuscript I, Chapter 

2; similar to AmGr3). Thus, AmGr1 might also be an internal sugar sensor which is 

related to division of labor. The broad spectrum of sugars that AmGr1 can perceive 

suggests that it is rather a sensor for the main blood sugars, which are the main energy 

carrier (such as trehalose, see Božič & Woodring, 1997). The higher expression level of 

AmGr1 in the brain may indicate that nurse bees can react more readily to changes in 

the overall energy level of their hemolymph. Foragers might be more endurable to a 

dropping energy level during foraging when they have less expression of the internal 

receptor sensing it (Blatt & Roces, 2001). With this, the receptor AmGr1 functions as 

both, an internal energy sensor, as well as an external taste receptor. It seems to be 

regulated by direct expression (in the brain) or indirectly (via its co-receptor, splice 

variants or unknown mechanisms). 

In my studies, I was able to proof the interaction of the broad sugar receptor (AmGr1) 

and its co-receptor (AmGr2) in the Xenopus cell system (Manuscript III, Chapter 4) and 

to measure the expression of AmGr1 in the antennae of honeybees in different bee 

casts (Manuscript I, Chapter 2). Comparable expression analyses of its co-receptor 
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AmGr2 are lacking. Nevertheless, my findings suggest a differentiated expression of 

both receptors in different taste neurons of honeybees (de Brito Sanchez et al., 2007). 

For Drosophila, so-called sweet neurons were found to show different distinct 

expression patterns of sugar receptors. They can even be categorized into anatomically 

and functionally distinct groups, valuing sweetness differently to promote or reject 

sucrose diet (Chen et al., 2022). Accordingly, it is convincing that the sugar receptors 

(AmGr1, AmGr2 but also AmGr3) are also not expressed in the same levels and 

combinations in all taste neurons of the honeybee. Subsequently the modulating effect 

of AmGr2 on AmGr1 might be different in separate neurons (or neuronal groups). For 

odors, activating and inhibitory neurons were already found in the sensory organs of 

honeybees, when studying olfactory perception and neurophysiology of the honeybee 

(Denker et al., 2010; Galizia et al., 2011). I assume that the broad sugar receptor AmGr1 

and its co-receptor (but also AmGr3) differ in their expression patterns in different 

honeybee neurons and enable an even more complex evaluation of diet. Whether 

there are special sweet neurons, or even activating or inhibitory sweet neurons in the 

honeybee, has to be investigated in further studies. 

Summarizing these results, the knowledge of the sugar perception of the honeybee is 

expanded to a more complex picture. The receptor AmGr1 alone appears to be a broad 

sugar receptor that can perceive the sugars sucrose, glucose, maltose, trehalose and 

melezitose. The expression level of AmGr1 is directly regulated in the brain according 

to the bees’ age and task and is therefore linked with division of labor. It can be 

assumed that it inheres a role in the internal sensing of the overall sugar and energy 

level in the hemolymph. Initially, honeybees seem not to be able to differentiate 

between all sugars externally detected by AmGr1, as it is the case of melezitose and 

the resulting honeydew disease. Contrastingly, the results of this thesis show that 

AmGr2 is the co-receptor of AmGr1, altering and fine-tuning its sucrose and maltose 

signals. The comparison with other studies suggests that splice variants and a varying 

protein structure also influence the specificity of the AmGr1 receptor. It is justifiable 

to hypothesize that both, the existence of the co-receptor and possible splice variants, 
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enable honeybees to an even more differentiated perception or even discrimination of 

the sugars detected. This might be possible when different neurons (or tissues) inhere 

different sets and combinations of AmGr1, its splice variants or its co-receptor, and 

honeybees are able to compute such incoherent signals. 

 

6.4  The complexity of sugar perception in honeybees includes non-sugar 

molecules 
 

The results of this work show that the multidimensionally regulated and complex 

picture of sugar perception might be expanded to the presence of other molecules. It 

was possible to clearly show that the bitter substance quinine (in high concentration), 

added to a sucrose solution, weakens the learning performance of honeybees 

(Manuscript IV, Chapter 5). Similar effects were observed in learning when rewarding 

with high-concentrated sucrose solution, compared to a lower concentrated sucrose 

reward. Up to now, there is no bitter receptor found in honeybees (Robertson & 

Wanner, 2006). Together with experiments investigating learning differences with 

water and bitter stimuli, my results suggest that honeybees are not able to distinguish 

and therefore cannot sense bitter substances in general (Guiraud et al., 2018).  

In the fruit fly Drosophila, there are clearly bitter receptors located in bitter-sensitive 

cells. Nevertheless, it was shown that the flies’ bitter avoidance is also based on the 

inhibition of sugar perception (French et al., 2015). According to that study, my results 

show that honeybees rewarded with fructose or sucrose and quinine display bitter-

related differences in their learning ability even it was not significant (Manuscript IV, 

Chapter 5). A high-concentrated fructose reward compared to a low-concentrated 

fructose reward, both without the bitter substance, did not show a significant 

difference. As discussed previously, fructose seems to be less attractive to honeybees 

even if it is perceived by a single specific receptor (Vogel, 1931; von Frisch, 1934; 

Wykes, 1952; Manuscript I, Chapter 2). I assume, similar to the found mechanism in 

fruit flies (French et al., 2015), bitter perception in honeybees might be indirect 
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through inhibition of the sugar receptors. The findings, that both sugars (sucrose and 

fructose) are perceived by different receptors (AmGr1 and AmGr3; Manuscript II, 

Chapter 3, Manuscript III, Chapter 4 and Manuscript I, Chapter 2), indicate that bitter 

substances (such as quinine) inhibit the sugar receptors differently, and this can 

therefore represent a further regulatory mechanism.  

It remains to be clarified to what extent inhibitory learning effects of quinine are only 

limited to AmGr1 or can also affect AmGr3 on the receptor level but are not visible to 

its less attractive ligand fructose (Manuscript I, Chapter 2). Since my results clearly 

show that sucrose perception involves a co-receptor (AmGr2, co-receptor for AmGr1; 

Manuscript III, Chapter 4) which is not the case for fructose perception (AmGr3 only), 

it could be that that bitter compounds have a greater influence on this co-receptor 

(AmGr2) than on the defined basic sugar receptors (AmGr1 and AmGr3). This must be 

proven in further characterization experiments in the presence of bitter substances 

(Manuscript III, Chapter 4; Jung et al., 2015; Takada et al., 2018). Subsequent PER 

experiments with high-concentrated fructose, high-concentrated sucrose, or low-

concentrated sucrose solution clearly confirmed the inhibitory effect, when adding 

high-concentrated quinine (Manuscript IV, Chapter 5). There was no inhibition in the 

PER reaction in low-concentrated fructose when quinine was added. This underlines 

again, that bitter substances might have a lowered inhibitory effect on the fructose 

perception of AmGr3.  

When adding a lower quinine concentration to the sugar series for PER experiments, 

there was no effect whether sucrose, fructose or a lower or higher concentration series 

was used (Manuscript IV, Chapter 5). In conclusion, it can be hypothesized that the 

inhibitory effect of bitter substance on the sugar perception is concentration-

dependent, based on the salience or attractiveness and concentration of the present 

sugar (Scheiner et al., 2004). 

My results indicate that the different inhibitory effects of bitter substances are due to 

the interplay of the found receptors (AmGr1, AmGr2 and AmGr3; see Manuscript II, 
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Chapter 3 and Manuscript III, Chapter 4) and their susceptibility to inhibition. Studies 

examining these effects in Xenopus oocytes are still lacking. Since my studies were 

performed with fixed bees, free-choice or foraging choice experiments are essential to 

fully uncover the picture of bitterness perception in honeybees and their associated 

behavior. It would therefore be interesting to investigate how other bitter substances 

(apart from quinine) affect the sugar perception of the receptors of the honeybee. 

Furthermore, understanding bitter substances, their perception and avoidance 

behavior in honeybees might have an advantage for agriculture and the protection of 

the insect. Enriching pesticides with substances that deter the pollinator might prevent 

its contamination or poisoning. 

 

6.5  Summarizing in an overview how sugar perception is regulated and can be 

accomplished by a reduced set of sugar receptors 
 

Summing up the discussion of the results of this work, an expanded picture of sugar 

perception in honeybees can be drawn. Following this picture displayed in Figure 2, 

first detectable sugars and their occurrence in the environment of honeybees can be 

determined. Further, the defined basis of sugar perception (the receptors AmGr1 and 

AmGr3 are already capable of perceiving all sugars) can be extended to include the co-

receptor AmGr2 and the unknown, but highly suspected, splice variants (alternative 

protein structures) of AmGr1. With this, all receptor components for sugar perception 

in honeybees are enumerated. Furthermore, it is possible to clarify more detailed the 

designation of the receptor components: AmGr1 as the broad sugar receptor, AmGr1s 

splice variants as possible broad sugar receptors with altered ligand specificity or 

heterodimerization pattern, AmGr2 as a co-receptor for it and AmGr3 a specific-

fructose receptor. In Figure 2 all findings based on a hypothesis from the previous 

discussion are marked with an asterisk (*) to distinguish them from the clear results of 

this work or other studies (without asterisk).  
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For the receptor components the presented investigations provided first indications 

about the comprehensive tasks of the sugar receptors in the physiology of honeybees.  

A possible function in general behavior of AmGr1 and AmGr3 is an external and internal 

taste sensor. In combination with splice variants and the co-receptor function of 

AmGr2 for AmGr1, they provide important roles in in sugar taste discrimination. The 

combination of AmGr1 and AmGr3 signals may enable honeybees to discriminate ripe 

honey from nectar via the ratio of mono- and disaccharides. The shown investigations 

found receptor expression as one of the possible regulatory mechanisms of the sugar 

perception which clearly shows differences in division of labor. Sugar receptors seem 

to be inhibited by bitter substances and, up to now, no bitter receptor was found in 

the bee genome. AmGr1 was found to be differentially expressed internally in the brain 

but not externally in the antennae of nurse bees and foragers. A direct regulation of 

AmGr1 in other tissues has not been investigated but is still likely. The expression of 

the splice variants and the co-receptor (AmGr2) was not measured, but a different 

expression of those, or a regulation via splicing or modulation of the 

heterodimerization, can be speculated. Such assumptions, which contradict the 

measurements of our studies or were judged to be less improbable, were marked as 

hypotheses (*), with a question mark (?) and are also marked in gray in Figure 2.  

Further, as regulatory mechanisms for AmGr3, a different expression levels internally 

(in the brain), as well as externally (in the antennae), was shown. These findings and 

the different responsiveness of the honeybee casts (nurse bees and forager) towards 

their ligands (sucrose and fructose) suggest that the regulatory mechanisms of sugar 

receptors are linked and have to be discussed in the context of division of labor.  In this 

context, nurse bees are exposed to higher concentrated diet and are therefore less 

responsive to sugars (fructose and sucrose) than foragers. This is also reflected in their 

expression of the fructose receptor, but not the sucrose receptor. Nurse bees may 

react more readily to starvation or a dropping internal energy level since both sugar 
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receptors (AmGr1 and AmGr3) are higher expressed in their brain tissue. Foragers 

might have to be more responsive to sugars to ensure a more differentiate evaluation 

of food. A lower internal expression of both sugar receptors (AmGr1 and AmGr3) could 

make them less sensitive to hunger or low blood sugar and more persistent in foraging. 

 

6.6 Conclusion and Outlook 
 

The most important regulatory mechanisms of the sugar receptors and honeybee 

sugar perception this thesis found, are the receptor and co-receptor interaction and its 

alteration of the sugar specificity (Manuscript III, Chapter 4), as well as the possibility 

of splice-variants and alternative protein structures (Manuscript III, Chapter 4). 

Further, this thesis showed a clear different responsiveness of bee cast towards sugars 

and a possible linked expressional regulation (direct or indirect, based on tissue or bee 

cast; Manuscript I, Chapter 2). Additionally, it revealed the outstanding separate role 

of the specific fructose receptor AmGr3 (Manuscript II, Chapter 3), or even non-sugary 

ligands that can influence and inhibit the receptors activity (Manuscript IV, Chapter 5).  

The results presented, and the hypotheses derived, may provide incentives for further 

examinations. Structural analysis and further characterizations of all receptor 

components for sugar perception (see Figure 2) are necessary to fully reveal their 

interaction, regulatory function, ligand specificity and their inhibition by bitter 

substances. Behavioral experiments can strengthen those findings, as well as the 

presented very probable hypothesis, that sugar receptors act as internal sensors. The 

presented experiment discovering differences in sugar receptor expression and sugar 

responsiveness can be extended to further tissues and organs, all shown receptor 

components (the co-receptor and the splice variants) or other bee casts (such as other 

task, or age-marked bees) to extend the understanding of receptor regulation and 

division of labor in a greater detail.  



90 
 

Additionally, it would be very exciting to confirm the overarching hypotheses of this 

work, that honeybees are able to discriminate sugars and diet, through future 

research. Complex behavioral assays in the beehive would be conceivable, in which the 

behavior of CRISPR/Cas9 mutants of the sugar receptors can be compared with 

wildtype bees. In this way, one could not only gain further insights into sugar 

perception and division of labor, but also test whether bees are capable to discriminate 

sugars, honey and nectar (see Figure 2, function in sugar taste discrimination* and 

context of division of labor*). 

Investigations of upstream integration and neuronal computing of the sugar 

perception in the neurons and the brain of the honeybee were not part of the research 

question of this work. Nevertheless, such future research questions have to be 

addressed, since this thesis might provide an important basis for those significant 

further studies. 

Considering all known gustatory receptors of honeybees, the here investigated sugar 

receptors (AmGr1, AmGr2 and AmGr3) already represent a large proportion with three 

out of ten (Robertson & Wanner, 2006). This is not surprising, since the perception of 

sweetness is an important part of their environment and physiology of the honeybee 

(Seeley, 1985). Due to the co-evolution and the resulting mutualistic relationship with 

flowering plants, honeybees are more dependent on other stimuli (such as odors or 

visual stimuli, for finding) than on the sense of taste (Winston, 1991; Robertson & 

Wanner, 2006). 

In this greater context, the presented studies suggest that not only this co-evolution 

contributed a reduced gustatory receptor set in honeybees. Also, the uncovered 

mechanisms of this thesis enable the insect to a complex perception and evaluation of 

sweetness, despite having fewer sugar receptors than other insects (Robertson & 

Wanner, 2006). Future research, and the comprehensive and complete 

characterization of all gustatory receptors, will reveal the full understanding of sugar 

perception. In addition, the comprehensive picture found about multidimensional 
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regulatory mechanisms of the sugar receptors of this work (Figure 2; described in detail 

in the previous chapter) can then be compared to the overall ability of honeybees to 

perceive taste. Even if the found complexity of sugar perception presented in this work 

seems to be already sufficient, the future characterization of all gustatory receptors 

will reveal whether additional sugar receptors, additional bitter receptors or receptor 

components can be found and have to be added to the overall results of this thesis 

(Figure 2). 

To summarize, the studies of this doctoral thesis expanded the knowledge of sugar 

perception in honeybees and draws a comprehensive picture about multidimensional 

regulation mechanisms of the sugar receptors  (Figure 2; described in detail in the 

previous Chapter 6.5). The known basis of receptors for the perception of sugar could 

not only be extended by further components, but this thesis also clarifies how they 

function, interact, and are involved in the division of labor in honeybees and presents 

considerable hypothesis for its findings. The most important finding of this work is that, 

despite the seemingly limited number of receptors, various mechanisms enable 

honeybees to perceive sugar in a complex way, a differentiation of sugars might even 

be possible, and their sugar taste is tightly linked with division of labor. 
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Abbreviations  
Aedes aegypti species name of the mosquito 

AmGr1 Apis mellifera Gustatory Receptor 1 

AmGr1-10 Apis mellifera Gustatory Receptor 1-10 

AmGr2 Apis mellifera Gustatory Receptor 2 

AmGr3 Apis mellifera Gustatory Receptor 3 

Apis mellifera carnica species name of the carniolan honeybee 

Apis mellifera caucasia species name of the caucasian honeybee 

Apis mellifera lingustica species name of the italien honeybee 

BiFC 
bimolecular fluorescence complementation, to validate protein 
interactions 

Cas9 CRISPR associated protein 9; used for genome engineering 

CD28 
co-receptor inhering an important regulatory function is CD28 in the 
human immune system in b-cells 

Cinchona sp. species of plants known as fever trees; their bark contains quinine 

co-receptor a receptor binding the primary receptor to facilitate ligand recognition 

CRISPR/Cas9 
genetic engineering method to modify genome by introducing double-
strand breaks 

DNA deoxyribonucleic acid  

DEET 
N,N-Diethyl-meta-toluamide or diethyltoluamide, an active ingredient in 
insect repellents 

DmGr43a 
Drosophila melanogaster gustatory receptor 43a, a homolog of the 
honeybees’ receptor AmGr3 

Drosophila melanogaster species name of the fruit fly 

fem 
feminizer protein that switches “ON” the machinery that is required for 
sensing the worker nutrition and for implementing the size polyphenism 
in honeybees 

gDNA genomic deoxyribonucleic acid  

GRN gustatory receptor neurons 

Grs gustatory receptors 

in-vitro 
studies are performed with microorganisms, cells, or biological 
molecules outside their normal biological context 

in-vivo 
studies that are performed in living organisms or cells (Latin for "within 
the living") 

Laminacea 
plant species of flowering plants commonly known as the mint, 
deadnettle, or sage family 

mrip1 major royal jelly protein gene 

mRNA messenger ribonucleic acid 

PER Proboscis Extension Response 

qPCR 
real-time quantitative polymerase chain reaction (real-time PCR, 
or qPCR) 

Ranuculacea  
plant species of flowering plants commonly known as 
buttercup or crowfoot family 

sgRNA singe-stranded guide ribonucleic acid 

T1R2 and T1R3 
heteromeric G-protein-coupled receptor complex in the taste buds in 
humans 

Xenopus species name of the African clawed frog 

YFP-tags yellow fluorescent protein tags 
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