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“Our minds evolved to carry out rather specific tasks like choosing a mate, killing bears 

with a sharp stick, and getting dinner without becoming it.”  

(Sir Terry Pratchett, 1948-2015; “The Science of Discworld”)
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Introduction 

The ability to detect and actively respond to external stimuli is one of the most fundamental 

principles which distinguish living organisms from their inanimate physical environment and 

an essential component of any textbook definition of life itself. In ~3.5 billion years of 

evolution living organisms acquired the ability to detect light, sound, mechanical stimulation, 

temperature, electric fields, magnetic fields, etc. One of the most ancient senses, however, is 

chemosensation, the ability to detect chemicals in the environment. 

 

Chemicals as sources of information 

Chemosensation is widespread throughout all kingdoms of life. Most, if not all, mobile 

organisms from bacteria and archaea to vertebrates exploit chemical cues to localize and 

evaluate resources and also sessile organisms such as vascular plants are known to use 

volatiles for intra- and inter-specific communication (Ache and Young, 2005; Adler, 1975; 

Baldwin et al., 2002; Baldwin et al., 2006; Bargmann, 2006; Hansson and Stensmyr, 2011; 

Holopainen and Blande, 2012). Animals use chemical information for many purposes and 

any attempt at an exhaustive review of the relevance of chemical senses for animal behavior 

can only fail. However, some general principles will be presented alongside selected, 

preferably non-drosophilid, examples in the following paragraphs. 

Chemicals or mixtures of chemicals which provide messages for the purpose of 

communication are called semiochemicals, which can be divided into chemicals and blends 

used in intra-specific communication and those serving as signals between individuals of 

different species. Semiochemicals employed in intra-specific communication are called 

pheromones. The term “pheromone” was coined by Karlson and Lüscher in 1959 to describe 

substances which are released by an individual of a species and induce a specific reaction in 

conspecifics (Karlson and Lüscher, 1959). The first pheromone to be extracted and 

chemically identified was bombykol, the sex pheromone of the silkmoth, Bombyx mori 

(Butenandt et al., 1959), and a multitude of sex pheromones, single compounds and 

pheromone blends consisting of several compounds at precisely defined concentration 

ratios, have been identified since then throughout the animal kingdom (Gomez-Diaz and 

Benton, 2013; Smadja and Butlin, 2009).  

Apart from sex pheromones, animals use pheromones in a variety of different social contexts 

and the complexity of these communication systems probably depends on the degree of 

sociality of the animal species under scrutiny (Law and Regnier, 1971). Many animals 

produce and respond to alarm pheromones to avoid predation or sick conspecifics (Blum, 

1969; Boillat et al., 2015; Mathuru et al., 2012). Many ant species use trail pheromones to 
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signify the location of a potential food source (Attygalle and Morgan, 1985; Parry and 

Morgan, 1979). In honeybees, the queen releases the queen mandibular pheromone (QMP) 

to signify her presence and, among other effects, to suppress breeding in workers (Sandoz 

et al., 2007). In humans, negative-emotion-related female tears contain a chemosignal which 

suppresses sexual arousal in males (Gelstein et al., 2011), i.e. humans use a chemical 

signal to convey the information on an emotional state. 

In contrast to intra-specific pheromones, the term allelochemicals refers to semiochemicals 

which mediate the communication between members of different species. Depending on the 

beneficiary of the information transfer, allelochemicals are further subdivided in synomones 

(both sender and receiver benefit), allomones (only sender benefits) and kairomones (only 

receiver benefits; Law and Regnier, 1971). The volatile bouquets released by flowers to 

attract pollinators are classic examples of synomones, because plants benefit from this 

interaction by being pollinated and pollinators are usually rewarded with nectar (Raguso, 

2008). Another example of synomone communication is the recruitment of herbivore 

predators and parasitoids by herbivore-damaged plants, which enables predators and 

parasitoids to locate food sources and hosts while at the same time reducing herbivore 

pressure on the plant (Heil, 2008; Ode, 2006; Vet and Dicke, 1992). In allomone 

communication, the senders of chemical information often exploit innate behaviors in 

receivers for their own purpose. For example, large blue butterfly larvae exploit brood care 

behavior in Myrmica ants apart from physical similarity also by chemical mimicry (Akino et 

al., 1999; Dettner and Liepert, 1994). Bolas spiders attract their prey, males of different moth 

species, by production and release of their species-specific sex pheromones (Stowe et al., 

1987). Besides using receiver pheromones senders in allomone-based interactions also 

exploit cues signifying the availability of food or oviposition sites for their own purposes. For 

example, the dead horse arum Helicodicerus muscivorus emits an odor similar to that 

emitted by dead animals to induce pollination by carrion flies without providing a nectar 

reward (Stensmyr et al., 2002). Similarly, the carnivorous Venus flytrap Dionaea muscipula 

emits volatile organic compounds attractive to insects to catch its prey (Kreuzwieser et al., 

2014). The classic example of kairomone communication is the location of food sources 

using volatile cues, which is performed by most, if not all, animals. In addition, many animals 

utilize chemical cues to avoid predation. For example, rodents detect predators using 

chemical cues such as trimethylthiazoline (TMT) from fox feces or b-phenyethylamine from 

cat urine (Dewan et al., 2013; Wallace and Rosen, 2000). Furthermore, insects locate and 

evaluate oviposition sites using olfactory cues. For example, larvae of the fire-chasing 

beetles of the genus Melanophila can only develop in freshly burned wood and adult beetles 

are assumed to use olfactory cues characteristic of smoke in addition to infrared sensors to 

detect wood fires and hence oviposition sites from large distances (Schütz et al., 1999).  
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Similar odor-dependent ecological interactions have also been described in Drosophila 

melanogaster (Bartelt et al., 1985; Becher et al., 2012; Dweck et al., 2013; Stensmyr et al., 

2012; Stökl et al., 2010; Suh et al., 2004). This fact, in combination with its history as a long-

used laboratory model organism, renders the vinegar fly an attractive organism to investigate 

genetic and physiological underpinnings of odor-guided behavior from an ecological 

perspective.    

 

Drosophila melanogaster as a model organism in neuroethology 

The vinegar fly Drosophila melanogaster was first described by Johann Wilhelm Meigen in 

1830 and the first paper featuring D. melanogaster (in those days also named Drosophila 

ampelophila Loew) as a laboratory animal was a behavioral study published by Frederick W. 

Carpenter in 1905: “The reactions of the pomace fly (Drosophila ampelophila Loew) to light, 

gravity, and mechanical stimulation” (Carpenter, 1905), which was soon followed by the first 

description of odor-guided behavior (Barrows, 1907). Mainly thanks to Thomas Hunt 

Morgan´s studies at Columbia University in the second decade of the 20th century, D. 

melanogaster soon became one of the foremost model organisms in genetics. Because 

vinegar flies are easy to rear and have a short life cycle of just 10 days, they were soon 

adopted as one of the model invertebrates of choice by scientists in other disciplines and 

supported Nobel-Prize-awarded discoveries in the fields of genetics (Thomas Hunt Morgan in 

1933; Hermann Müller in 1946), developmental biology (Edward B. Lewis, Christiane 

Nüsslein-Volhard and Eric F. Wieschaus in 1995), sensory neuroscience (Richard Axel and 

Linda Buck in 2004) and immunology (Jules Hoffman, Bruce Beutler and Ralph Steinmann in 

2011). 

The analysis of genetic underpinnings of fly behavior has been pioneered by Seymour 

Benzer and his co-workers who used forward genetic screens to identify, among others, 

genes essential for the generation of circadian rhythms (Konopka and Benzer, 1971) or the 

learning mutant dunce (Dudai et al., 1976). Since then, multiple genetic tools have been 

developed which allow cell-type specific manipulations to visualize, artificially activate or 

silence single neurons or neuron populations (Venken et al., 2011). In combination with the 

development of highly sensitive behavioral paradigms, this genetic tractability allows 

establishing behavioral roles for identified single genes or neurons and has made Drosophila 

melanogaster one of the most important model organisms in behavioral neuroscience, 

probably only rivalled by the mouse Mus musculus and the nematode Caenorhabditis 

elegans.   
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The Drosophila melanogaster olfactory system 

Drosophila melanogaster detects odors using an array of 1200-1400 olfactory sensory 

neurons (OSNs), the primary sensory neurons of the olfactory system, located on two types 

of head appendages, the antennae (~1100-1250 OSNs) and the maxillary palps (~120 

OSNs; Figure 1A; Stocker, 1994; Vosshall and Stocker, 2007). OSNs extend their dendrites 

into cuticular sensory structures called sensilla, which contain sensillum lymph. Through 

pores in the sensillum walls, chemicals can enter the sensillar lumen and are putatively 

transported to the OSN dendritic membrane by odor binding proteins (OBPs; Fan et al., 

2011; Steinbrecht, 1996; Vogt and Riddiford, 1981). Chemicals can then interact with 

chemoreceptors present on OSN dendrites and activate or inhibit OSNs (de Bruyne et al., 

2001; Hallem et al., 2004; Kaissling, 1986). With few exceptions, each OSN expresses one 

type of ligand-binding chemoreceptor which defines the ligand-specificity of the OSN, and 1-

4 OSNs expressing stereotyped combinations of chemoreceptors are housed in the same 

sensilla (Benton et al., 2009; Couto et al., 2005). In most insects studied so far – including 

Drosophila – these chemoreceptors belong to two gene families, odorant receptors (ORs; 

Clyne et al., 1999; Gao and Chess, 1999; Vosshall et al., 1999) and ionotropic (IRs; Benton 

et al., 2009). The adult Drosophila olfactory system expresses ~45 functional ORs and ~15 

IRs. In addition, vinegar flies detect carbon dioxide using antennally expressed gustatory 

receptors (Jones et al., 2007; Kwon et al., 2007).   

Concerning their ligand-specificity, both ORs and IRs fall into a continuum of tuning widths 

ranging from highly specific receptors for pheromones or other compounds of particular 

ecological significance (Dweck et al., 2015a; Kurtovic et al., 2007; Stensmyr et al., 2012; Suh 

et al., 2004) to more broadly tuned receptors responding e.g. generally to ammonia and a 

wide range of amines (Min et al., 2013), acidity (Ai et al., 2010) or a broad range of odors (de 

Bruyne et al., 1999; de Bruyne et al., 2001; Galizia et al., 2010; Hallem and Carlson, 2006; 

Hallem et al., 2004; Pelz et al., 2006). Although response profiles are particularly broad at 

high odor concentrations, the majority of OSN types respond to several odors also at 

ecologically relevant concentrations (Hallem and Carlson, 2006; Münch et al., 2013; Pelz et 

al., 2006; Schubert et al., 2014). In addition, most odors a fly encounters in its natural 

environment are not monomolecular odorants, but rather are mixtures of many compounds 

varying in composition and concentration ratios. As a result, any naturally encountered odor 

object will activate several OSN types and odor identity is thought to be extracted from the 

combined activity of all activated processing channels (Malnic et al., 1999). Importantly, 

OSNs cannot only be activated but also inhibited by odors (de Bruyne et al., 2001; Hallem et 

al., 2004), a fact which adds further complexity to olfactory coding in the olfactory periphery, 

particularly for odor mixtures (Su et al., 2011).  
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Figure 1. The Drosophila olfactory system. (A) Receptive structures (antennae and maxillary palps, green) are 
covered in sensory hairs (sensilla) which contain 1-4 olfactory sensory neurons (OSNs) in stereotyped 
combinations. AC: accessory cell. (B) The olfactory pathway. OSNs expressing the same chemoreceptor 
converge in olfactory glomeruli in the antennal lobe (AL), where they synapse onto projection neurons (PNs; 
vPNs: ventral PNs). The AL is densely innervated by various types of local neurons (LNs). PNs relay olfactory 
information to higher brain centers, the mushroom body (MB) and the lateral horn (LH). Lateral horn neurons 
(LHN) are the output neurons of the later horn. Figure inspired by and adapted from (de Bruyne et al., 1999; 
Jefferis et al., 2007). 

From the olfactory periphery, OSNs send their axons to their target areas in the antennal 

lobe (AL), the first processing center of the insect olfactory system (Figure 1B). OSNs 

expressing the same chemoreceptor converge in spherical subunits of the AL, the olfactory 

glomeruli (Couto et al., 2005; Fishilevich and Vosshall, 2005). Here, they form cholinergic 

excitatory synapses onto 150-200 olfactory projection neurons (PNs), the second order 

olfactory neurons, and interact with a dense network of AL-intrinsic local neurons (LNs; Chou 

et al., 2010; Seki et al., 2010; Stocker, 1994; Stocker et al., 1990; Vosshall and Stocker, 

2007). Although OSN activity is thought to be the main source of PN activity and odors 

activating a given OSN typically also activate their postsynaptic PNs, both transmission 

characteristics of the OSN-PN synapse and the AL network strongly modulate odor 

information before passing it on to higher brain centers (Galizia, 2014; Masse et al., 2009; 

Wilson, 2013; Wilson and Mainen, 2006). In particular, at low total input across the OSN 

population weak OSN responses are typically strongly amplified thanks to a high 
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convergence rate (probably all-to-all) of OSNs onto their postsynaptic PNs, a high sensitivity 

of individual PNs to OSN input and lateral excitation via electrical synapses between 

excitatory local neurons and PNs (Huang et al., 2010; Kazama and Wilson, 2008; Olsen et 

al., 2007; Shang et al., 2007; Yaksi and Wilson, 2010). This high sensitivity of PNs to OSN 

input also causes most PNs in Drosophila to be more broadly tuned than their presynaptic 

OSNs (Bhandawat et al., 2007; Schlief and Wilson, 2007). At high input intensities, on the 

other hand, strong odor responses are attenuated by lateral inhibition by GABAergic LNs 

synapsing onto OSNs axon terminals (Olsen and Wilson, 2008; Root et al., 2008). As a result 

of this normalization process, a given odor induces very similar PN activity patterns across a 

wide range of concentrations (Olsen et al., 2010), which is particularly important for odor 

identification given the variability of odor concentrations in the fly´s natural environment 

(Murlis et al., 1992). In addition to this well-described pre-synaptic gain control mechanisms, 

PN responses are also inhibited directly by GABA (Wilson and Laurent, 2005) and 

glutamatergic LNs provide another source of inhibition in the AL circuitry (Liu and Wilson, 

2013a). Although recent observations suggest that the level of inhibitory input in a given 

glomerulus is largely odor-invariant (Hong and Wilson, 2015) the morphological and 

physiological diversity of LNs (Chou et al., 2010; Seki et al., 2010) in the AL suggests, that 

odor-specific computations for odorants or blends of particular behavioral significance may 

occur.  

From the AL, PNs relay olfactory information to two higher brain centers, the mushroom body 

(MB) and the lateral horn (LH). Most of these PNs collect information from a single 

glomerulus (uniglomerular PNs), utilize acetylcholine as their neurotransmitter and project to 

both MB and LH via one of two PN tracts, the mALT (medial antennal lobe tract) and the 

lALT (lateral antennal lobe tract; Ito et al., 2014; Stocker, 1994; Vosshall and Stocker, 2007). 

An additional subpopulation of PNs is multiglomerular, GABAergic and exclusively projects to 

the LH via the mlALT (mediolateral antennal lobe tract; Liang et al., 2013; Parnas et al., 

2013; Strutz et al., 2014). In the LH, PNs from different glomerular channels converge onto 

lateral horn neurons (LHNs) in stereotyped combinations (Fişek and Wilson, 2014). Two 

morphological types of LHNs have been described which differ in their tuning width and in 

their projection areas, the superior medial protocerebrum (SMP) and the superior lateral 

protocerebrum (SLP). In addition, olfactory information is modulated by a highly odor-specific 

population of inhibitory LH local neurons. In the MB calyx, on the other hand, PNs from 

different AL processing channels synapse onto approximately 2500 MB-intrinsic Kenyon cells 

(KCs; reviewed in Vosshall and Stocker, 2007). The combinations of PNs converging onto a 

given KC appear to be more or less random, and KCs require input from multiple PNs to 

display a spiking response (Caron et al., 2013; Murthy et al., 2008; Turner et al., 2008). In 

the MB lobes, KCs synapse onto a small population of MB output neurons (MBONs), which 
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relay the olfactory information to different brain areas including the LH and target areas of 

LHNs (SMP and SLP; Aso et al., 2014a; Aso et al., 2014b). 

The synaptic layout and neuronal response characteristics in Drosophila higher brain centers 

suggest that MB and LH treat the same odor information in different ways and therefore also 

serve different functions in influencing fly behavior. LH connectivity appears to be genetically 

hard-wired with a clear morphological separation between pheromone and general odor 

circuits and highly stereotyped PN projections (Jefferis et al., 2007). Interestingly, one type of 

LHN whose glomerular input has been studied in detail preferably samples information from 

glomeruli responsive to fruity esters, which are attractive to starved flies suggesting valence- 

and module-specific odor processing in the LH (Fişek and Wilson, 2014). Also, inhibitory 

multiglomerular PNs – in addition to high-pass-filtering the PN population activity (Parnas et 

al., 2013) – encode hedonic valence and intensity of odors in the LH (Strutz et al., 2014). In 

contrast, MB connectivity allows an unbiased sampling of the chemical environment. KCs 

sparsely respond to combinatorial activity patterns of glomerular processing channels and a 

given odor – irrespective of whether it is a single odorant or a complex blend – typically 

activates about 5% of all KCs with different odors activating different subsets of KCs 

(Honegger et al., 2011; Turner et al., 2008). An odor is therefore reliably represented by the 

activation of approximately 100 KCs and can thus be identified and evaluated.  

The differences in information processing between MB and LH also fit their assumed roles in 

odor-guided behavior. The MB is classically described as the major site of learning in the 

insect brain (Davis, 1993; Fiala, 2007; Heisenberg, 2003; Waddell, 2013). The random 

connectivity allows for an identifiable internal representation of just about any odor a fly may 

encounter in its environment, provided it is detected by OSNs in the first place. Moreover, 

any random activity pattern of approximately 100 KCs can be associated with an electric 

shock further demonstrating the behavioral flexibility supported by the MB network (Vasmer 

et al., 2014). The physiological correlate of learning is thought to be an experience-

dependent modulation of the synaptic strength between KCs and MBONs (Aso et al., 2014b; 

Gervasi et al., 2010; Plaçais et al., 2013; Séjourné et al., 2011; Waddell, 2013). Because MB 

ablation abolishes memory performance and leaves innate preferences intact (de Belle and 

Heisenberg, 1994), innate odor-guided behavior has historically been considered 

independent of the MB and entirely attributed to LH odor processing. Silencing MB output in 

trained flies largely re-establishes innate behavior (Parnas et al., 2013), further supporting 

the hypothesis that most innate odor responses are likely to mainly depend on LH 

processing. However, recent evidence suggests an essential role for the MB also in innate 

behavior, particularly when innate behavioral responses depend on the fly´s internal state as 

is the case for the reduction of CO2 avoidance in starved (Bräcker et al., 2013) and for water-

seeking behavior in thirsty flies (Lin et al., 2014). 
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Receptor specificity, neuroecology and odor hedonics 

Olfactory chemoreceptors have historically been classified into specialists and generalists 

depending on the widths of their tuning curves, i.e. the number of ligands activating the 

corresponding OSN types. Although this separation is far from being that clear when 

considering the variability in tuning curves of Drosophila chemoreceptors (de Bruyne et al., 

1999; de Bruyne et al., 2001; Hallem and Carlson, 2006; Hallem et al., 2004; Pelz et al., 

2006; Silbering et al., 2011), some OSN types clearly stand out in terms of their ligand 

specificity and therefore the reliability of their signal and suggest precise ecological functions 

of these OSN types for the fly. These include CO2-sensitive neurons expressing the two Grs 

21a and 63a (Jones et al., 2007; Kwon et al., 2007), OSNs expressing Or56a and mediating 

detection and avoidance of the mold-produced odor geosmin (Stensmyr et al., 2012) and 

OSNs expressing Or67d and detecting the male-produced pheromone cis-vaccenyl acetate 

(cVA; Kurtovic et al., 2007). In addition to highly specific chemoreceptors, the circuits 

downstream of these OSNs share another peculiarity compared to most other OSN types, 

i.e. they synapse onto an unusually high number of PNs (Grabe et al., in prep.). This feature 

is shared by OSNs expressing Or47b, which are part of the sexually dimorphic circuitry 

expressing the transcription factor fruitless (Stockinger et al., 2005) and which were 

previously demonstrated to respond to odors present on flies (van der Goes van Naters and 

Carlson, 2007). These facts in combination prompted us to identify the Or47b ligand, which 

resulted not only in the identification of the sole ligand for Or47b but also in the identification 

of several fly-derived ligands for another receptor so far lacking identified excitatory ligands, 

Or88a. The identification and behavioral characterization of these chemicals and the 

contribution of the two receptors to fly behavior are the subjects of Manuscript III of this 

dissertation. 

Similar to the previously mentioned highly specific receptors for signature chemicals, less 

specific receptors can sometimes also be linked to specific aspects of fly behavior. For 

example, activation of OSNs expressing the terpene-receptor Or19a by limonene, which is 

highly abundant in but not exclusive to Citrus fruit, is sufficient to mediate oviposition 

preference in Drosophila, probably to reduce parasitation (Dweck et al., 2013). Importantly, in 

this interaction limonene represents a cue for oviposition without inducing attraction 

suggesting a privileged role of Or19a-expressing OSNs and downstream processing in fly 

ecology despite a lower degree of selectivity of the chemoreceptor compared to the 

previously mentioned highly selective processing channels. Because limonene and other 

terpenes activating Or19a-expressing OSNs are not exclusive to Citrus fruit or even to fruit in 

general and can for example also be found in Citrus flowers (Azam et al., 2013), the lack of 

attraction towards these compounds may represent a safeguard mechanism to prevent flies 

from ovipositing on the wrong substrate. Therefore, a mixture of at least two compounds – 
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limonene or another Or19a-ligand and an attractive compound such as farnesol, which is 

present in Citrus fruit peel and specifically detected by OSNs sharing the sensillum with 

Or19a-expressing OSNs (Ronderos et al., 2014) – is necessary to elicit the full behavior in 

this interaction. Similarly, mixtures of different compounds at precise concentration ratios are 

known to ascertain behavioral specificity in the pheromone systems of many moth species 

(Gomez-Diaz and Benton, 2013; Smadja and Butlin, 2009). This means that even when 

highly specific receptors are involved, the ecological meaning of a single chemical can be 

ambiguous and this ambiguity can be reduced by relying on the co-activation of several input 

channels to display the full behavioral program.   

To sum up, even pheromone signals, the gold standard in signal and receptor specificity, can 

be ambiguous enough to favor the evolution of complex information processing systems 

relying on multiple inputs such as the macroglomerular complexes in moths (Berg et al., 

1998; Hansson et al., 1991). In this light, can single receptors responding to almost 50% of 

all presented stimuli in large screens such as Drosophila Or22a (Hallem and Carlson, 2006; 

Pelz et al., 2006) carry information reliable enough to induce an innate behavioral response 

at all? Intuitively, the answer would be no, but nevertheless, changes in the expression of 

Or22a and in its ligand-specificity correlate with major shifts in the ecology of different 

Drosophila species (Dekker et al., 2006; Keesey et al., 2015). A possible interpretation is, 

that activity in Or22a-expressing OSNs is innately comparably meaningless to Drosophila 

melanogaster and gained relevance in different species, but activity in PNs downstream of 

these neurons is correlated with attraction behavior in Drosophila melanogaster as well 

(Knaden et al., 2012) and physiological threshold concentrations of one of its most potent 

ligands are sufficient to induce attraction (Thoma, unpublished). A strong correlation between 

the activation of non-specialist OSNs and odor-guided behavior has also been reported for 

other OSNs (Ai et al., 2010; Dweck et al., 2015b; Grosjean et al., 2011; Min et al., 2013; 

Semmelhack and Wang, 2009), suggesting that many OSN-PN processing channels carry 

innate hedonic valence weights despite providing – in isolation – ambiguous and therefore 

unreliable information. Hedonic valence or odorant pleasantness has been identified as the 

primary axis in odor perception in humans (Khan et al., 2007) and a similar interpretation of 

odor-guided behavior is also discussed in Drosophila olfaction (Knaden et al., 2012; 

Semmelhack and Wang, 2009; Wilson, 2013). Following such a model, every processing 

channel of the olfactory system (maybe excluding those carrying clear ecological signals) 

would bias behavior towards attraction or repulsion and the behavioral decision would 

depend on the weighing of all inputs along hitherto unknown processing rules. This predicts 

that at least the valence of an odor mixture should be predictable provided the valences of 

mixture components are known. Unlike the alternative view that olfaction is a fully synthetic 

sense and that the perception of a mixture is completely unrelated to the perception of single 

compounds, such a model of odor evaluation also encourages the continued examination of 
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valence weights of individual processing channels as those are the elements which make up 

the valence of a complete olfactory percept. The questions whether the valence of mixture 

elements is conserved in odor mixtures and along which rules opposing valences are 

weighed against each other are addressed in Manuscripts I and IV of this dissertation. 

 

Aims of this thesis 

In this thesis, I aimed at an investigation of the contribution of individual processing channels 

of the fly olfactory system to innate odor-guided behavior and at a deepening of our 

understanding how multiple inputs are weighed against each other to produce the final 

behavioral output. 

To this end I contributed to the optimization of a previously established behavioral paradigm, 

which allows us to investigate odor-guided behavior of vinegar flies at high temporal 

resolution using unsupervised tracking (Steck et al., 2012), particularly focusing on improving 

the signal-to-noise ratio of the tracking system and the efficiency of data analysis 

(Manuscript I). 

In addition, I was involved in a study aimed at establishing the use of the Drosophila genetic 

toolbox in this paradigm to enable selective silencing of subpopulations of fly OSNs and this 

way investigate their contribution to the final behavioral output. Unfortunately, all of the 

genetic effectors we tested in this study were insufficient to reliably abolish odor-guided 

behavior in our behavioral paradigm, but the results we obtained in these experiments 

nevertheless provide invaluable insights into the different demands on the olfactory system 

when flies are using different strategies of odor source location (Manuscript II). 

Furthermore, I contributed to the behavioral characterization of novel fly pheromones. In this 

study we could show, that the same fly-derived compound is detected by two different 

olfactory receptors serving non-redundant functions in fly behavior. In this pheromone 

system, induction of copulation in male flies exclusively relies on methyl laurate detection by 

Or47b-expressing neurons, whereas methyl laurate detection by Or88a-expressing OSNs 

induces attraction without affecting copulation behavior (Manuscript III). 

Finally, I tested the hypothesis that hedonic valence is already encoded in the identity of 

OSN-PN channels a given odor activates by relating responses towards odor mixtures to the 

responses towards mixture constituents. For binary mixtures, I could not only predict the 

hedonic valence but even the temporal dynamics of mixture responses by applying simple 

linear rules extracted from mixture component responses (Manuscript IV). Although more 

complex mixtures fail to follow these simple rules concerning the response time-course, 

overall valence of the mixture is nevertheless conserved (Manuscript I). 
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Manuscript I 

 

High-resolution quantification of odor-guided behavior in Drosophila melanogaster 
using the Flywalk paradigm 

Michael Thoma, Bill S. Hansson and Markus Knaden 

 

The Journal of Visualized Experiments, accepted for publication, May 27th 2015 

(Zur Publikation angenommen bei The Journal of Visualized Experiments) 

 

In this study, we present an optimized version of Flywalk, a previously published automated 

tracking and odor delivery system for the examination of Drosophila odor-guided behavior. In 

contrast to the previously published version, the modified system (1) displays an increased 

signal-to-noise ratio thanks to a new light source and tracking system using a high definition 

camera and new tracking software, and (2) data analysis is sped up from at least one day to 

10 minutes per experiment thanks to more efficiently programmed analysis routines. We 

reproduce results obtained in a different study (see Manuscript IV) to show the consistency 

of results obtained with the new system and investigate, whether the rules of mixture 

evaluation we previously established in binary odor mixtures (Manuscript IV) also apply for 

more complex mixtures.        

 

Built on an idea conceived by all authors. 

Designed experiments: MT (80%), BSH, MK 

Performed experiments: MT (100%) 

Programmed analysis tools and analyzed experiments: MT (100%) 

Wrote the manuscript: MT (80%), BSH, MK
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Manuscript II 
 

Potencies of effector genes in silencing odor-guided behavior in Drosophila 
melanogaster depend on effector gene and behavioral paradigm 

Tom Retzke, Michael Thoma, Bill S. Hansson and Markus Knaden 

Manuscript in preparation for Scientific Reports 

(In Vorbereitung zur Einreichung bei Scientific Reports) 

 

As it is becoming ever more apparent that innate behavioral responses towards odors can be 

predicted on the basis of the olfactory sensory neuron (OSN) types a given odor activates, it 

is tempting to exploit the genetic toolbox in Drosophila melanogaster to silence select OSN 

populations and this way establish their contribution to behavioral odor responses. In this 

study, we investigate the effectiveness of four different tools commonly used in neuronal 

silencing in abolishing odor-guided behavior, when expressed in the majority of OSNs. 

Interestingly, by testing the genetic effectors in 3 different behavioral paradigms, we show 

that even if an effector efficiently suppresses behavioral responses in one paradigm, this 

does not necessarily mean that it will suppress responses in all paradigms, hinting at a 

certain degree of leakiness in all genetic tools under scrutiny. These findings are discussed 

in light of the different demands on the dynamic range of the olfactory system between two 

different odor source location strategies.     

 

Built on an idea conceived by all authors. 

Designed experiments: TR, MT (60%), BSH, MK 

Performed experiments: TR 

Analyzed experiments: TR, MT (5%) 

Wrote the manuscript: TR, MT (60%), BSH, MK
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Manuscript III 

 

Pheromones mediating copulation and attraction in Drosophila 

Hany K. M. Dweck, Shimaa A. M. Ebrahim, Michael Thoma, Ahmed A. M. Mohamed, Ian W. 

Keesey, Federica Trona, Sofia Lavista-Llanos, Aleš Svatoš, Silke Sachse, Markus Knaden 

and Bill S. Hansson 

Proceedings of the National Academy of Sciences USA, 2015, 112: E2829-E2835 

Publiziert (doi: 10.1073/pnas.1504527112) 

 

In this study we identify three novel pheromonal compounds produced by both male and 

female drosophilid flies and establish their physiological and behavioral activity in Drosophila 

melanogaster. All three compounds are detected by one olfactory sensory neuron (OSN) 

type and mediate attraction behavior in both sexes. In addition, one of the three compounds 

is also detected by a second, highly compound-specific OSN type, whose activation 

promotes male copulation behavior. Interestingly, the OSN type mediating attraction is 

dispensable for copulation behavior and vice versa, suggesting a clear segregation of the 

neuronal circuits involved in social attraction and courtship behavior in the fly brain. 

 

Built on an idea conceived by all authors. 

Designed, performed and analyzed experiments: HKMD, SAME, MT (Flywalk experiments: 

designed 30%, performed 100%, analyzed 80%), AAMM, IWK, FT, SL-L, AS, SS, MK, BSH  

Wrote the manuscript: HKMD, SAME, MT (5%), AAMM, IWK, FT, SL-L, AS, SS, MK, BSH



Overview of Manuscripts 

18 
 

Manuscript IV 

 

Compound valence is conserved in binary odor mixtures in Drosophila melanogaster 

Michael Thoma, Bill S. Hansson and Markus Knaden 

The Journal of Experimental Biology, 2014, 217: 3645-3655 

Publiziert (doi: 10.1242/jeb.106591) 

 

Although flies respond behaviorally to monomolecular odorants and attraction and/or 

avoidance can be induced by activation of single olfactory processing channels, flies will very 

rarely encounter isolated monomolecular odorants in their natural environment. In this study, 

we examine whether we can predict the hedonic valence of a binary odor mixture when we 

know the valences of mixture constituents. Using 4 attractants and 4 repellents and testing 

behavioral responses towards all possible mixtures thereof, we show that indeed mixture 

valences are predictable – within the limits of our dataset even quantitatively – on the basis 

of constituent valences. Our findings lend further support to a model of innate odor 

evaluation, in which hedonic valence is already encoded in the activity of first- and second-

order neurons of the olfactory system and the behavioral output is dictated by the summed 

weights of all activated processing channels.   

 

Built on an idea conceived by all authors. 

Designed experiments: MT (60%), BSH, MK 

Performed experiments: MT (100%) 

Analyzed experiments: MT (100%) 

Wrote the manuscript: MT (80%), BSH, MK
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Short Abstract: 
The automated tracking system Flywalk is used for high-resolution quantification of odor-

guided behavior in Drosophila melanogaster. 
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Long Abstract: 
 

In their natural environment, insects such as the vinegar fly Drosophila melanogaster are 

bombarded with a huge amount of chemically distinct odorants. To complicate matters even 

further, the odors detected by the insect nervous system usually are not single compounds 

but mixtures whose composition and concentration ratios vary. This leads to an almost 

infinite amount of different olfactory stimuli which have to be evaluated by the nervous 

system. 

 

To understand which aspects of an odor stimulus determine its evaluation by the fly, it is 

therefore desirable to efficiently examine odor-guided behavior towards many odorants and 

odor mixtures. To directly correlate behavior to neuronal activity, behavior should be 

quantified in a comparable time frame and under identical stimulus conditions as in 

neurophysiological experiments. However, many currently used olfactory bioassays in 

Drosophila neuroethology are rather specialized either towards efficiency or towards 

resolution. 

 

Flywalk, an automated odor delivery and tracking system, bridges the gap between efficiency 

and resolution. It allows the determination of exactly when an odor packet stimulated a freely 

walking fly, and to determine the animal´s dynamic behavioral reaction.  

 

Introduction: 

The overarching goal of any neuroethological research is to establish a causal link between 

the activity states of single neurons or neuronal circuits and the behavior of an organism. To 

achieve this goal neuronal activity and behavior should be monitored under identical stimulus 

conditions and these stimulus conditions should ideally be similar to those the nervous 

system under scrutiny evolved to make sense of. Particularly when it comes to behavioral 

bioassays, these requirements have historically proven quite demanding in Drosophila 

melanogaster olfactory neuroethology. 

 

Once released from the source, odor plumes rapidly break up into thin filaments with 

turbulent diffusion caused by air movement being the main determinant of odor distribution1 

(Murlis et al., 1992). As a result, an insect navigating towards an odor source experiences 

intermittent stimulation with odor packages interspersed with variable intervals of clean air. 

Both walking and flying insects – including Drosophila – have been demonstrated to exploit 

this intermittent stimulation regime for navigation by surging upwind upon plume encounter 

and predominantly moving cross-wind in the absence of odors2–5 (Budick and Dickinson, 

2006; Buehlmann et al., 2014; Kennedy and Marsh, 1974; van Breugel and Dickinson, 2014). 
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Whereas stimulation procedures in physiological experiments largely mimic those an insect 

may experience in its natural environment by either providing single puffs of odors 

interspersed with extended periods of clean air or dynamic stimulation sequences6–11 (Geffen 

et al., 2009; Martelli et al., 2013; Nagel and Wilson, 2011; Nagel et al., 2014; Schuckel et al., 

2008; Szyszka et al., 2014), many behavioral bioassays used in Drosophila neuroethology 

such as trap assay, open-field arenas or T-maze rely on odor-gradients12–15 (Farhan et al., 

2013; Knaden et al., 2012; Larsson et al., 2004; Zaninovich et al., 2013). However, because 

odor gradients by definition are variable in concentration depending on the distance from the 

odor source, a particular behavior cannot be attributed to a precise odor concentration using 

these paradigms. In addition, the slope of an odor gradient critically depends on the 

physicochemical properties of the odorant. A gradient of a highly volatile compound will be 

shallower than that created by a less volatile compound and therefore also harder to track for 

an organism relying on measuring concentration differences in space as the only means of 

navigation16–20 (Borst and Heisenberg, 1982; Flügge, 1934; Gaudry et al., 2013; Gomez-

Marin et al., 2011; Louis et al., 2008), which may lead to a misinterpretation of olfactory 

preferences particularly in choice assays. This effect is also highly detrimental when 

investigating behavior towards odor mixtures because it leads to different blend component 

ratios at every point in space and therefore again precludes a clear correlation between 

physiology and behavior. 

 

While vinegar flies tend to aggregate on fermenting fruit, they are solitary in their navigation 

towards food sources and oviposition sites. Nevertheless, rather than testing individual 

animals many behavioral paradigms used in Drosophila neuroethology examine the odor-

guided behavior of cohorts of flies and attraction is scored as the fraction of flies choosing 

the odor over a control stimulus. These cohort experiments have contributed greatly to the 

understanding of fly neuroethology and many of the observations made by using them could 

be confirmed in single-fly experiments. However, it has been observed that flies can 

influence each other´s decision21 (Quinn et al., 1974) and in extreme cases the evaluation of 

an odor can switch from indifference to avoidance depending on population density22 

(Ramdya et al., 2014). Additionally, results from these kinds of experiments often provide 

only the endpoint of a sequence of behavioral decisions rather than observing what the fly is 

doing while it is doing it, which would be desirable when attempting to correlate behavior with 

neuronal activity. These rather low-resolution cohort experiments are contrasted by high-

resolution single-fly methods such as tethered flight arenas and treadmills which allow for a 

direct observation of behavioral responses at the time the stimulus is presented20,23,24 

(Bhandawat et al., 2010; Duistermars et al., 2009; Gaudry et al., 2013). Nevertheless, cohort 

experiments are still popular, because they are very efficient and provide robust results even 
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at comparably low sample sizes because inter-individual and inter-trial variability are partially 

averaged out due to the observation of populations over extended periods of time.  

While tethered flight and treadmill probably provide the gold standard concerning stimulus 

presentation and temporal resolution, the arenas used are designed for single animals and it 

is therefore time-consuming to obtain sample sizes necessary for a statistical analysis. 

Several other approaches have recently been developed that allow an efficient acquisition of 

high-resolution behavioral data in combination with a well-defined stimulus regime. These 

include unsupervised 3D-tracking of multiple vinegar flies in a windtunnel in combination with 

an accurate 3D-model of the odor plume5 (van Breugel and Dickinson, 2014), tracking of 

multiple individual flies in choice chambers supplied with airstreams from both sides25 

(Claridge-Chang et al., 2009) and the Flywalk paradigm26 (Steck et al., 2012). 

 

In Flywalk, 15 individual flies are situated in small glass tubes and continuously monitored by 

an overhead camera under red-light conditions. Odors are added to a continuous airstream 

of 20 cm/s and travel through the glass tubes at a constant speed. The airstream is 

humidified by passing it through 250 ml bottles containing distilled water (humidifiers) before 

entering the odor delivery system. The flies´ positions are recorded within a square region of 

interest (ROI) encompassing most of the length of the odor tubes (but excluding the outer 

edges of the tubes (approximately 5 mm at each side) where the flies cannot move further 

up- or downwind) around the time of odor presentation (Figure 1A, B). Fly identities are kept 

constant by the tracking system throughout the experiment on the basis of their Y-positions 

(i.e. their glass tube limits). Odor stimulation is achieved using a multi-component stimulus 

device which allows the presentation of up to 8 single odors and all possible mixtures 

thereof26,29 (Olsson et al., 2011; Steck et al., 2012; Figure 1B). The course of an experiment 

is controlled by a computer regulating the odor delivery system and collecting temperature 

and humidity information (Computer 1, Figure 1C). This computer also controls a datalogger 

(start/stop recording) on a second computer which continuously tracks fly positions at 20 

frames per second (Computer 2). Fly positions, odor valve status (i.e. time-point of valve 

opening), odor ID, temperature and humidity around odor stimulation cycles are logged on 

computer 2. This way information on odor and fly positions are synchronized and exported as 

.csv-files which can be further processed and analyzed using custom-written analysis 

routines. Because the whole system is computer-controlled, no human intervention is 

necessary during an experimental session. 

 

Protocol: 

The construction and technical details of Flywalk have been described elsewhere26 (Steck et 

al., 2012; in case of any problems of establishing this set up, further information can be 
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obtained from MK) Here we focus on detailed instructions on the handling of the paradigm 

that will help to obtain reliable results.  

 

1. Fly handling 

 

1.1. Rear flies in low to medium density cultures on food medium27 (Lewis, 1960) under a 

12 h:12 h light:dark regime at 23-25 °C and 70% relative humidity. To this end, allow 20-30 

newly emerged adult flies to reproduce in a big food vial for 1 week, then discard adult flies 

and wait for offspring to emerge. 

 

1.2. Collect 30-40 newly emerged (age < 24 h) adult flies and age them on in new a vial 

containing food medium27 (Lewis, 1960) for 3-5 d. 

 

1.3. 24 h before the start of the behavioral experiment: Transfer all 30-40 previously 

collected 3-5 d old (see 2.2) flies to a new vial containing a moist rubber foam plug or a moist 

tissue paper using an aspirator. Do not anaesthetize flies using CO2. 
 
2. Preparation of the Flywalk setup 
 

2.1. Use 250 mL bottles as humidifiers. Fill humidifiers with 100 mL of distilled water. 

 

2.2. Prepare odor vials. 

 

2.2.1. Prepare 500 μl 10-3 dilutions of the pure odors ethyl acetate, ethyl butyrate, isopentyl 

acetate and 2,3-butanedione in the solvent mineral oil. 

 

2.2.2. Attach two ball check valves per odor vial. Note that check valves allow for uni-

directional airflow only. Therefore, connect check valves in such a way that air can enter the 

vial on one side and leave it on the other side. 

 

2.2.3. Remove the lid of a 200 μL PCR reaction tube. Pipette 100 μL of every odor dilution 

into a separate reaction tube and place the tubes in separate odor vials. Also prepare one 

odor vial containing only the solvent mineral oil. 

 

2.2.4. Tightly seal the odor vials by closing them using stainless steel plugs and rubber 

gaskets. 
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2.2.5. Connect the 5 odor vials (4 containing odors and 1 containing mineral oil) to the odor 

delivery system. Make sure to connect them in the right flow direction. A wrong connection 

will not only compromise the planned experiment, but it may also contaminate the delivery 

system.  

 

2.3. Check for leaks by sealing the outlet of the mixing chamber of the stimulus device. 

Make sure, that all airflows before the stimulus device now progressively drop to zero. If not, 

check for leaks which can now be identified by the hissing sound of air leaving the system. 

 

2.4. Carefully transfer 15 individual flies to 15 individual glass tubes using an aspirator and 

close glass tubes on both sides using the corresponding adapters.  
 

Note: Because the system must be hermetically sealed for successful experiments, 
ensure that adapters fit glass tubes tightly and note that glass tubes may break during 
this step. Take care to avoid injuries by wearing protective gloves and goggles. 
 

2.5. Connect the glass tubes to the Flywalk setup and, from here on, wait for at least 

15 min before starting the experiment to allow flies to habituate to the new environment. 

 

2.6. After attaching glass tubes: check the readout of the downstream digital flowmeters 

on computer 1 if the 16 airflows after the glass tubes add up to the airflow entering the 

system. Also check on computer 1, if humidity is between 60% and 80%.  

 

2.7. Design stimulus protocol controlling the sequence and timing of odor stimuli 

presented to the flies. To obtain e.g. the described data, present 4 odors and the control 

(mineral oil) singly and all possible ternary and the quarternary mixtures of the odors 

simultaneously for 40 times each. Set pulse duration to 500 ms at an interstimulus interval of 

90 s and randomize stimulus sequence.  

 

2.8. Switch on the light source (LED-cluster; λ=630nm). Make sure to provide enough light 

for efficient tracking without increasing the temperature inside the glass tubes. 

 

2.9. Set up region of interest of the tracking system by dragging a frame across the area 

to be monitored in such a way that all 15 glass tubes are included and approximately 5 mm 

of the edges of the tubes are excluded. 

 

2.10. Set up 14 parallel separation lines between individual tubes in the tracking system by 

changing their Y-positions in the corresponding script to keep individual flies identifiable 
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throughout the experiment. Make sure to position them in such a way that there is always 

one glass tube between two such separator lines, because only one fly will be tracked 

between any set of two lines.    

 

2.11. Make sure to set camera parameters in such a way that flies are reliably tracked 

throughout the glass tubes. If flies are lost at the edges of the region of interest, increase 

brightness or gain of the tracking software. Avoid mechanical vibrations of the tracking 

system. Track using commercial software according to manufacturer’s protocol. 

 

2.12. Start experiment by starting the stimulus protocol. Record flies´ XY-coordinates at 20 

fps (frames per second) and log in combination with the odor valve status in text files.   

 

3. Data analysis 
 

NOTE: The following steps in the data analysis are automatized using custom-written 

routines programmed in R. Because these steps are crucial to obtain meaningful results the 

analysis will nevertheless be presented in a step-by-step manner. The raw data for the 

analysis are .csv-files containing synchronized information on odor valve status, pulse 

number in the experiment and 15 fly X-positions in cm on a common time axis for one odor 

stimulation cycle. Custom code for data analysis can be provided upon request. 

 

3.1. Open .csv-file, find time-point of valve opening signified by a change in the column 

representing the valve status.  

 

3.2. Calculate the linear function of odor position of the form  

f(t) = s*t + i  

where t is time in the stimulation cycle, s is the wind speed (here 20 cm/s) and the intercept i 

can be calculated using the time-point the odor enters the tubes at position 0 (valve opening 

plus delay). 

 

3.3. Find the time point at which odor and fly X-position intersect for every fly and set this 

time-point to 0. Note: This way fly positions are aligned to each individual´s encounter with 

the odor. 

 

3.4. Exclude flies sitting at the very edges of the region of interest. 

 

3.5. Calculate speed from X-positions by dividing displacement along the x-axis by the 

time interval (100 ms) and repeat procedure for every stimulation cycle. 
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3.6. To obtain speed time-courses as shown in Figure 2E calculate mean speed time-

course for every fly and odor and from those the mean time-course for a given odor. 

 

3.7. To obtain net displacement as shown in Figure 3C calculate the net displacement 

within 4 s after the odor pulse for every tracking event and afterwards the mean net 

displacement per fly and odor. 

 
4. Cleaning procedure 
 

4.1. Clean glass tubes. 

 

4.1.1. Remove flies and adapters from glass tubes and soak glass tubes in detergent. 

 

4.1.2. Rinse glass tubes under running distilled water and dry them using pressurized air. 

 

4.1.3. Heat glass tubes at 200 °C for 8 h. 

 

4.2. Clean odor delivery system. 

 

4.2.1. Remove all odor vials and tubing from the central mixing chamber. 

 

4.2.2. Remove tubing adapters from the mixing chamber. 

 

4.2.3. Clean mixing chamber by rinsing it with laboratory cleaning solution and solvents (e.g. 

ethanol, acetone). Perform these steps under the laboratory hood. 

 

4.2.4. Dry mixing chamber using pressurized air and heat it at 200 °C for 8 h.  

 

4.3. Clean odor vials and check valves. 

 

4.3.1. Remove steel plug (discard rubber gasket) and check valves from odor vials and soak 

all components in laboratory cleaning solution.  

 

4.3.2. Sonicate components in an ultrasound bath and rinse them with distilled water. 

 

4.3.3. Clean all components except check valves with ethanol and acetone. Perform these 

steps under the laboratory hood.  
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4.3.4. Dry components using pressurized air and heat them at 200 °C for 8 h. 

 

4.3.5. Clean check valves on the inside by flushing them with ethanol and acetone using a 

syringe (consider flow direction). Perform these steps under the laboratory hood wearing 

laboratory goggles. Because acetone attacks rubber parts, immediately dry check valves by 

flushing them with pressurized air. 

 

4.3.6. Remove residual odors by pulsing air through check valves for several days. Use an 

incubator at 60 °C and a 1 s air on/1 s air off regime for this cleaning step.  

 

Representative Results: 

Because flies are allowed to distribute freely within their glass tubes between odor pulses 

and the odor pulse travels through the glass tubes at a constant speed flies encounter the 

odor at different times depending on their X-position at the time of stimulation. As a result, 

the onsets of the upwind trajectories evoked by a 500 ms pulse of an attractive 10-3 dilution 

of ethyl acetate are delayed by about 1 s for flies at the downwind end of their glass tubes 

compared to those of flies sitting closer to the upwind end at a wind speed of 20 cm/s and 

20 cm glass tube length (Figure 2A). Correcting for the temporal difference in odor encounter 

for every individual based on its X-position at the time of odor presentation reveals that 

response delays towards ethyl acetate are consistent across individuals (Figure 2B).  

 

Correspondingly, the average upwind trajectory without correction for odor travel is delayed 

by approximately 0.5 s compared to the average trajectory with correction (Figure 2C; note 

that correction for the time the odor needs to enter the upwind end of the glass tubes was 

performed for both trajectories). In addition, the corrected mean upwind trajectory for a single 

odor pulse also displays a steeper slope (i.e. a higher walking speed) than the uncorrected 

one (Figure 2D). Similar to the observations for a single odor pulse, omitting the correction 

for odor travel leads to an increased delay and lower response amplitude in a complete 

dataset consisting of two experimental sessions (i.e. 30 flies) with 40 presentations of odor 

pulses each (Figure 2E).  

 

Repeated stimulation with 500 ms pulses of attractive 10-3 dilutions of ethyl butyrate (EtB), 

isopently acetate (IAA), ethyl acetate (EtA) and 2,3-butanedione (BEDN) elicits upwind 

surges upon odor encounter in starved female flies, whereas stimulation with the solvent 

mineral oil (MOL) evokes no or only weak responses. Mechanical stimulation alone has 

previously been shown to induce increased movement in a similar paradigm28 (Lebestky et 

al., 2009). However, because odor stimulation in the Flywalk paradigm does not alter total 
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airflow and increased movement is mostly absent in the control situation using MOL, these 

upwind surges reflect true odor responses. Mean response time-courses are stereotyped 

across individuals (Figure3A) and odor-specific in latency, amplitude and duration (Figure 

3A,B). Responses to ethyl acetate display a sharp onset, high amplitude and a short 

duration. In contrast, responses to 2,3-butanedione typically display a slightly later onset, a 

lower amplitude and a longer duration. Ethyl butyrate and isopentyl acetate elicit similar 

temporal dynamics as ethyl acetate, but responses are lower in amplitude. Correspondingly, 

all 4 odors elicit a higher upwind displacement within 4 s after odor encounter than does the 

solvent and negative control mineral oil (Figure 3C). 

 

Using the same 4 attractants, it was previously shown that binary mixtures of attractants are 

at least as attractive as the more attractive mixture constituent27 (Thoma et al., 2014). Here, 

this observation is extended by testing all possible ternary mixtures and the full blend of all 4 

attractants. Similar to the previous observation with binary mixtures, all of these more 

complex blends are at least as attractive as the most attractive single compound (Figure4A). 

The most attractive blends are those containing both ethyl acetate and 2,3-butanedione. 

Responses to these 3 blends do not differ significantly from each other and also the 

response kinetics are strikingly similar (Figures 4A,B). In contrast, omitting ethyl acetate from 

the full blend leads to a decrease in the maximum upwind speed, while omitting 2,3-

butanedione shortens the response (Figure4C). Because ethyl acetate elicits short high-

amplitude responses whereas 2,3-butanedione elicits responses of lower amplitude but 

longer duration (Figures 3B,4D), these observations are reminiscent of our previous finding, 

that responses time-courses towards blends of attractants tend to follow an optimum 

response time-course created from blend constituent response time-courses27 (Thoma et al., 

2014). In this dataset the optimum of all 4 attractants can be constructed on the basis of 

response time-courses towards ethyl acetate and 2,3-butanedione. Ethyl butyrate and/or 

isopentyl acetate are necessary in addition to reach the maximum walking speed observed in 

responses towards the full blend (Figure 4D). Hence, the increase in mixture complexity from 

2 to 3 or 4 components increases the attractiveness of the mixture even further than what 

would be expected from the previous observation, that responses towards mixtures of 

attractants represent an optimum of the responses towards mixture constituents. 

Nevertheless, the general conclusion that constituent valence is conserved in odor mixtures 

remains valid also for these more complex mixtures29 (Thoma et al., 2014).  

 
Discussion: 

Although the Flywalk system appears rather sophisticated at first glance, once set up and 

running it is easy to use and produces very robust results. To stress the consistency of the 

results produced with the bioassay it may be said that the representative results shown here 
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were obtained almost 2 years after some of the results shown in a previous study29 (Thoma 

et al., 2014) with a modified setup using a new tracking software and light source. 

Nevertheless, the attractant responses are – despite slightly higher response amplitudes – 

very similar to those previously published concerning their dynamics.  

 

There are some critical aspects which should be considered in particular in order to obtain 

high-quality results using Flywalk. Importantly, humidity should not drop below 60% during 

the course of an experiment. A typical experimental session lasts for approximately 8 h. 

Reasonably-sized female CS wild-type flies starved for 24 h before the experiment easily 

survive for at least 12 h in the experimental setup provided humidity is high enough. To avoid 

problems related to humidity it is advisable to install a humidity sensor in an empty glass tube 

(Figure1B) and to avoid placing flow regulators in the airflow anywhere between humidifiers 

and glass tubes. It is also absolutely essential for data quality that the system is hermetically 

sealed. The airflows leaving the system after the glass tubes should sum up to the airflow 

entering the system. Most failed experiments can be attributed to leaks in the system and 

great care should be taken before the start of the experiment to assure that the system is 

airtight. Finally, as with any setup used in olfactory research, one of the major everyday 

issues is to avoid contamination. Most of the parts coming into contact with the odors are 

made of glass, steel, Teflon or PEEK and can therefore be heated up to at least 200 °C, 

which is sufficient to remove most odors except for those with particularly high boiling points 

such as long-chained pheromones. Because check valves contain rubber parts they cannot 

be heated as high and therefore are the major source of contamination, which is why a 

particular cleaning protocol was devised for them. Nevertheless, it is advisable to keep track 

of the odors a particular check valve has come into contact with. In case of doubt regarding 

its cleanliness replace it. 

 

As a compromise between tethered assays and cohort experiments, Flywalk of course also 

has some disadvantages compared to other methods. The paradigm is very efficient when 

behavior towards a multitude of different stimuli has to be assessed and compared. Notably, 

because the response time-course of 15 individuals to just one pulse of a given odor strongly 

resembles response time-courses obtained in a full data set (i.e. 30 flies and 40 

presentations each; Figs. 2D, E), it may be possible to further increase the number of 

different stimuli presented in a given experiment by using different stimulation methods such 

as coupling the system to a gas chromatograph. However, because of the duration of an 

experimental session only one experiment is possible per day and a given experiment should 

at least be repeated once to obtain reliable results. Therefore, trap assay or T-maze are 

more efficient when e.g. the hedonic valence of just one odor needs to be examined. Also, 

the temporal resolution of visual tracking systems is often lower than that of the fastest 
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bioassays such as tethered flight or treadmill. The shortest response delays reported in 

Drosophila odor-guided behavior are well below 100 ms after odor encounter in tethered 

paradigms20,23 (Bhandawat et al., 2010; Gaudry et al., 2013) and thus fall within a time 

window which cannot be resolved when analyzing the data at 10 Hz. However, attractant 

responses in Flywalk typically begin within the first 100-300 ms (Figure3B), which is well in 

line with upwind surge delays observed in free-flying flies5 (van Breugel and Dickinson, 

2014). It therefore remains to be determined whether this difference in response delays in 

tethered paradigms compared to wind tunnel and Flywalk is caused by differences in spatial 

and/or temporal resolution in visual tracking paradigms or by a higher arousal state of flies in 

the tethered situation.  

 

In summary, Flywalk is a no-choice bioassay, which combines the highly controlled stimulus 

presentation of tethered assays with the efficiency of cohort experiments regularly used in 

Drosophila neuroethology. Because the same set of individuals can be challenged with a 

multitude of different stimuli, its particular strength lies in the statistical power when 

comparing responses towards different stimuli. Additionally, it exploits the fact that flies surge 

upwind upon encounter of an attractive odor and this way uncouples odor evaluation from 

odor source localization without the need for a gradient as a directional cue. It should 

therefore be ideally suited to exploit the optogenetic toolbox available in Drosophila. 
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Figure 1. Principle and layout of the Flywalk setup. A) Schematic drawing of the principle. Yellow square: odor 

stimulus moving through the tube and resulting in upwind movement of the fly; black object: camera to track 

behavioral responses B) Schematic of the airflow through the setup with charcoal-filtered air being humidified and 

split into 8 channels, before entering the odor delivery system26,30 (Olsson et al., 2011; Steck et al., 2012). Blow-

up figure: 1, three-way solenoid valve passing the airflow either through an empty vial (c; compensatory flow) or 

through a vial containing the odor source (o; odor flow); 2, ball check valves to restrict air flow in one direction and 

to avoid system contamination; mixing chamber: custom-built box, that collects air from all solenoid valves and 

transfers to split-up board, where air is split for 15 glass tubes loaded with individual flies and 1 tube equipped 

with temperature and humidity sensors. Note: flow regulators and flow meters after glass tubes guarantee 

identical flow in all tubes. Blue square denotes region of interest (ROI) of the tracking system. C) Schematic of the 

information flow between tracking camera, tracking computer, and odor delivery system. 
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Figure 2. Procedure of and rationale behind data analysis. A) Individual flies encountering the odor at different 

positions and, therefore, different times. Left panel: Schematic of possible fly positions at the time of odor valve 

switching. Right panel: Raw data of X-positions of 15 flies around the presentation of a 500 ms pulse of a 10-3 

dilution of ethyl acetate. Note upwind walks of individual flies at different times depending on their X-positions. 

Left dashed line: time of odor valve switching. Odor encounter of individual flies is shifted by a system-intrinsic 

delay for the odor to reach the glass tubes (d) and the wind speed (w). Therefore, odor encounter is calculated 

individually for each fly based on its X-position. Bottom right: aligned X-positions of the 15 flies (grey) and mean 

X-position (bold black). B) Same data as in A, but corrected for delay and wind speed. Bottom: aligned X-

positions of the 15 flies (grey) and mean X-position (bold red) after correction. C) Comparison of mean upwind 

progress of 15 flies elicited by one 500 ms pulse of ethyl acetate with and without correction for odor travel. Note 

that the uncorrected (black) trace is corrected for the delay, but not for odor travel. D) Mean upwind speed of 15 

flies elicited by one 500 ms pulse of ethyl acetate with and without correction for odor travel. Dashed lines indicate 

speed calculated from upwind progress values shown in C, bold lines display upwind speed after smoothing using 

a 1st order 9-point Savitzky-Golay filter. E) Unfiltered mean upwind speed with and without correction for odor 

travel for 30 flies and 40 pulses of ethyl acetate each (i.e. a complete data set). 
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Figure 3. Example responses for 10-3 dilutions of 4 attractive odors. A) Color-coded mean response time-

courses of 30 individual flies to 500 ms pulses of 4 attractants and the solvent mineral oil (MOL; EtB: ethyl 

butyrate; IAA: isopentyl acetate; EtA: ethyl acetate; BEDN: 2,3-butanedione). Each row represents the mean 

response time-course of one individual fly. Each fly was presented with each odor for 40 times and – because 

flies are allowed to distribute freely and may leave the region of interest of the tracking system – mean response 

time courses are calculated from all complete trajectories per fly (n = 7-39 trajectories per fly and odor). Yellow 

bar represents the odor pulse. B) Response time-courses to 4 attractants and the solvent mineral oil (n=30 flies; 

mean +/- s.e.m.). C) Net upwind displacement within 4s after odor encounter (same data as in A) and B), n = 30 

flies). Filled boxes indicate statistically significant upwind movement compared to the negative control mineral oil 

(p < 0.05; Wilcoxon signed rank test). 
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Figure 4. Responses towards ternary and quarternary mixtures of attractants. A) Net upwind displacement 

for 4 attractants and all ternary and quarternary mixtures thereof sorted by their median response. Different letters 

indicate statistically significant differences between responses (p < 0.05; Kruskal-Wallis rank sum test and 

posthoc Wilcoxon signed rank test; n = 30 flies). Black box below indicates mixtures containing ethyl acetate and 

2,3-butanedione. B) Response time-courses of mixtures containing ethyl acetate and 2,3-butanedione (mean +/- 

s.e.m.; n = 30 flies). Note similar response-kinetics. C) Comparison of response time-courses of mixtures without 

ethyl acetate or 2,3-butanedione and response kinetics evoked by the full blend (mean +/- s.e.m.; n = 30 flies). 

Note lower amplitude without EtA and shorter response without BEDN. D) Comparison of optimum time-course 

(dashed) constructed from EtA (red) and BEDN (green) and the full blend. Shadings indicate parts of the time-

course explained by different mixture constituents. Note that in a previous study it has been shown that responses 

towards binary mixtures of attractants can be predicted from an optimum time-course created on the basis of 

mixture constituent time-courses29 (Thoma et al., 2014). This optimum time-course for EtA and BEDN is shown as 

a dashed line. 
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Abstract 
The genetic toolbox in Drosophila offers a multitude of different effector constructs to silence 

neurons and neuron populations. Here, we test the potencies of several of these effectors in 

abolishing odor-guided behavior in three different bioassays when expressed in olfactory 

sensory neurons (OSNs). We find that none of the tested effectors is capable of fully 

mimicking the Orco mutant phenotype in all of our behavioral paradigms. Hence, all tested 

effectors are leaky and probably strongly reduce but do not abolish OSN signaling. 

Interestingly, the impact of the effector genes differs between chemotactic assays (i.e. the fly 

has to follow an odor gradient to localize the odor source) and anemotactic assays (i.e. the 

fly has to walk upwind after detecting an attractive odorant). In conclusion, our results 

underline the importance of performing appropriate control experiments when exploiting the 

Drosophila genetic toolbox and demonstrate that some odor-guided behaviors are more 

robust to genetic perturbations than others.  

 

Introduction 

Much of the success of Drosophila melanogaster as a model organism in neuroscience is 

attributable to its genetic tractability. Binary expression systems such as the Gal4/UAS-

system can be used to drive expression of specific effector genes to genetically defined 

target neuron populations allowing visualization of morphology and activity, artificial 

activation and/or silencing (Venken et al., 2011). This way, the contribution of genetically 

identifiable neuronal subpopulations of sensory systems to the overall perception and 

evaluation of a given sensory stimulus can be studied in detail. 

Drosophila detects odors using an array of olfactory sensory neurons (OSNs) located in 

sensory hairs termed olfactory sensilla. Olfactory sensilla are located on two types of head 
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appendages, the antennae and the maxillary palps (Stocker, 1994; Vosshall and Stocker, 

2007). Most OSNs are activated by more than one odorant and most monomolecular 

odorants and, more importantly, natural “odors” consisting of several monomolecular 

odorants typically activate multiple OSN classes (de Bruyne et al., 1999; de Bruyne et al., 

2001; Hallem and Carlson, 2006; Hallem et al., 2004; Pelz et al., 2006; Silbering et al., 

2011). Therefore the identity of any natural odor is encoded in the combinatorial activity of 

the OSN population as a whole (Malnic et al., 1999). Nevertheless, recent evidence 

suggests, that the innate hedonic valence of odors can already be predicted on the basis of 

the identity of OSNs the odors activate (Ai et al., 2010; Dweck et al., 2013; Dweck et al., 

2015a; Dweck et al., 2015b; Grosjean et al., 2011; Knaden et al., 2012; Kurtovic et al., 2007; 

Min et al., 2013; Ronderos et al., 2014; Semmelhack and Wang, 2009; Stensmyr et al., 2012; 

Suh et al., 2004). It is therefore tempting to remove specific OSN populations from the 

activity pattern and by this way to investigate their contribution to the overall valence of a 

given odor. 

As a rule with few exceptions, each OSN expresses one type of ligand-binding 

chemoreceptor which defines its ligand-specificity (Couto et al., 2005; Fishilevich and 

Vosshall, 2005). With one exception, i.e. the CO2 detection system comprised of two 

gustatory receptors (GRs; Jones et al., 2007; Kwon et al., 2007), all antennally expressed 

olfactory chemoreceptors in Drosophila belong to one of two gene families, the evolutionarily 

ancient ionotropic receptors (IRs) detecting mainly – but not exclusively – hydrophilic 

chemicals (Abuin et al., 2011; Ai et al., 2010; Benton et al., 2009; Grosjean et al., 2011; Min 

et al., 2013; Silbering et al., 2011) and the insect-specific odorant receptors (ORs; Clyne et 

al., 1999; Gao and Chess, 1999; Vosshall et al., 1999). All Drosophila ORs rely on the 

ubiquitously expressed co-receptor Orco for intracellular trafficking and signal transduction 

and OSNs lacking the Orco protein are generally unresponsive to odors (Larsson et al., 

2004; Sato et al., 2008; Wicher et al., 2008). This genetic make-up of the OR-based olfactory 

system of Drosophila with variable ligand-binding ORs and a common co-receptor is ideally 

suited to investigate the effect of the removal of an OSN population expressing a particular 

OR on odor evaluation. Even in the absence of an observable effect of silencing a specific 

OSN population under control of the promotor of the odor-binding OR, efficiency of silencing 

can be controlled by targeting the silencing effector gene to the whole OR-expressing OSN 

population under control of the Orco promotor. 

There are several ways to genetically silence neurons in Drosophila. Neurons can be ablated 

by expressing bacterial toxins or pro-apoptotic genes, synaptically silenced using tetanus 

toxin or a dominant negative form of dynamin (shibirets), or electrically silenced by ectopic 

expression or RNAi-induced down-regulation of ion channels (Venken et al., 2011). Here, by 

targeting all OR-expressing OSNs, we test the efficiency of the expression of diphtheria toxin 
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(DTA; Han et al., 2000), the pro-apoptotic gene reaper (rpr; Zhou et al., 1997), tetanus toxin 

(TeTx; Sweeney et al., 1995) and the potassium channel Kir2.1 (Baines et al., 2001; Paradis 

et al., 2001) in OSNs using the Gal4/UAS system (Brand and Perrimon, 1993) in suppressing 

odor-guided behavior in three different behavioral bioassays, a two-choice trap assay, the 

Flywalk (Steck et al., 2012) and an open field arena. Similar to the observation by others who 

investigated the efficiency in the motor system and the mushroom body (MB), a brain areal 

involved in learning and memory (Thum et al., 2006), we found that the effector genes 

differed in their potencies of abolishing odor-guided behavior. DTA and rpr did not abolish 

odor-guided behavior in any of the bioassays. Kir2.1 and TeTx were partially effective and 

their potency depended on the type of bioassay. Importantly, our results show that it is 

absolutely crucial to perform appropriate control experiments when using the Drosophila 

genetic toolbox to dissect the contribution of individual neuron populations to behavior. 

Results 

In order to investigate the potencies of different effector genes in silencing odor-guided 

behavior, we expressed the silencers reaper (rpr), diphtheria toxin (DTA), Kir2.1 and tetanus 

toxin (TeTx) in OSNs under Orco-Gal4 control and examined odor-guided behavior in 3 

different behavioral bioassays. 

We first examined odor-guided behavior in a simple 2-choice trap assay (Knaden et al., 

2012). Cohorts of 40-80 flies were introduced into plastic boxes containing two traps. One 

trap contained an attractive 10-3 dilution of ethyl acetate (ETA) in mineral oil, the other one 

contained only the solvent mineral oil (MOL). Flies were allowed to choose between traps for 

24h and an attraction index was calculated (Fig. 1A). Canton S wild type and w1118 flies as 

well as the parental Orco-Gal4 flies were significantly attracted to ETA (Fig 1B; p<0.05; one-

sample Wilcoxon rank sum test; n=8-15). Interestingly, attraction was significantly stronger in 

w1118 flies compared to the other genotypes (p<0.05; Kruskal-Wallis rank sum test and 

posthoc Bonferroni-corrected Wilcoxon rank sum test; n=8-15). Importantly, attraction was 

abolished in Orco mutant flies suggesting that input from Orco-expressing OSNs is 

necessary to induce ETA attraction. Because we expressed the effector genes under Orco-

Gal4 control and therefore in the expression pattern of Orco, effective silencing by the 

effector genes should recapitulate this loss of attraction. However, neither rpr nor DTA 

abolished attraction when expressed in OSNs (Fig. 1C; p<0.05; one-sample Wilcoxon rank 

sum test; nrpr=10, nDTA=11). In both cases, the attraction index did not differ between 

experimental flies and the parental UAS-controls (p>0.05; Wilcoxon rank sum test; n=9-11). 

In contrast, attraction was abolished in flies expressing Kir2.1 and TeTx in OSNs (pKir=0.34, 

pTeTx=0.68; one-sample Wilcoxon rank sum test; nKir=10, nTeTx=8). While we also observed a 

highly significant difference between the AIs in TeTx-expressing and the corresponding 
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parental UAS-control flies (p<0.01; Wilcoxon rank sum test; n=7-8), this difference was not 

statistically significant for Kir2.1, probably due to a low sample size in parental controls 

(p=0.07; Wilcoxon rank sum test; n=6-10). From these experiments, we conclude that 

different effector genes are differentially effective in silencing Drosophila OSNs with the most 

effective ones being Kir2.1 and TeTx. 

Next, we investigated the effectors´ potencies in suppressing odor-guided behavior in the 

Flywalk assay (Steck et al., 2012). In the Flywalk paradigm, individual flies are situated in 

small glass tubes and exposed to a constant airflow. Odor pulses are added to this airflow 

and travel through the glass tubes at constant speed. Flies respond to odors by walking 

upwind (attraction) or – occasionally – downwind (aversion) after odor encounter (Fig. 2A). 

Importantly, in this bioassay the localization of the odor source does not depend on 

chemotaxis along a chemical gradient, but, rather, on odor evaluation by the olfactory system 

and on wind direction as a directional cue for the localization of the odor source 

(anemotaxis). When presented with the saturated headspace of an attractive 10-3 dilution of 

ethyl acetate (ETA) in mineral oil, flies responded with instantaneous upwind trajectories, 

which were absent or only weak when flies are presented with the solvent mineral oil (MOL; 

Fig. 2B). Similar to the observation in the trap assay experiments, responses to ETA were 

abolished in Orco mutants (Fig. 2C). In addition to ETA, we examined fly behavior towards 

balsamic vinegar (BVI), methyl acetate (META; 10-3 dilution), 2,3-butanedione (BDN; 10-3 

dilution), trans-2-hexenol (t2H; 10-1 dilution) and benzaldehyde (BEA; 10-1 dilution). Wild type 

flies were significantly attracted by ETA, BVI, META and BDN (p<0.05), whereas t2H was 

behaviorally neutral (p>0.05) and BEA responses were significantly lower than responses 

towards MOL (p<0.05; Wilcoxon signed rank test; n=15 flies; Fig. 2D). In contrast, the 

attraction induced by ETA, META and BDN as well as the repulsion induced by BEA were 

abolished in Orco mutant flies (p>0.05; Wilcoxon signed rank test; n=15 flies; Fig. 2D). Orco 

mutant flies retained a residual attraction towards BVI (p<0.05), which is probably conferred 

by the detection of acetic acid via IRs. In addition, they acquired attraction towards t2H 

(p<0.05), which, importantly, is not a false positive in this dataset, but highly reproducible in 

other datasets (data not shown). We included this odor, because we reasoned that efficient 

silencing of Orco-expressing OSNs should also recapitulate this gain of attraction toward 

t2H. 

As already observed in trap assays, DTA and rpr failed to abolish odor-guided behavior in 

most cases also in the Flywalk paradigm (Figs. S1 A,B). With the exception of the responses 

towards ETA, which were abolished in Orco-Gal4/UAS-rpr flies, all attraction responses were 

retained in flies expressing DTA and rpr. Also, in most case in which flies expressing the two 

effectors differed in their responses from one of their parental control flies, responses were 

statistically indistinguishable from the other parental line. Similar to DTA and rpr, expressing 
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Kir2.1 in Orco-expressing OSNs failed to abolish any of the attractive responses and the 

aversion of BEA, whereas the gain of attractiveness of t2H observed in Orco mutant flies 

could be recapitulated by this manipulation, but not in parental controls (Figs. 2E, S1C). 

Importantly, Kir2.1 was also not completely inefficient in modifying attractant responses, as it 

significantly decreased responses compared to both parental control strains for BVI and BDN 

(p<0.05; Wilcoxon rank sum test; n=15 flies; Fig. S1C). Expressing TeTx, on the other hand, 

abolished attraction towards META and reduced, but not abolished, responses towards BVI 

and BDN compared to parental controls, and failed to recapitulate the gain of attraction 

towards t2H (Figs. 2F, S1D). Also, the aversion induced by BEA was suppressed, which 

probably is attributable to decreased responses towards the negative control compared to 

control genotypes, which can also be observed in Kir2.1-expressing flies (Figs. 2EF, S1CD). 

In summary, although Kir2.1 and TeTx (and for one odor also rpr) reduced some of the odor-

induced responses in the Flywalk paradigm, the neuronal silencing induced by the tested 

effectors clearly is not absolute, because none of the effectors succeeded in fully 

recapitulating the Orco mutant phenotype. 

So far, we showed that even effectors which successfully abolish odor-guided attraction in 

the trap assay may fail to do so in the Flywalk paradigm. What could be the reason for the 

differences in potencies observed in the different bioassays? Essentially the two bioassays 

differ in two aspects: (1) in the trap assay, we tested cohorts of flies in contrast to individual 

flies in Flywalk and (2) in the trap assay flies rely on chemotaxis along an odor gradient in 

contrast to the anemotactic odor source localization in Flywalk. To identify the reason for the 

conflicting results obtained so far, we next examined odor guided behavior in a single-fly 

chemotactic assay similar to that described by others (Zaninovich et al., 2013). In this 

paradigm, we released individual flies in a square arena with a central odor source, recorded 

their positions and analyzed their distance from the central odor source (Fig. 3A). Because 

responses to single odorants are not robust in this assay, we used BVI as an attractant and 

distilled water as a negative control in these experiments. 

When presented with water as a central odor source, CS flies typically spend most of the 

time at the edges of the arena and otherwise explore the whole arena without displaying 

spatial preferences (Fig. 3B). When presented with balsamic vinegar, on the other hand, CS 

flies still spend a significant amount of time at the arena edges, but otherwise display 

intensive search behavior in the arena center (Fig. 3B). To analyze this observation 

quantitatively, we calculated the fly´s distance from the arena center for every point in time 

and then extracted the percentage of time spent in 0.5 cm bins of increasing distance. 

Because with increasing distance these distance bins also increase in area, we normalized 

the obtained percentages by the areas of these concentric distance rings. This way we 

observed that CS flies spent significantly more time within 2.5 cm of the odor source when 
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presented with vinegar than when presented with water (p<0.05 for all distance classes up to 

2.5 cm; Wilcoxon rank sum test; n=20 flies; Fig. 3D). Similarly, also Orco mutant flies spent 

significantly more time within the inner 2.5 cm of the arena, when they were presented with 

vinegar (Fig. 3E). Compared to CS flies, however, Orco mutants spent significantly less time 

in the innermost zone of the arena, when presented with vinegar (p<0.01; Wilcoxon rank sum 

test; n=20 flies), suggesting that they are indeed impaired in their fine-scale search behavior, 

although they are still able to detect the odor source, probably detecting acetic acid using the 

IR-dependent olfactory subsystem. 

Flies expressing Kir2.1 in the expression pattern of Orco spent significantly more time within 

2 cm of the arena center when presented with vinegar than when presented with water 

(Figure 3F). In addition they spent the same amount of time in the innermost circle around 

the odor source as CS flies and parental controls (see Fig. S2 for parental controls), but 

significantly more time than Orco mutants (p<0.01; Wilcoxon rank sum test; n=20 flies). This 

leads us to conclude that Kir2.1 expression is not able reproduce the Orco mutant phenotype 

and therefore fails to completely abolish odor-guided behavior also in this single-fly 

chemotactic bioassay. In contrast, flies expressing TeTx did not spend any more time in 

close vicinity to the vinegar odor compared to water (Fig. 3G). Also, TeTx-expressing flies 

spent significantly less time in the innermost circle around the odor source than CS flies, 

parental controls and even Orco mutants (p<0.05; Wilcoxon rank sum test; n=20 flies). 

Importantly TeTx-expressing flies explored the arena and occasionally also passed the 

central odor source, but did not display search behavior similar to the other genotypes (not 

shown). Finally, both UAS-DTA and UAS-rpr parental control flies already displayed reduced 

abidance at the odor source compared to CS wild type flies (p<0.05; Wilcoxon signed rank 

test; n=20 flies), but odor-guided behavior was unaffected by the additional introduction of 

the Orco-Gal4 constructs (Fig. S2D-G). 

Thus, we conclude that none of the constructs we tested fully recapitulated the Orco mutant 

phenotype in all bioassays. Both rpr and DTA failed to induce any expression-specific effect 

in any of the paradigms and Kir2.1 reduced attraction in trap assays, but not in Flywalk or 

open-field arena. TeTx appears to be the most efficient genetic tool for silencing OSNs 

although it also failed to completely abolish odor-guided behavior in the Flywalk paradigm. In 

addition, our results in combination suggest that the different potencies we observed in 

different bioassays may at least partially be explained by the different demands on olfactory 

processing between chemotaxis and anemotaxis.     

Discussion 

Our main objective in this study was to identify a genetic tool to reliably silence single OSN 
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populations in a large-scale approach to investigate the contribution of individual processing 

channels of the fly olfactory system to odor evaluation using the Flywalk paradigm. The 

contribution of OSN types to odor evaluation has so far been studied in several studies each 

concerned with single OSN types using a wide variety of different behavioral paradigms (Ai 

et al., 2010; Dweck et al., 2013; Dweck et al., 2015a; Dweck et al., 2015b; Grosjean et al., 

2011; Kurtovic et al., 2007; Min et al., 2013; Ronderos et al., 2014; Semmelhack and Wang, 

2009; Stensmyr et al., 2012; Suh et al., 2004). Also, a correlation between the activities of 

different projection neuron (PN) types and behavior to a large odor set has been established 

previously (Knaden et al., 2012). However, in order to establish causality rather than 

correlation, it is necessary to show that OSN output is necessary and sufficient to cause the 

observed behavioral effect. Therefore, the ability to silence OSN populations is essential to 

establish a causal relationship between OSN input and behavioral output. Because the 

behavioral effect of a loss of an individual OSN type can be rather cryptic and may not 

necessarily strongly affect responses towards the OSN´s presumed cognate ligand (Keller 

and Vosshall, 2007), large-scale approaches will be needed to crack the olfactory valence 

code and these depend on dependable genetic tools as it may not be possible to control for 

efficient silencing in every case. 

Although all genetic silencers we tested here have been used in several studies on the 

contribution of individual processing channels to odor-guided behavior, none of them proved 

reliable and dependable enough to allow for a clear conclusion on the necessity of a given 

OSN population for odor-guided behavior in a large-scale approach using the Flywalk 

paradigm. It might have been possible to improve performance by testing flies double-

homozygous for the Gal4- and UAS-constructs or conditional expression using the 

temperature-dependent repressor Gal80ts, but already the results in double-heterozygous 

flies indicated that any large-scale study using these tools would lead to questionable results, 

which is why we rather report our results on double-heterozygous flies here. Nevertheless, 

future experiments should test whether using double-homozygous flies or conditional 

expression renders silencers useful for small well-controlled studies also in the Flywalk 

paradigm. 

Our data demonstrate that – under the conditions we used them in – none of the tested 

genetic silencing tools really silenced all OSNs in the literal sense of the word. That being 

said the effectors clearly differed in their potencies with TeTx being the most efficient, 

followed by Kir2.1, both of which abolished odor-guided behavior in the trap assay and to 

some extent also in the open field arena. Expression of DTA and rpr, on the other hand, did 

not affect odor-guided behavior in any of the bioassays. A similar ranking of the potencies of 

the tested silencers has also been reported previously by others in the motor system (Thum 

et al., 2006), which is why we conclude that these differences are at least in part intrinsic to 
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the effectors, although target cell type and timing of expression may also contribute to the 

effectiveness.  

What may be the mechanistic reason of the observed differences? Both DTA and rpr act by 

ultimately killing their target cell. Whereas the action of rpr depends on the cellular apoptosis 

machinery and effectiveness of silencing may therefore vary depending on cell type, DTA is 

an inhibitor of protein synthesis and should therefore be ultimately lethal for all cell types. 

However, our results suggest incomplete ablation of the Orco-expressing OSN population for 

both rpr and DTA. Because we used rather high odor concentrations throughout the study, it 

is conceivable that the increased sensitivity conferred by a high convergence rate from many 

OSNs to a lower number of PNs is not necessary for behavioral responses in the 

concentration range we tested and a low number of surviving OSNs may be sufficient to 

evoke the behavior. The inefficiency of DTA is nevertheless surprising given its extreme 

toxicity. However, as a protein synthesis inhibitor its action depends on cellular protein 

turnover rates and its effect may therefore be observable in older flies than those we tested. 

In contrast to DTA and rpr, both Kir2.1 and TeTx worked well in trap assays and TeTx also in 

the open-filed arena but provided inconclusive results in the Flywalk paradigm reducing 

some responses, but not all of them. Because expressing either Kir2.1 or TeTx did not 

phenocopy responses of Orco mutant flies in the Flywalk assay, silencing of OSN output is 

presumably also incomplete when using these constructs. Incomplete silencing was recently 

reported for the temperature-sensitive dynamin variant shibirets, which is also widely used in 

Drosophila behavioral studies and considered to be very effective, but is inefficient in 

abolishing odor-guided behavior in the Flywalk paradigm (data not shown). In this study the 

authors show that the expression of shibirets in OSNs reduces the responses in postsynaptic 

PNs by approximately 50% at the restrictive temperature (Liu and Wilson, 2013b). A similar 

incomplete silencing of PN activity may be a reason for the remaining responses in flies 

expressing Kir2.1 and TeTx in Flywalk, particularly because at least for some of the odors 

the concentrations we used are well above the behavioral threshold (Thoma et al., 2014).  

But why do some constructs abolish behavior in some but not in other bioassays? We 

assume that the reason for the dependence on the type of bioassay lies in the navigational 

strategy employed to approach the odor source. In anemotactic assays such as Flywalk, the 

sole demand on the olfactory system is to identify and evaluate odors, whereas directional 

cues concerning the location of the odor source are provided by the wind direction. In 

chemotactic assays such as the trap assay or the open-field arena, odor source localization 

also depends on the olfactory system, in addition to odor identification and evaluation. 

Drosophila larvae evaluate the direction of an odor gradient by an active sampling process 

and respond behaviorally to small local concentration increments (Gomez-Marin et al., 2011; 
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Louis et al., 2008). Adult vinegar flies have been demonstrated to be able to measure and 

respond to local concentration differences across their antennae in tethered paradigms 

(Borst and Heisenberg, 1982; Gaudry et al., 2013), although it is not entirely clear, whether 

the slope of a natural odor gradient would be sufficiently steep to assess its direction by 

comparing the difference in inputs to the two antennae. Irrespective of whether adult flies 

assess the direction of odor gradients by comparing concentration across two spatially 

separated sensors, or by moving the sensors through the gradient and comparing 

concentration differences in time, both strategies probably depend on the full dynamic range 

and contrast of the olfactory system, both because local concentration increments may be 

tiny and because they need to be measured under varying background conditions. Although 

both TeTx and Kir2.1 do not fully silence OSN output, they are likely to reduce dynamic 

range and contrast of the olfactory system and this reduction may be sufficient to disrupt 

chemotactic navigation, but insufficient to disrupt odor evaluation. This may be a reason why 

the genetic manipulations had a stronger impact on fly behavior in trap assays and open-field 

arena than in the Flywalk paradigm. 

The observation that flies expressing TeTx in OSNs but not Orco mutant flies fail to locate 

the odor source in the open-field arena is rather puzzling and we can only speculate about 

possible reasons. TeTx-expressing flies clearly do not have motor deficits which may explain 

the results, because they display odor responses also in Flywalk. The effect of TeTx-

expression is unlikely to be an effect of the genetic background, because both parental 

strains were attracted by the odor source. Both Orco mutants and TeTx-expressing flies are 

likely to perceive balsamic vinegar, probably via IR-dependent detection of acetic acid, 

because both genotypes display attraction towards vinegar in Flywalk. Hence, our 

observations suggest, that Orco mutants rely more on their IR nose during chemotactic 

close-range search behavior than flies expressing TeTx do. The Orco mutant strain we used 

has been published more than 10 years and – assuming an average generation time of 2 

weeks – approximately 250 fly generations ago (Larsson et al., 2004). In contrast, the TeTx-

expressing flies we tested were the first generation with strongly reduced input from the OR 

nose. Considering that only 15 generations of experimental evolution are sufficient to induce 

a significant difference in learning abilities (Mery and Kawecki, 2002) and 30 generations of 

monogamy are sufficient to significantly reduce female fecundity (Innocenti et al., 2014), it is 

conceivable that 250 generations without an OR nose may have favored an altered usage 

and evaluation of the olfactory input from the IR-dependent olfactory system, although the 

selection pressure is probably low under standard laboratory culture conditions. This is of 

course highly speculative, but at the same time it appears to be the most parsimonious 

explanation for our observations and it may provide an interesting future avenue of research 

in the evolution of odor processing systems. 
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Methods and Material  

Flies 

Flies were reared on standard cornmeal medium at 23°C, 70% relative humidity under a 

12 h light: 12 h dark regime. All experimental flies were 4-6 days old and were starved, but 

not water-deprived, for 24 h before the experiments. 

We used Orco-Gal4 to drive expression of the effector genes reaper (rpr), diphtheria toxin 

(DTA), tetanus toxin (TeTx) and Kir2.1 specifically in OR-expressing OSNs. All experimental 

flies were heterozygous for the Gal4- and UAS-constructs. In addition, we performed 

experiments in Canton S wild type, w1118 and Orco [2] mutant flies. All Gal4- and UAS-lines 

were backcrossed to w1118 flies to reduce variability conferred by the genetic background.  

Chemicals 

All monomolecular odorants were purchased from Sigma Aldrich or FLUKA at the highest 

purity commercially available and diluted in mineral oil (also Sigma). In addition, we used 

commercially available balsamic vinegar in Flywalk and open-field arena experiments. 

Trap Assay 

Trap assays were performed as previously described (Knaden et al., 2012). The testing 

chamber consisted of a plastic box (length 10.5 cm, width 7.5 cm, height 9.5 cm) containing 

two traps constructed from smaller plastic vials (diameter 3.1 cm, height 4.3 cm). Flies could 

enter the traps through the cut end of a pipette tip but once inside could not leave the traps. 

One of the cups contained a 0.2 ml PCR reaction tube containing a round 1 cm diameter 

piece of filter paper loaded with 100 μl of a 10-3 dilution of ethyl acetate in mineral oil as an 

attractive odor source. The other trap served as a control, in which the filter paper was 

loaded with mineral oil only. Directly after preparation of the traps, cohorts of 40-80 flies of 

mixed sex were introduced into the testing box and allowed to choose between the traps for 

24 h at 23°C and 70% relative humidity in complete darkness. Attraction was scored by 

calculating an attraction index (AI) as  

AI = (nodor – ncontrol) / ntotal, 

where nodor is the number of flies in the odor trap, ncontrol the number of flies in the control trap 

and ntotal is the total number of flies tested in the experiment. Positive AI values indicate 

attraction, negative values indicate repulsion.  
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Flywalk 

Flywalk experiments were performed and analyzed as previously described (Thoma et al., 

2014). In short, 15 female flies were situated in 15 parallel glass tubes (inner diameter 

0.8 cm) and continuously exposed to a humidified airstream of 20 cm/s (20°C, 70%relative 

humidity). Flies were continuously monitored under red light (λ = 630nm) conditions provided 

by a LED-cluster using an overhead camera (SONY EVI, Sony Corporation, Japan). Flies 

were repeatedly presented with 1s pulses of different odors at an interstimulus interval of 90 

s and the flies´ XY-positions were recorded around the time of odor presentation. The 

stimulus protocol consisted of 6 different odors plus negative control, which were presented 

for approximately 40 times each in pseudorandomized sequence.  

Odor pulses were provided by a multicomponent stimulus device described elsewhere 

(Olsson et al., 2011). In short, 100 μl of odor dilution were pipetted into 0.2 ml PCR reaction 

tubes, which were placed in odor vials made of polyetheretherketone (PEEK). Odor vials 

were tightly sealed and connected to the odor delivery system via ball-stop check valves. 

The odor delivery system consists of 8 circularly arranged 3-way solenoid valves which pass 

8 airflows into a central mixing chamber made of PEEK. In the “no odor” condition, the 

airflows pass through empty odor vials (compensatory airflows). To present an odor, the 

airflow passing through a given valve is redirected through the saturated headspace in the 

odor-containing odor vial. This way, odors are presented with minimal changes in total 

airflow.  

As flies are allowed to distribute freely in their glass tubes, they may encounter the odor 

pulses at different times depending on whether they sit closer to the upwind or downwind end 

of their respective glass tubes. This was corrected for by calculating the time of odor 

encounter for every fly in every stimulation cycle based on its position, the delay of the odor 

travelling towards the glass tubes and the wind speed in the glass tubes using custom-

written analysis programmed in Matlab (MathWorks, Natick, MA, USA). Speed of movement 

was interpolated in 100 ms intervals. Average response trajectories for every fly were 

calculated as the arithmetic mean of all complete trajectories to a given odor. In addition, a 

given fly´s response was calculated as the mean net upwind displacement within 4 s after 

odor encounter. 

Open-field arena 

The open-field arenas consisted of rectangular polystyrene petri dishes (125 mm to each 

side and 16 mm high) with a central hole (diameter: 7 mm) in the lid. The hole was occluded 

with gauze from the inside and a round piece of filter paper (diameter: 10 mm) from the 

outside. This way, flies could not physically contact the odor source. The arena was 
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illuminated by red LEDs (λ = 630nm) from above and monitored using a webcam (HD Pro 

Webcam C920, Logitech, Lausanne Switzerland) from below. 

At the beginning of an experimental session, a single female fly was introduced into the 

arena and allowed to habituate to the new environment for 5 min. Afterwards 10 μl of distilled 

water were carefully added to the filter paper under red light conditions and without 

mechanical disturbances and the fly was recorded at 30 frames per second (fps) for 10 min 

using Media Recorder 2 software (Noldus Information Technology, Wageningen, 

Netherlands). Finally, 10 μl of balsamic vinegar were added to the filter paper and the fly was 

again recorded for another 10 min. Flies were then tracked offline by dynamic background 

subtraction using EthoVision XT software (Noldus Information Technology, Wageningen, 

Netherlands). Further analysis was performed using R (www.r-project.org). 
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Figure 1. Efficiency of effector genes in a two-choice trap assay. A) Schematic representation of the trap 

assay. 40-80 flies are released in a plastic box containing two traps. One of the traps is loaded with odor, the 

other one with the solvent mineral. Flies are allowed to choose between traps for 24h and an attraction index (AI) 

is calculated. B) Responses of control lines to a 10-3 dilution of ETA. Filled boxes indicate statistically significant 

attraction (p<0.05; one-sample Wilcoxon rank sum test; n = 8-15). Different letters indicate statistically significant 

differences between groups (p<0.05; Kruskal Wallis rank sum test and posthoc Bonferroni-corrected Wilcoxon 

rank sum test). C) Responses of flies expressing the effectors under Orco-Gal4 control and parental UAS-lines. 

Filled boxes indicate statistically significant attraction (p<0.05; one-sample Wilcoxon rank sum test; n = 6-11). 

Asterisks indicate statistically significant differences between parental and experimental lines (**: p<0.01; 

Wilcoxon rank sum test). 
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Figure 2. Efficiency of effector genes in the Flywalk paradigm. A) Schematic representation of the Flywalk 

paradigm. Individual flies are situated in small glass tubes and continuously monitored by an overhead camera. 

Odors are added to a constant airflow and fly movement after odor encounter is analyzed. B) Speed trajectories 

after encounter with a 1s pulse of a 10-3 dilution of ETA (green) and the negative control MOL (black; mean +/- 

s.e.m.; n=15 flies). C) Speed trajectories after encounter with a 1s pulse of a 10-3 dilution of ETA in CS wild type 

(green) and Orco mutant flies (violet; mean +/- s.e.m.; n=15 flies). D) Odor-induced upwind displacement in CS 

wild type and Orco mutant flies to a set of odors. Filled boxes indicate statistically significant differences from the 

negative control MOL (transparent colors; p<0.05; Wilcoxon signed rank test; n=15 flies). E, F) Odor-induced 

upwind displacement in flies expressing Kir2.1 (E) and TeTx (F) in the expression pattern of Orco. Filled boxes 

indicate statistically significant differences from the negative control MOL (transparent colors; p<0.05; Wilcoxon 

signed rank test; n=15 flies). Note residual responses compared to Orco mutant flies shown in panel D. 
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Figure 3. Efficiency of effector genes in an open-field arena. A) Schematic representation of the open-field 

arena. Individual flies are released in a square arena with a central odor source and their positions are recorded 

for 10 min. The odor source cannot be contacted physically. B,C) Overlay of 20 fly trajectories when presented 

with water (B) and balsamic vinegar (C). Note increased search behavior in the central zone in panel C. D,E,F,G) 

Normalized percentages of time spent in distance classes from the central odor source of CS (D), Orco[2] (E), 

Kir2.1-expressing (F) and TeTx-expressing (G) flies. Points indicate single data points, bars indicate median. 

Asterisks indicate statistically significant differences between vinegar and the negative control water within 

distance classes. * p<0.05; ** p<0.01; *** p<0.001; Wilcoxon rank sum test; n=20 flies. Data points at the upper 

edges in panels F and G represent outliers, corresponding values as indicated.  
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Figure S1. Supplementary Flywalk results. A,B,C,D) Complete results of Flywalk experiments including 

parental controls for the effector genes DTA (A), rpr (B), Kir2.1 (C) and TeTx (D). Filled boxes indicate statistically 

significant differences from the negative control MOL (transparent colors; p<0.05; Wilcoxon signed rank test; n=15 

flies). Different letters indicate statistically significant differences between genotypes in responses towards a given 

odor (p<0.05; Wilcoxon rank sum test; n=15 flies).  
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Figure S2. Supplementary open-field arena results. A-G) Normalized percentages of time spent in distance 

classes from the central. Points indicate single data points, bars indicate median. Asterisks indicate statistically 

significant differences between vinegar and the negative control water within distance classes. * p<0.05; 

** p<0.01; *** p<0.001; Wilcoxon rank sum test; n=20 flies. Data points at the upper edges in panel A represents 

an outlier, corresponding value as indicated. A-C) Parental control experiments for the data shown in Figure 3F,G. 

D-G) Results for the effectors DTA (D) and rpr (F) and corresponding parental UAS-controls (E and G, 

respectively). 
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Intraspecific olfactory signals known as pheromones play impor-
tant roles in insect mating systems. In the model Drosophila
melanogaster, a key part of the pheromone-detecting system
has remained enigmatic through many years of research in terms
of both its behavioral significance and its activating ligands. Here
we show that Or47b-and Or88a-expressing olfactory sensory neu-
rons (OSNs) detect the fly-produced odorants methyl laurate (ML),
methyl myristate, and methyl palmitate. Fruitless (fruM)-positive
Or47b-expressing OSNs detect ML exclusively, and Or47b- and
Or47b-expressing OSNs are required for optimal male copulation
behavior. In addition, activation of Or47b-expressing OSNs in the
male is sufficient to provide a competitive mating advantage. We
further find that the vigorous male courtship displayed toward
oenocyte-less flies is attributed to an oenocyte-independent sus-
tained production of the Or47b ligand, ML. In addition, we reveal
that Or88a-expressing OSNs respond to all three compounds, and
that these neurons are necessary and sufficient for attraction
behavior in both males and females. Beyond the OSN level, infor-
mation regarding the three fly odorants is transferred from the
antennal lobe to higher brain centers in two dedicated neural lines.
Finally, we find that both Or47b- and Or88a-based systems and their
ligands are remarkably conserved over a number of drosophilid
species. Taken together, our results close a significant gap in the
understanding of the olfactory background to Drosophila mating
and attraction behavior; while reproductive isolation barriers be-
tween species are created mainly by species-specific signals, the
mating enhancing signal in several Drosophila species is conserved.

Drosophila | pheromone | mating | olfaction | olfactory circuit

In the vinegar fly Drosophila melanogaster, cuticular hydrocar-
bons (CHCs) act as pheremones and play important roles in

courtship and aggregation behaviors. These pheremones include the
female-specific aphrodisiacs (Z,Z)-7,11-heptacosadiene (7,11-HD)
and (Z,Z)-7,11-nonacosadiene (7,11-ND) and the male specific
antiaphrodisiacs (Z)-7-tricosene (7-T) and 11-cis-vaccenyl acetate
(cVA) (1). However, several lines of evidence suggest that other
unidentified pheromones likely contribute to courtship and aggre-
gation behaviors. Previous studies have demonstrated that an
unidentified volatile sex pheromone produced by female flies
stimulates male courtship (2–6). Flies anosmic to cVA exhibit
residual attraction to live male flies, suggesting that other at-
tractive cues are produced by flies that are independent of cVA
and its neural circuit (7). Furthermore, no specific ligands other
than cVA have been identified for the potential pheromone
receptors expressed in OSNs of antennal trichoid sensilla (8).
Moreover, OSNs expressing olfactory receptors Or47a and
Or88a housed in trichoid sensilla respond to unidentified odors
in male and female body wash extracts (9).
Although the CHC profile of D. melanogaster has been char-

acterized by several analytical techniques (10–14), it is not yet
complete (3). In the present study, we used thermal desorption-gas
chromatography-mass spectrometry (TD-GC-MS) to determine
whether flies harbor so far unidentified CHCs. TD-GC-MS pro-
vides a highly sensitive and labor-saving alternative to solvent
extraction, and allows analysis of a wider volatility range of

components than all previously mentioned techniques. In ad-
dition, this method has been applied to confirm the composi-
tion of sex pheromones in other insect species (15, 16).
Here we demonstrate the presence of a truly positive fly-pro-

duced signal mediating mating and dissect the neural mechanism
underlying its detection. With our findings, the understanding of
male olfactory-based sexual arousal is becoming more complete,
with all fru-positive OSNs now with known ligands. We also re-
port the presence of the first fly odorants that exclusively me-
diate attraction in both sexes via a pathway separated from that
involved in sexual and social behaviors. Interestingly, both sys-
tems and their ligands are remarkably conserved over a number
of drosophilid species.

Results and Discussion
Flies Produce Previously Unidentified Candidate Pheromones. To de-
termine whether D. melanogaster harbors so far unidentified
CHCs, we used TD-GC-MS to measure CHC profiles of indi-
vidual flies. Intact flies of different ages were placed in thermal
desorption tubes, which were subsequently heated. The cutic-
ular compounds released were trapped by cooling and then
transferred to the GC-MS device by rapid heating. Eighty-five
cuticular compounds, including alkanes, methyl-alkanes, mono-
enes, dienes, aldehydes, ketones, esters, and amides, were iden-
tified (Fig. S1 and Table S1). Sixty-four were found in both

Significance

Mating interactions in Drosophila melanogaster depend on
a number of sensory cues targeting different modalities like
hearing, taste, and olfaction. From an olfactory perspective, only
negative fly-derived signals had been identified, whereas a
positive signal mediating mating was missing. Here we dem-
onstrate the presence of such a signal (methyl laurate) and dis-
sect the neural mechanism underlying its detection. We also
show that the same odorant together with two additional fly-
derived odorants (methyl myristate and methyl palmitate) me-
diate attraction via a pathway separated from that involved in
courtship. Interestingly, the odorants identified are attractive to
several closely related species. Thus, we describe two highly
important neural circuits involved in mating and attraction that
seem to be conserved in Drosophila.

Author contributions: H.K.M.D., S.S., M.K., and B.S.H. designed research; H.K.M.D., S.A.M.E.,
M.T., A.A.M.M., I.W.K., and F.T. performed research; H.K.M.D., S.L.-L., and A.S. contributed
new reagents/analytic tools; H.K.M.D., S.A.M.E., M.T., A.A.M.M., I.W.K., F.T., S.L.-L., A.S., S.S.,
M.K., and B.S.H. analyzed data; and H.K.M.D., S.A.M.E., M.T., A.A.M.M., I.W.K., F.T., S.L.-L.,
A.S., S.S., M.K., and B.S.H. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1M.K. and B.S.H. contributed equally to this work.
2To whom correspondence may be addressed. Email: mknaden@ice.mpg.de or hansson@
ice.mpg.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1504527112/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1504527112 PNAS | Published online May 11, 2015 | E2829–E2835

N
EU

RO
SC

IE
N
CE

PN
A
S
PL

U
S

Manuscript III – Pheromones mediating copulation and attraction in Drosophila 

60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



males and females, whereas 11 were female-specific and 10 were
male-specific.

OR47b- and OR88a-Expressing OSNs Detect Methyl Laurate, Methyl
Myristate, and Methyl Palmitate. To test for olfactory detection
of the fly-produced compounds identified in the analytical study,

we obtained single-sensillum recording (SSR) measurements
from all OSN types housed in trichoid sensilla (at1 and at4)
using 42 synthetic compounds as stimuli. These compounds were
chosen to represent all chemical classes identified. In addition
to cVA, three other fly-produced odorants activated two OSN
types, both present in the antennal trichoid sensillum type 4 (at4)

Fig. 1. OR47b- and OR88a-expressing OSNs detect ML, MM, and MP. (A) Average SSR responses from all OSNs housed in trichoid sensilla after stimulation
with 42 cuticular compounds (10−1 dilution) (n = 5). (B) Representative SSR traces from measurements of WT at4 OSNs stimulated with ML, MM, and MP (10−1

dilution). (C) Representative GC-SSR measurements from at4 OSNs stimulated with GC-fractionated fly body wash extracts (n = 4). (D) Heat map of the
average SSR responses from all OSN classes stimulated with ML, MM, and MP (10−1 dilution) (n = 3). Asterisks denote the total activity of an OSN when spike
sorting failed. (E) Dose–response curves from at4A and at4C OSNs to ML, MM, and MP (n = 5). (F) Average SSR responses from Δab3A: Or47b, Δab3A: Or65a,
and Δab3A: Or88a to ML, MM, and MP (10−1 dilution) (n = 5). (G) Representative SSR traces from Δab3A: Or47b and Δab3A: Or88a stimulated with ML and
MM (10−1 dilution). (H) Average SSR responses from at4A and at4C OSNs of Or47b[3] mutant flies stimulated with ML, MM, and MP (10−1 dilution) (n = 5).
(I) Representative SSR traces from at4 OSNs of Or47b[3] mutant flies stimulated with ML, MM, and MP (10−1 dilution). (J) Average SSR responses from at4A
and at4C OSNs of Or88a−/− mutant flies stimulated with ML, MM, and MP (10−1 dilution) (n = 5). (K) Representative SSR traces from at4 OSNs of Or88a−/−

mutant flies stimulated with ML, MM, and MP (10−1 dilution).

E2830 | www.pnas.org/cgi/doi/10.1073/pnas.1504527112 Dweck et al.
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(Fig. 1 A and B). The at4 sensillum in total houses three OSNs
(A–C), which have been shown to respond to previously un-
identified odors secreted by both male and female flies (9). The
at4A OSN responded exclusively to methyl laurate (ML), whereas
the at4C OSN responded to ML, methyl myristate (MM), and
methyl palmitate (MP) (Fig. 1 A and B).
Because not all fly odors were tested in our initial screening,

we proceeded to obtain linked GC-SSR measurements from at4
OSNs using fly body wash extracts to further test whether the

three fly odors were the exclusive ligands for at4A and at4C
OSNs. In these experiments, only three flame ionization detector
(FID) peaks corresponded to responses from the at4 OSNs (Fig.
1C). Using GC-MS and synthetic standards, we found that these
three FID peaks are ML, MM, and MP. Thus, we conclude that
ML is the sole fly-produced ligand for at4A OSNs, whereas ML,
MM, and MP are the ligands for at4C OSNs.
To establish whether these three active compounds activate

other OSNs types as well, we proceeded to test them in SSR

Fig. 2. ML, MM, and MP peripheral signals are transferred via dedicated neural lines from the antennal lobe to higher brain centers. (A) False color-coded
images showing mineral oil-, ML-, MM-, and MP-induced calcium dependent fluorescence changes in the AL of a representative fly expressing the activity
reporter GCaMP3.0 from Or47b and Or88a promotors (10−1 dilution) (n = 5). (B) False color-coded images of a representative fly showing mineral oil-, ML-,
MM-, and MP-induced calcium signals in PNs of the AL via GCaMP6s expression under control of the GH146-GAL4 driver (10−1 dilution). (C) Heat map of the
average ML-, MM-, and MP-evoked calcium signals in PNs in the AL as shown in B (n = 3).

Dweck et al. PNAS | Published online May 11, 2015 | E2831
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experiments including all OSN types located on the third an-
tennal segment and maxillary palp. None of the compounds
elicited a reliable response from any OSN type beyond at4A and
at4C (Fig. 1D); thus, we conclude that these three active fly
odorants activate exclusively at4A and at4C OSNs.
We next examined dose–response relationships of at4A and

at4C OSNs for ML, MM, and MP. In contrast to the strong
sexual dimorphism in antennal responses to pheromones ob-
served in moths (17, 18), responses of at4A and at4C OSNs to
the three fly odorants were quantitatively indistinguishable be-
tween the sexes (Fig. 1E). However, the at4A OSNs were two
orders of magnitude more sensitive to ML compared with the
at4C OSNs, whereas at4C OSNs were activated by MP at lower
doses than by MM or ML (Fig. 1E).
The three neurons of the at4 sensillum express Or47b, Or88a,

and the closely related genes Or65a, Or65b, and Or65c (19). To
identify the Or expressed in at4A and at4C OSNs, we misexpressed
Or47b, Or88a, and Or65a in Δab3A OSNs using the Drosophila
empty neuron system (20). OSNs misexpressing Or47b responded
exclusively to ML, whereas OSNs misexpressing Or88a responded
to ML and MM, but not to MP (Fig. 1 F andG). The latter finding
is enigmatic, but the detection of MP may require other crucial
factors in the native trichoid environment, such as odorant-binding
proteins (7, 21). This relationship remains to be investigated,
however. None of the three fly odorants activated OSNs mis-
expressing Or65a (Fig. 1F). Furthermore, in an Or47b mutant
(22), which has two identical independent knockout alleles,
Or47b[2] and Or47b[3] (in all experiments, we used only Or47b[3]
after backcrossing it to the Canton-S background to mini-
mize genetic background effects), the responses of at4A OSNs
to ML were completely abolished, whereas at4C OSNs still
responded to the three fly odorants (Fig. 1 H and I). In con-
trast, in an Or88a mutant, which was generated by imprecise
excision (as a gift from L. B. Vosshall) and validated by RT-
PCR experiments (Fig. S2), the responses of at4C OSNs to the
three fly odorants were abolished, whereas the responses of
at4A OSNs to ML remained unaffected (Fig. 1 J and K). These
results suggest that the responsiveness of at4A OSNs to ML is due
to the expression of Or47b, whereas the responsiveness of at4C
OSNs to ML, MM, and MP is due to the expression of Or88a.

ML, MM, and MP Peripheral Signals Are Transferred from the Antennal
Lobe to Higher Brain Centers in Dedicated Lines. We verified that
Or47b- and Or88a-expressing OSNs are the peripheral channels
for the three fly odorants by expressing the calcium-sensitive
protein GCaMP (23) under control of the two corresponding
Or lines (19) (Fig. 2A). To further investigate how the input sig-
nals were transferred via projection neurons (PNs) to higher
processing centers, we expressed GCaMP (24) under control of
the GH146 (25) driver line and performed two-photon calcium
imaging at the level of PN dendrites in the antennal lobe (AL). As
expected, the VA1v glomerulus, which receives input from Or47b
(19), was exclusively activated by ML but not by MM or MP,
whereas the VA1d glomerulus, which receives input from Or88a
(19), was activated by all three fly odorants (Fig. 2 B and C). Thus,
we conclude from the SSR and imaging data that ML, MM, and
MP are detected exclusively by Or47b- and Or88a-expressing
OSNs, and that this information enters and leaves the AL through
these two channels only.

ML Acts as a Stimulatory Pheromone to Promote Male Copulation.
Male courtship behavior is controlled by neural circuitry express-
ing male-specific isoforms of the transcription factor Fruitless
(fruM) (26, 27). Blocking of synaptic transmission of all fru-
expressing neurons significantly reduces male courtship (27).
The Or47b OSN population is one of only three expressing fruM

(26, 27). In addition, the VA1v glomerulus, the target of Or47b
neurons in the AL, is larger in males than in females (27). These

facts suggest a role for ML, the sole ligand of Or47b-expressing
neurons, in mediating male courtship behavior. We investigated
this hypothesis in single pair courtship assays. Coating WT fe-
males with 100 pg of ML (the equivalent quantity of an in-
dividual fly; Fig. S3) significantly increased the number of

Fig. 3. Or47b promotes male copulation. (A) Average number of copulation
attempts of WT males courting WT females painted with acetone (Ac), ML,
MM, or MP (n = 20). Error bars represent SD. Significant differences are
denoted by letters (P < 0.05, ANOVA followed by Tukey’s test). (B) Per-
centage of copulation success of WT males courting WT females painted
with acetone, ML, MM, or MP (n = 20) (Fisher’s exact test). (C) Percentage of
copulation success of WT, Or47b[3], Or88a−/−, and Or47b rescue males
courting WT females (Fisher’s exact test). Sample sizes are given in brackets
above bars. (D) Representative SSR traces from at4 OSNs of Or47b[3] and
Or47b rescue flies stimulated with ML (10−1 dilution). (E) WT males com-
peting with either Or47b[3] (gray) or Or47b rescue (green) males for mating
with WT females in competition assays (n = 25) (χ2 test). (F) Percentage of
copulation success of males expressing UAS-hid/+, Gal4-Or47b/+, and UAS-
hid from Or47b promoter courting WT females (n = 20) (Fisher’s exact test).
(G) Males expressing dTrpA1 from Or47b promoter competing with WT
males for mating with WT females in competition assays (n = 25) (χ2 test).
(H) Copulation latency of WT and Or47b[3] males courting either WT or oe−

females. Error bars represent SD. Significant differences are denoted by
letters (P < 0.05, ANOVA followed by Tukey’s test). Sample sizes are given in
brackets above bars. (I) Percentage of copulation success of WT and Or47b[3]
males courting either WT or oe− females (Fisher’s exact test). Sample sizes
are given in brackets above bars. (J) Average quantity of ML, MM, and MP in
WT and oe− flies (P > 0.05, independent-samples t test; n = 6).
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copulation attempts and copulation success in WT males (Fig. 3
A and B). The other sequences of the male courtship ritual
remained unaffected (Fig. S4). WT females coated with 100 pg
of MM, MP, or acetone elicited no significant change in the
courtship behavior of WT males (Fig. 4 A and B and Fig. S4).
Thus, we conclude that only ML, and not MM or MP, acts as a
stimulatory pheromone to promote male copulation behavior.

Or47b- and Or47b-Expressing OSNs Are Required for Optimal Male
Copulation Behavior. Because ML activates both Or47b- and
Or88a-expressing OSNs, we asked whether normal levels of male
copulation behavior require only one or both of these receptors.
Pairs of either Or47b[3] or Or88a−/− males with virgin WT fe-
males were placed in courtship chambers and the percentage of
copulation success was observed after 30 min. When courting
WT females, Or47b[3] males, but not Or88a mutant males, dis-
played a significant reduction in copulation success compared
with control males (Fig. 3C). This result is consistent with a
previous finding that a reduced size of the VA1v glomerulus, the
target of Or47b-expressing neurons, causes courtship deficits

(28). To verify that the observed phenotype was due to the loss of
Or47b function, we rescued this function by introducing UAS-
Or47b under control of Or47b-Gal4 into Or47b[3]. Restoration
of Or47b function was accompanied by restoration of normal
levels of spontaneous activity and responses to ML in at4A OSNs
(Fig. 3D). As expected,Or47b rescue males, in contrast toOr47b[3]
males, copulated as much as control males when courting WT fe-
males (Fig. 3C).
To avoid any variation dependent on female receptivity, we

further examined the importance of Or47b for male copulation
success in competitive mating assays. In these assays, one WT
male with intact Or47b and one male with mutation in Or47b
were allowed to compete for copulation with the same WT fe-
male for 30 min. The genotypes of the competing males were
verified by eye color. Indeed, males with mutation in Or47b had
significantly lower copulation success than WT males when
competing for copulation with WT females (Fig. 3E). This defect
was fully restored to the levels of WT males by rescuing Or47b
function (Fig. 3E). Thus, we conclude that Or47b is required for
optimal male copulation behavior.
We proceeded to examine whether Or47b-expressing OSNs

are also required for promoting male copulation behavior.
We expressed the programmed cell death gene, head involution
defective (UAS-hid) (29), coupled with UAS-Stinger II from
the Or47b promoter to generate flies lacking Or47b neurons. The
combination of StingerGFP with hid allowed us to visualize
the absence of GFP-labeled Or47b neurons from males lacking
Or47b neurons in the fluorescence microscope. Indeed, in single
pair courtship assays, males lacking Or47b neurons had signifi-
cantly less copulation with WT females compared with control
males (Fig. 3F). The percentage of copulation success with WT
females was similar in males lacking Or47b neurons and males
with disrupted Or47b. Thus, we conclude that the activity of
Or47b neurons is required for optimal male copulation behavior.

Activation of Or47b-Expressing OSNs Provides a Competitive Mating
Advantage. We next tested whether activation of Or47b OSNs
is sufficient to provide a competitive mating advantage. We
therefore generated males expressing the heat-activatable cation
channel, dTrpA1 (UAS-dTrpA1), from the Or47b promoter to
artificially activate Or47b neurons by shifting the temperature to
30 °C. Indeed, males carrying UAS-dTrpA1 (30) from the Or47b
promoter exhibited significantly greater copulation success than
WT males when competing for copulation with WT females at
30 °C (Fig. 3G). This effect was not observed in males of the
same genotype at the permissive temperature (20 °C), or in the
parental lines at the restrictive temperature (30 °C) (Fig. 3G).
Thus, activation of Or47b neurons is important for providing a
competitive mating advantage.

Vigorous Courtship Toward Oenocyte-Less Flies Is Due to Sustained
Production of the Or47b Ligand, ML. In D. melanogaster, CHCs are
synthesized in specialized cells called oenocytes (31). Genetic
manipulation of oenocyte cells (oe−) eliminates CHCs (32), but
does not affect the level of cVA, which is synthesized in the
ejaculatory bulb (33). A previous study reported that WT males
exhibit decreased copulation latency toward oe− females com-
pared with WT females (32). We investigated whether this de-
creased copulation latency requires Or47b. For this purpose, we
paired either WT or Or47b mutant males with oe− females in
single pair assays and observed copulation latency and copula-
tion success. Compared with WT males, Or47b mutant males
exhibited increased copulation latency (Fig. 3H) and reduced
copulation success when courting oe− females (Fig. 3I). This
result, together with the previously reported idea that mutation
in Or47b suppresses increased levels of courtship toward oe−

males (22), strongly suggest that oe− flies still synthesize the li-
gand for Or47b. We investigated this hypothesis by analyzing

Fig. 4. Or88a is required for the attraction behavior toward ML, MM, and
MP. (A) Attraction indices of WT, Or47b[3], and Or88a−/− in a binary choice
assay between ML, MM, or MP against solvent control. Error bars represent
SD. Deviation of the response indices against zero was tested with the
Student t test; significant differences are denoted by asterisks. For compar-
ison between groups, ANOVA followed by Tukey’s test was used, and signif-
icant differences are denoted by letters (P < 0.05). (B) Boxplot representation
of odor-induced changes in the FlyWalk assay in upwind speed. Black lines
indicate median values; box, interquartile range; whiskers, 90th and 10th
percentiles; blue boxplots, significantly increased upwind speed compared
with the upwind speed during the solvent control situation within the corre-
sponding 100-ms time frame (P < 0.05, Wilcoxon signed-rank test; n = 30 flies);
gray boxplots, no significant difference in upwind speed. (C) Attraction indices
of flies expressing UAS-hid/+, Gal4-Or88a/+, and UAS-hid from Or88a pro-
moter in a binary choice assay between ML and solvent control. Error bars
represent SD. ANOVA followed by Tukey’s test was used for comparisons
between groups. Significant differences are denoted by letters (P < 0.05).
(D) Attraction indices of flies expressing UAS-dTrpA1/+, Gal4-Or88a/+, and
UAS-dTrpA1 from Or88a promoter in a binary choice assay between 22 °C
and 30 °C. Error bars represent SD. ANOVA followed by Tukey’s test was
used for comparisons between groups. Significant differences are denoted
by letters (P < 0.05).
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CHC profiles of oe− flies. Indeed, we found no significant dif-
ference in the average quantity of ML found on oe− and WT
flies, even though all other known nonvolatile pheromones except
cVA were completely eliminated from oe− flies (Fig. 3J). These
findings provide further support that Or47b and its ligand ML
mediate the vigorous courtship observed toward oe− flies, and
that ML is the key stimulatory pheromone necessary for optimal
male copulation behavior in D. melanogaster.

ML, MM, and MP Elicit Attraction in Males and Females. Aggregation
can facilitate mate finding. Drosophilid flies use aggregation
pheromones to assemble on breeding substrates, where they
feed, mate, and oviposit communally (34, 35). The well-known
aggregation pheromone in D. melanogaster is cVA, which in
addition to its role in social and sexual behaviors elicits aggre-
gation in both males and females (36). Flies anosmic to cVA
display residual attraction to live male flies, indicating that other
attractive cues are produced by flies that are independent of cVA
and its neural circuit (7). Therefore, we investigated whether the
three so far unidentified fly odorants mediate a behavior similar
to the aggregation function of cVA. None of these three fly
odorants elicited any significant upwind long-range flight attrac-
tion in wind tunnel assays; however, in the trap assay (37), the
three fly odorants elicited short-range attraction in both males and
females (Fig. 4A). Furthermore, pulses of ML presented in the
FlyWalk assay (38, 39) were attractive to both males and females
(Fig. 4B). Thus, we conclude that ML, MM, and MP mediate
short-range attraction in both males and females.

Or88a- and Or88a-Expressing OSNs Are Required for the Attraction
Behavior Toward ML, MM, and MP. We next asked whether both
receptors, Or47b and Or88a, are necessary for the observed
attraction behavior. Although Or88a mutant flies were not
attracted to any of the three fly odorants in the trap assay, Or47b
mutant flies were still attracted to all three (Fig. 4A). Corre-
spondingly, the ML attraction in the FlyWalk assay disappeared
in Or88a mutant flies, but not in Or47b mutant flies (Fig. 5B and
Fig. S5). In addition, we verified that the observed phenotype of
Or88a mutant flies does not reflect a general deficit in attraction
behavior by exposing Or88a mutant flies in the FlyWalk assay to
pulses of ethyl acetate (EtA), a well-known attractant to flies.
Indeed, both Or88a mutant males and females were attracted to
EtA, similar to WT flies (Fig. S5). Consequently, we conclude
that ML, MM, and MP activate Or88a to mediate short-range
attraction in both sexes.
We further investigated whether Or88a-expressing OSNs are

required for the observed attraction behavior. We generated flies
expressing UAS-head involution defective (UAS-hid) and UAS-
Stinger II in Or88a neurons to ablate Or88a neurons. Attraction
toward ML was abolished in flies lacking Or88a neurons, but not
in the corresponding parental lines (Fig. 4C). These experiments
suggest that Or88a neurons are necessary for fly attraction be-
havior induced by Or88a ligands.
We next determined the sufficiency of Or88a OSN activity to

induce attraction behavior. For this purpose, we drove the ex-
pression of dTrpA1 in Or88a neurons, to conditionally activate
this specific OSN population at 30 °C. Consistent with the at-
traction behavior induced by Or88a ligands, flies carrying Gal4-
Or88a and UAS-dTrpA1, but not the corresponding parental lines,
preferred traps heated to 30 °C over traps held at 20 °C (Fig. 4D).
In short, we conclude that Or88a neurons are necessary and
sufficient for the observed attraction toward ML, MM, and MP.

Both Or47b- and Or88a-Based Systems and Their Ligands Are Remarkably
Conserved over a Number of Drosophilid Species. In addition to ML,
we also found MM and MP present in oe− flies (Fig. 3J). Inter-
estingly, oe− females are courted by males of four D. melanogaster
sibling species (4, 32). Based on these results, we hypothesized

that male copulation and aggregation behaviors are driven by
the novel pheromones also in these other species. Notably, we
found that the other four species detect all three compounds
with the same set of OSNs (Fig. 5A) and also show attraction
toward these fly odors in trap assays (Fig. 5B). Finally, we found
ML and MM (but not MP, which seems to be D. melanogaster-
specific) in the CHC profiles of all four sibling species (Fig.
5C). These data suggest that closely related drosophilid spe-
cies rely on these pheromones to promote male copulation and
aggregation behaviors, although the last common ancestor with
D. melanogaster lies 2–10 million years back through evolu-
tionary time (40).

Conclusions
The mating of D. melanogaster is clearly governed by a number of
sensory cues targeting different detector systems. Already the
complexity of the olfactory signals involved in the interplay be-
tween positive and negative cues determining the ultimate out-
come of an encounter between the sexes is quite astounding. One
factor lacking among the so-far unidentified chemical signals has
been a truly positive fly-derived olfactory signal mediating mat-
ing. We have demonstrated the presence of such a signal (ML)
and dissected the neural mechanism (Or47b) underlying its
detection. With our findings, the understanding of male olfac-
tory-based sexual arousal is becoming more complete, with all
fru-positive OSNs now having known ligands. We also demon-
strate the presence of the first fly odorants, MM and MP, which,
together with ML, exclusively mediate attraction in both sexes
via a pathway (Or88a) separated from that involved in sexual
behavior. Interestingly, the compounds identified are attractive

Fig. 5. Both Or47b- and Or88a-based systems and their ligands are re-
markably conserved over a number of drosophilid species. (A) Average SSR
responses of ML, MM, and MP from at4A and at4C OSNs of D. simulans
(Dsim), D. mauritiana (Dmau), D. yakuba (Dyak), and D. erecta (Dere) (10−1

dilution) (n = 5). (B) Attraction indices from a binary choice assay between
ML, MM, or MP and solvent control. Error bars represent SD. Deviation of the
response indices against zero was tested with the Student t test, and all were
found to be significant (P < 0.05) (n = 10). (C) Average quantity of ML, MM,
and MP (n = 3).
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to several closely related species. We conclude that in several
Drosophila species, the mating enhancing signal is conserved,
whereas reproductive isolation barriers between species are cre-
ated mainly by species-specific signals.

Materials and Methods
TD-GC-MS. Individual flies were placed in standard microvials in thermal
desorption tubes and transferred using a GERSTEL MPS 2 XL multipurpose
sampler into a GERSTEL thermal desorption unit (www.gerstel.de). After
desorption at 200 °C for 5 min with solvent venting, the analytes were
trapped in the liner of a GERSTEL CIS 4 Cooled Injection System at −50 °C,
using liquid nitrogen for cooling. The components were transferred to the
GC column by heating the programmable temperature vaporizer injector at
12 °C/s up to 210 °C and then held for 5 min. The GC-MS device (Agilent GC
7890A fitted with an MS 5975C inert XL MSD unit; www.agilent.com) was
equipped with an HP5-MS UI column (19091S-433UI; Agilent Technologies)
and operated as follows. The temperature of the gas chromatograph oven
was held at 40 °C for 3 min and then increased by 5 grd/min to 200 °C and
then by 20 grd/min to 260 °C, with the final temperature held for 15 min. For
MS, the transfer line was held at 260 °C, the source was held at 230 °C, and
the quad was held at 150 °C. Mass spectra were taken in EI mode (at 70 eV)
in the range from 33 m/z to 500 m/z. The structures of most of the cuticular
compounds were confirmed by comparison with reference compounds mea-
sured at the same conditions.

Details on Drosophila stocks, compound quantification, genetic elimina-
tion of female CHCs, perfuming of female flies with cuticular compounds,
single sensillum recordings, imaging, and the different behavioral assays are
provided in SI Materials and Methods.

Or88a Mutant Generation and Genotyping Information. The Or88amutant was
generated by Leslie Vosshall in collaboration with Tim Tully in 2001–2003 by
imprecise excision of a P-element from the E4365 strain. This line was gen-
erated at Cold Spring Harbor Laboratory as part of a large-scale learning and
memory mutant screen in the Tully Lab, supported by the John A. Hartford

Foundation. The original strain contains a P-element with the white eye
color marker inserted 728 bp upstream of the Or88a ATG translation initi-
ation codon. The P-element insertion site E4365 is indicated by <X> in the
following sequence:

TAAGTGTTTGCGTAAACTTACCCCCGTTTTGAGCAGTGCACGCCTCGGAC<X>-
ATATTACGAAATGCACGAGGGGCATCCACTACGCACAAATAATAGCTCAA-
TTTCAT

Standard P-element mobilization was carried out, and white−/− strains
were isolated and genotyped by PCR to detect deletions 3′ of the P-element
insertion site. A single imprecise excision line, E4365#181, was isolated and
contains a 1,229-bp deletion that stretches from the P-element insertion site
downstream to the middle of the first protein-coding exon. In addition to
this deletion, there is a 25-bp insertion in the breakpoint region. The
breakpoint of the E4365-181 deletion is indicated by <Δ>, and the 25-bp
insertion is indicated in lowercase bold type below:

TAAGTGTTTGCGTAAACTTACCCCCGTTTTGAGCAGTGCACGCCTCGGAC<Δ>-
catgatgaaataacaataatagata<Δ>ATACTCCTGTTGCCCAGCACGAGCAGCTC-
CTTGGAGGATGGCTGCCATGCGGTG

This deletion removes the first 168 amino acids of Or88a and is predicted to
be a null mutation. The strain is homozygous viable, and the deletion does
not affect any other known protein-coding genes in this part of the genome.
However, in the time since the mutant was generated and characterized, the
Drosophila genome consortium has annotated a noncoding RNA (CR44237)
located on the other strand and contiguous with the Or88a gene. This
theoretical gene has no known function and has not been characterized.
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Supporting Information
Dweck et al. 10.1073/pnas.1504527112
SI Materials and Methods
Drosophila Stocks. All experiments with WT D. melanogaster
were carried out with the Canton-S strain. Species other than
D. melanogaster were obtained from the Drosophila Species Stock
Center (https://stockcenter.ucsd.edu/info/welcome.php). Transgenic
lines were obtained from the Bloomington Drosophila Stock Center
(flystocks.bio.indiana.edu/), except for the w118;Δhalo/cyo;UAS-
Or47b, w118;Δhalo/cyo;UAS-Or65a/TM3, and w118;Δhalo/cyo;UAS-
Or88a/TM3, which were a kind gift from J. R. Carlson (Yale
University); +;PromE(800)-Gal4, tubP-Gal80ts;+, +;UAS-StingerII;+,
and +;UAS-StingerII,UAS-hid/CyO;+, which were a kind gift from
J.-C. Billeter, University of Groningen, Groningen, The Neth-
erlands; Or88a mutant flies, which were a kind gift from L. B.
Vosshall, Rockefeller University, New York; and pJFRC124-
20XUAS-IVS-dTrpA1 (attP18), which was a kind gift from G. M.
Rubin, Janelia Farm Research Campus, Ashburn, VA.

Compound Quantification. Quantification of the average amounts
of ML, MM, and MP from individual flies was done by a standard
addition method, comparing total ion current values with 0.58 ng/fly
of deuterated methyl laurate, which served as the internal standard.

Genetic Elimination of Female CHCs. Ablation of oenocytes was
achieved as described previously (1). Male +;PromE(800)-GAL4,
tub-GAL80TS;+ flies crossed to female +;UAS-StingerII, UAS-
hid/CyO;+ at 18 °C. Female pupae were collected at room tem-
perature and kept at 18 °C until emergence. Newly emerged
females were kept at 25 °C for 24 h. Subsequently, oenocyte-
eliminated females were maintained at 30 °C during the night-
time and at 25 °C during the daytime for another 3 d. On day 5,
females were checked for GFP fluorescence and left to recover
for at least 24 h before use in experiments.

Perfuming of Female Flies with Cuticular Compounds. The procedure
for perfuming female flies was adapted from previous work (1). In
brief, for each compound of interest, 10 μL of a 1 ng/μL stock
solution was pipetted into a 1.5-mL glass vial. After the solvent
had evaporated under a nitrogen gas flow, one female fly was
transferred to the vial and subjected to three medium vortex pulses
lasting for 30 s, with a 30-s pause between each pulse. The treated
female fly was then transferred to a fresh food vial for 1 h to re-
cover. The recovered fly was then used in either a courtship assay
or GC to confirm that equivalent amount of WT female cuticular
compound (∼100 pg) was transferred to individual females.

Chemicals.All chemicals were purchased in high purity from Sigma-
Aldrich and Cayman Chemical except for 2-methyl docosane,
2-methyl tetracosane, 2-methyl hexacosane, 2-methyl octacosane,
5-methyl tricosane, and 7-methyl tricosane, which were kind gifts
from Jocelyn G. Millar, University of California, Riverside, CA
and J. Weißflog, Max Planck Institute for Chemical Ecology, Jena,
Germany. The fly body wash extracts were obtained by washing
500 flies in 1 mL of methanol for 24 h. For GC stimulation, 2 μL
of the odor sample was injected onto a DB5 column (Agilent
Technologies; www.agilent.com), fitted in an Agilent 6890 gas
chromatograph equipped with a four-arm effluent splitter (Ger-
stel; www.gerstel.com), and operated as described previously (2)
except for the temperature increase, which was set at 15 °C min−1,
and the split mode, which was 1:30 to ensure that a small aliquot
of the injected sample went to the FID of the gas chromatograph,
with the remainder going to the antennal preparation. GC-sepa-
rated components were introduced into a humidified airstream

(200 mL min−1) directed toward the antennae of a mounted fly.
Signals from OSNs and FID were recorded simultaneously.

SSR. The SSR procedure was performed as described previously
(3). Adult flies were immobilized in pipette tips, and the third
antennal segment or the palps were placed in a stable position
onto a glass coverslip. Sensilla were localized under a binocular
at 1,000× magnification, and the extracellular signals originating
from the OSNs were measured by inserting a tungsten wire elec-
trode into the base of a sensillum. The reference electrode was
inserted into the eye. Signals were amplified (10×; Syntech Uni-
versal AC/DC Probe; www.syntech.nl), sampled (10,667 samples/s),
and filtered (100–3,000 Hz with 50/60-Hz suppression) via a USB-
IDAC connection to a computer (Syntech). Action potentials were
extracted using Syntech Auto Spike 32 software. Neuron activities
were recorded for 10 s, starting 2 s before a stimulation period of
0.5 s. Responses from individual neurons were calculated as the
increase (or decrease) in the action potential frequency (spikes/s)
relative to the prestimulus frequency.

Optical Imaging. Flies were prepared for optical imaging as de-
scribed previously (4). Imaging of the two specific Or lines was
performed with a Till Photonics imaging system with an upright
Olympus microscope (BX51WI) and a 20× Olympus objective
(XLUM Plan FL 20×/0.95 W). A Polychrome V provided light
excitation (475 nm), which was then filtered (excitation: SP500;
dicroic: DCLP490; emission: LP515). The emitted light was
captured by a CCD camera (Sensicam QE; PCO) with a sym-
metrical binning of 2 (0.625 × 0.625 μm/pixel). For each mea-
surement, a series of 40 frames was obtained (1 Hz) with a
frequency of 4 Hz. Odors were applied during frames 8–15. Pure
compounds were diluted (10−1) in mineral oil (Carl Roth); 6 μL
of the diluted odors was pipetted onto a small piece of filter
paper (∼1 cm2; Whatman), placed inside a glass Pasteur pipette.
Filter papers formulated with solvent alone were used as blanks.
Filter papers were prepared ∼30 min before each experimental
session. For odor application, a stimulus controller (Stimulus
Controller CS-55, Syntech) was used, which produced a contin-
uous airstream with a flow of 1 L min−1, monitored by a flow-
meter (0.4–5 LPM Air; Cole-Parmer). An acrylic glass tube
guided the airflow to the fly’s antennae. Within the constant air
stream, the applied odor stimuli were also diluted ∼1:10. Data
were analyzed with custom-written IDL software (ITT Visual
Information Solutions). All recordings were manually corrected
for movement. To achieve a comparable standard for the cal-
culation of the relative fluorescence changes (ΔF/F), the fluo-
rescence background was subtracted from the averaged values of
frames 0–7 in each measurement, so that basal fluorescence was
normalized to zero. The false color-coded fluorescent changes in
the raw-data images were calculated by subtracting frame 6 from
frame 12. A 3D map of the fly AL (5) served to link the active
area to individual glomeruli.
All experimental flies contained the calcium-dependent fluo-

rescent sensor G-CaMP3.0 (6) together with a promoter Gal4 in-
sertion to direct expression of the calcium sensor to specific neuron
populations. Stimulus-evoked fluorescence in these flies arises
from the population of labeled neurons that are sensitive to the
specific odor. For specific OSNs, two transgenic lines expressing
G-CaMP3 in ORs, Or47b-GAL4 and Or88a-GAL4, were used.

Two-Photon Imaging. Flies were prepared for optical imaging as
described previously (4). Imaging was performed with a two-photon
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laser scanning microscope (2PCLSM, Zeiss LSM 710 meta NLO)
equipped with an infrared Chameleon UltraTM diode-pumped
laser (Coherent). Both the 2PCLSM and Chameleon laser were
placed on a smart table (UT2; New Corporation). The excitation
wavelength for imaging was 925 nm (BP500-550) using a 40× lens
(W Plan-Apochromat 40×/1.0 DIC M27). For each measurement,
a series of 40 frames was taken with a frequency of 4 Hz. Odors
were applied during frames 8–15 (i.e., after 2 s for 2 s). Pure
compounds were diluted (10−1) in mineral oil (Carl Roth); 2 mL of
the diluted odors was added to glass bottle (50 mL, Duran Group),
with two sealed openings for the air inflow and outflow. Odor was
applied using a stimulus controller (CS-55; Syntech) with a con-
tinuous airstream with a flow of 1.5 L min−1, monitored by a
flowmeter (Cole-Parmer). A peek tube guided the airflow to the
fly’s antennae. At odor onset, the headspace of the odor (0.5 L
min−1) was guided to the fly’s antennae. Data were analyzed with
custom-written IDL software (ITT Visual Information Solutions).
All recordings were manually corrected for movement. To achieve
a comparable standard for the calculation of relative fluorescence
changes (ΔF/F), the fluorescence background was subtracted from
the averaged values of frames 0–7 in each measurement, so that
basal fluorescence was normalized to zero. A 3D atlas of the fly AL
(5) served to link the active area to individual glomeruli.
All experimental flies expressed the calcium-sensitive fluo-

rescent sensor G-CaMP6.0s (7) under control of the GH146-
GAL4 (8) driver line to direct expression of the calcium sensor to
the majority of PNs.

Single Pair Courtship and Comparative Mating Assays. Male and
female pupae were collected individually and in groups, re-
spectively, and then kept for 6–9 d before use in experiments.
Courtship assays were performed in the lid of an Eppendorf
(1 cm diameter × 0.5 cm depth) covered with a plastic slide.
Courtship behaviors were recorded for 30 min and analyzed by
a blinded observer. All courtship experiments were performed
with 7- to 9-d-old flies under red light (660-nm wavelength) at
25 °C (unless stated otherwise) and 70% humidity, and without
food to avoid activating the fru-positive IR84a-expressing OSNs
with food-derived odors (9).
Courtship latency was defined as the time that the male takes

until performing any sequence of the courtship ritual. The courtship
index was calculated as the percentage of time that the male
spends courting the female during the first 10 min. Wing ex-
tension was measured as the duration of unilateral wing vibration
of the male in the first 10 min. Copulation latency was measured
as the time that the male takes until copulation. A copulation
attempt was counted whenever the male bended his abdomen
forward to start copulation. Copulation success was calculated as
the percentage of males that copulated.

Trap Assays. Trap assay experiments were performed as de-
scribed previously (10). A treatment and a control traps made
from 30-mL transparent plastic vials were placed into 500-mL
cups with ventilation holes in the lids. The treatment and control
traps contained 10 μL of the test odorant and solvent, respec-
tively. Thirty 4- to 5-d-old starved flies were placed in each test
box. Experiments were carried out in a climate chamber (25 °C,
70% humidity, 12:12 light:dark cycle). The number of flies inside
and outside the traps was counted after 24 h. Attraction index
(RI) was calculated as (O − C)/T, where O is the number of flies

in the odorant trap, C is the number of flies in the control trap,
and T is the total number of tested flies.

Wind Tunnel. The wind tunnel was built as described previously
(11), with the airstream in the tunnel (0.3 m/s) produced by a fan
and filtered through activated charcoal. The wind tunnel was
maintained within a climate chamber set to 25 °C and 70%
humidity, with bright white overhead light. Flies aged 2–7 d
were released in groups of 10. No differences between the
sexes were noted, and thus the data were pooled. A dilution of
the odor in solvent was delivered onto a dental cotton wick
contained within a plastic container that was suspended within
the airstream opposite the point at which the flies were re-
leased. Experimental observations lasted 10 min for each group
of flies, with data tabulated for each fly that contacted or en-
tered the source of the odor.

FlyWalk Assay. Apart from few technical modifications on the
behavioral setup (see below), the FlyWalk experiments were
performed and analyzed as described previously (12) with 4- to
6-d-old virgin male and female flies starved for 24 h before the
start of the experiments. In short, 15 individual flies were
placed in glass tubes (0.8 cm i.d.). The glass tubes were aligned
in parallel, and flies were monitored continuously by an over-
head camera (HD Pro Webcam C920; Logitech). XY positions
were recorded automatically at 20 fps using Flywalk Reloaded
v1.0 software (Electricidade Em Pó; flywalk.eempo.net). Ex-
periments were performed under red LED light (peak intensity
at λ, 630 nm).
During the experiments, flies were continuously exposed to a

humidified airflow of 20 cm/s (70% relative humidity, 20 °C).
Flies were repeatedly presented with pulses of various olfactory
stimuli at interstimulus intervals of 90 s. Stimuli were added to
the continuous airstream and thus travelled through the glass
tubes at a constant speed.
In brief, 100 μL of odor dilution was prepared in 200-μL PCR

tubes, which were placed into odor vials made of poly-
etheretherketone. The odor vials were tightly sealed and con-
nected to the stimulus device via ball-stop check valves that
allowed only unidirectional airflow through the odor-saturated
headspace. Odor stimulation was achieved by switching an air-
flow otherwise passing through an empty vial (compensatory
airflow) to the odor-containing vial. Odor pulses were 500 ms in
duration, with an interstimulus interval of 90 s. Tracking data
were analyzed using custom-written routines programmed in R
(www.r-project.org).
Flies were assigned to individual glass tubes using the Y co-

ordinates and thus could be unambiguously identified throughout
the whole experiment. As flies are allowed to distribute freely
within their glass tubes, they may encounter the odor pulse at
different times. This is compensated for by calculating the time of
odor encounter for each individual tracking event based on the X
position of the fly, system intrinsic delay, and airspeed. The time
of encounter was set to 0, and the speed of movement was in-
terpolated in the interval between 10 s before and 10 s after an
encounter at 10 Hz. Because the tracking system does not capture
the entire length of the glass tubes, not every fly was tracked for
every stimulation cycle, and some entered or left the region of
interest during the tracking event; thus, we decided to consider
only complete trajectories in the interval between 1 s before and
7 s after odor encounter for further analysis.
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Fig. S1. Representative GC-MS traces of single virgin 4-d-old WT male and female. Peak numbers refer to the compounds listed in Table S1.

Fig. S2. PCR validation of the Or88a−/− mutant allele.

Fig. S3. Age-related variation in the average quantity of ML, MM, and MP (n = 3).

Fig. S4. Courtship parameters of WT males with WT females painted with acetone, ML, MM, or MP. Error bars represent SD. Significant differences are
denoted by letters (P < 0.05, ANOVA followed by Tukey’s test).
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Fig. S5. Quantified behavior from individual flies stimulated with mineral oil (Mol), EtA, and ML in the FlyWalk assay. (A and B) Boxplot representation of
odor-induced changes in upwind speed; black line, median upwind speed; box, interquartile range; whiskers, 90th and 10th percentiles. The blue boxplots
depict significantly increased upwind speed compared with the upwind speed during the solvent control situation within the corresponding 100-ms time
frame; gray boxplots depict no significant difference in upwind speed.
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Table S1. Cuticular compounds on virgin 4-d-old WT flies

Peak no. Kovats index Compound name Male Female

1 1105 Nonanal* + +
2 1163 Unknown + +
3 1175 Dehydromevalonic lactone* + —

4 1206 Decanal* + +
5 1300 Tridecane* + +
6 1354 Butyrate ester* + +
7 1375 Butyrate ester* + +
8 1400 Tetradecane* + +
9 1455 Geranyl acetone* + +
10 1497 2-Tridecanone* + +
11 1500 Pentadecane* + +
12 1521 Unknown + +
13 1527 Methyl laurate* + +
14 1548 Unknown + +
15 1593 Hexadecene* + +
16 1600 Hexadecane* + +
17 1665 Octylether* + +
18 1693 Monoene* + +
19 1700 Heptadecane* + +
20 1726 Methyl myristate* + +
21 1731 Ethanolamide ester* + +
22 1800 Octadecane* + +
23 1900 Nonadecane* + +
24 1924 Terpene* + +
25 1931 Methyl palmitate* + +
26 1941 Ethanolamide ester* + +
27 1975 Unknown + +
28 2000 Eicosane + +
29 2029 Unknown + +
30 2037 Heneicosene + +
31 2067 2-Methyleicosane + +
32 2082 (Z)-7-Heneicosene + +
33 2086 (Z)-5-Heneicosene + +
34 2100 Heneicosane + +
35 2123 Unknown + +
36 2145 Unknown + +
37 2182 7-Docosene + +
38 2194 (Z)-11-Vaccenyl acetate + —

39 2200 Docosane + +
40 2262 Tricosadiene — +
41 2263 2-Methyldocosane + —

42 2269 Tricosadiene (conjugated)* + —

43 2274 (Z)-9-Tricosene + +
44 2281 (Z)-7-Tricosene + +
45 2291 (Z)-5-Tricosene + +
46 2300 Tricosane + +
47 2317 Unknown + +
48 2322 Unknown + +
49 2335 Unknown + +
50 2341 7-Methyltricosane + —

51 2350 5-Methyltricosane + —

52 2358 Tetracosadiene — +
53 2362 2-Methyltricosane + +
54 2378 (Z)-7-Tetracosene + +
55 2382 Tetracosene + —

56 2387 (Z)-5-Tetracosene + +
57 2400 Tetracosane + +
58 2456 (Z,Z)-9,13-Pentacosadiene — +
59 2462 2-Methyltetracosane + —

60 2463 (Z,Z)-7,11-Pentacosadiene — +
61 2475 Unknown + +
62 2482 (Z)-7-Pentacosene + +
63 2484 Unknown + —
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Table S1. Cont.

Peak no. Kovats index Compound name Male Female

64 2493 4-Pentacosene + +
65 2500 Pentacosane + +
66 2533 Unknown + +
67 2548 5-Methylpentacosane + +
68 2561 2-Methylpentacosane + —

69 2564 (Z,Z)-7,11-Hexacosadiene — +
70 2571 Hexacosene + +
71 2579 Hexacosene + +
72 2600 Hexacosane + +
73 2655 (Z,Z)-9,13-Heptacosadiene — +
74 2661 2-Methylhexacosane + +
75 2665 (Z,Z)-7,11-heptacosadiene — +
76 2677 (Z)-9-Heptacosene + +
77 2684 (Z)-7-Heptacosene + +
78 2700 Heptacosane + +
79 2760 Octacosene — +
80 2765 (Z,Z)-7,11-Octacosadiene — +
81 2772 Octacosene — +
82 2800 Octacosane + +
83 2861 2-Methyloctacosane + +
84 2866 (Z,Z)-7,11-Nonacosadiene — +
85 2900 Nonacosane + +

—, Compound absent; +, compound present.
*Compounds newly identified by TD-GC-MS.
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ABSTRACT
Most naturally occurring olfactory signals do not consist of
monomolecular odorants but, rather, are mixtures whose composition
and concentration ratios vary. While there is ample evidence for the
relevance of complex odor blends in ecological interactions and for
interactions of chemicals in both peripheral and central neuronal
processing, a fine-scale analysis of rules governing the innate
behavioral responses of Drosophila melanogaster towards odor
mixtures is lacking. In this study we examine whether the innate
valence of odors is conserved in binary odor mixtures. We show that
binary mixtures of attractants are more attractive than individual
mixture constituents. In contrast, mixing attractants with repellents
elicits responses that are lower than the responses towards the
corresponding attractants. This decrease in attraction is repellent-
specific, independent of the identity of the attractant and more
stereotyped across individuals than responses towards the repellent
alone. Mixtures of repellents are either less attractive than the
individual mixture constituents or these mixtures represent an
intermediate. Within the limits of our data set, most mixture
responses are quantitatively predictable on the basis of constituent
responses. In summary, the valence of binary odor mixtures is
predictable on the basis of valences of mixture constituents. Our
findings will further our understanding of innate behavior towards
ecologically relevant odor blends and will serve as a powerful tool for
deciphering the olfactory valence code.

KEY WORDS: Drosophila, Insect, Mixture, Olfaction

INTRODUCTION
The sense of smell plays a pivotal role in an insect’s life, enabling
it to locate mating partners, food sources and oviposition sites and
to avoid potential threats. In their natural environment, insects are
usually exposed to a large number of odorants at any time.
Therefore, most, if not all, odors that have to be evaluated by the
insect’s nervous system do not consist of monomolecular
compounds but, rather, are mixtures of many chemicals varying in
composition and concentration ratios.

The vinegar fly Drosophila melanogaster Meigen 1830 detects
airborne volatiles with olfactory sensory neurons (OSNs) located in
hair-like structures – olfactory sensilla – on two types of head
appendages, the antennae and the maxillary palps (Stocker, 1994;
Vosshall and Stocker, 2007). The majority of OSNs express one type
of olfactory chemoreceptor, which defines the receptive range of the
neuron (Benton et al., 2009; Couto et al., 2005; Fishilevich and
Vosshall, 2005). One way to deal with the complexity of the
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olfactory environment is to evolve highly specific chemoreceptors
and downstream information processing channels for signature
chemicals, which is realized in the pheromone system of vinegar
flies (Kurtovic et al., 2007; Schlief and Wilson, 2007; van der Goes
van Naters and Carlson, 2007), but also for other chemicals of
ecological significance (Stensmyr et al., 2012; Suh et al., 2004).
With this labeled-line layout, the insect can extract unambiguous
information irrespective of the complexity of the blend these
signature chemicals are part of.

However, the majority of D. melanogaster OSNs do not display
such a high degree of ligand specificity (de Bruyne et al., 1999; de
Bruyne et al., 2001; Hallem and Carlson, 2006; Hallem et al., 2004;
Pelz et al., 2006; Silbering et al., 2011). Therefore, odor identity is
thought to be extracted from the combined activity of multiple OSN
classes whose odor response profiles differ (Malnic et al., 1999).
Nevertheless, accumulating evidence suggests that innate odor-
guided behavior can be correlated to the activity of single processing
channels (Ai et al., 2010; Dweck et al., 2013; Knaden et al., 2012;
Min et al., 2013; Ronderos et al., 2014; Semmelhack and Wang,
2009).

Components of odor mixtures have been shown to influence each
other’s reception on the level of OSNs (Deisig et al., 2012; Hillier
and Vickers, 2011; Münch et al., 2013; Pregitzer et al., 2012;
Schuckel et al., 2009; Su et al., 2011; Su et al., 2012). Furthermore,
olfactory information is significantly modulated by a dense network
of local neurons in the first olfactory center of the insect brain, the
antennal lobe (AL) (reviewed in Galizia and Rössler, 2010; Masse
et al., 2009; Wilson, 2013; Wilson and Mainen, 2006). Nevertheless,
physiological odor mixture responses in the AL are qualitatively
predictable on the basis of mixture constituent responses in
Drosophila (Olsen et al., 2010; Silbering and Galizia, 2007) and
other insects (Carlsson et al., 2007; Deisig et al., 2006; Deisig et al.,
2010; Fernandez et al., 2009; Joerges et al., 1997; Stierle et al.,
2013; but see Anton and Hansson, 1996; Kuebler et al., 2011;
Kuebler et al., 2012; Meyer and Galizia, 2012). Therefore, if single
OSN class responses are already behaviorally meaningful, the innate
hedonic valence of odor mixtures may in fact be predictable on the
basis of the valences of mixture constituents.

In order to test this prediction, we performed experiments in the
behavioral paradigm Flywalk (Steck et al., 2012), which allows us
to assess behavioral responses towards pulses of monomolecular
odorants and mixtures in the same set of individual flies at high
temporal resolution. We examined behavioral responses of vinegar
flies to a set of attractants and repellents and all possible binary
mixtures thereof, and observed that mixture valences are indeed
predictable. Our results suggest that even detailed predictions
regarding response latency, intensity and duration can be made for
binary mixtures based on the response characteristics towards the
mixture constituents.

Although the results presented here cover only a small part of the
enormous amount of chemical stimuli vinegar flies may encounter
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in their natural environment, they suggest that behavioral responses
are remarkably predictable on the basis of constituent valence and
will serve as a framework for examining naturally occurring odor
blends of higher complexity and ecological significance.

RESULTS
We used the behavioral paradigm Flywalk (Steck et al., 2012) to
investigate whether the innate valence of single compounds is
conserved in binary odor mixtures. In Flywalk, individual vinegar
flies are placed in small wind tunnels, tracked automatically and
repeatedly presented with olfactory stimuli. The odor pulses travel
along the glass tubes at a constant speed. It is therefore possible to
calculate the time of encounter with the odor for every fly and every
stimulation cycle (Fig. 1A). Flies usually display no or only weak
responses to the solvent mineral oil and robust upwind movement
after encountering an attractive odor (Fig. 1B).

Dose-response characteristics of attractants
As a starting point for studying mixture interactions, we selected
four monomolecular compounds, all of which elicit attraction at
intermediate concentrations, and examined dose–response
characteristics for three concentrations. Attractants were chosen on
the basis of their consistent attractivity in pilot experiments and
because they are commonly used in behavioral and physiological
studies (e.g. Ayyub et al., 1990; Bhandawat et al., 2010; Borst and
Heisenberg, 1982; Krishnan et al., 2011; Störtkuhl et al., 1999;
Woodard et al., 1989). Responses were odorant- and concentration-
specific and strongly stereotyped in both amplitude and duration
across individuals (Fig. 1C–E).

Although 2,3-butanedione (BEDN) failed to elicit significant
upwind movement at the 10 5 dilution, flies were strongly attracted
by higher concentrations (Fig. 1C–E; supplementary material
Fig. S1). For both the intermediate and the high concentrations (10 3

and 10 1, respectively), flies reached a mean maximum upwind
speed of approximately 0.4 cm s 1, but responses differed in
duration. At the intermediate concentration, statistically significant
upwind movement was observed until 6 s after the odor pulse was
presented, whereas responses towards the high concentration of
BEDN stayed significant throughout the whole interval considered
for analysis (up to 7 s after the odor pulse). Ethyl acetate (EtA)
elicited odor-induced upwind movement at all concentrations tested
with mean amplitudes of 0.4 cm s 1 at low and high concentrations
(Fig. 1C–E; supplementary material Fig. S1). Upwind speed was
highest for the intermediate 10 3 dilution, reaching a maximum of
0.6 cm s 1. While responses were similarly brief (~2 s) in the low

and intermediate concentrations, the high concentration induced a
prolonged response lasting approximately 5 s after the encounter
with the odor pulse. Ethyl butyrate (EtB) displayed a narrow
response profile, with significant upwind movement observed only
at the intermediate concentration (Fig. 1C–E; supplementary
material Fig. S1). On average, response time courses reached a
maximum of 0.4 cm s 1 and otherwise displayed temporal dynamics
similar to those of EtA at the intermediate concentration. Isopentyl
acetate (IAA) induced significant upwind movement at all
concentrations tested and similar response dynamics at the two
lower concentrations, reaching a maximum of 0.3–0.4 cm s 1

(Fig. 1C–E; supplementary material Fig. S1). At the highest
concentration, responses were less strong than those at lower
concentrations, reaching a maximum of only 0.2 cm s 1.

To assess immediate responses towards different odorants in a
single metric and allow for direct statistical comparison, we calculated
the mean upwind displacement for each fly and odor within 4 s of
odor encounter. Results of this analysis mirror the observations
described above regarding the intensity of the response to the different
odorant concentrations (Fig. 1F). However, using this metric we did
not identify significant attraction towards the intermediate and high
concentrations of IAA (P=0.1 and 0.09, respectively). In these cases,
significant upwind trajectories were masked by the previously
mentioned weak responses to the negative control and the general
anemotactic behavior of vinegar flies (Fig. 1D,E) (Budick and
Dickinson, 2006). This general tendency to move in the upwind
direction occluded weak upwind surges, when averaging over 4 s after
the odor pulse. Shortening the temporal window to 2 s after the odor
pulse restored statistical significance in both cases (P<0.01). Because
we wanted our metric to reflect a large part of the odor response
including the prolonged duration of the BEDN response, we
nevertheless used the 4 s window throughout the study.

Binary mixtures of attractants
Based on the results of the dose–response characteristics described
in the previous section, we chose the intermediate 10 3 dilutions to
examine how behavioral responses towards binary mixtures of
attractants relate to the responses towards mixture constituents.

In addition to the attractants described in the previous section, we
included a 10 3 dilution of -butyrolactone (yBtl) in these
experiments; yBtl was highly attractive in another behavioral assay
(Knaden et al., 2012) and also in the Flywalk paradigm at high
concentrations, but neutral at intermediate and low concentrations
(Steck et al., 2012) (supplementary material Fig. S2). We
hypothesized that even though a 10 3 dilution of yBtl is behaviorally
neutral by itself, it may nevertheless affect behavioral responses
when mixed with another attractant. However, none of the responses
towards binary mixtures containing yBtl differed from the responses
towards the other attractive mixture constituent (supplementary
material Fig. S2), which is why we will not expand on mixtures
containing yBtl. In total, binary mixtures of attractants were
examined in 10 experiments, each containing three of the five single
compounds and mixtures thereof in all possible combinations
(supplementary material Table S1).

Mixtures of attractants were always more attractive than mixture
constituents (Fig. 2A). For every given mixture, the mixture
response was significantly higher than the response to the less
attractive constituent, and in some cases it was significantly higher
than both constituent responses (Wilcoxon signed rank test; Fig. 2B).
The reason for the increased strength of the responses to binary
mixtures lies in the temporal dynamics of mixture responses; these
dynamics follow an optimum time course of both response time

RESEARCH ARTICLE The Journal of Experimental Biology (2014) doi:10.1242/jeb.106591

List of abbreviations
1Oct 1-octanol
ACV apple cider vinegar
AL antennal lobe
BEA benzaldehyde
BEDN 2,3-butanedione
EtA ethyl acetate
EtB ethyl butyrate
LH lateral horn
LN local neuron
IAA isopentyl acetate
MB mushroom body
MeSa methyl salicylate
Oct3ol 1-octen-3-ol
OSN olfactory sensory neuron
PN projection neuron
yBtl -butyrolactone
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courses towards mixture components. This effect is strikingly
apparent for the mixture of EtB and BEDN, which follows the sharp
onset of the EtB response and the prolonged duration of the BEDN
response (Fig. 2C); this observation could be confirmed in every
single case in which the optimum time course was not identical to
one of the constituent response time courses (see supplementary
material Fig. S2).

To analyze this observation quantitatively, we defined predicted
optimum response time courses from the mean response time
courses towards mixture constituents by creating a new speed vector
of the same length using the higher of the two compound speed
values at any given point in time (Fig. 2D). We then examined the
correlation of response time courses of mixture constituents and the
mixture, and of this optimum time course and the mixture time
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course. While correlation coefficients between single compounds
and mixtures were already high because of the general kinetics of
attractant responses (R>0.9 in all cases), the correlation between
mixture responses and optimum responses was higher and displayed
less variability (Fig. 2E, left). A similar result may be obtained if the
mixture response is simply dominated by the more attractive
compound, without any contribution of the second odor in the
mixture. However, the correlation between optimum and mixture
was also significantly higher than the correlation between the more
similar of the two constituents and the mixture (P<0.05, Wilcoxon
signed rank test; Fig. 2E, right). In other words, both compounds
contribute to the mixture response and the mixture response
represents the optimum of both compound responses.

Binary mixtures containing repellents
Having shown that positive valence is conserved in binary odor
mixtures, we next asked how mixing in a repellent affects attractant
responses. It is important to note here that we use the term

‘repellent’ for compounds of negative hedonic valence for reasons
of linguistic simplicity. Even reported Drosophila repellents such as
geosmin provoke rather inconsistent behavior when tested alone in
the Flywalk assay (Stensmyr et al., 2012). Therefore, the choice of
repellents was based on previous reports on the hedonic valence of
these compounds. We used a 10 1 dilution of benzaldehyde (BEA),
because it was previously shown to induce downwind movement in
Flywalk (Steck et al., 2012), and 10 3 dilutions of methyl salicylate
(MeSa), 1-octanol (1Oct) and 1-octen-3-ol (Oct3ol). 1Oct and
Oct3ol were chosen because they were shown to repel vinegar flies
in a different assay (Knaden et al., 2012). MeSa strongly activates
Or10a-expressing OSNs, which innervate the DL1 glomerulus,
which in turn was predicted to exhibit a negative valence in the
aforementioned study.

In our initial experiments, BEA, MeSa and 1Oct elicited
significant downwind displacement within 4 s of an odor encounter
when presented alone (P<0.05, one-sample Wilcoxon signed rank
test; Fig. 3A). The median response across individuals for Oct3ol
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Fig. 2. Binary mixtures of attractants. (A) Color-coded difference in medians between responses towards mixtures and mixture constituents (n.t., not tested).
For every mixture there are two comparisons, one for each mixture constituent, and those account for the asymmetry. Color code represents the difference
between the mixture and the constituent indicated on top of the figure. Note that all differences are positive, i.e. responses evoked by mixtures are always
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was slightly positive because of a late, insignificant upwind
deflection in the response time course (Fig. 3A; supplementary
material Fig. S2). However, compared with the fast and stereotyped
upwind trajectories evoked by attractive odors, the response
trajectories evoked by repellents were less stereotyped across
individuals, lower in amplitude and displayed greater latency
(supplementary material Fig. S3A). Moreover, repellent responses
were also less reproducible than attractant responses in different data
sets (supplementary material Fig. S2, see binary mixtures of the
repellents BEA, MeSa, 1Oct and Oct3ol), suggesting that what we
observe when presenting repellents on their own does not accurately
represent their true hedonic valence.

To gain insight into the impact of these compounds of reported
negative valence on innate attraction behavior, we tested responses
towards the four previously described attractants and compared
those with responses towards mixtures of attractants and
repellents. For each of the four repellents, we performed four
experiments containing three of the four attractants and all possible
mixtures of attractants with the repellent (supplementary material
Table S1). In 15 out of 16 cases, responses to mixtures were
significantly lower than responses to the corresponding attractants
(Fig. 3B as an example for mixtures with BEA, supplementary
material Fig. S4 for other repellents). Even in the single case in
which the difference between attractant and mixture response was
not statistically significant – the mixture of IAA and Oct3ol – a

clear trend towards a similar reduction was apparent
(supplementary material Fig. S4).

Intriguingly, the degree of response reduction conferred by a
given repellent appeared to be similar irrespective of the attractant
in the mixture, suggesting that the contribution of a repellent to the
mixture response is independent of the identity of the attractive
mixture constituent. To test for this possibility, we calculated the net
responses of individual flies to the repellents by subtracting the
responses to attractants from the responses to corresponding
mixtures. This way we obtained four different net responses per
repellent, each one corresponding to the net contribution of the
respective repellent to the mixture with a different attractant. We did
not observe any statistically significant differences between net
responses derived from mixtures with different attractants for any of
the repellents (P>0.1, Kruskal–Wallis rank sum test; Fig. 3C for
BEA, supplementary material Fig. S4 for other repellents).

Because the contribution of the repellents to mixture responses is
independent of the attractant in the mixture, we were able to obtain
general net responses for each of the repellents. As we tested
mixtures with three different attractants in every experiment, simple
averaging of all net responses for a given repellent would lead to an
artificial triplication of the dataset. We therefore calculated
consensus net responses by averaging the three net responses per
repellent for every individual fly and used these for further analysis.
For all repellents, this net response was significantly lower than zero
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Fig. 3. Mixtures of attractants and repellents. (A) Responses towards repellent compounds (n=51–60 flies). BEA, benzaldehyde; MeSa, methyl salicylate;
1Oct, 1-octanol; Oct3ol, 1-octen-3-ol. Filled boxes indicate statistically significant downwind movement (P<0.05; one-sample Wilcoxon signed rank test).
(B) Comparison of attractant responses and binary mixtures (gray) of attractants with BEA (n=37–39 flies; ***P<0.001; Wilcoxon signed rank test). (C) BEA net
responses for different attractive mixture constituents extracted by subtracting responses to attractants from responses to the corresponding mixtures. Note
that there is no significant difference between net responses extracted from mixtures with different attractants (P>0.1; Kruskal–Wallis rank sum test; n=37–39
flies). (D) Consensus net responses for repellents (see Results for details). All net responses are significantly less than zero (P<0.001; one sample Wilcoxon
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repellents (see Results for details). Color code as in A and D; n=51–60 flies.
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(P<0.001; one-sample Wilcoxon signed rank test), and net responses
for different repellents differed significantly from each other
(P<0.01; Kruskal–Wallis rank sum test and post hoc Wilcoxon
signed rank test; Fig. 3D). BEA and MeSa were equally potent in
reducing attractant responses, 1Oct was intermediate and Oct3ol was
the weakest of our repellents.

In order to gain deeper insight into the contribution of repellents
to the mixture response time course, we calculated repellent net
trajectories by subtracting the mean attractant trajectories from the
mean mixture trajectories within individuals (Fig. 3E). This way we
obtained four net trajectories for every repellent, each one deduced
from mixing the repellent with a different attractant. As already
observed for net displacement (see net responses, above),
contribution of the repellent to the mixture response time course was
largely independent of the identity of the attractant in the mixture
(Fig. 3F for BEA, supplementary material Fig. S4 for other
repellents). Because the net trajectories of the repellents are
independent of the identity of the attractive mixture constituents, we
could obtain consensus net trajectories for each repellent, again by
averaging the three different net trajectories of every individual fly
(see above). Like attractant response time courses, repellent net time
courses were repellent-specific in amplitude and duration (Fig. 3G).
Importantly, these repellent net trajectories display a shorter latency
– as repellents already reduce the very beginning of the attractant
response – and are more stereotyped across individuals than are the
trajectories obtained for repellent compounds when presented alone
(supplementary material Fig. S3B,C).

As previously described, the response trajectories towards
repellents presented alone were generally less stereotyped than were
the attractant trajectories, and in many cases repellents would be
classified as behaviorally neutral in the Flywalk paradigm because
of the lack of fast downwind movement upon odor encounter.
Nevertheless, we also examined mixtures of repellents to test the
hypothesis that compound valence is conserved in binary odor
mixtures. Mixtures of repellents were less attractive than or in
between both compounds, which further supports our hypothesis
(supplementary material Fig. S2) that the valence of individual
constituents is conserved in a binary mixture. However, as the
responses to the individual repellents as well as to the mixtures of
two repellents were rather small and inconsistent, we cannot draw
clear conclusions on mixture interactions on the time-course level
from these experiments.

DISCUSSION
We show that constituent valence is conserved in binary odor
mixtures in D. melanogaster. All mixtures of attractants in our
dataset are at least as attractive as the more attractive mixture
constituent. When we mix attractants with repellents, the response
to the mixture is between the two responses to the compounds.
Responses towards mixtures of repellents are either intermediate
between the two responses or more negative than both constituent
responses. Importantly, none of the 32 (38 including supplementary
material, see below) binary mixtures tested elicited responses that
were entirely unpredictable. We did not observe response reduction
when we mixed attractants; adding a repellent never increased an
attractant response; and responses towards mixtures of repellents
were never more attractive than responses towards both repellents
in the mixture. These findings lend strong support to the hypothesis
that innate hedonic valence is already encoded in the identity of the
OSN–projection neuron (PN) channels a given odor activates and
that behavioral output is dictated by the summed weights of all
activated channels (Knaden et al., 2012; Semmelhack and Wang,

2009; Wilson, 2013). Because we did not adjust mixtures to achieve
the same absolute number of molecules in the headspace as in single
compounds, there is a formal possibility that the increase in total
input intensity may have an effect on overall valence, as attractive
compounds often become repellent or neutral at high concentrations.
This possibility would predict that compounds with high vapor
pressures or compounds inducing stronger total OSN input would
be more likely to reduce attractant responses. In contrast to this
prediction, our repellents are consistently lower in vapor pressure
and on average induce lower summed OSN activity than our
attractants do (supplementary material Table S2) (Hallem and
Carlson, 2006; Kreher et al., 2008). This observation further
supports the notion that odor valence is determined by the identity
of activated OSN populations rather than total OSN input.

The valence of odor mixtures
The rules governing responses to mixtures appear to be, at least
within the limits of our dataset, very simple: for mixtures of
attractants, the response is an optimum of both constituent responses
(Fig. 2C–E). A repellent adds a negative component to the mixture
and the response is the linear sum of the attractant response plus this
negative component (Fig. 3; supplementary material Fig. S4).
Because immediate responses towards single repellents are
comparably weak, we cannot draw a clear conclusion on rules
governing mixtures of repellents. However, we did observe a trend
that response trajectories of repellent mixtures tend to follow the
lower of the two constituent trajectories (supplementary material
Fig. S2).

Our findings seem to stand in contrast to recent studies on odor-
guided flight behavior towards odor blends in vinegar flies (Becher
et al., 2010) and the hawkmoth Manduca sexta (Riffell et al., 2009),
both of which reported synergistic effects of initially neutral blend
constituents on attraction behavior. There are several possible
explanations for this discrepancy. In both studies, attraction was
scored as the completion of a sequence of behavioral decisions, i.e.
take-off, upwind flight and feeding (Riffell et al., 2009), and take-
off, upwind flight and landing at the odor source (Becher et al.,
2010). In contrast, our approach tests immediate responses towards
short pulses of odorized air and is therefore probably comparable to
odor-induced upwind surges observed directly after flies enter an
attractive odor plume (Budick and Dickinson, 2006; van Breugel
and Dickinson, 2014). Although single compounds may not be
sufficient to induce the full behavioral program from take-off to
landing (i.e. appear to be neutral in the wind tunnel studies), they
may nevertheless induce upwind surges upon plume encounter (i.e.
become identified as attractive in the Flywalk assay). This
hypothesis is supported by the fact that in addition to acetic acid,
two of the compounds reported to be behaviorally neutral by Becher
and co-workers, i.e. ethyl acetate and acetoin, are attractive in our
as well as in other behavioral paradigms (supplementary material
Fig. S5) (Larsson et al., 2004; Stensmyr et al., 2003), and binary
mixtures of these compounds largely follow the rules we derived
with our odor set. Alternatively, the difference may arise from the
fact that flies are walking in our paradigm, while they are flying in
the wind tunnel, a difference that has been suggested to influence
the evaluation of CO2 (Wasserman et al., 2013). A fine-scale
analysis of flight behavior in the wind tunnel particularly focusing
on instantaneous responses upon plume encounter will be needed to
resolve the reason for the differences between our results and the
results provided by Becher and co-workers.

Additionally, both Becher and co-workers and Riffell and co-
workers tested blends of ecological relevance for which privileged

RESEARCH ARTICLE The Journal of Experimental Biology (2014) doi:10.1242/jeb.106591

Manuscript IV – Compound valence is conserved in binary odor mixtures in Drosophila 
melanogaster 

79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

coding strategies may exist. The notion that ecologically relevant
blends may be specially processed is supported by a recent study on
host detection in the black bean aphid Aphis fabae; this aphid is
repelled by single constituents of its host blend but strongly attracted
by the full blend (Webster et al., 2010). In contrast to these studies,
we did not attempt to mimic naturally occurring odor blends, but,
rather, tested ecologically meaningless mixtures; this was done to
empirically derive a mechanistic zero-hypothesis against which
responses towards ecologically relevant blends may be tested in the
future.

Nevertheless, the predictability of the innate valence of odor
mixtures may be surprising especially in light of the complexity of
the information that must be integrated to lead to the behavioral
output, but it is not unprecedented. Binary mixtures of attractants are
more attractive than mixture constituents to the spiny lobster
Panulirus argus (Derby et al., 1996). In a psychophysical study on
human odor perception, Lapid and co-workers were able to establish
a model that could predict with astonishing accuracy the
pleasantness of binary odor mixtures on the basis of the pleasantness
of mixture constituents (Lapid et al., 2008). However, in contrast to
our results and the observations in P. argus, human subjects rate the
pleasantness of an odor mixture as intermediate between the
pleasantness of mixture constituents even when both constituents are
pleasant. This discrepancy may theoretically be explained by the fact
that experience-based evaluation cannot be entirely excluded when
test subjects are adult humans, while rearing conditions are highly
controlled in laboratory organisms.

However, the discrepancy may also reflect a fundamental
difference in the innate evaluation of chemical signals between
arthropods and vertebrates or between organisms with
chemoreceptor repertoires of different sizes. The adult Drosophila
olfactory system detects volatile chemicals via ~45 olfactory
receptors (reviewed in Touhara and Vosshall, 2009; Vosshall and
Stocker, 2007) and ~15 ionotropic receptors (Benton et al., 2009).
Although information on olfactory chemoreceptors in crustaceans is
sparse, available data suggest a comparably low number (Corey et
al., 2013; Groh et al., 2013). In contrast, humans possess ~400
functional olfactory receptors (reviewed in Ache and Young, 2005)
with which to sample olfactory space, which should theoretically
increase the resolution of the human olfactory system compared
with those of the aforementioned arthropods (Bushdid et al., 2014;
Keller and Vosshall, 2007). This higher resolution may allow for a
graded analysis of chemical information already in the innate
situation, while a lower resolution may favor a binary valence code.
Further studies of innate behavior towards odor mixtures in several
organisms are needed to test this hypothesis. The sizes of olfactory
receptor repertoires vary greatly in both vertebrates [e.g. zebrafish:
98; mice: 1200 (reviewed in Ache and Young, 2005)] and insects
[e.g. vinegar flies: ~60; Hymenoptera: 200–400 (reviewed in
Hansson and Stensmyr, 2011)], a fact that provides an excellent
opportunity to test whether the difference in innate mixture
evaluation strategies is conferred by evolutionary history or the
resolution of the respective olfactory systems.

Response strategy towards repellents
We chose our repellents mainly on the basis of previous reports on
their behavioral activity or – in the case of methyl salicylate – on
predictions on the basis of the OSNs they activate and not on the
basis of their activity in Flywalk (Knaden et al., 2012; Steck et al.,
2012; Wasserman et al., 2012).

In our experiments, presenting the repellents alone led to weak
downwind walks in some cases, which occurred much later after

odor encounter than attractant responses (supplementary material
Fig. S3A). This initially, and counterintuitively, suggested that
responses towards repellents are generally slower and less
stereotyped across individuals than responses towards attractants.
Moreover, we also observed delayed downwind walks after fast
upwind surges when flies were exposed to attractants (Fig. 1D), and
therefore cannot unambiguously interpret them as indicating
negative valence. While the upwind surges in this case can clearly
be directly linked to odor onset because of their short latency, the
late downwind walks may also be induced by odor offset, as has
been shown for casting behavior (van Breugel and Dickinson,
2014). Because we have access only to one-dimensional movement
along the wind direction, we cannot exclude the possibility that the
late downwind walks we observe both for attractants after upwind
surges and for repellents may in fact be a downwind-biased form of
crosswind movement.

However, mixture experiments revealed that immediate repellent
responses are at least as fast as attractant responses, as repellents
stereotypically and strongly reduced the very beginning of attractant
responses (e.g. supplementary material Fig. S3B,C). This is in
agreement with the results of Stensmyr and co-workers, who
recently identified a dedicated neuronal circuit for the detection of
geosmin (Stensmyr et al., 2012), which is the strongest vinegar fly
repellent currently known. Similar to our observations, encountering
geosmin alone did not induce downwind movement in Flywalk, but
it strongly reduced attraction towards balsamic vinegar. The only
indication of a fast response induced by geosmin alone in these
experiments was a decrease in activity upon odor encounter. This
‘freezing’ behavior has also been observed by Steck and co-workers
for benzaldehyde and at a higher concentration also for Oct3ol, and
has been proposed to be an indicator of negative valence (Steck et
al., 2012). Because flies in our experiments generally displayed a
lower baseline level of activity compared with levels in the
aforementioned studies – probably as a result of different rearing
conditions and a lower temperature during experiments – we were
not able to observe significant odor-induced freezing. Nevertheless,
this reduction in a fly’s activity after encountering a repellent may
be the reason for the strongly reduced attractant responses in our
study.

Insights into the hedonic valence code
At the concentrations we used for our experiments, most compounds
in our odor set activate several OSN classes of partially unknown
innate valence (de Bruyne et al., 1999; de Bruyne et al., 2001;
Galizia et al., 2010; Hallem and Carlson, 2006; Hallem et al., 2004;
Kreher et al., 2008; Pelz et al., 2006). Therefore, the responses we
observe for single compounds already are the result of the
integration of the information from several OSN–PN channels, and
what we observe as the final behavioral output is the net valence of
all active channels. Nevertheless, we can speculate on the major
players involved in the odor valences observed in our dataset.
Although activity ratios between different OSN–PN channels are
likely to influence information processing in the olfactory system
and therefore also behavioral output, we will focus on a binary all-
or-nothing logic of activity/inactivity of certain channels (Koulakov
et al., 2007) for these speculations.

All attractants in this study have been reported to activate Or42b,
which has been shown to be necessary and sufficient for attraction
to apple cider vinegar (ACV) in a four-field olfactometer
(Semmelhack and Wang, 2009). However, whereas our results
support this general observation, the diversity of responses towards
our attractants in both dose–response and mixture experiments
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suggests that Or42b is not the only olfactory receptor determining
the behavioral output. Apart from Or42b, EtA also strongly activates
OSNs expressing both Or59b, which is preferably activated by
attractive odors (Knaden et al., 2012), and Or42a. As EtA elicits the
highest amplitude in response trajectories in our dataset and is
attractive throughout the whole concentration range we tested, we
assume that most, if not all, receptors activated by this compound
exhibit a positive hedonic valence or are neutral in attraction
behavior. We therefore also assume a positive valence or neutrality
for Or42a. In addition to Or42b, BEDN also strongly activates
OSNs expressing Or92a, which has also been suggested to
contribute to ACV attraction (Semmelhack and Wang, 2009) and
may be responsible for the late phase of the BEDN response.

Although the discussion about the valence of Or85a is still
ongoing, the lower attraction towards EtB in comparison to the
attraction towards EtA may be explained by the additional activity
of Or85a, which reduces attraction towards ACV and EtB at high
concentrations in a different paradigm (Semmelhack and Wang,
2009). BEA strongly activates Or7a, which preferentially responds
to odors of negative valence (Knaden et al., 2012) and therefore is
the most likely candidate for conferring the negative valence of this
compound. In adult flies, MeSa almost exclusively activates Or10a,
and our results support the previously suggested negative valence of
OSNs expressing this receptor (Knaden et al., 2012). Both 1Oct and
Oct3ol strongly activate Or35a (among others), which may be a
candidate for conferring the negative valence of those compounds.
In addition, both odors also activate Or22a, which is also activated
by the attractants IAA and EtB and is alleged to exhibit a positive
valence (Knaden et al., 2012). This may offer an explanation for the
reduction of BEA repulsion in mixtures with 1Oct and Oct3ol.

Neural correlates of innate odor-guided behavior
Taken together, our results suggest that attractants induce upwind
movement while repellents suppress it. The easiest explanation for
our observations would be that positive-valence channels promote
forward/upwind movement through mainly excitatory connections,
whereas repellents interfere with this positive information by
inhibition at one of several possible processing levels of the
olfactory system (Galizia, 2014). If this simple model is true, where
does negative information interfere?

In principle, peripheral mechanisms such as ligand-induced OSN
inhibition at the receptor level (de Bruyne et al., 1999; de Bruyne et
al., 2001; Hallem and Carlson, 2006; Hallem et al., 2004; Su et al.,
2011), ephaptic interactions within the sensillum (Su et al., 2012) or
syntopic interactions (Münch et al., 2013) may already contribute to
shaping the input signal in a valence-specific way. This would
require a system layout in which positive receptors are consistently
inhibited (or weakly activated) by compounds of negative valence,
or that positive and negative OSNs are co-localized within the same
sensilla to allow for valence-specific bilateral inhibition. However,
we do not see a general pattern of olfactory receptors activated by
our attractants being inhibited by the repellents we used (Hallem and
Carlson, 2006; Kreher et al., 2008). Moreover, while some examples
do exist in which OSNs with putatively opposing valences are co-
localized within the same sensillum type, e.g. Or42b (e.g. ethyl
acetate) and Gr21a/Gr63a (CO2) in the ab1 sensillum (Su et al.,
2012), this does not seem to be a general principle [e.g. Or7a (e.g.
benzaldehyde) as a putatively negative receptor and Or56a
(geosmin) in ab4]. If the effects we observe were caused by a
reduced activation of positive valence OSNs in mixtures because of
competition for the ligand binding site, we would expect odors
having higher headspace concentrations to dominate mixture

responses. Because we used all odors except for BEA at the same
liquid phase dilution and the compounds vary widely in vapor
pressure, estimated headspace concentrations also vary over almost
five orders of magnitude (supplementary material Table S2)
[headspace concentrations estimated after previous publications
(Cometto-Muñiz et al., 2003; Münch et al., 2013; Pelz et al., 2006)],
with EtA (est. 1226.3 ppm) and MeSa (est. 0.013 ppm) forming the
extremes. Despite this difference in headspace concentrations, MeSa
reduced EtA responses as strongly as it reduced IAA responses (est.
14.3 ppm), arguing against a major contribution of syntopic
interactions to the main effects we observe. In any case, if peripheral
interactions were the main determinants for the valence of binary
odor mixtures, we would expect to find more odor-pair-specific
interactions especially for mixtures of attractants and repellents,
because a given repellent may inhibit one OSN type while not
affecting another.

By the same argument, valence-specific coding in the AL –
although it may undoubtedly exist – is unlikely to be the primary
determinant of our observations. In the AL, olfactory information is
modulated by both excitatory and inhibitory lateral interactions
conferred by a dense array of local neurons (LNs) (Wilson, 2013).
Part of the inhibition in the AL is dedicated to normalizing the
population code via a pre-synaptic gain control mechanism (Olsen
and Wilson, 2008; Olsen et al., 2010; Root et al., 2008), which is
probably global and unlikely to be critically involved in valence-
specific modulations. However, a large proportion of AL LNs are
morphologically and physiologically diverse (Chou et al., 2010; Seki
et al., 2010; Silbering et al., 2008) and may be involved in blend-
specific computations. Nevertheless, if such blend-specific LNs
exist, we would expect to observe their contribution to innate
behavior mainly for blends of ecological significance to Drosophila.
Moreover, we would again expect the resulting behavior towards
binary odor mixtures to be more odor-pair specific.

From the AL, olfactory information is relayed to two higher brain
centers, the mushroom body (MB) and the lateral horn (LH). The
MB is generally considered the brain center for odor identification
and learning, while the LH has been implicated to be involved in
innate behavior (de Belle and Heisenberg, 1994; Heimbeck et al.,
2001; Jefferis et al., 2007). MB output has recently been described
to be important for CO2 avoidance in the context of starvation
(Bräcker et al., 2013) and therefore does play a role in innate
behavior under certain circumstances. However, blocking MB
output during an odor discrimination task in trained flies restores
innate preferences (Parnas et al., 2013), suggesting that these
preferences are hard-wired in the LH circuitry. In contrast to the
apparently random connectivity of PNs with their postsynaptic
partners in the MB (Caron et al., 2013; Gruntman and Turner, 2013;
Murthy et al., 2008), neuronal connectivity seems to be strongly
stereotyped across individuals in the LH (Fi ek and Wilson, 2014),
a fact that matches the inter-individual stereotypy we observe in our
behavioral experiments. More information on individual third-order
neurons and inhibitory local neurons in the LH in combination with
a detailed analysis of valence weights of individual processing
channels are needed to substantiate the hypothesis that these neurons
carry hedonic valence information, but these first observations lead
us to suggest that the neural correlate of our results might be found
in the LH.

Interestingly, the consistency of repellent net responses derived
from mixtures with different attractants suggests that the effect of
repellents follows an all-or-nothing logic and that the absolute
repellent concentration may be more predictive for the behavioral
output than the ratio between attractant and repellent mixture
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constituent. If this is the case, the repellent net response at a given
concentration should be identical in mixtures with different
concentrations of the same attractant. Also, it is not clear from our
experiments whether net responses are dependent on the
concentration of the repellent mixture constituent. However, to
conclusively answer these questions and to further dissect the neural
mechanisms underlying the evaluation of chemical signals, it will
be crucial to assign valence weights to the physiological activity of
individual processing channels. This goal can be achieved by
artificial activation of individual OSN types through targeted
expression of light-gated ion channels (Bellmann et al., 2010) or by
the use of low odor concentrations (Mathew et al., 2013), i.e.
concentrations at which only single OSN channels become
activated. Simultaneous activation of two individual OSN channels
will then be a powerful tool to identify negative valence.

MATERIALS AND METHODS
Flies
All experiments in this study were performed using female Canton-S wild-
type flies. Flies were reared on standard cornmeal medium under a 12 h:12 h
light:dark regime at 23°C and 70% relative humidity.

Chemicals
All chemicals used in this study were acquired from Sigma-Aldrich
(http://www.sigmaaldrich.com) in the highest purity available. Oct3ol was
a racemic mixture of R- and S-enantiomers. Fresh dilutions in mineral oil
were prepared once a week.

Flywalk experiments
Behavioral experiments were performed in the Flywalk paradigm as
previously described (Steck et al., 2012), with 4- to 6-day-old mated female
flies starved for 24 h before the start of the experiments. In short, 15
individual flies were placed in glass tubes (inner diameter 0.8 cm). Glass
tubes were aligned in parallel, and flies were continuously monitored by an
overhead camera (SONY EVI, Sony Corporation, Japan) under red-light
conditions ( >630 nm). During the experiment, flies were continuously
exposed to a humidified airflow of 20 cm s 1 (70% relative humidity, 20°C).
Flies were repeatedly presented with pulses of different olfactory stimuli at
an interstimulus interval of 90 s. Stimuli were added to the continuous
airstream and thus traveled through the glass tubes at a constant speed.

Odor stimulation was performed with a multicomponent stimulus device
described elsewhere (Olsson et al., 2011; Steck et al., 2012). In summary,
100 l of odor dilution was prepared in 200 l PCR tubes, which were
placed in odor vials made of polyetheretherketone. Odor vials were tightly
sealed and connected to the stimulus device via ball-stop check valves; these
valves only allowed uni-directional airflow through the odor-saturated
headspace. Odor stimulation was achieved by switching an airflow
otherwise passing through an empty vial (compensatory airflow) to the odor-
containing vial. Odor pulses were 500 ms in duration at an interstimulus
interval of 90 s. Binary mixtures were presented by simultaneously opening
the two vials used to present the corresponding single compounds. As
mixtures were established in the central mixing chamber of the stimulus
device from the same vials as individual compounds, headspace
concentrations of mixture constituents were identical in mixtures as when
they were presented alone. Different stimuli were presented in pseudo-
randomized order to avoid odor-sequence artifacts.

Data analysis
Tracking data were analyzed using custom-written routines programmed in
MATLAB (MathWorks, Natick, MA, USA) and R (www.r-project.org) and
the distributed packages gplots (Warnes, 2010) and ggplot2 (Wickham, 2009).
In a first step, flies were assigned to individual glass tubes using the y-
coordinates and could thus be unambiguously identified throughout the whole
experiment. As flies are allowed to distribute freely within their glass tubes,
they may encounter the odor pulse at different times. This is compensated for
by calculating the time of odor encounter for every individual tracking event

based on the x-position of the fly, system-intrinsic delay and airspeed. Time
of encounter was set to 0 and speed of movement was interpolated in the
interval between 10 s before and 10 s after encounter at 10 Hz.

As the tracking system does not capture the whole length of the glass
tubes, not every fly is tracked for every stimulation cycle and some enter or
leave the region of interest during the tracking event. We therefore decided
to only consider complete trajectories in the interval between 1 s before and
7 s after odor encounter for further analysis. If a fly lacked complete
trajectories in this interval for any of the tested odors, it was excluded from
further analysis; this policy led to 20 out 540 flies being excluded (96.3%
of flies tested were included in the analysis). In total, after the
aforementioned criteria were applied, ~60,000 single trajectories and a mean
of 15.3 trajectories per fly and odor were considered for analysis.

A fly’s response time course was calculated as the arithmetic mean of all
complete trajectories of this fly to a specific odor. In a further step, mean
time courses across flies were calculated as the arithmetic mean of single fly
mean trajectories. To extract a single metric of a fly’s response to a given
odor for statistical comparison, we calculated the net displacement along the
glass tube in a temporal window of 4 s after encounter with the odor pulse
for every single tracking event and the fly’s response as the arithmetic mean
of these single-event responses per odor. Positive values indicate a net
displacement in the upwind direction.
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Fig. S1. Response time courses for dose-response characteristics of attractants (mean ±
Yellow bar represents odor pulse.
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Fig. S2. Response trajectories for all tested mixtures in comparison to mixture constituents (mean ± SEM; n=30-
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Fig. S3. Response time courses of repellents.  -
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Fig. S4. Mixtures of attractants and repellents. 
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Fig. S5. Binary mixtures of vinegar volatiles. 
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Table S1. Overview of mixture experiments

Odor 1 Odor 2 Odor 3 Odor 4 Mixtures tested
EtA -3 EtB -3 IAA -3 - EtA&EtB (1); EtA&IAA (1); EtB&IAA (1)
EtA -3 EtB -3 BEDN -3 - EtA&EtB (2); EtA&BEDN (1); EtB&BEDN (1)
EtA -3 EtB -3 yBtl -3 - EtA&EtB (3); EtA&yBtl (1); EtB&yBtl (1)
EtA -3 IAA -3 BEDN -3 - EtA&IAA (2); EtA&BEDN (2); IAA&BEDN (1)
EtA -3 IAA -3 yBtl -3 - EtA&IAA (3); EtA&yBtl (2); IAA&yBtl (1)
EtA -3 BEDN -3 yBtl -3 - EtA&BEDN (3); EtA&yBtl (3); BEDN&yBtl (1)
EtB -3 IAA -3 BEDN -3 - EtB&IAA (2); EtB&BEDN (2); IAA&BEDN (2)
EtB -3 IAA -3 yBtl -3 - EtB&IAA (3); EtB&yBtl (2); IAA&yBtl (2)
EtB -3 BEDN -3 yBtl -3 - EtB&BEDN (3); EtB&yBtl (3); BEDN&yBtl (2)
IAA -3 BEDN -3 yBtl -3 - IAA&BEDN (3); IAA&yBtl (3); BEDN&yBtl (3)
EtA -3 EtB -3 IAA -3 BEA -1 EtA&BEA (1); EtB&BEA (1); IAA&BEA (1)
EtA -3 EtB -3 BEDN -3 BEA -1 EtA&BEA (2); EtB&BEA (2); BEDN&BEA (1)
EtA -3 IAA -3 BEDN -3 BEA -1 EtA&BEA (3); IAA&BEA (2); BEDN&BEA (2)
EtB -3 IAA -3 BEDN -3 BEA -1 EtB&BEA (3); IAA&BEA (3); BEDN&BEA (3)
EtA -3 EtB -3 IAA -3 MeSa -3 EtA&MeSa (1); EtB&MeSa (1); IAA&MeSa (1)
EtA -3 EtB -3 BEDN -3 MeSa -3 EtA&MeSa (2); EtB&MeSa (2); BEDN&MeSa (1)
EtA -3 IAA -3 BEDN -3 MeSa -3 EtA&MeSa (3); IAA&MeSa (2); BEDN&MeSa (2)
EtB -3 IAA -3 BEDN -3 MeSa -3 EtB&MeSa (3); IAA&MeSa (3); BEDN&MeSa (3)
EtA -3 EtB -3 IAA -3 1Oct -3 EtA&1Oct (1); EtB&1Oct (1); IAA&1Oct (1)
EtA -3 EtB -3 BEDN -3 1Oct -3 EtA&1Oct (2); EtB&1Oct (2); BEDN&1Oct (1)
EtA -3 IAA -3 BEDN -3 1Oct -3 EtA&1Oct (3); IAA&1Oct(2); BEDN&1Oct (2)
EtB -3 IAA -3 BEDN -3 1Oct -3 EtB&1Oct (3); IAA&1Oct (3); BEDN&1Oct (3)
EtA -3 EtB -3 IAA -3 Oct3ol -3 EtA&Oct3ol (1); EtB&Oct3ol (1); IAA&Oct3ol (1)
EtA -3 EtB -3 BEDN -3 Oct3ol -3 EtA&Oct3ol (2); EtB&Oct3ol (2); BEDN&Oct3ol (1)
EtA -3 IAA -3 BEDN -3 Oct3ol -3 EtA&Oct3ol (3); IAA&Oct3ol(2); BEDN&Oct3ol (2)
EtB -3 IAA -3 BEDN -3 Oct3ol -3 EtB&Oct3ol (3); IAA&Oct3ol (3); BEDN&Oct3ol (3)
BEA -1 MeSa -3 1Oct -3 - BEA&MeSa (1); BEA&1Oct (1); MeSa&1Oct (1)
BEA -1 MeSa -3 Oct3ol -3 - BEA&MeSa (2); BEA&Oct3ol (1); MeSa&Oct3ol (1)
BEA -1 1Oct -3 Oct3ol -3 - BEA&1Oct (2); BEA&Oct3ol (2); 1Oct&Oct3ol (1)
MeSa -3 1Oct -3 Oct3ol -3 - MeSa&1Oct (2); MeSa&Oct3ol (2); 1Oct&Oct3ol (2)

Numbers in parentheses indicate cumulative number of experiments in which the given mixture was 
tested.
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Table S2. Estimated gas phase concentrations of odors used in mixture experiments. 

odor abbreviation CAS vp (mmHg) ppm

ethyl acetate EtA 141-78-6 72.981 1226.3*

ethyl butyrate EtB 105-54-4 17.32 66.0t

isopentyl acetate IAA 123-92-2 5.621 14.3 t

2-3-butanedione BEDN 431-03-8 52.21 296.2 t

gamma-butyrolactone yBtl 96-48-0 1.51 2.38 t

benzaldehyde BEA 100-52-7 1.273 189.8 t

methyl salicylate MeSa 119-36-8 0.0343 0.013 t

1-octanol 1Oct 111-87-5 0.141 0.95*

1-octen-3-ol Oct3ol 3391-86-4 0.462 0.48 t

 

Gas phase concentrations estimated after Cometto-Muñiz et al. (2003) and Pelz et al. (2006) using 
available vapor pressure information at temperatures of 20-25°C. Gas phase concentrations were 
divided by 8 to correct for further dilution in clean air in the stimulus device.
1: Material Safety Data Sheet (MSDS) provided by supplier. 
2: Pelz et al. (2006) 
3: EPISuite exp database (www.chemspider.com) 
*: gas phase concentrations estimated using parameters provided in Cometto-Muñiz et al. (2003) 
t: gas phase concentrations estimated after Pelz et al. (2006) 

 

The Journal of Experimental Biology | Supplementary Material

Manuscript IV – Compound valence is conserved in binary odor mixtures in Drosophila 
melanogaster 

91 
 

  



General Discussion 

92 
 

General Discussion 

In this dissertation I aimed at a deeper understanding of the contribution of individual 

olfactory processing channels to the overall evaluation of odor stimuli. In its course I 

contributed to the identification and behavioral characterization of long-elusive pheromones, 

whose behavioral activity could be clearly assigned to two olfactory receptors of the fly 

olfactory system (Manuscript III). Interestingly, one of these pheromones, methyl laurate, is 

detected by both receptors, and the activation of OSNs expressing Or47b is necessary for an 

increased copulation success of male flies and dispensable for attraction behavior. OSNs 

expressing the other, less specific methyl laurate receptor Or88a, on the other hand, are 

necessary for attraction, but dispensable for the copulation effect. We could therefore show, 

that, in this highly specialized pheromone system, individual processing channels of the 

olfactory system are associated with distinct non-redundant functions for fly ecology.  

To dissect the contribution of the two OSN types to the attraction towards methyl laurate we 

used genomic null mutants for the ORs. The approach to use mutants is typically rare in 

studies of odor-guided behavior in Drosophila, except in highly specialized circuits such as 

pheromone systems, because most odors flies detect are coded for by several OSN types 

with overlapping response profiles (Hallem and Carlson, 2006), which means that even if an 

OR is lost most odors will nevertheless be perceived by other OSN types. Therefore the 

complete lack of a given OR gene during development and over generations in laboratory 

stocks may induce compensatory effects, which may occlude effects of an acute loss of a 

given OSN type. Such a compensatory effect may for example also explain some of the 

findings in Manuscript II, where we see more efficient silencing of behavior by an acute loss 

of input from a large fraction of OSNs than by the lack of the essential OR co-receptor Orco, 

although both manipulations should theoretically have resulted in a similar physiological and 

thus behavioral phenotype. Because I was interested in the contribution of non-specialist 

OSN types to odor evaluation, in which such compensatory effects may occur, I contributed 

to a study in which we tried to establish commonly used genetic tools to silence neurons for 

use in a high-resolution tracking system (Manuscript II). Unfortunately, none of the genetic 

tools turned out to be dependable enough to perform a large-scale investigation of the 

contribution of individual processing channels to the overall evaluation of odor stimuli, 

particularly because the loss of individual OR genes has previously been shown by others to 

have rather cryptic behavioral effects (Keller and Vosshall, 2007). 

Although physiological representations of odor mixtures only rarely correspond to the linear 

summation of component representations, at least simple binary mixtures often retain 

mixture constituent information in Drosophila and other insects (Carlsson et al., 2007; Deisig 

et al., 2006; Deisig et al., 2010; Fernandez et al., 2009; Joerges et al., 1997; Olsen et al., 

2010; Silbering and Galizia, 2007; Stierle et al., 2013). Processing channels activated by 
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either constituent will typically also be activated by the mixture and – on early processing 

levels – mixtures rarely recruit neuronal populations not activated by either mixture 

constituent. Using this information we hypothesized that, if the valence of a given odor is 

already encoded early in olfactory information processing in the identity of activated 

processing channels, the valence of simple odor mixtures should be predictable on the 

valences of mixture constituents (Manuscript IV). Although odor valence could not be 

unambiguously correlated to the activity of identifiable processing channels in this study, our 

results lend further support to a model in which individual processing channels of the 

olfactory system possess inherent valence weights and the behavioral output induced by a 

given odor is a result of the integration of the information from all active channels (Knaden et 

al., 2012; Semmelhack and Wang, 2009; Wilson, 2013). Furthermore, although more 

complex mixtures were not quantitatively predictable, the valence of mixture constituents was 

still conserved (Manuscript I), suggesting that odor evaluation may be independent of precise 

odor identification (Galizia, 2014).                      

 

Methodological considerations  

The choice of the optimal behavioral paradigm is one of the most important decisions at the 

start of any neuroethological project. A multitude of different bioassays have been developed 

for behavioral experiments in Drosophila melanogaster over decades of research in odor-

guided behavior, ranging from simple dipstick assays (e.g. Anholt et al., 1996) to highly 

sophisticated tracking systems, which even reliably track the fly´s body axis in flight (van 

Breugel and Dickinson, 2014), or single-fly assays working at millisecond-resolution 

(Bhandawat et al., 2010; Gaudry et al., 2013). Drosophila behavioral paradigms include 

choice assays and no-choice assays at varying levels of sophistication (e.g. Claridge-Chang 

et al., 2009; Farhan et al., 2013; Knaden et al., 2012; Zaninovich et al., 2013); assays testing 

single individuals and those testing cohorts of animals (e.g. Quinn et al., 1974; Zaninovich et 

al., 2013); paradigms relying on chemotaxis (e.g. Zaninovich et al., 2013), i.e. navigation 

along chemical gradients, and those relying on anemotaxis, i.e. upwind movement induced 

by attractive odors (e.g. Becher et al., 2010; Budick and Dickinson, 2006); paradigms scoring 

the endpoint of sequences of behavioral decisions (e.g. Becher et al., 2010; Riffell et al., 

2009a) and those aimed at establishing a high temporal correlation between stimulus 

application and instantaneous behavioral response (e.g. Bhandawat et al., 2010; Gaudry et 

al., 2013; van Breugel and Dickinson, 2014). In addition, Drosophila bioassays differ in 

resolution and throughput and these two characteristics often trade off against each other. 

In Manuscripts I, III and IV of this dissertation I wanted to establish a clear correlation 

between representation of the odor stimulus and the behavioral response. This task is fairly 
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straightforward, when working with chemicals which are exclusively detected by single 

dedicated OSN types, such as the pheromones discussed in Manuscript III. However, most 

other odors are detected by non-specialist OSN types with overlapping response profiles and 

additional OSN types are often recruited when odor concentration increases (Hallem and 

Carlson, 2006). Therefore, chemotactic assays generally are a poor choice when attempting 

to relate behavioral responses to the neuronal activity patterns evoked by a defined stimulus 

at a defined concentration. In addition, in Manuscripts I and IV, we presented odor mixtures 

in addition to single compounds. Because components of odor mixtures diffuse 

independently of each other, the shape of the gradients of different mixture constituents 

depends on their individual physicochemical properties and the concentration ratio of the 

different mixture constituents is therefore different at every point in a chemotactic arena. 

Once established, odor gradients can be fairly linear and chemotaxis in Drosophila larvae 

has been shown to depend more on small local concentration increments rather than 

absolute concentration at the animal´s position in the gradient, at least when odor 

concentrations are still in the dynamic range of the olfactory system (Gomez-Marin et al., 

2011; Louis et al., 2008). Also, adult flies have been shown to be able to use local 

concentration differences across their antennae for navigation (Borst and Heisenberg, 1982; 

Gaudry et al., 2013).  In a chemical gradient, the size of these local concentration increments 

again fully depends on the physicochemical properties of the chemicals and should be 

independent of the absolute concentration. This on the one hand means that chemotaxis 

may be rather robust against differences in absolute odor concentration ratios, while on the 

other hand the perceived concentration ratios in these increments are only partly dependent 

on concentration ratios of mixture components at the odor source. Because both OSNs and 

PNs respond phasic-tonically to odor stimuli (Martelli et al., 2013; Nagel and Wilson, 2011; 

Olsen et al., 2010), both the information on local changes in concentration as well as the 

information on the absolute concentration may be available to the fly and it is unclear how 

these two types of information are integrated to allow navigation towards the odor source. In 

other words, it is hard to predict the neuronal activity in the olfactory system of an animal 

navigating a chemical gradient and even more so for odor mixtures, which precludes a clear 

correlation between neuronal activity and behavioral output. Also, in chemotactic assays, in 

contrast to anemotactic assays, the olfactory system is not only needed for the evaluation of 

the stimulus, but also for the navigation towards the odor source, which again depends on 

the slope of the gradient and hence on the physicochemical properties of the odor of interest. 

Therefore, differences in attraction may reflect differences in the ability to navigate towards 

the odor source rather than differences in attractiveness. The idea, that chemotaxis is more 

demanding on information processing in the olfactory system than anemotaxis is reflected in 

the results presented in Manuscript II, in which anemotactic odor responses are more robust 

to genetic perturbations than chemotactic responses. Therefore, in order to examine odor 
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valence and particularly the valence of odor mixtures and valence differences between 

related odors, anemotactic paradigms such as the Flywalk paradigm I used represent a 

better choice than chemotactic assays. 

Odor-guided behavior in Drosophila melanogaster is often tested in groups of flies rather 

than single individuals and results are presented as group averages. However, flies have 

been shown to influence each other’s decisions in these cohort experiments, if only subtly 

(Quinn et al., 1974). In the CO2 system, the degree of avoidance depends on group density 

(Ramdya et al., 2014), which may reflect a special adaptation of this system, particularly 

because CO2 is hypothesized to play a role as an alarm pheromone in Drosophila (Suh et al., 

2004). In general, results obtained with individual flies in the Flywalk paradigm are 

qualitatively in good agreement with recently reported observations in trap assays (Knaden 

et al., 2012; Steck et al., 2012). However, apart from the better stimulus control discussed 

above, the Flywalk assay provided us with access to behavioral responses in individual flies. 

This way we could show, that the behavioral responses we observed are not derived from an 

inhomogeneous group of flies, which all responded differently from each other, but rather that 

behavioral responses, both towards single odors and mixtures and therefore also the mixture 

evaluation rules, were stereotyped across individuals. This stereotypy across the population 

makes a strong point that the observed valences are indeed innate and probably genetically 

hard-wired, although epigenetic effects such us the trans-generationally transmitted increase 

in sensitivity for a fear-conditioned odor observed in mice (Dias and Ressler, 2014) and larval 

and early adult experience may influence odor evaluation (Devaud et al., 2001; Manning, 

1967; Pech et al., 2015; Sachse et al., 2007).  

Our intention at the beginning of the mixture experiments presented in Manuscript IV was not 

to analyze one particular ecologically relevant odor mixture, but rather to examine the default 

mode of mixture evaluation. The possibility to obtain and analyze a large dataset containing 

many different mixtures in a reasonable amount of time was therefore absolutely essential for 

the success of the study. Whereas the acquisition of large datasets was readily possible 

using the Flywalk paradigm at the beginning of my thesis (Steck et al., 2012), the size and 

complexity of the dataset in Manuscript IV required the development of new tools to 

efficiently analyze the data. Efficient data analysis tools are particularly important when 

analyzing large datasets, because it is often necessary to intuitively test hypotheses on the 

complete dataset by looking at the data from different angles and this way extract the general 

principles from the forest of detail (Marder, 2015). For this purpose, I developed several 

analysis tools over the course of this thesis using the open source software R (www.r-

project.org), which enabled us, thanks to a tight cooperation with the developer of the 

tracking software, to speed up the coarse analysis of a single Flywalk experiment from at 

least a day to approximately ten minutes. This acceleration of the analysis enabled me and 
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will enable future Flywalk users to keep data analysis up-to-date with data acquisition and to 

quickly react to methodological problems, which inadvertently occasionally arise when using 

sophisticated experimental setups. 

 

The perception of odor mixtures 

One of the most heated debates in olfactory research centers on the question, whether odor 

mixtures are perceived analytically, i.e. whether an organism presented with an odor mixture 

has access to the identity of all mixture components. The alternative is synthetic perception, 

in which every odor mixture possesses emergent properties which separate it perceptually 

from mixture constituents and constituent identity is lost in the mixture (Thomas-Danguin et 

al., 2014). Historically, this question has mainly been addressed in psychophysical studies in 

humans, because human subjects can report the perception of mixture constituents verbally, 

but the perception of odor objects is also investigated in insects such as the honeybee 

(Lachnit et al., 2004). 

Although humans are able to discriminate more than a trillion odors (Bushdid et al., 2014), 

they are poor in extracting the identity of constituents of odor mixtures. Once odor mixtures 

consist of more than 3-4 constituents, the correct identification of compounds in the mixture 

typically drops to chance levels (Laing and Francis, 1989). Although training improves 

performance within these limits, the limits themselves appear to be an absolute (Livermore 

and Laing, 1996). Recent evidence suggests that mice are far better in extracting target 

odors from complex mixtures than humans are (Rokni et al., 2014). Above-chance-level 

identification of target odors has been reported for odor mixtures consisting of up to 15 

components. However, mice typically needed up to 1000 training trials to reach asymptotic 

performance levels in these experiments and increasing the number of mixture components 

increased the number of false alarms, i.e. positive responses in the absence of the target 

odor, which hints at a certain degree of generalization effects also in the correct responses 

and suggests, that the identification of an odor in a mixture of 15 constituents represents an 

upper bound for the mouse olfactory system. The decrease in performance for increasingly 

complex mixtures in these experiments was correlated to the overlap in glomerular 

responses between target odor and the other mixture constituents. The greater the 

glomerular overlap, the harder the task of correctly identifying the target (Rokni et al., 2014). 

This observation suggests an explanation, why mice outperform humans in their ability to 

extract the identity of mixture components, which lies in the resolution of the respective 

olfactory systems. Mice possess approximately 1200 functional odorant receptors, whereas 

humans use only ~400 odorant receptors to perceive odors (Ache and Young, 2005). 

Therefore, a glomerular overlap between the activity patterns of components of a given odor 
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mixture is more likely in humans than in mice, which at least partially explains the better 

performance of mice compared to humans. 

Although many insect species have been sequenced by now and information on the size of 

their OR repertoire is often available, the number of olfactory glomeruli in the AL is probably 

the best predictor of the resolution of most insect olfactory systems, because more than one 

functional receptor may be expressed in a given OSN – without increasing the dimensionality 

of the coding space, because it still is just one OSN type – and different functional receptor 

genes may be expressed at different developmental stages (Couto et al., 2005; Fishilevich 

and Vosshall, 2005; Goldman et al., 2005; Kreher et al., 2008). Setting aside the unusual 

wiring logic in some orthopteran olfactory systems comprised of microglomeruli (Ignell et al., 

2001), which do not strictly follow the one-neuron-one-receptor-one-glomerulus-logic of most 

olfactory systems, and the high number of olfactory glomeruli in some ant species (e.g. Zube 

et al., 2007), which is probably related to their sociality, most insects, including D. 

melanogaster with its 52 chemosensory glomeruli (Grabe et al., 2015), possess a lower 

number of olfactory glomeruli than humans possess functional odorant receptors. Therefore, 

if the ability to extract target odors from odor mixtures depends on the resolution of the 

olfactory system under scrutiny, we would expect insects to perform poorer than humans do 

in this task. When insects are trained to associate a binary odor mixture with a reward or a 

punishment, they typically also respond to the mixture components when presented alone 

(e.g. Eschbach et al., 2011; Schubert et al., 2015) and even for more complex mixtures, 

responses to a subset of key components have been reported in honeybees (Reinhard et al., 

2010) and ants (Steck et al., 2009). However, in many cases, these constituent responses 

are weaker than responses towards the trained mixtures suggesting that indeed the insects 

do not report the identification of a given odor in the mixture but rather indicate that the 

presented odor smells similar to the trained mixture (i.e. generalization). Unfortunately this 

distinction is not always straightforward in insects, which sometimes limits the interpretation 

of behavioral results. In addition, most readout paradigms for memory performance rely on 

binary choices (“go-left-or-right”, “extend-proboscis-or-not”) and therefore omit fine-scale 

information on insect behavior, which may give us an indication, whether the mixture is 

processed analytically or synthetically.  

Although the results presented in this dissertation are of course also not entirely conclusive 

on this long-debated matter, particularly because we are testing evaluation and not 

identification, they may be interpreted in the way, that the upper limit of mixture complexity 

which allows analytic processing in Drosophila is mixtures of two components. This 

interpretation supports the hypothesis, that the ability to extract component information from 

odor mixtures depends on the resolution of the olfactory system, i.e. the number of 

chemoreceptors available to sample the chemical environment. Using the temporal dynamics 
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of odor responses, we could show that the response time-courses towards binary odor 

mixtures can be quantitatively predicted when both time-courses are known for mixtures of 

attractants, or when the contribution of a repellent to the mixture with a different attractant is 

known for mixtures of attractants and repellents (Manuscript IV). With the exception of those 

mixtures of attractants in which one constituent was more attractive than the other 

throughout the whole time-course, all binary mixtures of attractants clearly showed 

signatures characteristic of both mixture constituents, hinting at analytic processing of both 

mixture constituents. Similarly, binary mixtures of attractants and repellents appear to 

conclusively follow a linear “take the response of the attractant and reduce it by the repellent-

specific amount”-logic, i.e. the information on both compounds is retrievable for us scientists 

from the flies´ responses and therefore probably also available to the flies. When mixtures 

became more complex, such as the ternary and quarternary mixtures presented in 

Manuscript I, on the other hand, response time-courses were no longer predictable from 

constituent responses. This is why we may tentatively interpret the results presented here in 

the way that the limits of extraction of mixture constituents by the fly – for general odors, at 

least – lies between 2 and 3 mixture components. However, more studies investigating more 

complex mixtures of 3 and more constituents – particularly those also containing repellents – 

are needed to substantiate the observation that the predictability of mixture responses is lost 

for mixtures containing more than 3 compounds.  

 

From processing channels to network valence 

The chemoreceptor composition of an animal´s olfactory system is shaped by its evolutionary 

history and the environment(s) it evolved in (Hansson and Stensmyr, 2011). For example, 

the olfactory system of Drosophila sechellia displays a massive expansion in the number of 

OSNs responding to a signature chemical of its preferred host, morinda fruit, at the expense 

of other OSN types. This expansion was accompanied by a shift in the receptor´s ligand 

specificity and an increased behavioral sensitivity towards this compound, which may enable 

detection of the preferred substrate from greater distances (Dekker et al., 2006). Similarly, 

the switch from fermenting to ripening fruit substrates in the spotted-wing Drosophila, 

Drosophila suzukii, was accompanied by a change in odor tuning in Or22a, which in D. 

melanogaster mainly responds to fruity esters and in D. suzukii in addition acquired 

sensitivity to β-cyclocitral, which is found in leaves, but not in ripe fruit (Keesey et al., 2015). 

The transition from microbe-feeding to herbivory in some Scaptomyza (Drosophilidae) 

species was accompanied by the loss or pseudogenization of ORs implicated in yeast 

detection and an expansion in ORs putatively detecting green leaf volatiles (Goldman-

Huertas et al., 2015).  
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These observations in combination with recent reports on the behavioral effects of activity in 

several individual OSN types in Drosophila melanogaster may suggest that most, if not all, 

Drosophila ORs evolved to non-redundantly detect compounds related to single key aspects 

of the fly´s ecology and environment (Mansourian and Stensmyr, 2015). Such a scenario is 

likely to be the case for pheromones including those included in Manuscript III, in which 

sender and receiver of the chemical message coevolved and the existence of the species 

depends on a reliable transmission of the information. Particularly, the non-redundant 

separation of behavioral effects of methyl laurate between social attraction mediated by one 

OSN type and the copulation effects mediated by another OSN type suggests that at least 

Or47b-expressing OSNs feed their information into highly specialized downstream 

processing circuits. Importantly, we show that both pheromone receptors are selective in 

their odor-response profiles, one of them detecting only one compound, the other specific for 

fly-derived odors. Because many research groups are working on the Drosophila pheromone 

system and it took quite some time to identify these ligands, it is safe to assume that many 

more chemicals have been tested on these neurons without success through the years 

further highlighting the specificity of this system. However, PNs downstream of apparently 

highly selective OSN types have been shown to be more broadly tuned than their 

presynaptic OSNs in many cases (Bhandawat et al., 2007; Schlief and Wilson, 2007). 

Because the known exceptions of this broadening of the PN tuning curve are ecologically 

significant processing channels responsive to the microbe-derived odor geosmin (Stensmyr 

et al., 2012) and to the pheromone cVA (Schlief and Wilson, 2007), we also assume highly 

selective PNs for the pheromones described in Manuscript III, although this assumption 

remains to be tested using a larger odor set. 

But did all Drosophila ORs evolve to detect specific key aspects of fly ecology? For the 

experiments presented in Manuscripts I and IV, we deliberately decided to use odorants 

which activate several OSN types (Hallem and Carlson, 2006; Hallem et al., 2004; Kreher et 

al., 2008), particularly at the concentrations we used, to gain insights into the default logic of 

valence processing in the fly olfactory system. Also, most of the OSNs activated by the odors 

we used are rather broadly tuned. Can the results of these experiments give us an idea, 

whether these broadly tuned receptors also carry very distinct meanings to the fly? If such a 

scenario was the case we would expect fly decisions to be essentially binary, i.e. either to 

move upwind or not, because evolutionarily derived “knowledge” would tell the fly exactly 

what she will find at the source of the odor plume. This is compatible with our observation for 

mixtures of attractants, because mixtures of attractants are even more attractive than single 

compounds. However, the results we obtained with mixtures of attractants and repellents are 

incompatible with the idea that all processing channels of the fly olfactory system carry clear 

information for the fly. If the activity of a particular negative-valence processing channel was 

carrying a distinct meaning, we would envision two alternative possibilities for flies to react 
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when presented with a mixture containing attractive and repellent compounds: either flies 

would decide not to approach the odor source due to the presence of a danger signal, or 

they would ignore the negative signal because it is irrelevant in the given behavioral context. 

For example, the presence of harmful microbes may be insignificant when looking for a 

mating partner. However, although the contribution of the repellents was dominant in mixture 

experiments in the way that repellents always modulated responses in the same way 

irrespective of the attractiveness of the attractant in the mixture, we did not see such a clear 

binary choice behavior in our experiments. Rather, we observed graded responses, i.e. both 

the information on the attractant and on the repellent were taken into account and attractant 

responses were reduced by the repellents in a repellent-specific way, in many cases without 

being completely abolished. Importantly, these intermediate responses towards odor 

mixtures were not an artifact of averaging across a population of individual flies deciding 

differently from each other, some deciding to approach and some not to. Instead, behavioral 

responses towards attractants, repellents and all mixtures were highly stereotyped across 

individuals and every single fly decided to approach binary mixtures of attractants and 

repellents, just a little more slowly compared to the attractant alone. Because of the 

consistency of mixture experiments, it is likely that individual processing channels indeed 

bias behavior towards attraction or aversion. However, instead of a model in which every 

receptor provides the fly with a distinct piece of information on the odor source, our results 

are probably better captured by a model in which every processing channel contributes a 

certain valence weight to the overall percept and the odor object is evaluated as a whole by 

integration of these valence weights across the entire olfactory system (Knaden et al., 2012; 

Semmelhack and Wang, 2009; Wilson, 2013). Interestingly, negative valence weights seem 

to dominate mixture perception (Manuscript IV). Ecological studies, however, typically aim at 

identifying positive signals from preferred host substrates and shifts in ligand spectra of 

putative positive-valence processing channels to explain an increase in the attractiveness of 

the preferred substrate. In the light of our results, changes in ligand-spectra or loss of 

negative-valence processing channels and an accompanying decrease in negative valence 

weights in the olfactory representation of the preferred substrate may be just as or even 

more informative in attempts to understand olfactory adaptations to an animal´s ecological 

niche.  

Irrespective of whether flies are equipped with deterministic innate knowledge about their 

chemical environment or whether they act on the basis of evolutionarily derived hypotheses 

(i.e. valence weights): can the valence of a natural odor be predicted on the basis of the 

physiological activity of its isolated constituents? Natural odor stimuli, such as fruit odor 

blends, are composed of a multitude of different compounds and potentially elicit strong 

activity in a large fraction of Drosophila OSNs in the periphery (Hallem and Carlson, 2006). 

Considering the non-linear amplification at the OSN-PN synapse (Kazama and Wilson, 
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2008), even weak responses in the periphery may strongly activate their postsynaptic PNs 

(Bhandawat et al., 2007; Schlief and Wilson, 2007). Therefore, peripheral odor responses 

probably represent only a rough estimate of the fly´s olfactory sensitivity and even negligible 

responses observed in the olfactory periphery may strongly influence central information 

processing and fly behavior. Moreover, already on the antenna, mixture responses are not 

the simple linear summation of mixture component responses, but are shaped by competition 

for the ligand-binding site of a given OR, which can lead to the suppression of responses 

evoked by usually strongly activating ligands (Münch et al., 2013), integration of excitatory 

and inhibitory input on the OSN level (Su et al., 2011), and non-synaptic inhibitory 

interactions between OSNs housed in the same sensillum (Su et al., 2012). Because a large 

portion of the inhibitory signaling in the AL acts on OSN axon terminals, already OSN 

responses monitored in the AL by e.g. Calcium Imaging represent a modified version of the 

physiological activity observed on the antennal level (Olsen and Wilson, 2008; Root et al., 

2008). Furthermore, the hedonic valence of odors has been shown to correlate with the 

activity pattern of PNs, but not OSNs (Knaden et al., 2012). Hence, the AL network 

contributes significantly to the evaluation of odor stimuli as has also been demonstrated for 

ecologically relevant odor mixtures in the hawkmoth Manduca sexta (Kuebler et al., 2012; 

Riffell et al., 2009b). In summary, the representation of odor mixtures is modulated on all 

levels of the olfactory system and – particularly for complex mixtures – often not entirely 

predictable on the basis of responses of isolated OSN types to isolated mixture constituents, 

which may also explain the weak predictability of behavioral responses towards mixtures 

containing 3 and 4 odorants presented in Manuscript I. The chromatographic fractionation of 

naturally occurring odor blends in combination with peripheral and central physiological 

methods has provided us with invaluable information on which chemicals or chemical classes 

may be of particular importance for insect ecology and behavior and will undoubtedly do so 

in the future (Arn et al., 1975; Stensmyr et al., 2003; Wadhams, 1982). However, the 

physiological representation of natural odor mixtures may be more – or less, or just different 

– than its parts and this issue has, with noteworthy exceptions (Kuebler et al., 2012; Najar-

Rodriguez et al., 2010; Piñero et al., 2008; Riffell et al., 2009b; Schubert et al., 2014), rarely 

been addressed on a physiological level. It is therefore one of the key challenges for the 

future of chemical ecology to physiologically and behaviorally characterize the real natural 

stimulus, the complete mixture, and to examine how olfactory networks evolve on a systems 

level to optimize animal fitness in a complex and often unpredictable environment.  

 

Key open questions and future perspectives 

In this dissertation I could show that, although activity induced in single OSN types can be 

sufficient to elicit approach behavior (Manuscript III), the behavioral response to an odor 
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stimulus is the result of the integration of the activity in the entire olfactory system 

(Manuscript I and IV). Although understanding fly behavior in its natural habitat will critically 

depend on taking this observation into account and consider the whole stimulus instead of 

single aspects of it for the interpretation of odor-guided behavior, it will be essential to first 

establish the valence weights of individual processing channels, as these constitute the 

elements of overall valence. Apart from using optogenetic tools, this question can be 

addressed by using physiological threshold concentrations of best known ligands of single 

OSN populations as stimuli, which are often sufficient to induce attraction, and – in mixtures 

– to specifically reduce attraction in the Flywalk paradigm (Thoma, unpublished).    

A likely neural substrate for the integration of valence weights is the lateral horn (LH) 

circuitry, which has been shown to be stereotyped across individuals both on a 

morphological (Jefferis et al., 2007) as well as on a physiological level (Fişek and Wilson, 

2014), which fits the stereotypy we observed in innate behavioral responses. Lateral horn 

neurons (LHNs) have been shown to fall into two classes, which may differ in the number 

and identity of glomerular channels they sample from. A detailed connectivity has so far only 

been established for one LHN type in each of these classes. One of these two LHN types 

exclusively connects to glomerulus DP1m, which has been implicated in acid sensing (Ai et 

al., 2010) and therefore may be of critical ecological importance to the vinegar fly (Becher et 

al., 2010). The other one preferably samples from glomeruli DM1, DM2 and DM4, which 

have all been reported to preferably respond to attractive food-related odorants (Knaden et 

al., 2012; Semmelhack and Wang, 2009). These observations indicate, that either the 

dichotomy between specialist and more broadly tuned processing channels is retained on 

higher processing levels of the olfactory system, or that olfactory information from different 

processing channels is both retained separate in one population of LHNs and categorized in 

another one. In order to understand the processing logic in higher brain centers of the 

olfactory system and its contribution to odor-guided behavior it is clearly necessary to 

establish a complete map of the PN-to-LHN connectivity.  

Although trophic shifts are often accompanied by changes in the OR repertoire and 

abundance of different OSN types which correlate with the new life-style (Dekker et al., 2006; 

Keesey et al., 2015; Linz et al., 2013), they clearly cannot account for all changes in the 

olfactory preferences observed in different animal species. For example, the loss of genes 

coding for yeast-detecting ORs and the expansion of ORs putatively detecting green leaf 

volatiles associated with the evolution of herbivory in Scaptomyza flies (Goldman-Huertas et 

al., 2015) may increase the salience of green leaf volatiles in a complex odor stimulus. It may 

also allow for a more refined experience-dependent modulation of behavior thanks to a better 

resolution in the ecologically relevant region of the chemical space. It cannot, however, 

explain mechanistically, why processing channels rather biased towards avoidance in 
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Drosophila melanogaster are correlated with attractiveness in herbivorous flies. In order to 

solve this and many related questions it will be necessary to move beyond the olfactory 

periphery and identify circuit-level ecological adaptations and such an endeavor will profit 

greatly from (1) studying the neuronal representation of complex natural mixtures on all 

processing levels of the olfactory system and (2) a deep mechanistic understanding of neural 

correlates of odor-guided behavior in our favorite model insect. 
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Summary 

Insects rely on olfactory cues in a variety of ecological contexts. Chemical signals can be 

very precise, particularly when both sender and receiver of a chemical message benefit from 

a successful transmission of information as is the case e.g. in intraspecific communication. In 

such a scenario, a reliable transmission of information benefits from highly stimulus-specific 

receptive structures in the receiver of the chemical message. On the other hand, olfactory 

systems should sample a large fraction of potentially behaviorally relevant chemical 

information to allow for experience-based modulation of behavior, which is particularly 

important under changing environmental conditions or when the intentions of senders and 

receivers in communication systems differ. This dichotomy in requirements in an olfactory 

system, i.e. the tradeoff between specificity and flexibility, is reflected in the ligand-specificity 

of Drosophila odorant receptors (ORs). Some fly ORs are highly ligand-specific whereas 

others can be activated by several different chemicals. Intuitively, one would assume that 

highly specific odorant receptors are associated with stereotyped innate behavioral 

responses, whereas more broadly tuned receptors do not induce innate behaviors because 

their activity carries potentially ambiguous information. However, there is accumulating 

evidence that activity in olfactory sensory neurons (OSNs) expressing non-specialist ORs 

also contributes innate hedonic valence weights to olfactory percepts, i.e. that activity in 

these OSNs biases innate odor-guided behavior towards attraction or repulsion.  

In this dissertation I aimed at a deeper understanding of the contribution of individual OSN 

classes to the evaluation of odor signals and the rules how valence weights are balanced 

against each other to establish the overall valence of an olfactory percept. Using – among 

other methods – a high-resolution bioassay for assessing odor-guided behavior in vinegar 

flies (Manuscript I), my co-workers and I were able to identify and behaviorally characterize 

hitherto unidentified Drosophila pheromones (Manuscript III). Methyl laurate, one of the 

pheromones, activates two OSN classes, one of which exclusively mediates attraction 

towards this compound, while the other one contributes to male copulation success without 

affecting attraction towards methyl laurate. In this highly specific intra-specific communication 

system, the non-redundant behavioral relevance of two different OSN classes could be 

demonstrated by examining flies mutant for either of the two pheromone receptors. To allow 

for the examination of other OSN classes expressing less specific ORs, we aimed at 

establishing genetic tools to specifically silence different OSN populations (Manuscript II). 

Unfortunately, none of the tools we tested proved dependable enough for a large-scale 

investigation to assess valence weights of less specific OSN classes, particularly because 

the loss of one of these OSN classes often does not render flies anosmic to a given odorant 

as most odors induce distributed activity across a large portion of the olfactory system. In an 

alternative approach, I examined whether the hedonic valence of odor mixtures can be 
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predicted on the basis of mixture constituent valences (Manuscript IV). Physiologically, 

binary odor mixtures often retain component information and my results show that the 

valence of a binary odor mixture can be even quantitatively predicted on the basis of 

component valences. Hence, my results support the idea that hedonic valence of a complex 

odor results from the integration of the valence weights of individual processing channels. 

In conclusion, my results make a strong point that behavioral responses can be predicted on 

the basis of neuronal activity in early stages of odor processing not only for highly specialized 

pheromone systems (Manuscript III), but also for more general OSN types (Manuscript IV). In 

addition, I started a first exploration into the rules, along which information from different 

processing channels is integrated to elicit the final behavioral output. In addition to assigning 

valence weights to all processing channels of the fly olfactory system, future studies should 

address the question how the ratio between activities in different processing channels affects 

odor evaluation. With this information at hand, it should be possible to precisely predict 

behavioral responses for any odor from the activity patterns in second-order olfactory 

neurons.
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 Zusammenfassung 

Insekten verlassen sich in vielen ökologischen Zusammenhängen auf olfaktorische Signale. 

Chemische Signale können sehr präzise sein, vor allem dann, wenn sowohl Sender als auch 

Empfänger der chemischen Nachricht von einer erfolgreichen Informationsübertragung 

profitieren, z.B. in der innerartlichen Kommunikation.  Unter solchen Bedingungen profitiert 

eine zuverlässige Informationsübertragung von hochspezialisierten Detektorsystemen auf 

Seiten des Empfängers der chemischen Nachricht. Andererseits sollten Geruchssysteme 

möglichst viele potentiell verhaltensrelevante Duftstoffe wahrnehmen, um eine 

erfahrungsabhängige Modulation des Verhaltens zu erlauben, was vor allem bei sich 

ändernden Umweltbedingungen von besonderer Relevanz ist, oder dann, wenn Sender und 

Empfänger in einem Kommunikationssystem unterschiedliche Ziele verfolgen. Dieser 

Zwiespalt in den Anforderungen an ein olfaktorisches System, d.h. der Kompromiss 

zwischen Spezifität und Flexibilität, wird in der Ligandenspezifität der Duftrezeptoren von 

Drosophila deutlich. Hier sind sowohl solche Rezeptoren zu finden, die einzelne Duftstoffe 

sehr spezifisch detektieren als auch solche, die von verschieden Chemikalien aktiviert 

werden können. Intuitiv würde man annehmen, dass sehr spezifische Rezeptoren mit 

stereotypen angeborenen Verhaltensweisen assoziiert sind, während weniger spezifische 

Rezeptoren nichts zu angeborenem Verhalten beitragen, weil die Information, die sie 

vermitteln potentiell mehrdeutig ist. Im Gengensatz dazu wird immer klarer, dass die Aktivität 

in olfaktorischen sensorischen Neuronen (OSN) mit nicht-spezialisierten Duftrezeptoren 

durchaus zur angeborenen Bewertung von Duftwahrnehmungen beiträgt, indem sie das 

Verhalten in Richtung Attraktion oder Aversion beeinflusst. 

In dieser Dissertation versuchte ich, das Verständnis des Beitrags einzelner OSN-Klassen 

zur Bewertung von Düften zu vertiefen,  und die Regeln zu beleuchten, anhand derer die 

Beiträge einzelner OSN-Klassen verrechnet werden, um eine einheitliche Gesamtbewertung 

zu gewährleisten. Unter anderem mithilfe eines hochauflösenden Verhaltensexperiments zur 

Untersuchung des duftinduzierten Verhaltens von Essigfliegen (Manuskript I) konnten meine 

Kollegen und ich bisher nicht identifizierte Drosophila-Pheromone identifizieren und ihre 

Auswirkungen auf Essigfliegen charakterisieren (Manuskript III). Methyllaurat, eine der 

Pheromonkomponenten aktiviert zwei verschiedene OSN-Klassen, von denen eine 

ausschließlich die Attraktivität der Substanz vermittelt, während die andere zum Erfolg von 

Kopulationsversuchen männlicher Fliegen beiträgt. In diesem hoch-spezifischen 

innerartlichen Kommunikationssystem konnten wir die redundanzfreie Relevanz zweier OSN-

Klassen für verschiedene Aspekte des Pheromon-induzierten Verhaltens anhand von 

Fliegen nachweisen, bei denen jeweils eines der Gene für die beiden Duftrezeptoren nicht-

funktionell war. Um ähnliche Untersuchungen mit weniger spezialisierten Duftrezeptoren 

durchzuführen, versuchten wir, verschiedene genetische Werkzeuge zu etablieren, um 
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einzelne OSN-Klassen auszuschalten (Manuskript II). Leider stellte sich keines dieser 

Konstrukte als zuverlässig genug heraus, um im großen Maßstab die hedonische Valenz 

einzelner OSN-Klassen zu untersuchen, vor allem, da Fliegen, die eine dieser OSN-Klassen 

verlieren, die meisten Düfte trotzdem über andere OSN-Klassen mit überlappenden 

Ligandenspektren wahrnehmen und die meisten Düfte einen großen Teil des olfaktorischen 

Systems aktivieren. In einem alternativen Ansatz untersuchte ich, ob die Bewertung von 

Duftmischungen aufgrund der Bewertungen der Einzeldüfte vorhergesagt werden kann 

(Manuskript IV). Auf physiologischer Ebene bleibt vor allem bei einfachen Zweikomponenten-

Mischungen oft die Information der einzelnen Komponenten erhalten und meine Ergebnisse 

zeigen, dass die Bewertung von binären Duftmischungen sogar quantitativ anhand der 

Bewertungen der Komponenten vorhersagen lässt. Daher legen meine Ergebnisse den 

Schluss nahe, dass die Bewertung eines komplexen Duftes aus der Verrechnung der 

Bewertungsbeiträge einzelner Verarbeitungskanäle resultiert. 

Abschließend lässt sich feststellen, dass meine Ergebnisse stark darauf hindeuten, dass 

duft-induzierte Verhaltensantworten anhand der neuronalen Aktivität auf frühen Ebenen der 

Duftverarbeitung vorhergesagt werden können, und zwar nicht nur für hochspezialisierte 

Pheromonsysteme (Manuskript III), sondern auch für weniger spezialisierte OSN-Klassen 

(Manuskript IV). Zusätzlich habe ich eine erste Untersuchung der Regeln vorgenommenen, 

anhand derer die Information aus den verschiedenen Verarbeitungskanälen des 

olfaktorischen Systems miteinander verrechnet wird, um eine Verhaltensantwort 

hervorzurufen. Abgesehen von der Untersuchung möglichst vieler Bewertungsbeiträge 

verschiedener Verarbeitungskanäle, sollte in zukünftigen Studien untersucht werden, wie 

unterschiedliche Aktivitätsverhältnisse verschiedener Verarbeitungskanäle die Bewertung 

beeinflussen. Anhand dieser Information sollten Verhaltensantworten anhand der 

Aktivitätsmuster der den OSN nachgeschalteten Neurone präzise vorhersagbar sein.



References 

108 
 

References 

Abuin, L., Bargeton, B., Ulbrich, M. H., Isacoff, E. Y., Kellenberger, S. and Benton, R. 
(2011). Functional architecture of olfactory ionotropic glutamate receptors. Neuron 69, 
44–60. 

Ache, B. W. and Young, J. M. (2005). Olfaction: diverse species, conserved principles. 
Neuron 48, 417–430. 

Adler, J. (1975). Chemotaxis in bacteria. Annu. Rev. Biochem. 44, 341–356. 

Ai, M., Min, S., Grosjean, Y., Leblanc, C., Bell, R., Benton, R. and Suh, G. S. B. (2010). 
Acid sensing by the Drosophila olfactory system. Nature 468, 691–695. 

Akino, T., Knapp, J. J., Thomas, J. A. and Elmes, G. W. (1999). Chemical mimicry and 
host specificity in the butterfly Maculinea rebeli, a social parasite of Myrmica ant 
colonies. Proc. R. Soc. Lond. B 266, 1419–1426. 

Anholt, R. R. H., Lyman, R. F. and Mackay, T. F. C. (1996). Effects of single P-Element 
insertions on olfactory behavior in Drosophila melanogaster. Genetics 143, 293–301. 

Anton, S. and Hansson, B. S. (1996). Antennal lobe interneurons in the desert locust 
Schistocerca gregaria (Forskal): processing of aggregation pheromones in adult males 
and females. J. Comp. Neurol. 370, 85–96. 

Antony, C. and Jallon, J.-M. (1982). The chemical basis for sex recognition in Drosophila 
melanogaster. J. Ins. Physiol. 28, 873–880. 

Arn, H., Städler, E. and Rauscher, S. (1975). The electroantennographic detector - a 
selective and sensitive tool in the gas chromatographic analysis of insect pheromones. 
Z. Naturforsch. 30, 722–725. 

Aso, Y., Hattori, D., Yu, Y., Johnston, R. M., Iyer, N. A., Ngo, T.-T., Dionne, H., Abbott, L. 
F., Axel, R., Tanimoto, H., et al. (2014a). The neuronal architecture of the mushroom 
body provides a logic for associative learning. Elife 3, e04577. 

Aso, Y., Sitaraman, D., Ichinose, T., Kaun, K. R., Vogt, K., Belliart-Guérin, G., Plaçais, 
P.-Y., Robie, A. A., Yamagata, N., Schnaitmann, C., et al. (2014b). Mushroom body 
output neurons encode valence and guide memory-based action selection in 
Drosophila. Elife 3, e04580. 

Attygalle, A. B. and Morgan, E. D. (1985). Ant Trail Pheromones. Adv. Ins. Physiol. 18, 1–
30. 

Averhoff, W. W. and Richardson, R. H. (1974). Pheromonal control of mating patterns in 
Drosophila melanogaster. Behav. Genet. 4, 207–225. 

Ayyub, C., Paranjape, J., Rodrigues, V. and Siddiqi, O. (1990). Genetics of olfactory 
behavior in Drosophila melanogaster. J. Neurogenet. 6, 243–262. 

Azam, M., Song, M., Fan, F., Zhang, B., Xu, Y., Xu, C. and Chen, K. (2013). Comparative 
analysis of flower volatiles from nine citrus at three blooming stages. Int. J. Mol. Sci. 14, 
22346–22367. 



References 

109 
 

Baines, R. A., Uhler, J. P., Thompson, A., Sweeney, S. T. and Bate, M. (2001). Altered 
electrical properties in Drosophila neurons developing without synaptic transmission. J. 
Neurosci. 21, 1523–1531. 

Baldwin, I. T., Kessler, A. and Halitschke, R. (2002). Volatile signaling in plant-plant-
herbivore interactions: What is real? Curr. Opin. Plant Biol. 5, 351–354. 

Baldwin, I. T., Halitschke, R., Paschold, A., von Dahl, C. C. and Preston, C. A. (2006). 
Volatile signaling in plant-plant interactions: “talking trees” in the genomics era. Science 
311, 812–815. 

Bargmann, C. I. (2006). Comparative chemosensation from receptors to ecology. Nature 
444, 295–301. 

Barrows, W. M. (1907). The reactions of the pomace fly, Drosophila ampelophila Loew, to 
odorous substances. J. Exp. Zool. 4, 517–537. 

Bartelt, R. J., Schaner, A. M. and Jackson, L. L. (1985). Cis-vaccenyl acetate as an 
aggregation pheromone in Drosophila melanogaster. J. Chem. Ecol. 11, 1747–1756. 

Becher, P. G., Bengtsson, M., Hansson, B. S. and Witzgall, P. (2010). Flying the fly: long-
range flight behavior of Drosophila melanogaster to attractive odors. J. Chem. Ecol. 36, 
599–607. 

Becher, P. G., Flick, G., Rozpędowska, E., Schmidt, A., Hagman, A., Lebreton, S., 
Larsson, M. C., Hansson, B. S., Piškur, J., Witzgall, P., et al. (2012). Yeast, not fruit 
volatiles mediate Drosophila melanogaster attraction, oviposition and development. 
Funct. Ecol. 26, 822–828. 

Bellmann, D., Richardt, A., Freyberger, R., Nuwal, N., Schwärzel, M., Fiala, A. and 
Störtkuhl, K. F. (2010). Optogenetically induced olfactory stimulation in Drosophila 
larvae reveals the neuronal basis of odor-aversion behavior. Front. Behav. Neurosci. 4, 
27. 

Benton, R., Vannice, K. S. and Vosshall, L. B. (2007). An essential role for a CD36-related 
receptor in pheromone detection in Drosophila. Nature 450, 289–293. 

Benton, R., Vannice, K. S., Gomez-Diaz, C. and Vosshall, L. B. (2009). Variant ionotropic 
glutamate receptors as chemosensory receptors in Drosophila. Cell 136, 149–162. 

Berg, B. G., Almaas, T. J., Bjaalie, J. G. and Mustaparta, H. (1998). The macroglomerular 
complex of the antennal lobe in the tobacco budworm moth Heliothis virescens: 
specified subdivision in four compartments according to information about biologically 
significant compounds. J. Comp. Physiol. A 183, 669–682. 

Bhandawat, V., Olsen, S. R., Gouwens, N. W., Schlief, M. L. and Wilson, R. I. (2007). 
Sensory processing in the Drosophila antennal lobe increases reliability and separability 
of ensemble odor representations. Nat. Neurosci. 10, 1474–1482. 

Bhandawat, V., Maimon, G., Dickinson, M. H. and Wilson, R. I. (2010). Olfactory 
modulation of flight in Drosophila is sensitive, selective and rapid. J. Exp. Biol. 213, 
3625–3635. 

Billeter, J.-C., Atallah, J., Krupp, J. J., Millar, J. G. and Levine, J. D. (2009). Specialized 
cells tag sexual and species identity in Drosophila melanogaster. Nature 461, 987–991. 



References 

110 
 

Blum, M. S. (1969). Alarm pheromones. Annu. Rev. Entomol. 14, 57–80. 

Boillat, M., Challet, L., Rossier, D., Kan, C., Carleton, A. and Rodriguez, I. (2015). The 
vomeronasal system mediates sick conspecific avoidance. Curr. Biol. 25, 251–255. 

Borst, A. and Heisenberg, M. (1982). Osmotropotaxis in Drosophila melanogaster. J. 
Comp. Physiol. A 147, 479–484. 

Bräcker, L. B., Siju, K. P., Varela, N., Aso, Y., Zhang, M., Hein, I., Vasconcelos, M. L. 
and Grunwald Kadow, I. C. (2013). Essential role of the mushroom body in context-
dependent CO2 avoidance in Drosophila. Curr. Biol. 23, 1228–1234. 

Brand, A. H. and Perrimon, N. (1993). Targeted gene expression as a means of altering 
cell fates and generating dominant phenotypes. Development 118, 401–415. 

Budick, S. A. and Dickinson, M. H. (2006). Free-flight responses of Drosophila 
melanogaster to attractive odors. J. Exp. Biol. 209, 3001–3017. 

Buehlmann, C., Graham, P., Hansson, B. S. and Knaden, M. (2014). Desert ants locate 
food by combining high sensitivity to food odors with extensive crosswind runs. Curr. 
Biol. 24, 960–964. 

Bushdid, C., Magnasco, M. O., Vosshall, L. B. and Keller, A. (2014). Humans can 
discriminate more than 1 trillion olfactory stimuli. Science 343, 1370–1372. 

Butenandt, A., Beckmann, R., Stamm, D. and Hecker, E. (1959). Über den Sexuallockstoff 
des Seidenspinners Bombyx mori. Reindarstellung und Konstitution. Z. Naturforsch. 14, 
283–284. 

Butterworth, F. M. (1969). Lipids of Drosophila: a newly detected lipid in the male. Science 
163, 1356–1357. 

Carlsson, M. A., Chong, K. Y., Daniels, W., Hansson, B. S. and Pearce, T. C. (2007). 
Component information is preserved in glomerular responses to binary odor mixtures in 
the moth Spodoptera littoralis. Chem. Senses 32, 433–443. 

Caron, S. J. C., Ruta, V., Abbott, L. F. and Axel, R. (2013). Random convergence of 
olfactory inputs in the Drosophila mushroom body. Nature 497, 113–117. 

Carpenter, F. W. (1905). The reactions of the pomace fly (Drosophila ampelophila Loew) to 
light, gravity and mechanical stimulation. Am. Nat. 39, 157–171. 

Chen, T.-W., Wardill, T. J., Sun, Y., Pulver, S. R., Renninger, S. L., Baohan, A., 
Schreiter, E. R., Kerr, R. a, Orger, M. B., Jayaraman, V., et al. (2013). Ultrasensitive 
fluorescent proteins for imaging neuronal activity. Nature 499, 295–300. 

Chou, Y.-H., Spletter, M. L., Yaksi, E., Leong, J. C. S., Wilson, R. I. and Luo, L. (2010). 
Diversity and wiring variability of olfactory local interneurons in the Drosophila antennal 
lobe. Nat. Neurosci. 13, 439–449. 

Claridge-Chang, A., Roorda, R. D., Vrontou, E., Sjulson, L., Li, H., Hirsh, J. and 
Miesenböck, G. (2009). Writing memories with light-addressable reinforcement 
circuitry. Cell 139, 405–415. 



References 

111 
 

Clyne, P. J., Warr, C. G., Freeman, M. R., Lessing, D., Kim, J. and Carlson, J. R. (1999). 
A novel family of divergent seven-transmembrane proteins: candidate odorant receptors 
in Drosophila. Neuron 22, 327–338. 

Cometto-Muñiz, J. E., Cain, W. S. and Abraham, M. H. (2003). Quantification of chemical 
vapors in chemosensory research. Chem. Senses 28, 467–477. 

Corey, E. A., Bobkov, Y., Ukhanov, K. and Ache, B. W. (2013). Ionotropic crustacean 
olfactory receptors. PLoS One 8, e60551. 

Couto, A., Alenius, M. and Dickson, B. J. (2005). Molecular, anatomical, and functional 
organization of the Drosophila olfactory system. Curr. Biol. 15, 1535–1547. 

Davis, R. L. (1993). Mushroom bodies and Drosophila learning. Neuron 11, 1–14. 

de Belle, J. S. and Heisenberg, M. (1994). Associative odor learning in Drosophila 
abolished by chemical ablation of mushroom bodies. Science 263, 692–695. 

de Bruyne, M., Clyne, P. J. and Carlson, J. R. (1999). Odor coding in a model olfactory 
organ: the Drosophila maxillary palp. J. Neurosci. 19, 4520–4532. 

de Bruyne, M., Foster, K. and Carlson, J. R. (2001). Odor coding in the Drosophila 
antenna. Neuron 30, 537–552. 

Deisig, N., Giurfa, M., Lachnit, H. and Sandoz, J.-C. (2006). Neural representation of 
olfactory mixtures in the honeybee antennal lobe. Eur. J. Neurosci. 24, 1161–1174. 

Deisig, N., Giurfa, M. and Sandoz, J.-C. (2010). Antennal lobe processing increases 
separability of odor mixture representations in the honeybee. J. Neurophysiol. 103, 
2185–2194. 

Deisig, N., Kropf, J., Vitecek, S., Pevergne, D., Rouyar, A., Sandoz, J.-C., Lucas, P., 
Gadenne, C., Anton, S. and Barrozo, R. B. (2012). Differential interactions of sex 
pheromone and plant odour in the olfactory pathway of a male moth. PLoS One 7, 
e33159. 

Dekker, T., Ibba, I., Siju, K. P., Stensmyr, M. C. and Hansson, B. S. (2006). Olfactory 
shifts parallel superspecialism for toxic fruit in Drosophila melanogaster sibling, D. 
sechellia. Curr. Biol. 16, 101–109. 

Derby, C. D., Hutson, M., Livermore, B. A. and Lynn, W. H. (1996). Generalization among 
related complex odorant mixtures and their components: analysis of olfactory perception 
in the spiny lobster. Physiol. Behav. 60, 87–95. 

Dettner, K. and Liepert, C. (1994). Chemical mimicry and camouflage. Annu. Rev. Entomol. 
39, 129–154. 

Devaud, J. M., Acebes, A. and Ferrús, A. (2001). Odor exposure causes central adaptation 
and morphological changes in selected olfactory glomeruli in Drosophila. J. Neurosci. 
21, 6274–6282. 

Dewan, A., Pacifico, R., Zhan, R., Rinberg, D. and Bozza, T. (2013). Non-redundant 
coding of aversive odours in the main olfactory pathway. Nature 497, 486–489. 



References 

112 
 

Dias, B. G. and Ressler, K. J. (2014). Parental olfactory experience influences behavior and 
neural structure in subsequent generations. Nat. Neurosci. 17, 89–96. 

Dobritsa, A. A., van der Goes van Naters, W., Warr, C. G., Steinbrecht, R. A. and 
Carlson, J. R. (2003). Integrating the molecular and cellular basis of odor coding in the 
Drosophila antenna. Neuron 37, 827–841. 

Drijfhout, F. P., van Beek, T. A., Visser, Hans, J. and de Groot, A. (2000). On-line thermal 
desorption-gas chromatography of intact insects for pheromone analysis. J. Chem. Ecol. 
26, 1383–1392. 

Dudai, Y., Jan, Y., Byers, D., Quinn, W. G. and Benzer, S. (1976). dunce, a mutant of 
Drosophila deficient in learning. Proc. Natl. Acad. Sci. USA 73, 1684–1688. 

Duistermars, B. J., Chow, D. M. and Frye, M. A. (2009). Flies require bilateral sensory 
input to track odor gradients in flight. Curr. Biol. 19, 1301–1307. 

Dweck, H. K. M., Ebrahim, S. A. M., Kromann, S., Bown, D., Hillbur, Y., Sachse, S., 
Hansson, B. S. and Stensmyr, M. C. (2013). Olfactory preference for egg laying on 
citrus substrates in Drosophila. Curr. Biol. 23, 2472–2480. 

Dweck, H. K. M., Ebrahim, S. A. M., Thoma, M., Mohamed, A. A. M., Keesey, I. W., 
Trona, F., Lavista-Llanos, S., Svatoš, A., Sachse, S., Knaden, M., et al. (2015a). 
Pheromones mediating copulation and attraction in Drosophila. Proc. Natl. Acad. Sci. 
USA 112, E2829–E2835. 

Dweck, H. K. M., Ebrahim, S. A. M., Farhan, A., Hansson, B. S. and Stensmyr, M. C. 
(2015b). Olfactory proxy detection of dietary antioxidants in Drosophila. Curr. Biol. 25, 
455–466. 

Eschbach, C., Vogt, K., Schmuker, M. and Gerber, B. (2011). The similarity between 
odors and their binary mixtures in Drosophila. Chem. Senses 36, 613–621. 

Everaerts, C., Farine, J. P., Cobb, M. and Ferveur, J. F. (2010). Drosophila cuticular 
hydrocarbons revisited: mating status alters cuticular profiles. PLoS One 5, e9607. 

Fan, J., Francis, F., Liu, Y., Chen, J. L. and Cheng, D. F. (2011). An overview of odorant-
binding protein functions in insect peripheral olfactory reception. Genet. Mol. Res. 10, 
3056–3069. 

Farhan, A., Gulati, J., Groβe-Wilde, E., Vogel, H., Hansson, B. S. and Knaden, M. (2013). 
The CCHamide 1 receptor modulates sensory perception and olfactory behavior in 
starved Drosophila. Sci. Rep. 3, 2765. 

Fernandez, P. C., Locatelli, F. F., Person-Rennell, N., Deleo, G. and Smith, B. H. (2009). 
Associative conditioning tunes transient dynamics of early olfactory processing. J. 
Neurosci. 29, 10191–10202. 

Ferveur, J. F. (2005). Cuticular hydrocarbons: Their evolution and roles in Drosophila 
pheromonal communication. Behav. Genet. 35, 279–295. 

Ferveur, J. F. and Sureau, G. (1996). Simultaneous influence on male courtship of 
stimulatory and inhibitory pheromones produced by live sex-mosaic Drosophila 
melanogaster. Proc. R. Soc. Lond. B 263, 967–973. 



References 

113 
 

Fiala, A. (2007). Olfaction and olfactory learning in Drosophila: recent progress. Curr. Opin. 
Neurobiol. 17, 720–726. 

Fişek, M. and Wilson, R. I. (2014). Stereotyped connectivity and computations in higher-
order olfactory neurons. Nat. Neurosci. 17, 280–288. 

Fishilevich, E. and Vosshall, L. B. (2005). Genetic and functional subdivision of the 
Drosophila antennal lobe. Curr. Biol. 15, 1548–1553. 

Flügge, C. (1934). Geruchliche Raumorientierung von Drosophila melanogaster. Z. Vgl. 
Physiol. 20, 462–500. 

Galizia, C. G. (2014). Olfactory coding in the insect brain: data and conjectures. Eur. J. 
Neurosci. 39, 1784–1795. 

Galizia, C. G. and Rössler, W. (2010). Parallel olfactory systems in insects: anatomy and 
function. Annu. Rev. Entomol. 55, 399–420. 

Galizia, C. G., Münch, D., Strauch, M., Nissler, A. and Ma, S. (2010). Integrating 
heterogeneous odor response data into a common response model: A DoOR to the 
complete olfactome. Chem. Senses 35, 551–563. 

Gao, Q. and Chess, A. (1999). Identification of candidate Drosophila olfactory receptors 
from genomic DNA sequence. Genomics 60, 31–39. 

Gaudry, Q., Hong, E. J., Kain, J., de Bivort, B. L. and Wilson, R. I. (2013). Asymmetric 
neurotransmitter release enables rapid odour lateralization in Drosophila. Nature 493, 
42442–42448. 

Geffen, M. N., Broome, B. M., Laurent, G. and Meister, M. (2009). Neural encoding of 
rapidly fluctuating odors. Neuron 61, 570–586. 

Gelstein, S., Yeshurun, Y., Rozenkrantz, L., Shushan, S., Frumin, I., Roth, Y. and Sobel, 
N. (2011). Human tears contain a chemosignal. Science 331, 226–230. 

Gervasi, N., Tchénio, P. and Preat, T. (2010). PKA dynamics in a Drosophila learning 
center: coincidence detection by rutabaga adenylyl cyclase and spatial regulation by 
dunce phosphodiesterase. Neuron 65, 516–529. 

Goldman, A. L., van der Goes van Naters, W., Lessing, D., Warr, C. G. and Carlson, J. 
R. (2005). Coexpression of two functional odor receptors in one neuron. Neuron 45, 
661–666. 

Goldman-Huertas, B., Mitchell, R. F., Lapoint, R. T., Faucher, C. P., Hildebrand, J. G. 
and Whiteman, N. K. (2015). Evolution of herbivory in Drosophilidae linked to loss of 
behaviors, antennal responses, odorant receptors, and ancestral diet. Proc. Natl. Acad. 
Sci. USA 112, 3026–3031. 

Gomez-Diaz, C. and Benton, R. (2013). The joy of sex pheromones. EMBO Rep. 14, 874–
883. 

Gomez-Marin, A., Stephens, G. J. and Louis, M. (2011). Active sampling and decision 
making in Drosophila chemotaxis. Nat. Commun. 2, 441. 



References 

114 
 

Grabe, V., Strutz, A., Baschwitz, A., Hansson, B. S. and Sachse, S. (2015). Digital in vivo 
3D atlas of the antennal lobe of Drosophila melanogaster. J. Comp. Neurol. 523, 530–
544. 

Greenspan, R. J. and Ferveur, J. F. (2000). Courtship in Drosophila. Annu. Rev. Genet. 34, 
205–232. 

Griepink, F. C., Drijfhout, F. P., van Beek, T. A., Visser, Hans, J. and de Groot, A. 
(2000). Analysis of sex pheromone gland content of individual Symmetrischema 
tangolias by means of direct gland introduction into a two-dimensional gas 
chromatograph. J. Chem. Ecol. 26, 1013–1023. 

Groh, K. C., Vogel, H., Stensmyr, M. C., Grosse-Wilde, E. and Hansson, B. S. (2013). 
The hermit crab’s nose-antennal transcriptomics. Front. Neurosci. 7, 266. 

Grosjean, Y., Rytz, R., Farine, J.-P., Abuin, L., Cortot, J., Jefferis, G. S. X. E. and 
Benton, R. (2011). An olfactory receptor for food-derived odours promotes male 
courtship in Drosophila. Nature 478, 236–240. 

Gruntman, E. and Turner, G. C. (2013). Integration of the olfactory code across dendritic 
claws of single mushroom body neurons. Nat. Neurosci. 16, 1821–1829. 

Hallem, E. A. and Carlson, J. R. (2006). Coding of odors by a receptor repertoire. Cell 125, 
143–160. 

Hallem, E. A., Ho, M. G. and Carlson, J. R. (2004). The molecular basis of odor coding in 
the Drosophila antenna. Cell 117, 965–979. 

Hamada, F. N., Rosenzweig, M., Kang, K., Pulver, S. R., Ghezzi, A., Jegla, T. J. and 
Garrity, P. A. (2008). An internal thermal sensor controlling temperature preference in 
Drosophila. Nature 454, 217–220. 

Han, D. D., Stein, D. and Stevens, L. M. (2000). Investigating the function of follicular 
subpopulations during Drosophila oogenesis through hormone-dependent enhancer-
targeted cell ablation. Development 127, 573–583. 

Hansson, B. S. and Stensmyr, M. C. (2011). Evolution of insect olfaction. Neuron 72, 698–
711. 

Hansson, B. S., Christensen, T. A. and Hildebrand, J. G. (1991). Functionally distinct 
subdivisions of the macroglomerular complex in the antennal lobe of the male sphinx 
moth Manduca sexta. J. Comp. Neurol. 312, 264–278. 

Heil, M. (2008). Indirect defence via tritrophic interactions. New. Phytol. 178, 41–61. 

Heimbeck, G., Bugnon, V., Gendre, N., Keller, A. and Stocker, R. F. (2001). A central 
neural circuit for experience-independent olfactory and courtship behavior in Drosophila 
melanogaster. Proc. Natl. Acad. Sci. USA 98, 15336–15341. 

Heisenberg, M. (2003). Mushroom body memoir: from maps to models. Nat. Rev. Neurosci. 
4, 266–275. 

Hillier, N. K. and Vickers, N. J. (2011). Mixture interactions in moth olfactory physiology: 
examining the effects of odorant mixture, concentration, distal stimulation, and antennal 
nerve transection on sensillar responses. Chem. Senses 36, 93–108. 



References 

115 
 

Holopainen, J. K. and Blande, J. D. (2012). Molecular plant volatile communication. Adv. 
Exp. Med. Biol. 739, 17–31. 

Honegger, K. S., Campbell, R. A. A. and Turner, G. C. (2011). Cellular-resolution 
population imaging reveals robust sparse coding in the Drosophila mushroom body. J. 
Neurosci. 31, 11772–11785. 

Hong, E. J. and Wilson, R. I. (2015). Simultaneous encoding of odors by channels with 
diverse sensitivity to inhibition. Neuron 85, 573–589. 

Huang, J., Zhang, W., Qiao, W., Hu, A. and Wang, Z. (2010). Functional connectivity and 
selective odor responses of excitatory local interneurons in Drosophila antennal lobe. 
Neuron 67, 1021–1033. 

Igaki, T., Kanuka, H., Inohara, N., Sawamoto, K., Núñez, G., Okano, H. and Miura, M. 
(2000). Drob-1, a Drosophila member of the Bcl-2/CED-9 family that promotes cell 
death. Proc. Natl. Acad. Sci. USA 97, 662–667. 

Ignell, R., Anton, S. and Hansson, B. S. (2001). The antennal lobe of orthoptera - anatomy 
and evolution. Brain, Behav. Evol. 57, 1–17. 

Innocenti, P., Flis, I. and Morrow, E. H. (2014). Female response to experimental removal 
of sexual selection in Drosophila melanogaster. BMC Evol. Biol. 14, 239. 

Ito, K., Shinomiya, K., Ito, M., Armstrong, J. D., Boyan, G., Hartenstein, V., Harzsch, S., 
Heisenberg, M., Homberg, U., Jenett, A., et al. (2014). A systematic nomenclature for 
the insect brain. Neuron 81, 755–765. 

Jefferis, G. S. X. E., Marin, E. C., Stocker, R. F. and Luo, L. (2001). Target neuron 
prespecification in the olfactory map of Drosophila. Nature 414, 204–208. 

Jefferis, G. S. X. E., Potter, C. J., Chan, A. M., Marin, E. C., Rohlfing, T., Maurer, C. R. 
and Luo, L. (2007). Comprehensive maps of Drosophila higher olfactory centers: 
spatially segregated fruit and pheromone representation. Cell 128, 1187–1203. 

Joerges, J., Küttner, A., Galizia, C. G. and Menzel, R. (1997). Representations of odours 
and odour mixtures visualized in the honeybee brain. Nature 394, 285–288. 

Jones, W. D., Cayirlioglu, P., Grunwald Kadow, I. and Vosshall, L. B. (2007). Two 
chemosensory receptors together mediate carbon dioxide detection in Drosophila. 
Nature 445, 86–90. 

Kaissling, K.-E. (1986). Chemo-electrical transduction in insect olfactory receptors. Annu. 
Rev. Neurosci. 9, 121–145. 

Kaissling, K., Hildebrand, J. G. and Tumlinson, J. H. (1989). Pheromone receptor cells in 
the male moth Manduca sexta. Arch. Ins. Biochem. Physiol. 10, 273–279. 

Karlson, P. and Lüscher, M. (1959). Pheromones: a new term for a class of biologically 
active substances. Nature 183, 55–56. 

Kasang, G., Kaissling, K. E., Vostrowsky, O. and Bestmann, H. J. (1978). Bombykal, a 
second pheromone component of the silkworm moth Bombyx mori L. Angew. Chemie 
Int. Edi. English 17, 60. 



References 

116 
 

Kayser, M. S., Yue, Z. and Sehgal, A. (2014). A critical period of sleep for development of 
courtship circuitry and behavior in Drosophila. Science 344, 269–274. 

Kazama, H. and Wilson, R. I. (2008). Homeostatic matching and nonlinear amplification at 
identified central synapses. Neuron 58, 401–413. 

Keesey, I. W., Knaden, M. and Hansson, B. S. (2015). Olfactory specialization in 
Drosophila suzukii supports an ecological shift in host preference from rotten to fresh 
fruit. J. Chem. Ecol. 41, 121–128. 

Keller, A. and Vosshall, L. B. (2007). Influence of odorant receptor repertoire on odor 
perception in humans and fruit flies. Proc. Natl. Acad. Sci. USA 104, 5614–5619. 

Kennedy, J. S. and Marsh, D. (1974). Pheromone-regulated anemotaxis in flying moths. 
Science 184, 999–1001. 

Khan, R. M., Luk, C.-H., Flinker, A., Aggarwal, A., Lapid, H., Haddad, R. and Sobel, N. 
(2007). Predicting odor pleasantness from odorant structure: pleasantness as a 
reflection of the physical world. J. Neurosci. 27, 10015–10023. 

Knaden, M., Strutz, A., Ahsan, J., Sachse, S. and Hansson, B. S. (2012). Spatial 
representation of odorant valence in an insect brain. Cell Rep. 1, 392–399. 

Konopka, R. J. and Benzer, S. (1971). Clock mutants of Drosophila melanogaster. Proc. 
Natl. Acad. Sci. USA 68, 2112–2116. 

Koulakov, A., Gelperin, A. and Rinberg, D. (2007). Olfactory coding with all-or-nothing 
glomeruli. J. Neurophysiol. 98, 3134–3142. 

Kreher, S. A., Mathew, D., Kim, J. and Carlson, J. R. (2008). Translation of sensory input 
into behavioral output via an olfactory system. Neuron 59, 110–124. 

Kreuzwieser, J., Scheerer, U., Kruse, J., Burzlaff, T., Honsel, A., Alfarraj, S., Georgiev, 
P., Schnitzler, J. P., Ghirardo, A., Kreuzer, I., et al. (2014). The Venus flytrap attracts 
insects by the release of volatile organic compounds. J. Exp. Bot. 65, 755–766. 

Krishnan, P., Duistermars, B. J. and Frye, M. A. (2011). Odor identity influences tracking 
of temporally patterned plumes in Drosophila. BMC Neurosci. 12, 62. 

Kuebler, L. S., Olsson, S. B., Weniger, R. and Hansson, B. S. (2011). Neuronal 
processing of complex mixtures establishes a unique odor representation in the moth 
antennal lobe. Front. Neural Circuits 5, 7. 

Kuebler, L. S., Schubert, M., Kárpáti, Z., Hansson, B. S. and Olsson, S. B. (2012). 
Antennal lobe processing correlates to moth olfactory behavior. J. Neurosci. 32, 5772–
5782. 

Kurtovic, A., Widmer, A. and Dickson, B. J. (2007). A single class of olfactory neurons 
mediates behavioural responses to a Drosophila sex pheromone. Nature 446, 542–546. 

Kwon, J. Y., Dahanukar, A., Weiss, L. A. and Carlson, J. R. (2007). The molecular basis 
of CO2 reception in Drosophila. Proc. Natl. Acad. Sci. USA 104, 3574–3578. 



References 

117 
 

Lachnit, H., Giurfa, M. and Menzel, R. (2004). Odor processing in honeybees: is the whole 
equal to, more than, or different from the sum of its parts? Adv. Study. Behav. 34, 241–
264. 

Laing, D. G. and Francis, G. W. (1989). The capacity of humans to identify odors in 
mixtures. Physiol. Behav. 46, 809–814. 

Laissue, P. P., Reiter, C., Hiesinger, P. R., Halter, S., Fischbach, K. F. and Stocker, R. F. 
(1999). Three-dimensional reconstruction of the antennal lobe of Drosophila 
melanogaster. J. Comp. Neurol. 405, 543–552. 

Lapid, H., Harel, D. and Sobel, N. (2008). Prediction models for the pleasantness of binary 
mixtures in olfaction. Chem. Senses 33, 599–609. 

Larsson, M. C., Domingos, A. I., Jones, W. D., Chiappe, M. E., Amrein, H. and Vosshall, 
L. B. (2004). Or83b encodes a broadly expressed odorant receptor essential for 
Drosophila olfaction. Neuron 43, 703–714. 

Law, J. H. and Regnier, F. E. (1971). Pheromones. Annu. Rev. Biochem. 40, 533–548. 

Lebestky, T., Chang, J. S. C., Dankert, H., Zelnik, L., Kim, Y. C., Han, K. A., Wolf, F. W., 
Perona, P. and Anderson, D. J. (2009). Two different forms of arousal in Drosophila 
are oppositely regulated by the dopamine D1 receptor ortholog DopR via distinct neural 
circuits. Neuron 64, 522–536. 

Lewis, E. B. (1960). A new standard food medium. Dros. Inf. Serv. 34, 117–118. 

Liang, L., Li, Y., Potter, C. J., Yizhar, O., Deisseroth, K., Tsien, R. W. and Luo, L. (2013). 
GABAergic projection neurons route selective olfactory inputs to specific higher-order 
neurons. Neuron 79, 917–931. 

Lin, S., Owald, D., Chandra, V., Talbot, C., Huetteroth, W. and Waddell, S. (2014). Neural 
correlates of water reward in thirsty Drosophila. Nat. Neurosci. 17, 1536–1542. 

Linz, J., Baschwitz, A., Strutz, A., Dweck, H. K. M., Sachse, S., Hansson, B. S. and 
Stensmyr, M. C. (2013). Host plant-driven sensory specialization in Drosophila erecta. 
Proc. R. Soc. Lond. B 280, 20130626. 

Liu, W. W. and Wilson, R. I. (2013a). Glutamate is an inhibitory neurotransmitter in the 
Drosophila olfactory system. Proc. Natl. Acad. Sci. USA 110, 10294–10299. 

Liu, W. W. and Wilson, R. I. (2013b). Transient and specific inactivation of Drosophila 
neurons in vivo using a native ligand-gated ion channel. Curr. Biol. 23, 1202–1206. 

Livermore, B. A. and Laing, D. G. (1996). Influence of training and experience on the 
perception of multicomponent odor mixtures. J. Exp. Psychol. 22, 267–277. 

Louis, M., Huber, T., Benton, R., Sakmar, T. P. and Vosshall, L. B. (2008). Bilateral 
olfactory sensory input enhances chemotaxis behavior. Nat. Neurosci. 11, 187–199. 

Malnic, B., Hirono, J., Sato, T. and Buck, L. B. (1999). Combinatorial receptor codes for 
odors. Cell 96, 713–723. 

Manning, A. (1967). “Pre-imaginal conditioning” in Drosophila. Nature 216, 338–340. 



References 

118 
 

Manoli, D. S., Foss, M., Villella, A., Taylor, B. J., Hall, J. C. and Baker, B. S. (2005). Male-
specific fruitless specifies the neural substrates of Drosophila courtship behaviour. 
Nature 436, 395–400. 

Mansourian, S. and Stensmyr, M. C. (2015). The chemical ecology of the fly. Curr. Opin. 
Neurobiol. 34, 95–102. 

Marder, E. (2015). Understanding brains: details, intuition, and big data. PLoS Biol. 13, 
e1002147. 

Martelli, C., Carlson, J. R. and Emonet, T. (2013). Intensity invariant dynamics and odor-
specific latencies in olfactory receptor neuron response. J. Neurosci. 33, 6285–6297. 

Masse, N. Y., Turner, G. C. and Jefferis, G. S. X. E. (2009). Olfactory information 
processing in Drosophila. Curr. Biol. 19, R700–R713. 

Mathew, D., Martelli, C., Kelley-Swift, E., Brusalis, C., Gershow, M., Samuel, A. D. T., 
Emonet, T. and Carlson, J. R. (2013). Functional diversity among sensory receptors in 
a Drosophila olfactory circuit. Proc. Natl. Acad. Sci. USA 110, E2134–E2143. 

Mathuru, A. S., Kibat, C., Cheong, W. F., Shui, G., Wenk, M. R., Friedrich, R. W. and 
Jesuthasan, S. (2012). Chondroitin fragments are odorants that trigger fear behavior in 
fish. Curr. Biol. 22, 538–544. 

Mery, F. and Kawecki, T. J. (2002). Experimental evolution of learning ability in fruit flies. 
Proc. Natl. Acad. Sci. USA 99, 14274–14279. 

Meyer, A. and Galizia, C. G. (2012). Elemental and configural olfactory coding by antennal 
lobe neurons of the honeybee (Apis mellifera). J. Comp. Physiol. A 198, 159–171. 

Min, S., Ai, M., Shin, S. A. and Suh, G. S. B. (2013). Dedicated olfactory neurons mediating 
attraction behavior to ammonia and amines in Drosophila. Proc. Natl. Acad. Sci. USA 
110, E1321–E1329. 

Münch, D., Schmeichel, B., Silbering, A. F. and Galizia, C. G. (2013). Weaker ligands can 
dominate an odor blend due to syntopic interactions. Chem. Senses 38, 293–304. 

Murlis, J., Elkinton, J. S. and Cardé, R. T. (1992). Odor plumes and how insects use them. 
Annu. Rev. Entomol. 37, 505–532. 

Murthy, M., Fiete, I. and Laurent, G. (2008). Testing odor response stereotypy in the 
Drosophila mushroom body. Neuron 59, 1009–1023. 

Nagel, K. I. and Wilson, R. I. (2011). Biophysical mechanisms underlying olfactory receptor 
neuron dynamics. Nat. Neurosci. 14, 208–216. 

Nagel, K. I., Hong, E. J. and Wilson, R. I. (2014). Synaptic and circuit mechanisms 
promoting broadband transmission of olfactory stimulus dynamics. Nat. Neurosci. 18, 
56–65. 

Najar-Rodriguez, A. J., Galizia, C. G., Stierle, J. S. and Dorn, S. (2010). Behavioral and 
neurophysiological responses of an insect to changing ratios of constituents in host 
plant-derived volatile mixtures. J. Exp. Biol. 213, 3388–3397. 



References 

119 
 

Ode, P. J. (2006). Plant chemistry and natural enemy fitness: effects on herbivore and 
natural enemy interactions. Annu. Rev. Entomol. 51, 163–185. 

Olsen, S. R. and Wilson, R. I. (2008). Lateral presynaptic inhibition mediates gain control in 
an olfactory circuit. Nature 452, 956–960. 

Olsen, S. R., Bhandawat, V. and Wilson, R. I. (2007). Excitatory interactions between 
olfactory processing channels in the Drosophila antennal lobe. Neuron 54, 89–103. 

Olsen, S. R., Bhandawat, V. and Wilson, R. I. (2010). Divisive normalization in olfactory 
population codes. Neuron 66, 287–299. 

Olsson, S. B., Kuebler, L. S., Veit, D., Steck, K., Schmidt, A., Knaden, M. and Hansson, 
B. S. (2011). A novel multicomponent stimulus device for use in olfactory experiments. 
J. Neurosci. Meth. 195, 1–9. 

Paradis, S., Sweeney, S. T. and Davis, G. W. (2001). Homeostatic control of presynaptic 
release is triggered by postsynaptic membrane depolarization. Neuron 30, 737–749. 

Parnas, M., Lin, A. C., Huetteroth, W. and Miesenböck, G. (2013). Odor discrimination in 
Drosophila: from neural population codes to behavior. Neuron 79, 932–944. 

Parry, K. and Morgan, E. D. (1979). Pheromones of ants: a review. Physiol. Entomol. 4, 
161–189. 

Pech, U., Revelo, N. H., Seitz, K. J., Rizzoli, S. O. and Fiala, A. (2015). Optical dissection 
of experience-dependent pre- and postsynaptic plasticity in the Drosophila brain. Cell 
Rep. 10, 2083–2095. 

Pechine, J. M., Antony, C. and Jallon, J. M. (1988). Precise characterization of cuticular 
compounds in young Drosophila by mass spectrometry. J. Chem. Ecol. 14, 1071–1085. 

Pelz, D., Roeske, T., Syed, Z., de Bruyne, M. and Galizia, C. G. (2006). The molecular 
receptive range of an olfactory receptor in vivo (Drosophila melanogaster Or22a). J. 
Neurobiol. 66, 1544–1563. 

Piñero, J. C., Galizia, C. G. and Dorn, S. (2008). Synergistic behavioral responses of 
female oriental fruit moths (Lepidoptera:Tortricidae) to synthetic host plant-derived 
mixtures are mirrored by odor-evoked calcium activity in their antennal lobes. J. Ins. 
Physiol. 54, 333–343. 

Plaçais, P. Y., Trannoy, S., Friedrich, A. B., Tanimoto, H. and Preat, T. (2013). Two pairs 
of mushroom body efferent neurons are required for appetitive long-term memory 
retrieval in Drosophila. Cell Rep. 5, 769–780. 

Pregitzer, P., Schubert, M., Breer, H., Hansson, B. S., Sachse, S. and Krieger, J. (2012). 
Plant odorants interfere with detection of sex pheromone signals by male Heliothis 
virescens. Front. Cell. Neurosci. 6, 42. 

Quinn, W. G., Harris, W. A. and Benzer, S. (1974). Conditioned behavior in Drosophila 
melanogaster. Proc. Natl. Acad. Sci. USA 71, 708–712. 

Raguso, R. A. (2008). Wake up and smell the roses: the ecology and evolution of floral 
scent. Annu. Rev. Ecol. Evol. Sys. 39, 549–569. 



References 

120 
 

Ramdya, P., Lichocki, P., Cruchet, S., Frisch, L., Tse, W., Floreano, D. and Benton, R. 
(2014). Mechanosensory interactions drive collective behaviour in Drosophila. Nature 
519, 233–236. 

Reinhard, J., Sinclair, M., Srinivasan, M. V and Claudianos, C. (2010). Honeybees learn 
odour mixtures via a selection of key odorants. PLoS One 5, e9110. 

Riffell, J. A., Lei, H., Christensen, T. A. and Hildebrand, J. G. (2009a). Characterization 
and coding of behaviorally significant odor mixtures. Curr. Biol. 19, 335–340. 

Riffell, J. A., Lei, H. and Hildebrand, J. G. (2009b). Neural correlates of behavior in the 
moth Manduca sexta in response to complex odors. Proc. Natl. Acad. Sci. USA 106, 
19219–19226. 

Rokni, D., Hemmelder, V., Kapoor, V. and Murthy, V. N. (2014). An olfactory cocktail 
party: figure-ground segregation of odorants in rodents. Nat. Neurosci. 17, 1225–1232. 

Ronderos, D. S., Lin, C.-C., Potter, C. J. and Smith, D. P. (2014). Farnesol-detecting 
olfactory neurons in Drosophila. J. Neurosci. 34, 3959–3968. 

Root, C. M., Masuyama, K., Green, D. S., Enell, L. E., Nässel, D. R., Lee, C.-H. and 
Wang, J. W. (2008). A presynaptic gain control mechanism fine-tunes olfactory 
behavior. Neuron 59, 311–321. 

Russo, C. A., Takezaki, N. and Nei, M. (1995). Molecular phylogeny and divergence times 
of drosophilid species. Mol. Biol. Evol. 12, 391–404. 

Sachse, S., Rueckert, E., Keller, A., Okada, R., Tanaka, N. K., Ito, K. and Vosshall, L. B. 
(2007). Activity-dependent plasticity in an olfactory circuit. Neuron 56, 838–850. 

Sandoz, J.-C., Deisig, N., de Brito Sanchez, M. G. and Giurfa, M. (2007). Understanding 
the logics of pheromone processing in the honeybee brain: from labeled-lines to across-
fiber patterns. Front. Behav. Neurosci. 1, 5. 

Sato, K., Pellegrino, M., Nakagawa, T. T., Vosshall, L. B. and Touhara, K. (2008). Insect 
olfactory receptors are heteromeric ligand-gated ion channels. Nature 452, 1002–1006. 

Savarit, F., Sureau, G., Cobb, M. and Ferveur, J. F. (1999). Genetic elimination of known 
pheromones reveals the fundamental chemical bases of mating and isolation in 
Drosophila. Proc. Natl. Acad. Sci. USA 96, 9015–9020. 

Schlief, M. L. and Wilson, R. I. (2007). Olfactory processing and behavior downstream from 
highly selective receptor neurons. Nat. Neurosci. 10, 623–630. 

Schubert, M., Hansson, B. S. and Sachse, S. (2014). The banana code-natural blend 
processing in the olfactory circuitry of Drosophila melanogaster. Front. Physiol. 5, 59. 

Schubert, M., Sandoz, J.-C., Galizia, G. and Giurfa, M. (2015). Odourant dominance in 
olfactory mixture processing: what makes a strong odourant? Proc. R. Soc. Lond. B 
282, 20142562. 

Schuckel, J., Meisner, S., Torkkeli, P. H. and French, A. S. (2008). Dynamic properties of 
Drosophila olfactory electroantennograms. J. Comp. Physiol. A 194, 483–489. 



References 

121 
 

Schuckel, J., Torkkeli, P. H. and French, A. S. (2009). Two interacting olfactory 
transduction mechanisms have linked polarities and dynamics in Drosophila 
melanogaster antennal basiconic sensilla neurons. J. Neurophysiol. 102, 214–223. 

Schütz, S., Weissbecker, B., Hummel, H. E., Apel, K.-H., Schmitz, H. and Bleckmann, H. 
(1999). Insect antenna as a smoke detector. Nature 398, 298–299. 

Séjourné, J., Plaçais, P.-Y., Aso, Y., Siwanowicz, I., Trannoy, S., Thoma, V., 
Tedjakumala, S. R., Rubin, G. M., Tchénio, P., Ito, K., et al. (2011). Mushroom body 
efferent neurons responsible for aversive olfactory memory retrieval in Drosophila. Nat. 
Neurosci. 14, 903–910. 

Seki, Y., Rybak, J., Wicher, D., Sachse, S. and Hansson, B. S. (2010). Physiological and 
morphological characterization of local interneurons in the Drosophila antennal lobe. J. 
Neurophysiol. 104, 1007–1019. 

Semmelhack, J. L. and Wang, J. W. (2009). Select Drosophila glomeruli mediate innate 
olfactory attraction and aversion. Nature 459, 218–223. 

Shang, Y., Claridge-Chang, A., Sjulson, L., Pypaert, M. and Miesenböck, G. (2007). 
Excitatory local circuits and their implications for olfactory processing in the fly antennal 
lobe. Cell 128, 601–612. 

Shorey, H. H. and Bartell, R. J. (1970). Role of a volatile female sex pheromone in 
stimulating male courtship behaviour in Drosophila melanogaster. Anim. Behav. 18, 
159–164. 

Silbering, A. F. and Galizia, C. G. (2007). Processing of odor mixtures in the Drosophila 
antennal lobe reveals both global inhibition and glomerulus-specific interactions. J. 
Neurosci. 27, 11966–11977. 

Silbering, A. F., Okada, R., Ito, K. and Galizia, C. G. (2008). Olfactory information 
processing in the Drosophila antennal lobe: anything goes? J. Neurosci. 28, 13075–
13087. 

Silbering, A. F., Rytz, R., Grosjean, Y., Abuin, L., Ramdya, P., Jefferis, G. S. X. E. and 
Benton, R. (2011). Complementary function and integrated wiring of the evolutionarily 
distinct Drosophila olfactory subsystems. J. Neurosci. 31, 13357–13375. 

Smadja, C. and Butlin, R. K. (2009). On the scent of speciation: the chemosensory system 
and its role in premating isolation. Heredity (Edinb). 102, 77–97. 

Spieth, H. T. (1974). Courtship behavior in Drosophila. Annu. Rev. Entomol. 19, 385–405. 

Steck, K., Hansson, B. S. and Knaden, M. (2009). Smells like home: Desert ants, 
Cataglyphis fortis, use olfactory landmarks to pinpoint the nest. Front. Zool. 6, 5. 

Steck, K., Veit, D., Grandy, R., Bermúdez i Badia, S., Mathews, Z., Verschure, P., 
Hansson, B. S. and Knaden, M. (2012). A high-throughput behavioral paradigm for 
Drosophila olfaction - The Flywalk. Sci. Rep. 2, 361. 

Steinbrecht, R. A. (1996). Structure and function of insect olfactory sensilla. Ciba Found. 
Symp. 200, 158–174; discussion 174–177. 



References 

122 
 

Stensmyr, M. C., Urru, I., Collu, I., Celander, M., Hansson, B. S. and Angioy, A.-M. 
(2002). Pollination: Rotting smell of dead-horse arum florets. Nature 420, 625–626. 

Stensmyr, M. C., Giordano, E., Balloi, A., Angioy, A.-M. and Hansson, B. S. (2003). 
Novel natural ligands for Drosophila olfactory receptor neurones. J. Exp. Biol. 206, 715–
724. 

Stensmyr, M. C., Dweck, H. K. M., Farhan, A., Ibba, I., Strutz, A., Mukunda, L., Linz, J., 
Grabe, V., Steck, K., Lavista-Llanos, S., et al. (2012). A conserved dedicated olfactory 
circuit for detecting harmful microbes in Drosophila. Cell 151, 1345–1357. 

Stierle, J. S., Galizia, C. G. and Szyszka, P. (2013). Millisecond stimulus onset-asynchrony 
enhances information about components in an odor mixture. J. Neurosci. 33, 6060–
6069. 

Stocker, R. F. (1994). The organization of the chemosensory system in Drosophila 
melanogaster: a review. Cell Tissue Res. 275, 3–26. 

Stocker, R. F., Lienhard, M. C., Borst, A. and Fischbach, K. F. (1990). Neuronal 
architecture of the antennal lobe in Drosophila melanogaster. Cell Tissue Res. 262, 9–
34. 

Stockinger, P., Kvitsiani, D., Rotkopf, S., Tirián, L. and Dickson, B. J. (2005). Neural 
circuitry that governs Drosophila male courtship behavior. Cell 121, 795–807. 

Stökl, J., Strutz, A., Dafni, A., Svatos, A., Doubsky, J., Knaden, M., Sachse, S., 
Hansson, B. S. and Stensmyr, M. C. (2010). A deceptive pollination system targeting 
drosophilids through olfactory mimicry of yeast. Curr. Biol. 20, 1846–1852. 

Störtkuhl, K. F., Hovemann, B. T. and Carlson, J. R. (1999). Olfactory adaptation depends 
on the Trp Ca2+ channel in Drosophila. J. Neurosci. 19, 4839–4846. 

Stowe, M. K., Tumlinson, J. H. and Heath, R. R. (1987). Chemical mimicry: bolas spiders 
emit components of moth prey species sex pheromones. Science 236, 964–967. 

Strutz, A., Völler, T., Riemensperger, T., Fiala, A. and Sachse, S. (2012). Calcium 
imaging of neural activity in the olfactory system of Drosophila. In Genetically Encoded 
Functional Indicators (ed. Martin, J.), New York: Humana Press/Springer. 

Strutz, A., Soelter, J., Baschwitz, A., Farhan, A., Grabe, V., Rybak, J., Knaden, M., 
Schmuker, M., Hansson, B. S. and Sachse, S. (2014). Decoding odor quality and 
intensity in the Drosophila brain. Elife 3, e04147. 

Su, C.-Y., Martelli, C., Emonet, T. and Carlson, J. R. (2011). Temporal coding of odor 
mixtures in an olfactory receptor neuron. Proc. Natl. Acad. Sci. USA 108, 5075–5080. 

Su, C.-Y., Menuz, K., Reisert, J. and Carlson, J. R. (2012). Non-synaptic inhibition 
between grouped neurons in an olfactory circuit. Nature 492, 66–71. 

Suh, G. S. B., Wong, A. M., Hergarden, A. C., Wang, J. W., Simon, A. F., Benzer, S., 
Axel, R. and Anderson, D. J. (2004). A single population of olfactory sensory neurons 
mediates an innate avoidance behaviour in Drosophila. Nature 431, 854–859. 



References 

123 
 

Sweeney, S. T., Broadie, K., Keane, J., Niemann, H. and O’Kane, C. J. (1995). Targeted 
expression of tetanus toxin light chain in Drosophila specifically eliminates synaptic 
transmission and causes behavioral defects. Neuron 14, 341–351. 

Szyszka, P., Gerkin, R. C., Galizia, C. G. and Smith, B. H. (2014). High-speed odor 
transduction and pulse tracking by insect olfactory receptor neurons. Proc. Natl. Acad. 
Sci. USA 111, 16925–16930. 

Thoma, M., Hansson, B. S. and Knaden, M. (2014). Compound valence is conserved in 
binary odor mixtures in Drosophila melanogaster. J. Exp. Biol. 217, 3645–3655. 

Thomas-Danguin, T., Sinding, C., Romagny, S., El Mountassir, F., Atanasova, B., Le 
Berre, E., Le Bon, A.-M. and Coureaud, G. (2014). The perception of odor objects in 
everyday life: a review on the processing of odor mixtures. Front. Psychol. 5, 504. 

Thum, A. S., Knapek, S., Rister, J., Dierichs-Schmitt, E., Heisenberg, M. and Tanimoto, 
H. (2006). Differential potencies of effector genes in adult Drosophila. J. Comp. Neurol. 
203, 194–203. 

Tian, L., Hires, S. A., Mao, T., Huber, D., Chiappe, M. E., Chalasani, S. H., Petreanu, L., 
Akerboom, J., McKinney, S. A., Schreiter, E. R., et al. (2009). Imaging neural activity 
in worms, flies and mice with improved GCaMP calcium indicators. Nat. Methods 6, 
875–881. 

Tompkins, L. (1984). Genetic analysis of sex appeal in Drosophila. Behav. Genet. 14, 411–
440. 

Touhara, K. and Vosshall, L. B. (2009). Sensing odorants and pheromones with 
chemosensory receptors. Annu. Rev. Physiol. 71, 307–332. 

Turner, G. C., Bazhenov, M. and Laurent, G. (2008). Olfactory representations by 
Drosophila mushroom body neurons. J. Neurophysiol. 99, 734–746. 

van Breugel, F. and Dickinson, M. H. (2014). Plume-tracking behavior of flying Drosophila 
emerges from a set of distinct sensory-motor reflexes. Curr. Biol. 24, 274–286. 

van der Goes van Naters, W. and Carlson, J. R. (2007). Receptors and neurons for fly 
odors in Drosophila. Curr. Biol. 17, 606–612. 

Vasmer, D., Pooryasin, A., Riemensperger, T. and Fiala, A. (2014). Induction of aversive 
learning through thermogenetic activation of Kenyon cell ensembles in Drosophila. 
Front. Behav. Neurosci. 8, 174. 

Venken, K. J. T., Simpson, J. H. and Bellen, H. J. (2011). Genetic manipulation of genes 
and cells in the nervous system of the fruit fly. Neuron 72, 202–230. 

Vet, L. E. M. and Dicke, M. (1992). Ecology of infochemical use by natural enemies in a 
tritrophic context. Annu. Rev. Entomol. 37, 141–172. 

Vogt, R. G. and Riddiford, L. M. (1981). Pheromone binding and inactivation by moth 
antennae. Nature 293, 161–163. 

Vosshall, L. B. and Stocker, R. F. (2007). Molecular architecture of smell and taste in 
Drosophila. Annu. Rev. Neurosci. 30, 505–533. 



References 

124 
 

Vosshall, L. B., Amrein, H., Morozov, P. S., Rzhetsky, A. and Axel, R. (1999). A spatial 
map of olfactory receptor expression in the Drosophila antenna. Cell 96, 725–736. 

Waddell, S. (2013). Reinforcement signalling in Drosophila; dopamine does it all after all. 
Curr. Opin. Neurobiol. 23, 324–329. 

Wadhams, L. J. (1982). Coupled gas chromatography - single cell recording: a new 
technique for use in the analysis of insect pheromones. Z. Naturforsch. 37, 947–952. 

Wallace, K. J. and Rosen, J. B. (2000). Predator odor as an unconditioned fear stimulus in 
rats: elicitation of freezing by trimethylthiazoline, a component of fox feces. Behav. 
Neurosci. 114, 912–922. 

Wang, L., Han, X., Mehren, J., Hiroi, M., Billeter, J.-C., Miyamoto, T., Amrein, H., Levine, 
J. D. and Anderson, D. J. (2011). Hierarchical chemosensory regulation of male-male 
social interactions in Drosophila. Nat. Neurosci. 14, 757–762. 

Warnes, G. R. (2011). gplots: Various R programming tools for plotting data. 

Wasserman, S., Lu, P., Aptekar, J. W. and Frye, M. A. (2012). Flies dynamically anti-track, 
rather than ballistically escape, aversive odor during flight. J. Exp. Biol. 215, 2833–2840. 

Wasserman, S., Salomon, A. and Frye, M. A. (2013). Drosophila tracks carbon dioxide in 
flight. Curr. Biol. 23, 301–306. 

Webster, B., Bruce, T. J. A., Pickett, J. A. and Hardie, J. (2010). Volatiles functioning as 
host cues in a blend become nonhost cues when presented alone to the black bean 
aphid. Anim. Behav. 79, 451–457. 

Wertheim, B., van Baalen, E.-J. A., Dicke, M. and Vet, L. E. M. (2005). Pheromone-
mediated aggregation in nonsocial arthropods: an evolutionary ecological perspective. 
Annu. Rev. Entomol. 50, 321–346. 

Wicher, D., Schäfer, R., Bauernfeind, R., Stensmyr, M. C., Heller, R., Heinemann, S. H. 
and Hansson, B. S. (2008). Drosophila odorant receptors are both ligand-gated and 
cyclic-nucleotide-activated cation channels. Nature 452, 1007–1011. 

Wickham, H. (2009). ggplot2: elegant graphics for data analysis. Springer New York. 

Wilson, R. I. (2013). Early olfactory processing in Drosophila: mechanisms and principles. 
Annu. Rev. Neurosci. 36, 217–241. 

Wilson, R. I. and Laurent, G. (2005). Role of GABAergic inhibition in shaping odor-evoked 
spatiotemporal patterns in the Drosophila antennal lobe. J. Neurosci. 25, 9069–79. 

Wilson, R. I. and Mainen, Z. F. (2006). Early events in olfactory processing. Annu. Rev. 
Neurosci. 29, 163–201. 

Woodard, C., Huang, T., Sun, H., Helfand, S. L. and Carlson, J. R. (1989). Genetic 
analysis of olfactory behavior in Drosophila: a new screen yields the ota mutants. 
Genetics 123, 315–326. 

Xu, P., Atkinson, R., Jones, D. N. M. and Smith, D. P. (2005). Drosophila OBP LUSH is 
required for activity of pheromone-sensitive neurons. Neuron 45, 193–200. 



References 

125 
 

Yaksi, E. and Wilson, R. I. (2010). Electrical coupling between olfactory glomeruli. Neuron 
67, 1034–1047. 

Yew, J. Y., Cody, R. B. and Kravitz, E. A. (2008). Cuticular hydrocarbon analysis of an 
awake behaving fly using direct analysis in real-time time-of-flight mass spectrometry. 
Proc. Natl. Acad. Sci. USA 105, 7135–7140. 

Yew, J. Y., Dreisewerd, K., Luftmann, H., Müthing, J., Pohlentz, G. and Kravitz, E. A. 
(2009). A new male sex pheromone and novel cuticular cues for chemical 
communication in Drosophila. Curr. Biol. 19, 1245–1254. 

Zaninovich, O. A., Kim, S. M., Root, C. R., Green, D. S., Ko, K. I. and Wang, J. W. (2013). 
A single-fly assay for foraging behavior in Drosophila. J. Vis. Exp. 81, e50801. 

Zhou, L., Schnitzler, A., Agapite, J., Schwartz, L. M., Steller, H. and Nambu, J. R. (1997). 
Cooperative functions of the reaper and head involution defective genes in the 
programmed cell death of Drosophila central nervous system midline cells. Proc. Natl. 
Acad. Sci. USA 94, 5131–5136. 

Zube, C., Kleineidam, C. J., Kirschner, S., Neef, J. and Rössler, W. (2007). Organization 
of the olfactory pathway and odor processing in the antennal lobe of the ant 
Camponotus floridanus. J. Comp. Neurol. 506, 425–441. 

 



Declaration of independent assignment 

126 
 

Declaration of Independent Assignment 

 

I declare in accordance with the conferral of the degree of doctor from the School of Biology 

and Pharmacy of Friedrich-Schiller-University Jena that the submitted thesis was written only 

with the assistance and literature cited in the text. 

People who assisted in experiments, data analysis and writing of the manuscripts are listed 

as co-authors of the respective manuscripts. I was not assisted by a consultant for doctorate 

theses. 

The thesis has not been previously submitted whether to the Friedrich-Schiller-University, 

Jena or to any other university. 

 

 

 

_______________________                                                        _______________________ 
Place, date                                                                                    Signature 
 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements 

127 
 

Acknowledgements 

So, now it´s time to fill the pages that will be read first by most and exclusively by some 

readers of this thesis (gotcha ;)). 

First of all, I want to thank Bill and Markus for endless support and for bearing my 

stubbornness through the years. I learned a lot from you in these almost 5 years and I am 

grateful that I had the opportunity to gather experience under your supervision. I still don´t 

get why I should be dancing to ABBA and the Bee Gees, though ;).  

Außerdem gilt mein Dank Professor Bolz. Ihr Beitrag während unserer Promotionskomitee-

Meetings war immer von unschätzbarem Wert.  

Furthermore, I want to thank my previous co-workers and supervisors, who made a major 

contribution to the scientist I already was when I came to Jena. Special thanks therefore go 

to Prof. Giovanni Galizia, Dr. Paul Szyszka and Dr. Ana Silbering, who kindled my interest in 

insect olfaction and equipped me with the toolbox I needed to make this thesis work. 

Ein weiterer Dank gilt Kathrin für die Unterstützung bei den ersten Gehversuchen mit dem 

Flywalk. Ich habe Dein Setup gut behandelt und es in vertrauenswürdige Hände 

weitergegeben (no pressure, Tom). 

Moreover, I want to thank Shannon, Farhan, Merid and Hany for the support regarding single 

sensillum recordings. It really is a privilege to profit from the individual experiences of four 

experienced scientists when learning and mastering a new method. 

Ein großes Dankeschön geht auch an Silke T. Vielen Dank für Deinen unermüdlichen 

Einsatz gegen die Auswilderung verschiedenster Fliegenarten und –linien, die Einbürgerung 

anderer Tierarten und generell im Kampf gegen das Chaos, das unweigerlich über jedes 

Labor hereinbricht, wenn man mal nicht hinschaut. Also, vielen Dank fürs Hinschauen, Du 

machst das genau richtig. Das Gleiche gilt natürlich auch für Deinen unermüdlichen Einsatz 

im GC-lab, Kerstin, und für alle TAs. Ihr seid die Seele der Arbeitsgruppe und ohne Euren 

Einsatz wäre an vernünftiges wissenschaftliches Arbeiten gar nicht zu denken. 

Vielen Dank auch an Dich, Swetlana, dafür, dass Du uns Wissenschaftlern regelmäßig das 

Organisatorische abnimmst. 

Ein großer Dank auch an alle Service-Gruppen des Instituts. Ohne Euch würde am Institut 

rein gar nichts laufen. 

Dank auch an Daniel für die regelmäßige technische Unterstützung und auch und vor allem 

dafür, dass Du und Franzi es gelegentlich geschafft habt, uns Langweiler mal für ne 

Bratwurst von der Couch zu zerren. 



Acknowledgements 

128 
 

Danke an Sascha, Regina, Christopher, Alex, Amelie, Elisa, Veit, Jeanine, Christine, 

Christian und Tom für offene Ohren und den nötigen Schuss (Galgen)humor, wenn alle 

rationalen Herangehensweisen an den alltäglichen wissenschaftlichen Wahnsinn gescheitert 

waren. 

A big thank you goes to all my past and present fellow PhD students and all members of the 

Hansson family for creating a great atmosphere to work in and an environment that felt like 

home the moment I stepped in. 

Ein besonderer Dank gilt meinen Eltern, meinen Brüdern und meiner gesamten Familie. 

Auch wenn Ihr manchmal nicht so ganz genau versteht, was ich tagtäglich mache, und erst 

recht nicht warum, konnte und kann ich mir zu jeder Zeit Eurer Unterstützung sicher sein. 

Vielen Dank für diese Sicherheit und das Gefühl, nie weggewesen zu sein, wenn ich mich 

alle 2 Jahre mal blicken lasse! 

Maren, meine Dankbarkeit Dir gegenüber kann ich eigentlich gar nicht in Worte fassen und 

Du weißt, dass das ohnehin nicht so mein Ding ist. Danke dafür, dass Du zu jeder Zeit mein 

sicherer Hafen bist und mich immer wieder an meine Leidenschaft für die Biologie erinnerst, 

auch wenn mir der Blick verbaut ist. Ohne Dich wäre diese Arbeit nicht entstanden. 

So, und jetzt möchte ich mich noch bei jemandem bedanken, den ich noch gar nicht 

persönlich kenne. Vielen Dank, mein kleiner Zwerg! Du hast mir genau dann den Fokus 

zurückgegeben, als ich ihn am nötigsten brauchte. Du kannst rauskommen, Papa hat jetzt 

Zeit und freut sich darauf, Dich kennenzulernen ;)      

 

 

 

 

 

Selective readers may now proceed to the reference list (gotcha again). Feel free to read the 

rest afterwards. And always keep in mind:  

“The presence of those seeking the truth is infinitely to be preferred to the presence of 

those who think they´ve found it.” 

(Sir Terry Pratchett, 1948-2015; “Monstrous Regiment”)  

 

 


