
ABSTRACT 

WANG, PING. Functional Evolution of Odorant Binding Protein Genes in Drosophila 
melanogaster. (Under the direction of Robert R. Anholt and Trudy F. Mackay.) 
 

Adaptive evolution of animals depends on behaviors that are essential for 

their survival and reproduction. Adaptive evolution has resulted in diverse 

chemoreceptor families, in which polymorphisms contribute to individual variation in 

chemosensation, while simultaneously preserving comprehensive chemosensory 

ability through combinatorial odorant recognition in a functionally redundant system. 

Odorant binding proteins (OBPs) are the first components of the insect olfactory 

system to encounter odorants. Despite their abundant expression, little is known 

about their role in chemosensation, largely due to the lack of available mutations in 

these genes.  

We capitalized on naturally occurring mutations (polymorphisms) to gain 

insights into their functions. We analyzed the sequences of 13 Obp genes in two 

chromosomal clusters in a population of wild-derived inbred lines, and asked 

whether polymorphisms in these genes are associated with variation in olfactory 

responsiveness. Four polymorphisms in three Obp genes exceeded the statistical 

permutation threshold for association with responsiveness to benzaldehyde, 

suggesting redundancy and/or combinatorial recognition by these Obps of this 

odorant. Model predictions of alternative pre-mRNA secondary structures associated 

with polymorphic sites suggest that alterations in Obp mRNA structure could 



 

 

contribute to phenotypic variation in olfactory behavior.  

Furthermore, to gain insights into the genetic determinants of individual 

variation in odorant recognition, we measured olfactory responses to a structurally 

similar odorant, acetophenone, in a population of 297 inbred wild-derived lines of 

Drosophila melanogaster.  We identify six different SNPs in the same Obps that are 

associated with variation in responses to a structurally similar odorant, 

acetophenone. Five SNPs are in coding regions of Obp99b and Obp99d and one 

SNP is in the 3’untranslated region of Obp99a (A610G). Surprisingly, the 610G allele 

is associated with higher response scores to acetophenone than the 610A allele, but 

lower expression of Obp99a. Furthermore, RNAi-mediated reduction of Obp99d 

expression results in reduced behavioral responses to acetophenone. Thus, the 

same OBPs contribute to combinatorial odorant recognition, but different SNPs 

generate odorant-specific individual variation. Dual olfactory recognition where 

OBPs regulate odorant access to receptors may enhance discrimination and help 

explain discrepancies between electrophysiologically determined odorant receptor 

response profiles and behavioral measurements. 
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Review on Olfaction 
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Introduction 

Olfaction is essential for survival and reproduction. Olfactory systems mediate 

responses to food, mates, and social behavior as well as avoidance of noxious 

environments. The mammalian olfactory sensory organ is the olfactory epithelium 

located in the nasal cavities of the nose, which contains olfactory sensory neurons 

that recognize a large number of odorants. Olfactory receptor neurons (ORNs) are 

bipolar; olfactory cilia arising from the dendrites project into the nasal lumen while 

axons extend to the olfactory bulb where they converge on output neurons to form 

structures called ‘glomeruli’. In insects, the functional organization of the olfactory 

system is similar. Insects have two major olfactory organs, the antennae and the 

maxillary palps. Sensillae on the surface of these organs contain olfactory receptor 

neurons. ORNs interact with a large number of odorants that diffuse into the 

perilymph through pores in the sensillar cuticle. The axons of ORNs synapse 

bilaterally onto projection neurons (PNs) in glomeruli in the antenna lobe (AL) of the 

brain.  

Odorants are recognized by odorant receptors (OR) expressed by ORNs. 

Mammalian ORs belong to a large multi-gene family of G-protein-coupled receptors 

(Buck and Axel, 1991). The mammalian OR repertoire consists of more than 1000 

genes (1200 genes in mice, Young et al., 2003; 1430 genes in rats, Rat Genome 

Sequencing Project Consortium, 2004). These ORs recognize a large number of 

odorants in a combinatorial manner, which means that different combinations of ORs  



 
 

 

3 

 

recognize different odorants (Malnic et al., 1999).  

Unlike ORs in mammals, in insects a smaller number of ORs have been 

identified (less than 100 for most insects) and they belong to a distinct multi-gene 

family of G-protein-coupled seven-transmembrane-domain receptors (60 in the fruit 

fly, Drosophila melanogaster; Clyne et al. 1999; Gao and Chess 1999; Vosshall 

1999; Robertson et al., 2003; 79 in the mosquito, Anopheles gambiae; Fox et al., 

2001; Hill et al., 2002). ORs have been extensively studied in Drosophila (Clyne et 

al., 1999; Vosshall et al., 1999; Vosshall et al., 2000; Larsson et al. 2004; Ng et al., 

2002; Hallem and Carlson, 2006). Odor response profiles for each receptor and their 

functional characterization also reveal a combinatorial mechanism for odor coding in 

insect species (Dobritsa et al., 2003; Goldman et al., 2005; Hallem et al., 2004; 

Stortkuhl et al., 2001; Wetzel et al., 2001).  

Odorant molecules are mostly hydrophobic and must cross the aqueous fluid 

to reach the olfactory receptors. Odorant binding proteins (OBPs) are secreted by 

support cells in olfactory sensilla into the aqueous perilymph that surrounds olfactory 

dendrites and are thought to facilitate solubilization and transport of hydrophobic 

odorants, thereby either promoting or limiting access of odorants to odorant 

receptors. OBPs have been identified from a number of insect species, including 

Drosophila, moths, mosquitos, and honeybees by bioinformatic searches through 

the genome and through molecular approaches (~51 OBPs in Drosophila, Galindo 

and Smith, 2001; Graham and Davies, 2002; Hekmat-Scafe et al., 2002; 21 OBPs in  
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the honeybee Apis mellifera, Foret and Maleszka 2006; 57 in the mosquito 

Anopheles gambiae, Xu et al., 2003; several OBPs in moths, Vogt et al. 1991; Zang 

et al. 2001). Like ORs, they also belong to a multi-gene family. The pheromone 

binding proteins in the silk moth, Bombyx mori were first identified to bind and 

release bombykol in a pH-dependent manner, providing evidence that some OBPs 

may function as transporters that transport odorants or pheromones to their 

receptors (Wojtasek and Leal, 1999; Sakurai et al., 2004). Evidence that OBPs may 

function as carriers also comes from biochemical and functional analyses of an OBP, 

named LUSH encoded by the Obp76a gene (also known as lush). Lush mutants do 

not avoid repellant concentrations of short chain alcohols (Kim et al. 1998) and do 

not respond behaviorally or electrophysiologically to the aggregation and courtship 

pheromone 11-cis-vaccenyl acetate (Xu et al. 2005).  It has been proposed that 

OBPs recognize odorants in a combinatorial manner, as is the case for ORs 

(Hekmat-Scafe et al., 2002). OBPs may also affect other traits in addition to olfactory 

behavior (Edwards et al. 2006; Morozova et al. 2006; Carney, 2007).  

Most odorant receptor (Or) and odorant binding protein (Obp) genes appear 

in clusters. Evolutionary studies have found that they are rapidly evolving genes 

(Young et al. 2000; Robertson et al. 2003) and may have arisen as a result of gene 

duplication (Young et al. 2000; Robertson et al. 2003). Thus, adaptive evolution in 

diverse chemical environments has resulted in large multi-gene chemoreceptor 

families, including Obp genes and Or genes (Hekmat-Scafe et al., 2002; Robertson  
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et al., 2003) and gustatory receptor (Gr) genes (Clyne et al., 2000; Robertson et al., 

2003).        

Olfactory behavior is a quantitative trait. Individual variation in olfactory 

behavior is attributable to multiple interacting genes, many of which contribute small 

effects, while some could have large effects, and is sensitive to environmental 

variation. Importantly, naturally occurring allelic variation in these genes may affect 

individual variation in olfactory behavior (Keller et al., 2007). At the same time, 

combinatorial recognition of odorants generates functional redundancy, which 

makes the phenotypic effect of a single gene hard to detect and allows individual 

variation to evolve without compromising overall olfactory ability. It is, therefore, 

important that we explore the contributions of polymorphisms in Obp genes to 

individual variation in olfactory behavior, as they are the first components of the 

olfactory system to interact with odorants. Drosophila melanogaster provides an 

excellent model system for studies on the genetic basis of individual variation in 

olfactory discrimination, because of the well-established genetics and the completed 

whole genome sequence. Furthermore, it is easy to conduct repeated behavioral 

measurements on genetically identical individuals reared in controlled environments. 

In addition, the olfactory system of Drosophila has been well characterized (Stocker, 

1994; Clyne et al., 1997; Shanbhag et al., 1999; Hallem and Carlson, 2004; Laissue 

and Vosshall, 2008). Finally, to understand how naturally occurring variation in Obp 

genes affect natural variation in olfactory behavior, we can take advantage of a  
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population genetics approach and use association studies to provide a link between 

allelic variation in Obp genes and phenotypic variation in olfactory behavior in 

response to different odorants. Such a study can provide insights into whether the 

same OBPs, overlapping sets of OBPs, or different OBPs contribute to individual 

variation for olfactory behavior in response to different odorants and, furthermore, 

whether the same or different polymorphisms in these OBPs would be associated 

with phenotypic variation in responses to structurally related odorants. Here, I review 

first similarities and differences between molecular mechanisms of chemosensation 

between insects and vertebrates and then I will focus on the function and evolution 

of ORs and OBPs in insects, in particular, Drosophila. 

 

Similarities and Differences between Molecular Mechanisms of 

Chemosensation between Insects and Vertebrates 

  The olfactory systems in both insects and mammals are broadly divergent in 

complexity, while the neuroanatomical organization of the olfactory systems is 

similar (Hildebrand and Shepherd 1997; Ache and Young 2005). In addition, the 

basic principles for olfactory perception and discrimination are generally conserved 

but the mechanisms for transduction are different. Odor recognition can be divided 

into two processes, one is the olfactory perireceptor process involving odorant-

binding proteins (OBPs) and the other is initiation of olfactory signal transduction, in 

which olfactory receptors (ORs) are the major components. Here, I will discuss these  
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two processes and describe the similarities and differences of olfaction between 

insects and mammals.  

 

Olfactory Perireceptor Process  

Olfactory cilia contact the environment through the aqueous fluid that 

surrounds the chemosensory dendrites of olfactory neurons (the perilymph in insects 

and the nasal mucus in mammals). Hydrophobic odorant molecules must cross the 

aqueous fluid to reach the olfactory receptors. The aqueous fluid bathing the 

receptor cells contains OBPs (Pelosi, 1996). In both insects and mammals, OBPs 

are the major soluble constituents of the aqueous perireceptor compartment, and 

are thought to solubilize and transport hydrophobic odorants to odorant receptors at 

the chemosensory membrane (Ache and Young, 2005), or assist in removal of 

odorants from receptors after stimulation of the neurons (Steinbrecht, 1998). Even 

though OBPs in insects and mammals seem to have a similar function, they belong 

to different gene families and are not homologous. Mammalian OBPs belong to the 

lipocalin superfamily and have broad odorant specificities (Tegoni et al., 2000), while 

OBPs in insects have more restrictive odorant-binding specificities (Kim et al., 1998; 

Xu et al., 2005). In mammals, about six OBPs have been identified, including OBPs 

in humans (Briand et al., 2002), elephants (Lazar et al., 2002), pigs (Dal Monte et al., 

1991), cows (Pelosi et al., 1982; Bignetti et al., 1985) and mice (Pes et al., 1992) as 

well as rats (Pevsner et al., 1988). No OBPs have thus far been identified in 
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nematodes. In insects, large families of OBPs have been found in the fruit fly 

(51OBPs in Drosophila melanogaster; Hekmat-Scafe et al., 2002), the honeybee (21 

OBPs; Foret and Maleszka, 2006), and the mosquito (57 OBPs in Anopheles 

gambiae; Xu et al., 2003). In addition, enzymes that degrade odorant molecules in 

the perilymph have been reported in both insects and mammals (Rybczynski et al., 

1989; Vogt et al., 1989; Ache and Young 2005), but their exact functions are still 

unclear.  

 

Olfactory Signal Transduction  

Olfactory signal transduction is generally conserved in mammals (Hildebrand 

and Shepherd 1997; Prasad and Reed 1999; Ache and Young 2005), but recent 

reports on signal transduction mediated by ORs in insects indicate that the 

mechanism here might be different. In vertebrates binding of odorant molecules to 

odorant receptors activates a GTP binding protein, then triggers a second-

messenger pathway (Anholt, 1993), which results in activation of the olfactory cyclic 

nucleotide-gated ion channel, which allows the opening of calcium channel and 

generates calcium influx into the cell (Nakamura and Gold, 1987; Firestein et al., 

1991; Zufall et al 1991; Zufall et al., 1994). Subsequently, this influx causes the 

opening of chloride channels, which amplifies the generator current that elicits action 

potentials from the axon hillock (Firestein et al., 1991; Zufall et al 1991; Zufall et al., 

1994; Reisert et al., 2003). A recent study on insect olfactory transduction revealed  
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that instead of using the classical G-protein coupled second-messenger pathway, a 

heteromeric complex between OR and Or83b, a highly conserved olfactory receptor 

across insect species, functions as an odorant-gated non-selective cation channel 

(Sato et al., 2008). 

 

Drosophila as A Model System for the Study of Odor-Guided Behavior 

Odor-guided behavior is a complex trait, which is controlled by multiple genes 

and is sensitive to environmental conditions. Many advantages make Drosophila an 

ideal model system for studying odor-guided behavior: large numbers of individuals 

can be inbred to generate lines with  genetically near-identical individuals, which can 

be reared under controlled environmental conditions (Anholt et al., 2001; Mackay 

and Anholt, 2006); Drosophila expresses odor-guided behaviors that are easily 

observed and quantified under controlled laboratory conditions (Mackay and Anholt, 

2006); Drosophila can be used for population studies of odor-guided behaviors,  

because natural populations of Drosophila harbor substantial genetic variation for 

individual variation in olfactory behavior (Mackay et al., 1996; Lavagnino et al., 2008); 

Single nucleotide polymorphism (SNP) and insertion/deletion variants data are 

available (Berger et al., 2001; Mackay and Anholt, 2006); Furthermore, the entire 

Drosophila genome has been sequenced (Adam et al., 2000) and well annotated 

(Drysdale and Crosby, 2005), which allows whole genome analysis of  olfactory 

gene families. Previously engineered P transposable elements have been used for  
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mutagenesis (Anholt et al., 1996; Sambandan et al., 2006), which led to the 

identification of several genes that affect olfactory avoidance behavior in flies, 

including 14 smell impaired (smi) genes that show defects in response to 

benzaldehyde (Anholt et al., 1996).   

Another advantage of Drosophila is the availability of the binary GAL4/UAS 

system, which enables tissue specific expression of transgenes (Brand et al., 1993; 

Phelps and Brand, 1998; Venken and Bellen, 2005). Recently, an RNAi library which 

covers ~90% of predicted protein coding genes in the Drosophila genome has been 

created, which includes many olfactory genes (Ors and Obps), and enables 

functional assessment of these  genes (Dietzl et al., 2007). Most interestingly, more 

than 50% of the genes in Drosophila are orthologous to those of mammals (Rubin et 

al., 2000).  

Finally, the olfactory system of Drosophila is much less complex than its 

vertebrate counterpart (Hildebrand and Shepherd 1997; Ache and Young 2005). 

Whereas there are ~1200 odorant receptor genes in mice (Young et al., 2003), in 

Drosophila, the OR repertoire contains only 60 genes that encode 62 OR proteins 

(Robertson et al., 2003). Taken together, its relatively simple and sensitive olfactory 

system that resembles the mammalian olfactory system in its functional organization 

and advantages in genetics make Drosophila an ideal model system for studies on 

the genetic basis for chemoreception and odor-guided behavior. 
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The Olfactory System of Drosophila 

The olfactory system of Drosophila consists of two major olfactory organs, the 

antennae and the maxillary palps. Emanating from the surface of these olfactory 

organs are sensilla, fluid-filled porous structures that generally contain dendrites of 

two olfactory neurons, except in one class of sensilla where there are four 

(Shanbhag et al., 1999; Hallem et al., 2006). Each antenna contains ~1200 olfactory 

receptor neurons (ORN) (Stocker, 1994). The third segment of the antenna is the 

major olfactory organ, which contains three types of olfactory sensilla: basiconic 

sensilla, trichoid sensilla, the longest sensilla in the antenna, and coeloconic sensilla, 

the shortest sensilla (Shanbhag et al., 1999). The maxillary palp possesses 120 

ORNs and contains only basiconic sensilla. Basiconic sensilla are further subdivided 

into large and small basiconic sensilla (Stocker, 1994; Shanbhag et al., 1999). The 

axons of ORNs synapse bilaterally onto projection neurons (PNs) in complex 

spherical structures of neuropil, ‘glomeruli’ in the antennal lobes (AL). There are 43 

individually identifiable glomeruli in each antennal lobe in Drosophila (Laissue et al., 

1999). ORNs recognizing the same odorants send their axons to the same 

glomerulus (Gao et al., 2000; Vosshall et al., 2000; Bhalerao et al., 2003). In addition, 

projection neurons usually innervate only one glomerulus (Marin et al., 2002; Wong 

et al., 2002). There also are local interneurons that mediate communications among 

glomeruli (Stocker, 1994). Some processing occurs in the antennal lobe because of 

the convergent projection neurons and the local interneurons. PNs send their axons  
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ipsilaterally to the mushroom bodies and lateral horn of the brain where olfactory 

signals are further processed (Marin et al., 2002; Wong et al., 2002).   

 

Odorant Receptors 

Since the discovery of Or genes in the rat in 1991(Buck and Axel, 1991), 

large numbers of different odorant-receptor genes have been found in both 

mammals and nematodes (388 in humans; Niimura and Nei, 2003; ~1200 in mice 

and worms; Young et al., 2003; Troemel et al., 1995; Robertson, 2000, 2001). In 

Drosophila melanogaster, Or genes were first identified in 1999 (Clyne et al. 1999).  

Sixty Or genes have been found through bioinformatic searches. Only 48 are 

expressed in the antenna or maxillary palp (Gao and Chess, 1999; Vosshall, 1999; 

Robertson et al., 2003). After this discovery, ORs were identified also in other insect 

species, for example, 79 ORs were found in the mosquito, Anopheles gambiae (Fox 

et al., 2001; Hill et al., 2002). In the next section, I will discuss the evolution, 

expression and function of Or genes.  

 

 Evolution of Or Genes 

The family of odorant receptor genes has arisen as a result of gene 

duplication (Robertson et al., 2003). Consequently, many of the 60 Or genes 

identified in the Drosophila genome are present in small clusters of two or three 

genes (Robertson et al., 2003). There is a higher degree of amino acid sequence  
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similarity within ORs encoded by genes in the same cluster than in ORs encoded by 

genes of different clusters (Robertson et al., 2003). ORs across phyla are distinct 

gene families and not obviously phylogenetically related, reflecting independent 

evolution of these genes (Robertson et al., 2003). Interestingly, unlike other odorant 

receptors, a common olfactory receptor, Or83b is conserved through insect species. 

Or83b orthologs have been identified in a variety of insect species, for example, the 

moth Bombyx mori (Krieger et al., 2004), the honey bee, Apis mellifera (Krieger et al., 

2003), and AgOr7 in the mosquito, Anopheles gambiae (Hill et al., 2002; Pitts et al., 

2004). Or83b orthologues among these species share more than 65% amino acid 

identity (Jones et al., 2005), suggesting a central role for this protein in insect 

olfaction. Characterization of an Or83b mutant, showed that Or83b is involved in 

trafficking of ORs to the dendritic membrane (Larsson et al.; 2004). Furthermore, 

using heterologous expression, both Neuhaus et al. (2005) and Nakagawa et al. 

(2005) found that Or83b forms a heterodimer with ORs to form a cation channel that 

is directly activated by odorants (Sato et al., 2008). Other Or genes are rapidly 

evolving and highly divergent genes with on average only about 20% amino acid 

sequence similarity  (Robertson et al., 2003). In Drosophila, Robertson et al. (2003) 

found deletions in some of the Or genes, e. g. Or85e and Or98a in the sequence of 

Drosophila strains. Young et al (2000) found that duplication events have shaped the 

human and mouse Or gene families, and that the rate of duplication is very high. In 

addition, human Or genes contain a higher proportion of pseudogenes than mouse.  
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Pseudogenes were once functional genes that became non-functional genes due to  

mutations. This higher proportion of Or pseudogenes in humans indicates a high 

rate of gene loss, which, on one hand, could be explained by an increased reliance 

on vision and hearing that might cause relaxed functional constraints, but on the 

other hand, could be explained by a greater selective force on the functional OR 

repertoire in the mouse (Young et al, 2000). Similarly, Rouquier et al (2000) found a 

significantly higher proportion of Or pseudogenes in primates. They suggested that 

the acquisition of full trichromatic color vision in primates might cause the relaxed 

functional constraints on genes affecting olfaction.  

 

Expression and Function of Or Genes 

Drosophila ORs belong to the superfamily of seven transmembrane domain 

G-protein coupled receptors. Each Drosophila Or gene is expressed in a small 

subset of olfactory receptor neurons. Olfactory receptor neurons co-express one or 

sometimes two ORs from the repertoire of 60 ORs, together with the common 

olfactory receptor, Or83b, which is broadly expressed in most antennal ORNs and in 

all ORNs in the maxillary palp (Clyne et al., 1999; Vosshall et al., 1999; Vosshall et 

al., 2000; Ng et al., 2002; Dobritsa et al., 2003; Larsson et al. 2004; Hallem and 

Carlson, 2006). As mentioned above, the Or83b receptor combines with specific 

odorant receptors to serve as a functional unit that is essential for chemosensation 

(Larsson et al., 2004; Neuhaus et al., 2005).  
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Drosophila ORs have their N-termini located on the cytoplasmic side of the 

cell while the C-termini are located extracellularly (Benton et al., 2006). The deletion 

mutant lacking Or22a and Or22b results in an ab3A neuron which is unresponsive to 

odorants and is referred to as the “empty” neuron. Each receptor can be expressed 

in the empty neuron with an Or22a-GAL4 driver and specific UAS –Or transgene. 

Combining the GAL4-UAS expression system with the empty-neuron, the Drosophila 

antennal and maxillary palp odorant receptors have been well characterized. Odor 

response profiles for each receptor have been obtained. Different ORs show 

different but overlapping response profiles (Hallem et al., 2006). 

Heterologous expression in vitro and characterization of several Or genes 

including Or43a and Or22a and Or22b, revealed that one OR interacts with multiple 

odorants (Stortkuhl et al., 2001; Wetzel et al., 2001; Dobritsa et al., 2003; Hallem 

and Carlson, 2006) and a specific odorant can be recognized by multiple ORs 

(Hallem et al., 2004; Goldman et al., 2005). Thus, ORs recognize and discriminate 

odorants in a combinatorial manner which is also the case for mammalian ORs 

(Malnic et al., 1999). In insects, it has been proposed that olfactory perception and 

discrimination can be mediated by both OBPs and ORs in a combinatorial manner 

(Hekmat-Scafe et al., 2002). So, unlike OBPs in mammals and nematodes, OBPs 

may play a central role in olfactory recognition in insects.  
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Odorant Binding Proteins 

Identification and Genomic Organization of Obp Genes 

In insects, the OBP family includes general odorant-binding proteins and 

pheromone-binding proteins (PBPs); the latter are highly expressed in male 

antennae and bind pheromone compounds released by females (Vogt and Riddiford, 

1981; Pelosi and Maida, 1995). PBPs have been intensively studied in moths. The 

first OBP was identified as a pheromone binding protein in the wild silk moth 

Antheraea polyphemus (Vogt and Riddiford, 1981). Following this discovery, several 

PBPs have been reported in other insect species, including other moths (Vogt et al. 

1989; Breer et al. 1990; Raming et al. 1990; Krieger et al. 1991), Drosophila 

(McKenna et al. 1994) and honeybees (Danty et al. 1999) as well as beetles (Leal et 

al 1998). OBPs also were identified in early studies using molecular strategies in 

Drosophila (Pikielny et al. 1994; Kim et al. 1998; Shanbhag et al. 2001), various 

species of beetles (Vogt et al. 1999; Wojtasek et al. 1999) and moths (Vogt et al., 

1991; Zang et al., 2001). With the completion of the whole genome sequences for 

many species, genome-wide analysis for OBPs became possible. By genome 

searches for homologies with previously identified OBPs, several groups have 

reported OBPs from a variety of insect species. In Drosophila, ~51 OBPs have been 

identified (Galindo and Smith, 2001; Graham and Davies, 2002; Hekmat-Scafe et al., 

2002). Twenty-one OBPs were found in the honeybee Apis mellifera (Foret and 

Maleszka, 2006). In the mosquito Anopheles gambiae, 57 OBPs have been  
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identified (Xu et al., 2003). Like OBPs in Drosophila, OBPs in the honey bee and the 

mosquito appear in clusters in the genome (Xu et al., 2003; Foret and Maleszka, 

2006).  

With the tBLASTn algorithm using the previously identified members of the 

Drosophila OBP family as probes to identify related genes in the Drosophila genome 

sequence, Galindo and Smith (2001) identified 28 new candidate Obp genes 

extending this gene family to a total of 35 members. Later, Graham and Davies 

(2002) increased this number to 38. Subsequently, by using BLAST searches on 

Drosophila genomic sequences, Hekmat-Scafe et al. (2002) identified 51 Obp genes.  

These genes are named based on their cytological location, for example, Obp56d is 

located at cytological location 56 and the letter d indicates the fourth member of this 

family at this cytological location. The Obp genes are scattered through the 

Drosophila genome, and most of them are present in clusters. About 29 out of 51 

Obp genes are located on the right arm of the second chromosome, which contains 

several large Obp gene clusters, including the Obp50 cluster (a-e), Obp56 cluster (a-

i), Obp57 cluster (a-e), Obp58 cluster (a-d) and several individual Obp genes 

(Hekmat-Scafe et al., 2002). Other major clusters are the Obp83 cluster (a-f), Obp99 

cluster (a-d) that are located on the right arm of the third chromosome and the 

Obp19 cluster (a-d) located on the X chromosome (Hekmat-Scafe et al., 2002)). The 

Obp genes within each cluster do not show a unidirectional tandem organization, but 

may be arranged in both orientations, for example, in the Obp56 cluster, Obp56b,  
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Obp56c, Obp56d as well as Obp56g are present in the same orientation, whereas 

the rest of the genes of the Obp56 cluster show the opposite orientation (Hekmat-

Scafe et al., 2002). There are no intervening genes among the individual Obp56 

genes in the Obp56 cluster, which is the largest gene cluster in Drosophila.  

 

Molecular Evolution of Odorant Binding Proteins 

Behavioral adaptation of Drosophila to changes in their environment involves 

the evolution of the chemosensory system. It is likely that the genes in this 

chemosensory system are responsible for this ecological adaptation and may have 

evolved by the action of selective evolutionary forces. In fact, different selective 

evolutionary forces have been detected in the Obp genes (Willett, 2000; Krieger and 

Ross, 2002; Sánchez-Gracia et al., 2003; Takahashi et al., 2005) and they are 

rapidly evolving genes (Graham and Davies, 2002; Takahashi et al., 2005; Matsuo 

et al., 2008). Here I am focusing on the origin and the molecular evolution of this 

multi-gene family. The Obp gene family arose as a result of gene duplication and 

divergence (Hekmat-Scafe et al., 2002; Sánchez-Gracia et al., 2003; Matsuo et al., 

2007).   The presence of large clusters (73% of the Obp genes are in clusters, 

Hekmat-Scafe et al., 2002), especially 29 genes located in the chromosomal region 

56-57 on the right arm of the second chromosome indicates that the Obp gene 

family evolved through a series of gene duplication and gene divergence events 

(Hekmat-Scafe et al., 2002; Matsuo et al., 2007). Moreover, the low homology (20%  
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amino acid sequence), indicates rapid evolution of these Obp genes, which possibly 

reflects their functional specificities toward diverse odorants (Hekmat-Scafe et al., 

2002). Interestingly, Graham and Davies (2002) showed that there are many 

deletions and insertions in some of these genes. This is also the case for other 

chemoreceptors, Ors and Grs, in humans and in Drosophila (Dunipace et al., 2001; 

Robertson et al., 2003). A striking example is seen in a population study in 

Drosophila. Takahashi et al. (2005) sequenced a 1.5-kb region containing two 

tandemly duplicated odorant-binding protein genes, Obp57d and Obp57e from 16  

Kyoto inbred lines. They observed two types of deletions at a high frequency in 

Obp57e, one type is a 10-bp deletion in the coding region causing a frame shift, the 

other is a single nucleotide deletion (singleton). Interestingly, they found that the 10-

bp deletion was also present in 13 African isofemale lines and 3 non-African lines, 

indicating that this deletion is a very old mutation and exists worldwide.  Moreover, 

population genetic analyses revealed that the region around this mutation may be 

subject to balancing selection possibly due to weak functional constraints on the 

Obp genes, while the Obp57d gene showed a signature of positive selection 

(Takahashi et al., 2005).  

Another example of rapid evolution of Obp genes comes from a comparison 

of the same Obp57d and Obp57e in the Drosophila melanogaster species group. 

Matsuo (2008) compared the sequences at the Obp57d/e region from 27 Drosophila 

species. This study provides three insights into the rapid evolution of Obp genes.  
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First, Obp57d and Obp57e share conserved amino acid sites that may determine 

their function in perception of octanoic acid (Matsuo et al., 2007; Matsuo et al., 2008). 

Second, these two genes also showed divergent amino acid sites which reflect the 

specific functions of each gene acquired after gene duplication (Matsuo et al., 2008). 

Third, by comparing the conserved amino acids in the melanogaster group with 

these in the obscura group (ancestral group), they found more conserved amino acid 

sites in the melanogaster group than the obscura group. This suggests that the fixed 

amino acids are maintained by newly acquired selective forces in the melanogaster 

group which is absent in the ancestral group (Matsuo et al., 2008). Finally, the 

multiple Obp57d genes and gene loss of either Obp57d or Obp57e in some of the 

subgroups in the melanogaster group provide examples for rapid evolution after 

gene duplication (Matsuo et al., 2008).    

Galindo and Smith (2001) noticed that several Obp genes are located very 

close to one another, but that their expression patterns are different. For instance,  

the Obp56a and Obp56b genes are only 2 kb apart, but are transcribed in opposite 

directions and expressed in different olfactory organs, which is similar to that 

observed for clustered putative Or genes. This may, to some degree, reflect 

functional divergence after gene duplication.  

Evidence for OBPs arising as a result of gene duplication events also comes 

from sequence analysis of the OS-E and OS-F genes. The OS-E and OS-F genes 

(known also as Obp83b and Obp83a, Hekmat-Scafe et al., 2002) are tandemly  
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located on the third chromosome of the Drosophila genome. Sánchez-Gracia et al. 

(2003) examined sequences at the region including the OS-E and OS-F genes in 

four Drosophila species. They found that these two genes are present in all 

surveyed species and arose as a result of gene duplication. In addition, from 

sequence analysis of a natural population of Drosophila melanogaster, these genes 

show different patterns of evolutionary history. The OS-E gene region has an 

accumulation of fixed amino acid replacements, indicating the action of positive 

selection on this gene. Positive natural selection has also been detected in PBPs of 

the moth Chortstoneura (Willett, 2000) and in OBPs of fire ants (Krieger and Ross, 

2002).  

Altogether, Obp genes originated from gene duplication events followed by 

gene divergence. Obp genes show different patterns of evolutionary history including 

neutral selection, balancing selection and positive selection, suggesting that different 

functional constraints shape the evolutionary pattern of these Obp genes (Willett, 

2000; Krieger and Ross, 2002; Sánchez-Gracia et al., 2003; Takahashi et al., 2005;). 

Another large gene family that has undergone rapid evolution is the Or gene family 

which shows no protein sequence similarities between vertebrates, Caenorhabditis 

elegans, and Drosophila, but greater similarities within each organism than the 

OBPs (Robertson et al., 2003). This could indicate that OBPs have evolved more 

rapidly than ORs (Galindo and Smith, 2001). The possible reason is that ORs 

experience more selective constraints than OBPs, because of the interaction of ORs  
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with other signaling molecules (Galindo and Smith, 2001).   

 

OBP Protein Structure 

   The Drosophila Obp genes encode divergent proteins of 18-20kD. 

Comparison of the amino acid sequences of OBPs reveals a characteristic structural  

signature of six conserved cysteines which might be responsible for the formation of 

disulfide bonds, which are also thought to stabilize α- helices (Graham and Davies 

2002; Hekmat-Scafe et al. 2002; Sandler et al., 2000). Some of the OBPs contain 

less than six cysteines, such as Obp8a, Obp44a, Obp83f, and Obp99a-d. On the 

other hand, some OBPs have more than six cysteines (Hekmat-Scafe et al., 2002).  

The pheromone-binding protein of the silkmoth, Bombyx mori (BmPBP) is a 

member of the OBP family. It has been extensively studied by X-ray crystallography. 

Sandler et al. (2000) determined the three-dimensional structure of this protein in 

complex with the pheromone, bombykol. The structure is formed by six α-helices, 

four of which form the binding pocket. A similar crystal structure has been 

determined for the LUSH OBP from Drosophila complexed with short-chain alcohols 

(Kruse et al., 2003).  

Vertebrate OBPs belong to a different gene family, the lipocalin family. Their 

structures are different and contain a conserved protein scaffold, with an 8-stranded 

β-barrel linked to an α-helix and a C-terminal end. The β-barrel, with a non-polar 

cavity in the middle that serves the function of binding and transporting hydrophobic  
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odorant molecules, is formed right after an N-terminal sequence (Tegoni et al., 2000).  

Interestingly, when vertebrate OBPs bind odorants, they form dimers (Tegoni et al., 

2000).   

 

Expression and Function of Odorant Binding Proteins 

Expression of Odorant Binding Proteins 

Several studies have reported that members of the Obp gene family in flies 

are expressed in different subsets of olfactory and gustatory neurons (Du and 

Prestwich, 1995; Plettner et al. 2000; Galindo and Smith, 2001; Hekmat-Scafe et al., 

2002). Galindo and Smith (2001) and Hekmat-Scafe et al. (2002) examined the 

spatial and temporal expression pattern of each putative Obp gene in Drosophila. 

They found that OBPs are expressed in olfactory and gustatory organs. Galindo and 

Smith (2001) fused upstream regulatory sequences for each Obp gene to a reporter 

gene encoding ß-galactosidase. Transgenic flies were generated and examined for 

expression of the reporter gene (Galindo and Smith, 2001). They found that some 

OBPs are expressed exclusively in various taste organs, including gustatory sensilla 

in the labellum, the pharyngeal labral sense organ, dorsal and ventral cibarial organs, 

as well as taste bristles located on the wings and legs (Galindo and Smith, 2001). 

For example, Obp19c and Obp56b are only expressed in the labral sense organ and 

the pharyngeal gustatory organs, respectively. In addition, several OBPs were co-

expressed in the same gustatory sensillum. Obp57d and 57e are located 1kb apart  
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in the genome and are detected in the same cells in the tarsi and labellum (Galindo 

and Smith, 2001). Obp57d is also detected in the wings (Takahashi et al., 2008). 

Cells in the tarsi that express Obp57d and 57e are essential for sensitivity to sucrose, 

as assessed using the proboscis extension reflex (Galindo and Smith, 2001).  

Some OBPs are expressed in both olfactory and gustatory sensilla, including 

four genes of the Obp56 cluster (Obp56c, Obp56d, Obp56e and Obp56h), Obp57b 

and Obp57d (Galindo and Smith, 2001). Obp56g was detected in both olfactory and 

gustatory organs in larvae, while it is only detected in taste organs in the adult 

(Galindo and Smith, 2001). Nine members of the Drosophila OBP family are 

detected in the sensillum lymph of a subset of olfactory sensilla. Obp19a, 57a, 99a 

as well as Obp99b are detected in the olfactory organ, the third segment of the 

antennae and the maxillary palps (Galindo and Smith, 2001). Moreover, OS-E and 

OS-F (synonymous with Obp83b, Obp83a; Hekmat-Scafe et al., 2002) are 

expressed only in the antennae, the major olfactory organ (McKenna et al., 1994). 

Taken together, these observations support a dual role for members of the OBP 

family in gustation and olfaction (Galindo and Smith, 2001). Genes that show 

sexually dimorphic expression are often observed among members of the Obp gene 

family. Anholt et al. (2003) performed whole-genome expression analysis of five co-

isogenic smell-impaired (smi) mutant lines. They found that a large number of genes 

showed sexual dimorphism and considerable epistasis in expression in response to  

single mutation. Among a total of 666 sexually dimorphic genes in transcript  
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abundance, they observed sex-biased expression in eight odorant binding proteins. 

For instance, Obp99a and Obp99b show profound sex-biased expression in females 

and males, respectively, and may have arisen through gene duplication followed by 

sex-specific functional diversification (Anholt et al., 2003).  

 

Functions of Odorant Binding Proteins 

Function in Chemosensation 

The functions of most OBPs remain poorly defined. It has been proposed that 

they solubilize hydrophobic odorants in the aqueous sensillar perilymph and 

transport them to odorant receptors at the chemosensory membrane, or assist in 

removal of odorants from receptors after stimulation (reviewed by Steinbrecht, 1998). 

Both nematodes and mammals contain large numbers of ORs (Troemel et al., 1995; 

Robertson, 2000, 2001; Young et al., 2003), but no OBPs are found in nematodes 

(Rubin et al., 2000) and only a few OBPs are present in mammals (Tegoni et al., 

2000). These OBPs showed broad odorant specificities (Lobel et al., 2002). In 

contrast, the number of OBPs in several insect species is comparable to that of their 

Or genes. In Drosophila, Hekmat-Scafe et al. (2002) proposed the idea that olfactory 

perception and discrimination can be mediated by both OBPs and ORs in a 

combinatorial manner. These early expression studies suggest a role for OBPs in 

odor coding. In Drosophila, Hekmat-Scafe et al. (1997) examined the organization 

and expression patterns of two olfactory-specific genes (OS-E and OS-F). They  
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found that these two proteins are co-expressed in the ventrolateral region of the  

Drosophila antenna and that a single sensillum can contain more than one OBP. 

Furthermore, Shanbhag et al. (2001) observed an expression mosaic of five OBPs 

(OS-E, OS-F, LUSH, Pbprp2, Pbprp5) in the antenna and maxillary palp using 

specific antibodies. They found that some OBPs may be co-localized to the same 

sensillum, expressed in different sensillum types and subtypes, and that their 

expression is not restricted to olfactory sensilla. These expression patterns of OBPs, 

together with the expression profile of ORs observed in sensilla (reviewed by Hallem 

et al., 2006), could enable combinatorial recognition through a two-step odorant 

recognition process and increase discrimination ability.   

Recently, several studies showed that several OBPs have different odorant 

specificities (Du and Prestwich 1995; Kim et al., 1998; Danty et al., 1999; Wojtasek 

and Leal, 1999; Plettner et al., 2000; Pophof 2004;, Sakurai et al., 2004; Xu et al., 

2005). In addition, specific olfactory receptors are also expressed in specific areas of 

the olfactory organ (Nakagawa et al., 2005; Vosshall, et al., 2000). These 

observations suggest that these proteins might participate in odor detection by 

restricting access of odorants to the underlying receptors. The pheromone binding 

proteins in the silk moth, Bombyx mori, were found to bind and release bombykol in 

a pH-dependent manner, providing evidence that some OBPs may function as 

transporters that transport odorants or pheromones to their receptors (Wojtasek and 

Leal, 1999; Sakurai et al., 2004). Pophof (2004) found that three different types of  
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pheromone-binding proteins are present at high concentrations in the sensilla 

trichodea of the silkmoth Antheraea polyphemus, whereas only one PBP is present 

in the sensilla trichodea of the silkmoth Bombyx mori. The silkmoth Bombyx mori  

contains two pheromone receptor neurons, one of which is tuned to bombykol, the 

other to bombykal. Using electrophysiological recordings of tip-opened sensilla, 

Pophof (2004) examined the responses of the receptor neurons to various 

pheromones in the presence of expressed PBPs. Pophof (2004) found that the 

responses are dependent on the complex of pheromone with the PBP and that the 

combination of pheromones with Bombyx mori PBPs elicits a stronger response than 

pheromones solubilized by DMSO. Moreover, Nakagawa et al. (2005) showed that 

PBPs were expressed in support cells surrounding the sensory neurons that express 

the BmOR1 and BmOR3 pheromone receptors, respectively. They also showed that 

these ORs respond to pheromones in a dose-dependent way. Thus, they suggested 

that the PBP is possibly involved in pheromone detection by carrying pheromones 

and thereby lowering the threshold concentration for activation of these ORs.  

The most direct evidence for interaction between an OBP and an OR comes 

from the LUSH protein. Flies that lack the LUSH OBP encoding the Obp76a gene 

failed to avoid high concentrations of ethanol, which were repellent to wild-type flies 

(Kim et al., 1998). This demonstrated that OBPs perform an important odor-specific 

function in Drosophila olfaction. By using electrophysiological and behavioral 

experiments, Xu et al. (2005) found that lush mutants do not respond to the  
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pheromone 11-cis-vaccenyl acetate, suggesting that LUSH may recognize both 

ethanol and this pheromone. Kruse et al. (2003) obtained the crystal structure of the 

alcohol-binding site of this OBP. The Or67d receptor, expressed in a subset of 

trichoid sensilla, has been identified as the receptor for 11-cis-vaccenyl acetate (Ha 

and Smith, 2006; Kurtovic et al., 2007). LUSH appears to be essential for delivering 

this pheromone to its receptor. 

Despite the characterization of LUSH, the functions of the majority of OBPs in 

olfaction are still unclear. It is possible that odorant receptors respond to lower 

odorant concentrations in the presence of the corresponding OBPs. There is 

evidence that OBPs are involved in the perception of odors related to food resources 

and that these genes contribute to Drosophila sechellia’s specialization to the fruit, 

Morinda citrifolia. Matsuo et al. (2007) found that Obp57d and Obp57e knock-out 

flies of Drosophila melanogaster showed a behavioral change in response to odors 

produced by the ripe fruit of Morinda citrifolia, hexanoic acid and octanoic acid that 

Drosophila sechellia is attracted to while the other Drosophila species are repelled. 

Additionally, by introducing Obp57d and Obp57e from Drosophila simulans and 

Drosophila sechellia into Drosophila melanogaster Obp57d/e knock-out flies, Matsuo 

et al. (2007) observed a change in oviposition site preference from Drosophila 

melanogaster to their original species, Drosophila simulans and Drosophila sechellia. 

These results again indicate that Obp genes are involved in odor recognition and 

odor-guided behavior.  
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 OBPs may also protect odorants from degradation or facilitate deactivation of 

noxious odorant stimuli (Pelosi and Maida, 1995). OBPs also function as a 

transducer or a component of the ligand that activates receptors (Laughlin et al., 

2008). Kaissling (1985) found that PBPs are present at high concentrations in the 

sensillum lymph and that the pheromone and PBP complex has a low dissociation 

constant, which establishes an environment without free pheromone molecules and 

suggests that the complex between the PBP and the pheromone could possibly 

stimulate the receptor cell. Recently, Laughlin et al. (2008) indeed showed that 

LUSH activates the pheromone receptor only when it binds to the pheromone 11-cis-

vaccenyl acetate (cVA). Either LUSH or the pheromone cVA alone cannot activate 

the corresponding Or67d receptor. Laughlin et al. (2008) demonstrated that binding 

of LUSH to cVA causes a conformational change in LUSH, which changes the 

activity of LUSH to activate the pheromone receptor. This is not the case for the 

recognition of alcohol by LUSH. There is no conformational change for the alcohol-

LUSH complex. The mechanism for recognizing alcohol by LUSH is clearly different 

from that for cVA (Stowers and Logan, 2008).  

 

 OBP genes are possible pleiotropic genes 

Two interesting studies for genes involved in chemosensation affecting 

starvation resistance and life span have been reported. In Caenorhabditis elegans, 

mutations that ablate gustatory and olfactory neurons showed altered life span and  
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regulated life span (Alcedo and Kenyon, 2004). Alcedo and Kenyon (2004) 

demonstrated that environmental cues regulate the life span of C. elegans through 

chemosensory neurons. Likewise, in Drosophila, ablation of odorant receptor Or83b 

impairs olfaction, while changing adult metabolism, enhancing stress resistance and 

increasing life span, indicating that olfaction exerts effects on physiology and life 

span (Libert et al., 2007). These findings indicated that chemoreceptor genes may 

affect traits other than olfactory behavior. In previous studies in Drosophila, altered 

expression of some Obp genes were found associated with starvation resistance 

(Harbison et al., 2005), mating (Obp56a, Pbprp3, Obp50e, Obp56g, Obp59c, 

Obp83c, Obp99c, Pbprp2, Pbprp5) (McGraw et al., 2004); alcohol tolerance after 

exposure to alcohol (Morozova et al., 2006) (lush, Obp19a, Pbprp1-5, Obp99d); 

copulation latency (Obp8a, Obp18a, Obp19c, Obp44a, Obp50b-c, Obp51a, Obp56a, 

Obp56d, Obp57a-c, Obp83c, Obp99b-c) (Mackay et al., 2005); and aggression 

(Obp99d) (Edwards et al., 2006).  Altered expression also was observed as a 

consequence of  pleiotropic effects arising from single P-element induced mutations 

that affect olfactory behavior (eight Obps including Obp99a and Obp99b) (Anholt et 

al., 2003). These results have shown altered regulation of Obps, but we do not know 

whether these effects on physiology and other odor-guided behaviors are causal.   
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Natural Variation in Olfactory Behavior 

Olfactory behavior is an important component of the Drosophila behavior 

repertoire. Large multi-gene chemoreceptor families, including Obp genes and Or 

genes are responsible for odor recognition and discrimination (Hekmat-Scafe et al., 

2002; Robertson et al., 2003). Extensive individual variation in olfactory perception 

and behavior has been observed in natural populations of Drosophila (Mackay et al., 

1996; Lavagnino et al., 2008) and in humans (Keller et al., 2007). Naturally occurring 

genetic variation in these genes may affect individual variation in olfactory behavior 

(Keller et al., 2007). Meanwhile, functional redundancy of these chemoreceptor 

genes makes the phenotypic effect of a single gene hard to detect and allows 

individual variation to evolve without compromising overall olfactory ability.   

Drosophila is an ideal model organism to study natural variation in olfactory 

behavior for several reasons: Drosophila possesses odor-guided behaviors that are 

easily observed and quantified under controlled laboratory conditions (Mackay and 

Anholt, 2006); Drosophila can be used for population studies of odor-guided 

behaviors, because natural populations of Drosophila harbor substantial genetic 

variation for individual variation in complex traits (Falconer and Mackay, 1996; 

Mackay and Anholt, 2006), including olfactory behavior; large numbers of individuals 

can be inbred to generate lines with a common genetic background and reared 

under controlled environmental conditions (Anholt et al., 2001; Mackay and Anholt, 

2006). 
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In Drosophila, olfactory behavioral assays have been developed to quantify 

phenotypic variation. These olfactory behavioral assays are based on either a choice 

test, including Y- or T-maze assays, (Rodrigues and Siddiqi, 1978; Ayyub et al., 

1990), chemosensory jump assay (Helfand et al., 1989; McKenna et al., 1989; 

Diagana et al., 2002), olfactory trap assay (Woodard et al., 1989) or a ‘dipstick’ 

assay (Anholt et al., 1996).  

 The underlying mechanism of individual variation in olfactory behavior is 

unclear. Previous studies focused on assessing variation in olfactory behavior in 

natural populations (Mackay et al., 1996; Lavagnino et al., 2008). In Drosophila, 

Mackay et al (1996) examined genetic variation in response to the commonly used 

odorant, benzaldehyde, in a natural population. They detected significant genetic 

variation among these lines. The low genetic correlation between the sexes 

demonstrated that different loci affect naturally occurring variation in olfactory  

response to benzaldehyde in males and females. Likewise, Lavagnino et al. (2008) 

studied larval and adult olfactory behaviors in response to benzaldehyde from six 

natural populations of Drosophila in Argentina. They found that there was significant 

variation within populations for both larvae and adults. In addition, Keller et al. (2007) 

reported that a polymorphism in the human olfactory receptor, OR7D4, is 

responsible for variation in perception of steroidal odors among human subjects. 

However, little is known of how naturally occurring allelic variation of OBPs affects 

individual variation in olfactory behavior in response to various odorants. In this 
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dissertation I will describe how polymorphisms in Obp genes contribute to individual 

variation in olfactory behavior.  

I will address four questions: first, I will ask whether Obp genes follow similar 

or different evolutionary trajectories. I used wild-derived inbred lines to capture 

naturally occurring genetic variation in these Obp genes. By applying molecular 

population genetic analyses of the sequences, I was able to detect polymorphisms 

and sequence divergence, and infer the forces of historical selection acting on these 

Obp genes. Second, I investigated whether polymorphisms in these genes are 

associated with variation in olfactory responsiveness to a commonly used odorant, 

benzaldehyde. I measured behavioral responses in these wild-derived inbred lines   

to quantify natural variation in olfactory behavior. Using association analyses, I 

identified single nucleotide polymorphisms that are associated with olfactory 

behavior in response to this odorant and examined how SNPs in coding and non-

coding regions might affect phenotypic variation in olfactory behavior. This was 

accomplished using model predictions of alternative pre-mRNA secondary structures 

associated with polymorphic sites. Third, I asked to what extent polymorphisms in 

these Obp genes affect natural variation in olfactory behavior in response to a 

structurally similar odorant, acetophenone and whether the associated SNP patterns 

are the same or different for these acetophenone and benzaldehyde. I identified 

SNPs associated with variation in olfactory behavior in response to acetophenone 

and compared these SNPs with those associated with variation in olfactory  
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responsiveness to benzaldehyde. Finally, I provided evidence that OBPs harboring 

SNPs associated with variation in olfactory behavior to benzaldehyde and 

acetophenone indeed contribute functionally to the recognition of these odorants by 

using molecular approaches, including RNAi-mediated gene silencing and qRT-PCR.  
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ABSTRACT 

Adaptive evolution of animals depends on behaviors that are essential for their 

survival and reproduction. The olfactory system of Drosophila melanogaster has 

emerged as one of the best characterized olfactory systems, which in addition to a 

family of odorant receptors contains an approximately equal number of odorant 

binding proteins (Obps), encoded by a multigene family of  51 genes. Despite their 

abundant expression, little is known about their role in chemosensation, largely due 

to the lack of available mutations in these genes. We capitalized on naturally 

occurring mutations (polymorphisms) to gain insights into their functions. We 

analyzed the sequences of 13 Obp genes in two chromosomal clusters in a 

population of wild-derived inbred lines, and asked whether polymorphisms in these 

genes are associated with variation in olfactory responsiveness. Four 

polymorphisms in three Obp genes exceeded the statistical permutation threshold 

for association with responsiveness to benzaldehyde, suggesting redundancy and/or 

combinatorial recognition by these Obps of this odorant. Model predictions of 

alternative pre-mRNA secondary structures associated with polymorphic sites 

suggest that alterations in Obp mRNA structure could contribute to phenotypic 

variation in olfactory behavior. 
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INTRODUCTION 

Interactions with the chemical environment provide a sensitive target for 

forces of natural selection, as evident from the rapid evolution of odorant receptors 

(ROBERTSON et al. 2003; YOUNG et al. 2004). Drosophila provides an excellent model 

system for studies on olfaction due to its well-established genetics and the relative 

simplicity of its olfactory system. Although numerically simpler than the mammalian 

olfactory system in terms of the number of olfactory sensory neurons, the functional 

organization of the olfactory system of Drosophila is similar (HALLEM et al.  2004). 

Olfactory sensory neurons in sensilla of the third antennal segments or maxillary 

palps form convergent projections onto output neurons in ~43 glomeruli in the 

antennal lobe (VOSSHALL et al. 2000). Individual neurons express one, or rarely two, 

odorant receptors from a repertoire of 62 Or genes (CLYNE et al. 1999; VOSSHALL et 

al. 1999). Uniquely expressed odorant receptors dimerize with the common Or83b 

receptor, which is essential for transport and insertion of odorant receptors in the 

chemosensory dendritic membrane (LARSSON et al. 2004; BENTON et al. 2006). 

Olfactory sensory neurons that express the same odorant receptor converge on the 

same antennal lobe glomerulus (GAO et al. 2000; VOSSHALL et al. 2000; BHALERAO  

et al. 2003).  

 Odorants must dissolve in the aqueous perilymph to reach their cognate 

membrane-associated odorant receptors. Their solubilization and transport is 

thought to be mediated by odorant binding proteins (Obps) that are secreted by  
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support cells. The Drosophila genome encodes 51Obps with different spatial 

patterns of expression (MCKENNA et al. 1994; PIKIELNY et al.1994; GALINDO and 

SMITH 2001), which contain a characteristic structural signature of conserved 

cysteines (GRAHAM and DAVIES 2002; HEKMAT-SCAFE et al. 2002).  

  Altered regulation of expression of different subsets of Obps has been 

observed following mating (MCGRAW et al. 2004); exposure to starvation stress 

(HARBISON et al. 2005); during the development of alcohol tolerance after exposure 

to alcohol (MOROZOVA et al. 2006); as a correlated response to artificial selection for 

divergent levels of copulation latency (MACKAY et al. 2005) and aggression 

(EDWARDS et al. 2006); and as a consequence of pleiotropic effects arising from 

single P-element induced mutations that affect olfactory behavior (ANHOLT et al. 

2003).  

Whereas the role of Obps in pheromone recognition has been clearly defined 

for several insect systems, the precise functions of these abundantly expressed 

proteins in olfaction remain obscure. Ligand specificities (whether broadly or 

narrowly tuned), interactions with odorant receptors (for which there remains scant 

evidence to date), interrelationships among Obps with overlapping molecular 

response profiles and their functional correspondence (if any) with odorant receptors, 

the significance of altered expression of some Obps in aggression (EDWARDS et al. 

2006), mating behavior (MCGRAW et al. 2004; MACKAY et al. 2005) and alcohol 

sensitivity (MOROZOVA et al. 2006), all pose as yet unresolved questions. To date,  
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only one Obp in Drosophila melanogaster, encoded by Lush, has been 

characterized functionally (KIM et al. 1998; XU et al. 2005). Flies homozygous for a 

deletion of the Lush gene do not avoid repellant concentrations of short chain 

alcohols (KIM et al. 1998) and do not respond behaviorally or electrophysiologically 

to the aggregation pheromone 11-cis-vaccenyl acetate (XU et al. 2005). The Or67d 

receptor, expressed in a subset of trichoid sensilla, has been identified as the 

receptor for 11-cis-vaccenyl acetate (HA and SMITH, 2006; KURTOVIC et al., 2007). 

Lush appears to be essential for delivering this pheromone to its receptor. Other 

insights into the functions of Obps come from a recent study reporting that a 

polymorphism in Obp57e in D. sechellia determines preference for its host plant,  

Morinda citrifolia; and that D. melanogaster knock-out flies for Obp57e and Obp57d 

showed altered behaviors to hexanoic and octanoic acid produced by this plant  

(MATSUO et al.  2007). 

 Functional studies on Obps have been hampered by the lack of Obp mutants, 

with the exception of Lush. Furthermore, if odorant recognition by Obps is 

combinatorial, as is the case for odorant recognition by mammalian odorant 

receptors (MALNIC et al. 1999), functional redundancy may render a laborious “one 

gene at a time” approach less than satisfactory, as it would provide only partial 

insights into the role of any one member of this multigene family in mediating 

olfactory behavior.  

 We devised a strategy to overcome these challenges by taking advantage of  
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naturally occurring mutations that have arisen during evolution and that segregate as 

polymorphic variants in nature. We established isofemale lines from a natural 

population and inbred them for 20 generations, thus minimizing genetic variation 

within lines while retaining naturally occurring variation among the lines. We 

sequenced 13 Obp genes, located in two chromosomal clusters on the second and 

third chromosome, and used statistical tests for deviations from neutrality to assess 

patterns of selection. We then assessed whether polymorphisms in these 13 Obp 

genes were associated with naturally occurring variation in olfactory response to a 

standard test odorant, benzaldehyde. Finally, we show that SNPs in regulatory and 

coding regions that are associated with variation in chemosensory behavior can 

impact the predicted structure of pre-mRNA.  

 

MATERIALS AND METHODS 

Drosophila stocks: Isofemale lines were created from flies collected from a 

natural Raleigh (NC) population in 2002 and inbred by 20 generations of full sib 

mating to create 193 inbred lines. Flies were reared on cornmeal-molasses-agar 

medium under standard culture conditions of 25oC, 70% humidity, and a 12 hour 

light/dark cycle.  

OBP sequences: Genomic DNA was extracted with the Puregene DNA 

extraction kit (Gentra, Minneapolis, MN) and PCR primers were designed to amplify 

overlapping coding regions and 5’ and 3’ untranslated regions of the Obp genes  
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(Obp56a-i and Obp99a-d) for Drosophila melanogaster and for a Drosophila 

simulans line originally collected in Florida by Dr. Jerry Coyne. PCR products were 

purified using Qiaquick columns (Qiagen Inc. Valencia, CA) and amplified samples 

were sequenced. Sequences were aligned with the Vector NTI Suite 9.0 program 

(Informax, Frederick, MD) to identify polymorphic sites. Singletons were excluded 

from the association and LD analyses.  

Molecular population genetics: Neutrality tests were performed using the 

DnaSP 4.10.3 program (ROZAS et al. 2003) (http://www.ub.es/dnasp). The 

Drosophila simulans line originally collected in Florida by Dr. Jerry Coyne was 

compared to the sequences from the D. melanogaster population for the HKA test 

(HUDSON et al.1987). Estimates of Tajima’s D (TAJIMA 1993), Fu and Li’s D* and F* 

(FU and LI 1993), and Fay and Wu’s H (FAY and WU 2000) take into account the 

calculated population recombination rate (HUDSON 1987). Coalescent simulation was 

used to estimate P values (two-tailed tests) with 103 coalescent simulations of an 

infinite site locus conditioned on the sample size; these simulations are implemented 

for a fixed number of segregating sites. Linkage disequilibrium between SNPs was 

analyzed using TASSEL 2.0 software (http://sourceforge.net/projects/tassel). 

Fisher's Exact Test was used to determine whether the pairs of sites were in 

significant LD.  

Behavioral assays: Olfactory behavior was quantified by measuring 

responses to the standard odorant, benzaldehyde, in a well established ‘dipstick’  
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assay that we (ANHOLT et al. 1996; MACKAY  et al. 1996; FANARA  et al. 2002) and 

others (DEVAUD 2003; STOCKINGER et al. 2005) have used previously. Pilot 

experiments on five of the lines over a range of benzaldehyde concentrations 

established that a concentration of 3.5% (v/v) provided optimal resolution for 

evaluating variation in olfactory behavior in these lines. We measured olfactory 

behavior of 4-10 day-old non-virgin flies from 193 wild-derived inbred lines in single-

sex groups of five flies/replicate and 10 replicates/sex. All assays were conducted 

between 2:00 and 4:00 pm in a behavioral room at 25oC and 70% humidity under 

white light. The experimental design was randomized such that measurements on 

individual lines were collected over several days to average environmental variation. 

Theoretically a score of 2.5 reflects indifference to the odorant. Note, however, that 

the precise determination of the boundary between indifference and attraction or 

avoidance is determined statistically when for example the distribution of scores 

from mutants is compared to that of a control. 

Locomotor reactivity was assessed by JORDAN et al. (2007) by subjecting 

single flies to a mechanical disturbance by tapping the vial twice against a table, and 

recording the amount of time the fly is active in the 45 sec immediately following the 

disturbance.   

Quantitative genetic analysis of olfactory behavior: We used ANOVA to 

partition sources of variation in olfactory behavior according to the model Y = µ + L + 

S+ L×S + E, where µ is the overall mean, L is the random effect of line, S is the fixed  
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effect of sex, L×S is the random effect of line by sex, and E is environmental error. 

The total genotypic variance among lines was estimated as σG
2= σL

2 + σLS
2, where 

σL
2 is the among-line variance component and σLS

2 is the variance for the line by sex 

interaction. The total phenotypic variance was estimated as σP
2= σL

2 + σLS
2 + σE

2, 

where σE
2 is the environmental variance component. Broad sense heritability was 

estimated as H2 = (σL
2 + σLS

2)/(σL
2 + σLS

2 + σE
2) (CARBONE et al. 2006).  Narrow 

sense heritability was estimated as h2 = σA
2/(σA

2 + σE
2), where σA

2 = 0.5 (σL
2 + σLS

2) 

(FALCONER and MACKAY 1996). The genetic correlation between males and females 

was calculated as rMF = covMF/σMσF, where covMF  is the covariance of line means for 

the two sexes and σM and σF are the square roots of the genotypic variances for 

each sex. Analyses of variance and tests of significance were calculated using the 

Proc GLM procedure, and variance components were estimated using the Proc 

VARCOMP procedure in SAS (SAS INSTITUTE, CARY, NC).  

Genotype-phenotype associations: Association between polymorphisms 

and line means for olfactory behavior were analyzed using two way factorial ANOVA 

with the model Y= µ + S + M + M×S + E, in which µ is the overall mean, marker (M) 

and sex (S) are fixed effects and E indicates error variance. We used permutation 

tests to determine random distributions under the null hypotheses of no association 

between Obp genotypes and olfactory behavior in response to benzaldehyde 

(CHURCHILL and DOERGE, 1994). We performed two different permutation tests. To 

assess whether we observed more significant associations with olfactory behavior  
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for each gene than expected by chance, we permuted the phenotypes among the 

markers 1000 times and recorded the number of significant associations at P < 0.05 

for each permuted data set. To identify particular polymorphic sites with significant 

associations with behavior, we similarly permuted the data 1,000 times and recorded 

the lowest P-value of each permuted data set. In both cases we used the 5% 

significance threshold of the permuted data sets to give an empirical Type I error 

rate that accounts for multiple tests.  

In cases where more than one polymorphism in a gene was associated with 

olfactory behavior, we tested for associations between haplotypes of these variants 

and line means for olfactory behavior by two-way ANOVA with the model Y= µ + S + 

H + H×S + E, in which haplotype (H) and sex (S) are fixed factors and E indicates 

error. We conducted post-hoc analyses using least square means to assess the 

effect of haplotypes and Tukey tests to control the experiment-wise error rate.  

The additive variance attributable to a marker polymorphism (σAM
2) was 

estimated as σAM
2 = 2pqa2, where a is one-half the difference in mean olfactory 

behavior between homozygous genotypes for the marker, q is the frequency of the 

rare marker allele, and p = 1−q (FALCONER and MACKAY 1996).   

Prediction of RNA secondary structure: Secondary structures of the full 

length mRNA and pre-mRNA molecules transcribed from Obp99a, Obp99c and 

Obp99d genes were predicted using Mfold and Afold, as described previously 

(NACKLEY et al.2006; SHABALINA et al. 2006). Energy minimization was performed by  



 
 

 

65 

 

a dynamic programming method that finds the secondary structure with the minimum 

free energy with sums comprised of factors that include stacking and loop length 

(NACKLEY et al. 2006; SHABALINA et al. 2006). The RNA folding parameters were 

published by the Turner group (MATHEWS et al. 1999). Suboptimal stem-loop 

structures were analyzed by the Hybrid program (NAZIPOVA et al. 1995).  

 

RESULTS 

Molecular population genetics of Obp genes: Odorant receptors evolve 

rapidly to adapt to changes in the chemical environment (ROBERTSON et al. 2003; 

YOUNG et al. 2004). Since Obps are the first components of the insect olfactory 

system to encounter odorants, they might also be expected to undergo rapid 

adaptive evolution. The interaction between the chemical environment and an 

organism, however, is not constant, as different chemical signals become relevant 

during different developmental stages, under different physiological conditions, and 

during different social interactions (e.g. courtship and mating). This raises the 

question whether different members of the Obp gene family follow similar or diverse 

evolutionary trajectories.  

 To address this question, we sequenced alleles of 13 Obp genes organized in 

two representative chromosomal clusters, Obp56a-i on the second chromosome, 

and Obp99a-d on the third chromosome, in wild-derived inbred lines of Drosophila 

melanogaster. We initially sequenced 50 alleles of each gene. Preliminary analyses  
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suggested associations with members of the Obp99 gene family and olfactory 

behavior (see below); therefore, we obtained additional sequences of 143 alleles for 

the Obp99 genes. We observed 299 single nucleotide polymorphisms (SNPs) and 

18 insertion/deletion (indel) polymorphisms in this sample of Obp genes, with 154 

and 163 polymorphic sites in the Obp56 and Obp99 gene clusters, respectively 

(Table 1). SNP numbers were highly variable, ranging from only a single SNP in 

Obp56f to 76 SNPs in Obp99c (Table 1).  

 Consistent with the large variation in SNP numbers among genes of similar 

size in the same genomic regions, estimates of nucleotide diversity (the average 

number of pairwise differences between sequences (π) and the number of 

segregating sites (θw)) vary over an order of magnitude among the Obp genes 

(Table 1), suggesting that Obps have experienced different evolutionary histories. 

We applied tests for deviation from selective neutrality to members of the Obp56 and 

Obp99 gene clusters (HUDSON et al. 1987; MCDONALD and KREITMAN 1991; TAJIMA 

1993; FU and LI 1993; FAY and WU 2000) (corrected for the estimated recombination 

rate, R (HUDSON 1987)). Null alleles of Obp56c that contain a premature stop codon 

at predicted amino acid position 17 segregate in this population with an allele 

frequency of 0.06. Since we expected these null alleles not to be under selection, we 

did not include them in tests for deviation from neutrality. Seven of the 13 Obp genes 

exhibited signatures of departure from neutrality (Obp56a, Obp 56c, Obp56g, 

Obp56h, Obp99b, Obp99c, Obp99d; Tables 1 and 2), although none of P-values of  
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these tests survive a strict Bonferroni correction for multiple tests. Tajima’s D was 

significant for Obp99c, Fu and Li’s D* for Obp56g and Obp56h and F* for Obp99c 

and Obp99d. No significant deviation from neutral expectations was detected by the 

HKA test and Fay and Wu’s H test statistic indicated a recent selective sweep for 

Obp56c (Table 1). The McDonald-Kreitman test showed deviations from neutrality 

for Obp56a, Obp99b and Obp99d (Table 2). For five Obp genes (Obp56g, Obp56h, 

Obp99b, Obp99c, Obp99d) the departure from neutrality was such that there were 

more polymorphisms segregating at intermediate frequency than expected under 

neutral mutation-drift balance, which could be attributable to balancing selection. In 

contrast, Obp56a and Obp56c show evidence of rapid evolution. Since there is no 

LD between Obp56a and Obp56c, the signatures of positive selection experienced 

by these two genes are likely not due to hitchhiking (Table S1).  

Pairwise comparisons of linkage disequilibrium (LD) between polymorphic 

sites for the Obp56 and Obp99 genes (except the highly conserved Obp56f) show 

evidence of extensive historic recombination within each gene cluster. However, 

there are regions exhibiting LD between genes within each cluster, e.g. Obp99c and 

Obp99d (Fig. 1; Table S1), although long range LD is not common. We did not 

observe significant LD between polymorphisms in the Obp56 cluster and those in 

the Obp99 cluster (the Bonferroni corrected significance threshold is P< 2.68 E-6). 

The diagrams in Fig. 1 also illustrate the differences in SNP densities among these 

genes. 
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The pattern of polymorphisms in Obp99d contains an unusually large number 

of non-synonymous substitutions (23 out of 28), many of which occur at intermediate 

frequencies at adjacent nucleotide positions, generating extensive amino acid 

diversity (Table S2). This unusual pattern of SNPs is not caused by a tandem 

polymorphic duplication of Obp99d (data not shown), and is consistent with the 

inference of balancing selection acting on this gene (Tables 1 and 2).   

 Quantitative genetics of olfactory behavior: We quantified naturally 

occurring variation in olfactory behavior among the 193 Raleigh inbred lines and 

observed broad variation in responsiveness to benzaldehyde, which appeared 

normally distributed and ranged from attractant (<<2.5) to repellant responses (>> 

2.5) (Fig. 2a). To test whether the low responses were specific to olfactory behavior 

or due to a general deficit in locomotion, we assessed the correlation between 

locomotor behavior in response to a mechanical stimulus, which exhibits 

considerable inbreeding depression (JORDAN et al. 2007), and olfactory behavior in 

these lines. The correlation between locomotion scores and olfactory response 

scores was not significantly different from zero (Fig. 2b). Thus, the variation in 

olfactory behavior cannot be explained by inbreeding depression for general 

locomotor impairment.   

 ANOVA shows significant variation in olfactory behavior between males and 

females, among lines, and for the sex-by-line interaction (Table 3). The 

environmental error variance component (σE
2) is high (0.621) demonstrating the  
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sensitivity of olfactory behavior to uncontrollable environmental variance. The line 

variance component (σL
2) is also high (0.435), reflecting substantial genetic variation 

among lines. The estimate of broad sense heritability (H2) is H2 = 0.441. Assuming 

strict additivity, the estimate of narrow sense heritability (h2) is h2 = 0.283. This value 

is larger than previously estimated in a different population (MACKAY et al. 1996; h2 = 

0.084 and 0.134 for chromosome 1 and chromosome 3 substitution lines,. 

respectively). The substantial genetic component to variation in olfactory behavior 

provides a favorable scenario for association analysis. The significant sex-by-line 

interaction term indicates that there is variation in sexual dimorphism in the response 

to benzaldehyde, although the cross-sex genetic correlation (rMF = 0.893; Table 3) is 

higher than observed in a previous study of chromosome substitution lines (MACKAY 

et al. 1996).  

Association of polymorphisms in Obp genes with olfactory behavior: 

We used a two-step strategy to identify polymorphisms in Obp genes that are 

associated with olfactory responsiveness to benzaldehyde. First, we conducted 

association tests with 50 lines, and used permutation analysis to estimate the 

number of associations one would observe by chance for each gene. We then 

compared the expected number of random associations with the observed number 

of associated polymorphic markers to identify Obp genes for further analysis. 

Obp99a and Obp99d showed a higher number of associations than expected by 

chance (Table S3). Therefore, we focused our efforts on the Obp99 cluster, and  
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obtained DNA sequences for an additional 143 alleles from the same population.  

 Association analyses with 193 alleles for each of the four Obp99 genes 

revealed individual genotype-phenotype associations with olfactory responsiveness 

that exceeded the permutation threshold for multiple testing in Obp99a, Obp99c and 

Obp99d (Table 4, Fig. 3). Since we found a significant Line by Sex interaction when 

we analyzed phenotypic variation in olfactory behavior in this population, we 

included a Marker by Sex interaction term in the association model. However, none 

of the significant SNPs had significant Marker by Sex interactions. The effects of the 

SNPs on olfactory behavior are quite large, ranging from 0.40–1.33 genetic standard 

deviation units and 0.26–0.88 phenotypic standard deviation units in the population 

of inbred lines. However, if we assume strict additivity, the individual polymorphisms 

only explain 3-6% of the total additive variance in olfactory behavior (Table 4).  

Polymorphic markers C75G in Obp99a and C141G in Obp99c are located in 

introns, whereas markers G67A and T78G in Obp99d are in the coding region. The 

G67A SNP results in a glutamine to lysine substitution, whereas the T78G SNP is 

synonymous. These SNPs are in LD (P < 0.0001). In addition, the C29A SNP in 

Obp99d is near the permutation threshold for statistical significance (Fig. 3). This 

nonsynonymous substitution changes a cysteine into tyrosine, thereby eliminating a 

cysteine that could contribute to the formation of a structurally important disulfide 

bond. This SNP is in substantial LD (P < 0.01) with T78G. Haplotype analysis of the 

G67A and T78G polymorphisms in Obp99d shows a significant difference in  
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phenotypic values between haplotypes GT (71% frequency) and AG (5% frequency) 

in Obp99d (Fig. 3). The observed differences in phenotypic values between these 

haplotypes were the same for both sexes.  

 Our results implicate Obp99a, Obp99c and Obp99d in the recognition of 

benzaldehyde and suggest that these Obps are either redundant for the recognition 

of this odorant, or more likely, that Obps recognize odorants in a combinatorial 

manner similar to odorant recognition by odorant receptors (MALNIC et al. 1999). 

Thus, a given odorant would interact with multiple Obps with different affinities in a 

concentration-dependent manner and a given Obp would recognize multiple 

odorants based on its molecular response profile. 

 

Effects of polymorphisms associated with olfactory behavior on 

predicted secondary pre-mRNA structure: To gain insights into the mechanism 

by which synonymous or non-coding SNPs could affect phenotypic variation in 

olfactory behavior, we predicted secondary structures for pre-mRNA molecules 

transcribed from alternative SNP genotypes. The C75G polymorphism in Obp99a is 

located in an intron. Frequent local secondary structures predicted for sequences 

with C and G in position 75 are very similar except for the pairing in position 75, 

where C is paired and G is not paired (Fig. 4). Position 75 in Obp99a pre-mRNA is 

close to the splice site (35 bp upstream from the exon/intron boundary), and the 

different predicted RNA structures could potentially affect splicing (SOLNICK 1985). 
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The C141G polymorphism in Obp99c is also located in an intron. Different stable 

structures are predicted for Obp99c sequences with nucleotides C and G in position 

141, where C is paired with a higher probability (P = 0.56) than G (P = 0.18) (Fig. 4; 

Table S4). It is interesting that G in position 141 is frequently unpaired in suboptimal 

secondary structures, although G has the highest potential for base pairing among 

all four nucleotides.  

 The three common haplotypes formed by SNPs at positions 67 and 78 of 

Obp99d produce different optimal local secondary structures (Fig. 4), although the 

free energy for the local secondary structures in this region does not differ 

dramatically (from −133.9 to −126.5 kcal/mol, Fig. 4). Structure predictions for 

Obp99d mRNAs showed that nucleotides in positions 67 (G67A, a non-synonymous 

polymorphism) and 78 (T78G, a synonymous polymorphism) are frequently involved 

in the neighboring stem-loop structures and modulate base pairing of neighboring 

nucleotides (Fig. 4). Nucleotides G and A in position 67 have different potentials for 

base pairing for the different haplotypes (P = 0.7 for G67/T78, P = 0.61 for G67/G78 

and P = 0.05 for A67/78G, respectively, Table S4). The rarest haplotype (A67/T78) 

has a dramatically different potential for base pairing in position 78 (P = 0.2 for T78, 

Table S4) compared to the three more common haplotypes. Since these 

polymorphisms are in strong LD, we can not infer whether the effect on olfactory 

behavior is due to a structural change in the protein or the mRNA. 
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DISCUSSION 

  We have used a population genetics approach in conjunction with behavioral 

measurements to identify Obps that recognize benzaldehyde, while at the same time 

gaining insights in the history of natural selection, mutation and recombination of 

members of the Obp multigene family. Sequence analyses showed that not all Obps 

share the same evolutionary history. While patterns of polymorphism in five Obps do 

not depart from those expected under neutral mutation – random drift balance, 

statistical tests for deviations from neutrality identify signatures of positive selection 

or balancing selection for seven Obps. These diverse evolutionary trajectories may 

result from the diversity of biological functions influenced by Obps. Differential 

expression of Obps has been observed in lines artificially selected for aggression 

(EDWARDS et al. 2006), alcohol sensitivity (MOROZOVA et al. 2006), copulation latency 

(MACKAY et al. 2005) and starvation stress resistance (HARBISON et al.  2005).  

 Sequence analyses showed that Obps have different evolutionary histories 

and statistical tests for deviations from neutrality identify different signatures of 

selection for seven Obps. The neutrality tests used detect signatures of selection 

over different evolutionary time scales (SABETI et al. 2006); this is most likely the 

reason that inferences regarding selection were not consistent for the different tests. 

Tajima’s D (TAJIMA 1993) and Fu and Li’s D* (FU and LI 1993) tests are based on 

different sensitivities of summary measures of nucleotide diversity within a species 

to a selective sweep and have different powers to detect departure from neutrality.  
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Fay and Wu’s H test (FAY and WU 2000) analyzes high frequency derived alleles as 

a signature of a recent selective sweep and, thus, extends over a recent 

evolutionary period as high-frequency derived alleles rapidly reach fixation (SABETI et 

al. 2006). The results of these tests may be confounded by demographic history. 

Changes of population size can affect Tajima’s D (TAJIMA 1993) and Fu and Li’s D* 

(FU and LI 1993) tests. Populations that have undergone a population growth in 

population size have a similar compressed genealogy to populations that are under 

positive selection; Tajima’s D (TAJIMA 1993) and Fu and Li’s D* (FU and LI 1993) 

statistics are expected to be negative in both cases. Positive Tajima’s D (TAJIMA 

1993) and Fu and Li’s D* (FU and LI 1993) statistics are expected for populations 

undergoing recent bottleneck of population size, which increases in θ. Population 

subdivision can confound Fay and Wu’s test by generating a non-significant H 

statistic. In contrast, the McDonald and Kreitman test (MCDONALD and KREITMAN 

1991) compares the ratios of non-synonymous and synonymous substitutions within 

and among species and detects deviations from neutrality that persist over a long 

evolutionary time. Perhaps the best indicators of the diverse patterns of evolution of 

Obp genes are the different levels of nucleotide diversity in closely linked genes that 

presumably experience similar mutation and recombination rates (Fig. 1).   

 Behavioral responses to benzaldehyde showed a greater range of phenotypic 

variation than observed previously with standard inbred laboratory stocks, and were 

elicited at a higher concentration of benzaldehyde. Olfactory responses were not  
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correlated with locomotor reactivity scores, indicating that low olfactory response 

scores did not result from locomotor impairments due to inbreeding depression. 

ANOVA showed significant variation in sexual dimorphism but a high genetic 

correlation between the sexes (rMF = 0.893; Table 3). Variation in sexual dimorphism 

in avoidance responses to benzaldehyde has also been observed previously in 

chromosome substitution lines (MACKAY 1996) and among co-isogenic P-element 

insertion lines that affect olfactory behavior (ANHOLT et al. 1996; SAMBANDAN et al. 

2006).  

The extensive phenotypic variation in our wild-derived inbred population 

provided a favorable scenario for association analyses. We detected associations 

with SNPs in Obp99a, Obp99c and Obp99d which implicate these Obps in 

recognition of benzaldehyde. However, we only examined about 25% of the Obp 

gene family and it is likely that additional Obps would contribute to phenotypic 

variation in the response to this odorant. It should be noted that Obps that interact 

with odorants, such as benzaldehyde, but for which there is no segregating variation 

in the population under study, would go undetected by our approach. Furthermore, 

the detection power for associations depends on the sample size and additional 

associations that make a smaller contribution to the observed phenotypic variation 

might be detected if the population size were expanded. Similarly, our analysis to 

date has focused on only the commonly used test odorant benzaldehyde. Expanding 

this analysis to include the entire family of Obp genes with a battery of odorants  
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would enable a comprehensive characterization of ligand specificities of the Obp 

family. However, our experiments with a single odorant and a limited number of Obp 

genes already show that the recognition of benzaldehyde by Obps is redundant and 

likely combinatorial, reminiscent of odorant recognition by odorant receptors (MALNIC 

et al. 1999). Functional redundancy may allow the persistence of segregating null 

alleles in the population, observed by us and others (TAKAHASHI and TAKANO-SHIMIZU 

2005).      

 Previous association studies in Drosophila have implicated SNPs in non-

coding regions of Catsup in phenotypic variation in sternopleural bristle number, 

environmental plasticity of abdominal bristle number, and starvation resistance 

(CARBONE et al. 2006). SNPs associated with variation in longevity, locomotor 

behavior, starvation resistance and bristle number have been identified also in 

functional regions of the protein (CARBONE et al. 2006). Tests for association of SNPs 

in Obp genes and responsiveness to benzaldehyde revealed four polymorphisms 

implicating three Obps, all within the Obp99 cluster, in the recognition of this odorant. 

Whereas non-synonymous SNPs in coding regions of Obp genes can affect ligand 

binding by introducing variation in protein structure, the most parsimonious 

explanation for the phenotypic effects of synonymous SNPs and SNPs in regulatory 

regions would be alterations in mRNA structure. Indeed, structure predictions of 

mRNAs encoded by alternative haplotypes of Obp99d show that a single base 

substitution can have a profound effect on secondary mRNA structure (Fig. 4), which  
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could affect its transport, splicing, ribosome binding or translation efficiency (KIMCHI-

SARFATY et al. 2007). Our theoretical predictions of causal effects of altered mRNA 

structures on the behavioral phenotype, however, will need to be supported 

experimentally in the future. 

 Elegant electrophysiological studies have generated molecular response 

profiles of odorant receptors in the Drosophila antennae and maxillary palps and 

shown that a single odorant can activate multiple odorant receptors (DE BRUYNE et al. 

1999; HALLEM et al. 2004; CARLSON and HALLEM 2006). Thus far, the function of 

Obps in odorant recognition has remained enigmatic, as there is no clear correlation 

between expression patterns of Obps and odorant receptors. The population 

genetics approach described here represents a first step towards defining molecular 

recognition profiles of the Obp family. Such information together with the expression 

patterns of odorant receptors of known response profiles will, ultimately, clarify how 

these olfactory gene families interact in enabling the fly to sense its chemical 

environment. 
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Table 1. Population genetic parametersa.  

Genes Lengthb(bp) 
Polymorphisms 

π θw 
Diverg-
ence 

D D* F* HKA H R 
Indel      SNPs 

Obp56ac 789 4 19 0.004 0.006 0.047 –0.911 –1.029 –1.172 0.054 –3.546 0.001 

Obp56bc 476 0 9 0.004 0.004 0.050 –0.271 0.693 0.446 0.861 –2.371 21.90 

Obp56cc 896 0 23 0.004 0.006 0.040 –0.257d –0.136d –0.210d 0.117d –4.860d,e 12.40d 

Obp56df 666 0 23 0.011 0.008 0.041 1.327 1.077 1.381 1.742 –1.716 7.600 

Obp56ec 617 1 16 0.008 0.006 0.060 0.897 0.366 0.648 0.052   0.865 11.50 

Obp56fc 432 0 1 0.001 0.001 0.017 0.622  0.543 0.654 3.197   0.245 - 

Obp56gc 464 1 16 0.011 0.008 0.119 1.240   1.160e 1.405 0.175 –0.607 11.30 

Obp56hc 463 3 19 0.008 0.010 0.018 –0.708   1.316e 0.731 0.188 –1.747 4.700 

Obp56ic 481 0 19 0.008 0.009 0.066 –0.348 –1.029 –0.941 0.663   0.297 14.80 

Obp99ag 676 1 34 0.008 0.008 0.038   0.183   1.228 0.958 0.212 –0.039 77.70 

Obp99bg 560 0 16 0.004 0.005 0.021 –0.371 –0.253 –0.358 0.082 –1.596 39.20 



 
 

 

87 

 

Table 1. (continued) 

 

a, Obp genes that show significant deviation from neutrality are indicated in bold font.  

b,  gene length includes 5’ UTR, introns, exons, and 3’ UTR.  

c, denotes values obtained from 50 lines.  

d, denotes values obtained from 47 lines, in which three lines with premature stop codons were removed from the 

analyses.  

e, P < 0.05.  

 f,  49 lines were used for the analysis of Obp56d.  

g, denotes values obtained from 193 lines.  Analyses were based on total DNA sequence, including both coding and 

non-coding sequences. 

Genes Lengthb(bp) 
Polymorphisms 

π θw 
Diverg-
ence 

D D* F* HKA H R 
Indel      SNPs 

Obp99cg 1049 8 76 0.018 0.012 0.054   1.446e   0.895 1.373e 0.395 –2.489 28.80 

Obp99dg 414 0 28 0.015 0.012 0.074 0.810 1.554 1.502e 0.074 –1.216 20.80 
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Table 2. McDonald-Kreitman testsa 

 

a Obp genes that show significant deviation from neutrality are indicated in bold font. 

b denotes values obtained from all 193 lines. 

 

 

Genes 

Synonymous 
substitutions 

Non-synonymous 
substitutions 

P value 
Between 
Species 

Within 
Species 

Between 
Species 

Within 
Species 

   Obp56a          2 7 10 3 0.0274 

Obp56b 8 7 4 2 0.6594 

Obp56c 16 9 2 6 0.1015 

Obp56d 5 8 6 3 0.3870 

Obp56e 6 4 5 4 1.0000 

Obp56f 3 0 4 0 - 

Obp56g 16 7 24 3 0.1548 

Obp56h 1 5 2 11 1.0000 

Obp56i 13 7 14 11 0.7600 

Obp99ab 8 9 2 2 1.0000 

Obp99bb 6 5 0 6 0.0427 

Obp99cb 2 17 2 7 0.5741 

Obp99db 15 8 8 22 0.0064 
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Table 3. Variance components and quantitative genetic parameters from 

ANOVA of olfactory behavior in response to benzaldehyde 

 Source df MS F-value Pr> F Variance components 

  Sexes pooled Sex 1 30.0540 48.37            <0.0001    

 Line 192 9.8724 15.89           <0.0001                    0.435  

 Sex*Line 192 1.1698          1.88             <0.0001                    0.055 

 Error  0.6214               0.621  

   Female Line 192 4.9498 7.70 <0.0001             0.431 

 Error 1737 0.6431               0.643  

   Male Line 192 6.0925 10.16     <0.0001             0.549  

 Error 1737 0.5996               0.600 

   COVMF                  0.434  

   H2                  0.441 

   rMF                  0.893 
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Table 4. Associations of Obp99 genotypes with olfactory behavior 

Parameter 

Estimate 

Obp99a 

C75G 

Obp99c 

C141G 

Obp99d 

G67A 

Obp99d 

T78G 

q a 0.036 0.161 0.057 0.280 

2a b 0.93 0.35 0.51 0.28 

2a/σG 
c 1.33 0.50 0.73 0.40 

2a/σP 
d 0.88 0.33 0.48 0.26 

σAM
e

  0.015 0.008 0.007 0.008 

σ AM /σA
f 0.061 0.034 0.028 0.032 

 

a Frequency of rare allele. 

b Difference in mean olfactory behavior between homozygous genotypes for 

common and rare alleles.  

c Absolute values of the effects, expressed in genetic standard deviation units.  

d Absolute values of the effects, expressed in phenotypic standard deviation units.  

e Additive genetic variance attributable to the marker.  

f Fraction of total additive genetic variance attributable to the marker. 
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Figure 1. LD in the Obp56 and Obp99 clusters. Boxes below the diagonal reflect R2 

values for all possible marker combinations and boxes above the diagonal indicate 

the corresponding P values. Obp gene structures are denoted at the top by the 

horizontal line with exons represented by blue boxes, 5’-untranslated regions by 

orange boxes, and 3’-untranslated regions by white boxes. Introns are represented 

by the intervening line. The numbers in the circles indicate the number of 

polymorphisms contained in individual introns, exons, and untranslated regions. 

Since singletons have been excluded from the LD analysis, the number of 

polymorphisms for each gene indicated in this figure is sometimes lower than the 

number listed in Table 1. 
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Figure 1. 
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Figure 2. Distribution of mean olfactory response scores for male and female flies of 

193 wild-derived inbred lines (a) and lack of correlation between olfactory response 

scores and locomotion scores (b). Olfactory responses were measured at an 

odorant concentration of 3.5% (v/v) benzaldehyde. A score of 2.5 reflects 

indifference to the odorant. In contrast to laboratory stocks, responses in this wild-

derived population range from attractant (<< 2.5) to strong avoidance (>> 2.5). Blue 

and pink bars indicate scores for males and females, respectively. The correlation 

between olfactory responses and locomotion scores, shown in (b) is r = 0.144 for 

males (blue symbols) and r = 0.020 for females (pink symbols). 
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Figure 3. Associations between polymorphisms in Obp99a, c and d with variation in 

behavioral responses to benzaldehyde. The Obp99a, c and d gene structure are 

schematically represented above each graph with blue boxes representing exons, 

orange boxes 5’-untranslated regions, white boxes 3’ -untranslated regions, and the 

intervening black line introns. The purple horizontal line indicates the significance 

threshold determined by permutation tests. Arrowheads indicate the locations of 

SNPs with significant phenotypic associations. The bar graphs show variation in 

olfactory behavior in response to benzaldehyde associated with four haplotypes 

corresponding to the two associated markers in Obp99d. Data were analyzed by 

ANOVA and haplotypes that differ significantly in olfactory behavior in response to 

benzaldehyde were identified by Tukey’s test and are indicated with different letters 

above the bars.  
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Figure 3. 
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Figure  4.  Predicted local stem-loop structures associated with polymorphic 

markers C75G in Obp99a, C141G in Obp99c, and G67/T78, G67/G78 and A67/G78 

in Obp99d. The local stem-loop structures in Obp99d modulate base pairing of their 

neighbors in ~100-nt window around positions 67 and 78. Free energies of local 

secondary structures for G67/T78 = -132.5 kcal/mol, for G67/G78 = -133.9 kcal/mol, 

and for A67/G78 = -126.5 kcal/mol.   
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Figure 4.  
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ABSTRACT 

Chemical recognition is essential for survival and reproduction. Adaptive evolution 

has resulted in diverse chemoreceptor families, in which polymorphisms contribute 

to individual variation in chemosensation, while simultaneously preserving 

comprehensive chemosensory ability through combinatorial odorant recognition in a 

functionally redundant system. To gain insights into the genetic determinants of 

individual variation in odorant recognition, we measured olfactory responses to two 

structurally similar odorants in a population of wild-derived inbred lines of Drosophila 

melanogaster.  Odorant binding proteins (OBPs) are the first components of the 

insect olfactory system to encounter odorants. Previously four single nucleotide 

polymorphisms (SNPs) in the Obp99 group were associated with variation in 

olfactory responses to benzaldehyde. Here, we identify six different SNPs that are 

associated with variation in responses to a structurally similar odorant, 

acetophenone, in the same Obps. Five SNPs are in coding regions of Obp99b and 

Obp99d and one SNP is in the 3’untranslated region of Obp99a (A610G). We 

performed functional tests to validate the statistical associations. We found that the 

610G allele is associated with higher response scores to acetophenone than the 

610A allele, but with lower expression of Obp99a. Furthermore, RNAi-mediated 

reduction of Obp99d expression results in reduced behavioral responses to 

acetophenone. Our results show that the same OBPs contribute to combinatorial 

odorant recognition, but differ in the magnitude of their effects on phenotypic  
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variation in responses to the two odorants, and different SNPs generate odorant-

specific individual variation. Thus, dual olfactory recognition where OBPs regulate 

odorant access to receptors may enhance olfactory discrimination. 

 

INTRODUCTION 

Adaptive evolution in diverse chemical environments has resulted in large multi-gene 

chemoreceptor families, including odorant binding protein (Obp) genes, odorant 

receptor (Or) genes and gustatory receptor (Gr) genes (1, 2). Polymorphisms in 

these chemoreceptor genes contribute to individual variation in chemosensory 

behavior (3, 4). At the same time, combinatorial recognition of odorants generates 

functional redundancy, which allows individual variation without compromising 

overall olfactory ability. Consequently, even segregating null alleles of 

chemoreceptor genes can be maintained within a population (4, 5). Drosophila 

melanogaster presents a favorable model for investigating the genetic basis of 

individual variation in olfactory discrimination, because the genome can be 

manipulated readily. Furthermore, flies can be inbred, which enables repeated 

behavioral measurements on identical genotypes under controlled environmental 

conditions. In addition, both the olfactory and gustatory systems of Drosophila have 

been well characterized (6, 7). Convergent projections of olfactory neurons 

expressing distinct odorant receptors have been mapped to specific glomeruli in the 

antennal lobe (8, 9), and detailed electrophysiological studies on transgenic flies  
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have identified molecular response profiles of a large fraction of the odorant receptor 

repertoire (10). Surprisingly, however, behavioral responses to odorants do not 

necessarily conform to predictions based on electrophysiological response profiles 

(11).   

 

Whereas Drosophila odorant receptors have been studied extensively, less is known 

about the function of odorant binding proteins (OBPs) in mediating odor recognition 

and olfactory discrimination. OBPs are secreted by support cells in olfactory sensilla 

into the aqueous perilymph that surrounds olfactory dendrites and are thought to 

facilitate solubilization and transport of hydrophobic odorants, thereby either 

promoting or limiting access of odorants to odorant receptors (12). For example, the 

pheromone binding protein of the silk moth, Bombyx mori, binds and releases 

bombykol in a pH-dependent manner at the membrane interface (13, 14). In 

Drosophila melanogaster, an OBP, Lush, is essential for activation of the Or67d 

receptor by the pheromone cis-vaccenyl acetate in trichoid sensilla of the Drosophila 

third antennal segment (15, 16). Binding of the pheromone causes a conformational 

transition in Lush, which enables this OBP to activate the Or67d receptor (17).  Lush 

also interacts with short chain alcohols, but recognition of alcohols by Lush does not 

involve a conformation change and, thus, proceeds via a different mechanism (18).  

 

Polymorphisms in Obp genes can serve as a substrate for natural selection and  
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contribute to speciation. A polymorphism in Obp57e is responsible for differences in 

host plant preference between D. sechellia and D. melanogaster. D. melanogaster 

flies lacking the Obp57e and Obp57d genes were no longer repelled by hexanoic 

and octanoic acid, toxins produced by Morinda citrifolia, the host plant for D. 

sechellia. Here, inactivation of an Obp gene has enabled D. sechellia to occupy a 

specialist evolutionary niche (19). Differences in expression levels between Ors and 

Obps between D. sechellia and D. simulans have also been reported and postulated 

to contribute to the evolution of host plant preferences (20). 

 

Despite the demonstrated importance of OBPs in pheromone and host plant 

recognition, little is known about how naturally occurring allelic variation in Obp 

genes affects individual variation in olfactory behavior. Previously, we identified 

polymorphisms associated with natural variation in olfactory behavior to 

benzaldehyde in Obp99a, Obp99c and Obp99d in a population of wild-derived 

inbred lines of D. melanogaster (4). These studies indicated that these OBPs 

recognize benzaldehyde in a combinatorial manner, similar to odorant recognition by 

mammalian odorant receptors (21). This observation enables us to begin to explore 

OBP odorant response profiles using a population genetics approach that capitalizes 

on naturally occurring mutations with a behavioral read-out. As a first step, we asked 

whether variation in responses to odorants that are chemically similar would be 

associated with the same or overlapping sets of OBPs and, if so, whether the same  
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or different polymorphisms in these OBPs would contribute to individual variation for 

olfactory behavior in response to these odorants. We focused on genes of the 

Obp99 group, previously associated with phenotypic variation in response to 

benzaldehyde. We obtained complete sequences of these genes from 297 inbred 

lines from the same wild-derived inbred population of Drosophila melanogaster, and 

measured variation in olfactory behavior to acetophenone, which is structurally 

similar to benzaldehyde. We find that overlapping sets of OBPs contribute to 

combinatorial odorant recognition for these two odorants, but that different SNPs are 

associated with odorant-specific individual variation. Our results suggest that 

modulation of odorant access to their cognate receptors by OBPs may enhance 

discriminatory ability of the Drosophila olfactory system. 

 

RESULTS 

Phenotypic variation in olfactory behavior in an inbred wild-derived D. 

melanogaster population 

 Previously, we identified polymorphisms in Obp99a, c and d that were associated 

with variation in olfactory responsiveness to benzaldehyde in a population of inbred 

wild-derived lines of D. melanogaster. To assess to what extent the same 

polymorphisms would be associated with variation in olfactory responsiveness to a 

structurally closely related odorant, we measured 185 lines in the same inbred lines 

plus an additional 112 lines from the same population behavioral responses to  
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acetophenone. This odorant differs from benzaldehyde in a methyl group which 

transforms the aldehyde group on the benzene ring into an acetyl moiety (Fig. 1a, 

inset). Behavioral responses to acetophenone showed a similar broad range of 

phenotypic variation within this population as previously observed for benzaldehyde 

(Fig. 1a) (4). Response scores for the two odorants showed significant correlations 

between behavioral responses to benzaldehyde and acetophenone both for males 

and females (Fig. 1b). Analysis of variance of responses to acetophenone shows 

significant variation for Line, Sex, and the Sex by Line interaction term 

(Supplementary Table 1). The environmental error variance component σE
2 is high 

(0.70) similar to that measured previously for benzaldehyde (0.62) (4), which reflects 

the sensitivity of olfactory behavior to environmental variance, as expected for this 

trait. There is, however, a substantial genetic contribution to the observed 

phenotypic variation with broad sense heritability H2 = 0.29 (Supplementary Table 1), 

which presents a favorable scenario for association analyses. The significant Sex by 

Line interaction term indicates sexual dimorphism in the response to acetophenone, 

similar to that observed previously for benzaldehyde. However, the cross-sex 

genetic correlation is high (rMF = 0.90; Supplementary Table 1).  
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Identification of polymorphisms associated with variation in olfactory 

responsiveness to acetophenone 

To identify polymorphisms in Obp99 genes that could be associated with olfactory 

responsiveness to acetophenone, we obtained and aligned complete DNA 

sequences for these four genes from 297 fly lines (256 lines from 287 lines for 

Obp99c). We used ANOVA of line means to assess whether polymorphic markers 

were associated with variation in olfactory behavior in response to acetophenone. 

Association analyses revealed individual genotype-phenotype associations for 

olfactory responsiveness to acetophenone that exceeded the Bonferroni threshold 

for multiple testing in Obp99a, Obp99b and Obp99d (Fig. 2). Six SNPs are 

associated with variation in response to acetophenone, four of which are located in 

the exon of the Obp99d gene, including G29A (a cysteine-tyrosine substitution in the 

computationally predicted signal peptide), T192G (a synonymous substitution), 

G293A (an arginine-glutamine substitution), and G363A (a synonymous substitution). 

The other two SNPs were in the 3’untranslated region of the Obp99a gene (A610G) 

and a synonymous substitution in the exon of the Obp99b gene (C384T). Haplotype 

analysis of Obp99d revealed that the mean olfactory response is greater for 

haplotype AGAA than haplotypes GTGG, GGGA and GTAA (Supplementary Figure 

1). Since we found a significant Line by Sex interaction when we analyzed 

phenotypic variation in olfactory behavior in this population (Supplementary Table 1), 

we included a Marker by Sex interaction term in the association model. However,  
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none of the significant SNPs had significant Marker by Sex interactions. 

Polymorphisms in the Obp99d gene are of particular interest as McDonald-Kreitman 

tests (22) reveal a strong signature of balancing selection for this gene (4; 

Supplementary Table 2). 

 

We estimated the fraction of the total genotypic variance attributable to each marker 

associated with olfactory behavior to acetophenone (Table 1). We found that G29A 

in the Obp99d gene contributes 25% of the total variance, while the remaining SNPs 

each explain 6-11% of the total genotypic variance. Linkage disequilibrium analysis 

shows that G29A, which changes a cysteine into a tyrosine in the signal peptide, is 

in strong linkage disequilibrium with the other three SNPs in Obp99d and the SNP in 

the adjacent Obp99b gene that are also associated with olfactory behavior in 

response to acetophenone (Supplementary Figure 2; P < 0.0001).  

 

The six SNPs associated with variation in olfactory response to acetophenone are 

distinct from those previously found to be associated with variation in response to 

benzaldehyde (indicated by orange bars in Fig. 2). Our results implicate Obp99a and 

Obp99d (and possibly Obp99b, although the association in this Obp gene could be 

due to linkage disequilibrium with the SNPs in Obp99d) in the recognition of 

acetophenone. Obp99a, Obp99c and Obp99d are associated with recognition of 

benzaldehyde (4). These results corroborate our previous assessment that OBPs  
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recognize odorants in a combinatorial manner (4) and indicate that structurally 

similar odorants can interact with overlapping sets of OBPs, but that variation in their 

interactions is governed by distinct polymorphic sites.  

 

Effects of SNPs in non-coding regions on Obp gene expression 

Non-synonymous SNPs in coding regions can affect interactions between OBPs and 

their ligands by modifying the structure of the protein. Synonymous SNPs in coding 

regions (assuming that they are not in linkage disequilibrium with non-synonymous 

SNPs) might affect the structure and stability of mRNA (4, 23), whereas SNPs in 

regulatory regions could affect transcript levels. The effect of the synonymous SNP 

in Obp99b could be explained by linkage disequilibrium with non-synonymous SNPs 

in Obp99d (Supplementary Figure 2). To test whether the A610G SNP in the 3’ 

untranslated region of Obp99a contributes to phenotypic variation by influencing 

transcript levels, we selected five lines with high response scores to acetophenone 

carrying the 610G allele and five lines with low response scores to acetophenone 

carrying the 610A allele and used qRT-PCR to measure transcript levels in these 

lines (Fig. 3). Surprisingly, we found that lines with high response scores and the 

Obp99a 610G allele had lower mean expression levels of Obp99a than lines with the 

610A allele, which had lower response scores but a higher mean expression level (P 

< 0.01; sexes pooled). It should be noted that this SNP is not associated with 

variation in olfactory behavior in response to benzaldehyde (4). 
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Functional validation of the involvement of OBP99d in recognition of 

acetophenone 

Since SNPs in Obp99d contribute substantially to the total genotypic variance, we 

asked whether a decrease in the expression of Obp99d would result in a 

measurable reduction in olfactory behavior to acetophenone. We used a GAL4-repo 

driver to express RNAi corresponding to Obp99d in a Canton(S) w1118 laboratory 

strain (24) and measured expression levels of Obp99d and responses to 

acetophenone. We observed a significant reduction of expression of Obp99d in the 

GAL4-repo/UAS-Obp99dRNAi line compared to its control (Fig. 4, right panel, P < 

0.0001), concomitant with a reduction in the behavioral response to acetophenone 

(Fig. 4, left panel, P < 0.0001). 

  

DISCUSSION 

Phenotypic variation in olfactory behavior 

 Previously, we characterized natural variation in behavioral responses to a standard 

odorant, benzaldehyde, in 193 inbred wild-derived lines of Drosophila melanogaster 

and identified four polymorphisms in Obp99a, Obp99c and Obp99d that were 

associated with phenotypic variation in olfactory behavior (4). Here, we measured 

responses to a chemically similar compound, acetophenone, in an expanded sample 

of 297 lines, including the 185 lines previously assessed for responsiveness to 

benzaldehyde.  Behavioral responses to these two structurally similar odorants were 
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correlated (Fig. 1b). This correlation likely reflects mostly the structural similarities 

between these compounds rather than generalized differences in olfactory ability 

among the lines, as no significant correlations were observed between responses to 

benzaldehyde or acetophenone and an unrelated odorant, hexanol (data not shown), 

and since we found associations between variation in responses to both odorants 

with SNPs in the same Obp99 genes, Obp99a and Obp99d. Analysis of variance 

showed significant sexual dimorphism but a high genetic correlation between the 

sexes (rMF = 0.9; Supplementary Table 1), as observed previously for responses to 

benzaldehyde (4, 25). It should be noted that additional OBPs not analyzed in this 

study may also contribute to recognition of benzaldehyde and acetophenone, as 

could OBPs which bind these odorants without contributing to phenotypic variation in 

the behavioral response in this population. 

 

Polymorphisms associated with variation in olfactory behavior to 

acetophenone 

We identified six polymorphic markers with significant associations with variation in 

olfactory behavior in response to acetophenone. These markers were distinct from 

those associated with response to benzaldehyde (4) and can be categorized in two 

groups: a single SNP in the downstream regulatory region of Obp99a (A610G), and 

five SNPs in linkage disequilibrium with it, including four SNPs in Obp99d (G29A, 

T192G, G293A, G363A) and one in the adjacent gene Obp99b (C384T). Previous  
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population genetic analyses of Obp99d in this population showed a strong signature 

of balancing selection (4). The G29A polymorphism in Obp99d is of particular 

interest, as it contributes to 25.3% of the genotypic variance (Table 1). The G29A 

polymorphism leads to a cysteine to tyrosine substitution in the computationally 

predicted signal peptide (26). Haplotype analysis shows that the haplotypes GTGG, 

GGGA and GTAA in Obp99d show lower response scores than AGAA, which 

indicates that the replacement of cysteine (first G in GTGG, GGGA, GTAA 

haplotypes) by tyrosine (first A in the AGAA haplotype) critically affects the response 

to acetophenone. It is possible that phenotypic variation arising from the G29A 

polymorphism is due to reduced efficiency of protein folding or secretion of OBP99d.  

 

Functional validations of the statistical associations 

SNPs in regulatory regions could contribute to phenotypic variation by modulating 

transcription, whereas non-synonymous SNPs in coding regions can affect 

secondary mRNA structure (27). We found that allelic polymorphisms in the 

downstream non-coding region of Obp99a are indeed correlated with differences in 

expression levels. Interestingly, greater expression of Obp99a correlated with lower 

responses to acetophenone and vice versa. Conversely, reduction of expression of 

Obp99d by RNAi correlates with reduction in response to acetophenone. The two 

SNPs in Obp99d associated with variation in response to benzaldehyde account for 

only 3% each of this variation, compared to 25% of variation in response to  
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acetophenone contributed by the G29A SNP alone. Therefore, although effects of 

naturally occurring variants need not a priori correlate with the effect of RNAi-

mediated knockdown in the Canton S laboratory strain, it is perhaps not surprising 

that we were not able to resolve significant reductions in response to benzaldehyde 

in the Obp99d RNAi line (Fig 4a).  

 

Odorant binding proteins and olfactory behavior 

Drosophila odorant binding proteins have been implicated as obligatory 

intermediates for pheromone recognition (28) and host plant selection (19). Yet, their 

general functions in olfaction remain poorly characterized. Electrophysiological 

studies have generated detailed response profiles of a large number of odorant 

receptors (10). However, behavioral responses in flies missing a single odorant 

receptor could not be predicted from the physiological responses of this receptor 

(11). Furthermore, responses to odorant receptors expressed in heterologous 

systems were only elicited at high odorant concentrations (29-31). Our association 

analyses between polymorphisms in Obp genes and phenotypic variation in 

responses to two closely related odorants indicate that these odorants interact 

differently with overlapping odorant binding proteins and suggests that modulation of 

odorant access to their cognate receptors by odorant binding proteins enhances 

discriminatory ability of the Drosophila olfactory system.  
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MATERIALS AND METHODS 

Drosophila stocks: We used flies from the same population previously used to 

identify polymorphisms in Obps associated with variation in response to 

benzaldehyde (4). These flies were derived from isofemale lines collected from a 

natural Raleigh (NC) population in 2002 and inbred by 20 generations of full sib 

mating. Flies were reared on cornmeal-molasses-agar medium under standard 

culture conditions of 25oC, 70% humidity, and a 12 hour light/dark cycle. 

 

Obp sequences: DNA sequences for the Obp99 genes were obtained previously for 

185 of the lines (4) and for a D. simulans line originally collected in Florida City (FL) 

by Jerry Coyne to serve as outgroup for McDonald-Kreitman tests (21). To obtain 

sequences for additional lines, genomic DNA was extracted, purified, sequenced 

and analyzed as described previously (4).  

 

Olfactory behavior assay: Olfactory behavior was quantified with the ‘dipstick’ 

method as described previously (4).  All assays were conducted between 2:00 and 

4:00 pm in a behavioral chamber at 25oC and 70% humidity under white light. 

Olfactory behavior of 4-10 day-old flies from 297 wild-derived inbred lines was 

measured in single-sex groups of five flies/replicate and 10 replicates/sex. To 

determine an optimal acetophenone concentration for assessing variation among the 

297 wild-derived inbred lines with maximal resolution, pilot experiments were  
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performed separately on five of the lines over a range of acetophenone 

concentrations.  Subsequently, measurements for each line were obtained at 3.5% 

(v/v) acetophenone in a randomized design over several days to average 

environmental effects.  

 

Quantitative genetic analysis of olfactory behavior: We used ANOVA to partition 

sources of variation in olfactory behavior to acetophenone according to the model Y 

= µ + L + S + L×S + E, where Y is the observed value, µ is the overall mean, L is the 

random effect of line, S is the fixed effect of sex, L×S is the random effect of the line 

by sex interaction, and E is environmental error. The total genotypic variance among 

lines and the broad sense heritability were estimated as described previously (4). 

The genetic correlation between males and females was calculated as rMF = covMF/ 

σMσF, where covMF  is the covariance of line means for the two sexes and σM and σF 

are the square roots of the genotypic variances for each sex (32). Analyses of 

variance and tests of significance were calculated using the Proc GLM procedure, 

and variance components were estimated using the Proc VARCOMP procedure in 

SAS (SAS INSTITUTE, CARY, NC). 

 

Genotype-phenotype associations: Associations between polymorphisms and line 

means were analyzed by two-way factorial ANOVA according to the model Y = µ + S 

+ M + M×S + E, in which Y is the observed value, µ is the overall mean, marker  
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(M) and sex (S) are fixed effects, and E indicates error variance. Similarly, for the 

analysis of haplotypes, we used two-way ANOVA with the model Y = µ + S + H + 

H×S + E, in which haplotype (H) and sex (S) are fixed factors and E indicates error. 

We used least square means to assess the effect of haplotypes on olfactory 

behavior to acetophenone and post hoc Tukey tests to determine the significant 

mean phenotypic differences among haplotypes.  

 

Quantitative reverse transcriptase PCR (qRT-PCR). Flies (8-10 days old) from 

five low responding and five high responding lines with alternative alleles in Obp99a 

associated with variation in response to acetophenone and flies expressing Obp99d-

RNAi and controls were frozen on dry ice. Total RNA was isolated independently 

from three extracts of 25 males and females for each line using Trizol reagent. cDNA 

was generated from 125ng RNA of each sample using the High Capacity cDNA 

Reverse Transcription  kit (Applied Biosystems, Foster City, CA). Expression levels 

of Obp99a were quantified using the SYBR Green method (Applied Biosystems, 

Foster City, CA) on an ABI 7900 instrument. Three technical replicates were 

measured for each extract of each line. The primers used were: for Obp99a, 5’-

CGATCGCTGGAGGAATACAT-3’ and 5’-TTTTTCCCCACTGAATCGAG-3’. 

 

Characterization of RNAi transgenic flies: Transgenic flies containing a UAS-

Obp99d RNAi construct along with the corresponding Canton (S) w1118 control were  
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obtained from Dr. Barry Dickson (Vienna, Austria; http://www.vdrc.at) (24).  

Homozygous transgenic flies containing the UAS-Obp99d RNAi construct were 

crossed to flies carrying a repo-GAL4 driver to drive expression in supporting cells of 

olfactory sensilla that secrete OBPs. To examine expression levels of the target 

genes of Obp99d RNAi lines, RNA was isolated from three extracts, and Obp99d 

RNAi mutant adults and corresponding controls. Expression levels were examined 

by qRT-PCR as described above using the Taqman method (Applied Biosystems, 

Foster City, CA) on an ABI 7900 instrument. Behavioral responses to benzaldehyde 

and acetophenone for all RNAi lines and corresponding controls were measured as 

described above. Phenotypic measurements for RNAi and control lines were 

collected contemporaneously over days or weeks to randomize environmental 

variation. Statistically significant differences from control lines were evaluated by 

two-tailed Student’s t-test.  
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Table 1. Variance components attributable to markers associated with 

olfactory behavior to acetophenone. 

Parameter 

Estimate 

Obp99d 

G29A 

Obp99d 

T192G 

Obp99d 

G293A 

Obp99d 

G363A 

Obp99a 

A610G 

Obp99b 

C384T 

HAll
d 

 

q a 0.098 0.16 0.24 0.236 0.138 0.078  

σM
2 b 0.114 0.046 0.033 0.025 0.033 0.046 0.038 

σM
2/( σM

2+ σE
2)c 0.253 0.117 0.087 0.066 0.087 0.115 0.101 

 

a Frequency of the rare allele.  

b Variance attributable to the marker.  

c Fraction of total variance attributable to the marker.  

d Haplotypes derived from all combinations of haplotypes of the Obp99d gene (HAll). 
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Figure 1. Olfactory responses of 297 wild-derived inbred lines. (a) Distribution of 

mean olfactory response scores for male (black bars) and female (gray bars) flies to 

3.5% (v/v) acetophenone. The inset to panel (a) shows the structural similarity 

between benzaldehyde and acetophenone. (b) Correlations between olfactory 

response scores to acetophenone and benzaldehyde for females (left graph) and 

males (right graph).  
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Figure 2. Associations of polymorphisms in the Obp99 gene group with variation in 

behavioral responses to acetophenone. (a). Relative locations of the four Obp99 

genes on the right arm of the third chromosome (3R) with arrows showing the 

direction of transcription. The distances between the genes are indicated.  (b). 

Schematic representations of the Obp99a, Obp99d, Obp99c and Obp99b genes. 

Blue boxes represent exons, red boxes 5’-untranslated regions, white boxes 3’ -

untranslated regions, and intervening black lines introns. The purple horizontal line 

in each graph indicates the significance threshold for association determined by 

Bonferroni correction for multiple testing. Blue arrowheads indicate the locations of 

SNPs with significant associations with variation in olfactory responses to 

acetophenone. For comparison, orange bars indicate polymorphic markers in the 

same genes previously associated with olfactory response to benzaldehyde in a 

subset of the same lines (4). For Obp99c, the association is obtained from 256 

inbred lines. 
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Figure 2.  
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Figure 3. Correspondence between behavioral response to acetophenone and 

differences in expression of Obp99a correlated with the A and G alleles of the 

A610G SNP. Five high responding lines with the G allele and five low responding 

lines with the A allele of the polymorphic marker A610G in the 3’ untranslated region 

of Obp99a  were selected (left panel) and expression levels of Obp99a were 

assessed (right panel). Mean expression levels across lines with high response 

scores to acetophenone corresponding to the 610G allele showed approximately 

48% lower expression levels of the Obp99a transcript than lines with low response 

scores to acetophenone and the 610A allele (***, P < 0.0001; two-tailed Student’s t-

test).   
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Figure 4. RNAi-mediated reduction of expression of Obp99d and the behavioral 

response to acetophenone. The behavioral response (left panel) and expression of 

Obp99d, measured by qRT-PCR, (right panel) were quantified for the control (w1118) 

and Obp99d-RNAi line. Mean expression of Obp99d was reduced by about 50% in 

the RNAi line and the behavioral response to acetophenone was also reduced (***, 

P < 0.0001; two-tailed Student’s t-test). 
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CHAPTER FOUR 

 

Conclusions  
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Chemical recognition is essential for survival and reproduction.  The olfactory 

system of Drosophila melanogaster has emerged as one of the best characterized 

olfactory systems. Adaptive evolution in diverse chemical environments has resulted 

in large multi-gene chemoreceptor families, including odorant binding protein (Obp) 

genes, encoded by a multigene family of 51 genes, and odorant receptor (Or) genes 

(Hekmat-Scafe et al., 2002; Robertson et al., 2003). Olfactory behavior is a 

quantitative trait, contributed by multiple genes that are sensitive to the environment. 

A single gene may contribute to a small amount of variation, which will be hard to 

detect in the face of functional redundancy and because of sensitivity to 

environmental variation. Importantly, naturally occurring allelic variation in these 

genes may affect individual variation in olfactory behavior (Keller et al., 2007). It is 

necessary that we explore the contribution of polymorphisms in OBP genes to 

individual variation in olfactory behavior, since in Drosophila, OBPs are the first 

component to interact with odorants. 

To gain insights into the genetic determinants of individual variation in odorant 

recognition, we capitalized on naturally occurring mutations (polymorphisms). We 

analyzed the sequences of 13 Obp genes in two chromosomal clusters in a 

population of wild-derived inbred lines. We observed different evolutionary patterns 

among these Obp genes, some of which experience selective forces, including 

balancing selection and positive selection. We then assessed natural variation of 

olfactory behavior in response to benzaldehyde for 193 wild-derived inbred lines  
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from the same population and performed association analyses to identify 

polymorphisms in these genes that are associated with variation in olfactory 

responsiveness to benzaldehyde. Four polymorphisms in three Obp99 genes 

exceeded the statistical permutation threshold for association with responsiveness to 

benzaldehyde, suggesting redundancy and/or combinatorial recognition by these 

Obps of this odorant. Two SNPs are in introns of Obp99a and Obp99c and two 

SNPs are in the coding region of Obp99d. Model predictions of alternative pre-

mRNA secondary structures associated with polymorphic sites suggest that 

alterations in Obp mRNA structure could contribute to phenotypic variation in 

olfactory behavior. Moreover, we measured olfactory responses to another 

structurally similar odorant, acetophenone in a population of 297 inbred wild-derived 

lines of Drosophila melanogaster. We identified six different SNPs in the same Obps 

that are associated with variation in responses to a structurally similar odorant, 

acetophenone. Five SNPs are in coding regions of Obp99b and Obp99d and one 

SNP is in the 3’ untranslated region of Obp99a (A610G). Surprisingly, the 610G 

allele is associated with higher response scores to acetophenone than the 610A 

allele, but lower expression of Obp99a. Furthermore, RNAi-mediated reduction of 

Obp99d expression results in reduced behavioral responses to acetophenone. Thus, 

the same OBPs contribute to combinatorial odorant recognition, but different SNPs 

generate odorant-specific individual variation. Dual olfactory recognition where 

OBPs regulate odorant access to receptors may enhance discrimination and help 
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explain discrepancies between electrophysiologically determined odorant receptor 

response profiles and behavioral measurements. 

 
Future Directions 

This work provides us a better understanding about effects of naturally 

occurring genetic variation on individual variation in olfactory behavior. However, 

since we only examined a portion of Obp genes in a whole OBP repertoire of 51 

genes, the results may not give an entire view of effects of naturally occurring allelic 

variation on olfactory behaviors. To provide complete description of how these 

genes affect natural variation in olfactory behavior, since our strategy prove to be 

validated, it is necessary to expand these investigations to the whole OBP repertoire 

using a similar approach. Functional studies on Obps have been hampered by the 

lack of Obp mutants. However, with the generation of OBP RNAi lines, it will be 

possible to identify ligand specificities for a large number of OBPs in Drosophila, and 

even in other insect species using behavioral and eletrophysiological approaches. 

Such complementary approaches, i.e. functional population genetics and RNAi 

mediated gene silencing can define the molecular response properties of OBPs to 

odorants and may also provide a better understanding of the interrelationships 

between OBPs and ORs. Odorant recognition by Obps appears to be combinatorial, 

as is the case for odorant recognition by mammalian odorant receptors (Malnic et 

al., 1999). However, behavioral responses to odorants involve not only odorant 

receptors and signaling molecules, but other genes as well (Anholt et al., 1996,  
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2003). The responses to odorants involve multiple genes and variation in the 

expression of any of these genes can generate individual variation in olfactory 

behavior within a natural population. Thus, whole genome association studies using 

multiple sequenced genomes would be helpful to better understand natural variation 

in olfactory behavior.  
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Appendix 2.1 

Table S1. Pairwise comparisons of LD in the Obp56 cluster and Obp99 cluster.  

 P < 0.01 P < 0.001 P <0.0001 
Total number of 
Comparisons 

Obp56 cluster     

a, b 26 13 4 120 

a, c 0 0 0 255 

a, d 11 0 0 315 

a, e 2 0 0 225 

a, g 5 0 0 240 

a, h 1 0 0 315 

a, i 2 0 0 180 

b, c 1 0 0 136 

b, d 12 0 0 168 

b, e 1 0 0 120 

b, g 1 0 0 128 

b, h 0 0 0 168 

b, i 0 0 0 96 

c, d 24 11 6 357 

c, e 15 11 8 255 

c, g 15 6 0 272 

c, h 0 0 0 357 

c, i 0 0 0 204 

d, e 28 5 2 315 
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Table S1. (continued)  

 P < 0.01 P < 0.001 P <0.0001 
Total number of 
Comparisons 

d, g 2 0 0 336 

d, h 2 0 0 441 

d, i 0 0 0 252 

e, g 1 1 0 240 

e, h 2 0 0 315 

e, i 0 0 0 180 

g, h 3 0 0 336 

g, i 0 0 0 192 

h, i 1 0 0 252 

 

Obp99 cluster 

    

a, b 4 0 0 429 

a, c 335 187 119 2442 

a, d 43 21 6 924 

b, c 16 1 1 962 

b, d 79 48 28 364 

c, d 129 35 11 2072 
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Appendix 2.2 

Table S2. Polymorphic markers in Obp genes. 

 

Markera Polymorphism Location q (N)b 

Obp56a    

M1 T-11C (Thr-Ala) 5’-UTR 0.120 (6) 

M2 A43G Exon1 0.160 (8) 

M3 A73T Intron 0.140 (7) 

M4 Del95In (2bp) Intron 0.140 (7) 

M5 A113G Intron 0.180 (9) 

M6 T118A Intron 0.040 (2) 

M7 G242A Intron 0.040 (2) 

M8 In263Del (16bp) Intron 0.060 (3) 

M9 C319T Exon2 0.080 (4) 

M10 C379T Exon2 0.040 (2) 

M11 A502C Exon2 0.200 (10) 

M12 G503A (Val-Met) Exon2 0.440 (22) 

M13 G505T  Exon2 0.060 (3) 

M14 G508C Exon2 0.200 (10) 

M15 T734A  3’-UTR 0.040 (2) 

Obp56b    

M1 G137T Exon2 0.060 (3) 

M2 A167G Exon2 0.200 (10) 

M3 T320C Exon2 0.180 (9) 

M4 T367C (Val-Ala) Exon2 0.060 (3) 

M5 G410A Exon2 0.060 (3) 

M6 T430A (Phe-Tyr) Exon2 0.080 (4) 
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Table S2. (continued) 

Markera Polymorphism Location q (N)b 

M7 C437T Exon2 0.180 (9) 

M8 T464C Exon2 0.220 (11) 

Obp56c    

M1 T6C Exon1 0.280 (14) 

M2 G49T (Glu-Stop) Exon1 0.060 (3) 

M3 A219C Intron1 0.360 (18) 

M4 T286A (Met-Lys) Exon2 0.060 (3) 

M5 A296C Exon2 0.060 (3) 

M6 C319T (Pro-Leu) Exon2 0.300 (3) 

M7 A334G (Asn-Ser) Exon2 0.060 (15) 

M8 G356A Exon2 0.040 (3) 

M9 C404A Exon2 0.300 (2) 

M10 A530C Intron2 0.240 (15) 

M11 T686C Exon3 0.060 (12) 

M12 C701A Exon3 0.060 (3) 

M13 C774T (Arg-Cys) Exon3 0.040 (3) 

M14 G815A Exon3 0.440 (2) 

M15 G881A Exon3 0.080 (22) 

M16 T883G (Leu-Arg) Exon3 0.040 (4) 

M17 A895G 3’-UTR 0.300 (2) 

Obp56d    

M1 C-34T 5’-UTR 0.440 (21) 

M2 C36A Exon1 0.380 (19) 

M3 T48C Exon1 0.160 (8) 

M4 T59A Intron 0.340 (17) 
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Table S2. (continued) 

Markera Polymorphism Location q (N)b 

M5 G63T Intron 0.200 (10) 

M6 T73A Intron 0.200 (10) 

M7 A76G Intron 0.180 (9) 

M8 C128G (Leu-Val) Exon2 0.060 (3) 

M9 G139A Exon2 0.060 (3) 

M10 C193T Exon2 0.160 (8) 

M11 A283G Exon2 0.340 (17) 

M12 T285C (Ile-Thr) Exon2 0.140 (7) 

M13 G307A Exon2 0.220 (11) 

M14 T418A Exon2 0.100 (5) 

M15 G427A Exon2 0.040 (2) 

M16 C454T Exon2 0.500 (25) 

M17 A472C 3’-UTR 0.300 (15) 

M18 T475G 3’-UTR 0.280 (14) 

M19 T487C 3’-UTR 0.280 (14) 

M20 T513A 3’-UTR 0.340 (17) 

M21 G514T 3’-UTR 0.320 (16) 

Obp56e    

M1 In-24Del (10bp) 5’-UTR 0.200 (10) 

M2 A-23C 5’-UTR 0.300 (15) 

M3 C28A (Leu-Ile) Exon1 0.040 (2) 

M4 C79A Intron 0.060 (3) 

M5 C80G Intron 0.060 (3) 

M6 C88A Intron 0.060 (3) 

M7 T108C Intron 0.380 (19) 
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Table S2. (continued) 

Markera Polymorphism Location q (N)b 

M8 C111T Intron 0.380 (19) 

M9 G116C Exon2 0.360 (18) 

M10 T143A Exon2 0.300 (15) 

M11 G149A Exon2 0.060 (3) 

M12 C274G (Thr-Ser) Exon2 0.360 (18) 

M13 A326G Exon2 0.500 (25) 

M14 A464T 3’-UTR 0.360 (18) 

M15 G562A 3’-UTR 0.400 (20) 

Obp56f    

M1 A90T Intron 0.200 (10) 

Obp56g    

M1  C33T Exon1 0.100 (5) 

M2 C72T Intron 0.300 (15) 

M3 A74G Intron 0.140 (7) 

M4 C82A Intron 0.480 (24) 

M5 In83Del (7bp) Intron 0.480 (24) 

M6 A110T Intron 0.440 (22) 

M7 A122T Intron 0.460 (23) 

M8 T150C Exon2 0.460 (23) 

M9 G186A Exon2 0.480 (24) 

M10 C195T Exon2 0.240 (12) 

M11 C237G Exon2 0.400 (20) 

M12 T249C Exon2 0.060 (3) 

M13 C291T Exon2 0.040 (2) 
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Table S2. (continued) 

Markera Polymorphism Location q (N)b 

M14 A337G (Ile-Val) Exon2 0.120 (6) 

M15 C404T (Ala-Val) Exon2 0.040 (2) 

M16 T455C (Phe-Ser) Exon2 0.060 (3) 

Obp56h    

M1 T19G (Cys-Gly) Exon1 0.060 (3) 

M2 A33T Exon1 0.060 (3) 

M3 T37C (Phe-Leu) Exon1 0.060 (3) 

M4 In61Del(4bp) Intron 0.040 (2) 

M5 G68C Intron 0.060 (3) 

M6 T74G Intron 0.080 (4) 

M7 G75A Intron 0.060 (3) 

M8 Del78In(3bp) Intron 0.060 (3) 

M9 A92T Intron 0.100 (5) 

M10 C177A (Ala-Asp) Exon2 0.080 (4) 

M11 C193G (Phe-Leu) Exon2 0.080 (4) 

M12 A222C (Lys-Thr) Exon2 0.160 (8) 

M13 C274T Exon2 0.380 (19) 

M14 C276T (Thr-Ile) Exon2 0.040 (2) 

M15 A295T Exon2 0.280 (14) 

M16 G298T (Gln-His) Exon2 0.040 (2) 

M17 A319G Exon2 0.080 (4) 

M18 A336C (Lys-Thr) Exon2 0.080 (4) 

M19 G404C (Asp-His) Exon2 0.180 (9) 

M20 G439C (Glu-Asp) Exon2 0.060 (3) 
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Table S2. (continued) 

Obp99a    

M1          A-55G   5’-UTR 0.171 (33) 

M2          A-31G   5’-UTR 0.383 (74) 

M3          C-19A   5’-UTR 0.497 (96) 

M4          T-16G   5’-UTR 0.083 (16) 

M5          G-14T   5’-UTR 0.316 (61) 

M6          G50A   Intron 0.078 (15) 

M7          A61C   Intron 0.041 (8) 

M8          G63T   Intron 0.052 (10) 

 

Markera Polymorphism Location q (N)b 

M21 A457T Exon2 0.120 (6) 

Obp56i    

M1 A13G (Thr-Ala) Exon1 0.400 (20) 

M2 A45T Exon1 0.420 (21) 

M3 T59A (Phe-Tyr) Exon1 0.040 (2) 

M4 C60T (Phe-Tyr) Exon1 0.040 (2) 

M5 C328T Exon2 0.040 (2) 

M6 A343G Exon2 0.040 (2) 

M7 C358G (Ile-Met) Exon2 0.260 (13) 

M8 A374T (Thr-Ser) Exon2 0.040 (2) 

M9 T377C (Tyr-His) Exon2 0.300 (15) 

M10 A436G  Exon2 0.480 (24) 

M11 G448T (Lys-Asn) Exon2 0.080 (4) 

M12 A456G (Gln-Arg) Exon2 0.460 (23) 
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Table S2. (continued) 

 

M9 C75G Intron 0.036 (7) 

M10 A86G Intron 0.052 (10) 

M11 C88A Intron 0.026 (5) 

M12 C90T Intron 0.021 (4) 

M13 G149A Exon2 0.477 (92) 

M14 C152A Exon2 0.036 (7) 

M15 G191A Exon2 0.052 (10) 

M16 A214G (Lys-Arg) Exon2 0.078 (15) 

M17 C230T Exon2 0.041 (8) 

M18 C278T Exon2 0.088 (17) 

M19 A323G Exon2 0.109 (21) 

M20 C380A Exon2 0.057 (11) 

M21 T443C Exon2 0.383 (74) 

M22 C458T Exon2 0.047 (9) 

M23 G476A Exon2 0.062 (12) 

M24 C484G (Ala-Gly) Exon2 0.026 (5) 

M25 G506A 3’-UTR 0.244 (47) 

M26 A511C 3’-UTR 0.021 (4) 

M27 T562G 3’-UTR 0.155 (30) 

M28 G579C 3’-UTR 0.041 (8) 

M29 G601T 3’-UTR 0.057 (11) 

M30 Del608In(1bp) 3’-UTR 0.078 (15) 

Markera Polymorphism Location q (N)b 
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Table S2. (continued) 

 

M31 A610G 3’-UTR 0.145 (28) 

M32 T616G 3’-UTR 0.010 (2) 

M33 G617A 3’-UTR 0.399 (77) 

Obp99b    

M1 A-12T 5’-UTR 0.026 (5) 

M2 T9A Exon 0.301 (58) 

M3 T39A (Phe-Leu) Exon 0.010 (2) 

M4 G45C Exon 0.212 (41) 

M5 G246C (Glu-Asp) Exon 0.378 (73) 

M6 G297T Exon 0.244 (47) 

M7 A349T (Thr-Ser) Exon 0.036 (7) 

M8 C351T (Thr-Ser) Exon 0.124 (24) 

M9 C384T Exon 0.067 (13) 

M10 C438T Exon 0.026 (5) 

M11 G452A 3’-UTR 0.161 (31) 

M12 C502G 3’-UTR 0.010 (2) 

M13 T506C 3’-UTR 0.026 (5) 

Obp99c    

M1 C-38T 5’-UTR 0.166 (32) 

M2 C-29T 5’-UTR 0.010 (2) 

M3 T-11A 5’-UTR 0.016 (3) 

M4 A8T  (Lys-Met) Exon1 0.321 (62) 

 

Markera Polymorphism Location q (N)b 
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Table S2. (continued) 

 

M5 G28A (Ala-Thr) Exon1 0.016 (3) 

M6 C33T Exon1 0.280 (54) 

M7 T41C (Val-Ala) Exon1 0.073 (14) 

M8 A65G Intron 0.047 (9) 

M9 G80C Intron 0.389 (75) 

M10 T88A Intron 0.073 (14) 

M11 G89A Intron 0.383 (74) 

M12 G96T Intron 0.332 (64) 

M13 G99A Intron 0.389 (75) 

M14 T107C Intron 0.010 (2) 

M15 C141G Intron 0.161 (31) 

M16 G156A Intron 0.259 (50) 

M17 A163G Intron 0.238 (46) 

M18 Del166In(2bp) Intron 0.492 (95) 

M19 A172C Intron 0.264 (51) 

M20 A174T Intron 0.244 (47) 

M21 T178G Intron 0.497 (96) 

M22 In184Del(1bp) Intron 0.497 (96) 

M23 A203C Intron 0.244 (47) 

M24 Del204In(1bp) Intron 0.244 (47) 

M25 C210T Intron 0.487 (94) 

M26 C216G Intron 0.228 (44) 

Markera Polymorphism Location q (N)b 
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Table S2. (continued) 

 

M27 T221G Intron 0.228 (44) 

M28 T222C Intron 0.228 (44) 

M29 In223Del(4bp) Intron 0.228 (44) 

M30 T228C Intron 0.228 (44) 

M31 T237C Intron 0.254 (49) 

M32 G304A Intron 0.202 (39) 

M33 T307C Intron 0.218 (42) 

M34 A316T Intron 0.238 (46) 

M35 A330C Intron 0.306 (59) 

M36 A334G Intron 0.078 (15) 

M37 G335T Intron 0.098 (19) 

M38 A343C Intron 0.098 (19) 

M39 In353Del(1bp) Intron 0.301 (58) 

M40 A361T Intron 0.010 (2) 

M41 G373A Intron 0.088 (17) 

M42 A400C Intron 0.280 (54) 

M43 A407G Intron 0.451 (87) 

M44 A436C Intron 0.197 (38) 

M45 A446T Intron 0.197 (38) 

M46 Del450In(1bp) Intron 0.016 (3) 

M47 T455A Intron 0.207 (40) 

M48 A459G Intron 0.114 (22) 

    

Markera Polymorphism Location q (N)b 
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Table S2. (continued) 

M49 In461Del(4bp) Intron 0.295 (57) 

M50 C478G Intron 0.290 (56) 

M51 G482T Intron 0.301 (58) 

M52 C499A Intron 0.016 (3) 

M53 C500A Intron 0.016 (3) 

M54 C516T  Exon2 0.109 (21) 

M55 T546C Exon2 0.073 (14) 

M56 T571G Exon2 0.078 (15) 

M57 T574G (Asp-Glu) Exon2 0.062 (12) 

M58 G622A Exon2 0.130 (25) 

M59 G682A Exon2 0.254 (49) 

M60 C769T Exon2 0.358 (69) 

M61 G805A Exon2 0.026 (5) 

M62 G817A Exon2 0.016 (3) 

M63 T832C Exon2 0.342 (66) 

M64 C842A (Gln-Lys) Exon2 0.010 (2) 

M65 C859T Exon2 0.249 (48) 

M66 T868C Exon2 0.482 (93) 

M67 C877G Exon2 0.026 (5) 

M68 G889A  Exon2 0.155 (30) 

M69 A913G Exon2 0.036 (7) 

M70 G934A 3’-UTR 0.461 (89) 

Markera Polymorphism Location q (N)b 
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Table S2. (continued) 

 

M71 G937T 3’-UTR 0.456 (88) 

M72 G971A 3’-UTR 0.016 (3) 

M73 G977A 3’-UTR 0.119 (23) 

M74 C990A 3’-UTR 0.010 (2) 

Obp99d    

M1 C7T (His-Tyr-Arg) Exon 0.259 (50) 

M2 A8G (His-Tyr-Arg) Exon 0.036 (7) 

M3 G29A (Cys-Tyr) Exon 0.109 (21) 

M4 G58T (Val-Ser-Ala) Exon 0.026 (5) 

M5 T59C (Val-Ser-Ala) Exon 0.031 (6) 

M6 G62A (Ser-Asn) Exon 0.026 (5) 

M7 C65T (Thr-Met) Exon 0.031 (6) 

M8 G67A (Glu-Lys) Exon 0.057 (11) 

M9 T78G  Exon 0.280 (54) 

M10 C100G (Gln-Glu) Exon 0.031 (6) 

M11 G120A  Exon 0.290 (56) 

M12 A143T (Gln-Leu) Exon 0.295 (57) 

M13 G157C (Ala-Pro-His-Asp) Exon 0.285 (55) 

M14 C158A (Ala-Pro-His-Asp) Exon 0.150 (29) 

M15 G180A Exon 0.280 (54) 

M16 C184A (Leu-Met-Ile) Exon 0.244 (47) 

M17 G186T (Leu-Met-Ile) Exon 0.078 (15) 

Markera Polymorphism Location q (N)b 
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 Table S2. (continued) 

 

M18 C189T/G/A Exon 0.301 (58) 

M19 T192G Exon 0.166 (32) 

M20 G245C (Gly-Ala) Exon 0.078 (15) 

M21 G293A (Arg-Gln) Exon 0.223 (43) 

M22 T296A (Met-Lys) Exon 0.301 (58) 

M23 G319A (Asp-Asn) Exon 0.016 (3) 

M24 G344A (Arg-Lys) Exon 0.088 (17) 

M25 G363A  Exon 0.244 (47) 

M26 G382A (Asp-Glu-Asn) Exon 0.010 (2) 

M27 C384A (Asp-Glu-Asn) Exon 0.233 (45) 

M28 A395C (Gln-Pro) Exon 0.057 (11) 

 

a Markers are listed according to their positions where +1indicates the translation 

start site. The common alleles are indicated first. Nonsynonymous amino acid 

substitutions are indicated in brackets.  

b Values in this column represent the frequencies of the rare allele (number of lines 

with rare alleles). 

 

 

 

 

Markera Polymorphism Location q (N)b 
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Appendix 2.3 

Table S3. Permutation test for association of variation in olfactory behavior 

with polymorphisms in Obp genes in a sample of 50 wild-derived inbred lines. 

Genes 
Expected  number of 

associations at P < 0.05 

Observed number of  

associations 

Obp56a 5 3 

Obp56b 2 2 

Obp56c 4 1 

Obp56d 5 1 

Obp56e 3 5 

Obp56f 1 0 

Obp56g 4 2 

Obp56h 4 5 

Obp56i 3 1 

Obp99a 4 11 

Obp99b 2 2 

Obp99c 12 12 

Obp99d 5 9 
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Appendix 2.4 

Table S4. Probability of base pairing (P) and preferred pairing positions for 

polymorphic markers in Obp99a, Obp99c and Obp99d RNA secondary 

structures*. 

Gene Polymorphic  
marker  

Preferred  base-pairing 
position 

P 

 
Obp99a C75 504 

 
0.542 

 G75 33 0.061 
    
Obp99c C141 35 0.560 
 G141 153 0.180 
    
Obp99d G67 39 0.703 
 T78 83 0.634 
    
 G67 39 0.614 
 G78 96 0.719 
    
 A67 26 0.049 
 G78 96 0.657 
    
 A67 26 0.068 
 T78 258 0.203 

 

* Probability profiles were calculated using suboptimal structures with suboptimality 

of 10 percent  (only foldings within 10% of the minimum free energy were computed), 

created by the Mfold program, as described previously (NACKLEY et al., 2006; 

SHABALINA et al., 2006). 
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Appendix 3.1 

Supplementary Table 1. Variance components and quantitative genetic 

parameters from ANOVA of olfactory behavior in response to acetophenone. 

 
Source df MS F-value Pr> F 

Variance 
components             

σ
2 

Sexes 
pooled 

Sex 1 71.46            71.46 <0.0001         
 

 Line 296 6.22            8.89 <0.0001        0.26 
 

 Sex*Line 296 1.00             1.43 <0.0001        0.03 
 

 Error  0.70   0.70 

 
Female Line 296 3.32 4.93 <.0001 0.26 

 
 Error 2673 0.67   0.67 

 
Male Line 296 3.9 5.38 <.0001 0.32 

 
 Error 2673 0.73   0.73 

 
COVMF      0.26 
H2      0.29 
rMF      0.90 
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Appendix 3.2 

Supplementary Table 2. McDonald-Kreitman testsa 

Genes 

Synonymous 
substitutions 

Non-synonymous 
substitutions 

P value 
Between 
Species 

Within 
Species 

Between 
Species 

Within 
Species 

Obp99ab 8 10 2 5 0.6592 

Obp99bb 
6 10 0 8 0.0663 

Obp99cc 2 20 2 13 1.0000 

Obp99db 15 9 8 24 0.0066 

 

a Obp genes that show significant deviation from neutrality are indicated in bold font.  

b denotes values obtained from 297 lines.  

c denotes values obtained from 287 lines. 
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Appendix 3.3 

 

Supplementary Figure 1.  Haplotype analysis for polymorphic markers associated 

with variation in response to acetophenone in the Obp99d gene. The bar graphs 

show significant difference in olfactory behavior to acetophenone of the haplotypes 

GTGG, GGGA and GTAA from AGAA. The haplotypes analyzed are composed of 

the four SNPs associated with variation in response to acetophenone in Obp99d.  

Additional haplotypes were not observed or present at low frequency. Data were 

analyzed by ANOVA and haplotypes that differ significantly in olfactory behavior in 

response to acetophenone from one another were identified by post hoc Tukey’s test 

and are indicated with different letters above the bars.  
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Appendix 3.4 

Supplementary Figure 2. Linkage disequilibrium analysis of SNPs associated with 

variation in olfactory response to acetophenone.  Linkage disequilibrium analysis for 

all possible pairwise combinations of SNPs in Obp99a, Obp99d and Obp99b was 

based on complete sequence data for these genes from 297 wild-derived inbred 

lines. Color-coded boxes above the diagonal indicate corresponding P values for the 

marker combinations, whereas R2 values are indicated below the diagonal.  Note the 

overall large extent of historical recombination. SNPs T192G, G293A, and G363A in 

Obp99d, which are associated with variation in olfactory response to acetophenone, 

are in strong linkage disequilibrium with each other and with C384T of Obp99b, 

which is located adjacent on the chromosome (Fig. 2). Linkage disequilibrium among 

these associated SNPs is indicated in the side panel on the right. 
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Supplementary Figure 2. 

 

 

 


