
ABSTRACT 

SWARUP, SHILPA. Genetic Architecture of Natural Variation in Olfactory Behavior in 

Drosophila melanogaster. (Under the direction of Dr. Robert R.H. Anholt and Dr. Trudy 

F.C. Mackay.) 

 

Most animals depend on appropriate responses to chemical signals for food 

localization, mate selection and avoidance of toxins and predators. Although the genetic 

architecture of olfactory behavior in Drosophila has been studied before, little is known 

about the genetic architecture of natural variation in olfactory behavior. From an 

evolutionary perspective it is important to understand allelic variation in nature in order to 

gain insight into the evolution of behavior and the reasons for genetic variation for the 

behavioral trait being maintained in natural populations. 

The overall aim of my dissertation was to understand the genetic architecture of 

olfactory behavior using Drosophila melanogaster as a model system.  I did this by 1) 

studying the role of odorant binding proteins (OBPs) in mediating olfactory behavior 2) 

using two complementary genome-wide approaches to identify polymorphisms and genes 

contributing to natural variation in olfactory behavior and 3) studying the relationship 

between pleiotropy and epistasis by assessing the effects of epistatic modifiers segregating in 

wild-derived population of Drosophila on the effect of mutations in pleiotropic genes.  

 Olfaction in Drosophila is mediated by chemosensory genes including OBPs. One of 

the major challenges in studying the role of OBPs was unavailability of mutants. With the 

availability of RNAi lines for individual Obps it became feasible to systematically analyze 

their role in mediating behavioral responses to odorants. I used 17 Obp-RNAi lines and 

studied their responses to a panel of 16 ecologically relevant odorants. RNAi-mediated 

target- specific suppression of individual Obps was confirmed both at the transcript and 



protein level using real time RT-PCR and a proteomic LC/MS/MS procedure. The results 

show that OBPs play an important role in mediating olfactory behavioral responses. 

Suppression of Obps reveals extensive sexual dimorphism in responses to odorants and 

interactions of OBPs with odorant receptors appears to be combinatorial.  

Understanding the genetic architecture of variation in olfactory behavior includes not 

only investigating the roles of gene products such as OBPs that contribute to olfactory 

behavior but also to find a subset of these genes that contribute to variation in olfactory 

behavior. I have used two genome-wide complementary approaches of genome-wide 

association (GWA) analysis and extreme-QTL (X-QTL) mapping as to identify alleles that 

affect natural variation in olfactory behavior using the Drosophila melanogaster Genetic 

Reference Panel (DGRP). The results show that there is substantial phenotypic variation and 

sexual dimorphism in the DGRP for behavioral responses to the standard odorant, 

benzaldehyde. Polymorphisms in or near chemosensory, developmental and signal 

transduction genes were associated with natural variation in olfactory behavior. These genes 

comprise inositol triphosphate and cyclic nucleotide signaling. Results from both approaches 

indicate that variation in olfactory behavior depends not only on peripheral chemoreception, 

but to a large extent on information processing and decision making in the brain. Further, 

polymorphisms in different chemosensory genes between males and females can contribute 

to sexually dimorphic responses to benzaldehyde in nature.  

Epistasis is an important feature of the genetic architecture of quantitative traits. I 

studied the effects of epistatic modifiers that segregate in a wild-derived Drosophila 

melanogaster population on the mutational effects of P-element insertions in pleiotropic 

genes that affect olfactory behavior as well as startle behavior and sleep phenotypes using 



chromosome substitution lines. My results show substantial epistasis and significant variation 

in the magnitude of epistasis in the chromosome substitution lines. We found that 

suppressing epistasis may buffer the effects of new mutations but there are different epistatic 

modifiers segregating in the wild-derived population that can suppress the effect of mutations 

in the same pleiotropic genes.  
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Animals, including insects, are capable of detecting a wide range of odors with 

extraordinary sensitivity and discrimination. While the sense of smell might seem a very 

vivid and evocative sense for humans it is critical for survival of insects.  They use olfaction 

as their survival tool to locate food, select mates, and avoid predators and toxic 

environments. Appropriate olfactory responses to different chemical cues require sensory 

information to be transformed from initial detection through neuronal processing to the 

eventual manifestation of behavior.  

My dissertation focuses on studying olfactory behavior using Drosophila 

melanogaster as an insect model system. One aspect of my research relates to the role of 

odorant-binding proteins (OBPs) in mediating olfactory behavior in Drosophila 

melanogaster. OBPs are abundantly expressed proteins in the insect olfactory system. 

Although their role in pheromone recognition has been defined for several insects (Vogt et 

al., 1999; Vogt et a.l 2002; Campanacci et al., 2001) their function in general olfaction 

remains poorly understood. A major challenge in studying their roles was unavailability of 

mutants. With a genome-wide RNA interference (RNAi) library available for Drosophila it 

became feasible to ask- Do OBPs play a role in mediating olfactory behavior in Drosophila? 

The answer to this question, at least at the behavioral level, comprises Chapter 2 of this 

dissertation.  

Another part of my research focuses on the genetic architecture of natural variation in 

olfactory behavior using Drosophila melanogaster as a model organism. Olfactory behavior 

is a quantitative trait and is influenced by environment and gene by environment interactions 

(Anholt 2004; Anholt & Mackay 2004; Sambandan et al. 2006; Sambandan et al. 2008; 
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Mackay et al. 2009). D. melanogaster provides an excellent model system to study the 

genetic basis of olfactory behavior because of its well characterized olfactory system and 

ability to generate a large number of genetically identical individuals in controlled 

environmental conditions. Previous work has shown that the genetic architecture of olfactory 

behavior in Drosophila is composed of dynamic epistatic networks of pleiotropic genes that 

are sensitive to sex, environment and gene by environment interactions (Anholt et al. 1996; 

Anholt et al. 2003; Sambandan et al. 2006). However, a more complete understanding 

requires the identification of genes as well as their allelic variations contributing to natural 

variation in olfactory behavior. Genes that contribute to phenotypic variation can be 

identified by high resolution quantitative trait locus (QTL) mapping. The aim of my research 

was to map QTLs affecting natural variation in olfactory behavior using two different, yet 

complimentary, approaches of extreme-QTL (X-QTL) and genome-wide association (GWA) 

mapping. A population of 192 wild-derived inbred lines of Drosophila, the Drosophila 

melanogaster Genetic Reference Panel (DGRP) (Mackay et al., 2012), enabled this study. 

The lines were derived by 20 generations of full sib inbreeding of isofemale lines collected 

from the Raleigh farmerôs market in 2002 and have minimum genetic variation within the 

line and substantial genetic variation among the lines. The DGRP population can be used to 

identify extreme lines to construct mapping populations for QTL mapping to identify 

quantitative trait genes (QTGs) contributing to naturally occurring variation in olfactory 

behavior. Further, the DGRP also provides a resource for association mapping of QTL. 

Association mapping is based on linkage disequilibrium (LD) between markers and QTLs 

affecting the behavior. Since LD decays rapidly over short physical distances in Drosophila 
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(Carbone et al. 2006), performing GWA mapping in Drosophila requires dense polymorphic 

markers and information for all DNA sequence variants. We also need a population of inbred 

lines derived from an outbred population for GWA mapping. The DGRP meets these 

requirements, since it is a collection of wild-derived inbred lines, and information for the 

complete genomic sequences for all the lines and common Drosophila variants-single 

nucleotide polymorphisms (SNPs) and insertion/deletion (Indels) - is available. Findings 

from this study are discussed in Chapter 3 of this dissertation. 

Epistasis, the effect that variation at one locus is suppressed or enhanced by the 

genotype at another locus, is an integral feature of the genetic architecture of quantitative 

traits. Previously, olfactory behavior in D. melanogaster has been used as a model trait to 

dissect the genetic architecture of behavior (Anholt, 2010) and dynamic epistatic networks of 

pleiotropic genes have been implicated as a major feature of the genetic ensembles that 

underlie the manifestation of this behavioral phenotype (Fedorowicz et al., 1998, Sambandan 

et al., 2006). However, dynamics of epistatic interactions in natural populations and the 

relationship between epistasis and pleiotropy are poorly understood. In Chapter 4, I  discuss  

the effects of epistatic modifiers that segregate in a wild-derived DGRP population on the 

mutational effects of pleiotropic genes affecting sleep, startle behavior and olfactory 

behavior.  

In this introductory chapter I provide relevant background that leads into the 

following chapters. I start with discussing why Drosophila is an appropriate model for my 

research giving a detail description of its olfactory system including odorant receptors, OBPs 

and ionotropic receptors. This is followed by a brief discussion of olfactory behavior assays 
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used to measure olfactory behavioral responses in flies and the interpretation of results from 

these assays. Finally, I discuss olfactory behavior as a quantitative trait, and explain why 

Drosophila is a good system for my studies and, especially, how the DGRP enables the 

dissection of variation in olfactory behavior and the identification of causal DNA 

polymorphisms.   
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OLFACTION IN DROSOPHILA  

Drosophila as a model system to study olfaction 
 

 

For many years Drosophila melanogaster has been used as a model system to study 

olfaction and its underlying processes that have led to a well described olfactory system. We 

know the complete olfactory receptor repertoire and the olfactory receptor neurons (ORNs) 

in which they are expressed, the projections of ORNs into the brain, and response profiles of 

both ORNs and odorant receptors (ORs) to ecologically relevant odorants (Hallem & 

Carlson, 2004; Hallem & Carlson, 2006; Vosshall & Stocker, 2007; Masse et al., 2009). Fruit 

flies have a simpler functional organization of the olfactory system than the more complex 

vertebrate olfactory system; yet, it has a remarkably similar functional organization and 

mechanisms of odorant perception and processing (Shanbhag et al., 2000; Hallem & Carlson, 

2006; Su et al., 2009). Drosophila melanogaster responds to a variety of odorants and 

olfactory responses can be easily quantified using behavioral (Sambandan et al., 2006; Keller 

& Vosshall, 2007; Swarup et al., 2011) or physiological (Hallem & Carlson, 2006) 

measurements. From the genetics perspective the ability to generate large numbers of 

individuals of the same genotype under controlled environmental conditions makes fruit flies 

an attractive model to study the genetic architecture underlying olfactory behavior (Anholt, 

2004). A variety of publicly available resources, including transgenic tools, such as the 

GAL4-UAS system (Brand & Perrimon 1993), is available.  Finally, its genome has been 

sequenced (Adams et al., 2000) facilitating comprehensive genomic and comparative studies 
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of chemosensory gene families (Robertson et al., 2003) and identifying genetic components 

of behavior (Anholt & Mackay, 2004).  

 

Olfactory System of D. melanogaster: Its components, organization and 

circuitry   

An adult Drosophila has two principal olfactory organs: the third antennal segments 

(funiculi) and the maxillary palps. Both olfactory organs are covered by sensory hairs, called 

sensilla. Based on their shape, size and cuticular structure the sensilla on the antenna can be 

distinguished into three morphological categories - basiconic (large and small), coeloconic, 

and trichoid (Stocker, 1994; Shanbhag et al., 2000). However, the sensilla of maxillary palps 

consist entirely of basiconic sensilla (Shanbhag et al., 2000) (Figure 1.1).  
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Figure 1.1: Schematic of a fly head, indicating the olfactory organs, the antennae and the 

maxillary palps (left), and distribution of three types of sensilla on the third antennal segment 

and the maxillary palp. Figure adapted from Kaupp (2010). 
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Figure 1.2: ORN within a sensillum: The schematic shows the sensillum as a perforated 

structure housing two bipolar ORNs with dendrites in the sensillar lymph and axons sent to 

the antennal lobe (not shown in the image). Figure adapted from Vosshall & Stocker (2007). 
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Each sensillum is a hollow, perforated fluid-filled structure that houses one to four 

olfactory receptor neurons (ORNs) (Figure 1.2) (Hallem & Carlson, 2006). There are about 

1200 ORNs in an antenna and about 120 ORNs in maxillary palps (Su et al., 2009). ORNs 

are bipolar neurons that extend dendrites into the sensillar lymph and send an axon to the 

antennal lobe in the Drosophila brain. A complete projection map has been generated for all 

ORN classes covering almost the entire OR family (Couto et al., 2005; Fishilevich & 

Vosshall, 2005).  

In situ hybridization, immunohistochemistry, and reporter gene analysis have 

revealed that in Drosophila, each Or gene is expressed in a subpopulation of ORNs and each 

ORN expresses only one or a small number of Or genes together with the ubiquitous Or83b 

receptor (Vosshall et al., 1999;  Larsson et al., 2004; Fishilevich & Vosshall, 2005; Benton et 

al., 2006). The antennal lobe contains about 43 spherical structures called glomeruli (Laissue 

et al., 1999) and is a functional homologue of the mammalian olfactory bulb (Hildebrand & 

Shepherd, 1997). ORNs expressing the same Or gene project axons bilaterally to one of the 

glomeruli in each antennal lobe (Stocker, 1994; Hildebrand & Shepherd, 1997) where they 

synapse with a single projection neuron (PN) that in turn projects to higher regions of the 

brain, the mushroom bodies and lateral horn of the protocerebrum (Figure 1.3) (Stocker, 

1994; Ito et al., 1998; Wong et al., 2002; Su et al., 2009). In contrast to the ORNs on the 

antennae, which project axons directly to the antennal lobe, the axons of ORNs on the 

maxillary palps reach the antennal lobe via the subesophageal ganglion (Vosshall & Stocker, 

2007).  In the antennal lobe there are two major types of neurons. Ones that provide 

ñhorizontalò connections among the glomeruli are called local interneurons and ones that 
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ñverticallyò connect individual glomerul with the mushroom body and the lateral horn of the 

protocerebrum are cholinergic projection neuron (PNs) (Stocker 1994; Wong, Wang et al. 

2002).  The olfactory information received by ORNs at the periphery is first processed in the 

AL and then sent to higher regions of the brain. One class of LNs is mostly GABAergic 

(Wilson & Laurent, 2005) and receives both excitatory inputs from the ORNs and PNs as 

well as establishes inhibitory synapses with PNs. Another class of LNs is cholinergic 

excitatory neurons that are involved in interglomerular excitation of PNs (Figure 1.3) (Shang 

et al., 2007). This results in an intricate network of LNs that might play a role in 

synchronizing PN activity within a glomerulus or between PNs of different glomeruli (Ng et 

al., 2002) generating a modified glomerulus-specific odor image, reflected both by temporal 

and spatial PN activity, before it is transferred to higher olfactory centers (Laurent, 1996; Lei 

et al., 2004). The PNs send their axons to the calyx in the mushroom body and the lateral 

horn of the protocerebrum. PNs innervating the same glomerulus show remarkable 

similarities in axonal topography, while PNs from different glomeruli show dissimilar 

projection patterns in the protocerebrum (Wong et al., 2002). Unlike the tight convergence of 

axons to specific glomeruli in the antennal lobe, axons projecting to the protocerebrum are 

diffuse and extensive. Nonetheless, similar to central representation of odorant receptor 

activation in the antennal lobe glomeruli, projections of the PNs reveal a spatial 

representation of glomerular activity in higher brain centers (Wong et al., 2002). 
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Figure 1.3: Olfactory circuitry in Drosophila:  (a) ORNs expressing the same Or gene send 

their axons to one of the 43 glomeruli in the antennal lobe where they synapse with  antennal 

lobe projection neurons which in turn project   to the   mushroom body and lateral horn of the 

protocerebrum. Image adapted from Masse et al., (2009). (b)  GABA releasing LNs mediate 

interglomerular inhibition and excitatory cholinergic LNs mediate interglomerular excitation.  

Figure adapted from Su et al. (2009).      
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ORNs: Their functional  classes in the antennae and the maxillary palps 
 

The ORNs of the antennae and the maxillary palps in Drosophila have been 

functionally classified using single-unit electrophysiology (Boeckh & Ernst, 1987) which has 

been used to examine responses of ORNs to odorants across insect species such as 

mosquitoes, honeybees, moths and flies (Clyne et al., 1997; Meijerink & van Loon, 1999; 

Shields & Hildebrand, 2000; Laurent et al., 2002). In flies, electrophysiological recordings 

from different types of sensilla on the antennae and the maxillary palps to different odorants 

indicate that they can be divided into different functional classes. There are 6 different 

functional categories of ORNs in the maxillary palps designated pb1A, pb1B, pb2A, pb2B, 

pb3A and pb3B (de Bruyne, Clyne et al. 1999) and 21 in the antennae (de Bruyne, Foster et 

al. 2001; Hallem and Carlson 2006). Out of 21 classes of ORNs on the antennae, 18 classes 

are housed in three types of large basiconic sensilla and 5 types of small basiconic sensilla. 

The antennal basiconic sensilla are designated ab1 through ab8. The ab1 sensilla contain four 

ORNs and the others contain two ORNs each (de Bruyne et al., 1999; de Bruyne et al., 2001; 

Elmore et al., 2003). ORNs vary in their responses to different odorants and can generate 

both excitatory and inhibitory responses (Hallem & Carlson, 2004). 

 

Odorant receptors (ORs) 

The olfactory receptor genes remained elusive for a long time due to their sequence 

divergence and low expression levels which made it difficult to find them until 1991 when 

the first mammalian ORs were discovered in the rat by Buck and Axel (Buck & Axel, 1991). 
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The newly found proteins were classified as ORs since they were expressed specifically in 

olfactory epithelium and belonged to the superfamily of G protein coupled receptors 

(GPCRs) with seven membrane spanning domains. It took almost another 10 years to find 

insect ORs which were first identified in D. melanogaster by three independent groups in 

1999 (Clyne et al., 1999; Gao & Chess, 1999; Vosshall et al., 1999). Both the bioinformatics 

approach of genomic data mining (Clyne et al., 1999) and a molecular approach (Vosshall et 

al., 1999) helped to accurately analyze low abundant genes expressed in olfactory organs and 

the discovery of ORs in insects. Insect OR proteins show no homology to the worm and 

vertebrate GPCRs (Buck & Axel, 1991; Troemel, 1999; Vosshall et al., 1999; Hill  et al., 

2002; Krieger et al., 2002) and exhibit low sequence homology between different insect 

species (Hill et al., 2002; Krieger et al., 2002) indicating that Or genes have rapidly diverged 

and evolved to meet unique sensory requirements in different species (Vosshall et al. 1999). 

The exception to this is the Or83b receptor which is conserved across insect species with 

about 60% amino acid similarity between Drosophila, mosquito, and moth indicating a 

universal and critical role for this receptor. Further, structural analysis of insect ORs showed 

an inverted topography, with an intracellular N-terminus and extracellular C-terminus, 

compared to mammalian ORs and other canonical GPCRs (Krogh et al., 2001; Benton et al., 

2006; Lundin et al., 2007) (Figure 1.4).  Insect ORs are odorant-gated ion channels (Sato et 

al., 2008; Wicher et al., 2008), which are mechanistically different from metabotropic 

olfactory receptors in vertebrates. This implies that insect ORs activate signaling pathways 

differently than vertebrates. For example, in vertebrates, olfactory signaling is mediated via a 

G protein and cAMP as an intracellular messenger while in insects patch clamp studies with 
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heterologous expression indicates that the OR/OR83b gates a voltage-independent ion-

selective cation channel (Sato et al., 2008; Wicher et al., 2008).   
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Figure 1.4: Comparison of OR membrane topography in mammals and insects: mammalian 

ORs show a seven transmembrane topology typical of the GPCR family (left), while insect 

ORs show an inverted topology. Drosophila ORs form obligatory dimers with the common   

OR83b receptor. Figure adapted from Benton et al (2006). 
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In Drosophila, there are 60 Or genes that encode 62 OR proteins by alternative 

splicing (Robertson et al., 2003). There are 7 Or genes expressed in the maxillary palp, 31 Or 

genes expressed in the basiconic and trichoid sensilla, and one Or gene (Or35a) is expressed 

in coeloconic sensilla  (Vosshall et al., 2000; Dobritsa et al., 2003; Elmore et al., 2003).  The 

OR proteins are highly diverse showing as little as 20% amino acid sequence similarity 

among themselves except the OR83b receptor. OR83b is expressed throughout the antenna 

and is  conserved among  insect species (Krieger et al., 2002; Melo et al., 2004; Pitts et al., 

2004; Jones et al., 2005; Krieger et al., 2005). Knock-out and electrophysiological 

experiments have shown OR83b to be necessary for the correct functioning and transport and 

insertion of the unique odorant receptor in the dendritic membranes of ORNs (Larsson et al., 

2004; Benton et al., 2006). The Or genes are widely distributed across the genome and 

appear in clusters of two to three genes. The genes within a cluster show higher sequence 

similarity with each other compared to the rest of the Or genes, suggesting occurrence of 

recent duplication events to give rise to Or gene clusters (Robertson et al., 2003; Hansson & 

Stensmyr, 2011). The regulation of expression of a given Or gene within a cluster is largely 

independent of that of other Or genes within the cluster (Zhou et al., 2009).  
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Functional characterization of ORs and receptor-to-neuron mapping 

Odorant receptor Or43a was the first insect Or to be functionally characterized by 

overexpression in the antenna and heterologous expression in Xenopus laevis oocytes 

(Stortkuhl & Kettler, 2001). Cyclohexanone, cyclohexanol, benzaldehyde, and benzyl 

alcohol were identified as ligands for this receptor. Later, Or22a/b and Or43b receptors were 

characterized by studying electrophysiological responses of respective mutants to odorants 

(Elmore et al. 2003; Dobritsa et al. 2003).  Carlsonôs group went on to establish a mutant fly 

strain lacking the Or22a/b receptor but with an intact ORN as an in vivo expression tool. 

With the availability of an ñempty neuronò unresponsive to odorants it became possible to 

drive the expression of any Or gene under an Or22a promoter using the GAL4-UAS system 

and systematically functionally characterize individual Ors in vivo (Figure 1.5) (Hallem et 

al., 2004; Kurtovic et al., 2007). Hence, subsequent large scale analyses of all Drosophila 

odorant receptors were performed using single-unit electrophysiology in conjunction with the 

GAL4-UAS system. Odorant response spectra of an individual receptor were then compared 

with previously well characterized response spectra of different sensilla that allowed 

receptor-to-neuron mapping (Hallem et al. 2004).  

 Or83b, the ubiquitous receptor, is expressed along with conventional receptor genes 

in all 120 maxillary palp ORNs and ~80% of antennal ORNs. Or83b mutants lacked odorant-

evoked action potentials and Or22a/b and Or43b receptor proteins could not be detected in 

their dendrites. This implies that Or83b is required for localization of conventional Ors in the 

dendrites (Larsson et al. 2004).  
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Figure 1.5:  In vivo expression system using the empty neuron. Expression of specific Ors 

can be introduced into the mutant ab3A antennal neuron lacking its endogenous receptor 

genes, Or22a and Or22b, using the GAL4-UAS binary expression system. Figure adapted 

from Hallem et al. (2004). 
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ORN-to-glomeruli map 

Nearly a complete map of projections from the olfactory organs to the glomeruli has been 

revealed based on genetic trace studies. There are 43 glomeruli in a Drosophila antennal lobe 

and the size, shape and positions are highly conserved in different animals (Laissue et al., 

1999).  Of these, 23 glomeruli are innervated by antennal basiconic ORNs, eight by antennal 

trichoid ORNs, another eight by antennal coeloconic ORNs, and six glomeruli are innervated 

by maxillary palp basiconic ORNs (Laissue et al., 1999; Couto et al.,  2005; Fishilevich & 

Vosshall, 2005).  The projections from various sensilla cluster in the antennal lobe with some 

degree of arrangement. Antennal basiconic neurons convene at the medial edge, antennal 

trichoid neurons at the lateral edge, palp basiconic neurons at the anterior middle edge, and 

coeloconic neurons at the ventral middle region (Couto et al., 2005).   Two of the lateral 

glomeruli innervated by the trichoid sensilla are sexually dimorphic (Kondoh et al., 2003) 

and fruitless-positive (Manoli et al., 2005). One of these glomeruli is also innervated by 

ORNs expressing Or67d and OBP Lush involved in recognition of the courtship pheromone 

11-cis-vaccenyl acetate (Ha & Smith, 2006).  Together, this suggests that glomeruli 

innervated at the lateral edge are involved in processing pheromone cues.  

 

 

 

Expression of ORs 
 

Unlike in C.elegans where individual ORNs express a large number of ORs 

(Troemel, 1999), Drosophila ORNs express only one or a small number of Or genes together 

with the ubiquitous Or83b.  In adult flies, there are seven Or genes expressed in maxillary 
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palps, 31 Or genes in basiconic and trichoid sensilla in the antenna and only one Or gene 

(Or35a) is expressed in coeloonic sensilla in the antenna along with Or83b (Elmore et al., 

2001; Dobritsa et al. 2003). From identification and characterization of ORs to receptor-to-

neuron mapping, a fundamental step forward was taken by studying how a particular ORN 

expresses a particular Or gene from its repertoire of 62 genes in olfactory organs, that is, 

elements that underlie the receptor-to neuron map. Genetic analysis of the upstream 

regulatory sequences of four Or genes in the trichoid sensilla of the antennae showed that the 

flanking regulatory sequences restrict expression of an individual receptor gene to the 

antenna, to the proper region of the antenna, and to a specific neuron by positive and negative 

regulation of Or genes (Miller & Carlson, 2010). Using phylogenetic and comparative 

genomic approaches similar results of regulatory elements controlling the expression of a 

particular Or gene were observed in the case of the maxillary palps   (Ray et al., 2008). 

Various transcription factors were shown to play a role in directing Or gene expression 

within an ORN.  For example, transcription factors acj6 (abnormal chemosensory jump 6) 

and pdm3 (POU domain motif 3) are required for Or gene expression (Clyne  et al., 1999a; 

Clyne  et al., 1999b; Komiyama et al., 2004; Tichy et al., 2008). Mutant studies showed that 

Acj6 mutants also lacked the expression of a subset of Or genes and that this transcription 

factor regulates receptor expression both positively and negatively (Bai et al., 2009) by 

selectively binding to a site in the promoter regions of Or genes (Bai & Carlson, 2010). 

Similarly, loss of pdm3 resulted in loss of odor response in a class of maxillary palp ORNs 

due to loss of Or gene expression (Tichy et al., 2008).  Flies missing the TEA domain 

transcription factor scalloped showed that scalloped refines the expression of Or59c to the 
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pb3A neuron in the maxillary palp by repressing the expression of Or59c in the pb3B neuron 

(Ray et al., 2008).    

It is not known what molecular cues direct ORN axons to their glomeruli.  Although 

in mammals the OR itself is involved in this process (Mombaerts et al, 1996; Wang et al., 

1998), in flies with ORNs missing Or genes, ectopic expression of Or genes still target axons 

to their respective glomeruli (Dobritsa et al., 2003). A number of genes required for normal 

ORN axon targeting have been identified (Komiyama & Luo, 2006). Two proteins, Dock and 

Pak (a kinase), have been implicated in routing of ORN axons in the antennal lobe (Ang et 

al., 2003). Furthermore, two transcription factors, acj6 and drifter, are required by projection 

neurons to target their dendrites in the antennal lobe and axonal arborization in the lateral 

horn (Komiyama et al, 2003).  Pdm3 is required for axonal targeting of pb1B and pb3A cells 

in addition to its role in receptor gene expression (Tichy et al., 2008). Finally, N-cadherin, a 

cell adhesion molecule plays a role in proper branching of ORN axons and dendrites of 

projection neurons within the antennal lobe and branching of projection neuron axons in the 

mushroom body and lateral horn (Zhu & Luo, 2004).  

 

Ionotropic receptors  

Ionotropic receptors (IRs) comprise another family of chemosensory receptors 

identified in D. melanogaster (Benton et al, 2009). Their discovery was based on the fact that 

ORNs innervating coeloconic sensilla, except ORNs expressing Or35a/Or83b, on the third 

antennal segment do not express members of ORs or gustatory receptors and OR83b which 

are involved in recognition of chemosensory stimuli (Scott et al., 2001; Couto et al., 2005; 
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Yao et al., 2005). Yet, electrophysiological responses of coeloconic sensilla revealed ORNs 

responding to acids, ammonia, and humidity (Yao et al., 2005) suggesting the existence of 

another type of receptors. This led to a bioinformatics search for insect specific genes with 

enriched expression in ORNs in the antennae of a fruit fly and a family of ionotropic 

glutamate receptor-related genes, ionotropic receptors, was found (Benton et al., 2009). 

Ionotropic glutamate receptors (iGluRs) are known to mediate neuronal communication 

throughout the vertebrate and invertebrate nervous system. IRs do not belong to iGluR 

classes since they lack glutamate binding residues. However, they share a conserved region 

with an ion-conducting pore implying ion conducting properties (Benton et al., 2009).  

Compared to ORs which are seven transmembrane domain proteins, IRs contain only three 

transmembrane domains with a pore loop (Su et al., 2009; Hansson & Stensmyr, 2011) 

(Figure 1.6) 
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Figure 1.6: Schematic of an odorant receptor (OR) and a gustatory receptor (GR) 

shown as seven transmembrane domain proteins and an ionotropic receptor (IR) as a three 

transmembrane protein. Image adapted from Hansson & Stensmyr (2011).  
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 There are 61 predicted Ir  genes and two pseudogenes with an overall amino acid 

sequence identity of 10%-70%. There are 15 Irs expressed in the antenna (Ir8a, Ir21a, Ir25a, 

Ir31a, Ir40a, Ir64a, Ir75a, Ir75b, Ir75c, Ir75d, Ir76a, Ir76b, Ir84a, Ir92a, and Ir93a) and 

two are expressed in the proboscis (Ir25a and Ir76a) (Benton et al., 2009). Comparative 

genomic analysis indicates that at least 14 Irs from the antennal subfamily are conserved 

across insects.  The remaining 45 Irs constitute a subfamily specific to Drosophilids that also 

includes Irs implicated in taste detection. Two closely related Irs, Ir8a and Ir25a, have the 

most similar primary sequence to iGluR,  homologous genes across Protostomia, and a broad 

distribution of their transcripts in antennal Ir expressing ORNs (Benton et al., 2009; Croset et 

al., 2010).   

Besides being expressed in coeloconic sensilla Ir  genes are expressed in the arista, a 

feather like projection on the antenna, and in neurons within a three-chamber pocket, the 

sacculus. An individual neuron can express between one and three Ir  genes. In turn, the 

neurons are arranged into four distinct clusters of three or four neurons each on the antenna 

(Yao et al 2005). Irs are expressed in the ciliated dendrites as well as in the cell body of the 

neuron which suggests that there could be other transport mechanisms besides OR83b 

(Benton et al 2009).  
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Odorant-binding proteins (OBPs) 

Insect odorant binding proteins 

  Most odorants are hydrophobic molecules and need to be transported to ORs across 

a hydrophilic aqueous medium of perilymph in the sensillum. OBPs are small, water-soluble 

proteins expressed in the olfactory tissue of insects and vertebrates (Pelosi et al., 2006) and 

are thought to help in the transport of odorants and pheromones to respective odorant 

receptors (Pelosi & Maida, 1995; Campanacci et al., 2001). However, there are differences 

between vertebrate and insect OBPs. In vertebrates there are few OBPs, while there exists a 

large gene family in insects including Drosophila (Galindo & Smith, 2001). Vertebrate OBPs 

belong to the large superfamily of carrier proteins called lipocalins, while insect OBPs can be 

divided into three subfamilies: pheromone-binding proteins (PBPs), general odorant-binding 

proteins (GOBPs) (Vogt et al., 1991) and antennal specific proteins (ASPs) (Zhou, 2010). 

Vertebrate OBPs are distinct from insect OBPs and differ in three dimensional structure   

(Gyorgyi et al., 1988; Sandler et al., 2000). Finally, vertebrate OBPs show a broad specificity 

to odorants and are expressed in the lateral nasal gland (Bianchet et al. 1996) rather than in 

the olfactory mucosa while insect OBPs are highly abundant in sensillar lymph of antennae 

suggesting a role in odorant transport and recognition (Pelosi, 1994; Pelosi & Maida, 1995).   

 The first insect OBP, a pheromone-binding protein, was discovered in the giant moth 

Antheraea polyphemus (Vogt & Riddiford, 1981). Using tritium-labeled specific pheromones 

as a probe, additional OBPs (or PBPs) were identified in other insects such as the silkmoth 

Bombyx mori (Maida & Pelosi, 1989), the gypsi moth Lymantria dispar (Vogt et al., 1989) 

and the turnip moth Agrotis segetum (Prestwich et al., 1995).  The other class of OBPs, 
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general OBPs, was identified based on their antennal expression in males and females and a 

ñsix cysteines signatureò similarity with PBPs.  The signature sequence is the most striking 

feature among all OBPs which consists of six highly conserved cysteines with specific 

spacing between them (Breer et al., 1990; Raming et al., 1990). There are always three 

amino acids between the second and third cysteines and eight amino acids between the fifth 

and sixth cysteines. Insect OBPs with six cysteines motif are termed Classic OBPs and there 

are other groups of Plus-C OBPs (having two additional cysteines and one proline) and 

Minus-C OBPs (having two less cysteines; Hekmat-Scafe et al., 2002).  The availability of 

several insect genomes and bioinformatic approaches allowed detection of genes encoding 

OBPs based on the characteristics of the protein family, i.e., signature sequence, small size of 

15-20 kDa, the Ŭ helical pattern, the globular water soluble nature and the presence of a 

signal peptide (Hekmat-Scafe et al., 2002 Xu et al., 2003; Zhou et al., 2004a; Zhou et al., 

2004b; Li  et al., 2005; Zhou et al., 2006; Zhou et al., 2008; Liu et al., 2009; Pelletier & Leal, 

2009). Structural studies from the wild silkmoth  Antheraea polyphemus  and fluorescent 

ligand binding assays in the silkmoth  Bombyx mori  show that pheromone binding proteins 

bind to pheromones at high pH and release them at lower pH (Mohanty et al., 2004; Leal et 

al., 2005; Zubkov et al., 2005). Although a similar structural study on the Drosophila 

LushOBP revealed a specific alcohol-binding site, whether binding here is pH dependent is 

still not confirmed (Kruse et al., 2003).  
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Drosophila odorant binding proteins 

In Drosophila melanogaster there are 51 Obp genes dispersed throughout the genome 

with 29 Obps located on Chromosome 2R. The genes appear as small clusters of four to nine 

genes and in bidirectional orientation. Drosophila genome annotation and phylogenetic 

studies indicate that Obps are a rapidly evolving gene family through purifying selection, 

gene duplication and rearrangement events (Hekmat-Scafe et al., 2002; Vogt et al., 2002; 

Zhou et al., 2008).  Like other insect OBPs Drosophila OBP sequences also bear the 

structural signature of conserved cysteines with 15-20% amino acid sequence similarity 

within the family (Hekmat-Scafe et al., 2002). The Obp genes are expressed in olfactory and 

/or gustatory tissues (McKenna et al., 1994; Pikielny et al., 1994; Kim et al., 1998; Galindo 

& Smith, 2001; Anholt & Williams, 2010). OBPs are secreted by support cells and are 

present at high concentrations in the aqueous lymph surrounding the dendrites of ORNs 

(Figure 1.7). The expression of OBPs in large quantities in the olfactory organs (Pikielny et 

al., 1994; Shanbhag et al., 2001; Anholt & Williams, 2010; Swarup et al., 2011), their 

binding of odorants and pheromones (Vogt et al., 2002) and their evolutionary conservation 

across species (Vogt et al., 1999; Xu et al., 2009) suggest a role in olfaction.  
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 Figure 1.7: Odorant-binding proteins: schematic of a sensillum containing dendrites of 

ORNs bathed in sensillum lymph.  Support cells secrete OBPs (green circles) into the 

perilymph. Black stars indicate odorant molecules.  
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Direct evidence that OBPs are required for olfaction comes from studies of LUSH in 

Drosophila melanogaster (Kim et al., 1998).  In this study, Lush mutants responded to high 

concentrations of short-chain aliphatic alcohols that were repellent to wild-type flies and 

expression of a lush transgene completely restored the wild-type olfactory behavioral 

response to alcohol.  Structure analysis of the LUSH protein shows a specific binding site for 

alcohol as well as structural similarity to the pheromone binding protein (PBP) from Bombyx 

mori (silk moth) (Kruse et al., 2003). LUSH mediates the effect of the pheromone 11-cis-

vaccenyl acetate in T1 class sensilla of ORNs on the antenna. In the absence of LUSH 

pheromone defective behavior was observed and the mutants were rescued by germ line 

transformation with a lush transgene (Xu et al., 2005). Further, it was shown that both LUSH 

and its pheromone receptor Or67d are required to mediate the response to 11-cis-vaccenyl 

acetate (Ha & Smith, 2006). Further functional evidence comes from a study of Obp57d and 

Obp57e in two Drosophila species. Comparative analysis of their genome sequences in 

Drosophila melanogaster and Drosophila sechellia indicate their rapid evolution and 

functional divergence.  Both are involved in the evolution of unique host plant preference in 

D. sechellia.   D.sechellia shows a preference for hexanoic acid and octanoic acid while D. 

melanogaster does not. Deletion of Obp57d and Obp57e in D. melanogaster eliminates 

avoidance behavior while insertion of orthologous genes from D. sechellia resulted in 

attraction to these acids (Matsuo et al., 2007).  This indicates that the normal function of both 

OBPs is suppression of preference for acids in D. melanogaster resulting in behavioral 

differences and ecological adaptation between Drosophila species (Harada et al., 2008). 

Finally,   recent studies   associated   single nucleotide polymorphisms (SNPs) in Obp genes 
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with natural variation in olfactory responses to odorants.  SNPs in the Obp99a, Obp99c and 

Obp99d genes were associated with variation in olfactory responses to benzaldehyde (Wang 

et al., 2007). Different SNPs in the same Obp genes were associated with variation in 

behavioral responses to acetophenone, a structurally similar odorant to benzaldehyde (Wang 

et al., 2010). Further polymorphisms in Obp8a, Obp19a and Obp19c have been associated 

with variation in olfactory behavior responses to aromatic and aliphatic odorants (Arya et al., 

2010). These studies show that different polymorphisms in the same Obp genes are 

associated with variation in responsiveness to structurally similar odorants.  Expression 

analysis studies have shown altered regulation of subsets of OBPs during various 

developmental stages of Drosophila (Zhou et al., 2009), after mating (McGraw et al., 2004), 

during development of alcohol tolerance (Morozova et al., 2006), and exposure to starvation 

stress (Harbison et al., 2005), suggesting that OBPs have diverse biological functions.  

Involvement of OBPs in odorant reception has been largely ignored after odorant 

receptors were demonstrated to respond to odorants   in heterologous systems. However, 

heterologous expression of the Drosophila receptor Or43a in Xenopus oocytes required a 

high concentration of odorants to obtain   responses (Wetzel et al., 2001).  The heterologous 

expression system that uses the Drosophila empty ab3a neurons  (Dobritsa et al., 2003) still 

includes OBPs expressed in the ab3 sensilla, whereas in in vitro systems (Forstner et al., 

2009) odorants are solubilized with organic solvent.  These studies suggest that the high 

levels of OBP expression may be essential for the sensitivity of the insectôs olfactory system. 

A recent study on the southern house mosquito, Culex quinquefasciatus, corroborates this 

view. Antennae of RNAi-treated mosquitoes for   CquiOBP1  showed significantly lower 
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electrophysiological responses compared to water-treated mosquitoes. The latter were found 

to be more sensitive to different concentrations of odorants (Pelletier et al., 2010). This 

suggests a need for an alternative approach towards understanding the role of OBPs in odor 

recognition and olfaction in Drosophila melanogaster, such as studying either reduced levels 

of OBPs (knockdown) or complete absence of OBPs (knockout) in Drosophila with an intact 

olfactory system.  

 

RNA interference approach to study the role of OBPs in mediating 

olfactory behavior in Drosophila melanogaster 

One of the major challenges in studying the functions of OBPs is unavailability of 

mutants (except lush). However, using the Drosophila genome sequences and RNA 

interference (RNAi) technique together, it is now possible to perform functional analysis of 

target genes. RNAi has been successfully applied to both in vitro Drosophila melanogaster 

cells in culture (Boutros et al., 2004) and in vivo (Dietzl et al., 2007). The process of gene 

silencing can be triggered by expression of double stranded hairpin RNA from a transgene 

containing inverted repeat sequences of the target gene. This method relies on the binary 

GAL4/Upstream Activation Sequences (UAS) expression system to temporally and/or 

spatially silence the gene (Brand & Perrimon, 1993; Van Roessel et al., 2002). The 

expression of the gene of interest is controlled by the presence of UAS, and GAL4 activates 

the transcription of the UAS-transgene. Both components, GAL4 and UAS, are maintained in 

separate parental lines such that, when crossed, the resulting progeny expresses the transgene 

in a GAL4 driven expression pattern (Duffy, 2002). A diverse set of GAL4 driver lines under 
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different gene promoters allows gene inactivation in a tissue-specific manner (Duffy, 2002). 

Transposable element based vectors have been widely utilized for germ line transformation 

of D. melanogaster (Ryder & Russell, 2003). This approach has been used recently to insert 

UAS-Inverted Repeats (UAS-IR) constructs at random genomic sites to construct a genome-

wide transgenic RNAi library in Drosophila (Dietzl et al., 2007). However, random insertion 

of UAS-IR constructs can lead to variable levels of hairpin RNA expression and disrupt 

genes at or near the insertion site of the UAS construct. This limitation has been overcome in 

a new library of site-directed RNAi transgenes for conditional inactivation of genes in 

Drosophila. The library relies on the ūC31 integrase method which efficiently inserts all the 

transgenes into specific sites of the fly genome. The ūC31 integrase enzyme mediates site-

specific recombination between two DNA sequences, attP and attB (Figure 1.8) (Groth & 

Calos, 2004; Groth et al., 2004). Briefly, a site-specific library was constructed using the P-

element transformation system first to randomly insert attP sites in the fly genome. A 

ñgolden locusò that offered very low basal levels of expression but strong inducible 

expression in many tissues was selected. All the transgenes were inserted in this attP site 

located on the 2
nd

 chromosome of the Drosophila genome using a plasmid with a transgene 

and attB site (Fish et al., 2007). Use of the ūC31 library reduces positional effects due to 

precise integration of transgenes in the chosen site. It also avoids misexpression of flanking 

genes, thus reducing false negative and false positive results. In Chapter 2, I will describe 

how I have used Obp-RNAi lines from this library to systematically study the role of Obps in 

mediating olfactory behavior to a panel of 16 ecologically relevant odorants (Swarup et al., 

2011). 
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Figure 1.8: ūC31 mediated integration and generation of transgenic Drosophila. Figure 

adapted from Fish et al. (2007).  
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Perception of odor in D. melanogaster: combinatorial coding of odors  

Perception of odor is a result of a cascade of molecular events. Odorants from the 

environment enter the sensillum via pores, bind to ORs and activate ORNs. The signals are 

relayed to glomeruli in the antennal lobe and transmitted to higher regions of the brain by 

projection neurons from the antennal lobe. In Drosophila, individual odorants can activate a 

subset of ORs and one receptor can be activated by more than one odorant. This 

combinatorial mode of odor coding allows insects to detect many odorants with a relatively 

small number of only 62 Or genes. Odorants are recognized by the pattern of receptors that 

are activated (Vosshall, 2000; Su et al., 2009) and this pattern is transformed in the antennal 

lobe as a pattern of activated glomeruli. The receptors can be either broadly tuned 

(responding to many odorants) or narrowly tuned (responding to one or few odorants). While 

some odorants, such as pheromones, are narrowly tuned and are detected by a single 

receptor, general odorants can activate multiple receptors. For example, Or67d mediates 

behavioral responses to a male-specific pheromone, 11-cis-vaccenyl acetate (cVA) (Ha & 

Smith, 2006).   

Higher concentrations of odorants can activate more receptors by recruiting receptors 

of increasingly lower affinity while at lower concentration of odorant fewer receptors are 

activated. Also, a different combination of receptors might be activated at a different 

concentration of a particular odorant. This combinatorial mode of odorant recognition 

enables detection of both odor intensity and odor identity (Hallem & Carlson, 2006; Su et al., 

2009). The mechanism of odor perception and processing is similar both in Drosophila and 

vertebrates (Malnic, Hirono et al. 1999; Laissue & Vosshall, 2008).  OBPs are implicated in 
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playing a role in olfactory behavior (Galindo & Smith, 2001; Arya et al., 2010; Swarup et al., 

2011) but to what extent they participate in a combinatorial mode of odor coding and odor 

detection is yet to be determined.  The receptor repertoire also exhibits complex temporal 

representation of an odor stimulus. Some receptors give a strong response that dissipates 

quickly while others can show a prolonged response even after removal of the odor stimulus 

(Hallem & Carlson, 2006). Besides its concentration, chemical class or the molecular 

structure of the odorants also play a critical role in odorant discrimination. Odorants of the 

same chemical class or similar structures can be discriminated by activation of different 

combinations of ORs. Individual receptors are expressed in spatially restricted populations of 

sensilla on the antennae and maxillary palps resulting in a topographical map of receptors on 

the surface of these olfactory organs (Vosshall, 2000). Since ORNs expressing the same Or 

gene send their axons to the same spatially invariant glomeruli in the antennal lobe, an 

internal representation of odorant activation, that mimics odorant activation in the periphery,  

exists in the antennal lobe (Figure 1.9)  (Couto et al., 2005). Hence activation of a particular 

combination of receptors by structurally similar odorants or functional classes can result in 

different internal representations in the antennal lobe resulting in their discrimination and 

generation of appropriate behavioral responses.  

The activation of multiple ORs by food odors activates multiple glomeruli.  

Drosophila shows robust attraction to low concentrations of apple cider vinegar which 

induces activation of six glomeruli in the fly antennal lobe.  Out of these six glomeruli, two 

glomeruli DM1 and VA2 innervated by Or42b and Or92a expressing ORNs individually 

affect and can account for the attractive behavioral response in the flies (Semmelhack & 
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Wang, 2009).  However, a higher concentration of apple cider vinegar excites an additional 

glomerulus, DM5, innervated by Or85a expressing ORNs which results in a behavioral 

switch from attraction to avoidance at high concentrations of the odor (Semmelhack and 

Wang 2009).  These results suggest that activation of an individual glomerulus can be 

sufficient to produce innate behavioral responses and that the further recruitment of 

glomeruli (for example at high concentrations of an odor) can modify such behavioral 

responses. Lastly, two large glomeruli innervated by antennal trichoid sensilla are fruitless-

positive (Manioli et al., 2005) and sexually dimorphic (Kondoh et al., 2003). This suggests 

that this projection is involved in processing pheromone cues rather than general food odors 

(Vosshall & Stocker, 2007).  
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Figure 1.9: Internal representation of odorant activation in Drosophila: ORNs 

expressing the same Or gene (indicated by different colored dots on the antenna) send their 

axons to the same spatially invariant glomeruli in the antennal lobe (indicated by different 

colored regions) and hence an internal representation of odorant activation, that mimics 

odorant receptor activation in the periphery, exists in the antennal lobe.  Figure adapted from 

Couto et al. (2005).  
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Measurement of olfactory behavior in D. melanogaster: Olfactory 

behavioral assays 

One of the major advantages for using Drosophila melanogaster as a model system to 

study olfaction is that it is sensitive to a variety of odorants exhibiting both repellent and 

attractant responses and it is easy to quantify their olfactory responses in vivo using either 

physiological or behavioral methods (Anholt & Mackay, 2004a; Hallem & Carlson, 2006; 

Keller & Vosshall, 2007).  Single-unit electrophysiology has been used to measure responses 

of individual Ors to a diverse panel of odorants belonging to nine different functional groups 

of esters, alcohols, ketones, lactones, aldehydes, terpenes, organic acids, amines, sulphur 

compounds, and aromatics (Hallem & Carlson, 2004). Most of these odorants, such as esters 

and alcohols are found in fruits and some are fermentation products (TNO, 2004) that are 

food sources for the fly. Also, olfactory behavioral responses for the majority of these 

odorants have been studied using different, easy and reproducible assays that have been 

developed over the past years to quantify olfactory behavior (Quinn et al., 1974; Woodard et 

al., 1989; Ayyub et al., 1990; Anholt et al., 1996; Keller & Vosshall, 2007; Swarup et al., 

2011).  Behavioral assays used for olfaction in the past are either choice assays or all-or-none 

responses. For example, the Y-maze (Martin et al., 2001), T-maze (Helfand & Carlson, 

1989), dipstick avoidance assay (Anholt et al., 1996) and its modified version, the twin tube 

assay (Swarup et al., 2011), and trap assay (Woodard et al., 1989) belong to the former 

category, while assays such as the jump assay (McKenna et al., 1989) and odor flow assay 

(Keller & Vosshall, 2007) belong to the latter category. Choice assays usually involve a 
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choice between an odorant source and a control source. More details about different olfactory 

assays are explained in a review by Devaud (Devaud, 2003). Here, I will explain assays 

relevant to this dissertation only.   

 The Dipstick assay can be used to measure odorant induced avoidance behavior in 

flies (Figure 1.10). Single sex groups of five flies are placed into an empty vial and a cotton 

swab saturated with odorant is placed in the vial. The vial is placed on a platform with lines 

that demarcate the vial into three compartments. The number of flies in the compartment 

remote from the odor source is counted every five seconds for a minute. Ten consecutive 

counts are averaged to give a response score (Anholt et al., 1996). This assay has been used 

to identify smell impaired mutants and to study epistatic networks underlying olfactory 

avoidance behavior (Anholt et al., 1996; Sambandan et al., 2006a).  

  The experimental design to map QTLs affecting variation in olfactory behavior 

requires a simple and robust behavioral assay that serves two purposes. First, it should allow 

rapid screens of a large number of individuals to measure olfactory behavioral responses of 

the DGRP lines. Second, the experimental design requires the collection of top 10% and 

bottom 10% responders from advanced intercross line (AIL) mapping populations. Hence, 

the previously established dip stick assay (ANHOLT et al. 1996) was modified into a 

behavioral assay that meets these requirements. In addition, this behavioral assay allows 

measurement of both aversive responses as well as attractant responses (Swarup et al., 2011). 

Olfactory behavior of single-sex groups of 50 flies is measured.  Flies are collected a day 

prior to the assay and food deprived for about 2 hours in a 50 ml conical tube containing a 

cotton swab tip (referred to as the ñodor tubeò). The measurement is initiated by depositing 



 

41 

0.1 ml of odorant solution on the cotton swab tip in the odor tube. The odor tube is then 

connected to a collection tube and flies are given 2 min to partition between the tubes.  A 

response index is calculated as the number of flies in the collection tube divided by the total 

number of flies. A response index of 1 indicates the highest response to the odorant; 0.5 

indicates no response to the odorant, while 0 indicates attraction to the odorant or no 

response to the odorant. In order to determine the range of the assay and validate it, dose 

dependence of a Canton- S (B) strain to benzaldehyde was measured as a   preliminary study 

(Appendix Supplementary Figure 1). To be consistent throughout my research, I used the 

twin tube assay to measure behavioral responses of Obp-RNAi lines to a panel of 16 odorants 

(chapter 2), to quantify phenotypic variation in olfactory behavior in the DGRP lines and 

collect top and bottom responders from advanced intercross line (AIL ) populations (chapter 

3), and measure behavioral responses of chromosome substitution lines to study epistasis 

between P-element mutations and modifiers in different genetic backgrounds (chapter 4).  
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Figure 1.10:  Olfactory Assays: Schematic of (a) Dipstick assay and (b) Twin-tube assay: 

showing flies and the cotton swab as the source of odorant. Both assays can be used to 

measure olfactory behavior of a group of 5 or 50 flies, respectively.  
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There are a few things an experimenter needs to keep in mind while performing behavioral 

assays. First, olfactory behavior is a typical complex trait that is sensitive to environmental 

variation and determined by pleiotropic genes (Anholt & Mackay, 2004a; Anholt, 2010). 

This means that genetically identical flies can give a range of olfactory behavioral 

measurements. Hence, replicates should be run on different days to account for 

environmental variation. Second, olfactory behavior is a sexually dimorphic trait and, 

therefore, sexes should be measured separately (Anholt et al., 2003). It is also an age-

dependent trait and olfactory responses of flies change with their age (Devaud, 2003). 

Therefore, flies of the same age should be tested. Olfactory behavior is also modular. For 

example, olfactory avoidance or attractant responses require locomotion besides perception 

of smell. Olfactory mutants could be impaired in locomotion (Anholt et al., 1996) and, 

therefore, locomotor activity should be measured by different assays for the same flies. 

Finally, behavioral measurements should be made at the same time of day for olfactory 

behavior to account for circadian variation (Krishnan et al., 1999).  

 

Benzaldehyde: A standard odorant with ecological relevance   

Benzaldehyde holds ecological relevance to fruit flies. Although it serves as an 

effective antifungal agent for plants in its natural form (Vaughn et al., 1993), it is a natural 

component of fruits such as strawberries, raspberries, and peaches and is released in high 

quantities from unripe and intact fruits. The amount of benzaldehyde is reduced in decaying 

fruits thus making it easier for flies to survive on them. 
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I have used benzaldehyde as an odorant to study both natural variation in olfactory 

behavior (Chapter 3) and epistasis between P-element mutations and different DGRP 

backgrounds affecting olfactory behavior (Chapter 4) because (1) it is known from single-

unit electrophysiological studies that olfactory receptors- Or7a, Or85f, Or10a (Hallem & 

Carlson, 2004)  and Or43a  (Stortkuhl et al., 1999) respond to benzaldehyde. ORNs that 

express Or43a project to the DA4 glomerulus in the fly antennal lobe (Stortkuhl et al., 1999). 

Polymorphisms in both Ors (Or10a, Or43a, and Or67b) and Obps (Obp99a, Obp99c, and 

Obp99d) genes are associated with variation in response to benzaldehyde (Wang et al., 2007; 

Rollmann et al., 2010). (2) Flies elicit robust behavioral avoidance responses to 

benzaldehyde that can be easily measured using behavioral assays (Anholt et al., 1996; 

Keller & Vosshall 2007; Swarup et al., 2011). (3) It has been successfully used as a standard 

odorant to identify genes contributing to olfactory behavior (Anholt et al., 2003; Anholt et 

al., 1996; Sambandan et al., 2006) and study the genetic architecture of odor-guided behavior 

in Drosophila (Anholt & Mackay, 2004a; Anholt & Mackay, 2004b;; Sambandan et al., 2006 

Sambandan et al., 2008) making it a suitable odorant to be used in this study. Finally, to 

achieve the aim of studying natural variation in olfactory behavior (Chapter 3), phenotypic 

variation to responses to benzaldehyde must exist in the DGRP lines. A preliminary study 

was conducted to measure behavioral responses of a subset of the DGRP lines to 

benzaldehyde and substantial variation in responses was indeed observed (Appendix 

Supplementary Figure 2) 
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Characteristics of quantitative traits 
 

Natural populations exhibit a diversity of phenotypic variation for morphology, 

physiology and behavior. In order to understand the genetic architecture of a given trait we 

need to identify genes involved in manifestation of the trait, how these genes interact with 

each other to form functional ensembles and finally to determine which of the genes 

contribute to natural variation of the trait. It is important to study phenotypic variation in 

complex traits as it acts as a substrate for evolutionary forces that result in adaptation and 

diversity of the trait (Mackay, 2001). A large fraction of the human population is affected by 

diseases that are also quantitative traits and our understanding of susceptible QTLs will 

contribute achieving personalized medicine and predicting disease risk. In agriculture 

identification of alleles affecting traits of economic importance will help improving 

productivity traits by introgression of favorable alleles from one strain to another.  

In complex traits a simple relationship of one genotype - one phenotype does not 

exist.  Quantitative traits, including behaviors, are characterized by a  normal distribution 

(Figure 2.1a) that arises from 1) simultaneous segregation of multiple loci affecting the trait 

2) environmental variation and 3) possible genotype-environment interactions.  Unlike 

Mendelian traits where one locus corresponds to one phenotype, there are many loci affecting 

quantitative traits and one-to-one correspondence between genotype and phenotype no longer 

exists. Hence, multiple genotypes can give rise to the same phenotype contributing to  
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Figure 1.11: Characteristics of quantitative traits: a) Normal distribution of quantitative traits 

b) Parallel reaction norms indicating no GEI and c) GEI interaction as seen from non-parallel 

reaction norms of three genotypes A1A1, A1A2 and A2A2.  
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the normal distribution. In addition one genotype can take a range of phenotypic values in 

different environments, which is known as ñenvironmental sensitivity.ò Lastly, 

environmental sensitivities of different genotypes could be different in different 

environments resulting in genotype-by-environment interaction (GEI). GEI can be 

represented by reaction norms. As illustrated in Figure 2.1b the phenotypic value of each of 

the three genotypes, A1A1, A1A2 and A2A2, at a single QTL is plotted in two different 

environments, 1 and 2. The different environments could be the two sexes, physical 

environments, or alternative genotypes at a second QTL affecting the trait. The line that joins 

the phenotypes of the same genotype in two environments is known as the ñnorm of 

reactionò of the genotype. If the reaction norms of the three genotypes are parallel to each 

other, as seen in Figure 2.1b, there is no GEI, since the rank order of the phenotypic values of 

the three genotypes remains the same in different environments. However if the rank order of 

the phenotypic values changes and reaction norms are not parallel, then GEI occurs (Figure 

2.1c) (Anholt & Mackay, 2010; Mackay, 2001).  

 

Drosophila melanogaster as a model system for QTL mapping of complex 

traits  

Drosophila melanogaster provides an excellent model system for studying the genetic 

architecture of complex traits, including behaviors. It offers a dual advantage of ability to 

generate genetically identical individuals and measure phenotypes of a large number of them 

in controlled environmental conditions (Mackay et al., 2009b). Differences in genetic 



 

48 

backgrounds and environmental conditions considerably affect behavioral phenotypes. 

Further, even genetically identical individuals reared under controlled environmental 

conditions show variation in their behavior, which makes it necessary to measure many 

individuals of identical genotype to accurately estimate the mean phenotypic value of the 

trait of interest (Anholt & Mackay, 2004a).  It is important to consider that as the magnitude 

of the effect of an allele to be detected falls, the number of individuals needed to detect it 

rises exponentially and that most segregating QTLs require sample sizes of 500-2000 

individuals in order to detect them (Sokal & Rohlf, 1981, Anholt & Mackay, 2004a). It is 

easy to generate such a large number of individuals in Drosophila.  Since there is homology 

between genes in Drosophila and genes that affect human diseases (Rubin et al., 2000), it is 

possible to identify loci in Drosophila and study candidate disease risk genes in mammalian 

systems.  

Drosophila also provides the necessary tools to identify QTL and characterize them at 

the molecular level (Ashburner, 1989). Its genome is sequenced and a large genomic 

database is available (Adams et al., 2000). Abundant molecular polymorphic markers such as 

SNP markers and statistical tools are available to identify QTLs for the trait of interest 

(Anholt & Mackay, 2004a). Resources of co-isogenic deficiency lines with molecularly 

defined breakpoints (Parks et al., 2004) and co-isogenic transposable element insertional 

mutations (Thibault et al., 2004) are available through large stock centers that can be used for 

QTL mapping (Pasyukova et al., 2000, Fanara et al., 2002). P-element and Minos element 

insertional mutation stocks and genome-wide RNAi libraries are available as tools for 

genomic analysis and functional validation of quantitative genes detected in association 
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studies (Thibault et al., 2004, Metaxakis et al., 2005, Dietzl et al., 2007). Due to its short 

generation time, an advanced intercross line (AIL) population can be generated for mapping 

QTLs at high resolution. A resource of wild-derived inbred lines, the Drosophila 

melanogaster Genetic Reference Panel (DGRP), is now available  (Mackay et al., 2012), 

where the sequences for all the lines with information on common  variants  is available as a 

community resource which can be used for GWA mapping and identification of DNA 

polymorphisms associated with natural variation for the trait of interest.  Drosophila has, 

thus far, been used successfully for QTL mapping of naturally occurring variation in various 

quantitative traits such as aggression (Edwards, 2009), locomotor reactivity (Jordan et al., 

2006), lifespan (Wilson et al., 2006), mating behavior (Moehring & Mackay, 2004), 

triacylglycerol storage (De Luca et al., 2005) and olfactory behavior (Fanara et al., 2002).   

 

Understanding the genetic architecture of olfactory behavior 

Understanding the genetic architecture of olfactory behavior involves identification of 

genes contributing to this behavior, assessing interaction of genes and determining effects of 

alleles on variation in olfactory behavior. Previous studies of P-element induced mutations 

have identified genes contributing to olfactory behavior (Anholt et al., 2003; Anholt et al., 

1996; Sambandan et al., 2006a) and helped in defining the properties of its genetic 

architecture. Olfactory behavior is a product of dynamic epistatic networks of pleiotropic 

genes that are influenced by sex, environment and genotype by environment interactions 

(Anholt, 2004; Anholt & Mackay, 2004a; Sambandan et al., 2006a; Sambandan et al., 2008, 
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Mackay et al., 2009a). Although odor-guided behavior of Drosophila has been well studied 

(Anholt et al., 2003; Sambandan et al., 2006a, Sambandan et al., 2008), little is known about 

the genetic architecture of natural variation in olfactory behavior which requires 

identification of a subset of genes affecting phenotypic variation .  

 

QTL mapping: from linkage mapping to high resolution mapping  

 The first step in the identification of QTLs is mapping QTLs to chromosomal regions 

at high resolution, to the base level if possible, followed by confirming that the alleles 

detected are causal in nature. Early years of the 20
th
 century were marked by QTL mapping 

using a traditional linkage mapping approach. QTL mapping using linkage analysis involves 

creating a mapping population which can be a backcross, F2, recombinant inbred lines (RILs) 

or advanced intercross lines (AIL) population initiated by crossing two inbred lines (Darvasi 

& Soller, 1995; Flint & Mackay, 2009). The individuals of the mapping population are 

measured for the trait of interest, genotyped for polymorphic markers covering the genome 

and  divided into marker genotype classes. This is followed by statistical tests to determine if 

there is a difference in phenotype between marker genotype classes, and, if there is, the QTL 

is linked to the marker. Linkage mapping can be done by associating one marker at a time 

with the trait, called ñsingle marker analysis,ò or flanking markers, which is called ñinterval 

mapping.ò Performing interval mapping overcomes the disadvantage of single marker 

analysis, which underestimates the effect of QTL that is proportional to the distance of the 

QTL from the marker locus (Thoday, 1961).  Back in the 1920s, linkage mapping was 
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performed by Sax who used markers to classify chromosomes and detect linkage between 

QTL associated with seed size and pigment locus in Phaseolus vulgaris (Sax, 1923). Breese 

and Mather, a few decades later, used a whole chromosome substitution approach to detect 

major genes on the third chromosome in Drosophila associated with abdominal bristle 

numbers (Breese & Mather, 1957). These two approaches along with progeny testing were 

later used in Drosophila to locate QTLs for bristle number at sub-chromosomal segments 

(Shrimpton & Robertson, 1988). A major limitation in QTL mapping for quantitative traits 

until this time was unavailability of many visible markers. Although the use of mutant 

screens in Drosophila helped to study behavioral genetics (Benzer, 1973), the information 

obtained from these screens is biased since it depends on the availability of mutants. Further, 

only mutations with large phenotypic effects can be detected (Harbison et al., 2004; Jordan et 

al., 2006) and genetic backgrounds may alter the effect of mutations (Dworkin et al., 2009; 

Mackay, 2010).  

It was with the discovery of abundant, polymorphic, neutral molecular markers and 

the development of statistical methods for QTL mapping that detailed characterization of the 

genetic architecture of quantitative traits became feasible.  Lander and Botstein described a 

combined approach of interval mapping to exploit restriction fragment length polymorphism 

(RFLP) linkage maps, LOD score analysis to obtain accurate estimates of the genetic location 

and phenotypic effect of QTLs and selective genotyping to reduce the number of progeny 

needed to be scored for QTL mapping in experimental organisms (Lander & Botstein, 1989). 

Further, composite interval mapping, a combination of interval mapping and multiple 

regression analysis, which included marker cofactors to separate the effects of possible 
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multiple linked quantitative trait loci on mapping QTLs increased the precision and power of 

QTL mapping (Zeng, 1994, Jiang & Zeng, 1995; Kao et al., 1999).  

From the above it is apparent that QTL mapping is a statistical procedure where map 

positions and effects of QTLs can differ with change in statistical analysis (Kao et al., 1999; 

Nuzhdin et al., 1999; Pasyukova et al., 2000; Zeng et al., 2000).  In addition QTLs detected 

from mapping studies are chromosomal loci that usually contain more than one locus 

affecting the trait and detection of such QTLs is dependent on the density of markers 

(Mackay, 2001). To take these issues into account one needs to confirm the detected QTLs 

by approaches other than statistical ones and map QTLs at high resolution. The former can be 

achieved by introgressing the putative QTL, one at a time, into a homozygous genetic 

background. This has been performed to test the existence of QTLs affecting bristle number 

in Drosophila (Lyman & Mackay, 1998, Lyman et al., 1999, Long et al., 2000). For fine 

resolution QTL mapping different strategies can be used. In Drosophila deficiency stocks are 

available which contain a chromosome missing a portion of the genome and breakpoint 

locations that are known on a cytological map. The breakpoints of the stocks overlap 

uncovering about 70-80% of the Drosophila genome. The crossing scheme and the principle 

of quantitative deficiency mapping is explained in Figure 2.2. 



 

53 

 

Figure 1.12: Deficiency mapping in Drosophila: a) A deficiency stock contains a 

chromosome missing a portion of the chromosome. The breakpoints of the missing portions 

are known and the breakpoints of the deficiency collection overlap. The collection uncovers 

about 80% of the Drosophila genome. b) For deficiency mapping each of the two parental 

lines (P1 and P2) with different QTLs for the trait of interest are crossed with a deficiency 

stock (indicated as mutants) and a co-isogenic control line without the deficiency 

chromosome.  For each of the resulting genotypes (high/mutant, low/mutant, high/wild type 

and low/wild type indicated as H/M, L/M, H/W and L/W respectively) F1 individuals are 

phenotyped for the quantitative trait and the data are analyzed statistically. If the difference 

between the phenotypes of parental chromosomes in the deficiency background (H/M-L/M) 

is greater than that of the parental chromosome in the wild type background (H/W-L/W) then 

the location of the QTL is uncovered by the missing portion of the deficiency stock 

(indicated by a star in panel a). Figure adapted from (Mackay, 2001).  
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Deficiency mapping was used to fine map the positions of QTL affecting variation in 

lifespan between two Drosophila strains- Oregon and Russian 2b- to the Alcohol 

dehydrogenase gene region (Nuzhdin et al., 1999). In addition to using deficiency stocks, 

implementing the use of a different experimental population can significantly enhance fine 

mapping of QTLs. There are different experimental populations that can be easily generated 

in Drosophila due to the short generation time and ability to generate inbred lines. Two 

inbred strains with different phenotype for the trait of interest can be crossed to produce an 

F2 mapping population or F1s can be backcrossed to either of the parental strains to generate 

a backcross (BC) population.  Alternatively, a number of lines can be selected from an F2 

population and inbred to homozygosity. These lines are called recombinant inbred lines 

(RILs). Likewise ñadvanced intercross linesò (AIL) can be generated by crossing  two inbred 

lines followed by sequentially and randomly intercrossing each generation until advanced 

intercross generations are obtained (about 25 generations and beyond). However, it is 

required at each generation that an effective population size of at least 100 should be 

maintained (Darvasi & Soller, 1995, Darvasi, 1998). Generating AIL or RILs relies on the 

principle that continued intercrossing (in case of AIL) or inbreeding (in case of RILs) over 

several generations accumulates a large number of recombination events which separates 

closely linked markers/QTLs resulting in an ideal population for high resolution QTL 

mapping.  By implementing an integrated strategy of using an advanced experimental 

population such as RILs with deficiency complementation mapping it is possible to resolve 

mapping to the level of single QTL. This was done to map single, sex-specific Drosophila 

QTL affecting variation in olfactory behavior (Fanara et al., 2002). Further, it should be kept 
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in mind while performing QTL mapping experiments that different approaches can result in 

finding novel or known QTLs. There is evidence for such results in Drosophila where loci 

detected from P-element mutagenesis (Anholt et al., 2003; Sambandan et al., 2006a, Dierick 

& Greenspan, 2006; Jordan et al., 2007; Rollmann, 2007; Yamamoto et al., 2008) did not 

overlap with those found from QTL mapping (Dilda & Mackay, 2002; Fanara et al., 2002, 

Harbison et al., 2004; Jordan et al., 2006, Edwards, 2009). This could be due to 1)   the P-

element disrupts a gene that contributes to manifestation of the phenotype but not  

phenotypic variation and 2)   there are more than just a few polymorphic sites affecting 

variation and different approaches capture different ones at different times (Mackay, 2010).  

Over the past decade, genome sequence information for model organisms (Goffeau et 

al., 1996, consortium, 1998, Adams et al., 2000) and genomic technologies (Mardis, 2008) 

became available that have been used to develop rapid and cost effective QTL mapping 

methods for detection of multiple QTLs at higher resolution. For example, QTLs affecting 

lifespan in Drosophila have been mapped by a speed mapping approach using microarrays 

for selective genotyping of pooled DNA samples (Lai et al., 2007). Individuals were selected 

from extreme phenotypic tails of a large F2 mapping population derived by crossing two 

inbred lines that vary for the trait. DNA from pools of collected individuals was labeled with 

Cy3 or Cy5 dye and hybridized to short-oligonucleotide microarrays spanning the whole 

genome expression profile. QTLs were detected based on marker loci that showed changes in 

allele frequency between high and low tails of the distribution (Lai et al., 2007). Similarly, a 

fast method for QTL mapping called ñextreme QTL (X-QTL)ò,   has been successfully used 

for QTL mapping of complex traits in Saccharomyces cerevisiae strains by identifying 
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chromosomal locations and QTL effects for different traits by directly measuring pooled 

allele frequencies across the genome (Ehrenreich et al., 2010). X-QTL is a three step process 

with the first step being generation of segregating populations for QTL for the trait of 

interest. The second step requires phenotyping the populations and collecting individuals 

with extreme trait values (for example, the top 10% and bottom 10% individuals of the 

population). The final step is quantitative measurement of pooled allele frequencies across 

the genome either by microarrays or massively parallel sequencing (also called ñnext 

generation sequencing)ò. X-QTL mapping is a novel approach yet to be applied to 

Drosophila, which will be described in this dissertation.  Both these approaches are outlined 

in Figure 2.3. 
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Figure 1.13: Fast high resolution QTL mapping methods: Both approaches require generation 

of a mapping population such as AIL (top) or F2 (bottom). Individuals from tails of the 

distribution are collected. Pooled allele frequencies are measured across the genome either by 

massively parallel sequencing (top) or microarrays (bottom).   
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With the advent of novel sequencing technologies such as Illumina/Solexa, ABI SOLiD and 

Roche/454 (Mardis, 2008) and a variety of new alignment tools such as BWA and Samtools 

(Langmead et al., 2009; Li & Durbin, 2009) massively parallel sequencing (also referred to 

as next generation sequencing) is becoming feasible and affordable. Next generation 

sequencing can be used for de novo sequencing of genomes that requires sequence assembly 

and for sample re-sequencing to align sequences to a reference genome to find variation in 

the sample. It is now becoming a reality to investigate the genetic basis of natural variation in 

traits using a next generation sequencing approach in humans (Day-Williams & Zeggini, 

2011) and model organisms such as Drosophila (Turner et al., 2011). Turner and his group 

used population-based sequencing of experimentally evolved populations of Drosophila to 

study natural variation in body size (Turner et al., 2011). Advanced computational tools such 

as Popoolation2 are now available for analyzing pooled next generation sequencing data to 

compute allele frequencies and population differentiation between single or multiple 

populations (Kofler et al., 2011) 

 

Drosophila melanogaster Genetic Reference Panel (DGRP): resource for 

high resolution linkage and association mapping.  

The area of complex trait research has progressed rapidly over the past decade due to 

advances in genomic technologies, and the emergence of community resources across species 

to study complex traits. Large scale experimental projects such as the 1000 genomes 

(http://www.1000genomes.org/) and the UK10K in humans (http://www.uk10k.org/), the 

Collaborative Cross in mice (Churchill et al., 2004; Threadgill et al., 2011), the 1001 

http://www.1000genomes.org/
http://www.uk10k.org/
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Genomes in Arabidoposis (Weigel & Mott, 2009), the Nested Association Mapping 

population (NAM) in maize (Yu et al., 2008)  and the Drosophila melanogaster Genetic 

Reference Panel (DGRP) in Drosophila provide a platform to study genetic variation in 

humans,  model organisms and crops. It is now possible to apply advanced genomic 

approaches such as massively parallel sequencing on these populations to map QTLs at high 

resolution, systematically discover new and low frequency variants that remained undetected 

previously, and identify causal variants (QTNs) for quantitative traits  (Ayroles et al., 2009, 

Aylor et al., 2011). 

The DGRP population is a collection of 192 wild-derived inbred lines that are derived 

from a natural outbred population from the Raleigh Farmerôs market. These lines were 

generated after 20 generations of inbreeding of isofemale lines from the Raleigh population. 

There is minimal genetic variation within the lines and substantial genetic variation among 

the lines (Figure 2.4).  
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Figure 1.14: The Drosophila melanogaster Genetic Reference Panel: it is a population of 192 

wild-derived inbred lines constructed from Raleigh, USA population, following 20 

generations of full-sib inbreeding of their progeny.  Out of the 192 wild-derived inbred lines, 

sequence data for 168 is available.  There is minimal genetic variation within a line while 

genetic variation between the lines is preserved (Mackay  et al. 2012). 
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This enables repeated and, hence, precise measurements for the trait of interest of individuals 

within a line (same genotype) and simultaneously exploit naturally occurring variation in the 

trait in a large population of 192 lines to identify polymorphisms affecting variation in 

phenotype by GWA mapping. The strength of GWA mapping relies on the degree of linkage 

disequilibrium (LD) between the genotyped marker and the functional variant (Mackay, 

2001; Myles et al., 2009).   The resolution with which a QTL can be mapped is a function of 

how quickly LD decays over distance. The decay of LD differs dramatically between species 

and it decays rapidly in Drosophila within several hundred base pairs (Flint-Garcia et al., 

2003; Carbone et al., 2006; Flint & Mackay, 2009; Mackay et al., 2012). LD mapping 

requires either a sample of individuals from an outbred population or many inbred lines 

derived from an outbred population (Anholt & Mackay, 2010). In both cases, LD mapping 

offers an advantage in that it exploits all of the recombination events in the evolutionary 

history of a sample resulting in higher mapping resolution compared to linkage mapping. The 

DGRP, a collection of inbred lines, serves as a valuable resource for GWA mapping of 

various traits in Drosophila. It provides a broad genetic base capturing genetic diversity 

existing in nature and is not limited to what segregates between parents of a cross in linkage 

mapping (Table 1). A sample of 192 lines gives enough power to detect intermediate 

frequency variants with moderately small to large effects on complex traits.  The sequences 

for all the lines and information on common Drosophila variants are available which 

provides enough resolution to identify candidate genes and ultimately quantitative trait 

nucleotides (QTNs) in GWA mapping in Drosophila. LD mapping has been applied in 

Drosophila to map molecular variants within single candidate gene regions associated with 
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quantitative variation in sensory bristle number (Long et al., 1998; Lyman et al., 1999), and 

enzyme activity (Aquadro et al., 1992). In another study LD mapping was coupled with 

complementation tests to identify positional genes and causal genetic polymorphisms 

determining variation in Drosophila longevity (De Luca & Leips, 2007). However, LD 

mapping at a genome-wide scale for complex traits is yet to be performed in Drosophila.   

  



 

63 

Table 1: Comparison between QTL mapping and GWAs 

 

 

 

  

 

QTL mapping 

 

LD mapping (GWAs) 

 

Can only exploit the recombination events that 

have occurred during the establishment of the 

mapping population 

 

Exploits all of the recombination events that 

have occurred in the evolutionary history of a 

sample 

 

Can only identify QTL from the phenotypic 

diversity generated from the controlled cross, 

 

The number of QTL one can map for a given 

phenotype is not limited to what segregates 

between parents of a cross, but rather by the 

number of real QTL underlying the trait and 

the degree to which the mapping population 

captures the total genetic diversity available in 

nature  

  

Mapping is conducted in progeny of a cross 

from two parents 

  

 Mapping is conducted in populations in which 

relatedness is unknown. 

 

It is a laborious and often an expensive process 

requiring generation of a mapping population.  

 

It is easy and cost-effective 

 

Works well with mice and Drosophila (Flint & 

Mackay, 2009). 

 

Works well with organisms that cannot be 

crossed, cloned, or have long generation times, 

such as plants and humans (Nordborg & 

Weigel, 2008).  

 

 Can be used to identify low frequency 

functional alleles by creating crosses which can 

artificially inflate the allele frequencies in the 

progeny providing increased power for 

mapping. 

 

Have little power to detect low frequency 

alleles and QTL with small effect 
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It is evident that no one approach is ñthe bestò one to map QTLs/QTNs.  Research 

over the past few years has begun to employ joint methods to fine map QTLs.  This could be 

performing linkage mapping along with LD mapping, GWAs with transcriptional network 

studies (Chan et al., 2011) or GWAs with genome-wide transcriptome analysis (Ayroles et 

al., 2009; Jumbo-Lucioni et al., 2010). For example, LD mapping is less powerful in 

detection of rare alleles with small effects (Mackay et al., 2009a; Myles et al., 2009). In such 

a situation allele frequency can be manipulated by generating a linkage mapping population 

(e.g. AILs where allele frequency is maintained at 0.5). Further, linkage mapping could be 

done along with LD mapping to increase the power of QTL mapping which is known as 

ñjoint linkage-association mappingò (Wu & Zeng, 2001, Wu et al., 2002;).  The DGRP 

provides a platform to perform such joint linkage-association analysis on various complex 

traits. Parental strains with extreme phenotypes for the trait of interest can be used from a 

broad genetic base of 192 inbred lines to generate linkage populations increasing the power 

to detect rare alleles with small effects (Mackay et al., 2011). Studies in mice and 

Arabidopsis underscore the effectiveness of this joint approach in fine resolution QTL 

mapping. However these studies also indicate that results from population based studies need 

independent confirmation (Manenti et al., 2009, Brachi et al., 2010). It is possible to perform 

confirmation experiments using the DGRP.  An outbred population can be generated from 

the DGRP following a round robin crossing scheme (Figure 2.5) to independently confirm 

associations detected in LD mapping experiments.  
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Figure 1.15: Confirmation of associations detected in GWA mapping: An outbred 

population can be generated using the DGRP. The figure shows an example of a crossing 

scheme to generate an outbred population using 40 lines. Female of line 1 is crossed to male 

of Line 2; female of Line 2 is crossed to male of Line 3 and so on. One male and female from 

each of the 40 F1 populations is placed into 10 bottles. After about 50 generations, an 

outbred population is established.  
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Further, even a trait-specific outbred population  can be generated in a short span of 

time by performing a half diallel cross between parental strains with high and low phenotypic 

scores followed by advanced intercrossing for multiple generations. The outbred population 

can be scored for the trait of interest to collect the top and bottom (for example top and 

bottom 10%) individuals. Massively parallel sequencing can be performed on the pooled 

DNA from each category and allele frequency differences can be calculated. Any overlap 

between alleles detected from such a reconstructed outbred population and those from LD 

mapping is an independent confirmation of associations.  

 Taken together, high resolution QTL mapping has come a long way and now we have 

new technologies that can be combined with new community resources to meet the challenge 

of dissecting complex traits into individual genes and their causal QTNs.   

 

Epistasis (genotype by genotype interactions) 

The concept of epistasis is not novel and in classical Mendelian genetics it refers to the 

interaction between the loci with large effects resulting in masking of genotypic effects at 

one locus by genotype at another locus resulting in distorted ratios in the dihybrid cross 

(Phillips, 1998).  In quantitative genetics, epistasis refers to any non-additive interactions 

between two or more loci. The effect at one locus can either be enhanced (synergistic 

epistasis) or suppressed (antagonistic epistasis) by the effect of other loci (Mackay, 2001). 

Epistasis constitutes an integral part of the genetic architecture of quantitative traits since 

QTL effects can vary according to the genetic, sexual or external environment. Hence, 
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phenotypes associated with the QTL will change with the change in the genetic or 

environmental backgrounds and QTL is said to exhibit gene by gene (epistasis) or genotype 

by environment interaction (GEI) or genotype by sex interaction (GSI). As a consequence, 

the estimates of QTL effect and position from QTL mapping study becomes relevant only to 

the population and environment in which it is detected and may not replicate across sexes or 

in a different environment.  Further, epistatic interactions can bias estimates of the effect of 

QTLs in mapping populations when present but not accounted for. The power to detect 

epistasis in mapping population is limited because 1) most of the epistatic interactions are not 

very strong. QTL mapping procedures requires a low significance threshold after adjusting 

for multiple tests and only very strong epistatic interactions can be detected.  2) Other 

segregating QTLs can affect the pair of loci under consideration making it difficult to detect 

epistatic interactions between them. 3) Only a few individuals within a population can exhibit 

epistatic interactions that require very large mapping populations to detect them. 

Nonetheless, epistatic interactions have been reported from studies in different model 

organisms and humans. For example, in Drosophila epistasis exists between QTLs affecting 

Drosophila bristle number (Spickett & Thoday, 1966, Shrimpton & Robertson, 1988, Long et 

al., 1995) wing morphology (Weber et al., 1999), life span (Leips & Mackay, 2000; Leips, 

2002), and startle-induced locomotor behavior (Jordan et al., 2006). Similarly, studies in 

mice indicated non-additive interactions between QTLs affecting growth, body weight and 

body size (Routman & Cheverud, 1997, Brockmann et al., 2000; Cheverud et al., 2001; 

Workman et al., 2002; Klingenberg et al., 2004; Yi  et al., 2006). Epistasis is also a 

prominent feature of the genetic architecture of grain yield in rice (Li  et al., 1997), growth 
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rate in Arabidopsis (Kroymann & Mitchell-Olds, 2005) chicken (Carlborg et al., 2006) and 

yeast (Steinmetz et al., 2002, Sinha et al., 2008), longevity in C. elegans (Shook & Johnson, 

1999) and susceptibility to diabetes in humans (Cox et al., 1999). These studies imply that it 

will be easier to capture epistasis with powerful experimental designs with precise tests. One 

of the approaches to study non-additive interactions is to generate diallel crosses by crossing 

homozygous mutant parental strains to construct all possible pair-wise combinations. This 

method revealed a dynamic epistatic network of enhancing and suppressing epistasis 

affecting odor-guided behavior (Fedorowicz et al., 1998. Sambandan et al., 2006), climbing 

(van Swinderen & Greenspan, 2005), aggression (Zwarts et al., 2011) and startle behavior in 

Drosophila (Yamamoto et al., 2008, Yamamoto et al., 2009), and antagonistic epistasis 

affecting yield related traits in tomato (Eshed & Zamir, 1996).  In order to test for additive by 

additive epistatic interactions, four double homozygous genotypes at two biallelic loci can be 

constructed. Such an approach has been used to study epistasis between QTLs affecting 

divergence in plant architecture between maize and teosinte (Lukens & Doebley, 1999) and 

between P-insertions on metabolic activity in Drosophila (Clark & Wang, 1997). Epistatic 

interactions are not limited between QTLs or loci but can exist between quantitative trait 

nucleotides (QTNs) within a gene. For example, QTNs identified within the Drosophila Adh 

gene that affect protein concentration also exhibit epistasis (Stam & Laurie, 1996). Finally, 

another powerful design to detect epistasis involves constructing a panel of chromosome 

substitution lines or segmental introgression lines that allows detection of inter-chromosomal 

or segmental interactions. Whereas chromosome substitution lines are generated by 

substituting single chromosomes from one strain into a homozygous genetic background of a 
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second strain, segmental introgression lines are generated by introgressing small genomic 

portions from one strain into the background of another strain so that the collection of 

introgression lines span the entire genome. Clearly, epistasis can be easily detected using 

chromosome substitution lines or introgression lines especially in model organisms such as 

Drosophila melanogaster, where it is easy to generate such lines and introduce mutations in 

tightly controlled genetic backgrounds which would not be possible in human populations.  

Experimental design introgression lines have revealed epistasis affecting aggressive behavior 

(Edwards & Mackay, 2009). Further, Yamamoto et al. (2009) created chromosome 

substitution lines in which isogenic Canton-S B chromosomes with P-element insertions 

affecting startle behavior and their P-element free co-isogenic chromosomes were substituted 

in a subset of the DGRP lines (Figure 2.6). Using these lines   it was possible not only to 

quantify the extent to which naturally segregating variants modify the effects of single 

mutations, but also to study variation of epistasis among different lines. Results from this 

study indicated that the direction of epistasis was to suppress the effect of mutations in 

Semaphorin-5c (Sema-5c) and Calreticulin (Crc) affecting startle induced locomotor 

behavior.  Both genes also affect olfactory behavior (Sambandan et al., 2006) and Crc affects 

sleep phenotypes (Harbison & Sehgal, 2008).  Do these traits, like startle behavior, 

experience suppressing epistasis in a natural population, that is,  is suppressing epistasis by 

naturally segregating modifiers on behavioral traits a general phenomenon or specific to 

startle behavior?. If so, then are these phenotypes modulated by the same or different 

modifiers? Once generated, chromosome substitution lines act as a good resource to answer 

such questions. It becomes feasible to measure them for different traits of interest and 
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estimate the effects of mutation(s) in different wild-derived genetic backgrounds and 

correlate the epistatic effects among the different phenotypes. Both these questions have been 

addressed in chapter 4 of this dissertation.  
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Figure 1.16: Generation of co-isogenic CSB C3 substitution lines in inbred DGRP genetic 

backgrounds. The left side of the diagram illustrates the three major D. melanogaster 

chromosomes in co-isogenic CSB lines, with arrows indicating the locations of P-element 

insertions in Sema-5c and Crc. The right side of the diagram illustrates the introduction of 

CSB third chromosomes with or without P-element insertions into different DGRP lines, 

indicated with different colors (Yamamoto et al., 2009).   
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Contributions of this dissertation 

Chapter 2 of this dissertation presents the first large-scale endeavor to systematically dissect 

the functions of OBPs under controlled environmental and genetic background conditions 

using a combination of gene silencing and behavioral methods. The results from the proposed 

experiments contribute novel information to the field of olfaction which together with 

information of odorant receptor expression and response profiles will help to understand how 

olfactory gene families interact to enable insects to sense their chemical environments.  OBPs 

are the first components of the olfactory system to come in contact with the odors and could 

be potential targets for pest control.  

Chapter 3 discusses the use of both GWA mapping and X-QTL mapping using AIL 

populations. This is a novel approach for high resolution QTL mapping in Drosophila . X-

QTL mapping is a fast and economical method that allows mapping of QTGs by direct 

comparison of allele frequencies between individuals with extreme olfactory behavior by 

massively parallel sequencing of pooled DNA samples. GWA mapping using the DGRP 

allows us to determine what molecular variants define QTL alleles affecting variation in 

olfactory behavior in nature at the level of single nucleotide. Conducting GWA mapping and 

X-QTL mapping will allow side-by-side comparisons of results from two methods since the 

experimental design of both approaches uses the DGRP panel, the same behavioral assay and 

are performed contemporaneously. Taken together results from this study present an 

integrated approach to find novel genes or DNA variants contributing to natural variation in 

olfactory behavior and enhance our understanding of the genetic architecture of natural 

variation in olfactory behavior.  
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Chapter 4 focuses on epistasis as an important feature of quantitative traits. Different 

approaches exist to study epistasis such as generating diallel crosses, chromosome 

substitution lines and introgression lines. In this study, chromosome substitution lines were 

used to study the effects of epistatic modifiers that segregate in a wild-derived Drosophila 

melanogaster population on the mutational effects of P-element insertions in pleiotropic 

genes that affect olfactory, startle and sleep phenotypes. The results from this study have 

identified suppressing epistasis as a mechanism to confer robustness of a trait to mutations in 

natural populations.    
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Abstract 

Most organisms rely on olfaction for survival and reproduction. The olfactory system of 

Drosophila melanogaster is one of the best characterized chemosensory systems and serves 

as a prototype for understanding insect olfaction. Olfaction in Drosophila is mediated by 

multigene families of odorant receptors and odorant binding proteins (OBPs). Whereas 

molecular response profiles of odorant receptors have been well documented, the 

contributions of OBPs to olfactory behavior remain largely unknown. Here, we used RNAi-

mediated suppression of Obp gene expression and measurements of behavioral responses to 

16 ecologically relevant odorants to systematically dissect the functions of 17 OBPs. We 

quantified the effectiveness of RNAi-mediated suppression by quantitative RT-PCR and used 

a proteomic LC/MS/MS procedure to demonstrate target-specific suppression of OBPs 

expressed in the antennae. Flies in which expression of a specific OBP is suppressed often 

show altered behavioral responses to more than one, but not all odorants, in a sex-dependent 

manner. Similarly, responses to a specific odorant are frequently affected by suppression of 

expression of multiple, but not all OBPs. These results show that OBPs are essential for 

mediating olfactory behavioral responses and suggest that OBP-dependent odorant 

recognition is combinatorial. 

Keywords: olfaction, chemoreception, behavioral genetics, RNAi, proteomics 
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Introduction  

Drosophila melanogaster provides an excellent model system for studies on olfactory 

behavior, since its olfactory system has been well characterized (Vosshall et al., 2000, Wang 

et al., 2003, Hallem et al., 2004, Sue et al., 2009) and flies are readily amenable to genetic, 

neuroanatomical, electrophysiological and behavioral manipulations. Furthermore, virtually 

unlimited numbers of individuals of the same genotype can be grown under controlled 

environmental conditions.   

Olfaction is mediated by olfactory sensory neurons (OSNs) in sensilla of the third 

antennal segments and the maxillary palps. In basiconic sensilla, each OSN expresses one or 

sometimes two unique odorant receptors from a repertoire of 62 Odorant receptor (Or) genes 

(Robertson et al., 2003, Su et al., 2009). Each unique receptor dimerizes with a common 

odorant receptor (Larsson et al., 2004),  Or83b, and activation of this complex by odorants 

results in the opening of a cation channel which depolarizes the OSN (Sato et al., 2008, 

Wicher et al., 2008). Combinatorial activation of odorant receptors generates a spatial and 

temporal pattern of neural activity among the population of OSNs that is relayed to the 

antennal lobes, where it is transformed into an activation pattern of glomeruli (Ng et al., 

2002, Wang et al., 2003).  Information contained within these glomerular activation maps is 

transmitted via projection neurons to the mushroom bodies and lateral horn of the 

protocerebrum in the brain (Wong et al., 2002, Jefferis et al., 2007, Lin et al., 2007, Luo et 

al., 2010), where olfactory information is interpreted and coupled to an appropriate 

behavioral output that can be modulated by prior experience (Davis, 2005).  In addition to the 

Or receptors, OSNs in coeloconic sensilla express members of a family of ionotropic (Ir) 
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odorant receptors (Benton et al., 2009), which have been implicated in sensing alcohol, water 

vapor, amines (Yao et al., 2005) and acid (Ai et al., 2010).   

The Drosophila melanogaster genome also encodes a large family of Odorant 

binding protein (Obp) genes (Galindo & Smith, 2001; Hekmat-Scafe et al., 2002). OBPs are 

secreted in the perilymph by support cells in the sensilla. Support for a role for OBPs in 

odorant recognition comes from the finding that the Lush odorant binding protein is an 

essential mediator of the response to the courtship pheromone 11-cis-vaccenylacetate (Xu et 

al., 2005, Laughlin et al., 2008). In addition, a 4bp insertion in the Obp57e gene in D. 

sechellia results in loss of avoidance of hexanoic acid and octanoic acid produced by its host 

plant, Morinda citrifolia, and supports host plant specialization of this species (Matsuo et al., 

2007).  Furthermore, association analyses in a population of inbred wild-derived lines 

revealed associations of polymorphisms in the Obp99a-d group with phenotypic variation in 

responses to benzaldehyde (Wang et al., 2007) and acetophenone (Wang et al., 2010). 

However, a systematic analysis of the roles of OBPs in mediating behavioral responses to 

odorants has not yet been performed. Here, we used targeted RNAi-mediated suppression of 

Obp expression and quantified behavioral responses to a battery of odorants to characterize 

the behavioral response profiles of OBPs.   
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Materials and methods 

Drosophila stocks 

Seventeen lines that express RNAi corresponding to Obp transcripts under UAS promoters 

inserted in the neutral phiC31 integration site along with the progenitor control line 

(y,w[1118];P{attP,y[+],w[3`]})  were obtained from the Vienna Drosophila RNAi Center 

(http://www.vdrc.at). Each of these lines and the progenitor control was crossed to a 

ubiquitous tubulin-GAL4 driver line (y
1
 w

*
; P{tubP-GAL4}LL7/TM3, Sb

1
) to suppress the 

expression of the target Obp gene. F1 offspring were used for both molecular and behavioral 

experiments. The lines were reared in large mass cultures on cornmeal/molasses/agar 

medium at 25ϊC and a 12h/12h light/dark cycle (lights on at 6:00 am; lights off at 6:00 pm).  

Assessment of Obp gene expression levels 

The efficiency of RNAi-mediated suppression of individual Obp genes in tubulin-

GAL4/UAS-ObpRNAi F1s was assessed by quantitative real time Polymerase Chain Reaction 

(q-RT PCR) using a SYBR green detection method according to the protocol from Applied 

Biosystems (Foster City, CA, USA) with glyceraldehyde-3-phosphate dehydrogenase as the 

internal standard. Independent triplicates of total RNA were extracted from males and 

females separately using Trizol reagent (Invitrogen, Inc., Carlsbad, CA, USA). cDNA was 

generated from 80-100 ng of total RNA by reverse transcription and each extract was 

analyzed in duplicate. Transcript specific primers were designed to amplify 100-150 bp 

fragments. Negative controls without reverse transcriptase were run to exclude genomic 

contamination. Statistically significant differences in Obp gene expression levels between 

http://flybase.org/reports/FBal0018607.html
http://flybase.org/reports/FBti0012687.html
http://flybase.org/reports/FBba0000047.html
http://flybase.org/reports/FBal0015145.html
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tubulin-GAL4/UAS-RNAi F1s and tubulin-GAL4/progenitor F1s were determined by two-

tailed Studentôs t-tests. 

 

Relative quantification of protein levels in antennae 

 Antennal extracts (500/sex/line) were collected from tubulin-GAL4/UAS-RNAi-Obp28a, 

tubulin-GAL4/UAS-RNAi-Obp83a and tubulin-GAL4/progenitor lines and processed for 

proteomics analysis, essentially as described previously (Anholt & Williams, 2010) with 

modifications as indicated below. Tryptic fragments of antennal proteins were detected by 

nanoLC/MS/MS using an Eksigent nano-LC-2D system coupled to an LTQ-Orbitrap mass 

spectrometer (ThermoScientific, Inc, Waltham, MA, USA). LC solvents used were mobile 

phase A [H2O/acetonitrile/HCOOH (90/10/0.2% by volume)] and mobile phase B 

[acetonitrile/H2O/HCOOH (90/10/0.2% by volume)]. The MS method consisted of seven 

events: a precursor scan followed by six data dependent tandem MS scans of the 1
st
 - 6

th
 most 

abundant peaks in the ion trap. A high resolving power precursor scan of the eluted peptides 

was obtained using the LTQ-Orbitrap (60,000 resolution) with the six most abundant ions 

selected for MS/MS in the ion trap through dynamic exclusion. This allowed for coverage of 

low and high abundance peptides/proteins. The instrument was externally calibrated 

according to the manufacturerôs protocol. The nanoLC/MS/MS data files were processed 

using MASCOT (Matrix Science Inc. MA) for protein identifications. Batch searching of 

nanoLC/MS/MS data was performed using the D. melanogaster protein database 

downloaded from the InterPro website (www.ebi.ac.uk/interpro). A Perl script was used to 

create a reverse sequence database for the D. melanogaster protein database (target). Target 

http://www.ebi.ac.uk/interpro
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and reverse sequences were combined into one FASTA file for MASCOT batch searching of 

nanoLC/MS/MS data to account for the false discovery rate (FDR). A protein FDR of <1% is 

considered adequate and was used in determining reliable protein identifications.  ProteoIQ 

software (BioInquire, LLC 2010, Bogart, GA, USA) was used for data normalization and 

relative quantification. Data were normalized by performing Total Spectral Count 

Normalization by standardizing to the total spectral counts for all proteins identified in each 

biological group and replicate. The normalization factors are calculated such that the total 

spectral counts for all proteins in each replicate and biological sample are equal. The 

normalization factors are then applied to the spectral counts for each protein. Significant 

differences in spectral counts between OBPs in control samples and in lines in which Obp28a 

or Obp83a were targeted by RNAi were assessed by Dunnettôs test. 

 

Behavioral assay 

Odorants were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were of the highest 

purity available. Olfactory behavior of single-sex groups of 50 flies/replicate and three 

replicates/sex was measured for each line between 2:00-4:00 pm, using a modification of the 

well established ñdipstick assayò (Anholt et al., 1996). Four-seven day-old flies were 

collected a day prior to the assay and food deprived for about 2 hours in a 50 ml conical tube 

containing a cotton swab tip (referred to as ñodor tubeò). The measurement is initiated by 

depositing 0.1 ml of odorant solution on the cotton swab tip in the odor tube. The odor tube is 

then connected to a collection tube and flies are given 2 min to partition between the tubes.  

At the end of the assay, a response index is calculated as follows: 
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Response Index (RI) = number of flies in the collection tube/ total number of flies 

RI = 1 indicates the highest aversive response to the odorant, RI = 0.5 shows 

unresponsiveness to the odorant, and RI = 0 indicates maximal attraction. Three replicates 

are run at the same time of day on three consecutive days to average environmental variation. 

All ObpRNAi lines were measured contemporaneously for each odorant along with a control 

(i.e. flies that carry the tubulin-GAL4 driver without a UAS transgene in the same genetic 

background).  Data were analyzed using a three-way ANOVA model, Y =
 
µ + L + S + O+ 

LxS + LxO + SxO + L x S x O + E, where µ is the overall mean,
 
L is the random effect of 

ObpRNAi  lines, S is the fixed effect of sex, O is the random effect of odorant and E is the 

environmental variance. The data were further analyzed by odorant and by sex using a 

reduced one-way ANOVA model, Y = µ + L + E, where µ is the overall mean, L is the 

random effect of tubulin-GAL4/UAS-ObpRNAi lines, and E is the environmental variance. 

Analyses of variance and tests of significance were calculated using the Proc GLM procedure 

in SAS (SAS institute, Cary, NC, USA).  

 

Results 

Specific RNAi-mediated suppression of Obp gene expression  

To systematically dissect the functions of members of the Obp gene family in olfactory 

behavior, we knocked down expression of individual OBPs by crossing a tubulin-GAL4 

driver line to UAS-RNAi lines from the Vienna Drosophila RNAi Center. The UAS-RNAi 

constructs are inserted in a defined phiC31 integration site on the second chromosome in an 

isogenic background. The phiC31 integration site allows efficient GAL4-mediated 
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expression, and insertion of UAS constructs in this site does not give rise to positional effects 

(Groth et al., 2004).  Since a promoter-GAL4 construct specific for antennal support cells is 

not available and Obp genes are expressed in multiple chemosensory organs (Galindo & 

Smith, 2001) that can affect olfactory behavior, we chose an unbiased experimental design in 

which we suppressed expression of Obp genes with a universal tubulin-GAL4 driver.  We 

selected 17 UAS-RNAi lines targeting Obp genes. These lines provided viable offspring when 

crossed to the tubulin-GAL4 driver line with normal morphology, development time and 

fertility, except the tubulin-GAL4/UAS-Obp56dRNAi offspring and males of the tubulin-

GAL4/UAS-Obp58bRNAi line, for which we could not obtain behavioral measurements due 

to poor viability.  

mRNA levels assessed by quantitative RT-PCR on whole flies were significantly 

reduced in the tubulin-GAL4/UAS-RNAi F1s compared to the corresponding control (Fig. 1). 

Average reduction in transcript expression across all the lines was 83% compared to control 

and ranged from greater than 90% (e.g. A5, Obp56a, Obp56f, Obp57a) to 40-50% (Obp99b).  
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Figure1: RNAi mediated knock-down of Obp gene expression. Significant suppression of 

mRNA levels of target genes was assessed by two-tailed Studentôs t-test and was significant 

at P<0.05 for all cases, except Obp99b (P<0.06). Solid bars represent males (n=15) and open 

bars represent females (n=15). The error bars indicate standard error of the mean.  
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To assess to what extent reduction in transcript levels correlated with reduction in 

protein levels and to examine whether suppression of expression of the target Obp gene 

elicited compensatory changes in expression levels of other OBPs, we used a previously 

developed reversed phase high performance liquid chromatography and tandem mass 

spectrometry (nanoLC/MS/MS) procedure with femtomole detection sensitivity (Anholt & 

Williams, 2010) to detect soluble proteins from antennae of tubulin-GAL4/UAS-

Obp28aRNAi, tubulin-GAL4/UAS-Obp83aRNAi and control flies. We focused on these lines 

since high levels of OBP28a (a.k.a. PBPRP5) and OBP83a (a.k.a.PBPRP3) are readily 

detectable in Drosophila antennae (Pikielny et al., 1994, Anholt & Williams, 2010).  We 

detected peptides derived from 237 soluble proteins (FDR < 0.01) in the antennal extracts 

(Supplementary Table S1), including 18 OBPs (including antennal proteins A5 and A10; Fig. 

2). Other members of the OBP family were not detected, because they may be present in 

minute amounts, are not effectively released from the antenna (e.g. detection of Lush 

expressed in trichoid sensilla is sporadic (Anholt & Williams, 2010)) or expressed in other 

chemosensory tissues, such as the maxillary palps (Galindo & Smith, 2001), proboscis 

(Galindo & Smith, 2001, Cameron et al., 2010), tarsi (Galindo & Smith, 2001, Matsuo et al., 

2007) or wing margins.   
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Figure 2: Identification and relative quantification of OBPs in antennal extracts. (A) 

LC/MS/MS detects 17 OBPs in offspring from the progenitor control line 

(y,w[1118];P{attP,y[+],w[3`]})  crossed to the tubulin-GAL4 driver line. (B) Expression of 

OBP28a is specifically reduced in the Obp28a RNAi line (Dunnetôs test P<0.05) (arrow). 

(C). Expression of OBP83a is specifically reduced in the Obp83a RNAi line (Dunnetôs test, 

P<0.05) (arrow). Reduction in protein levels is proportional to reduction in corresponding 

RNA levels (Figure 1). Solid bars represent males and open bars represent females. The error 

bars indicate standard error of the mean.   
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Relative quantification of protein levels showed that reduction in the levels of 

OBP28a (Fig. 2B) and OBP83a (Fig. 2C) compared to control (Fig.2A) paralleled the 

reduction in their respective transcript levels (Fig.1) and was specific for each target gene 

without significantly affecting the expression of other OBPs or non-OBP proteins 

(Supplementary Table S1). 

 

Behavioral analyses of lines with reduced expression of specific OBPs 

We determined the behavioral response profiles to a panel of 16 naturally occurring and 

ecologically relevant odorants (Hallem & Carlson, 2006; Keller & Vosshall, 2007) for each 

tubulin-GAL4/UAS-ObpRNAi line and the control. Odorants encompassed different 

functional classes, including aldehydes (propanal, benzaldehyde, E2-hexenal, citral), ketones 

(2-heptanone, acetophenone), aromatics (phenyl ethyl alcohol, benzaldehyde, acetophenone, 

methyl salicylate), alcohols (1-hexanol, geraniol), esters (ethyl acetate, isoamyl acetate), 

terpenes (the enantiomers l-carvone and d-carvone), and pyrazines (2-methylpyrazine, 2-

ethylpyrazine). Pilot dose-response studies established 1% (v/v) as a maximally 

discriminating odorant concentration (Fig. S1), which provides overall good signal-to-noise 

resolution while remaining below the maximum aversive response of RI=1.  Response 

indices were measured for each odorant for each UAS-ObpRNAi line and compared to 

contemporaneously measured response indices of the control. We analyzed the data with 

three-way ANOVA to assess statistically significant differences, and found a significant line 

x odorant effect for all tubulin-GAL4/UAS- ObpRNAi lines, except Obp56h (which showed a 

significant line x sex effect; Supplementary Table S2). Subsequently, we used a reduced 
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ANOVA model to identify odorant-specific and sex-specific effects for each tubulin-

GAL4/UAS-ObpRNAi line.    
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Figure 3: Effects of RNAi-mediated suppression of Obp expression on behavioral responses 

to odorants. Each panel represents an RNAi-targeted Obp transcript. Odorants are indicated 

along the X axes of the panels. Response Index is indicated along the Y axes. Statistically 

significant differences between behavioral responses of RNAi lines and controls were 

determined by ANOVA and are presented as deviations from the mean response index of the 

control line (RI [knockdown] ï RI [control]). Solid bars represent males, open bars represent 

females.  Red color indicates statistically significant differences from control (P < 0.05). The 

bars indicate averages and standard errors of three measurements with 50 flies each. 
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Disruption of expression of individual OBPs results in altered behavioral responses to 

multiple, but not all odorants, and affects males and females differently (Fig. 3). For 

example, disruption of expression of OBP28a shows altered behavioral responses to 2-

heptanone and l-carvone in males and to 2-ethylpyrazine and citral in both sexes.  Sexual 

dimorphism is also evident for OBP83a, where reduction in expression results in altered 

responses to l-carvone in both sexes, to 2-heptanone and acetophenone in males, and to citral 

in females (Fig. 3). Some OBPs show narrowly tuned behavioral response profiles (e.g. 

Obp22a and Obp57b), whereas others have broad response patterns (e.g. Obp59a and 

Obp99b), as inferred from targeted RNAi-mediated suppression with this limited panel of 

odorants. To further assess the reproducibility of our measurements, we selected RNAi lines 

targeting the abundantly expressed OBPs, Obp28a and Obp83a (Fig. 2), for further testing 

with contemporaneous controls. We conducted five additional behavioral measurements for 

those odorants (citral and l-carvone, respectively) that showed significant differences from 

the control in the initial screen, for sexes separately, at four different odorant concentrations 

and replicated the data from our initial screen at 1% (v/v) odorant concentration 

(Supplementary Fig. S2).    

It is noteworthy that structurally similar odorants, such as benzaldehyde and 

acetophenone, and 2-methylpyrazine and 2-ethylpyrazine are associated with distinct, albeit 

overlapping, behavioral profiles among the 17 tubulin-GAL4/UAS-ObpRNAi lines. Odorants 

differ widely in their dependence on expression of different OBPs to elicit behavioral 

responses. For example, olfactory responses to propanal are only disrupted in males in which 

expression of Obp18a or Obp59a is suppressed, whereas responses to many other odorants 
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are altered in more lines with reduced OBP expression, with different patterns between males 

and females (Fig.3 and 4). It is possible that differential efficacies of RNAi-mediated 

knockdown in males and females may account for some of the observed sex differences (e.g., 

Obp22a and Obp93a, Fig. 1). However, in some instances greater inhibition of Obp 

expression in one sex resulted in a smaller effect on olfactory behavior than in its counterpart 

where reduction in expression of the same Obp was less affected (e.g. Obp28a, Fig. 1) and in 

cases, where reduction in Obp transcript was similar in males and females, sexually 

dimorphic behavioral effects were still observed (e.g., Obp56a and Obp83c, Fig.1 and 3).   
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Figure 4: Combinatorial response profiles of OBPs in Drosophila melanogaster females (A) 

and males (B) inferred from RNAi-mediated suppression of Obp transcripts. Significant 

differences from control (P < 0.05) are indicated in red. The diagram is based on Figure 3.   
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Discussion   

We used targeted RNAi-mediated suppression of Obp expression to quantify the behavioral 

response profiles of OBPs to a battery of odorants.  The extent of RNAi-mediated knock-

down of Obp gene expression varied among the tubulin-GAL4/UAS-RNAiObp lines and there 

was no linear relationship between suppression of Obp gene expression and behavioral 

effects. It should be noted that we measured odorant responses at a single concentration and 

that the response profiles shown in Figures 3 and 4 may shift at different odorant 

concentrations or with different Obp expression levels (Zhou et al., 2009). Only five of the 

OBPs examined are readily detectable in antennal extracts (OBP28a, OBP56a, OBP56d, 

OBP83a, and OBP99b; Fig. 2). This can be due to suboptimal release of OBPs from specific 

antennal sensilla or limitations of detection by the LC/MS/MS procedure. Alternatively, 

behavioral responses to odorants could result from integration of input from multiple 

chemosensory organs, e.g. including the maxillary palps. Although we have examined 

behavioral response profiles of only about one-third of the Obp family with a limited panel of 

odorants, we believe that the scope of our study provides a representative illustration of the 

role of OBPs in olfactory behavior.   

 

Combinatorial recognition of odorants inferred from targeted RNAi-mediated 

inhibition of Obp expression   

RNAi-mediated reduction in expression of a single Obp gene results in altered behavioral 

responses to multiple, but not all, odorants, and responses to a given odorant are affected by 

reduced expression of multiple, but not all, Obp genes (Fig. 3 and 4). This observation 
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suggests, at least indirectly, that interactions between OBPs and odorants are combinatorial. 

Combinatorial recognition of odorants by OBPs and odorant receptors implies that 

perception of odor quality depends on the activation pattern that arises across multiple 

glomeruli in the antennal lobe (Ng et al., 2002, Wang et al., 2003). Alterations in this 

glomerular activation map by attenuating a single input component is predicted to result in 

altered perception of odor quality that can give rise to either enhanced or reduced behavioral 

responses. This prediction is in line with our observation that reduction in expression of a 

single Obp gene results not only in decreased, but sometimes also in increased responses to 

specific odorants (Fig. 3). Comprehensive binding studies with odorants could further 

corroborate the extent and overlap of molecular response profiles of OBPs. 

  

Sex-specific effects of RNAi-mediated reduction in Obp expression. 

Analysis of whole-genome transcript profiles of 40 inbred wild-derived D. melanogaster 

lines showed that the transcriptome is highly organized with 241 co-variant modules of 

genetically variable transcripts. A vast proportion of the transcriptome showed sex-biased 

expression with extensive male-female antagonism (Ayroles et al., 2009). Expression of 

chemoreceptor genes, notably Obps, showed especially extensive sexual dimorphism, even 

among Obp genes located within the same chromosomal cluster (Zhou et al., 2009).  

Moreover, sexually dimorphic differences in expression levels of Obp transcripts have been 

documented in response to different environmental, physiological and social conditions 

(Zhou et al., 2009). These observations indicated that males and females utilize the 

chemoreceptor repertoire differently to perceive their chemosensory environment (Zhou et 
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al., 2009). Since mating can affect Obp expression (Zhou et al, 2009), it is possible that 

behavioral response profiles of the RNaiObp lines would show differences in virgin flies. 

However, this does not affect our conclusions, since we only compare mated flies throughout 

this study. In addition, sexual dimorphism in responses to a single odorant, benzaldehyde, in 

P-element insertion lines (Anholt et al., 1996, Sambandan et al., 2006) and in chromosome 

substitution lines (Mackay et al., 1996) has been reported previously. It is, therefore, not 

surprising that we found that the effects of suppression of Obp expression on behavioral 

responses to odorants were sexually dimorphic. It should be noted that combinatorial 

recognition of odorants would accentuate sexual dimorphism of behavioral responses in our 

RNAi-Obp lines, since reduction of a single   sex-biased component within an ensemble of 

responsive OBPs could result in divergent changes in overall activation patterns, and, hence, 

odor quality perception,  between the sexes. Thus, the functional consequences of 

knockdown of each Obp transcript are dependent on the context of sex-specific expression of 

the entire Obp repertoire.  

 

Relationships between OBPs and odorant receptors in odorant detection 

Other than the previously reported interaction between the pheromone binding protein Lush 

and Or67d (Xu et al., 2005, Laughlin et al, 2008), there is currently no evidence for precise 

functional relationships between OBPs and odorant receptors. Although there is no simple 

linear relationship between behavioral response profiles of OBPs and molecular response 

profiles of odorant receptors (Hallem et al., 2004), features of functional organization emerge 

between behavioral response profiles of OBPs and electrophysiological response profiles of 
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odorant receptors (Hallem & Carlson, 2006). For example, structurally similar odorants such 

as benzaldehyde and acetophenone activate common odorant receptors, Or9a, Or10a and 

Or67a, and behavioral responses to both odorants are suppressed by inhibition of Obp56h, 

Obp99b, Obp83c and A5 (Fig. 5A and B). Similarly, common odorant receptors and Obps 

can respond to odorants carrying the same functional groups. For example, acetophenone and 

2-heptanone are ketones that both activate Or9a and Or67a; behavioral responses to both of 

these odorants are affected by reduced expression of A5, Obp56f, Obp56h and Obp83a (Fig. 

5A and C).  
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Figure 5: Relationships between electrophysiological response profiles of odorant receptors 

and behavioral response profiles of OBPs.  A. The innermost circle represents nine odorants, 

and odorant receptors responding to each odorant are indicated from the center to the 

periphery in concentric green circles in descending order of responsiveness of >200 spikes/s, 

>150 spikes/s, >100 spikes/s and >50 spikes/s, respectively (Hallem & Carlson, 2006). The 

outer purple circle indicates Obps of which reduced expression affects responses to these 

odorants in males (blue) and females (red). B. This panel highlights relationships between 

electrophysiological response profiles of odorant receptors and behavioral response profiles 

of OBPs to the structurally similar odorants, acetophenone and benzaldehyde. C. This panel 

highlights relationships between electrophysiological response profiles of odorant receptors 

and behavioral response profiles of OBPs to odorants with a similar functional group, in this 

example the ketones acetophenone and 2-heptanone. In panels B and C, odorant receptors 

and OBPs common for both odorants are outlined in boxes.  
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We also note that Or85b responds to propanal and 2-heptanone, and behavioral 

responses to both of these odorants are suppressed by inhibition of the expression of Obp18a 

and Obp59a in males. Or10a is activated by methylsalicylate and acetophenone; responses to 

these odorants are affected by suppression of expression of Obp56f in females for 

methylsalicylate and males for acetophenone (Fig. 5A).    

Furthermore, we noted that odorant receptors that are activated by odorants of the 

same functional class, but expressed in different sensilla (Hallem et al., 2004), may interact 

with common OBPs. For example, Or47a, expressed in ab5B neurons, and Or43b, expressed 

in ab8A neurons, are both activated by 2-heptanone, and Or10a, expressed in ab1D neurons, 

is activated by acetophenone. Acetophenone and 2-heptanone are ketones and the behavioral 

responses to both are affected by suppression of A5, Obp56h, Obp56f and Obp83a (Fig. 3, 4, 

5A and C). Similarly, suppression of Obp59a affects the behavioral responses to both 

propanal, which activates Or85b, expressed in ab3B neurons, and benzaldehyde, which 

activates Or10a, expressed in ab1D neurons (Fig 5A).  

A similar pattern is observed for structurally similar odorants. For example, Or10a, 

expressed in ab1D neurons, is activated by acetophenone, and Or7a, expressed in ab4A 

neurons, is activated by benzaldehyde (Hallem et al., 2004). The behavioral responses to 

both of these odorants are affected by suppression of A5, Obp56h, Obp99b and Obp83c (Fig 

5 A and B).  

Finally, behavioral responses to odorants with different functional groups that 

activate the same odorant receptor can also be affected by suppressed expression of common 

OBPs. For example, reduced expression of Obp59a altered behavioral responses to propanal 
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and geraniol both of which activate Or85b, expressed in the ab3B neuron (Hallem et al., 

2004). Thus, although further studies will be required to compare the distribution and 

coexpression of OBPs and odorant receptors across antennal sensilla, complex functional 

mosaics of combinatorial recognition patterns are likely to characterize the relationships 

between OBPs and odorant receptors. 

Combinatorial activation of OBPs by general odorants suggested by our data 

contrasts with previously documented activation of OBPs by pheromones. Binding of the 

Bombyx mori pheromone bombykol proceeds via a specific pheromone binding protein 

(Grosse-Wilde et al., 2006, Wojtasek & Leal, 1999) and a defined odorant receptor, BmOR-1 

(Grosse-Wilde et al., 2006, Sakurai et al., 2004, Wojtasek & Leal, 1999). In D. melanogaster 

perception of 11-cis-vaccenylacetate is mediated via a single OBP, Lush, interacting with the 

OR67d receptor, in specialized T1 trichoid sensilla (Kurtovic et al., 2007, Laughlin et al., 

2008). This dichotomy between strategies for pheromone recognition, which requires the 

identification of specific compounds with high sensitivity, and general odorant 

discrimination, which requires the assessment of myriads of odorants, is reminiscent of the 

organization of the mammalian olfactory system. Here, combinatorial activation of odorant 

receptors mediates olfactory discrimination in the main olfactory system (Malnic et al., 

1999), whereas V1R pheromone receptors in the vomeronasal organ have highly specific 

molecular response profiles (Leinders-Zufall et al., 2000). 

Mammalian olfactory systems have a vastly larger repertoire of odorant receptor 

genes (1,296 odorant receptor genes in the mouse (Zhang & Firestein, 2002)), but only one or 

few OBPs, which bind odorants with low specificity and are likely to serve mainly a 
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transport function (Bianchet et al., 1996, Hajjar et al., 2006). Our results indicate that OBPs 

in Drosophila play an essential role in mediating olfactory behavior.  In contrast to 

vertebrates, in insects the external soluble milieu around odorant receptors is discontinuous 

and sequestered in individually segregated sensilla.  It is tempting to speculate that here dual 

chemosensory recognition in which combinatorial activation of OBPs precedes combinatorial 

activation of odorant receptors could provide an alternate mechanism to the large expansion 

of odorant receptors found in mammals for increasing olfactory discrimination power.     
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Table S1: Identification of proteins by LC/MS/MS in antennal extracts expressing RNAi 

targeted against Obp28a, Obp83a and the progenitor control. 
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Table S1 continued 
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Table S1 continued 
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Table S1 continued 
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Table S1 continued 
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Table S2: Three-way Analysis of Variance of behavioral responses of tubulin-GAL4/UAS-

ObpRNAi lines.  

Three-way Analysis of Variance of behavioral responses of Obp RNAi lines  
  source   df

a
 Mean Square       F       P 

 

Obp18a  

line   1 0.4892462035   36.4278 1.6e-8 

  sex   1 2.7706305107  206.293 2e-28 

  odorant  15 0.2995450273  22.3032 1e-28 

  sex*odorant  15 0.0426760993  3.17754 0.0002 

  line*sex  1 0.2374106603  17.6769 4.9e-5 

  line*odorant  15 0.0305672062  2.27594 0.007 

  line*sex*odorant  15 0.0345592607  2.57318 0.0022 

Error                           128       0.01343056 

Obp 22a  

line   1 0.0264221302  2.20372 0.1401 

  sex   1 4.4612447213  372.087 1e-39 

  odorant  15 0.2964957251  24.729  1e-30 

  sex*odorant  15 0.0447141863  3.72936 2e-5 

  line*sex  1 0.001568419  0.13081 0.7182 

  line*odorant  15 0.0208297599  1.73729 0.0514 

Error                  128      0.01198978 

Obp28a 

 line*sex*odorant 15 0.0283028602  2.36058 0.005 

  line   1 0.0839368387  7.00081 0.0092 

  sex   1 3.5904735391  299.466 3e-35 

  odorant  15 0.2843769924  23.7187 7e-30 

  sex*odorant  15 0.0473481066  3.9491  8.1e-6 

  line*sex  1 0.0660051442  5.5052  0.0205 

  line*odorant  15 0.0237689716  1.98247 0.0212 

  line*sex*odorant 15 0.0265408425  2.21366 0.0088 

Error                           128     0.01198959 

Obp56a  

line   1 0.2252875304  17.919  4.4e-5 

  sex   1 3.3300073732  264.863 6e-33 

  odorant  15 0.3372585731  26.825  2e-32 

  sex*odorant  15 0.0426861898  3.39519 0.0001 

  line*sex  1 0.1068887005  8.50175 0.0042 

  line*odorant  15 0.0569286492  4.52801 7.8e-7 

  line*sex*odorant 15 0.0254381104  2.02331 0.0182 
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Table S2 continued 

 

Error                   128     0.01257255 

Obp56c  

line   1 0.0398313237  3.01427 0.0849 

  sex   1 4.1904453632  317.116 2e-36 

  odorant  15 0.2768909523  20.954  2e-27 

  sex*odorant  15 0.0584901318  4.42629 1.2e-6 

   line*sex  1 0.0109644815  0.82975 0.3641 

  line*odorant  15 0.0418444338  3.16661 0.0002 

  line*sex*odorant 15 0.0244505134  1.85031 0.0344 

Error                       128      0.01321426   

Obp56f 

 line   1 0.0619769509  3.91978 0.0499 

  sex   1 3.0290806341  191.576 3e-27 

  odorant  15 0.3470954024  21.9523 2e-28 

  sex*odorant  15 0.0572593904  3.62141 3.1e-5 

  line*sex  1 0.1692036691  10.7014 0.0014 

  line*odorant  15 0.0275886738  1.74487 0.0501 

  line*sex*odorant 15 0.0290003203  1.83415 0.0365 

Error                   128      0.01581134 

Obp56h  

line   1 0.0025824775  0.16466 0.6856 

  sex   1 3.0357951421  193.563 2e-27 

  odorant  15 0.2887905272  18.4134 4e-25 

  sex*odorant  15 0.0597228706  3.80795 1.4e-5 

  line*sex  1 0.1676213129  10.6876 0.0014 

  line*odorant  15 0.0242185625  1.54418 0.0991 

   line*sex*odorant 15 0.0240319596  1.53228 0.103 

Error                       128      0.01568374 

Obp57a  

line   1 0.0484338426  4.4751  0.0363 

  sex   1 4.8240353254  445.722 2e-43 

  odorant  15 0.3223712313  29.7859 2e-34 

  sex*odorant  15 0.036761197  3.39659 0.0001 

  line*sex  1 0.0019891167  0.18379 0.6689 

  line*odorant  15 0.039497842  3.64945 2.7e-5 

  line*sex*odorant 15 0.0284111629  2.62508 0.0018 

Error                       128      0.01082296 

Obp57b 

 line   1 0.0624822977  4.34807 0.039 

  sex   1 4.0058518744  278.763 6e-34 

  odorant  15 0.2903139823  20.2026 8e-27 
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 Table S2 continued 

 

sex*odorant  15 0.0475542649  3.30925 0.0001 

  line*sex  1 0.0225921099  1.57216 0.2122 

  line*odorant  15 0.035728414  2.4863  0.0031 

  line*sex*odorant 15 0.0158230498  1.10111 0.3619 

Error                       128      0.01437011    

 Obp58b  

line   1 0.1794583681  12.6273 0.0006 

  sex   1 2.315055245  162.896 2e-22 

  odorant  15 0.2502964206  17.6118 3e-21 

  sex*odorant  15 0.0495710378  3.488  0.0001 

  line*sex  0 . . . 

  line*odorant  15 0.0456314666  3.21079 0.0003 

  line*sex*odorant 0 . . . 

Error                  96      0.01421190 

Obp58c  

line   1 0.1029161039  7.57503 0.0068 

  sex   1 2.5997765607  191.354 4e-27 

   odorant  15 0.3798663604  27.9597 3e-33 

  sex*odorant  15 0.0646169156  4.75606 3.1e-7 

  line*sex  1 0.2909382181  21.4142 8.9e-6 

  line*odorant  15 0.027663805  2.03617 0.0174 

  line*sex*odorant 15 0.0198383518  1.46018 0.1299 

Error                       128      0.01358622 

Obp59a  

line   1 0.8696166808  67.971  2e-13 

  sex   1 2.5062524374  195.894 1e-27 

  odorant  15 0.2953594143  23.0859 2e-29 

  sex*odorant  15 0.0332382997  2.59797 0.002 

  line*sex  1 0.3233677854  25.2751 1.6e-6 

  line*odorant  15 0.0358184333  2.79964 0.0009 

  line*sex*odorant 15 0.0203838059  1.59324 0.0842 

Error                       128      0.01279393 

Obp83a 

 line   1 0.0049800271  0.38803 0.5344 

  sex   1 2.7668588632  215.584 3e-29 

  odorant  15 0.3050407917  23.7678 6e-30 

  sex*odorant  15 0.0609538937  4.74932 3.2e-7 

  line*sex  1 0.2385163787  18.5844 3.2e-5 

  line*odorant  15 0.0234472332  1.82693 0.0374 

  line*sex*odorant 15 0.0288800317  2.25023 0.0077 

Error                       128      0.01283423 
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Table S2 continued 

 

Obp83c  

line   1 0.0002390651  0.01903 0.8905 

  sex   1 3.9254341221  312.534 4e-36 

  odorant  15 0.281590565  22.4196 8e-29 

  sex*odorant  15 0.0729879674  5.81113 5.1e-9 

  line*sex  1 0.0290696766  2.31446 0.1306 

   line*odorant  15 0.0320108559  2.54863 0.0024 

  line*sex*odorant 15 0.034404363  2.73919 0.0011 

Error                       128      0.01256003 

 

Obp93a 

 line   1 0.2233239054  15.7087 0.0001 

  sex   1 3.716308113  261.406 1e-32 

  odorant  15 0.2496335428  17.5593 3e-24 

  sex*odorant  15 0.04302231  3.0262  0.0003 

  line*sex  1 0.0501743496  3.52928 0.0626 

  line*odorant  15 0.0438383157  3.0836  0.0003 

  line*sex*odorant 15 0.026878878  1.89067 0.0297 

Error                       128      0.01421660 

Obp99b  

line   2 0.6321894574  53.4946 1e-17 

  sex   1 2.7314241208  231.128 2e-30 

  odorant  15 0.2191821742  18.5468 3e-25 

  sex*odorant  15 0.049888025  4.22143 2.7e-6 

  line*sex  1 0.2233646844  18.9007 2.8e-5 

  line*odorant  15 0.0441793924  3.73837 1.9e-5 

  line*sex*odorant 14 0.0251017942  2.12406 0.0144 

Error                       128      0.01181781 

A5  

line   1 0.3802838318  30.9603 1.5e-7 

  sex   1 3.0471236136  248.077 1e-31 

  odorant  15 0.3023042857  24.6117 1e-30 

  sex*odorant  15 0.0548499242  4.46553 1e-6 

  line*sex  1 0.1649723915  13.431  0.0004 

  line*odorant  15 0.0472856071  3.84969 1.2e-5 

  line*sex*odorant 15 0.0192784438  1.56953 0.0911 

Error                       128      0.01228296 

 

  
a 
df, degrees of freedom 



 

144 

 

 

Figure S1:  Dose responses for benzaldehyde, 1-hexanol and acetophenone for males and 

females, separately, measured in the progenitor control line crossed to the tubulin-GAL4 

driver from the Vienna Drosophila RNAi Center. 
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Figure S2: Dose responses for RNAi lines Obp28a and Obp83a crossed to tubulin-GAL4 

driver for citral and l-carvone respectively for males and females, separately, measured 

contemporaneously with progenitor control line crossed to the tubulin-GAL4 driver.  
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Introduction  

Most animals depend on appropriate responses to chemical signals for food localization, 

mate selection and avoidance of toxins and predators. The underlying genetic variation that 

gives rise to phenotypic variation in olfactory behavior provides a substrate for natural 

selection. Thus, understanding the genetic architecture of natural variation in olfactory 

behavior is essential for understanding adaptive evolution and requires identification of 

interacting ensembles of genes with allelic variants that contribute to phenotypic variation. 

Drosophila melanogaster provides an ideal system for studies on natural variation in 

olfactory behavior, because the genetic background can be controlled and flies can be grown 

under controlled environmental conditions (Anholt & Mackay, 2004). In addition, the 

olfactory system of D. melanogaster is one of the best characterized chemosensory systems 

and serves as a prototype for insect olfaction, including arthropod disease bearing vectors. 

Drosophila relies for chemosensation on four multigene chemosensory families, the Odorant 

receptor (Or) (Robertson et al., 2003), Ionotropic receptor (Ir ) (Yao et al., 2005), Gustatory 

receptor (Gr) (Clyne et al., 2000) and Odorant binding protein (Obp) (Hekmat-Scafe et al., 

2002) gene families. Members of these families are dedicated to distinct chemosensory 

functions and expressed in distinct classes of olfactory sensilla; Ors, which mediate 

responses to general apolar odorants, and Irs, which mediate responses to amines, water and 

hydrophilic compounds, are expressed in basiconic and coeloconic sensilla (Ai et al., 2010, 

Yao et al., 2005), respectively, whereas defined olfactory sensilla in the antenna express the 

Gr21a and Gr63a receptors that mediate perception of carbon dioxide (Faucher et al., 2006, 

Suh et al., 2004). Studies in which GFP expression was driven by Or promoters have 
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revealed bilateral convergent projection patterns from chemosensory neurons on the third 

antennal segment to distinct glomeruli in the antennal lobes (Gao et al., 2000), and elegant 

electrophysiological in vivo expression studies have characterized the molecular response 

profiles of a large number of odorant receptors (Hallem & Carlson, 2006). Furthermore, 

projections of output neurons from the antennal lobes to higher integrative brain centers, the 

mushroom bodies and lateral protocerebrum, have been characterized (Lin et al., 2007, Wong 

et al., 2002). This wealth of information on the functional organization of the Drosophila 

olfactory system in turn provided the basis for translational applications to insect 

diseasevectors (Carey et al., 2010). 

Previous studies identified polymorphisms among several hundred inbred wild-

derived D. melanogaster lines in Obp genes (Arya et al., 2010, Wang et al., 2010, Wang et 

al., 2007) and three Or genes (Or10a, Or43a, and Or67b) (Rollmann et al., 2010) that were 

associated with variation in olfactory behavioral responses to benzaldehyde and the 

structurally closely related odorant, acetophenone. Different SNPs, often in the same genes, 

were associated with responses to these two odorants, indicating that polymorphisms in 

peripheral chemoreceptors may modulate olfactory discrimination (Arya et al., submitted). 

However, investigating the extent to which additional genes, genome-wide, may influence 

odor-guided sensory-motor integration was made possible only recently with the generation 

of the Drosophila melanogaster Genetic Reference Panel (DGRP), a collection of inbred 

wild-derived lines with fully sequenced genomes (Mackay et al., 2012). 

Here, we have used two different, yet complementary approaches of genome-wide 

association (GWA) analysis and extreme-QTL (X-QTL) mapping (Ehrenreich et al., 2010) 
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using advanced intercross line (AIL) populations to identify alleles that affect natural 

variation in olfactory behavior in Drosophila. Using a high throughput behavioral assay 

(Swarup et al., 2011), we observed substantial phenotypic variation in the DGRP for 

behavioral responses to the standard odorant, benzaldehyde. We identified SNPs in or near 

genes associated with natural variation in olfactory behavior with a preponderance of rare 

alleles with large effects. Among the genes that contribute to phenotypic variation, 21 form a 

genetic ensemble that centers on inositol triphosphate and cyclic nucleotide signaling. Minos 

element insertional mutations in key genes within the inositol triphosphate and cyclic 

nucleotide transduction pathways indeed affect the behavioral response to benzaldehyde, 

indicating that variation in the efficiency of olfactory signaling is a critical source of natural 

variation in olfactory behavior. To increase the power to identify additional rare alleles 

associated with variation in olfactory behavior to benzaldehyde, we generated reciprocal AIL 

mapping populations from two extreme responding lines, collected pools of high and low 

responders, and used whole genome DNA sequencing to identify differentially segregating 

alleles, again followed by corroboration through mutational analysis.   

 

Methods 

Drosophila stocks. DGRP flies were generated and are maintained in our laboratories. Minos 

mutations and co-isogenic control lines (Bellen et al., 2011) were obtained from the 

Bloomington Drosophila stock center.  All flies were reared on cornmeal-molasses-agar-

yeast medium at 25°C, 70% humidity, and a 12-h light/dark cycle. 
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Behavioral assay. Benzaldehyde was purchased from Sigma-Aldrich (St. Louis, MO, USA) 

and was of the highest purity available. Olfactory behavior of single-sex groups of 50 

þies/replicate and three replicates/sex was measured for each line between 14:00 and 16:00 h, 

using a modiýcation of the well-established ódipstick assayô (Anholt et al., 1996), as 

described previously (Swarup et al., 2011). A response index (RI) of 1 indicates a maximal 

aversive response to the odorant, RI = 0.5 shows an equal random distribution of flies across 

the assay tubes, and RI = 0 indicates that all flies remain near the odor source. Three 

replicates were run for three consecutive days to average environmental variation. Data were 

analyzed with the ANOVA model Y= Õ + L + S + LxS + Ů to partition phenotypic variance 

between Lines (L, random), Sex (S, fixed), Line by Sex interaction (LxS, random) and 

experimental variance (Ů).  Broad-sense heritabilities and the cross-sex genetic correlation for 

olfactory behavior were estimated from the variance components as H
2
 = (ů
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L + ů

2
L*S) / (ů

2
L 

+ ů
2
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), respectively. 

 

Genome-wide association analyses. Prior to GWA analysis SNPs were filtered based on the 

following four criteria: (1) the minor allele had to be represented in at least four DGRP lines; 

(2) SNPs were excluded if coverage from whole-genome sequencing was less than 2 or 

greater than 30 (24); (3) SNPs with more than 2 segregating alleles in the DGRP lines and all 

segregating sites within lines were excluded from analysis, and; (4) SNPs had to be 

genotyped in at least 60 of the 168 DGRP lines. This resulted in 2,481,491 SNPs, which were 

tested for association with variation in line means for olfactory behavior for sexes separately 
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by single marker analysis, using the ANOVA model Y = Õ + M + Ů, where µ is the overall 

mean, M is the effect of SNP, and  Ů is the error variance.  

We used a gene-centric forward selection model to generate multiple regression 

models in order to identify SNPs that were predictive for variation in olfactory behavior. To 

be considered for the analysis a significant SNP had to be within 1000 base pairs of a gene 

and had to have a mean coverage across all lines between 6- and 20-fold.  For SNPs 

considered to be in linkage disequilibrium (Fisherôs Exact Test P < 10
-8

), a single 

representative SNP was used based on position (missense taken over synonymous, intronic or 

intergenic), mean coverage (moderate coverage used over low or high) and minor allele 

frequency (higher used over lower).  The most significant gene-centered SNP was fitted in 

the model first and markers were added sequentially up to a maximum number of 12 markers 

or until the maximum r
2
 for variance was explained.    Models were run using line mean data 

from females, males and sexes pooled. Statistical analyses were performed using SAS 

software (SAS, Cary, NC, USA).  

 

Bioinformatics analysis 

Functional annotations of genes are based on Flybase (Mcquilton et al., 2012). To identify 

ensembles of interacting gene products we used the R spider program in the BioProfiling.de 

web portal (Antonov et al., 2010). This analysis tool incorporates data for approximately 

2000 genes from the Drosophila melanogaster genome and combines signaling and 

metabolic pathways from Reactome and KEGG databases to determine if interactions 

between the input genes are greater than expected by chance.  
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 Assessment of candidate genes expression levels  

Transcript levels of PKC53E along with  12  other candidate genes in the network were 

assessed by quantitative real-time polymerase chain reaction (qRT-PCR) using an SYBR 

green detection method according to the protocol from Applied Biosystems (Foster City, CA, 

USA) with glyceraldehyde-3-phosphate dehydrogenase as the internal standard. Independent 

triplicates of total RNA were extracted from males and females separately using Trizol 

reagent (Invitrogen, Inc, Carlsbad, CA, USA). Complementary DNA was generated from 80 

to 100 ng of total RNA by reverse transcription and each extract was analyzed in duplicate. 

Transcript-specific primers were designed to amplify 150ï200 bp fragments. Negative 

controls without reverse transcriptase were run to exclude genomic contamination. 

Statistically significant differences in gene expression levels of transcripts in the PKC53E 

mutant and the  co-isogenic control were determined by two-tailed Student's t tests.  

 

High resolution X-QTL mapping  

We generated reciprocal AIL mapping populations to perform X-QTL mapping (20). 

Reciprocal AIL were initiated by a cross between DGRP lines 357 (a low responder) and 820 

(a high responder) and derived by sequentially and randomly crossing inter se at each 

generation until generation 25 and beyond. The top 10% (n=200) and bottom 10% (n=200) 

responders of each sex separately to 0.3 % (v/v) benzaldehyde were collected from each AIL 

population at generations 28-30, retested the next day to verify the reproducibility of their 

behavioral responses, and pooled.  DNA was extracted and purified from the individual pools 

using Genomic-tip 100/G columns (Qiagen; 10243), and sequenced on an Illumina Genome 
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Analyzer GAiix using 75-bp reads. Two biological replicates per pool were sequenced and 

each sample was sequenced in two lanes. Sequence reads were mapped to the reference 

genome using the Burrows-Wheeler Aligner (BWA) alignment tool (Li & Durbin, 2009) and 

reads with a quality score of 15 and higher and a mismatch of less than 6 bp were used for 

further analysis. The aligned sequence data were sorted using SAMtools (Li et al., 2009). We 

used the Popoolation2 program to compare allele frequencies between the DNA pools 

(Kofler et al., 2011). 

 

Mutant analyses 

We selected 21 candidate genes from the GWA analysis and 11 candidate genes from the X-

QTL mapping analysis for functional assessment.  Minos  insertional mutants (Bellen et al., 

2011) were measured for olfactory behavioral responses to 0.3 % (v/v) benzaldehyde along 

with their co-isogenic controls. For each mutant 50 flies per replicate and 5 replicates were 

tested for sexes separately. Statistically signiýcant differences in behavioral responses to 

benzaldehyde between mutants and their co-isogenic controls were determined by two-tailed 

Studentôs t tests or by adjusted Dunnettôs test when multiple lines shared the same co-

isogenic control.  

 

Results 

Phenotypic variation for olfactory behavior in 164 DGRP lines 

To assess phenotypic variation for olfactory behavior in the DGRP, we measured olfactory 

responses to the standard odorant benzaldehyde. We used a modification of the ñdipstickò 
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assay (Anholt et al., 1996), which allows us to interrupt the assay at any time to collect slow 

and fast responders (Swarup et al., 2011).  We found substantial phenotypic variation in 

behavioral responses in the DGRP to a discriminating concentration of 0.3% (v/v) 

benzaldehyde (Figure 1) with significant Line, Sex and Line by Sex interaction effects (Table 

1).  Because of the significant Sex effect, which is consistent with previous work (Anholt et 

al., 1996, Ayroles et al., 2009, Mackay et al., 1996, Sambandan et al., 2006), we performed 

further data analyses for sexes separately. The cross sex genetic correlation was rMF = 0.51. 

The broad-sense heritability (H
2
) was estimated to be 0.47 for females and 0.42 for males 

(Table S2) implying that about 45% of the phenotypic variation in the DGRP lines is 

attributable to genetic variation.   
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Figure 1: Variation in olfactory behavior among wild-derived inbred lines. Line means for 

olfactory behavioral response to benzaldehyde for males (blu e bars) and females (pink bars). 

Error bars are the standard errors of the mean.  
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GWA analysis for variation in olfactory behavior 

Next, we performed GWA analyses for variation in olfactory behavior with 2,481,491 SNPs 

(Mackay et al., 2012). Single marker analysis yielded 306 SNPs that were associated with 

variation for olfactory behavior to benzaldehyde at a nominal P < 10
-5 

(Figure 2). 

Examination of allele frequency versus effect size showed that low frequency alleles had 

larger effects than common alleles (Figure 2), consistent with GWA studies on other complex 

traits in this population (Mackay et al., 2012).   

 The SNPs that are associated with variation in olfactory response to benzaldehyde 

were located in or near 213 genes. About 50% of these genes encode unannotated predicted 

transcripts (Table 3).  Notable genes among the 107 annotated genes include Cyp12e1, a 

member of the Cytochrome P450 family implicated in xenobiotic metabolism, Sema-1a, 

implicated in axon guidance (34),  Fak56D, inaC, IP3K1, Pde1c and Pkc53e that contribute 

to signal transduction, Syx4, associated with synaptic function, and three microRNAs. In 

addition, several chemoreceptor genes, not previously implicated in response to 

benzaldehyde, harbor SNPs associated with phenotypic variation in response to this odorant 

in the DGRP. These include ppk11, which encodes a sodium channel implicated in gustatory 

response to salt (Liu et al., 2003), the gustatory receptor Gr92a, and the odorant receptors 

Or33a and Or49a. The molecular response profiles of Gr92a, Or33a and Or49a have not 

been reported previously. 
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Figure 2: Genome-wide association analyses for olfactory behavioral response to 

benzaldehyde (0.3% v/v). All SNPs from single marker analysis with nominal P< 10
-5 

are 

shown. Associations based on females are indicated by red dots, males by blue dots, sexes 

pooled by black dots and SNP by sex interaction by green dots. The lower triangle depicts 

the degree of LD between SNPs as measured by r
2
, with the five major chromosome arms 

demarcated by black lines. The heat map indicates the magnitude of LD with red 

corresponding to complete LD and blue to absence of LD. The upper panel shows the 

significance threshold (-log10P), the effect size in phenotypic standard deviation units (a/ůP), 

and the minor allele frequency (MAF).  
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Single marker analysis results in biased estimates of allelic effects when multiple 

SNPs affecting the trait are correlated. Therefore, we used gene-centered forward selection 

multiple regression models to estimate the effect sizes when multiple SNPs are 

simultaneously evaluated. Separate multiple regression models were computed for males, 

females and pooled sexes. A maximum number of 12 SNPs were allowed in each model. The 

proportion of phenotypic variation explained by each of the multiple regression models is 

indicated by r
2
. About 62% of phenotypic variation in males and 53% in females was 

explained by the models (Table 2). Among 11 SNPs with significant effect sizes based on the 

multiple regression model for males, two were located in IP3K1 and Fak56D. The multiple 

regression model for females used 7 SNPs to explain 53% of phenotypic variation and 

included SNPs in Gycɓ100B and Fur1.   

 

A genetic network associated with variation in response to benzaldehyde 

To assess to what extent candidate genes associated with variation in olfactory behavior are 

functionally related, we used the R Spider algorithm (Antonov et al., 2010). By allowing the 

analysis to consider two missing genes (i.e. genes that interact with the candidate genes, but 

themselves do not harbor SNPs associated with phenotypic variation in our GWA analysis) 

we can consolidate pathways by computationally recruiting additional genes. This analysis 

resulted in an enriched ensemble (P < 0.01) of 21 interconnected genes, including 10 

candidate genes from our GWA analysis, that are related to inositol triphosphate and cyclic 

nucleotide signaling (Figure 3A).   
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Figure 3: Enriched network among candidate genes. (A)The figure shows an enriched 

network (P<0.01) among candidate genes with at least one significant SNP detected in GWA 

analysis. Candidate genes are indicated by grey filled squares, missing genes (i.e., genes 

without significant associations) by white triangles and metabolites by white circles. Six gene 

ontology categories shown are intracellular signaling pathway (in red), signal transduction (in 

blue), protein phosphorylation (in green), mushroom body development (in aqua), glyceroid 

metabolism (in yellow) and purine metabolism (in purple). (B) Validation of predicted 

enriched network by qRT-PCR. Significant differences of mRNA levels of the candidate 

genes in the PKC53E mutant were assessed by two-tailed Studentôs t test. Red bars indicate 

females and blue bars represent males. Error bars indicate the standard errors of the means * 

0.01 Ò P Ò 0.05; ** 0.001 Ò P Ò 0.01; *** 0.0001 Ò P Ò 0.001.  

 

 

 

 

 

 

 



 

168 

 



 

169 

To validate the connectivity of these genes and their association with phenotypic 

variation in response to benzaldehyde, we measured behavioral responses of co-isogenic 

homozygous P{MiET1} element insertions in PKC53E, Pde1c and AC76E, and their control. 

We observed small, but significant behavioral effects in all three mutants, with a reduction in 

response index for PKC53E in both sexes, and increased avoidance to benzaldehyde for 

Pde1c in females and AC76E in males (Figure 4).  These sex-specific effects are in 

agreement with the significant Sex term in the ANOVA (Table 1) and with previous studies 

on olfactory behavior (Sambandan et al., 2006, Swarup et al., 2011). The antagonistic effects 

of Pde1c and AC76E that regulate cyclic nucleotide signaling and PKC53E that is associated 

with inositol triphosphate signaling may reflect crosstalk between these signal transduction 

pathways.   

To further validate functional connectivity within the predicted network, we chose 

PKC53E as focal gene and measured transcript levels of 12  candidate genes (Ac76E,   Btk-

29a, Fak56D, GiŬ65a, Gycɓ100B, inaC, Itp-r83a, norpA, nrg, PKC53E, Pde1c and sl) 

connected directly or indirectly to the focal gene in the network in the P{MiET1} mutant and 

its isogenic control (Figure 3B). Transcript levels of all genes except sl and Gycɓ100B for 

females, were elevated, compared to the corresponding control (Figure 3B).  Thus, 

upregulation of this central kinase results in increased transcript levels of a wide range of 

functionally interrelated genes, suggesting that these genes undergo co-regulated expression. 
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Functional validation of additional candidate genes 

In addition to P{MiET1} insertions in PKC53E, Pde1c and AC76E, we selected 18 additional 

candidate genes from our GWA  analysis, that are not part of the signal transduction 

ensemble shown in Figure 3A, for mutational analysis. Genes were selected based on SNP 

location (within 1000 kb up- or downstream of the gene), significance level of association, 

and availability of mutants. Among all 21 mutants, 12 (57.1%) in females and 14 (66.6%) in 

males showed a significant difference in responses to benzaldehyde compared to the co-

isogenic control (Figure 4). Ten (47.6%) mutants (Btk29a,CcapR, Fur1, Fak56D, Ih, kuz, 

Pkc53E, W, CG9932 and Spn) showed significant differences in olfactory behavior to 

benzaldehyde in both males and females, in agreement with the cross-sex genetic correlation. 

Positive confirmations are significantly greater than expected by chance (2.1, P < 0.0001, 

Fisherôs exact test); thus, our significance criterion of P < 10
-5

 in our GWA analysis indeed 

captures a population of genes functionally associated with olfactory behavior.   
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Figure 4: Validation of candidate genes using mutants. (a-d) The candidate genes from 

GWAs were confirmed using Minos element mutants.  Twenty one mutants were tested for 

males (blue bars) and females (red bars) separately along with their corresponding controls 

(black).  Error bars indicate the standard errors of the means. Significant differences were 

assessed by two-tailed Studentôs t test in panels a-b and by Adjusted Dunnettôs test in panels 

c-d.* 0.01 Ò P Ò 0.05; ** 0.001 Ò P Ò 0.01; *** 0.0001 Ò P Ò 0.001.   
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X-QTL mapping:  

Next,   we used an X-QTL mapping approach to identify alleles that affect natural variation 

in olfactory behavior in Drosophila. We estimated allele frequency differences in pools of 

DNA from the top and bottom responders to benzaldehyde in an advanced intercross 

population derived from a high and low responder line. At an arbitrary threshold of allele 

frequency difference of > 0.2 and less than -logP >3   we found 80 SNPs in females and 100 

SNPs in males (Figure 5, Table 4).   The SNPs that are associated with variation in olfactory 

behavior were located in both chemosensory and non-chemosensory genes. Chemosensory 

genes included Or65a, Or98b, Gr68a, Gr57a and Ir64a in females and Or94b, Or24a, 

Or43a, Or65a, Ir64a, Ir68a, Gr22d-e, Obp56d and a5 in males. Except for Or65a and Or43a 

molecular response profiles of other Ors have not been characterized to a panel of 110 

odorants including benzaldehyde (Hallem & Carlson, 2004). Antennal protein a5 has been 

studied for a panel of 16 odorants including benzaldehyde (Swarup et al., 2011). Among 

gustatory receptors Gr57a and Gr22e-d are expressed in bitter sensing sensilla implying that 

polymorphisms in gustatory receptors involved in perception of bitter taste can contribute to 

avoidance behavior (Weiss et al., 2011). At a more stringent threshold of an allele frequency 

difference of > 0.65 and -logP > 3.75 we found 33 out of 80 SNPs for females and 54 out of 

100 SNPs for males remained significant.   Similar to GWA analysis we found that genes 

that harbor these SNPs are  predicted to be  involved  in signal transduction (Ddr and tor in 

females; sima in males (Bettencourt-Dias et al., 2004, Chen et al., 2009)   in addition to 

genes implicated in nervous system or mushroom body development, A2bp1 and beat-Ia in 

females (Koizumi et al., 2007, Pipes et al., 2001) and chinmo in males (Cherbas et al., 2011).   
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Figure 5: Scatter plots of SNPs detected in X-QTL mapping. All SNPs from X-QTL mapping 

with a nominal logP >3 and allele frequency difference of > 0.2 are shown for males (a) and 

females (b) separately. Top SNPs with allele frequency difference of > 0.65 and logP > 3.75 

are shown in the upper right quadrant demarcated by the red lines. Star marks indicate 

candidate genes selected to validate using mutants.  
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Functional tests for X-QTL candidate genes 

Because of no common significant SNPs in sexes we tested different candidate genes in 

males and females. The candidate genes were selected based on SNPs with 1) low P value 

and high allele frequency difference between two pools of DNA; 2) proximity of SNP to 

genes (within gene or +/- 1 kb from start/stop region); 3) expression of candidate genes i.e. 

genes found to be expressed in head were preferred to ones expressed in other parts of the 

body and 4) availability of the mutants.  We tested 8 mutants for males and 11 for females 

(Figure 6). In females, mutants for A2bp1 and Beat-Ia showed reduced response to 

benzaldehyde. A2bp1 is a DNA binding protein involved in positive regulation of 

transcription (Koizumi et al., 2007) and Beat-Ia is involved in axon guidance (Pipes et al., 

2001). Various transcription factors have been shown to control expression of Ors within an 

olfactory receptor neuron (Clyne et al., 1999, Komiyama et al., 2004, Tichy et al., 2008) and 

directing axons to their glomeruli (Ang et al., 2003).  Smooth (sm) is involved both in axon 

guidance and mating behavior (Moehring & Mackay, 2004). In males, mutants for chinmo 

and sima, showed significantly higher response to benzaldehyde compared to the control. 

Chinmo is involved with mushroom body development and dendrite morphogenesis (Zhu et 

al., 2006) while sima is implicated with signal pathway (Dekanty et al., 2005). Hence genes 

associated with variation in olfactory behavior are associated with function of the nervous 

system which again implies that variation in olfactory behavior depends not only on 

peripheral chemoreception, but to a large extent on information processing and decision 

making in the brain. 
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Figure 6: Validation of candidate genes using mutants. (a-d) The candidate  genes from X-

QTL analysis were confirmed using  Minos element mutants.  Eleven mutants were tested for 

females (red bars) and eight for males (blue bars) with their corresponding controls (black).  

Error bars indicate the standard errors of the means; * 0.01 Ò P Ò 0.05; ** 0.001 Ò P Ò 0.01; 

*** 0.0001 Ò P Ò 0.001.  
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Discussion 

In this study we have simultaneously used, for the first time, two genome-wide approaches to 

identify alleles contributing to natural variation in olfactory behavior in D. melanogaster.  

Both the approaches are complementary. There are two limitations with GWA analysis. One, 

in terms of detecting alleles only those with effect size above the threshold of power to detect 

alleles and ones that are rare but not excluded from the analysis can be detected. Second, the 

DGRP, a collection of wild-derived inbred lines, is limited in detecting epistasis. These 

limitations are overcome in X-QTL mapping. Rare alleles that are not assessed in the GWA 

analysis (because alleles are filtered out if not present in at least four of the DGRP lines), if 

present in the parental lines, can easily be assessed in AIL mapping population. AIL 

experimental design inflates frequency of such alleles to 0.5. Next, since AIL is an outbred 

population which allows to detect epistasis.  Conducting only X-QTL mapping would limit 

us in detection of only those alleles that are present in the parental lines used to generate 

mapping population. Using the DGRP increases the samples of alleles affecting variation in 

olfactory behavior. Therefore, by using both the approaches simultaneously we were able to 

identify genes associated with variation in olfactory behavior including a network involved in 

inositol triphosphate and cyclic nucleotide signaling. 

 

GWA analysis for variation in olfactory behavior 

We identified many novel candidate genes and genetic variant associated with variation in 

olfactory behavior in D. melanogaster.  Interestingly, the genes contributing to variation in 

olfactory behavior included not only chemosensory genes, but also genes involved in 
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development, intracellular signaling and mushroom body development. This implies that 

variation in olfactory behavior depends not only on peripheral chemoreception, but to a large 

extent on information processing and decision making in the brain. Many of the genes 

implicated in previous studies such as Or7a, Or10a, Or42b, Or43a, Or67b, and Or85f  

(Rollmann et al., 2010) and Obp8a, Obp18a, Obp19a-c and Obp99 cluster (Arya et al., 2010, 

Wang et al., 2007) were not identified in this study which could be due to SNPs in these 

genes were too rare and were not assessed in GWA analysis.  

In contrast to human association studies (Manolio et al., 2009), multiple regression 

model with up to 12 genic SNPs explained a large proportion of the phenotypic variation in 

olfactory response to benzaldehyde. We found rare alleles with large effects and common 

alleles with intermediate effects which are in agreement with other complex traits (Mackay et 

al., 2012, Weber et al., 2012).  If this is true with traits and complex diseases in human 

populations where low frequency alleles are poorly tagged by LD, this could be a possible 

explanation for the ñmissing heritabilityò (Manolio et al., 2009) in human GWA analysis.  

Olfactory behavior responses within the DGRP are sexually dimorphic (Table 1; 

Figure 1), consistent with previous work (Anholt et al., 1996, Sambandan et al., 2008, 

Sambandan et al., 2006, Wang et al., 2007) including sex-biased expression of the 

transcriptome (Ayroles et al., 2009) and chemosensory repertoire (Zhou et al., 2009).   
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Functional Tests for GWA candidate genes 

We validated candidate genes identified by GWA analysis that were common between males 

and females as well as genes with low P-value. Among 21 candidate genes mutation in 12 

candidate genes in females and 14 in males resulted in altered behavioral responses to 

benzaldehyde compared to the control. Among these are the genes predicted to be involved 

in protein phosphorylation and signal transduction. For example, CcapR and 5HT-7 are 

involved in G-protein coupled receptor signalling pwathway  (Hewes & Taghert, 2001, 

Johnson et al., 2011); Fak56D, inaC, IP3K1, Pde1c and Pkc53e are involved in signal 

transduction (Tsai et al., 2008, Voolstra et al., 2010). 5HT-7 encodes a serotonin receptor 

which is involved in male courtship behavior (Becnel et al., 2011) and its activity is also 

necessary for olfactory learning and memory in D.melanogaster (Johnson et al., 2011). 

Similarly, pde1c have been implicated to affect male mating behavior (Morton et al., 2010). 

Btk-29a, a protein kinase, is known to affect aggressive behavior (Zwarts et al., 2011) and 

susceptibility to oxidative stress (Weber et al., 2012). Spn has been reported to be involved 

with inter-male aggressive behavior, alcohol sensitivity and olfactory behavior  (Morozova et 

al., 2009, Sambandan et al., 2006). Our results indicate that the genetic architecture of 

variation in olfactory behavior is indeed composed of pleiotropic genes (Anholt et al., 2003) 

and that olfactory cues can play a significant role in promoting aggressive and mating 

behavior (Ejima et al., 2007, Wang & Anderson, 2010).  

 

 

 



 

179 

Gene Network Validation 

We detected an enriched ensemble related to inositol triphosphate (IP3) and cyclic 

nucleotide signaling (Figure 3) both being main signal transduction pathways involved in 

olfaction. Changes in either pathways result in abnormal olfactory behavior (59, 60). 

We observed that upregulation of central kinase results in increased transcript levels 

of a wide range of functionally interrelated genes, suggesting that these genes undergo 

coregulated expression, in consistent with previous work (Deshpande et al., 2000, Martin et 

al., 2001).  We validated five network genes using mutant analysis. PKC53E mutant showed 

reduced response to benzaldehyde compared to co-isogenic control (Figure 4) suggesting that 

normal expression of focal gene in the network is required in both males and females 

enabling them detect and avoid benzaldehyde. Pde1c and Ac76E mutants showed higher 

avoidance to benzaldehyde in females and males respectively indicating that normal 

expression of genes in the network can result in sex-specific responses. Finally, Btk29a and 

Fak56D mutants showed significantly lower avoidance responses in females while higher 

responses in males i.e. the direction of responses were opposite in sexes in the mutants. This 

suggests that normal expression of network genes have different interpretations in sexes 

resulting in sexually dimorphic responses to the same odorant.  

 

X-QTL mapping for variation in olfactory behavior  

We scanned the genome for allele frequency differences in top and bottom pools of DNA for 

males and females separately to identify SNPs associated with variation in olfactory 

behavior. We found no overlap at the level of SNPs associated with variation in olfactory 
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behavior between sexes. However, 75 genes were common between sexes (Table 4). The 

candidate genes, similar to GWA analysis, fall largely in gene ontology categories associated 

with signal transduction, axon guidance and nervous system development and chemosensory 

genes. Among the detected Ors, molecular response profiles of Or65a and Or43a have been 

studied previously to a large panel of odorants belonging to different functional classes 

(Hallem & Carlson, 2006). Or43a shows excitatory responses to only alcohols and almost no 

response to benzaldehyde. Similarly Or65a does not respond to any of the fruity odors and 

elicit inhibitory responses to benzaldehyde (Hallem & Carlson, 2006). Further, Or65a is 

expressed in trichoid sensilla known to detect pheromones in other insects (Christensen & 

Hildebrand, 2002). It is possible that polymorphisms in these genes help them to be 

narrowly-tuned to a particular class of odorants or pheromones by contributing to avoidance 

behavior for other odorants such as benzaldehyde. We found polymorphisms in the antennal 

protein a5 to be associated with variation in responses to benzaldehyde which is in consistent 

with previous work where other polymorphisms in other Obps were reported to contribute to 

variation in responses to structurally similar odorants acetophenone and benzaldehyde (Arya 

et al., 2010, Wang et al., 2007). Two of the detected gustatory receptors, Gr22e-d and Gr57a, 

are expressed in bitter sensing neurons of Drosophila labellum (Weiss et al., 2011). Since 

benzaldehyde has bitter properties and it is possible that polymorphisms in Grs sensing bitter 

taste contribute to avoidance behavior to benzaldehyde.  

  We found different chemosensory genes in males and females from X-QTL analysis. 

Analysis of whole genome transcriptome indicates sex-biased expression (Ayroles et al., 

2009) and expression of chemosensory genes showed extensive sexual dimorphism (Zhou et 
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al., 2009) indicating that males and females use their chemosensory repertoire differently to 

perceive their chemosensory environment.  

  

GWA analysis and X-QTL as complementary approaches  

We detected different SNPs associated with variation in response to benzaldehyde in our   

GWA analysis and using X-QTL mapping. Nevertheless, all the candidate genes   fall into 

gene categories associated with intracellular signaling    and nervous system development. 

Hence, both approaches   are complementary in finding allelic variations contributing to 

olfactory behavior. Plausible explanations for differences in the results between the two 

strategies   can be that 1) only SNPs that were present at least in 4 of the DGRP lines were 

included in GWA analysis. It is possible that such  rare alleles   were present in the parental 

lines used to perform X-QTL mapping and thus represented at higher allele frequency with 

greater power for detection in the resulting AIL mapping population. The experimental 

design of X-QTL allows detection of such alleles, if present in parental lines, since allele 

frequency is maintained at 0.5 (Darvasi & Soller, 1995) 2). This was also observed for 

aggression behavior where a rare allele with large effect was present in only one DGRP line 

was not assessed in GWA analysis but was captured in the mapping population generated 

from two parental lines of the DGRP (unpublished) 3) Generating an AIL mapping 

population (an outbred population) can bring together alleles at different loci to interact 

epistatically. This can result in suppressor or enhancer effects of the  phenotypic effects  of 

SNPs  4) It is possible, albeit unlikely, that de novo mutations occurred during the 30 

generations of the AIL populations which were identified as associations in X-QTL mapping.   
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In conclusion,   candidate genes associated with variation in olfactory behavior to 

benzaldehyde include genes associated with nervous system   development, signal 

transduction and the chemosensory gene family.  We found extensive sexual dimorphism 

among chemosensory genes implying that sexes use their chemosensory repertoire differently 

to perceive their chemosensory environment.  
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Table 1: Analysis of variance of 164 DGRP Lines 

 

 
           
                  Df: degrees of freedom; MS: Type III Mean Squares; ů

2
: variance component.  

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Analysis Source of df MS F P-value ů
2
    H

2
 

  Variation             

  Line 163 0.07 6.64 <0.0001 0.00563   

Sexes  Sex 1 0.51 54.00 <0.0001 

  Pooled Line x Sex 163 0.01 1.37 0.003 0.00053 

   Error 1322 0.01     0.00765   

Females Line 163 0.04 5.69 < 0.0001 0.00565 0.47 

  Error 661 0.01     0.00603   

Males Line 163 0.05 4.83 < 0.0001 0.00669 0.42 

  Error 661 0.01     0.00882   
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Table 2: Gene-centred predictive models of olfactory behavior  

 

 
Variables are listed in the order in which they were entered in the model. Estimates of effects 

are for (Minor allele-major allele). In: intronic; cds: coding sequence; u3: 3ôUTR; syn: 

synonymous 

 

Analysis Variable SNP Location Estimate Error     t P-value 

 

Intercept 

 

0.811 0.010 78.21 < 0.0001 

 

2L_9784563 IP3K1 (in) -0.060 0.013 -4.69 < 0.0001 

 

2R_15318581 Fak56D (u3) -0.075 0.015 -4.84 < 0.0001 

 

X_4065155 Fas2 (in) -0.017 0.005 -3.14 0.0021 

Males 3L_3102510 CG14955 (intergenic) 0.018 0.005 3.66 0.0004 

r
2
 = 0.62 2R_12114977 CG15706 (in) -0.036 0.009 -3.98 0.0001 

 

2R_9940094 CG18371(intergenic) -0.016 0.005 -3.36 0.001 

 

2L_21748027 step (in) -0.031 0.009 -3.4 0.0009 

 

3R_21209579 Fur1 (in) -0.019 0.005 -3.89 0.0002 

 

3R_6504004 CG14688 (in) -0.029 0.010 -3.01 0.003 

  X_5617037 CG32758 (syn) 0.014 0.005 2.95 0.0036 

  Intercept    0.830 0.007 105.49 < 0.0001 

 

X_6508925  pigs (in) -0.020 0.006 -3.03 0.0028 

 

2L_15629641  CG18480 (intergenic) -0.030 0.007 -4.18 < 0.0001 

Females 2L_15854659 Tektin-A (cds) 0.021 0.005 3.82 0.0002 

r
2
 = 0.53 3L_3102510 CG14955 (intergenic) 0.019 0.004 4.03 < 0.0001 

 

3R_15946275 CG10887 (intergenic) -0.057 0.015 -3.73 0.0003 

 

3R_21209579 Fur1 (in) -0.020 0.004 -4.18 < 0.0001 

  3R_26974822 Gycbeta100B (in) -0.026 0.006 -4.43 < 0.0001 
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Table 3: GWA analysis 
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Table 3 continued 
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Table 3 continued 
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Table 3 continued 

 

Top (P < 10
-5

)  SNPs associated with behavioral response to benzaldehyde from single 

marker analysis.  The chromosome and genomic location is given for each SNP, as well as 

the gene and FlyBase ID with which it is associated. In cases where a single SNP could affect 

two genes, both are given. When SNPs are located within a gene, their position in coding 

sequence (cds) , intron (in) and 3' (u3) and 5' (u5) UTR are given. Numbers after the codon 

indicate the exon in which the SNP is located. For intergenic SNPs, the location in bp 

upstream (negative numbers) or downstream (positive numbers) from the nearest gene are 

given.   
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Table 4: Pooled genomic DNA sequence analysis. 
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Table 4 continued
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Table 4 continued 
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Table 4 continued 
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Table 4 continued 
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Table 4 continued 
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Table 4 continued 
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Table 4 continued 
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Table 4 continued
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Table 4 continued 
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Table 4 continued 

 

 


