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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



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).

Conditioning
Appetitive Aversive

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. lllustration 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).

Odor molecules

o o ¢ Central nervous system
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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”. lllustration by Elisabeth Adam.
Sensillum based on Kaissling (2019).



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).

Antennal lobe Mushroom body calyx Lateral horn Further brain
regions

Antenna
Olfactory  Local interneuron  Kenyon cells Projection Lateral horn
sensory neuron output neuron

neuron

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 (OSNSs). 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). lllustration 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 MBONSs 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 MBONSs (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, | 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. | answer this research question in Manuscript I.

While adult tobacco hawkmoths mainly feed on the nectar of solanaceous plants (Alarcon 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. lllustration by Elisabeth Adam.

In Manuscript Il my colleague and | 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 Il we therefore asked whether learning is similarly involved in oviposition

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

Wind tunnel

Wind direction N

4 s

R

Odor source Release point

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. lllustration
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 | only male moths were used since this prevented unwanted oviposition
during the foraging tasks. For Manuscript Il 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. |
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 Il. My colleague and |
hypothesized that M. sexta would show oviposition constancy after experiencing a

host plant to reduce handling and investigation times.

One Trial Learning

Both Manuscript | and Il 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, | have conducted a
comprehensive literature search to find out whether other authors have found similar
fast learning abilities in other insects. | have summarized the current literature in a
short review about one trial learning in insects. This is the topic of Manuscript Ill. The
field is still quite small and studies are limited, but | 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
FAuthor for correspondence (mknaden@ice.mpg.de)

Journal of Experimental Biology
Published: September 13"; 2021
J Exp Biol, 224(17):jeb242780; doi: 10.1242/jeb.242780

In the first manuscript, | 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. | 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. | 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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RESEARCH ARTICLE

Moths sense but do not learn flower odors with their proboscis

during flower investigation

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

ABSTRACT

Insect pollinators, such as the tobacco hawkmoth Manduca sexta, are
known for locating flowers and learning floral odors by using their
antennae. A recent study revealed, however, that the tobacco
hawkmoth additionally possesses olfactory sensilla at the tip of its
proboscis. Here, we asked whether this second ‘nose’ of the
hawkmaoth is involved in odor learning, similar to the antennae. We
first show that M. sexta foraging efficiency at Nicotiana attenuata
flowers increases with experience. This raises the gquestion whether
olfactory learning with the proboscis plays a role during flower
handling. By rewarding the moths at an artificial flower, we show that,
although moths learmn an odor easily when they perceive it with their
antennae, experiencing the odor just with the proboscis is not
sufficient for odor learning. Furthermore, experiencing the odor with
the antennae during training does not affect the behavior of the moths
when they later detect the learned odor with the proboscis only.
Therefore, there seems to be no cross-talk between the antennae and
proboscis, and information learnt by the antennae cannot be retrieved
by the proboscis.

KEY WORDS: Manduca sexta, Hawkmoth, Insect olfaction, Flower
handling, Nicotiana attenuata, Learning

INTRODUCTION
‘While foraging, flower-visiting insects have to maximize their
energy gain while keeping their energy expenditure at a minimum
{(Pyke, 1978}. This is especially crucial for hovering insects such as
hawkmoths, as they are faced with considerable energy costs during
flight (Bartholomew and Casey, 1978). Therefore, it is of great
advantage to learn reliable resources and avoid flowers that produce
no nectar or nectar of low quality, cheating the insect out of a
profitable meal. Because primary attractants such as nectar and
pollen are often concealed, insects have to rely on other, secondary
attractants, e.g. color, shape, flower scent, taste or texture, to locate
the floral rewards (Wester and Lunau, 2017). This is particularly
important, since not every nectar is scented, which would be a
honest signal for the pollinator {(Raguso, 2004).

Moths use both flower scent and visual displays as secondary
attractants to locate their host flowers (Raguso and Willis, 2002,
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2005; Stockl and Kelber, 2019). Depending on their circadian
thythm, the agile hawkmoths are known to assign different relative
importance to these stimuli (Balkenius et al, 2006). While the
diurnal moth Macroglossum stellatarum predominantly reacts to
visual stimuli, the nocturnal moth Deilephila elpenor is strongly
attracted by olfactory stimuli (Balkenius et al, 2006). The
crepuscular hawkmoth Manduca sexta, in contrast, uses both
visual and olfactory cues to locate host flowers (Raguso and Willis,
2002, 2005) and only solely relies on olfactory cues under very dim
light conditions (Goyret and Yuan, 2015).

In the wild, M. sexta is innately attracted to the floral scent of
Nicotiana attenwota and Datura wrightii, and is known to pollinate
flowers that share a similar chemical odor profile (Kessler and
Baldwin, 2007; Riffell et al., 2013). Many individual odorants of
these flower profiles are sufficient to induce foraging behavior in
M. sexta, while other odorants are innately neutral (Bisch-Knaden
et al., 2018). Yet, the hawkmoth can also learn to follow innately
neutral odors of rewarding flowers when it is first lured to these
flowers via visual cues (Cook et al., 2020; Riffell et al., 2008, 2013).
This ability to associate novel odors with a reward has also been
demonstrated in tethered moths, which exhibited a proboscis
extension reflex after they had perceived an odor together with a
sucrose reward (Daly et al, 2001b; Daly and Smith, 2000).
However, in nature, moths not only have to locate the flower but, in a
subsequent step, also need to be able to find the nectar within the
flower (Goyret and Raguso, 2006). This is no easy feat, as the moth
has to hover in front of the flower to access the nectar, a behavior
that is energetically quite costly (Bartholomew and Casey, 1978).
The involvement of additional sensory channels, including vision
and mechanosensation, has been shown to enhance flower handling
capabilities: although vision is important during both flower
tracking and flower investigation, mechanosensation only seems
to play an important role during flower handling itself (Farina et al.,
1994; Goyret, 2010; Goyret and Kelber, 2011).

Recently, Haverkamp et al. (2016b) described newly discovered
olfactory sensilla at the tip of the moth’s proboscis. These sensilla
house Orco-positive neurons that are able to detect and process
odorants and respond to several of the same floral odorants that are
also detected by the moth’s antennae (Haverkamp et al, 2016b).
The study revealed that this additional olfactory sense at the tip of
the proboscis lets the moth investigate an innately attractive odor
within the flower. Here, we asked whether the olfactory sensilla at
the tip of the hawkmoth’s proboscis could have an additional
function m olfactory learning. As hawkmoths are known for their
fast olfactory learning via their antennae (Cook et al,, 2020; Riffell
et al., 2008), we argued that learning new olfactory properties of the
flower via the proboscis could give the moth an advantage in the
identification and handling of consecutive flowers. This would be
particularly true if there was cross-talk between the proboscis and
antennae, as inserting the proboscis to smell the odor is
energetically more costly (as a result of hovering and tracking the
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flower) than recognizing the odor from afar. Therefore, we
investigated whether hawkmoths are able to become more
proficient in handling natural flowers that emit an appetitive odor
over time and whether they use their sense of smell on the proboscis
to leam flower cues. Also, by carefully modifying the test paradigms
and working with an artificial flower that allowed us to confine odor
to the proboscis only, we explored whether there is indeed cross-talk
between the two ‘noses’ of the hawkmoth.

MATERIALS AND METHODS

Hawkmoth rearing

Manduca sexta (Linnaeus 1763) moths were reared and maintained
at the Max Planck Institute for Chemical Ecology (MPI CE). Adult
moths were kept in a flight cage (122x42x76 cm) for mating. A
N. attenvata plant served as a substrate for oviposition, and a
hummingbird feeder with artificial flowers provided a 10% sugar
solution. Eggs were collected 3 times a week and transferred to
small plastic boxes containing an artificial diet for the emerging
larvae (artificial diet: 306 g agar, 959 g wheat germ, 932 g com
meal, 506 g soy flour, 499 g casein, 160 g salt mix, 240 g sugar,
33.3 g cholesterol, 80 g ascorbic acid, 40 g sorbic acid, 20 g methyl
paraben, 60 ml linseed oil, 200 ml vitamin mix and 121 water;
vitamin mix: 2000 mg nicotinic acid, 1000 mg riboflavin, 467 mg
thiamine, 467 mg pyridoxine, 467 mg folic acid, 40 mg biotin and
2 1 water). On reaching 2nd instar, larvae were transferred to larger
boxes; 5th instar larvae, which stopped feeding, were moved to
wooden planks with pre-drilled holes for pupation. Shortly before
hatching, male and female pupae were separated and put into egg
cartons inside small folding insect cages. Hatched moths were kept
in larger flight cages until experimentation. Eggs, larvae and
pupating larvae were reared in a climate-controlled chamber at 26°C
and 40% humidity and a light:dark cycle of 15 h:9 h. Pupae and
adult moths were kept in separate climate chambers for male and
female moths at 25°C and 60% humidity during light hours and
23°C and 70% humidity during dark hours on a light:dark cycle of
16.5 h:7.5 h. For all behavioral experiments, 3 day old naive male
moths, which had neither fed nor encountered an (artificial} flower
before, were used.

Wind tunnel experiments

All behavioral experiments were conducted in a wind tunnel with
laminar air flow (wind tunnel size: 250%94x90 cm; wind speed —
charcoal filtered air: 0.4 m s~!; temperature: 25°C; humidity 70—
75%). Side, top and front cameras were used to record the
movement of the moth within the wind tunnel (Logitech HD
Webcam C615; ELP HD Digital USB Camera; recording speeds:
30 frames s~1). White and red light sources produced low visible
light (photosynthetic active radiation, PAR: 0.27 umolm—s~'). To
allow recording of the moth at these low light settings, the infrared
filters of the cameras were removed and an infrared light source (not
visible to the moth) was used for illumination. Videos were recorded
using Noldus Media Recorder 2.5228 software (Noldus,
‘Wageningen, The Netherlands) to allow the simultanecus
recording of different camera angles.

The hawkmoths were kept in individual small mesh cages
(14.5 cm diameter and 14.5 cm high) and acclimatized to the wind
tunnel conditions in a habituation chamber for at least 1 h prior to
testing. In all paradigms, the moths started from a small platform
(height: 33.5 cm) positioned centrally at the downwind end of the
wind tunnel, about 10 cm from the wind tunnel wall. They were
gently nudged with a brush to initiate wing fanning (for 1-2 min}.
As soon as a moth started to fly, it was allowed to explore the wind

tunnel for 5 min. Trials ended after the time had expired or if the
moth landed, as the animals generally did not resume flight for
several minutes after landing.

Real flower investigation

To establish whether leamning improves the moths’ success in
handling natural flowers and create a baseline learning curve in our
wind tunnel set-up, we first tested the moths using flowers of the
wild tobacco plant V. aftenuata. It is known that M. sexte improves
its flower handling at artificial flowers over time (Goyret and
Raguse, 2006). However, we wanted to confirm that this is also the
case for natural flowers. As M. sexta is known as a major pollinator
of N. attenuata (Kessler et al., 2010, 2015), and it has been shown
that the odor emitted by these flowers increases foraging motivation
in the hawkmoth even in the absence of nectar (Haverkamp et al.,
2016b), flowers of this plant were chosen for the paradigm.
Compared with large flowers of plants such as 2. wrightti (in which
the moth simply has to drop its body and proboscis), the tiny flowers
of N. attenuata are more difficult to handle (Haverkamp et al.,
2016a). Therefore, we expected that learning-based improved
flower handling would become more obvious with these rather
tricky flowers. A flower array containing eight V. atfenuata flowers
was positioned at the upwind end of the wind tunnel (Fig. 1A}. We
decided to use a flower amray instead of the whole plant to
standardize flower angle and to allow for better video recording of
the flower manipulation. In the wild, the flowers of N. aftenuata
move through a 140 deg arc from a pendant position (daytime) to an
erect position (night-time) to facilitate interaction with the
hawkmoth (Haverkamp et al., 2019; Yon et al., 2016, 2017).
Therefore, we mounted the disc containing the flowers at a slight
upward angle to ease the insertion of the proboscis. The N. attenuata
flowers contained their natural nectar volumes. No additional sugar
water or artificial nectar was added, in order to create as natural a
testing situation as possible. The flowers were kept in water-filled
1.5 ml Eppendorf tubes with a hole drilled in the lid to prevent
flower desiccation during testing (Fig. 1B). During the trial, the
moth could freely investigate all eight flowers with its proboscis. It
was counted as ‘moth flown’ if it initiated flight during the trial
without settling down immediately afterwards. Moths that touched a
flower within the flower array at least once with their proboscis were
counted as ‘investigated flower’. To find out whether the moths
become more efficient in flower handling, their success at inserting
the proboscis into the flower during consecutive flower visits was
analyzed.

Artificial flower design and training apparatus

To be able to train the moths and let them experience an odor
together with a reward, we designed an artificial flower (Fig. 2A) to
visually attract the moths to our training apparatus (Fig. 2B). We
created a rather large flower compared with N. affenuata in order
create a supernormal stimulus and visually atiract the moths. This
was necessary as hawkmoths are less likely to respond to odorless
flowers than to flowers emitting odor (Goyret et al., 2007; Raguso
and Willis, 2002, 2005). The moths were rewarded with sugar
water — in the presence or absence of the given training odor — at this
artificial flower. The flower consisted of two layers of laser cut acrylic
sheet with five petals and a central opening (flower measurements:
5.5%5.5%3 mm; central opening diameter: 6 mm). A white back layer
defined the outline of the flower; a glossy light blue front layer
(without UV reflective properties) enhanced the attraction of the
flower (Fig. 2A). We chose these materials as our pre-tests with
artificial flowers made with different materials/colors/reflective
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Fig. 1. Real flower array. (A} Black acrylic disc holding eight Eppendorf tubes with Nicotiana atfenuata flowers that can be investigated by the moth. Tubes
behind the disc provide water to prevent flower desiccation. (B} Side view of the flower amay. The disc is held by a bendable rod to allow for an upward angle.

Drawings not to scale.

properties had shown that hawkmoths have an innate preference for
blue flowers with highly reflective properties outside the UV range,
confirming the results of Goyret et al. (2008). Previous studies
further showed that hawkmoths prefer radial patterns and that radial
folds as well as a slight corolla curvature can improve flower
handling efficiency (Campos et al., 2015; Goyret and Raguso, 2006;

A B
5.5 cm
———-____
nE: -
)
mL../
i )
Cc Training Test
Sugar No
4.5 cm reward 45cm reward
@|n In In
5 5
[=+) o«
o3 o}
@ |Out @ |Out
r= -r- -
— —
. 6 mm L 6 mm
' 5.5cm e 5.5cm

Kelber, 2002). Therefore, we also added radial recesses leading to
the center of the flower (radial recesses: 1 mm). The artificial flower
was attached to an apparatus that enabled us to track the movement
of the proboscis within the flower, so we could confirm that the
moths reached the sugar reward. The apparatus (Fig. 2B) consisted
of a top lid containing a video camera (Logitech Webcam 600;

O

Fig. 2. Proboscis training apparatus. (A) Artificial lower. Left: white back layer to define flower shape. Right: light blue front layer with high reflective
properties and radial recesses. (B} Training apparatus. Left: front view of the outside of the vertical apparatus. The artificial lower (blue} at the front of the
training apparatus allows insertion of the proboscis. A clamp holding a small filter paper disc (red disc with white outline} for antennal odor stimulation can be
attached to the front of the apparatus in such a way that the moth does not accidently touch it while investigafing the flower. Right: front view of the inside of
the vertical apparatus. The grey rectangle indicates the space for the exchangeable elements (see C}. Avideo camera {black} records the insertion of the
proboscis from above. Infrared LEDs (small iriangles) illuminate the proboscis training tube/Y-maze from below. Red circles indicate odor on the filter paper
disc and/or in the proboscis training tube. {C) Top view of the exchangeable elements. Left: the proboscis can be inserted in a proboscis training tube
through the artificial flower {blue outline}. To exclude odor leakage out of the flower, odor is supplied through the valve labelled ‘In’ and removed by vacuum
through the valve labelled ‘Out’. The sugar reward {gray trapezium) is provided at the end of the proboscis training tube. Right: again, the proboscis can be
inserted into the Y-maze through the artificial flower (blue outline}. Odor and clean air {mineral oil confrol} {red and white circles) can be supplied through the
valves labelled “In’ and removed through the valve labelled ‘Out’. Drawings not to scale.
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recording speed: 30 frames s~!; resolution: 640x480 pixels), a

middle part acting as a spacer/odor barrier and a bottom part
containing an exchangeable element with either a linear proboscis
training tube or a Y-maze (Fig. 2C). To be able to record the
insertion of the proboscis, an infrared LED panel (Roschwege
GmbH, LED puzzle piece, IR 850 nm} was added under the
exchangeable element (Fig. 2B). The LEDs were powered at 11.6 V
and 0.14 A (Manson switching mode power supply NRP 3630). An
opening at the front of the training apparatus (diameter 6 mmy}
comnected the artificial flower to the linear tube/Y-maze inside the
apparatus. The training apparatus containing the proboscis training
tube had an additional opening at the back (diameter 6 mm} to allow
the attachment of a PCR tube with the sugar reward for conditioning
(PCR tube: 200 pl, cut in half; sugar reward: 75 ul of 30% sucrose
solution; sucrose: CAS 57-50-1). To facilitate the insertion of the
proboscis, the training apparatus was mounted at a slight upward
angle (+20 deg from the horizontal axis).

Odor choice paradigm
To investigate whether M. sexta moths are able to learn odors that
they perceive with their proboscis, we first established the innate
valence of the training odor in a choice experiment (Fig. 3A). In
brief, individual moths were allowed to explore the wind tunnel and
given a choice between two odor sources, one emitting clean air
(mineral oil control), the other the training odor. We then measured
the time the moths spent investigating both sources. We wanted to
select an innately neutral odor (i.e. neither aversive nor attractive}, to
be able to show olfactory learning. Therefore, we chose linalool
(+/=}(CAS 78-70-6), as it had previously been shown to be innately
neutral in experiments investigating the antennal olfactory
perception of the moth (Bisch-Knaden et al,, 2018). Further, it
can be perceived by the proboscis of the moth (Haverkamp et al.,
2016b), which was key to investigate odor leaming with the
proboscis. It is also naturally found in the nectar of N. attenuata
(Kessler and Baldwin, 2007), the flower we used for our real flower
investigation paradigm. The innate valence test was then followed
by a training step, where the training odor was combined with a
sugar reward (Fig. 3B), and a re-test, to investigate whether this
experience increased the valence of the training odorant (Fig. 3C).

All three steps were conducted with the same moth on the same
day with at least 30 min between trials. During the test phases, the
odorant as well as clean air (mineral oil control} were supplied via
two odor valves without obvious visual cues, spaced 45 cm apart at
the upwind end of the wind tunnel. The valves were positioned
about 20 cm from the upwind tunnel wall and mounted on metal
poles 40 cm above ground. Linalool [here and in all other
experiments: linalool (+/-), CAS 78-70-6; dilution: 1072 in
mineral oil, CAS 8042-47-5; loading volume: 10 ul] as well as
solvent control (mineral oil, CAS 8042-47-5; loading volume:
10 ul) were pipetted onto small filter paper discs (diameter 1.3 cm,
cut from a Rotilabo® Rundfilter) and placed in 50 ml glass bottles
(SCHOTT, Duran®), so the headspace could be collected. Charcoal-
filtered air was used to push the headspace through Teflon tubing
(diameter 4 mm) to the odor valves at an air flow speed of
0.05 1 min~!. To exclude positional bias, the odor and control valve
were switched between testing days. The time a moth spent at the
odor valve minus the time spent at the control valve was used as a
measurement of the odorant’s valence. A significantly increased
valence after the moth experienced the odor with the sugar reward
(see below)} would therefore indicate odor leaming.

In the training paradigm, moths could perceive a training odor
either with their antennae (and possibly their proboscis while

approaching the flower) or with the proboscis only, while being
rewarded with sugar solution (Fig. 3B). For the first experiment —to
allow odor perception with the antennae — a small filter paper disc
(diameter 1.3 cmy; cut from a Rotilabo® Rundfilter) was fixed with a
metal clamp to the front of the training apparatus and was loaded
with the training odor (Fig. 3B, upper panel). In the second
experiment, we asked whether experiencing the training odor with
the proboscis only is sufficient for odor learning. To prevent the
moths’ antennae from coming into contact with the traming odor
during the experiment, the odor was confined to the inside of the
artificial flower using an air push (in; air flow speed: 0.05 1 min~')
and pull (out; air flow speed: 0.2 1 min~") system (Fig. 3B, lower
panel). Similarly, as with the odor valves, the training odor was
pipetted onto a small filter paper disc and placed into a 50 ml glass
bottle, so the headspace could be collected and pushed through the
proboscis tube within the artificial flower. As before, a moth was
counted as ‘moths flown’ if it initiated flight during the first test.
Moths that touched the flower at least once with their proboscis were
counted as moths that ‘investigated flower’. In both experiments, a
moth was considered trained when it had successfully foraged
(‘successful’} at the artificial flower and had completely emptied the
sugar reward. Only moths that met this training criterion were used
for re-testing.

Proboscis Y-maze paradigm

In a second paradigm, we asked whether the experience with a
training odor would affect the performance of the proboscis within
the flower (Figs 4 and 5). In the first experiment (Fig. 4), we wanted
to know whether experiencing an odor with the proboscis only
would influence the handling of a flower, i.e. the choice of the
Y-maze arm within the flower. Therefore, we confined the odor
to the inside of the artificial flower during training as well as during
the test. As this is quite an artificial test situation — flower odor
can usually already be smelled with the antennae during the
approach and probing of the flower (Haverkamp et al, 2019} — we
decided to conduct a second experiment and additionally added
odor on the outside of our artificial flower during training (Fig. 5).
‘We reasoned that this situation would be ecologically more
relevant as moths use their antennae to locate a flower and use
their proboscis to investigate the flower in more detail. During the
test, however, odor was again confined to the Y-maze within
the artificial flower.

For ease of the experiments we decided to simplify the process by
using a control and an experimental group of moths. So, instead of
comparing the performance of a given moth before and after
training, we compared the performance of trained moths with that of
other naive moths. During the training step, the control group was
exposed to filtered air only while the experimental group was
exposed to the training odor linalool. Again, a sugar reward was
offered as an unconditioned stimulus to allow odor leaming. This
time, the moths were subsequently tested with a proboscis Y-maze
within the artificial flower (Figs 2C, 4B and 5B). One ofthe Y-maze
arms contained the mineral oil solvent control, the other arm the
training odor (Fig. 2C). By adapting the airflow within the Y-maze,
we ensured that only one arm of the Y-maze carried the odor (air
removal speed: 0.6 1 min~!). We recorded the first choice of the
Y-maze arms and calculated the net time within the arm carrying the
odor, 1.e. (time in odor arm)—(time in control arm). Subsequently,
we compared the control and experimental groups regarding their
net time spent within the odor arm. As in the previous paradigm, a
moth was counted as ‘moths flown’ if it initiated flight during the
first test and as ‘investigated flower’ if' it touched the flower at least
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Fig. 3. Manduca odor choice paradigm. {A} Moths were tested for innate attraction to training odor in the wind tunnel. One odor valve supplied training odor

{linalool, red}, the other valve clean air {mineral oil control, blue}. {B} During training, odor was either supplied to the antennae {top right} or restricted to the
proboscis {bottom right} while a sugar reward was provided. (C} For the re-test, moths were again given a choice between the training odor {linalool} and
clean air {(mineral oil control}. Drawings not to scale.

once with its proboscis. Only moths that had successfully foraged at ~ Data analysis and statistics
the artificial flower and emptied the sugar reward (‘successful’y The video data were analyzed manually using the software VLC
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Fig. 4. Manduca proboscis Y-maze paradigm — proboscis learning only. (A}

First, the moths were trained to investigate the artificial flower either in the

absence (control group, top} or in the presence (experimental group, bottom}) of the training odor. During training, the odor could only be perceived with the
proboscis. (B} Moths were then tested with a proboscis Y-maze hidden within the arfificial flower. One arm supplied the training odor {linalcol}, the other arm

clean air {(mineral oil control}. Drawings not to scale.

paradigm, the time point and success of the first 20 flower contacts
were recorded and used for analysis. Insertion of the proboscis into
the flower corolla was counted as ‘success’, and investigation of the
flower without subsequent insertion of the proboscis as ‘no
success’. In the case of success, the manipulation time until
proboscis insertion (s} was recorded and the mean percentage
success rate was calculated for the flower manipulations 1-5, 6-10,
11-15 and 16-20. For the odor choice paradigm time, the time spent
at the control valve (s} and the time spent at the odor valve (s) were
recorded before and after training. The net contact duration at the
odor valve was calculated by subtracting the time spent at the control
valve from the time spent at the odor valve. Similarly, the time spent
in the control versus odor arm of the proboscis Y-maze was recorded
and the net duration in the odor arm calculated for the proboscis
Y-maze paradigm. Additionally, first choice and number of choices
for each Y-maze arm were recorded for this paradigm and analyzed.

Statistical tests were performed using the statistics software
GraphPad Prism version 7.05 for Windows (GraphPad Software, La
Jolla, CA, USA, www.graphpad.com} or SPSS Statistics for
Windows version 17.0 (SPSS Inc., Chicago, IL, USA). Data were
tested for normality using the Shapiro—Wilk normality test and
further analyzed with an appropriate parametric or non-parametric
test.

RESULTS

Hawkmoths learn how to manipulate flowers successfully
with the proboscis

In order to investigate whether the moths’ efficiency at natural
flowers improves with experience and to create a learning baseline,
we tested the moths using a N. atfenuata flower array in the wind
tunnel. Out of 107 ‘moths flown’, a total of 29 moths explored the
flower array and touched at least one flower with their proboscis
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Fig. 5. Manduca proboscis Y-maze paradigm — proboscis and antennal learning. (A} Moths were frained to investigate the artificial flower either in the
absence (confrol group, top) or in the presence {(experimental group, bottom} of the training odor. During training, odor could be perceived with both the
antennae and proboscis. (B} Moths were then tested with a proboscis Y-maze hidden within the artificial flower. As in the previous experiment, one arm
supplied training odor (linalool} and the other arm clean air (mineral oil control}. Drawings not to scale.

(‘investigated flower’). Of these, 31.0% had no success
manipulating the flower, i.e. did not insert the proboscis into the
flower opening; 51.7% had a success rate of >50%; and 20.7% had
an overall success rate of 275%. OQut of the 29 moths, 17 moths were
highly motivated and had 20 (or more} flower contacts. When
looking at the first five flower manipulations, the highly motivated
animals exhibited a higher success rate than moths with fewer total
flower contacts, suggesting that success increases the motivation to
forage (Fig. 6A). Further analysis of moths with 20 flower contacts
showed that they do learn to manipulate the flowers and become
more successful over time (Fig. 6B). The shortest time of flower
manipulation until proboscis insertion was less than 1 s, the
maximum time 14 s. The average time before proboscis insertion
was, however, 1 s. That means that the moths were generally quite
quick to insert the proboscis into a non-moving N. attenate flower
at the given set-up.

Hawkmoths learn odorants with their antennae, but not with
their proboscis

In the odor choice paradigm we tested whether 3. sexta moths are
able to learn odors with their antennae (moths flown: 46;
investigated flower: 26; successful: 13; participated during re-test:
13} as well as their proboscis (moths flown: 28; investigated flower:
16; successtul: 14; participated during re-test: 14) (Fig. 3}. To assess
whether our training odor (linalool) is mnately neutral, we first
established the valence of the training odor in a choice assay. As
described previously by Bisch-Knaden et al. (2018}, linalool was
neither attractive nor aversive to naive moths as the moth spent the
same amount of time at the two sources (Wilcoxon matched-pairs
signed rank test, n=27, P=0.125). Hence, we were able to use it for
our odor learning experiments. In a second step, i.e. the training
step, the same moths were allowed to feed on sugar water from an
artificial flower. During feeding, they could perceive linalool either
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Fig. 6. Moths become more successful when investigating flowers. (A} During the first five flower contacts, success rates differed between moths that
had few (<20: n=8} and many (>20: n=17) flower contacts. Moths that had higher success during the first five flower contacts tended fo consecutively
manipulate the flowers more often. Mann—Whitney U-est, {/=22.5, P=0.005. (B} Feeding success increased with experience. When comparing the first five
contacts with consecufive flower contacts, moths showed significantly higher success in later contacts (visits 11-15 and 16-20}. Repeated measures
ANQVA, n=17 moths, F; 45=6.136, P=0.001. Planned contrasts, 1-5 versus 6-10: F; 1,=2.537, P=0.131; 1-5 versus 1115 F; 1,=10.112, P=0.006; 1-5
versus 16-20: F; 15=7.509, P=0.015. Box plots show the median, and first and third quartiles; whiskers show minimum and maximum values. White flower

indicates real flower experiments.

by the antennae (and possibly the proboscis when approaching the
flower) or by the proboscis only. After successful feeding, we again
tested these moths for their preference for linalool in the
aforementioned choice experiment. Moths that were allowed to
perceive the odorant with their antennae during the training step
readily leamned the odorant and — in the subsequent test situation —
spent significantly more time at the odor source than at the clean air
source (mineral oil control) (Fig. 7A). In contrast, moths that were
allowed to perceive the odorant during feeding with their proboscis
only, later did not increase the time they spend at the odor source
(Fig. 7B).

‘We next hypothesized that, although the odor experience via the
proboseis does not affect the moths’ approach towards an odor
source, it could still affect the subsequent navigation of the
proboseis within the flower. We therefore designed a paradigm
where again the moths were first trained to an odor. However, this
time, the moths did not have to approach the odor during flight in the
test situation. Instead, the moths were attracted to an artificial flower
by visual cues and were asked to pinpoint the odor within a
proboscis Y-maze hidden in the artificial flower (Figs 4 and 5). As
mentioned before, for reasons of simplification, we used a control
and an experimental group of moths for this paradigm. In the first
experiment, odor was confined within the artificial flower during
training {(control: moths flown: 68; investigated flower: 50;
successful: 29; participated during test: 20; experiment: moths
flown: 37; investigated flower: 26; successful: 22; participated
during test: 20). In the subsequent test, both the control animals as
well as the moths of the test group inserted their proboscis an equal
amount of time in both arms of the Y-maze (Fig. 7C). Also, both
groups of moths made their first choice randomly (control: binomial
test, n=20, P=0.824; test: binomial test, n=20, P=0.503) and did not
choose one of the arms more frequently than the other (control:
Wilcoxon matched-pairs signed rank test, #=20, P=0.850; test:
Wilcoxon matched-pairs signed rank test, »=20, P=0.805),
indicating that the odorant was not learned via the proboscis. We
concluded that experiencing a flower odor with the proboscis alone

affects neither the moths’ later approach to the odor in flight nor
their proboscis navigation within the flower.

At the same time, moths that smelled linalool with their antennae
while being rewarded with sugar water, later targeted linalool in
flight. We, therefore, asked whether the experience of the odor via
the antennae might influence the moths’ behavior with their
proboscis, i.e. whether we would find information transfer from the
antennae to the proboscis. In order to test this, we presented linalool
to both the antennae and the proboscis, while the moth was feeding
(Fig. 5A, bottom). For comparison, control moths were exposed to
filtered air only during training (Fig. 5A, top). Afterwards, we again
tested the navigation of the moths” proboscis in the Y-maze (control:
moths flown: 81; investigated flower: 34; successful: 22;
participated during test: 15; experiment: meoths flown: 69;
investigated flower: 32; successful: 19; participated during test:
15) (Fig. 5B). Both the control and the experimental group
investigated the two arms of the Y-maze for a similar amount of
time (Fig. 7D}, made their first choice randomly (control: binomial
test, n=15, P>0.999; test: binomial test, n=15, P=0.607}, and did not
choose one of the arms more frequently than the other (control:
paired #test, =15, 4=0.078, P=0.939; test: paired r-test, n=15,
£4=0.345, P=0.735). Evidently, although moths seemed to be able
to learn the odor of a rewarding flower and to follow such a flower
plume afterwards, the performance of the proboscis within the
flower was not affected by learning.

DISCUSSION

Nectar-feeding insects such as bees, bumble bees, butterflies and
moths are able to learn reliable food sources and return to flowers
that promise high sugar rewards (Cnaani et al., 2006; Hill et al.,
1997; Kandori and Yamaki, 2012; Kunze and Gumbert, 2001;
Riffell et al., 2008). The specialization on one specific flower type
can be of great advantage as it can save handling costs for the
pollinator (Waser, 1986). Therefore, many insect species show
flower constancy and keep visiting flowers of the same plant
species that they have been successfully foraging at before
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Fig. 7. Hawkmoths do not learn odors with their proboscis. (A} Linalool atiraction before and after antennal training. Wilcoxon matched-pairs signed rank
test, =13, P<0.002. (B} Linalool atfraction before and after proboscis fraining. Wilcoxon matched-pairs signed rank test, n=14, P>0.988. Moths experiencing
linalool (+/—} with their proboscis (C} or antennae and proboscis (D) during training did not spend significantly more time in the linalool arm of the Y-maze
than the control group. Unpaired t-test, C: n=20 per freatment, t35=0.329, P=0.744; D: n=15 per treatment, £=0.317, P=0.753. Net contact duration at linalool
(s): ime spend at linalool {(+/—} valve minus time spend at mineral cil control valve. Net duration in linalool arm (s} time spend in linalool {(+/—} arm of Y-maze
minus time spend in mineral oil control arm. Box plots show the median, and first and third quartiles; whiskers show minimum and maximum values; paired
data of individual moths is visualized with connecting lines. Light gray moths: test paradigms; dark gray moths: training paradigms.

{Amaya Marquez, 2009; Cunningham et al., 1998; Goulson and
Cory, 1993; Hill etal., 1997). Among other cues, flower odors play
an important role in the establishment of flower constancy (Gegear,
2005). So far, odor learning in moths has been assumed to function
via the antennae only (Balkenius and Dacke, 2013; Cook et al.,
2020; Cunningham et al., 2006, 2004; Daly et al., 2001a,b; Daly and
Smith, 2000; Hartlieb, 1996; Ong and Stopfer, 2012; Riffell et al.,
2008, 2013). However, hawkmoths (A4 sexta) have olfactory
sensilla not only on their antennae (i.e. their nose} but also on the tip
oftheir proboscis, i.e. their tongue (Haverkamp et al., 2016b). Here,
we asked whether hawkmoths become more efficient when feeding
from flowers they have experienced before, and whether the
olfactory sense on the proboscis is involved in this learning process.

To investigate whether hawkmoths leamn from experience with a
given flower type and create a baseline, we analyzed a moth’s
performance while consecutively feeding from several V. attemiata
flowers provided in a flower array. Previous studies have shown that
the feeding performance of M. sexta depends on the visited flower
type or orientation (Campos et al., 2015; Haverkamp et al., 2019).
However, we show that these hawkmoths, like butterflies

(Kandori and Ohsaki, 1996) and bumble bees (Chittka and
Thomson, 1997; Laverty, 1980, 1994; Laverty and Plowright,
1988), indeed become more efficient when repeatedly foraging
from one flower type that emits an ecologically relevant odor, i.e.
N. attenuata flowers (Fig. 6B).

From experiments with (artificial}) flowers (Chittka and
Thomson, 1997; Goyret, 2010; Goyret and Kelber, 2011; Goyret
and Raguso, 2006; Kandori and Ohsaki, 1996), we know that
learning of mechano-sensory as well as visual cues is involved in
such experience-based improved feeding efficiency. We wanted to
know whether olfactory leaming with the proboscis plays an
additional role in this leaming process. To be able to compare
antennal with proboscis learning, we first tested the hawkmoths
using an antennal learning paradigm. As described before by
Balkenius and Balkenius (2010}, moths were able to learn the
rewarding odorant within one trial and chose the odor source with
the rewarding odorant significantly more often than the mineral oil
control (Fig. 7A). However, when the moths were able to smell the
odorant only with their proboscis during training, they did not
navigate towards the odor source emitting the rewarding odorant in
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the consecutivetest (Fig. 7B). We argued that this could either mean
that the moths are not able to learn an odor with their proboscis or
that moths are able to learn the odor with the proboscis, but do not
use this information during the approach towards the flower. To find
out whether hawkmoths use olfactory information learned with the
proboscis while localizing nectar within the flower, we next tested
the moths using a proboscis Y-maze. Again, we did not observe any
leaming. The moths spent equal amounts of time in the odor-
emitting and the clean-air arm of the proboscis Y-maze after we
trained them to the odorant (Fig. 7C). Given that encountering an
odor with the proboscis alone is a rather artificial situation, we
decided to do an additional experiment. In the wild, the moth can
smell the odor of a flower even before inserting its proboscis in the
flower corolla. That means that the odor can be considered a forward
paired conditioned stimulus (CS} for the antennae as it will be
present before the moth encounters the nectar (i.e. the
unconditioned stimulus, US). In comparison, the proboscis might
smell the odor for a much shorter time period when it is inserted into
the flower. That means in terms of conditioning, this time span
might be too short for the moth to create an association between
odor (CS) and nectar (US) when using the proboscis to learn the CS.
Still, would the moth be able to retrieve information via the
proboscis that was acquired before by the antenna? In the desert ant
Cataglyphis forfis, it was shown that the information about
polarized light information acquired by one eye can later be
retrieved by the other eye (Wehner and Miiller, 1985). In dolphins
such information transfer even happens between the visual and the
acoustic sense (objects experienced by vision can later become
recognized by echolocation and vice versa} (Pack and Herman,
1995). To test whether there is similar crosstalk between the moth’s
antennae and proboscis, we let the moth not only experience the
odor via the proboscis inside the flower, but in addition already on
the outside of the flower via the antennae (Fig. SA). However, even
this additional experience with the antennae did not affect the later
performance of the moth’s proboscis in the Y-maze (Fig. 7D).
Hence, there does not seem to be any crosstalk between the antennae
and proboscis taking place. We conclude that although M. sexta
detects flower odors via both its antennae and the tip of the
proboscis, only the antennae seem to be involved in the moth’s
olfactory learning. This might make sense from an ecological
standpoint, as the antennae are used to find flowers at a distance.
Hence, an early and correct decision, based on learning, might
optimize energy gain. The proboscis ‘nose’, however, usually lies
rolled up inside the moth head until the very last moment before
flower contact. Although it stays unfurled during a foraging bout, a
choice based on proboscis leaming most likely would not yield a
similar energy gain as hovering during the foraging bout is
energetically costly.

So, what adaptive value could the olfactory sensilla on the tip of
proboscis of the moth have? As Haverkamp et al. (2016b)
suggested, these olfactory sensilla might be used to assess the
quality of the flower. One could imagine a gustatory rather than an
olfactory function as floral volatiles have been shown to be present
in the nectar of some plant species (Kessler and Baldwin, 2007;
Raguso, 2004). Also, appetitive volatile organic compounds in the
nectar could increase the foraging motivation of the moth, similar to
the way in which innately attractive benzyl acetone increases the
foraging motivation in M. sexfz when detected via the antennae
(Haverkamp et al., 2016b). Contrary to our expectation, we did not
find any increased foraging motivation when the moth perceived
linalool (another ligand detected by the proboscis sensilla} with
the proboscis. Single sensillum recordings by Haverkamp et al.

(2016b)} had shown that the multiporous sensillum styloconica
responds to benzyl acetone with 62.6 spikes s~! and to linalool with
22.5 spikes s~!. We therefore would have expected that there would
be at least a baseline of attraction (maybe lower than that observed
with benzyl acetone} and that leaming would induce an increase in
this baseline. However, we do not have any information on how the
olfactory information of the proboscis is integrated in the brain of
the moth and whether the difference in spike quantity is processed
differently or translates in different ways to behavior. This of course
raises the question of how the odor information of both ‘noses” —the
antennae and the proboscis — is processed in the moth’s brain and
how these pathways differ. It is known that odor information sensed
by olfactory sensilla on the antenna of an insect is first processed by
the antennal lobe and from there forwarded to higher brain centers
such as the mushroom body and the lateral horn (Carey and Carlson,
2011}. While the lateral hom codes for the innate valence of'an odor,
olfactory leaming mainly takes place in the mushroom bodies
(Carey and Carlson, 2011}. It, therefore, will be interesting to test
whether the olfactory information detected by the olfactory sensory
neurons located on the tip of the proboscis is processed similarly or
whether it is restricted to a local circuit innervating, for example, the
subesophageal ganglion.

In summary, we suggest that the moth has two ‘noses’ dedicated
to different tasks. The antennae are used for olfactory perception of
the flower over distance. They are also important for learning to
associate a flower odor with a nectar reward. The proboscis,
however, seems to have a more limited function and might only be
used for the assessment of flower quality.
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Abstract

Many pollinating insects exhibit flower constancy, i.e. they target flower species they have already experienced and fed from.
While the insects might profit from reduced handling costs when revisiting similar flowers, flower constancy, in addition, is
of benefit for the plants as it guarantees pollen transfer to conspecifics. Here we investigate whether the previous experience
of an insect can also result in oviposition constancy, i.e. whether ovipositing on a given plant species will drive future ovi-
position preference in a female insect. We show that female hawkmoths (Manduca sexta), after having oviposited on a given
plant species only once, indeed will prefer this plant in future oviposition choices. As oviposition preference is even affected
24 h after the moth has oviposited on a given plant, long term memory seems to be involved in this oviposition constancy.
Our data furthermore suggest that, as shown for flower constancy, ovipositing moths increase their handling efficiency by
targeting those host plants they have already experienced.

Keywords Moth - Behavior - Host plant - Oviposition - Nicotiana attenuata - Datura wrightii

Introduction they have successfully foraged from and afterward spe-
cifically target similar flowers during their foraging flights.
Pollinators play an important role in maintaining the terres- ~ While the insect might profit from reduced handling costs
trial ecosystem with more than 80% of flowering plant spe-  when revisiting similar flowers, the plants profit from the
cies relying on insect pollination (Ollerton et al. 2011). At guaranteed pollen transfer to conspecifics (Waser 1986).
the same time, herbivore insects and/or their offspring can Foraging tobacco hawkmoths exhibit an innate prefer-

cause huge damage to their host plants (Delaney et al. 2001).  ence for specific flowers (Haverkamp et al. 2016) and floral
Therefore, plants should advertise themselves to potential ~ odors (Bisch-Knaden et al. 2018). Such preferences for cer-
insect pollinators, while hiding from insect herbivores. The  tain volatiles potentially enable pollinators to rapidly detect
relationship of the tobacco hawkmoth Manduca sexte and its valuable floral resources without prior sampling. However,
host plants Dafura wrightii and Nicofiana atfenuata is spe-  pollinators also show accurate learning abilities for those
cifically interesting as the moth is one of the most important  compounds reliably associated with a flower reward (Knauer
pollinators of these plants, while its caterpillars can cause  and Schiest] 2015). This behavior might enable pollinators to
severe damage both on Datura and Nicotianag (Zhang et al. switch between flower species, as soon as the most preferred

2019). flowers are not available anymore and are a prerequisite for
The mutualistic relationship between plants and their pol-  the above mentioned flower constancy.
linators often has resulted in a so-called flower constancy, Indeed, also the tobacco hawkmoths® flower preference

where pollinators like bees (Gruter and Ratnieks 2011) or  can be altered by learning. Having successfully foraged
butterflies (Goulson et al. 1997) learn features of flowers  from a flower only once, the moths will target the flower’s
odor plume again, even if it was not innately attractive to the
insect (Cook et al. 2020; Riffell et al. 2008),

Bill S. Hansson and Markus Knaden share senior authorship Here we ask, whether ovipositing hawkmoths exhibit
an innate preference for one of their host plants, Datura or
Nicotiana, and whether previous oviposition experience with
one of these plants results in a changed preference. We thus
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Department of Evolutionary Neuroethology, Max Planck
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investigate, whether the moths exhibit any kind of learned
oviposition constancy.

We find, that naive moths slightly prefer to oviposit on
Datura rather than on Nicefiana, when they are offered indi-
vidual leaves of both plants. However, we furthermore show,
that a single oviposition experience with either Dearura or
Nicorigna is sufficient to strongly tune the moths’ preference
towards the same plant, and at least for Datura moths can
remember this experience even 24 h later.

To our knowledge, a similarly fast and long lasting learn-
ing of oviposition cues so far has been reported in parasitoid
wasps only (Smid et al. 2007).

Methods and Materials

Insect rearing: All animals originate from eggs collected in
Utah (DI Ranch, Santa Clara, UT, USA) in 2009 and since
then were reared at the Max Planck Institute for Chemi-
cal Ecology, Jena, Germany. Female moths were allowed to
oviposit on Dafura plants. Eggs were collected immediately
after oviposition and larvae were subsequently maintained
on an artificial diet at 40% relative humidity and 26 °C with
a light: dark cycle of 15:9. Fifth-instar caterpillars were indi-
vidualized for pupation and left till 1 week before adults
eclosed from the pupae at the same climate conditions.
Pupae were sexed, and male and female pupae were trans-
ferred to separated flight cages with a light: dark cycle of
16.5:7.5, 60% relative humidity, and 25 °C during the light
phase, and 60% relative humidity and 20 °C during the dark
phase. Two-day-old female and male hawkmoths were kept
for mating for 24 h. After roughly 6 h moths that did not
mate were removed from the cage and only pairs that were
mating were kept. The mating cage was devoid of any plant
material and sugar water. During mating, the male: female
ratio was 1:1 or 2:1 depending on the availability of adult
moths. Only mated female moths were used for the oviposi-
tion experiments.

Plant Growth: The plant samples were grown in the
greenhouse of the Max-Planck Institute. Wild type Dature
and Nicofigna seeds were collected from the desert in Utah
and then over generations were grown in greenhouse culture
under 16 h of light, with temperature during day time set at
23-25° Celsius and at night 19-23° Celsius, humidity dur-
ing the entire day was set to 30-60 percent. The seeds were
initially potted in a germination tray. After 20 days the sap-
lings were transferred to 1 L pots. Once the plants reached a
height of roughly 50 cm (Nicotiana: 80 cm) they were used
for the experiments. At least 1 week before the experiment
plants were transferred to a climate chamber with the same
settings as the moth flight cage.

Behavioral wind tunnel assay: In a wind tunnel (plex-
iglass, 250 cm % 94 cmx 90 cm; airflow, 0.4 m/s; light,

31

photosynthetic active radiation: 0.27 pmol/[m’s]; tempera-
ture, 25 °C; humidity, 70%) female hawkmoths were tested
for their oviposition preference for Darura wrightii and
Nicotiana attenuata. For every trial, a freshly excised leaf
and a fresh moth were used. We selected leaves to match
the surface area of the Darura and Nicotiana leaves in the
choice assay.

Single leaves of both plants were placed on pillars
(height of the pillar, 40 cm; diameter of each pole, 2 cm;
distance between pillars, 45 cm) at the upwind end of the
wind tunnel. Individual moths were kept in circular cages
(diameter, 13 cm; height, 15 em) in a pre-exposure cham-
ber at the same temperature, humidity, and light as in the
wind tunnel for about 1 h before the experiment.

For testing, the opened cages were placed on a take-off
platform positioned at the downwind side within the wind
tunnel. Each moth was given 2 min to initiate wing fanning
(which usually precedes the moths’ take-off) to be consid-
ered for analysis. After taking off, moths were recorded
with five Logitech cameras (spatial resolution, 1280 x 720
pixel; temporal resolution, 30 frames per second).

We asked the following four questions:

Do naive ovipositing hawkmoths exhibit an innate pref-
erence for one of the host plants Nicoriana affenuata or
Darura wrightii over the other?

Naive moths were exposed in the wind tunnel to two
individual leaves of Darura wrightit and Nicotiana
attennuaia.

During five minutes of flight, the first choice and the
total number of eggs laid on each leaf were recorded
(Fig. 1A)

Would oviposition experience alter a moth’s oviposition
preference?

and, if so,

How long would the memory last?

Naive moths were exposed to a single leaf of either
Datura wrightii or Nicotiana affenuaiz (Figs. 1B1 and 2)
in the wind tunnel. As soon as the oviposition started, the
animals were captured, resulting usually in a single egg
(at max six eggs) laid before the moth was removed from
the wind tunnel. These from now on called “experienced
moths” were tested for their oviposition preference either
30 min after their oviposition experience, or 1 day later:
As before, the now experienced moths were exposed in the
wind tunnel to two individual leaves of Darura wrightii
and Nicotiana atfenuata. Again, during five minutes of
flight, the first choice and the total number of eggs laid on
each leaf were recorded (Fig. 1B3).

4. Does experience increase oviposition efficiency?

@ Springer
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Fig. 1 Experimental paradigm
to test for any effect of experi-
ence on the moths’ oviposition
preference. A Innate prefer-
ence; Test for the moths’ innate
oviposition preference for single
leaves of Datura and Nicotiana.
B Learned preference; Moths
are allowed to oviposit once on
either Datura (B1) or Nicotiana
(B2) and their preference for
single leaves of Datwra and
Nicofiana becomes tested after-
ward (B3)

Test with naive moths

Ag mentioned above, naive moths were exposed to
leaves of either Datura or Nicotiana in the wind tun-
nel, and the time from starting flight until they laid their
first egg was measured. The same — now experienced
— moths were 30 min later again exposed to a leaf of
the trained plant and the time from starting flight until
laying the first egg was measured (experimental set up
as in Fig. 1B).

All data obtained were first checked for normal dis-
tribution. Since data were not normally distributed we
performed non-parametric tests for statistical analysis.
Details of statistics are provided in figure legends.

Results

Moths exhibit an innate preference for Datura: To test
whether gravid females exhibit an innate preference, we
offered naive females single leaves of Darura and Nicotiang
in a 2-choice assay in a wind tunnel. While the moths con-
tacted both leaves equally often during the first leaf investi-
gation (Naive; Fig. 2), the females laid more eggs on Darira
than on Nicofigra leaves during the 5 min of observation
(Naive; Fig. 2). We conclude that visual and olfactory cues
of Datura and Nicotiana are equally strong to attract naive
females over distance, but that, when it comes to oviposition,
Datura leaves are more attractive to the moths than those of
Nicotiana.

Learning alters oviposition preference: When we tested
experienced moths, i.e. moths that had already oviposited
either on a Datura or Nicotiana leaf, we found altered pref-
erences when compared to naive moths. Moths that were
tested 30 min after they had experienced a leaf of a given
plant species, exhibited a strong preference for this species
regarding their first choice (Mid-term memory; Fig. 2). In
addition, moths that experienced Darura, exhibited an even

@ Springer
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B
Training with B1. Datura

B3. Test with trained moths

B2. Nicotiana

L]

increased oviposition preference for Darura as compared to
naive moths. Moths that, however, experienced the innately
less preferred Nicotiana later reversed their oviposition
preference towards this plant (Mid-term memory; Fig. 2).
While the increased preference for Datura after experienc-
ing it once remained even after 24 h, the learned preference
for Nicoriana disappeared after this time period (Long-term
memory; Fig. 2).

In order to test, whether the experience does not only
change the moths’ preferences but also increases their ovi-
position efficiency, we tested, whether experienced moths
would approach a given leaf and oviposit on it faster than
naive moths. While experience with Nicotiana did not result
in any increased oviposition efficiency, moths that had ovi-
posited on a Darura leaf once, later took significantly less
time to approach the leaf and oviposit on it (Fig. 3).

Discussion

Our findings show that learning alters the oviposition prefer-
ence in mated female Manduca sexfa moths. Naive moths,
when exposed to individual leaves of Datura wrightii and
Nicotfiana attenuata, do not exhibit any preference regard-
ing their first choice but finally lay more eggs on the Darura
leaf. The latter is in agreement with another study, where
hawkmoths, when tested with whole plants of four species
including Darura and Nicotiana, deposited most of their
eggs on the Datura plants (Spithe et al. 2013b). This ovi-
position preference might be due to visual and/or olfactory
cues. However, it is of course also possible that the moth’s
final decision to lay an egg is driven by tactile, i.e. gus-
tatory or physical, cues after the moth has contacted the
leaf. In field experiments, Manduca sexta females exhib-
ited an equally strong preference to oviposit on Dafura and
Nicofiana plants as compared to other potential host plants
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Fig.2 Manduca sexta’s ovipositing preference can be altered by
experience. First choices {pie charts) and oviposition indices (box-
plot diagrams) of naive and experienced Meanduca females. Left
panel, naive moths; middle panel, experienced moths tested 30 min
after experiencing either Datura or Nicotiana; right panel, experi-
enced moths tested 1 day after experiencing either Datura or Nico-
fiana; sample sizes for each group are given in brackets. Ovipo-
sition index for each moth was calculated as (number of eggs on

(Garvey et al. 2020). It is usually assumed that female moths
prefer host plants on which their offspring performs best.
Larval performance depends both on the nutritional value
of the plant and on potential protection the larvae get from
the plant against predators and parasitoids. Manduca sexta
was e.g. shown to prefer Nicotiana over Solanum plants,
although their larvae grow much faster on Solanum. The
reason for that might be the significantly lower parasitization
rate of Manduca larvae when they grew on Nicotiana plants
{Garvey et al. 2020). The reason for the innate preference
for Datura described in our study remains open. In our lab
colony, we provide females always with Darura plants for
oviposition. By that, we might have selected for a Darura
preference in the breeding situation.
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Nicotiana—number of eggs on Datura)/total number of eggs. First
choice: Pie charts, p-values below 0.05 depict significant preference
during the first choice. Oviposition index: colored box plots depict an
index different from 0 (p <0.05, Wilcoxon signed rank test). Boxplots
give the median (black line), quartiles (box), and 93% confidence
intervals (whiskers). Brackets between boxplots depict differences
between treatment groups (Kruskal Wallis analysis with selected pair-
wise Wilcoxon rank sum test corrected for repeated analyses)

However, after having a single chance to oviposit on a
given leaf of only one of the two plants, and being then
offered leaves of both species again, females immediately
choose the leaf of the plant they have experienced already,
and during 5 min of flight deposit a significantly higher
number of eggs on this leaf (Fig. 2). It seems that the ovi-
position experience drives the moth’s preference during
consecutive oviposition events. We also show, that a single
oviposition experience is enough to affect the moth’s prefer-
ence even after 24 h (Long-term memory; Fig. 2). Interest-
ingly, this holds true for the experience with Darura only,
where the first choice of the moths was still significantly
turned towards this plant 24 h after ovipositing on it. Obvi-
ously, the learning of the innately less preferred Nicoriana
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Fig. 3 Experience can increase
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enced moths. Boxplots give the
median (black line), quartiles
(box), and 95% confidence
intervals (whiskers). Square
brackets, p-values below 0.05
depict significant differences
between naive and experienced
moths (Wilcoxon matched-pairs
rank sum test). The sample
size for each group is given in
brackets
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plant is weaker, as the strong preference that we observed
30 min after the experience with Nicofiana was completely
abolished after 24 h. It remains open, whether the moths’
memory for Datura lasts longer, because of any potential
selection for Darura preference during the breeding process
(Datura is provided for oviposition in our breeding colony).
Future studies shall reveal, whether maybe even just the
exposure to a host plant odor without any oviposition expe-
riences can affect the moths’ later preference and whether
repeated oviposition on a given plant species even increases
the memory duration.

To our knowledge, a comparatively fast learning of ovi-
position cues so far has been shown only in parasitoid wasps
(Kaiser et al. 2003). When the wasp Lepropilina boulardi
oviposits in a Drosophila larva while being exposed to a
specific odorant, it associates this odorant with the host, and
will later target this olfactory cue again. While L. bowulardi
needs several training trials to form a long-term memory,
the close relative L. glomerata, requires only one trial to still
remember the odorant after one day (Smid et al. 2007). With
keeping their increased preference for Dasura despite a sin-
gle oviposition experience even after 24 h, Manduca sexta’
learning capabilities seem to match those of L. glomerata.

The formation of an associative memory between a given
odor and food has been investigated in many other insects
including (among others) ants (Huber and Knaden 2018),
wasps (El-Sayed et al. 2018), and even mosquitos (Tomber-
lin et al. 2006). Also, M. sexta has been shown to increase
its preference for the odor of innately less attractive flow-
ers after feeding on them (Cook et al. 2020; Riffell et al.
2008). Learning of food odors can thus result in food con-
stancy, where the insect focuses its foraging behavior on
food sources it had good experience with.
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Our knowledge regarding such constancy behavior in
herbivorous insects is mainly limited to flower constancy.
Here, insect pollinators tend to restrict their visits to those
flower types they have already successfully fed from, and
at the same time ignore potentially rewarding flowers they
have no experience of. Different explanations of why flower
constancy could be adaptive for the insect have been well
reviewed (Amaya-Mérquez 2009). One possible explanation
is that insects can handle only limited information at a time,
such as suggested by the ‘short memory limitation theory’.
Another possible explanation comes from the ‘learning
investment hypothesis’ (Chittka et al. 1997, 1999; Menzel
et al. 1998; Raine and Chittka 2003), which predicts that the
investment required by an insect to learn how to handle a
new flower type is higher than the possible gain coming from
a switch in flower type. Overall, switching between flowers
with different morphologies can increase total flower han-
dling time. Therefore, foraging insects might remain flower-
constant to optimize their costs per benefit (Chittka et al.
1997; Laverty 1994).

While learned flower constancy is well investigated, less
is known about learned oviposition constancy as we describe
in the present study. Finding a suitable host plant for ovi-
position is crucial for the fitness of herbivorous insects
as it affects the survival of their offspring. It was shown
before that the generalist Spodoptera littoralis preferen-
tially oviposits on host plants it fed on during its larval stage
(Lhomme et al. 2020). Obviously, upon feeding on a given
host plant, the larva learns host-specific cues, which drive its
oviposition behavior when it becomes an adult. In this case,
larval feeding can be interpreted as the rewarding act that
leads to a shift in host-plant preference. It was also shown,
that moths that as adults experienced a host plant for several
days, later preferred this species over other host plant species
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they had not experienced before (Cunningham et al. 1998).
In our case, however, the adult hawkmoth changes its prefer-
ence after a single oviposition event. To oviposit on a given
host plant, the moth first follows the plume of the plant,
targets the leaf by both vision and olfaction, then probes it
with the legs and the ovipositor which might provide both
gustatory as well as mechanosensory information, before it
finally decides whether or not to lay an egg. We show that
the decision to lay an egg results in a strong preference to
target the same host plant species again. As we performed
all experiments with real leaves, we cannot tell, whether the
learned preference is mainly driven by visual or olfactory
cues. Further investigations will also reveal which part of
the oviposition process is rewarding to the moth and finally
leads to the shift in preference. s it the process of the actual
egg delivery or is any kind of sensory feedback the moth
experiences upon first leaf investigation sufficient to later
make the moth target the same plant again? And what are the
cues that dictate, whether the moth still remembers one plant
after 24 h (Datura), but forgets about the other (Mcotiana)?

Despite these open questions, we can still answer,
whether the moth potentially profits from its learned ovipo-
sition constancy. When experiencing a leaf of a given plant
onece, the female moth probably does not learn too much
about, whether this plant is good or not for the performance
of the moth’s offspring. This knowledge should be rather
inherited and should govern the innate oviposition prefer-
ence of the female moth. Any experience the moth gets dur-
ing oviposition should rather affect the female’s own future
performance. In the wind tunnel naive moths took more time
to target a Darure leaf as compared to a Nicofiana leaf. This
might be due to the comparatively low amount of volatiles
released by Darura (Spithe et al. 2013a). However, animals
that had experienced Datura already, targeted the olfactory
inconspicuous Darura leaves significantly faster than naive
animals (Fig. 3). It could be that experience led to the for-
mation of a search image — as also discussed for bees when
establishing flower constancy (Amaya-Mirquez 2009). Since
flight for a gravid female is costly, both in terms of energy
as well as due to potential predators, learning that increases
the efficiency in targeting host plants could be seen as adap-
tive. An increasing oviposition efficiency due to experience
has also been observed in three species of Colias butter-
flies. Females of these species lay single eggs on legume
plants and when searching for further hosts become more
and more efficient in discriminating legume plants from
visually similar non-host plants (Stanton 1984). A similarly
increased efficiency to locate a host plant after oviposition
experience with this plant was also shown in two other gen-
eralist butterflies (Polygonia c-album and Vanessa cardui).
Both became faster in localizing a given host among non-
host plants after they had gained oviposition experience on
it (Gamberale-Stille et al. 2019). One should mention, that
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the female moths in our experiments experienced isolated
leaves only. This is of course an artificial situation, as in the
field both Datura and Nicotiang are visited by the moths for
oviposition and nectar feeding. Tt is furthermore known that
nectar amount and nectar chemistry can affect the moths
subsequent oviposition behavior on that plant (Adler and
Bronstein 2004). While our findings suggest that oviposi-
tion experience is sufficient to change the moths’ oviposition
preferences, feeding experience at the flowers of those plants
may have further effects.

Finally, to survive, insects should be able to learn and
adapt to changes in the ecosystem. With varying climatic
conditions, host plant species diversity tends to change.
Fast flying moths like Manduca sexta might during their
life therefore experience habitats with different host plant
species. A non-changeable preference for a given host plant
could hence result in reduced numbers of offspring if a
female moth ends up in a habitat that does not provide this
specific plant. At the same time, human-derived pollutions
like ozone and nitric oxides have been shown to change plant
emissions (Farré-Armengol et al. 2016; Fuentes et al. 2016).
It was shown that Manduca sexta can learn ozone-induced
changes in floral odors (Cook et al. 20203, and might there-
fore still be able to forage despite the degrading effects pol-
lutants have on its innately attractive flower odors. We do not
know vyet, whether olfactory driven host choice is affected
by degrading pollutants also. A flexible host preference,
however, that can be changed upon experience might help
insects to locate suitable hosts even under these less predict-
able conditions.
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Fast Learners: One Trial Olfactory
Learning in Insects

Elisabeth Adam?, Bill S. Hansson® and Markus Knaden™*"

Department of Evolutionary Neuroethology, Max Planck Institute for Chemical Ecology, Jena, Germany

Despite their comparatively small brains, insects are able to survive and thrive in their
environment. In the past, it was thought that insects are driven mainly by their instincts.
However, taday it is well established that they possess unique abilities to learn and use
their experience in future decisions. Like many higher animals insects are able to acquire
and retain information on when and where to forage, which mate to choose, where to
lay their eggs and how to navigate in complex habitats. Learning can be surprisingly fast
with only one single encounter with a suitable food source or oviposition site shaping an
insect’s preference for up to a lifetime. In this review, we discuss the scope and limits
of insect learning, focusing in specific on olfactory learning, and we raise the question
whether currently used learning paradigms in artificial lab set-ups are able to answer all
ecologically relevant questions.

Keywords: insect learning, one trial learning, ecology, insect cognition, insect memory, olfaction, olfactory learning

INTRODUCTION

“This tiny insect has a brain?l” There is hardly any researcher working on insect behavior,
neurobiology or cognition that hasn’t heard this sentence. We patiently answer, that yes indeed,
insects have a central nervous system and are able to learn, remember past experiences, and
navigate in complex environments that require the integration of different sensory modalities (In
less scientific jargon for the non-scientific community). Research of the past years has shown that
insects not only possess short-, mid- and long-term memory, but also are capable of learning
concepts, innovating, transmitting preferences from one generation to the next or learning by
observing others (Leadbeater and Chittka, 2007; Avargués-Weber and Giurfa, 2013; Giurfa, 2013;
Chittka et al., 2019; Lihoreau et al., 2019). These abilities are important in all areas of life of the
insect such as foraging, social interactions, reproductive behavior, and predator avoidance (Dukas,
2008; Dion et al., 2019). Since several reviews already cover the history and recent developments of
insect cognition and learning, this will not be part of our review. For more information on these
topics see: Dukas (2008), Giurfa (2013), Giurfa (2015), and Lihoreau et al. (2019). Here, we focus
on olfactory-driven learning and how insects are able to use their unique cognitive abilities to learn
essential information (for survival) in often as little as a single trial.

INSECT COGNITION

When insects interact with their environment, they constantly acquire and store new information.
However, only if the information is retained over a longer period of time and results in a
corresponding change of the insect’s behavior, this is regarded as learning and memory (Papaj
and Prokopy, 1989). Neither the size of the insect’s brain nor the relatively short life span should,
however, be considered constraints when it comes to learning. Studies in the past have shown that
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learning is possible even with a small neuronal network (Van
Lenteren and Bakker, 1975; Laverty, 1980; Hammer and Menzel,
1995; Keene and Waddell, 2007) and the process of learning
itself might not take more than a few seconds or minutes,
which will still give the animal ample opportunity to utilize the
newly acquired knowledge during its (short) lifetime (Dukas,
2008). When thinking of insect learning, fruit flies (Drosophila
melanogaster) and honeybees (Apis mellifera) are small, but well-
established insect model organisms for learning and memory
(Davis, 2005; Giurfa and Sandoz, 2012; Menzel, 2012). Still, there
are insects with even more minuscule brains that are able to
learn: Parasitoid wasps are among the smallest insects on earth,
with brains measuring only a few cubic micrometers but are,
nevertheless, able to associate odors with a reward after as little
as one trial (Van Der Woude et al., 2018). In the wild, these tiny
insects use their ability to learn odors to recognize the olfactory
bouquet of damaged plants that indicate their herbivorous hosts
(Haverkamp and Smid, 2020).

OLFACTORY LEARNING AND CIRCUIT

In contrast to humans, many insects heavily rely on olfactory
rather than visual information to learn new things about
their environment. The main advantage is that odors can be
perceived over greater distances than visual cues and that they
can be traced back to the source even when the view of the
source is obstructed. Therefore, insects often utilize them to
navigate toward foraging, oviposition or nest sites. Desert ants
(Cataglyphis fortis), for example, navigate successfully in the
arid environment of the Tunisian saltpans. Although they are
known to use path integration and visual cues to find their
way in the vast landscape, they also rely on olfactory landmarks
to locate their nest or promising food sources (Knaden and
Graham, 2016). Odors do also play a role in social interactions
of insects: Honeybees communicate with conspecifics through
pheromones, use olfaction to locate flowers and communicate
olfactory information about possible food sources with other bees
in the hive (Paoli and Galizia, 2021). Blowing learned odors into
the bee hive is enough to trigger the bees to fly out and search
for food at foraging sites that have previously been associated
with this specific odor (Reinhard et al., 2004). Apart from using
olfaction to navigate the environment and localize food sources,
odors can also be learned and remembered in a mating context.
Male fruit flies (D). melanogaster) are able to learn which mates
to choose and to connect odor information to the receptivity
of the other sex. Males transfer their pheromone cis-vaccenyl
acetate (¢VA) to females during mating. Other male flies innately
show reduced courtship toward these freshly mated females as
those now emit the male pheromone ¢VA. However, if the male
additionally experiences rejection by a mated female emitting
¢VA, male courtship behavior is subsequently further reduced,
suggesting that the innate courtship inhibition of cVA can be
further enhanced by learning (Keleman et al., 2012),

Olfactory memory can be categorized in two main categories:
Appetitive memory and aversive memory (Figure 1). Appetitive
memory is formed if a conditioned stimulus (CS), i.e., the odor,
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FIGURE 1 | Learning of appetitive and aversive (olfactory) cues in the lab and
in the field. Appetitive-Lab setting: Honeybees (A. meliifera) learn to extend
their proboscis when an odor (CS; gray cloud) is supplied in the presence of
sugar water (US). Aversive-Lab setting: Fruit flies (D. melanogaster) leam to
avoid an odor (CS) when perceiving the odor together with an electric shock
(US). Appstitive-Ecology: Hawkmoths (Manduca sexta) quickly remember the
smell of flowers (CS) that provide a nectar reward (US). Aversive —Ecology:
The ectatomine ant Ectatomma tuberculatum learns to quickly escape the net
(CS) of the golden silk spider Nephila clavipes (US) which would try to prey on
the ant. Since the ant (CS) has a strong bite (US), the spider in turn learns to
avoid getting near the ant if it is caught in its net.

is associated with a positive unconditioned stimulus (US) like a
sugar reward. Aversive memory is formed if the CS is associated
with a negative US such as an electric shock or a bitter compound
(Kahsai and Zars, 2011). Both types of memory are key for the
survival of a species as it is important to approach possible
food sources (appetitive) and avoid dangerous substances such as
toxins (aversive). To better understand where such associations
are formed, let us briefly introduce the detection and early
processing of olfactory information in the insect brain. When
smelling odors, insects detect the volatile compounds with fine
structures, so-called “sensilla”, on their antennae and maxillary
palps. These sensilla house sensory neurons expressing odorant
receptors that determine to which odorant(s) a given neuron
will respond to. When an odorant binds to a fitting receptor,
the neuron becomes activated and the signal is sent from the
antennae or maxillary palps to the central brain of the insect,
where it is being processed. The first processing center of the
brain is the antennal lobe (AL). From there the odor information
is passed on by projection neurons (PNs) to higher brain regions
like the mushroom body (MB) or the lateral horn (LH). While
the latter is known to mainly drive innate olfactory behavior,
the MB acts as a coincidence detector that helps the insect to
learn to associate a given odor with a reward or punishment
(Carey and Carlson, 2011). The mushroom body output neurons
(MBONSs) which are connected to the MB control the approach
or avoidance of an olfactory cue, with dopaminergic neurons
(DANs) encoding the positive or negative valence of a stimulus
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FIGURE 2 | Classical conditioning vs. one trial learning. Ciassical conditioning: In classical olfactory conditioning with D, mefanogaster one odor (CS-+) is presented
together with an electric stimulus (US) and another odor (CS-) is presented without US. Generally, several (e.g., 10) interspaced trials are cenducted in order for the
insect to from an LTM and learn to associate the CS+ with the US. One trial learning: In contrast to classical conditioning, one trial learning only requires one
experience of the CS+ together with the US in order for the insect to show LTM formation. The example shows the desert ant Cataglyphis fortis, that after only once
experiencing an innately neutral odor together with a food crumb, will target this cdor immediately on consecutive foraging runs (Huber and Knaden, 2018).

(Cognigni et al., 2018). Recent work from Eschbach et al. (2021)
in D. melanogaster has further shown that there are connections
between the neurons of the LH and MBONSs and that downstream
of the MBONSs a distinct subset of convergence neurons (CNs)
is integrating innate and learned valences. Depending on which
valence is higher, the insect will show different behaviors. That
means that even though a naive insect might perceive an odor
as innately attractive, there is the possibility to alter this innate
preference by increasing the negative valence of the odor through
learning (e.g., through punishment while smelling the odor).
This in turn will alter the insects behavior from approach
to avoidance.

MEMORY FORMATION—A CLASSICAL
VIEW

When it comes to storing information, four different types
of memory have been described: Short-term memory (STM),
mid-term memory (MTM), long-term memory (LTM), and
anesthesia-resistant memory (ARM) (Dezazzo and Tully, 1995).
The difference between L'TM and ARM is that LTM formation
is associated with new protein synthesis after training and can
be disrupted by amnesia-inducing agents while ARM is/cannot
(Tully etal., 1994). Recent studies on D. melanogaster have shown
that the transcription factor Apterous (Ap) is needed for memory
consolidation, that is the formation of a stable memory (Inami
el al.,, 2021), and that memory consolidation requires neuronal
activity beyond the learning experience (Cognigni et al., 2018).
Inami et al. (2021) have further shown that both Ap and its
cofactor Chip (Chi) are required for the maintenance of LTMs
in the MB. When looking at the neuronal circuits involved,
acquisition and expression of very early memories take place in
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the so-called v neurons of the MB. For ARM and I'TM formation
the vertical lobes of the MB, o’ and §” or « and B, respectively,
play the most important role (Guven-Ozkan and Davis, 2014).
The exact coding of the memories seems, however, to be more
complex than first suggested and might include several feedback
loops, some of which still need to be elucidated (Cognigni et al.,
2018).

In the past it was believed that in order for LTMs to form,
the insect has to experience CS and US together multiple times
and that these experiences also have to be spaced apart over
time (Dezazzo and Tully, 1995). This view is, however, being
challenged by a mounting body of evidence that insects are able
to form LTMs after just a single trial.

MEMORY FORMATION —SIMILAR, YET
DIFFERENT?

One of the most important model organisms to shed light on
different types of memory and the corresponding expression
of related genes is the fruit fly (D. melanogaster). It offers the
necessary tool kit to connect genetic information with the activity
of neuronal networks and behavior (Davis, 2005). Classical
(Pavlovian) aversive olfactory conditioning is usually conducted
with groups of flies. These flies are exposed to two different odors,
one odor (CS+) is paired with an electric shock (US), and the
other odor (CS-) is not. After exposure, the flies are tested ina T-
maze where they have to choose between the two different odors
(Tully and Quinn, 1985). In D. melanogaster one trial learning
was thought to lead to the retention of memory for up to a few
hours only (Keene and Waddell, 2007). Also, olfactory L'TM was
thought to require 10 spaced trials, in 15 min intervals, with the
CS (odor) being presented at the same time as the US (electric
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shock) (Figure 2) (Tully et al., 1994). Several recent studies on
fruit fly (D. melanogaster) memory and behavior have drawn a
quite different picture when it comes to the formation of LTM.

In their study, Krashes and Waddell (2008) could show that
using a new appetitive conditioning protocol, LTM could be
formed after a single trial. The authors exposed starved flies to
an odor without sugar reward followed by another odor with
sugar reinforcement. Flies were then further starved until testing
(but had access to water). Olfactory memory for the reinforced
odor persisted until 36h. As most of the flies perished after that
(presumably of starvation), longer memory retention could not
be assessed, but seems very likely. Especially so, since protein
synthesis inhibitor lowered memory retention, which shows that
LTM was indeed formed. What is important to know about
the authors’ findings is that if flies were fed between training
and testing, memory performance went down drastically. This
indicates that motivation is a key aspect in memory retention
since continuously starved flies performed very well during the
memory test.

Motivation also seems to be the key aspect in water-reward
memory in D. melanogaster. Water-reward LTM (wLTM) can
be formed after a single trial and lasts more than 24h. It is
associated with de novo protein synthesis and CREB-mediated
gene transcription in the ¢ and f surface and v dorsal neurons
of the MB (Lee et al., 2020). Serotonergic neurons called dorsal
paired medial (DPM) neurons modulate MBON neural activity
in order to consolidate wLTM in the fly brain (Lee et al., 2021).
However, only thirsty flies remember an odor (CS) presented
together with a water reward (US). Since food-starved flies do
not remember odors that are presented together with water,
the motivation needed for memory formation also seems to be
specific for the circumstance (Lin et al., 2014). D. melanogaster
larvae are also able to form associations between an odor (CS)
and a sugar reward (US) after a single trial. In contrast to the
adult flies, they do, however, not form LTMs, but only STMs.
It has no influence whether the US is a sugar reward that
is sweet and nutritious (fructose), solely sweet (arabinose) or
solely nutritious (sorbitol) (Weiglein et al., 2019). This raises the
question how the ecology of the larvae is playing into their ability
to store and retain information. Given that the larvae spend their
whole life until pupation most likely in the same fruit, it might
not be of importance for the larvae to associate a food odor
with the fruit’s sugar content. When looking at aversive cues,
Weiglein et al. (2019) found that aversive STM is only formed for
high-concentration sodium chloride but not for a bitter tastant
(quinine). Again, here the ecology of the larvae could play a
role. Adult D. melanogaster females are known to detect bitter
compounds with their labellum and legs and lay their eggs in
overripe fruit low in bitter compounds (Dweck et al., 2021).
Hence, if the larvae never leave the fruit they hatched in, they
do not need to assess the palatability of the fruit in terms of
bitterness. Desiccation is, in contrast, a serious threat to a fly
larva. Therefore, learning possible desiccation cues like an odor
(CS) associated with high-concentration sodium chloride (US)
might be essential for survival.

Also, in the second important insect model used for learning
and memory, the honeybee, different types of memory have been

thoroughly investigated. As in D. melanogaster, LTM was thought
to require a long consolidation phase and multiple spaced trials.
Ecologically speaking, it was argued, this might assure that only
very important memories get stored. For example when a bee
encounters the same rewarding flower species multiple times
during a foraging bout (Menzel, 1999). §till, one-trial learning has
already been mentioned as a side note in a very early publication:
Takeda (1961) observed that when using the classical appetitive
olfactory conditioning approach, some honeybees showed the
proboscis extension reflex (PER) after a single trial. A more recent
study has shed light on this discrepancy in information.

In their study, Villar et al. (2020) could show that honeybees
were underestimated when it comes to their ability to form
LTMs. The authors found that a single appetitive training trail
can induce LTM that persists several days and that protein-
synthesis-dependent memories are formed as early as 4 h after
the trial. So why do the authors see such a drastic difference
to previous appetitive conditioning protocols? Honeybees are
usually captured at the hive entrance, or worse, taken directly
out of the beehive for testing. That means there is no control
for whether the bee is a forager, builder, nurse or cleaner in
the hive. Yet, only foragers are highly motivated to find and
learn food sources. To control for selecting only true foragers,
Villar et al. (2020) caught foragers at the feeder to ensure
foraging motivation. The authors only performed experiments
when the field conditions allowed for high motivation in foragers.
That means they did not run experiments during bad weather,
winter or periods of Asian-homet predation. Further, a novel
olfactometer was used that allowed a more precise temporal
control of the stimulus presentation and thereby significantly
reduced odor generalization.

The knowledge about memory formation in these model
organisms is of incomparable value. Still, there seems to be more
to the acquisition and retention of olfactory memories than can
be shown with strict classical olfactory conditioning. Especially
if one looks at the diversity of insect species and their different
ecologies, the question arises if “one shoe fits all.”

LEARNING RATES, ABILITIES AND
PREDISPOSITIONS

Different insect species, even when phylogenetically closely
related, can exhibit different learning rates and abilities (Smid
et al, 2007). The closely related wasp species pair Cofesia
glomerata and Coftesia rubecula show natural differences in
foraging behavior. While C. glomerata is a gregarious generalist
that lays up to 20 eggs in its host Pieris brassicae, the solitary
C. rubecula is considered a specialist and only deposits one
single egg into its host Pieris rapae. Cotesia glomerata usually
encounters many of its hosts in a single plant, making the
encounter highly predictable, while C. rubecula only will find one
host per plant and has to search a variable environment for its
host species. Of course, this means that the predictability of a host
encounter is very different for both species. Obviously, this has
led to very different learning abilities: While C. glomerafa is able
to form L'TM after a single trial, C. rubecula needs three trials that
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are temporally spaced apart to form L'TM. The speed of memory
consolidation also varies drastically between the two species.
While C. glomerata only takes 4 hto consolidate LTM, C. rubecula
takes up to 3 days (Smid et al., 2007). That does not mean that
one species is a “bad” and the other one a “good learner.” It
just means that different learning types have to be seen in an
ecological context. If the environment is highly unpredictable,
long-lasting memories might not be an advantage. In this case,
short lasting memories that are updated continuously, or even an
active form of forgetting, can be adaptive. The same goes in the
other direction. If the environment is very stable and predictable,
long lasting memories are more advantageous (Smid and Vet,
2016).

The ecology of the insect should also be considered when it
comes to which type of cues are learned or in which context
the cue is learned. The desert ant Cataglyphis fortis is known
for its survival in the arid salt pans of North Africa where food
is scarce and ants have to run far to find it. That means if the
ant encounters a food item it is of high importance to learn
how it smells quickly in order to be able to recognize possible
similar food sources from afar (Figure 2). The ant also needs to
be able to remember different types of food odors since it cannot
always predict which type of food it is going to find on each
consecutive foraging trips. There are times where e.g., cicadas
or flying ant sexuals are quite abundant, but there are also times
where hardly any dead insect found will be the same. Huber and
Knaden (2018) could show that C. fortis is able to remember a
food odor after only one experience, can remember at least 14
consecutively learned food odors, and can remember odors for
up to alifetime. Interestingly, the nest odor islearned completely
differently by the species. It takes repeated learning trials to
remember and is quickly forgotten if the odor is not present at
the nest anymore (Huber and Knaden, 2018). This means that the
same ant species learns the connection between an odor (CS) and
a specific US in one trial during food search, but is incapable of
this in another context, Le., during nest search. What also needs
to be thought of is that insects have different predispositions
in terms of which cues they are able to learn easily and which
cues a more difficult for them to learn. This type of learning has
been described as “prepared learning” (Smid and Vet, 2016). In
their study on the evolution of prepared learning Dunlap and
Stephens (2014) could show that fruit flies (D. melanogaster)
show increased sensitivity to {(odor) cues that had been reliable
over 40 generations than to cues that were not. This indicates that
learning reliable cues can be adaptive for an insect and that these
cues can become imperative to a species over generations.

ONE TRIAL LEARNING IN DIFFERENT
SPECIES/ECOLOGICAL CONTEXTS

In the past there have been disagreements on how fast
information can be learned and whether LTM can be formed
after a single experience. Like in the examples mentioned above,
one trial learning has been shown in several other invertebrate
species: In the snail Lymnaea stagnalis, LTM is formed after
a single trial in a foraging situation. The snail is able to

TABLE 1| What to considsr when testing insects for one trial lsaming.

Testing for one trial learning in insects

» Ecology (predictable va, unpredictable environment; which cues are easy
to lsarn)

» Life stage (larva vs. adulf)

+ Motivation of the insect (e.g., food deprived)

» RBefine experimental set-ups

» Lab v, field stucly

Laaming safient information quickly should be highly adaptiva for most insect spacies.
When tasting for one trial lbaming several aspects have o be considerad.

associate the organic compound amyl acetate with a food reward.
Interestingly, in this invertebrate LTM formation can only be
blocked in a short time window 10 min to 1h after training,
which points to a very rapid memory consolidation process
(Fulton et al., 2005). This is an important finding, since it means
that LTMs can be formed very fast and consolidated quickly in
order to ensure survival. This should be especially important
when it comes to predator avoidance. We argue that learning
the danger of a predator quickly and within a single trial could
be highly adaptive for a species. That one trial learning of
predator avoidance is actually possible has been shown in an
ecologically relevant study by Henaut et al. (2014). The golden
silk spider Nephila clavipes and the ectatomine ant Ectatomma
tuberculatum are found in the same Neotropical habitat and are
known to regularly encounter each other on the same plants
{(Figure 1). If an ant falls off a leave, the possibility is high that
it gets trapped in the net of the arachnid. Since the ant possesses
strong mandibles and a sting, this puts the spider in a dangerous
situation. Experiments showed that if the spider is bitten by the
ant only once, it will suppress its catching response and avoid this
ant species in the future. If tested, it is also able to discriminate
successfully between the ant and a non-threatening prey (fruit
fly) item after a single trial. Similarly, the ant learns to escape the
web of the spider more quickly if once entangled in it. It learns
to cut the less sturdy threats of the web and gets out of the trap
more efficiently (Henaut et al., 2014).

Also learning environmental cues that indicate valuable
foraging or oviposition sites quickly can be key to survival and
successful reproduction. When looking at insects in specific,
we could show that the hawkmoth Manduca sexfa is not only
able to associate a neutral odor with a sugar reward after only
one trial when visiting a flower (Adam et al., 2021), but it is
further able to remember a suitable host plant for oviposition
after only one visit to the leaf of this plant (Nataraj et al,
2021). The parasitic wasp Lariophagus distinguendus also easily
learns to connect an artificial odor with the presence of its host
(i.e., its oviposition site). As in the hawkmoth Manduca sexta
and the above mentioned Cofesia glomerata only one trial is
needed to learn where to oviposit (Collatz et al., 2006). Similarly,
a single conditioning trial is enough for the parasitic wasps
Trichogramma evanescence and Nasownia vitripennis to learn an
odor that indicates the presence of their hosts. While memory
retention does not vary in small and large conspecifics of T.
evanescence, smaller wasps of N. vitripennis have lower levels of
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memoty retention than larger individuals, indicating cognitive
costs in brain scaling (Van Der Woude et al., 2018). Despite
fast retention of memory, learned information should, however,
also be susceptible to fast alterations in case environmental
factors change. Balderrama (1980) could show that the American
cockroach (Periplaneta americana) is able to learn to reverse its
odor preference within one trial. When tested, the cockroach
shows no significant decay of this LTM over an interval of 1-7
days. This indicates that important memories are kept for long
time periods if not a lifetime, but can be over-written with more
salient information in case it proves adaptive.

DISCUSSION

In the past insect learning and memory has been underestimated.
This was in part due to how learning and memory experiments
were conducted under artificial lab conditions. Refining the
experimental set-ups in the lab as well as designing research
studies in an ecologically relevant framework has shown that
insects are indeed able to learn salient olfactory information
in as little as one trial. We argue that it should be highly
adaptive for a species to learn olfactory cues indicating predators,
food sources or oviposition sites quickly. Therefore, one trial
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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, | 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 |)

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 |, | 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. | 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”, | explored whether/how olfactory

information is learned during this process:

To test odor learning in M. sexta, | 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, | first
had to determine the innate valence of the odor | 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 1), | 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, | trained the moths
to associate the odor (CS) with a sugar reward (US) and in the last step, | 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). | 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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| 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), | 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 |). Again, no attraction to the odor was seen after the
proboscis training (see Figure 7C of Manuscript 1), indicating that there might be no learning

with the proboscis.

However, since this was quite an artificial training/testing situation, | 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, | created a training situation with odor on the in- and outside of the artificial flower
(see Figure 5A of Manuscript 1). 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 |). 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
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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, | 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, | observed that it was more likely to
give up early and cease foraging altogether (see Figure 6A, Manuscript 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, | simplified the paradigm and worked with an experimental and

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

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 | specifically selected for my
experiments (linalool +/-; see Manuscript |) 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 Il)

The gravid female M. sexta moth chooses leaves for oviposition based on visual, olfactory
and contact cues (Yamamoto et al., 1969). In Manuscript || my colleague and | 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 || my colleague and | 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 Il). Indeed, M.

sexta oviposited more eggs on D. wrightii than on N. attenuata (see Figure 2 of Manuscript
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[I). This is in accordance with previous results from our department that also showed a clear
oviposition preference for D. wrightii over N. attenuata (Spathe et al., 2013b). Since the
moths in our study chose the plants equally often during the first contact (see Figure 2 of
Manuscript Il), 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 1), | 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 Il, my colleague and | 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 Il). 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 Il).

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 Il, my colleague and | 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 Il). 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 1l). 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 (Spathe 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-111)

In both Manuscripts | and IlI, | could show that (olfactory) learning is possible in M. sexta
within just one trial. In Manuscript |, 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, | decided to conduct a literature search for similar findings that resulted in

Manuscript lll, 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 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).

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).

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).

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.

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).

In order to test insect olfactory learning appropriately, experimental set-ups have to be
well designed and sometimes need to be refined.

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 | & Il into Perspective

In both contexts — foraging as well as oviposition — M. sexta was able to form associations
very quickly (Manuscript | & Il) This connects to point 1 of Manuscript Ill, where | 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 Ill). 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 lll). 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 | also observed an increase of motivation to
forage after successful nectaring in Manuscript Ill, 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, | wrote Manuscript lll entitled “Fast Learners: One Trial Olfactory Learning in
Insects”. | 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, | 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). | investigated this question with the help of an artificial flower
that | 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 | 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 Il, my
colleague and | 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 | and Manuscript || 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 Ill, a review about one trial learning
in insects. In this review | summarize the findings of this still rather small research field. |
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 Fahigkeit zu lernen angewiesen, um sich
erfolgreich an ihre Umwelt anpassen zu konnen. Das gilt selbst fur kleine Insekten. Trotz
ihres vergleichbar winzigen Gehirns und ihrer kurzen Lebensspanne haben sie die Fahigkeit
zu lernen entwickelt. Aber was lernen Insekten eigentlich? Das Ziel dieser Dissertation war
es, mehr Uber Lernen bei Insekten heraus zu finden — im speziellen Uber olfaktorisches
Lernen bei der Futtersuche und Eiablage. Um das Thema naher zu erforschen, habe ich mit
dem nachtaktiven Tabakschwarmer (Manduca sexta) als Modellorganismus gearbeitet und
Verhaltensversuche im Windtunnel des Institutes durchgefiihrt. Der Windtunnel hat den
Vorteil, dass man Experimente unter naturnahen, jedoch standardisierten Bedingungen

durchfthren kann.

Das erste Ziel dieser Dissertation war, fest zu stellen, ob die olfaktorischen Sensillen, die auf
der Spitze des Saugrissels von M. sexta zu finden sind, eine Rolle beim Lernen von
Blutenduften spielen (Manuskript I). Ich habe diese Frage mit Hilfe einer kinstlichen Blume,
die speziell fur diese Studie gefertigt wurde, erforscht. Die artifizielle Blume hat es ermoglicht
den Saugrussel mit einem Geruch zu stimulieren ohne gleichzeitig die Antennen zu
stimulieren. Das war nétig, um den Einfluss des Saugrissels auf das Lernen erfolgreich zu
testen. Die Resultate von Manuskript | zeigen, dass die Sensillen auf der Spitze des
Saugrussels sehr wahrscheinlich keine Rolle beim Erlernen von Blitenduften spielen. Eine
angeborene olfaktorische oder gustatorische Funktion zur Prifung der Blatenqualitat kénnte
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 zurtickkehrt, das heif3t Wirtspflanzen-Stetigkeit zeigt. In Manuskript Il konnten
meine Kollegin und ich zeigen, dass das tatsachlich der Fall ist. Es scheint bei M. sexta
jedoch eine angeborene Pradisposition zu geben, so dass manche Wirtspflanzen leichter
gelernt und besser erinnert werden als andere. Nachdem M. sexta sowohl in Manuskript | als
auch Il eine uberraschend rasche Lernfahigkeit gezeigt hat, habe ich eine umfassende
Literaturrecherche zu schnellen Lernfahigkeiten in Insekten durchgefuhrt. Die Ergebnisse
dieser Recherche habe ich in einem Review uber One Trial Lernen in Insekten
zusammengefasst (Manuskript Ill). Es detailliert die Ergebnisse dieses noch ziemlich kleinen
Forschungsfeldes. Ich hoffe, dass ich mit dem Review das Interesse anderer
Naturwissenschaftler wecken kann, mehr Uber die faszinierenden olfaktorischen

Lernfahigkeiten von Insekten zu erforschen.
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Appendix

FORMULAR 2
Manuskript Nr. |
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 flr Originalartikel):

Abbildung(en) 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
#H6&7 vollstandig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlielRlich auf Arbeiten anderer Koautoren)

O 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 Fakult&t)
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FORMULAR 2
Manuskript Nr. Il
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 fur Originalartikel):

Abbildung(en) O 100 % (die in dieser Abbildung wiedergegebenen Daten entstammen
#2&3 vollstdndig experimentellen Arbeiten, die der Kandidat/die Kandidatin
durchgefiihrt hat)

O 0 % (die in dieser Abbildung wiedergegebenen Daten basieren
ausschlieRlich 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 fiihren

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