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Introduction 

“Live as if you were to die tomorrow. Learn as if you were to live forever.” 

Mahatma Gandhi 

As humans we look at this quote with an anthropocentric view. We expect to live the next 

day, year or even decade and we have to be reminded that life can be unpredictable. 

Learning for us seems like a luxury. We can do it at our own free will, but if we do not choose 

to continuously learn throughout our life there will hardly be any repercussions. Other 

species, especially those lower on the food chain, do not have the same luxury. For them 

learning and adapting to the environment is key for survival. 

Learning in Insects 

Despite their small size and the even tinier size of their central nervous system (i.e. brain) 

even very small insects have evolved the ability to learn (Busto et al., 2010, Giurfa, 2013, 

Smid et al., 2007, van der Woude et al., 2018, van Lenteren and Bakker, 1975). Their short 

lifespan should not fool one into thinking that learning might be irrelevant. Learning often only 

requires seconds or minutes and therefore is still advantageous even if the life span is 

comparably short (Dukas, 2008). But what does “learning” actually mean? Learning is defined 

as a “repeatable change of behavior due to experience”. It often includes a “learning curve” – 

gradually changing behavior with continued experience – and is plastic and shapeable when 

it comes to new experiences or forgetting (Papaj and Prokopy, 1989). Insects learn in all 

areas of life from foraging, to predator avoidance to social interactions and reproduction 

(Dukas, 2008). In the past, it was believed that all these behaviors are instinct-driven or 

innate (Fabre, 1918). Since then, research has discovered that insects do not only learn 

simple associations, but are also capable of learning concepts, learning from others or 

innovating, which are considered more complex learning abilities (Lihoreau et al., 2019). One 

should, however, be careful to interpret such abilities as “highly cognitive”, since many 

behaviors can be explained more parsimoniously by elemental (i.e. simple) associative 

learning (Giurfa, 2013). 

Testing Insect Learning in the Laboratory 

When investigating insect learning in the lab, the training usually includes the association 

between an unconditioned stimulus (US), such as a sugar reward or an electric shock, and a 

conditioned stimulus (CS). The CS that is selected should be innately neutral and can for 
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example be a color (visual), odor (olfactory), or sound (auditory) (Hammer and Menzel, 1995, 

Kahsai and Zars, 2011, Menda et al., 2011). Training the insect to associate the CS with the 

US is called “conditioning”. One differentiates between appetitive (rewarding) and aversive 

(punishing) conditioning (Figure 1). If the CS is combined with an appetitive US, an insect 

that is able to learn will henceforth be attracted to the CS (Tempel et al., 1983). Similarly, a 

learning insect will avoid a CS that was combined with an aversive US during training (Tully 

and Quinn, 1985). Conditioning is most effective when the onset of the CS precedes the 

presentation of the US and/or is presented at the same time. This type of conditioning is 

called “forward pairing” if the CS precedes the US or “simultaneous conditioning” if the CS is 

only present during the presentation of the US. If the CS is presented after the US, this is 

called “backward conditioning” (Mahoney and Ayres, 1976). It is used to train the insect to 

associate the absence of the CS with the US (Felsenberg et al., 2014). 

 

 

Figure 1: Training insects in the lab. Appetitive conditioning includes an unconditioned stimulus (US) that 

positively reinforces, aversive conditioning an US that negatively reinforces behavior. Appetitive conditioning: The 

honeybee (Apis mellifera) extends its proboscis to feed on the sugar reward. This behavior is called proboscis 

extension reflex (PER) and can be used as a proxy for learning. If the bee extends the proboscis in the presence 

of the conditioned stimulus (CS) after being trained with both US and CS, the CS is considered learned. Aversive 

conditioning: Fruit flies (Drosophila melanogaster) as well as other insects can be trained to avoid a CS that is 

presented together with an aversive US like an electric shock. Illustration adapted from Adam et al. (2022); © 2022 

Adam, Hansson and Knaden. 

In the past it was thought that insects need multiple (forward paired) learning experiences 

that are spaced apart in time in order to learn (long term) associations between CS and US 

(DeZazzo and Tully, 1995, Tully et al., 1994). This believe is, however, being challenged by 

more and more studies that show that insects can indeed learn fast and are able to learn 

associations in as little as one trial (Henaut et al., 2014, Huber and Knaden, 2018, Krashes 

and Waddell, 2008, Lee et al., 2020, Villar et al., 2020). 
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Insect Olfaction and Olfactory Learning 

The world of insects is a world full of odors that are important in all areas of life of the insect. 

Odor information is exchanged during communication, is key for successful reproduction, 

plays an important role during foraging and navigation, and allows the insect to determine 

where to oviposit (Bisch-Knaden et al., 2018, Buehlmann et al., 2014, Buehlmann et al., 

2015, d’Ettorre et al., 2017, Huber and Knaden, 2018, Landolt, 1997, Renou and Anton, 

2020). Since odors play such a great role in the life of the insect, its olfactory system 

deserves a closer look: Odors are detected by fine structures called “sensilla”. These sensilla 

are mainly found on the antennae and maxillary palps (Carey and Carlson, 2011), but can 

also be present in other areas of the insect’s body such as the proboscis or the ovipositor 

(Haverkamp et al., 2016, Klinner et al., 2016). The sensilla contain olfactory sensory neurons 

(OSNs), also called olfactory receptor neurons (ORNs), which are equipped with olfactory 

receptors. Depending on which type of olfactory receptor the neurons express, they will 

respond to different types of volatile compounds (Masson and Mustaparta, 1990). Receptors 

can be narrowly tuned, that is the sensory neuron will only respond to one or few odors, or 

broadly tuned responding to multiple odors (Hallem and Carlson, 2006). When a sensillum of 

the antenna detects an odor, this odor information is sent from the periphery to the central 

nervous system of the insect (Figure 2). 

 

Figure 2: Odor perception in insects. The sensillum detects odor molecules in the environment. Upon detection, 

the odor information is sent to the central nervous system (CNS). The first relay center of the CNS is the antennal 

lobe (AL). It consists of small sphere-shaped structures called “glomeruli”. Illustration by Elisabeth Adam. 

Sensillum based on Kaissling (2019).  
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There, the OSNs connect to higher order neurons called projection neurons (PNs) and local 

interneurons (LNs) in the antennal lobe (AL) (Stocker et al., 1990). From the PNs, the 

information is sent further to higher brain centers named the mushroom bodies (MBs) and/or 

the lateral horn (LH) (Homberg et al., 1989) (Figure 3). 

 

Figure 3: Schematic representation of the olfactory system of the insect. Odor information is sent from the 

antenna to the antennal lobe (AL) via olfactory sensory neurons (OSNs). Local interneurons (LNs) connect 

different glomeruli in the AL. From the AL, projection neurons (PNs) send the information to the mushroom body 

(MB) and/or lateral horn (LH). Some of the projection neurons (PNs) synapse with the MB neurons, also named 

Kenyon cells, at the dendritic zone of the MB, called the MB calyx. Others bypass the MB and directly connect to 

the LH. The information from the LH is then sent to other brain regions like the superior lateral protocerebrum 

(SLP) or back to the MB via lateral horn output neurons (LHONs). Illustration by Elisabeth Adam based on Kymre 

et al. (2021), Masse et al. (2009), and Zhao and McBride (2020). 

These higher brain centers have two different functions. The MB is important for olfactory 

learning and memory, therefore, connections from PNs to the MB are highly variable and 

allow for plasticity. In contrast, the LH mainly processes odor information that involves innate 

rather than learned olfactory behavior. Connections between PNs and the LH are more 

stereotyped which is consistent with its less plastic function (Carey and Carlson, 2011). 

Further downstream, the cells of the MB, called Kenyon Cells (KCs), are connected to the 

mushroom body output neurons (MBONs) and dopaminergic neurons (DANs) (Aso et al., 

2014). While MBONs regulate the approach or avoidance of a stimulus (Boto et al., 2020), 

DANs encode the valence of the US and are e.g. required for signaling the reinforcing 

property of a sugar reward (Liu et al., 2012, Mao and Davis, 2009). Innate as well as learned 

valences are integrated by a neuronal population called “convergence neurons” (CNs) 

downstream of the MBONs (Eschbach et al., 2021). The lateral horn also connects to further 

brain regions via lateral horn output neurons (LHON). 
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These neurons do not seem to drive motor behavior directly, but may rather connect to other 

neurons integrating memory and/or internal state (Dolan et al., 2019). 

The structure of the insect’s olfactory system already shows how interconnected olfaction and 

learning are. Although there are neuronal pathways encoding and driving innate olfactory 

behavior, a great percentage of the olfactory network is dedicated to odor learning. In terms 

of conditioning, an odor can be seen as CS and for example a nectar reward as US. 

The Tobacco Hawkmoth 

To investigate the different aspects of odor learning for this thesis, I was working with the 

tobacco hawkmoth (Manduca sexta). M. sexta is a crepuscular flower-visiting insect that has 

been well established as a model organism for olfactory perception and learning (Bisch-

Knaden et al., 2018, Daly et al., 2001a, Daly et al., 2001b, Daly and Smith, 2000, Goyret et 

al., 2007, Hanson and Dethier, 1973, Howlett et al., 2012, Riffell et al., 2008, Tichenor et al., 

1981, Yamamoto and Fraenkel, 1960). It relies on olfactory as well as visual cues during 

foraging (Raguso and Willis, 2002, Raguso and Willis, 2005) and switches to solely olfactory 

cues when light levels are low (Goyret and Yuan, 2015). When it comes to flower odors, adult 

M. sexta moths innately prefer night-blooming flowers such as Datura wrightii, Ipomoea 

longifolia and Nicotiana sp. with similar odor emission profiles (Riffell et al., 2013). However, 

what is important to note is that the moths are able to learn to feed on other flowers such as 

Agave palmeri (Asparagaceae) that are not innately attractive to them in the wild (Riffell et al., 

2008, Riffell et al., 2013). This shows that M. sexta is able to learn to associate the flower 

odors of these plants (CS) with the nectar reward (US) they provide and that this capability is 

of ecological relevance. Recent work from our department has shown that M. sexta is not 

only able to perceive odors with the antennae like other insects, but also with two sensilla on 

the tip of its proboscis, that is with its tongue (Haverkamp et al., 2016). This of course raises 

the question whether these sensilla are similarly involved in flower odor learning like the 

antennae. I answer this research question in Manuscript I. 

While adult tobacco hawkmoths mainly feed on the nectar of solanaceous plants (Alarcón et 

al., 2008) (Figure 4A), the larvae are herbivores and feed on their leaves (Yamamoto and 

Fraenkel, 1960). Since the larvae have to fend for themselves as soon as they hatch, 

choosing appropriate plant leaves for oviposition is of high importance for the female to 

ensure the survival of the offspring (Figure 4B).   
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M. sexta relies on olfactory cues to assess the quality of the host plant for oviposition. The 

volatile organic compound (VOC) profiles of undamaged and herbivore-damaged plants 

differ. This allows the moth to avoid plants that are already damaged by other M. sexta larvae 

in order to avoid feeding competition (Allmann et al., 2013, Reisenman et al., 2009, Zhang et 

al., 2019) or to specifically select plants that promise (olfactory) protection against parasitoid 

wasps (Zhang et al., 2022). Although the three-lined potato beetle (Lema daturaphila) stands 

in feeding competition with M. sexta, it deters the parasitoid wasp Cotesia congregata, one of 

M. sexta’s main enemies, when feeding on the same host plant as M. sexta. Therefore the 

moth prefers to oviposit on beetle-damaged plants in order to protect the offspring from the 

parasitoid (Zhang et al., 2022). 

Female tobacco hawkmoths decide whether to oviposit on a host plant based on olfactory 

cues that are perceivable from a distance as well as through direct contact with the plant 

leaves (Yamamoto et al., 1969). Still, direct contact with the plant is not strictly necessary to 

induce egg-laying behavior since the odor of host plants is enough to not only induce directed 

flight behavior, but also curling of the abdomen – a sign that eggs are about to be deposited 

(Mechaber et al., 2002). 

 

Figure 4: Manduca sexta olfactory behavior. A. M. sexta investigating a Nicotiana sp. flower. The hawkmoth 

uses its sense of smell to find flowers in the vast landscapes of its arid habitat. When finding a flower, it first 

investigates it with its proboscis. Only then it inserts the proboscis to feed from the nectar. B. M. sexta laying eggs 

on a host plant. The female hawkmoth first assesses the host plant odor from afar. Only if the plant odor passes 

the test, the moth will sit down and curl the abdomen to oviposit. Illustration by Elisabeth Adam. 

In Manuscript II my colleague and I were interested in whether oviposition choices in M. sexta 

are influenced by previous experience. In the context of foraging, insects are known to learn 

rewarding flowers quickly in regard to sensory and motor memory. This is called “flower 

constancy” and helps the insect to reduce flower handling costs (Chittka et al., 1999, Waser, 

1986). In Manuscript II we therefore asked whether learning is similarly involved in oviposition 

choices and whether M. sexta shows “oviposition constancy”. 

A B 
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Methodology: Behavioral Experiments in the Wind Tunnel 

All experiments to assess moth olfactory behavior for this thesis were conducted in the wind 

tunnel of the Max Planck Institute for Chemical Ecology (Figure 5).  

 

Figure 5: Wind tunnel set-up at the institute. The moths are released at the downwind end of the wind tunnel. 

An odor source at the upwind end of the wind tunnel provides an odor stimulus. Drawing not to scale. Illustration 

by Elisabeth Adam. 

The wind tunnel allows to precisely control wind speed, temperature, humidity, and light 

levels in order to standardize experimental conditions. It therefore allows to simulate an as 

natural as possible foraging or oviposition situation in the laboratory. Moths have the innate 

behavior of flying upwind to track an odor. Therefore, releasing the moth on the downwind 

end of the wind tunnel lets the moth track (host plant) odors that are emitted by plants, 

testing- or training set-ups upwind. Moths were trained as well as tested individually. 

For Manuscript I only male moths were used since this prevented unwanted oviposition 

during the foraging tasks. For Manuscript II female moths were needed since learning in the 

context of oviposition was the topic of this second manuscript. 
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Aim of This Thesis 

There are three main aims of this thesis regarding insect olfactory learning: 

The Context of Foraging 

Olfactory sensilla are found in seemingly unusual places in M. sexta such as on the 

proboscis (Haverkamp et al., 2016) or the ovipositor (Klinner et al., 2016). Their 

functions are not clear and raise the question as to what they are used for. The first 

aim of this thesis was to elucidate whether the olfactory sensilla on the tip of the 

proboscis are involved in flower odor learning. This is the topic of Manuscript I. I 

hypothesized that they would play a role in odor learning since this could give an 

advantage for consecutive flower investigations in terms of flower handling. 

The Context of Oviposition 

The second aim of the thesis was to determine whether M. sexta shows learning 

during oviposition choices. This is the topic of Manuscript II. My colleague and I 

hypothesized that M. sexta would show oviposition constancy after experiencing a 

host plant to reduce handling and investigation times. 

One Trial Learning 

Both Manuscript I and II show that learning is possible after only one experience. This 

stands in stark contrast with previous believes that insects need multiple experiences 

that are spaced apart in time in order to learn. Therefore, I have conducted a 

comprehensive literature search to find out whether other authors have found similar 

fast learning abilities in other insects. I have summarized the current literature in a 

short review about one trial learning in insects. This is the topic of Manuscript III. The 

field is still quite small and studies are limited, but I hope that this review can spark the 

interest of more people to investigate the fantastic learning abilities of insects. 
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Manuscript I: Moths Sense but do not Learn Flower Odors With Their 

Proboscis During Flower Investigation 

 

Elisabeth Adam, Bill S. Hansson*, Markus Knaden*,‡ 

*Authors share senior authorship 

‡Author for correspondence (mknaden@ice.mpg.de) 

 

Journal of Experimental Biology 

Published: September 13th; 2021 

J Exp Biol, 224(17):jeb242780; doi: 10.1242/jeb.242780 

 

In the first manuscript, I investigated whether the olfactory sensilla on the tip of the proboscis 

of the hawkmoth Manduca sexta are involved in learning flower odors. Previous work from 

our department had shown that the hawkmoth possesses olfactory sensilla on the tip of its 

proboscis. I wanted to know whether these sensilla play a role in learning while the moth is 

investigating possible food sources. However, contrary to the olfactory sensilla on the 

antennae of the moth, the sensilla on the tip of the proboscis do not seem to be involved in 

learning flower odors. I therefore suggest an innate function rather than a function connected 

to learning, such as the quality assessment of the flower. 

 

Author contributions: 

Built on an idea conceived by all authors. 

Experimental design: E.A. (70 %), M.K., B.S.H. 

Performed experiments: E.A. (100 %) 

Data analyses: E.A. (90 %), M.K. 

Wrote manuscript: EA (90 %), M.K., B.S.H. 

Provided materials: B.S.H.   
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FORMULAR 1 

Manuskript Nr. I 

Titel des Manuskriptes: Moths Sense but do not Learn Flower Odors With Their Proboscis During 

Flower Investigation 

Autoren: Elisabeth Adam, Bill S. Hansson, Markus Knaden 

Bibliographische Informationen: 

Adam, E., Hansson, B. S., & Knaden, M. (2021). Moths sense but do not learn flower odors with their 

proboscis during flower investigation. The Journal of Experimental Biology, 224(17), jeb242780. 

https://doi.org/10.1242/jeb.242780 

Der Kandidat / Die Kandidatin ist: 

 Erstautor/-in,  Ko-Erstautor/-in,  Korresp. Autor/-in,  Koautor/-in. 

Status: publiziert 

Anteile (in %) der Autoren / der Autorinnen an den vorgegebenen Kategorien der Publikation  

 

Autor/-in Konzeptionell Datenanalyse Experimentell Verfassen des 
Manuskriptes 

Bereitstellung 
von Material 

Adam, E. 70 % 90 % 100 % 90 % - 

Hansson, B.S. 15 % - - 5 % 100 % 

Knaden, M. 15 % 10 % - 5 % - 

Summe: 100 % 100 % 100 % 100 % 100 % 
 

 

 

 

 

 

_____________________   _______________________________________ 

Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Manuscript II: Host Plant Constancy in Ovipositing Manduca sexta 

 

Nandita Nataraj, Elisabeth Adam, Bill S. Hansson*, Markus Knaden*,‡ 

*Authors share senior authorship 

‡Author for correspondence (mknaden@ice.mpg.de) 

 

Journal of Chemical Ecology  

Published: September 21st, 2021 

J Chem Ecol, 47(12):1042-1048; doi: 10.1007/s10886-021-01309-3 

 

Flower visiting insects profit from repeatedly visiting the same flower species while foraging 

since this reduces handling costs and saves energy. The flowering plant benefits from this 

“flower constancy” as well since it ensures pollen transfer within plant species. In this second 

manuscript my colleague and I investigated whether hawkmoths (Manduca sexta) also show 

“oviposition constancy” and develop a preference for a plant species they have previously 

oviposited on. We could show that the oviposition experience indeed leads to a preference 

towards the plant species the hawkmoth has oviposited on before. Further, we could show 

that one successful encounter with a plant leaf is enough to form long term memories (LTMs) 

and to influence the moth’s preference. 

 

 

Author contributions: 

Built on an idea conceived by all authors. 

Experimental design: N.N., E.A. (20 %), M.K., B.S.H. 

Performed experiments: N.N., E.A. (20 %) 

Data analyses: N.N., E.A. (30 %), M.K. 

Wrote manuscript: N.N., EA (20 %), M.K., B.S.H. 

Provided materials: B.S.H.  
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FORMULAR 1 

Manuskript Nr. II 

Titel des Manuskriptes: Host Plant Constancy in Ovipositing Manduca sexta 

Autoren: Nandita Nataraj, Elisabeth Adam, Bill S. Hansson, Markus Knaden 

Bibliographische Informationen: 

Nataraj, N., Adam, E., Hansson, B. S., & Knaden, M. (2021). Host plant constancy in ovipositing 

Manduca sexta. Journal of Chemical Ecology, 47(12), 1042–1048. https://doi.org/10.1007/s10886-

021-01309-3 

Der Kandidat / Die Kandidatin ist: 

 Erstautor/-in,  Ko-Erstautor/-in,  Korresp. Autor/-in,  Koautor/-in. 

Status: publiziert 

Anteile (in %) der Autoren / der Autorinnen an den vorgegebenen Kategorien der Publikation  

 

Autor/-in Konzeptionell Datenanalyse Experimentell Verfassen des 
Manuskriptes 

Bereitstellung 
von Material 

Nataraj, N. 60 % 60 % 80 % 60 % - 

Adam, E. 20 % 30 % 20 % 20 % - 

Hansson, B.S. 10 % - - 10 % 100 % 

Knaden, M. 10 % 10 % - 10 % - 

Summe: 100 % 100 % 100 % 100 % 100 % 
 

 

 

 

 

 

_____________________   _______________________________________ 

Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Manuscript III: Fast Learners: One Trial Olfactory Learning in Insects 

 

Elisabeth Adam, Bill S. Hansson, Markus Knaden‡ 

‡Author for correspondence (mknaden@ice.mpg.de) 

 

Frontiers in Ecology and Evolution 

Published: April 11th, 2022 

Front. Ecol. Evol., 10:876596; doi: 10.3389/fevo.2022.876596 

 

Since there has been some controversy in the field of insect learning as to how fast long term 

memories (LTMs) are formed, I decided to write a comprehensive review about this topic. In 

the past it has been believed that LTMs are only formed after repeated interspaced 

experiences of a neutral stimulus (e.g. an odor; conditioned stimulus, CS) together with a 

reward or punishment (unconditioned stimulus, US). Recent studies have, however, shown 

that insects are able to form LTMs after as little as one trial. In this review I discuss insect 

olfactory learning, long established odor conditioning protocols and recent studies that show 

that insects are incredibly fast learners. I further suggest to look at insect learning in an 

ecological context and draw the attention to factors that can influence the outcome of studies 

on insect learning. 

 

Author contributions: 

Written based on an idea conceived by all authors. 

Wrote manuscript: EA (90 %), M.K., B.S.H. 
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FORMULAR 1 

Manuskript Nr. III 

Titel des Manuskriptes: Fast Learners: One Trial Olfactory Learning in Insects 

Autoren: Elisabeth Adam, Bill S. Hansson, Markus Knaden 

Bibliographische Informationen: 

Adam, E., Hansson, B. S., & Knaden, M. (2022). Fast learners: One trial olfactory learning in insects. 

Review. Frontiers in Ecology and Evolution, 10:876596. https://doi.org/10.3389/fevo.2022.876596 

 

Der Kandidat / Die Kandidatin ist (bitte ankreuzen) 

 Erstautor/-in,  Ko-Erstautor/-in,  Korresp. Autor/-in,  Koautor/-in. 

Status: publiziert 

Anteile (in %) der Autoren / der Autorinnen an den vorgegebenen Kategorien der Publikation  

 

Autor/-in Konzeptionell Datenanalyse Experimentell Verfassen des 
Manuskriptes 

Bereitstellung 
von Material 

Adam, E. 70 % - - 90 % - 

Hansson, B.S. 15 % - - 5 % 100 % 

Knaden, M. 15 % - - 5 % - 

Summe: 100 % - - 100 % 100 % 
 

 

 

 

 

 

_____________________   _______________________________________ 

Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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Discussion 

“Adaptability is the simple secret of survival.”  

Jessica Hagedorn 

Learning is the means to adapt to an ever changing environment. This not only holds true for 

humans, but also for tiny organisms such as insects. In my thesis, my aim was to discover 

more about olfactory learning in insects and in specific about olfactory learning in the context 

of foraging and oviposition in the tobacco hawkmoth (Manduca sexta): 

My first aim was to determine whether the olfactory sensilla on the tip of the proboscis of M. 

sexta are involved in flower odor learning. The second aim was to find out if the tobacco 

hawkmoth is able to remember host plants it has previously oviposited on and if it will 

consecutively prefer these plants (i.e. show oviposition constancy). The third aim of the thesis 

was to create a comprehensive overview of one trial learning in insects. It was inspired by the 

first two manuscripts which both showed that M. sexta is a very fast learner. This stood in 

stark contrast with past literature that suggested that insects need multiple training trials that 

are spaced apart in time in order to learn. Therefore, I decided to search for similar findings in 

the field of insect learning and summarize what is known so far about the incredible olfactory 

learning capabilities of insects. 

Discussion of The Context of Foraging (Manuscript I) 

During foraging, the tobacco hawkmoth tracks the odor of the flower to its source, 

investigates the flower with the proboscis and finally inserts the proboscis to drink the nectar 

(Raguso and Willis, 2002). Since the moth hovers in mid-air during the whole process, 

reducing handling time of the flower is advantageous for the insect in order to conserve 

energy. Learning how to handle a flower (quickly) should therefore be highly adaptive. 

In the first experiment of Manuscript I, I explored whether M. sexta is able to learn how to 

manipulate flowers more successfully over time – that is whether it becomes more efficient, 

so it will spend less time hovering at the flower while feeding. I tested the moths using a 

flower array with Nicotiana attenuata flowers that were fixed in the same upward angle to 

ensure comparability (see Figure 1 of Manuscript I). When allowing the moths to forage at the 

array, they indeed became more successful in handling the flowers over time (see Figure 6B 

of Manuscript I). Also, if the moths were successful during the first five flower manipulations, 

they explored more flowers in total (see Figure 6A of Manuscript I).  
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This increase in motivation is likely due to appetitive learning since the flowers contained their 

natural nectar volumes. Feeding on the nectar (US) would therefore have reinforced the 

behavior of flower investigation and motivated the moth to forage. This of course raises the 

question of what type of information (CS) the moth learns while it investigates the flower. 

Since the focus of this thesis is “olfactory learning”, I explored whether/how olfactory 

information is learned during this process: 

To test odor learning in M. sexta, I designed an artificial flower that acted as a supernormal 

stimulus and allowed to contain the odor within the flower (see Figure 2 of Manuscript I). This 

was necessary in order to attract the moth to the artificial flower even in the absence of an 

innately attractive odor. Further, it allowed to test whether the olfactory sensilla on the tip of 

the moth’s proboscis described by Haverkamp et al. (2016) play any role in flower odor 

learning. 

To establish whether M. sexta learns odors with its proboscis and/or the antennae only, I first 

had to determine the innate valence of the odor I wanted to use for testing. By presenting the 

moths with a choice between the test odor (linalool +/-) and an odor control (both emitted by 

separate odor valves within the wind tunnel, see Figure 3A of Manuscript I), I could confirm 

that the test odor was innately neutral. This was an important step since it meant that the test 

odor could be used as a CS for the learning experiments. In the next step, I trained the moths 

to associate the odor (CS) with a sugar reward (US) and in the last step, I again tested the 

odor valence (see Figure 3B and 3C of Manuscript I). An increase in attraction to the odor 

meant that M. sexta had learned the association between odor and sugar reward, choosing 

the test odor and the odor control equally often meant that the odor was not learnt. When the 

moths were able to perceive the odor with the antennae during training, there was a clear 

increase in attraction during the consecutive testing step (see Figure 7A of Manuscript I). This 

is consistent with previous findings that tobacco hawkmoths are able to learn odors using 

their antennae (Cook et al., 2020, Daly et al., 2001b, Daly and Smith, 2000, Riffell et al., 

2008, Riffell et al., 2013). I could also show that one training trial was enough for the moths to 

learn the association between odor and reward. However, if the moths could only perceive 

the odor with the proboscis during odor conditioning training with the artificial flower, no 

increase of attraction was visible (see Figure 7B of Manuscript I). This of course raised the 

question whether learning odors with the proboscis is generally not possible or whether there 

is just no cross-talk between proboscis and the antennae. 
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I therefore decided to adjust the testing paradigm. Instead of offering a choice between two 

odor valves in the wind tunnel (which were perceived with the antennae), I provided a 

proboscis Y-maze within the artificial flower to test the proboscis in specific (see Figure 2C of 

Manuscript I). Hence, the moths were trained and tested with odor restricted to the proboscis 

only (see Figure 4 of Manuscript I). Again, no attraction to the odor was seen after the 

proboscis training (see Figure 7C of Manuscript I), indicating that there might be no learning 

with the proboscis. 

However, since this was quite an artificial training/testing situation, I decided to go one step 

further and ask the same question in a more ecologically relevant manner that also allowed to 

test whether there is cross-talk between antennae and the proboscis. As mentioned before, 

the moth first flies up to a flower, then investigates it with the proboscis and only then inserts 

the proboscis into the flower (Raguso and Willis, 2002). That means that at first the moth 

might only be able to perceive the flower odor with the antennae, since the proboscis stays 

rolled up until the last moment when the moth starts to investigate the flower. Only then, the 

proboscis is unrolled and the sensilla at the tip of the proboscis might be exposed completely. 

Therefore, I created a training situation with odor on the in- and outside of the artificial flower 

(see Figure 5A of Manuscript I). Hence, the moth could smell the odor with the antennae and 

proboscis during the approach of the flower and foraging similarly as in a natural situation. If 

there was cross-talk between the antennae and the proboscis, this would mean that the moth 

would first learn the odor with the antennae and would later be able to choose it in the Y-

maze with the proboscis. 

However, when testing, the moths again did not show increased attraction to the odor (see 

Figure 7D of Manuscript I). That means that M. sexta does not seem to use the proboscis in 

any context of odor learning. Further, there seems to be no cross-talk between antennae and 

proboscis, since the odor that was learnt with the antennae was not selected more 

often/explored longer than the control odor with the proboscis in the Y-maze. 

Hawkmoth Ecology and Odor Learning 

How can these results be seen in an ecological or learning context? The answer may lie in 

the step by step sequence of the foraging behavior of the moth. M. sexta is able to track 

flower odors over 15 meters in order to forage (Raguso and Willis, 2005). That means it is 

able to smell the plant odor (CS) for quite some time before consuming the nectar (US). This 

could be considered as “forward pairing” of CS and US. The proboscis is, however, unrolled 

quite late (Raguso and Willis, 2002). Hence, the exposure to the odor when using the 



49 
 

proboscis is far shorter and could be considered as “simultaneous conditioning” rather than 

“forward pairing”. Experiments conducted on other animals such as Sprague Dawly rats 

(Rattus norvegicus), demonstrated that “simultaneous conditioning” is sufficient to form an 

association between CS and US in a fear conditioning paradigm. However, “forward pairing” 

was more effective and also allowed the rats to anticipate the US, which “simultaneous 

conditioning” did not (Barnet et al., 1991). This is especially interesting when seen in an 

ecological context for M. sexta: The flower odor should be predictive of the nectar reward in 

order for the moth to have a benefit of learning it. Therefore, learning an odor via the 

antennae compared to the proboscis might be advantageous. Also, hovering in front of the 

flower is highly energy consuming (Bartholomew and Casey, 1978) and it would cost a lot of 

energy to use the proboscis as a (singular) “nose” for flower odor learning. From an 

ecological standpoint, it would thus make more sense if the moth learned the flower odor 

mainly (or exclusively) with the antennae. 

Instant Reward Increases Foraging Motivation 

Before going into detail about what could be a possible function of the sensilla on the tip of 

the proboscis of M. sexta, I want to shortly discuss foraging motivation i.e. the motivation to 

explore flowers for a nectar reward. As mentioned above, the motivation to forage and 

investigate consecutive flowers increased in M. sexta when the moth was successfully 

foraging at a natural N. attenuata flower within the first five flower visits. If the moth was not 

able to access the nectar of the flowers within that time, I observed that it was more likely to 

give up early and cease foraging altogether (see Figure 6A, Manuscript I). I also observed a 

similar pattern at the artificial flower: If the flower did not contain a sugar reward during the 

first visits or the moth was not able to access the flower with the proboscis due to insufficient 

fine motor control, the moth would lose interest fast and would not return to the flower (data 

unpublished). This was also the reason why it was not possible to test the innate preference 

in the proboscis Y-maze before training the moth. Once it had thoroughly explored the 

artificial flower without receiving a sugar reward, it was not possible to motivate the moth to 

forage there again. Therefore, I simplified the paradigm and worked with an experimental and 

control group during these experiments (see Figure 4 and 5 of Manuscript I). 

Both observations indicate that the ingestion of a nectar/sugar reward (US) is a key 

motivation for M. sexta to continue foraging. Similar results have been found in the honeybee 

(Apis mellifera). In this species the flow rate of the nectar determined the foraging effort of the 

bee – that is higher nectar flow rates increased the foraging motivation and effort (Giurfa, 
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1996). Furthermore, flowers that offer less nectar volume are abandoned more frequently by 

bumblebees (Bombus impatiens) and ignored completely if the flowers contain a lower sugar 

concentration than others (Cnaani et al., 2006). This indicates that the presence of a reward 

and its quality are important for continued foraging motivation among insects. 

Is the Proboscis a Gustatory Organ for the Quality Assessment of the Flower? 

What could be the role of the sensilla on the proboscis of M. sexta if they are not involved in 

olfactory learning? Haverkamp et al. (2016) could show that the innately attractive flower odor 

benzyl acetone (BA) emitted by N. attenuata increased foraging motivation in M. sexta 

compared to flowers that did not emit this odor. In the same study, the moths did not only 

spend more time exploring real N. attenuata flowers that emitted BA, but also investigated the 

proboscis Y-maze arm that contained BA longer than the control arm. Therefore, the sensilla 

might play a role in increasing initial foraging motivation in M. sexta. Even though to maintain 

foraging motivation over a prolonged period of time positive reinforcement through a reward 

such as nectar or sugar solution seems to be necessary. 

Another possibility could be that the sensilla are used to assess the quality of the flower. In 

his thesis Haverkamp (2017) discusses the sensilla at the tip of the proboscis as possible 

“final control sensors” that allow to recognize the chemical profile of a flower. This of course 

raises the question of how the information of the proboscis is integrated in the central nervous 

system. Due to Haverkamp et al. (2016) the multiporous sensilla at the tip of the proboscis 

house three neurons out of which one is expressing the olfactory co-receptor (Orco), an 

indication of its olfactory function. Single sensillum recordings by the authors have shown that 

the sensillum responds to many different volatile compounds and most strongly to the 

innately attractive odor BA. The innately neutral odor I specifically selected for my 

experiments (linalool +/-; see Manuscript I) is among the compounds demonstrated by 

Haverkamp et al. (2016) eliciting a response that is about one third of the response to BA. 

Although in Haverkamp et al. (2016) the Orco positive sensillum responds to linalool during 

single sensillum recordings, my experiments showed that there is no baseline attraction to 

this odor when the proboscis is tested with the proboscis Y-maze (Manuscript I). This could 

mean that the difference in spike quantity translates into different behavioral output e.g. 

increasing the motivation to investigate a Y-maze arm containing an innately attractive odor 

while an innately neutral odor is not further explored. 

Therefore, the question arises whether the olfactory input form the proboscis is processed 

similarly as olfactory input from the antennae – that means being integrated at the AL and 
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sent to higher brain centers such as the MB and LH (Figure 3) – or whether a local circuit 

within the subesophageal ganglion (SOG), a brain structure well known for gustatory 

processing (Miyazaki and Ito, 2010) is computing this odor information. In the malaria 

mosquito (Anopheles gambiae) odor information from the antennae and the maxillary palps is 

integrated at the AL and odor information from the labella of the proboscis is sent to glomeruli 

of the SOG (Riabinina et al., 2016). Exploring whether olfactory information is processed 

similarly in M. sexta could explain why there is a difference visible between the two “noses” of 

the insect, and why learning is possible with the antennae but not with the proboscis. 

The question of how olfactory information from the proboscis is processed is also compelling 

when looking at olfaction versus gustation: In insects, primitive olfactory receptors like Orco 

and higher olfactory receptors (ORs) are an expansion of the gustatory receptor gene family 

(GRs) (Robertson, 2019, Robertson et al., 2003, Thoma et al., 2019), indicating that in terms 

of evolution, both senses might be closely linked. For example, gustatory neurons are able to 

detect odorants if they are genetically altered in Drosophila melanogaster to express odorant 

receptors (Hiroi et al., 2008). In this context, even though the neurons in the sensilla at the tip 

of the moth’s proboscis express the olfactory co-receptor, further investigation may validate a 

possible role of these neurons in rather gustatory function. 

Discussion of The Context of Oviposition (Manuscript II) 

The gravid female M. sexta moth chooses leaves for oviposition based on visual, olfactory 

and contact cues (Yamamoto et al., 1969). In Manuscript II my colleague and I wanted to 

know if previous experience with host plant leaves leads to learning and therefore influences 

consecutive oviposition choices. As in foraging decisions, showing “oviposition constancy” 

could potentially be adaptive for the insect. 

The Ovipositor: Involved in Olfactory Host Leaf Learning? 

M. sexta is known as both pollinator (adult) as well as herbivore (larva) of the plants D. 

wrightii and N. attenuata (Kessler and Baldwin, 2001, Kessler and Baldwin, 2006, Yamamoto 

and Fraenkel, 1960). The female moth oviposits on the leaves of these solanaceous plants 

where the larvae will later feed and develop (Kessler and Baldwin, 2001, Yamamoto and 

Fraenkel, 1960). In the first experiment of Manuscript II my colleague and I wanted to know 

whether the moth shows an innate preference for one of the two plants, so we would have a 

control baseline for the consecutive experiments (see Figure 1A of Manuscript II). Indeed, M. 

sexta oviposited more eggs on D. wrightii than on N. attenuata (see Figure 2 of Manuscript 
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II). This is in accordance with previous results from our department that also showed a clear 

oviposition preference for D. wrightii over N. attenuata (Späthe et al., 2013b). Since the 

moths in our study chose the plants equally often during the first contact (see Figure 2 of 

Manuscript II), this could mean that contact cues from the leaf itself have an influence on the 

oviposition decision. 

This raises the question whether the perceived cues that determine the oviposition decision 

are mechanosensory, olfactory or gustatory in nature. As on the proboscis, the female moth 

possesses olfactory receptors on the ovipositor. Single sensillum recordings have shown that 

some of these sensilla react to odorants (Klinner et al., 2016). Again, it would be interesting to 

see how the information from the neurons housed in these sensilla is integrated in the central 

nervous system and whether the function of these neurons is rather olfactory or gustatory. 

Also, there is the question whether the olfactory sensilla of the ovipositor are involved in odor 

learning. Excluding the proboscis from this function (Manuscript I), I would hypothesize that 

the ovipositor also has a rather innate (gustatory?) than olfactory learning function. 

One Trial and Prepared Learning in The Context of Oviposition 

In the second experiment of Manuscript II, my colleague and I tested whether one experience 

with the leaf of either D. wrightii or N. attenuata is enough to shape the consecutive 

preference of the female. We could show that the moths indeed preferred leaves of the same 

plant after experiencing it once and chose it more often during their first choice. After the first 

choice, the moths also deposited more eggs on the familiar plant leaf than on the unfamiliar 

one (see Figure 2 of Manuscript II). The innate preference to oviposit on D. wrightii was 

additionally increased after learning. This increased preference was stable even on the 

consecutive day, indicating LTM formation. However, the preference for N. attenuata was lost 

on the next day (see Figure 2 of Manuscript II). 

The question is why M. sexta innately prefers D. wrightii and shows an increased preference 

for this plant even on the next day if it has oviposited on it before. This stands in contrast with 

findings that the larvae of M. sexta actually accept D. wrightii less readily for feeding and 

perform less well on it in terms of growth compared with different Nicotiana species 

(Yamamoto and Fraenkel, 1960). One possible explanation could be a potential selection 

process in the lab for moths that innately prefer D. wrightii since these plants are used for egg 

collection over generations in the breeding colony. In accordance, long-term experiments on 

D. melanogaster flies could show that “prepared learning” (i.e. the capability to learn certain 

cues easier than others) can be traced to evolutionary selection (Dunlap and Stephens, 
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2014). In this study, the authors systematically manipulated the reliability of the pairing of an 

aversive cue (US) with an odor (CS) or a color (CS). After forty generations of evolution, the 

flies showed increased learning ability for the reliable cue (CS). A similar sensitization 

process may have happened for the lab population of M. sexta while learning D. wrightii as a 

reliable oviposition substrate over generations. 

When looking at the behavior of oviposition as an appetitive (associative) learning 

experience, a possible CS could be visual, olfactory, gustatory or mechanosensory. However, 

what will be very interesting to find out is what actually acts as the US. Is it the process of egg 

deposition itself or are cues of the host plant leaf acting as US? 

Motivation and Oviposition 

In the last experiment of Manuscript II, my colleague and I asked whether past experience 

with a leaf would decrease the time the moth took to oviposit on consecutive leaves (i.e. 

increase the oviposition efficiency). Again, we saw differences between N. attenuata and D. 

wrightii. For D. wrightii the time decreased significantly while the time measured stayed the 

same for N. attenuata (see Figure 3 of Manuscript II). However, it is important to note, that for 

N. attenuata the oviposition efficiency was already high to begin with and moths took a short 

amount of time to fly up to the plant and oviposit on it from the start (also see Figure 3 of 

Manuscript II). A possible reason could be that N. attenuata and D. wrightii have different 

levels of odor emission: While D. wrightii foliage has a more subtle smell, N. attenuata is 

emitting a strong odor bouquet (Späthe et al., 2013a). This could have influenced the 

efficiency to locate the leaf, despite the fact that the leaf sizes were matched during the 

experiment to avoid leaf size as an influential factor. 

On the one hand, the increase in oviposition efficiency we see for D. wrightii could reflect 

more proficiency in locating the leaf as well as less time spent investigating it before 

oviposition. On the other hand, it could mean that the motivation to oviposit in the moth is 

increased through the previous experience with a D. wrightii leaf. Similar as in foraging, 

conditioning with the (unknown) US could have increased oviposition motivation. 

Discussion of One Trial Learning (Manuscript I-III) 

In both Manuscripts I and II, I could show that (olfactory) learning is possible in M. sexta 

within just one trial. In Manuscript I, the moth learned to associate an innately neutral odor 

with a sugar reward by using its antennae. It still needs to be investigated how long this 

memory persists and whether it is similar like in other insects. For instance, ants (Cataglyphis 
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fortis) can retain odor information learned in one foraging trial for up to a lifetime (Huber and 

Knaden, 2018). In Manuscript II, moths retained information about a suitable oviposition site 

after one trial for (at least) one day. This stands in contrast with previous work on insects that 

show that multiple trials that are spaced apart in time are needed in order to form LTMs (Beck 

et al., 2000, Daly and Smith, 2000, DeZazzo and Tully, 1995, Menzel, 1999, Tully and Quinn, 

1985). Therefore, I decided to conduct a literature search for similar findings that resulted in 

Manuscript III, a review about one trial olfactory learning in insects. It summarizes these 

findings and draws conclusions for future research on insect olfaction and learning. 

How to Improve Studies on Olfactory Learning in Insects 

For Manuscript III, I want to highlight the following key points: 

1. Insects are able to learn (odor) information within one trial and this information can be 

retained up to a lifetime (Adam et al., 2021, Balderrama, 1980, Collatz et al., 2006, 

Henaut et al., 2014, Huber and Knaden, 2018, Nataraj et al., 2021, Takeda, 1961, van 

der Woude et al., 2018, Villar et al., 2020). 

2. It should be highly adaptive for an insect to learn fast in order to avoid danger (Henaut 

et al., 2014) or to learn about important resources such as foraging (Adam et al., 

2021, Huber and Knaden, 2018) or oviposition sites (Collatz et al., 2006, Nataraj et 

al., 2021). 

3. In order for an insect to learn fast, the insect needs to be (highly) motivated to learn 

(Krashes and Waddell, 2008, Lee et al., 2020, Lin et al., 2014). 

4. Some insects learn better than others and this can be explained by their ecology 

(Smid et al., 2007). If the environment is very predictable, LTMs are of advantage, if it 

is quite unpredictable plasticity in memory formation or active forgetting is more 

adaptive (Smid and Vet, 2016). These factors can even vary between the life stages 

of the insect. 

5. An insect may have a predisposition to learn certain types of stimuli (CS) and might 

not be able to learn others quite as well (Dunlap and Stephens, 2014, Huber and 

Knaden, 2018). This predisposition to learn is termed “prepared learning” (Smid and 

Vet, 2016). 

6. In order to test insect olfactory learning appropriately, experimental set-ups have to be 

well designed and sometimes need to be refined. 

7. Testing the insect in an ecologically relevant context is important. Field studies may 

give more insights than artificial lab settings. 
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Setting the Results of Manuscript I & II into Perspective 

In both contexts – foraging as well as oviposition – M. sexta was able to form associations 

very quickly (Manuscript I & II) This connects to point 1 of Manuscript III, where I discuss that 

also other insect species have been shown to have the ability to learn information very fast. 

Since both foraging as well as oviposition are crucial for the survival of the moth and its 

offspring, learning odor information rapidly and forming LTMs should be highly adaptive (see 

points 2 & 4 of Manuscript III). Especially, since both behaviors mostly involve the same plant 

species that can be reliably found in the habitat of M. sexta (Haverkamp et al., 2016, Kessler 

et al., 2010, Yamamoto and Fraenkel, 1960). What is important is that the nectar volume of 

the plant can actually influence oviposition itself. A study on the closely related Manduca 

quinquemaculata showed that oviposition increases significantly if the nectar volume of D. 

wrightii is artificially increased (Kessler, 2012). This raises the question whether the nectar 

gives information about the health of the plant (i.e. a healthy plant will produce more nectar) 

or acts as additional positive reinforcement (US) to increase the motivation of the moth (see 

point 3 of Manuscript III). Smith et al. (2018) found that M. sexta forages and oviposits at both 

D. wrightii and Datura discolor. Yet, while D. wrightii supports consecutive larval growth, D. 

discolor does not. The authors hypothesize that successful nectaring at D. discolor might lead 

the female moth to oviposit on the inferior host plant (Smith et al., 2018). This could indicate 

an increase in motivation after nectar ingestion rather than appropriate information gained 

about the health or quality of the plant. Since I also observed an increase of motivation to 

forage after successful nectaring in Manuscript III, this scenario seems very likely and should 

be investigated in the future. 

Conclusion 

Learning is the inherent ability of an organism to adapt to its environment. This holds true for 

insects and humans alike. The tobacco hawkmoth M. sexta is able to learn pertinent 

(olfactory) information in as little as one trial, both in the context of foraging as well as 

oviposition. The olfactory sensilla on the tip of the proboscis do, however, not seem to play a 

role in the learning process and might serve a rather innate function. In the context of 

oviposition, M. sexta is able to learn host plant cues and show “oviposition constancy”. Still, 

there seems to be a predisposition to learn certain host plant cues better than others. To set 

these results into perspective and to create a comprehensive overview over research on one 

trial learning, I wrote Manuscript III entitled “Fast Learners: One Trial Olfactory Learning in 

Insects”. I hope it will also inspire other scientists to investigate more about the incredible 

olfactory learning abilities of insects. 
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Summary 

Most organisms rely on learning to be able to adapt to an ever changing environment. Even 

tiny insects have evolved the ability to learn despite the small size of their brain and their 

comparably short life spans. But what exactly do insects learn and how do they learn it? The 

aim of this thesis was to understand more about learning in insects and in specific about 

olfactory learning during foraging and oviposition. To investigate this topic, I used the tobacco 

hawkmoth (Manduca sexta) as model organism and conducted behavioral experiments in the 

wind tunnel of our institute. Its advantage is that it offers the possibility to run experiments in a 

natural as possible setting while allowing for standardized experimental conditions. 

The first aim of the thesis was to determine whether the proboscis of M. sexta is involved in 

olfactory learning (Manuscript I). I investigated this question with the help of an artificial flower 

that I especially designed for the study. It allowed to stimulate and test the proboscis with an 

odor without stimulating the antennae at the same time. This was necessary to be able to test 

the capabilities of the proboscis. The results of Manuscript I suggest that olfactory learning is 

not possible with the tip of the proboscis and that it might either serve an innate olfactory or 

gustatory function for the quality assessment of the flower. 

The second aim of this thesis was to establish whether M. sexta is able to learn host plants 

for oviposition and will consecutively show “oviposition constancy”. In Manuscript II, my 

colleague and I could indeed show that this is the case. There seems to be, however, an 

innate predisposition to what plant cues are learned more easily than others. 

Since in both Manuscript I and Manuscript II M. sexta showed surprisingly fast learning skills, 

this inspired me to run a comprehensive literature search for similar learning abilities in other 

insect species. The result of this research is Manuscript III, a review about one trial learning 

in insects. In this review I summarize the findings of this still rather small research field. I 

hope this review will spark the interest of more researchers to investigate the olfactory 

learning abilities of insects in an ecologically relevant context. 
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Zusammenfassung 

Die meisten Organismen dieser Erde sind auf die Fähigkeit zu lernen angewiesen, um sich 

erfolgreich an ihre Umwelt anpassen zu können. Das gilt selbst für kleine Insekten. Trotz 

ihres vergleichbar winzigen Gehirns und ihrer kurzen Lebensspanne haben sie die Fähigkeit 

zu lernen entwickelt. Aber was lernen Insekten eigentlich? Das Ziel dieser Dissertation war 

es, mehr über Lernen bei Insekten heraus zu finden – im speziellen über olfaktorisches 

Lernen bei der Futtersuche und Eiablage. Um das Thema näher zu erforschen, habe ich mit 

dem nachtaktiven Tabakschwärmer (Manduca sexta) als Modellorganismus gearbeitet und 

Verhaltensversuche im Windtunnel des Institutes durchgeführt. Der Windtunnel hat den 

Vorteil, dass man Experimente unter naturnahen, jedoch standardisierten Bedingungen 

durchführen kann. 

Das erste Ziel dieser Dissertation war, fest zu stellen, ob die olfaktorischen Sensillen, die auf 

der Spitze des Saugrüssels von M. sexta zu finden sind, eine Rolle beim Lernen von 

Blütendüften spielen (Manuskript I). Ich habe diese Frage mit Hilfe einer künstlichen Blume, 

die speziell für diese Studie gefertigt wurde, erforscht. Die artifizielle Blume hat es ermöglicht 

den Saugrüssel mit einem Geruch zu stimulieren ohne gleichzeitig die Antennen zu 

stimulieren. Das war nötig, um den Einfluss des Saugrüssels auf das Lernen erfolgreich zu 

testen. Die Resultate von Manuskript I zeigen, dass die Sensillen auf der Spitze des 

Saugrüssels sehr wahrscheinlich keine Rolle beim Erlernen von Blütendüften spielen. Eine 

angeborene olfaktorische oder gustatorische Funktion zur Prüfung der Blütenqualität könnte 

hingegen denkbar sein. Das zweite Ziel der Dissertation war, heraus zu finden, ob M. sexta 

Wirtspflanzen zur Eiablage erlernen kann und nach einem erfolgreichen Besuch zur selben 

Wirtspflanze zurückkehrt, das heißt Wirtspflanzen-Stetigkeit zeigt. In Manuskript II konnten 

meine Kollegin und ich zeigen, dass das tatsächlich der Fall ist. Es scheint bei M. sexta 

jedoch eine angeborene Prädisposition zu geben, so dass manche Wirtspflanzen leichter 

gelernt und besser erinnert werden als andere. Nachdem M. sexta sowohl in Manuskript I als 

auch II eine überraschend rasche Lernfähigkeit gezeigt hat, habe ich eine umfassende 

Literaturrecherche zu schnellen Lernfähigkeiten in Insekten durchgeführt. Die Ergebnisse 

dieser Recherche habe ich in einem Review über One Trial Lernen in Insekten 

zusammengefasst (Manuskript III). Es detailliert die Ergebnisse dieses noch ziemlich kleinen 

Forschungsfeldes. Ich hoffe, dass ich mit dem Review das Interesse anderer 

Naturwissenschaftler wecken kann, mehr über die faszinierenden olfaktorischen 

Lernfähigkeiten von Insekten zu erforschen. 
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Appendix 

 

FORMULAR 2 

Manuskript Nr. I 

Kurzreferenz:  Adam et al., 2021; J. Exp. Biol. 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten wiedergeben 

(nur für Originalartikel): 

 

Abbildung(en)  
# 6 & 7 

 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _____% 
Kurzbeschreibung des Beitrages:  
(z. B. „Abbildungsteile a, d und f“ oder „Auswertung der Daten“ etc) 

 

 

 

 

 

 

_____________________   _______________________________________ 

Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 
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FORMULAR 2 

Manuskript Nr. II 

Kurzreferenz:  Nataraj et al., 2021; J. Chem. Ecol. 

Beitrag des Doktoranden / der Doktorandin 

Beitrag des Doktoranden / der Doktorandin zu Abbildungen, die experimentelle Daten wiedergeben 

(nur für Originalartikel): 

Abbildung(en)  
# 2 & 3 

 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen 

vollständig experimentellen Arbeiten, die der Kandidat/die Kandidatin 
durchgeführt hat) 
 

  0 % (die in dieser Abbildung wiedergegebenen Daten basieren 

ausschließlich auf Arbeiten anderer Koautoren) 
 

  Etwaiger Beitrag des Doktoranden / der Doktorandin zur 
Abbildung:   _20_% 
Kurzbeschreibung des Beitrages:  
Konzeption der Experimente, Datenauswertung, Training der 
Erstautorin die Windtunnel Experimente durch zu führen 

 

 

 

 

 

 

_____________________   _______________________________________ 

Unterschrift Kandidat/-in   Unterschrift Betreuer/-in (Mitglied der Fakultät) 


