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One of the central problems in neuroscience concerns the molecular basis of 

behavior.  Animals generate appropriate behavioral responses to environmental stimuli, 

which are mediated by primary sensory neurons of different modalities including sight, 

hearing, touch, taste, and smell. Olfaction serves a major role in conveying important 

information concerning a variety of behavioral determinants such as food sources, 

danger, and cues from other members of the same species.  Drosophila melanogaster 

provides a tractable model in which to study both the mechanisms of olfaction and 

subsequent behavioral outputs based on olfactory input. Additionally, basic knowledge 

pertaining to insect olfaction provides valuable insights into potential targets that may be 
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used to influence insect vectors of diseases (e.g., mosquitoes and malaria or dengue 

fever), or to improve agriculture by affecting pollination by foraging insects (e.g., 

honeybees).  My research has focused on the molecular mechanisms involved in 

detection of pheromones, naturally-occurring insect repellents, and food source-derived 

odorants by primary sensory neurons in Drosophila and the corresponding behaviors 

generated by these stimuli.  To date, the only known volatile pheromone in Drosophila is 

the male-specific hydrocarbon 11-cis-vaccenyl acetate (cVA). I took a genetic approach 

to study the role of cVA-induced neuronal activation, and found that activation of the at1 

neuronal circuit involved in cVA detection, using a dominant-active form of the odorant 

binding protein LUSH, is both necessary and sufficient to induce sexually dimorphic 

mating behavior in Drosophila.  In a separate study, I identified novel olfactory sensory 

neurons that detect the naturally-occurring insect repellent citronellal via a mechanism 

involving the ion channel TRPA1.  Finally, I characterized the first odorant receptor 

shown to be expressed in neurons of the intermediate class of olfactory sensilla, Or83c, 

and found that it was highly specific for a sesquiterpene found in citrus fruit peel, 

farnesol (FOH).  Furthermore, FOH detection by Or83c instructs oviposition preference 

in Drosophila via ai2a sensory neurons. These studies advance general knowledge of the 

architecture and complexity of the Drosophila olfactory system and provide insights into 

the molecular basis of behaviors in insects. 
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CHAPTER ONE 
Introduction & Literature Review 

 
 

DIVERSE SIGNALING MECHANISMS MEDIATE VOLATILE ODORANT DETECTION 

IN DROSOPHILA MELANOGASTER 
 
 

Introduction 

 

“Smell and its object are much less easy to determine than what we have hitherto 

discussed; the distinguishing characteristic of the object of smell is less obvious than 

those of sound or color. The ground of this is that our power of smell is less 

discriminating and in general inferior to that of many species of animals; men have a 

poor sense of smell…”[1]  

 

“For… all insects as a class, have… a keen olfactory sense of their proper food from a 

distance, even when they are very far away from it…”[2] 

 

- Aristotle, De Anima[1] and Sense and Sensibilia[2], c. 350 B.C. 

 

Aristotle appreciated over 2,000 years ago that insects possess an acute sense of smell.  

He noticed that animals generally possessed much greater olfactory powers than those of 

man, and that animals relied on olfaction much more than humans do.  The amazing 

reality behind this phenomenon, the detailed molecular mechanisms underlying odorant 

detection in insects, has remained a mystery throughout the centuries, until very recently.  
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Progress spearheaded by recent work in Drosophila is now being applied to other insects 

systems, including those that transmit human diseases or destroy agriculture.  These new 

studies culminate over 40 years of research to elucidate the olfactory mechanisms in 

Drosophila.  Genetic screens undertaken by several groups since the 1970’s recovered 

olfactory-defective mutants 1-8.  However, these genetic screens failed to uncover the 

basic molecular machinery underlying odorant signal transduction.  In the 1990's, 

molecular screens propelled by the identification of vertebrate G-protein-coupled odorant 

receptors9 were similarly unsuccessful.  In retrospect, one can understand why these 

screens missed the major olfactory signaling components.  There are multiple signaling 

mechanisms underlying olfaction in Drosophila, utilizing several receptor families.  

Furthermore, the receptors are highly divergent from the vertebrate counterparts, and 

often have overlapping odorant sensitivities.  Thus, it was not until the Drosophila 

genome sequence became available that these receptor families were finally discovered.  

Here, I will discuss the recent work that provided new insights into the four distinct 

signaling pathways that mediate detection of odorants in Drosophila. 
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Anatomy of the Drosophila Olfactory System 

 

As in other insects, volatile odorants are detected by specialized olfactory neurons 

located on the most distal segment of the antenna (the funiculus) and the maxillary palps 

(recently reviewed in 10-12).  Figure 1-1A shows a scanning electron micrograph of a fly, 

with the maxillary palps and antenna highlighted.  These structures are located at the 

most anterior end of the fly, allowing the animal to sample for odorants as it flies though 

the air.  The olfactory organs are covered with sensory hairs called sensilla that house the 

dendrites of the olfactory sensory neurons (OSNs) (Figure 1-1A & 1-1C).  The sensilla 

are hollow, cuticle-covered structures that are filled with potassium-rich sensillum lymph 

(Figure 1-1C).  The ionic composition of the lymph is similar to intracellular fluid, and 

odorant-induced currents in the olfactory neurons are carried by inward potassium and 

calcium fluxes across the membrane 13.  The sensillum lymph is produced by non-

neuronal support cells that also secrete a variety of proteins into this fluid, including 

members of the odorant binding protein (OBP) receptor family 14-19.  The protein 

composition is differentially regulated across sensilla, and lymph proteins can influence 

odorant detection upstream of the olfactory neurons.  

In Drosophila, the sensilla fall into four major classes based on their morphology 

(Figure 1-1B) 20-22.  Each class contains multiple subgroups that are distinguished by the 

sensitivity of their olfactory neurons to different odors.  The basiconic sensilla are club-

shaped with a thin cuticle shell and contain the dendrites of between two and four OSNs 

tuned to food odorants. Coeloconic sensilla are fin-shaped and are sensitive to organic 

acids, aldehydes and humidity levels 23,24.  The intermediate are longer and more pointed  
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Figure 1-1 │ Anatomy of the Drosophila Olfactory System. A, Scanning electron micrograph 
of a Drosophila head showing the major olfactory organs; the maxillary palps (M) and the third 
antennal segment, or funiculus (A).  B, Scanning electron micrograph of the surface of the 
funiculus. Note the three morphologically distinct sensilla classes, the basiconic (B), coeloconic 
(C), intermediate (I), and the trichoid sensilla (T). C, Cartoon of a cross-section of a single 
sensillum. The waxy cuticle protects the delicate dendrites of the olfactory sensory neurons (OSN) 
and has pores that allow passage of odorant molecules into the sensillum lymph.  The lymph is 
produced by the non-neuronal support cells that secrete ions (potassium, calcium), water and 
OBPs (red circles) into this space. A fine glass electrode can be inserted into individual sensilla 
and the activity of the olfactory neurons can be measured using single sensillum 
electrophysiological recording (SSR). D, Drosophila olfactory neurons expressing the same 
odorant receptor (color-coded) innervate the same glomerulus (color-coded targets) in the antennal 
lobe in the central nervous system.  (Modified from Ronderos & Smith, Fly, 2009) 25.   
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sensilla housing either two or three OSNs, and the ligand specificity for these sensilla  is 

unknown 22.  The trichoid sensilla are long and needle-shaped and thick-walled, and 

contain the dendrites of 1-3 olfactory neurons tuned to pheromones (see below). 

 Individual olfactory neurons are tuned to subsets of odorants.  The odorant 

sensitivity of the olfactory neurons is measured with an extracellular recording technique 

called single-sensillum recording (SSR) 24,26,27.  Sharp glass electrodes filled with 

artificial sensillum lymph are used to impale a single sensillum so the electrode is 

exposed to the lymph (Figure 1-1C) 24.  A ground electrode is placed in the head, and the 

olfactory neuron signals are passed through a high impedance amplifier that allows 

individual action potentials from olfactory sensory neurons to be identified.  Application 

of odorants can increase the action potential frequency in olfactory neurons, or in many 

cases, reduce the basal action potential rate 28-30.  Thus odorants can act as agonists or 

antagonists.  The SSR approach allows odorants to be applied in a physiological manner 

that closely resembles the way odorants are naturally encountered.  Using this approach, 

John Carlson and colleagues were able to identify 3 different classes of basiconic sensilla 

on the maxillary palps, each housing 2 OSNs tuned to various food odorants 31.  Later 

work identified 8 different classes of basiconic sensilla on the antenna, and this list has 

since expanded to 12 classes of basiconics (see Table 1-1) 28,30,32-34.  Interestingly, they 

noticed that there is stereotyped pairing of neurons with particular sensitivities within 

sensilla.  For example, there are approximately 50 ab1 sensilla on each antenna, and they 

always contain 4 neurons, ab1a-d.  Neurons a-d can be differentiated by SSR based on 

the relative amplitude of their action potentials and their sensitivity to odorants.  ab1c is 

always a CO2-sensitive neuron, while ab1a is tuned to ethyl acetate, ab1b is tuned to 2,3- 
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Table 1-1 │ Functional Organization of the Drosophila Olfactory System.  *Expressed in 
~70% of ac3a neurons.  **Co-expression of these two ORs in ab6a neurons has been suggested 
but is yet to be confirmed. (Modified from Ronderos & Smith, Fly, 2009) 25. 
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butanedione, and ab1d is sensitive to methyl salicylate 28.  The same set of neurons can be 

found in all ab1 sensilla.  It is unclear if this association is a function of the 

developmental program that assigns odorant receptors to these olfactory neurons or if 

there is a functional reason for grouping these neurons together within the same 

sensillum.  What is the molecular basis for the odorant tuning of these basiconic neurons? 

 

 

Members of the Odorant Receptor (OR) Family Mediate Olfactory Detection of 

Most Food Odorants 

 
Two families of putative seven-transmembrane chemoreceptors, each with approximately 

60 members, were discovered in the Drosophila genome project more than a decade ago 

35-38.  However, only recently have we learned how they signal.  Odorant receptor (OR) 

family members are expressed in both the olfactory organs of the adult and larvae 35-38.  A 

related gene family, the gustatory receptor (GR) family, is expressed primarily in the 

taste organs, consistent with a role in taste 36,39.  Double in-situ hybridization analysis 

with antisense probes corresponding to different OR family members revealed some 

receptor pairs were always expressed in adjacent neurons, suggesting they may be located 

in neurons grouped within the same sensillum 33.  Does expression of OR genes correlate 

with the odorant sensitivity of the olfactory neurons, and how can we match receptors to 

odorant sensitivity of the various classes of olfactory neurons?  

In order to correlate specific OR gene expression with specific neuron classes, 

the Carlson group devised the ‘empty neuron’ preparation 30.  In this system, flies are 
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generated in which Or22a, the receptor normally expressed in the ab3a neuron, is deleted 

and a transgenic odorant receptor is mis-expressed in ab3a by driving its expression with 

the Or22a promoter.  This approach essentially replaces the Or22a receptor with the mis-

expressed receptor in these neurons.  Using SSR, the chemical response profile for the 

mis-expressed receptors can be determined by measuring responses to a large odorant 

panel 29,30.  As expected, the chemical response profile for specific receptors expressed in 

the empty neuron system correlated beautifully with the classes of basiconic neurons 

characterized by SSR recordings from wild type flies.  This work allowed specific 

receptors to be assigned to specific functional olfactory neuron classes (Table 1-1).  

Furthermore, by driving expression of membrane-bound GFP with olfactory receptor 

promoters, the glomeruli targeted by axons of neurons expressing specific receptors were 

mapped 33,40.  These studies revealed that, as in vertebrates, the olfactory neurons 

expressing the same receptor project their axons to the same glomerulus in the antennal 

lobe (the equivalent of the vertebrate olfactory bulb) (Figure 1-1D).  By analyzing the 

complete odorant receptor family in this manner, a map of the Drosophila olfactory 

system was constructed (Table 1-1).  This map established the chemical specificity of 

individual glomeruli in the antennal lobe and of the projection neurons that relay 

glomerular activity to the higher olfactory processing centers.  The combination of 

detailed functional and anatomic characterization of nearly all the olfactory neuron 

classes makes the Drosophila olfactory system one of the best-understood systems in any 

animal.  Table 1-1 shows the correlation of sensillum classes, odorant receptors, and the 

glomeruli innervated by the neurons expressing specific receptors.  
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 The Drosophila OR family comprises 60 genes encoding proteins with 7 putative 

transmembrane domains, and constitutes the major functional class of odorant receptors 

in the fly, but these proteins have no sequence homology with odorant receptors from 

vertebrates 35,37,38.  Most researchers took for granted these receptors would be G-protein-

coupled receptors that trigger increases in second messenger systems that ultimately open 

ion channels.  Indeed, there is considerable literature supporting a role for second 

messengers in Drosophila olfaction 41-45. This assumption was challenged when the insect 

receptors were predicted to have reversed membrane topology compared to canonical G-

protein-coupled receptors 46,47.  Classical G-protein-coupled seven-transmembrane 

receptors have their C-terminus on the inside and N-terminus on the outside of the cell.  

The fly OR proteins are predicted to be reversed, with their C-terminus on the outside of 

the cell 47,48.  The reversed orientation was confirmed for several OR members in a series 

of clever experiments in which LacZ was fused to various loops of the receptors and 

these constructs were expressed in heterologous cells 47.  β-galactosidase is not functional 

when threaded across a membrane, so by fusing LacZ in different loops they were able to 

define the topology of these receptors 47.  Similarly, the Carlson group introduced 

glycosylation sites in different receptor loops and produced a similar topological profile 

48.  Therefore, while canonical G-protein-coupled receptors like rhodopsin and the 

vertebrate odorant receptors are oriented with their C-terminus on the inside, the fly ORs 

are reversed with their C-terminal located outside the cell membrane.  How do these 

reversed receptors signal?  Do they use G-proteins?  The surprising answer turned out to 

be that insect ORs are ligand-gated ion channels that heterodimerize with an ion channel 

encoded by orco (formerly known as ‘Or83b’). 
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 While most of the OR members are expressed in a small subset of olfactory 

neurons, Orco is broadly expressed in approximately 70-80% of all olfactory neurons 

35,40,49.  Orco itself is not an odorant receptor, as it is incapable of conferring odorant 

sensitivity in the absence of a ‘tuning’ OR member, but instead appears to be an ion 

channel.  Orco directly interacts with members of the OR family, and is required for 

trafficking the ‘tuning’ receptors to the dendrites 47,49.  However, when co-expressed with 

a tuning OR member, Orco also forms odorant-gated ion channels (Figure 1-2A) 44,50.  

Consistent with its important role in olfaction, mutants lacking Orco are defective for 

reception of most odorants 49.  This signaling mechanisms used by the OR family appears 

to be conserved across insects as highly conserved homologs of Orco have been 

identified in all insect species examined so far 51-53, and Orco homologs from other 

insects can substitute for the Drosophila Orco in vivo 54. 

 In addition to acting as an ion channel activated by odorants, Orco may also have 

a second, more controversial mechanism of signaling via cyclic nucleotide second 

messengers.  Cyclic nucleotides have been implicated in Drosophila olfaction and 

olfactory-related behavior 41,42.  Wicher et al. showed that when expressed alone in tissue 

culture, Orco forms an ion channel that is gated by cyclic nucleotides.  Adding a tuning 

OR results in a slower odorant-dependent cyclic nucleotide-mediated current that is 

dependent on Orco but is blocked with GDPβS, suggesting the involvement of a G-

protein 44. Do cyclic nucleotide second messengers participate in odorant detection?  The 

answer is maybe.  Similar studies by Touhara and Vosshall also observed the odorant-

dependent OR/Orco ion channel activity, but they detected no role for cyclic nucleotide 

second messengers 50.  Pharmacological inhibitor studies also appear to be 
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Figure 1-2 │ Odorants are Detected Through Diverse Signaling Mechanisms in Drosophila.  
A, A ‘tuning’ OR (that confers odorant specificity to the neuron) forms a heterodimer with the ion 
channel Orco (formerly ‘Or83b’).  Food odorants (shown as the ball and stick structure) interact 
with the ‘tuning’ OR, which in turn activates the Orco ion channel.  Orco conducts potassium and 
calcium ions into the olfactory neurons, resulting in depolarization and initiation of action 
potentials.  Thus, the OR/Orco heterodimers are ligand-gated ion channels.  Odorant binding to the 
OR may also trigger activation of Orco via a second messenger, wherein a G protein (in red) 
stimulates adenylyl cyclase (AC) to produce cAMP, which in turn activates Orco.  B, CO2 
detection is mediated by a heterodimer of gustatory receptors (GRs) Gr21a and Gr63a; taste 
receptors expressed in ac1c basiconic OSNs of the antenna.  C, Variant ionotropic glutamate 
receptors (IRs), mediate odorant detection in coeloconic sensilla.  The extracellular ligand-binding 
domains of IRs (tethered triangles) likely recognize odorants and activate the channels, which are 
likely to be heteromultimers.  D, Detection of cVA pheromone (yellow discs) is mediated by the 
extracellular receptor LUSH (blue discs).  cVA binds LUSH, inducing a conformational shift in 
LUSH (shown as the LUSH dimer with cVA bound).  Activated LUSH binds the neuronal 
receptor complex consisting of SNMP/Or67d/Orco, thereby activating the ion channel Orco.  
SNMP may function as an inhibitory subunit of Or67d/Orco in the absence of activated LUSH. 
Upon LUSH/cVA binding, SNMP releases inhibition on the receptor complex and also aids in 
further activation of Or67d/Orco. (Modified from Ronderos & Smith, Fly, 2009) 25 
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inconsistent with a direct role for second messengers in Drosophila olfaction 55.  

However, several groups have reported that expression of ORs in tissue culture in the 

absence of Orco can confer specific odorant sensitivity 56-58, suggesting an alternate, 

Orco-independent signaling pathway (Figure 1-2A).  Further studies will be required to 

establish what role, if any, second messengers play within Drosophila olfactory neurons.  

Why is this odorant signaling mechanism so different from the classical second 

messenger pathways used by vertebrates?  The likely answer is speed.  A ligand-gated 

ion channel can respond to a change in odorant concentration faster than a second 

messenger system, which requires multiple biochemical steps.  This may be important in 

an animal sampling large volumes of air while flying.  The question also arises: where 

did these reversed receptors come from?  They may have evolved from an aberrantly 

processed classical receptor or perhaps from an ion channel.  Comparing receptor 

phylogenetic trees in different insect species reveals that the OR family evolves very 

rapidly, with large, species specific expansions and contractions presumably to support 

the niche lifestyle of the particular insect 59.  As additional invertebrate genomes are 

sequenced, new insights into the origin of this interesting gene family may come to light.  

Is there a practical application to this knowledge?  Since Orco channels are 

conserved in other insects, it may be possible to find an inhibitor of Orco channel 

activity.  If a cheap, safe, high affinity Orco channel-blocker or activator can be 

identified, a novel class of highly effective insect repellents might result.  
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CO2 Detection By Gustatory Receptors (GRs) 

 

While most odorants are detected through OR members, CO2 is a notable exception.  This 

gas is detected by Gustatory Receptors (GRs) expressed in an olfactory neuron in the 

antenna (Figure 1-2B). Thus, our second signaling mechanism in Drosophila olfaction is 

the detection of CO2 by a heterodimer composed of taste receptors.   

 CO2 acts as an alarm pheromone to mediate avoidance behaviors in Drosophila 

60.  CO2 is a major component of Drosophila stress odorant, which is produced by flies 

that are subjected to electric shock or vigorous shaking 60.  If flies stressed in this manner 

are removed from the chamber and naive flies are given the option of place preference, 

they consistently avoid the chamber where stressed flies have been.  CO2 alone is 

sufficient to elicit a strong, innate avoidance behavior in naive flies, and disruption of the 

olfactory neuron associated with CO2 detection, ab1c, abolishes this avoidance behavior 

60.     

 ab1c is the only class of olfactory neuron that is responsive to CO2 
28.  ab1c has a 

spontaneous firing rate of approximately 15 action potentials per second that increases to 

over 200 spikes per second when stimulated with 5% CO2 
28.  In Drosophila, the dynamic 

range of sensitivity of ab1c neurons allows them to easily detect CO2 concentrations of 

less than 1% 56,60. 

 What are the molecular mechanisms underlying CO2 detection?  The first hint 

that CO2 detection was distinct from that of other odorants was the finding that CO2 

responses were completely spared in orco mutants 49.  It turns out that CO2 is detected by 

a heterodimer between taste receptors Gr21a and Gr63a (Figure 1-2B).  Co-expression of 
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Gr21a and Gr63a in the empty neuron system confers robust CO2 sensitivity to these 

neurons, and both GRs are necessary for CO2 sensitivity 61,62.  Do the two taste receptors 

form a CO2-gated ion channel, or do they activate intracellular signaling pathways in a 

ligand-dependent manner?  Future work will be required to answer this question.  

Is there a practical application to this finding?  Mosquitoes use CO2 to identify 

and locate vertebrate hosts including humans 63,64 and these pests transmit a number of 

devastating human diseases, most significantly, malaria.  For this reason, the mechanism 

of CO2 detection in insects is of particular interest to researchers who seek to understand 

how CO2 detection works in order disrupt this process.  Interestingly, in the mosquito 

there are three GR members co-expressed in the CO2 sensitive neurons 56.  Two of these 

receptors share high sequence similarity with the Drosophila Gr21a and Gr63a taste 

receptors, while the third receptor is less conserved.  It will be interesting to establish 

how these three GRs function together to confer CO2 sensitivity.  Perhaps different 

combinations of receptor subunits can yield different CO2 sensitivities, expanding the 

dynamic range of CO2 concentration over which the mosquito neurons can function.  As 

specific inhibitors for Orco might be useful insect repellents, the identification of the 

receptors for CO2 detection may lead to new repellents specific for mosquitoes.  If CO2 

receptors are also ligand-gated ion channels, then it should be possible to undertake high 

throughput screens using transgenic flies or heterologous cells expressing the mosquito 

GR subunits in order to identify small molecule inhibitors that block CO2-induced 

currents.  CO2 receptor antagonists could have a significant impact on the spread of 

mosquito-borne infectious diseases worldwide. 
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A Divergent Family of Ionotropic Glutamate Receptors (IRs) Detect Odorants 

 

Approximately 20% of adult Drosophila olfactory neurons do not express ORs or Orco.  

Some correspond to the ab1c class of CO2-sensitive neurons, but most of the other 

neurons lacking Orco have dendrites located in the coeloconic sensilla.  Coeloconic 

sensilla are smaller in size than basiconic and trichoid sensilla, and house either 2 or 3 

olfactory neurons 22.  Coeloconic olfactory neurons are sensitive to a variety of odorants 

including amines, acids, aldehydes, and humidity 23,24.  There is a single tuning OR 

expressed in the ac3b subset of coeloconic neurons, Or35a 23,33.  The coeloconic neurons 

expressing Or35a also co-express Orco.  What are the odorant receptors in the other 

coeloconic neurons? 

 A family of genes related to ionotropic glutamate receptors was discovered using 

bioinformatics 65.  Recent work indicates some of these receptors function as odorant 

receptors 66.  The ionotropic receptor family (IRs) have low to moderate homology with 

classical ionotropic glutamate receptors including AMPA, kainate, and NMDA receptors 

66.  A more extensive search of the genome sequence revealed a total of 61 IR genes that 

are most divergent in their ligand binding domains, and most conserved in their 

conductance pore region 66.  15 of these IRs are expressed in antenna. Are these receptors 

expressed in coeloconic neurons? 

 There are four classes of coeloconic sensilla, ac1-ac4 defined by odorant 

responses using SSR (Table 1-1) 23.  ac1 has three olfactory neurons, including one that 

is activated by ammonia, and one that is responsive to humidity 23,66.  ac2 has three 

neurons including one that is sensitive to humidity, and another tuned to 1,4-
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diaminobutane.  ac3 has only 2 neurons, one of which expresses Or35a and Orco and is 

responsive to hexanol among many other odorants, while the other neuron is activated by 

acids 23,66.  ac4 has three neurons, one of which is sensitive to phenylacetaldehyde 23,66. 

 The expression of the 15 IRs revealed that 9 are expressed in coeloconic neurons.  

Most of the coeloconic neurons express multiple IR genes.  This is not surprising since 

the classical ionotropic glutamate receptors are known to heteromultimerize and function 

as tetramers.  Utilizing different subunits modulates the ligand and/or ionic permeability 

properties of the classical iGluR channels 67.  In the antenna Ir8a and Ir25a are broadly 

expressed in most or all coeloconic neurons and may function as common receptor 

subunits 66.  Are any of the other receptors involved in tuning neurons to specific 

odorants?  For at least two receptors, the answer is yes. 

 Benton et al. searched first for the phenylacetaldehyde-tuning factor expressed by 

ac4 neurons.  Ir84a and Ir76a are uniquely expressed in ac4 neurons, and thus were 

considered candidates for the phenylacetaldehyde receptor.  Each IR was mis-expressed 

in an ac3 neuron by driving expression with the promoter for Or35a.  These ac3 neurons 

are normally insensitive to phenylacetaldehyde, but when Ir84a was mis-expressed, they 

responded strongly to phenylacetaldehyde.  Thus, Ir84a is a component of the receptor 

for phenylacetaldehyde.  Next, they looked for the ammonia receptor expressed by ac1 

neurons.  These neurons uniquely express Ir31a and Ir92a, which are thus good 

candidates for the ammonia receptor.  Unfortunately, the ac3 neurons expressing Or35a 

are also weakly responsive to ammonia.  Therefore, a different mis-expression system 

was required.  ac4 neurons are not sensitive to ammonia, so Ir31a and Ir92a were mis-

expressed in an ac4 neuron using the Ir76a promoter.  Mis-expression of Ir92a was 
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sufficient to confer ammonia sensitivity to the ac4 neuron, albeit at a reduced sensitivity.  

Thus, there may be other factors important for ammonia responses present in ac1 neurons 

that are lacking in ac3 neurons.  Nevertheless, these findings convincingly demonstrate 

that expression of specific IR subunits can confer novel odorant sensitivity to olfactory 

neurons (Figure 1-2C).  

 A number of questions remain about these receptors.  Where are the other 46 

members expressed?  Are they also chemoreceptors?  One possibility is that these other 

receptors function as chemoreceptors in larval life stages.  If so, then we may have to re-

examine studies in which larvae thought to express single functional OR genes responded 

to odorants surprisingly well 68-70.  It may be that some of the IRs are contributing to the 

olfactory behavior in these animals.  It will also be interesting to see whether IRs also 

mediate sensitivity to humidity. 

 Do these 'tuning' IRs also correlate with axon targeting in the antenna lobe?  It 

was previously shown that coeloconic OSNs target the antennal lobe 33.  Benton et al., 

using the Ir76a promoter to mis-express GFP, showed that all the ac4 neurons expressing 

this subunit project axons to a single glomerulus 66.  Thus, similar to OR-expressing 

olfactory sensory neurons, in which neurons expressing the same OR all converge onto a 

single glomerulus, coeloconic neurons expressing the same 'tuning’ IR appear to do the 

same.  Together, these findings support the notion that a subset of a divergent family of 

ionotropic glutamate receptors mediate a subset of odorant responses in Drosophila, and 

represent the third mechanism for odorant detection. 
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cVA Pheromone Detection by the Extracellular Pheromone Receptor LUSH 

  

Pheromones are molecules produced and released by animals that elicit behavioral and/or 

endocrine changes in members of the same species 71.  Volatile pheromones can be 

considered odorants with exceptional biological information content.  Most animal 

species release pheromones for social and sexual cues, triggering hardwired behaviors in 

others.  New insight into volatile pheromone detection was obtained in Drosophila, 

where a member of the extracellular odorant binding protein family was shown to 

function as an extracellular receptor for pheromone. 

 The best-studied volatile pheromone in Drosophila is the male-produced lipid 

pheromone 11-cis-vaccenyl acetate (cVA).  cVA is a secreted pheromone found on the 

cuticle and in the ejaculatory bulb of males 72.  Recent studies using extremely sensitive 

methods indicate that females may produce minute amounts of this chemical as well 73.  

cVA acts as an aggregation pheromone for males and females 74,75, and as an anti-

aphrodisiac for males, inhibiting courtship of other adult males, and perhaps of recently 

mated females, who acquire cVA from the male during mating 73,76-78.  The ability of 

females to detect the cVA of courting males also appears to enhance courtship behavior 

79.  Indeed, cVA is detected equally well in males and females by olfactory neurons 

located in the at1 sensilla of the antenna, as demonstrated by SSR 74.  Interestingly, there 

is sexually dimorphic processing of this information in higher circuits in the cVA 

detection pathway 80.  cVA appears to act over approximately 1 cm in single fly 

interactions, but may operate over larger distances for aggregation behavior 75.  
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Detection of cVA requires the extracellular odorant binding protein LUSH, 

which is secreted into the trichoid sensillum lymph by non-neuronal support cells 19,74.  

cVA binds to LUSH, triggering a conformational change in the protein that is recognized 

by receptors on the dendrites of the at1 neurons that in turn, trigger action potentials81.  

These findings suggest that activated LUSH is the actual ligand for the at1 neurons, and 

cVA is the trigger for activating LUSH.  This was convincingly demonstrated when a 

point mutation in LUSH, LUSHD118A, induced the activated conformation in LUSH in the 

absence of pheromone.  LUSHD118A was shown to be a potent and specific agonist for at1 

neurons in the complete absence of cVA 81.  How does activated LUSH trigger at1 

neuron action potentials?  The receptor for activated LUSH is composed of at least three 

subunits, the OR family member Or67d, the ion channel Orco, and a CD36 homolog 

called SNMP (Figure 1-2D). 

Or67d is expressed exclusively in at1 neurons and mediates cVA sensitivity 79,82.  

Mutants lacking at1 sensilla were recovered in a genetic screen and these mutants 

specifically lack Or67d receptor expression 82.  Or67d mutants were also analyzed in a 

targeted gene disruption approach 79.  Does Or67d mediate cVA responses? When Or67d 

was mis-expressed in trichoid neurons normally insensitive to cVA, these neurons 

showed robust responses to cVA 82.  Thus, Or67d was necessary and sufficient to confer 

cVA responses on other trichoid neurons.  Is this sensitivity dependent on LUSH?  When 

Or67d was mis-expressed in lush mutants, cVA responses were lost 82.  Therefore, both 

LUSH and Or67d are needed for cVA responses.  These findings were extended by the 

behavior analysis of Or67d knock-out animals 79.  Or67d mutants demonstrated increased 

male-male courtship and impaired female receptivity to courtship, consistent with loss of 
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cVA detection 79.  Do Or67d, Orco and LUSH form the complete cVA receptor system?  

The answer is clearly no.  When LUSH and Or67d are expressed in the ‘empty neuron’ 

system 30, very little response is produced by even the highest levels of cVA 81.  This 

indicates there must be additional factors required for cVA detection that are missing in 

ab3a basiconic neurons.  What are they? 

One of these factors is SNMP.  SNMP is a homolog of CD36, a scavenger 

receptor that mediates uptake of lipoprotein complexes in humans.  LDL uptake by 

macrophages is mediated by CD36 83.  Drosophila mutants lacking SNMP were 

discovered in a genetic screen for cVA-unresponsive mutants 84, and by a targeted gene 

disruption approach 85.  Snmp mutants are completely insensitive to cVA, have increased 

spontaneous firing rates 84,85, and are also unresponsive to dominant-active LUSHD118A 81. 

SNMP may be a component that physically interacts with activated LUSH.  This would 

be consistent with the known role of CD36 members in binding lipoprotein complexes, 

and the LUSH/cVA complex is a lipid-protein complex.  

SNMP may act as an inhibitory subunit that silences the Or67d/Orco complex.  

In Snmp mutants, the at1 neurons have an elevated basal firing rate of approximately 15 

spikes per second, compared to only 1 spike per second in wild type flies 84,85.  One idea 

is that activated LUSH binds SNMP and releases inhibition on the Or67d/Orco 

complexes (see Figure 1-2D).  If that were the sole mechanism of activation, cVA would 

be expected to produce a maximum spike rate of 15 spikes per second.  However, at1 

neurons can fire at over 50 spikes per second when fully activated by cVA, suggesting 

there must be an activating component in this system.  This activating component is 

clearly not a direct effect of cVA on the Or67d/Orco complexes, because no amount of 
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volatile cVA can increase the spike frequency in the Snmp mutants 85.  Perhaps SNMP 

acts both as an inhibitor on the receptor complex when unbound, but also activates the 

complex in the presence of the LUSH/cVA complex.  Biochemical studies will be 

required to better understand the role of SNMP in pheromone detection.  

Why is cVA detected through conformational changes in an extracellular binding 

protein?  This mechanism could produce the single-molecule sensitivity for which insect 

pheromone detection is renowned.  If cVA binds to LUSH with a slow off-rate, the 

activated LUSH species should be long-lived.  Thus even a single LUSH/cVA complex 

would be free to diffuse in the sensillum lymph until it strikes the dendritic receptor 

complex and triggers a response. 

Are LUSH, Or67d, Orco, and SNMP sufficient to confer normal cVA sensitivity 

to the empty neuron system?  Again, the answer is no.  cVA sensitivity is still stunted 

compared to mis-expressing Or67d in other trichoid neurons 81.  Therefore, we suspect 

that there are additional, unknown components expressed in trichoid neurons that are 

lacking in basiconic neurons that are required for full cVA sensitivity.  Mutant screens 

identifying additional cVA defective mutants by SSR are likely to eventually uncover 

these factors 84. 
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Conclusion 

 

In this chapter I have focused on the signaling mechanisms underlying volatile odorant 

signaling in Drosophila and highlighted some important associated behavioral effects.  

Four distinct signaling mechanisms are utilized for this process, using different receptor 

families.  Gustatory receptors Gr21a and Gr63a are the sole members of the gustatory 

receptor family that are involved in odorant detection, and they mediate detection of a 

single odorant, CO2.  It will be interesting to determine if these receptors form a CO2 

gated ion channel or if they couple to some unknown signaling pathway in insect 

olfactory neurons.  Most food odorants are detected by members of the OR family, each 

of which dimerizes with Orco to form odorant-gated ion channels.  Most of these 

receptors are tuned to a wide array of structurally diverse odorant ligands, and most 

odorants activate multiple receptors 29,30.  It is puzzling why orco mutants were not 

recovered in the earlier genetic screens for abnormal chemosensory behavior, although 

orco mutants were recovered in a genetic screen for abnormal SSR responses to cVA84.  

A newly appreciated family of receptors, the IRs, is related to the ionotropic glutamate 

receptor family and mediate olfactory responses to a variety of odors including acids, 

aldehydes, and perhaps humidity.  These receptors also appear to form odorant-gated ion 

channels, but much remains to be learned about the stoichiometry and composition of the 

subunits that form these receptors, as well as what biological function most of these 

receptors perform.  Finally, the volatile pheromone cVA is detected by an extracellular 

receptor, LUSH, which is not expressed by the olfactory neurons at all, but secreted into 

the sensillum lymph by support cells.  Conformational changes in LUSH induced by cVA 
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binding trigger activation of neuronal receptors consisting of at least three subunits, the 

OR family member Or67d, the ion channel Orco, and the lipoprotein binding homolog 

SNMP.  This signaling mechanism is potentially the most sensitive, as even single 

molecules of activated LUSH may be sufficient to reliably activate the pheromone 

sensitive neurons.  It remains to be determined if other insect pheromones are detected 

through this mechanism.  The large family of Drosophila OBPs that are expressed in 

olfactory and gustatory sensilla suggests a potential role in detection of a host of 

pheromones yet to be discovered.   

I started this chapter with a quote from Aristotle regarding his observation of the 

phenomenon of insect olfaction, though he was not privileged enough to know of its 

molecular basis.  If Aristotle were alive today, I imagine he would be thrilled to learn of 

the details of how insects detect the chemical signals that remained hidden to him and so 

many others throughout the centuries. 
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CHAPTER TWO 
Pheromones & Mating Behavior 

 
 

ACTIVATION OF THE T1 (AT1) NEURONAL CIRCUIT IS NECESSARY AND 
SUFFICIENT TO INDUCE SEXUALLY DIMORPHIC MATING BEHAVIOR IN 

DROSOPHILA 
 
 

Abstract 

The molecular and cellular events mediating complex behaviors in animals are largely 

unknown.  Elucidating the circuits underlying behaviors in simple model systems may 

shed light on how these circuits function.  In Drosophila, courtship behavior provides a 

tractable model for studying the underlying basis of innate behavior. The male-specific 

pheromone 11-cis-vaccenyl acetate (cVA) modulates courtship behavior and is detected 

by at1 neurons, located on the antenna of male and female flies. The at1 neurons express 

the odorant receptor Or67d, and are exquisitely tuned to cVA pheromone. However, 

cVA-induced changes in mating behavior have also been reported upon manipulation of 

olfactory neurons expressing odorant receptor Or65a. These findings raise the issue of 

whether multiple olfactory-driven circuits underlie cVA-induced behavioral responses, 

and what role these circuits play in behavior. Here, I have engineered flies in which the 

Or67d circuit is specifically activated in the absence of cVA in order to determine the 

role of this circuit in behavior. I created transgenic flies that express a dominant-active, 

pheromone-independent variant of the extracellular pheromone receptor, LUSH. I found 

that, similar to the behaviors elicited by cVA, engineered male flies have dramatically 

reduced courtship, while engineered females displayed enhanced receptivity. 

Furthermore, cVA exposure did not enhance the dominant LUSH-triggered effects on 
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behavior in the engineered flies. Finally, I show that the effects of either cVA or 

dominant-active LUSH on courtship are reversed by genetically removing Or67d. These 

findings demonstrate that the at1/Or67d circuit is necessary and sufficient to mediate 

these sexually dimorphic courtship behaviors.  
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INTRODUCTION 
 

In most animals, behaviors are elicited in response to sensory inputs. One well-

characterized set of stereotypical behavior patterns occurs during courtship in the fruit fly 

Drosophila melanogaster.  Males actively court females through a series of ritual 

behaviors that ultimately conclude in copulation [reviewed in 86-89]. Progression through 

courtship requires interactions between partners that are mediated through the visual, 

auditory, tactile, olfactory and gustatory senses 89,90. Understanding how these inputs are 

detected and processed will shed light on the neuronal circuits that elicit a stereotypical 

behavioral output in a simple model system 86. 

One volatile cue known to modulate courtship behavior is the male-specific 

pheromone, 11-cis-vaccenyl acetate [reviewed in 25,91].  This pheromone is known to 

activate male and female at1 olfactory neurons that express the odorant receptor Or67d 

24,74,79,82. cVA binds directly to the extracellular binding protein LUSH, resulting in a 

conformational change 81. cVA-activated LUSH is a specific ligand for at1 neurons 

through a neuronal receptor consisting of at least three components, including Or67d 

79,82,84,85. The demonstration that activated LUSH, not cVA, is the ligand for this receptor 

complex was highlighted by finding a dominant-active mutant LUSH protein, 

LUSHD118A, that activates the at1 neurons in the absence of cVA, but has no effect on any 

other class of olfactory neurons 81.  

A role for the at1 neuronal circuit in courtship came initially from study of 

mutants lacking Or67d (Or67dGAL4) 79. Males lacking this receptor display increased 

courtship directed toward other males when compared to wild type controls, and females 
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lacking this receptor show prolonged latency to copulation 79. These studies do not 

address whether activity in the Or67d olfactory neurons accounts for all or part of cVA-

induced behavior.  Recent work suggests the odorant receptor Or65a, expressed by 

neurons in at4 trichoid sensilla can be activated by extremely high cVA concentrations 

when the receptor is mis-expressed in basiconic neurons 92. Furthermore, expressing 

tetanus toxin under control of the Or65a promoter results in disruption of cVA-induced 

suppression of courtship by virgin males, while expressing tetanus toxin under control of 

the Or67d promoter had no effect 93. Therefore, it is possible that activation of multiple 

neuronal circuits, triggered through different odorant receptors, underlies cVA-induced 

behavior.  

 In order to determine the behavioral consequences of activating the Or67d circuit 

in the absence of other potentially contributing cVA circuits, we engineered and analyzed 

the behavior of flies in which the at1 circuit is constitutively activated in the absence of 

cVA pheromone. 
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RESULTS 

 

Generation of Transgenic Flies Expressing Dominant-Active lushD118A 

Infusion of recombinant LUSHD118A into at1 sensilla has been shown to induce robust 

activation of the at1 neurons independent of cVA 81. LUSHD118A activates at1 neurons, 

but not non-at1 trichoid neurons. Therefore, by expressing LUSHD118A as a transgene, we 

can isolate the behavioral effects of at1 circuit activation in the absence of cVA.  We 

generated transgenic flies expressing dominant-active lushD118A under control of the lush 

promoter and injected this construct into the lush1 mutant background. In these 

engineered flies, wild-type LUSH protein is essentially replaced with dominant-active 

LUSHD118A (Figure 2-1).  

Protein expression levels of the LUSHD118A transgene are similar to those of wild-

type LUSH, as determined by Western Blots of antennal extracts (Figure 2-1A).  

Consistent with its expression regulated by the lush promoter, immunohistochemical 

analysis reveals that LUSHD118A protein expression is restricted to the trichoid antennal 

regions and is detectable in the sensillum lymph in the distal portions of the trichoid 

sensilla in a pattern that is indistinguishable from wild type LUSH in control flies 

(Figure 2-1B). Therefore, the transgene is expressed at wild type levels and is secreted 

into the sensillum lymph.  Electrophysiological analysis of the lushD118A-engineered flies 

revealed a significant increase in the basal at1 neuron firing rates, averaging 2-fold above 

wild type controls (Figure 2-2A & 2-2B). The lushD118A-induced activation of at1 

neurons  
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Figure 2-1 │ lushD118A is Expressed at Wild Type Levels and in the Correct Spatial Pattern.  
(Top) Western blot of LUSH and LUSHD118A protein indicates that LUSHD118A is 
produced at levels similar to wild type LUSH.  α-Tubulin (α-tub) serves as a loading 
control.  (Bottom) Frozen tissue sections from wild type (w1118), lush1 mutants, and lush1 
mutants expressing the lushD118A transgene indicate that LUSHD118A is expressed and 
secreted properly. (Ronderos & Smith, J Neurosci, 2010) 94. 
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Figure 2-2 │ at1 Neural Activation is Necessary and Sufficient to Induce Sexually Dimorphic 
Mating Behaviors.  A, Representative traces obtained from single sensillum electrophysiological 
recordings of at1 neurons of wild type (w1118), lushD118A transgenic flies, or flies expressing 
lushD118A in an Or67d mutant background (lushD118A;Or67dGAL4).  B, Quantitation of spontaneous 
activity in at1 neurons from flies of genotypes described in (A).  C, Male courtship index of wild 
type, lushD118A, or lushD118A;Or67dGAL4 flies. (1) and (2) indicate two transgenic lines generated by 
independent p-element insertions.  Males of the indicated genotypes were crossed to control 
(w1118) females. D, Female courtship index of wild type, lushD118A, or lushD118A;Or67dGAL4 flies. 
Females of the indicated genotypes were crossed to control (w1118) males.  Error bars represent 
SEM.  Significant differences from the wild type controls calculated using Student’s t test.  For all 
bars, n≥7. *p<0.05, **p<0.01. (Ronderos & Smith, J Neurosci, 2010) 94. 
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is mediated by the downstream receptor Or67d, as removal of Or67d abolishes the effects 

of lushD118A on at1 neurons. Similar to the results of direct infusion of recombinant 

LUSHD118A through a recording electrode 81, transgenic LUSHD118A had no effect on the 

spontaneous action potential rates of other trichoid neurons (data not shown).  

 

 

lushD118A Phenocopies Sexually Dimorphic Mating Behavior Elicited by cVA 

We tested the consequences of lushD118A expression on the social behavior of the male 

and female transformants.  Figure 2-2C shows that males expressing lushD118A have a 

dramatic reduction in courtship behavior toward wild type females compared to their wild 

type counterparts. Both independent transgenic lines showed a similar reduction in 

courting. These behavioral defects are not caused by general effects on locomotor 

behavior, as both transgenic lines showed similar activity levels compared to wild type 

controls (data not shown). Furthermore, removal of the downstream receptor Or67d 

completely reverses the lushD118A-induced suppression of male courtship.  Since cVA is 

only present on males, this effect on courtship behavior is consistent with LUSHD118A 

activating at1 neurons that inhibit male-male courtship.  

 Females expressing lushD118A also show altered social behaviors. Figure 2-2D 

shows that transgenic females paired with wild type males are significantly more likely to 

undertake courtship behavior than their wild type counterparts. Both transgenic lines 

showed similar increases in female receptivity to courtship. Once again, these differences 

in female mating behavior are completely reversed by removal of the downstream 

receptor Or67d, suggesting that the effects of lushD118A are mediated by at1 neurons. 
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Taken together, these results show that lushD118A expression mimics the effects of cVA 

exposure on both male and female courtship.  

 

cVA-triggered Behaviors are Mediated Specifically through at1 Neurons 

To test whether lushD118A has the same effects on mating behavior as cVA, we determined 

the courtship index of wild type controls both in the presence and absence of exogenous 

cVA.  We find that addition of cVA to the mating chamber results in significant 

suppression of wild type male courtship (Figure 2-3).  These responses are similar to the 

courtship index of lushD118A males without cVA. Furthermore, addition of cVA to the 

mating chamber of lushD118A males has no effect on their courtship (Figure 2-3). We 

conclude that activation of at1 neurons by lushD118A is sufficient to suppress male 

courtship and that further activation by cVA has no further effect on mating behavior. 

Taken together, these results suggest that at1 neuron activation is sufficient to mediate 

cVA-induced suppression of male courtship behavior. 

We next asked whether at1 neural circuit activation is necessary to induce 

behaviors normally associated with cVA exposure. We therefore tested mating behavior 

of Or67dGAL4 males in the presence and absence of cVA. These flies are defective for 

expression of the at1 neuron odorant receptor Or67d 79, an essential component of the 

receptor that is triggered by cVA-activated LUSH 81.  The courtship index of Or67dGAL4 

males paired with wild type females was not significantly different from wild type 

controls (Figure 2-3). Therefore, these mutants mate normally with control females.  

However, addition of cVA to the mating chamber failed to suppress courtship in 

Or67dGAL4 males toward wild type females. In fact, the courtship index of Or67dGAL4  
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Figure 2-3 │ Sexually Dimorphic cVA-Triggered Mating Behaviors are Mediated 
Specifically by at1 Neurons.  cVA exposure suppresses male mating behavior in wild type (wt) 
males to a level indistinguishable from lushD118A males in the absence of cVA (p > 0.1). cVA 
exposure yields no further suppression of courtship by lushD118A males (p > 0.1).  cVA fails to 
suppress courtship of Or67dGAL4 mutant males and, when crossed to wild type females, courtship 
index is enhanced due to the aphrodisiac effect of cVA on the female.  This enhancement by cVA 
is lost when both males and females lack Or67d. Error bars represent SEM. Significant differences 
from the wild type controls calculated using Students t-test.  For all bars, n≥6.  ns, not significant.  
*p<0.05, **p<0.01. (Ronderos & Smith, J Neurosci, 2010) 94. 
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males paired with wild type females in the presence of cVA was significantly higher than 

wild type controls (Figure 2-3). This increase likely reflects the enhanced receptivity 

induced by cVA in the wild type females, combined with loss of cVA-mediated 

inhibition in the Or67d mutant males, as Or67d mutant males paired with Or67d mutant 

females are insensitive to the effects of cVA (Figure 2-3).  Together, these results 

demonstrate that at1 neuron activation is both necessary and sufficient to elicit sexually 

dimorphic cVA-induced mating behaviors. 

 Finally, to address the proposed role of Or65a in mediating cVA detection 92, I 

tested for cVA-evoked activation of at1 neurons from flies mis-expressing UAS-Or65a 

driven by the Or67dGAL4 knock-in.  I found that UAS-Or65a;Or67dGAL4 flies were 

completely insensitive to our highest concentration of volatile cVA (30µL pure cVA) 

(Figure 2-4).  These results strongly suggest that Or65a alone is not sufficient to detect 

volatile cVA, and support the role for Or67d and the hypothesis that the at1 circuit is the 

sole mediator of cVA-induced mating behavior in Drosophila. 

 

 
Figure 2-4 │ Or65a Alone Does Not Detect Volatile cVA.  SSR recording from an at1 neuron of 
a UAS-Or65a;Or67dGAL4 fly.  These flies express Or65a under the control of a GAL4 knock-in at 
the Or67d locus.  Application of 30µL of pure cVA was unable to elicit any activity, indicating 
that Or65a does not detect volatile cVA. (Ronderos & Smith, unpublished, 2010). 
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DISCUSSION 
 

In this study, we isolated the sexually dimorphic behavioral effects of at1 neuron 

activation on courtship behavior. Using a dominant-active lush allele, lushD118A, we were 

able to increase the basal activity of the at1 neurons two-fold in the absence of cVA. This 

increased firing rate was sufficient to reproduce sexually dimorphic behaviors that 

normally occur in the presence of cVA. Furthermore, the alterations in both male and 

female behavior due to lushD118A and cVA were both abrogated by loss of the downstream 

receptor Or67d. These findings indicate that activity in the at1 circuit alone is necessary 

and sufficient to mediate the effects of cVA on courtship behaviors.  

 Introduction of recombinant LUSHD118A into the sensillum lymph of at1 sensilla 

can stimulate at1 neurons from 1 spike/s to 15 spikes/s 81. Transgenic expression of 

LUSHD118A increased the basal firing rate of the at1 neurons approximately two-fold in 

the transgenic animals, while there was no increase in the average non-at1 neuronal firing 

rates. Thus, LUSHD118A specifically activates at1 neurons when expressed as a transgene 

regulated by the lush promoter. We suspect this modest increase in firing compared to 

direct infusion of recombinant protein reflects desensitization of the at1 neurons to 

chronic LUSHD118A stimulation. Nevertheless, it is known from the work of Schlief and 

Wilson (2007) that even small increases in at1 firing rate can induce large increases in the 

frequency of downstream projection neuron firing 95. Indeed, the robust effects on 

courtship behavior in the LUSHD118A lines support the idea that the at1 circuit is activated 

in these animals. This is consistent with cVA acting as an inhibitor of mating in males to  
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avoid unproductive courtship with other males, but as an aphrodisiac in females when 

they are being courted by a cVA-producing male. 

 My data supports the notion that cVA acts specifically through at1 neurons 

expressing Or67d to affect courtship behavior. This is based on several observations.  

First, transgenic lushD118A specifically increases at1 activity and induces cVA-related 

behaviors.  No effect was observed in non-at1 neurons. Secondly, the effects of lushD118A 

and cVA are both blocked by loss of Or67d, indicating these behaviors are elicited 

through this pathway. Thirdly, in the presence of LUSHD118A, cVA has no additional 

effects on behavior in these engineered flies. Finally, I have expressed Or65a in at1 

neurons using the GAL4/UAS system, and found that Or65a alone is incapable of 

detecting volatile cVA. Together, these findings present a compelling argument for 

Or67d providing the major, if not exclusive, sensory pathway mediating cVA behaviors. 

Our findings do not support the findings of van der Goes van Naters (2007), which 

suggested that Or65a alone detects cVA 92.  Neither do they support those of Ejima et al. 

(2007), where tetanus toxin expressed under the Or65a promoter blocked cVA-induced 

suppression of naive male courtship, while expression under the Or67d promoter had no 

effect 93. It is possible that the ectopic tetanus toxin expression they noted in these 

odorant receptor promoter-Gal4 lines produced off-target effects on courtship behavior. 

However, given our findings, we have no explanation for why tetanus toxin expressed by 

the Or67d promoter-Gal4 driver failed to inhibit male courtship 93.  Analysis of Or65a 

mutants in the future may shed light into these issues. 

 Our results confirm and extend the findings of Kurtovic et al. 79, that 

demonstrated increased male-male courtship in males lacking Or67d, and increased 
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latency to mate in females lacking this receptor 79.  These studies revealed that Or67d is 

important for sexually dimorphic, cVA-induced behaviors, but did not address whether 

activity in Or67d neurons alone accounts for all or part of these behaviors. Here we show 

that activating the at1 pathway with LUSHD118A has the opposite effects on behavior 

compared to the loss of function mutation in Or67d.  Because activating this circuit alone 

induces sexually dimorphic behavior, we conclude that the at1/Or67d circuit is not only 

necessary but is sufficient for these behaviors. 

 Finally, since the circuit activated by the at1 neurons is critical for cVA-induced 

sexually dimorphic behaviors, it should be possible to identify sexual dimorphism in the 

downstream neurons in this circuit. Indeed, the exclusive target of Or67d sensory neurons 

is the DA1 glomerulus33. Datta et al. recently discovered sexually dimorphic branches in 

the projection neurons that transmit activity in this glomerulus to higher brain centers 80. 

It remains to be seen if these differences are truly responsible for the differences in 

behavior observed in male and female fruit flies. However, with the powerful genetic 

tools available in Drosophila 96, it should be possible to elucidate the complete neuronal 

map of this cVA-activated circuit. 
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MATERIALS AND METHODS 
 

Drosophila Stocks 

lush1 flies were described elsewhere 19,74. Or67dGAL4 mutants were described by 

Kurtovic79.  These flies have the Or67d gene replaced by a gal4 yeast transcription factor 

gene. Transgenic lushD118A flies were produced by injecting a mutated lush genomic 

rescuing construct 19 into lush1 mutants, as previously described 19. Two independent 

transgenic lines were studied.  The wild type control stock used was a w1118 isogenic 

stock.  Transgenic uas-Or65a;Or67dGAL4 flies were generated by injecting a uas-Or65a 

construct directly into Or67dGAL4 mutants. 

 

Generation of lushD118A Construct 

The lushD118A transgene was created by mutating a 3 kb genomic rescue construct 

previously shown to restore wild type function to lush1 mutants 19. The codon for 

Aspartate 118 in LUSH is flanked by the restriction sites Mlu1 and PflM1, which are 

unique in the rescue construct. Overlapping PCR primers were designed that introduce 

the D to A change at codon 118 and were used to produce a PCR product containing the 

D118A change and spanning these restriction sites. This altered fragment was digested 

with Mlu1 and PflM1 and cloned into the Mlu1-PflM1 digested rescue construct. The 

successful introduction of the mutation was confirmed by sequencing. 
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Western Blot and Immunohistochemical Analysis 

30 antennas per lane were disrupted by probe sonication (Bransonic) and proteins were 

separated by 10-20% Tris-HCl Ready Gel (BioRad).  The proteins were transferred to 

Whatman Optitran BA-S 83 (S & S) 0.2 µm nitrocellulose membrane using semi-dry 

blotting (BioRad) and probed with anti-LUSH antibodies 19 and HRP-conjugated 

secondary antibodies (Jackson) and detected with Supersignal (Thermo Scientific) as 

previously described 19.  Immunohistochemical detection of LUSH antigen in 12 µm 

thick Drosophila frozen tissue sections was performed with affinity purified anti-LUSH 

antiserum and detected with goat anti-rabbit 594 (Jackson), and imaged using a Zeiss 

LSM 510 confocal microscope. 

 

Single Sensillum Electrophysiology 

Extracellular electrophysiological recordings were carried out according to Ha and Smith 

82.  Briefly, 2-7 day old flies were under a constant stream of charcoal-filtered air (36 

ml/min; 22-25oC) to prevent any potential environmental odors from affecting activity 

during these studies.  Signals were amplified 100X (USB-IDAC System; Syntech, 

Hilversum, The Netherlands) and fed into a computer via a 16-bit analog-digital 

converter and analyzed off-line with AUTOSPIKE software (USB-IDAC System; 

Syntech).  Low cutoff filter setting was 200Hz, and the high cutoff was 3kHz, with a 

3.2kHz sampling frequency.  Action potentials were recorded by inserting a glass 

electrode in the base of the sensillum.  Signals were recorded for 10-15 minutes and 

averaged to determine spontaneous firing rates.  All recordings were performed from 

separate sensilla with a maximum of two sensilla recorded from any single fly. 
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Mating Behavior Assays 

Naive virgin males and females were kept in isolation from the time of eclosion until 

mating behavior assays were conducted. Single 3-7 day old virgin male and female flies 

were placed in courtship chambers (1.5 cm diameter polystyrene wells containing 1% 

agarose in water covered with Whatman paper) and video recorded for 10 minutes.  

Courtship Index (CI) for all experiments was measured by dividing the time spent 

courting (TC) by the total observation time (TT) multiplied by 100% (CI = [TC/TT] x 

100%). For these experiments, time spent courting (TC) is defined as the sum total 

amount of time flies are engaged in any step of the typical courtship ritual (tracing, 

orienting, wing vibration/courtship song, abdominal curling, and copulation).  For cVA 

experiments, 0.1 µl of pure cVA was applied to the Whatman paper just prior to the 

assay. Standard error of measurement was calculated for each genotype and p values 

were calculated using unpaired two-tailed Student’s t-tests. 
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CHAPTER THREE 
Insect Repellents & Avoidance Behavior 

 
 

DROSOPHILA TRPA1 CHANNEL IS REQUIRED TO AVOID THE NATURALLY 

OCCURRING INSECT REPELLENT CITRONELLAL 
 

 

Abstract 

Mosquitoes serve as vectors of diseases such as malaria, dengue fever, and yellow fever, 

which account for over 1 million deaths every year.  Insect repellents help to reduce the 

numbers of deaths attributed to these diseases by preventing or reducing the number of 

insect bites.  Citronellal is among the most widely used naturally-occurring botanical 

insect repellents, but its mechanism of action is unknown.  The study presented here 

indicates that mosquitoes and fruit flies avoid citronellal vapor, and this avoidance is 

mediated by the olfactory system.  Fruit flies detect citronellal via olfactory sensory 

neurons of two novel basiconic sensilla, which I have named ab11 and ab12. The 

mechanism of detection involves the TRPA1 channel and a Gq/PLC signaling pathway 

that ultimately activates a BK channel.  Mutations affecting any of these molecules result 

in defects in citronellal avoidance behavior and perturbations of citronellal-evoked 

responses of ab11a, but not ab12a, olfactory sensory neurons.  Finally, mosquito TRPA1 

channel is directly activated by citronellal, and may be a useful target for development of 

new cheaper, more-effective insect repellents that could contribute to human flourishing. 
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RESULTS 

 

Mosquitoes and Fruit Flies Avoid Citronellal via Olfaction 

In order to measure repulsion by chemical vapors, my collaborators∗ at Johns Hopkins 

University School of Medicine developed a binary-choice assay called the ‘DART’ assay 

(direct airborne repellent test, Appendix A).  This assay is more specific for volatile 

odorants (i.e, olfaction) than the previously described trap assay 97, which instead 

measures aversive tastes (gustation). Flies avoided a control odorant, benzaldehyde, in a 

dose-dependent manner, but not water, DMSO (vehicle) or the aversive tastant quinine 

(Appendix B, panel A).  Maximal avoidance occurred at about 1 hour, and then began to 

decrease, possibly due to desensitization of the flies or to loss of chemical gradient.  

Citronellal is a naturally-occurring botanical insect repellent that is commonly employed 

using various methods to repel mosquitoes, fleas and ticks 98. When tested using the 

DART assay, Anopheles gambiae (the vector for malaria) avoided citronellal and 

benzaldehyde (Appendix B, panel C). Drosophila also avoided citronellal in a dose-

dependent manner, and there was no difference between males and females, validating 

the relevancy of Drosophila as a model organism to understand this behavior (Appendix 

B, panel D).  Similar to benzaldehyde, avoidance peaked around 1 hour (Appendix B, 

panel E).  Importantly, this avoidance behavior was mediated by the olfactory system, 

specifically the funiculus, since surgical removal of this organ abolished citronellal 

avoidance, as did inactivation of Orco-expressing OSNs using either tetanus toxin (TNT) 

99 or the hyperpolarizing Kir2.1 channel 100 (Appendix B, panel F). 
                                                
∗ Nota bene: All data not generated directly by the author may be found in the appendices. -DSR 
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Figure 3-1 │ Citronellal is Detected by OSNs of Novel Basiconic Sensillum Subtypes, ab11 & 
ab12.  A,  Survey of citronellal sensitivity of OSNs of the basiconic and coeloconic sensilla of the 
funiculus of w1118 flies.  Responses are to 10% citronellal in DMSO.  Cartoon depicts the location 
of novel citronellal-sensitive basiconic sensilla, ab11 & ab12.  B-C, SSR traces of spontaneous 
activity indicates the presence of 3 OSNs (a-c, in order of descending spike amplitude) and bar 
graphs of odor-evoked response profiles of neuronal activity elicited by a defined panel of 
odorants. (Modified from Ronderos et al., Curr Biol, 2010) 32. 
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Figure 3-2 │ Orco is Required for Citronellal-Evoked Activation of ab11 and ab12 OSNs.  
Representative SSR traces of wild-type (w1118) and orco2 mutant flies responding to 10% 
citronellal stimulus.  Wild-type trace is from an ab11 sensillum, and orco2 trace is representative 
of all basiconics including ab11 & ab12, since neither evoked nor spontaneous activity remains. 
(Modified from Ronderos et al., Curr Biol, 2010) 32. 
 

Novel Basiconic Sensilla Detect Citronellal 

In order to identify the OSNs mediating citronellal detection, I surveyed the 

electrophysiological responses of the olfactory sensilla located on the 3rd antennal 

segment.  Olfactory sensilla are classified into four morphological types, basiconic, 

coeloconic, intermediate and trichoid, and each contains the odor-sensitive dendrites of 

one to four OSNs (reviewed in Chapter 1).  Using SSR, I surveyed all of the OR/Orco-

expressing OSNs of the antenna for citronellal sensitivity.  This included the basiconic, 

trichoid, and intermediate sensilla 28,101, along with a single OR/Orco-expressing 

coeloconic sensilla (ac3b) 66.  I found that none of the previously described and 

characterized olfactory sensilla contained OSNs that could be strongly activated by 

citronellal.  However, during the course of this survey, I also discovered two previously 

uncharacterized basiconic sensilla, which I have named ‘ab11’ and ‘ab12’ (consistent 

with standard nomenclature in the field).  These novel sensilla contained OSNs that were 

robustly activated by 1% citronellal (Figure 3-1A).  These sensilla are located on the 

anterolateral surface of the funiculus, just below the aristae (Figure 3-1A).  ab11 and 

ab12 each contained three neurons that had spontaneous activity (i.e., in the absence of  
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Figure 3-3 │ ab11a OSNs of trpA11 Mutant Flies Exhibit Hyperactivation and Deactivation 
Defects in Citronellal Detection.  A,  Representative SSR traces from ab11 sensilla of flies of the 
indicated genotypes.  B-C,  Bar graphs quantifying the trpA11 mutant defects in evoked activity 
(B) and deactivation (C) in response to 10% citronellal stimulus.  The mutant phenotype is 
reversed by expression of a trpA1 rescuing transgene driven by the trpA1 promoter.  (*p < 0.05, 
**p < 0.01, n > 10 for each). (Modified from Ronderos et al., Curr Biol, 2010) 32. 
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odorants) with distinct spike amplitudes.  I named these neurons ab11a-c and ab12a-c, in 

descending order of relative amplitude (Figures 3-1G & 3-1H).  ab11 and ab12 

contained one olfactory neuron each that was activated strongly by citronellal (named 

ab11a and ab12a, respectively) (Figures 3-1G & 3-1H).  Among 11 odorants tested, only 

citronellal induced a high frequency of action potentials in ab11 (Figure 3-1G), while 

ab12 also responded strongly to benzaldehyde (ab12b) and moderately to methyl 

salicylate (ab12a) (Figure 3-1H).  These responses were Orco-dependent, as both 

spontaneous and citronellal-evoked activity was completely absent in orco2 mutants 

(Figure 3-2). 

 

TRPA1 is Required for Citronellal Avoidance 

TRP channels mediate detection of many naturally-occurring noxious compounds 102-111, 

and therefore are candidates for involvement in citronellal detection and its avoidance.  

The Drosophila genome encodes 13 TRP channels, 11 of which are dispensable for adult 

viability. These 11 viable mutants were tested for citronellal avoidance, and 2 mutant 

alleles of trpA1 were found to be defective for this avoidance of citronellal but not 

benzaldehyde (Appendix C, panels A, B, & F).  These defects could be rescued with 

trpA1-Gal4 driving either Drosophila TRPA1 splice variant (dtrpA1-A or dtrpA1-B), 

either A. gambiae TRPA1 splice variant (agtrpA1-A or agtrpA1-B), or by driving uas-

trpA1 using the orco promoter (orco-Gal4) (Appendix C, panels C, E, & F). Also, 

trpA1 expression was detected in the 2nd and 3rd antennal segments using a GFP reporter 

(Appendix C, panels G-I).  These results suggest citronellal avoidance is mediated by 

olfactory sensory neurons via a mechanism that involves TRPA1. 
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Figure 3-4 │ Citronellal-Evoked Neuronal Activity is Altered in trpA11, dGqα1, norpAP24, and 
slo1 Mutants.  SSR traces from ab11 sensilla of the indicated genotype in response to a 300ms 
pulse of 10% citronellal.   Quantification of change in frequency (Δ spikes/s) attributed to the 
ab11a OSN are presented in the bar graph below.  Increased frequency in trpA11 mutant is 
reversed with a rescuing transgene driven either by trpA1-Gal4 or orco-Gal4.  Similar defect is 
observed in dGqα1, norpAP24, and slo1 mutants. (Modified from Ronderos et al., Curr Biol, 2010) 
32. 
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TRPA1 Modulates Citronellal-evoked Activation of ab11a OSNs 

To test whether citronellal-evoked responses were affected in citronellal-detecting OSNs, 

I performed SSR recordings of ab11 and ab12 sensilla of trpA11 mutants.  I observed a 

defect in citronellal-evoked responses of ab11a, but not ab12a OSNs of trpA11 mutant 

flies (Figures 3-3A & 3-5).  This defect consisted of two separate components.  Firstly, 

there was an increase in citronellal-evoked frequency (*p<0.05, n>10) (Figure 3-3B).   

Secondly, there was a deactivation defect, where the neuronal firing persisted for several 

hundred milliseconds after the stimulus had ceased (**p<0.01, n>10) (Figure 3-3C).   

Both of these citronellal-sensing defects of trpA11 mutants were reversed with a trpA1 

rescuing transgene.  These data indicate that TRPA1 functions in ab11a neurons to 

modulate citronellal-evoked responses. 

 

TRPA1 Activation by Citronellal 

Heterologous cell culture expression of TRPA1 in Xenopus oocytes demonstrated that 

Drosophila TRPA1 could be very weakly activated by citronellal directly (Appendix D, 

panel A).  However, dTRPA1 was activated by increasing temperature and allyl 

isothiocyanate, as previously reported 112.  In contrast, Anopheles TRPA1 was directly 

and potently activated by citronellal. (Appendix D, panel B).  Because Drosophila 

TRPA1 was not directly modulated by citronellal, we wondered whether activation may 

be indirect via a second messenger signaling cascade. Multiple TRP channels are linked 

to Gq/PLC signaling 107 and TRPA1 contributes to the avoidance of some noxious 

tastants 113 and in larval temperature discrimination in the 18-24˚C range through a  
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Figure 3-5 │ ab12 Responses to 10% Citronellal.  Representative SSR traces of ab12 sensilla of 
the indicated genotypes in response to 10% citronellal stimulus.  Differences between ab12a 
neuronal activity of w1118 and trpA11, trpA1-Gal4, orco-Gal4, dGqα1, or norpAP24 were not 
significant (p > 0.05).  slo1 mutant flies exhibited  increased neuronal firing in response to 10% 
citronellal. (**p < 0.01, n = 10 for each except slo1, where n = 9). (Modified from Ronderos et al., 
Curr Biol, 2010) 32. 
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Gq/PLC signaling cascade 114.  To test this, DART analysis was performed on Drosophila 

mutant for dGqα1 and norpAP24 (PLC), and both were found to be defective for citronellal 

avoidance (Appendix D, panel D).  Citronellal avoidance defects of norpAP24 mutants 

were rescued by driving uas-norpA using either trpA1-Gal4 or orco-Gal4, but not the 

gustatory-specific Gr66a-Gal4 (Appendix D, panel E).  Furthermore, citronellal 

avoidance defects could also be recapitulated by RNAi directed against either dGqα or 

norpA driven by either trpA1-Gal4 or orco-Gal4 (Appendix D, panel F).  I tested the 

citronellal-evoked responses of ab11a neurons of dGqα1 and norpAP24 mutants, and found 

that they both exhibited a similar defect to that of the trpA11 mutant, namely, an increase 

in the frequency of citronellal-evoked action potentials as well as a deactivation defect 

(Figure 3-4).  However, only the increased frequency was statistically significant when 

tested using ANOVA.  These defects were specific to ab11a OSNs, and were not 

observed in ab12a neurons (Figure 3-5). 

 TRPA1 is a Ca2+-permeable channel, and since reduced activity of Ca2+-activated 

K+ channels (BK channels) can increase the frequency of action potential firing 115,116, it 

raised the possibility that loss of TRPA1 may cause reduced BK channel activity.  

Indeed, this has been demonstrated to be the case for mammalian TRPC1 and the Ca2+-

activated K+ channel (KCa) in the context of salivary gland secretion 117,118.  SSR analysis 

of citronellal-evoked responses of ab11a neurons from flies carrying a mutation affecting 

the BK channel Slowpoke (slo1) revealed a similar defect to that of dGqα1, norpAP24, and 

trpA11 mutants (Figure 3-4).   This defect was also observed in ab12a neurons, and may 

therefore be a more general phenomenon (Figure 3-5).  Benzaldehyde responses were  
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Figure 3-6 │ ab12 Responses to Benzaldehyde.  a, Representative SSR traces of ab12 sensilla of 
the indicated genotypes in response to 10% benzaldehyde stimulus.  Bar graph quantification of 
ab12a-c neuronal responses.  Differences were not significant (p>0.05, n=5). (Modified from 
Ronderos et al., Curr Biol, 2010) 32. 
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also higher in slo1 mutant ab12 OSNs, but were not statistically significant by ANOVA 

(p>0.05).  DART analysis of citronellal avoidance behavior yielded a similar defect to 

that of the aforementioned mutants, as did RNAi-mediated knockdown of slo driven 

either by the trpA1 or orco promoter (Appendix E, panel F).  These findings reveal a 

Gq/PLC/TRPA1/BK channel pathway that modulates citronellal detection by ab11a 

olfactory neurons. 
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Discussion 

 

The work presented here indicates a role for olfactory-mediated detection and avoidance 

of the naturally-occurring insect repellent citronellal in insects.  I have identified 2 novel 

basiconic sensilla, which I have named ab11 and ab12, that contain a total of 6 olfactory 

sensory neurons, 2 of which are highly sensitive for citronellal.  These OSNs express 

Orco, and therefore likely express one or more ‘tuning’ ORs as well, but the identities of 

these ORs remain unknown.  One possibility is that these novel sensilla are actually ab9 

and ab10, which indeed are also reported to have a more lateral anatomical location 33.  It 

is unlikely that these are actually ab9 or ab10 sensilla, since the odorant specificities 

observed for these neurons are inconsistent with data that has been previously published 

pertaining to the specificity and sensitivity of 3 or the 6 ORs expressed in these sensilla 

29.  Unfortunately, there is currently not enough information on the ab9 and ab10 sensilla, 

or the other 3 ORs expressed therein, to conclusively identify these sensilla using SSR.  

Nonetheless, based on the odor specificity of the ab11 and ab12 sensilla compared to 

reported sensitivities of ab9 and ab10 ORs, I propose that ab11 and ab12 are indeed novel 

sensilla, although further studies will be necessary to confirm this model.  

Alternatively, there are also a handful of Drosophila OR gene family members 

that are still orphans (Or1a, Or63a, Or83a, & Or98b)†.  It is possible that one or more of 

these receptors are expressed in ab11 and ab12 OSNs. However, the number of orphan 

receptors is inadequate to account for the number of neurons contained in these two 

                                                
† Nota bene: Or98b expression in ab6a OSNs has been proposed, but not verified. Or98P is also an 
orphan member of the OR gene family.  However, it is only a pseudogene.  Hence, the name 
‘Or98P’. 
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sensilla.  Alternatively, one possibility is that ab12 expresses all of the same ORs as ab11 

plus some additional ones that confer those odorant sensitivities that are unique to ab12.  

In which case, perhaps ab11a and ab12a both express the same citronellal-sensitive OR.  

Interestingly, Anopheles gambiae have a single OR that is narrowly tuned and highly 

sensitive for citronellal (agOr30) 119.  Although the conservation between these two 

species is too low to be informative by protein sequence similarities to identify a 

Drosophila homolog, it will be interesting to see whether this OSN is similarly affected 

in agtrpA1 mutant mosquitoes.   

Flies mutant for the TRP channel TRPA1 have defects in both citronellal-

detection by ab11a neurons and citronellal-avoidance behavior.  The mutant defect as 

characterized by SSR has two discernable components: 1) increased frequency, and 2) 

prolonged activation. Citronellal detection by these neurons also involves the TRPA1 

channel and a Gq/PLC signaling pathway that ultimately acts upon a BK channel to 

modulate neuronal firing.  Genetic lesions affecting of any of these genes, as well as 

RNAi-mediated knockdown using various drivers, all result in similar defects in 

citronellal-avoidance and citronellal-evoked activity of ab11a neurons.  Together these 

results indicate a novel mechanism for Drosophila olfaction that occurs within OSNs of 

the funiculus, utilizing a bifurcating pathway of activation and modulation of neuronal 

frequency in response to stimuli. 

While Drosophila TRPA1 was not directly activated by citronellal, Anopheles 

gambiae TRPA1 was directly and potently activated by citronellal.  This indicates that 

TRPA1 may be a useful target for the development of more effective insect repellents 
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that may help to reduce the spread of insect-borne diseases and the loss of life that 

frequently results. 
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CHAPTER FOUR 
Kairomones & Oviposition Behavior 

 

 

A FARNESOL RECEPTOR MEDIATES OVIPOSITION IN DROSOPHILA 

 

ABSTRACT 

Environmental cues are detected by sensory neurons that trigger behavioral responses 

appropriate to the cue. In Drosophila, olfactory ligands can trigger innate behavioral 

responses including attraction, repulsion, aggregation and mating. I have identified 

activating ligands for an orphan member of the Drosophila odorant receptor family, 

Or83c, by mis-expressing this receptor in the ‘empty trichoid’ expression system.  The 

endogenous neurons expressing this receptor are located in intermediate sensilla, and 

confer sensitivity to farnesol, a volatile component of citrus fruit rind and an intermediate 

in juvenile hormone biosynthesis. I show here that Or83c mediates farnesol responses in 

the endogenous intermediate neurons and that there are additional factors present in these 

neurons that determine specificity. Finally, I show farnesol triggers local oviposition 

behavior, but mutants lacking Or83c expression are defective for this behavior. These 

findings reveal the existence of a narrowly tuned receptor activated by a ligand found in 

the peel of many citrus fruits, which in turn mediates oviposition behavior.  
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INTRODUCTION 

The antenna is the major substrate for volatile odorant detection in Drosophila. ~500 

hair-like sensilla, each housing the dendrites of 1-4 olfactory neurons, cover its surface 21. 

Four morphological classes of sensilla have been defined 22 (Figure 4-1A). Basiconic 

sensilla contain neurons expressing broadly tuned odorant receptors activated directly by 

food odors 28,30. Coeloconic neurons express receptors related to ionotropic glutamate 

receptors tuned primarily to noxious stimuli 23,66. Trichoid neurons, thought to be 

specialized for pheromone detection in insects, include the well characterized at1 trichoid 

neuron which mediates detection of the Drosophila male-specific pheromone 11-cis-

vaccenyl acetate (cVA) (reviewed in 25,91). Intermediate sensilla, named because they 

appear intermediate in morphology between trichoid and basiconic sensilla 22, contain 

neurons of unknown function. Most Drosophila olfactory neurons have been 

characterized according to the odorant receptor they express and the glomerular targets 

they innervate in the antennal lobes of the brain 33,40,66. However, a handful of the 62 

Drosophila odorant receptors remain ‘orphans’, with unknown chemical specificity or 

function. 

 The chemical specificity of Drosophila food odorant receptors was characterized 

using the ‘empty neuron’ system, in which individual orphan receptors were expressed in 

a defined basiconic neuron in lieu of the endogenous receptor 29,30. The responses of these 

receptors were measured to a large odorant panel. This approach matched response 

profiles of endogenous basiconic neuron to specific receptors. However, a subset of mis-

expressed receptors failed to respond to odorants in the ‘empty neuron’ system 29, and 

many of these were thought to be expressed in trichoid sensilla 33. These receptors may 
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require additional factors not expressed in basiconic sensilla. Indeed, recent work reveals 

several components required for cVA pheromone detection by at1 neurons that are not 

found in basiconic sensilla, including LUSH and the CD36 homolog, SNMP, in addition 

to at least one more factor 81,84,85. Furthermore, trichoid sensilla neurons can express up to 

3 receptor genes 33. Therefore correlating ligand specificity of individual receptors by 

studying the endogenous neurons may not be possible. I used a modification of the empty 

neuron approach to drive orphan receptors in at1 neurons lacking the endogenous Or67d 

tuning receptor.  This ‘empty trichoid’ system allowed me to identify ligands that activate 

the orphan receptor Or83c and elucidate its biological role.  
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Figure 4-1 │ Mis-expression of Or83c in at1 Sensillum using Or67dGAL4.  A, Electron 
micrograph of antennal surface comprised of coeloconic (C), basiconic (B), trichoid (T), and 
intermediate (I) sensilla. B, Illustration of ‘empty at1’ mis-expression strategy to isolate and 
characterize Or83c. C, Spontaneous activity of  w1118, Or67dGAL4 and UAS-Or83c;Or67dGAL4 at1 
neurons. D, cVA-evoked activity of the same. (Ronderos & Smith, unpublished). 
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RESULTS 

Expression of Or83c in the ‘Empty Trichoid’ System 

In order to screen ligands for Or83c in the presence of potential trichoid cofactors, I mis-

expressed this receptor in the at1 neurons of living flies. I generated transgenic flies 

homozygous for Or67dGAL4 on the third chromosome and UAS-Or83c on the second 

chromosome. The Or67dGAL4 allele is a knock-in mutant in which the entire Or67d open 

reading frame is replaced with the yeast transcription factor gene, GAL4 79. Flies 

homozygous for Or67dGAL4 and UAS-Or83c express the Or83c receptor in at1 sensilla 

neurons instead of the Or67d receptor (Figure 4-1B).  

I tested at1 neurons of UAS-Or83c;Or67dGAL4 flies using single-sensillum 

electrophysiology (SSR) 24,74. In wild type flies, at1 neurons have a typical spontaneous 

firing rate of ~1 spike/sec in the absence of cVA pheromone and are strongly activated by 

cVA 24,74.  In Or67dGAL4 homozygous flies, there is no tuning odorant receptor and we 

observe virtually no spontaneous or cVA evoked neuronal activity 79,94. However, mis-

expression of UAS-Or83c in Or67dGAL4 at1 neurons restores spontaneous activity, but to a 

novel average firing rate of ~4 spikes/s (Figure 4-1C). Consistent with mis-expression of 

Or83c but not Or67d, the UAS-Or83c;Or67dGAL4 at1 neurons are insensitive to cVA 

(Figure 4-1D).  
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Figure 4-2 │ Or83c Detects Farnesol (FOH) and is Expressed in ai2 Intermediate Sensilla. A, 
Tuning curve for Or83c specificity for ~150 undiluted odorants tested. Only FOH was capable of 
achieving >50 spikes/s.  B, SSR traces of FOH-evoked responses from w1118 and UAS-
Or83c;Or67dGAL4 at1 neurons demonstrating that FOH-evoked activity is Or83c-dependent. C, 
Dose-response curve of Or83c sensitivity to varying concentrations of FOH (%) when mis-
expressed in at1 OSNs. D, Dose-response curve of Or83c sensitivity in its endogenous 
intermediate sensillum, ai2, as identified by a survey of trichoid and intermediate sensilla of w1118 
flies for FOH sensitivity. (Ronderos & Smith, unpublished). 
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Or83c is Tuned to Farnesol 

I characterized the sensitivity of Or83c to a large odorant panel using SSR.  The panel 

included cuticle extracts from male and female flies and a large panel of commercially 

available volatile chemicals.  I found that Or83c has a narrow tuning curve (which 

reflects specificity), and only one odorant, farnesol, elicited robust activity (~200 

spikes/s) (Figure 4-2A & 4-2B). Farnesol is a known intermediate in the juvenile 

hormone (JH) biosynthesis pathway 120. I tested structurally similar compounds as well as 

other intermediates in the JH pathway including farnesal, methyl farnesoate, farnesoic 

acid, farnesol methyl ether, geraniol, geranylgeraniol and juvenile hormone III, none of 

which were able to activate Or83c (n < 50 spikes/s). Importantly, wild type at1 neurons 

are insensitive to farnesol, demonstrating that farnesol sensitivity is Or83c-dependent 

(Figure 4-2B).   

I measured the dose-response relationship for Or83c to farnesol in the ‘empty 

trichoid’ system. Or83c reliably detects farnesol in air passed over dilutions as high as 

1:10,000 (see methods for details). Maximal at1 neuron firing rates were achieved at 

dilutions of 1:100 or lower (Figure 4-2C).  
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Figure 4-3 │ FOH Detection by ai2a OSNs Requires Or83c, Orco, and SNMP.  A, SSR traces 
from indicated genotypes in response to 100% FOH. Or83cMB11142 is a null mutant generated by 
Minos element insertion, and can be rescued with UAS-Or83c driven by the Or83c-, orco-, or 
Snmp-GAL4. ai2 responses are completely absent in orco2 flies, and display a deactivation defect 
in SnmpZ0429  mutant flies. B, Deactivation kinetics of ai2a neurons in response to 100% FOH. 
50ms bins were used to compare w1118 and SnmpZ0429 responses. (*p<0.05, **p<0.01, ***p<0.001 
by student’s t-test, n=7 for each). C, τ1/4 indicates time for neuronal firing rate to return to 25% of 
its maximum (**p<0.01, student’s t-test, n=7 for each). D, Mis-expression of Or83c in ab3a 
neurons (‘empty neuron’ system 30) fails to confer farnesol-sensitivity at any concentration (%). 
Only the non-Or83c-expressing ‘b’ neuron is observable. (Ronderos & Smith, unpublished). 
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Or83c is Expressed in Intermediate Sensilla Neurons 

In situ hybridization analysis suggested Or83c is expressed in at2 trichoid sensilla 33. I 

surveyed the trichoid sensilla from wild type flies and were unable to identify any 

olfactory neurons that responded to farnesol. Therefore, I tested other sensilla for 

farnesol-sensitive neurons. None of the basiconic neuron classes responded strongly to 

farnesol (Figure 4-4A). However, I identified a class of antennal intermediate sensillum 

containing two neurons (‘a’ and ‘b’) where the ‘a’ neuron is strongly activated by dilute 

farnesol (Figure 4-2D).  Indeed, intermediate sensilla are interspersed among the long 

trichoid sensilla where they could easily be mistaken for trichoid neurons by in situ 

experiments 22.  I refer to this sensillum as ‘ai2’. Dose response curves to farnesol were 

indistinguishable between the ai2a neuron and at1 neurons mis-expressing Or83c 

(compare Figure 4-2C & 4-2D).  

To confirm that the farnesol-induced responses in the intermediate sensilla 

neurons were mediated by Or83c, I tested Or83cMB11142 mutants, which have a Minos 

element insertion in the first coding exon 121,122. The intermediate sensilla neurons in 

these mutants are completely insensitive to farnesol, confirming Or83c is an intermediate 

neuron receptor, not a trichoid neuron receptor (Figure 4-3A). The farnesol-sensing 

defect of Or83cMB1142 mutant intermediate neurons was reversed by expressing a UAS-

Or83c transgene under control of the Or83c promoter (Or83c-GAL4).  I was also able to 

rescue this defect by driving Or83c expression using either the olfactory neuron co-

receptor gene, orco-GAL4, or the Snmp-GAL4 promoter in the homozygous Or83cMB11142 

mutant background.  These rescue experiments demonstrate that Or83c, Orco and SNMP 

are all normally expressed in ai2a intermediate neurons. 
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Figure 4-4 │ Farnesol-Specificity of the Funiculus, Social Behaviors, and Context-
Dependence of SnmpZ0429 Mutant Phenotype.  A, SSR survey of 1% farnesol-induced responses 
by olfactory sensilla of the funiculus.  B, Tuning curve of endogenous ai2a neuron indicates 
presence of additional factors that affect neuronal specificity. C, Farnesol has no effect on mating 
(n=26 for each).  D, Both wild type and Or83cMB11142 flies display slightly negative ovipositional 
preference toward cVA (n=20 for each).  E,  No difference in total eggs laid per fly when 
comparing wild type and Or83cMB11142 mutants (p=0.5176, n=8 for each).  F,  Farnesol has no 
effect on total number of eggs laid per fly (p=0.5254, n=8 for each).  Statistical comparisons for 
(C-F) were performed using student’s t-test.  G-H, Dose-response curve for farnesol sensitivity 
(% FOH) in an SnmpZ0429 mutant background.  G,  Farnesol sensitivity of Or83c mis-expressing 
at1 neurons is severely reduced in UAS-Or83c;Or67dGAL4,SnmpZ0429 compared to UAS-
Or83c;Or67dGAL4.  H, Farnesol-sensing defect is much more subtle in ai2a neurons of SnmpZ0429 
mutants compared to w1118 ai2a neurons. (Ronderos & Smith, unpublished). 
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 Orco and SNMP are Required for Normal Responses to Farnesol by Or83c-

Expressing Neurons  

Drosophila ORs are ligand gated ion channels that also require the co-receptor Orco for 

dendritic trafficking 49 and odorant responses 47. I tested orco2 mutant flies 47 and found 

they are defective for farnesol responses in the ai2a neurons (Figure 4-3A).  SNMP is a 

co-receptor required for detection of cVA by at1 neurons 84,85. I wondered whether SNMP 

was also required for farnesol detection through Or83c, so I tested the responses of ai2a 

neurons from SnmpZ0429 mutant flies 84. While still responsive to farnesol, SnmpZ0429 

mutants have defects in sensitivity, maximal firing rate and deactivation kinetics to 

farnesol in the absence of SNMP (Figures 4-3A, 4-3B & 4-3C).  I undertook a detailed 

analysis of farnesol responses in the SnmpZ0429 mutants, using 50-millisecond bins to 

measure onset, maximal firing rate, and deactivation kinetics (Figure 4-3C).  The 

activation slope was reduced in the SnmpZ0429 mutants, resulting in a delay to peak firing 

rate, which was slightly lower than wild type controls (Figure 4-3B & 4-4H). 

Deactivation was also much slower in the SnmpZ0429 mutants. The time from response 

peak to 25% of maximal firing rate (τ1/4) was strikingly longer in SnmpZ0429 mutant flies 

(635.7ms ± 75.37ms, n=7, **p<0.01) compared to w1118 controls (371.4ms ± 40.62ms, 

n=7) (Figure 4-3B).  I concluded from these data that Or83c, Orco, and SNMP are all 

required for normal farnesol responses by ai2a neurons. 
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Figure 4-5 │ FOH Instructs Oviposition Preference via Or83c.  A, SSR traces and bar graph 
results of ai2 responses to fly odors.  Air passed over ~50 flies of the indicated status failed to 
activate ai2 OSNs, while air passed over adult males activates at1 neurons (control). B, SSR traces 
and bar graph results of ai2a responses to air passed over various fruits and their peel.  ai2a OSNs 
detect farnesol found in certain fruit peels. C, Bar graph results of oviposition assays using 1µL of 
varying concentrations of FOH (%) versus paraffin oil (PO) control. Oviposition preference index 
(OPI) was calculated for eggs within 1cm of odorant source. (Oviposition Preference Index=[# 
eggs on FOH side - # eggs on PO side]/ [# eggs on FOH side + # eggs on PO side]). (*p<0.05, 
**p<0.01, by student’s t-test, n ≥ 30 for each). D, Composite map of egg distribution for 3-4 trials 
from each genotype using 1µL of 10-4 dilution of FOH in PO versus PO alone.  Gray circles 
indicate 2cm diameter testing zones. (Ronderos & Smith, unpublished). 
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Intermediate Sensilla Express Tuning Factors Not Present in Trichoid Sensilla 

While characterizing the endogenous farnesol-sensing ai2a neurons, I noted that these 

neurons responded differently to several odorants. Interestingly, Or83c expressed in the 

‘empty trichoid’ system did not support responses to some odorants, such as butylamine, 

that elicited activity in the ai2a neurons (Figure 4-4B). These responses may signal 

through another receptor, since the ai2a neurons in the Or83cMB11142 mutants are defective 

for farnesol sensitivity, but still retain butylamine responses (data not shown). This 

indicates that additional factors present in ai2a neurons modulate the odorant sensitivity 

of these neurons. 

 

Farnesol is an Oviposition Cue in Drosophila 

Intermediate sensilla are closely related to trichoid sensilla, and express some of the same 

odorant binding proteins (OS-E and OS-F/Pbprp3) as trichoids 18,123. While trichoid 

sensilla are involved in pheromone detection, the function of intermediate sensilla is 

unknown. Thus, it is possible that farnesol is utilized as a volatile pheromone to influence 

the behavior of other fruit flies via intermediate sensilla neurons. I tested extracts from 

flies and larvae of various stages for the presence of farnesol, and none of these 

preparations activated Or83c (Figure 4-5A & data not shown).  I also tested the effects of 

farnesol on behaviors such as aggregation, attraction, avoidance, and mating behaviors in 

wild type flies, which were similarly unaffected by the presence of farnesol (Figure 4-4C 

& data not shown). This suggests farnesol may not be acting as a social cue.   

To further investigate the biological relevance of FOH-detection by Drosophila, I 

considered potential sources of FOH that flies may encounter in nature.  Farnesol is 



 

 

69 

found in certain fruits such as grapes 124, grapefruit 125, and oranges 126. I tested whether 

the headspace from different fruits could activate Or83c in vivo, and found that ai2a 

neurons could be reliably activated by the peel of certain fruits (Figure 4-5B).  Grapefruit 

peel gave the highest response, while banana failed to elicit any response whatsoever. 

The meat of these fruits were unable elicit any response from the ai2a neurons. This is 

consistent with reports that farnesol is enriched in the peel of certain fruits 125,127, and 

indicates that flies are capable of perceiving the farnesol of fruit peels in nature. 

 Fruit flies are highly attracted to a variety of fruits, which serve both as a food 

source for adults and for oviposition sites to provide a food source for progeny. To test 

whether farnesol serves as a cue for oviposition, I assayed egg-laying behavior in 

response to farnesol. Wild type flies exhibit a clear oviposition preference to farnesol 

sites compared with paraffin oil diluent alone (Figure 4-5C).  Remarkably, farnesol 

oviposition preference is clearly apparent even at dilutions of farnesol as high as 0.0001% 

(Figure 4-5D). 

 To test whether Or83c, and not some unknown farnesol detector mediates 

oviposition preference, I tested Or83cMB11142 mutant flies for oviposition responses to 

farnesol. Or83cMB11142 mutant females show no oviposition preference at any 

concentration of farnesol (Figures 4-5C & 4-5D).  This was not due to a general defect 

in egg-laying in Or83cMB11142 mutants, since there was no difference in the number of 

eggs laid per fly when comparing wild type and Or83MB11142 flies (Figure 4-4E).  Nor 

was this the result of an induction of egg-laying by farnesol in wild type flies, since there 

was no difference in the average number of eggs produced per fly in the presence or 

absence of farnesol (Figure 4-4F). Rather, this data indicates that Or83c mediates 
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farnesol-induced oviposition behavior. Therefore, I suggest farnesol is sufficient to 

localize oviposition at substrates for Drosophila egg deposition.  
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DISCUSSION 

 

Intermediate Sensilla Neurons Utilize a Distinct Signaling Mechanism 

There are four main classes of olfactory sensilla in Drosophila.  These are classified 

based on morphology.  However, in addition to morphological differences, there appear 

to be functional differences as well.  Coeloconic primarily utilize IRs, with one 

exception. Food-sensitive basiconics and pheromone-specific trichoid sensilla both utilize 

ORs, although trichoids also express additional components such as SNMP and LUSH.  

Now, I show that intermediate sensilla appear to utilize a distinct signaling mechanism 

that also involves an OR/Orco/SNMP complex plus at least one additional factor. This is 

evident based on several observations pertaining to sensitivity, specificity, and 

deactivation.  Firstly, Or83c is completely insensitive to farnesol when mis-expressed in 

basiconic neurons.  This difference cannot merely be due to the absence of SNMP, since 

Snmp mutants still retain farnesol sensitivity albeit with defective kinetics.  Secondly, the 

tuning curves (i.e., specificity) for Or83c when expressed in at1 neurons versus the 

endogenous tuning curve of the ai2a neurons were similar but not identical.  Tuning of 

the endogenous ai2a neuron was still narrow, yet it was broader than when Or83c alone is 

mis-expressed in at1 neurons.  This suggests the presence of an intermediate-specific 

component that modulates tuning of the ai2a neuron.  Thirdly, both the sensitivity and 

deactivation of Or83c in an SnmpZ0429 mutant background were also very different 

depending on the sensillar context.  The severity of SNMP-related defects were 

exaggerated in trichoid, but much more subtle in intermediate sensilla. One possible 
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explanation for this is that intermediates may contain an additional factor not present in 

trichoids that partially compensates for the loss of SNMP in intermediates.  Taken 

together, these data indicate that intermediate sensilla require at least one additional 

factor not present in other sensillum classes. 

 

Or83c Mediates Farnesol Detection and Oviposition Behavior 

Oviposition behavior in Drosophila consists of a defined motor program of testing 

substrates for appropriate egg deposition sites 128.  Preference for an oviposition site is not 

synonymous with general attraction.  Flies have been known to positionally avoid certain 

substrates while simultaneously depositing eggs on it preferentially 128,129.  In the case of 

acetic acid, ovipositional preference is gustatory-mediated, whereas positional avoidance 

is olfactory-mediated 129.  Both wild type controls and Or83cMB11142 flies displayed 

slightly negative oviposition preference toward cVA, which is also an aggregation 

pheromone74 in flies (Figure 4-4D).  Farnesol can instruct oviposition site choice by 

Drosophila and this effect is olfactory, mediated by ai2a neurons.  Fruit flies would be 

likely to encounter farnesol in their natural environment since it is found in certain fruit 

peels 125,127.  Farnesol was found to be innately attractive for the Caribbean fruit fly, 

Anastrepha suspensa, with females exhibiting greater attraction than males 126.  The 

narrow tuning of Or83c suggests an important biological significance and our data reveal 

this to be ovipositional preference behavior that is mediated by Or83c-expressing neurons 

of the olfactory system. 
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MATERIALS AND METHODS 

Drosophila Stocks 

Wild type control flies used were from a w1118 stock. Or67dGAL4 mutants were described 

by Kurtovic 79.  These flies have the Or67d gene replaced by a gal4 yeast transcription 

factor gene. Transgenic UAS-Or83c flies were generated in the lab by injecting a cDNA-

encoding UAS construct into an Or67dGAL4 mutant background. Or83cMB11142 flies were 

obtained from Bloomington stock center (Indiana).  Or83cMB11142 is a null mutant 

generated by Minos element insertion 121 into the first coding exon and was confirmed by 

sequencing. Snmp-GAL4 flies were generated in the lab.  Or83c-GAL4 and orco-GAL4 

flies were also obtained from Bloomington stock center (Indiana). 

 

Single Sensillum Electrophysiology 

Extracellular electrophysiological recordings were carried out according to Ha and Smith 

82.  Briefly, 2-7 day old flies were under a constant stream of charcoal-filtered air (36 

ml/min; 22-25oC) to prevent any potential environmental odors from affecting activity 

during these studies.  Signals were amplified 100X (USB-IDAC System; Syntech, 

Hilversum, The Netherlands) and fed into a computer via a 16-bit analog-digital 
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converter and analyzed off-line with AUTOSPIKE software (USB-IDAC System; 

Syntech).  Low cutoff filter setting was 200Hz, and the high cutoff was 3kHz, with a 

sampling frequency of 3.2kHz.  Action potentials were recorded by inserting a glass 

electrode in the base of the sensillum. Stimulus consisted of a 300ms air pulse passed 

over odorant sources.  All recordings were performed from separate sensilla with a 

maximum of two sensilla recorded from any single fly. 

 

Odorant Preparation 

Odorants used for electrophysiology stimulus were prepared by placing 30µL of odorant 

onto a small piece of filter paper inserted into a glass pipette and sealed with a 1000µL 

pipette tip.  Similar preparation was used with fruit, fruit peel or live flies placed into a 

glass pipette with filter paper as odorant sources (Figure 4-5). Farnesol was diluted in 

paraffin oil to give desired concentrations used in electrophysiology, mating and 

oviposition experiments. Odorants used to generate tuning curve in Figures 4-2A & 4-4B 

were undiluted.  

 

Oviposition Preference Assay 

Oviposition assays were conducted using a 100mm petri dish in which the bottom of the 

plate was covered with 1% agarose medium in water.  A small hole was made in the 

medium at each end of the petri dish, and 1µL of either paraffin oil (PO) (as a control) or 

FOH diluted in paraffin oil was placed in each. Mated, age-controlled flies were gently 

placed on the surface and left overnight, and the following day were removed and the 

number of eggs within a 1cm radius of the odorant source was counted and used to 
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calculate an oviposition preference index (OPI). OPI = [# eggs on FOH side - # eggs on 

PO side]/[# eggs on FOH side + # eggs on PO side] x 100%. 

 

Mating Behavior Assays 

Naive virgin males and females were kept in isolation from the time of eclosion until 

mating behavior assays were conducted. Single 3-7 day old virgin male and female flies 

were placed in courtship chambers (1.5 cm diameter polystyrene wells containing 1% 

agarose in water covered with Whatman paper) and video recorded for 10 minutes.  

Courtship Index (CI) for all experiments was measured by dividing the time spent 

courting (TC) by the total observation time (TT) multiplied by 100% (CI = [TC/TT] x 

100%). 1µl of pure FOH was applied to the Whatman paper just prior to the assay. 

Standard error of measurement was calculated for each genotype and p values were 

calculated using unpaired two-tailed Student’s t-tests. 



 

 

76 

Chapter Five 
Concluding Remarks 

 

The work described in the preceding chapters has provided new and valuable insights 

into the growing field of insect olfaction, which seeks to understand the molecular basis 

of long-range chemical detection.  More generally, insect olfaction also provides a 

substrate in which to study the neural basis of simple behaviors.  The research I have 

conducted could be described as ‘variations on a theme’, and that theme is the title of this 

dissertation.  I have studied the molecular mechanisms of olfaction, the neuronal activity 

that results, the anatomical location of the sensory neurons that drive the circuits, and the 

behavioral outputs that ultimately result and thus make possible the survival of the 

individual, and thence the species (Table 5-1). 

 In addition to clarifying the role of the at1 neuronal circuit in mediating cVA-

induced mating behaviors, this research has helped to shed light on novel molecular 

mechanisms of odorant detection involving TRP channels, BK channels, and other 

molecules that are yet unknown which are involved in chemoreception by intermediate 

sensilla.  More basically, this work has also led to an expansion of our basic knowledge 

of the Drosophila olfactory system (Table 5-2).  Firstly, this research led to the discovery  

 
Odorant Stimulus Neuron Molecular Components Involved Behavioral Output 

cVA (fly) at1 LUSH, Or67d/Orco, SNMP Mating (sexually dimorphic) 
citronellal (plant) ab11a (OR)/Orco, Gq, PLC, TRPA1, BK Avoidance 

farnesol (fruit) ai2a Or83c/Orco, SNMP, Other(?) Oviposition 
Table 5-1 │ Odorants, Sensory Neurons & Molecular Components, and Behaviors.  This 
table gives a summary of the results of the research described in this dissertation, “Molecular 
Mechanisms of Volatile Odorant Detection and Corresponding Behavioral Effects in Drosophila”.  
In particular, my work has clarified the role the at1 neuronal circuit in mediating mating behavior, 
identified novel sensilla that detect the insect repellent citronellal and mediate avoidance via a 
mechanism that involves the TRPA1 channel, and disclosed the first description of a role for the 
intermediate sensilla, which mediate oviposition behavior.  (Ronderos, unpublished, 2011). 
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Table 5-2 │ Functional Organization of the Drosophila Olfactory System as of 2011.  This 
table includes recent advances that resulted from the research presented here.  I have discovered 2 
novel sensilla (ab11 and ab12), containing a total of 6 neurons.   Intermediate sensilla (ai2 and ai3) 
are also now included, which adds another 2 sensilla housing a total of 5 neurons.  As a result, the 
identities of those receptors expressed by at2 sensilla are now in question.  Further study will be 
needed in order to continue the completion of this table. (Ronderos, unpublished, 2011). 
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of novel basiconic sensilla for the first time in over 5 years, despite a growing number of 

scientists devoting their time and talents to this area.  Secondly, I hope that I have 

brought back to the collective memory of the Drosophila olfaction community the 

existence of a fourth class of olfactory sensilla – the intermediate sensilla.  These sensilla 

were first described more than a decade ago, and yet they have been largely overlooked, 

and are conspicuously missing from the literature.  I believe that this is partly due to the 

dearth of information that has been gained regarding their function, their receptor 

repertoire, and their specificity.  In hindsight, it is easy to see why, since the receptors 

were not identified and the relatively narrow tuning did not lend itself to facile 

characterization. 

 Further study will be necessary to fill in the gaps of knowledge represented in 

Table 5-2.  The identity of the receptors expressed and the glomeruli innervated by these 

neurons will be necessary to complete the work of characterization of the Drosophila 

olfactory system and the Drosophila connectome.  I hope this work will help to shed light 

on the complexity and elegance of this system, and spur on the work of others who seek 

to answer new questions that have been raised in the process. 
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APPENDIX A  
The ‘DART’ Assay used to Measure Avoidance of Volatile Insect Repellents 

 
 

 
 

 
 
 
 
Appendix A │ A, The ‘DART’ assay and the formula used to calculate avoidance indices (A.I.).  
B,  A modified version of the ‘DART’ assay. (Modified from Ronderos et al., Curr Biol, 2010) 32. 

                                                
Nota bene: All data contained within the appendices were generated by my collaborators at Johns 
Hopkins Medical University School of Medicine.  For a complete list of all the contributing 
authors, consult the list of publications found on page x.  -DSR 
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APPENDIX B 
Flies Avoid Benzaldehyde, Citronellal via Orco-expressing OSNs 

 
 

 
 
Appendix B │ Avoidance to airborne citronellal vapor.  A,  ‘DART’ assay (Appendix 
A, panel A) measures avoidance to an odorant (e.g. benzaldehyde) but not to a tastant (e.g. 
quinine).  B, Time-dependence for avoidance to 0.1% or 1% benzaldehyde (BA). C, Variation of 
DART assay (Appendix A, panel B) used to assay repulsion of female Anopheles gambiae to 
citronellal and benzaldehyde (10% each).  D, Avoidance by fruit flies to 0.1 – 10% citronellal 
vapor.  E, Time-dependence for avoidance to 1% citronellal.  F, Requirement of antenna and 
Orco-expressing OSNs for citronellal repulsion.  The asterisks indicate significant differences 
from the wild-type control (ANOVA, p<0.05).  The pound signs denote significant differences 
between the indicated flies (t-test, p<0.05). (Modified from Ronderos et al., Curr Biol, 2010) 32. 
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APPENDIX C 
Citronellal Avoidance Requires TRPA1 in Orco-Expressing OSNs 

 

 
Appendix C │ Requirement of trpA1 for Avoidance to Airborne Citronellal Vapor.  A, 
Avoidance of trpA11 mutants to 1% citronellal.  B, Wild-type and trpA11 responses to 0.1 – 10% 
citronellal.  C, Rescue of the trpA11 phenotype with either Drosophila (dtrpA1-A and dtrpA1-B) or 
Anopheles gambiae (agtrpA1-A and agtrpA1-B) trpA1 transgenes using the GAL4/UAS system.  D, 
Wild-type and trpA11 responses to 0.01 – 10% benzaldehyde. E, Conservation of two trpA1 
mRNA isoforms.  Both Drosophila and Anopheles encode two trpA1 mRNA isoforms.  The two 
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isoforms share all exons except for one short exon each that is located 91-149 nucleotides 5’ to the 
first transmembrane domains.  The gray boxes indicate exons shared by the two forms.  The 
isoform-specific exons are indicated by the red (A forms) and blue (B forms) boxes.  F, 
Expression of UAS-trpA1 in OSNs using the orco-GAL4 restored citronellal repulsion in trpA11.  
G-I, Expression of the trpA1 reporter in 2nd and 3rd antennal segments.  trpA1 reporter expression 
was tested using the trpA1-GAL4 and UAS-GFP (green).  G, Staining in a coronal plane of an 
antenna from a late-stage pupae.  GFP positive neurons in the 3rd antennal segment are indicated 
with arrowheads.  H, High magnification view of the inset in panel (G).  I, Staining in a transverse 
plane of an antenna from a late-stage pupae.  Error bars represent ±SEMs.  The asterisks indicate 
significant differences from the wild-type control (ANOVA, p<0.05).  The pound signs denote 
significant differences between the indicated flies (unpaired Student t-test, p<0.05). (Modified 
from Ronderos et al., Curr Biol, 2010) 32. 
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APPENDIX D 
Citronellal Activates agTRPA1 Directly, and dTRPA1 via a Gq/PLC Pathway 

 

 
Appendix D │ Expression of TRPA1 in Xenopus Oocytes and Requirement for PLC and 
Gqα  for Avoiding 1% Citronellal.  Expression of Drosophila TRPA1 (A-B) and Anopheles 
TRPA1 (C) in Xenopus oocytes.  A-C, Black filled bars indicate the duration of a stimulus and 
open bars indicate washouts with stimulus free buffers. A, Representative effects of 1 mM 
citronellal and a heat shift (~25 to 39˚C) on Drosophila TRPA1.  B, Activation of Drosophila 
TRPA1 in response to 100 µM AITC.  C, Activation of Anopheles gambiae TRPA1 evoked by 
increasing concentrations of citronellal.  D, Requirement for PLC (NORPA) and Gqα for 
citronellal avoidance.  E, Expression of UAS-norpA using the trpA1-GAL4 or orco-GAL4 rescued 
the norpAP24 phenotype.  F, Specific requirement of NORPA and Gqα in OSNs.  Citronellal 
avoidance was reduced in flies with RNAi knockdown of norpA or dGqα using the trpA1-GAL4 or 
orco-GAL4.  The asterisks indicate statistically significant differences from wild-type (ANOVA, 
p<0.05).  The pound sign indicates significant differences between the indicated measurements 
(unpaired Student t-test, p<0.05).  Error bars represent ±SEMs. (Modified from Ronderos et al., 
Curr Biol, 2010) 32. 
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APPENDIX E 
Avoidance of Citronellal involves Slowpoke and Orco 

 
 
 

 
 

Appendix E │ A, Impairment of citronellal avoidance by RNAi-mediated knockdown of slo 
driven by slo-, trpA1-, or orco-Gal4. Avoidance defect also observed in flies harboring a slo 
genetic lesion (slobs18916).  B, Reduction of citronellal avoidance in the orco2 mutant. (Modified 
from Ronderos et al., Curr Biol, 2010) 32. 
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