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What was required was a perfume penetrating enough to 

obscure the bouquet of rutting goat, yet not so 

overpowering that is called undue attention to itself: there 

was little to be gained by moving from one extreme to 

another on the olfactory scale. 

 



INTRODUCTION 

 

Aims and scope of the thesis 

This dissertation aims to decipher strategies employed in the Drosophila nervous system to 

encode sensory stimuli and to decode relevant information into a behavioral output ensuring 

the animals’ survival. Along different processing stages in the olfactory circuitry, both 

processes were investigated. The focus was set on the question at which processing level the 

percept of an odor can be predicted, in particular the hedonic valence1 of a given odorant and 

which mechanisms might initiate odor-directed innate behavior. The employed key technique 

to access the Drosophila brain and unravel information regarding encoding and decoding at 

distinct processing levels was Ca2+-imaging in various defined neuronal populations. Chapter 

III comprises a book chapter that explains and discusses the Ca2+-imaging method. 

Furthermore, to ensure the ecological relevance of investigated mechanisms, natural and 

relevant volatiles were incorporated in most studies. Finally, to define fundamental principles 

of neuronal coding, the evolutionary stability of the unraveled strategies was tested by 

comparing peripheral codes of several Drosophila siblings. 

 

Drosophila as a neuroethological model system 

The vinegar fly Drosophila melanogaster is the oldest biological model system, initially 

described by the German entomologist Johan Wilhelm Meigen in the 19th century. Not even 

80 years later, Drosophila played a central role in genetics, when Thomas H. Morgan 

identified ‘association factors’ (genes) located on Drosophila chromosomes carrying 

inheritance information (Meigen, 1830; Thomas H. Morgan, 1911). Subsequently, Drosophila 

became the foremost model for genetics and the discovery of genes owing various functions 

opened possibilities for numerous research areas beyond genetics. The development of a 

manifold of genetic tools followed, e.g. the groundbreaking development of the GAL4-UAS2 

binary transcription system, which enables targeted expression of reporters in restricted cell 

populations of interest (for a detailed description see Chapter III) (Brand and Perrimon, 1993; 

Fisher, 1988). The technique was refined inter alia by the FLP3 mediated FRT4-site 

recombination and MARCM5, to randomly or selectively label or manipulate single cells or 

1 hedonic value = pleasantness vs. unpleasantness of an odor (Bensafi et al., 2007) 
2 GAL4 is a yeast transcriptional activator, UAS the corresponding upstream activating sequence 
3 Flippase (a recombinase catalyzing the FRT site-specific recombination)  
4 Flippase recognition target 
5 Mosaic analysis with a repressible cell marker 



cell clones (Golic and Lindquist, 1989; Lee and Luo, 1999). Finally, the sequencing of the 

entire Drosophila melanogaster genome and the complementation with the comparative 

analysis of several sequenced siblings species equipped Drosophila with unique possibilities 

for virtually all scientific fields including evolutionary biology (Adams, 2000; Clark et al., 

2007). 

One of the fields receiving vivid interest are the neurosciences (Bellen et al., 2010; Venken 

and Bellen, 2005). An intriguing example for discoveries of utmost importance for humans is 

neurodegenerative disorder research (Bier, 2005): research on the model Drosophila 

melanogaster led to the discovery of numerous genes underlying neurodegenerative disorders, 

e.g. Parkinson and Alzheimer. These findings have clearly accelerated medical research 

(Lessing and Bonini, 2009). Besides conserved gene functions and its genetic tractability, 

several properties qualify Drosophila melanogaster as a particularly valuable neuroscientific 

model: It offers a short generation time, is easy to handle in the laboratory and displays 

numerous similarities at the cellular, functional and structural level to the vertebrate nervous 

system, but with a vastly reduced numerical complexity (the mouse brain contains ~75 

million neurons, whereas the fly brain contains only ~100.000 neurons). 

The olfactory system of the fly is an exceptionally interesting sensory system owing 

outstanding similarities in architecture and function to the mammalian system (Hildebrand 

and Shepherd, 1997). The sense of smell is of pivotal importance for most animals. It enables 

reliable localization of food sources, mating partners or harmful conditions via detection of 

volatile compounds. Volatiles are versatile and abundant in the external world, and form an 

olfactory stimulus space through which the animal has to navigate. The olfactory input is 

capable of provoking direct innate behavioral responses, which are stereotyped, making it a 

very fast and ultimate skill (Tinbergen, 1951). Thus, the olfactory network must on the one 

hand offer a great capacity to encode an enormously complex external surrounding and on the 

other hand be able to quickly extract relevant information to trigger vital odor-guided 

behavior. 

 

Architecture of the Drosophila Olfactory System 

As highlighted above, the Drosophila olfactory system shares fundamental similarities with 

the mammalian one, but is drastically reduced in numerical complexity. The deeply conserved 

organization (~ 50 million years separate mammals from insects) suggests a successful 

solution for this sensory system. Introducing the fly’s olfactory network, I will include 



structural and functional parallels existing in mice, but avoid details regarding specific 

properties for clarity. The concurrent description illustrates basic and common principles of 

both olfactory systems and thereby emphasizes the general relevance of the research field of 

this thesis. 

Both, mammals and insects are equipped with multiple olfactory appendages. These olfactory 

organs expose olfactory sensory neurons (OSNs) to the environment and are located on the 

head exclusively. The third segment of the antennae and maxillary palps are the two olfactory 

organs of Drosophila, whereas the mouse houses four organs in its nasal cavity: the main 

olfactory epithelium (MOE), the vomeronasal organ, the Grueneberg ganglion and the septal 

organ of Masera (De Bruyne et al., 1999; de Bruyne et al., 2001; Fuss et al., 2005; Halpern, 

1987; Kaluza et al., 2004; Tian and Ma, 2004). The fly’s olfactory organs are densely packed 

with hair-like structures, called olfactory sensilla, which have a porous cuticle, permeable for 

odorants (see peripheral organization in Figure 1) (Shanbhag et al., 1999). Most sensillum 

types are filled with sensillum lymph, which contains specific soluble odorant binding 

proteins (OBPs). OBPs are thought to bind to compatible odorants and thus transfer bound 

odors in a soluble state (Vogt and Riddiford, 1981). Each sensillum houses up to four OSNs, 

which always occur in an identical combination with other OSNs. The MOE of mice is 

densely packed with cilia of OSNs and coated with nasal mucus that likewise contains OBPs 

(Pelosi et al., 1990). The bound odors are transported by OBPs to chemosensory receptors 

exposed at the external side of the OSN cilia. OSNs typically express only one specific 

olfactory receptor (OR) in both fly and mouse. 

Mice ORs are G-protein coupled receptors (GPCR), which initiate an internal metabotropic 

signal cascade by receptor-ligand interaction, finally resulting in a membrane depolarization. 

However, depending on the housing tissue, mice also express ORs of varying structures 

(Vosshall and Stocker, 2007). In flies, as well as in virtually all other insects, the ORs are 

embedded structurally inverted within the membrane (Benton et al., 2006): the C-terminus is 

directed towards the extracellular space and the N-terminus towards the cytoplasm. ORs make 

up the majority of chemosensory receptors in the fly olfactory organs.  

The bipolar OR-expressing OSNs send their dendrites into two types of sensilla: basiconic 

and trichoid sensilla. The former are mainly involved in detecting odors of a broad ecological 

relevance (e.g. habitat and food odors), whereas the latter are specialized on detecting 

pheromones (Ha and Smith, 2006; Hallem and Carlson, 2006). Within sensilla OSNs are 

grouped in a defined combination, but the overall distribution of OSNs on the antenna is 



mainly arbitrary. The antenna contains another sensillum type, termed coeloconic sensilla. 

This type houses OSNs expressing distinct and more ancient chemosensory receptors, namely 

the ionotropic receptors (IRs) (Benton et al., 2009; Mayer, 2006). The highly conserved IRs 

detect mainly acids and amines and are structurally homologous to ionotropic glutamate 

receptors (iGluRs) (Ai et al., 2010). They comprise an extracellular N terminus, a bipartite 

ligand-binding domain, an ion channel domain and a short cytoplasmic C terminus. Like the 

homologous iGluRs, IRs can form ion channels, gated by odors and other chemosensory 

stimuli (Abuin et al., 2011). 

In contrast to IRs, insect ORs lack any homology to vertebrate GPCRs and need to form 

heterodimers with the ubiquitous chaperone Orco (olfactory co-receptor, former termed 

OR83b) to function properly (Benton et al., 2006; Larsson et al., 2004; Vosshall and Hansson, 

2011; Wistrand et al., 2006). The exact mechanism how the heterodimers Orco-ORX operate 

is still contentious. Commonly accepted is the fact that upon ligand binding a fast ionotropic 

pathway is activated and initiates rapid changes in the OSN membrane potential (Sato et al., 

2008; Wicher et al., 2008). Furthermore there is accumulating evidence for a second pathway 

mediated via the Orco-ORX-complex functioning as a metabotropic receptor (Wicher et al., 

2008). 

From the periphery, OSNs project their axons via the antennal nerve (olfactory nerve in mice) 

to the primary olfactory neuropil in the brain, the antennal lobe (AL) or olfactory bulb (OB) 

(Hildebrand and Shepherd, 1997) (Figure 3). Due to highly arranged connectivity of three 

principal neurons types, the AL/OB consists of spherical structures, termed olfactory 

glomeruli, representing its structural and functional units. Glomeruli are arranged spatially 

invariant and create a defined glomerular topography. In flies OSNs expressing a common 

receptor converge bilaterally onto one specific cognate glomerulus. Notable exceptions are 

OSNs expressing a gustatory receptor, namely the GR21a sensing the atmospheric trace gas 

CO2, projecting only to the ipsilateral (V-) glomerulus exclusively (Scott et al., 2001; 

Vosshall et al., 2000). In mice all OSNs display a unilateral projection pattern. Within 

glomeruli OSNs form synapses with projection neurons (PNs), which convey olfactory 

information to higher brain centers, as the calyces of the mushroom body (MBc) and the 

lateral horn (LH) of the protocerebrum. The mouse equivalent to PNs are the mitral/tufted 

cells projecting to several cortical brain regions. The third neuron-type, local interneurons 

(LNs), develops only one AL-restricted neurite and modulates the olfactory ‘code’; in 

contrast, mice possess two equivalents, the juxtaglomerular and granule cells. 



 

Figure 1. Comparative outline of the peripheral olfactory organization of flies and mice 

Olfactory organs are located on the head. Mice possess several organs in their nasal cavity, of which 

only the olfactory epithelium is depicted. Olfactory organs expose the apical dendrite of OSNs 

towards the external space. Insect sensilla are porous and allow access of odors (dashed line). Not 

outlined in the figure are the liquids covering the neurons: sensillum lymph or nasal mucus produced 

by accessory cells. OSNs of both organisms express only one ligand-specific olfactory receptor (OR), 

but flies express the ubiquitous co-receptor Orco (magenta) in the majority of OSNs. Both, fly and 

mouse ORs are seven-transmembrane proteins. Fly ORs have an inverse topology in the membrane, 

and are not homologous to GPCRs. Flies also express the more ancient IRs (ionotropic receptors), 

which are homologous to iGluRs. The figure is a combinatorial adaption from (Bargmann, 2006; 

Benton, 2009). 

 

The olfactory code describes combinatorial glomerular activity patterns in the AL, evoked by 

activation of different OSNs following odor-receptor interaction. This glomerular activity 

map emerges at the primary OSN level and at the secondary PN level and can be examined in 

transgenic animals, expressing a genetically encoded functional indicator in the neuron 

population of interest (see Chapter III). A major problem in identifying glomerular targets of 

various olfactory neurons is the fact that Drosophila studies depend on the availability of 

GAL4 lines labeling subsets of cells. Immunostainings of the neuropil indicated that the AL 

consists of ~43 - 50 glomeruli, due to purely structural spherical shapes observed in vitro 

(Laissue et al., 1999; Stocker et al., 1990). I developed a transgenic fly expressing 

constitutively fluorescent presynapses, serving as an in vivo neuropil background, which (in 

combination with several GAL4 lines) enables functional mapping of glomeruli and 

glomerular targets of different neurons (Figure 2). This genetic modification enabled 



generation of a functional in vivo atlas of the fly AL, which indicated a higher number of 

glomeruli, more precisely 53 (unpublished data, see additional manuscripts). Moreover, the 

construct can be used to embed single neurons into the brain architecture (Chapter V). 

The majority of PNs in Drosophila develop uniglomerular dendritic innervations in the AL, 

i.e. they target only one specific glomerulus. Hence, each glomerulus has a fixed number of 

cognate uniglomerular PNs (mostly 2-6), which are, like OSNs, exclusive to that glomerulus 

(Stocker et al., 1997). These excitatory PNs (ePNs) express the neurotransmitter acetylcholine 

(ACh) and project to two higher brain areas, the MBc and the LH (Figure 3). The latter brain 

area is believed to be involved in innate behavioral responses and was a central object within 

this thesis (see Chapters IV and V). This assumption is supported by neuroanatomical studies 

revealing a hard-wired and stereotyped axon branching of ePNs in the LH (Marin et al., 2002; 

Wong et al., 2002). Further support derives from numerous studies revealing a crucial role of 

the MBc in associative olfactory behavior (Heisenberg, 2003). In mice, experience-based 

changes were found in the piriform cortex (Li et al., 2006, 2008). 

 

Figure 2. Drosophila head with olfactory pathway and investigated neuronal populations 

(A) Schematic illustrating the olfactory system in the fly (adapted from Heisenberg, 2003). Note that 

the PN pathway (white, ascending from the ALs to the MBc) does not include iPNs, which were fairly 

considered). 

(B) - (D) In vivo image of investigated GAL4 lines labeled with G-CaMP with a red labeled neuropil; 

(B) and (C) image courtesy of Veit Grabe. 

(B) OSNs (green) labeled with Orco-GAL4; Axons targeting glomeruli on both hemispheres embrace 

the ALs. 

(C) ePNs (green) labeled with GH146-GAL4, the star denotes ePNs somata lateral to the AL. 

(D) iPNs (green) labeled with MZ699-GAL4; oligoglomerular dendrites are very fine. 

 

 

 

A parallel second-order olfactory pathway, anatomically separated from the ePN pathway, 

comprises inhibitory projection neurons (iPNs) producing the neurotransmitter GABA (Ito et 

al., 1997; Lai et al., 2008; Okada et al., 2009). The relevance of this pathway for odor coding 

and behavior has not been studied until now (Chapter V). Further anatomical differences to 

ePNs are the oligoglomerular pattern of iPNs in the AL, i.e. innervations across glomerular 



subsets, and the exclusive axonal innervation of the LH. By anatomically and functionally 

characterizing this particular neuronal population, I provided striking evidence for a parallel 

processing conducted by iPNs conveying distinct olfactory information to the higher brain 

and eliciting innate behavioral responses. 

 

Odor Processing in the Drosophila Olfactory System 

Odor processing describes the complete flora of mechanisms within the olfactory network, 

transforming raw information regarding the external olfactory space into a readable and 

decision-relevant neuronal code, in turn creating a percept underlying a particular behavior. 

Besides information accuracy (e.g. regarding the odors’ identity), two opposing requirements 

of the neuronal code are crucial. First, it has to be flexible and plastic, i.e. if the relevance of a 

specific olfactory stimulus varies, for example dependent on the physiological state of the 

animal (e.g. hunger). This guarantees an appropriate behavioral output. Second, stability can 

be of pivotal relevance, i.e. certain information, for example danger, is of absolute fixed 

importance and demands a hard-wired code (e.g. poison, toxic gases or pheromones). Stability 

guarantees a fast stereotypic behavioral output. 

The very first level of olfactory processing occurs already at the periphery in the olfactory 

organs. The 70 chemosensory receptors expressed by the ~1300 OSNs already possess 

characteristic response spectra and dynamics. Therefore the peripheral odor detection process 

itself already pre-arranges and filters information dependent on how specific volatiles are 

detected and translated (De Bruyne et al., 1999; de Bruyne et al., 2001; Hallem and Carlson, 

2006). Thus, the antennal receptor repertoire already encodes the entire raw information of the 

olfactory space. Some spatial order is present on the antenna, in particular the stereotyped 

grouping of OSNs, but so far it has not been shown that OSNs are grouped according to 

perceptual value (De Bruyne et al., 2001; Stensmyr, 2003). Ultimately, OSNs are more or less 

randomly distributed on the antenna. Thus, primary olfactory information transduced by 

ORs/IRs into neuronal activity is formed within the OSN population and directly conveyed to 

the AL. The antennal receptor code does not allow predictions regarding the percept (valence) 

of an odor for the animal, as shown in detail in Chapter II. 

The ‘peripheral chaos’ is eliminated when OSNs converge precisely into receptor-specific AL 

glomeruli. It has become clear, that the primary neuropil of the Drosophila olfactory circuitry 

consists of a small number of neuronal types: OSNs, LNs and PNs are the three principal AL 



neuron types (Figure 3). Glomeruli are defined microcircuits of precise synaptic connections 

between OSNs, LNs and PNs (Figure 2). 

 

 

Figure 3. Schematic summary of the olfactory architecture in flies 

OSNs (blue, green, red), randomly arranged on the antenna, converge receptor-dependently onto one 

specific glomerulus in the AL. LNs (turquoise) interconnect glomeruli within the AL. Uniglomerular 

excitatory PNs (ePNs, blue, green, red) receive glomerulus-specific information in the AL and diverge 

to Kenyon cells in the MBc prior to synapsing onto an unknown number of LH neurons. 

Oligoglomerular inhibitory PNs (iPNs, mixed green and blue or red, respectively) innervate several 

glomeruli in the AL and target the LH exclusively. Adapted from (Masse et al., 2009). 

 

The following paragraph will briefly describe the connectivity and some important 

physiological properties of these connections. Ligand-receptor interactions at the dendrites of 

OSNs result in a membrane depolarization and generate action potentials which propagate to 

termini of the axons and provoke release of ACh within a specific glomerulus. Recently, it has 

been shown that OSNs can release neurotransmitter in the bilateral lobes asymmetrically, 

which enables the fly to lateralize odors (Gaudry et al., 2013). The cholinergic signal leads to 

a membrane-depolarization of the postsynaptic PNs or LNs, respectively. If an action 

potential is generated, the same process propagates at the second level. An exclusive 

occurrence of this process would imply a precise one to one translation of the primary 

information encoded in the OSN population onto the secondary PN population. Nevertheless, 

some computation takes place due to the strong OSN to PN convergence of ~6:1, enhancing 

the signal-to-noise ratio and ensuring accurate information transmission (Masse et al., 2009). 



However, multiglomerular LNs can be activated by ACh release of PNs or OSNs and 

prevalently modulate the olfactory code by presynaptically inhibiting OSNs via GABA 

release. This process is presumed to mediate gain control in the AL (Olsen and Wilson, 2008). 

Furthermore, a minor group of cholinergic LNs exists and communicates via electrical 

synapses with other LNs but also PNs. This mechanism is believed to enhance sensitivity for 

low concentrated odors (Shang et al., 2007; Yaksi and Wilson, 2010). Thus, the transversal 

net of LNs has multiple potentials altering the olfactory code (Wilson et al., 2004). In 

addition, dependent on the animals’ physiological state, various neuropeptides can modulate 

the olfactory code and facilitate adaptation of the code towards current needs (e.g. Dacks et 

al., 2009; Root et al., 2011). 

AL output neurons - PNs - receive cholinergic signals and transfer the collected information 

to higher brain regions. At first, the ~150 ePNs per hemisphere diverge in the MBc on ~2500 

Kenyon cells, where contextualization of odors with experiences takes place (Caron et al., 

2013). Finally, ePNs terminate in a highly stereotyped fashion in the LH. The ~45 

oligoglomerular iPNs innervate the LH exclusively and exhibit, like ePNs, a hard-wired 

connectivity (Ito et al., 1997; Lai et al., 2008; Chapter V). 

 

Innate Odor Preference in Drosophila 

Neuroscientific research deals with a large behavioral repertoire in Drosophila (Vosshall, 

2007). The basis of these studies is often provided by neurogenetics identifying genes 

underlying a specific behavioral outcome. Nevertheless, single genes often influence a whole 

behavioral repertoire or physiological condition, complicating the search for the neuronal 

origin or mechanism explaining how the nervous system codes a specific behavior. As 

described above, the olfactory system is an extremely flat processing stream (Wilson and 

Mainen, 2006). From the peripheral detection of an odor only one synapse separates primary 

from higher brain processing. The second synapse relaying information is already situated in 

the two main higher brain centers, initializing odor-guided behavior (see Chapter V; De Belle 

JS, 1994; Heisenberg, 2003). This comparatively straight organization makes olfaction an 

extremely promising field for deciphering the neural correlate of behavior without particularly 

analyzing the function of a specific gene or applying forward genetics (Hansson and 

Stensmyr, 2011). 

Olfactory behavior can be divided into learned and innate odor-guided behavior. Learned 

olfactory behavior is a process of higher computation, including flexible parallel processing 



traces (Davis, 2011; Séjourné et al., 2011). Olfactory learning has received extensive attention 

in several animals and one assumes that this complex sensory memory formation is conducted 

in the MBc and beyond (e.g. Giurfa, 2007). Associated odor values can become of pivotal 

importance for the animal, if for example a new environment is faced. 

However, innate odor responses are fundamental behaviors that can be described as primitive 

reactions that animals can perform without any previous experience (Gong, 2012). These 

basic reactions to stimuli display the most direct output of the olfactory circuitry and are 

necessary cornerstones of more complex behaviors. Moreover, innate behaviors are hard-

wired, i.e. confronted with a specific stimulus, the animal responds promptly and in a 

stereotypic and predictable fashion (Tinbergen, 1951). Thus, specifically examining 

mechanisms underlying innate behavior can elucidate fundamental principles of olfactory 

coding. As broached above, a comparative analysis between close or distantly related 

Drosophila siblings can indirectly monitor evolutionary adaptations (for an example see 

additional manuscripts) or estimate the fundamentality of the neural correlates of innate 

behaviors identified in Drosophila melanogaster. 

 

Mechanisms elucidated in this thesis 

Optical recording of neuronal activity in the AL gives direct access to Ca2+-dynamics at most 

processing levels in the Drosophila brain (Chapter III). The processing levels investigated in 

this thesis comprise neurons located in the periphery to the higher brain center, the LH. 

Mechanisms generating innate behavioral responses were of particular interest. The MBc, 

where contextualization of odors with experiences takes place, was consequently not included 

in these studies.  

The glomerular convergence of OSNs and PNs generate combinatorial glomerular 

spatiotemporal activity patterns evoked by single odors or odor mixtures in the AL, which can 

directly be monitored using specific GAL4 driver lines (Fiala et al., 2002; Joerges, 1973; 

Wang et al., 2003). By examining primary OSN activity in the AL, I observed a particularly 

attractive combinatorial activity pattern in the AL evoked by the odor of Arum palaestinum. 

The deceptive Solomon’s lily native to Mediterranean Middle Eastern countries, attracts 

Drosophila flies by the hundreds within one day. It produces an odor gratus
6 which generates 

an olfactory mimicry of alcoholic fermentation in the fly brain (see Chapter I). The evoked 

primary activity pattern in the AL is strikingly similar to the pattern evoked by cider vinegar 

6 The initial description of the A. palaestinum odor, as remarkably pleasant in comparison to plums of distinct Arum species 
(Engler and Kotsl, 1920). 



(Semmelhack and Wang, 2009). By manipulating single OSN types contributing to this 

particular pattern, it was shown that some glomeruli can mediate behavioral responses, such 

as attraction or repulsion. We could show, that the combined OSN activity presumably 

generates an overall gestalt of an optimal resource (i.e., yeast covered rotting fruit). Therefore, 

already at the primary processing level of the AL particular combinatorial spatial patterns 

provoke an irresistible positive behavioral output. 

However, this pattern is evoked by very complex natural odor blends, which are usually 

emitted by relevant sources such as feeding substrates. To accurately analyze the glomerular 

code it is advantageous to use monomolecular odorants, evoking the narrowest possible and 

well-defined spatiotemporal activity array in the AL. Also, single natural compounds have 

been described as attractive or aversive to flies (Dekker et al., 2006; Stensmyr, 2003). To pin 

down which processing level reveals an initial representation of odorant valence, we 

established a large set of valences of odors and comparatively analyzed the activity at the 

periphery, and in the brain at the primary and secondary AL level (i.e. OSNs and ePNs, 

Chapter II). Hereby, we found that valence cannot be predicted from the peripheral (receptor) 

and primary processing levels (OSNs). However, uniglomerular ePNs indeed represented 

attractive and repulsive odorants in a spatially discriminative manner in the AL, i.e. an odor’s 

valence can be predicted from the secondary glomerular AL code. Therefore, the second 

processing level in the AL already unveils generic odor information in particular valence 

information. 

Nevertheless, despite a topographic valence separation at the glomerular ePN level, the entire 

ePN population collects an optimized code within the AL and transfers this information to the 

higher brain. This code has the capacity to contain all possible features, as for example odor-

intensity, -valence and -identity (Sachse and Galizia, 2006). Valence or intensity can be 

described as odor features or modalities, which can be shared across odors, whereas identity is 

a unique feature of an odor and accounts – together with the other features – for the 

quality/percept of the odor. I have shown in Chapter V, that these odor modalities are decoded 

by a second group of PNs the iPNs. Inhibitory PNs extract positive valence information as 

well as odor-intensity information from distinct parts of the AL and integrate this information 

into restricted odor response domains in the LH. Loss of inhibitory function in iPNs severely 

diminished general attraction behavior and disturbed odor-intensity discrimination. Moreover, 

a segregated group of third order neurons projecting to the ventrolateral protocerebrum 

revealed response dynamics exclusively correlated to repulsive odors. These data indicate a 



spatial and functional arrangement of the LH, stably decoding opposing hedonic valences and 

odor intensity into a decisive behavioral output (Chapter V). 

Another intriguing coding mechanism to ensure hard-wired and ultimate innate behavioral 

responses is the labeled line strategy. The CO2 circuitry for example is composed of the 

activation of a specific receptor, a single glomerulus and a specific region in the higher brain 

(Sachse et al., 2007; Suh et al., 2004). Comparable findings were made by analyzing the 

neuronal circuitry of pheromones (Ruta et al., 2010; Sachse et al., 2007; Suh et al., 2004). 

This straight transfer of detected information without much processing, guarantees a fast 

stereotypic behavior and can possibly save the animals life. Chapter IV dissects a functionally 

segregated aversive pathway activated by the microbial substance geosmin from the periphery 

to the higher brain. 

In summary, this thesis describes and consolidates several fundamental coding strategies of 

the Drosophila olfactory circuitry at different processing levels, which initiate innate 

olfactory behavior. 
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The emitted odor of flowering Arum palaestinum plants attracts drosophilids as pollinators. 

The Drosophila antennal detection pattern was similar for several fermentation products. 

Some active compounds are rare in flowers but a standard byproduct of yeasty alcoholic 

fermentation. Seven other visiting species revealed a congruent response pattern. Calcium 

imaging of olfactory sensory neurons in the antennal lobe identified target olfactory receptors 

(ORs). The activity patterns revealed ORs, whose genes are the most conserved OR genes of 

the Drosophila genome. Thus, the strategy of producing an odor gratus to mimic fruit 

undergoing alcoholic fermentation targets a basal and critical function of the fly nose. 
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The innate valence of 110 odorants was established. Pleasantness of the odors could not be 

predicted at the periphery, neither by physicochemical properties nor by physiological 

properties. Calcium imaging experiments were performed in the antennal lobe (AL) 

investigating the six most attractive and six most repulsive odorants at concentrations of two 

orders of magnitude. Olfactory sensory neurons (OSN), as well as projection neurons (PN), 

revealed no correlation of valence with OSN activity, but a striking valence-specific 

segregation of glomerular activity on the PN level of the AL. Thus, the topographic output 

pattern of the AL encodes the innate valence odorants, hence initializing the process of 

decision making in the insect brain.  
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The Book chapter describes optical Ca2+-recording techniques to investigate the olfactory 

circuit of Drosophila melanogaster. Genetic methods allowing the visualization of specific 

neuronal populations or single neurons within the brain and analysis of temporal and spatial 

activity via expression of genetically encoded calcium sensors (GECIs) are explained. It 

includes animal genetics, setup configurations and introduces the respective data analysis; this 

chapter enables the reader to optically monitor odor elicited spatiotemporal activity in the 

Drosophila brain.  
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Summary

In deceptive pollination, insects are bamboozled into per-
forming nonrewarded pollination. A prerequisite for the

evolutionary stability in such systems is that the plants
manage to generate a perfect sensory impression of a desir-

able object in the insect nervous system [1]. The study of
these plants can provide important insights into sensory

preference of their visiting insects. Here, we present the
first description of a deceptive pollination system that

specifically targets drosophilid flies.We show that the exam-
ined plant (Arum palaestinum) accomplishes its deception

through olfactory mimicry of fermentation, a strategy that
represents a novel pollination syndrome. The lily odor is

composed of volatiles characteristic of yeast, and produces
in Drosophila melanogaster an antennal detection pattern

similar to that elicited by a range of fermentation products.

By functional imaging, we show that the lily odors target
a specific subset of odorant receptors (ORs), which include

the most conserved OR genes in the drosophilid olfactome.
Furthermore, seven of eight visiting drosophilid species

show a congruent olfactory response pattern to the lily, in
spite of comprising species pairs separated by w40 million

years [2], showing that the lily targets a basal function
of the fly nose, shared by species with similar ecological

preference.

Results and Discussion

The Solomon’s lily (Figure 1A, insert) belongs to the predomi-
nantly Mediterranean genus Arum, whose 30 odd members,
with a few exceptions, are nonrewarding, and rely on olfactory
mimicry for pollination [3]. The Solomon’s lily is native to Israel,
Lebanon, and Syria [3, 4], was first described by the noted
Swiss botanist Edmond Boissier in 1853 [5], and has since
the initial description only been subject to cursory examination
[6]. However, the available information hints at an intriguing
pollination system. The lily reportedly produces an odor gratus
[4] similar to rotting fruits [6], in contrast to the other members
of the genus,most ofwhich produce foul dung and/or urine like
odors [3]. The scant available records suggest that the fruity

odor is highly attractive to certain drosophilid flies, which
subsequently become trapped and exploited as pollinators
(Figure 1A; see Movie S1 in the Supplemental Information
available online). A single lily can apparently attract flies by
the hundreds, a remarkable feat given that the plants flower
and produce odors merely during a few hours [6].
First, we set out to confirm the identity of the targets of

the lily’s mimicry. We located two flowering populations in
northern Israel, from which we had the opportunity to examine
w20 flowering plants. It quickly materialized that the plants
indeed are remarkably attractive to drosophilid flies. From
two plants that were cut and enclosed, we recorded 413 and
452 insects, respectively. Sampling of trapped insects from
an additional 13 plants (not fully dissected, due to the scarcity
of the plants) yielded a total of 1766 insects, of which 1754
(99.3%) were drosophilid flies. Closer examination revealed
the presence of eight drosophilid species: Drosophila simu-
lans, D. melanogaster, D. subobscura, D. hydei, D. immigrans,
D. busckii, Zaprionus tuberculatus, and Z. indianus. At the two
examined sites, the main visitor was D. simulans, comprising
89% of the caught flies. The dominance of D. simulans over
its sibling,D.melanogaster, probably reflects the rural location
of the study sites, as the proportion of D. melanogaster to
D. simulans is negatively correlated with distance from human
settlements [7]. Furthermore, banana baits and Vector960
traps (a highly efficient commercial bait of unspecified compo-
sition, primarily developed against D. melanogaster) at these
locations also attracted the same species, in the same propor-
tions as the lily (Figure S1A). Accordingly, the high number of
D. simulans mirrors the habitats’ species composition, rather
than a difference in preference between the two species. The
attracted drosophilids have similar ecology. All are cosmopol-
itan (or subcosmopolitan), human commensals, feed on yeast
[8], breed in fruit (if available), and are hence also typically
found together wherever co-occurring (e.g., [9]). Differing to
some extent is D. busckii, which, although found in fermenting
fruit, prefers decaying vegetables [9], but can also be found in
a wide range of other substrates [10].
To a human nose, the inflorescence indeed produces

a rather pleasant odor, quite reminiscent of a fruity wine.
Assuming that the plant’s prominent odor is the main cause
for its attraction to drosophilids, we next sampled emitted
volatiles from flowering lilies. Volatiles were collected in situ
from 10 plants from the two above-mentioned populations.
We subsequently used these collections as odor stimuli in
linked gas- chromatography electroantennographic detection
(GC-EAD) experiments [11], a technique that allows for simul-
taneous flame ionization and antennal detection. UsingD.mel-
anogaster and D. simulans as in vivo antennal detectors in
multiple GC-EAD experiments, we found a total of 14 peaks
eliciting repeated antennal responses, with seven of these fully
reproducible (i.e., active across all performed recordings)
(Figure 1C). The two sibling species responded similarly to
the lily’s headspace, as did the sexes of the two species
(data not shown).
We next identified the physiologically active peaks via

GC-MS and coinjection of synthetic standards (commercially
obtained or synthesized in house). The 14 antennal-detected
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peaks turned out to represent 13 compounds, one of which
is present in two isomers. Having determined the chemical
identity, we then turned to examine whether these compounds
also mediate the attractiveness of the plant—through the use
of a two choice trap assay [12] and D. melanogaster as repre-
sentative behavioral indicator. We chose to examine the
behavioral response to the six compounds producing fully
reproducible EADs (i.e., 3-hydroxybutan-2-yl acetate [hence-
forth referred to as 2,3-butanediol acetate], 3-oxobutan-2-yl
acetate [acetoin acetate], ethyl hexanoate, hexyl acetate,
2-phenylethyl alcohol and 2-phenethyl acetate). Indeed,
a synthetic mix of these components in the relative ratio as
they occur in the floral headspace was also highly attractive
and confers, at optimal concentration (1022), attractiveness

on a par with complex stimuli, such as banana and Vector960
(Figure 1D). Moreover, when tested directly against banana in
a two choice assay, the lily odor was as attractive as the odor
emitted from a banana (Figure S1B). If these six compounds
are tested individually (in the same ratio as in the mix), all are
less attractive than the complete mix (Figure S1C). When
subtractive mixtures (i.e., each mix missing one compound)
are tested, they are all equally attractive as the complete mix
(Figure S1D). These results suggest that the success of the
deception does not lie in the lily producing one novel superat-
tractant, but is rather due to a mix of attractive odorants form-
ing a super-attractive mixture.
Two of the lily odor components are particularly interesting,

namely 2,3-butanediol acetate and acetoin acetate. Both
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Figure 1. The Solomon’s Lily—Its Visitors and the Effect of Its Odor

(A) A flowering lily specimen from Israel (insert) and a view into the chamber surrounding the male and female florets, crowded with drosophilids.

(B) The pollinating drosophilids, the subgenera in which they belong, phylogenetic relationship of these (dashed line to D. busckii denotes the uncertain

phylogenetic position of this taxa), and absolute numbers of individuals retrieved from 15 lilies. The scale bar represents 1 mm.

(C) Headspace odor of A. palaestinum (orange trace) and electro-antennograms (EADs) from females of D. melanogaster and D. simulans. The EAD traces

shown are the averages of five runs, respectively. Numbers in the EAD trace refer to peaks that elicited antennal reactions in either of the species; blue

numbers denote peaks yielding fully reproducible response: (1) acetoin; (2) 1-hexanol; (3) acetoin acetate; (4) 2,3-butanediolacetate (4i, threo; 4ii, erythro);

(5) unknown; (6) 1-propionylethyl acetate; (7) ethyl hexanoate; (8) hexyl acetate; (9) 2,3-butanedioldiacetate; (10) 2-phenethyl alcohol; (11) 2-phenethyl

acetate; and (12) geranylacetone.

(D) Dose-dependent attractiveness of a synthetic mix containing the six major compounds of the lily’s odor (200 ml), with banana (200 mg) and Vector960

(200 ml) baits as positive controls. The mix was tested in a concentration range from 1021 (20 mg) to 1029 (0.2 ng). Attractiveness is given by an attraction

index (AI), varying from21 (complete avoidance) to +1 (complete attraction). Deviation of the AI from zero and differences between groups were tested with

a t test (with sequential Bonferroni correction for ties where needed).
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compounds are rare in floral bouquets, and have each only
been recorded once previously in flowers [13, 14]. Interest-
ingly, though, both compounds are characteristically present
in the drosophilid attractants par excellence vinegar (in
particular in Aceto Balsamico) and wine (e.g., [15, 16]), as
by-products of the fermentation process, probably formed
by acetylation of the yeast-produced chemicals acetoin and
2,3-butanediol [17]. In fact, all of the six compounds showing
robust EAD activity are derived from fermentative yeasts,
either produced de novo, or via secondary reactions (e.g.,
[18]). The compounds are hence also characteristically found
in overripe/rotting fruit [19]. The remaining seven compounds
also include typical microbial volatiles, such as, for example,
acetoin. The infrequent response to acetoin (a known odor
ligand [19]) can be attributed to the low levels present in the
lily’s volatile headspace. Thus, the general model for the olfac-
tory mimicry appears to be yeast, which is also the staple food
item of the attracted drosophilids. More specifically, the
distinct fruity note of some of the compounds (e.g., ethyl hex-
anoate and hexyl acetate) probably creates the olfactory illu-
sion of a fruit undergoing alcoholic fermentation. The decep-
tion is not likely based on a more precise model (such as, for
example, a specific yeast species, or an exact combination
of yeast and growth substrate), but, rather, is accomplished
through the exploitation of the targeted drosophilids’ innate
preference for fermentation-associated volatiles. The lily’s
olfactory imitation of yeast represents, to our knowledge,
a novel type of deceptive pollination strategy, joining the pecu-
liar ranks of, for example, carrion-, dung-, and pheromone-
mimicking plants.

An important feature of any deceptive pollination system is
that the targeted insects must have difficulties separating
model from mimic [1]. Consequently, we would also expect
the visiting drosophilids to have difficulties in discriminating
the floral odor from odors of their favored natural resources
(i.e., decaying fruit and other microbial-laden fermented
objects). Thus, we next set out to examine how the lily’s odor
is detected in comparisonwith attractive objects from the flies’
environment. We conducted an additional set of GC-EAD
experiments, now stimulating with headspace collections of
rotting fruits (apple, mango, grapes, banana, and peach) and
a sample of human-made fermentation products (wine [a fruity
Lambrusco variety], vinegar [Aceto Balsamico], as well as
Vector960). The headspaces of these eight samples were
then examined for antennal activity, with D. melanogaster as
odorant detector (Figure 2A, Figure S2A). From a total of 28
GC-EAD recordings deemed reliable, we noted responses to
59 compounds (Table S1), of which 52 were positively identi-
fied by GC-MS. To compare similarity of the host odors to
the lily, we performed a nonmetric multidimensional scaling
(NMDS) analysis based on a presence/absence matrix for the
active peaks across the investigated samples. The NMDS
clusters the lily tightly with the man-made fermentation prod-
ucts (Figure 2B). However, given that chemically similar
compounds are also detected similarly, the above analysis
may not fully reflect how the flies would actually perceive the
lily’s odor in comparison with the odor of genuine attractants.
To control for molecular similarity, we subjected the identified
odor ligands to a chemometric analysis [20]. An NMDS based
on a condensed presence/absence matrix, with molecularly
similar compounds fused into metacompounds (Figures S2B
and S2C), retains the lily in a similar relative position as in the
previous analysis (Figure S2D). Thus, to a visiting fly, the lily
odor presumably smells similar to a number of desirable

fermented host objects, to the extent that it is questionable
whether a fly would actually be able to separate the lily from
certain genuine resources. The analysis also supports the
notion that the deception is not based on a precise model,
as already hinted at by the chemistry alone. A more precise
model would, moreover, seem unwarranted, given the visiting
flies promiscuity for breeding substrates [9], where the chief
importance is probably the composition of the fermenting
microbial flora rather than the actual substrate of these.
As stated, the key to the deception lies in the lily producing

a yeasty, fermentation-like odor, characteristic of resources of
crucial importance to the visiting flies, a facet that should also
be reflected by the chemosensory receptors targeted by these
volatiles. The lily odor is principally detected via odorant
receptors (ORs), and not by the recently described ionotropic
receptors [21], because flies lacking the Or83b coreceptor [12]
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(A) Physiologically active volatiles found in favored drosophilid resources

were examined via GC-EAD.

(B) NMDS plot based on a presence/absence matrix of 59 EAD-active

compounds (D.melanogaster as detector) identified from the lily headspace
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show no response to the odor (Figure S3A). Thus, we next
turned to identify the subset of ORs that are activated by the
lily odor. We used the Gal4-UAS system [22] to drive expres-
sion of a genetically encoded calcium sensor (G-CaMP1.3
[23]) from the promoter of the Or83b coreceptor [12]. This
approach allowed us to visualize the odor-evoked glomerular
activity pattern of the antennal lobe (AL) via functional imaging
(Figure 3A). The activated ORs were identified by comparing
the activation pattern with the well-established OR-glomerular
connectivity map of the fly [24, 25] (Figures 3B and 3C). The
response pattern elicited by the six lily volatiles, the mix of
these, and Vector960 is shown in Figures 3D and 3E. Addition-
ally, we screened a set of odorants with well-defined activation
patterns to facilitate glomerular identification (Figures S3B–

S3D). All stimuli produced multiglomerular activity patterns,
mostly in the dorsomedial part of the AL. The synthetic lily
headspace elicited activity (>5% DF/F) in 11 glomeruli, corre-
sponding to 11 ORs (Figure S3E). The same OR array was
also activated by Vector960. A principal component analysis
(PCA) based on the glomerular response pattern also groups
the lily mix closest with Vector960, confirming the notion that
these two odor sources probably have a similar smell to the
flies (Figure 3F).
What is, then, the significance of the activated ORs? Given

the yeasty nature of the lily’s volatiles and the prevalent use
of yeast as food across disparate drosophilid lineages [2], we
would expect a subset of the activated ORs to be among the
more conserved in the drosophilid OR family. Indeed, this is
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Figure 3. Identification of ORs Activated by the Lily Odor via Functional Imaging

(A) Flies with a genetically encoded activity reporter allowed us to visualize odor-evoked calcium-dependent fluorescence changes. (Ai) Prestimulation view

showing intrinsic G-CaMP fluorescence in the AL. (Aii–Aiv) Representative false color images showing the AL after stimulation.

(B) Glomerular atlas of the AL.

(C) Example activity traces from three glomeruli in response to stimulation with lily and Vector960. Error bars represent SD.

(D) Representative recordings performed with the lily volatiles and Vector960. All images are individually scaled to the strongest activated glomeruli. Values

below the DF/F threshold are omitted to illustrate the specificity of the signals, as well as the glomerular arrangement as visualized by the intrinsic

fluorescence.

(E) Odor-induced activity (average % DF/F) plotted on schematic ALs.

(F) Principal component (PC) scatter plot (PC1 and PC2 explain 29.9% and 11.6% of the variance, respectively) based on the activity from 21 glomeruli in

response to the screened odorants. Error bars represent SEM.
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also the case.Or42b,Or59b, andOr92a have highly conserved
orthologs [26] in all the 12 fully sequenced drosophilids [27]
(amino acid identity > 80%) (Figure S3F). In fact, Or42b and
Or92a are the two most conserved OR genes (Or83b exempt)
in the drosophilid olfactory subgenome. Presumably, these
genes also have a conserved function as yeast detectors,
which would seem logical, as most drosophilids feed on
microbes, irrespective of niche. That Or42b performs a critical
function was also elegantly highlighted in a recent study [28],
which demonstrated that silencing of neurons expressing
Or42b abolished innate attraction to the fermentation product
vinegar, and conversely rescuing solely the Or42b pathway in
an Or83b-null mutant (which lacks any functional expression
of ORs), is sufficient to restore the attraction to vinegar. More-
over, and in linewith its high level of conservation, Or42bortho-
logs appear to have retained function to a quite remarkable
degree across a variety of drosophilids [29]. On the other end
of the scale, the lily volatiles also activate a group of ORs
(Or22a, Or67a, Or98a), which are among the most divergent

in the drosophilid OR superfamily. Orthologs of these genes
probably have diverse functions adapted to species-specific
habitat conditions and requirements, as exemplified by
Or22a, which is affected by the specialization of D. sechellia
toward Morinda fruit [30]. Orthologs of Or22a also show
variable function [29]. In D. melanogaster, we would argue
that these genes have an important role in the detection of
rotting fruit. In addition, we also recorded activity from Or7a,
Or43b, Or47a, and Or85a, orthologs of which are restricted to
the subgenus Sophophora [26]. Interestingly, though, intact
copies ofOr7a are solely found in species principally breeding
in fruit [31]. In summary, the lily volatiles interact with a distinct
subset of ORs, ranging from highly conserved, involved in
locating substrates having undergone alcoholic fermentation
[28], to more divergent ORs with variable functions probably
related to specific habitats [30]. The successof the lily’s decep-
tion is hence reliant on the activation of these specific ORs, the
combined activity of which presumably generates an overall
gestalt of an optimal resource (i.e., yeast covered rotting fruit).
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Figure 4. The Lily Odor Message Is Conserved across Disparate Drosophilid Lineages

(A) EAD recordings with the lily headspace odor (flame ionization detection trace) and females from all the visiting drosophilid species, as well as from

D. elegans and D. mojavensis, two ecological outgroup species. Phylogenetic relationships of the fly species are given on the left-hand side. (1) acetoin;

(2) ethyl butyrate; (3) unknown; (4) 1-hexanol; (5) acetoin acetate; (6) 2,3-butanediolacetate; (7) unknown; (8) 1-propionylethyl acetate; (9) ethyl hexanoate;

(10) hexyl acetate; (11) 2,3-butanedioldiacetate; (12) nonanal; (13) 2-phenethyl alcohol; (14) decanal; (15) 2-phenethyl acetate; and (16) geranylacetone.

(B) Principal components (PCs) (explaining 31.2% and 18.6% of the variance) calculated from the quantitative antennal reactions of the 10 fly species

(47 individuals) to 16 compounds in the Arum odor. Drosophila busckii, D. elegans, and D. mojavensis are significantly different from the other species

(ANOSIM based on Bray-Curtis similarity; R = 0.82; p < 0.001).

(C) Scatter plot of a discriminant function analysis based on the same EAD data as in (B). Individual recordings grouped by the species’ breeding ecology

(function 1: 46.3%, c2 = 327.3, df = 48, p < 0.001; function 2: 32.4%, c2 = 205.2, df = 30, p < 0.001). The ‘‘rotting fruits’’ group contains D. melanogaster,

D. simulans, D. hydei, D. immigrans, and the two Zaprionus species. The groups ‘‘feces/decaying organic matter,’’ ‘‘cactus,’’ and ‘‘flower’’ contain one

species each, namely, D. busckii, D. mojavensis, and D. elegans, respectively.
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If, in fact, the lily is targeting a crucial component of the
olfactory circuitry of fruit-breeding drosophilids, we would
expect the visiting flies, of which most have comparable
ecology, to also detect the lily’s odor similarly. To examine
whether the lily’s odor message is indeed conserved, we again
turned to GC-EAD experiments, now recording from the
remaining six visitors, as well as from D. elegans and D. moja-
vensis. These two species are nested phylogenetically within
the attracted flies, but have a different ecology, withD. elegans
(subgenus Sophophora: melanogaster group) being antho-
philic [31] and D. mojavensis (subgenus Drosophila: repleta
group) cactophilic [32]. The EADs from the predominantly
fruit-breeding species shows similar antennal reactions,
distinct from the EADs of D. busckii (which, as stated, breeds
preferentially in vegetables) and the two ecological outgroup
species (Figure 4A). This impression was also statistically
confirmed by a PCA calculated from the quantitative EAD
responses of the 10 species (47 individuals) to 16 compounds
in the lily headspace (Figure 4B). The PCA groups the seven lily
visitors with similar ecology, separate from D. busckii and
the two outgroup species (analysis of similarities [ANOSIM]:
R = 0.82; p < 0.001), in spite of the latter two being phylogenet-
ically placed well within the fruit-breeding lily visitors. This
pattern is further reinforced if the samples are grouped
by breeding ecology rather than species. The discriminant
function analysis shows a narrow cluster for all the preferen-
tially fruit-breeding lily visitors, clearly set aside fromD. busckii
and the two ecological outgroups (Figure 4C). The seven fruit-
breeding flies hence detect, and presumably also interpret,
the volatile signal of the lily in a similar manner, and most likely
do so via the same subset of ORs, with comparable ligand
affinity, as D. melanogaster. The similarity in response pattern
is remarkable, given that the attracted drosophilids belong to
lineages separated by w40 million years (Drosophila/Sopho-
phora split) [2], which shows that the plant indeed targets
a basal and critical function of the drosophilid nose.

In this study, we dissected the deceptive pollination system
of the Solomon’s lily and deciphered the mechanism by which
its involuntary drosophilid pollinators are duped.We show that
the lily exploits a deeply conserved pathway in the targeted
drosophilids, which presumably mediates the ability to find
fermenting fruit. In conclusion, the Solomon’s lily provides
intriguing insights into the odor world of D. melanogaster,
and serves as an excellent example of how evolution can
generate an irresistible stimulus by combining positive signals
from different attractive sources.

Experimental Procedures

All methods used, including electrophysiology, chemical analysis, behav-

ioral assays, and functional imaging followed established protocols.

Detailed methods are outlined in the Supplemental Experimental

Procedures.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-

dures, three figures, one table, and one movie and can be found with this

article online at doi:10.1016/j.cub.2010.09.033.
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(A) Percentage composition of drosophilid species caught in the lily (n=15; 1763 individual flies; green) 

compared with catches from banana-baited traps (n=4; 236 flies; yellow) and Vector 960® traps (n=3; 

172 flies; red). 

(B) Attraction to synthetic lily odor (6 components) versus banana in a two-choice assay experiment with 

D. melanogaster. The lily odor is as attractive as banana (t-test; P=0.25). R.I.; response index. R.I.=1 here 

denotes full attraction to banana, R.I.=-1 signifies full attraction to the lily odor. 

(C) Attractiveness of the individual lily mix components in a two-choice assay. None of the components 

are as attractive as the complete mix (t-test; P <0.05). 

(D) Subtractive screen. Synthetic lily mixtures in turn missing one of the components are as attractive as 

the full mix (t-test; P >0.05)

 



Trap chamber DAY 1

Pollen

receptive

Movie S1, related to Figure 1. 

Movie outlining the pollination process in the Solomon’s lily. The trap chamber (scenes 2-4) houses 

the male and female florets. During day 1, the male florets produce no pollen, whereas the female

florets situated below are pollen receptive. Flies stay trapped overnight. On the morning of day 2, the 

male florets start to shed pollen, whereas the female florets have now ceased to be receptive. Spines

and filaments, previously blocking the flies exit path have now also wilted, allowing the pollen coated

flies to escape the trap. 
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Figure S2, related to Figure 2. 

(A) Gas Chromatography linked electroantennographic detection (GC-EAD) in female D. 

melanogaster of headspace odors from a variety of known drosophilid attractants. Shown EAD 

traces are average composites of the performed recordings (see respective n values). Numbers 

in the Flame Ionization Detection (FID) traces denote consistently active peaks and refer to 

Table S1.  

(B) Heatmap showing the Euclidean distance between the 52 identified compounds from the 

lily and the eight fly resources calculated from 32 molecular descriptors optimized for volatile 

odor ligands.  

(C) Molecularly similar compounds (distance <2) combined into “metacompounds”.  

(D) Non-metric multidimensional scaling plot based on the condensed dataset. As for the full 

dataset, the lily groups tightly with the fermentation products. 

 



Table S1, related to Figure S1. EAD active components from the headspace of the examined drosophilid attractants and the lily. 

# Compound CAS Grape Mango Apple Peach Banana Lambrusco Vector Balsamico Arum

1 Acetoin 513-86-0 1 0 0 1 0 0 0 1 1

2 Acetoin acetate 4906-24-5 1 0 0 1 0 0 0 1 1

3 Alpha-Pinene 80-56-8 0 1 0 0 0 0 0 0 0

4 Amyl acetate 628-63-7 0 0 1 0 0 0 0 0 0

5 Amyl propionate 624-54-4 0 0 1 0 0 0 0 0 0

6 Benzyl acetate 140-11-4 0 0 0 1 0 0 0 0 0

7 Beta-Pinene 624-54-4 0 1 0 0 0 0 0 0 0

8 2,3-Butanediol acetate 56266-48-2 0 0 0 0 0 0 1 1 1

9 Butyl acetate 140-11-4 0 0 1 0 0 0 0 0 0

10 Butyl butyrate 127-91-3 0 0 1 0 1 0 0 0 0

11 Butyl hexanoate 123-86-4 0 0 1 0 0 0 0 0 0

12 Butyl propionate 109-21-7 0 0 1 0 0 0 0 0 0

13 3-Carene 13466-78-9 0 1 0 0 0 0 0 0 0

14 Decanal 626-82-4 0 0 0 0 0 1 0 1 1

15 Ethyl 3-hydroxybutyrate 5405-41-4 0 0 0 0 1 0 0 0 0

16 Ethyl 3-methylbutyrate 108-64-5 0 0 0 0 1 0 0 0 0

17 Ethyl hexanoate 123-66-0 0 1 0 1 0 1 1 0 1

18 Ethyl lactate 97-64-3 0 0 0 0 0 1 1 1 0

19 Ethyl octanoate 106-32-1 0 1 0 0 0 0 0 0 0

20 Ethyl succinate 123-25-1 0 0 0 0 0 1 0 0 0

21 Ethylmethylacetic acid 116-53-0 1 0 0 0 0 0 0 0 0

22 Eugenol 97-53-0 0 0 0 0 1 0 0 0 0

23 2-heptanal 110-43-0 1 0 0 0 0 0 0 0 0

24 1-heptanol 111-70-6 0 0 0 0 0 1 0 0 0

25 2-heptanol 543-49-7 0 0 0 0 1 0 0 0 0

26 2-hepten-1-ol 33467-76-4 1 0 0 0 0 0 0 0 0

27 1-hexanol 111-27-3 1 0 1 1 1 1 1 0 1

28 Hexanoic acid 142-62-1 0 0 0 0 0 1 0 1 0

29 Hexyl 2-methylbutyrate 10032-15-2 0 0 1 0 0 0 0 0 0

30 Hexyl acetate 142-92-7 0 0 1 1 0 0 0 0 1

31 Hexyl hexanoate 6378-65-0 0 0 1 0 0 0 0 0 0

32 Hexyl propanoate 2445-76-3 0 0 1 0 0 0 0 0 0

33 Isoamyl 2-methylbutyrate 27625-35-0 0 0 0 0 1 0 0 0 0

34 Isoamyl acetate 123-92-2 1 0 0 1 1 1 0 0 0

35 Isoamylbutyrate 106-27-4 0 0 0 0 1 0 0 0 0

36 Isobutyl acetate 110-19-0 1 0 0 0 0 0 0 0 0

37 Limonene 5989-54-8 0 1 0 0 0 0 0 0 0

38 2-methylbutyl acetate 624-41-9 0 0 1 0 0 0 0 0 0

39 5-methylfurfural 620-02-0 0 0 0 0 0 0 0 1 0

40 Methyl heptenone 110-93-0 0 0 1 0 0 0 0 1 1

41 Nonanal 124-19-6 1 0 0 1 0 1 1 1 0

42 3-Octanone 106-68-3 1 0 0 0 0 0 0 0 0

43 1-octen-3-ol 3391-86-4 1 0 0 1 0 0 0 0 0

44 Phenethyl acetate 103-45-7 1 0 0 1 0 0 0 0 1

45 Phenethyl alcohol 60-12-8 1 1 0 0 0 1 1 1 1

46 Propyl hexanoate 626-77-7 0 0 1 0 0 0 0 0 0

47 Sorbic acid 110-44-1 0 0 0 0 0 0 1 0 0

48 Terpineol 98-55-0 0 1 0 0 0 0 0 0 0

49 Terpinolene 586-62-9 0 1 0 0 0 0 0 0 0

50 2,3-Butaendiol diacetate 1114-92-7 0 0 0 0 0 0 0 0 1

51 Geranyl acetone 689-67-8 0 0 0 0 0 0 0 0 1

52 1-Propionyl ethyl acetate 2983-05-3 0 0 0 0 0 0 0 0 1

53 Unknown 287s - 0 0 0 0 0 0 1 0 0

54 Unknown 295s - 0 0 0 0 1 0 0 0 0

55 Unknown 297s - 1 0 0 1 0 0 0 0 0

56 Unknown 302s - 1 0 0 1 1 1 0 0 0

57 Unknown 374s - 0 1 0 0 0 0 0 0 0

58 Unknown 382s - 0 0 1 0 0 0 0 0 0

59 Unknown 386s - 0 0 1 0 0 0 0 0 0
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Figure S3, related to Figure 3. continued 

Figure S3, related to Figure 3.  

(A) Two-choice assay experiment with the lily mix (10-2 concentration) and D. melanogaster flies 

lacking the Or83b co-receptor indicates that the OR mediated pathway is responsible for the 

attraction, and not the Ionotropic Receptor pathway (Attraction index not siginficantly different 

from 0, t-test; P=0.422). 

(B) Intrinsic G-CaMP fluoresence in the antennal lobe. The 21 regions analyzed for odor 

induced activity, correspoding to the postion of 21 glomeruli (far right). 

(C) Representative example recordings. (i) False color coded odor-evoked response patterns, 

(ii) Scaled false color coded responses overlaid on the intrinsic fluorescent backgrounds, with 

the 21 regions of interest marked. (iii) Activity recorded from the 21 glomerular coordinates, 

color scheme as in previous panel. 

(D) Diagnostic odor set used to aid glomerular identification. All images individually scaled 

to the maximum response. 

(E) Activity traces elicited by the screened compounds from all the 11 activated glomeruli. Grey 

bars represent stimulus duration (2 seconds). Error bars indicate the s.d.

(F) Plot based on 813 drosophilid OR genes (from 12 species)(18), showing for each OR group 

the average pairwise AA % similarity, dN/dS ratio and the number of species with putatively 

functional orthologs. Highlighted are the 11 ORs activated (>5% F/F) by the lily odor. 
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Supplemental Experimental Procedures 
 
F lies 
All experiments with wt D . melanogaster were carried out with the Canton-S strain. 

Specimens of species other than D . melanogaster were all obtained from the UC San Diego 

Drosophila Stock Center, except D . elegans, which was kindly donated by Andrew Davies 

(MPI Chemical Ecology, Jena). Stocks were maintained under a 12h light: 12h dark cycle at 

25°C at 70% humidity  

imaging we used 6-14 day old female D . melanogaster, with the genotype: 

P[UAS:GCaMP1.3]; P[Or83b:Gal4]; P[UAS:GCaMP1.3]. G-CaMP flies were kept for 36h at 

29°C before experiments to enhance UAS-reporter gene expression.   

 

Odor collection  
For field collection of the lily headspace odor, whole inflorescences were enclosed in oven-

bags (Toppits
®
 Roasting-bags, www.toppits.de). A Super-Q filter (50mg, Analytical Research 

Systems, Inc., www.ars-fla.com) was placed inside the plastic bag and connected to an air-

pump (Casella Apex lite, www.casellausa.com) via silicone tubes. Air was pumped out of the 

bag at a rate of 1 l min
-1

 for 4h. Filters were eluted with 400 μl dichloromethane (VWR, 

www.vwrsp.com) and samples stored at -20°C until analysis. The same setup and procedure 

was used to collect headspace odors of the decaying fruits and the man-made fermentation 

products in the laboratory. 

 
Chemical analysis 
Compound identification: 
Headspace samples were analyzed by GC-MS (Agilent 6890GC & 5975bMS, Agilent 

Technologies, www.agilent.com). The GC was equipped with a DB5-MS column (30 m long, 

0.25 mm id, 25 μm film thickness; Agilent Technologies) with helium used as carrier gas (1.1 

ml min
-1

 constant flow). The inlet temperature was set to 250°C. The temperature of the GC-

oven was held at 40°C for 3 min and then increased by 5°C min
-1

 to 280°C. The final 

temperature was held for 10 min. The MS transfer-line was held at 280°C, the MS source at 

230°C, and the MS quad at 150°C. Mass spectra were taken in EI mode (at 70 eV) in the 

range from 33 m z
-1

 to 350 m z
-1

 with a scanning rate of 4.42 scan s
-1

. GC-MS data were 

processed with the MDS-Chemstation software (Agilent Technologies). Compounds were 

identified with the NIST 2.0 mass spectra database using the NIST algorithm. Identification 

was confirmed by comparison of Kovats retention indices with published data. Several 

compounds, including all Arum released compounds, were also confirmed by comparison 

with synthetic standards (spectrum and retention time), obtained from commercial sources 

and of highest available purity.  

Of the 14 lily peaks showing antennal activity, the identification of 11 was 

straightforward, whereas the identity of four (peaks 3, 4i, 4ii and 9 in Fig. 1) proved more 

complicated to establish. The mass spectra of these peaks were all dominated by m/z 43, likely 

corresponding to [CH3CO]
+
. The peak with the shortest retention time (peak 3) showed a low-

abundant molecular peak at m/z 130 and from accurate mass data we determined the 

molecular composition as C6H10O3 (delta mass =1.2 ppm). As this peak contained acetoin 

characteristic fragments, we assumed that the unknown compound corresponded to the 

acetate. The subsequent comparison of retention times and mass spectra with a synthetic 

standard confirmed the identity of this compound as 3-acetoxy-2-butanone (acetoin acetate). 

Remaining three peaks (4i, 4ii and 9) displayed the mass ions m/z 130, 87, and 43, whereas 

the peak eluting last in addition showed m/z 114 and 72 fragments. The fragmentation patterns 

led us to speculate that the latter peak is the 2,3-butanediol diacetate and the two middle peaks 

 



are diastereomeric 2,3-butanediol monoacetate. The identity of all peaks was confirmed by 

comparison with prepared standards.  

 

General procedure for the synthesis of acetoin acetate and mono- and diacetates of 2,3-
butanediols: 
Commercially available chemicals and solvents were used without further purification. 

1
H-

NMR and 
13

C-NMR spectra were measured on a Bruker Advance DRX 500 NMR 

spectrometer (Bruker, www.bruker.com). Chemical shifts are reported in ppm downfield from 

TMS. GC-MS measurements were performed with a Hewlett-Packard HP6890 gas 

chromatograph (DB-5 capillary column, 30 m  0.25 mm, 0.25 mm film thickness, He as 

carrier gas) interfaced to a MassSpec 2 instrument (Micromass Ltd, www.waters.com) in 

positive ion mode with ionization energy set at 70 eV. Accurate masses were measured on the 

MassSpec 2 setup (Micromass Ltd) in electron ionization (EI) mode. The instrument was 

calibrated using perfluorinated hydrocarbon mixtures (i.e. PFK).  

Acetoin acetate was prepared as follows. 11.9 g (0.135 mol) of freshly distilled 3-

hydroxy-2-butanone was added drop-wise to a mixture of Amberlyst-15 (0.45 g, 

www.rohmhaas.com) in 30 ml of acetic anhydride (0.317 mol). The resulting mixture was 

stirred over night at room temperature, the Amberlyst-15 subsequently filtered off, and the 

liquid fractionally distilled under reduced pressure. The fraction of b.p. 64.5-66.5 °C / 15 mm 

Hg was collected, yielding 11.43 g (65 %) of pure product. 

Mono- and diacetates of 2,3-butanediols was prepared as follows. A mixture of 

racemic and meso forms of 2,3-butanediol provided erythro- and threo-3-acetoxy-2-butanol 

together with rac- and meso-2,3-diacetoxybutane, while meso-2,3-butanediol gave only 

erythro-3-acetoxy-2-butanol together with meso-2,3-diacetoxybutane, and (2R,3R)-2,3-

butanediol furnished (2R,3R)-threo-3-acetoxy-2-butanol and (2R,3R)-2,3-diacetoxybutane, 

respectively  

A catalytic amount of concentrated H2SO4 (approx. 10 l) was added to a mixture of 

the appropriate diol see the (next paragraph; 450 mg, 5 mmol) and 0.47 ml of acetic anhydride 

(5 mmol). The resulting mixture was stirred at room temperature for one hour, then diluted 

with 1 ml of CH2Cl2 and neutralized with saturated aq. NaHCO3. The aqueous phase was 

extracted 3  with 1 ml of CH2Cl2. The combined organic extracts were dried with MgSO4, 

and passed through a short pad of basic alumina. Evaporation under reduced pressure 

provided approx. 550 mg of a 2:1 mixture of the corresponding mono- and diacetates as a 

clear liquid. 

 

3-acetoxy-2-butanone: 

{
1
H NMR (500 MHz, CDCl3):  = 1.41 (d, 3H, J = 7.1 Hz), 2.14 (s, 3H), 2.17 (s, 3H), 5.08 (q, 

1H, J = 7.1 Hz). 
13

C NMR (125 MHz, CDCl3):  = 15.98, 20.74, 25.65, 74.92, 170.37, 

205.61. GC-MS (EI); m/z (%):130 (<1) [M
+·

], 87 (8) [C4H7O2] , 43 (100) [CH3CO]
 +

}  

erythro-3-acetoxy-2-butanol:  

{
1
H NMR (500 MHz, CDCl3):  = 1.17 (d, 3H, J = 6.5 Hz), 1.21 (d, 3H, J = 6.5 Hz), 2.08 (s, 

3H), 3.89 (dq, 1H, J = 6.5 and 3.4 Hz), 4.86 (dq, 1H, J = 6.5 and 3.4 Hz). 
13

C NMR (125 

MHz, CDCl3):  = 14.08, 17.93, 21.30, 69.45, 74.44, 170.80. GC-MS (EI); m/z (%): 117 (1), 

[M-CH3 ]
+
, 88 (41) [M-2CH3 ]

+
, 72 (8) [M - AcOH] , 45 (63) [CH3CHOH]

 +
, 43 (100) 

[CH3CO]
 +

} 

threo-3-acetoxy-2-butanol:  

{
1
H NMR (500 MHz, CDCl3):  = 1.18 (d, 3H, J = 6.4 Hz), 1.23 (d, 3H, J = 6.4 Hz), 2.09 (s, 

3H), 3.75 (dq, 1H, J = 6.4 and 5.8 Hz), 4.76 (dq, 1H, J = 6.4 and 5.8 Hz). 
13

C NMR (125 

MHz, CDCl3):  = 16.24, 19.05, 21.26, 69.93, 74.91, 170.84. GC-MS (EI); m/z (%): 117 (<1) 

[M- CH3 ]
+
, 88 (38) [M-2CH3 ]

+
, 72 (8) [M - AcOH] , 45 (51) [CH3CHOH]

 +
, 43 (100) 

[CH3CO]
 +

} 



meso-2,3-diacetoxybutane:  

{
1
H NMR (500 MHz, CDCl3):  = 1.20 (d, 6H, J = 6.5 Hz), 2.05 (s, 6H), 4.99 (m, 2H). 

13
C 

NMR (125 MHz, CDCl3):  = 15.00 (2C), 21.17 (2C), 71.29 (2C), 170.45 (2C). GC-MS (EI); 

m/z (%): 131 (3) [M- CH3CO ]
+
, 130 (6) [M - CH3CHO] , 114 (2) [M - AcOH] , 87 (32) 

[C4H7O2] , 72 (13), 43 (100) [CH3CO]
 +

} 

(2R,3R)-2,3-diacetoxybutane: 

{
1
H NMR (500 MHz, CDCl3):  = 1.21 (d, 6H, J = 6.4 Hz), 2.06 (s, 6H), 4.95 (m, 2H). 

13
C 

NMR (125 MHz, CDCl3):  = 16.05 (2C), 21.10 (2C), 71.45 (2C), 170.43 (2C). GC-MS (EI); 

m/z (%): 131 (4) [M- CH3CO ]
+
, 130 (6) [M - CH3CHO] , 114 (2) [M - AcOH] , 87 (16) 

[C4H7O2] , 72 (7), 43 (100) [CH3CO]
 +

} 

 

E lectrophysiology 
We used gas-chromatography (GC) coupled with electro-antennographic detection (EAD) to 

identify compounds in the flower and fruit/fermentation product odors that can be detected by 

the drosophilid flies. For EAD experiments, a female fly, age 6-12 days, was immobilized in a 

pipette tip, with only the head partially protruding. Two glass-electrodes filled with ringer 

were connected to the fly. The reference electrode was inserted in one eye and the recording 

electrode brought in contact with one of the antennae (basal part of the 3
rd

 segment). The 

EAG signal (transferred via Ag-AgCl wires) was pre-amplified (10x) with a probe connected 

to a high-impedance DC-amplifier (EAG-probe, Syntech, www.syntech.nl) and digitally 

converted (IDAC-4 USB, Syntech), visualized and recorded on a PC using a dedicated 

software (GC-EAD, Syntech). For GC stimulation, 1 μl of the odor sample was injected into a 

GC (Agilent 6890, column: DB5, 30 m long, 0.32 mm id, 0.25 μm film thickness); inlet at 

250°C, oven: 40°C for 1 min, then 20°C min
-1

 up to 280°C, held for 10 min; carrier gas: 

helium, 2.0 ml min
-1

 constant flow). The GC was equipped with a 4-arm effluent splitter 

(Gerstel, www.gerstel.com), with split ratio 1:1 and N2 (30.3 kPa) as makeup gas. One arm 

was connected with the flame ionization detector (FID) of the GC and the other arm 

introduced into a humidified air stream (200 ml min
-1

) directed towards the antennae of the 

mounted fly. FID were recorded simultaneously. 

Compounds were scored as EAD-active if they repeatedly induced a reaction in the fly 

antenna.  

 

Behavior 
Behavioral assays were conducted in two-choice trap experiments with D . melanogaster. Test 

boxes (transparent plastic boxes, 6x10x8 cm (width x length x height), with ventilation holes 

cut in the lid) contained two traps (treatment and control) made from small plastic vials with a 

cut pipette tip inserted in the lid. Test traps contained the odor compounds diluted in 200μl 

distilled water with 0.1% Triton-X (Sigma Aldrich, www.sigmaaldrich.com), control traps 

contained 200μl distilled water with 0.1% Triton-X. A small foam disc ( 30 mm, 5 mm 

thick) soaked with distilled water was placed in each test box to increase humidity. 50 flies 

(males and females, ratio about 1:1, 3-4 days old, starved for 24h before the experiment) were 

placed in each test box. Experiments were always started at the same time of the day and 

carried out in a climate chamber (25°C, 70% humidity, 12h light: 12h dark cycle). Number of 

flies in and outside traps was counted after 24h. Attraction to the tested odors was quantified 

with an attraction index (AI), calculated as: AI=(T-C)/(T+C+O), where T is the number of 

flies in the test trap, C the number of flies in the control trap, and O the number of flies 

outside the traps (no decision). The resulting index ranges from -1 (complete avoidance) to 1 

(complete attraction). A value of zero characterizes a neutral odor. Deviation of the AI from 

zero and differences of the AI between groups were tested with t-test. P-values were corrected 

for ties by sequential Bonferroni correction.  

 

 



Functional Imaging 
F ly preparation 
Flies were anesthetized on ice for 15 min, fixed with the neck onto a Plexiglas stage using a 

copper plate (Athene Grids). The head was glued at the stage with colophony resin (Royal 

Oak Rosinio, Royal Oak, Germany) and the antennae pulled forward with a fine metal wire 

(HP Reid co. inc., www.hpreid.com). Polyethylene foil was attached on the head and sealed to 

the cuticle with two-component silicone (KwikSil, WPI, www.wpiinc.com). A small hole was 

cut through the foil and cuticle. Immediately after opening the head capsule, the brain was 

bathed with Ringer solution (130 mM NaCl, 5 mM KCl, 2 mM MgCl(x 6H2O), 2 mM 

CaCl2(x 2H2O), 36 mM Saccharose, 5 mM Hepes, [pH 7.3]). Removal of trachea and glands, 

allowed optical access to the antennal lobes. 

 

Odor stimulation. 
Pure odorants were diluted (10

-3
) in mineral oil (BioChemika Ultra, Fluka, 

paper (~1 cm
2
,
 
Whatman, www.whatman.com), placed inside a glass Pasteur pipette. For odor 

application, a stimulus controller (Stimulus Controller CS-55, Syntech) was used, which 

produced a continuous airstream, whose flow of 1 l min
-1

 was monitored by a flowmeter (0.4-

5 LPM Air, Cole-Parmer, www.coleparmer.com). An acrylic glass tube guided the airflow to 

Within the constant air stream, the applied odor stimuli were additionally 

diluted approximately 1:10. 

 

CCD imaging 
Imaging experiments were performed using a modified TillPhotonics imaging setup (TILL 

imago, Till Photonics GmbH, www.till-photonics.com) equipped with a CCD-camera (PCO 

imaging, Sensicam, www.pco.de) mounted on a fluorescence microscope (BX51WI, 

Olumpus, www.olympus.com) with a 20x water immersion objective (NA 0.95, XLUM Plan 

FI, Olympus). A monochromator (Polychrome V, TillPhotonics) produced a 475 nm 

excitation wavelength, which was passed a SP500 filter, a dichroic mirror (DCLP490) and 

finally a LP515 filter before reaching the animal. Binning on the CCD-camera chip produced 

 pixel
-1

 (image size 270 x 210 pixels, x 105 

exposure time varied within 10 and 30 ms between individual animals. Each 

recording lasted 10 seconds with an acquisition rate of 4 Hz. Odors were applied during frame 

6 14 (i.e. after 1.5 seconds, lasting for 2 seconds). Altogether single flies were imaged for up 

to 1 hr, with interstimulus time intervals of about 1 3 min. 

 

Data analysis. 
Data were analyzed with a custom written IDL software (ITT Visual Information Solutions, 

www.ittvis.com) provided by Mathias Ditzen. All recordings were manually corrected for 

movement. To achieve a comparable standard for the calculation of the relative fluorescence 

frames 0 to 9 in each measurement, so that basal fluorescence has been normalized to zero. 

The false color-coded fluorescent changes in the raw-data images have been calculated by 

subtraction of frame 7 from 12. Specific activation traces of a measurement depict the mean 

of a 5 x 5 pixel coordinate, which was placed into an identified glomerulus and plotted as a 

was evaluated for every single data point in the 40 frames. To generate schematic antennal 

lobe maps, the average of above described values of specific glomeruli and odors was 

calculated over all animals. In detail, the mean value of frame 10 to 17 (response maximum 

during odor stimulation) of a specific glomerulus and odor was averaged over all imaged 

animals. Depicted values in this maps show categories for absolute fluorescence changes 

 



-8 to 25. The noise has been defined as the doubled standard 

deviation of frame 1-7 (before odor onset) in a measurement. 

 

Statistical analysis 
EADs: EAD traces of individual flies were scaled to a range from 0 to 1. Quantitative 

reactions to odor compounds were used for principal component analysis (via variance-

covariance), one-way ANOSIM (Bray-Curtis similarity, sequential Bonferroni correction for 

ties, 10000 permutations), and a discriminant function analysis. Calculations were done with 

PAST ([S1] http://folk.uio.no/ohammer/past/download.html) and SPSS (SPSS, 

www.spss.com)   

Putative mimicry models: The presence or absence of the EAD-active odor compounds in the 

fruit odors (see supplementary table 1) was used to calculate a non-metric multidimensional 

scaling (mds, 1000 replicates) via a distance matrix (Sørensen index, all done with Primer 5, 

PRIMER-E Ltd, www.primer-e.com). For a second mds we reduced the dataset as follows: 32 

chemical descriptors were used to calculate the chemical similarity of all EAD-active 

compounds found in the fruit odors (Euclidean distance matrix). Compounds with a distance 

value below 2 were assumed to bind to the same ORs and therefore to be indistinguishable for 
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SUMMARY

Brains have to decidewhether and how to respond to
detected stimuli based on complex sensory input.
The vinegar fly Drosophila melanogaster evaluates
food sources based on olfactory cues. Here, we per-
formed a behavioral screen using the vinegar fly and
established the innate valence of 110 odorants. Our
analysis of neuronal activation patterns evoked by
attractive and aversive odorants suggests that even
though the identity of odorants is coded by the set
of activated receptors, the main representation of
odorant valence is formed at the output level of the
antennal lobe. The topographic clustering within
the antennal lobe of valence-specific output neurons
resembles a corresponding domain in the olfactory
bulb of mice. The basal anatomical structure of the
olfactory circuit between insects and vertebrates is
known to be similar; our study suggests that the
representation of odorant valence is as well.

INTRODUCTION

Animals make decisions by integrating a plethora of sensory

inputs. In-depth analyses of the complete pathway from stimulus

to decision are extremely rare because so many channels carry

information to (or within) the brain. The well-characterized olfac-

tory system of the vinegar fly Drosophila melanogaster does,

however, offer unique possibilities for analyzing the decision-

making process. Using simple cues, i.e., attractive and aversive

monomolecular odorants, we aimed to characterize the pathway

from ligand-receptor interactions to the formation of the first

valence-specific brain activity patterns; these patterns should

provide the substrate for decision making in the olfactory

circuitry.

Drosophila melanogaster is today one of the three foremost

models in olfactory research, paralleled only by the mouse and

the nematode. Considerable insights into olfactory circuits

have been achieved by combining neurogenetic tools with

neurophysiology. One of the most important tasks for a fly is to

locate and evaluate a substrate for feeding and oviposition. To

perform this task, the fly depends on olfactory cues emitted by

suitable substrates such as decaying fruit or unsuitable, e.g.,

toxic, substrates. Although such sources usually emit complex

molecular blends, monomolecular odorants have also been

described as attractive or aversive to flies (Dekker et al., 2006;

Stensmyr et al., 2003).

Flies sense odorants using approximately 1,200 olfactory

sensory neurons (OSNs) located in their antennae, and approxi-

mately 120 OSNs located in the maxillary palps (Shanbhag

et al., 1999), the second olfactory organ. The OSNs represent

the input to thefirstprocessingcenter, theantennal lobe (AL).Pro-

jecting onto spherical structures (so-called glomeruli), they target

second-order neurons, the projection neurons (PNs) (Hildebrand

andShepherd, 1997). The PNs represent the output of the AL and

convey olfactory information to higher brain centers such as the

mushroom bodies and the lateral horn. Within the AL, OSNs

as well as PNs are connected via local interneurons (LNs) that

modulate OSN and PN activity (Wilson, 2008). OSNs are equip-

ped with one out of 62 olfactory receptor types coded for in the

D. melanogaster genome. OSNs expressing the same receptor

gene(s) target the same glomerulus, and most PNs also send

dendrites into a single glomerulus (Couto et al., 2005; Fishilevich

and Vosshall, 2005; Vosshall et al., 2000). Each glomerulus can

thus be considered a functional unit. The activation of some

glomeruli are thought to be hard-wired to mediate behavioral

responses; for example, glomerulus DM5 may mediate aversive

behavior (Semmelhack and Wang, 2009). Since experiments to

test this hypothesis were performed with only two olfactory

stimuli, however, no general conclusions can be reached.

The most comprehensive study on receptor-ligand interac-

tions so far tested a set of 24 D. melanogaster receptors against

a total of 110 odorants (Hallem and Carlson, 2006). With this

analysis as starting point, we screened the same set of odorants

for their innate hedonic valence. Considering these values, we

investigated the representation of odorant valence in the

D. melanogaster brain. We correlated our behavioral data with

the published single-sensillum recording (SSR) data (Hallem

and Carlson, 2006), and performed functional imaging experi-

ments using the six most attractive and six most aversive odor-

ants at the level of input (OSNs) and output neurons (PNs) of the

AL. Although we found only weak valence-specific activity at the

OSN level, attractive and aversive odorants could be well

discriminated based on the observed activity patterns at the

level of PNs. We identified six glomeruli in which an output

response was evoked almost exclusively by aversive odorants

and three glomeruli in which an output response was triggered

mainly by attractive odorants. By characterizing the spatial

coding patterns that are elicited by a set of odorants with known

valence from the periphery to the brain, we were able to relate

the first level of hedonic valence representation to the output

level of the AL.
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RESULTS

Hedonic Valence of Odorants
Using a trap assay modified from previously described assays

(Larsson et al., 2004; Park et al., 2002) (Figure 1A), we screened

110 odorants for their valence. For an analysis of the concentra-

tion changes within the assay during 24 hr, see Figure S1. We

classified 60 as attractive, 44 as neutral, and only 6 odorants

as aversive (Figure 1B). With a median attraction index (AI) of

0.72 (Figure 1B), g-butyrolactone was the most attractive

compound, whereas benzaldehyde was the most aversive one

(median AI: �0.53). We could not find any correlation between

classical chemical structure and odorant valence, since both

highly attractive and neutral compounds were found in each

chemical class (color-coded in Figure 1B). Moreover, the six

aversive odorants belonged to three different chemical classes

(alcohols, aromatics, and terpenes), which also included highly

attractive substances.

A

B

Figure 1. Hedonic Valence of Odorants

(A) Trap assay. Fifty flies (black circles) were free to choose between two traps with one trap containing the odorant plus solvent and the other containing the

solvent only. The only access for the odorant molecules into the bioassay chamber was through the 2.5 mm pipette tip opening through which flies entered

the traps. Flies in both traps were counted after 24 hr. For details of analysis, see Experimental Procedures. For an analysis of the concentration changes within

the assay during 24 hr, see Figure S1.

(B) Attraction indices of 110 odorants. Odorants are sorted according to attractiveness. Turquoise, attractive odorants with attraction index (AI) being significantly

(p < 0.05, Wilcoxon rank sum test) larger than 0; gray, neutral odorants with AI not differing from 0; magenta, aversive odorants with AI significantly (p < 0.05)

smaller than 0. Box plots give themedian (black bold line), quartiles (box), 95%confidence intervals (whiskers), and outliers (gray circles) of the ten replicated trap-

assay tests with each odorant. Functional groups of the odorants are color-coded.
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Correlation of Hedonic Valence and Physicochemical
Properties
Haddad et al. (2008) suggested that the olfactory percept of

a substance relies not simply on its chemical class but on

numerous additional molecular descriptors. We asked if these

physicochemical properties account for the innate valence.

However, using a principal component analysis (PCA, Figure 2A),

we did not find any coherent clustering of attractive and aversive

odorants. Neither did we find any correlation between the

Euclidean distance of odorant pairs based on their physico-

chemical properties and the distance between the odorants’

hedonic valence (Figure S2A; Table S1).

Peripheral Representation of Valence
Hallem and Carlson (2006) provided information regarding which

out of 24 D. melanogaster OSNs investigated was activated by

the 110 odorants tested.Wewonderedwhether we could predict

the valence of these odorants on the basis of the activated

olfactory receptor repertoire (for a chart of all used SSR data

from Hallem and Carlson, 2006; see Table S1). Again, a PCA

(Figure 2B) and a calculation of the Euclidean distance between

odorants (Figure S2B) performed with the published raw data

(Hallem and Carlson, 2006) was inconclusive in predicting

the hedonic valence of the odorants. Neither attractive nor

aversive odorants clustered in the PCA (Figure 2B), and the first

principal component of the same data set did not correlate

with the odorant attraction indices (Figure 2C). A correlation

of the first principal component with odorant valence was

found in an earlier study by Haddad et al. (2010), analyzing

D. melanogaster neuronal responses and preferences for seven

odorants. Our results, however, obtained with 110 odorants,

showed no representation of odorant valence at the level of the

antenna.

Representation of Valence in the AL
We next identified the AL glomeruli that became activated by the

six most attractive and the six most aversive odorants. To inves-

tigate the input as well as the output of the AL, we used the stan-

dard GAL4-UAS system (Brand and Perrimon, 1993) to drive

expression of the genetically encoded calcium sensor G-CaMP

and thus labeled either OSNs or PNs (Figure 3).

All stimuli produced multiglomerular activation patterns in the

AL (for a topographic visualization of activity patterns, see Fig-

ure S3; for numerical information on glomerular activations,

see Table S2; for identification of activated glomeruli, see Stökl

et al., 2010; for a validation of glomerular identification by use

of a two-photon imaging setup, see Supplemental Information).

At the OSN level, individual glomeruli were similarly activated

by attractive and aversive odorants; i.e., attractive and aversive

odorants were not separated in a PCA based on activation

patterns (Figure 4A) and the hedonic distances of odorant pairs

were not correlated with their Euclidean distances based on

OSN responses (Figure S2C). As expected, the activation of

OSNs at the glomerular level strongly correlated (Figures S2G

and S2H) with the corresponding published SSR data (Hallem

and Carlson, 2006), confirming a correct glomeruli identification.

At the PN level, however, the subsets of glomeruli activated by

attractive odorants differed significantly from those activated by

aversive odorants (Table S2). Euclidean distances based on

hedonic distances of odorant pairs significantly correlated with

Euclidean distances based on PN activation patterns (Mantel

test, p < 0.01; Figures S2D and S2F). The latter accounted for

5%–18% of the variability of the distances of hedonic valences,

i.e., significantly more than calculated for the impact of physico-

chemical properties (0.3%), single sensillum responses (0.4%),

and OSN responses in the AL (0.07%–0.2%) (Figures S2A–S2C

and S2E). PNs innervating glomeruli DL5, D, and DL1 were acti-

vated almost exclusively by aversive odorants, whereas DM4,

DM5, and DM2 became mainly activated by attractive odorants

(Figure 4B, right panel), resulting in a separation of attractive

and aversive odorants in an activation pattern-based PCA

(Figure 4B).

To investigate whether the observed result depends on the

concentration of the stimulus, we repeated the functional

imaging experiments with stimulus concentrations increased

by two orders of magnitude (10�2; Figure S3; Table S2). Again,

no clear valence-specific pattern at the OSN level could be

detected (Figure 4C). Only three glomeruli (DA4, DC2, and

DC3) responded significantly discriminatively to aversive and

attractive odorants resulting in a weak separation of attractive

and aversive odorants (Figure 4C). However, probably due to

the strong but nondiscriminative response of several other

glomeruli, this separation was along principal component 2

that contributed less to the variance than principal component

1. Therefore, the split of attractive and aversive odorants at the

level of OSNs was not significant (p = 0.77).

On the contrary, PN patterns were clearly valence dependent

(Figure 4D). At the higher stimulus concentration, no glomerulus

was exclusively activated by attractive odorants. However, six

glomeruli (D, DA4, DL1, DL4, DL5, and DC3, see Figure 4D)

responded strongly and mainly to aversive odorants, which

substantiates their function as ‘‘aversive-specific’’ glomeruli, at

Figure 2. Analysis of Physicochemical and Physio-

logical Properties of Attractive and Aversive Odor-

ants

(A and B) Principal component analyses (PCA) of attractive

(turquoise) and aversive (magenta) odorants based (A) on

their physicochemical properties (i.e., a set of 32 physi-

cochemical descriptors; Haddad et al., 2008) and (B) on

published single sensillum recordings (Hallem and Carl-

son, 2006).

(C) Correlation between first principal component (based

on single-sensillum recording data) and attraction indices

(AI) of the odorants.
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least when they become activated in a combinatorial pattern.

Hence, the finding that there is already a representation of

odorant valence at the output of the AL holds true over a concen-

tration range of at least two orders of magnitude.

Interestingly, those PNs that were significantly more activated

by aversive odorants innervated glomeruli clustered topograph-

ically in the lateral part of the AL, whereas the attractant-specific

PNs innervated glomeruli located at the medial part (inset in right

panels of Figures 4B and 4D,median distance between glomeruli

activated by odorants of similar hedonic valence, 23 mm;median

distance between glomeruli activated by odorants of different

hedonic valence, 43 mm; Mantel test, p < 0.001).

DISCUSSION

Drosophila melanogaster responds behaviorally to numerous

odorants. So far, only one study has dissected the flies’

responses to a large set of odorants. This study, however,

focused on response latencies and olfactory sensitivities but

not on the hedonic valence of these odorants (Keller and Vos-

shall, 2007). Here, we present the most comprehensive screen

for odorant valence performed so far in D. melanogaster. Our

results allowed us to assign the first clear representation of

hedonic valence in the D. melanogaster olfactory circuitry to

the AL output level.

An odorant’s identity has been shown to be determined by

numerous physicochemical properties, which, in turn, are deci-

sive for the set of OSNs (and thereby receptors) activated by

this odorant (Haddad et al., 2008). Furthermore, in a meta-anal-

ysis of 12 data sets, including separate studies in seven species,

the results of seven odorants tested in D. melanogaster sug-

gested that the specific set of receptors activated by an odorant

accounts for its hedonic valence (Haddad et al., 2010). In

contrast, neither the physicochemical properties of the 110

odorants used here (out of which four were included in the study

with seven compounds) (Figure 2A), nor the activated receptor

repertoire (Figure 2B, in which we reanalyzed the SSR data

obtained with the same 110 odorants by Hallem and Carlson,

2006) predicted the valence of the tested odorants. However,

as our set of 110 odorants included only four of the seven odor-

ants analyzed by Haddad et al. (2010), it is difficult to draw any

conclusions regarding the background to the contradicting

results. In humans, Khan et al. (2007) found a strong correlation

between physicochemical properties and hedonic valence of

odorants. We can only speculate, that this difference between

flies and humans is caused by different coding strategies for

innate hedonic valence, as suggested by the findings of Keller

and Vosshall (2007), showing that olfactory similarity judgment

clearly differs between flies and humans. Functional imaging of

calcium activity in OSNs enabled us to analyze activity of 20

OSN types targeting the top layer of the glomeruli (i.e., 60% of

all OSNs labeled by Orco-GAL4), 8 of which were not included

in the SSR study (Hallem and Carlson, 2006). Processing of

olfactory information already starts at the level of OSNs via

presynaptic inhibition (Olsen and Wilson, 2008; Root et al.,

2008). Hence, the odorant-evoked glomerular responses moni-

tored by functional imaging of OSNs at the level of the AL do

not necessarily mirror the results gained at the level of the

Figure 3. Identification of Glomeruli Activated by Attractive and Aversive Odorants Using Functional Calcium Imaging

(A) Schematized atlas of the AL representing glomeruli that have been functionally characterized. Flies expressing the genetically encoded calcium reporter

G-CaMP allowed us to visualize odorant-evoked activities at the level of OSNs (top panels) and PNs (bottom panels) using the Orco-GAL4 and GH146-GAL4 line,

respectively. Both lines label an overlapping set of glomeruli with the exception of glomerulus VM5, which is not labeled by the GH146 driver line. Glomeruli that

were not significantly activated by any of the odorants are filled in dark gray. AN, antennal nerve; ACT, antennocerebral tract.

(B) Representative false color-coded images showing the AL after stimulation with mineral oil as a control or with aversive (magenta) and attractive (turquoise)

odorants. All images are individually scaled to the strongest activated glomeruli of the entire AL (data shown only for the left AL). Values below the DF/F threshold

of 10% are omitted to illustrate the specificity of the signals, as well as the glomerular arrangement as visualized by the intrinsic fluorescence. Images represent

DF/F [%] superimposed onto the raw fluorescence images according to the scale below. White asterisk marks the PN soma cluster.

For observed activation patterns see Figure S3 and Table S2.
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antennae entirely. Nevertheless, the glomerular activation

patterns we observed at the AL input level resembled those of

the corresponding receptors on the antennae (Figures S2G

and S2H). Only three glomeruli (DA4, DC2, and DC3, Figure 4C)

did respond significantly and discriminatively to attractive as well

as aversive odorants. Since several other glomeruli exhibited

stronger responses but did not respond discriminatively, attrac-

tive and aversive odorants were not significantly separated

based on the OSN activity pattern (Figures 4A and 4C).

The scenario changed when we analyzed activity patterns at

the next processing level, the PNs. Here, we identified a large

set of strongly activated glomeruli that responded discrimina-

tively to attractive and aversive odorants. Glomeruli DM4,

DM5, andDM2were significantly stronger activated by attractive

components, whereas D, DA4, DC3, DL1, DL4, and DL5

responded almost exclusively to aversive odorants (Figures 4B

and 4D, right panels). Therefore, based on the PN activity

patterns, attractive and aversive odorants could be clearly sepa-

rated (Figures 4B and 4D). Interestingly DA4 and DC3 were iden-

tified as ‘‘aversive specific’’ both at the input (Figure 4C) and

output levels (Figure 4D).

In another study that combined functional imaging and behav-

ioral experiments, Semmelhack and Wang (2009) determined

the role of several glomeruli in mediating responses to different

concentrations of cider vinegar. The authors identified DM1

and VA2 as mediators of attraction to vinegar, whereas DM5

was assigned as responsible for aversive behavior at high stim-

ulus concentrations. In light of these results, the authors sug-

gested DM5 to be hard-wired for generating innate aversive

behavior. We instead observed the DM5 to be strongly activated

by various attractive odorants at least at the PN level (Figure 4B,

right panel). What could have caused these inconsistent

results? An interesting outcome of the vinegar study, which

used an olfactometer and tested for immediate responses within

50–250 s, was that the valence of a blend was highly affected by

its concentration. The valence of vinegar changed when the

concentration was increased by less than one order of magni-

tude. In the trap assay, in which flies were tested in still air for

24 hr, a blend has earlier been shown to be attractive over five

orders of magnitude (Stökl et al., 2010) (for the time course of

concentration changes within the trap assay, see Figure S1). It

could thus be speculated that the glomeruli identified by

Figure 4. Representation of Odorants within the Antennal Lobe

(A and B) OSNs (A) and PNs (B) at weak stimulus concentrations.

(C and D) OSNs (C) and PNs (D) at strong stimulus concentrations.

Left panels, principal component analyses based on the activation patterns elicited by the 12 odorants tested (see Table S2). Representation of attractive

odorants differed from aversive ones at the PN level (ANOSIM, Bray-Curtis, weak concentration, p < 0.005, strong concentration, p < 0.002) but not at the level of

OSNs (weak concentration, p = 0.79, strong concentration, p = 0.77). Centre panels, bar graphs depicting the weight by which the activation of each glomerulus

affects the first principal component. Right panels, activation of individual glomeruli by attractive (turquoise) and aversive (magenta) odorants; bar plots depict

average response and standard deviation of six stimulations with attractive and with aversive odorants. Solid bars depict glomeruli that differ significantly in their

response to attractive and aversive odorants (p < 0.05, Mann-Whitney test). Inset depicts the spatial distribution of glomeruli that discriminatively responded to

attractive or aversive odorants.
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Semmelhack and Wang as aversive specific (Semmelhack and

Wang, 2009) might generate a concentration-dependent imme-

diate response to odorants, whereas the valence-specific PN

patterns described by us are less concentration dependent

and seem to be valid for flies that can decide unhurriedly whether

or not to approach an odorant. Interestingly, Semmelhack and

Wang (2009) found the same glomerulus DM5 involved in medi-

ating aversion to both the vinegar bouquet as well as an indi-

vidual odorant (ethyl butyrate) that is not present in vinegar. As

flies usually perceive blends rather than individual odorants, it

is of interest whether the coding and rating of blends can be pre-

dicted by the coding and rating of the blends’ individual compo-

nents. Our screen of 110 odorants provides a vantage point for

such an investigation.

In D. melanogaster larvae, the valence of odorants could be

predicted based on the activation patterns of a set of specific

receptors (Kreher et al., 2008), i.e., at the periphery of the olfac-

tory circuitry. However, the larval olfactory system shows striking

differences to the adult system, as it is for example greatly

reduced in every way, and thus cannot be expected to perform

in a similar fashion as the adult one. The systems differ both

regarding the number ofOSNs and the kind of olfactory receptors

expressed in these. Larvae have 21 OSNs expressing 25 recep-

tors (Fishilevich et al., 2005), whereas adults have approximately

1,200 OSNs expressing 62 receptors with an overlap between

adults and larvae of only 11 receptors (Shanbhag et al., 1999). It

would have been interesting to analyze, whether OSNs that are

expressed both in larvae and adults respond differentially to the

same set of odors. However, of the 11 larval OSNs investigated

by Kreher et al. (2008) only two are expressed in adult flies and

were included in our study. Due to this small overlap, no conclu-

sions can be drawn regarding the odorant specificity of OSNs

that are expressed both in larvae and adult flies. The difference

at the peripheral olfactory sensory system very likely reflects

different demands on the olfactory performance of larvae and

of adults. Larvae hatch on food andusuallymigratewithin a range

of only a few centimeters, i.e., nutritional decisions are made by

the adult fly during oviposition. Before ovipositing, the adult fly

needs to detect and evaluate food sources at a distance and

often against an olfactory background. This behavior probably

requires increasing numbers of OSNs and receptors in adult flies.

This increased capacity might occur due to the observed drift of

the first representation of valence from the sensory periphery to

the brain, as the information processing within the AL can help

flies to predict the meaning of an odorant. Interestingly, both

larvae and adult flies were repelled by methylphenol and benzal-

dehyde. The former is a typical mammalian odorant that is

used by blood-feeding insects to locate hosts but seems to be

avoided by plant-feeding insects (Hill et al., 2010). The latter is

a by-product of the production of hydrocyanic acid in seeds,

and serves as a defense against herbivores (Peterson et al.,

1987). Hence, by avoiding benzaldehyde, flies and larvae may

keep a safe distance from poisonous seeds. It should be

mentioned thatbenzaldehydehasbeenshown tobeamultimodal

stimulus affecting nociceptive as well as olfactory pathways

(Keene et al., 2004). However, as it produces aversive-specific

responses at the PN level of the AL, the olfactory pathway is

involved in dictating the hedonic valence of this stimulus.

There is an ongoing debate about how much olfactory infor-

mation is processed within the AL. Some studies found identical

activity patterns in OSNs and corresponding PNs (Semmelhack

and Wang, 2009; Wang et al., 2003), while others (Bhandawat

et al., 2007; Root et al., 2008; Wilson et al., 2004) suggested

different odorant representations at the two levels. The existence

of a representation of hedonic valence at the PN level but not at

the level of OSNs supports the argument that a considerable

amount of information is being processed, most likely by the

complex network formed by local interneurons (Chou et al.,

2010; Seki et al., 2010).

Ants classify other ants as nestmates or nonnestmates by

comparing their cuticular hydrocarbon profile with a learned

template (Leonhardt et al., 2007). Agreement of profile and

template leads to acceptance, while disagreement leads to

aggression. Contrary to our findings in flies, no neuronal correlate

of this classification was found in the ants’ antennal lobe. Nest-

mate and nonnestmate odors elicited similar activity patterns in

calcium imaging experiments (Brandstaetter et al., 2011). How-

ever, while flies should have an innate idea whether an odor

means food or not, nestmate recognition in ants depends on an

ongoing learning process, i.e., the reformation of their internal

template (Leonhardt et al., 2007). Therefore, it is likely that nest-

mate classification rather takes place in higher brain centers

like the mushroom bodies that have been shown to be involved

in Hymenopteran olfactory learning (Hourcade et al., 2010).

Interestingly, glomeruli that we found to be activatedmainly by

aversive odorants formed a cluster at the lateral part of the AL

(Figures 4B and 4D), whereas those that became more activated

by attractive odorants clustered at the medial part (Figure 4B).

Accordingly, we propose that two functional areas, located at

the output level of the AL and composed of glomerular clusters,

embody the first representation of hedonic valence of an odorant.

This finding is in accordance with results frommice and humans,

where the dorsal domain of the olfactory bulb seems to be

responsible for innate responses to aversive odorants (Kobaya-

kawa et al., 2007; Rolls et al., 2003). Further studies should

examine how the representation of valence in flies is transferred

to higher brain centers and ask whether the representation is

affected by learning. The identification of a large set of innately

attractive and aversive odorants is also an excellent springboard

for further studies on odorant-guided behavior in flies.

Our study is based on the establishment of the hedonic

valence of 110 odorants, with known physicochemical proper-

ties (Haddad et al., 2008) and peripheral neurophysiological

impact (Hallem and Carlson, 2006). These values in combination

with the establishment of input and output activation patterns in

the AL made it possible to conduct the first in-depth analysis

of the pathway from ligand-receptor interactions to the formation

of the first valence-specific patterns; such a pathway constitutes

the basis for decision making in the insect brain.

EXPERIMENTAL PROCEDURES

Behavior

To screen the attractiveness of a total of 110 odorants, we modified a trap

assay that has been used to determine differences in odorant-guided behavior

between different genotypes or species of Drosophila (Dekker et al., 2006;
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Larsson et al., 2004; Ruebenbauer et al., 2008). Test chambers (transparent

yoghurt cups (500 ml) with 50 ventilation holes in the lid) contained a treatment

and a control trap made from small transparent plastic vials (30 ml) with a cut

micropipette tip (tip diameter 2 mm) inserted into a hole of the vial. The treat-

ment trap contained 2 ml of the test odorant diluted in 200 ml of water (plus 0.2 ml

Triton X-100 [http://www.sigmaaldrich.com]) as detergent applied on a piece

of filter paper, while the control trap contained only 200 ml of water plus

0.2 ml Triton X-100. Fifty flies (males and females, ratio about 1:1, 4–5 days

old, starved for 24 hr before the experiment) were placed in each test box (Fig-

ure 1). Experiments were always started at the same time of day and carried

out in a climate chamber (25�C, 70% humidity, 12-hr-light:12-hr-dark cycle).

The number of flies in and outside the traps was counted after 24 hr. Valence

of the tested odorants was quantified with an AI, calculated as: AI = (O-C)/(50),

where O is the number of flies in the odorant trap, C the number of flies in

the control trap, and 50 the sum of all flies tested. The resulting index ranges

from �1 (complete avoidance) to 1 (complete attraction). A value of zero

characterizes a neutral or nondetected odorant. Deviation of the AI from

zero and differences of the AI between groups were tested with the Wilcoxon

rank sum test.

For an analysis of the concentration changes within the assay during 24 hr,

see Figure S1.

Functional Imaging

Fly Preparation

In vivo preparation of flies (5 to 8 days old animals) and functional imaging of

odor-evoked calcium responses in the ALwere essentially as described (Strutz

et al., 2012; Stökl et al., 2010). Briefly, flies were anesthetized on ice for 15min,

fixed with the neck onto a Plexiglas stage using a copper plate (Athene Grids,

http://www.tedpella.com). The head was glued on the stage with colophony

resin (Royal Oak Rosinio, http://www.bandbuddy.com) and the antennae

pulled forward with a fine metal wire (http://www.hpreid.com). Polyethylene

foil was attached on the head and sealed to the cuticle with two-component

silicone (http://www.wpiinc.com). A small window was cut through the foil

and cuticle. Immediately after opening the head capsule, the brain was bathed

with Ringer solution (130 mM NaCl, 5 mM KCl, 2 mM MgCl(x 6H2O), 2 mM

CaCl2(x 2H2O), 36 mM Saccharose, 5 mM HEPES, [pH 7.3]). Removal of

trachea and glands allowed optical access to the ALs.

Odorant Stimulation

Odorants were diluted (10�1 or 10�3) in mineral oil (http://www.sigmaaldrich.

com). 6 ml of the diluted odorants was pipetted onto a small piece of filter paper

(�1 cm2, http://www.whatman.com), placed inside a glass Pasteur pipette. For

odorant application, a stimulus controller (Stimulus Controller CS-55, http://

www.syntech.nl) was used, which produced a continuous airstream, whose

flow of 1 l min-1 was monitored by a flowmeter (http://www.coleparmer.com).

A glass tube guided the airflow to the fly’s antennae. Within the constant air

stream, the applied odorant stimuli were additionally diluted by 1:10.

Functional Imaging

Imaging experiments were performed using a TillPhotonics imaging setup

(TILL imago, http://www.till-photonics.com) equipped with a CCD-camera

(PCO imaging, http://www.pco.de) mounted on a fluorescence microscope

(BX51WI, http://www.olympus.com) with a 20x water immersion objective

(NA 0.95, XLUM Plan FI, http://www.olympus.com). A monochromator (Poly-

chrome V, TillPhotonics) produced a 475 nm excitation wavelength, which

passed a SP500 filter, a dichromatic mirror (DCLP490) and finally a LP515 filter

before reaching the animal. Binning on the CCD-camera chip produced a reso-

lution of 1.2 mm pixel�1. Each recording lasted 10 s with an acquisition rate of

4 Hz. Odorants were applied during frames 6–14 (i.e., after 1.5 s, lasting for 2 s).

Experiments with single flies lasted up to 1 hr, with intervals between stimuli of

about 1 min. The two GAL4 driver lines, Orco and GH146 label 33 and 31

glomeruli, respectively (unpublished data). Using functional imaging we were

able to characterize the response profile of glomeruli in the top layer of the

antennal lobe. This group comprises 20 glomeruli and covers about 60% of

all glomeruli labeled by theOrco-GAL4 aswell as theGH146-GAL4 driver lines.

All visible glomeruli during our imaging experiments were thus labeled by both

lines, with the exception of glomerulus VM5, which is labeled by Orco but not

by GH146. This glomerulus was therefore excluded from the analysis (see

Figure 3).

Image Analysis

Data were analyzed with custom-written IDL software (ITT Visual Information

Solutions, http://www.ittvis.com) provided by Mathias Ditzen and Giovanni

Galizia, Germany. All recordings were manually corrected for movement. To

achieve a comparable standard for the calculation of the relative fluorescence

changes (DF/F), the fluorescence background was subtracted from the aver-

aged values of frames 0 to 6 in each measurement, so that basal fluorescence

was normalized to zero. The false color-coded fluorescence changes in the

raw-data images have been calculated by subtracting frame 7 from frame

12. To calculate the response of a specific glomerulus to each odorant, a coor-

dinate (10310 mm) was placed in the center of an identified glomerulus and the

fluorescent changes were plotted as a function of time. Subsequently, the

mean value of frames 10 to 17 (response maximum during odorant stimulation)

of a specific glomerulus and odorant was calculated and averaged over all

animals. Glomerular identification was performed as described in detail in

Stökl et al. (2010) (see also Supplemental Information). Neither of the used

fly strains (see below) allowed us to visualize the activity of glomeruli inner-

vated by ionotropic receptors (IRs), whichmay play an additional role in coding

odorant valence. However, our approach allowed us to selectively visualize the

odorant-evoked glomerular activity pattern of the input and output neurons of

20 glomeruli of the AL (Table S2). The activated glomeruli were identified using

the well-defined OSN glomerular connectivity map of the fly AL (Couto et al.,

2005; Fishilevich and Vosshall, 2005). Additionally, we screened a set of odor-

ants with defined activation patterns to facilitate glomerular identification (e.g.,

DM5, ethyl-3-hydroxybutyrate; DM2, ethyl hexanoate; DM6, pentylacetate).

Fly Strains

For the calcium imaging experiments, we used the standard GAL4-UAS

system (Brand and Perrimon, 1993) to genetically express the calcium-sensi-

tive protein G-CaMP 1.6 (Ohkura et al., 2005) in either the majority of OSNs or

PNs using the Orco-GAL4 or GH146-GAL4 driver line, respectively.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Odorant Concentration within the Trap Assay
The valence of an odorant can change depending on its concentration (Semmelhack and Wang, 2009). A changing odorant concen-

tration over the 24h time course of the experiment could therefore change the valence. We thus tested the concentration change of

2,3-butanedione (i.e., the most volatile compound of the twelve focus odorants of this manuscript) within the trap assay during more

than 24 hr. The treatment trap contained 2 ml of the test odorant diluted in 200 ml of water (plus 0.2 ml Triton X-100 (http://www.

sigmaaldrich.com). We sampled odorant concentration every 1-to-2 hr in the pipette tip forming the entrance to the trap and outside

in the box containing the flies initially using a Solid Phase Micro Extraction (SPME) fiber (100mm PDMS; Supelco 57341U). We pro-

ceeded to quantify the accumulated odorant molecules on the fiber using gas chromatography (GC; Agilent 6890N) in combination

with mass spectrometry (MS; Agilent MS 5975B) running the following protocol:

Desorption within GC inlet, 1 min; GC program: 2 min at 40�C followed by increasing temperature (20�/min up to 280�C) and a final

step of 5 min at 280�.
The concentration was constantly higher within the tip than outside in the box, and decreased less than 1 order ofmagnitude during

24 hr (Figure S1). Especially during the first 4 hr, during whichmost of the flies typically respond in the trap assay (Ruebenbauer et al.,

2008), the decrease of odorant concentrationwas negligible. Consequently, irrespective whether the flies responded at the beginning

of the experiment or later, they always experienced comparable concentrations.

Identification of Glomeruli
Wide field microscopy provides a highly convenient and reliable overview of neuronal activity evoked by a specific odorant among

a large number of olfactory glomeruli. As an alternative, the two-photon system offers more information due to the capability of deep

optical sectioning through different layers of glomeruli. Since we have both techniques available, a wide field and a two-photon

imaging system, we have performed calcium imaging experiments and monitored the odorant-evoked calcium responses of a fly

antennal lobe expressing the calcium sensor G-CaMP in OSNs using both systems (Strutz et al., 2012).

We found that the glomeruli strongly activated by a specific odorant can be individually and unambiguously identified using both

systems (see Figure 1 in Strutz et al., 2012). We performed this comparison for a number of odorants including some of those used in

the present study and did not find any differences for the glomeruli under investigation.

A potential drawback of wide-field imaging is, that only superficial glomeruli are accessible with this technique. However, the

superficial glomeruli that are accessible in wide field imaging cover about 60% of glomeruli labeled by the Orco-GAL4 as well as

the GH146-GAL4 driver lines, which we find is sufficient to allow conclusions regarding coding strategies in the antennal lobe.

The more ventrally located glomeruli (that are not visible in wide field imaging) are mainly innervated by IR-expressing OSNs and

are thus not labeled by Orco-GAL4 (Silbering et al., 2011; Couto et al., 2005). We therefore decided to apply wide field calcium

imaging for the glomerular characterization. In addition the effect of light scattering that arises when using wide field imaging occurs

at both the OSN and the PN level and is thus compensated by comparing both data sets.
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Figure S1. Concentration Change over the 24 hr Time Course of the Trap-Assay Experiment, Related to Figure 1

Blue diamond, concentration measured within the entering tip of the trap; red diamond, concentration measured within the box containing the flies initially; gray

rectangle, time window during which most flies enter a trap in this kind of trap assay (Rübenbauer et al., 2008). Concentration is depicted as the area below the

odorant peak that resulted from the GC analysis. Please note that we could not sample odorants at both positions simultaneously. Therefore, consecutive

sampling in box and tip was separated by 30 min.
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Figure S2. Correlation Analyses, Related to Figure 4

(A–F) Correlation of Euclidean distances calculated based on physicochemical or physiological properties and the distances based on hedonic valences of

odorant pairs. (A) Physiochemical properties. For the set of 110 odorants Euclidean distance for each possible odorant pair was calculated based on 32

physicochemical descriptors (Haddad et al., 2008). (B–F) Physiological properties. (B) For the same set of odorant pairs Euclidean distance was calculated based

on published single sensillum recordings (Hallem and Carlson, 2006). (C–F) Euclidean distance was calculated for those twelve odorants which we used with low

and high concentration for the imaging experiments based onOSN responses (C and E) and PN responses (D and F). The only significant correlation was found on

the level of PNs.

(G and H) Correlation between activation patterns measured at the input level (OSN) of the antennal lobe and published single sensillum recordings (Hallem and

Carlson, 2006).

(I and J) Correlation between activation patterns of OSNs and PNs.
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Figure S3. Activation Patterns after Stimulation with Aversive and Attractive Odorants at the Level of OSNs and PNs, Related to Figure 3

Columns 1 and 2, aversive; columns 3 and 4, attractive. Columns 1 and 3, high stimulus concentration (10�2); columns 2 and 4, low stimulus concentration (10�4).

Stimulus duration, 2 s.
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    Chapter 3   

 Calcium Imaging of Neural Activity in the Olfactory 
System of Drosophila       

           Antonia   Strutz   ,    Thomas   Völler   ,    Thomas   Riemensperger   , 
   André   Fiala      , and    Silke   Sachse     

  Abstract 

 Many animals are able to detect a plethora of diverse odorants using arrays of odorant receptors located on 
the olfactory organs. The olfactory information is subsequently encoded and processed by an overlapping, 
combinatorial activity of neurons forming complex neural circuits in the brain. In order to functionally 
dissect this neural circuitry, optical recording techniques allow visualizing spatial as well as temporal aspects 
of odor representations in populations of olfactory neurons. The fruit  fl y  Drosophila melanogaster  has 
emerged as a highly suitable model system for olfactory research as it allows for the combination of genetic, 
molecular and physiological analyses. Genes of interest can be ectopically expressed in target regions using 
different binary transcriptional systems. Thereby,  fl uorescent calcium indicators can be expressed to moni-
tor neuronal activity in genetically de fi ned subsets of neurons. In this chapter we describe various available 
genetically encoded calcium sensors (GECIs) and the binary transcriptional systems available for  Drosophila  
to express these GECIs in olfactory neurons. We will explain step-by-step methods for  fl y brain prepara-
tion, introduce different odor application devices, and describe the components needed using a wide fi eld 
or two-photon imaging system including data acquisition and analysis. Overall, this review provides a 
guideline for optically monitoring the spatiotemporal neuronal activity evoked by odorants in the  Drosophila  
brain.  

  Key words:    Drosophila melanogaster  ,  Genetically encoded calcium indicators ,  Binary transcriptional 
systems ,  Cameleon ,  G-CaMP ,  Olfaction ,  Optical recording ,  Two-photon imaging ,  Antennal lobe , 
 Mushroom body ,  Insect brain    

 

 The olfactory system of the fruit  fl y  Drosophila melanogaster  repre-
sents a favorable model system for the analysis and dissection of a 
complex neuronal circuitry  (  1,   2  ) . Initially,  Drosophila  has been 
used as a genetic model organism, and studies on olfaction in fruit 
 fl ies have focused on the identi fi cation of genes involved in odor-
guided behavior  (  3–  6  ) . In addition, neuroanatomical studies have 

  1.  Background 
and Overview
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clari fi ed the structure of the  fl y’s odor-sensing organs and the 
connectivity of olfactory neurons in the brain to a fair degree  (  7,   8  ) . 
Physiological studies, however, have for a long time remained 
dif fi cult in fruit  fl ies due to the small size of neurons, and electro-
physiological recordings have mostly been performed in larger 
insects, e.g., locusts, cockroaches, moths, or honeybees. In recent 
years electrophysiological recordings from olfactory neurons in 
 Drosophila  not only at the level of peripheral sensory cells  (  9–  12  )  
but also from central brain neurons  (  13–  17  )  have helped to deepen 
understanding of how odors are encoded at the level of individual 
cells. However, the advent of genetically encoded  fl uorescent indi-
cators to monitor neuronal activity has opened a route to combine 
the genetic advantages of the fruit  fl y with optical methods to 
monitor neuronal activity across larger populations of neurons 
 (  18  ) . Here, we describe how genetically encoded calcium sensors 
(GECIs) can be used to monitor spatiotemporal activity in neu-
ronal subpopulations of the  Drosophila  olfactory system. 

  Adult fruit  fl ies detect odors with ~1,200 olfactory sensory neu-
rons (OSNs) located at the third antennal segments and the maxil-
lary palps  (  1,   2  ) . Up to four OSNs are integrated into sensillae of 
various morphological types  (  10  ) , and extend ciliary protrusions 
into  fl uid  fi lled, perforated, hair-like cuticular structures  (  19,   20  ) . 
Here, odorant receptors (ORs) located on the surface of the ciliary 
membranes bind volatile substances as odorants. The majority 
(~2/3) of OSNs express one, in some instances two speci fi c ORs 
each out of 62 OR transcripts present in adult  fl ies  (  21–  25  ) . These 
“classical OR genes” are coexpressed with the more ubiquitous 
receptor Or83b  (  26  ) , also called “olfactory receptor coreceptor 
(Orco)” that forms heterodimeric proteins with the ligand-speci fi c 
ORs  (  27,   28  ) . Recently a novel class of ionotropic olfactory recep-
tors (IRs) has been discovered  (  29,   30  )  that might account for the 
remaining ~1/3 OSNs. For both types of olfactory receptors, ORs 
and IRs, signal transduction has been shown to be mediated via 
ionotropic channel proteins  (  28,   31  ) , but for ORs in addition a 
metabotropic signaling pathway via cyclic nucleotides is also 
involved  (  31  ) . In summary, a speci fi c response pro fi le of each OSN 
with respect to odor-speci fi city is, therefore, determined by the 
expression of the particular OR  (  12  )  or IR  (  29  ) . However, OSNs 
do not only show speci fi city with respect to the expression of a 
certain receptor, but also with respect to the brain region targeted 
by their axonal terminals. OSNs innervate the antennal lobes (AL), 
the primary olfactory neuropil of insects. The logic of targeted 
projection is straightforward: those OSNs that express a particular 
OR arborize in the same one or very few glomeruli of the AL  (  32, 
  33  ) . As each OSN responds with a certain degree of ligand-
speci fi city odors are represented at the level of the AL in terms of 
spatiotemporal, glomerular activity patterns  (  34,   35  ) . 

  1.1.  The Olfactory 
System of  Drosophila 
melanogaster 
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 Afferent olfactory information is conveyed from the ALs to 
“higher brain centers” via olfactory projection neurons (PNs). In 
most cases PNs arborize in the AL within single glomeruli, but 
multiglomerular PNs also exist  (  36,   37  ) . However, the AL is not 
merely a simple input–output relay. On the one hand, PNs form 
also presynaptic termini with the ALs’ glomeruli, providing already 
a step of odor information processing. On the other hand, local 
interneurons (LNs) interconnect the ~49 glomeruli of the AL. The 
anatomical structure of LNs is diverse with respect to their arboriza-
tion patterns, with some LNs innervating only few glomeruli, 
whereas others target many glomeruli more globally  (  17  ) . In addi-
tion, the transmitter substances released by LNs are also not homo-
geneous. In most cases LNs are inhibitory and release GABA  (  17  ) , 
but in some cases LNs exert excitatory transmission through ace-
tylcholine  (  15,   38  ) . Recently, it has been shown that excitatory 
LNs are electrically coupled through gap junctions, implicating a 
role of LNs for generally enhancing depolarizations evoked by faint 
concentrations of odors  (  39,   40  ) . Inhibitory GABAergic LNs are 
considered to enhance decorrelation of odor-evoked PN responses, 
ultimately improving separability of distinct odors  (  13  ) . In addi-
tion to LNs, the AL is a target for modulatory neurons releasing 
biogenic amines, e.g., serotonin  (  41  )  or octopamine  (  42  ) , and for 
modulatory peptides  (  43  ) . Overall, the AL circuitry performs a 
complex computational processing of olfactory information, and 
even learning-induced changes in odor representations have been 
detected in the AL  (  44  ) . 

 About 150 PNs leave the AL and convey odor information to 
the mushroom body and the lateral horn. Whereas uniglomerular 
PNs arborize in the lateral horn and, en passant, in the main olfac-
tory input region of the mushroom body, the calyx, multiglomerular 
PNs bypass the calyx and project directly to the lateral horn. 
Neuroanatomical studies have revealed that the arborizations of 
PNs are stereotypic with respect to their target areas  (  36,   37,   45, 
  46  ) , but the lateral horn remains functionally not very well investi-
gated as yet. However, the mushroom body has been a major subject 
of research since several decades due to its well substantiated role 
in associative olfactory learning  (  47–  50  ) . Here, the ~150 PNs syn-
apse onto ~2,000–2,500 Kenyon cells (KCs), the intrinsic neurons 
of the mushroom body  (  51  ) . The relatively high  fi ring threshold 
and the crosswise interconnections between PNs and KCs speak in 
favor of an odor-coding principle called “sparse code”, which 
means that only very few KCs are exclusively responsive to a dis-
tinct odor  (  52,   53  ) , a principle that appears favorable for associat-
ing distinct odors with rewarding or punitive stimuli  (  48  ) . Taken 
together, both at the level of the AL and at the level of the mush-
room body odor information is processed, and the information 
about a particular odor is distributed across relatively large numbers 
of neurons. In order to analyze how odor information is processed 
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at successive steps of integration it is of course helpful to observe 
the spatial distribution of neuronal activity at each relay station, a 
task for which optical calcium indicators can be used.  

  The idea that odor representations are spatially represented at the 
level of the AL in terms of glomerular activity patterns has  fi rst 
been demonstrated in  Drosophila  by desoxyglucose mapping  (  54, 
  55  ) . As conceptually important as these  fi ndings were, technologi-
cal progress has advanced the  fi eld of research, and nowadays 
genetically encoded calcium indicators (GECIs) make it possible to 
monitor neuronal activity in subpopulations of neurons de fi ned by 
a common genetic and functional identity, e.g., OSNs, PNs, and 
LNs. Since the invention of monitoring neuronal activity using cal-
cium imaging in fruit  fl ies  (  34  )  a variety of genetically encoded 
sensor proteins have been described by now. Most sensor proteins 
rely on variants of the green  fl uorescence protein (GFP; but see ref. 
 (  56  )  for an alternative method exploiting bioluminescence). For 
those GECIs based on  fl uorescence, two strategies to construct 
GECIs have been pursued, FRET-based sensors with two chro-
mophores and circularly permuted GFP variants with one chro-
mophore (Fig.  1 ). Both types of sensors rely on conformational 
changes induced by calcium binding, ultimately changing light 
emission of the  fl uorescence sensor. FRET-based calcium sensors 
consist of two GFP variants, a donor and an acceptor, which are 
fused to a calcium binding domain and a target peptide that medi-
ates a conformational change upon calcium binding. If the donor 
chromophore, typically a light blue variant of GFP, is excited at a 
wavelength of ~440 nm, a cyan emission of 480 nm can be detected. 

  1.2.  Genetically 
Encoded Calcium 
Indicators

  Fig. 1.    Schematic illustration of a FRET-based sensor and a single-chromophore calcium sensor. ( a ) Using FRET-based, 
two-chromophore calcium sensors a Ca 2+  in fl ux can be detected by an increase in  fl uorescence emission of the acceptor 
(in the case of Cameleon EYFP) and a decrease in  fl uorescence emission of the donor (in the case of Cameleon ECFP). ( b ) 
Using single-chromophore calcium sensors, e.g., G-CaMP, Ca 2+  dynamics are re fl ected in the intensity of the  fl uorescence 
emission of the circularly permuted GFP variant (cpEGFP).       
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The conformational change induced by Ca 2+  now leads to an 
increase in  fl uorescence energy transfer (Förster resonance energy 
transfer, FRET) from the donor to the acceptor, typically a yellow 
variant of GFP. An increase in intracellular Ca 2+  can be detected by 
a decrease in donor emission and an increase in acceptor emission 
(Fig.  1b ). Since the  fi rst descriptions of FRET-based calcium sen-
sors  (  57,   58  )  a variety of improved versions have been engineered 
with various  fl uorophores or calcium binding domains, e.g., from 
calmodulin interacting with a calmodulin target peptide in the case 
of the cameleon-type and G-CaMP-type GECIs, and troponin C 
in the case of troponin-based sensors. Many of these GECIs have 
been used also in  Drosophila  (Table  1 ).   

 An alternative idea to construct a GECI has been invented by 
Nakai et al.  (  59  ) . Here, a GFP molecule has been modi fi ed so that 
novel N- and C-termini of the protein have been introduced to  
calcium binding domain and target peptide have been fused to 
(Fig.  1a ). Ca 2+  binding now changes the protonation state of the 
chromophore, ultimately causing an increase in emission intensity. 
Also here several types have been described (Table  1 ), and this type 
of GECI represents nowadays the most commonly used calcium 
sensor due to its easier handling as it requires detecting only one 
single emission wavelength. 

 Rigorous comparisons between a number of GECIs have been 
performed in transgenic mice in vivo  (  60  ) , in brain slices  (  61  )  and 
in motoneurons of the larval neuromuscular junction of  Drosophila  
 (  62,   63  ) . These elaborate studies have provided insights into the 

   Table 1 
  Selected genetically encoded  fl uorescent sensor proteins   

 GECI  Type of sensor 
 Reference 
for sensor 

 Reference 
for  fl y strains 

 Cameleon 2.1  FRET-based   (  68  )    (  34,   96  )  

 Cameleon 3.6  FRET-based   (  92  )    (  62  )  

 Cameleon 6.1  FRET-based   (  89  )    (  80  )  

 TN-XL  FRET-based   (  90  )    (  90  )  

 TN-XXL  FRET-based   (  93  )    (  93  )  

 G-CaMP 1.3  Single-chromophore   (  59  )    (  35  )  

 G-CaMP 1.6  Single-chromophore   (  91  )    (  97  )  

 G-CaMP 3.0  Single-chromophore   (  94  )    (  94  )  

 Camgaroo  Single-chromophore   (  98,   99  )    (  100  )  
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properties of various sensors under optimized experimental 
conditions in which neuronal activation is controllable and optical 
access is unobstructed. In order to exploit these tools for the analy-
sis of brain function it is often required to use GECIs in the central 
brain of largely intact animal, a situation that differs from brain 
slices or neuromuscular junction preparations. First, signal intensi-
ties evoked by physiological stimuli are often much smaller than 
electrophysiologically evoked signals. Second, small movements of 
the structures under investigation cannot be completely avoided. 
Third, optical access to neuronal structures under investigation is 
often affected by surrounding tissue and optical resolution is 
dif fi cult due to the small size of  fi ne and widespread arborizing 
structures. To decide which GECIs to use it is important to ask 
which parameters are critical for the quality of the optical record-
ing. The  fi rst point to be considered is not the absolute change in 
 fl uorescence emission upon neuronal activation (signal) but the 
signal-to-noise ratio, which can be de fi ned as the ratio of the signal 
change divided by the variance of the signal. Both properties of the 
particular GECI (e.g., the binding constant of the calcium binding 
domain to intracellular Ca 2+  and the resulting kinetics of Ca 2+  bind-
ing), the physiological properties of the measured cellular popula-
tions, the expression level of the GECI, potential movement of the 
preparation and the optical measurement method (e.g., wide fi eld 
or two-photon microscopy) in fl uence the signal-to-noise ratio. A 
critical parameter is the dissociation constant ( K  D ) of the GECI’s 
binding sites for Ca 2+  as it directly determines to a large degree the 
kinetics and dynamic range of the sensor. Different GECIs with 
different Ca 2+   K  D  values have been described, and thoroughly char-
acterized by Reiff et al.  (  63  )  and Hendel et al.  (  62  )  in  Drosophila . 
Whereas The GECI Yellow Cameleon 3.6 shows a relatively high 
Ca 2+  af fi nity and fast kinetics, the GECI TN-XL is at the opposite 
side of the range  (  62  ) . Which GECI serves best for a particular 
question depends, however, on the dynamic range of Ca 2+  in fl ux to 
be detected and whether transient neural activity with fast signal 
kinetics is intended to be monitored. In addition, the actual expres-
sion level of the GECI is also a critical factor determining signal 
kinetics. It should also be noted that for some applications a rather 
high baseline  fl uorescence of the GECI is convenient, in particular 
if for example Ca 2+  signals through the pigmented cuticle are mon-
itored  (  64,   65  ) . We would like to mention that the recently 
described GECIs TN-XXL  (  93  )  and G-CaMP 3.0  (  94  )  offer strong 
improvements in terms of signal kinetics and signal amplitude. 
Here, we do not aim at comparing different GECIs in detail, but 
rather describe technically how to employ these sensors in order to 
visualize odor-evoked neuronal Ca 2+  activity in subpopulations of 
neurons within the  Drosophila  olfactory system.   
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  The model organism  Drosophila melanogaster  has the great advantage 
of a sequenced genome, which is modi fi able through a large number 
of genetic tools. Due to their combinatorial applicability, binary 
transcriptional systems belong to the most valuable tools. The 
approach makes use of exogenous expression systems that are unre-
lated to DNA sequences of the  Drosophila  genome, and which oper-
ate under the control of the endogenous transcription machinery. 

 To achieve directed gene expression an exogenous transcrip-
tion factor is inserted via P-element-mediated transformation rela-
tively randomly into the  fl y’s genome, which leads to its expression 
controlled by a promoter or enhancer sequence, respectively. 
Alternatively, the transcription factor can be inserted directly down-
stream of a speci fi c promoter sequence. This  fl y strain (“driver 
line”) carrying the transcription factor determines the cell-type-
speci fi c location of the expression. In a second transgenic  fl y strain 
(“effector line”) the reporter, in this case the GECI sequence, is 
coupled to a cognate target sequence of the transcription factor, 
and this DNA construct is also inserted into the  fl y’s genome. If 
both  fl y strains are crossed the endogenous expression control 
leads to a spatially and/or temporally restricted GECI expression 
depending on the promoter activity (indirectly) regulating the 
effector transcription. Accomplishing the genetic modi fi cations in 
different  fl y strains allows the combination of many possible effec-
tors and reporters (Table  2 ).  

 The  fi rst binary transcriptional system developed in the  fl y has 
been the  GAL4-UAS system   (  66,   67  ) . The transcription factor 
GAL4 from yeast initiates the transcription of several genes by inter-
acting with the GAL4 Upstream Activating Sequence (UAS). For 
general applicability the system was subsequently adapted by Brand 
and Perrimon  (  67  ) , which inter alia designed optimized UAS cas-
settes consisting of several tandemly arranged GAL4 binding sites. 
Nowadays a huge variety of GAL4 lines is available (e.g., at the 
Bloomington stock center, USA, or the  Drosophila  Genetic Resource 
Center in Kyoto, Japan) which can be used to drive the expression 
of a particular GECI in de fi ned populations of neurons. 

 Using the GAL4-UAS-system GECIs have been expressed in 
various olfactory neurons along the olfactory pathway. The 
 fl uorescence calcium sensor Cameleon 2.1  (  68  )  was one of the  fi rst 
GECIs expressed via the GAL4-UAS system  (  34  )  under control of 
the GH146-GAL4 that targets about 60 % of olfactory PNs. In 
2003, Wang et al.  (  35  )  have used the GECI G-CaMP 1.3  (  59  )  for 
functional two-photon imaging in  Drosophila . In their seminal 
paper Wang and coworkers expressed G-CaMP 1.3 in single glom-
eruli (ORx-GAL4), in OSNs expressing the OR coreceptor ORCO 
(i.e., majority of OSNs) using Or83b-GAL4  (  26  )  or in the majority 

  2.  Fly Strains, 
Materials, and 
Setup

  2.1.  Binary 
Transcriptional 
Systems for Selective 
GECI Expression
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of PNs by using GH146-GAL4  (  69  ) . Optical calcium imaging 
using G-CaMP 1.3 has also been performed in intrinsic mushroom 
body neurons by Wang et al.  (  70  ) . Altogether, it has been demon-
strated that GECIS can be used to visualize odor-evoked Ca 2+  
activity either in speci fi c OSNs using speci fi c OR-GAL4-lines  (  23, 
  33  )  or more broadly in the majority of OSNs using Orco-GAL4 
 (  26  ) , in PNs using GH146-GAL4  (  69  ) , and in intrinsic mushroom 
body neurons (Kenyon cells) using one out of many available 
GAL4-driver lines  (  51  ) . 

 Since this initial success of establishing the GAL4-UAS system 
for calcium imaging in speci fi c neuronal populations, a number of 
complementary tools have been developed based on the GAL4 
repressor protein GAL80; the  fl ip-out technique  (  71  )  and MARCM 
technique (mosaic analysis with a repressible cell marker  (  72  ) ) 
allows a detailed lineage analysis of subsets of neuron populations 
or even single neurons targeted by the GAL4 driver line. GAL80 ts , 
a modi fi ed version of GAL80 allows for a temporal control of the 
system. At lower temperatures (~19°C) the GAL4 transcription 
activation is suppressed by binding of GAL80 ts  to the GAD (GAL4-
activation domain), whereas increasing the temperature releases 
GAL80 ts  of the GAD and allows transcription activation of GAL4. 
The above listed methods all allow for restricting the expression of 
transgenes down to individual neurons. 

 Analogous to the GAL4 system, Lai and Lee  (  73  )  developed 
an alternative binary transcriptional system, called  LexA-LexAop 
system . This tool is based on a bacterial expression system ( Escherichia 
coli ) and can be employed in addition and simultaneously to the 
GAL4-UAS system, and thus allows a more versatile analysis of 
diverse cell types. The effector gene LexA  (  74  )  comes in two dif-
ferent versions: it is either fused to the viral VP16 domain  (  75  )  to 
initiate transcription or the GAD domain of GAL4, which can be 
inhibited by GAL80. This implies that the system can either be 
employed to yield a complete background of an additional neu-
ronal population labeled (LexA::VP16, GAL80 unaffected) or be 
used for MARCM analysis in parallel to the GAL4-UAS MARCM 
technique (dual-expression-control MARCM  (  76  ) ). 

 Recently the development of a third binary transcriptional sys-
tem has been reported. The  Q-system  employs an expression system 
originating from the red bread mold  Neurospora crassa   (  77  ) . It 
involves the transcription activator QA-1F (QF), which interacts 
with  fi ve repeats of a 16 bp sequence (QUAS) to initiate the expres-
sion of any reporter gene. Although no QUAS-GECI line is avail-
able at the time of writing, it will very likely be engineered in the 
near future. The advantage of the Q system is that it comes with its 
own GAL4 independent repressor, namely QA-1S (QS), enabling 
a repression of QF activity independent of GAL80 and thus, unlike 
the LexA system, a GAL4 independent MARCM technique (“inde-
pendent double MARCM”, for details see ref.  (  77  ) ) is possible. 
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Another neat extension is that QS repression can be relieved by the 
addition of quinic acid to the food, which allows for a temporal 
control of QF activity. 

 Although the GAL4-UAS-system still represents the most 
commonly used binary expression system for  Drosophila , it is likely 
that these recent developments can be used to express GECIs and, 
therefore, allow for an even more restricted expression of the GECI 
to particular neurons of interest. In the following we will describe 
which technical equipment is necessary for performing optical cal-
cium imaging in the  Drosophila  olfactory system.  

  –     A  fi xed stage upright wide fi eld  fl uorescence microscope (e.g., 
Axioskop 2FS or Axio Examiner from Zeiss or BX51WI from 
Olympus) is favorable. It should be equipped with a 20 and/
or 40× water immersion objective (e.g., Plan-Apochromat, 
Zeiss or XLUM Plan FI, Olympus).  
  As a light source either a  fi lter-equipped Xenon lamp (Lambda  –
DG-4, Sutter Instruments) or a monochromator (e.g., 
VisiChrome, Visitron Systems or Polychrome V, TILL 
Photonics) can be used. For exciting FRET-based sensor pro-
teins we use an excitation wavelength of ~440 nm, for exciting 
G-CaMP a wavelength of ~480 nm can be used.  
  For separating excitation wavelength from emission wave- –
length a long pass  fi lter (LP) has to be used. Thus for FRET-
based GECIs a 455 nm LP  fi lter and for single-chromophore 
GECIs a 500 nm LP  fi lter is recommended.  
  Cooled CCD camera (e.g., Coolsnap HQ2 or Cascade II,  –
Photometrics or PCO Imaging, Sensicam). The two emission 
wavelengths of FRET-based sensors have to be recorded sepa-
rately. A beamsplitter device that projects the images of the two 
emission wavelengths onto the two halves of the CDD camera 
chip using appropriate dichroic mirrors and emission  fi lters for 
YFP and CFP is available from Photometrics (Dual View, 
Photometrics, Tucson, AZ).  
  Software for data acquisition and data analysis (e.g., the soft- –
ware MetaFluor for data acquisition and MetaMorph (both 
Visitron Systems) or custom written IDL software (ITT Visual 
Information Solutions) for data analysis).     

  Two-photon excitation processes were investigated for several 
decades. The important work by Denk et al.  (  78  )  launched a new 
revolution in nonlinear optical microscopy. These days complete 
two-photon microscopy systems are available from several compa-
nies, e.g., Zeiss (LSM 7 MP), Leica (TCS MP5), or Prairie 
Technologies. Here we list brie fl y the most important components 
that are needed to set up a two-photon microscope.

  2.2.  Components 
of the Imaging Setup 
Using a Wide fi eld 
Microscope

  2.3.  Components 
of the Imaging Setup 
Using a Two-Photon 
Laser Scanning 
Microscope
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   An upright microscope (e.g., Axio Imager or Axio Examiner  –
from Zeiss) with a high-precision Z-drive and a motorized 
XY-scanning stage. It should be equipped with a 20, 40 and/
or 60× water immersion objective with high numerical aper-
ture (e.g., Plan-Apochromat-series from Zeiss).  
  X/Y-scanning unit with high scanning speed (ca. 5 frames/sec  –
with 512 × 512 pixel resolution) and bidirectional scan prop-
erty. A freely rotating scan head (360°) is advisable.  
  An ultrafast mode-locked titanium:sapphire laser for the wave- –
length range 700–1,000 nm as a light source (e.g., Chameleon 
lasers from Coherent or Mai Tai/Tsunami lasers from Spectra-
Physics) with dichroic mirror (595DCXR for G-CaMP) allow-
ing infrared laser beam to pass and re fl ect visible photons and 
rejection  fi lter (690LP for G-CaMP). The laser beam has to be 
coupled into the microscope either directly using relay mirrors 
or through  fi ber coupling. The beam path needs to be enclosed 
to prevent accidentally exposing the operator to the beam. 
Excitation laser light of 925 nm wavelength is recommended 
for imaging using G-CaMP.  
  High-sensitivity photomultiplier (PMT) as a detector.   –
  Microscope and laser should be mounted on a vibration-isolation  –
table (well-damped, 8-inch-thick tables mounted on air sup-
ports, e.g., from Newport).  
  Software for data acquisition (e.g., ZEN for the LSM710 NLO  –
microscope, Zeiss). Data analysis needs to be done with a sepa-
rate program (e.g., custom written IDL software (ITT Visual 
Information Solutions) or ImageJ including corresponding 
plug-ins).     

  We are describing in the next paragraph two alternative methods 
(Method A and B) that can be used for the in vivo  fl y brain dissec-
tion for optical recording, both of which have particular advan-
tages (Fig.  2 ). Depending on the dissection method chosen, 
different materials are needed as listed below: 

  Method A 
  1 ml pipette tips.   ●

  Plastic cover slips (Plano, Wetzlar, Germany).   ●

  Very thin transparency.   ●

  Blade breaker and breakable razor blades (Fine Science Tools).   ●

  Very  fi ne forceps (e.g., Dumont # 5, Fine Science Tools).   ●

  Harmless and odor-free glue (e.g., the dental glue Protemp II,  ●

ESPE 3M).  
  Modeling clay.   ●

  2.4.  Materials for the 
In Vivo Preparation

 



54 A. Strutz et al.

  Ringer’s solution containing 130 mM NaCl, 5 mM KCl, 2 mM  ●

MgCl (×6H 2 O), 2 mM CaCl 2  (×2H 2 O), 36 mM saccharose, 
5 mM Hepes, pH 7.3  (  79  ) .   

  Method B 
  Custom-made Plexiglas mounting block with copper plate  ●

(Athene Grids, Plano) and built-in screws.  
  Insect pins (Fine Science Tools).   ●

  Rosin dissolved in ethanol (Royal Oak Rosinio, Royal Oak,  ●

Germany).  
  Plastic cover slips (Plano).   ●

  Thin polyethylene foil.   ●

  Fig. 2.    In vivo preparation for optical calcium imaging of olfactory neurons in  Drosophila  using method A ( a – c ) or method 
B ( d – f ). ( a ) A notch is cut into a plastic cover slip onto which a very thin transparency is glued. ( b ) The  fl y’s head can then 
be located under the transparency so that a window can be cut through the transparency and into the head capsule, 
thereby exposing the brain. ( c ) To position the head in the right angle under the transparency the  fl y can be placed into a 
truncated 1 ml-pipette tip so that the head is sticking out. The restrained  fl y can be positioned using modeling clay and the 
head glued under the transparency using odor-free dental glue. The preparation is then positioned under the microscope 
equipped with a water immersion objective. ( d ) Flies are placed into a custom-made Plexiglas mounting block by  fi xing the 
head with a copper plate. The antennae are pulled forward with a  fi ne metal wire to allow optical access to the ALs. ( e ) A 
polyethylene foil is attached on the head and sealed to the cuticle with two-component silicone. A small window is cut 
through the foil and cuticle to expose the brain. ( f ) The mounting block is placed under the microscope so that the ALs are 
accessible for imaging using a water immersion objective;  d – f  from Veit Grabe (Max Planck Institute, Jena).       
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  Fine metal wire (HP Reid co. inc.,   ●  www.hpreid.com    ).  
  Sapphire blade (WPI,   ●  www.wpiinc.com    ).  
  Very  fi ne forceps (e.g., Dumont # 5, Fine Science Tools).   ●

  Beeswax.   ●

  Two-component silicone (KwikSil, WPI,   ●  www.wpiinc.com    ).  
  Ringer’s solution (see above  (   ● 79  ) ).      

 

   Flies are brie fl y immobilized on ice and carefully sucked into a 
truncated blue pipette tip so that the head and half of the thorax 
are sticking out. A notch is cut into a plastic cover slip and the thin 
transparency glued onto it (Fig.  2a ). The pipette tip with the  fl y 
inside is positioned under the transparency and  fi xed using modeling 
clay. The head of the  fl y is then glued under the thin transparency 
using the dentist glue. Attention should be paid to keep the anten-
nae free of glue and dry. A hole is then cut through the transpar-
ency and through the head capsule using a splint of a razor blade 
and a blade holder to expose the brain (Fig.  2b ). During the prepa-
ration the brain should be covered with Ringer’s solution (see 
above). Using forceps tracheae are carefully removed without dam-
aging the brain or the antennal nerves and the preparation is placed 
under the microscope (Fig.  2c ). Overall, the entire preparation 
should last less than 10 min.  

  Flies are anesthetized on ice and  fi xed with the neck onto a Plexiglas 
mounting block using a copper plate and a small needle in front of 
the head, whereas thorax and abdomen are hanging (Fig.  2d ). The 
head is glued to the stage with rosin (diluted in ethanol) and the 
antennae are pulled forward using a  fi ne metal wire which is attached 
to a plastic coverslip and placed in the cuticular fold between the 
antenna and the head. The coverslip needs to be  fi xed to the front 
of the mounting block with beeswax. With little screws that are 
built into the mounting block, the coverslip with the metal wire 
should be pushed forward gently to allow subsequent access to the 
ALs. A second plastic coverslip with a hole that is covered with 
polyethylene foil is glued to the head with beeswax and sealed to 
the cuticle with two-component silicone (Fig.  2e ). A small hole is 
cut through the foil and cuticle with a sapphire blade. Immediately 
after opening the head capsule, the brain needs to be covered with 
Ringer’s solution (see above), which should be exchanged several 
times. With  fi ne forceps tracheae and glands are carefully removed 
to allow optical access to the ALs and the mounting block contain-
ing the  fl y is placed under the microscope (Fig.  2f ).   

  3.  Procedures

  3.1.  Dissection 
for In Vivo Imaging

  3.1.1.  Method A (Modi fi ed 
from Ref.  (  80  ) )

  3.1.2.  Method B 
(e.g., Ref.  (  81–  83  ) )
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  Odor stimulus application is one of the most challenging tasks 
when performing optical recording experiments of olfactory neu-
rons in the  fl y brain. The olfactory system of the  fl y is extremely 
sensitive to low odor concentrations due to the large number of 
OSNs as well as cognate expressed receptors and signal ampli fi cation 
(e.g., by electrically connected neurons). Moreover the diffusion 
of volatile substances is dif fi cult to monitor. Depending on the 
question addressed, the odor concentration required de fi nes the 
complexity of the stimulation device. For investigations using gen-
erally highly concentrated odors (e.g., 10 −1  or 10 −2  of pure odor 
diluted in a given solvent, e.g., water or mineral oil), contamina-
tions are often comparatively low. However, low concentrations 
(e.g., 10 −8 –10 −3 ) are often included in investigations of dose–
response functions or for the identi fi cation of eligible ligands of 
ORs. Here, contamination is the most disturbing factor during the 
optical imaging recording. Since it is necessary to avoid residual 
contamination between two recordings, a highly accurate olfacto-
meter, allowing spatially and temporally controlled odor delivery, 
must be employed. 

 Here we describe two types of olfactometers (Fig.  3 ). The 
stimulus device developed by Galizia and colleagues  (  34,   84  )  is fast 
and easily applicable. The second system, recently engineered by 
Olsson et al.  (  85  )  is a spatially and temporally accurate multicom-
ponent system. Both systems allow for a computer-controlled odor 
application in a constant airstream as well as the application of two 
or more odors at the same time.  

 The “classical” stimulus device consists of a glass-pipe con-
ducting a constant airstream to the animal’s antennae (Fig.  3a ). 
Into the main airstream an odorized airstream is added during 
stimulation: two Pasteur glass pipettes achieve additional access to 
the air-delivery pipe via small holes. One pipette is empty and thus 
continuously adds  fi ltered air into the constant air stream in 
between stimulations. The second pipette contains a piece of  fi lter 
paper (e.g., Whatman) soaked with 5–10  m l odor diluted in a sol-
vent as for example mineral oil. Odor concentration is con fi gured 
by speci fi c dilutions of the odor in the solvent. During odor stimu-
lation clean air delivery of the empty pipette is blocked. Air fl ow 
through the odor containing pipette is switched on simultaneously 
and thus sustains the main air fl ow to avoid mechanical artifacts. 
For each measurement the odor pipette can be replaced with a 
pipette containing a different odor. Both pipettes are connected via 
silicone tubing and magnetic valves to  fl owmeters that adjust the 
air fl ow. The  fl owmeters are in turn connected to a stimulus con-
troller (Syntech), which regulates the air fl ow and interfaces with a 
computer to control the on- and offset of the measurements. The 
stimulus controller contains carbon  fi lters to provide a clean air fl ow. 
For optimal odor delivery several parameters needs to be controlled 
accurately such as the diameter and length of the exit tube and the 

  3.2.  Odor Stimulation: 
Choosing the 
Appropriate Stimulus 
Device
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position of the animal along the airstream (for detailed experimen-
tal descriptions see ref.  (  86  ) ). 

 The olfactometer developed by Olsson et al.  (  85  )  (Fig.  3b ) is a 
multicomponent stimulus device. In this case, air fl ow rates are used 
to equilibrate odor concentrations depending on the individual 
partial vapor pressures of the chemicals. The system consists of 
three major parts: the air fl ow regulator, an odorant delivery system 
and a blending chamber. Compressed air is separated into different 
channels and connected to a sensor board with a series of eight 
 fl owmeters (using choke valves). These control the separate air-
streams downstream of the  fl owmeter according to the vapor pres-
sure of the odorants. The individually controlled airstreams are fed 
into eight Te fl on tubes and guided to the odorant delivery system. 
The delivery system consists of three-way solenoid valves that 
release the air through two distinct exit check valves: one line leads 
to a closed chamber made of PEEK (polyetheretherketone) con-
taining water and producing humidi fi ed air. The second line leads to 

  Fig. 3.    Comparison of a classical olfactometer in comparison to a multicomponent olfactometer. Schematic drawing of ( a ) 
the classical olfactometer and ( b ) the multicomponent stimulus device. ( c ) Photoionization detector (PID) measurements 
using ethanol: (i) multicomponent stimulus device shows a square odor pulse, terminating immediately at the end of the 
pulse, (ii) the classical olfactometer shows a slight past-leakage, indicating odor delivery after pulse termination. ( d ) SPME 
(solid-phase microextraction) measurements of pure isoamyl acetate ( gray ) and pure 2-heptanone ( black ) show (I) an 
almost equal odor concentration for headspace stimulation with the multicomponent stimulus device with adjusted  fl ow 
rates and (II) at equal  fl ow rates. Adapted from ( 85 ).       
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a chamber containing the odor, producing odorized air. Under 
non-stimulation conditions air is guided through the water- fi lled 
chamber and the sum of all eight humidi fi ed airstreams is com-
bined to a constant air stream. During stimulation with a single 
odor, the cognate water check-valve is closed and the air is lead 
only through the equivalent odor chamber, thereby the maintaining 
a constant total air fl ow. 

 Both water and odor chambers are equipped with ball-stop 
check valves at air inlets and outlets to prevent leakage or contami-
nation. This tight sealed system allows the odor chamber to  fi ll 
with a saturated headspace during inter-stimulus intervals. All 
air fl ows are combined in a single concentric PEEK blending cham-
ber and the uni fi ed airstream is guided via Te fl on tubing to the 
animal’s antennae. The distinct air fl ows necessary for adequate 
odor concentrations can be calculated using common gas laws (for 
detailed descriptions see ref.  (  85  ) ). 

 Both systems allow odor concentration control via dilution in 
a solvent. In the classical system the odor vaporizes from  fi lter 
paper. Chemical interactions with the adsorbent surface must 
therefore be considered as an in fl uencing factor. Another impor-
tant aspect is the so-called baseline degradation  (  86  ) , which 
describes the gradual reduction of odor concentration over time 
entailed by repetitive air fl ow above the  fi lter paper. 

 The multicomponent system collects saturated headspace from 
a closed odor vial. This strategy allows additional odor concentration 
control via air fl ow, but the interstimulus interval must last until the 
volatile odor can completely saturate the headspace. Comparative 
analysis using photoionization detector (PID) measurements made 
by Olsson et al.  (  85  )  shows a minor accuracy difference of the clas-
sical olfactometer in comparison to the multicomponent device 
(Fig.  3c ). The PID measurement with ethanol reveals a small post-
leakage after odor stimulation, which is caused by the open con-
struction of the system compared to the tightly closed chambers of 
the multicomponent system. 

 Another comparison made by Olsson et al.  (  85  )  indicates the 
in fl uence that equilibration of odor concentration via air fl ow can 
have. SPME (solid-phase micro extraction) measurements of pure 
isoamyl acetate (partial vapor pressure 5.68 mmHg at 25°C) and 
pure 2-heptanone (4.73 mmHg at 25°C) at calculated air fl ow set-
tings using common gas laws (depending on partial vapor pres-
sures) and with similar air fl ow rates (Fig.  3d ) clearly show a 
difference between the number of odor molecules reaching the 
SPME  fi ber. The multicomponent device uses digital  fl owmeter 
control, which allows easy adjustment of individual air fl ows, 
whereas the classical olfactometer contains a single manual system 
to adjust a common air fl ow for all odors, although they could 
potentially be adjusted in between each stimulation. 
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 A major advantage of the classical olfactometer is the easy 
exchangeability of odors simply by replacing the odor pipettes. It is 
therefore quite useful for studying response pro fi les of large odor 
sets. It is also suf fi cient for investigations of different odor concentra-
tions as long as the concentrations vary at least about one order of 
magnitude in the solvent. The multicomponent device af fi liates eight 
odor chambers solely, but it is in turn well suited for accurate investi-
gations of blend interactions as well as precise dose response curves.  

  Using the wide fi eld imaging setups described reasonable data 
acquisition can be performed at frame rates up to 10 Hz. However, 
the frame rate is dependent on signal strength as higher fame rates 
allow for less light detection per frame. In addition, light intensity 
should be adjusted such that bleaching does not affect the readout 
over the time course of the experiment. For single-chromophore 
GECIs one image per frame is acquired, whereas for FRET-based 
sensors two images for donor and acceptor are acquired. A ratio 
image of acceptor/donor emission intensity can be calculated after 
the acquisition process. The recording can last up to 2 h depending 
on the condition of the animal.  

  It is advisable to use several corrections of the raw imaging data to 
allow for correct data interpretation. These corrections are listed 
and described brie fl y, but see Galizia and Vetter  (  87  )  for more 
detailed information regarding imaging data analysis. 

  Movement correction : In order to remove shifts in the  XY -position 
of the recorded neurons/glomeruli during the measurement of 
one  fl y, the images within one measurement and between different 
measurements need to be aligned. 

  Data  fi ltering : Functional imaging at a wide fi eld microscope has 
the disadvantage in contrast to two-photon imaging that the 
 fl uorescent light from one point may scatter and be re fl ected back 
into the objective (see below for the comparison between single- 
and multiphoton imaging, Fig.  5 ). Hence a scattered light correc-
tion algorithm might be useful to reduce this type of distortion but 
has to be used with caution (see ref.  (  87  )  for step-by-step instruc-
tions). Another very important data correction method is the 
bleaching correction. Since the exposure to excitation light may 
lead to a fast decay of the  fl uorescent emission intensity by the 
sample during the measurement, it may be necessary to correct for 
bleaching before analyzing the data. The bleaching artifact is 
strongly correlated with the time of exposure and the inter-frame-
interval. One method to correct for bleaching is to calculate for 
each single measurement a background frame (i.e., take the average 
of several frames just before stimulus application;  F  0 ), to divide each 
frame by this background and to calculate the relative  fl uorescence 
changes ( D  F / F  0 ). In order to subtract the  fl uorescence decay due to 

  3.3.  Imaging Data 
Acquisition

  3.4.  Imaging Data 
Analysis

 



60 A. Strutz et al.

bleaching one can subsequently calculate the average relative 
 fl uorescence change of all pixels for each frame and  fi t a logarithmic 
function to this change. The  fi tted log-function from the relative 
 fl uorescence curve can then be subtracted for each pixel. These 
data can be transformed back to “raw”  fl uorescence data by multi-
plying the bleach corrected frames with the background. 

  Signal calculation : To achieve a comparable standard for the 
calculation of the relative  fl uorescence changes ( D  F / F ) for single-
chromophore sensors (e.g., G-CaMP), the  fl uorescence background 
has to be  fi rst subtracted from the averaged values of frames just 
before the stimulus application (i.e., calculation of background 
frame:  F  0 ) in each measurement, so that the basal  fl uorescence is 
normalized to zero. Then calculate the relative  fl uorescence changes 
by dividing the background and multiplying it with 100 to obtain 
percentage  fl uorescence changes (i.e.,  D  F / F  = ( F   i   −  F  0 )/ F  0  × 100; 
where  F  0  is the background frame and  F   i   the  fl uorescence value for 
the  i th frame of the measurement). Regarding FRET-based sen-
sors (e.g., Cameleon) the ratio of double emission measurements 
has to be calculated (e.g., for Cameleon:  F  Ratio  =  F  YFP / F  YCFP ). If both 
wavelengths show the same bleaching decay, the bleaching artifact 
is already corrected by calculating the ratio. However, if both 
wavelengths show unequal bleaching, a bleaching correction needs 
to be performed independently for each wavelength following the 
procedure as described above. 

  Signal representation : The  fl uorescence change can be best repre-
sented as false-color coded images by subtracting a frame during 
the stimulus application from a frame just before application. The 
temporal properties of the  fl uorescence changes can be shown as 
time traces from single measurements. Plot the relative  fl uorescence 
changes ( D  F / F  0 ) from different glomeruli/neurons over time by 
calculating the average  D  F / F  0  within a region of interest (square or 
circle) with a diameter of 10  m m corresponding to the size of a 
glomerulus in the  fl y AL. It is also favorable to calculate the peak 
amplitude of the relative  fl uorescence change to obtain just one 
value as the Ca 2+  signal for each glomerulus/neuron during the 
odor application. The peak response can also be quanti fi ed by inte-
grating the area below the time trace during the stimulus application. 
If the glomerular structures are clearly visible, the Ca 2+  responses 
can afterwards be mapped to identi fi ed glomeruli using the 3D AL 
atlas by Laissue et al.  (  88  ) . This procedure allows for comparisons 
between different individuals.  

  Either FRET-based or single-chromophore GECIs may be more 
or less favorable for monitoring odor-evoked Ca 2+  transients in 
olfactory neurons of the  Drosophila  brain, depending on the par-
ticular application and imaging method. We have expressed a vari-
ety of GECIs in a large population of olfactory PNs using the driver 
line GH146-GAL4  (  69  ) . Using a wide fi eld microscope we have 

  3.5.  A Comparison 
of FRET-Based and 
Single-Chromophore 
Sensors
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focused on terminal arborizations of PNs in the calyx region of the 
mushroom body (Fig.  4 ). Odor-evoked Ca 2+  activity has been 
monitored using the FRET-based sensor proteins Cameleon 2.1 
 (  68  ) , Cameleon 6.1  (  89  ) , TN-XL  (  90  )  and the single-chromophore 
sensor G-CaMP 1.6  (  91  ) . It can be seen that all GECIs are in prin-
ciple appropriate to detect odor-evoked Ca 2+  transients, with slight 
differences in the time course of the signal onset and the decay of 
the Ca 2+  transient, which might be due to different expression lev-
els and different dissociation constants of the particular GECI for 
Ca 2+ . Note that a high noise caused by slight movements of the 
preparation is diminished in ratiometric, FRET-based sensors. Also 
note that the G-CaMP 1.6 sensor shows a comparatively strong 
bleaching at the given optical conditions. However, the single-
chromophore sensor G-CaMP shows comparatively strong signal 
intensity. It must be noted, though, that more recently published 
sensor proteins might offer advantages in terms of signal intensity 
and signal-to-noise ratio. In particular, the FRET-based sensors 
Cameleon 3.6  (  92  )  and TN-XXL  (  93  ) , and the single-chromophore 
sensor G-CaMP 3.0  (  94  )  have been described to offer strong 
improvements in this regard  (  62,   93,   94  ) .   

  Two-photon microscopy is a powerful tool that combines scanning 
microscopy with two-photon excitation to create high-resolution, 
three-dimensional images of microscopic samples. Compared to 
wide fi eld  fl uorescent microscopy techniques, two-photon imaging 
causes less photo damage to living cells and the  fl uorophores, per-
mits deeper tissue penetration and offers inherent 3D optical sec-
tioning  (  95  ) . Moreover, the two-photon excitation is restricted to 
the plane of focus allowing for imaging of small structures with 
high signal-to-noise ratio and, therefore, improved background 
discrimination. Hence two-photon microscopy is used in many 
 fi elds of biomedical research, where high spatial and temporal reso-
lution of deep living tissue is of particular interest. However, 
wide fi eld functional imaging is still a useful technique and offers 
several advantages. One important advantage is that the imaging 
setup is relatively simple and affordable. It can be used without any 
special skills and needs only little maintenance. A two-photon sys-
tem requires that the operator has a good background in physics 
since it needs a lot of constant care and costly maintenance. In 
order to compare both systems, we have performed optical calcium 
imaging experiments and monitored the odor-evoked Ca 2+  responses 
of a  fl y AL expressing the calcium sensor G-CaMP in OSNs using 
wide fi eld and two-photon functional imaging (Fig.  5 ). The com-
parison shows that the strongly activated glomeruli to a speci fi c 
odor can be individually identi fi ed using both systems. Wide fi eld 
microscopy enables one to yield a quick overview about neuronal 
activity to a speci fi c odor in a considerable large number of glom-
eruli just with a single measurement. However, the two-photon 
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  Fig. 4.    Odor-evoked Ca 2+  dynamics in terminal arborizations of the PNs using different calcium sensors. On the  left row  the 
baseline  fl uorescence of the sensor protein expressed indicates the anatomy of the terminal arborizations. In the case of 
FRET-based sensors ( a – b ) the acceptor  fl uorescence is depicted. Below the anatomical image a  false-color coded  image 
indicates regions of high and low Ca 2+  increase in response to an odor stimulus.  Warm colors  represent regions of high 
Ca 2+  activity,  cold colors  regions of low or no Ca 2+  increase. The  red  region encircling the calyx indicates the area in which 
the temporal course of Ca 2+  increase shown in the  middle row  is measured. The  middle row  indicates  fi ve repetitive stimu-
lations with the odor in the same individual animal. In the  right row  the average of  fi ve animals is shown. Data represent 
means ± SEM.       
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system offers more information due to the capability of deep optical 
sectioning through different layers of glomeruli. Moreover, the 
Ca 2+  signals are clearly restricted to single glomeruli, whereas the 
wide fi eld imaging setup provides only images with broad odor 
responses due to light scattering. Nevertheless it should be kept in 
mind that the probability to overlook neuronal activity is higher at 
the two-photon system because the z-level size imaged is solely 
1  m m. Hence it is recommended to perform a complex 3D scan, 
which is a challenging task due to limitations in movement and time.   

  Using functional imaging the detection of the spatiotemporal dis-
tribution of odor-evoked Ca 2+  transients is possible at various levels 
of olfactory processing. Dependent on the GAL4 driver line a 
GECI can be expressed in OSNs, PNs or KCs, respectively. The 
example depicted in Fig.  6  shows expression of the sensor Cameleon 
2.1  (  68  ) . The left column shows the baseline  fl uorescence of the 
EYFP chromophore. The middle column represents the spatial dis-
tribution of Ca 2+  activity evoked by the odor stimulus and the right 
column the temporal dynamics of Ca 2+  transients detected by 
Cameleon 2.1. In conclusion, at all  fi ve levels of processing odor-
evoked Ca 2+  transients can be reliably detected.    

 

 Optical calcium imaging in the brain of a living animal is not a 
simple task, and problems might arise at various steps of the proce-
dure. For setting up the technique properly we recommend to par-
ticularly take care of the following points. 

  Of course, successful and meaningful experiments require that the 
animals prepared such that the brain and the olfactory organs are 
kept intact. In particular, attention should be paid that the antennal 
nerve remains untouched and the antennae and maxillary palps dry.  

  It is very important to  fi x the  fl y and stabilize the brain in the best 
possible way during the dissection procedure to avoid strong move-
ments since these will cover your  fl uorescence changes. Typical 

  3.7.  Optical Calcium 
Imaging at Different 
Levels of Olfactory 
Processing

  4.  Notes

  4.1.  Intact Preparation

  4.2.  Movement 
Artifacts

Fig. 6. (continued)  Left row  ( a – e ): EYFP baseline  fl uorescence in olfactory neurons. Scale bars: 25  m m.  Middle row  ( a  ¢ – e  ¢ ): 
false-color coded illustration of the spatial distribution of odor-evoked Ca 2+  activity in the neurons labeled in the  left row , 
as indicated by the  white outlines .  Warm colors  represent regions of high Ca 2+  activity,  cold colors  regions of low or no Ca 2+  
increase.  Right row  ( a ″– e ″): temporal dynamics of Ca 2+  activity in regions of high Ca 2+  activity, indicated as  black circles  in 
the  middle row . For OSNs ( a ″) the relative changes in EYFP and ECFP emission are indicated in addition to the ratio EYFP/
ECFP to demonstrate the change in emission intensities in opposite directions.  Traces  indicate means ± SEM of 3–6 odor 
stimulations within the same animal. The  gray bars  indicate the duration of the 2 s odor stimulus.       
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  Fig. 6.    Optical imaging of odor-evoked Ca 2+  dynamics in  fi rst, second and third order olfactory neurons using Cameleon 2.1. 
Odor-evoked Ca 2+  activity is monitored in OSNs within the AL (al) (a– a ″), in olfactory PNs arborizing with the AL ( b – b ″), in 
terminal arborizations of PNs in the mushroom body calyx (cx) and the lateral horn (lh) ( c – c ″), in intrinsic mushroom body 
neurons at the level of the calyx ( d – d ″) and in the main output region of the mushroom bodies, the lobes (lo) ( e – e ″). 
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movement artifacts arise from moving legs and muscles around the 
oesophagus. Therefore, we recommend immobilizing the legs by 
gluing them with bees wax to the mounting block as well by  fi xing 
the proboscis with a  fi ne needle (dissection Method B). 

 In addition it is advisable to remove the oesophagus or to cut 
the muscle bundles next to the oesophagus (dilators of the phar-
ynx) to constrain it from movements.  

  Exposure time and frame rate (frequency) of image acquisition should 
be optimized such that on the one hand prolonged light exposure 
and resulting bleaching is avoided, but on the other hand enough 
light is capture for each frame and signal-to-noise is suf fi cient.  

  The most challenging part in doing experiments with odors is to 
avoid odor contamination. The above mentioned olfactometers 
provide solutions to avoid that, but of course, care should be taken. 
The room should be as odor-free as possible, and odor streams 
applied to the antennae should be aspirated behind the animal. 
The parts of the olfactometer should be checked and cleaned fre-
quently to avoid potential contamination.       
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SUMMARY

Flies, like all animals, need to find suitable and
safe food. Because the principal food source for
Drosophila melanogaster is yeast growing on fer-
menting fruit, flies need to distinguish fruit with safe
yeast from yeast covered with toxic microbes. We
identify a functionally segregated olfactory circuit in
flies that is activated exclusively by geosmin. This
microbial odorant constitutes an ecologically rele-
vant stimulus that alerts flies to the presence of
harmful microbes. Geosmin activates only a single
class of sensory neurons expressing the olfactory
receptor Or56a. These neurons target the DA2
glomerulus and connect to projection neurons that
respond exclusively to geosmin. Activation of DA2
is sufficient and necessary for aversion, overrides
input from other olfactory pathways, and inhibits
positive chemotaxis, oviposition, and feeding. The
geosmin detection system is a conserved feature in
the genus Drosophila that provides flies with a sensi-
tive, specific means of identifying unsuitable feeding
and breeding sites.

INTRODUCTION

Animals respond with innate behaviors to certain stimuli in their

environment. Innate behaviors, in contrast to learned behav-

iors, are hardwired; i.e., confronted with a specific stimulus,

the animal will respond with a stereotyped behavior (Tinbergen,

1951). Many innate behaviors are triggered by odors. Prime

examples are pheromones (Karlson and Lüscher, 1959), which

have been particularly well studied in insects. In the vinegar

fly Drosophila melanogaster, the male-produced pheromone

cis-vaccenyl acetate (cVA) activates a single class of olfactory

sensory neurons (OSN), which provides input to a single

glomerulus (Kurtovic et al., 2007; van der Goes van Naters

and Carlson, 2007) and a sexually dimorphic and functionally

segregated circuit within the olfactory system (Datta et al.,

2008; Ruta et al., 2010). In insects, odors associated with

food or oviposition substrates can also elicit innate behaviors.

The smell of vinegar confers obligate attraction in flies (Stökl

et al., 2010). Although the vinegar odor activates a number of

OSN classes, only a single glomerulus is sufficient and neces-

sary for positive chemotaxis (Semmelhack and Wang, 2009).

Pathways underlying hardwired attraction have thus been well

characterized. Olfactory circuits mediating odorant-induced

innate avoidance are, however, poorly understood. From an

evolutionary perspective, being able to detect and respond

quickly to harmful features in the environment should be an

essential task for the olfactory system. In the fly, CO2 elicits

innate avoidance, which, like the attraction pathways, is

mediated via a single glomerular circuit devoted exclusively

to this stimulus (Suh et al., 2004). No dedicated avoidance

circuit for an odorant sensu stricto (i.e., a volatile organic

compound) has, however, been found in the fly or in any other

insect. So far, all identified aversive odorants have activated

multiple glomeruli (Knaden et al., 2012), and their identification

depends on decoding of complex combinatorial glomerular

activation patterns.

A volatile compound of interest in this context is geosmin

(trans-1,10-dimethyl-trans-9-decalol) (Figure 1A). This sub-

stance is produced by a select number of fungi (Mattheis and

Roberts, 1992), bacteria (Gerber and Lechevalier, 1965), and

cyanobacteria (Jüttner and Watson, 2007) and to the human

nose has a distinct and immediately recognizable earthy odor.

A recent study found that addition of a small amount of geosmin

reduced the attraction of flies to vinegar volatiles (Becher et al.,

2010). Given its capacity to modulate innate attraction, this

microbial volatile must be a very potent repellent and, as such,

is possibly a candidate stimulus for a dedicated pathway for

innate avoidance.
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Here, we examine the functional significance of geosmin to

the fly and show that geosmin activates only a single class of

OSNs; these neurons express an odorant receptor that is

exclusively tuned to this compound. Furthermore, we show

that the geosmin-activated circuit constitutes a functionally

segregated pathway, transferring the message arising from the

periphery unaltered to central processing centers. We also

demonstrate that this circuit alone is sufficient and necessary

to trigger the avoidance behavior. Moreover, we show that,

upon activation, the geosmin circuit overrides input from other

circuits and inhibits positive chemotaxis. Additionally, we show

that the peripheral part of the geosmin detection system is

highly conserved across the genusDrosophila. Finally, we clearly

demonstrate the ecological significance of this pathway, which is

to detect toxic microbes.

RESULTS AND DISCUSSION

A Single Class of Olfactory Sensory Neurons Detects
Geosmin
We first set out to determine the behavioral significance of

geosmin by using a T-maze (Figure 1B). In this two-choice

olfactory assay, geosmin on its own elicited avoidance at very

low concentrations (10�6) (Figure 1C). For comparison, benzal-

dehyde—a well-known repellant to flies—in the same assay

required a 1,000-fold higher dose than geosmin to trigger repul-

sion (Figure 1C). The actual fold difference in flies’ behavioral

sensitivity toward these two compounds is greater once volatility

is factored in. The vapor pressure of geosmin is 1,000-fold lower

than for benzaldehyde (0.001 mmHg versus 1.27 mmHg at

25�C). Thus, at a given dose and temperature, the number of

geosmin molecules in vapor phase is substantially lower than

for benzaldehyde. Geosmin is accordingly not only repellent

but is also repellent when present in exceedingly low amounts.

Flies are evidently equipped with a sensitive detection system

for geosmin. To identify the population of OSNs that is activated

by geosmin, we next turned to electrophysiology. Specifically,

we performed single-sensillum recording (SSR) measurements,

a method that allowed us to assess odor-induced OSN activity

extracellularly. We aimed to obtain SSR measurements from all

antennal olfactory sensillum types while stimulating the con-

tacted OSNs with geosmin. The �450 olfactory sensilla of the

fly antennae (Shanbhag et al., 1999) can be divided into 17 func-

tional types, which in total house 46 functionally distinct OSN

classes (de Bruyne et al., 2001; Hallem et al., 2004; Couto

et al., 2005; Yao et al., 2005; van der Goes van Naters and

Carlson, 2007; Benton et al., 2009). In addition to these well-

classified sensilla, morphological data indicate that the antennae

also contain one more type, the so-called intermediate sensilla;

these sensilla house an unknown number of functional OSN

classes (Shanbhag et al., 1999). The second olfactory organ of

the fly, the maxillary palp, houses an additional three types

for a total of six distinct OSN classes (de Bruyne et al., 1999).

By performing a considerable number of SSR measurements

(n > 1000) using diagnostic odors and by comparing the

response properties of contacted OSNs with previously pub-

lished ligand affinities, we were able to locate and record from

all sensillum types present on the antennae (including two types

of intermediate sensilla), as well as from the three types found on

the maxillary palps (Figure 2A).

Response to geosmin came from just a single class of antennal

OSNs, namely, the ab4B OSNs (Figures 2B and 2C). These

neurons express the odorant receptors (OR) Or56a and Or33a

(Couto et al., 2005; Fishilevich and Vosshall, 2005), of which

only the former is functional in the Canton-S strain we used

here (Kreher et al., 2008). Although ab4B OSNs have been

measured from previously (e.g., de Bruyne et al., 2001), geosmin

is the first ligand reported for this neuron class. To confirm that

A

B

C

Figure 1. Geosmin—the Odor of Mold—Is Repellent to the

Vinegar Fly

(A) Geosmin has a peculiar structure (left), which is distinct from odor ligands

identified for D. melanogaster. Although a very common compound in nature,

geosmin is produced only by a specific subset of microorganisms, including

Penicillium sp. molds, shown here growing on an orange. Photo, MCS.

(B) Schematic drawing of the T-maze assay.

(C) Response indices of WT flies to geosmin, benzaldehyde, and balsamic

vinegar in a T-maze assay. Deviation of the response index against zero was

tested with a Student’s t test (p < 0.05). Error bars represent SEM.
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Or56a is indeed the geosmin receptor, we next expressed this

protein in Chinese hamster ovary (CHO) cells that stably ex-

pressed the OR coreceptor Orco (Larsson et al., 2004). Because

insect ORs are Ca2+-permeable ionotropic receptors, OR activa-

tion can be monitored by measuring the free intracellular Ca2+

concentration [Ca2+]i. The application of geosmin transiently

increased [Ca2+]i in a concentration-dependent manner (Fig-

ure 2D). The cells responding to geosmin were seen to respond

to the Orco agonist VUAA1 (Jones et al., 2011), although there

was no response to control application of saline (Figure 2D and

Figure S1A available online). We then expressed Or33a in the

same CHO cell line. Although the cells responded to VUAA1,

we found no responses to geosmin (Figure 2E). CHO cells not

expressing Orco or either of the two tuning ORs produced no

Ca2+ signals in response to the application of geosmin or

VUAA1 (Figure 2E). Loss of function of Or56a should render

ab4B OSNs insensitive to geosmin. We next used SSR to

examine the function of ab4B OSNs expressing a UAS-RNA

interference (RNAi) construct against Or56a. The expression of

UAS-Or56aRNAi reduced the response to geosmin in a dose-

dependent manner (Figures 2F and S1B). In flies carrying one

copy each of Or56a-Gal4 and UAS-Or56aRNAi, the response to

A

B C

D E F

G H I

J K L

Figure 2. Geosmin Activates a Single Class

of Antennal Olfactory Sensory Neurons

(A) SSR measurements from all olfactory sensilla

with geosmin (10�3) as a stimulus. ab, antennal

basiconic sensilla (s.); ac, antennal coeloconic s.;

at, antennal trichoid s.; ai, antennal intermediate s.;

pb, palp basiconic s. Stars denote that activity

from individual OSNs was not separated. Error

bars represent SEM.

(B) Distribution of ab4B neurons on the antenna

as visualized by the expression of GFP from the

Or56a promoter.

(C) Representative SSR traces from an ab4

sensillum. The smaller amplitude spiking neuron,

i.e., ab4B responds to geosmin (10�3). The dura-

tion of the stimulus delivery (0.5 s) is marked by

the black bar.

(D) The free intracellular Ca2+ concentration [Ca2+]i
in CHO cells expressing Or56a and Orco increases

after the application of geosmin and VUAA1

(100 mM), but not of saline (control). Error bars

represent SEM.

(E) Mean increase in free intracellular Ca2+ con-

centration [Ca2+]i in CHO cells expressing Orco and

Or33a or nontransfected CHO cells after the appli-

cation of saline (control), geosmin (50 mM), and

VUAA1 (100 mM). Star denotes response signifi-

cantly different from control (Student’s t test, p <

0.05).Colorscaleas in (D).Errorbars representSEM.

(F) Quantification of responses to geosmin (10�3)

from ab4B OSNs of flies expressing RNAi against

Or56a in the ab4B OSNs and the corresponding

parental lines. Error bars represent SEM.

(G) False color-coded images showing solvent-

induced (top) and geosmin-induced (bottom)

calcium-dependent fluorescence changes in

the AL of a fly expressing the activity reporter

GCaMP3.0 from the Orco promoter.

(H) Glomerular atlas of the AL.

(I) Odor-induced activity plotted on schematic

ALs (average % DF/F).

(J) RI to geosmin (10�5) of flies expressing Shi-

birets from the Or56a promoter and corresponding

parental lines in a T-maze assay. Significant

differences are denoted by letters (analysis of

variance [ANOVA] followed by Tukey’s test; p <

0.05). Error bars represent SEM.

(K) RIs to geosmin (10�5) of flies expressing Shibirets from theOr43b promoter and the corresponding parental lines in a T-maze assay. No significant differences

(ANOVA followed by Tukey’s test; p > 0.05). Error bars represent SEM.

(L) RIs of flies expressing dTRPA1 from the Or56a promoter, the corresponding parental lines, and WT in a T-maze assay confronted with a choice between

22 and 26�C. Deviation of the RI against zero was tested with a Student’s t test (p < 0.05). Error bars represent SEM.

See also Figure S1.
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geosmin was reduced by �50% compared to the response

displayed by the parental lineages. With two copies of each,

the response was essentially abolished (�98% reduction) (Fig-

ure 2F). Thus, we conclude that Or56a alone underlies the ability

of the ab4B cells to detect geosmin.

To further verify that geosmin is detected only by a single class

of OSNs, we next employed functional imaging to examine the

activity pattern in the antennal lobe (AL) evoked by geosmin

(Figures 2G and S1C). We used theGal4-UAS system to express

the Ca2+-sensitive reporter gene GCaMP3.0 (Tian et al., 2009)

from the Orco promoter, thereby labeling all OSNs except those

relying on ionotropic receptors (Benton et al., 2009) for odorant

detection. Activated glomeruli were then identified by comparing

the activation pattern with the map of the fly AL (Couto et al.,

2005; Fishilevich and Vosshall, 2005) (Figure 2H). We stimulated

flies with diagnostic odors to assist glomerular identification

(data not shown) and with geosmin at 10�3 and 10�5 dilutions

(Figures 2G and 2I). At 10�5, geosmin elicited repeatable signals

from only a single locus in the AL—the DA2 glomerulus, which

receives input from ab4B neurons (Couto et al., 2005; Fishilevich

and Vosshall, 2005). We note that DA2 is also situated in the

same lateral part of the AL that has previously been implicated

in handling aversive odors (Knaden et al., 2012). In a number of

recordings, we also noted activity from VM2; however, these

signals were not consistently reproducible. In the SSR screen,

we never observed any activity in response to geosmin from

OSNs innervating VM2; these OSNs are housed in the ab8

sensillum (Figure 2A). Hence, the activity noted from VM2 most

likely does not reflect actual peripheral input but, rather, may

stem from intrinsic AL processes. We therefore conclude that

geosmin is indeed detected by a single class of OSNs. It should

be stressed that the level of specificity shown here toward a

nonpheromonal odor is most unusual, if not unique, among the

olfactory systems investigated to date.

Activation of the ab4B Neurons Is Necessary and
Sufficient for the Aversive Behavior
If the behavior triggered by geosmin is solely derived from the

activity of ab4B neurons, silencing this OSN subpopulation

should also abolish the aversive behavior. To silence these

neurons, we expressed the temperature-sensitive mutant

dynamin Shibirets (Kitamoto, 2001) from the Or56a promoter.

At the restrictive temperature (32�C), flies carrying this construct

displayed no aversive behavior toward geosmin (Figure 2J). The

same flies, tested at a permissive temperature (25�C), showed

a strong aversion to geosmin. Parental lines tested at the

nonpermissive temperature showed a somewhat increased

repellency, which was likely caused by the increased volatility

of geosmin at the higher temperature. Silencing the ab4B

neurons had no effect on flies’ behavior in response to benzalde-

hyde (Figure S1D). In line with the SSR experiments, silencing

input to VM2—via the expression of Shibirets from the Or43b

promoter—did not affect flies’ behavior in response to geosmin

(Figure 2K). The ab4B OSNs are evidently necessary for the

aversive behavior.

We next asked whether selectively activating these neurons

is sufficient to cause aversion. We expressed the temperature-

sensitive cation channel dTRPA1 in the ab4B neurons, a proce-

dure that allowed us to conditionally activate these OSNs at

temperatures >26�C (Hamada et al., 2008). As a control, we first

examined the temperature preference (26�C versus 22�C) of
wild-type (WT) flies in a T-maze assay. WT flies showed

a tendency toward aversion against the higher temperature

(Figure 2L). Having established baseline behavior in the assay,

we next asked whether flies bearing the Or56a-Gal4, UAS-

dTRPA1 construct displayed a stronger aversion toward the

higher temperature. In fact, flies expressing dTRPA1 in ab4B

OSNs showed significant avoidance toward the warm side,

whereas parental control flies showed moderate (but insignifi-

cant) aversion (Figure 2L). Thus, specifically activating these

neurons induces aversion in flies. In summary, these experi-

ments demonstrate that the aversive behavior caused by geo-

smin is mediated solely through a single class of OSNs.

The ab4B Neurons Respond Exclusively to Geosmin
As seen, geosmin is detected by a single class of OSNs, ab4B.

We next asked whether or not these neurons are exclusively

tuned to geosmin. We again used SSR but now screened with

103 structurally diverse odorants (tested at 10�2 dilution) (Fig-

ure S2A). The larger spiking neuron in the ab4 sensillum re-

sponded to a range of compounds (Figure S2B). Interestingly,

we note that the most potent ligands for these OSNs are all

known repellants. The functional significance, if any, of having

two neurons both responding to aversive odorants that are

cocompartmentalized is unclear. The ab4B neurons, in contrast,

displayed a striking degree of selectivity, as none of the screened

odorants—apart from geosmin—elicited any increased spike

firing (Figure 3A). Showing specificity in the context of the

olfactory system is, however, difficult, as there are thousands

of volatile chemicals in nature. Our tested set thus represents

only a fraction of the volatile chemicals potentially present in

the natural habitat of D. melanogaster.

To address this issue and to more firmly examine the speci-

ficity of these neurons, we next expanded our SSR investigation

by using a gas chromatograph (GC) for stimulus delivery. GC-

linked SSR enables the screening of headspace collections

from complex odor sources and, consequently, enables the

probing of large numbers of volatiles. We first sampled odors

from a wide range of sources present in the natural habitat of

D. melanogaster in native Africa as well as in the ‘‘Diaspora.’’

We collected odors from 14 sources, including avoided ones,

such as feces (from African mammals) and rotting meat, as

well as attractive ones, such as fruits and vinegar. The total

number of volatiles present in these samples is difficult to firmly

establish, but the number of distinguishable flame ionization

detection (FID) peaks amounts to �2,900 in total. The actual

number of compounds present is, however, likely considerably

higher. The headspace of many fruits typically contains >400

volatiles (e.g., Petro-Turza, 1987); hence, in our samples, many

more compounds were presumably present but only in amounts

below the FID limit. These compounds were nevertheless

effectively screened, as insects, including Drosophila, are

capable of detecting compounds present well below the FID

limit.

Having collected and verified the odor samples, we then pro-

ceeded to perform GC-SSR measurements from ab4B neurons.
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Out of the 14 odor samples we screened, only three evoked

responses (Figure 3B), namely the headspace of a moldy

tomato, a moss tussock, and isolated cultures of the common

soil bacterium Streptomyces coelicolor. In each of the active

samples, only a single FID peak elicited a response. We next

used GC-linked mass spectroscopy (GC-MS) combined with

synthetic standards to identify the functionally relevant peaks

in these three samples; in all cases, these turned out to be geo-

smin. Thus, the ab4B neurons are indeed extremely specific, and

it is reasonable to conclude that the sole function of these

neurons is to detect geosmin.

How sensitive are the ab4B neurons toward geosmin? Our

T-maze experiments (Figure 1C) had already shown that the

flies respond behaviorally at very low concentrations. Indeed,

the ab4B neurons respond to geosmin at 10�8 dilution (corre-

sponding to 100 pg of substance in the stimulus pipette)

A B

C

Figure 3. The ab4B Neurons Respond Exclusively to Geosmin

(A) Tuning curve for the ab4B neuron type based on a screen of 103 synthetic substances (10�2 dilution). Error bars represent SEM.

(B) Gas-chromatography-linked SSRmeasurements from ab4B neurons. The orange trace represents the FID, photos depict the screened odor sources, and the

blue trace depicts the simultaneously recorded neural activity of ab4B neurons. Stars denote response. n = 1–3.

(C) Dose response curve from ab4B neurons toward geosmin. Error bars represent SEM.

See also Figure S2.
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(Figure 3C), which is in good agreement with the dilution of geo-

smin (1.74 3 10�7) causing reduced upwind flight attraction to

vinegar headspace when vaporized in the wind tunnel (Becher

et al., 2010).

Geosmin Triggers a Segregated Pathway through
the Antennal Lobe to Higher Brain Centers
How is the specific tuning in flies to geosmin seen in the periph-

eral sensory neurons transferred to higher brain centers? In

Drosophila, the OSNs form synapses with projection neurons

(PNs) and local interneurons within the AL. Most PNs innervate

only a single glomerulus (Figures 4A and 4B), whereas local

interneurons typically show broad innervation throughout the

AL. The PNs send their axons to the mushroom body and lateral

horn (Figures 4A and 4B) (Vosshall and Stocker, 2007). PNs tend

to respond to a somewhat broader range of odors than do their

corresponding OSNs (Wilson et al., 2004; Bhandawat et al.,

2007). For instance, the PNs connected to OSNs that respond

only to geranyl acetate respond to additional odors as well.

However, PNs connected to OSNs that respond to the sex
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Figure 4. Geosmin Activates a Functionally Segregated Pathway

(A) A PN innervating the DA2 glomerulus (left) and sending its axon to the calyx of the mushroom body and terminating in the lateral horn (right). PN, green; nc82,

magenta. D denotes dorsal, and L denotes lateral.

(B) Reconstruction of the neuron in (A).

(C) Glomeruli from which PN recordings were obtained (in solid), with the response to geosmin (10�3) false color coded. Transparent glomeruli were not

investigated.

(D) The net change in spike frequency in response to geosmin (10�3) stimulation from PNs innervating 31 glomeruli. Error bars represent SEM.

(E) Example spike trace from a DA2 PN responding to geosmin (10�3). Black bar marks the 1 s odor stimulus. Red trace represents extracted spikes.

(F) Tuning curve for DA2 PNs based on 17 synthetic substances (10�2 dilution, except geosmin, which was used at 10�3). Error bars represent SEM.

(G) False color-coded images showing solvent-induced (top) and geosmin-induced (bottom) calcium-dependent fluorescence changes in AL PNs of a fly bearing

the GH146-Gal4, UAS-GCaMP3.0 constructs.

(H) Glomerular atlas of the AL.

(I) Odor-induced activity plotted on schematic ALs (average % DF/F).

See also Figure S3.
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pheromone cVA do not show a broad response pattern and

are just as specific as their cognate OSNs (Schlief and Wilson,

2007). We thus asked: how specific is the response of PNs

that respond to geosmin?

We carried outwhole-cell patch-clamp recordings from a large

number of randomly selected uniglomerular PNs, stimulating

with 17 chemicals, including geosmin (Figure S3). We obtained

recordings and fills from 66 PNs (from 66 individual flies), which

covered 31 different glomeruli. Geosmin elicited significant

responses only from two PNs, both of which innervated the

DA2 glomerulus (Figures 4A–4E). Although not all glomeruli

were covered, this result strongly suggests that geosmin infor-

mation does not diffuse broadly across the AL to other glomeruli.

Moreover, DA2 PNs appear to be as selective as the input

OSNs because these PNs responded exclusively to geosmin

and not to any of the other screened compounds (Figures 4F

and S3). To further examine the specificity of the AL output, we

next imaged flies carrying the GH146-Gal4 and UAS-GCaMP3.0

constructs in which �1/2 of the PNs express the GCaMP3.0

activity reporter (Stocker et al., 1997; Jefferis et al., 2001).

Stimulation with geosmin again exclusively activated the DA2

glomerulus (Figures 4G–4I). Thus, we conclude that, like the

labeled line pheromone pathway, the geosmin circuit forms

a dedicated functionally segregated pathway, at least to the

point of the calyx and lateral horn. The fate of the signal past

this point remains to be elucidated.

The Geosmin Circuitry Can Modulate and Override
Innate Attraction
As mentioned before, the addition of geosmin to vinegar signifi-

cantly reduced positive chemotaxis in flies’ response to this

innately attractive odor. To verify that geosmin indeed has the

capacity to reduce flies’ attraction to vinegar, we next repeated

the wind tunnel experiments with an alternative bioassay, the

Flywalk (Steck et al., 2012) (Figure 5A). This assay enables

high-resolution quantification of behavior from individual flies in
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Figure 5. Activation of the Geosmin Pathway Reduces Attraction

(A) Schematic drawing of the Flywalk assay used in (B). For details, see Steck et al. (2012).

(B) Quantified behavior from individual flies stimulated with balsamic vinegar, geosmin (10�3), and a mix of the two in the Flywalk assay. Top graphs, box plot

representations of odor-induced changes in upwind speed of flies (n = 30); black line represents median upwind speed; box, interquartile range; whiskers, 90th

and 10th percentiles. Lower graphs, undirected activity of flies (n = 30); black line, median activity; shaded area, interquartile range. Yellow areamarks the 500ms

odor stimulus. Statistical analysis per Steck et al. (2012).

(C) Left, representative SSR trace from an ab4 sensillum, stimulated with ethyl butyrate (10�5) in which the B neuron expresses Or22a. Right, quantification of

mean responses to ethyl butyrate from control ab4B OSNs and ab4B OSNs misexpressing Or22a.

(D) Response indices of flies expressing Or22a in the ab4BOSNs, corresponding parental lines andWT flies to ethyl butyrate (10�5) in a T-maze assay. Significant

differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars represent SEM.

See also Figure S4.
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response to short pulses of an odor stimulus repeated during an

extended period of time. Our Flywalk results parallel the findings

from the wind tunnel (Figure 5B). Exposing flies to pulses of

balsamic vinegar induced bursts of positive chemotaxis, which

were significantly reduced when geosmin was added to the

vinegar volatiles. Geosmin alone induced a ‘‘freezing’’ behavior,

i.e., a decrease of the flies’ activity, which, in this assay, reflects

aversion (Steck et al., 2012). The ability of geosmin to reduce

the attractiveness of vinegar is robust and can be repeated

with both the trap assay (Larsson et al., 2004) (Figures S4A

and S4B) and the T-maze (Figure S4C).

In light of the physiology findings, the cause of the reduced

attractiveness of the geosmin-vinegar mix should stem from

activation of the DA2 pathway. This circuit should consequently

have the capacity to override and modulate an innate behavior.

To test this notion, we used the Or56a-Gal4 line to drive the

expression of an additional odorant receptor (Or22a targeting

glomerulus DM2) in ab4B OSNs (Figure 5C), enabling us to

manipulate the activity of the DA2 circuit in the absence of

geosmin and thereby to separate the chemical from the actual

effect. In flies expressing Or22a under the Or56a promoter,

stimulation with ethyl butyrate, a potent ligand for Or22a that

is highly attractive to flies (Figure 5D), should result in the

activation of both DM2 and DA2, in turn reducing the flies’ attrac-

tion to ethyl butyrate. Through SSR, we first verified that the

misexpression of Or22a conferred sensitivity toward ethyl

butyrate in ab4B neurons (Figure 5C). Having established phys-

iological function, we then tested the flies’ behavioral response

toward ethyl butyrate by using a T-maze. The parental control

lines showed the expected strong positive response of WT flies

toward this fruit ester. On the other hand, flies additionally ex-

pressing Or22a in the ab4B OSNs showed no attraction toward

ethyl butyrate (Figure 5D). Thus, activating DA2 and the associ-

ated pathway can modulate and override innate attractive

behavior.

Geosmin Is Used by the Fly to Detect Toxic Molds
and Bacteria
We next asked what the possible evolutionary and ecological

reason might be for the strong and hard-wired chemosensory

avoidance of geosmin. Because geosmin itself is nontoxic to

invertebrates as well as mammals (Young et al., 1996), the

function of the circuit is not just to alert D. melanogaster to

the presence of this compound. With some exceptions,

the majority of volatiles flies detect are widely produced in

nature and, thus, are difficult to firmly associate with a specific

source. Geosmin—although very abundant in nature—is

solely produced by a narrow range of microbes, in particular

Penicillium fungal molds (Mattheis and Roberts, 1992) and

Streptomyces soil bacteria (Gerber and Lechevalier, 1965).

Has the system for detecting geosmin evolved to identify these

specific microorganisms? We first examined whether flies

could survive on these types of microbes. We transferred

newly eclosed flies to vials with a yeast-containing medium or

to vials additionally containing cultures of either Streptomyces

coelicolor or Penicillium expansum. Flies were unable to survive

in the presence of either of these microbes (Figure 6A), presum-

ably due to the accumulation of toxins. Many fungal molds,

including P. expansum, produce a range of toxic secondary

metabolites, several of which have been shown to have strong

insecticidal activity (Castillo et al., 1999). Many geosmin-

producing microbes are not only toxic but are also known to

outcompete or even kill the yeasts flies graze on (Arndt et al.,

1999). Thus, for the fly, being able to detect and avoid fruit

colonized by harmful molds and bacteria should be an essential

skill.

Because many geosmin-producing microbes are detrimental

to flies, we suspected that substrates colonized by this type

of microbe are avoided for oviposition. Thus, we next looked

for an olfactory-based oviposition preference in flies by using

a two-choice assay (Figure 6B) in which flies were given the

option of laying eggs on plates containing either standard

Drosophila yeast medium or on plates additionally inoculated

with S. coelicolor. Indeed, flies avoided laying eggs on

plates containing S. coelicolor (Figure 6C). Is the avoidance of

the bacterial plates mediated via geosmin? To address this

question, we subsequently repeated the oviposition experi-

ments. We inoculated one of the plates with a gene-targeted

S. coelicolor strain (J3001), which carries a deletion in a key

gene involved in the geosmin synthesis pathway (Gust et al.,

2003). The J3001 strain is thus identical to WT S. coelicolor

except for its inability to produce geosmin, the lack of which

we also confirmed via GC-MS and GC-SSR (Figure 6D). Abolish-

ing the production of geosmin completely eliminated the avoid-

ance in response to S. coelicolor (Figure 6C). In the absence of

geosmin, flies readily oviposited on the harmful media. Eggs

deposited onto S. coelicolor did not develop into adult flies

(data not shown), and survival on the J3001 strain did not differ

from survival on WT S. coelicolor (log rank test; p = 0.22). In

a pure olfactory choice assay, the trap assay (Figure S4A), flies

also discriminated between the two strains, preferring J3001

over WT (Figure S5).

We next wondered whether the reluctance to oviposit in the

presence of (WT) S. coelicolor is dependent on the DA2 circuit.

To address this question, we examined the oviposition pre-

ference of flies carrying the previously used Or56a-Gal4, UAS-

Shibirets construct. At permissive temperatures, these flies

strongly avoided plates containing S. coelicolor, whereas at

restrictive temperatures, there was no avoidance, and the flies

even showed a slight preference for the bacterial substrate (Fig-

ure 6E). In line with our hypothesis, the presence of geosmin

alone should also prevent egg laying, which it did. Plates con-

taining geosmin (10�3) were avoided as an oviposition substrate

(Figure 6F). One could speculate that the presence of any

strongly repellent odor would also prevent oviposition from

occurring. However, benzaldehyde did not inhibit oviposition

from occurring at 10�4 and 10�2 dilutions and barely did so

even when tested as a pure substance (Figure 6F).

Are flies also hesitant to consume food contaminated with

this type of microbe? We next examined feeding preference by

using a capillary feeder assay (Figure 6G) (Ja et al., 2007);

here, flies could choose between two 5% sucrose solutions,

one of which was based on a wash from WT S. coelicolor colo-

nies. Indeed, flies clearly preferred the pure sucrose solution

(Figure 6H). We then repeated these experiments, replacing

the WT S. coelicolor with the J3001 strain. The solution
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Figure 6. Geosmin Is Used by Flies to Detect Toxic Molds and Bacteria

(A) Survival rate of newly eclosed flies transferred to vials containing pure agar medium or medium with 1-week-old cultures of either of two geosmin-producing

microbes.

(B) Schematic drawing of the oviposition choice assay used in (C), (E), and (F).

(C) Oviposition indices (OI) to WT (M145) and J3001 S. coelicolor of WT flies. The J3001 only differs fromWT by its inability to produce geosmin. Deviation of the

oviposition index against zero was tested with a Student’s t test (p < 0.05). Error bars represent SEM.

(D) GC-MS and GC-SSR analysis of headspace from J3001 and M145. Pale blue represents flame ionization detection traces. The dark blue trace shows activity

from an ab4B OSN being stimulated with J3001 headspace (no response).

(E) OIs to WT S. coelicolor of flies expressing Shibirets in the ab4B OSNs and corresponding parental lines at permissive (25�C) and restrictive (32�C) temper-

atures. Significant differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars represent SEM.

(F) OIs to geosmin and benzaldehyde of WT flies. Significant differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars

represent SEM.

(G) Schematic drawing of the capillary feeding assay (modified from Ja et al. [2007]) used in (H)–(J).

(H) Feeding indices (FI) to 5% sucrose solutions containing traces of WT (M145) or J3001 S. coelicolor of WT flies. Deviation of the feeding index against zero

was tested with a Student’s t test (p < 0.05). Error bars represent SEM.

(I) FIs to 5% sucrose solutions containing geosmin (0.1%) or benzaldehyde (0.1%) of WT flies. Deviation of the feeding index against zero was tested with

a Student’s t test (p < 0.05). Error bars represent SEM.

(J) FIs to 5% sucrose solutions containing traces of WT (M145) S. coelicolor of flies expressing Shibirets from the Or56a promoter and corresponding parental

lines at permissive (25�C) and restrictive (32�C) temperatures. Significant differences are denoted by letters (ANOVA followed by Tukey’s test; p < 0.05). Error bars

represent SEM.

See also Figure S5.
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containing J3001 did not reduce feeding but was slightly

preferred over the sucrose-only solution (Figure 6H), suggesting

that the aversion is due to the presence of geosmin. In line with

this observation, adding geosmin (0.1%) also reduced feeding

(Figure 6I). The addition of another aversive odor, benzaldehyde

(0.1%), had no effect on feeding (Figure 6I). We next wondered

whether the feeding aversion is due to olfactory input to the

DA2 pathway. Indeed, the reduced feeding stems not from geo-

smin having an aversive taste but from the activation of ab4B

OSNs because silencing input to this pathway—via Shibirets—

also fully abolished the geosmin-induced feeding aversion

(Figure 6J). Thus, geosmin also functions as an antifeedant,

operating via the olfactory system.

Taken together, these findings strongly suggest that the

ecological significance of geosmin is to alert flies to the presence

of toxic molds and bacteria. The geosmin circuit performs a

critical task, providing flies with a reliable and sensitive means

of identifying unsuitable hosts.

The Geosmin Detection System Is Conserved across
the Genus Drosophila

To shed light on the origin and evolution of the geosmin detection

system circuit, we next turned to a comparative approach. We

tested eight drosophilid species—chosen based on genome

availability and phylogenetic and ecological considerations—

for their capacity to detect geosmin (Figure S6A). We set out to

identify neurons able to detect geosmin via SSR, stimulating

with a set of 37 chemically diverse odorants (at 10�2 dilution)

(Figure S3D). We located OSNs tuned to geosmin in all the

screened species except D. elegans (Figure 7A). Electroanten-

nogram recordings from this species also showed no response

to geosmin (data not shown) and neither does this species

respond behaviorally to geosmin in a T-maze assay (Figure 7B).

As in D. melanogaster, in each of the species responding to

geosmin, detection was noted only from a single class of

OSNs, which also responded exclusively to geosmin (Figure 7A).

The geosmin OSNs we found in the other species may well
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significant). Error bars represent SEM.

See also Figure S6.
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serve the same function that they serve in D. melanogaster. The

lack of a geosmin detection system in D. elegans may be

a consequence of the low susceptibility to mold growth of this

species’ breeding substrate, namely, fresh flowers (Yoshida

et al., 2000). Putatively functional orthologs of Or56a are also

present across the species in which we have complete OR

repertoires (Guo and Kim, 2007). We also located intact ortho-

logs of Or56a in draft genome assemblies from an additional

eight drosophilids (Figure S6B), including D. biarmipes and

D. elegans. The function (if any) of theOr56a ortholog in the latter

remains unknown. Analysis of selection pressure also showed

that the Or56a genes are under overall purifying selection

(Figure S6C). The response properties of the second neuron

residing in these sensilla are much less conserved (Figure S6D).

These neurons also do not express orthologous receptors

across the examined species. In D. melanogaster, the ab4A

neurons express Or7a (Hallem et al., 2004), orthologs of

which are, however, found only in the subgenus Sophophora

(Guo and Kim, 2007). Yet, also in species in which we can

assume that Or7a underlies the response property, we did

note variation in ligand affinity. The function of the ab4A OSNs

hence likely reflects species-specific requirements. The striking

specificity toward geosmin seen in the olfactory system of

D. melanogaster is accordingly a basal feature of the genus

Drosophila, conserved for at least �40 million years (Russo

et al., 1995).

Conclusions
The manner in which flies decode and rely upon geosmin has

few, if any, direct parallels. Comparable circuits are essentially

found only within the subset of the olfactory nervous system

that relays pheromone information. However, also within this

context, it is exceedingly rare for animals to rely on just a

single chemical to identify a critical resource. Almost all

pheromones characterized to date have been complex blends

processed by multiple neuronal pathways. Moreover, the

specificity toward geosmin shown here surpasses many

pheromone-tuned neurons; if presented with enough odorants

or with odorants in sufficient concentration, these neurons

will also display responses to other substances (Hansson and

Stensmyr, 2011).

The closest match to the geosmin pathway is found outside

of the regular olfactory system, namely in the detection and pro-

cessing machinery for the atmospheric trace gas CO2. Although

CO2 is a fundamentally different chemical from geosmin, the

similarity in which these two stimuli are decoded is striking. In

flies, the CO2 circuit forms a functionally segregated pathway

that mediates innate avoidance. Input to the CO2 circuit is like-

wise fed by sensory neurons exclusively tuned to a single

stimulus (Suh et al., 2004). Although organized similarly, the

ecological significance of these two circuits seems to differ.

Geosmin is used by flies as a universal warning sign for the

presence of toxic compounds that are comorbid with geosmin.

The evolutionary significance of this circuit is clear: it provides

flies with a sensitive and specific means to identify unsuitable

hosts. The ecological meaning of CO2 for D. melanogaster is,

however, unclear. In fact, it is puzzling why flies would be

repelled by CO2 at all. D. melanogaster is highly adapted toward

breeding (and feeding) on substrates with high ethanol content.

Because CO2 is a ubiquitous byproduct of alcoholic fermenta-

tion, it would make an ideal cue for flies to follow when searching

for suitable hosts. Elucidating the role of CO2 from the point of

view of flies and using assays that better reflect the natural

setting should be a focus of future studies.

Circuits analogous to the geosmin pathway are a likely feature

in the olfactory systems ofmost, if not all, insects. Although these

circuits are probably similar mechanistically and functionally

(i.e., selective with regards to input, mediating innate aversion,

and abolishing attraction), the identity of the eliciting stimulus

will differ, reflecting the demands raised by the taxon-specific

ecology.

EXPERIMENTAL PROCEDURES

Fly 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 (http://flystocks.bio.indiana.edu/), except for UAS-Or22a, which was

donated by L. Vosshall (The Rockefeller University, New York) and UAS-Or56-

aRNAi, which was obtained from the Vienna RNAi stock center (http://www.

vdrc.at).

Stimuli and Chemical Analysis

All synthetic odorants tested were acquired from commercial sources (Sigma,

http://www.sigma-aldrich.com and Bedoukian, http://www.bedoukian.com)

and were of the highest purity available. (±)-Geosmin (of >97% purity) was ob-

tained from Sigma. Stimuli preparation and delivery followed Stökl et al.

(2010). The headspace collection of volatiles was carried out according to

standard procedures. S. coelicolor M145 and J3001 strains were gifts from

K. Flärdh (Lund University, Sweden) and K. Chater (John Innes Centre, UK),

respectively. P. expansumwas obtained from Centraalbureau voor Schimmel-

cultures (http://www.cbs.knaw.nl). Microorganisms were kept on strain-

specific media (HiMedia, http://www.himedialabs.com), following standard

protocols. Mammalian fecal samples were provided by the Leipzig Zoo. For

GC stimulation, 1 ml of the odor sample was injected onto a DB5 column

(Agilent Technologies, http://www.agilent.com), fitted in an Agilent 6890 GC,

equipped with a four-arm effluent splitter (Gerstel, www.gerstel.com), and

operated as previously described (Stökl et al., 2010) except for the tempera-

ture increase, which was set at 15�C min�1. GC-separated 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. GC-MS analysis was performed as previously described

(Stökl et al., 2010).

Behavioral Assays

T-maze experiments were conducted as shown in Figure 1B, with flies starved

for 4 hr prior to experiments with water provided ad libitum. The response

index (RI) was calculated as (O-C)/T, where O is the number of flies in the

baited arm, C is the number of flies in the control arm, and T is the total number

of flies used in the trial. The resulting index ranges from �1 (complete avoid-

ance) to 1 (complete attraction). Trap assay experiments (Figure S4A) were

performed as described in Stökl et al. (2010) with RI calculated as above.

The Flywalk experiments followed protocols outlined in Steck et al. (2012)

(Figure 5A). Survival was measured for individual flies (males and females,

except for tests with J3001, in which only females were examined), which

were kept for 5 days (at 23�C) in glass tubes (16 3 100 mm) with metal caps

containing 1-week-old cultures of S. coelicolor or P. expansum grown on

yeast-containing media (HiMedia). Oviposition experiments were carried out

as shown in Figure 6B. Oviposition index was calculated as (O-C)/(O+C),

where O is the number of eggs on a baited plate, and C is the number of
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eggs on a control plate. Feeding experiments were conducted as described in

Figure 6G. A feeding index was calculated as (O-C)/(O+C), where O is the

amount of food consumed from odorous solutions, and C is the amount

from control sucrose-only solutions.

Physiology and Morphology

Electroantennogram (EAG) recordings were performed following standard

procedures (e.g., Stökl et al., 2010). For SSR measurements, the recording

electrode and the reference electrode (inserted into the eye) were positioned

under a microscope (Olympus BX51W1; http://www.olympus.com). The

recording electrode was positioned by using a motorized, piezo-translator-

equipped micromanipulator (Märzhauser DC-3K/PM-10; http://www.

marzhauser.com/de/). The signal was amplified (Syntech UN-06, http://

www.syntech.nl), digitally converted (Syntech IDAC-4), and finally visualized

and analyzed by using Syntech AutoSpike v3.2. CHO cells stably expressing

dOrco (Trenzyme, http://www.trenzyme.com) were transiently transfected

with dOr56a/pcDNA3.1(�) or dOr33a/pcDNA3.1(�) by using a Roti-Fect

transfection kit (Carl Roth, http://www.carlroth.com) as described (Sargsyan

et al., 2011). Ca2+ imaging of CHO cells was performed as described (Wicher

et al., 2008). The functional imaging of odor-induced glomerular activity was

conducted as outlined in Stökl et al. (2010). Patch-clamp recording was per-

formed as previously described (Seki et al., 2010), except that in vivo prepara-

tion was used, and odor stimuli were given. Preparation followed Stökl et al.

(2010), with the exception that the neurolemma was removed to allow the

recording electrode access to the cell bodies of the PNs. Spike analysis,

immunohistochemistry, laser scanning microscopy, and 3D reconstructions

were performed as previously described (Seki et al., 2010).

Statistics and Bioinformatics

Estimates of the selection pressure were done by maximum likelihood as

implemented in PAML (Yang, 1997). Additional orthologs of Or56a were iden-

tified via TBLASTN searches of draft genomes (courtesy of modENCODE/

Baylor College of Medicine), downloaded from http://www.ncbi.nlm.nih.gov/

bioproject/63477.
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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.

Suh, G.S., 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.

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 andmicewith improvedGCaMPcalcium

indicators. Nat. Methods 6, 875–881.

Tinbergen, N. (1951). The Study of Instinct (Oxford: Clarendon Press).

van der Goes van Naters, W., and Carlson, J.R. (2007). Receptors and neurons

for fly odors in Drosophila. Curr. Biol. 17, 606–612.

Vosshall, L.B., and Stocker, R.F. (2007). Molecular architecture of smell and

taste in Drosophila. Annu. Rev. Neurosci. 30, 505–533.
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Figure S1. Molecular Function of Or56a, Related to Figure 2

(A) Color coded [Ca2+]i (scaling bar, nM) in a CHO cell expressingOr56a andOrco before and 10 s after application of saline (control), geosmin (50 mM) and VUAA1

(100 mM).

(B) Representative SSR traces from control ab4 sensilla (top two traces) and from an ab4 sensillum with reduced levels of Or56a (bottom trace). Expression of

RNAi directed against Or56a in ab4B OSNs (blue spikes) abolishes the response to geosmin (10�3). Duration of the stimulus delivery (0.5 s) is marked by the

black bar.

(C) Raw images from the same recording as in Figure 2G.

(D) Silencing ab4B neurons, via Shibirets, does not abolish aversion toward benzaldehyde (10�2 dilution). Significant differences are denoted by letters (ANOVA

followed by Tukey’s test; p < 0.05). Error bars represent SEM.
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Figure S2. Screened Synthetic Volatiles and Properties of the ab4A Neuron, Related to Figure 3

(A) Screened odorants.

(B) Tuning curve for the ab4A neuron type based on a screen of 103 synthetic substances.
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Figure S3. Spike Traces from a DA2 Projection Neuron, Related to Figure 4

Spike traces from a DA2 PN following odor stimulation. Only geosmin elicits any response.
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Figure S4. T-Maze and Trap Assay Choice Experiments with a Vinegar and Geosmin Mix, Related to Figure 5

(A) Schematic drawing of the trap assay (Larsson et al., 2004) used in panel (B). For each trial,�50 flies were placed inside the test boxes. Number of flies in and

outside traps was then counted after 24 hr (for further details, see Stökl et al. [2010] and Knaden et al. [2012]).

(B) Response index of wt flies given a choice between balsamic vinegar and balsamic vinegar additionally containing 10�3 geosmin in the trap assay. Deviation of

the response index against zero was tested with a Student’s t test (p < 0.05). Error bar represent SEM.

(C) Response indices of wt flies to balsamic vinegar and balsamic vinegar containing geosmin (10�3) in the T-maze assay. Star denotes significant difference

(Student’s t test p < 0.05). Error bars represent SEM.
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Figure S5. Trap Assay Two-Choice Experiment with WT and Mutant S. coelicolor, Related to Figure 6

Response index of flies given a choice between wt (M145) S. coelicolor and the J3001 strain in the olfactory choice trap assay (Figure S4A). Star denotes

significant difference (Student’s t test p < 0.05). Error bar represent SEM.
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Figure S6. Molecular and Physiological Properties of the ab4 Type Sensillum across Related Drosophilids, Related to Figure 7

(A) Phylogenetic relationship of the examined species.

(B) Phylogenetic tree of Or56a orthologs from 19 species. The tree was constructed with RAxML from a Muscle alignment. Scale bar represents number of

substitutions per site.

(C) Estimation of the selection pressure acting upon Or56a. Plot shows dN/dS ratios (obtained through PAML, model M8) for all codons, here plotted on the

sequence of D. melanogaster. TM1-7 indicates putative locations of transmembrane domains (estimated with HMMTOP/TMHMM). Star denotes site under

significant positive selection (Bayes Empirical Bayes).

(D) Response profile of neurons (n = 3) paired with the geosmin responsive neurons shown in Figure 6. Error bars represent SEM.
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HIGHLIGHTS 

- iPNs constitute an independent inhibitory processing pathway to the LH exclusively 

- iPNs mediate odor attraction behavior and are necessary for odor-intensity discrimination 

- the LH can be subdivided into odor response domains decoding distinct odor features 

- iPNs decode odor features like positive hedonic valence and odor-intensity information 

 

 

 

SUMMARY 

To accurately reflect their sensory environment, animals create internal neural maps encoding the 

entire raw information of the external stimulus space. For optimal navigation, decision-relevant 

information has to be extracted from the primary neural code. We have characterized an olfactory 

processing stream, comprised of inhibitory projection neurons (iPNs) decoding positive valence as 

well as odor-intensity information from the topographic antennal lobe (AL) activity code into the 

lateral horn (LH). The iPN population is split into two neuronal subgroups conveying either of the 

features towards the LH exclusively. Selectively silencing inhibitory transmitter release of iPNs 

severely diminished general attraction behavior and disturbed odor-intensity discrimination. 

Functional imaging further disclosed an independent LH domain tuned to repulsive odors exclusively 

comprised of ventrolateral protocerebrum neurons. Our data demonstrate a spatial and functional 

arrangement of the LH, decoding olfactory information of opposite hedonic valence and intensity. 

This study elucidates the LH role as the center for innate decisions by adding an inhibitory processing 

stream decoding decisive odor features. 

 

 

INTRODUCTION 

Sensory systems have to fulfill three essential tasks to provide animals with the capability to navigate 

their environment in a way optimizing survival and reproduction. First, the external world has to be 

translated into an internal representation in form of an accurate neural map. A common design 

principle of sensory systems is to generate a topographic map, which ideally encodes the stimulus’ 

identity (identity coding) as well as characteristic features like intensity and spatiotemporal properties. 

Second, the neural map has to be readable and interpretable, i.e., the generated neural code must allow 

a fast and ultimate feature extraction of common attributes across stimuli. The extracted feature 

information must be re-integrated into downstream areas of the network to enable the animal to make 

appropriate behavioral decisions (Sachse and Galizia, 2006) (decoding relevant information). Third, 

the animal has to be able to adapt to environmental changes and to assign meaning to new stimuli 

important for its orientation and survival (sensory memory formation) (reviewed in Harris et al., 2001; 

Heisenberg, 2003; Pasternak and Greenlee, 2005). 



Many studies have been dedicated to unravel primary translation into neuronal representations within 

various sensory systems (amongst others reviewed in Manni and Petrosini, 2004; Vosshall and 

Stocker, 2007; Sanes and Zipursky, 2010) and to elucidate neuronal plasticity and sensory memory 

formation in higher processing centers (Heisenberg, 2003; Pasternak and Greenlee, 2005). In contrast, 

feature extraction and integration of stimulus modalities towards a final behavioral output have been 

studied mainly in the visual system (Bausenwein et al., 1992; Livingstone and Hubel, 1988), while it 

remains an open question how the olfactory system accomplishes these crucial functions. 

The olfactory system of the vinegar fly Drosophila melanogaster provides an excellent model for 

deciphering general olfactory processing mechanisms, since it displays remarkable similarities to the 

mammalian system, but is reduced in numerical complexity and is highly genetically tractable. Like 

other sensory systems, the olfactory system employs a topographic map to translate chemosensory 

space into neuronal activity patterns in the brain. This map emerges due to a strict convergence of all 

olfactory sensory neurons (OSN) expressing the same chemosensory receptor into one exclusive 

glomerulus in the primary olfactory neuropil, the antennal lobe (AL) (equivalent to the olfactory bulb 

in mammals) (Axel, 1995; Hildebrand and Shepherd, 1997; Stocker et al., 1990; Vosshall et al., 1999). 

Glomeruli represent the functional and morphological units of the AL and form specific microcircuits, 

where OSNs are connected to multiglomerular local interneurons (LNs) (granule cells in mammals) 

and to glomerulus-specific secondary output neurons, termed excitatory projection neurons (ePNs) in 

insects and mitral/ tufted cells in mammals (Couto et al., 2005; Fishilevich and Vosshall, 2005; 

Stocker et al., 1997). 

The stringent spatial arrangement of OSNs and ePNs in the AL generates a topographic map with 

characteristic glomerular activity patterns for any odorant (Vosshall et al., 2000; Wang et al., 2003a). 

Uniglomerular ePNs produce acetylcholine (ACh) and convey the olfactory information to higher 

brain centers like the mushroom body calyx (MBc) and the lateral horn (LH) of the protocerebrum 

(Stocker et al., 1997). The MBc is involved in olfactory memory formation (Heisenberg, 2003), and 

thus enables contextualization of the odor space (Caron et al., 2013). By exclusion, the LH is believed 

to be involved in innate olfactory behavior (De Belle JS, 1994; Jefferis et al., 2007). Excitatory PNs 

retain the sensory information encoded in the AL and form, depending on the cognate glomerulus, 

stereotype axonal terminal fields in the LH (Marin et al., 2002; Tanaka et al., 2004; Wong et al., 

2002). Regarding a topographic map in the LH, a compartmentalization was found only between fruit 

and pheromone odor information processing ePNs (Jefferis et al., 2007). The biological values of these 

two odor groups are consequently extracted from the identity-code in the AL and represented in the 

LH separately. Nevertheless, ePNs mainly transfer odor identity information, which can be 

contextualized within the MBc and integrated into the LH. 

Like many other sensory networks, the olfactory circuit of the fly contains spatially distinct pathways 

to the higher brain (Galizia and Rössler, 2010). This tract, labeled by the enhancer trap line MZ699-



GAL4, projects from the AL to the LH exclusively and consists of ~45 presumably inhibitory PNs 

(iPNs) exhibiting multiglomerular AL innervations (Ito et al., 1997; Lai et al., 2008; Okada et al., 

2009). As shown for the visual system, this parallel pathway might allow a dual processing of distinct 

odorant features along the ePN odor-identity pathway. The multiglomerular AL pattern of iPNs gives 

rise to the assumption that these potentially perform the necessary task of feature extraction from the 

glomerular code and re-integrate this information into the LH network to finally configure odorant-

based decision-making. 

We dissected the inhibitory olfactory processing pathway morphologically, functionally and 

behaviorally and revealed that iPNs indeed play a crucial role in olfactory coding. We demonstrate 

that multiglomerular GABAergic iPNs are subdivided into two spatially and functionally segregated 

groups; one extracting positive hedonic valence and one extracting intensity information from the AL. 

At the LH level, these iPNs remain separated and converge into discrete LH zones, constituting 

functional domains decoding the transferred odor features via feed-forward inhibition. Selective 

silencing of the inhibitory properties of iPNs abolished odor attraction behavior and severely impeded 

odor concentration discrimination. Our findings strongly support a model of two parallel processing 

streams towards the LH: one excitatory stream integrating odorant identity and a parallel inhibitory 

processing stream, extracting positive odorant valence and intensity. We furthermore substantiated the 

hypothesis of a feature-based, spatially segregated activity in the LH (Jefferis et al., 2007) by 

discovering an iPN-independent repulsion-selective (negative hedonic valence) LH domain formed by 

third-order neurons. 

We have thus expanded the role of the LH as a center for integrating behaviorally relevant olfactory 

information towards innate decision-making with a second dimension of iPNs integrating attraction 

and intensity information in the higher brain. 



RESULTS 

iPNs receive cholinergic AL input and provide feed-forward inhibition to the LH 

To unravel the role of iPNs within the olfactory circuitry, we first analyzed their morphological 

properties. Cell bodies of iPNs are exclusively located in the ventral cell cluster, leading to a clear 

separation from ePNs labeled by GH146-GAL4 (Marin et al., 2002; Stocker et al., 1990, 1997). 

The complete ventral somata cluster consists of ~50 iPNs (Lai et al., 2008), which project via the 

medial antennocerebral tract (mACT) to the LH exclusively, thereby bypassing the mushroom body 

calyx (MBc) (Ito et al., 1997) (Figure 1A). In contrast, somata of ePNs are located anterodorsally and 

laterally of the AL and their axons project through the inner antennocerebral tract (iACT) to the MBc 

prior to terminating in the LH (Stocker et al., 1997). A very low number of ePNs project via the outer 

antennocerebral tract (oACT) to the LH prior to terminating in the MBc (Hildebrand and Shepherd, 

1997; Lai et al., 2008). To analyze morphological features of both neuronal populations, we labeled 

iPNs and ePNs simultaneously in vivo (Figure 1A). Reporter expression is clearly separated within the 

complete brain, but olfactory neuropils show common innervations in the AL and the LH. 

Interestingly, only a small posterior-lateral LH area is dominated by ePN innervations (Figure 1A, 

Figure S1A). In GH146 positive (GH146+) PNs, immunolabeling reveal GABA production in all ~6 

PNs of the ventral cell cluster (Wilson and Laurent, 2005), whereas ePNs in this line are exclusively 

cholinergic (Shang et al., 2007; Yasuyama et al., 2003). For the ~45 MZ699 positive (MZ699+) iPNs, 

GAD1 (glutamic acid decarboxylase) in situ hybridizations imply GABA synthesis (Okada et al., 

2009), which we verified via immunostainings (Figure S1B). Hence, all iPNs do with high probability 

produce the inhibitory neurotransmitter GABA and therefore have a contrary effect on postsynaptic 

neurons compared to cholinergic ePNs (Figure 1B). 

To determine the polarity of both PN populations, we expressed two reporter proteins enabling us to 

identify neuronal input and output sites. The construct UAS-D 7:mcherry marks postsynaptic input 

sites by labeling ACh receptors (AChR) (Figure 1C, C’) while UAS-Synaptotagmin:hemagglutinin 

(Syt:HA) labels presynaptic terminals (Figure 1D, D’) (Robinson et al., 2002). Both neuronal 

populations reveal dense D 7:mcherry fluorescence in the AL, indicating the AL as the cholinergic 

input region for both PN types (Figure 1C). Interestingly, the D 7:mcherry signal intensity varies 

among different glomeruli, e.g. the pheromone glomerulus DA1 gives a highly enriched signal in 

ePNs as well as iPNs, most likely caused by dense dendritic innervations. In the LH, the AChR-

reporter was detected only in third-order lateral horn neurons (LHNs), and exhibits high fluorescence 

intensity in GH146+ LHNs (Ruta et al., 2010) and lower intensity in MZ699+ LHNs (Figure 1C’). 

Nevertheless, both PN types reveal no D 7::mcherry signal in the LH. Thus, iPNs and ePNs receive 

excitatory cholinergic input in the AL only, and are most probably directly driven by OSN input. 

 



 

Figure 1. Characterization of ePN and iPN innervations and input and output sites 

(A) Simultaneous labeling of MZ699-GAL4;G-CaMP and GH146-QF;dtTomato in vivo reveals separated 

projections to the LH. All iPNs labeled by MZ699 and iPNs labeled by GH146 bypass the MBc and 

innervate the LH exclusively. MZ699 labels a few LHNs projecting via the posterior lateral fascicle (plF) 

from the ventrolateral protocerebrum (vlP) to the LH. (B) Schematic drawing of the connectivity relay from 

the AL to higher brain centers (right hemisphere) involving the enhancer trap lines GH146 and MZ699. 

ePNs are indicated in magenta, iPNs in green, and LHNs in orange. (C) Whole mount and vibratome 

immunostainings in flies carrying UAS-D 7:mcherry as a marker for AChRs and G-CaMP as a neuronal 

marker either in MZ699-GAL4 (upper lane) or GH146-GAL4 (lower lane), in the AL (C) and the LH (C’). 

Nc82 was employed as a neuronal background staining of the complete brain. The asterisk denotes the DA1 

glomerulus and the arrowhead somata of ventral PNs at the AL and LHNs at the LH, respectively. (D) 

Analogous immunostainings in flies carrying UAS-Syt:HA as a marker for presynapses in MZ699-GAL4 

(upper lane) or GH146-GAL4 (lower lane), in the AL (D) and the LH (D’). Scale bar, 20 m. 



Analysis of theoutput site reveals a dense distribution of presynaptic terminals for both PN lines in the 

LH (Figure 1D’). Syt:HA signals of ePNs in the AL verify AL-restricted synapto-pHluorin 

localization in GH146+ PNs (Ng et al., 2002) and therefore likely represent ACh-releasing sites in the 

AL (Wilson and Mainen, 2006)(Figure 1D). In contrast, presynaptic terminals of iPNs are almost 

absent in the AL, indicating a lack of feedback inhibition in the primary olfactory neuropil (Figure 

1D). Weak signals could derive from transported Syt:HA molecules through main axonal iPN tracts. 

We verified these observations with the presynaptic reporter UAS-brp::mcherry in MZ699-GAL4 in 

vivo (data not shown). 

Altogether our results show that ePNs receive cholinergic input in the AL and release the excitatory 

neurotransmitter ACh in both MBc and LH, but also in the AL (Figure 1A). In contrast, the 

morphologically well separated iPN population exhibits a unidirectional polarity, receiving excitatory 

input in the AL and releasing the inhibitory neurotransmitter GABA in the LH exclusively. 

 

iPN dendrites collect sensory information from two-thirds of the AL glomeruli 

Since both PN subtypes receive OSN input, we analyzed the precise glomerular distribution of neurite 

innervations to unravel iPN selectivity of information acquisition in the AL (Figure 2A). To allow 

glomerulus identification in vivo, we generated a transgenic fly with a constitutively fluorescent-

labeled neuropil. This fly carries the construct elav-n-synaptobrevin:DsRed (END1-2), which enables 

expression of the presynaptically targeted fusion protein under control of the neuron-specific elav 

promotor (Figure 2B). To visualize the glomerular background, both enhancer trap lines were 

combined with the END1-2 construct (Figure S2A). Reliable validation of identified glomeruli was 

achieved by double labeling of the glomerular ensemble of both PN populations simultaneously. 

Reconstruction and assignment of all AL glomeruli (Figure 2C) provided a total number of 53 

glomeruli, of which 75% are innervated by MZ699+ iPNs (40) and only 58% (31) are covered by 

GH146+ ePNs. Thus, GH146+ uniglomerular ePNs cover barely half of the AL. Other, GH146- ePNs 

are covered by distinct enhancer trap lines (Lai et al., 2008). Nevertheless, altogether 43% of all 

glomeruli are innervated by both lines. Moreover, compared to multiglomerular LNs, dendritic MZ699 

innervation density is not homogeneously distributed. Certain glomeruli are densely innervated, in 

particular DM2, DM5, VM2, whereas others do not reveal any postsynaptic terminals, e.g. DL1, DL5. 

The glomeruli V, VC2, VC5, VM1 and the IR-glomerulus “arm” are not innervated by any of the lines 

(for a detailed tabulation see Figure S1) (Silbering et al., 2011). Interestingly, two densely iPN-

innervated glomeruli (DM2, DM5) were previously classified as attraction-coding at the ePN level, 

while two aversion-coding glomeruli (DL1, DL5) were not innervated at all (Knaden et al., 2012). 



This analysis revealed that iPN innervation comprises a major portion of the AL, but nevertheless 

exhibits a high selectivity in targeting specific glomerular subsets, hinting at a relevant function for 

odor processing within the olfactory network. 

 

 

 

Figure 2. Detailed glomerular innervations of 

ePNs and iPNs in the AL 

(A) Schematic drawing of the olfactory circuitry 

(right hemisphere) with outlined input site (AL).  

(B) Complete glomerular assignment of the AL 

neuropil (right AL), labeled with END1-2. Indicated 

are deep levels (ventral, medial) of the AL and a 

dorsal view onto the AL.  

(C) Glomerular reconstructions of the innervation of 

both PN populations related to in vivo images in 

(Figure S3A). Depicted are the ventral level (~ -40 

m), the medial level (~ -20 m) and the view from 

dorsal onto the AL. Color annotation: blue glomeruli 

are not innervated by one of the used GAL4-lines 

and only labeled by END1-2 (top and middle row), 

green glomeruli are innervated by MZ699 iPNs (top 

row) or magenta by GH46 ePNs (middle row), in the 

lowest panel: blue glomeruli are not innervated by 

both lines, green glomeruli are innervated by MZ699 

iPNs exclusively or magenta by GH46 ePNs 

exclusively, white glomeruli are innervated by both 

PN types or enhancer trap lines. Scale bar, 20 m. 



LH calcium signals are odor-specific, stereotypic and spatially segregated in distinct response 

domains 

Probabilistic synaptic density maps of GH146+ PNs (Jefferis et al., 2007) indicated regionalized 

neuronal activity in the LH. Do iPNs exhibit a comparable segregation of odor representation in the 

LH? We expressed the Ca2+ -sensitive reporter G-CaMP3.0 (Tian et al., 2009) in MZ699-GAL4 and 

performed functional imaging in the LH (Figure 3A, B). We initially tested if odors evoke Ca2+-signals 

in general in the LH area and applied the following three odors: acetoin acetate, an attractive 

byproduct of the yeast fermentation process (Magee and Kosaric, 1987), balsamic vinegar, an 

attractive odor mixture, for which the OSN activity pattern is well investigated (Semmelhack and 

Wang, 2009) and benzaldehyde, a well-known fly repellant (Keene et al., 2004). Taking concentration 

dependency into account, high (1:1000), median (1:100) and low (1:10) concentrations were applied. 

We indeed observed odor evoked Ca2+-activity in clearly separated regions of the LH (Figure 3C, 

Figure S3A). Acetoin acetate and balsamic vinegar evoked Ca2+-activity in spatially similar regions. 

At higher concentrations, an additional region was recruited. Benzaldehyde elicited no response at 

very low concentrations. However, at median and high concentrations a third region, which is 

completely separated from the regions activated by acetoin acetate and balsamic vinegar, was 

activated with increasing signal-intensity. Thus, spatial patterns of Ca2+-responses in the LH area are 

odor-specific. Moreover, observed patterns were clearly reproducible and stereotypic for individual 

odors and concentrations, as shown for the stimulation with 1-octen-3-ol, which evoked a pattern 

potentially comprising all regions activated by the other odors (Figure 3D). Hence, odor-specific 

spatial activity patterns and signal intensity in the LH are consistent across animals. 

Due to the lack of morphological landmarks in the LH, functional data was analyzed using the pattern 

recognition algorithm Non-Negative Matrix Factorization (NNMF), which automatically extracts 

spatial areas possessing a common distinct time-course, further termed LH odor response domains 

(ORD). NNMF analysis extracted three clearly reproducible and spatially robust ORDs (Figure 3E). 

Remarkably, ORDs occupying common temporal kinetics (Figure S3C, C’) exhibited a highly 

stereotypic spatial pattern. Corresponding to their anatomical positions, we termed the ORDs LH-PM 

(LH-posterior-medial), LH-AM (LH-anterior-medial) and LH-AL (LH-anterior-lateral). 

To validate our observations and to get a more accurate insight into ORD-activity, we extended our 

stimulus battery to 11 additional odorants at three concentrations. Odorants were chosen according to 

chemical classes, hedonic valence and biological value. Hence, the odor set included acids, lactones, 

terpenes, aromatics, alcohols, esters, ketones and the natural blend balsamic vinegar. Some of these 

odors have been shown to be highly attractive, e.g. -butyrolactone, 2,3 butanedione, propionic acid, 

or strongly aversive, e.g. benzaldehyde and 1-octen-3-ol (Knaden et al., 2012). Notably, analyzing the 

complete odor set still revealed neuronal activity exclusively within the three described ORDs (Figure 

3E). Median NNMF-extracted Ca2+ -activity traces with indicated statistical quartiles furthermore  



 



illustrated very low variability and high reproducibility of LH responses (Figure 3F). The global 

responsiveness within separated ORDs in the LH substantiates our anatomical results of a broad 

cholinergic AL input, which evidently converges into a highly ordered regionalized LH activity. In 

general, LH-AL and LH-PM showed the highest median activities. The LH-PM revealed chiefly 

constant odor-evoked activity across concentrations. In contrast, the LH-AM domain was mainly 

activated at very high odor concentrations, which was in particular manifested in the Ca2+ response 

patterns to acetoin acetate and acetic acid. A similar phenomenon was observed for the LH-AL 

domain but in response to different odorants. 

In summary we demonstrate that neuronal activity in the LH is highly reproducible, stereotypic, and 

spatially separated into three distinct ORDs, exhibiting characteristic time courses. 

 

iPNs innervating two large AL regions converge into two distinct odor response domains 

The clearly separated odor representation within few ORDs implies that the separation might already 

be reflected in axonal terminations of neurons in the LH. We thus examined if already a physical 

segregation within the iPN population provided the neuronal substrate for the highly regionalized Ca2+ 

activity observed in the LH neuropil. Furthermore, investigating individual neurons allowed an insight 

into a possible segmentation of the glomerular input deriving from the AL, comparable to the ePN 

partition. To analyze iPNs at the single neuron level, we performed neural tracing by employing  

Figure 3. Odors evoke specific and stereotypic calcium responses in the LH subdivided into three 

distinct odor response domains 

(A) Schematic drawing of the olfactory circuit (right hemisphere) with the investigated neuropil highlighted 

(iPN output site, LH). 

(B) RAW image of the lateral horn (top picture) depicting the recorded area of figures (C) - (E) and the 

corresponding false color image (bottom picture) of the same region during the application of the solvent 

control. The F/F scale bar applies for all false color coded pictures in (C)-(D) , the alpha-bar for the pixel 

participation xk of the indicated colors applies for (E)-(F). 

(C) Representative LH calcium responses ( F/F %) of acetoin acetate, balsamic vinegar and benzaldehyde at 

three concentrations. Spatial odor responses are distinct and distinguishable between different odorants. 

Numbers in the lower right corner of any image in (C) and (D) indicates the individual maximum. 

(D) Reproducibility of odor-evoked spatial calcium responses ( F/F %) are exemplarily depicted for 1-octen-

3ol-stimulated activity at three concentrations in four animals.  

(E) NNMF-extracted LH ORDs of four representative animals: three LH ORDs were fully reproducible 

extracted throughout all measured animals. Domains classified as identical are similarly color-coded: the green 

response domain located in the posterior-medial region of the LH is termed LH-PM; blue, located anterior-

medial: LH-AM and red in the anterior-lateral LH area: LH-AL. The alpha-bar for green, blue and red shades 

is placed in (B). 

(F) Schematic outlines of the LH with indicated response domains (left). For filled domains in outlines, the 

corresponding median activity traces of all odors at three concentrations are depicted in the (right) main part of 

(F). Shadows represent lower and upper quartiles, respectively (n = 6-7 animals for each odor and 

concentration). 



 

photoactivatable GFP (PA-GFP) (Datta et al., 2008; Patterson and Lippincott-Schwartz, 2002; Ruta et 

al., 2010). Photoconvertion of all MZ699+ neurons leaving the AL confirmed the homogeneous 

distribution of iPN neurites in the LH and the sparse innervation of the posterior-lateral region as 

already mentioned above (Figure 4A, Figure S1A). After entering the LH neuropil at ~46 m below its 

Figure 4. iPNs can be classified 

according to their projection 

pattern in three distinct LH zones 

(A) Complete iPN population 

labeled with PA-GFP (left image), 

the circle indicates the posterior-

lateral region and the arrowhead the 

final common projection point of 

iPN axons. Middle image: vlPNs 

projecting from the vlP to the LH 

via the plF. Right image: exemplary 

single iPN, labeled by 

photoconverting PA-GFP in a soma 

(arrow) located ventral to the AL. 

Scale bar, 20 m. 

(B) Framed images (left): all iPNs 

projecting to the LH-PM zone with 

outlined olfactory neuropils. View 

from dorsal (left) and lateral (right). 

Right part shows two exemplary 

registered individual iPNs. 

(C) iPNs projecting into the LH-AM 

zone, images are arranged as in B. 

(D) vlPNs projecting to the LH-AL 

zone with outlined olfactory 

neuropils. View from dorsal (left) 

and lateral (right). 

(E) Combination of all registered 

neurons with outlined determined 

LH zones. 

(F) Dual combinations of registered 

neurons. 



most dorsal point, mACT axons diverge from the center into almost the complete LH neuropil (Figure 

S1A). 

Next we illuminated PA-GFP in single somata to trace individual iPNs. Diffusion of the 

photoconverted GFP molecule selectively labeled single neurons from the soma up to the furthermost 

axonal terminals. Individual iPNs were reconstructed and transformed into a reference brain using the 

segmentation software AMIRA (Figure 4B). The END1-2 background enabled an accurate alignment 

of neurons from different specimens into the reference brain architecture. Our results confirm the 

morphological stereotypy among iPNs as described by Lai et al. (Lai et al., 2008; data not shown). 

Interestingly, individual iPNs diverge from the LH center into two opposing regions of the neuropil 

(Figure 4C). As expected from the extracted ORDs, one group diverged to the posterior-medial LH 

zone (LH-PM), while a second group of neurons extended their axonal terminations exclusively within 

the anterior-medial zone of the LH (LH-AM). Illuminating a small fraction of the posterior lateral 

fascicle (plF), which consists of axons of 4-6 ventrolateral protocerebral neurons (vlPNs), revealed a 

bifurcation of these third-order neurons into the anterior-lateral zone (LH-AL). Dual combinations of 

all registered neuron types within the assigned zones revealed that iPNs of the LH-AM and vlPNs of 

the LH-AL clearly intermingle (Figure 4F). 

Regarding the branching pattern in the AL, we did not observe any clear multi- or panglomerular 

innervations that span the entire AL, as has been observed for some LN populations (Chou et al., 

2010; Seki et al., 2010). Instead, iPNs develop oligoglomerular patterns comprising only a small 

subset of 3-6 glomeruli, which are not necessarily in close proximity. Dendritic patterns of single 

neurons revealed a variety of shapes and densities and likewise glomerular ramifications spanned from 

very sparse to broad. Nevertheless, having classified all registered neurons according to their LH 

zones, we indeed observed a segregation of iPN dendritic fields in the AL. Whereas LH-PM iPNs 

extended dendrites merely into the ventromedial area of the AL, comprising e.g. the VM2 and DM4 

glomerulus, iPNs targeting the LH-AM zone were mainly connected to glomeruli within a broader AL 

region ranging from dorsolateral to ventrocentral, comprising e.g. the glomeruli DA1 and DC3. 

Combination of all designated iPNs for both LH zones revealed a clear restriction of axonal terminal 

fields within the defined LH zones as well as a spatial subdivision of these neurons in the AL (Figure 

4E, F). 



   

Figure 5. Distinct ORDs in the LH constitute neuronal activity of iPNs and third-order vlPNs 

(A) PA-GFP labeled second- and third-order olfactory neurons of GH146-GAL4 and MZ699-GAL4.  

75-85 uniglomerular ePNs (magenta) project via the iACT to the MBc and terminate in the LH, 4-6 iPNs 

project via the mACT directly to the LH. Approximately 45, mainly oligoglomerular, iPNs labeled by 

MZ699 (green) project via the mACT to the LH. Approximately four MZ699 labeled third-order vlPNs 

(yellow) project into the vlP and via the plF to the LH. The overlay image depicts a pseudo-merge image of 

the distinct labeled GAL4 driver lines to illustrate the connectivity relay in the LH region covered by MZ699 

and GH146. 

(B) Schematic outline of the olfactory circuit with integrated microlesion-layout. After simultaneous Ca2+-

imaging of bilateral LHs, the ipsilateral plF and contralateral mACT was ablated (dashed red arrow and 

zigzag line) using infrared light and subsequently the same odor set imaged post-lesion. 

(C) Projection images of a 7 m stack of the LH area prior and post photoablation. Left images plF severed, 

right image mACT severed. The ablated region is indicated by the tip of the dashed red arrowhead in the 

bottom image. Scale bar, 20 m. 

(D) Bar plot displaying the median percental change of F/F (%) values for the indicated ORDs prior to post 

ablation of the mACT (green) and the plF (orange). For the percental change calculation within an ORD all 

odors were included, that evoked a response above 10% prior photoablation: LH-PM (n=4-8), LH-AM (n=6-

12), LH-AL (n=5-10). Deviation of ORD Ca2+-activity was tested with a paired Student’s t test. (n=5-10) 

Error bars represent SEM. 

(E) ORD activity of three odors in one exemplary animal in bilateral LHs before and after microlesion of the 

indicated neuronal tract. Left images show responses in the LH before (top) and after elimination (bottom) of 

vlPNs responses and right images before (top) and after (bottom) elimination of iPNs responses. F/F scale 

bar for all images is placed in Figure 4B. 

(F) Summarized cartoon of the neuron populations contributing to ORD activity prior and post microlesion of 

iPN or vlPN axons. 



Overall, individual iPNs could be assigned to two morphological classes based on distinct areas of 

innervation at the input level, i.e. the AL, as well as at their output region, the LH. Additionally, we 

could designate a third LH zone (LH-AL) innervated by third-order neurons connecting the LH to 

downstream brain regions. 

 

ORDs comprise activity of two distinct neuronal populations 

To illustrate higher order connectivity, we labeled the three major neuron types targeting the LH 

within the olfactory circuitry using PA-GFP (Figure 5A). The LH is innervated by MZ699+ inhibitory, 

oligoglomerular iPNs and GH146+ excitatory, uniglomerular ePNs. Moreover, MZ699 labels vlPN 

neurons connecting the lateral region of the LH via the plF with the ventrolateral protocerebrum (vlP). 

Therefore Ca2+-responses in the LH-AL region might reflect activity of vlPNs rather than iPNs. To 

dissect neuronal contributions to our observed Ca2+-activity within each extracted ORD, we conducted 

microlesioning experiments using two-photon laser-mediated microdissection (Figure 5B). By 

severing the mACT, we abolished LH-responses deriving from iPNs, while interrupting the plF 

connection should eliminate potential odor-evoked vlPN activity. To achieve unambiguous and 

comparable results, functional imaging was performed in both brain hemispheres simultaneously. 

Immediately after imaging the intact brain areas, both tracts were selectively lesioned on each brain 

side, i.e. the plF ipsilaterally and the mACT contralaterally (Figure 5C), and the imaging procedure 

was repeated. We applied a reduced odor set comprising eight odors, which elicited activity in all 

ORDs, and subsequently performed NNMF for pre- and post-lesion recordings (Figure S4). Severing 

the mACT indeed reduced responses in the LH-PM and LH-AM significantly, whereas plF-lesion had 

no effect within these domains (Figure 5D). In contrast LH-AL responses were significantly decreased 

by plF-ablation, but unaffected by mACT-ablation. Hence, activity in the LH-PM and LH-AM zone 

can be clearly assigned to iPNs that project via the mACT from the AL to the LH. Remarkably, LH-

AL activity is mainly evoked by vlPNs that project through the plF from the LH to the vlP (Figure 

5A). Representative recordings of balsamic vinegar and acetic acid clearly demonstrated the lack of 

iPN responses within LH-AM and LH-PM after mACT-ablation and benzaldehyde demonstrated the 

elimination of vlPN responses within the LH-AL domain after plF-ablation (Figure 5E). In summary, 

these experiments demonstrate that ORD patterns can be subdivided into the second-order iPN 

population responsible for activation of medial ORDs and third-order vlPNs evoking LH-AL activity 

(Figure 5F). 

 

 

 



 

Figure 6. iPN GABA release in the LH mediates odor attraction behavior 

(A) Experimental layout: iPN GABA production was selectively silenced via GADi expression. Second order 

iPN activity as well as third order vlPN activity remains unaffected. 

(B) Immunostainings against GABA and GFP within AL somata (left) and LH neurites (right) of iPNs with 

intact (top images) and silenced GABA production (bottom images). GADi flies only show GABA expression in 

somata of iPNs labeled by GH146 (arrowhead). The arrow points on an exemplary GABA-positive bouton. Scale 

bar, 20 m. 

(C) Averaged response indices (RIs) for wild-type flies (dark blue), parental controls (light blue) and 

experimental animals (magenta) for nine odorants at two different concentrations. Empty boxes display no 

response (Wilcoxon signed-rank test to determine difference from zero). Deviation of the RI against controls was 

tested with Dunn's Multiple Comparison (solid line) or Dunn's selected Pairs (dashed line). Error bars represent 

SEM. RI of GADi flies are significantly reduced compared to control flies. 

(D) RI differences between GADi flies and averaged parental controls. RI differences are negative for all but one 

odor indicating that GADi expression shifts odor-guided behavior towards aversion. 

 



Inhibitory iPN activity in the LH mediates odor attraction behavior. 

We next turned to determine the behavioral relevance of iPN activity in the LH for innate odor-guided 

behavior. To date it is assumed that the LH plays a crucial role for innate odor preference, in particular 

avoidance behavior (Séjourné et al., 2011; Wang et al., 2003b). However, direct functional evidence 

by experiments targeting LH neurons is still lacking. The sole study investigating PN function in the 

LH revealed impaired innate odor recognition after elimination of synaptic transmission in GH146+ 

ePNs (Heimbeck et al., 2001). Nevertheless, information conveyed by ePNs is still processed in the 

MB calyx. The iPN population investigated here is the only neuronal population mediating olfactory 

information from the AL directly to the LH and therefore could specifically shed light onto the still 

challenging question about the impact of the LH for odor-guided behavior. 

We so far demonstrated that oligoglomerular iPNs collect sensory input over a broad range of 

glomeruli and integrate this information into segregated axonal terminal fields in the LH. Thus 

integration via iPN synaptic transmission across GABAergic terminals is arranged in a spatially 

discriminative manner in distinct ORDs (Figure 4). To precisely target iPN function, we employed an 

RNAi construct against glutamic acid decarboxylase 1 (GADi; Liu and Davis, 2009). Thereby, only 

GABA synthesis was interrupted and vital neuronal properties were unaffected. To realize the GABA 

knock-down selectively in iPNs, we expressed UAS-GADi in MZ699+ neurons. Immunostainings of 

flies expressing G-CaMP solely in comparison to flies expressing GADi revealed a clear reduction in 

GABA production (Figure 6B). To genetically verify the knock-down we performed quantitative RT-

PCR (qPCR) (Figure S5). 

Using wild-type flies (WT) and parental controls we then conducted T-maze assays (Chakraborty et 

al., 2009; Tully and Quinn, 1985) with nine of the odorants applied in functional imaging experiments 

at medium and high concentrations. Notably, flies with silenced iPN GABA production exhibited 

significantly reduced attraction behavior to almost all tested odorants if compared to control flies with 

full iPN GABA release in the LH (Figure 6C). In detail, odors like acetoin acetate or -butyrolactone, 

which evoked attraction behavior in control flies, evoked no attraction in flies with silenced GABA 

synthesis. Thus, attraction behavior was completely abolished towards these normally highly attractive 

odors. The behavioral preference to some odors, e.g. balsamic vinegar at 10-2 and propionic acid at 10-

4, was even reversed so that these odors became aversive. In addition, odorants normally evoking no 

response, as e.g. 1-octen-3-ol at 10-4 or acetic acid, induced an aversive behavior in GADi flies, while 

repellent odorants, as e.g. 1-octen-3-ol 10-2 and benzaldehyde, evoked an even stronger aversion. To 

compare the T-maze data more accurately, we calculated the average change of behavioral response 

indices (RIs) between GADi flies and parental controls (Figure 6D). Indeed, all responses changed in a 

negative direction indicating a crucial role of inhibitory iPN transmission to the LH in mediating odor 

attraction behavior. The sole exception was the most repulsive odor, acetophenone, at high 

concentration since this odor already induced maximum aversion. The strongest change in RI was 



observed after stimulation with the attractive odorants -butyrolactone, balsamic vinegar at high 

concentration and propionic acid at low concentration, indicating that the effect was not concentration 

dependent. Nevertheless, for some odorants flies were able to distinguish between the two 

concentrations tested, manifested in distinct behavioral responses, e.g. to 1-octen-3ol. Interruption of 

iPN GABA-synthesis led to a similar response to both tested concentrations, indicating impeded 

intensity discrimination. Thus, iPNs potentially affect concentration coding as well. 

Overall, these experiments reveal a crucial function of iPNs in mediating odor-intensity and odor-

guided attraction behavior via GABA release in the LH. 

iPNs integrate positive hedonic valence and odor intensity into separate LH domains 

The global behavioral consequences of the selective iPN knock-down indicate that ORD activity 

patterns encode positive hedonic valences. Moreover odor intensity coding could be disturbed, which 

is less obvious from the behavioral experiments, since the valence-effect was striking over a range of 

different concentrations. 

To analyze the complete ORD pattern array related to innate behavioral preference, we assigned 

additional RIs for all odors at median and high odor concentrations using again the T-maze assay 

(Figure 7A). Since extremely low concentrations rarely evoke any behavioral responses, we excluded 

the 10-6 concentration in this analysis. Plotting median odor-evoked activity in a three-dimensional 

space defined by the three ORDs, visualized a clear clustering of activity evoked by aversive odorants 

in the LH-AL domain, constituted by vlPNs (Figure 7B). Interestingly, attractive odors elicited no 

activity in the LH-AL domain, but almost exclusively activated LH-PM and LH-AM. Thus, activity in 

the LH-AL domain was almost exclusively induced by repulsive odors. The prevalence of attractive 

odor activation in the LH-PM and LH-AM domain, which implies iPN activity, supports our 

hypothesis of positive valence integration by iPNs, whereas vlPNs, which are assigned to LH-AL 

activity, encode a negative behavioral significance. 

To further quantify this observation, we dissected the different LH domains and correlated ORD 

activity to odor valence for all ORDs separately. This evaluation also enabled us to analyze iPN and 

vlPN coding properties apart from each other (Figure 7C). As expected, the analysis revealed a 

significant correlation between positive valence coding and the LH-PM domain, whereas Ca2+-activity 

in the LH-AL was strongly negatively correlated to hedonic valence. The LH-AM domain exhibited a 

positive, but not significant correlation for odor valence. Remarkably, activity within the LH-PM was 

totally independent of concentration, whereas activity in both anterior domains was significantly 

correlated to odor intensity (Figure 7D). Hence, iPNs integrate odor attraction information into the 

LH-PM domain independent of odor intensity, confirming behavioral experiments. Intensity coding is 

in turn conducted separately by distinct iPNs within the LH-AM domain. In contrast, third-order vlPN- 



.. 



responses projecting from the LH-AL area code both hedonic valence and concentration of odors with 

negative behavioral significance. 

Finally, we wondered how the odor-evoked topographic map in the AL is translated into the observed 

LH response domains. Is the evident valence-specific LH representation already reflected at the 

primary level of olfactory processing? To answer this question, we performed functional imaging of 

odor-evoked Ca2+-dynamics in the AL. Since, dendritic calcium elevation in PNs is mainly evoked by 

Ca2+ influx through AChRs, but not voltage-gated calcium channels, it is much lower than observed 

presynaptic Ca2+ transients (Oertner et al., 2001). Therefore, oligoglomerular and very sparse dendrites 

of MZ699+ PNs within the AL did not provide sufficient Ca2+-activity for a comprehensive analysis. 

However, dense AChR immunoreactivity (Figure 1C) in iPN dendrites indicated a straight forward 

transduction of cholinergic OSN responses. We therefore expressed G-CaMP 3.0 in OSNs using Orco-

GAL4 (Larsson et al., 2004) to acquire Ca2+-imaging data of the AL input to all odors. Furthermore, 

we generated a glomerular response pattern-array, analogous to the LH imaging data set (Figure S6). 

We next calculated correlation distances for all pair-wise combinations of odor-evoked response 

patterns (Figure S7A) and plotted these with respect to minimal pattern distances, i.e. maximal ORD 

pattern similarity in the LH (Figure 7E). As expected, odor representations in the LH clearly clustered 

within three separated parts of the matrix. However, this coding similarity could not predict AL 

activity patterns, which showed a scattered response pattern correlation. Notably, also within pattern 

correlation distances repulsive odorants cluster and are arranged in large distances to attractive 

Figure 7. Integration of hedonic valence and odor concentration into ORDs 

(A) Response indices of wild type flies for all odors at median and high concentrations. Odors are sorted from 

highly aversive (-1, red) to highly attractive (+1, green). 

(B) 3D-scatter plot of median Ca2+-activity of all odors based on the three ORDs. Odors are labeled due to their 

behavioral RI shown in (A). Similar odors are connected with a line, the dot at the terminus depicts the 10-2 

value, the centered dot 10-4, and the end of the line give the response to 10-6. 

(C) Left, schematic LH outlines with colored ORDs corresponding to data on the right. Correlation score r 

(upper right corner) between median activity and measured RI in T-maze experiments, with significance denoted 

below (upper right corner); p-values: LH-PM: p = 0.016, LH-AM: p = 0.055, LH-AL: p = 0.000. 

(D) r between median activity and odor concentration; p-values: LH-PM: p = 0.922, LH-AM: p = 0.000, LH-AL: 

p = 0.000. 

(E) Complete correlation matrices for Ca2+-activity patterns of OSNs in the AL and iPNs in the LH. The odors 

are arranged according to single linkage clustering in the LH ORD activity-space (Figure S7A). Heatmap color-

code refers to the correlation distance scale bar indicated to the right. Odor letters are color-coded according to 

hedonic valence, 10-6 RI values are labeled in grey (complete list right hand). Clustering of red numbers 

indicates a separation of aversive and attractive response patterns in the LH. 

(F) Median odor activity in the AL and LH in a PCA space. Respective loadings indicated to the right. Odors are 

grouped according to valence: RI for repulsive odors: -1 and -0.1, neutral odors: -0.1 to + 0.1 and attractive 

odors: 0.1 and +1. Calculation was performed with complete imaging data; 10-6 data points without cognate RI 

were excluded from the graph for perspicuity. Odors are clearly grouped due to valence in the LH, while a 

tendency is obvious at the AL level. 

 



odorants. Hence, attractive or repulsive odor representations are highly similar to each other, 

respectively, whereas the repulsive and attractive representations are highly dissimilar (Figure S7A). 

To clearly visualize the separation of odor representations by hedonic valence, we reduced the 

dimensionality of the data set using principal component analysis (PCA). Clusters of attractive and 

aversive odor representations still overlap within the PCA space for AL responses, whereas the same 

odors are represented completely separately in the LH (Figure 7E). A tendency for separation due to 

odor valence is, however, already visible within the PCA space at the AL level, which is consistent 

with previous results (Knaden et al., 2012). Interestingly, the identical PCA space reveals no 

concentration-specific separation at the AL level, but a minor tendency for intensity dependent odor 

representation at the LH level, congruent with behavioral results (Figure S7B). This indicates a 

masking effect of the concentration-independent LH-PM domain over intensity-coding domains, 

which is ultimately reflected in the global behavioral effect on positive valence. 

Inhibitory PNs evidently collect specific attraction coding odor traits from different glomerular subsets 

in the AL and transform this information into highly ordered response domains in the LH. Inhibitory 

PNs integrate the conveyed information in an inhibitory fashion into two domains of the LH relay, one 

region for encoding positive behavioral output, another region encoding intensity information. In 

addition, we discovered a distinct third-order vlPN domain, which responds to aversive odorants 

exclusively and which is not inhibited or biased by iPN input as shown in behavioral and microlesion 

experiments (Figure 5, 6). 

 

 

 

 



DISCUSSION 

We augment our present understanding of the Drosophila olfactory circuitry by elucidating a 

behaviorally relevant, parallel higher-order processing stream to the LH. Morphological, functional 

and behavioral approaches provide strong evidence for a functional subdivision of iPNs into neurons 

coding either odor-attraction or odor-intensity. Inhibitory properties of iPNs are necessary for innate 

odor-guided attraction and configure odor-intensity discrimination. We also reveal a third neural 

pathway coding odor repellence. 

 

Two PN populations – two processing pathways 

Higher olfactory processing centers decode important features of an odor stimulus from the primary 

AL activity map of PNs towards a final behavioral output. Uniglomerular ePNs innervate the entire 

AL and receive OSN-specific information, which leads to a complete transfer of the encoded olfactory 

information from the primary onto the secondary processing level, though with an optimized code 

(Sachse and Galizia, 2006; Vosshall and Stocker, 2007). Initially ePNs converge randomly onto third-

order Kenyon cells of the MBc, the center for olfactory memory formation, and terminate in the LH, 

which is assumed to play a role for innate olfactory behavior (Heisenberg, 2003). In the LH ePNs 

retain the topographic AL code by shaping various stereotypic and glomerulus-specific axonal 

terminal fields. The invariant topography at the input and output level of ePNs provides an ideal 

strategy to maintain and relay odor-identity towards higher brain areas (Jefferis et al., 2007; Marin et 

al., 2002; Wong et al., 2002). We wondered which strategy is pursued by the olfactory network to 

extract odor features as e.g. intensity and hedonic value from the primary topographic code. Along the 

ePN pathway, the Drosophila olfactory network contains a spatially separated second-order pathway 

comprised of iPNs (Ito et al., 1997). Parallel pathways are a prominent strategy of sensory systems to 

process distinct features of encoded objects, as e.g. in the visual system, where features like form, 

color and motion are segregated into separate channels (Sanes and Zipursky, 2010). So far, the iPN 

pathway has only been partly investigated at the morphological level (Ito et al., 1997; Lai et al., 2008), 

while any functional evidence for its olfactory role is missing. Since iPNs target the LH exclusively 

and bypass the MBc, we expected this neuronal PN population to fulfill an important task regarding 

olfactory coding. Their oligoglomerular innervations and presumable inhibitory properties led us to 

propose that iPNs generate a parallel processing stream by extracting odor features from the primary 

olfactory code generated in the AL and by integrating this information into the LH. 

 

 

 



Morphological prerequisites of iPNs enabling parallel processing 

We initially investigated if iPNs fulfill anatomical qualifications to constitute a separate processing 

channel. These qualifications included verification of the presumable transmitter GABA, the neuronal 

polarity and the neurite distribution at their input and output regions. Selective labeling of post- and 

presynapses of both PN populations revealed that iPNs do, like its excitatory partners, receive 

cholinergic input in the AL. Confirming earlier synaptopHluorin expression we detected ACh-release 

sites of ePNs in higher brain areas, but, interestingly, also in the AL (Ng et al., 2002). Thus, ePNs 

likely fulfill a multimodal role in the network and serve also as modulators of the combinatorial 

glomerular code. In contrast, iPNs release its inhibitory neurotransmitter GABA in the LH exclusively. 

The strict unidirectional polarity implicates that iPNs do not exert a modulating effect in the AL. 

Hence, sensory activation of iPNs and the conducted direct feed-forward inhibition towards the LH 

indicates the main impact of iPNs in the higher brain. 

A remarkable anatomical feature of iPNs is their glomerular innervation pattern. Whereas ePNs are 

uniglomerular (Vosshall and Stocker, 2007) and retain the topographic code in their axonal 

arrangement (Jefferis et al., 2007; Marin et al., 2002; Wong et al., 2002), most MZ699+ iPNs 

innervate three to six glomeruli. We therefore redefined iPNs as oligo- instead of multiglomerular 

neurons. The peculiar oligoglomerular dendritic pattern has the effect that individual iPNs can be 

activated by a set of OSN types, which therefore very likely disables the iPN population to carry 

precise odor-identity information. However, the divergence of iPNs in the AL into specific glomerular 

subsets, already pre-determines the iPN population to selectively extract common traits of distinct 

odors. 

Three-dimensional reconstructions revealed that iPNs innervate more than two-thirds of the AL. 

Interestingly, Tanaka et al. described a complete AL coverage by iPNs (Tanaka et al., 2012). This 

discrepancy could be due to the unique iPN dendritic pattern since iPN dendrites encircle without 

innervating several glomeruli when picking their way to encounter presynaptic partners within other, 

more distant glomeruli. These projections across the AL convey the impression of glomerular 

innervations, although dendritic terminals are absent. Even none of the six GH146+ iPNs innervate the 

complete AL (Marin et al., 2002). This indicates that not the entire information encoded in the AL is 

read-out by iPNs, but promotes the hypothesis of a selective extraction of relevant odorant features. 

We have previously shown that the AL map at the PN level already exhibits a spatial segregation of 

valence representation (Knaden et al., 2012). Certain glomeruli, e.g. the DL1 or DL5, which have been 

classified as aversion coding at the ePN level, are omitted by MZ699+ iPN, whereas some, but not all, 

glomeruli classified as attraction coding, e.g. DM2 or DM5, are particularly densely innervated. These 

results indicate that within the iPN population mainly positive odor traits are extracted, whereas odor 

information of negative valence is neglected. We furthermore demonstrated that the iPN population is 



split into two groups diverging into distinct parts of the AL and even converging strictly into two 

discrete ORDs in the LH. These results reveal that the iPN level possesses, like the ePN level, some 

degree of spatial segregation in the AL, which is maintained within the LH. 

The morphological properties of iPNs thus meet requirements to enable them to selectively extract 

odor information from specific glomerular subsets and integrate this information into two main LH 

zones. 

 

iPNs and vlPNs constitute independent odor response domains in the LH 

As mentioned, numerous functional studies target the combinatorial code of the AL to unravel 

encoding of specific olfactory objects or the olfactory space (Silbering and Galizia, 2007; Silbering et 

al., 2008; Wilson and Mainen, 2006). Even though these questions are not completely resolved, we 

focused on higher processing mechanisms decoding behaviorally relevant information. So far a 

handful neuroanatomical studies targeting ePNs deal with the question of how olfactory information is 

integrated and possibly read-out by higher brain structures, in particular the LH (Marin et al., 2002; 

Wong et al., 2002; Tanaka et al., 2004). In these studies, pheromone processing is always of 

outstanding interest, since it represents an innate behavioral trait. In the LH, a general separation of 

ePN representations of general and pheromone odors has been shown (Jefferis et al., 2007) and an 

elegant study by Ruta et al. completely dissected a segregated pheromone circuit, ranging from the 

sensory input to the ventral nerve cord output (Ruta et al., 2010). However, we did not examine sex 

pheromone information processing, since iPNs are negative for the sexually dimorphic transcription 

factor fruitless. 

Pre- and postsynaptic markers indicate a major effect of iPNs in the LH area. Silencing MB function 

revealed that the LH alone is sufficient for basic olfactory behavior (De Belle JS, 1994; Connolly et 

al., 1996; Heimbeck et al., 2001). Moreover, a more general function of the LH is plausible, since it is 

targeted by all PNs, whereas the MBc is avoided by the entire iPN population. Based on plain 

morphology, the features relayed by iPNs should be ineligible for associations and sensory integration, 

whereas the universal distributed ePNs possess the capacity to encode odor-identity. For example, a 

highly concentrated odor that represents danger does not imply that any odor of high concentration 

predicts danger. Therefore contextualization of a stimulus feature alone, isolated of odor-identity 

might be inconvenient. In contrast, a common computation in the LH of ePN and iPN information is 

more likely since necessary and relevant information are reunited, potentially optimized for olfactory 

decision making. The oligoglomerular divergence of iPN dendrites onto glomerular subsets and the 

convergence onto two LH domains clearly possess coding capabilities to extract specific features of 

the primary AL code and to integrate this information into restricted LH zones, where coincidence 

with ePN innervation might occur (as shown by double in vivo labelings). 



So far functional data of second-order neuronal activity in the Drosophila LH to substantiate the 

proposed LH function are missing. To unravel the coding properties of iPNs within the LH, we 

conducted the first Ca2+-imaging study of LH PNs. 

Our data analysis, employing the modified NNMF algorithm, extracted three ORDs displaying 

common temporal kinetics and highly stereotypic spatial patterns in numerous LH recordings. Two 

medial ORDs, termed LH-PM and LH-AM are formed by iPNs, while a lateral ORD, termed LH-AL, 

is formed by third-order vlPNs. Single neuron tracing of iPNs and vlPNs validated the LH 

segmentation into MZ699+ iPNs and vlPNs and revealed that the neural substrate for the ORDs is 

formed by different axonal (iPN) or dendritic (vlPN) terminal fields of individual neurons. In line with 

our results are the morphological studies on ePNs and third-order LH neurons that revealed a 

comparable tight constriction into three zones within the LH (Tanaka et al., 2004). Nevertheless, a 

more accurate expansion of these observations via MARCM led to a higher number of ePN target 

zones (i.e. five zones), whereas third-order vlPNs were highly restricted within one zone (Jefferis et 

al., 2007). 

Since we observed some intermingling of the vlPN zone and the LH-AM iPN zone, we conducted 

microlesioning experiments to decipher neuronal contributions to defined ORDs. These confirmed the 

independence of the vlPN associated LH-AL ORD of iPN activity, since severing the mACT did not 

trigger increased LH-AL Ca2+-activity. We therefore conclude that third-order vlPNs are not inhibited 

by iPNs. Immunostaining with the AChR-marker D 7-mcherry indicated that these vlPNs receive 

cholinergic input in the LH, while the presynaptic marker syt:HA revealed the vlP as their major 

output region (data not shown). The vlP is supposedly also a target of visual neurons from the optic 

lobe (Tanaka et al., 2004), implying a certain integration of different sensory inputs to take place at 

this central processing relay. 

Jefferis et al. calculated synaptic densities of GH146+ neurons and vlPNs to assess probabilistic 

synaptic connectivity. This map predicted that vlPNs establish synapses with the few GH146+ iPNs. 

However, functional data confirming this prediction is missing and MZ699+ iPNs were not included 

in their analysis. Nevertheless, the positive AChR staining of vlPNs indicates rather a cholinergic than 

a GABAergic input onto vlPNs as produced by the six GH146+ iPNs. A clear candidate for the 

cholinergic innervation of vlPNs would be the ePN population. 

The iPN population can be split into two neuronal groups innervating distinct AL and LH regions. 

This implies a topographic large-scale partition of the AL for iPN mediated feature-extraction of odor 

stimuli, as e.g. shown for hedonic valence (Knaden et al., 2012). 

 

 



iPNs decode odor features and configure olfactory decision making 

Selective silencing of inhibitory iPNs by interrupting GABA synthesis severely reduced odor 

attraction behavior of flies to almost the complete odor set tested. Also odor intensity discrimination 

was diminished in cases where animals were capable to distinguish between different concentrations 

under normal conditions (i.e. with different behavioral preferences). It has to be noted that GABA 

negative vlPNs are not affected by this manipulation. Though, the valence effect clearly dominates 

over the concentration effect, our results suggest that oligoglomerular iPNs are indeed capable of 

extracting both features from the combinatorial AL-code. Notably, when we correlated the innate 

valences of all odors with the corresponding Ca2+ dynamics of the ORDs, we found that the functional 

properties of the LH-PM domain are in fact completely concentration independent, but strongly 

correlated with positive hedonic valence. This coincides with the aversion-shift of manipulated flies in 

the behavioral experiments. Moreover, activity in the second iPN domain, LH-AM, is valence 

independent, but correlates significantly with odor-intensity, explaining the disturbed intensity 

discrimination of flies with silenced inhibitory iPN activity. 

Odor-evoked Ca2+-signals of the iPN-independent LH-AL domain correlate strikingly to negative 

hedonic valences as well as odor-intensity. We thus detected three zones in the LH seemingly 

extracting different features of the olfactory stimulus. One iPN group decodes odor attraction, 

independent of odor-identity and intensity, since even repulsive odors become even more repulsive 

after silencing these neurons. A second iPN group decodes odor-intensity, and a small vlPN group in 

the LH most likely exclusively receives and transfers information regarding odors of negative valence 

information. Unfortunately, immunostaining for diverse transmitters and peptides have been negative 

in vlPNs so far (data not shown), which prevented us from selectively silencing vlPN function in order 

to confirm their involvement in negative olfactory behavior. 

Since we detected immnuostaing signals for AChRs in vlPNs in the LH, the hypothesis emerges that 

negative valence might be conveyed via a direct and selective ePN input onto vlPNs. However, how 

such a mechanism might be accomplished remains to be elucidated in future studies. 

A behavioral study revealed that silencing MBc neurons impairs odor attraction, but not repulsion 

(Wang et al., 2003b). Silencing MBc neurons with shibire showed that repulsive, high concentration 

odors remained as repulsive, whereas lower concentration attractive odorants became less attractive. 

The authors drew the conclusion that the LH is rather involved in mediating innate repulsion than 

attraction. These results are not necessarily contradictory to ours. As already proposed, some ePNs 

might activate the LH-AL domain exclusively (i.e. vlPNs). On the other hand, Wang et al. did not 

include highly concentrated attractive odors. Therefore it is possible that the odor detection threshold 

is simply reduced, so that only the high concentrated odors, which induced odor aversion in their 

study, can be distinguished. Our behavioral results in contrast revealed a constant influence of the 



MZ699+ iPNs in mediating attraction for usually attractive as well as aversive odorants over a range 

of concentrations, implying a general attraction-mediating function of these neurons within the LH. 

Wang’s assay displayed a tendency towards a null response for low concentration attractive odorants, 

possibly indicating that odors at this concentration are neutral or cannot be detected. 

Jefferis et al. provided evidence for a separated representation of pheromone and fruit odors in the LH 

and therefore hypothesized that the LH is organized on the basis of odorants’ biological values 

(Jefferis et al., 2007). Within our functional imaging screen the fly pheromone cis-vaccenyl-acetate 

activated the attraction coding LH-PM region in a strikingly constant fashion, providing evidence that 

even in the case of the attractive fly pheromone, iPNs extract the specific trait selectively and integrate 

this information into a common domain with distinct odorant information (Bartelt et al., 1985; 

Kurtovic et al., 2007). This further reveals the independency of the iPN-processing stream from the 

ePN channel, since iPNs obviously transfer odor valence completely detached from odor-identity. 

 

Feature extraction of the primary topographic code 

We provide functional and behavioral evidence regarding integration of odor attraction and intensity 

by iPNs in the LH. Upstream, at the input level, we demonstrated excitatory input and a subdivision of 

the iPN population into two separate AL areas. How might iPNs extract the respective features? Direct 

functional investigation of dendritic iPN Ca2+-dynamics could not be conducted due to insufficient 

signal-to-noise ratios of the Ca2+ signals in the AL. Nevertheless, to gain insight if the highly reduced 

arrangement of activity-encoding features is already reflected topographically at the AL level, we 

indirectly investigated the input and recorded OSN activity patterns to the same odor set as tested for 

the LH activation. Correlation distances of all pair-wise combinations of odor-evoked response 

patterns in the LH clearly cluster within three separate ORDs and moreover patterns elicited by 

attractive and aversive odors are highly dissimilar. However, the strict LH arrangement does not 

predict coding similarity at the AL input level. Furthermore, plotting neuronal activity of the LH 

ORDs and the AL glomeruli using PCA confirmed that the separate representation of valence in the 

LH is not reflected in specific spatial sensory activity patterns in the AL. In contrast, odor intensity 

cannot be predicted from activity patterns in any of the two processing centers. A selective feature 

extraction by oligoglomerular iPNs of various glomerular activity patterns is thus very likely. 

Besides extraction of odor features from spatial patterns, temporal aspects might play an important 

role in decoding odor features (Wilson et al., 2004) and would presumably be worth investigating. For 

example, in the locust oscillation- and phase-coding of identity and intensity have been shown 

(Stopfer et al., 2003). Though, it has to be pointed out that PNs of locusts are exclusively 

multiglomerular, therefore coding strategies realized in locusts cannot directly be mirrored onto other 



insects as the fly. Generally, details of how the iPN subgroups selectively extract features from the 

primary sensory code remain to be investigated. 

Another intriguing aspect emerging from our study are the potential target neurons of iPNs. It is 

obvious that the inhibitory effect within the ORDs contributes to the configuration of a decisive 

behavioral output. This can be accomplished via presynaptically inhibiting ePN terminal groups to 

sharpen the input towards third-order afferents or to re-integrate the respective odor feature with odor-

identity coded by ePNs. The identity-code transmitted by ePNs might thereby have been modulated 

already by association taking place within the MBc. Alternatively, iPNs could directly inhibit third-

order neurons, possibly in conjunction with ePN input to create the right balance for a quality 

decoding behavioral output. Our data indicate that iPNs do not exert their effect on vlPNs, which 

moreover might constitute LH output neurons transferring negative behavioral output provided by 

ePNs. Another comparatively large group of third-order output neurons, that would be promising 

candidates are middle superiormedial protocerebral neurons (Séjourné et al., 2011; Tanaka et al., 

2004). Nevertheless, a large screening of GAL4 lines for all possible candidates is beyond the scope of 

our study, but needs to be elucidated in the near future. 

Our study provides a first step in exploring and unraveling higher olfactory processing encoding odor 

features crucial for an adaptive behavioral output in Drosophila. We postulate a circuit of at least two 

secondary parallel processing streams; an excitatory and an inhibitory stream extracting odor-identity 

or distinct features of diverse AL patterns and integrating these in constricted zones of the LH. 

Moreover, we provide functional evidence for a feature based spatial arrangement of the LH into 

distinct ORDs, decoding opposing hedonic valences and odor intensity. The role of the LH as a center 

for integrating biological values towards innate decisions by (re-)computing conveyed information of 

two processing streams is thus expanded 

.



METHODS  

 

Drosophila stocks 

All fly stocks were maintained on conventional cornmeal-agar-molasses medium under L:D 12:12, 

RH = 70% and 25°C.  For wild-type controls D. melanogaster of the Canton-S strain has been used. 

Transgenic D. melanogaster were obtained from the Bloomington Drosophila Stock Center 

(http://flystocks.bio.indiana.edu/) and the Vienna RNAi stock center (http://www.vdrc.at). Other Fly 

stocks were kindly provided by: P[MZ699-GAL4]: Kei Ito; P[UAS-D 7::mcherry]: Stefan Sigrist; 

P[UAS-Syt::HA], P[UAS-mCD8::GFP]: Hiromu Tanimoto and UAS-C3PA: Maria Luisa 

Vasconcelos.  

 

Generation of transgenic constructs 

Generating P[END1-2] (elav n-synaptobrevin-DsRed 1-2) has been performed using a modified 

pCaST-elav-Gal4AD vector (plasmid 15307, addgene, USA). The GAD domain present in the original 

vector was excised using NotI and FspAI enzymes, withthe FspAI recognition site located within the 

DsRed coding sequence. A DNA oligonucleotide containing a modified n-synaptobrevin-coding ORF 

(n-syb)(DiAntonio et al., 1993), upstream to a sequence identical to the excised DsRed-fragment, as 

well as a Drosophila Kozak site (caaaATG) and recognition sites for NotI and FspAI were synthesized  

and inserted into the vector. The n-syb contains one silent mutation at position (C168T) to eliminate a 

FspAI-recognition site within the fragment. Excision, synthesis and ligation have been performed by 

MWG Eurofins (Germany). The resulting plasmid was amplified in E. coli (One Shot® Top10 E. coli, 

Invitrogen, Eugene, OR) and purified using a Qiagen midi-prep kit (Qiagen, Germany). Embryo 

transformation to generate transgenic lines was performed by Aktogen (Cambridge, UK). 

 

qRT-PCR 

RNA from heads of 50 female flies (4-10 days old) for each sample was isolated with the RNA Mini 

Kit (Analytik Jena). cDNA synthesis was performed with SuperScript® First-Strand Synthesis System 

(Invitrogen). The acquired cDNA was subjected to quantitative RT-PCR performed with a Rotor-Gene 

Q and the Rotor-Gene SYBR Green PCR Kit (both Qiagen) following the manuals. Each sample was 

run as a triplicate and cycles have been replicated 4 times. Average values were normalized to the 

control gene, rp49. Final quantification has been performed after the Ct method (Livak and 

Schmittgen, 2001). Primer sequences: RP49 (69 bp): for CCAGTCGGATCGATATGCTA; rev 



TCTGTTGTCGATACCCTTGG. GAD1 (139bp): for CCGCAGAACCCATTTAGTCCAT; rev 

TTGAGCTTAATTGACTCCGGGC. 

 

Optical imaging 

Fly preparation and functional imaging of odor-induced glomerular activity was conducted as 

previously described (Stökl et al., 2010; Strutz et al., 2012). LH imaging was conducted similar, 

except for the higher resolution achieved with a 60x water immersion objective (LUMPlanFl 60x / 

0.90 W, Zeiss, Germany). The optical plane was ~30 m below the most dorsal point and chosen 

according to a maximal variety of signals, i.e. more than 5 m below or above the chosen level, signals 

blurred and could not be categorized appropriately. The binning on the CCD-camera chip produced a 

resolution of 1 pixel = 0.4 x 0.4 m. For bilateral LH imaging prior and post microlesion a 20x water 

immersion objective (NA 0.95, XLUM Plan FI, Olympus) was employed. To receive a comparable 

resolution binning was decreased by 50%. All recordings had a duration of 10 s with an acquisition 

rate of 4 Hz. Odors included acids (propionic acid, acetic acid), lactones ( -butyrolactone), terpenes 

(linalool), aromatics (acetophenone, methyl salicylate, benzaldehyde, phenylacetic acid), alcohols (1-

octen-3-ol), esters (acetoin acetate, cis-vaccenyl acetate, 2-phenethyl acetate), ketones (2,3 

butanedione) and balsamic vinegar diluted in mineral oil. Odors were applied during frame 8–14 (i.e. 

after 2 s, lasting for 2 s). Flies were imaged for up to one hour, with a minimum inter-stimulus interval 

of one minute. 

We have selected conventional widefield Ca2+-imaging as the method of choice, since we were able to 

obtain single bouton resolution with this technique (Figure 3B). Nevertheless, the z-range collected 

significantly more Ca2+-signals due to light scattering than compared to multi-photon imaging (depth 

reachable about ~35 m, Strutz et al., 2012). Furthermore, the LH does not offer anatomical and 

functional landmarks (as visible for the AL glomeruli), thus we orientated us at the entrance point of 

the mACT, which is ~45 m below the most dorsal point of the arborizations of MZ699+ neurons in 

the LH. At this level and below, Ca2+-signals blurred and hardly yielded distinguishable domains (data 

not shown). Similarly, a blur to one large signal occurred from ~15 m above the mACT entrance 

point. An optical plane of ~5 m above the mACT entrance point yielded sharp recordings as well as 

the most comprehensive set of different regions. Therefore, we assumed that signals above and below 

the imaging level simply reflected broadened signals of ORDs detected with our method and we chose 

to image the optical plane covering all existing domains labeled by MZ699-GAL4. Moreover, 

widefield-imaging is capable of recording signals of ~35 m depth. Since we are able to obtain even 

single bouton resolution, we do believe that we have recorded the maximal variety of signals in the LH 

evoked by MZ699+ neurons. 

 



OSN Ca
2+

-imaging data analysis 

False color coded images of LH Ca2+-imaging (Figure 4B-D , Figure 5D-D’’ and Supplemental Figure 

4A,B) were obtained with a custom written IDL software (ITT Visual Information Solutions, 

www.ittvis.com) provided by Mathias Ditzen. Ca2+-imaging data of the AL shown in Supplemental 

Figure 6A-C have been analyzed as previously described (Stökl et al., 2010; Strutz et al., 2012).  

 

LH Ca
2+

-imaging data analysis 

To ensure high reliability of extracted domain information recordings of any odor at any concentration 

was repeated 2-3 times within measurements. Only if response properties of replicates are identical 

within an animal, the recording for the analyzed odor was rated as valid and taken into account for the 

final analysis (Supplemental Figure 3C, C’’). To execute NNMF analysis (see below), at least six to 

seven valid measurements, i.e. animals with repeated identical recordings, were collected for each 

odor and employed for the analysis. The comprehensive set of odorants (altogether 14 odorants, 

applied in three concentrations, at least repeated twice, resulting in 84 necessary recordings) faced us 

with evident physiological restrictions and we consequently split the analysis into four groups. 

Fortunately, the strong reproducibility of recordings yielded measurements coherent enough 

throughout animals (Figure 3B, C, Supplemental Figure 3C, C’) so that the outcome of the NNMF 

analysis was unimpaired. 

 

LH data pre-processing 

Individual odor measurements of each animal were concatenated to construct a complete recording 

series, which was further aligned using ImageJ (Fiji) to correct movement artifacts (‘rigid body’ 

transformation and ‘image stabilizer’ plugins). Fluorescence changes ( F/F) for each odor were 

calculated in relation to the background fluorescence taking frames 0-6 (i.e. 2- 0.5 s before odor 

application). A Gaussian low-pass filter ( =1px) was applied to compensate remaining movement 

artifacts and pixel noise. To reduce the computational load the frame rate was averaged by two 

consecutive frames and recordings were spatially down-sampled by a factor of two. The resulting 

concatenated time-series of the recordings is denoted as measurement matrix Y with element Yt,p 

being the tth observed value of pixel p. 

 

 

 



NNMF - Non Negative Matrix Factorization 

In contrast to the AL, which consists of highly ordered glomerular subunits, LH comprises a mainly 

homogenous neuropil which does not provide spatial or functional landmarks enabling the clear 

assignment of Calcium dynamics to well-known areas. Therefore, we used the novel automatic 

method NNMF to extract Calcium signals owing common spatial or temporal features. 

The NNMF initially decomposed the measurement matrix Y into its main k components,  

Y= k  xk  * ak
T  + R. 

Each represented time-course ak contains a common underlying time-courses of all pixel and each 

pixel participation xk declares for each pixel how strong it participates in this time-course. The residual 

matrix R contains the unexplained data. For the decomposition we choose the Non Negative Matrix 

Factorization (NNMF) approach as it is known to achieve a parts-based representation rather than the 

more holistic results of Principal Component Analysis or Independent Component Analysis (Lee and 

Seung, 1999; Lee et al., 2001). NNMF constrains both the extracted time-courses and pixel 

participations to be positive. Positive pixel participations enable a straightforward physiological 

interpretation, reading the participation values as contribution strength of an underlying physiological 

domain. The restriction to positive time-courses reflects that we did not observe any significant 

decrease of fluorescence in response to an odor. In order to perform NNMF, we implemented the 

HALS algorithm in Python including a spatial smoothness constraint (asm = 0.1) (Cichocki and Phan, 

2009) and an additional spatial decorrelation constraint  (ade = 0.1) (Chen and Cichocki, 2005). 

Decomposition was performed for each animal into k=5 components, therefore the residual matrix R 

contained no additional domains (residual movement artifacts induced only tiny additional structures). 

Of the five components extracted by NNMF three of them stood out: first they exhibited highly 

reproducible responses to stimuli repetitions, i.e. they have a high trial-to-trial correlation. Second they 

were extracted in all animals at defined anatomical positions and third they exhibited characteristic 

response spectra across animals. Besides those three ORDs, every factorization contained two 

additional components. Though we cannot completely rule out that these are ORDs of their own, there 

are several indications that they are not. They either exhibit a low trial-to-trial correlation or are 

extracted at the same anatomical position only in a small fraction of animals. Instead of independent 

ORDs, these might rather convey fluorescence change independent of odor stimulation or an overlap 

region of two of the reliable ORDs. To validate the reliability of our data analysis, we have employed 

another imaging analysis algorithm. Spatial Independent Component Analysis (sICA) yielded very 

similar results (data not shown)(Reidl et al., 2007). Particular the three reliable ORDs from NNMF 

were reproduced with sICA. Hence, we conclude, that the LH area comprised by MZ699+ neurons 

constitutes of three ORDs. Components were labeled according to anatomical position of pixel 



participation within the LH and subsequently regionally assigned including coinciding reproducible 

Ca2+-signals in all animals. 

 

Statistical analysis of Ca
2+

-imaging data 

To determine coding properties of extracted odor response domains (ORDs) we calculated the mean 

response of each animal within a time window of 1- 4 s after stimulus onset. Hence, median responses 

over all animals defined the standard stimulated response of an ORD. Initially, regions were evaluated 

individually and correlations were calculated between standard response spectra and the behavioral 

response index (RI), or odor concentration, respectively, using the “linregress” function of the Python 

scipy.stat module. Pattern representations were analyzed in twofold directions. First, pattern 

correlations quantified pattern similarity independent of signal intensity. To visualize the correlation 

matrix in a comprehensible way, we then arranged odors according to the single linkage clustering of 

the Python scipy.cluster.hierachy module. Second, a 2-dimensional PCA representation (Python scikit-

learn module) reduces visual complexity and depicts pattern separation comprising response strength. 

 

Immunohistochemistry 

Wholemount (wm) and vibratome (vt) dissection and staining procedure: Immunofluorescence 

staining was carried out essentially as described (Laissue et al., 1999; Vosshall et al., 2000). Initially 

brains were dissected in Ringer’s solution (130 mM NaCl, 5 mM KCl, 2 mM MgCl(x 6H2O), 2 mM 

CaCl2(x 2H2O), 36 mM Saccharose, 5 mM Hepes, [pH 7.3]) and fixed in 4% PFA in PBS-T (PBS, 

0,2-1% Triton-X) for at least 30 minutes on ice. After washing three times with PBS-T (wm) or PBS 

(vt) they were blocked for two hours with PBS-T, 2% bovine serum albumin (BSA) or PBS-T, 5% 

normal goat serum (NGS). Vt-sections were blocked using 5% NGS and 5% normal donkey serum 

(NDS). Wash and blocking steps were constantly repeated after each incubation step. Primary 

antibodies were diluted in blocking solution or PBS-T and incubated at 4°C for 2 - 3 days (vt), 

respectively. Secondary antibody incubation lasted 1-2 days. After final wash for 20 minutes, brains 

were mounted in VectaShield™ (Vector Laboratories) on object slides. The following primary 

antibodies have been used: rabbit -GABA (1:500) (Sigma), mouse -GFP (1:500) or chicken -GFP 

(1:1000) or rabbit -GFP (1:500) (all Invitrogen), mouse monoclonal -ChAT (1:500) (DSHB), mouse 

-Nc82 (1:30) (DSHB) or rabbit -Nc82 and guinea pig -Nc82 (1:500), kindly provided by Stefan 

Sigrist, rabbit -RFP (1:500) and mouse -HA (1:1000) (both Abcam). The following secondary 

antibodies have been used: Alexa Fluor® 488, goat anti-mouse IgG (1:500); Alexa Fluor® 488, goat 

anti-rabbit (1:500); Alexa Fluor® 546, goat anti-rabbit (1:500); Alexa Fluor® 633, goat anti-mouse 



(1:200), Fluor® 594 chicken anti mouse (1:200), Alexa Fluor® 488 donkey anti-chicken 1:200 (all 

IgG Invitrogen, Eugene, OR). 

 

2-Photon photoactivation of C3PA labeled single neurons 

For in vivo photoactivation experiments 1-6 day old flies (Genotype: END1-2,UAS-C3PA;MZ699-

GAL4) were dissected similar to imaging experiments with the exception that tracts of the salivary 

glands were cut to prevent movement. Single somata were defined as regions of interest with an 

average diameter of ~40nm. Photoactivation was accomplished via continuous illumination with 760 

nm for 15-25 min. After a 5 minute break to permit full diffusion of the photoconverted molecules, 

925nm z-stacks of the whole brain were acquired and subsequently used for 3D-reconstruction of the 

labeled neuron. 

 

2-Photon mediated photoablation 

Microdissections of either the plF tract or the mACT have been conducted in one brain hemisphere, 

each of the same fly. The target area has been monitored with 925 nm and chosen close to the LH but 

distant enough not to affect neurites ramifying in the LH neuropil. For both tracts, lesioned areas had 

an average size of 34 m and were illuminated with short pulses of 710 nm every 40 ms for 250 ms in 

60 (plF) – 80 (mACT) cycles. Overall the two simultaneous ablation procedures did last ~60 s. After a 

fast z-stack with 925nm to confirm the complete lesion, a 5 minute neuronal recovery interval 

followed before continuing the imaging procedure. Data were analyzed using NNMF as described 

above. For bar plot calculation of each ORD, only odors which evoked a response within the 

respective domain above 10% ( F/F) were included.  

 

Image acquisition 

Photoactivation and photoablation procedures as well as image acquisition following 

immunohistochemistry was accomplished with a 2-Photon Confocal Laser Scanning Microscope 

(2PCLSM, Zeiss LSM 710 meta NLO) equipped with a 40x (W Plan-Apochromat 40x/1.0 DIC M27) 

or 20x (W N-Achroplan 20x/0.5 M27). The 2PCLSM was placed on a Smart Table UT2 (Newport 

Corporation, Irvine, CA) and equipped with an infrared Chameleon Ultra™ Diode-pumped Laser 

(Coherent, Santa Clara, CA). Z-stacks were performed with Argon 488 nm and HeliumNeon 543 nm 

Laser or the Chameleon Laser 925 nm (BP500-550 for G-CaMP and LP555 for DsRed/Tomato) and 

had a resolution of 1024 or 512 square pixels. The maximum step size for immuno-preparations or 

single neuron projections was 1 m and for AL reconstructions 2 m. 



3-D reconstructions and image processing 

For all 3D reconstructions the segmentation software AMIRA 5.3.3 or 4.1 (Mercury Computer 

Systems, Berlin, Germany) has been used. Individual glomeruli of complete AL reconstructions were 

generated by segmentation of each spherical structure around its center in three focal planes. 

Subsequently, every third slice was three dimensionally interpolated employing the wrap interpolation 

tool of Amira. Visualization of AL reconstructions was simplified with the SurfaceGen modul to 

around 100,000 faces and further finished with the SmoothSurface modul. Single neurons 

reconstructions were performed with the skeleton module of AMIRA. Embedding of neurons of 

distinct specimen into the reference brain has been performed using a labelfield registration as 

previously described by (Rybak et al., 2010). Briefly, segmented labels of brain neuropils (MB, LH) 

were registered onto a reference brain image using affine registration followed by elastic warping. In a 

second step the calculated transformation matrix was applied to the respective neuron morphology that 

was then aligned to the reference brain image. 

Figures have been edited in ImageJ (Fiji) or Adobe Photoshop CS4 (Adobe Systems, Inc.) and 

compiled with Adobe Illustrator CS4 without further modification of brightness or contrast. 

 

Behavioral Assay 

Flies carrying P[GAD1-RNAi];P[MZ699-GAL4] were crossed just before the experiment to prevent 

dosage compensation effects. T-maze experiments have been essentially performed as described 

(Stensmyr et al., 2012). WT, parental controls (P[GAD1-RNAi] or P[MZ699-GAL4]) and test flies 

carrying both insertions have been tested separately under identical conditions. The response index 

(RI) was calculated as (O-C)/T, where O is the number of flies in the odor arm, C is the number of 

flies in the control arm, and T is the total number of flies used in the trial (= 30). Hence, the RI ranges 

from -1 (complete avoidance) to 1 (complete attraction). A value of 0 characterizes no response, i.e. 

the odor is not detected or is neutral. Each experiment was repeated twelve times and the RIs of flies 

were compared with the Dunn's Multiple Comparison or Dunn's Selected Pairs and tested against 0 (no 

response) by the Wilcoxon-rank-sum test. 
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SUPPLEMENTAL MATERIAL 

S1 (related to Figure1). 

(A) Overlap of ePNs (QUAS-Tomato) and iPNs (UAS-GCaMP3.0) in the LH area, the circle indicates the 

posterior lateral region, which is sparsely innervated by iPNs and dominated by ePN axonal terminal fields. 

(B) GABA vs. ChAT Immuno in the AL and LH (B’). Somata and LH neurites of MZ699 iPNs are GABA-

positive and ACh-negative. Scale bar, 20 m. 



 

 

 

 

 Figure S2 (Table related to Figure 2). 

(A) Representative in vivo images for all reconstructions (right AL). MZ699 and GH146 have been 

reconstructed with END1-2 background (two upper planes) and dual labeling with the Q-system and the 

GAL4-UAS expression system (lowest plane). Scale bar, 20 m   

(B) Detailed glomerular AL innervation. Green filled cells indicate innervation by MZ699-GAL4, magenta 

GH146-GAL4 innervation, respectively and grey, no innervation by the indicated line. Bottom rows, total 

number of innervated glomeruli with percentage share indicated below. Merge column: white filled with “x” 

indicates glomeruli innervated by both lines, grey only one line. Blue filled rows are glomeruli labeled by 

none of the enhancer trap lines. 

  



 

 

 

 

 S3 (related to Figure 3). 

(A) Full false-color coded images of data shown in Figure 3 C plus mineral oil control measurement. The control 

measurement is also shown with cut off as in Figure 3C. The top scale bar applies for all full false-color coded 

pictures in (A) and (B), the bottom scale bar for the mineral oil recordings. 

(B) Full false-color coded images of data shown in Figure 3 D plus mineral oil control measurement. 

(C) NNMF-extracted LH odor response domains of two representative animals (color scale for pixel 

participation xk in Figure 3) and cognate time courses ( F/F %). Measurements have been repeated 2 - 3 times 

and show a clear reproducibility. 



 

 

 

 

 

Figure S4. (related to Figure 5). 

Median time traces (color coded as indicated in the scale bar right) for all odorants used in the 

microlesioning experiments. Odorants had a high concentration (10-2), except 1-octen-3-ol, which was 

applied at 10-6 and 10-2. ORDs to the very left (vertically typed) display the arrangement of the odorants in 

the figure, i.e. the affected domain by any of the two lesionings in the respective odorant. Indiviual ORDs are 

shown from top to bottom for every odor. First row is always LH-PM, second LH-AM and last LH-AL. The 

three columns reveal the results for the pre- and post lesioning recording. Lesioning the plF abolished LH-

AL responses to mostly zero ( F/F [%]) and lesioning the mACT eliminates Calcium activity in the LH-PM 

and LH-AM. 

 



 

Figure S5 (related to Figure 6). 

Q-PCR showing ~ 40% decrease of GAD1 mRNA in heterozygot ELAV-GAL4, GADi flies. 



 

Figure S6 (related to Figure 7). 

(A) Representative glomerular Ca2+-responses for a subset of used odorants at three concentrations. Scale bar to 

the right. Control (mineral oil) recordings are shown additionally as full false-color coded images. 

(B) Glomerular AL atlas. 

(C) Median Ca2+-activity traces of all glomeruli for all odorants at the three indicated concentrations. Scale bar 

and control measurement in the center. Odor application is indicated by the grey bar below the heatmaps (n=6-7). 

 



 

 

 

Figure S7 (related to Figure 7). 

(A) Correlation distance dendrogramm of odor-evoked response patterns in the LH (left) and analogous matrix 

(right). For clarity dendrogramm arms were colored green and red: repulsive and attractive odorants are clearly 

not correlated, as indicated by a correlation distance > 0.6. 

(B) Median odor activity in the AL and LH in a PCA space (identical to Figure 7D). Odors are grouped 

according to concentration: dark blue  = 10-2 , median blue = 10-4 and light blue = 10-6. In the AL odor 

representations clearly overlap for all concentrations. Similary in the LH, odor representations of all 

concentrations partly overlap, but do display a slight tendency to segregate. 

 



GENERAL DISCUSSION 

All animals detect, integrate, and process a plethora of sensory stimuli. When it comes to 

odors, the diversity of volatile chemicals in the natural surroundings of animals creates a 

complex multidimensional olfactory space. To successfully navigate within their environment 

animals have developed sophisticated olfactory systems that, through a neural space of 

information processing, successively transform the physical space of odorant molecules into a 

perceptual space of smell underlying behavioral responses. This thesis provides a 

comprehensive overview of odor coding and processing strategies in the brain of Drosophila 

melanogaster, generating percepts to drive innate behavioral responses (Figure 4). 

The most important levels of olfactory processing, along which olfactory information is 

transformed into a percept that constitutes the basis for innate behavior, were investigated 

within this thesis. The discussion is therefore divided into three main parts, assigning the 

discovered effects and mechanisms to the respective processing level in the olfactory system 

starting from the periphery and proceeding to higher brain centers. 

 

Translation of olfactory space into a neuronal code – peripheral odor detection 

Stimuli detected by sensory systems, for example the visual or auditory system, can often be 

classified by a single parameter, e.g. wavelength or frequency. Single odorants as chemical 

compounds do not offer such comparable metrics. Haddad et al. (2008) composed a 

multidimensional, physicochemical odorant space describing structures of odorants (Haddad 

et al., 2008). Their study applied molecular descriptors for more than 1500 odorants and 

constructed a 1664-dimensional odor space, in which each dimension represented one feature 

of the odorant structure. Employing an optimized metric with 32 descriptors allowed 

prediction of the neural response similarity based on physicochemical structures of the 

odorants. 

But do physicochemical properties of odors also allow a prediction of how odors are 

perceived? We found that physicochemical properties of odors do not account for their 

valence in Drosophila (Chapter II). Nevertheless, the peripheral receptor repertoire in the 

fly’s antenna encodes all olfactory information necessary to create an olfactory percept. 

Thereby, the multiplicity of olfactory receptors (ORs) with overlapping ligand affinities and 

tuning profiles, i.e. from very broad to sparse, displays a suitable strategy to integrate the vast 

number of existing variables (volatile chemicals and their multitude of features) (Hallem and 

Carlson, 2006; Kreher et al., 2008; Stensmyr, 2003). At the olfactory sensory neuron (OSN) 



level the identity of odors is encoded in a combinatorial manner (except in a few labeled 

lines) (Malnic et al., 1999). When we tested if the receptor repertoire might display an initial 

representation of valence by correlating 110 values of valence with corresponding SSR7 data, 

we found no correlation between OSN responses and odor valence (Chapter II). The 

behavioral data set clearly exceeded the number of odors used in an earlier study that in 

contrast reported a correlation (Haddad 2010). Haddad’s study used 47 values of odor valence 

in adult and larval flies (40 for larvae and 7 for adults; data from Kreher et al., 2008; 

Stensmyr, 2003). Since prediction accuracy always depends on sample size and even more on 

a coherent data set achieved under comparable conditions, our comprehensive analysis 

revealed that OSN activity levels do not allow predictions of the innate valence of odors. 

Taking all experiments into account, it becomes clear that at the periphery, neither the 

external olfactory space itself nor the combinatorial OSN response profile allows a prediction 

of hedonic valence of odors. The periphery rather serves as a pure detection area receiving as 

much information as possible to ultimately create an odor-specific neuronal representation of 

the external odor space. 

Chapter I elucidates a deceptive olfactory mimicry of yeast performed by the Solomon’s lily 

Arum palaestinum odor to bamboozle flies as its pollinators. A comparison of the EAG8 

active components of the Arum odor was performed with an NMDS9 analysis, which revealed 

that the peripheral activation elicited by the lily odor is very similar to activation by man-

made fermentation products and Vector960®10. Excluding odors with similar 

physicochemical properties identified by Haddad’s chemometrics yielded almost identical 

results. Therefore, the antennal detection pattern reveals that the fly’s receptor repertoire 

detects the lily odor similar to other fermentation products, but not due to a precise chemical 

model of similar compounds, but rather by the production of a novel attractive odor gratus. 

Thus, the OSN repertoire can indeed give an indication about the chemical resemblance of 

odors and about how similar their OSN activation patterns are. 

At the peripheral OSN level, receptor tuning profiles filter stimulus information. However, 

intrinsic processing is very unlikely at this stage due to the absence of electrical as well as 

chemical synapses within the sensilla (Shanbhag et al., 1999, 2000). Nevertheless, the 

stereotyped grouping of OSNs within different sensillum types suggests that this architectural 

7 Single sensillum recording 
8 Electroantennography 
9 Nonmetric Multidimensional Scaling, based on a presence absence matrix of active EAG peaks 
10 Vector 960®, a highly attractive artificial fly trap 



feature might be associated with a functional significance. A recent study of ephaptic11 

transmission between OSNs (Su et al., 2012) revealed lateral inhibition between neighboring 

OSNs within one sensillum and provides a mechanism for a peripheral pre-processing, 

dependent on transient co-concurrence of specific odors activating OSNs housed in the same 

sensillum. Ecological and behavioral significance of this process was revealed by showing 

that co-housed OSNs sensing CO2 and the attractive blend cider vinegar are involved in 

ephaptic inhibition, thereby reducing CO2-repulsion if cider vinegar is present (Su et al., 

2012). This indicates that OSNs might be strategically paired within the same sensillum. 

Behaviorally comparable results have been shown by combining CO2 with the attractive 

single compound 2,3-butandione (Turner and Ray, 2009). An ephaptic effect was also 

initiated at the OSN level, but the origin of the effect, e.g. blocking of the receptor, could not 

be unambiguously identified. It is thus very likely that in respect to the dedicated CO2 

circuitry, which is mediated via the gustatory receptors GR21a/GR63a, several exclusive and 

parallel mechanisms have developed to overcome the emitted aversive gas cue when 

approaching any fermentation products. However, in the case of Arum palaestinum we could 

not observe any emission of CO2 in addition to the mimicking of fermentation products. By 

applying the Arum mixture and its single compounds to the Drosophila antennae we detected 

an additive glomerular representation of the mixture in the antennal lobe (AL), when 

compared to the activity elicited by the single compounds. This suggests that none of the 

above described mechanisms take place at the periphery in the case of the observed olfactory 

mimicry performed by the Arum plume. 

The peripheral odor detection system with its tight connectivity to the internal odor 

representation in the brain provides a powerful feature for scientists to evaluate the 

evolutionary stability of discovered mechanisms. OSNs exposed to the external space provide 

possibilities to study the olfactory receptor repertoire of all drosophilid species and thus allow 

comparative analyses of receptor tuning profiles of closely or distantly related species. In 

Chapter I, comparison of response profiles of ten drosophilid species to the super-attractive 

Arum palaestinum odor revealed that seven out of eight species visiting this plant have a 

similar antennal odor detection pattern. This suggests that, although ~40 million years 

separate these species, these Drosophila siblings have a comparable receptor repertoire 

exhibiting a similar neuronal response profile to the Arum plume. The fact that all these 

species are deceived by the plant strongly suggests that the final percept is similar as well 

(Russo et al., 1995). In Chapter IV we indentified a functionally segregated pathway activated 

11 Nonsynaptic communication between adjacent neurons through an extracellular electrical field 



by the repulsive bacterial volatile geosmin (Figure 4B). SSR12 revealed an exclusive tuning of 

one single OR, namely OR56a, to that compound. Moreover, we could show that seven other 

Drosophila siblings possess a similar tuning profile to geosmin, indicating again the 

fundamentality of the discovered circuitry. The discovered pathway is a processing channel 

with a specialized function and exclusive chemical selectivity, termed labeled line (Wilson 

and Mainen, 2006). The receptor OR56a responds exclusively to geosmin and to no other 

odor (>3000 odors were tested). This phenomenon is very rare in olfactory systems and is 

only comparable to the pheromone and CO2 circuit (Kurtovic et al., 2007; Suh et al., 2004). 

Naturally, the exclusive tuning of a receptor to one specific ligand initiating a dedicated 

behavioral response does indeed provide a measurement of the percept of the odor already at 

the receptor level of the olfactory system. A further property of labeled line systems is a hard-

wired connectivity. In addition, it has been shown that no or only minor neuronal processing 

is taking place along the line through the nervous system. This coding strategy provokes 

ultimate, fast and stereotyped behavioral responses. The dedicated pathway for geosmin 

enables flies to distinguish harmful from beneficial feeding sources. In mice, information 

regarding one compound of the male mouse urine, (methylthio)methanethiol, is very likely 

processed in a labeled line and plays an important role in social behavior (Lin et al., 2005). 

This type of coding prevents any flexibility of the odor percept and the behavioral outcome. It 

is very useful for life threatening situations or crucial social behaviors to ensure an adaptive 

response by context-dependent stereotyped behaviors. However, for the coding capacity of the 

olfactory system such an exclusive hard-wired code is not sufficient to detect all odors present 

in the behaviorally relevant olfactory space. Therefore, combinatorial coding with 

overlapping ligand affinities and various tuning profiles of 70 receptors does provides a much 

more flexible and exhaustive solution. 

In summary, this thesis revealed that the peripheral level of odor detection can provide 

information about the chemical identity of odors. In addition it could be shown that the 

receptor level itself allows predictions about similar physicochemical properties of odors, but 

not about their innate valence. Furthermore, the labeled line mediating information about 

geosmin sources and the deceptive Arum plume are similarly detected by species separated by 

over ~40 million years, indicating a strong evolutionary stability of the discovered 

mechanisms at the peripheral level. 

12 Single Sensillum Recording 



 

 

Figure 4. Schematic illustrating the different processing levels investigated in all Chapters 

Dark green denotes positive behavioral response, dark red a negative.  

(A) Chapter I: The combinatorial glomerular activity pattern of the A. palaestinum odor performs an 

olfactory mimicry of yeasty fermentation and ultimately elicits innate attraction behavior (green 

encircled glomeruli). 

(B) Chapter II: Hedonic valence of odors is spatially segregated separated in particular glomerular 

response patterns of excitatory projection neurons (ePNs) in the AL (green and red encircled glomeruli 

and colored ePNs). 

(C) Chapter IV: Geosmin activates a labeled line circuitry. At all processing levels, neuronal activity 

is restricted onto a specific neuron type and determines the final percept. 

(D) Chapter V: Inhibitory PNs integrate either odor-intensity or positive valence into separated lateral 

horn (LH) domains. Ventrolateral protocerebral neurons vlPNs of the LH respond to aversive odors 

exclusively. [c] denotes intensity coding, + and – the (color coded) valence. 



The primary antennal lobe processing level – OSN shaped glomerular codes 

Peripheral detection of odor space by an olfactory receptor repertoire is transformed into 

electrical responses of OSNs, which send their axons via the antennal nerve to the AL and 

converge - dependent on the receptor expressed - upon one to two specific glomeruli 

(Vosshall et al., 1999, 2000). At this level, the profile of OSN activity becomes spatially 

consolidated, organized within and among glomeruli and can be monitored as combinatorial 

glomerular OSN activity patterns (Fiala et al., 2002; Wang et al., 2003a). Upon odor 

application, OSNs whose receptors are tuned to the applied odor, release acetylcholine (ACh) 

onto postsynaptic neurons, either AL output neurons (projection neurons [PN]) or modulatory 

local neurons (LN) (Figures 2, 3). Whereas the peripheral neuronal response of OSNs is 

usually recorded using electrophysiological methods, activity in the AL is often monitored via 

functional imaging using Ca2+-sensitive reporters such as G-CaMP (Nakai et al., 2001; 

Ohkura et al., 2005; Tian et al., 2009) or Cameleon (Fiala et al., 2002). Thereby, OSN activity 

appears as spatially confined and spherical as glomeruli physically are. The Ca2+-imaging 

method is described in detail in Chapter III. 

In all Chapters of this thesis I analyzed glomerular activity patterns at the OSN level evoked 

by odors or odor blends with a particular known valence or behavioral outcome, respectively. 

In Chapter I the combinatorial AL code of a highly attractive natural blend (A. palaestinum 

odor) was investigated as well as the activity of single components composing this mixture. 

Thereby, a large receptor set was identified ranging from highly conserved to very divergent 

receptor proteins. This indicates a perfect adaptation of the olfactory mimicry to target basal 

functions of the fly nose as well as adaptations towards specific needs. Furthermore, recorded 

Ca2+-activity patterns evoked by the lily odor and Vector 960® were indeed almost identical, 

which matches results from the periphery and indicates that peripheral alterations, e.g. 

ephaptic inhibition, did not alter OSN activity in the antennae (Figure 4A). Moreover, since 

both odors elicited a very similar behavioral response of almost absolute attraction, 

subsequent processing steps of this primary activity pattern in the AL might be similar as 

well. In addition, Semmelhack and Wang investigated the activity pattern of the fermentation 

product apple cider vinegar and could show, by selective silencing of synaptic OSN 

transmission, that two of the glomeruli within this particular pattern selectively mediate odor 

attraction behavior (Semmelhack and Wang, 2009). Both of these glomeruli were also 

strongly active in the Arum and Vector960® evoked patterns (Figure 4A). Hence, similar 

OSN activity codes, evoked by different odor blends, likely undergo similar processing steps, 

since OSNs are the only known neuronal group conveying sensory information into the AL, to 



ultimately create a comparable percept. However, the assignment of a particular stereotyped 

behavior to a single odor and to the activity of a single glomerulus, as proposed by 

Semmelhacks’ silencing experiments, indicates a dedicated information channel, as described 

above, rather than a combinatorial activity pattern eliciting a particular percept (Semmelhack 

and Wang, 2009). To validate this labeled line hypothesis, various experiments would be 

required, e.g. as performed in Chapter IV (Figure 4C), to establish the exclusive tuning of all 

neurons within that circuitry. Chapter I did not decipher processing levels beyond the primary 

glomerular representation, but in analogy with our peripheral data as well as with 

Semmelhack and Wang’s results, this Chapter yielded strong evidence for an olfactory 

mimicry of yeast on fermenting fruit performed by the Arum odor. 

Chapter II aimed at deciphering processing levels which represent and encode odor valence 

leading to the establishment of a large set of odor valences (110). The results revealed that 

glomerular OSN activity patterns in the AL of the six most attractive and most aversive odors 

at two different concentrations did not correlate with the innate valence of these odors (Figure 

4B). Chapter V augmented and confirmed this finding by employing a different set of odors 

and achieving almost identical results. 

Taken together, these results again suggest that the primary olfactory code mainly encodes 

olfactory space and represents an interface between the periphery and higher order neurons, 

rather than decoding a particular percept. Yet, the primary glomerular code can differ from 

the OSN code and can be altered by modulatory processes. These are mediated either via LNs 

interconnecting glomeruli or via specific neuroactive substances such as peptides of biogenic 

amines (Wilson and Mainen, 2006). Peptidergic modulation mainly results from a modified 

physiological state of the animal (Dacks et al., 2009; Root et al., 2011). Since the major focus 

of this thesis was to unravel the neural correlate of innate behavioral responses, shifts of the 

experimental animals’ physiological state, which may provoke peptidergic neuromodulation, 

were avoided in all experiments. The former mentioned modulators, LNs, can presynaptically 

inhibit as well as excite OSNs in the AL (Wilson and Mainen, 2006). Lateral presynaptic 

inhibition serves as a mechanism of gain control at the OSN level (Root et al., 2008). 

Moreover, excitatory LNs can excite predominantly PNs, which are believed to spread 

excitation among PNs and to strengthen responses to weak odors (Huang et al., 2010; Yaksi 

and Wilson, 2010). These processes are permanent features of the AL processing; they 

transform the primary olfactory code into an optimized code that facilitates the read-out of 

relevant information by higher order neurons (Sachse and Galizia, 2006). There is an ongoing 

debate whether the representation at the primary (OSN) and secondary (PN) level is 



broadened, or remains unmodified (Olsen and Wilson, 2008; Semmelhack and Wang, 2009; 

Wang et al., 2003a; Wilson et al., 2004). These contrary findings might derive from the 

application of different techniques (electrophysiology vs. Ca2+-imaging), employed by the 

main parties supporting either of the theories. Nevertheless, both methods have shown 

presynaptic modulation of OSN responses in the AL, indicating that a formatting of the 

primary olfactory code is taking place at this level of olfactory processing (Olsen and Wilson, 

2008; Root et al., 2008). Moreover, the strong OSN to PN convergence enhances the signal-

to-noise ratio (Masse et al., 2009). Thus, OSNs do not transfer the exact same code as 

received from the combinatorial receptor repertoire onto higher order neurons. All processes 

altering the combinatorial glomerular code allow the olfactory system to flexibly encode an 

enormous odor space and simultaneously adapt to internal physiological alterations. On the 

other end of the scale the labeled line strategy passes information through the AL relatively 

unprocessed and evokes a fast and stereotyped response (Chapter IV). 

Taken together, all four Chapters revealed that the combinatorial spatiotemporal activity 

evoked by monomolecular odors at the primary processing level, which is comprised by 

OSNs in the AL, cannot predict an odor’s hedonic valence. Dedicated information channels 

form an exception in labeled lines, which by definition activate a single glomerulus 

exclusively and therefore do not exhibit a typical combinatorial code. 

 

The secondary processing level – two types of PNs decode olfactory information 

The second processing level of the olfactory circuit, comprised of PNs, conveys olfactory 

information from the AL to higher brain centers, the mushroom body (MBc) and the lateral 

horn (LH). PNs can be subdivided into excitatory PNs (ePNs) and inhibitory PNs (iPNs) 

according to the neurotransmitter produced. 

 

ePNs are capable of coding odor valence and identity 

Dendrites of ePNs synapse with OSN termini within dedicated glomeruli and target the entire 

AL. Therefore ePNs contribute, like OSN termini, to the spherical shape of a glomerulus (Lai 

et al., 2008; Stocker et al., 1990). Ca2+-responses of ePNs likewise comprise spherical activity 

corresponding to the respective innervated glomeruli and hence also exhibit a combinatorial 

code for each odor (Fiala et al., 2002; Wang et al., 2003a). 



This combinatorial code has been investigated in Chapter II for its capability to extract 

valence information out of the primary AL input pattern. The same six most attractive and 

most aversive odors that were used to determine primary glomerular activity were tested for 

secondary combinatorial activity of ePNs. Correlating glomerular activity of ePNs with the 

odors’ hedonic valence revealed that several ePNs within glomeruli in the medial area of the 

Drosophila AL responded significantly stronger to attractive odors, whereas ePNs innervating 

several glomeruli in the lateral region of the AL revealed significantly increased Ca2+-

transients in response to aversive odors. Similar results were achieved using the same odors at 

one order of magnitude higher concentration. Thus, the spatial arrangement of ePN activity 

amongst glomeruli of the AL differs from the glomerular activity code evoked by OSNs and 

moreover allows a prediction of the innate valence of the tested odors (Figure 4B). This 

suggests that the complex lateral network modifying the transmission of primary olfactory 

information onto secondary neurons, e.g. lateral excitation via electrical synapses of LNs, 

likely ‘shifts’ the primary code towards a spatially segregated representation at the ePN level 

(Huang et al., 2010; Wilson, 2011; Yaksi and Wilson, 2010). Hence, whereas the primary 

OSN level rather provides the necessary capacity to translate and encode information of an 

enormously complex olfactory space into the brain, ePNs indeed transfer a modified or 

‘optimized’ code to the higher brain that already contains some information about the valence 

of odors.  

But, does the spatial arrangement of glomerular activity in the AL itself influence the percept 

of the odors? A hint at the spatially determined output is given in Chapter IV. The 

misexpression of an OR which is usually activated by an attractive odor, ethyl butyrate, 

within the geosmin sensitive OSNs, abolished the attractive effect of ethyl butyrate. As long 

as the respective OR was still endogenously expressed only within its ‘natural’ OSNs, two 

competitive effects occurred and prevented an induction of repellency. Nevertheless, 

activating DA213 PNs by misexpressing an ectopic receptor in DA2 OSNs and stimulating 

with its corresponding ligand did modulate and override innate attraction behavior. Though 

this is an experiment conducted using a labeled line channel, it is likely that other PNs are 

similarly determined in their output, since it has been shown that ePN arborizations are 

spatially restricted and stereotyped within the lateral horn (LH), a center for processing of 

odor information relevant for innate olfactory behavior (Jefferis et al., 2007; Marin et al., 

2002; Wong et al., 2002). 



A main question arising from Chapter II is how reasonable it is to extract odor valence 

information already past the first synapse of the sensory system. Given that the olfactory 

circuit is organized in an extremely flat fashion and that lateral processing within the primary 

olfactory center already conducts manifold lateral processing mechanisms, it seems 

reasonable (Masse et al., 2009; Vosshall and Stocker, 2007; Wilson and Mainen, 2006). 

Furthermore, manipulating neurons in secondary olfactory centers already severely disturbed 

odor-guided behavior (Heimbeck et al., 2001; Séjourné et al., 2011; Wang et al., 2003b). An 

impressive example of the narrow connectivity within the olfactory system evoking an innate 

behavioral response was found for the pheromone pathway: only two synapses separate the 

output of ePNs from the ventral nerve cord (Ruta et al., 2010). Nevertheless, since the 

pheromone circuitry likely constitutes a labeled line, it remains to be shown if comparable 

pathways are employed to process general odors that are encoded in a combinatorial fashion. 

These results together with our results of an early separation of odor representation according 

to valence at the ePN level indicate that much intrinsic processing is performed at lateral 

levels within the AL, as particularly well shown for LNs (summarized by Wilson, 2011), to 

generate the detected valence separation at the ePN level. 

Notably, ePNs innervate the entire AL and do not exclusively innervate the detected aversion- 

and attraction-specific glomeruli (Lai et al., 2008; Stocker et al., 1990). Selective expression 

of TTX14 in the same neurons severely impaired odor detection, indicating that ePNs also fill 

a more general role in the olfactory system (Heimbeck et al., 2001). Thus, the entire ePN 

population maintains the capacity of the combinatorial AL activity code to encode odor 

identity (Sachse and Galizia, 2006). 

The evoked combinatorial activity pattern by monomolecular odors (Chapter II) displays the 

general rule for odor representations in the AL (Silbering and Galizia, 2007; Silbering et al., 

2008; Wang et al., 2003a). Combinatorial coding increases the coding capacity of the 70 

receptor channels towards an enormous amount of chemically different volatiles. In Chapter 

IV, we showed that the exclusive activity of OSNs evoked by geosmin within the DA2 

glomerulus is retained within a restricted ePN-activity in the DA2. This one-to-one 

connection between OR, OSN type and PN type is a very rare phenomenon, but evolutionarily 

a beneficial coding strategy for odors with an exceptionally important and constant relevance 

for the animals, since it evokes almost stereotypic behavioral responses. Restrictive activation 

of an exclusive channel is a necessary premise to constitute a labeled line circuitry (Sachse 

Tetanus toxin prevents synaptic transmission via cleavage of the synaptic vesicle protein synaptobrevin (Sweeney et al., 
1995)



and Galizia, 2006; Wilson and Mainen, 2006). Our results indicate that this condition is 

indeed also fulfilled by ePNs, which suggests that no considerable lateral processing of 

peripheral information is performed, which in turn qualifies the aversive geosmin pathway to 

function as a dedicated channel segregated from the typical combinatorial strategy of the 

olfactory network. Within the particular ‘geosmin channel’ the information about the innate 

negative valence of that odor is determined from the periphery to the higher brain. 

Altogether, Chapter II and IV revealed that the global ePN population indeed can 

‘discriminate’ between odor valences, based on a spatially segregated representation of active 

glomeruli within the AL. It can also carry information in labeled lines. 

 

iPNs decode positive odor valence and odor-intensity 

In Chapter V we examined a second PN population, namely iPNs, which received only minor 

attention so far, due to the numerical dominance of ePNs. This oligoglomerular, inhibitory 

type of PNs constitutes a parallel processing pathway to ePNs by selectively innervating 

glomerular subsets in the AL and targeting the LH exclusively, thereby bypassing the center 

for olfactory learning, the MBc. We could show that iPNs receive cholinergic input in the AL 

and indeed release GABA in the LH exclusively. Moreover, the population can be split 

morphologically and functionally into two groups conveying distinct olfactory information to 

two functional LH domains. These features are spatially separated and integrated by iPNs into 

LH areas. Silencing GABA production in iPNs reduced odor attraction and disturbed odor 

discrimination in flies (Figure 4D). Thus, the iPN channel decodes positive valence 

information as well as odor intensity information in the fly brain. 

Separate processing pathways are widely used by sensory systems to encode and possibly 

decode different features of stimuli. A prominent example is the visual system, which conveys 

features like form, color and motion via separate processing channels (Sanes and Zipursky, 

2010). We did show that in Drosophila melanogaster both PN populations extract valence 

information from the AL and that a separate part of the iPN population extracts odor intensity 

information from the AL. Moreover, we found that OSN responses did not yield a ‘code’ for 

odor valence. This suggests that the lateral processing steps conducted in the AL modulate 

olfactory information to facilitate extraction of different aspects of individual odors or an 

entire olfactory space (Wilson et al., 2004). 

The fact that iPN activity decodes odor-intensity information (as shown in functional 

recordings of the LH and validated in behavioral experiments) can likely be attributed to the 



oligoglomerular innervation patterns of iPNs in the AL. These allow extraction of information 

from several glomeruli simultaneously and thereby provide a measurement of a continuous 

feature like concentration. Indeed, in the locust it has been shown that odor identity and 

intensity are coded in form of oscillation- and phase-specific features (Stopfer et al., 2003). 

Unfortunately, we could not analyze if temporal aspects play a role within the iPN population 

due to the difficult accessibility of iPN somata that are located ventrally to the AL. In 

addition, these somata have a very small diameter, which was not sufficient to place a patch 

clamp electrode. However, since PNs in locust are in general multiglomerular and exclusively 

cholinergic, these are of a completely different nature than the iPNs investigated in our study 

(Homberg, 2002; Leitch and Laurent, 1996). Therefore this temporal coding strategy realized 

in locusts cannot directly be mirrored onto other insects. 

An intriguing question arising from this thesis is, why do distinct PN populations extract 

valence information in parallel? Would it not be sufficient for the network to extract identity 

via one olfactory pathway and other feature information as intensity and valence via a second 

pathway? 

As already described, for most animals the olfactory system is of pivotal importance and 

ensures animals to quickly react to dangerous or attractive stimuli. One strategy to achieve 

fast behavioral decisions is almost ‘static’15 labeled line coding. Entirely encoding odors 

using such a strategy is not possible for the olfactory system due to the limited number of 

receptors (Malnic et al., 1999). The combinatorial code should therefore allow decoding of 

innate behavioral responses over a wide range of other odors as well. Whereas the primary 

OSN code basically collects all raw information about the external olfactory space, which can 

be laterally modified to a significant extent in the AL, PNs have to extract accurate odor 

identity information and (innate) behaviorally relevant information of the same code. 

Since ePNs collect information from the entire repertoire of AL input, and iPNs innervate 

only parts of the AL, the ePN population is the only neuronal output population possessing 

the capacity to extract accurate identity information from the AL. Moreover, all ePNs initially 

innervate the MBc to contextualize experiences by MBc intrinsic processing (Caron et al., 

2013). The contextualization should essentially be accurately matched to an odor’s identity, 

since it would be especially disadvantageous to associate a ‘negative’ odor, e.g. deriving from 

poisonous food, with something attractive. Therefore, it can indeed be advantageous if 

information extracted from the glomerular code conveyed to the MBc already contains some 

15 ‚static‘ in terms being unprocessed 



valence information. The contextualization in the MBc might alter the innate percept of the 

odor contained in the spatial arrangement of ePNs and possibly shift the valence segregation, 

which we have detected in the AL (in an experience dependent manner). However, if an odor 

has not been experienced before, associations within the MBc are unlikely. Hence, odor 

information conveyed by ePNs has already been adjusted to a possible previous experience 

before it is integrated into the LH. 

On the other hand, information conveyed by iPNs is not altered or contextualized in the MBc 

since it is directly transferred to the LH. iPN information (Ca2+-responses in the LH) cannot 

specifically distinguish between opposing odor valences, it rather creates a shift towards a 

positive behavioral outcome. On average iPNs were less activated by odors with a negative 

behavioral output, whereas an additional LH domain comprised by neurons of the 

ventrolateral protocerebrum (vlPNs) was activated exclusively by ‘negative odors’. An 

example is the odor acetophenone, which activated iPNs at low concentrations resulting in a 

positive behavioral output, whereas it evoked additional activity in the negative vlPN domain 

at high concentration and then also caused a negative behavioral output. This exact balance 

between vlPN and iPN activity in the LH provides the neuronal substrate for a valence-

specific discriminative behavioral output. Hereby ePNs might contribute via activation of the 

vlPN domain, since microlesioning experiments revealed that iPNs do not inhibit vlPNs. One 

can speculate that iPN activity promotes a general ‘go-to’ signal which can be overridden by 

negative valence information transferred via ePNs which in turn activate vlPNs. This matches 

the behavioral results revealing an overall diminished attraction, since our manipulation did 

not affect vlPNs. In this scenario the negative valence information conveyed by ePNs is 

necessary to create appropriate behavioral outputs. Nevertheless, the LH is most likely 

targeted by more output neurons than recorded in our experiments, facilitating other output 

neurons of the LH to not show the same valence specificity as the vlPN domain or even a 

positive correlation (Tanaka et al., 2004). 

Overall, the integration of valence and intensity information conveyed by iPNs into the LH is 

clearly regionalized and presumably computed in this higher brain region by assimilating pre-

formatted odor information of ePNs to create a decisive percept of an odor ultimately 

provoking a specific behavioral response. Therefore parallel higher order pathways in 

Drosophila are necessary to create a flexible and accurate odor-guided behavioral output. 

In mammals mitral/tufted cells project from the olfactory bulb (OB) via the lateral olfactory 

tract exclusively to the cortex and terminate in distinct regions of the cortex (Kang et al., 



2011; Murthy, 2011). However, it remains to be shown that this spatial arrangement of 

projections serves as a distinct functional basis for decoding of odor features in mammals. In 

insects, segregated tracts projecting from the AL to higher brain centers have been detected in 

various species. Moreover, some insects, e.g. the honeybee, Apis mellifera, and the hawk 

moth, Manduca sexta, possess multiglomerular PNs in distinct tracts of which some have 

been shown to be GABAerg (Homberg et al., 1988; Hoskins et al., 1986; Kirschner et al., 

2006; Schäfer and Bicker, 1986). This suggests that the discovered parallel processing 

pathway might be a conserved strategy among insects and therefore constitutes a fundamental 

part of the olfactory circuitry. 

 

General Conclusion 

This thesis extends our current knowledge regarding odor coding in Drosophila by unraveling 

various strategies of the olfactory circuit to decode an enormously versatile olfactory world 

into an accurate perception of odors underlying innate odor-guided behavior. 

Here I provide evidence that the olfactory system has developed an efficient strategy 

consisting of an extremely flat but elegantly organized circuitry, which is optimized for 

extraction of relevant variables at any of the few processing levels. The peripheral machinery 

composed of comparatively few OSN types expressing different receptors mainly serves as a 

pure detection area encoding odors in a combinatorial manner. However, already at the first 

synapse between OSNs and PNs specific features of an odor stimulus as valence and intensity 

are extracted by the PNs that relay this information to higher processing centers. Since 

valence information is not contained within the activity pattern of primary neurons in the AL, 

I could show that lateral processing computes the OSN input towards a facilitated extraction 

of different odor features by PNs. Hereby excitatory PNs, which represent the majority of the 

AL output, possess the capacity to extract odor identity as well as positive and negative 

valence from the combinatorial activity code of OSNs. Specifically for inhibitory PNs I could 

show that they constitute a parallel processing stream to ePNs towards the higher brain and 

indeed perform a decoding of features from the AL into a particular percept underlying a 

traceable behavior. Moreover, I found evidence for a spatial partitioning of the LH according 

to distinct odor features. Since both PN types are reunited within the LH, valence and 

intensity-specific activity might be computed to configure a valence-specific discriminative 

behavioral output. 



Besides deciphering general rules of olfactory coding, this thesis elucidates two exceptional 

cases with evolutionarily highly conserved underlying principles. First, the olfactory mimicry 

of yeasty fermentation products performed in the drosophilid fly attracting plume of the 

deceptive Arum palaestiunum flower reveals that the detection machinery of the olfactory 

system can indeed be bamboozled by activation of a host of maybe unrelated attraction 

channels. Second, a labeled line circuit of fundamental significance for the animal’s survival 

could be discovered: the geosmin pathway is exclusively tuned to the repellent product of 

toxic microorganisms at all known processing levels and therefore displays an exception from 

the general combinatorial coding strategy. 

In conclusion, findings within my thesis reveal general rules for decoding odor features as 

innate valence and odor intensity as well as a specialized hard-wired mechanisms initiating 

innate behavior. I suggest that these mechanisms might be a general feature of olfactory 

systems also of other species ranging from invertebrates to mammals. 



SUMMARY 

The aim of this dissertation thesis is to unravel strategies of the olfactory system to encode 

olfactory stimuli and to decode relevant information into an innate behavioral output ensuring 

the animal’s survival and reproduction. To investigate olfactory functions the well-

investigated model system Drosophila melanogaster was employed. The analyses move along 

several processing stages from the periphery (the antennae), over the primary olfactory center 

(the antennal lobe), towards higher brain centers, using odors of particular ecological 

relevance and with known hedonic valence. An key-technique for the analyses was Ca2+-

imaging of distinct neuronal types contributing to the olfactory network, which is described in 

a book chapter and provides the methodological background for this thesis. 

Odor detection in the fly antennae is performed by several physiological types of sensory 

neurons, each expressing only one specific olfactory receptor of a limited receptor repertoire. 

To achieve detection of a very large number of volatiles, olfactory receptors have various 

affinities to different odorants and therefore encode the complete ecologically relevant 

olfactory space in a combinatorial manner. Sensory neurons send their axons to the antennal 

lobe and target functional and morphological subunits, termed glomeruli, depending on the 

receptor expressed. Therefore, the combinatorial coding that is mainly unorganized in the 

antenna, becomes spatially consolidated at this level in the brain and can be monitored as 

combinatorial glomerular activity patterns of sensory neuron axonal branches. In the antennal 

lobe, local interneurons can modulate this primary code by interconnecting glomeruli. The 

output neurons of the antennal lobe, projection neurons, receive a modified olfactory code, 

which they convey to two main higher brain regions of Drosophila. The mushroom body 

calyx is mainly involved in the formation of olfactory memories, whereas the lateral horn is 

thought to be responsible for innate behaviors, and has therefore been one major focus of this 

thesis. Projection neurons appear as two types: one type is uniglomerular, excitatory and 

innervates all antennal lobe glomeruli as well as both higher brain regions, while the other is 

oligoglomerular, inhibitory and targets the lateral horn exclusively. 

By correlating receptor-dependent neuronal activity in the antennae evoked by odors with 

specific innate valences, we could show that this peripheral olfactory level likely serves a pure 

function as detector. Nevertheless, the detector reveals similarities for odors with similar 

physicochemical structures. Based on this receptor-code the system is still not able to 

distinguish between attractive or repulsive odors. Similarly, we could show that also the 

highly arranged glomerular activity of sensory neurons in the antennal lobe is not useful to 



predict the pleasantness of an odor. However, already at the first synapse between sensory 

neurons and projection neurons, the latter extract specific features of an odor stimulus like 

valence and intensity. Therefore, the modification of the combinatorial code by modulatory 

interneurons transforms the primary odor code towards a code containing information about 

the hedonic valence of odors. Since excitatory projection neurons are dedicated to single 

glomeruli, they possess the capacity to extract odor identity and hedonic valence from the 

combinatorial code in the antennal lobe. Moreover we could show that inhibitory projection 

neurons constitute a segregated parallel processing stream to the higher brain and indeed 

perform a decoding of odor features from the antennal lobe into a particular percept 

underlying a traceable behavior. Since the lateral horn is innervated by all projection neurons, 

these processing streams are reunited in this area and valence and intensity-specific 

information can be computed to configure the ultimate behavioral output. 

Besides deciphering general rules of olfactory coding, this thesis elucidates two exceptional 

cases with evolutionarily highly conserved underlying principles. First, an olfactory mimicry 

of yeasty fermentation products performed by the deceptive Arum palaestinum flower reveals 

that the detection machinery of the olfactory system of drosophilid flies can indeed be 

corrupted to do the flower’s bidding. Second, a labeled line circuit of fundamental 

significance for the animal’s survival could be discovered: the geosmin pathway is 

exclusively tuned to the repellent product of toxic microorganisms at all investigated 

processing levels and therefore displays an exception from the general combinatorial coding 

strategy. 

In conclusion, findings within my thesis reveal general rules for decoding odor features as 

innate valence and odor intensity as well as a specialized hard-wired mechanism initiating 

innate behavior. I suggest that these mechanisms might be a general feature of olfactory 

systems also in other species ranging from invertebrates to mammals. 

 



ZUSAMMENFASSUNG 

Das Ziel dieser Dissertation ist es Strategien des olfaktorischen Systems aufzudecken, 

olfaktorische Stimuli (Düfte) im Nervengewebe zu kodieren und aus diesem Kode 

Informationen zu extrahieren, die lebensnotwendigen Verhaltensweisen zugrunde liegen. 

Zur Untersuchung dieses Sinnessystems wurde der gut untersuchte Modelorganismus 

Drosophila melanogaster vewendet. Hieran wurden Erhebungen entlang mehrerer 

Verarbeitungsebenen von der Peripherie, der Antenne, über das erste olfaktorische 

Hirnzentrum, dem Antennallobus (AL), bis hin zu höheren Hirnzentren durchgeführt, und 

Düfte mit besonderer ökologischer Relevanz verwendet, deren hedonische Bedeutung (d.h. 

eine subjektive Bewertung, die eher positiv oder negativ sein kann) bekannt war bzw. im 

Laufe der Studien ermittelt wurde. Eine der im speziellen verwendeten Schlüsseltechniken 

war das ‚Calcium-imaging‘, ein bildgebendes Verfahren zur Untersuchung der Aktivität 

spezifischer Neuronengruppen des olfaktorischen Systems. Diese Technik wird in einem 

Buchkapitel, das Bestandteil der vorliegenden Arbeit ist, beschrieben und liefert 

methodologisches Hintergrundwissen dieser Arbeit. 

Die Detektion von Düften findet auf der Antenne statt und wird durch verschiedene 

olfaktorische sensorische Neuronen (OSNs) umgesetzt, die jeweils nur einen spezifischen 

Duftrezeptor aus einem beschränkten Rezeptorrepertoire herstellen. Da mit dieser begrenzen 

Zahl an Rezeptoren eine enorme Menge unterschiedlicher Düfte erfasst werden muss, haben 

die Rezeptoren eine variable Affinität für verschiedene Düfte, was eine kombinatorische 

Kodierung des olfaktorischen Raumes (die Gesamtheit aller volatilen Moleküle im Raum) zur 

Folge hat. 

Die OSNs senden ihre Axone zum primären olfaktorischen Gehirnzentrum, dem AL, und 

formen dessen funktionelle und morphologische Untereinheiten, genannt Glomeruli. Während 

der kombinatorische Kode auf der Antenne räumlich noch wenig geordnet ist, wird auf dieser 

Ebene dadurch eine starke räumliche Ordnung hergestellt. Mittels ‚Calcium-imaging‘ kann 

nun die kombinatorische Verschlüsselung als räumliches Aktivitätsmuster bildlich dargestellt 

werden. Glomeruli sind miteinander durch lokale Interneuronen verbunden, deren 

Aktivierung den primären olfaktorischen Kode moduliert. Dieser Kode wird durch die OSNs 

mit ihren spezifischen Rezeptoren erzeugt. Der modifizierte Kode wird von den OSNs auf 

Projektionsneuronen (PNs), die Ausgangsneuronen des AL, übertragen. Diese wiederum 

übermitteln die erworbenen Informationen an zwei höhere Hirnregionen, den Pilzkörper und 

das laterale Horn (LH). Im Pilzkörper wird das olfaktorische Gedächtnis gebildet, 



wohingegen das LH verantworlich für angeborene Vehaltensweisen ist. Das LH wurde 

deshalb besonders beachtet. Es gibt zwei Arten von PNs, exzitatorische, die den gesamten AL 

innervieren und in beide höheren Hirnzentren ziehen, und inhibitorische, die nur Teile des AL 

innervieren und ausschließlich zum LH projizieren. 

Durch das Verrechnen der rezeptorspezifischen elektrischen Aktivität der OSNs mit den 

hedonischen Valenzen von Düften konnte gezeigt werden, dass der periphere Bereich auf der 

Antenne ausschließlich zur Detektion der Düfte dient. Jedoch zeigt sich bereits in diesem 

Detektionsbereich, dass Düfte mit chemisch ähnlichen Eigenschaften als ähnlich 

wahrgenommen werden. Basierend auf diesem Rezeptor-Kode, lässt sich demnach eine 

Aussage darüber treffen, ob ein Duft als angenehm oder unangenehm wahrgenommen wird. 

Ähnliche Ergebnisse wurden im AL gefunden: Die räumlich geordnete Aktivität der OSNs im 

Gehirn lässt keine Voraussagen darüber zu, wie angenehm ein Duft für ein Tier ist. 

Jedoch fanden wir bereits an der ersten synaptischen Verschaltung ins Gehirn, also der 

Verbindung zwischen sensorischen Neuronen und PNs, dass letztere dort bestimmte 

Eigenschaften eines Duftes extrahieren, beispielsweise deren Valenz oder Konzentration. Dies 

bedeutet, dass die Modifizierungen des olfaktorischen Kodes im AL durch Interneuronen zu 

einer Umwandlung des Kodes geführt haben, in der Form, dass es an dieser Stelle möglich 

wird, Informationen über die Angenehmheit eines Duftes zu extrahieren. Da alle 

exzitatorischen PNs, wie auch die OSNs, spezifischen Glomeruli zugeordnet sind, haben sie 

(in ihrer Gesamtheit als Population) die Fähigkeit, neben der Valenz, auch die Identität der 

Düfte aus dem Kode abzugreifen. 

Weiterhin wurde in dieser Dissertation gezeigt, dass inhibitorische PNs einen von den 

exzitatorischen PNs räumlich und funktionell getrennten Verarbeitungskanal bilden. In 

diesem werden Dufteigenschaften aus dem AL entschlüsselt und in das LH integriert. Wir 

konnten zeigen, dass diese Integration der Informationen tatsächlich zu einer 

verhaltensauslösenden Wahrnehmung führt. Da das LH die Hirnregion ist, in die alle PNs 

terminieren (also auch die exzitatorischen), laufen dort demnach auch alle 

Verarbeitungskanäle zusammen. Es ist somit sehr wahrscheinlich, dass es zu einer 

Verrechnung der ankommenden, integrierten Informationen (Valenz, Identität und 

Konzentration) kommt, die zur einer ‚bewussten‘ Wahrnehmung führt und ultimativ ein 

spezifisches Verhalten konfiguriert. 

Neben der Aufdeckung grundlegender Regeln der olfaktorischen Kodierung, werden in dieser 

Arbeit auch zwei evolutionär hochkonservierte Ausnahmefälle aufgeklärt. Zum einen wird 



eine olfaktorische Mimikri von Hefegärungsprodukten aufgedeckt, die der Duft des 

betrügerischen Aronstabs „Arum palaestinum“ ausführt. Dies zeigt, dass das augeklügelte 

Detektionsystem der Fliege durchaus getäuscht werden kann. Zum anderen konnte eine 

sogenannte ‚labeled line’ -Kodierung, der eine grundlegende Bedeutung für das Überleben 

des Tieres beigemessen wird, nachgewiesen werden. Bei einer ‚labeled line’ bestimmt die 

Identität des Dufttes selbst direkt dessen Wahrnehmung, da die Information im Gehirn so gut 

wie gar nicht transformiert, sondern direkt zu den verhaltensbestimmenden 

Verarbeitungsebenen weitergeleitet wird. Demnach gibt es in diesem Fall keine 

kombinatorische Kodierung wie oben beschrieben. Der Duft, der über diesen Mechanismus 

kodiert wird, ist ein Produkt toxischer Bakterien: das Geosmin. Durch diese schnelle 

‚Verarbeitung’ wird sofort ein unbedingter Fluchtreflex ausgelöst, der die Tiere davor 

bewahrt verdorbene bzw. toxische Nahrung zu sich zu nehmen. 

Zusammengefassend lässt sich sagen, dass in dieser Arbeit wesentliche Regeln für die im 

Gehirn ablaufende Verschlüsselung und Entschlüsselung von Dufteigenschaften, wie z.B. 

Angenehmheit oder Duftkonzentration, sowie ein spezialisierter ‚fest verdrahteter‘ 

Mechanismus, aufgeklärt werden konnten, die zur Auslösung eines angeborenen Verhaltens 

führen. Dies führt mich zu der Annahme, dass diese Mechanismen eine generelle Eigenschaft 

olfaktorischer Systeme sowohl von wirbellosen Tieren als auch von Säugetieren sein können. 
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