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1. Preface 

1.1 Summary 

Flies are extremely dependent on olfaction for sustenance in their complex environment. In order 

to survive, flies need to explore, track and learn odorant cues that signify food sources, and also to 

avoid harmful substances.  Flies track odorant cues by detecting the odors through their peripheral 

olfactory organs and transmit the information into the primary olfactory processing center the 

antennal lobe where odor information get processed and send to the secondary olfactory processing 

centers the MBs and LH through the projection neurons, at this stage information get processed and 

categorize based on acquired (learned) or innate valence of the odorant.  

Primarily in chapter I of this thesis, I sought to understand how flies, track odorant plumes in a 

naturalistic olfactory environment where many flies can be trained at the same time and allowed 

to control their conditioning regime. To achieve that we developed a differential conditioning 

paradigm that allows flies to explore, search and locate stimuli in their environment that were 

paired with unconditioned stimuli (both appetitive or aversive) in a naturalistic setting. When tested 

in a T-maze, flies discriminated between aversive and attractive stimuli, showing that they had 

learned to associate odorants with reinforcing taste. When tested in a T-maze, flies discriminated 

between aversive and attractive stimuli, showing that they had learned to associate odorants with 

reinforcing taste. Flies showed no attraction to the aversive stimuli when tested against a blank 

choice, and were indifferent to attractive stimuli against a blank. This differential conditioning 

paradigm allowed for training of many flies at the same time in Chapter II of this thesis. 

 

Secondly, in Chapter II of this thesis, I looked at how flies use temporal asynchrony for odor source 

segregation, on the ground that in nature behaviorally relevant odorants intermingle with those from 

other sources.  For insects to target an odorant object (e.g., food sources), we showed that 

Drosophila melanogaster can use the temporal structure of odorant mixtures to separate target 

odorant from different sources.  Also, this odor source separation can be achieved with both learned 

and innate valence. This further indicate that flies use a temporally precise neural mechanism for 

encoding odors and for segregating them into distinct odor objects.   
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Lastly, in chapter III of this thesis, I looked at how Drosophila melanogaster express extended 

associated odor-food memory during collective foraging. Animals socially interact during foraging 

to share information about the quality and location of food sources. The mechanisms of social 

information transfer during foraging have been mostly studied at the behavioral level, and its 

underlying neural mechanisms are largely unknown. We demonstrate that inter-fly attraction 

increases with group size and that groups of flies’ exhibit extended odor-food memory expression, 

as compared to single or pairs of flies. We discuss possible behavioral and neural mechanisms of 

this social effect on odor-food memory expression. This study opens up opportunities to investigate 

how social interactions are relayed in the neural circuitry of learning and memory expression. 
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1.2 Zusammenfassung 

 
Für Fliegen ist der Geruchssinn überlebenswichtig. Sie benutzen ihn, um Futterquellen zu finden 

und um schädliche Substanzen zu vermeiden. Fliegen detektieren Duftstoffe mit ihren Antennen. 

Im Gehirn wird Duftinformation zunächst im Antennallobus verarbeitet und von dort über 

Projektionsneuronen zum Pilzkörper und Lateralen Horn weitergeleitet. Im Pilzkörper und 

Lateralen Horn wird Duftinformation weiter verarbeitet und kategorisiert basierend auf der erlernten 

und angeborenen Valenz des Duftstoffes. 

 

In Kaptiel I dieser Arbeit, habe ich untersucht, wie Fliegen Duftwolken in einer naturalistischen 

Umwelt verfolgen, in der viele Fliegen gleichzeitig konditioniert werden können. Ich habe dafür ein 

differentielles Konditionierungsparadigma entwickelt, dass es den Fliegen erlaubt, Duftquellen zu 

erkunden, zu suchen und zu finden, die mit aversiven und appetitiven Stimuli gepaart waren. Mittels 

eines T-Maze tests konnte ich nachweisen, dass die Fliegen tatsächlich die Assoziation zwischen 

Duftstoffen und den aversiven oder appetitiven Stimuli gelernt haben. Diese differentielle 

Konditionierungsparadigma habe ich dann im zweiten Kapitel genutzt, um viele Fliegen gleichzeitig 

zu trainieren. 

In Kapitel II habe ich untersucht, wie Fliegen zeitliche Asynchronie zwischen dem Anfang von zwei 

Duftstimuli für Duftquellen-Trennung nutzen. Der Hintergrund dieser Experimente ist, dass sich in 

der ntürlichen Umwelt verhaltensrelevante Duftstoffe mit Duftstoffen anderer Quellen mischen. 

Ich konnte zeigen, dass Drosophila melanogaster die zeitliche Struktur von Duftmischungen nutzen 

kann, um Düfte von verschiedenen Quellen voneinander zu trennen, und dies funktioniert sowohl 

für Düfte mit gelernter Valenz, als auch für Düfte mit angeborener Valenz. Dieses Ergebnis legt 

nahe, dass Fliegen einen zeitlich präzisen neuronalen Mechanismus für die Kodierung von Düften 

und für die Trennung von Düftmischungen haben. 

 

In Kapitel III habe ich den Effekt von sozialen Interaktionen auf das assoziative Duft-Futter 

Gedächtnis untersucht. Tiere zeigen soziale Interaktionen während der Futtersuche und dadurch 

teilen sie Information über die Qualität und über den Ort von Futterquellen. Die Mechanismen des 

sozialen Informationstransfers während der Futtersuche wurden bisher hauptsächlich auf der 
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Verhaltensebene untersucht, und die zugrundeliegenden neuronalen Mechanismen sind größtenteils 

unbekannt. Ich konnte zeigen, dass die Inter-Fliegen Attraktion mit der Gruppengröße ansteigt, und 

dass Fliegen in Gruppen ein verlängertes Duft-Futter-Gedächtnis zeigen als einzelne Fliegen oder 

Zweiergruppen. Ich diskutiere mögliche zugrundeliegende neuronale Mechanismen dieses sozialen 

Effektes auf das Duft-Futter-Gedächtnis. Diese Studie eröffnet neue Möglichkeiten, um die 

neuronalen Mechanismen der Sozialen Effekte auf das Lernen und Gedächtnis zu untersuchen. 
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2 General introduction 

 

Since their transition to land around 400 million years ago, insects that evolved from a group of 

crustaceans, have had to adapt their sensory system from aquatic to terrestrial for survival. Animals 

are always flooded with a lot of information from their environment and thus the need to have a 

special sensory system to interact. An insect needs specialized sensory systems to see, smell, taste, 

feel, or hear in order to survive in a complex environment in search of food, mates, shelter, and 

breeding sites. Amongst the sensory modalities, the olfactory sense is one of the most ancient sense 

and plays an important role in the life of most animals. Multimodal depiction of an animal’s 

environment is formed by the convergence of the sensory systems in the brain (Hidaka, Teramoto, 

& Sugita, 2015). As a consequence of the information included in these depictions, animals can 

initialize behaviors via their motor system to navigate their environment. Animals are constantly 

confronted with the decision of whether they will find place to sleep, to forage, or to move, all as a 

consequence of being able to sense and respond to their environment. These decisions come as 

adaptive strategies in terms of evolution to be able to prioritize different requirements such as 

reproduction and biological upkeep - for example, decisions made by an animal can be completely 

abandoned when the animal needs food, as hunger will dominate its sensory system (Huetteroth & 

Waddell, 2011). The ability of an animal to interpret information and how it responds are influenced 

both by their evolution and recent experience (Cauchoix & Chaine, 2016).  

 

This study focused on the interactions of the Drosophila melanogaster olfactory system with its 

external environment. The questions I aimed to answer include: 1) how do Drosophila search for 

and learn about food sources by following odorant cues in an environment with multiple sources? 

2) How the olfactory system uses temporal information to separate odorant mixtures emanating 

from different sources? And finally, 3) how important is it to interact with conspecifics during 

foraging and memory retrieval? The Drosophila melanogaster olfactory system is a good model for 

studying the olfactory system. Since its over 90 years of been used as a model (Bellen et al., 2010) 

, it has contributed to the development of genetic tools for manipulation of neurons involved in 

behaviors (Hotta and Benzer 1972). Within the context of this thesis, I used Drosophila 
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melanogaster as a model to understand the questions addressed here. I have shown that Drosophila 

has the ability of showing odor guided behaviors, thus allowing further studies on the causal 

neuronal networks involved in these behaviors. 

 
2.1 Chemosensory Stimuli 

Odorant and taste stimuli make up the chemical environment around us. There is a regular exchange 

of odorants and taste components by plants, bacteria and animals with the environment. Chemical 

compounds produced on purpose of animal communication and Chemical by-products of 

metabolism, and decay saturates and occupy the environment as a result of organic life. By 

performing their biological functions, mammals, insects and microorganisms play a role in forming 

this complex chemical environment. In the chemical environment there are some levels of 

organization in spite of its complexity. Chemical reactions occur with high reproducibility in the 

environment as chemical compounds appear with the products of their decomposition. Fresh fruit 

fallen from a tree has a certain gaseous plume: as it decays, the chemical and the odor plume 

composition of the fruit changes due to multiplication of yeast and bacteria, as well as the 

metabolism of proteins and sugars. Animals can use the composition of chemical cues to determine 

the state of the fruit  (Zhu & Baker, 2010).  

 
2.2 Natural odorant transmissions 

In nature, odor transmission is predominantly controlled by air movement, as a consequence odors 

are propagated as “plumes” in space with complex distribution dynamics ( Villermaux & Innocenti, 

1999). To understand how animals encounter odorant plumes, detectors were placed downstream 

of the odor source and intensity fluctuations were recorded over time ((Murlis, 1992 ; Celani et al., 

2014). The recordings show how odor plumes disperse into thin filaments with fluctuations in odor 

concentrations over time and distance. This scenario is made complex as odors from different 

sources intermingle to form blends at different points as the odors move in space (Celani et al., 

2014). The complexity of odorant movement in the environment poses a question of how the insect’s 

olfactory system can accommodate the perception of odorants emanating from different sources. 

Odor fluctuations contain information about the number and distance of odor sources for the animal 

(Celani et al. 2014). 
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2.3 Olfaction 

Olfaction is defined as an organism’s ability to detect, identify and discriminate volatile chemicals 

dispersed in the environment. These chemicals serve as cues to identify food sources, potential 

mates, breeding sites and predators. In general olfaction is important to animals as it provides the 

ability of detecting dangerous chemicals and spoiled food. Chemical signals detected by the 

olfactory system are widely used as a means of communication between and within species 

(Costanzo, 2007). As these chemicals are carried by air, and are dispersed throughout the 

environment, animals can use the temporal and spatial structure of the chemical signals to locate 

specific odor sources (Moore & Crimaldi, 2004). 

 

2.4 Peripheral odor detection in Drosophila melanogaster 

The olfactory system of invertebrates is markedly analogous to that of vertebrates, despite 

invertebrates’ lack of a nose (Review; Eisthen 2002). The Drosophila olfactory sensory organs 

allow odors to be detected on the third antennal segment and maxillary palps (Venkatesh and Singh 

1984) by absorbing odors into the perilymph enclosed in the penetrable sensilla (Fig. 1) (de Bruyne 

et al., 1999). There are three functionally and structurally distinct types of sensilla: ceoloconic, 

basiconic and trichoid (Vankatesh and Singh 1984). Each type of sensilla on the antenna houses the 

dendrites projecting from olfactory sensory neurons (OSNs) (Laissue and Vosshall 2007). Odors 

diffuses through the perilymph of the sensilla and either bind to the olfactory binding proteins 

(OBPs) that are soluble to odors and help in odor signal transduction or bind directly to the dendrites 

of OSN that are tuned to these odors (Xu et al., 2005). Odors bind directly to OSNs by means of 

two already described molecular receptors responsible for olfactory reception in Drosophila, the 

odorant receptors (ORs) and the ionotropic receptors (IRs) (Benton et al. 2009; Vosshall et al., 

2000). While both receptors are important for odor detection, they have some key differences. The 

ORs are seven transmembrane-domain proteins while IRs belong to the ionotropic glutamate 

receptor family and the ORs are housed in basiconic and trichoid sensilla while the IRs in coeloconic 

sensilla (Benton et al. 2009; Vosshall et al., 2000). Both ORs and ionotropic receptors (IRs) are 

spread on the OSNs subpopulations with one to two ORs or IRs expressed on the OSNs (Benton et 

al. 2009; Vosshall et al., 2000). All ORs and IRs are co-expressed with a co-receptor, the ORs with 

one olfactory receptor co-receptor (orco) and IRs with two co-receptors that is IR25b and IR8a  
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Image adopted from Andreas Thum 2006 

Figure 1: The organization of the olfactory system in Drosophila. A) information about odor is conveyed from the third 
antennal segments and maxillary palps to the antennal lobe, receptor fibres are arranged corresponding to their receptors 
in about ˜60 glomeruli. The primary odor qualities from these receptors are transmitted to the two areas of the higher 
brain centers, the calyx of the mushroom body and dorsolateral protocerebrum (lateral horn). The inner antennocerebral 
tract (iACT) connects individual glomeruli to both areas. α/α', β/β' and γ mark the three mushroom body subsystems 
(Heisenberg 2003). B) Third antennal segment (funiculus) bearing the three principal types of olfactory sensilla. C) 
Detail of antennal surface with several types of olfactory sensilla. The most common are large basiconic (LB). D) 
Olfactory receptor neurons (ORNs) sends their dentrites into the cavity of cuticular (SC supporting cells) of the sensilla 
basiconica (cross section) sensilla. Neuronal axon project to the antennal lobes (AL). E) AL is separated into glomeruli 
consisting of synapses of ORNs, local interneurons (LNs) and projection neurons (PNs) F) Wiring diagram of the adult 
olfactory system (Ramaekers et al., 2005). 
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which are necessary for transduction of the signal (Larson et al., 2004;  (Clyne et al., 1999); Benton 

et al., 2009). A specially designed sensilla harbor gustatory receptors (GRs) instead of IRs or ORs 

expressed on the OSN. Commonly the GRs that help in taste sensation are commonly expressed in 

the gustatory sensory neurons on the tarsae, labellum, and wings (Scott et al., 2001; Nayak & Singh, 

1983). 

Drosophila can detect and process odors in a broad range of concentrations (Asahina et al., 2009), 

and can be able to discriminate single component of odorants from mixtures when trained to 

recognize these components (Parnas et al., 2013). The diversity of the receptors of approximately 

60 OR genes (Buck & Axel, 1991; Vosshall et al., 1999), and about 68 GR genes (Chyb, 2004; 

Dunipace et al., 2001; Scott et al., 2001) on the ~1300 OSNs projections from the fly brain creates 

a large chemical space. These genes are all important in the behavioral ecology of the fly, allowing 

it to interact and respond to cues in its environment in order to survive. The chemosensory system 

is somewhat limited in its capacity to have receptors for every single ligand in the chemical space. 

Therefore, to achieve broad sensitivity to many ligands with a limited number of genes (~189 genes 

for ORs, IRs and GRs), each gene must be sensitive to multiple ligands in the odor space (J. W. 

Wang et al., 2003; Stortkuhl & Kettler, 2001) and also the olfactory receptors are activated by 

specific stimuli to induce a combinatorial pattern of activity which are conveyed to the glomeruli in 

the antennal lobe and the mushroom body KCs (Hallem & Carlson, 2006) 

2.5 Olfactory processing center 

 

The insect's antennal lobe (AL) is analogous to the vertebrate olfactory bulb (Laurent 2002): it is 

the first olfactory processing center of the olfactory system. It is grouped into distinct neuropils 

called glomeruli. Olfactory receptor neurons expressing the same receptor converge on the same 

glomerulus in the AL (Vosshal et al., 2000). The glomeruli make an excitatory postsynaptic 

connection to the second order-neurons the projections neurons (PNs). There the glomeruli make 

synapses with dendrites of several sister PNs, and these PNs pattern of activity is highly correlated 

(Kazama & Wilson 2009).  Odor processing takes place, where multiglomerular local interneurons 

(LNs) that interconnects glomeruli bring about local inhibition by releasing GABA neurotransmitter 
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onto olfactory receptor neurons (ORNs) and projection neurons (PNs). In this way, the glomerulus 

is an inherent location of complementary interaction between these neuron types. Odors induce 

glomerular activation patterns (Galizia et al., 1999), and these patterns activate the PNs and its 

activity patterns are transmitted to the protocerebrum where they synapse with the (Kenyon cells) 

of the mushroom body and the lateral horn (Su et al., 2009). It was shown that the PNs response is 

dependent on how rapidly the rate of activity is changing in the ORNs (Wilson, 2010). PNs are 

sensitive to odor onsets in that way they encode both the temporal structure and the chemical identity 

of odorant stimuli (Bhandawat et al., 2007; Wilson et al., 2004). This phenomenon is important for 

odor coding in flies as when they fly in a turbulent environment with odors fluctuating, the ability 

to detect a whiff of an odor is important as the fly moves across odor gradient to locate odor source. 

 

2.6 The secondary olfactory processing center 
 
In 1850, French Biologist Felix Dujardin first described the Mushroom body and proposed it to be 

the center of intelligence, due to the difference in its appearance between non-social and eusocial 

insects. The mushroom body (MB) is a dense network of neuronal structures (axon terminals and 

dendrites) that serves as the secondary olfactory processing center. The MBs in Drosophila were 

shown to be centers for learning and memory (de Belle & Heisenberg, 1994; Tully & Quinn, 1985). 

Also, as a center for integrating multi-modal sensory information (Lin et al., 2014), that serves as a 

coincidence detector during learning (Kim et al., 2007). Furthermore, it is involved in sparsening 

raw information from the primary olfactory center (Honegger et al., 2011). The ecological niche of 

an insect species greatly affects the input to the MBs. Apis mellifera’s MBs play an important role 

in integrating olfactory and visual cues, due to the presence of defined olfactory and visual input 

regions in calyx of the honey bee MBs (Gronenberg, 2001).  The Drosophila MBs, in contrast, 

receive sparse input from optic lobes, even though studies highlight the role of visual learning and 

demonstrated the existence of projections of the visual projection neurons (Vogt et al., 2014). This 

contrast highlights the divergence of requirements on the individual sensory systems among the two 

insect species. Meanwhile, secondary anosmic insects like Cicadas and Mayflies lack an antennal 

lobe and calyces, but still possess MBs. This is because the MBs lack olfactory inputs but still 

process information from other sensory areas. While the wingless Archaeognatha lack MBs, they 

have glomerular antennal lobes for processing airborne odors (Strausfeld et al., 1998).  
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Each MB consists of mainly 2000 Kenyon cells (KC), with cell bodies situated at the anterior part 

of the fly’s brain. KCs project both their dendritic and axonal structures to the anterior part of the 

brain, into the MB’s primary input structure: The distinct bifurcated lobes and the calyx. The lobes 

of the MBs are formed by projections of the axons of KCs anteriorly through the calyx, and bundle 

up to form the MBs stalks (peduncle) that split to form the horizontal and vertical lobes. The lobes 

are further subdivided into sub-lobes, with the vertical dividing into two lobes: the α lobe and α’ 

lobe; the horizontal lobe sub-divides into three lobes: β, β’, and γ lobes (Crittenden et al., 1998). If 

the input structure of the MBs is the calyx, then the output structures are the lobes. Three to four 

PNs from each antennal lobe glomeruli projects to the calyx (Butcher et al., 2012). At the level of 

the calyx there is a claw like ending of the KC dendrites that facilitates the connectivity from PNs 

to the KCs. The connectivity of PNs to the KC through the dendrites are scant due to the larger 

number of the KCs to the PNs. This results in sparse connectivity to the MB structure (Honegger et 

al., 2011). The KC input claws most likely serve to enhance synaptic connectivity from the PNs. 

There is paired inhibitory neuron called GABAergic anterior paired lateral (APL) neuron that extend 

its processes into both hemispheres of the MBs and provide a recurrent inhibitory control for the 

KCs that results in sparsening of olfactory information. This neuron responds to odors locally or all 

over the MBs lobes subject to increase in stimuli strength (Inada et al., 2017).  There are a number 

of neuromodulatory inputs at the level of Kenyon cell and mushroom body output neurons synapse 

(Aso, Hattori, et al., 2014). There are different populations of neurons that innervate the MBs, these 

are the dopaminergic clusters: the protocerebral clusters, protocerebral posteriolateral (PPL), 

protocerebral anteromedial (PAM) and there is the seroternergic (5HT) and octerperminergic (OA) 

neurons (Ito et al., 1998; Schwaerzel et al., 2003; Kim et al., 2007; Aso, Hattori, etal., 2014;). PAM 

and PPL clusters of doparminergic neurons provide neuromodulatory innervation to the lobes of the 

MBs. These clusters have been shown to present reward and punishment training signals to distinct 

parts of the mushroom body (Aso et al.,2010; Lin et al., 2014) and have been shown to enable the 

formation of appetitive and aversive long-term memory (Huetteroth et al., 2015; Owald et al., 2015). 

Presynaptic arbors of the DAN are confined to particular compartments of the MB lobes, where 

they coincide with the innervations of mushroom body output neurons (MBONs), thus forming 

functional and anatomical compartments. The neuropils of the medial and vertical lobes of the MBs 

receive axonal projections from the MBONs: the crepine (CRE) is an area surrounding the 
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horizontal and medial lobes, superior intermediate protocerebrum (SIP), superior medial 

protocerebrum (SMP), and superior lateral protocerebrum (SLP). Parts of the MB itself are 

innervated by the MBONs: those innervating the vertical MB lobes drive attraction, while those 

innervating the horizontal MB lobes drive aversion in fly behavior (Owald & Waddell, 2015). This 

functional difference is evident in the divergence of their neurotransmitter profile used for signaling. 

The MBONs driving attraction in the vertical lobes are GABAergic and cholinergic, while MBONs 

driving aversion in the horizontal lobes of MB are glutamatergic (Aso, Sitaraman, et al., 2014; Aso, 

Hattori, et al., 2014).  The lateral horn was shown to mediate innate behavior in the fly brain, though 

not much is known about its functions and anatomy. A recent study has shown that the lateral horn 

has >1300 neurons and 150 cell types, which show stereotyped odor responses across the tested 

animals. It was demonstrated that the LH is involved with olfactory processing that deals with innate 

behavior (Shahar Frechter et al., 2018). 

 

2.7 Scope of the thesis 
The scope of this thesis are the questions I tried to answer in different chapters: In chapter 1 I 

looked at the ability of flies to form associative odor memory with opposing reinforcers in a 

naturalistic context. To achieve that we developed a differential conditioning paradigm that allows 

flies to explore, search and locate stimuli in their environment that were paired with unconditioned 

stimuli (both appetitive or aversive) in a naturalistic setting. Here I found out that flies learn to 

associate odors with reinforcing taste in a mass conditioning assay where they have to explore the 

arena and control their conditioning regime. This conditioning assay makes it possible to answer 

some of the questions in chapter II, where I looked at whether flies use fine scale stimulus timing 

for olfactory object recognition, to achieve this I used odors with learned and innate valences to 

answer these questions. I used the assay developed in chapter I to train flies to associate odor cues 

with opposing reinforcers and also, I used odorants with innate valence. Afterwards, I tested flies in 

the wind tunnel using odorant mixtures with different onset delays.  At the end we showed that flies 

use onset timing to separate odors from different sources. In chapter III I asked whether group size 

affects flies’ learning behavior. To tackle this question, an automated semi-naturalistic odor arena 

for classical conditioning was developed, where I contributed in establishing the preliminary 

studies. Using this conditioning assay, I trained flies in different group sizes with odor paired with 

an appetitive reinforcer and another odor unpaired. At the end I showed that flies in larger group 
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sizes learn better than flies learning alone and this could be due to information transfer during 

foraging and memory test. I also showed that flies interact with conspecifics during memory 

retrieval more than by chance.   

At the end, I drew a general conclusion on how I put together the use of new methods to answer 

basic questions on how Drosophila melanogaster explore and find odorant sources and also how it 

uses temporal structure of odorant mixtures to separate odor sources and finally how flies in a large 

group learn better than in small group.  
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3 CHAPTER I 

 
3.1 Differential conditioning paradigm for associative learning of adult flies’ en masse 
 

3.2 ABSTRACT 

 

Drosophila melanogaster have been used by researchers for decades to answer questions related to 

learning and memory. The availability of tractable genetic tools and the repertoire of behaviors 

demonstrated so far make Drosophila a good model for studying questions related to associative 

and non-associative forms of learning. However, many methods of training flies involve 

experimental settings and stimuli which are not ecologically relevant, highlighting a need to 

develop more ecologically-relevant training paradigms. We developed a differential conditioning 

paradigm that allows flies to explore, search and locate stimuli in their environment that were 

paired with unconditioned stimuli (both appetitive or aversive) in a naturalistic setting. When 

tested in a T-maze, flies discriminated between aversive and attractive stimuli, showing that they 

had learned to associate odorants with reinforcing taste. Flies showed no attraction to the aversive 

stimuli when tested against a blank choice, and were indifferent to attractive stimuli against a 

blank. This differential conditioning paradigm can be used to train flies en masse in a more 

naturalistic situation. 

 

Key words: Differential conditioning, Associative learning, conditioning flies en masse 

 

3.3 INTRODUCTION 

For animals to survive in their environment, they need to continuously be able to locate food 

sources, while remembering the cues associated with the food. Drosophila melanogaster can 

modify its behavior based on previous experience. There is established evidence showing that 

Drosophila can demonstrate numerous associative and non-associative forms of learning (Tully 

& Quinn, 1985). For decades, neuroscience researchers have been using different methods to 

understand how to best mimic natural situations to train animals in the lab (De Castro & Olsson, 

2015). Associative olfactory learning in insects has been demonstrated to be a relevant model to 
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study a number of characteristics of learning and memory and also their neural mechanisms, such 

as the neural substrates of reward or punishment (unconditioned stimuli, US) and paired stimuli 

with no previous meaning to the animal (conditioned stimuli, CS) (Armstrong et al., 1998 Dubnau, 

Chiang, & Tully, 2003 Galizia et al., 2018). 

In 1974, Quin and Harris customized Symour Benzer’s phototactic countercurrent apparatus into 

a paradigm to study olfaction, referred to as the QHB assay. In this assay, many flies were trained 

at the same time for olfactory avoidance. Flies were exposed to two odorants sequentially first by 

introducing them into a tube lined with an electrical grid where electrical shock pulses (US) were 

presented with the first odorant (positive conditioned stimulus, CS+) and second odorant 

presented without shock (negative conditioned stimulus, CS-). Odor memory was tested by 

allowing the flies to choose between the two trained odors and calculating the odor learned choice 

between CS+ and CS- by calculating a learning index (LI) as the number of flies avoiding CS+ 

minus the fraction of flies avoiding the CS- divided by the total number of flies. The LI recorded 

in Quin and Harris’ (1974) experiment was low (LI = 0.3) compared to work done by Malik and 

Hodge (2014) using the QHB assay (LI=0.55) and many other odor shock reinforcement 

experiments (Préat, 1998 Chen et al., 2018). Nevertheless, the QHB assay allowed for 

identification of the first learning and memory mutants: rutabaga, dunce and amnesiac. Despite 

the fact that flies were successfully conditioned to avoid electric shocks in that assay, shocks are 

not ecologically relevant to the fly. Thus, olfactory appetitive conditioning was developed, 

whereby sucrose and odor were paired in a customized QHB assay (described in detail by Tempel 

et al., 1983). In this study, they showed that flies can learn to associate odors with sucrose as 

memory lasting up to 24 hours, while memory of electric shock decays in 4 – 6 hours (Tempel et 

al., 1983). 

The previously examined conditioning assays involved only a single odor paired either with electric 

shock or sucrose, while the other odor is unpaired. To find out whether the fly has learned to 

associate a specific odorant with a reinforcer, flies were differentially conditioned to discriminate 

between two stimuli, in order to discern the innate odor preference to the learned one. This assay 

was described by Scherer et al., 2003 where larvae were trained by pairing two different odors 

with different reinforcements: an aversive US (quinine, or NaCl) as CS- and an appetitive US (1 M 

fructose) as CS+. The larvae’s LI was assessed, and they showed higher LI to the CS+ odorants. 
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An alternative novel differential conditioning assay was described by (Schnaitmann, 2010) where 

adult flies were trained en masse to associate different visual stimuli either as CS+ or CS-. In this 

experiment, appetitive and aversive reinforcers were used as the US, and two different visual cues 

were used either as the CS+ or the CS-. In the test, flies discriminated between the CS+ and the 

CS- with higher learning preference towards the CS+. This method demonstrated that many flies 

can learn to discriminate visual stimuli in a differential conditioning paradigm. In the 

aforementioned conditioning setups (Tully and Quin; Schnaitmann 2010; Tempel et al., 1983; 

Malik & Hodge, 2014), adult flies were forced into a conditioning chamber and were also tested 

in the same context, and the ability of the fly to track the odor independently were hindered. 

Furthermore, these paradigms involved either electric shocks, constant airflow or flies constantly 

infused with odors that they cannot avoid, which could amount to stress. Thus, these highlights 

the relevance of developing more naturalistic paradigms. 

 

In our study, we present a modified version of training flies en masse in a differential conditioning 

paradigm that is different to previously reported differential conditioning setups (i.e. Lepidoptera 

larvae by Ali et al., 2011, fruit fly larvae by Scherer et al., 2003 and adult fruit flies by 

Schnaitmann, 2010). The advantage of our paradigm is that it allows the flies to explore, search 

and locate the US (which can be either an attractive or aversive stimulus) by tracking the odorant 

CS paired with the US in an open space. Fly behavior can be affected in different ways when 

conditioning is performed in an enclosed chamber – notably stress as it can affect memory 

acquisition (Préat, 1998; Lindau et al., 2016). 

 

3.4 Conditioning Protocol 

3.4.1 Differential conditioning 

This experiment was aimed at testing whether flies can learn to associate odors with reinforcing 

taste by differentially conditioning adult flies’ en masse. 

Day 1: Between 15:00 and 16:00, approximately 100 adult flies were removed from standard corn 

meal agar food and put into a cage (30×30×30 cm, BugDorm-1, BugDorm) that contained a 

differential conditioning apparatus (Fig. 1A&B). Flies could move around freely at an approximate 

relative humidity of 30%, a temperature of 25–28 ◦C and normal 12 hour daylight cycles for 24 h. 
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We trained flies in a differential conditioning paradigm to associate one odorant with 1 M sucrose 

solution as the attractive reinforcer (positive conditioned stimuli, CS+) and to associate another 

odorant with saturated NaCl solution as aversive reinforcer (negative conditioned stimulus, CS-) 

(Fig. 1A&B). We used 2-3-Butanedione, BE & ethyl acetate, EA and 4-Methylcyclohexanone, 

MCH & 3-octanol, OCT as conditioned odorants. We balanced the experiments so that in half of 

the experiments we used BE as CS+ and EA as CS- and vice versa – the same balance was applied 

in the MCH and OCT experiments. CS+ and sucrose solution and CS- and NaCl solution were 

applied via two horizontally positioned plastic tubes (15 ml, 120 x 17 mm; Sarstedt). Each tube 

contained 10 ml of either sucrose or NaCl solution and were plugged with cotton wool to avoid 

spillage. The front 2 cm of each tube remained empty. 

 

3.4.2 Conditioning protocols 

In this experiment, we tested whether the mode of presentation of the odor paired attractive and 

aversive reinforcers has an effect in our paradigm. Therefore, we performed three experiments, 

experiment 1, experiment 2 and experiment 3, that differed in the odorant application, hours of 

food and water starvation and mode of testing. 

 

3.4.3 Experiment 1 

In experiment with odorants MCH and OCT, 4ul of the odorants were pipetted into the tube with 

10ml 1 M sucrose solution and saturated NaCl solution. 

 

3.4.4 Experiment 2 

In experiment with odorants BE and EA, the odorant was delivered into the empty 2 cm frontal 

space via diffusion through a shortened head of a needle (1.2 x 40 mm, Sterican) which ended 1.5 

cm inside the empty space of the tube. The needle was connected with a 20 ml glass vial 

(Schmidlin) that contained the pure odorant and was sealed with a Teflon septum. Thus, to reach 

the sucrose or NaCl solution, flies had to move through odorized air inside the plastic tube. A 

photo ionization detector was used to measure the odorant concentration within the empty frontal 

2 cm containing the diffused odorant cloud in the conditioning tube. Measurements were used to 
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adjust the concentration of the odorant during testing in the T-maze (Fig. 1C) by dilution with 

mineral oil (Table 1). 

 

3.4.5 Experiment 3 

In this experiment flies were conditioned as in Experiment 1 but the CS+ and CS- odorants were 

tested against blank. 

 

3.4.6 Day 2: 

3.4.7 Experiment 1 

Between 15:00 and 16:00, the conditioning apparatus was removed and flies were subjected to 

food and water starvation for the following 4 h in a room with an approximate relative humidity 

of 60%, a temperature of 25–28 ◦C and normal 12 hour daylight cycles. Afterwards, flies were 

anesthetized on ice and transferred into the loading compartment of the T-maze (Fig. 1C) for the 

next 24 h to test their preference and to allow for increased participation in choosing sites 

(Simonnet, Berthelot-Grosjean, & Grosjean, 2014). 

 

3.4.8 Experiment 2 

Between 15:00 and 16:00, the conditioning apparatus was removed and flies were subjected to 

food and water starvation for the following 24 h in a room with an approximate relative humidity 

of 60%, a temperature of 25–28 ◦C and normal 12 hour daylight cycles. 

3.4.9 Day 3: 

Experiment 2 flies were tested for their preference by anesthetizing on ice and transferred into the 

loading compartment of the T-maze for testing (Fig. 1C). 

3.4.10 T-maze assay 

To assess decision-making behavior of the conditioned flies, we used customized T-maze olfactory 

choice assay adapted from previous work by (Stensmyr et al., 2012). The T-maze assay was 

constructed by using a cylindrical T hose connector (burkle: laboPlast item number: PVDF 8711-
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0012 N4) and a 1.5ml Eppendorf tube as described in Stensmyr et al., (2012). Here we cut the tip 

of the eppendorf tube to ~4mm in diameter and we cut 1cm off the tip end of a 200ul pipette tip. 

This pipette is then inserted into the cut tip of the eppendorf tube, which allows only a single fly to 

enter at a time and prevents returns when the fly makes a choice (Fig. 1C). The three arms of the T 

connector are compartmentalized into three sections: the loading compartment, and the two choice 

compartments a and b (Fig. 1C) attached to the cut tip of the eppendorf tube.  10ul of odorants 

(CS odors) were pipetted through 17.5 mm filter paper (Sugi sponge strips rectangular: Lot 

140371) inserted into the eppendorf tube. 
TABLE 1 

Odors and Odorant concentration 

Odorant  Concentration during 
conditioning 

Conc. During 
testing 

4- MCH 10-4 10-4 
Methyl cyclohexanone    
3Octanol OCT 10-4 10-4 
2-3-Butanedione BE Pure odorant (headspace) 10-3 
Ethyl acetate EA Pure odorant (headspace) 5 x 10-3 

3.4.11 Test 

Approximately 10 conditioned flies were anesthetized with ice and starved without food and water 

according to the test protocol and then transferred into the loading compartment of the T-Maze. 

After the test duration, the flies trapped in each chamber were counted. The experiment was 

performed in the dark to avoid visual cues. The positions of the CS+ and CS- in the choice 

compartments was alternated to avoid bias. 

TABLE 2 
Protocol of starvation and Test 

               Test protocol               Starvation time           Testing time  
              MCH and OCT                     4 h                         24 h 
              BE and EA                           24 h                         24 h 

 

3.4.12 Analysis 

An attraction index was calculated by finding the difference between the flies in CS+ and CS- 

compartments divided by the total number of the participating flies in both choice compartments. 

LI = no. flies side a – no. flies side b / no. flies side a + no. flies side b 
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FIGURE 1: Set-up showing the conditioning arenas and the T-Maze for testing learning index. A) Conditioning 

setup (odorant diffuses out through the syringe and coincide with flies feeding) where flies were left to autonomously 

become differentially conditioned as they follow odor cues associated with sucrose solution (attractive reinforcer) and 

salt solution (aversive reinforcer). B) Conditioning setup (odorants are mixed with the reinforcer solution) where flies 

were left to autonomously become differentially conditioned as they follow odor cues associated with sucrose solution 

(attractive reinforcer) and salt solution (aversive reinforcer). C) T-maze for testing decision of each fly after 

conditioning. 

 

3.4.13 Statistical analysis of data 

All the data analysis and statistics were done using Python 3.6 jupyter notebook 3.5.5. with SciPy, 

Pandas, and Seaborn packages for plotting. After calculating the LI of the flies’ decisions using 

the formula above, we used Wilcoxon sign rank test to test whether the flies’ LI was different 

from zero. 

3.5 Results 

In these experiments we trained groups of flies consisting of approx. 2000 individuals adult flies 

of 0-6 days old in en masse for 24 hours to associate odors with appetitive (sugar) rewards and 
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punishment (salt), afterwards we starved the flies of food and water (for 24 hours in experiment 1 

and 4 hours in Experiment 2) and afterwards, odorant preference was tested in a T-maze assay in 

the dark for 24 hours. 

To test whether flies were conditioned in our appetitive differential conditioning paradigm using 

sucrose and NaCl as opposing reinforcers (Fig. 1 A&B), a T-maze assay was used to measure the 

flies’ preference towards rewarded (CS+) and punished (CS-) odorant (Fig. 1C). To test for flies’ 

odorant preference in each experiment, after conditioning the flies were transferred for testing in 

the T-maze assay and LI was calculated at the end of each test. 

In experiment 1 we mix the odorants with the reinforcer, MCH and OCT were the CS (Fig. 1B). 

In experiment 2 the odorant pairs were allowed to diffuse through a syringe and coincide with the 

reinforcer, BE and EA were the CS (Fig. 1A). 

 

3.5.1 Flies explored odor sources during training and showed associative learning when 
tested in the presence of CS+ and CS-.  

 
To test whether flies were conditioned in experiment 1when odors were mixed with the US 

solution, flies were trained by mixing the reinforcer solution with odorant (CS) and afterwards the 

flies were presented with a two choice assay in a T-maze with CS+ on one chamber and CS- on the 

other (Fig. 1C) and the flies showed a significant preference for CS+ compared to CS(n=63 groups 

of 10 flies, Wilcoxon test, LI tested against zero, P-value =0.00156) (Fig. 2A). This shows that flies 

learned to associate the CS+ with reward or the CS- with punishment or both. 

To test whether flies were conditioned in experiment 2 where odorants diffused and coincide with 

the US, we used the same test procedure as in experiment 1 to assess the odorant preference. Flies 

showed a higher preference to the CS+ compared to CS- which resulted in a LI above 0, n = 42 

Wilcoxon test against 0, P-value = 0.0016) (Fig. 2B) 

Our results showed that it does not matter how the US and CS were presented taking that in both 

experiment 1 and experiment 2 the LI was statistically different from zero, suggesting that if there 

is coincidence of the US and CS during training flies will learn to discriminate between the CS+ 

and CS- during testing. 
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3.5.2 Flies showed avoidance to the punished odors when tested in the absence of the other CS 

In experiment 3, we sought to establish how strong the flies’ preferences are to CS+ and CS-. We 

do not know the naïve preference of flies to the odors used for conditioning, because we only 

compared the responses of flies to CS+ and CS- at the same period, and we saw that there is a 

difference and concluded that flies formed associations (Fig. 2). To test whether flies can 

discriminate between CS+ and CS- without encountering both odorants at the same time, as in 

experiment 1 we differentially conditioned the flies with two opposing reinforcers (sucrose and 

NaCl) using MCH and OCT as CS. Afterwards, we tested them against a blank choice following 

4 hours of starvation. We tested flies’ preference for either the CS+ or CS- against blank in a T-

maze assay. Flies showed a significant avoidance to the CS- (blank choice > CS-, n= 17, Wilcoxon 

test against 0, P = 0.03, Figure 3A). This result showed that flies prefer the blank chamber than 

the punished odorants. When we tested the CS+ against blank choice the flies showed no 

difference in preference between the positively reinforced chamber and the blank choice, (CS+ > 

blank choice, n = 20, Wilcoxon test against 0, P = 0.69, Fig. 3A). Note however, that we do not 

know the naïve preference of flies for the used odorants (MCH and OCT). Therefore, this 

experiment does not inform us about whether flies learned to avoid the CS- or approach the CS+ 

or both, but rather that flies behave differently for the CS+ and CS-. This shows that flies form 

associative memory within the paradigm, but we do not know whether the flies learned about the 

odors during conditioning. 

3.6 Discussion and Conclusion 

We investigated the ability of adult Drosophila melanogaster to create an association between an 

odorant and a reinforcing taste in a differential conditioning paradigm. Flies were introduced en 

masse into the conditioning setup and were allowed to fly around, learn to search for a food source 

by exploring the arena and tracking the odor plume while learning the association between CS and 

US. Here we presented a modified approach to the way associative learning is carried out in a 

differential conditioning paradigm. Because in the lab, learning is operationalized in order to 

control stimulus exposure, reward quantity, timing etc. in very precise ways, this is needed for 

interpreting the data. 

However, in nature, stimuli are not spaced with precise inter-stimulus intervals, and rewards are 

not delivered in quantitative way, and flies are not confined to a space where they cannot move 
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freely. Our question therefore is: when an animal learns to associate a food with an odor in a semi-

naturalistic setting, where the control about timing, reward quantity, and visit quantity is given to 

the animal itself, do we get a learning score that is comparable to the laboratory experiment? To 

test this, we used two ways of delivering odorants (in the gas phase: experiment 2, and mixed to 

the liquid food: experiment 1), and we tested two pairs of odorants MCH & OCT and BE & EA. 

We show that, when animals control their training regime autonomously, they show high levels 

of classical conditioning. This form of learning constitutes an association of US (e.g. food) that 

brings about a distinct behavior, with a CS (e.g. odorant), so that the CS brings about the response 

of the US in its absence (Pawlow, 1902; Tully and Quin 1985; Symington, 2017). 

In our study, starved flies because of hunger were innately motivated to fly and search for food 

sources, as a result they find the odorant (CS) paired with food (US), flies’ were classically 

conditioned after exploiting the source. An important factor that is evident in our setup is the 

exploration of odor sources by the flies given that they have to fly and explore the arena to reach 

the odor sources and a possibility of encountering both odors in that process (Fig. 1A&B). 

Furthermore, flies have to exploit the different odor sources that were paired with taste 

reinforcement and in turn formed association as the presentation of odors coincided with the sugar 

or salt solution. The flies’ formed associations between the odorants and the reinforcing taste as a 

result of their choice for the CS+ and avoidance to the CS- when tested in a T-maze. This result 

shows that flies learned to associate odors with reinforcers of opposing valences when conditioned 

differentially en masse. 
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FIGURE 2: Conditioned flies LI tested in presence of 

both CS (points on the plots = LI in each T-maze trial). 

A) LI of flies when tested in the presence of both CS 

(MCH and OCT). During training CS and US were 

mixed. Upper panel: n=62; lower panel: same as in upper 

panel but represented when MCH and OCT were CS+ 

odorants. MCH n = 31; OCT n= 31. B) LI of flies when 

tested in the presence of both CS (BE and EA). During 

training CS diffuse to coincide with US: Upper Panel n 

= 42, lower panel: BE n=21; EA n=21. All n-values refer 

to groups of approx. 10 flies tested together. 

 

 

 

 

 

 

 

 

 

3.6.1 Flies learned to associate odors with opposing reinforcers independent of the type of 

odorant used as CS 

After the flies were trained en masse in the differential conditioning paradigm, they showed 

preference for the CS+ relative to the CS- (Fig.  2).  This shows that flies can  be trained in a 

naturalistic setting without putting them into a confined space with restricted movement as in 

previous studies (Tully and Quin, Schnaitmann 2010,  Tempel  et al., 1983, Malik & Hodge, 

2014). Our paradigm gives an advantage over previously used conditioning paradigms where 

stress (e.g from constant airflow and tight space) is incurred during the training protocol 
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(Symington, 2017). In our setup flies were likely less stressed as they were allowed to explore, 

search in open space with less influence from the experimental setup and the experimenter. 

In our experiment flies showed preference to CS+ demonstrating that flies were able to explore and 

exploit the odor paired and form an association with odors that were rewarded and punished during 

the conditioning phase. We also demonstrated that flies can learn these associations in two ways: 

when the odorants (CS) are mixed with the US solutions (Fig. 1B), or when the odorants (CS) are 

allowed to coincide by diffusion while the flies were feeding on the US (Fig. 1A). This shows 

that this paradigm can be used to mimic a naturalistic context for fly conditioning. 

 

 

 

 
 

FIGURE 3: Conditioned flies’ LI when CS was tested against blank. A) CS+ and CSwere tested separately against 

blank. B) CSodorants from Figure 3A shown separately (n= 17). C) CS+ odorants from Figure 3A shown separately 

(n= 20). All n values refer to groups of approx. 10 flies tested together. 
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3.6.2 Do flies need to be in the presence of both the CS+ and CS- to show preference? 

In the same differential conditioning paradigm, we tried to discern what the flies learned during 

the conditioning phase. The questions we had in mind were aimed at understanding how strongly 

the flies learn in this paradigm; is the flies’ preference to CS+ stronger when tested not in the 

presence of CS-,  or is the avoidance of CS- reduced when tested not   in the presence of CS+? 

We aimed to understand whether memory of a CS+ can be recalled in the absence of the CS- and 

vice versa. In this test, differentially conditioned flies were tested against a blank, rather than 

testing a CS+ against a CS-. The test showed that flies showed no statistical difference in 

preference for CS+ odorant compared to the blank compartment (Fig. 3). The reason for the lack 

of preference shown in our test result might be because that during training flies were exposed to 

three options: a positive reinforcer, a negative reinforcer, or go elsewhere in the arena. By 

comparison, in the test situation the flies were given only two choices of either an odorized 

compartment or blank compartment. Based on the fact that in our setup flies had to explore to find 

the different odor sources, the distribution of the flies in the T-maze will slightly even out as they 

are not allowed to go out after approaching a particular chamber. 

There was a significant avoidance of the CS- when tested against a blank choice. The reason 

for the avoidance can be tied to the fact that flies learned to avoid the CS- in the arena as the 

context the flies were trained provide them with other options stated above. Bertram Gerber and 

colleagues (2011) conditioned larvae to associate one odor with sugar and another odor with 

nothing. Comparable to other experiments, the larvae in these experiments showed high 

preference to the rewarded odorant than the unrewarded odorant, but when tested in the presence 

of higher concentrations of sugar than the one they were trained with, the larvae abandoned 

preference for the CS+ (movement towards the CS+) as they compared the quality of the reward. 

Also the same type of experiment was conducted with aversive stimuli and showed that larvae 

approached when the concentration of the aversive stimuli was lower than where they were sitting 

in the test arena. In our study the flies showed no approach to the CS- as the blank chamber seems 

to be a preferred choice. We surmise that since flies were not previously punished the blank choice 

would be more attractive than the CS-. 
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3.6.3 Comparisons to other conditioning paradigms 

Studies showing en masse conditioning paradigms where flies were automatically conditioned by 

exposure to the rewarded and punished odors are broad. Different modes of presentation of the 

CS and US were used for this conditioning, for example in a study by Schnaitmann (2010) adult 

flies were conditioned en masse with a dried US, visual CS and short conditioning time less than 

what we used in our experiment, resulting in a lower LI (LI = 0.3) than the one we obtained in 

our paradigm (Fig. 1) this highlights how our conditioning paradigm allows for strong 

conditioning of flies. In addition, in previous study by Ichinose & Tanimoto (2016), adult flies 

underwent automatic differential conditioning en masse with electric shock as aversive reinforcer 

or dried sugar as attractive reinforcer, and two odors. The flies’ performance was high (LI =0.8) 

during tests, though the experiment was done in an enclosed tube with not much choice for the 

flies to explore other options. Furthermore, single flies were trained to odor shock reinforcer in 

an automated conditioning paradigm as in Tully and Quin (1974), and the LI was medium (LI = 

0.4) but decayed after few hours (Claridge-Chang, Hirsh, & Miesenböck, 2014). When we 

compared our LI to other traditional conditioning paradigm (Tully and Quin 1974 electric shock 

learning en masse, LI = 0.3, Schleyer et al., 2011 LI =0.4, Scherer 2003, differential conditioning, 

LI = 0.5) all the LI in these paradigms involved shorter training periods but in a setup that is not 

as natural as what we presented in our study. Our setup is suited to train many flies en masse with 

minimum effort as this helps doing experiments – as in Sehdev, Mohammed et al. (2018), where 

flies were conditioned differentially and tested in a wind tunnel. We propose that this paradigm 

will allow for the dissection of the neural correlates of behavior derived from a less stressful and 

near-naturalistic environment. Our setup is easy to construct, and thus, does not require so much 

effort to build. 

As a way forward, further experiments need to be carried out, where flies are trained in an absolute 

conditioning paradigm and tested against a blank. This is to discern what the flies have learned in 

our differential conditioning paradigm. 

In this paradigm we cannot account for all the experience of the flies during the conditioning 

protocol, but still flies were conditioned. This is because it is an open design where flies were 

allowed to roam freely and choose whether to follow odor cues associated with rewards or not. 
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4 CHAPTER II 

 
4.1 Olfactory Object Recognition Based on Fine-Scale Stimulus Timing in Drosophila 
 

Aarti Sehdev, Yunusa G. Mohammed, Tilman Triphan, and Paul Szyszka 

 

4.2 Summary 

Odorants of behaviorally relevant objects (e.g., food sources) intermingle with those from other 

sources. Therefore, to determine whether an odor source is good or bad—without actually visiting 

it—animals first need to segregate the odorants from different sources. To do so, animals could 

use temporal stimulus cues, because odorants from one source exhibit correlated fluctuations, 

whereas odorants from different sources are less correlated. However, the behaviorally relevant 

timescales of temporal stimulus cues for odor source segregation remain unclear. Using 

behavioral experiments with free-flying flies, we show that (1) odorant onset asynchrony 

increases flies’ attraction to a mixture of two odorants with opposing innate or learned valence 

and (2) attraction does not increase when the attractive odorant arrives first. These data suggest 

that flies can use stimulus onset asynchrony for odor source segregation and imply temporally 

precise neural mechanisms for encoding odors and for segregating them into distinct objects. 

 

4.3 Introduction 

A natural scene is composed of simple stimuli, such as color, brightness, and movement of visual 

objects. In addition, it consists of relational stimuli that reflect the spatial and temporal 

correlations of those items that belong to the same object (e.g., the correlated movements of a 

person’s body parts that allow us to segregate the person from the crowd). The mechanisms of 

how sensory systems use relational stimuli for object recognition are well understood in vision 

and audition. For example, humans use differences in stimulus onsets of a few tens of milliseconds 

to segregate visual objects from a background (Usher and Donnelly, 1998) or to segregate 

concurrent sounds from different sources (Hukin and Darwin, 1995). In contrast to vision and 

audition, olfaction research has mainly focused on simple stimuli, such as chemical identity, 

concentration, and dynamics of odorants (Galizia, 2014; Uchida et al., 2014), but it is largely 
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unknown how the olfactory system processes relational stimuli that underlie olfactory object 

recognition. 

 

Olfactory object recognition involves recognizing whether different odorants originate from the 

same or different sources (odor source segregation) (Hopfield, 1991). Odor source segregation 

can, in theory, be achieved from afar by analyzing the spatial distribution of odor plumes. The 

spatial distribution of odor plumes in the atmosphere is determined by the diffusion of odorant 

molecules and by the wind (Celani et al., 2014; Murlis et al., 2000). Because wind generally is 

turbulent, odor plumes are fragmented into fil-aments (similar to a plume of cigarette smoke). 

Because wind can transport odorant molecules much faster than diffusion, different odorants from 

the same source will largely stay together and will form a plume with relatively stable odorant 

concentration proportions (homogeneous plume). In contrast, odorants from different sources will 

be mixed by turbulent convection and will form a plume with variable odorant con-centration 

proportions (heterogeneous plume). 

 

Accordingly, plume heterogeneity enables animals to segregate odor sources (slugs [Hopfield and 

Gel-perin, 1989], insects [Andersson et al., 2011; Baker et al., 1998; Saha et al., 2013; Szyszka et 

al., 2012], crabs [Weissburg et al., 2012]). But how do they do it? Animals could use temporal 

sampling for segregation, because in heterogeneous (multi-source) plumes the odorants from 

different sources exhibit less correlated fluctuations than in homogeneous (single-source) plumes 

(Celani et al., 2014; Hopfield, 1991). Thus, animals could use odorant onset asynchrony to detect 

that two odorants originate from different sources (Baker et al., 1998). Flying insects are 

particularly well adapted for detecting fine-scale temporal differences in odorant onset. Flying 

moths, for example, can segregate two odorants from two sources that are just 1 mm apart (Baker 

et al., 1998) and honey bees can use 6-ms short differences in odorant arrival for odor source 

segregation (Szyszka et al., 2012). Moreover, insects’ rapid ligand-gated ionotropic olfactory 

receptors (Sato et al., 2008; Wicher et al., 2008) allow rapid and temporally precise odorant 

transduc-tion (Egea-Weiss et al., 2018; Schuckel et al., 2008; Szyszka et al., 2014) and  olfactory 

neurons are sensitive to stimulus onset asynchrony in the range of a few to tens of milliseconds 

(Broome et al., 2006; Meyer and Galizia, 2012; Nikonov and Leal, 2002; Saha et al., 2013; Stierle 

et al., 2013). However, the neural mechanisms of odor source segregation are still unknown.  



32 
 

Here we studied the capability of the fruit fly Drosophila melanogaster to use temporal stimulus 

cues for odor source segregation. We chose Drosophila because its genetic tractability will 

facilitate the determination of the causal relationship between behavioral odor source segregation 

and neural activity. We found that flies can detect a short difference in the arrival of two odorants 

(onset asynchrony of 33 ms). Odorant onset asynchrony increases flies’ attraction to binary 

mixtures of odorants with opposing valence, suggesting that flies can use stimulus onset 

asynchrony for odor source segregation. 

 

4.4 Results 

 

To test whether flies can use stimulus onset asynchrony for odor source segregation, we measured 

flies’ attraction toward synchronous (to mimic one odor source) and asynchronous (to mimic two 

odor sources) binary mixtures of attractive and aversive odorants in a wind tunnel (Figure 1A). 

In each experimental trial a single fly walked into the wind tunnel through a tube, which ended 

on top of a take-off platform (Figure 1B). The air flow at the take-off platform had a speed of 40 

cm/s. Odorant stimuli were applied with a custom-made stimulator (Raiser et al., 2016) that was 

located outside of the wind tunnel to prevent turbulences and to allow for temporally precise 

odorant stimuli. We tracked flies’ flights in 3D and measured their odor attraction using odorants 

with either innate or conditioned valence (original data are available in Data S1). After each 

experimental trial we removed and discarded the fly. 

 

The pairs of odorants with innate valence used were 2-butanone (BN) and butanal (BA) and BN 

and benz-aldehyde (BZ). For the conditioned odorants, we used 2,3-butanedione (BD) and ethyl 

acetate (EA). We chose these odorants based on their innate valences measured in tethered flying 

flies (Badel et al., 2016), in which BN was attractive, whereas BA and BZ were aversive, and BD 

and EA were behaviorally neutral (note that in previous studies EA and BD were attractive in 

walking paradigms; Rodrigues and Sid-diqi, 1978; Steck et al., 2012). To mimic homogeneous 

odorant plumes from one source we presented both odorants as a synchronous mixture (no onset 

delay between odorants). To mimic heterogeneous odorant plumes from different sources we 

presented both odorants as asynchronous mixtures (with 5- to 33-ms delays between odorant 

onsets)  
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Figure 1. Delivering Temporally Precise Olfactory Stimuli in a Wind Tunnel 
(A) Diagram of a wind tunnel 2 (WT 2). Red and blue dashed boxes indicate the captured x-y and z-y planes, 
respectively. The olfactory stimulator was placed outside the wind tunnel to minimize turbulences. The orange box 
outlines the image in (B). 
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(B) The layout of WT 2, showing the position where the odorant concentrations were recorded using a PID. 
 
(C) Valve states for creating odorant pulses for the different stimuli. The attractive odorant A and aversive 
odorant B are represented in green and magenta, respectively. When asynchronous mixtures were presented, the first 
odorant was always given for 500 ms, and the following odorant with an onset delay. Both odorants had the same 
offset time. Pulses were repeated every 2 s. 
(D) PID recordings of pulsed stimuli for the odorant pair with innate valence 2-butanone (BN, green) and butanal 

(BA, magenta) (mean and SD over 50 pulses). Valves opened for 500 ms. Each PID signal was normalized to 
the maximum concentration reached. 

 
(E) Same as (D) for the odorant pair with conditioned valence 2,3-butanedione (BD, blue) and ethyl acetate (EA, 

orange), averaged over 50 pulses. 
 
(F) Left: Onset time (time taken to reach 5% of maximum concentration after valve trigger) for BN and BA (mean 

and SD over 50 pulses). Individual points represent the onsets for each pulse. Right: Onset time difference 
between pairs of successive BN and BA pulses (mean and SD over 50 pulses). 

 
(G) Same as (F) for BD and EA. 
 
(H) Left: Rise time (time taken to reach 95% of maximum concentration from the 5% onset time) for BN and BA 

(mean and SD over 50 pulses). Individual points represent the rise times for each pulse. Right: Mean rise time 
difference between pairs of successive BN and BA pulses (mean and SD over 50 pulses). 

(I) Same as (H) for BD and EA. See also Figure S1. 
 

 

(Figure 1C). We used different wind tunnels (WT 1 and WT 2) and different arrangements of the 

landing platforms in an attempt to optimize experimental con-ditions (see Transparent Methods). 

However, we found no clear differences in flies’ performance, indi-cating that the results are 

robust and do not depend on specific arrangements of the wind tunnels. To eliminate between-

session variability, all data shown in a given panel of a figure were collected during the same 

experimental sessions. Accordingly, data points should be compared within panels, but not 

between panels. 

 

4.4.1 Tracking of Temporally Well-Controlled Odorant Stimuli in the Wind Tunnel 

 

We determined the temporal precision of stimulus delivery by measuring the stimulus dynamics 

with a photoionization detector (PID) (Figures 1D–1I and S1A–S1C). The inlet of the PID was 

placed at the surface of the take-off platform (Figure 1B). Each odorant was presented 50 times 

in three separate experimental sessions for the three odorant pairs BN/BA, BN/BZ, or BD/EA. 

The onset times (time it took from valve opening to reach 5% of the maximum PID signal) were 
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temporally precise across trials, with standard deviations ranging between 6 ms (BN, BA) and 10 

ms (BD, EA) (Figures 1F, 1G, and S1B). 

 

The onset times were similar for all odorant pairs (BN/BA, BN: 744 G 6 ms, BA: 745 G 6 ms; 

BN/BZ, BN: 750 G 7 ms, BZ: 756 G 7 ms; BD/EA, BD: 691 G 10 ms, EA: 691 G 10 ms; mean 

G SD). The rise times (time it took to reach from 5% to 95% of the maximum PID signal) were 

also similar for the odorant pair BN/BA (BN, 411 G 10 ms; BA, 428 G 12 ms; mean G SD) and 

for the odorant pair BD/EA (BD, 428 ms G 26 ms; EA, 440 ms G 21 ms), but less similar for the 

odorant pair BN/BZ (BN, 400 G 12 ms; BZ, 444 ms G 9 ms) (Figures 1H, 1I, and S1C). The 

differences in stimulus dynamics could be explained by the difference in the molecular mass 

between odorants, as stimulus dynamics gets slower with increasing molecular mass (in g/mol, 

BN, 72; BA, 72; BD, 86; EA, 88; BZ, 106) (Martelli et al., 2013; Raiser et al., 2016). Note, that 

part of the stimulus onset variability reflects the variability of the PID measurement itself and the 

actual stimulus dynamics may be less variable. 

 

To visualize how flies explored space based on the odorant experience, we projected their flight 

trajec-tories on a plane and calculated the probability across flies to visit a particular pixel (visit 

probability, Fig-ure 2A). When presented with the innately attractive odorant BN, flies were more 

likely to fly toward the target (which was either the actual odor source or a black platform near 

the odor source, see Transparent Methods) compared with the innately aversive odorant BZ. To 

assess the approach to the target, we counted the number of flies that reached halfway between 

the center of the take-off platform and the target (3.1 cm [117 pixels] for WT 1 and 2.7 cm [71 

pixels] for WT 2) and calculated the approach probability by dividing this number by the total 

number of flies. Flies flew closer toward the target when stimulated with an attractive odorant 

than with an aversive odorant or a control air stimulus (Air) (p(BN > BZ)> 0.999 in Figure 2B; 

p(BN > BA) = 0.962, p(BN > Air)> 0.999 in Figure 2C; all statistical significances are given as 

Bayesian probabilities; see Transparent Methods and Table S2 for a comparison with frequentist 

statis-tics). However, in contrast to previous studies (van Breugel et al., 2018; Budick and 

Dickinson, 2006; Houot et al., 2017; Saxena et al., 2018), flies rarely landed at or near the target. 

This discrepancy might reflect the fact that, in contrast to these previous studies, our odorant 

delivery device was outside the wind tunnel. Positioning the odor delivery device inside the wind 
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tunnel creates turbulences, and these turbulences could possibly provide localization cues for the 

fly to land. In contrast, our wind tunnel setting might mimic an odor source at a distance. 

 

The percentage of flies that started flying ranged between 85% and 96% for the attractive odorant 

BN, ranged from 68% to 84% for the aversive odorants BZ or BA, and was 71% for the blank air 

control (Table S1). The average latency to flight ranged from 10–27 s, corresponding to 5–13 

odorant pulses before taking off (Table S1, Figures S1H, S1J, S2D, and S2E). There was no 

consistent connection between the valence of an odorant and the latency to flight (e.g., latency to 

flight was longer for BZ than for BN (Figure S1H), but there was no difference for BN and BA 

(Figure S1J). 

 

4.4.2 Attraction toward Asynchronous Mixtures of Odorants with Differing Innate 

Valence 

 

To test whether flies can detect stimulus onset asynchrony, we presented the attractive odorant 

BN (A) and the aversive odorant BA (B) either as single odorants combined in a synchronous 

mixture (AB) or in asynchronous mixtures in which B preceded A by 33 ms (B33A) (Figure 3A). 

Note that we used the odorant pair BN/BA to test the effect of stimulus onset asynchrony rather 

than BN/BZ because the differences in stimulus dynamics between BN and BZ make this odorant 

pair unsuitable for generating synchronous mixtures (Figure S1). 

 

Flies showed a higher approach probability for A compared with B (p(A > B) = 0.998) or with 

the synchro-nous mixture AB (p(A > AB) = 0.993) (Figure 3A). Moreover, flies showed a higher 

approach probability for the asynchronous mixture B33A compared with synchronous mixture 

AB (p(B33A > AB) = 0.996) or with the aversive odorant B (p(B33A > B)> 0.999). This shows 

that flies perceive the synchronous mixture AB and the asynchronous mixture B33A differently, 

with the onset asynchrony making the mixture more attractive. 

 

To test whether flies are sensitive for shorter onset asynchronies we applied synchronous and 

asynchronous mixtures that started with B and with onset times differing by 5, 10, or 33 ms (B5A, 

B10A, B33A) (Figure 3B). 
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Figure 2. Odor 

Tracking in the 

Wind Tunnel 
(A) Top: Flight 

trajectory of a flying fly 

(red) in the wind tunnel 

during stimulation with 

BN. Bottom: Visit 

probability map 

equivalent to top image 

for BN and BZ (set 1). 

Each bin represents 20 3 

20 pixels in the image, 

corresponding to 7.6 3 7.6 

mm at the height of the 

landing platform. Each 

bin shows the mean 

binary value across flies. 

The take-off platform 

(white circle), landing 

platform (white 

rectangle), and odor 

source (white star) are indicated for position reference. n = 24 and 20 for BN and BZ, respectively. 

(B) Approach probability to cross the half distance between take-off platform and landing platform for BN and 

BZ. Bars represent the mean. Vertical lines represent the 95% credible intervals. The lower-case letters represent 

significantly different responses for the different odorants; this applies for all figures. Numbers in bars indicate the 

number of flies; this applies for all figures. 

(C) Same as in (B) but for BN, butanal (BA), and a blank air stimulus (Air). See also Figures S1 and S2. 

 

Flies presented with A showed more activity in general, along with a higher visit probability near 

the target compared with flies presented with B. Flies showed a similar visit probability map for 

the synchronous mixture AB as for B. However, when stimulated with the asynchronous mixtures 

B33A, flies showed more activity near the target compared with AB and B. 
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To make the quantification of flies’ approach behavior less arbitrary and to account for the fact 

that flies distributed differently in the two different wind tunnels and experimental sets, we 

calculated an approach area that segregated flies’ approach probabilities for the attractive odorant 

A and the aversive odorant B the most (Figures 3C and S1–S3). We determined this area for each 

experimental set separately (see Trans-parent Methods). Note that this method maximizes the 

differences in approach probability between odor-ants A and B by design. Therefore, we refrain 

from comparing flies’ approach probabilities for A or B and restrict the comparisons to the 

mixtures. 

 

The flies’ responses to the mixtures depended on the timing between B and A (Figure 3D). For 

an onset asynchrony of 33 ms (B33A), flies were attracted to the target and scored a higher 

approach probability than for the synchronous mixture AB (p(B33A > AB) = 0.995), similar to 

that of A alone. However, for onset asynchronies of 5 or 10 ms (B10A), flies’ approach 

probabilities were not different from the approach prob-ability for AB (p(B5A > AB) = 0.894, 

p(B10A > AB) = 0.500). 

 

Next, we wanted to discern whether the order in which odorants are presented in a mixture affects 

how a fly perceives the mixture. We used the same paradigm and odorants as before and 

stimulated flies with the synchronous mixture AB and the asynchronous mixtures A33B (A 

precedes B) and B33A (B precedes A) (Figures 3E and S2). In this paradigm, flies showed a lower 

approach probability to the synchronous mixture AB than to the asynchronous mixture B33A 

(p(B33A > AB) = 0.957)), confirming our previous result that B33A is perceived differently to 

AB, and is perceived by the fly as more attractive. However, the approach probability for the 

asynchronous mixture A33B was not significantly different from the approach probability for AB 

(p(A33B > AB) = 0.793)). 

 

These data show that flies can discriminate between the synchronous mixture AB and 

asynchronous mixture B33A, supporting the hypothesis that flies can use stimulus onset 

asynchrony to segregate the attractive component A from the mixture of A and B even if they 

never encountered A alone (in B33A, B started before A and A ended at the same time as B). 
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4.4.3 Attraction toward Asynchronous Mixtures of Odorants with Differing Learned 

Valence 

 

Finally, we wanted to determine whether flies’ capability to discriminate between synchronous 

and asyn-chronous mixtures only works for odorants with differing innate valence, or whether it 

also works for odor-ants with differing learned valences. To address this question, we used an 

autonomous differential condi-tioning paradigm and paired one odorant (positively conditioned 

stimulus, CS+) with a 1 M sucrose solution and another odorant (negatively conditioned stimulus, 

CS ) with a saturated NaCl solution (Fig-ure 3F). We used the odorants EA and BD equally often 

for CS+ and CS . Thus CS+ and CS only differ with regard to the learned valences, devoid of 

odorant-specific innate valences. 

 

Odorants BD and EA were used equally as often as the CS+ and CS . See also Figures S2 and S3. 

Also in this experiment, flies discriminated between synchronous and asynchronous mixtures and 

showed lower approach probabilities to the synchronous mixture of CS+ and CS (CS+CS ) than 

to the asynchro-nous mixture CS+33CS or CS 33CS+ (p(CS+33CS > CS+CS ) = 0.965, p(CS 

33CS+ > CS+CS ) = 0.981) (Figures 3G and S3). Together, these findings support the hypothesis 

that flies can use stimulus onset asynchrony to segregate odorants with both learned and innate 

valences from mixtures. 
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Figure 3. Stimulus Onset Asynchrony Makes a Mixture of Odorants with Differing Valences More Attractive 

 

(A) Approach probabilities (determined by the half distance threshold) for the single odorants BN (A), BA (B), 

their synchronous mixture (AB), and their asynchronous mixture (B33A). Bars represent the mean. Vertical lines 

represent the 95% credible intervals. The lower-case letters represent significantly different responses to the odorant 

treatments (this dataset is pooled from experiments shown in D and E). 

 

(B) Top: Flight trajectory of a flying fly (red) in the wind tunnel during stimulation with BN (A). Bottom: Visit 

probability maps for A (BN) and B (BA) and the synchronous (AB) and asynchronous (B5A, B10A, B33A) mixtures. 

The take-off platform (white circle), landing platform (white rectangle), and odor source (white star) are indicated 

for position reference. n = 44, 43, 41, 43, 45, and 45 for A, B, AB, B5A, B10A and B33A, respectively. 

 

(C) Thresholding method that uses the distance that separates flies’ approach probabilities for A and B best 

(maximized A-B difference threshold). Each point represents the proportion of A-stimulated flies that approached 

the target by the given minimum distance to the target minus the proportion of B-stimulated flies. The blue trend line 

was fitted using locally weighted scatterplot smoothing. The gray area indicates the 95% confidence interval. The 

distance at the peak of the trend line was defined as threshold (orange dashed line and value). 

 

(D) Approach probabilities (determined by the maximized A-B difference thresholding method) of the 

experiment to test flies’ limit to detect onset asynchrony. Stars represent significantly different responses between 

AB and the other mixtures. As A and B are used to determine the threshold, they were not included in the statistical 

analysis. 

 

(E) Approach probabilities (maximized A-B difference thresholding method) of the experiment to test the effect 

of odorant order in asynchronous mixtures. 

 

(F) Conditioning setup in which flies were left for autonomous differential conditioning. Flies can freely fly in 

the cage and enter the odorized tubes containing cotton wool soaked either with aversive salt solution or attractive 

sucrose solution. 

 

(G) Approach probability for odorant mixtures with conditioned valences (maximized A-B difference 

thresholding). 
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4.5 Discussion 

 

We asked whether Drosophila can use stimulus onset asynchrony to segregate an attractive target 

odorant from a mixture with an aversive odorant. We found that flies show stronger attraction to 

asynchronous mixtures (mimicking two odorant sources) than to synchronous mixtures 

(mimicking one source). These results suggest that the fly’s olfactory system can use temporal 

stimulus cues for olfactory object recognition and odor source segregation. 

 

4.5.1 Stimulus Cues for Odor Source Segregation 

 

Insects, crabs, and slugs can segregate an attractive target odorant from an aversive odorant 

depending on whether both odorants originate from the same source (forming a homogeneous 

plume) or from different sources (forming a heterogeneous plume) (Andersson et al., 2011; Baker 

et al., 1998; Hopfield and Gelperin, 1989; Weissburg et al., 2012). To segregate two odorants 

from different sources, animals could in theory (1) use temporal sampling to detect time 

differences in odorant arrival, (2) use spatial sampling to detect the spatial heterogeneity of 

odorant concentrations along or between olfactory organs, or (3) recognize the target odorant 

during bouts of its pure, unmixed presence. 

 

Our data suggest that flies can segregate a target odorant from an asynchronous mixture without 

ever encountering the target odorant in its unmixed form (in BDtA, the target odorant A is always 

mixed with B, because A starts after and ends with B) and that odor source segregation is no better 

when the target odorant A arrives first. Therefore, in our experiments flies must have used spatial 

or temporal sampling for odor source segregation. Theoretically, flies could have used spatial 

sampling if they orient non-parallel to the wind direction. Then, in the case of an asynchronous 

mixture BDtA, the downwind antenna could encounter odorant B, whereas the upwind antenna 

already encounters the mixture AB. However, this spatial difference in odorant input across both 

antennae will last for 1 ms at most, given that both antennae span around 0.4 mm and that the 

odorant stimulus moves at 40 cm/s. Thus, the spatial cue across antennae has a much shorter 

duration (1 ms at most) than the temporal cue provided by the stimulus (33 ms). It is therefore 

likely that flies used temporal sampling for detecting the odorant onset asynchrony. The capability 
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to segregate odor sources based on odorant onset asynchrony could allow flies to ignore bad 

objects (e.g., a spoiled food source where food and detrimental odorants originate from the same 

source) and to find a good object in a patch of bad objects (e.g., food and detrimental odorants 

originate from different sources) without actually visiting the source. 

 

The odor source segregation paradigms that previous studies and our study used were odor 

recognition tasks in which the target odor either had an innate (Andersson et al., 2011; Baker et 

al., 1998; Weissburg et al., 2012) or a learned valence (Hopfield and Gelperin, 1989; Saha et al., 

2013; Szyszka et al., 2012). There-fore the neural process of odor source segregation could occur 

during the encoding of odor identity or during the encoding of innate or learned odor valence. 

The small necessary odorant onset asynchrony for odor source segregation (33 ms in our study) 

poses temporal constraints on the precision of the neural code for odorant identity or valence, 

which we will discuss next. 

 

4.5.2 Temporal Precision of the Neural Code for Odorant Identity 

 

The temporal precision with which odorant identity can be encoded is limited by the temporal 

precision of stimulus-evoked action potentials (spikes) (Jeanne and Wilson, 2015). In Drosophila, 

the temporal precision of olfactory receptor neurons is high and the timing of the first odor-evoked 

spikes jitters with a standard deviation of down to 0.2 ms (Egea-Weiss et al., 2018). Olfactory 

receptor neurons of a given type (neurons that express the same olfactory receptor) coalesce in 

distinct glomeruli of the antennal lobe where they converge onto projection neurons. Compared 

with olfactory receptor neurons, projection neuron responses show less trial-to-trial variability 

and faster dynamics (Bhandawat et al., 2007). The high temporal precision and high spike rates 

of odor-evoked responses in Drosophila olfactory receptor neurons (de Bruyne et al., 1999; Egea-

Weiss et al., 2018; Martelli et al., 2013) and projection neurons (Bhandawat et al., 2007; Wilson 

et al., 2004) would allow for rapid and temporally precise encoding of odorant identity. For 

example, odorant identity could be encoded within a few tens of milliseconds by reading out the 

increase in spike rates across the earliest responding neurons only (Krofczik et al., 2009; Nawrot, 

2012), or by reading out the differences in response latencies across neurons (Brill et al., 2013; 
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Egea-Weiss et al., 2018; Krofczik et al., 2009; Martelli et al., 2013; Mu¨ller et al., 2002; Paoli et 

al., 2018). 

 

In Drosophila, there is evidence that the spike rates across the earliest responding neurons, and 

not the differences in response latencies, encode behaviorally relevant odorant identity 

information: downstream neurons in the mushroom body (Kenyon cells) are insensitive to 

response latency differences between projection neurons in the range of tens of milliseconds 

(Gruntman and Turner, 2013). We therefore propose that behaviorally relevant odorant identity 

information for odor source segregation is encoded in the spike rates across the earliest responding 

projection neurons. This hypothesis is supported by the fact that downstream Kenyon cells 

generally have short integration time windows and respond to odorant onsets in a temporally 

precise manner (Demmer and Kloppenburg, 2009; Farkhooi et al., 2013; Ito et al., 2008; Perez-

Orive, 2002; Szyszka et al., 2005; Turner et al., 2008). 

 

4.5.3 Neural Responses to Synchronous and Asynchronous Odorant Mixtures 

 

What is the neural correlate of odor source segregation based on odorant onset asynchrony? In 

the antennal lobe, synchronous odorant mixtures often induce neural activity patterns that lack 

part of the component information (synthetic mixture representation) (Deisig et al., 2006; 

Krofczik et al., 2009; Meyer and Galizia, 2012; Mu¨nch et al., 2013; Mu¨nch and Galizia, 2017; 

Silbering and Galizia, 2007). In contrast, asynchronous mixtures induce spatiotemporal activity 

patterns across projection neurons that partly match those evoked by the individual odorants 

(analytic mixture representation), and this asynchrony-induced shift from synthetic to more 

analytic mixture processing could support odor source segregation (Broome et al., 2006; Saha et 

al., 2013; Stierle et al., 2013) (for a modeling approach see Nowotny et al., 2013). However, the 

first arriving odorant often dominates the neural response to the asynchronous mixture, but such 

dominance of the first arriving odorant neither occurs in behavioral experiments in honey bees 

(Szyszka et al., 2012) nor in flies (this study). We therefore conclude that an asynchrony-induced 

shift from synthetic to a more analytic mixture representation in the antennal lobe cannot fully 

explain the behavioral odor source segregation observed in flies. 
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Alternatively, neural responses to both synchronous and asynchronous mixtures could contain 

sufficient analytical odorant information to allow for recognizing a target odorant. This hypothesis 

is supported by the observation that projection neurons that respond strongly to a single odorant 

generally also respond to its mixture with another odorant (Broome et al., 2006; Deisig et al., 

2010; Saha et al., 2013; Silbering and Galizia, 2007; Stierle et al., 2013). Likewise, Kenyon cells 

that respond to a single odorant generally also respond to its mixture with another odorant 

(Campbell et al., 2013; Honegger et al., 2011; Shen et al., 2013). In addition, there is behavioral 

evidence for analytical processing of synchronous mixtures in Drosophila, as flies’ responses to 

two odorants can add up linearly when presented as a synchronous mixture (Badel et al., 2016; 

Thoma et al., 2014). Moreover, flies fail in biconditional discrimination or negative patterning, 

tasks that require synthetic mixture processing (Young et al., 2011). 

 

We therefore propose that (1) synchronous and asynchronous mixtures of odorants A and B 

activate a largely overlapping population of odorant-identity-encoding neurons (projection 

neurons and Kenyon cells), (2) this population includes both the A- and the B-activated neurons, 

and (3) odorant-identity-encoding neurons preserve the onset times of odorants A and B. 

 

4.5.4 Neural Encoding of Odorant Valence and Odor Source Segregation 

 

Stimulus-onset-asynchrony-induced timing difference between the A- and the B-activated 

projection neurons and Kenyon cells could be detected during the process of odorant recognition, 

i.e., during the transformation of the odorant identity code into a valence code. In insects, the 

innate odorant valence is encoded by lateral horn neurons (Jeanne et al., 2018; Jefferis et al., 2007; 

Roussel et al., 2014; Strutz et al., 2014), whereas learned odorant valence is encoded by 

mushroom body output neurons (Aso et al., 2014; Hige et al., 2015; Strube-Bloss et al., 2011). 

Both lateral horn neurons and mushroom body output neurons could preserve the temporal 

differences in odorant onsets: lateral horn neurons (in Drosophila) allow faster odorant detection 

than projection neurons (Jeanne and Wilson, 2015). Likewise, mushroom body output neurons 

(in honey bees) respond on average more rapidly to odorants than projection neurons (Strube-

Bloss et al., 2012) and spike-timing-dependent plasticity (in locusts) enhances the synchronization 

of co-activated mushroom body output neurons (Cassenaer and Laurent, 2007). 
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Therefore, whether odorants A and B originate from one or two sources could be detected by 

coincidence-detecting neurons that receive input from valence-encoding lateral horn neurons or 

mushroom body output neurons. Those coincidence-detecting neurons would respond to 

synchronous input from the A- and B- activated valence-encoding neurons (A and B come from 

one source) but not to asynchronous input (A and B come from different sources). Coincidence 

detection could, for example, be mediated by N-methyl-D-aspartate (NMDA) glutamate receptors 

(Mayer et al., 1984). The existence of glutamatergic neurons and NMDA receptors in both the 

lateral horn and in the mushroom body (Sinakevitch et al., 2010), and glutamatergic valence-

encoding mushroom body output neurons in Drosophila (Aso et al., 2014; Owald et al., 2015), is 

consistent with this hypothetical mechanism. 

 

4.5.5 Comparison with Mammalian Olfaction 

 

Several studies have suggested that mammals have difficulties in segregating the single odorants 

from mixtures (e.g., Laing and Francis, 1989), but temporal differences in odorant arrival can help 

odor segregation: For example, in humans, stimulus onset asynchrony in tens of milliseconds 

impairs the detection of the following odorant (Laing et al., 1994) and in mice a delay in tens of 

seconds between a background odorant and a following target odorant facilitates the detection of 

the target odorant (Linster et al., 2007). However, it is currently unknown whether mammals can 

also use odorant onset asynchronies in millisecond range for odor source segregation. The 

timescales of olfactory processing in mice suggest that they could detect stimulus onset 

asynchrony in the tens of milliseconds range and use it for odor segregation: First, mice can 

identify odorants rapidly (within less than 200 ms) (Abraham et al., 2004; Uchida and Mainen, 

2003). Second, odor-evoked spikes in olfactory bulb neurons can be temporally precise, with an 

average trial-to-trial standard deviation of just 12 ms (Shusterman et al., 2011). This high spike 

timing precision allows rapid odor coding, for example, by reading out the differences in response 

latencies (Haddad et al., 2013; Junek et al., 2010; Schaefer and Margrie, 2012; Spors, 2006) or 

by reading out the earliest responding neurons only (Wilson et al., 2017). 
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The next important steps will be to determine the behaviorally relevant stimulus timescales for 

odor source segregation in natural environments and to conduct causal studies on the underlying 

neural mechanisms. Doing this both in insects and mammals offers the possibility to reveal the 

differences and unifying principles of olfactory object recognition. 

 

4.5.6 Limitations of the Study 

 

The finding that flies show a higher approach to the asynchronous mixture B33A (the attractive 

odorant A arrives 33 ms after odorant B) than to the synchronous mixture AB shows that flies can 

detect stimulus onset asynchrony. However, it does not allow conclusions about the perceptual 

differences between B33A and AB. Thus, we cannot discriminate between the proposed 

explanations that (1) flies perceive the attractive odorant A better in B33A than in AB or (2) flies 

perceive odorant A equally well in B33A and AB, and the 33-ms onset asynchrony adds the 

information that A and B originate from different sources. The question about the perceptual 

differences between AB and B33A could be answered to some extent by analyzing how neural 

responses to AB and B33A relate the responses of A and B alone. 

 

4.6 METHODS 

 

All methods can be found in the accompanying Transparent Methods supplemental file. 

 

4.7 SUPPLEMENTAL INFORMATION 

 

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.02.014. 
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Figure S1. Stimulus timing and behavioral data, Related to Figure 1 and 2 

(A) PID recordings of pulsed stimuli for the odorant pair with innate valence 2-butanone (BN, green) and 

benzaldehyde (BZ, magenta). Pulses were 500 ms long and with a 7 s interstimulus interval to allow the 

concentration to reach baseline again before the next pulse started (mean and SD over 50 pulses). Each PID signal 

was normalized to the maximum concentration reached. Grey dashed lines represent 5 and 95 % of the maximum. 

 

(B) Left: Onset time (time taken to reach 5 % of maximum concentration after valve trigger) for BN and BZ (mean 

and SD over 50 pulses). Individual points represent the onsets for each pulse. Right: Onset time difference between 

pairs of BN and BZ pulses (mean and SD over 50 pulses). 

(C) Left: Rise time (time take to reach 95 % of maximum concentration from the 5% onset time) for BN and BZ 

(mean and SD over 50 pulses). Individual points represent the rise times for each pulse. Right: Mean rise time 

difference between pairs of BN and BZ pulses (mean and SD over 50 Pulses). 

 

(D) Thresholding method that uses the distance which separates flies’ approach probabilities for (BN) A and 

 

(BZ) B best for set 1 (see “maximized A-B difference threshold” in Transparent Methods). Each point represents 

the proportion of A-stimulated flies that approached the target by the given minimum distance to the target minus 

the proportion of B-stimulated flies. The blue trend line was fitted using locally weighted scatterplot smoothing to 

avoid skewing by further away deviant points. The distance at the peak of the trend line was defined as threshold 

(orange dashed line and value) 

(E) Same as (D) but for set 2 of BN and BZ. 

(F) Approach probability for odorant mixtures with different asynchronies (maximized A -B difference threshold). 

Bars with vertical lines represent the mean and 95 % credible intervals. Since A and B are used to determine the 

threshold, they were not included in the statistical analysis. 

 

(G) Visit probability maps of set 1 (Top) and set 2 (Bottom) of BN and BZ for single odorants and the mixtures. 

The take-off platform (white circle), landing platform (white rectangle) and odor source (white star) are indicated 

for position reference. n of set 1 = 24, 20, 22, 20 and 22; n of set 2 = 18, 17, 17, 21 and 19 for A, B, AB, A33B and 

B33A respectively. 

(H) Response latency for odorants and mixtures, measured as the time taken from the fly entering the take-off 

platform to first flight. The lower case letters represent significantly different responses to the odorant treatments. Y 

axis limited to 110 s. n = 36, 25, 31, 37 and 37 for A, B, AB, A33B and B33A respectively. 

(I) Same as (G) but for BN (A), BA (B) and blank air control (Air). n = 46, 45 and 41 for A, B, and C respectively. 

(J) Same as (H) but for BN (A), BA (B) and blank air control (Air). n = 39, 34 and 29 for A, B and C respectively. 
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Figure S2. 
Behavioral data, 
Related to Figure 3B – 
E 

(A) Visit probability 

maps of set 1 (Top) 

and set 2 (Bottom) of 

BN and BA for single 

odorants and the 

mixtures. The take-off 

platform (white 

circle), landing 

platform (white 

rectangle) and odor 

source (white star) are 

indicated for position 

reference. n for set 1 = 

35, 34, 32, 35 and 33; 

n for set 2 = 14, 14, 12, 

15 and 16 for A, B, 

AB, A33B and B33A 

respectively. 

(B) Thresholding 

method that uses the 

distance which 

separates flies’ 

approach probabilities 

for A and B best for set 

1 of BN (A) and BA 

(B) (maximized A-B 

difference threshold). 

(C) Same as (B) but for set 2 of BN and BA. 
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(D) Response latency for odorants and mixtures, measured as the time taken from the fly entering 

the take-off platform to first flight for the experiment shown in Figure 3E. The lower case letters 

represent significantly different responses to the odorant treatment. Y axis limited to 110 s. n = 

42, 33, 28, 36 and 34 for A, B, AB, A33B and B33A respectively. (E) Same as in (D) but for the 

experiment shown in Figure 3D. n = 42, 36, 33, 38, 36 and 39 for A, B, AB, B5A, B10A and 

B33A respectively. 
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Figure S3. Behavioral data, 

Related to Figure 3G 

 

(A) Visit probability maps of set 1 

(Top) and set 2 (Bottom) of CS+ 

and CS- (either EA or BD) for 

single odorants and the mixtures. 

The take-off platform (white 

circle), landing platform (white 

rectangle) and odor source (white 

star) are indicated for position 

reference. n for set 1 = 19, 22, 23, 

24 and 26; n for set 2 = 21, 21, 22, 

20 and 24 for CS+, CS-, CS+CS-, 

CS+33CS- and CS-33CS+ 

respectively. 

(B) Thresholding method that uses 

the distance which separates flies’ 

approach probabilities for CS+ and 

CS- best for set 1 of EA and BD 

(maximized A-B difference 

threshold) 

(C) Same as (B) but for set 2 of EA 

and BD. 

(D) Response latency for odorants 

and mixtures, measured as the time 

taken from the fly entering the 

take-off platform to first flight. The 

lower case letters represent 

significantly different responses to 

the odorant treatments. Y axis 

limited to 110 s. n = 35, 37, 38, 43 

and 46 for CS+, CS-, CS+CS-, CS+33CS- and CS-33CS+ respectively. 
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Table S1. Percentage of flies flying and their latency to flight, Related to Figure 2 and 3 

 

Experimen

t 

Stimulus Total 

number of 

Percentage 

of 

Mean latency 

  flies tested flies flying to flight (s) 

Figure 2B, A (BN) 42 86 13 

Figure 

S1D-H 

B (BZ) 37 68 27 

 AB 39 80 10 

 A33B 41 90 15 

 B33A 41 90 16 

Figure 2C A (BN) 46 85 10 

 B (BA) 45 76 12 

 Air 41 71 28 

Figure 3A A (BN) 93 90 21 

 B (BA) 91 76 16 

 AB 85 72 19 

 B33A 94 78 20 

Figure 3D A (BN) 44 96 19 

 B (BA) 43 84 21 

 AB 41 80 17 

 B5A 43 88 20 

 B10A 45 80 21 

 B33A 45 87 22 

Figure 3E, A (BN) 49 86 21 

Figure S2 B (BA) 48 70 15 

 AB 44 64 18 

 A33B 50 72 21 

 B33A 49 70 17 
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Figure 3G, CS+ 

(EA/BD) 

40 88 21 

Figure S3 CS- 

(BD/EA) 

43 86 12 

 CS+CS- 45 84 17 

 CS+33CS

- 

44 92 7 

 CS-

33CS+ 

50 98 12 

 

 

Table S2. Additional statistical analysis of approach probabilities using the exact binomial 

test, Related to Figure 2 and 3 

P-values and corrected alpha values are given for the exact binomial test and Bayesian 

probabilities are given for the Bayesian analysis. Red values indicate significant differences. 

     Bayesian 

Experi

ment 

Odorants Comparison P-

valu

e 

Corrected 

alpha 

probabilit

y 

Figure 

2B 

BN (A), BZ (B) A vs B <0.0

01 
0.05 >0.999 

Figure 

2C 

BN (A), BA (B), 

Air 

A vs B <0.0

1 

0.025 0.962 

  A vs Air <0.0

01 

0.025 >0.999 

Figure 

3A 

BN (A), BA (B) A vs AB <0.0

01 

0.017 0.993 

  B vs AB 0.62 0.017 0.338 

  B33A vs AB <0.0

01 

0.017 0.996 
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Figure 

3D 

BN (A), BA (B) B5A vs AB 0.1 0.017 0.894 

  B10A vs AB 1.0 0.017 0.5 

  B33A vs AB <0.0

01 

0.017 0.995 

Figure 

3E 

BN (A), BA (B) A33B vs AB 0.21 0.025 0.793 

  B33A vs AB <0.0

1 

0.025 0.957 

Figure 3G   EA/BD (CS+), 

BD/EA (CS-) 

CS+33CS- vs 

CS+CS- 

<0.0

5 

0.025 0.965 

  CS-33CS+ vs 

CS+CS- 

<0.0

1 

0.025 0.981 

 

 

4.12 TRANSPARENT METHODS 

 

4.12.1 Animals 

 

Wild-type Canton S Drosophila melanogaster were reared on standard medium (100 mL contain 

7.1 g cornmeal, 6.7 g fructose; 2.4 g dry yeast, 2.1 g sugar beet syrup, 0.7 g agar, 0.61 ml 

propionic acid, and 0.282 g ethyl paraben) under a 12:12 hours light:dark cycle (light from 09:00 

to 21:00), at 25 °C and 60% relative humidity. All flies used in the experiments were female, 

aged between four and eight days old. 

 

4.12.2 Wind tunnel 

 

We carried out experiments in two wind tunnels, referred to here as wind tunnel 1 (WT 1, data 

shown in Figure 3D) and wind tunnel 2 (WT 2 data shown in all other figures). We filmed each 

experiment using Raspberry Pi cameras (Raspberry Pi Camera Module v2; Raspberry Pi 3 model 
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B) for 2 or 3 minutes with a resolution of 640 x 480 pixels and 90 frames s-1; the first 10 seconds 

of flight duration were used for the analysis. 

 

Both wind tunnels were constructed from clear Plexiglas. The inner side walls and floor were 

covered by a random checker board pattern (grey on white paper). The dimension of WT 1 was 

1.2 m x 0.19 m x 0.19 m and of WT 2 was 2 m x 0.40 m x 0.40 m. The exhaust took in room air 

(28 °C, 60 % relative humidity) through the tunnel and removed it from the setup building via a 

ventilation shaft. An aluminum honeycomb grid (hole diameter x length: 0.53 cm x 3 cm, WT 1; 

0.32 cm x 9.7 cm, WT 2) at the inlet and a grid at the outlet of the tunnel created a non-turbulent 

flow throughout. The wind speed was 40 cm/s. We injected odorants into the inlet of the wind 

tunnel with an olfactory stimulator (Raiser et al., 2016). The outlet of the olfactory stimulator 

was 1 cm in diameter and was placed just outside of the honey comb grid, creating a non-turbulent 

air-stream within the tunnel that allowed us to control the timing of the odorant stimuli. Flies 

entered the tunnel through a glass tube that was connected to a take-off platform whose center 

was 7.5 cm (WT 1) or 6 cm (WT 2) downstream from the inner side of the honeycomb grid. 

 

In the course of most of the experimental protocols (see below) we added a black landing platform 

at the honey comb grid near the entry site of the odorant plume. We introduced this landing 

platform in an attempt to increase flies approach behavior for attractive odorants, because recent 

studies have demonstrated that Drosophila approach dark spots when stimulated by an attractive 

odorant (Breugel et al., 2017; Saxena et al., 2018). Experimental protocols that differ with respect 

to the existence or position of a landing platform are referred to as “set 1”or “set 2” respectively. 

In WT 1 we used two cameras to film the flies. One camera was placed above the wind tunnel to 

capture the x-y plane of movement, whereas the other was placed at the side of the wind tunnel 

(90° to the other camera), thus capturing the movement of the fly within the z-y plane. The 

volume filmed measured 17.3 cm x 13.0 cm x 17.3 cm (x, y, z). In WT 2 we used a single camera 

placed above the wind tunnel to record the fly trajectories in the x-y plane. In order to capture 

the z-y plane of the flight track, we positioned a mirror at a 45° angle to the camera inside of the 

wind tunnel. The volume filmed measured 13.7 cm x 10.3 cm x 9.5 cm (x, y, z). Both wind 

tunnels were illuminated with indirect, homogeneous, white light with a color temperature of 

6500 K (WT 1: compact fluorescent light, tageslichtlampe24.de; WT 2: LEDs, led-konzept.de). 
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Additionally, we used 850 nm backlight illumination (96 LED IR Lamp, Conrad; plus 2 cm thick 

polyethylene foam as diffusor) to get contrast-rich images of the flies. 

 

4.12.3 Odorant delivery 

 

Odorants were delivered into the wind tunnels using a custom-made multichannel olfactory 

stimulator (Raiser et al., 2016). All odorants were supplied by Sigma Aldrich. Pure odorants were 

stored in 20 ml glass vials (Schmidlin) sealed with a Teflon septum. The cross section of the 

odorant surface was 3.1 cm². The headspace of odorized air was permanently drawn into the air 

dilution system using flowmeters (112-02GL, Analyt-MTC) and an electronic pressure control 

(35898; Analyt-MTC). The stimulator had three channels: one for each odorant and one for blank 

air. The odorant vials were constantly flushed with clean air throughout the experiment, so that 

the headspace concentration reached a steady state of odorant evaporation into the air and odorant 

removal by the air flush. Note that due to the permanent air stream the headspace odorant 

concentration never saturated. The total flow per odorant channel was always 300 ml min-1. In 

WT 1, BN was released at 50 ml min-1 and added to 250 ml min-1 air, and BA was released at 30 

ml min-1 and added to 270 ml min-1 air (experiments in Figure 3). In WT 2, BN, BA and BZ were 

released at 50 ml min-1 and were added to 250 ml min-1 air (experiments in Figures 2 and 3). For 

the conditioned odorants we used the PID to determine the head space concentrations in the 

conditioning tubes (see below) by moving the PID needle rapidly into the conditioning tubes to 

prevent dilution in odorant concentration due to air suction of the PID. These concentrations from 

the conditioning paradigm were then adjusted in the odor delivery device by measuring the 

odorant concentration just above the take-off platform with the PID. EA was released at 4 ml 

min-1 and added to 296 ml min-1 air, and BD was released at 1.84 ml min-1 and added to 298.16 

ml min-1 air (experiments in Figure 3). 

 

The two odorant channels and a blank channel (each with an airstream of 300 ml min-1) were 

combined and injected into a carrier air stream of 410 ml min-1 and, resulting in a total air flow 

at the outlet of the stimulator of 1.31 L min-1, and a wind speed of 0.4 ms-1. 

 



59 
 

Stimuli were presented either as single odorants (either A or B), as a synchronous mixture of 

odorants presented simultaneously (AB) or as an asynchronous mixture, with different time 

delays between the release of the odorants. In BΔtA, B starts before A, with Δt being either 5 ms, 

10 ms or 33 ms. In AΔtB, A starts before B, with Δt being 33 ms (Figure 1C). Note that the 

trailing odorant ended at the same time as the preceding odorant. Stimuli were delivered in 

odorant pulses of 500 ms, and the interstimulus interval was 2 s. To exclude that differences in 

flies’ approach behavior towards the asynchronous and synchronous mixture reflected responses 

to mechanical cues produced by valve switching, we applied the single odorants together with a 

33 ms delayed blank stimulus (both stimuli ended at the same time). 

 

During experiments, all odorants were removed from the wind tunnel via an exhaust into the 

outside atmosphere. Between experimental sessions using different odorants, the stimulator 

valves were flushed out over night to remove any residual odorants. Valves were controlled by 

compact RIO systems equipped with digital I/O modules Ni-9403 and odorant delivery was 

controlled by software written by Stefanie Neupert in LabVIEW 2011 SP1 (National 

Instruments). 

 

4.12.4 Experimental protocol for odorants with innate valence 

 

Day 1: Between 13:00 and 16:00, approximately 100 adult flies were removed from standard 

corn meal agar food and were subjected to food and water starvation for 24 hours in a cage 

(30×30×30 cm, BugDorm-1, BugDorm) that allowed them to move around freely, in a room with 

an approximate relative humidity of 60%, a temperature of 25 - 28 °C and 12 hour daylight cycle. 

 

Day 2: Between 15:00 and 20:00, individual, flying female flies were removed from the cage and 

placed into a PVC tube through which they could walk freely to enter the wind tunnel and reach 

the take-off platform. For each experimental trial we used a single fly. Once the fly reached the 

take- off platform, odorant stimulation started. Each fly was stimulated repeatedly with the same 

odorant stimulus. After each experimental trial we removed and discarded the fly. During one 

experimental session (for a data set shown in a given panel of a figure), an equal number of flies 
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were stimulated with the different stimuli so that between-session variability would affect the 

behavior to all stimuli equally. The order of stimuli was alternated. 

 

Most of the experimental paradigms were made up of different sets, depending on the presence 

and location of the black landing platform. In the experiment shown in Figure 2A, 2B and S3, set 

1 placed the landing platform 1.5 cm to the right of the odor source, whereas set 2 placed the 

platform at the odor source directly. In the experiment shown in Figure 2C, S1I and S1J, there 

was only one set, with the landing platform placed centrally at the location of the odor source. In 

the experiment shown in Figure 3B and 3D, there was only one set, where the black platform was 

located 0.5 cm to the right of the odor source. For the experiments shown in Figure 3E, S2A-C, 

set 1 contained no landing platform, whereas set 2 contained the landing platform at the location 

of the odor source. 

 

4.12.5 Differential conditioning 

 

Day 1: Between 15:00 and 16:00, approximately 100 adult flies were removed from standard 

corn meal agar food and put into a cage (30×30×30 cm, BugDorm-1, BugDorm) that contained 

a differential conditioning apparatus (Figure 3F). Flies could move around freely at an 

approximate relative humidity of 30%, a temperature of 25 - 28 °C and normal 12 hour daylight 

cycle for 24 h. 

 

We trained flies in a differential conditioning paradigm to associate one odorant (positively 

conditioned stimulus, CS+) with 1 M sucrose solution as the positive reinforcer and to associate 

another odorant (negatively conditioned stimulus, CS-) with saturated NaCl solution as negative 

reinforcer (Figure 3F). We used BD and EA as conditioned odorants. We balanced the 

experiments so that in half of the experiments we used BD as CS+ and EA as CS- and vice versa. 

CS+ and sucrose solution and CS- and NaCl solution were applied via two horizontally 

positioned plastic tubes (15 ml, 120 x 17 mm; Sarstedt). Each tube contained 10 ml of either 

sucrose or NaCl solution and were plugged with a cotton wool to avoid spillage. The frontal 2 

cm of each tube remained empty. The odorant was delivered into this empty space via diffusion 

through a shortened head of a needle (1.2 x 40 mm, Sterican) which ended 1.5 cm inside the 
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empty space of the tube. The needle was connected with a 20 ml glass vial (Schmidlin) that 

contained the pure odorant and was sealed with a Teflon septum. Thus, to reach the sucrose or 

NaCl solution, flies had to move through odorized air inside the plastic tube. 

 

Day 2: Between 15:00 and 16:00, the conditioning apparatus was removed and flies were 

subjected to food and water starvation for the following 24 h in a room with an approximate 

relative humidity of 60%, a temperature of 25 - 28 °C and normal 12 hour daylight cycle. 

 

Day 3: Flies were tested in the wind tunnel as described above in the section “Experimental 

protocol for odorants with innate valence” (Day 2). 

 

The conditioning experiments (Figure 3G, S3) also had two sets, depending on the location of 

the black landing platform. In set 1, the black platform was located 1.5 cm to the right of the odor 

source, and in set 2, the black platform was at the location of the odor source. 

 

4.12.6 Stimulus dynamics 

 

To assess the dynamics and precision of the different stimuli, we used a photoionization detector 

(PID; miniPID model 200B; Aurora Scientific) to record the concentration change of pulses of 

each of the odorant pairs (BN and BA, BN and BZ, BD and EA) within the wind tunnel. Each 

pulse had a duration of 500 ms, and an interstimulus interval of 7 s to allow the odorant to clear 

from the odor delivery device and/or PID and to allow the PID signal to return to baseline before 

the following pulse was given. We gave a sequence of 100 pulses, alternating between odorant 

A and odorant B (7 s interval between A and B), thus 50 pulses of each odorant. For each odorant 

pulse, we calculated the onset time as the time it took to reach 5 % of the maximum PID signal, 

and the rise time as the time it took for the PID signal to reach from 5 % to 95 % of its maximum. 

We also calculated the difference in both the onset times and in the rise times between each of 

the 50 pairs of successive pulses (A – B) (we compared pairs of successive pulses to reduce the 

variability due to minor changes in wind speed in the wind tunnel which was affected by the wind 

speed outside). 
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4.12.7 Calculating flies’ distance to the target 

 

To calculate the Euclidean distance to the source, we obtained the x, y and z coordinates of the 

fly for the first 10 s of flight of the recording. For the experiments shown in Fig. 3D, if a fly did 

not take off, we calculated its closest distance to the target. For all other experiments, if a fly did 

not take off we took the closest distance between the take-off platform and the target. 

 

For WT 1, we used two cameras. Both cameras were triggered simultaneously with a TTL pulse, 

however to ensure that they did not go out of sync, all videos were aligned by first frame of flight. 

We calculated the Euclidean distance of the fly to the target: 

 
Where x, y and z are the coordinates of the fly’s location in a particular frame, and x0, y0 and z0 

are the coordinates of the target. 

 

For WT 2, a single camera was used to film the fly trajectories in the x and y plane. In order to 

record the movement in the z plane simultaneously, a mirror was placed at 45° to the x-y plane. 

Thus on the right half of the video recordings, the x-y plane was recorded, and on the left half of 

the video, the mirrored z-y plane was recorded. However, this resulted in the image in the left 

half shrinking to 1.3 times smaller than the original objects on the right half. Therefore, we 

calculated the fly’s distance to the target in WT 2 by where x, y and z are the coordinates of the 

fly’s location in a particular frame, and x0, y0 and z0 are the coordinates of the target 

 
 

4.12.8 Quantifying flies’ approach with the “half-distance threshold” 

 

In order to measure approach behavior, we used the halfway distance between the frontal border 

of take-off platform and the target to determine the circular approach area around the target. In 

WT 1, we used a value of 117 pixels (3.2 cm) for the radius and in WT 2 a value of 71 pixels (2.7 

cm). 
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4.12.9 Quantifying flies’ approach with the “maximized A-B difference threshold” 

 

To make the quantification of flies’ approach behavior less arbitrary and to account for the fact 

that flies distributed differently in the two different wind tunnels and experimental sets, we 

calculated an approach area that segregated flies’ approach probabilities for the attractive odorant 

A (or CS+) and the aversive odorant B (or CS-) the most. To determine the radius of this area, 

we took the Euclidean distance to target for each fly that was exposed to the attractive odorant A 

(or CS+) alone or the aversive odorant B (or CS-) alone; those flies that encountered mixtures of 

odorants were not incorporated in this process. The minimum distances were arranged in 

ascending order, and at each distance, we counted the number of flies from treatment A and 

treatment B that were included within this threshold distance. Thus for each of these distances, 

we calculated the difference in approach probabilities by: 

 

 
 

Where Ain represents the number of flies that were presented with odorant A and were included 

below the threshold, Aout is the number of flies presented with A but excluded above the 

threshold. Bin and Bout were the same measures for the flies that were presented with odorant B. 

We then plotted the thresholding index against the vector of minimum distances, and fitted a 

curve using locally weighted scatterplot smoothing using the R function “geom_smooth” with 

default parameters from the package “ggplot2”, as this method avoids deviant points at further 

away regions in the scatterplot from affecting the local fit, and it highlights trends in data that 

may be unclear with a parametric fitting (Figure 3C and S1D, S1E, S2B, S2C, S3B and S3C). 

We took the distance that corresponded to the maximum peak of the curve as the radius of the 

approach area, as this point indicates the greatest separation between the two treatment groups. 

Since we used treatments A and B in defining the approach areas, we did not include these flies 

in the statistical analyses and restrict the comparisons to the mixtures. 

 

4.12.10 Approach probability 
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In both WT 1 and WT 2 we filmed two angles of the flight area. Thus in each wind tunnel, there 

were two separate areas of approach, one for each of the two cameras for WT 1, and one for each 

side of the video screen for WT 2 (mirrored and original view). To calculate the approach 

probability, we gave each fly a binary score. The coordinate of each fly in every frame was 

recorded and tested as to whether it fell within the approach area boundaries. If a fly entered the 

approach area at any frame within 10 seconds after take-off, the fly was given a score of 1; if not, 

was given a score of 0. This was done for each camera (WT 1) or video side (WT 2), and then 

the results were combined so that only if a fly was in both areas of approach at the same time 

point, would it be given a score of 1. Finally, we calculated the proportion of flies in each 

treatment that entered the approach area to get the approach probability. 

 

4.12.11 Visit probability maps 

 

We extracted the x-y coordinates of the fly during the first ten seconds of flight. We divided the 

recording image into 20 x 20 pixel bins to create two visit probability maps. Each bin was 

represented by a cell in the map. We then plotted each coordinate point onto the visit map, giving 

the cell a score of 1 if one or more points fell into the bin, or a 0 if no points fell into the bin. For 

the flies that did not fly, a matrix of zeros was generated, with a score of 1 for the cell that 

represented the closest point on the take-off platform to the odor source. We calculated the mean 

for each pixel bin across all of the flies in a treatment group. 

 

4.12.12 Response latency 

 

We selected the flies that started flying within 10 000 frames after entering the take-off platform 

(111 s, corresponding to approximately 50 odorant pulses). We defined the individual response 

latency for each fly as the time point of flight minus the time point of entry onto the take-off 

platform. 
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4.12.13 Statistical Analysis 

For all data analysis, R version 3.5.0 was used (R Core Team, 2012). All statistics were performed 

using Bayesian data analysis, based on (Korner-Nievergelt et al., 2015). 

 

To investigate the effect of the synchronous and asynchronous mixtures on approach probability, 

we used a binomial generalized linear model (GLM), with approach probability as the binary 

response variable (1 = approach, 0 = no approach). We used the logistic regression (logit) link 

function. The synchronous and asynchronous mixtures were used as explanatory variables. We 

used an improper prior distribution (flat prior) and simulated 100 000 values from the posterior 

distribution of the model parameters using the function “sim” from the package “arm”. The 

means of the simulated values from the posterior distributions of the model parameters were used 

as estimates, and the 2.5 % and 97.5 % quantiles as the lower and upper limits of the 95% credible 

intervals. To test for differences between approach probabilities for the asynchronous and 

synchronous mixtures, we calculated the proportion of simulated values from the posterior 

distribution that were larger for asynchronous than for synchronous mixtures. We declared an 

effect to be significant if the proportion was greater than 0.95. 

 

In the figures, we used different letters for comparisons between all stimuli and we used stars for 

comparisons between the synchronous mixture AB and the asynchronous mixtures. Posterior 

probabilities above 0.95 were indicated by “*” and above 0.99 by “**”. A posterior probability 

of, for example, 0.96 for the comparison between the asynchronous mixture B33A and the 

synchronous mixture AB (p(B33A > AB) = 0.96) means that one can be 96% certain that flies’ 

approach probability is greater for B33A than for AB. 

 

To compare the response latencies across treatment groups, we modeled the response latency to 

the mixtures using a linear model with the synchronous mixture AB as the reference level. As in 

the previous model, the synchronous and asynchronous mixtures were used as categorical 

explanatory variables. Note that in this model we compared all combinations of mixtures within 

an experiment. We used the same methodology as before to simulate values from the posterior 

distribution and generate the means and the 95 % credible intervals. To test for differences, we 

calculated the proportion of draws from the posterior distribution for which the mean of each 
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draw was smaller in one mixture than the mean of each draw of another mixture. We declared an 

effect to be significant if the proportion was greater than 0.95. If the posterior probability was 

higher than 0.95, it was deemed significantly different (with letters). 

 

We also analyzed the behavioral data using frequentist statistics (Table S2). To see whether the 

asynchronous mixtures induced a significantly different approach probability than the 

synchronous mixture, we used an exact binomial test, using the R function “binom.test” from the 

R package “stats”. We did the same comparisons as with the Bayesian analysis. For the 

experiment comparing BN, BA and blank air, we used the mean approach probability to BN (A) 

as the hypothesized probability of success. For each experiment involving synchronous mixtures, 

we used the mean approach probability to the synchronous mixture as the hypothesized 

probability of success. To compensate for multiple comparisons, we applied a Bonferroni 

correction by dividing the alpha level (0.05) by the number of comparisons within each 

experiment. We determined the result to be significant if the p value was smaller than the 

corrected alpha level. 
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5 CHAPTER III 

 

5.1 Social foraging extends associative odor–food memory expression in an automated 
learning assay for Drosophila melanogaster 

 
Aarti Sehdev, Yunusa Mohammed, Cansu Tafrali, Paul Szyszka 

 
5.2 ABSTRACT 
Animals socially interact during foraging and share information about the quality and location of 

food sources. The mechanisms of social information transfer during foraging have been mostly 

studied at the behavioral level, and its underlying neural mechanisms are largely unknown. Fruit 

flies have become a model for studying the neural bases of social information transfer, because 

they provide a large genetic toolbox to monitor and manipulate neuronal activity, and they show 

a rich repertoire of social behaviors. Fruit flies aggregate, they use social information for 

choosing a suitable mating partner and oviposition site, and they show better aversive learning 

when in groups. However, the effects of social interactions on associative odor–food learning 

have not yet been investigated. Here, we present an automated learning and memory assay for 

walking flies that allows the study of the effect of group size on social interactions and on the 

formation and expression of associative odor–food memories. We found that both inter-fly 

attraction and the duration of odor–food memory expression increase with group size. This study 

opens up opportunities to investigate how social interactions during foraging are relayed in the 

neural circuitry of learning and memory expression. 

5.3 INTRODUCTION 
 
Vertebrates often forage in groups to obtain a more accurate estimate of the location and quality of 

resources (Giraldeau and Caraco, 2000; Templeton and Giraldeau, 1996; Valone, 1989; Ward and 

Zahavi, 1973). Insects also convey information about the location and quality of a food source 

through social interactions. For example, honey bees signal the direction and distance of food 

locations to other bees (Von Frisch, 1965), ants complement their individual memory of a route to 

food using trail pheromones left by scouts (Czaczkes et al., 2011), and stimulus enhancement and 

local enhancement at the food source improves foraging efficiency in bumble bees (Alem et al., 

2016; Avarguès-Weber and Chittka, 2014; Leadbeater and Dawson, 2017; Worden and Papaj, 2005). 

These social effects on foraging have been mostly studied at the level of behavioral outcome, and 
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the neural mechanisms of how social information transfer improves foraging are still unknown. The 

fruit fly Drosophila melanogaster Meigen 1830 is a suitable model organism for studying the effects 

of social interactions on foraging at both the behavioral and the neuronal levels. Fruit flies are 

gregarious (Lefranc et al., 2001; Navarro and del Solar, 1975) and demonstrate a rich repertoire of 

social behaviors that encompass communication about internal states (Suh et al., 2004), social 

information spread during odor avoidance (Ramdya et al., 2014), foraging (Abu et al., 2018; Durisko 

and Dukas, 2013; Golden and Dukas, 2014; Lihoreau et al., 2016; Tinette et al., 2004) and predator-

induced egg retention (Kacsoh et al., 2015). Moreover, fruit flies socially learn, and na ve flies copy 

mate choices (Danchin et al., 2018; Germain et al., 2016; Mery et al., 2009) and oviposition site 

choices from experienced conspecifics (Battesti et al., 2012; Sarin and Dukas, 2009), and they show 

increased aversive odor memory retrieval when in groups (Chabaud et al., 2009). However, it is still 

unknown whether group size affects social interactions and associative odor–food learning in 

foraging flies. The mechanistic understanding of foraging in fruit flies is unparalleled, both in regard 

to the neural mechanisms of odor guided search (Galizia, 2014; Haverkamp et al., 2018; Wilson, 

2013) and feeding (Itskov and Ribeiro, 2013), and of associative odor–food learning (Burke et al., 

2012; Huetteroth et al., 2015; Liu et al., 2012; Owald and Waddell, 2015; Schwaerzel et al., 2003; 

Tempel et al., 1983; Thum et al., 2007), making the fruit fly a good model for studying the neural 

mechanisms of social interactions during foraging. Here, we investigated whether fruit flies socially 

interact during foraging and whether group size affects associative odor–food memory expression. 

We developed an automated assay to study associative odor–food reward learning and memory in 

single flies and in groups of flies.We found that odor–food memory expression increased in strength 

and duration with increasing group size, and flies in small or large groups, but not in pairs, were 

attracted to each other. These data confirm that flies socially interact during foraging (Abu et al., 

2018; Durisko and Dukas, 2013; Golden and Dukas, 2014; Lihoreau et al., 2016; Tinette et al., 2004). 

In addition, these data suggest that social interactions increase the efficiency of odor memory-guided 

food search. 

 
 

5.4 MATERIALS AND METHODS 
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5.4.1 Animals 
Drosophila melanogaster wild-type Canton-S were raised on a standard food medium (100 ml 

contains 6.7 g fructose, 2.4 g dry yeast, 0.7 g agar, 2.1 g sugar beet syrup, 0.282 g ethyl paraben 

and 0.61 ml propionic acid) in a room with a natural daylight cycle (experiments were performed 

between 11 January and 19 February 2018 in Konstanz, Germany), with an average temperature 

of 23.5 C and 32% relative humidity. Four- to 7-day-old flies were anesthetized with CO2 and 

female flies were collected. To motivate flies to search for food, flies were starved for 3 days in 

a fly vial with filter paper soaked in water. 

 

5.4.2 Learning and memory assay 
To condition groups of flies, we used an automated rotating platform with four circular arenas 

(Fig. 1A,B). The arenas were covered with awatch glass (7 cm diameter, 8 mm height in the 

center), which was coated on the inner side with Sigmacote (Sigma-Aldrich) to prevent flies from 

walking on the inside of the glass. The floor was made of a Teflon coated fiberglass fabric (441.33 

P, FIBERFLON, Konstanz, Germany). Pure odorants (ethyl acetate and 2,3- butanedione, Sigma-

Aldrich) were stored in 20 ml vials (Schmidlin Labor and Service). The vials were mounted under 

the platform and the lid was pierced with a hypodermic needle (0.45 25 mm, Sterican), allowing 

the odorant to diffuse through a hole (5 mm diameter) in the platform through the Teflon fabric 

and into the arena. Each arena had two odorant sources. One odorant was used as sucrose-paired 

conditioned stimulus (CS+) and the other odorant was used as unpaired conditioned stimulus 

(CS−). Each odorant was used equally often as the CS+ and the CS−. At the location of the CS+, 

20 μl of oversaturated sucrose–ethanol solution was pipetted onto the fiberglass fabric and blow-

dried for 20 min, producing a thin layer of pure sucrose on a round patch with a diameter of 10 

mm. The positions of the CS+ and CS− were always switched between the conditioning and the 

test (e.g. if CS+ was at the inside position during conditioning, it was at the outside position 

during the test, and in half of the experimental runs the CS+ was at the inside position during 

conditioning, and in the other half at the outside position). To change the floor between 

experimental phases, the platform was rotated underneath the arenas; the arenas themselves did 

not move (Movie 1). The angular rotation speed of the platform was 360 deg 25 s−1, which 

corresponded to a speed of 2.6 cm s−1 in the center of the arena (the distance between center of 

the platform and the center of the arena is 10.25 cm). The conditioning apparatus was placed in 
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an air suction hood in order to remove odorants. All experiments were performed in the dark to 

eliminate visual stimuli. The arena was back-illuminated with infrared light (850 nm, SOLAROX 

LED Strip), which is not visible to flies, and experiments were video recorded with an infrared 

sensitive camera (infrared Camera Module v2, Pi NoiR, connected to a Raspberry Pi 3, model B 

V1.2) at 15 frames s−1. The rotating motor was controlled via TTL pulses through the Raspberry 

Pi. The rotation of the platform and the video recordings were controlled with custom-written 

software in Python (Stefanie Neupert). 

5.4.3 Experimental protocol 
All experiments were performed between 10:00 and 12:00 h or after 15:00 h, during periods when 

flies show higher foraging activity (van Breugel et al., 2018). Each experimental run contained 

four differently sized groups (‘single’, ‘pair’, ‘small group’ and ‘large group’), and the positions 

of the four arenas used for the four differently sized groups were balanced across experimental 

runs. One experimental run consisted of four phases. (1) Acclimatization (Fig. 1B, solid arcs): 

flies were taken from the room where they were raised and starved, sucked out from the vials 

using a tube aspirator, placed into an arena that had no odorant source and allowed to acclimatize 

for 10 min. (2) Conditioning (Fig. 1B, dotted arcs): the floor was rotated counterclockwise by 

22.5 deg and the CS+ paired with sucrose and the CS− without sucrose were presented for 7 min. 

(3) Pause (Fig. 1B, dashed arcs): the floor was rotated by 22.5 deg and replaced by a new floor 

without odorants or sucrose. The pause lasted for 5 s. (4) Memory test: the floor was rotated by 

22.5 deg and replaced by a floor that had the CS+ and CS− but without sucrose. The CS+ and 

CS− positions were switched from those during conditioning. The test phase lasted for 7 min. 

Videos were recorded during the conditioning and test. After each experimental run, all flies were 

discarded and the Teflon fabric floor was rinsed with hot water and soap (Buzil G 530) using a 

sponge and dried overnight to remove the odorants and the sucrose patch. 

5.4.4 Fly tracking 
After each experiment, all flies were discarded and the Teflon fabric floor was rinsed with hot 

water and soap to remove the odorants and the sucrose patch. Video recordings were analyzed 

using the software Fiji (ImageJ 1.51s, Wayne Rasband, National Insitutes of Health, USA). We 

removed the first 30 frames because of compression artifacts and converted the video to 

grayscale. Then, we performed a Z projection to obtain themaximum intensity projection over 

the whole video, and calculated the difference per frame between the maximum intensity 
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projection and the original video. This gave us a clear image of flies moving around the arena for 

tracking. We used this output to track flies using the plugin TrackMate (version 3.5.3; Tinevez 

et al., 2017). We used a Downsample LoG detector to identify flies (blob diameter=13 pixels, 

downsampling=3, threshold=6–8). To generate the tracks, we used the Simple LAP Tracker, with 

the following parameters: linking distance=150 pixels, maximum gap closing=150 pixels and 

maximal frame gap=3 frames. For the conditioning data, we only extracted the x and y 

coordinates of each fly per frame. For the test data, we extracted the x and y coordinates per 

frame as well as the identity of the fly throughout the recording. We inspected all tracking results 

visually and corrected the tracks manually to connect the missing links, and afterwards we 

extracted the x and y coordinates for the analysis. 

5.4.5 Normalizing arenas for comparison 
For both the conditioning and the test data sets, we centralized each arena so that the centre point 

of the circular arena was at (0,0). The centre point was determined by taking the midpoint 

between the CS+ and CS− locations; the x and y coordinates of the CS+ and CS− were recorded 

manually. We then converted each Cartesian coordinate to polar coordinates in order to rotate 

each arena so that the CS+ location was at the top of the arena and the CS−was at the bottom. 

We took the distance of the CS+ to the centre as a reference radius of 1, and normalized all 

coordinates to this radius. We then filtered out any points that had a radius equal to or greater 

than 1.3 to remove tracking errors. Note that for the conditioning dataset, only the x and y 

coordinates of a fly per frame were recorded. For the test dataset, the x and y coordinates per 

frame were recorded, but also the identity of the fly across frames (tracking data are available 

from the Dryad Digital Repository, https://doi.org/10.5061/dryad.77hs873; Sehdev et al., 2019). 

 

5.4.6 Visit probability maps 
Visit probability maps were generated only for the memory test dataset. For every individual fly, 

we divided the arena into 20 20-pixel bins. For each frame, we gave the pixel bin that contained 

the coordinate of the fly a score of 1, and gave all of the other bins a score of 0. We summed the 

scores of each pixel bin over all frames and then normalized by the number of frames for which 

the individual was tracked (the mean s.d. of frames tracked per fly was 6157 172 for single flies, 

6185 266 for pairs, 6134 289 for the groups of four flies and 6167 387 for the groups of eight 

flies). For each group size, we then took the mean of each pixel bin over all individual fly tracks. 
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We used the same analysis for the time-binned visit probability maps by looking only at the 

frames that occurred during the time bin. 

 

5.4.6.1 Distance to the CS+ and CS− 
We calculated the distance of each fly to the CS+ and to the CS− in every frame using where x 

and y are the Cartesian coordinates of the fly, and x0 and y0 are the Cartesian coordinates of 

either the CS+ or the CS−. 

 

Euclidean distance = √((x-x_0 )^2+(y-y_0 )^2 ) 

 

Preference index/conditioned preference index 

For both the conditioning and memory test data, the coordinates of the flies were tracked for each 

frame. For every frame of the experiment, we counted the number of flies in the arena half 

containing the odorant (CS+)–sucrose patch (during conditioning) or the CS+ (during memory 

test) and in the arena half containing the unrewarded odorant (CS−). We then calculated a 

preference index for each frame using:  

 

(Conditioned) Preference index  

 = (No: of flies at CS+) + (No: of flies at CS-) 

           Total no: of flies tracked    (2)  

where ‘Preference index’ refers to the conditioning phase and ‘Conditioned preference index’ 

refers to the memory test phase. We calculated the mean index for the entire experimental run 

and for 1-min time bins. A preference index of 0 indicates that an equal number of flies were at 

the CS+ and the CS−, whereas a value of 1 indicates that all of the flies were in the half of the 

arena containing the CS+ and a value of −1 indicates that all of the flies were in the 

half of the arena containing the CS−. 

5.4.6.2 Relative latency to the CS+ 
For the memory test dataset, we identified for each individual the time of the first frame that the 

individual was 0.5 cm or closer to the centre of the CS+ and the center of the CS−.We then 

calculated the relative latency to reach the CS+ using: 
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Relative latency     

(Latency to the CS-) - (Latency to the CS+)     

 (3)  

 

We calculated the mean relative latency per experimental run. 

5.4.6.3 Distance between flies 
For the memory test dataset, we used the rotated Cartesian coordinates to calculate the Euclidean 

distance between every fly in each frame of the experiment. We divided the distances into bins 

of 5 mm and counted the occurrences of each distance per experimental run.  

 

5.4.6.4 Simulating distances between flies owing to chance 
For the test dataset, we selected flies according to their group size, and randomly sampled entire 

fly tracks from different experimental runs. We simulated as many experimental runs as there 

were real experimental runs, and we also simulated as many flies as were in each experimental 

run. We then overlaid these tracks and calculated the Euclidean distance between flies for the 

simulated experiments as we did for the real experiments. 

 

5.4.6.5 Encounters between flies 
We defined an encounter as the center of one fly being a maximum of two fly lengths (5 mm) 

away from the center of another fly. We calculated the Euclidean distance between all flies as 

before. We selected the distances that were less than or equal to 5 mm (the encounter distances). 

Because we had the identity of every fly per experimental run, we could calculate the number of 

encounters for every fly and the length of these encounters. For the mean encounter number per 

fly per experimental run, we calculated the total number of encounters for one experimental run, 

multiplied it by two as there were two flies involved in each encounter, and then divided it by the 

number of flies in the arena. For the mean encounter length per experimental run, we summed 

the length of all encounters and divided by the total number of encounters per experimental run. 

We repeated this analysis for the simulated data. 

 

5.4.6.6 Statistical analysis 
For all data analysis, R version 3.5.0 was used (https://www.rproject. org/). All statistics were 

performed using Bayesian data analysis, based on Korner-Nievergelt et al. (2015). We chose 
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Bayesian analysis over frequentist statistics as it allows us to (1) estimate the probability with 

which the means of two groups differ and (2) determine the 95% credible intervals within which 

the true mean of a group lies. Note that the frequentist confidence interval does not allow such a 

straightforward interpretation. To investigate the effect of group size on flies’ preference for the 

CS+ (Figs 1D and 2A,B) and distance to the CS+ (Fig. S1A–D), we fitted a linear model. The 

group size (single, pair, small group and large group) was used as the explanatory variable, with 

the large group as the reference level. To test for differences between group sizes within a time 

bin for the preference index during conditioning, we used a linear model with the group size as 

the explanatory variable; each bin was modeled individually. To test for differences between 

different group sizes within a time bin during the test and for the distance to the CS+ during 

conditioning, we used a linear model with the group size, the time bin and the interaction between 

the two as explanatory variables.We log-transformed the distance to the CS+ during conditioning 

for both the whole recording and the time-binned recording to ensure residuals were normally 

distributed. The mean value per experimental run was used as the response variable. We used an 

improper prior distribution (flat prior) and simulated 100,000 values from the posterior 

distribution of the model parameters using the function ‘sim’ from the package ‘arm’. The means 

of the simulated values from the posterior distributions of the model parameters were used as 

estimates, and the 2.5% and 97.5% quantiles as the lower and upper limits of the 95% credible 

intervals. The mean and credible intervals of the distance to the CS+ during conditioning were 

back-transformed for plotting. We used this linear model to compare the preference index values 

of each group size against chance (preference index of 0). For each group size, we calculated the 

proportion of simulated values from the posterior distribution that were larger than 0. If the 

proportion of simulated values was greater than 0, flies preferred the arena half containing the 

CS+ over the arena half containing the CS− (represented by filled circles in plots). To test for 

differences between different group sizes, we calculated the proportion of simulated values from 

the posterior distribution that were larger for one group compared with another group. We 

declared an effect to be significant if the proportion was greater than or equal to 0.95 (*). 

Proportions greater than or equal to 0.99 are marked ‘**’ and greater than or equal to 0.999 

marked ‘***’. We performed this analysis for the whole recording and for the different time bins, 

and we compared the preference index and conditioned preference index of the different group 

sizes within a single time bin, not between them. To test whether the relative latency (Fig. S1E) 
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depends on group size, we used a linear model as before. The relative latency was the response 

variable, and the group size was used as the explanatory variable. We used the same methodology 

as previously to simulate values from the posterior distribution and generate the means and the 

95% credible intervals. To test for differences, we calculated the proportion of draws from the 

posterior distribution for which the mean of each draw was smaller in the experimental dataset 

than the mean of each draw of the simulated dataset. To investigate whether grouped flies differ 

in the number of their inter-fly encounters from random (simulated data), we used a linear model 

for each distance bin. The number of occurrences of that distance was the response variable, and 

the type of data (experimental or simulated data) was used as the explanatory variable. We used 

the same method as specified above to test for differences. To investigate whether the encounter 

number and lengths were different to random (simulated data), we used a linear model with either 

encounter number or encounter length as the response variable, and the type of data (experimental 

or simulated data) as the explanatory variable. We used the same method as specified above to 

test for differences. To determine whether the mean encounter number per fly differed between 

group sizes, we randomly assigned pairs of experimental and simulated encounter numbers from 

different experimental runs for each group size (Fig. 2F). For each pair, we then subtracted the 

simulated encounter number value from the real encounter number value (difference between 

encounters). This allowed us to compare between group sizes, as by removing the simulated 

value, we remove the number of encounters that could be due to chance, which is positively 

correlated with group size. To test for differences between group sizes, we used a Poisson 

generalized linear model. We added an offset of 55 to all calculated differences between 

encounters so that all counts were positive, and removed 55 before plotting. The response 

variable was the ‘difference between encounters. The explanatory variable was the different 

group size (pair, small group and large group). The large group was used as the reference level. 

We used the same method as specified above to draw inferences about the differences between 

the large group and the other two group sizes.    

 

5.5 RESULTS 
To investigate whether group size affects associative odor–food memory in flies, we developed 

an automated assay to condition four groups of flies simultaneously (Fig. 1A,B, Movie 1). This 

assay allowed us to transfer flies from one experimental phase to another without anesthesia and 
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with minimal mechanical disturbance, which can alter fruit flies’ behavior (Barron, 2000; 

Bartholomew et al., 2015; Trannoy et al., 2015).We compared four different sized groups of flies: 

one fly (single), two flies ( pair), three or four flies (small group) and seven or eight flies (large 

group) (Fig. 1C). During the conditioning, two odorants (2,3-butanedione and ethyl acetate) were 

presented at opposite sides of the arena; one odorant (CS+) was paired with dried sucrose and the 

other odorant was not (CS−). Each odorant was used equally often as the CS+ and the CS−, and 

the data were pooled. This procedure minimizes nonassociative effects of the conditioning, such 

as odorant-specific changes in hedonic value, generalization or sensitization (Quinn et al., 1974). 

 

5.5.1 Flies aggregate on the odorant–sucrose patch during conditioning and learn to 
associate the odorant with sucrose 

To determine whether flies approached the odorant–sucrose patch, we counted the number of 

flies in the half of the arena containing the odorant–sucrose patch, in order to calculate a mean 

preference index for each experimental run (see Materials and Methods). Flies of all group sizes 

showed a higher preference for the arena half containing the odorant (CS+)–sucrose patch than 

for the arena half containing the CS− (Fig. 1D). From the second minute to the end of the 

conditioning, the probability that flies preferred the arena half containing the odorant (CS+)–

sucrose patch over the arena half containing the CS− was above 0.999 across all groups, implying 

that they were feeding on the sucrose (see Table S1 for the Bayesian probabilities comparing 

between groups). To confirm that the preference index reliably measures flies’ preference, we 

additionally calculated the mean distance to the CS+ per experimental run (Fig. S1A,B and Table 

S1). This measure revealed similar behaviors as the preference index, showing that flies of all 

group sizes approached the CS+ and remained within 10 mm of its center from the second minute 

onwards (Fig. S1B). Flies were transferred from the conditioning to the test by rotating the 

platform (Fig. 1B). In between conditioning and test there was a pause,where the platformwas 

rotated to a neutral segmentwhere there were no odorants or sucrose present. The pause lasted 5 

s, and then platform was rotated to the test segment. During the test, the positions of the CS+ and 

the CS− were switched and therewas no sucrose, thus flies could not rely on remembering the 

location of the sucrose patch (Kim and Dickinson, 2017) and had to follow the olfactory CS+ to 

search for the expected food. To visualize the conditioned preference index during the test, we 

plotted the flies’ trajectories within the arena and calculated the probability across flies to visit a 
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particular pixel bin (Fig. 1E). The increased visit probabilities around the CS+ persisted over the 

entire 7 min of the test, confirming that flies learned to associate the CS+ with food (Fig. 1E).  

 

5.5.2 Associative odor–food memory expression increases with group size 
We next asked whether group size affects the expression of associative odor–food memory during 

the test and determined the conditioned preference index for the CS+ (Fig. 2A). During the test, 

flies of all group sizes preferred the arena half containing the CS+ over the arena half containing 

the CS− [P(all group sizes>0)>0.999], showing that flies had formed an associative odor–food 

memory (Fig. 2A). Flies of the large group showed a higher conditioned preference for the CS+ 

than the pair and the single fly [P(large group>pair)=0.95, P(large group>single)=0.99], and the 

small group showed a higher conditioned preference than the single fly [P(small 

group>single)=0.95; see Table S1]. Flies showed a similar group size dependence of their 

conditioned responses when we measured the distance to the CS+ (Fig. S1C,D and Table S1). 

There were no differences between groups in the latency to arrive at the CS+ relative to the 

latency to arrive at the CS− (Fig. S1E). To investigate the time course of memory expression, we 

calculated the conditioned preference index over 1-min time bins (Fig. 2B). During the first 

minute, there were no differences of the conditioned preference between any of the group sizes 

(Table S1). Between the second and seventh minutes, flies from the large group showed higher 

conditioned preference than single or paired flies throughout most bins tested (Table S1). In all 

minute bins, the conditioned preference was higher than chance for all group sizes, except for the 

single flies in the seventh minute [P(conditioned preference index>0)=0.861]. The distance to the 

CS+ (Fig. S1D, Table S1) revealed similar group-size-dependent differences in the conditioned 

approach behavior. These results suggest that the expression of an associative odor–food memory 

increases in strength and duration with increasing group size. 

5.5.3 Flies tested in groups – but not in pairs – exhibit more inter-fly encounters than 
random 

The extended odor–food memory expression in grouped flies indicates that social interactions 

extend the expression of an odor– food memory. If the extended odor–food memory expression 

in grouped flies depends on social interactions, then the group size should affect the frequency 

of social interactions. To assess whether group size affects the frequency of social interactions, 

we measured the number of inter-fly distances and compared it with the number of expected 

random distances. We calculated the distances between all flies conditioned in groups in each 
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video frame during conditioning to see whether they approached each other. To determine 

whether these distance distributions could be explained by flies randomly encountering each 

other in the arena, we simulated 30 new experimental runs by randomly sampling fly locations 

from all experimental runs for each video frame. We then calculated the distances between these 

simulated groups of flies in each video frame (Fig. S2A). For the large group, there were more 

short inter-fly distances (0–5 and 5–10 mm) than for the simulated group.  We chose a distance 

of 5 mm between fly centers as a threshold for inter-fly encounters where flies could potentially 

socially interact. Flies in the small and large groups made more encounters (approached each 

other by 5 mm or less) than the simulated groups of flies, but not the pair [P(large 

group>simulated large group)>0.999, P(small group>simulated small group)=0.996, 

P(pair>simulated pair)=0.917; Fig. 2C–E]. To compare encounter number across group sizes, we 

needed to correct for trivial differences in encounters that are just due to differences in the group 

sizes (in larger groups there is a higher chance for random inter-fly encounters). We corrected 

for these differences in encounter number by the following procedure: we randomly took an 

experimental run from the experimental and simulated datasets and subtracted the number of 

encounters between the two experimental runs (Fig. 2F). By subtracting the number of encounters 

in the simulated runs, we removed the number of encounters per experimental run that could be 

due to random encounters. The encounter number was higher for the large group compared with 

the small group and the pair [P(largegroup>pair)>0.999, P(large group>small group)=0.987]. 

There were no differences in encounter length between any group size and their simulated groups 

(Fig. S2B). The increased number of encounters in the larger group indicates that flies are more 

attracted to each other when they are in large groups than when they are in small groups or pairs. 

More encounters allow more opportunities for social interactions between flies, which in turn 

could underlie the longer associative memory expression of the large group as compared with 

smaller groups or single flies. 
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Fig. 1. Automated odor–food learning and memory assay. (A) Odor–food learning and memory assay for four 

groups of Drosophila melanogaster flies (see also Movie 1). (B) Assay viewed from above through the tracking 

camera. The locations 

of the sucrose-paired 

conditioned stimulus (CS+) 

and the unpaired 

conditioned stimulus (CS−) 

in each arena are indicated. 

The arcs indicate the 

position of the arena in 

different experimental 

phases. Solid lines 

outline the acclimatization 

phase, dotted lines outline 

the conditioning phase, and 

dashed lines outline the 

pause phase before the test. 

(C) Same as B, but with 

examples of individual fly 

trajectories during the test 

overlaid. Trajectories of a 

single fly (top left), a pair 

(top right), a group of four 

(small 

group, bottom right) and a 

group of eight flies (large 

group, bottom left). (D) 

Preference for the odorant 

CS+–sucrose patch for the 

different groups during 

conditioning. Each minute 

bin shows the mean 

preference index across all 

experimental runs (N=30 

experimental runs). The 

dashed line represents the 

preference index of 0 
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(chance). In all time bins, all groups preferred the arena half containing the CS+–sucrose patch over the arena half 

containing the CS− [P(preference index>0)≥0.967]. For statistical comparisons between groups, see Table S1. (E) 

Visit probability maps for each group size (columns) during the memory test. Visit probabilities were calculated for 

the whole recording, the first minute of recording and the seventh minute of recording (rows). Each bin shows the 

mean binary value across all individuals of all 30 experimental runs (single flies: N=30 individuals; pairs: N=60 

individuals; small group: N=118 individuals; large group: N=229 individuals). 

 

5.6 DISCUSSION 
We developed an automated learning and memory assay for walking fruit flies that allows 

analysis of the behavior of individual flies while they forage, learn and memorize odor–food 

associations alone or in groups. The strength and duration of odor–food memory expression 

increased with group size, and flies in larger groups were more attracted to each other than flies 

in smaller groups. These data suggest that social interactions can increase the efficiency of 

memory-guided foraging fruit flies.  

 

5.6.1 Benefits of social interactions during foraging 
Fruit flies accumulate on fermenting fruit, which they find by following both odorants released 

by fermenting fruit (Becher et al., 2012; Kellogg et al., 1962; Semmelhack and Wang, 2009) and 

aggregation pheromones released by male (Bartelt et al., 1985; Lin et al., 2015; Mercier et al., 

2018) and female conspecifics (Lebreton et al., 2017). During foraging, primer flies explore the 

environment and appear to signal the location of favorable food patches to other flies (Tinette et 

al., 2004). Thus, social interactions increase foraging efficiency in fruit flies. Our finding of 

extended expression of associative odor–food memories in groups, together with the positive 

correlation between group size and inter-fly attraction, suggests that flies also benefit from social 

interactions during odor memory-guided foraging. Flies could have interacted via olfactory 

stimuli (Jallon, 1984; Keesey et al., 2016; Lebreton et al., 2017; Lin et al., 2015), gustatory 

stimuli (Schneider et al., 2012), sound (Tauber and Eberl, 2003), substrate-borne vibration (Fabre 

et al., 2012) and touch (Ramdya et al., 2014), but not via visual stimuli, because the experiments 

were performed in the dark. The positive correlation between group size and inter-fly attraction 

that we found is in line with a previous study where inter-fly attraction was higher in larger than 

in smaller groups (20–40 versus 10 flies) (Simon et al., 2012). To our knowledge, such an 
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increase in 

inter-animal 

attraction 

with 

increasing 

group size 

has not yet 

been reported 

in vertebrates 

(Miller and 

Stephen, 

1966). 
Fig. 2. Group 

size affects 

associative 

odor–food 

memory 

expression and 

inter-fly 

encounters 

during the 

memory test. 

(A) 
Conditioned 

preference 
index for the 

different group 

sizes during the 

test. Large 

points represent 

the mean 

conditioned 

preference 

index per group 
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size. Whiskers represent the 95% credible intervals. Small points represent the mean conditioned preference index 

per experimental run. The dashed line indicates the conditioned preference index owing to chance (0). Asterisks 

represent differences with Bayesian probabilities equal to or greater than 0.95 (*) or 0.99 (**) (N=30 experimental 

runs). (B) Same data as in A, but conditioned preference index over 1-min time bins during the test. Colors, dashed 

line and whiskers are the same as in A. The points represent the mean conditioned preference index across all 

experimental runs within a time bin. Filled points are conditioned preference scores that are significantly different 

to chance. All groups preferred the arena half containing the CS+ patch than the arena half containing the CS− during 

all time bins [P(preference index>0)≥0.967], except for the single flies during the seventh minute. For statistical 

comparisons between groups, see Table S1. (C) Mean inter-fly encounter number per fly per experimental run for 

the pair (blue) and the simulated pair (gray). Large points represent the mean across experimental runs (N=30 

experimental runs). Small points represent the mean of each experimental run. Vertical lines represent the 95% 

credible intervals. (D) Same as C for the small group (yellow) and the simulated small group (gray). (E) Same as C 

for the large group (pink) and the simulated large group (gray). Asterisks represent differences with Bayesian 

probabilities equal or greater 0.95 (*) or 0.999 (***) between the real and simulated group. (F) Differences in inter-

fly encounters between real experimental runs and simulated experimental runs (N=30 experimental runs). Small 

points represent the difference between the mean encounter numbers for each randomly assigned pair of real and 

simulated experimental runs. Large points represent the mean across experimental runs. Colors and whiskers are the 

same as in A. 
 

5.6.2 Social effects on odor memory-guided search 
The positive relationship between associative odor–food memory and group size could be a result 

of social interactions during the learning of the odor–food association (during conditioning) or 

during the retrieval of the odor–food memory (during the memory test).  During conditioning, 

the presence of other flies at the food patch could increase the reinforcing strength of the food 

because the presence of other flies indicates that the food patch is good. Indeed, flies prefer food 

sources with other flies present over food sources without any flies (Lihoreau et al., 2016; Tinette 

et al., 2004). Alternatively, physical contact with other flies could act as an additional appetitive 

reinforcing stimulus during odor learning, similar to a honey bee acting as a positive reinforcer 

for another honey bee during odor conditioning (Chol et al., 2019). Besides being a learning 

effect, the extended odor–food memory expression in grouped flies could result from social 

interactions during the memory test. The probability of localizing the CS+ could increase with 

group size simply because inter-fly attraction could average out individual errors in finding the 

CS+ (‘many wrongs’ principle; Simons, 2004). Alternatively, individual flies that have failed to 

learn the association between the CS+ and the sucrose reward could decide to follow their 
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neighbours. Theoretical modelling suggests that such a confidence-dependent variation in 

individual search strategy increases odor localization performance in groups (Torney et al., 

2009). 

5.6.3 Limitations of the study and outlook 
We found a positive relationship between group size and the strength and duration of odor–food 

memory expression. However, our experimental design does not allow conclusions on whether 

this extended memory expression results from being in the group during odor–food learning 

(conditioning) or during odor memory-guided search (memory test). To discriminate between 

these two possibilities, one could test whether flies conditioned in a group and tested alone (or 

conditioned alone and tested in a group) still show extended memory expression compared with 

control flies that were conditioned and tested in the same group size. The automatic learning and 

memory assay presented here could help reveal external factors (e.g. fly density, the ratio of 

informed to uninformed flies) and internal factors (e.g. sex, metabolic, genetic or circadian states) 

that influence learning and memory expression in social contexts. Importantly, this assay would 

allow study of the neural basis of social effects on foraging by disentangling sensory processing 

and memory formation. To identify the sensory bases of information transmission between flies, 

one could test the effect of temporarily perturbing their ability to smell, see and mechanosense 

by expressing a temperature-sensitive switch for synaptic transmission in defined neuron 

populations (Kim et al., 2012; Kitamoto, 2001; Ramdya et al., 2014). Likewise, neuronal 

perturbation experiments would help identify the neurons that encode the valence of social 

information (Fernandez et al., 2017) and reveal how these neurons integrate with the neurons that 

encode the hedonic and caloric value of food (Huetteroth et al., 2015). Moreover, to investigate 

whether information transmission during foraging is affected by the fly’s predisposition to 

forage, one could use the two naturally occurring foraging gene Drosophila mutants. ‘Rovers’ 

move more during foraging and demonstrate improved short-term memory, whereas ‘sitters’ 

move less and show an improved long-term memory (Mery et al., 2007; Osborne et al., 1997). 

Because both foraging and aversive memory expression are affected by social context (Kohn et 

al., 2013), experiments using these morphs would help to assess the genetic bases of social effects 

on odor–food learning and memory expression. 
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5.6.4 Technical considerations and outlook 
We were able analyze the walking behavior of individual flies during the memory test but not 

during the conditioning because flies could not be well separated from each other due to a lack 

of spatial resolution. By using cameras with higher spatial resolution, this assay can be extended 

to a high-throughput assay for multiple parallel fly groups that would allow automatic tracking 

of all individuals, classifying of patterns of pairwise and higher-order interactions between 

individuals, as well as stereotypical behaviors such as copulation, lunging and chasing, as shown 

in Dankert, Wang, Hoopfer, Anderson, & Perona (2009). This assay would then enable to reveal 

external factors (e.g., fly density, the ratio of informed to uninformed flies) and internal factors 

(e.g., metabolic, genetic, or circadian states) that influence learning in social contexts, and it 

would also allow studying the neural basis of collective foraging by disentangling sensory 

processing and memory formation. To identify the sensory bases of information transmission 

between flies, one could test the effect of temporarily perturbing their ability to smell, see and 

mechanosense by expressing a temperature-sensitive switch for synaptic transmission in defined 

neuron populations (Kitamoto, 2001). Likewise, neuronal perturbation experiments would help 

identifying the neurons that encode the valence of social information and reveal how these 

neurons integrate with the neurons known to encode the hedonic and caloric value of food 

(Huetteroth et al., 2015).  
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5.9.2 SUPPLEMENTARY MATERIALS 
Table S1: Bayesian probabilities comparing the preference index and distance to the CS+ between groups. 

Related to Figure 1D, 2A, 2B and S1. 

Bayesian probability with which the mean of a group in the column “Pair >”, “Small group >” or “Large group>” 

is larger than the mean of a group in the column “Group”. Red values indicate probabilities equal to or greater than 

0.95 or equal to or smaller than 0.05.  
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Figure S1: Flies’ behavioral performance during conditioning and memory test. Related to Figure 1D, 2A 
and 2B.  

(A) Distance to the CS+ of flies in the different groups during conditioning. Large points represent the mean distance 

to the CS+ per group size. Whiskers represent the 95 % credible intervals. Small points represent the mean distance 

to the CS+ per experimental run (N= 30 experimental runs). Stars represent differences with probabilities equal to 

or greater than 0.95. (B) Same data as in (A) but for one-minute time bins. Points represent the mean distance to the 

CS+ per group size. Colors and whiskers are the same as in (A). For statistical comparisons between groups, see 

Table S1 (applies to all figure panels). (C) Distance to the CS+ during the memory test. (D) Same data as in (C) but 

for one-minute time bins. (E) Relative latencies of flies to reach CS+ ([latency to the CS-] – [latency to the CS+]) 

for the different groups during the memory test. The Bayesian probabilities for intergroup-differences were below 

0.92.  

 
 

Figure S2: Inter-fly encounters during the test. Related to Figure 2C – E. 

(A) The number of inter-fly distances during the test for flies conditioned in pairs (left), small groups (middle) and 

large groups (right. The first bin ranges from 0 mm to 2.5 mm, and the following bins represent a range of 5 mm i.e. 
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the 10 mm bin ranges from 7.5 mm to 12.5 mm. Bars represent the mean number of distances per bin between real 

groups of flies (pair: blue, small group: yellow, large group: pink) and between simulated groups of flies (grey). 

Vertical lines represent the 95 % credible intervals. Videos were recorded at 15 frames/s. Bars of the experimental 

and simulated number of distances within the same bin were compared to each other. Stars indicate differences with 

probabilities equal to or greater than 0.95 between the experimental and simulated data within a bin (N = 30 real or 

simulated experimental runs). (B) Mean encounter length per experimental run for the pair (blue, left), small group 

(yellow, middle) and large group (pink, right). The corresponding simulated groups of flies are shown in grey. Large 

points represent the mean encounter length across experimental runs. Whiskers represent the 95 % credible intervals. 

Small points represent the mean encounter length per experimental run (N= 30 experimental runs).  
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6 GENERAL DISCUSSION 

6.1 Technical and method development in neuroscience 
The brain is a complex system containing a few numbers of neurons to billions transmitting an 

enormous amount of information at a time through multitudes of circuits. To study this complex 

entity with multidimensional inputs one should not reduce the brain to a "one circuit – one 

behavior" unit. A paramount goal among neuroscience researchers, therefore, is to quantifiably 

observe an animal in its natural environment without perturbation from any artificial settings. 

Achieving this goal necessitates the extensive development of tools, ranging from genetic to 

experimental paradigms. In particular, the need exists for the creation of paradigms that can 

depict the natural environment of the animal model used, since in most experiments we cannot 

explain how the setup used in studying a particular behavior affects the outcome of our results. 

Regarding Drosophila melanogaster, developing an understanding of its nervous system 

requires that it be observed moving freely in its ecological niche or rather close to its natural 

environment. A number of related advancements in animal model study methods have emerged 

to help in answering questions about the fly brain.  

In nature, flies are ordained with the task of searching, exploring and exploiting food sources 

(Carson 1971). Associated with this behavior is the task of remembering the taste and smell of 

these food sources, in order to make decisions to either return to or avoid it the next time they are 

out foraging. These food sources appear within multitudes of patches emanating distinct odors, 

that the fly needs to recall and navigate to return to the source for further foraging (Demerec 

1950). Although flies have been shown to learn in the laboratory settings, it is difficult to relate 

findings from these studies to behavior and biological processes occurring in more natural 

environments, particularly when the assays do not have a clear link to the fly’s ecology. The use 

of these assays has significantly further our understanding of mechanisms of learning in flies but 

most of these assays are not relevant to what the fly may learn in nature (Hales, Korey, 

Larracuente, & Roberts, 2015). These assays have flies confined to spatially controlled settings, 

and at the end, it is not clear to what extent the fly's learned behavior would carry to its natural 

habitat, where the fly has to choose between many stimuli. An ideal design for a behavioral 

paradigm would be to conduct experimentation in the animal's natural habitat, thus allowing them 

to behave normally and exposing them to ecologically relevant stimuli, while also controlling the 
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stimulus exposure. It is not possible to control all the stimuli that affect flies behavior, and that 

therefore observing flies in nature does not allow you to unambiguously relate behavior to 

stimuli. Therefore, one needs to develop naturalistically – yet perfectly controlled – environments 

(as we did in Chapter II and Chapter III) 

 

In this thesis, an experimental paradigm mimicking a more natural foraging setting for 

Drosophila environment was developed in chapter I, II and III. I contributed to developing the 

setup in chapter I and II and I also contributed to the establishment of the preliminary studies of 

chapter III where a foraging paradigm was developed. In the aforementioned paradigms, the flies 

were allowed to fly (chapter II), search, explore, and exploit the odorized food sources, this 

framework, in essence, gave flies the ability to autonomously control their learning regime by 

exposing themselves to the rewarded or punished stimuli. As a result, flies were differentially 

conditioned en masse to associate odors with reinforcing taste. In addition, odor sources in this 

paradigm (Chapter II and I) were placed next to each other to ensure flies encountered both odors 

during conditioning. This mimicked a natural setting where flies are confronted with conflicting 

odors from multiple sources. I used this paradigm to answer questions about associative learning 

in Drosophila (Chapter I and III) as well as examine how flies use stimulus onset timing to 

segregate learned odorant mixtures in a wind tunnel (Chapter II). In these paradigms (Chapter I, 

II, and III), flies were allowed to accomplish some behavioral actions that were not feasible in 

most previous fruit fly conditioning paradigms (Tully and Quinn 1985; Tempel et al. 1983; 

Scherer et al. 2003; Foucaud et al. 2010). As laboratory flies are generally raised in a tube without 

much flying experience, the paradigms in chapter I and II could play a role in prepping flies to 

be motivated to fly (Chapter II), search, forage and explore in an open space. These paradigms 

in chapter I and II are important because understanding what Drosophila learn in a natural setting 

will shed more light on the influence of evolution on learning capacity and establish more 

foundations for learning in this model species.  

 

 

6.2 Drosophila melanogaster olfactory system uses the temporal structure of odorants to 
segregate odorant mixtures 
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Odor objects occur in turbulent plumes and quickly separate into thin filaments that intermix with 

odors from different sources. The olfactory receptor neurons encounter these odor objects as 

short intermittent stimuli. Insects with large antenna span can use the spatial or temporal structure 

of these odorant mixtures to segregate odor objects from different sources (Baker et al., 1998; 

Szyszka et al., 2014).  In chapter II, I showed that Drosophila melanogaster an insect with an 

approximate 0.4 mm distance between antennae span, is probably more likely to use temporal 

information to recognize isolated odor objects in an olfactory scene because of its small spatial 

resolution. To understand the neural mechanism of how the Drosophila olfactory system was 

able to segregate odorant mixtures of both innate and learned valence in short timescales is to 

bring the neural coding of the olfactory system into context. The best approach to examine a 

neural code in an animal brain is to justify that the postulated code can be interpreted by the areas 

of the brain where it culminates to apparent behavioral output. In chapter II of this thesis, I 

observed the behavior of flies towards a temporally structured stimulus where I stimulated flies 

with odorant mixtures either with innate valence or learned valences. The behavioral output of 

this experiment showed that flies were able to segregate these odorant mixtures with short 

temporal differences, and the possible neural mechanism encoding the behavioral output was 

postulated based on known neural coding of olfactory stimuli in the fly brain. Thus, for flies to 

be able to segregate odorant mixtures in these short timescales as shown in chapter II, the ORNs 

have to be temporally precise and fast (de Bruyne et al., 1999; Egea-Weiss et al., 2018), and PNs 

have to be sensitive to odor onsets (Bhandawat et al., 2007; Wilson et al., 2004). This means, if 

the odors are temporally segregated it will be detected by the fly, by decoding the onset timing 

of the odorant as the flies engaged in crosswind flying behavior between bouts of segregated 

odorants, this will enable the fly to detect the separation of these odor objects. Furthermore, these 

segregated information about the identity of the odorant needs to be integrated fast in the 

mushroom body KCs as they were shown to have a fast integration time window and are sensitive 

to odor onsets (Demmer and Kloppenburg, 2009; Farkhooi et al., 2013; Ito et al., 2008; Perez-

Orive, 2002; Szyszka et al., 2005; Turner et al., 2008). The valence encoding neurons in lateral 

horn and mushroom body integrate fast odor information which includes the temporal differences 

in odorant onsets. Here asynchronous odorant mixture would be detected by the coincidence 

detection neurons in the MB which could decode the temporal onset delays of the odorants in the 

mixture as odors coming from different sources. 
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Chapter II of my thesis (and other studies Baker et al., 1998, Szyszka et al., 2012) begins to 

highlight the behavioral and possible neural mechanism of how insects use the temporal structure 

of odorant mixtures to segregate odors from different sources. More questions still however 

remain. For example, I address the ability of flies to segregate odorant mixtures which are either 

asynchronous or synchronous. However, it is still unknown what the animal perceives during 

these experiments when it encounters a synchronous or an asynchronous mixture. Is the lack of 

temporal delay in the synchronous odorant mixture sufficient for the fly to perceive it as one 

compound coming from one source or is there another explanation to that respect? This alternate 

explanation could be tight to the evidence of interconnectivity of glomeruli by mainly 

GABAergic local interneurons which synapse onto PNs and ORNs (Tobin et al., 2017; Wilson 

et al., 2005). The interconnectivity of most LNs innervation between glomeruli supports the idea 

of global inhibition which ensures gain control (Hong & Wilson, 2015; Seki et al., 2010; Sachse 

& Galizia, 2002; Chou et al., 2010) and also some are connected between subsets of distinct 

glomeruli which could contribute to mixture processing (Mohamed et al., 2019). Could it be that 

when two odorant mixtures of attractive and aversive odorants were presented to the animal the 

aversive odorant might have stronger glomerular activity than that of attractive odorant which at 

the end might be affected by global inhibition and could silence the activity of the weakly active 

attractive odorant as shown in chapter II? It is evident that specific glomerular activity can 

influence the behavioral output of the fly because certain glomeruli contribute distinctively 

through inter-glomerular inhibitory crosstalk during mixture processing (Mohamed et al., 2019).  

And if it's the other way around where the attractive odor inhibits the aversive odorant through 

global inhibition, why are the flies in chapter II, not attracted to the synchronous mixtures? 

To attempt this question there would be a need for silencing the neural activity of specific 

inhibitory GABAergic LNs that interconnects the activated glomeruli responding to both odors 

within the antennal lobe, this will make it clear whether during the encoding of the information 

the fly brain analytically separate these odorants or they were influenced by the highly active 

glomeruli. Also silencing the inhibitory LNs between the glomeruli responsible for lateral 

inhibition would make the PNs decorrellated in their response and broadens their odorant tuning 

(Seki & Kanzaki, 2008). This will point to whether the fly engages in simple computations within 

the antennal lobe that results in winner takes all mechanisms, where a more active glomerulus 
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dominates the activity of weakly active ones, or the through detection of odor onsets in the PNs, 

MBs, and LH as explained in hypothesized neural mechanism decoding odor source separation 

in chapter II. 

To fully understand how the olfactory system deals with temporally segregated odorant mixtures 

I proposed the use of the plume tracking assay, shown in this study by using two innately 

meaningful (attractive and aversive) odorants. In the experiment odorant mixtures will be 

presented to the fly while optogenetically activating a known highly active glomerulus that is not 

tuned to the odors used in the mixture during odor tracking, this will discern the effect of strongly 

activated glomeruli that could inhibit the activities of weaker ones through global inhibition.  

Another experiment is to use fly escape behavior (de Vries & Clandinin, 2013) to perform an 

optogenetic activation of two glomeruli, one glomerular driving attraction behaviour, and another 

driving aversion. The experiment would be to first express a red-shifted channelrhodopsin (CS-

crimson) in or67d receptor neuron that converges on the DA1 glomerular that mediates attraction 

(Schlief and Wilson, 2007) using the GAL4 UAS system (Torii, Matsumoto, & Nakaya, 1988; 

Brand, et al., 1993) and secondly is to express CS-crimson in Or56a receptor neuron that 

converges on the DA2 glomerulus that mediates aversion (Stensmyr et al., 2012; Chin et al., 

2018; Huoviala et al., 2018) using the Q-system ((Riabinina & Potter, 2016; Potter, et al., 2010). 

Using both GAL4 and the Q-system would allow for concurrent activation of the two glomeruli. 

In this proposed experiment both ORNs would be stimulated synchronously in a behaving fly 

(walking or flying). This experiment would further discern how the olfactory system decodes 

conflicting odor information in the fly brain. 

In this study in chapter II, we are limited to odorant mixtures of only two odors, and odors appear 

from multiple sources in nature. If two odors with learned or innate valences are used and while 

presenting the odorant mixtures a constant flow of another odor that is innately meaningful 

(pheromone) to the fly is presented as an added background, how will the computation in the 

brain be like? The expectation would be if the fly process these mixtures analytically then there 

should be an attraction to the odor source if not the fly should be indifferent. 
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What we have not checked behaviourally is the use of two chemically similar odorants that 

activates almost the same glomeruli with a similar pattern in the KCs and LH but different 

valences in terms of behavioral output. 

 

Other questions that begs for answers are whether there is a difference between flying insects 

like Drosophila and non-flying insects, for example, Cimicidae (bed bugs) and Pediculus 

humanus capitis (lice), all with small antennae like that of the fly. How can they be able to 

segregate odorant mixtures, looking at their behavior that they don't partake in crosswind casting 

like the flying insects? These insects were able to survive in nature and perform normal behavior 

like others. Can these insects use temporal information of the odorant mixtures to segregate odor 

sources? Or it doesn't matter? Could it be that they generalized odorant mixtures?  

 

The ultimate experiment would be to train a fly to a blend of odors (one source) and present the 

blend in the mix of other odor mixtures that have at least one component of the trained odor blend 

in an experimental setting depicting natural scenery. This experiment will address questions 

regarding synthetic and analytic form of processes, but the advantage of using two odorants is to 

allow for optimal manipulation of the odorant mixtures in our setup (Chapter II). Another 

advantage of using two odorants in our setup is to avoid compounding behavioral output when 

more than two odors are used, for the reason that we wanted to quantify attraction or aversion 

behaviourally. 

 

6.3 Associative learning process during collective foraging in a group 
 
Associative learning has been linked to enabling social learning behavior in several animals. 

Social cues like conspecific odors or presence can gain biological significance by been 

experienced with an unconditioned stimulus such as food (Leadbeater & Chittka, 2007). Other 

animals could learn from the experienced ones through social interaction without even been in 

contact with the US (Cholé et al., 2019). In chapter III of this thesis, I investigated whether fruit 

flies socially interact during foraging and whether group size affects associative odor-food 

memory expression. I tested whether flies that had interacted more often form extended memory 

expression during memory retrieval. In this chapter, I showed that flies interact in a larger group 
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more often than random, and their memory expression lasted more than those in smaller groups. 

I discussed the possible behavioral and neural mechanism that is involved during foraging, 

learning and memory retrieval. I made a link between an increase in social interaction between 

individuals in the larger group to increase in associative learning reinforcement. There are several 

studies showing that flies benefit from information transfer in many behaviors, such as 

aggregation on food patch (Carson, 1971; Bartelt, Schaner, & Jackson, 1985; Lin et al., 2015), 

egg laying (Durisko & Dukas, 2013; Lin et al., 2015; Sarin & Dukas, 2009), foraging ((Lihoreau, 

Clarke, Buhl, Sumpter, & Simpson, 2016; Tinette, Zhang, & Robichon, 2004), information about 

internal state (Suh et al., 2004), and information about the location and quality of resources during 

mate choice (Danchin et al., 2018; Msery et al., 2009). Several studies have indicated the 

mechanistic process of how Drosophila can transfer information socially, these processes are via 

chemosensory cues, gustatory cues (Schneider, Dickinson, & Levine, 2012) and touch (Ramdya 

et al., 2014). Flies could use this information sharing between individuals in a group to further 

reinforce what they have learned about the odor-food patch during foraging. The reinforcement 

of the odor-food memory and the information acquired from conspecifics during foraging could 

have been strengthened via the dopaminergic reward pathway in the fly brain (Liu 2012). Also, 

the presence of conspecific on the CS+ position during memory retrieval could further extend the 

memory expression of flies in a larger group, and this could be mediated through conspecific 

attraction (Lebreton et al., 2017). In addition, memory extinction could be hampered as a benefit 

of being in a group, since flies are attracted to each other, non-learners could be attracted towards 

the flies at the CS+ position, since flies are gregarious in nature (Bartelt et al., 1985; Lin et al., 

2015), and would rather be attracted to the position with many conspecific instead of the position 

of the CS- where there are less number of flies. This attraction towards the CS+ position via 

social interaction could have been mediated through hindering of memory extinction by acting 

through the dopaminergic neuron pathway facilitating avoidance in the mushroom body 

(Felsenberg et al., 2017). Furthermore, the extended memory expression shown in this chapter 

could be as a result of the foraging gene (for) expression within neuronal network encoding 

reward and avoidance in different parts of the fly brain during foraging. The effects of social 

interactions on memory expression during foraging may be dependent on the for gene and 

affected by cGMP-dependent protein kinase levels in the mushroom bodies. The questions here 
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is if the use of social information during foraging is genetically encoded, does learning affects 

when social information could be used?  

As shown in several studies, evidently Drosophila melanogaster has evolved to respond to 

socially transmitted information from conspecifics to adjust their behavior in different situations. 

The use of social information transfer during foraging makes the flies adopt different strategies 

of learning rather than been restricted to rules that are hard-wired. This stratagem could come in 

handy when conditions change during foraging, but the question remains to what extent would 

the flies adapt? For example, fly's behavior can change in nature due to light, humidity, 

temperature and circadian rhythm. Also, the recent experience of a fly could influence how social 

information would be used. For example, a fly is more likely to perform better if it forms 

associations with social cues and less likely when it does not, as I have shown in chapter III of 

this thesis.   

As an outlook is to use the same type of paradigm as in chapter III, to investigate if different 

species of flies that share the same ecological niche are allowed to forage together would socially 

interact during associative learning during foraging. The fundamental here is understanding of 

the fly’s innate tendency to use social information would expand our knowledge on the role of 

evolution on animal behavior. 

To further understand the role of social information transfer by flies, I will propose more 

experiments that will likely further explain to what extent the information acquired by one 

individual could spread to conspecifics in associative learning during foraging. The experiment 

would be to train an individual fly to an odor-food patch and then test that individual in a group 

of inexperienced flies. This will test whether flies are involved in Stigmergy, a behavior 

witnessed in many social insects where an individual transmit a social information signal for 

example pheromone trail by foraging ants and worker termites that stimulate action in 

conspecifics (Theraulaz & Bonabeau, 1999). Additionally, another experiment that could help us 

to some extent understand how flies socially transfer information during foraging would be to 

allow flies in a group to discern between information shared by fed and unfed flies: In this 

experiment both flies would experience the same odor, one odor would be paired with sucrose 

(mixed with for example red color) while the other odor would be paired with a bitter substances 

(mixed with blue color) during training. In the test high-resolution camera would be used to be 

able to distinguish between the two flies and also measure the fly's attraction to the correct 
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information of the fed fly. Both flies would be put in a group of hungry naïve flies to test how 

much information is spread about the good food source and how much the other fly discredit that 

information. Control would be to test the two flies in separate groups of hungry flies. 
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