ABSTRACT
SWARUP, SHILPA Genetic Architecture of Natural Variation in Olfactorghgvior in
Drosophilamelanogaster{Under the direction dbr. Robert R.H. Anholt and Dr. Trudy
F.C. Mackay)

Most animals depend on appropriate responses to chemical signals for food
localization, mate selection and avoidance of toxins and predattirsugh the genetic
architecture of olfactory behavior Drosophilahas been studied before, little is known
about the genetic architecture of natural variation in olfactory behavior. Brom
evolutionary perspective it is important to understand allelic variation in nature in order to
gain insight intahe evoluion of behavior and the reasons for genetic variation for the
behavioral trait being maintained in natural populations.

The overall aim of my dissertation was to understand the genetic architecture of
olfactory behavior usin@rosophila melanogasteas a nodel system.l did this by 1)
studying the role of odorant binding proteins (OBPs) in mediating olfactory behavior 2)
using two complementary genomade approaches to identify polymorphisms and genes
contributing tonatural variation in olfactory behaviand 3) studyig the relationship
between platropy and pistasis by assessing the effects of epistatic modifiers segregating in
wild-derived population dbrosophila on the effect of mutations in pleiotropic genes.

Olfaction inDrosophilais mediated bghemosensory genes including OBPsie of
the major challengein stuying the role of OBPs was unavailability of mutants. With the
availability of RNAiI lines for individuaDbpsit became feasible to systematically analyze
their role in meliating behavioral responses to odorants. | usedid¥RNAilinesand
studied their responséo a panel of 16 ecologically relevant odoraRisIAi-mediated

target specificsuppression of individu&®bpswas confirmed both at the transcript and



protein kevel using real time RPCR andaproteomicLC/MS/MS procedureTheresults

show that OBPglay an important role imediatingolfactory behavioral responses
Suppression of Obps reveals extensive sexual dimorphism in responses to odorants and
interactionsof OBPswith odorant receptorappears to be combinatorial.

Understanding the genetic architecture of variation in olfactory behavior includes not
only investigatingheroles ofgene productsuch as OBPs that contribute to olfactory
behavior but alsmtfind a subset of these genes that contribute to variation in olfactory
behavior. Ihave used two genonveide complementary approaches of gename
association (GWA) analysis and extre@&L (X-QTL) mappingasto identify alleles that
affect natural vaation in olfactory behaviousingthe Drosophila melanogastegenetic
Reference PanéDGRP) The results show that theresisbstantial phenotypic variati@md
sexual dimorphisnm the DGRP for behavioral responses to th@adard odorant,
benzaldehyd&?olymorphisms in or ne@hemosensory, developmental aighal
transductiorgenesvereassociated with natural variation in olfactory behavidresegenes
comprisenositol triphosphate rad cyclic nucleotideignaling Resultsfrom bothapproaches
indicate that variation in olfactory behavior depends not only on peripheral chemoreception,
but to a large extent on information processing and decision making in theHandirer,
polymorphisms in different chemosensory genes between males and femalestoante
to sexually dimorphic responses to benzaldehyde in nature.

Epistasis is an important feature of the genetic architecture of quantitativd traits
studied the effects of epistatic modifiers that segregate in aderigedDrosophila
melanogastepopulation on the mutational effects®®lement insertions in pleiotropic

genes that affect olfactory behavior as well sisrtle behavioandsleep phenotypassing



chromosome substitution lines. My results sisulstantial epistasis andsificant variation

in the magnitude of epistasisthechromosome substitution lines. We found that

suppressing epistasis may buffer the effects of new mutations but there are different epistatic
modifiers segregating ithewild-derived population thatan suppress the effect of mutations

in the same pleiotropic genes.
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CHAPTER 1

INTRODUCTION



Animals, including insects, are capable of detecting a wide range of odors with
extraordinary sensitivity and discrimination. While the sense of smell rsiggm avery
vivid and evocative sense for humans it is criticaldarvival of insects. They use olfaction
as their survival toolto locate food, select mates, and avoid predators and toxic
environments Appropriate olfactory responses to different chemicascrequiresensory
information to betransformed from initial detectiothrough neuronal processing to the
eventual manifestation of behavior

My dissertation focuses on studying olfactory behavior usiri@rosophila
melanogasteas an insect model syste@ne aspect of myresearctrelates tothe role of
odorantbinding proteins (OBPs) in mediating olfactory behavior Drosophila
melanogaster OBPs are abundantly expressed proteinghm insect olfactory system.
Although their role in pheromone recognition has been defined for severaki(iegt et
al., 1999; Vogtet a.l 2002; Campanacaet al., 200) their function ingeneralolfaction
remainspoorly understoodA major challengein studying their roles was unavailability of
mutants.With a genomewide RNA interferencéRNAI) library available forDrosophilait
became dasible to askDo OBPs playarole in mediating olfactory behavior Drosophile?
The answer to this question, atdeat the behavioral level, comprises Chapter 2 of this
dissertation.

Anotherpart ofmy researchHocuses orthe genetic architecture of natural variation in
olfactory behavior usin@rosophilamelanogasteas a model organism. Olfactory behavior
is a quatitative trait and is influenced by environment and gene by environment interactions

(Anholt 2004; Anholt & Mackay 2004; Sambandan al. 2006; Sambandart al. 2008;



Mackay et al. 2009) D. melanogasteiprovides an excellent model system to sty
genetic basis of olfactory behavior because of its well characterized olfactory system and
ability to generate a large number of genetically identical individuals in controlled
environmental conditions. Previous work has shown that the genetic architgfoblfeectory
behavior inDrosophilais composed of dynamic epistatic networks of pleiotropic genes that
are sensitive to sex, environment and gene by environment interg@iomsit et al. 1996;
Anholt et al. 2003; Sambandaet al. 2006). However, a morecomplete understanding
requires thadentification of genes as well as their allelic variations contributing to natural
variation in olfactory behavior. Genes that contribute to phenotypic variation can be
identified by high resolution quantitative tréocus(QTL) mapping. The ainof my research
wasto map QTLs affecting natural variation in olfactory behavior using two diffeyent
complimentaryapproaties of extrem&TL (X-QTL) and genomavide asociation (GWA)
mapping. A population of 192 wilederived inbred lines oDrosophila the Drosophila
melanogasteiGenetic Reference Panel (DGR®Jackay et al., 2012) enabledthis study.

The lineswerederived by 20 generations of full sib inbreeding of isofemale lines collected
fromtheRal ei gh flketrim2®02dnd havermimimum genetic variation within the

line and substantial genetic variation among the lines. The DGRP population can be used to
identify extreme lines to construct mapgp populatios for QTL mappingto identify
guantitative trait gerse (QTGs) contributing to naturally occurring variation in olfactory
behavior. Further,the DGRP also provides a resource for association mapping of QTL.
Association mapping is based on linkage disequilibrium (LD) between markers and QTLs

affecting the behavior. Since LD decays rapidly over short physical distanDessophila



(Carboneetal. 2006), performing GWA mapping idrosophilarequires dense polymorphic
markers and information for all DNA sequence variants. We also need a population of inbred
lines derived from an outbred population for GWA mapping. The DGRP meets these
requirementssince it is a collection of wilelerived inbred linesand information for the
complete genomic sequences for all the lines and combBrosophila variantssingle
nucleotide polymorphisms (SNPs) and insertion/deletion (Indels) available Findings

from this studyare discussed i@hapter 3 othis dissertation.

Epistasis, the effecthat variation at one locus is suppressed or enhanced by the
genotype at another locus, is an integral featurth@fenetic architecture of quantitative
traits. Previouslyplfactory behavior irD. melanogastehas been used as a model trait to
dissect the genetic architecture of behavior (Anholt, 2010) and dynamic epistatic networks of
pleiotropic genes have been implicated as a major feature of the genetic ensembles that
underlie the manifestation of this behavioral phenotype (Fedorastiak, 1998, Sambandan
et al, 2006). However, dynamics of epistatic interactions in natural populations and the
relationship between epistasis and pleiotrapgpoorly understoodin Chagier 4, 1 discuss
the effects ofepistatic modifiers that segregate in a wdlefived DGRP populationon the
mutational effects of pleiotropic genes affecting sleep, stdrleavior and olfactory
behavior.

In this introductory chapter | provide relevantbackground that leads into the
following chaptersl start with discussing whiprosophilais an appropriate model for my
research givin@ detail description of itelfactory systemncludingodorant receptors, OBPs

and ionotropic receptors. This is followed &¥rief discussion of olfactory behavior assays



used to measure olfactory behavioral responses in flies and the interpretation of results from
theseassays. Finally, | discuss olfactobghavior as a quantitative tragnd explainwhy
Drosophilais a goodsystem for my studieand especially, howthe DGRPenables the
dissection of variation in olfactory behavior andhe identification of causal DNA

polymorphisms



OLFACTION IN DROSOPHILA

Drosophilaas a model system to study olfaction

For many year®rosophilamelanogastehas been used as a model system to study
olfaction and its underlying processes thaveled to a well described olfactory system. We
know the complete olfactory receptor repertoire and the olfactory reaegioons (ORNS)
in whichtheyareexpressed, the projections of ORNs into the brain, and response profiles of
both ORNs and odorant redeps (ORs)to ecologically relevant odorant@allem &
Carlson, 2004; Hallem & Carlson, 2006; Vosshall & Stocker, 20@&&seet al, 2009. Fruit
flies have a simpler functional organization of the olfactwygtem tharthe more complex
vertebrate olfacty system; yet, it has a remarkably similar functional organization and
mechanisms of odorant perception and procesSihgrbhaget al, 2000; Hallem & Carlson,
2006; Su et al, 2009. Drosophila melanogasterresponds to a variety of odorants and
olfactory responses can be easily quantified using behaviBashbandaet al, 2006; Keller
& Vosshall, 2007;Swarup et al, 201) or physiological (Hallem & Carlson, 2006)
measurements. From the genetmerspective the ability to generalarge numbers of
individuals of the same genotype under controlled environmental conditions makes fruit flies
an attractive model to study the genetic architecture underlying olfactory behavior (Anholt,
2004). A variety of publicly available resources, includingnsgenictods, such as the
GAL4-UAS system(Brand & Perrimon 1993)is available. Finally, its genome has been

sequenced (Adanet al, 2000) facilitating comprehensive genomic and comparative studies



of chemosensory gene families (Robertsbal, 2003) and iderflying genetic components

of behavior (Anholt & Mackay, 2004

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

An adultDrosophilahas two principal olfactory organs: the third antennal segments
(funiculi) and the maxillary palps. Bottifactory organs are covered by sensory hamied
sensilla. Based on their shape, size and cuticular structure the sensilla on the antenna can be
distinguished into three morphological categoridmsiconic (large and small), coeloconic,
and trichoid Stocker, 1994Shanbhaget al, 2000Q. However, the sensilla of maxillary palps

consist entirely of basiconic sensilla (Shanbégagl, 2000) (Figue 1.1).
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Figure 1.1:Schematic of a fly head, indicating the olfactory orgdhs, antennae and the
maxillary palps (left), and distribution of three types of sensilla on the third antennal segment

and the maxillary palp. Figure adapted from Ka(@@pl0.
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Figure 1.2:0ORN within a sensillum: The schematic shows the sensillum as a perforated
structure housing two bipolar ORNs with dendrites in the sensillar lymph and axons sent to

the antennal lobe (not shown in the imagéjure adapteffom Vosshall& Stocker (2007).



Each sensillum is a hollow, perforated fldiled structure that houses one to four
olfactory receptor neurons (ORNS) (Figure 1.2) (Hallem & Carlson, 2006). There are about
1200 ORNSs in an antenna and about 120 ORNmsarillary palps (Stet al, 2009). ORNs
are bipolar neurons that extend dendrites into the sensillar lymph and send an axon to the
antennalobe inthe Drosophilabrain. A complete projection map has been generatedlfor a
ORN classes covering almotite entire OR family (Couto et al, 2005; Fishilevich &
Vosshall, 2005).

In situ hybridization, immunohistochemistry, and reporter gene analysis have
revealed that ilDrosophila eachOr gene is expressed in a subpopulation of ORNs and each
ORN expresses onlgne or a small number @r genes together with the ubiquitoGs83b
receptor(Vosshallet al, 1999 Larssoret al, 2004, Fishilevich & Vosshall, 2005; Benteh
al., 2006. The antennal lobe contains about 43 spherical structures called glomerduf_ais
et al., 1999) and is a functional homologue of the mammalian olfactory bulb (Hildebrand &
Shepherd, 1997DRNs expressing the sarf@ gene project axons bilaterally to one of the
glomeruli in each antennal lob&tbcker, 1994; Hildebrand & Shepher®9%) where they
synapse with a single projection neur@®N) that in turn projectso higher regions of the
brain, the mushroom bodies and lateral horn of the protocerebrum (FigureSto8ke,

1994; Ito et al, 1998;Wong et al, 2002;Su et al, 2009) In contrast to the ORNs on the
antennae, whiclproject axonsdirectly to the antennal lobe, the axons of ORNs on the
maxillary palps reach the antennal lobe via the subesophageal ganglion (Vosshall & Stocker,
2007). In the antennal lobe there are two arajypes of neurons. Osdhat provide

Ahori zont adamong inen gloeerdliiare called local interneurons anesthat

10



Averticall yo c¢ onne cthemushrdomwbadygandithe latetaldhonreaf the Wi

protocerebrum are cholinergic projection neuron (PNs) (Stocker 1994; Wong, &ahg
2002). The olfactorynformation receivedy ORNSs at the peripheis first processed in the
AL and then sent to higher reg®mf the brain. One class of LNs mostly GABAergic
(Wilson & Laurent, 2005pand receivesboth excitatory inputs from the ORNs and PNs as
well as establishesinhibitory synapses with PNs. Anothefass of LNs ischolinergic
excitatory neurons that are wived in interglomerular excitation of PNBigure 1.3 (Shang

et al, 2007) This results in an intricate network of LNs that might play a role in
synchronizing PN activity within a glomerulus or between PNs of different glon{&lglet

al., 2002)generéing a modified glomeruluspecific odor image, flected both by temporal
andspatial PN activity, before it is transferred to higher olfactory cefitensrent, 1996; Lei

et al, 2004).The PNs send their axons ttee calyx in the mushroom body and thedral
horn of the protocerebrum PNs innervating the same glomerulus show remarkable
similarities in axonal topographywhile PNs from different glomeruli show dissimilar
prgection patterns in the protasdrum(Wonget al, 2002) Unlike thetight convegence of
axons to specific glomeruli in the antennal Iphrons projecting to the protocerebrum are
diffuse and extensive. Nonetheless, similar to central representation of odorant receptor
adivation in the antennal lobeglomeruli projections of the P8I reveal a spatial

representation of glomerular activity in higher brain cern{ésnget al, 2002).

11

t



Kenyon cells

0900000
09

Projection
p neurons

Olfactory
receptor
neurons

Lateral horn
neurons

L ) L m ) L )
Antenna Antennal lobe Mushroom body Lateral horn

o | 5 “> A
o>

S

Sl B Y

Figure 1.3: Olfactory circuitry ilbrosophila (a) ORNs expressing the sar®e gene send

their axons to one of the84lomeruli in theantennal lobe where they synapse with antennal
lobe projection neurons which in turn project tothe mushroom body and lateral horn of the
protocerebrum. Image adapted frdtasseet al, (2009. (b) GABA releasing LNs mediate
interglomerular inhibitio and excitatory cholinergic LNs mediate interglomerular excitation.

Figure adapted from Satal. (2009).
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ORNSs: Their functional classesn the antennae and the maxillary palps

The ORNs of the antennae and the maxillary paiprosophila have been
functionally classified using singlenit electrophysiologyBoeckh & Ernst, 1987Ayvhich has
been used taexamine responsesf ORNs to odorants across insect species such as
mosquit@s honeybees, moths and flies (Clyaeal, 1997;Meijerink & van Loon, 1999;
Shields & Hildebrand, 200Q;aurentet al, 2003. In flies, electrophysiological recordiag
from different types of sensilla on the antennae and the maxillary palps to different odorants
indicate that they can be divided into different diimnal classes. There are 6 different
functional categories of ORNs in the maxillary patfesignategpblA, pb1B, pb2A, pb2B,
pb3A and pb3B (de Bruyne, Clym al. 1999)and 21 in the antenngde Bruyne, Fostest
al. 2001; Hallem and Carlson 200®)ut of 21 classes of ORNs on the antennae, 18 classes
are housed in three types of large basiconic sensilla and 5 types of small basiconic sensilla.
The antenndbasiconicsensilla are designated ab1 through ab8. The ab1l sensilla contain four
ORNSs andheothers contain two ORNs each (de Brughal, 1999; de Bruynet al, 2001,
Elmoreet al, 2003). ORNSs vary in their responses to different odorants and can generate

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

Odorant receptors (ORS)

The olfactory receptor genes remained elusive for a long time due to their sequence
divergence and low expression levels which made it difficult to find them until 1991 when

the first mammalian ORs wedkscovered in the rat bguck andAxel (Buck & Axel, 1991).
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The newly found proteins were classified as ORs since they were expressed specifically in
olfactory epithelium and belonged to the superfamily of G protein coupled receptors
(GPCRs) with seven membrane spanning domains. It took almost anotiiearsOto find
insect ORs which were first identified [D. melanogasteby three independent groups in
1999 (Clyneet al, 1999; Gao & Chess, 1999; Vosslstllal, 1999). Both the bioinformatics
approach of genomic data mining (Clyeteal, 1999) and anolecular approach (Vosshaf

al., 1999) helped to accurately analyze low abundant genes expressed in olfactory organs and
the discovery of ORs in insectikisect OR proteins show no homology to the worm and
vertebrate GPCR®(ick & Axel, 1991; Troemell999; Vosshallet al, 1999;Hill et al,

2002; Kriegeret al, 2002) and exhibitlow sequence homology between different insect
species (Hilletal., 2002; Kriegeet al, 2002) indicating thaDr geneshaverapidly diverged

and evolved to meet unique sensory requirements in different species (Vesahdlb99).

The exception to this ithe Or83b receptor which is conserved across insect species with
about 60% amino acid similarity betwe@&rosophila mosaito, and moth indicating a
universal and critical role for this receptéurther, structural analysis of insect ORs showed
an inverted topography, with an intracellularté&dminus and extracellular -@rminus,
compared to mammalian ORs and other canb@BECRs (Krogtet al, 2001;Bentonet al,

2006; Lundin et al, 2007) (Figure 1.4). Insect ORs are odoigeted ion channels (Sagb

al., 2008; Wicheret al, 2008) which are mechanistically different from metabotropic
olfactory receptors in vertebest. This implies that insect ORs activate signaling pathways
differenty thanvertebrates. For example, in vertebratdgctorysignalng is mediated via

G protein and cAMP aanintracellularmessengewhile in insects patch clamp studies with
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heerologous expressiomndicates that theOR/OR83b gates avoltageindependent ion

selective catiomhannelSatoetal., 2008; Wicheetal., 2008).
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mammalian OR insect OR
(GPCR)

OR/OR83b

extracellular

intracellular

Figure 1.4 Comparisomof OR membrane topography in mammals and insects: mammalian
ORs show a seven transmembrane topology typical of the GPCR familyWleit® insect
ORs show an inverted topolog9rosophilaORs form obligatory dimers with the common

OR83b receptor. Figure gutad from Bentoret al (20086.
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In Drosophilg there are 60r genes that encode 62RQproteins by alternative
splicing (Robertsoet al, 2003). There are @r genes expressed in the maxillary palp(81
genes expressed in the basiconic and trickertsilla, and on®r gene QOr35a) is expressed
in coeloconic sensillaVosshallet al, 2000;Dobritsaet al, 2003; ElImoreet al, 2003. The
OR proteins are highly diverse showing as little as 20% amino acid sequence similarity
among themselves excegpie OR83b receptor. OR83b is expressed throughout the antenna
and is conserved among insect spediggeger et al, 2002; Meloet al, 2004; Pittset al,

2004; Joneset al, 2005; Kriegeret al, 2005. Knockout and electrophysiological
experiments ave shown OR83b to be necessary for the correct functioning and transport and
insertion of the unique odorant receptor in the dendritic membranes of QRIdsdret al,

2004; Benton et al, 200§. The Or genes are widely distributed across the genome and
appear in clusters of two to three genes. The genes within a cluster show higher sequence
similarity with each other compared to the rest of @regenes, suggesting occurrence of
recent duplication events to give riseQo gene clustersRobertsoret al, 2003; Hansson &
Stensmyr, 2011 The regulation of expression of a given genewithin a cluster is largely

independent of that of oth@r geneswithin the clusterZhouetal., 2009.
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Functional characterization of ORsand receptorto-neuron mapping

Odorant receptor Or43a was the first insect Or to be functionally characterized by
overexpression in the antenna and heterologous expressidtenopuslaevis oocytes
(Stortkuhl & Kettler, 2001) Cyclohexanone, cyclohexanol, benzaldehyde, and benzy
alcohol were identified as ligands for this receptor. L&de22ab andOr43breceptors were
characterized by studying electrophysiological responses of respective mutadtydots
(Elmoreetal. 2003; Dobritsaetal. 2003) Car | son 6 s doestablsh amégamttfly o n
strain lacking theOr22a/b receptor but with an intact ORds an in vivo expression tool
With theavaila bi | ity of an fAempty n etbecammeossibiertoe s p on
drive the expression of arr gene under a@r22apromoter using the GALAS system
and systematically functionally characterize individual @rsivo (Figure 1.5)(Hallem et
al., 2004; Kurtovicet al., 2007) Hence subsequent large scale analyses oDatisophila
odorant receptorwereperformed usig singleunit electrophysiology irconjunction with the
GAL4-UAS systemOdorant response spectra of an individual receptor therecompared
with previously well characterized response spectra of different sensilla that allowed
receptofto-neuron mappig (Hallemetal. 2004).

Or83h the ubiquitous receptor, is expressed along with conventional receptor genes
in all 120 maxillary palp ORNs and ~80% of antennal ORNs. Or83b mugenkex odorant
evoked action potentialsnd Or22a/b ah Or43b receptor pteins could nobe detected in
theirdendrites This implies that Or83b is required for localization of conventi@raliin the

dendrites (Larssoetal. 2004).
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Delellon of Or22a/b Replacement with OrX
E—

ab3A Aab3A Aab3A:OrX

5x UAS
R oaza Promoie (218

Figure 1.5: In vivo expression system using the empty neuron. Expresgigpecific Ors
can be introduced into the mutant ab3A antennal neuron lacking its endogenous receptor
genes,0Or22a and Or22b, using theGAL4UAS binary expression system. Figure adapted

from Hallemet al.(2004)
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ORN-to-glomeruli map

Nearly a complete map of projemns from the olfactory organs to the glomeruli has been
revealed based on genetic trace studies. There are 43 glomerDliarophilaantennal lobe

and the size, shapad positionsre highly conserved in differeahimals Laissueetal.,

1999). Ofthese 23 glomeruli are innervated by antennal basiconic ORNs, eight by antennal
trichoid ORNSs, another eight by antennal coeloconic ORNSs, and six glomeruli are innervated
by maxillary palp basiconic ORN&aissueetal., 1999; Coutcetal., 2005; Fishilgich &

Vosshall 2005). The projections from various sensilla cluster in the antennal lobe with some
degree of arrangement. Antennal basiconic neurons convene at the medial edge, antennal
trichoid neurons at the lateral edge, palp basicosizons at thanterior middle edgeand
coeloconic neurons at the ventral middle regi©auytoetal., 2005). Two of the lateral

glomeruli innervated by the trichoid sensilla are sexually dimorfdoadohet al, 2003
andfruitlessposiive (Manoli et al, 2005) One of these glomeruli is also innervated by

ORNSs expressing Or67d and OBP Lush involveceoognition of the courtship pheromone
11-cis-vaccenyl acetatHa & Smith, 2006). Togetherthis suggests that glomeruli

innervated at the lateral edge areolved in processing pheromone cues.

Expression of ORs
Unlike in C.eleganswhere individual ORN express a large number of ORs
(Troeme] 1999),DrosophilaORNSs express only one or a small numbe®ofjenes together

with the ubiquitousOr83h. In adult flies, there are sevér genes expressed in maxillary
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palps, 310r genes in basiconic and trichoid sensilla in the antenna and onl@ogene
(Or359) is expressed in coeloonic sensilla in the antenna alongQv&Bb (Elmore et al.,

2001; Dobritsa et al. 2003)From identification and characterization of ORs to recejator
neuron mapping, a fundamental step forward was taken by studying how a particular ORN
expresses a particul@r gene from its repertoire of 62 genes in olfactory organs, that is,
elements that underlie the receptor neuron map. Genetic analysis of the upstream
regulatory sequences of foOr genes in the trichoid sensilla of the antennae showed that the
flanking regulatory sequences restrict expression of an individual receptor gene to the
antenna, to the proper region of the antenna, and to a specific neuron by positive and negative
regulation of Or genes (Miller & Carlson, 2010). Using phylogenetic and comparativ
genomic approaches similar results of regulatory elements contrdiingxpression of a
particular Or gene were observed in the case of the maxillary palffgay et al, 2008).
Various transcription factorgrere shown toplay a role in directingOr gene expression
within an ORN. For example, transcription factasj6 (abnormal chemosensory jump 6
and pdm3(POU domainmotif 3) are required foOr gene expressiorC{yne etal., 199%;

Clyne etal., 1999h Komiyamaet al, 2004, Tichyet al, 2008).Mutant studies showed that
Acj6 mutants also lacked the expression of a subs€iragenes and that this transcription
factor regulates receptor expression both positively and negatiBalyet al, 2009) by
selectively binding to a site in the promotegions ofOr genes(Bai & Carlson, 201Q)
Similarly, loss ofpdm3resulted in loss of odor response in a class of maxipaty ORNs

due to loss ofOr gene expressiofTichy et al, 2008) Flies missingthe TEA domain

transcription factoscallopedshowed that scalloped refines the expressionQob9c to the
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pb3A neuron in the maxillary palp by repressing the expressi@rasicin the pb3B neuron
(Rayetal., 2008).

It is notknown what molecular cues direct ORN axons to their glomeruli. Although
in mammalsthe OR itselfis involved in this processMombaertset al, 1996; Wang et al.,
1998) in flies with ORNsmissingOr genesectopic exprssion of Or genes still target@ns
to their respective glomeruli @ritsa etal., 2003).A number of genes required for normal
ORN axon targeting have been identifi&bmiyama & Luo, 2006)Two proteins, Dock and
Pak (a kinase), have be#emnplicated in routing of ORN aans in the antennal loé&ng et
al., 2003) Furthermore, two transcription factoes;j6 anddrifter, are required by projection
neurons to target their dendrites in the antennal lobe and axonal arborizatherateral
horn (Komiyameetal, 2003). Pdn3 is required for axonal targeting pb1Band pb3Acells
in addition to its role in receptor gene expresgibchy et al, 2008) Finally, N-cadherin, a
cell adhesion molecule plays a role in proper branching of ORN axons and dendrites of
projection netons within the antenndobe and branching of projection neuron axons in the

mushroom body and lateral hghu & Luo, 2004)

lonotropic receptors

lonotropic receptors (IRs) comprise another family of chemosensory receptors
identified inD. melanogadr (Bentonetal, 2009) Their discovery was based on the fact that
ORNSs innervating coeloconic sensilla, except ORNs expre€3i8§a/Or83b, on the third
antennal segment do not express members of ORs or gustatory receptors and OR83b which

are involved inrecognition of chemosensory stimudottet al, 2001;Coutoet al, 2005;
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Yao et al, 2005). Yet, electrophysiological responses of coeloconic sensilla revealed ORNs
responding to acids, ammonia, and humidity (¥aal, 2005) suggesting the existenule
another type of receptors. This led to a bioinformatics search for insect specifionggnes
enriched expression in ORNiIn the antennaef a fruit fly and a family of ionotropic
glutamate recepterelated genes, ionotropic receptors, was found (Beetoal, 2009).
lonotropic glutamate receptors (iGluRs) are known to mediate neuronal communication
throughout the vertebrate and invertebrate nervous system. IRs do not beldigRo
classes since they lack glutamate binding residues. However, theyashanserved region

with an iorconducting pore implying ion conducting properties (Ben&tnal, 2009).
Compared to ORs which are seven transmembrane domain proteins, IRs contain only three
transmembrane domains with a pore lo§u €t al, 2009; Hanson & Stensmyr, 2031

(Figure 1.6)
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Figure 1.6: Schematic of an odorant receptor (OR) and a gustatory receptor (GR)
shown as seven transmembrane domain proteins and an ionotropic receptor (IR) as a three

transmembrane protein. Image adagteth Hanssor& Stensmyr(2011).
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There are 61 predicteld genes and two pseudogeneh an overall amino acid
sequence identity of 109%0%. There are 1Bs expressed in the antenreBg, Ir21a, Ir25a,
Ir31a, 1r40a, Ir64a, Ir75a, Ir75b, Ir75c, Ir75d, Ir76a, 1Ir76b, Ir84a, Ir92a, andIr93a) and
two are expressed in the probosdi2%a and Ir76a) (Bentonet al, 2009). Comparative
genomic analysis indicates that at leastlis4from the antennal subfamily are conserved
across insectsThe emainng 45 Irs constitute a subfamilgpecific to Drosophilids that also
includeslirs implicated in taste detection. Two closely reldtex] Ir8a andIr25a, have the
most similar primary sequence to iGluRpmologous genes across Protostomia, and a broad
distribution oftheir transcripts in antennal éxpressing ORNs (Bentaat al, 2009; Croseét
al., 2010).

Besides being expssed in coeloconic sensillagenes are expressedtire aristg a
feather like projection on the antenna, and in neuronsirwéhthreechamber pocketthe
sacculus. An individual neuron can express between one andithgemes. In turn, the
neurons are arranged into four distinct clusters of three or four neurons each on the antenna
(Yaoetal 2005).Irs are expressed in the ieiled dendrites as well as in the cell body of the
neuron whichsuggeststhat there could be other transport mecharsisresides OR83b

(Bentonetal 2009).
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Odorant-binding proteins (OBPS)

Insect odorant binding proteins

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

a hydrophilic agueous medium of perilymph in the sensillum. OBPs are small;sehtble
proteinsexpressed in the olfactory tissue of insects and vertebrates (Beédsi2006) and
are thought to help in the transport of odorants and pheromones to respective odorant
receptors Pelosi & Maida, 1995Campanaccet al, 200). However, there are differences
between vertebrate and insect OBIRRsvertebrates therare few OBBR, while thereexists a
large gene family in insects includimyosophila(Galindo & Smith, 2001 Vertebrate OBPs
belong to the large superfamily of carrier proteins called lipocalins, while insect OBPs can be
divided into three subfamilies: pheromeiading proteins (PBPs), general odorairiding
proteins (GOBPs) (Voget al, 1991) and antennal specific proteins (ASPs) (Zhou, 2010).
Vertebrate OBPs are distinct from insect OBPs and diffethree dimensional structure
(Gyorgyiet al, 1988; Sandleet al, 2000). Finally, vertebrate OBPs show a broad specificity
to odorants and are expressed in the lateral nasal (ftthetet al. 199 rather than in
the olfactory mucosa while insect OBPs are highly abundant in sensillar lymph of antennae
suggesting a role in odorant transport and recognition (Pelosi, 1994; Pelosi & Maida, 1995).

The first insect OBP, a pheromehading protein, was discovered in the giant moth
Antheraea polyphemy¥ogt & Riddiford, 1981). Using tritiumabeled specifi pheromones
as a probeadditional OBPs (or PBPs) were identified in other insects such as the silkmoth
Bombyxmori (Maida & Pelosi, 1989), the gypsi motlymantria dispar(Vogt et al, 1989)

and the turnip mottAgrotis segetun{Prestwichet al, 1995). The other class of OBPs,
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general OBPs, was identified based on their antennal expression in males and females and a
Aisi x cysteines signatureo similarity with P
feature among all OBPs which consists of sighly conserved cysteines with specific
spacing between them (Breet al, 1990; Raminget al, 1990). There are always three

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

and sixth cysteinesnsect OBPs withig cysteines motif are termedlassic OBPs and there

are other groups of PkG OBPs (having two additional cysteines and one prplara

Minus-C OBPs (having two less cysteinétekmatScafeet al., 2002). The availability of

several insect genomes ahmbinformatic approaches allowed detection of genes encoding
OBPs based on the characteristics of the protein family, i.e., signhature sequence, small size of
1520 kDa, the U helical pattern, the gl obul
signal eptide (HekmatScafeet al, 2002Xu et al, 2003 Zhou et al, 2004a; Zhotet al,

2004b;Li et al, 2005;Zhouet al, 2006; Zhowet al, 2008;Liu et al, 2009; Pelletier & Leal,

2009. Structural studies fronthe wild silkmoth Antheraeapolyphemus and fluorescent

ligand binding assays ithe silkmoth Bombyxmori show that pheromone binding proteins

bind to pheromones at high pH and release them at loweMpHantyet al, 2004;Leal et

al., 2005; Zubkovet al, 2005) Although a similar structurh study on the Drosophila

LushOBP revealed a specific alcohbinding site, whetherbinding hereis pH dependent is

still not confirmed(Kruseet al, 2003).
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Drosophilaodorant binding proteins

In Drosophilamelanogastethere are 5Dbpgenes dispesed throughout the genome
with 29 Obpslocated on Chromoson#R The genes appear as small clusters of four to nine
genes and in bidirectional orientatioDrosophila genome annotation and phylogenetic
studies indicatehat Obps area rapidly evolving genéamily through purifying selection,
gene duplication and rearrangement events (HelSoateet al, 2002; Vogtet al, 2002;
Zhou et al, 2008). Like other insect OBFBrosophila OBP sequences also bear the
structural signature of conserved cysteineshwlit-20% amino acid sequence similarity
within the family (HekmaiScafeet al, 2002). TheDbp genes are expressed in olfactory and
/or gustatory tissuedMcKennaet al, 1994; Pikielnyet al, 1994; Kimet al, 1998; Galindo
& Smith, 2001;Anholt & Williams, 2010) OBPs are secreted by support cells and are
present at high concentrations in the aqueous lymph surrounding the dendrites of ORNs
(Figure 1.7).The expression of OBPs in large quantities in the olfactory orgtiklfiy et
al.,, 1994; Shanlag et al, 2001; Anholt & Williams, 2010; Swarupet al, 2011), their
binding of odorants and pheromones (Vegtl, 2002) and their evolutionary conservation

across species (Vogt al, 1999; Xuet al, 2009) suggest a role in olfaction.

28



/ '
.
.
Pores (/ e

,
y e |
Dendrit
endrites % ! ’ . I
I . l, H; +
Sensillum lymph %l; ‘ I ++
o 1
Cuticle g . . -+
|| @ 1
S
niu“fé’n” . o1+
\
& I

\
Support cell \ N

Figure 1.7: Odoranbinding proteins: schematic of a sensillum containing dendrites of
ORNSs bathed in sensillum lymph. Support cells secrete OBPs (green circles) into the

perilymph. Black stars indicate odorant molecules.
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Direct evidence that OBPs are required for olfaction comes from studies of LUSH in
Drosophilamelanogaste(Kim et al, 1998). In this study.ushmutants responded tagh
concentrations of sheahain aliphatic alcohols that were repellent to wiyide flies and
expression of dush transgene completely restored the wijge olfactory behavioral
response to alcohol. Structure analysis of the LUSH protein shows a specific binding site for
alcohol as well as structural similarity to the pheromone bingiotein (PBP) fromBombyx
mori (silk moth) (Kruseet al, 2003). LUSH mediates the effect of the pheromoneigl
vaccenyl acetaten T1 classsensillaof ORNs on the antenndn the absence dftUSH
pheromonedefective behavior was observed and the mutants were rescued by germ line
transformation with dushtransgene (Xet al, 2005) Further, it was shown that both LUSH
and its pheromone receptor Or67d are required to mediate the responseisoattenyl
acetate (Ha & Smith, 2006further functional evidence comes from a studPbp57dand
Obp57ein two Drosophila species.Comparative analysis of their genome sequences in
Drosophila melanogasterand Drosophila sechellia indicate their rapid evolution dn
functional divergence. Both are involved in the evolution of unique host plant preference in
D. sechellia D.sechelliashows a preference for hexanoic acid and octanoic acid While
melanogasterdoes not.Deletion of Obp57dand Obp57ein D. melanogastereliminates
avoidance behavior while insertion of orthologous genes fiansechelliaresulted in
attraction to these acids (Matseibal, 2007) This indicates that the normal function of both
OBPs is suppression of preference for acidDinmelanogasteresulting in behavioral
differences and ecological adaptation betweBmosophila species(Haradaet al, 2008).

Finally, recent studies associated single nucleotide polymorphisms (SNBy) grenes
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with natural variation in olfactoryesponses to odorant§&SNPs in theDbp99a, Obp99c and
Obp99dgenes were associated with variation in olfactory responses to benzaldehyde (Wang
et al, 2007). Different SNPs in the san@bp genes were associated with variation in
behavioral responses toedgphenone, a structurally similar odorant to benzaldehyde (Wang
et al, 2010).Further polymorphisms i®bp8a Obpl9aand Obpl9chave been associated
with variation in olfactory behavior responses to aromatic and aliphatic odorantsetatya
2010). These studies show that different polymorphisms in the s@inge genes are
associated with variation in responsiveness to structurally similar odorants. Expression
analysis studies have shown altered regulation of subsets of OBPs during various
developmerdl stages oDrosophila(Zhouet al, 2009), after mating (McGraet al, 2004),
during development of alcohol tolerance (Morozeval, 2006), and exposure to starvation
stress (Harbisoat al, 2005), suggesting that OBPs have diverse biological fumti

Involvement of OBPs in odorant reception has been largely ignored after odorant
receptors were demonstrated to respond to odoramsheterologous systems. However,
heterologous expression of ti¥osophilareceptor Or43a irKenopusoocytes requirg a
high concentration of odorants to obtairesponses (Wetzek al, 2001). The heterologous
expression system that uses Bresophilaempty ab3a neurons (Dobriteaal, 2003) still
includes OBPs expressed in the ab3 sensilla, wheregsvitro systems (Forstnegt al,
2009) odorants are solubilized with organic solveiihese studies suggest thhe high
levels of OBP expressiamaybee s senti al for the sensitivity
A recentstudy on thesouthern house mosquitGulex quinquefasciatysorroborates this

view. Antennae of RNAtreated mosquitoes for CquiOBP1 showed significantly lower
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electrophysiological responses compared to wiadated mosquitoes. The latter were found

to be more gesitive to different concentrations of odorants (Pellegieral, 2010). This
suggests a need for an alternative approach towards understanding the role of OBPs in odor
recognition and olfaction iDrosophilamelanogastersuch as studyingither reducedevels

of OBPs (knockdown) or complete absence of OBPs (knocko@j)dsophilawith an intact

olfactory system.

RNA interference approach to study the role of OBPs in mediating

olfactory behavior in Drosophilamelanogaster

One of the major challenges studying the functions of OBPs is unavailability of
mutants (exceptush). However, using theDrosophila genome sequences and RNA
interference (RNAI) technique together, it is now possible to perform functional analysis of
target genes. RNAI has been successfully applied toibotitiro Drosophilamelanogaster
cells in culture (Boutrogt al, 2004) andn vivo (Dietzl et al, 2007). The process of gene
silencing can be triggered by expression of double stranded hairpin RNA from a transgene
containing inverted repeat sequences of the target gene. This method relies on the binary
GAL4/Upstream Activation Segumces (UAS) expression system to temporally and/or
spatially silence the gene (Brand & Perrimon, 1993; Van Roesseall, 2002). The
expression of the gene of interest is controlled by the presence of UAS, and GAL4 activates
the transcription of the UA8ansgene. Both components, GAL4 and UAS, are maintained in
separate parental lines such thaten crossedhe resulting progeny expresses the transgene

in a GAL4 driven expression pattern (Duffy, 2002). A diverse set of GAL4 driver lines under
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differentgene promoters allows gene inactivation in a tisspexific manner (Duffy, 2002).
Transposable element based vectors have been widely utilized for germ line transformation

of D. melanogaste(Ryder & Russell, 2003). This approach has been used receinlsetd
UAS-Inverted Repeats (UASR) constructs at random genomic sites to construct a genome

wide transgenic RNAI library ibrosophila(Dietzl et al, 2007). However, random insertion

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

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

a new library of sitalirected RNAI transgenes for conditional inactivation of genes in
Drosophila The | i brary r el i dahedwhioh effidiertly ios€r® allthent egr
transgenes into specific sites of the-fly g
specific recombination between two DNA sequenedt and attB (Figure 1.8) (Groth &

Calos, 2004; Grotlet al, 2004). Briefly a sitespecific library was constructed using the

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

Afgol den |l ocuso that of fered very | ow basal
expression in many tissues wsalected. All the transgenes were inserted in dhiB site

located on the™ chromosome of th®rosophilagenome using a plasmid with a transgene

and attB site (Fishet al, 2007) . Use of the 0C31 Ilibrary
precise interation of transgenes in the chosen site. It also avoids misexpression of flanking
genes, thus reducing false negative and false positive results. In Chapter 2, | will describe
how | haveusedObp-RNAilines from this library to systematically study theerof Obpsin

mediating olfactory behavior to a panel of 16 ecologically relevant odorants (Setaalip

2011).
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Perception of odor inD. melanogastercombinatorial coding of odors

Perception of odor is a result of a cascade of molecular events. Odorants from the
environment enter the sensilluwira pores, bind to ORand activat€ORNs. The signals are
relayed toglomeruli inthe antennal lobe and transmitted to higher regions of the brain by
projection neurons from the antennal lolreDrosophilg individual odorants can activate a
subset of ORs and one receptor can be activated by more than one odorant. This
combinatorial mode of odor coding allows insects to detect many odorants with a relatively
small number of only 6®r genes. Odorants are recognized by the pattern of receptors that
are activated\(osshall, 2000Suet al, 2009 and this pattern is transfoed in the antennal
lobe as a pattern of activated glomeruli. The receptors can be either broadly tuned
(responding to many odorants) or narrowly tuned (responding to one or few oddi#its).
some odorants, such as pheromones, are narrowly tuned ardktacted by a single
receptor, general odorants can activate multiple recepfans example, Or67d mediates
behavioral responses to a mafgecific pheromone, 1dis-vaccenyl acetate (CVA)Ha &

Smith, 2006).

Higher concentrations of odorants can activate more receptors by recruiting receptors
of increasingly lower affinity while at lower concentration of odorant fewer recepters
activated. Also,a different combination of receptomnight be activated ata different
concentration of a particular odorant. This combinatorial mode of odorant recognition
enables detection of both odor intensity and odor identity (Hallem & Carlson, 20@6a5u
2009). The mechanism of odor perception and processing is sifd#r in Drosophilaand

vertebrategMalnic, Hironoetal. 1999;Laissue & Vosshall, 2008). OBPs are implicated in
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playing a role in olfactory behavioGélindo & Smith, 2001Arya et al, 2010; Swarugt al,
2011) but to what extent they participate in a combinatorial mode of odor coding and odor
detection is yet to be determinedhe receptor repertoire also exhibits complex temporal
representation of an odor stimulus. Some receptors give a strong refipadiesipates
quickly while others can shoeprolonged responseven after removal dhe odor stimulus
(Hallem & Carlson 2006). Besides its concentration, chemical class or the molecular
structure of the odorants alptay a critical role in odorandiscrimination. Odorants of the
same chemical class or similar structures can be discriminated by activation of different
combinations of ORs. Individual receptors are expressed in spatially restricted populations of
sensilla on the antennae and maxillpayps resulting in a topographical map of receptors on
the surface of these olfactory organs (Vosshall, 2000). Since ORNs expressing tl@rsame
gene send their axons to the same spatially invariant glomeruli in the antennal lobe, an
internal representatmof odorant activation, that mimics odorant activation in the periphery,
exists in the antennal lobe (Figure 1.9) (Ccett@al, 2005). Hence activation of a particular
combination of receptors by structurally similar odorants or functional classeestdnin
different internal representatismn the antennal lobe resulting in theiiscrimination and
generation of appropriateshavioral responses.

The activation of multiple ORs by food odors activates multiple glomeruli.
Drosophilashows robust athction to low concentrations of apple cider vinegar which
induces activation of six glomeruli in the fly antennal lobe. Out of these six glomeruli, two
glomeruli DM1 and VA2 innervated @r42bandOr92aexpressing ORNSs individually

affect and can accotfor the attractive behavioral response in the flies (Semmeaack
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Wang 2009). However, a higher concentration of apple cider vinegar excites an additional
glomerulus, DM5, innervated lYr85aexpressing ORNs which results in a bebeal

switch from atraction toavoidance at high concentrations of the odor (Semmelhack and
Wang 2009). These results suggest that activation of an individual glomerulus can be
sufficient to produce innate behavioral responses and that the further recruitment of
glomeruli for example at high concentrations of an odor) can modify such behavioral
responsed.astly, wo large glomeruli innervated by antennal trichoid sensilldrargess

positive (Maniolietal., 2005) and sexually dimorphic (Kondehal., 2003. This suggests

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

(Vosshall &Stocker 2007).
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Antenna Antennal Lobe

Figure 1.9: Internal representation of odorant activationDmosophila ORNs
expressing the sam@r gene(indicated by different colored dots on the anterse)d their
axons tothe samespatially invariant glomerulin the antennal lobe (indicated by different
colored regions) and hence an internal representation of odorant activation, that mimics
odorantrecepbr activation in the periphery, exists in the antennal lobigure adapted from

Coutoet al.(2005)

38



Measurement of olfactory behavior in D. melanogaster: Olfactory

behavioral assays

One of the major advantages for usibigpsophilamelanogasteas a model system to
study olfaction is that it is sensitive to a variety of odorants exhibiting both repellent and
attractant responses and it is easy to quantify their olfactory respgangego using either
physiological or behavioral methods (Anhd&itMackay, 2004a; Hallem & Carlson, 2006;
Keller & Vosshall, 2007). Singtanit electrophysiology has been used to measure responses
of individual Orsto a diverse panel of odorants belonging to nine different functional groups
of esters, alcohols, ketonesctones, aldehydes, terpenes, organic acids, amines, sulphur
compounds, and aromatics (Hallem & Carlson, 2004). Most of these odorants, such as esters
and alcoholsare found in fruits and some are fermentation products (TNO, 2004) that are
food sourcedor the fly. Also, olfactory behavioral responses for the majority of these
odorants have been studied using different, easy and reproducible assays that have been
developed over the past years to quantify olfactory beha@winfet al, 1974; Woodaret
al., 1989; Ayyubet al, 1990;Anholt et al, 1996 Keller & Vosshall, 2007; Swaruet al,

2011). Behavioral assays used for olfaction in the past are either choice assays-ooak

responsg For example, the Ynaze (Martin et al, 200), T-maze (Helfand & Carlson,

1989, dipstick avoidance assdpnholt etal., 1996)and its modified versigrthetwin tube

assay(Swarupet al., 2011), and trap assajWoodardet al, 1989 belongto the former
category, while assays such as the jump afdaennaet al, 1989)and odor flow assay

(Keller & Vosshdl, 2007 belong to the latter category. Choice assays usually involve a
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choice between an odorant source and a control source. More details about different olfactory
assays are explained in a review by&ad (Devaud, 2003). Here, | will explain assays
relevant to this dissertation only.

The Dipstick assay can be used to measure odorant induced avoidance behavior in
flies (Figure 1.10). Single sex groups of five flies are placed into an empty vialcottba
swab saturated with odorant is placed in the vial. The vial is placed on a platform with lines
that demarcat¢he vial into three compartments. The number of flies in the compartment
remote from the odor source is counted every five seconds fonwtenTen consecutive
counts are averaged to give a response score (Agthal; 1996). This assay has been used
to identify smell impairedmutants and to study epistatic networks underlying olfactory
avoidance behavior (Anhadt al, 1996; Sambandaet al, 2006a).

The experimental design to map QTLs affecting variation in olfactory behavior
requires a simple and robust behavioral assay that serves two purposes. First, it should allow
rapid screens of a large number of individuals to measure@iyacbehavioral responses of
the DGRP lines. Secondhe experimental design requirése collection of top 10% and
bottom 10% responders from advanced intercross line (AIL) mapping popslatence,
the previously established dip stick assayH{ALT et al. 1996) was modified into a
behavioral assay that meets these requirements. In addhisnbehavioral assay aWs
measurement of both aversirgsponses as well aftractanresponses (Swarugt al, 2011).
Olfactory behavior of singleex groups o060 flies is measured. Flies are collected a day
prior to the assay and food deprived for about 2 hours in a 50 ml conical tube containing a

cotton swab tip (referredto éisefiodor t ubeo) . The measur ement
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0.1 ml of odorant sokion on the cotton swab tip in the odor tube. The odor tube is then
connected to a collection tube and flies are given 2 min to partition between the tubes. A
response index is calculated as the number of flies in the collection tube divided by the total
number of flies. A response index of 1 indicates tighdst response to the odora@tb
indicates no response tbe odorant, while O indicates attraction to the odorantno
response to the odoranh order to determine the range of the assay andatel it dose
dependence of a Canto (B) strain to benzaldehyde was measured gsraliminary study
(Appendix Supplementary Figure 1J.0 be consistent throughout my research, | ubed

twin tube assay tmeasure behavioral response©tip-RNAilines to a panel of 16 odorants
(chapter 2), to quantifphenotypic variation in olfactory behavior in the DGRP lines and
collect top and bottom responddrem advanced intercross lif@IL) populations(chapter

3), and measure behavioral responses obrobsome substitution lines to studyistasis

betweerP-element mutations andodifiers indifferent genetic backgroundshapter 4.
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Collection
tube Odortube

Figure1.10: Olfactory Assays: Schematic of (a) Dipstick assay andJ-tube assay:
showing flies andhe cotton swab as the source of odor&uth assaysan be used to

measure olfactory behavior of a group of 5 or 50 flies, respectively.
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There are a few things an experimenter needs to keep in mind while performing behavioral
assays. Firsmlfactory behavior is a typical complex trait that is sensitive to environmental
variation and determined by pleiotropic genes (Anholt & Mackay, 2004a; Anholt, 2010).
This means that genetically identical flies can give a range of olfactory behavioral
measirements. Hence, replicates should be run on different days to account for
environmental variation. Second, olfactory behavior is a sexually dimorphic trait and,
therefore, sexes should be measured separately (Aahal, 2003). It is also an age
depenént trait and olfactory responses of flies change with their age (Devaud, 2003).
Therefore, flies of the samaya should be teste®lIfactory behavior is also modular. For
example, olfactory avoidance or att@utresponses require locomotion besides getion

of smell. Olfactory mutants could be impaired in locomotion (Anledltal, 1996) and,
therefore, locomotor activity should be measured by different assays for the same flies.
Finally, behavioral measurements should be made at the same tidey ddr olfactory

behavior to account for circadiaariation Krishnanet al, 1999).

Benzaldehyde: A standard odorant with ecological relevance

Benzaldehyde holds ecological relevance to fruit flies. Although it serves as an
effective antifungal agent fgslants in its natural form (Vaughet al, 1993) it is a natural
component of fruits such as strawberriegsspberries, and peaches andeitgased in high
guantities from unripe and intact fruits. The amount of benzaldehyde is reduced in decaying

fruits thus making it easier for flies to survive on them.



| have used benzaldehyde as an odorant to dtottynatural variation in olfactory
behavior (Chapter 3) andepistasis betweerP-element mutations andifferent DGRP
backgrounds affectinglfactory behawr (Chapter 4) becaudd) it is known fromsingle
unit electrophysiological studigdat olfactory receptorsOr7a, Or85f, Orl0a(Hallem &
Carlson, 2004) and Or43a (Stortkuhlet al, 1999) respond to benzaldehyde. ORNSs that
expresOr43aproject to the DA4 glomerulus in the fly antennal lobe (Stortleilal, 1999).
Polymorphisms in bottOrs (Orl0a, Or43a,and Or67b) and Obps(Obp99a Obp99¢ and
Obp99d genesareassociated with variation in response to benzaldefW#mgetal., 2007;
Rollmann et al.,, 2010) (2) Flies elicit robust behavioral avoidance respsnse
benzaldehyde that can be easily measured using behavioral é8sagdt et al., 1996;
Keller & Vosshall 2007; Swaruetal., 2011) (3) It has been successfully used as a standard
odorant to identify genes contributing to olfactory behavior (Anbbdl., 2003; Anholtet
al., 1996; Sambandaegt al., 2006) and study the genetic architecture of egloded behavior
in Drosophila(Anholt & Mackay, 2004a; Anholt & Mackay, 2004b;; Sambaneieal., 2006
Sambandaret al., 2008) making it a suitable odorant to beedsin this studyFinally, to
achieve the aim of studying natural variation in olfactory behavior (Chaptph&notypic
variation b responses to benzaldehyde must exist in the DGRP lines. A preliminary study
was conducted to measure behavioral responses of a subset of the DG&RRo line
benzaldehyde andubstantial variation in responses wawleed observed (Appendix

Supplementary Fige 2
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Characteristics of quantitative traits

Natural populations exhibit a diversity of phenotypic variation for morphology,
physiology and behavior. In order to understand the genetic architecture of a given trait we
need to identify genes involved manifestation of the trait, how these genes interact with
each other to form functional ensembles and finally to determine which of the genes
contribute to natural variation of the trait. It is important to stpgnotypic variation in
complex traits ast acts as a substrate for evolutionary forces that result in adaptation and
diversity of the trait (Mackay, 2001). A largection of thehuman population is affected by
diseases that are also quantitative traits and our understanding of susceptiblevilDTLs
contribute achieving personalized medicine and predicting disease risk. In agriculture
identification of alleles affecting traits of economic importance will help improving

productivity traits by introgression of favorable alleles from one straamather.

In complex traits a simple relationship of one genotymse phenotype does not
exist. Quantitative traifgncluding behaviorsare characterized by aormal distribution
(Figure 2.1a) that arises from 1) simultaneous segregation of muttglaffecting the trait
2) environmental variation and 3) possible genotyp@ronment interactions. Unlike
Mendeliantraits where one locus corresponds to one phenotype, there are many loci affecting
guantitative traits and orte-one correspondencetieen genotype and phenotype no longer

exists. Hence, multiple genotypes can give rise to the same phenotype contributing to
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Figure 1.11 Characteristics of quantitative traits: a) Normal distribution of quantitative traits
b) Parallel reaction normadicating no GEI and c) GEl interaction as seen from peanallel

reaction norms of three genotypesAA, A1A2 and AA..
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the normal distribution. In additioane genotype can take a range of phenotypic values in
different environments which is known asfienvironment al sensit
environmental sensitivities ofdifferent genotypes could be different in different
environments resulting in genotypg-environment interaction (GEIl). GEI can be
represented by reaction norms. As illustrated in FigQuié the phenotypic value of each of

the three genotypes,1A;, A1A; and AA,, at a single QTL is plotted in two different
environments, 1 and 2. The different environments could be the two sexes, physical
environments, or alternative genotypes at a S€fL affecting the trait. The line that joins

the phenotypes of the same genotype in two
reactiono of the genotype. I f the reaction
other, as seen in Figure 2.lthere is no GEI, since the rank order of the phenotypic values of
thethree genotypes remains the same in different environments. However if the rank order of
the phenotypic values changes and reaction norms are not panailelGEI occurs (Figure

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

Drosophila melanogasteras a model system for QTL mapping of complex

traits
Drosophilamelanogasteprovides an excellent model system for studying the genetic
architecture of complex trajtincluding behaviorsit offers a dual advantage of ability to

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

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

a7



backgrounds and environmentabnditions considerably affect behavioral phenotypes.
Further, even genetically identical individuals reared under controlled environmental
conditions show variation in their behavior, which makes it necessary to measure many
individuals of identical genotype to asately estimate the mean phenotypic value of the
trait of interest (Anholt & Mackay, 2004a). It is important to consider that as the magnitude
of the effect of an allele to be detected falls, the number of individuals needed to detect it
rises exponentily and that most segregating QTLs require sample sizes of2600
individuals in order to detect ther®dgkal & Rohlf, 1981, Anholt & Mackay, 2004alt is

easy to generate such a large number of individudlgasophila Since there is homology
betweengenes irDrosophilaand genes that affect human diseases (Retoat, 2000), it is
possible to identify loci irDrosophilaand study candidate disease risk genes in mammalian

systems.

Drosophilaalso provideshe necessary tools to identify QTL actthracterize them at
the molecular level (Ashburner, 1989). Its genome is sequenced and a large genomic
database is available (Adarsal, 2000). Abundant molecular polymorphic markers such as
SNP markers and statistical tools are available to identify.sQfor the trait of interest
(Anholt & Mackay, 2004a). Resources of-ismgenic deficiency lines with molecularly
defined breakpoints (Parket al, 2004) and césogenic transposable element insertional
mutations (Thibaulet al, 2004) are available tbugh large stock centers that can be used for
QTL mapping Pasyukoveet al, 2000,Fanaraet al, 2002).P-element andMinos element
insertional mutation stocks and genemiee RNAI libraries are available as tools for

genomic analysis and functional valttbn of quantitative genes detected in association
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studies Thibault et al, 2004, Metaxaki®t al, 2005,Dietz| et al, 2007). Due to its short
generation time, aadvanced intercross line (Allpopulation can be generated for mapping
QTLs at high resaition. A resource of wildlerived inbred lines, theDrosophila
melanogasteiGenetic Reference Panel (DGRP), is now availafiMackay et al.,2012),
where the sequences for all the lines with information on comwasiants is available as a
community resurce which can be used for GWA mapping and identification of DNA
polymorphisms associated with natural variation for the trait of interBstsophila has
thus far,been usedsuccessfully for QTL mapping of naturally occurring variation in various
guanttative traits such as aggression (Edwards, 2009), locomotor reactivity (Jetr@éhn
2006), lifespan (Wilsonet al, 2006), mating behavior (Moehring & Mackay, 2004),

triacylglycerolstoragg(De Lucaet al, 2005) and olfactory behavior (Fanataal, 2002).

Understanding the genetic architecture of olfactory behavior

Understanding the genetic architecture of olfactory behavior involves identification of
genes contributing tthis behavior assessing interaction of genes and determining effects of
alleles on variation in olfactorigehavior.Previous studies dP-element induced mutations
have identified genes contributing to olfactory behavior (Anbbll, 2003; Anholtet al,

1996; Sambndanet al, 2006a) and helped in defining the properties of its genetic
architecture. Olfactory behavior is a product of dynamic epistatic networks of pleiotropic
genes that are influenced by sex, environment and genotype by environment interactions

(Anholt, 2004; Anholt & Mackay, 2004&ambandaset al, 2006a; Sambandagt al, 2008,
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Mackayet al, 20093. Although odorguided behavior obrosophilahas been wektudied
(Anholt et al, 2003;Sambandaet al, 2006a,Sambandaset al, 2008) little is known about
the genetic architecture of natural variation in olfactory behavior which requires

identification of a subset of genafecting phenotypiwariation .

QTL mapping: from linkage mapping to high resolution mapping

The first stegn the identification of QTLs is mapping QTLs to chromosomal regions
at high resolution, to the base level if possible, followed by confirming that the alleles
detected are causal in nature. Early years of tiec@ftury were marked by QTL mapping
usinga traditional linkage mapping approach. QTL mapping using linkage analysis involves
creating a mapping population which can be a backcrgsedombinant inbred lines (RILS)
or advanced intercross lines (AIL) population initiated by crossing two inbresl (Darvasi
& Soller, 1995; Flint & Mackay, 2009). The individuals of the mapping population are
measured for the trait of interest, genotyped for polymorphic markers covering the genome
and divided into marker genotype classes. This is followed bysttal tests to determine if
there is a difference in phenotype between marker genotype clasdabthere is, the QTL
is linked to the marker. Linkage mapping can be dmypassociating one marker at a time
with the trait, caild ed disihighmk imad keaal Werad \y
mapping. o0 Performing I nterval mapping over
analysis which underestimates the effect of QTL that is proportional to the distance of the

QTL from the marker locus (Thoday, 1961). Back in the 198flkage mapping was
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performed by Saxvho used markers to classify chromosomes and detect linkage between
QTL associated with seed size and pigment locuBhaseolus vulgarigSax, 1923)Breese

and Mather, a few decades later, uaeghole chromosome substitution approach to detect
major genes on the third chromosome Dnosophila associated with abdominal brestl
numbers (Breese & Mather, 1957). These two approaches along with progeny testing were
later used inDrosophilato locate QTLs for bristle number at sabromosomal segments
(Shrimpton & Robertson, 1988). A major limitation in QTL mapping for quantitdtais

until this time was unavailability of many visible markers. Although the use of mutant
screens irDrosophila helped to study behavioral geneti&efzer,1973),the information
obtained from these screens is biased since it depends on the atyadébilutants. Further,

only mutations with large phenotypic effects can be detected (Hartisdn2004; Jordaet

al., 2006) and genetic backgrounds may alter the effect of mutations (Dvedr&ln 2009;

Mackay, 2010).

It was with the discovery adibundant, polymorphic, neutral molecular markers and
the development of statistical methods for QTL mapping that detailed characterization of the
genetic architecture of quantitative traits became feasibéader and Botstein described a
combined apprazn of interval mapping to exploit restriction fragment length polymorphism
(RFLP) linkage maps, LOD score analysisobtain accurate estimates of the genetic location
and phenotypic effect of QTLand selective genotyping to reduce the number of progeny
needed to be scored for QTL mapping in experimental organisms (Lander & Botstein, 1989).
Further, composite interval mapping, a combination of interval mapping and multiple

regression analysis, which included marker cofactorsefparate the effects of pdde
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multiple linked quantitative trait loci on mapping QTLs increased the precision and power of

QTL mapping Zeng, 1994Jiang & Zeng, 1995; Kaet al, 1999.

From the above it is apparent that QTL mapping is a statistical procedure where map
positions and effects of QTLs can diffgith changean statisticalanalysis (Kacet al, 1999;
Nuzhdinet al, 1999; Pasyukovat al, 2000; Zenget al, 2000). In addibn QTLs detected
from mapping studies are chromosomal loci thatially contain more than one locus
affecting the trait and detection of such QTLs is dependent on the density of markers
(Mackay, 2001). To takéhese issuesito accountone needso confirmthe detected QTLs
by approaches other than statistical ones and map QTLs at high resolution. The former can be
achieved by introgressing the putative QTL, one at a time, into a homozygous genetic
background. This has been performed to test the existér@éls affecting bristle number
in Drosophila(Lyman & Mackay, 1998, Lymaset al, 1999,Long et al, 2000). For fine
resolution QTL mapping different strategies can be usedrdsophiladeficiency stocks are
available which contain a chromosome missmgortion of the genome and breakpoint
locations that are known on a cytological map. The breakpoints of the stocks overlap
uncovering about #80% of theDrosophilagenome. The crossing scheme and the principle

of quantitative deficiency mapping is explad in Figure 2.2
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Figure 1.12 Deficiency mapping irDrosophila a) A deficiency stock contains a
chromosome missing a portion of the chromosome. The breakpoints of the missing portions
are known and the breakpoints of the deficiency collection overlag.collection uncovers
about 80% of thé®rosophilagenome. b) For deficiency mapping each of the two parental
lines (P1 and P2) with different QTLs for the trait of interest are crossed with a deficiency
stock (indicated as mutants) and a-igmgenic control line without the deficiency
chromosome. For eh of the resulting genotypes (high/mutant, low/mutant, high/wild type
and low/wild type indicated as H/M, L/IM, H/W and L/W respectively) F1 individuals are
phenotyped for the quantitative trait and the data are analyzed statistically. If the difference
between the phenotypes of parental chromosomes in the deficiency background/{#yM
is greater than that of the parental chromosome in the wild type backgrouneL(W)/hen
the location of the QTL is uncovered by the missing portion of the deficienck sto

(indicated by a star in panel a). Figure adapted from (Mackay, 2001).
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Deficiency mapping was used to fine map the positions of QTL affecting variation in
lifespan between twoDrosophila strains Oregon and Russian2b- to the Alcohol
dehydrogenasgeneregion (Nuzhdinet al, 1999). In addition to using deficiency stocks,
implementing the use of a different experimental population can significantly enhance fine
mapping of QTLs. There are different experimental populations that can be easily generated
in Drosophiladue to the short generation time and ability to generate inbred lines. Two
inbred strains with different phenotype for the trait of interest can be crossed to produce an
F2 mapping population or F1s can be backcrossed to either of the paramalts generate
a backcross (BC) population. Alternatively, a number of lines can be selected from an F2
population and inbred to homozygosity. These lines are called recombinant inbred lines
(RI'Ls). Likewise fadvanc enkratedby @assing ome sibrddi n e s ¢
lines followed by sequentially and randomly intercrossing each generation until advanced
intercross generations are obtained (about 25 generations and beyond). However, it is
required at each generation that an effectiveufan size of at least 100 should be
maintained Darvasi & Soller, 1995, Darvasi, 1998enerating AIL or RILs relies on the
principle that continued intercrossing (in case of AIL) or inbreeding (in case of RILS) over
several generations accumulatesaegé number of recombination events which separates
closely linked markers/QTLs resulting in an ideal population for high resolution QTL
mapping. By implementing an integrated strategy of using an advanced experimental
population such as RILs with deficiey complementation mapping it is possible to resolve
mapping to the level of single QTL. This was done to map singlesgesific Drosophila

QTL affecting variation in olfactory behavior (Fanataal, 2002).Further, it should be kept
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in mind while peforming QTL mapping experiments that different approaches can result in
finding novel or known QTLs. There is evidence for such resul@rasophilawhere loci
detected fronP-element mutagenesis (Anheit al, 2003;Sambandaret al., 2006aDierick
& Greenspan, 2006; Jordat al, 2007; Rollmann, 2007; Yamamogt al, 2008) did not
overlap with those found from QTL mapping (Dilda & Mackay, 20B@naraet al, 2002,
Harbisonet al, 2004; Jordaret al, 2006, Edwards, 2009This could be due to 1)the P-
element disrupts a gene that contributes to manifestation of the phenwmiypeot
phenotypic variatiorand 2) there are more than just a few polymorphic sites affecting
variation and different approaches capture different ones at different(iMaekay, 2010)
Overthe past decagdgenome sequence information for model organisaadféauet
al., 1996, consortium, 199&damset al, 2000 and genomic technologies (Mardis, 2008)
became available that have been used to develop rapid and cost effective QTL mapping
methods for detection of multiple QTLs at higher resolution. For example, QTLs affecting
lifespan inDrosophilahave been mappday a speed mapping approach using microarrays
for selective genotyping of pooled DNA sampf{kai et al, 2007) Individuals were selected
from extreme phenotypic tails of a large F2 mapping population derived by crossing two
inbred lines that vary for thigait. DNA from pools of collected individuaisaslabeled with
Cy3 or Cy5 dye and hybridized to shotigonucleotide microarrays spanning the whole
genome expression profile. QTiaeredetected basenh markeroci that showedchanges in
allele frequeng between high and low tails of the distribution (khial, 2007). Similarly, a
fast method for QTL map@®Tllngo,cal llkas fikxdnm esnec

for QTL mapping of complex traits isaccharomyces cerevisiatrains by identifying
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chromosomal locations and QTL effects for different traits by directly measuring pooled

allele frequencies across the genome (Ehrenedialh, 2010). XQTL is a three step process

with the first step being generation of segregating populations for QTlthéortrait of

interest. The second step requires phenotyping the populations and collecting individuals
with extreme trait values (for examplhe top 10% and bottom 10% individuals of the
population). The final step is quantitative measurement of podield frequencies across

the genome either by microarrays or massi v
generation sequencipgd X-QTL mapping is a novel approach yet to be applied
Drosophila which will be described in this dissertatioBoth these approaches are outlined

in Figure 2.3.
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Figure 113: Fast high resolution QTL mapping methoeth approachesequire generation
of a mapping population such as AIL (top) or F2 (bottom). Individuals from tails of the
distribution are collected. Pooled allele frequencies are measured across the genome either by

massively parallel sequencing (top) or microarrayst@m).
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With the advent of novel sequencing technologies such as lllumina/Solex&®BD and
Roche/454 (Mardis, 2008) and a variety of new alignment tools such as BWA and Samtools
(Langmeacet al, 2009; Li & Durbin, 2009) massively parallel sequegc{also referred to

as next generation sequencing) is becoming feasible and affordable. Next generation
sequencing can be used t novosequencing of genomes that requires sequence assembly
and for sample rsequencing to align sequences to a refergec®me to findvariation in

the sample. It is now becoming a reality to investigate the genetic basis of natural variation in
traits using a next generation sequencing approach in humans\(iDayns & Zeggini,

2011) and model organissuch adDrosophila(Turneret al, 2011). Turner and his group
used populatiofbased sequencing of experimentally evolved populatiorBrae$ophilato

study natural variation in body size (Turmral, 2011). Advanced computational tools such

as Popoolation2 are now awable foranalyzing pooled next generation sequencing data to
compute allele frequencies and population differentiation between single or multiple

populations (Kofleet al, 2011)

Drosophila melanogasterGenetic Reference Panel (DGRP): resource for

high resolution linkage and association mapping.

The area of complex trait research has progressed rapidly over the past decade due to
advances in genomic technologies, and the emergence of community resources across species
to study complex traits. Large scaéxperimental projects such as the 1000 genomes

(http://www.1000genomes.oigand the UK10K in humanshifp://www.uk10k.org), the

Collaborative Cross in mice (Churchidit al, 2004; Threadgillet al, 2011), the 1001
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Genomes in Arabidoposis (Weigel & Mott, 2009), the Nested Association Mapping
population (NAM) in maize (Ywet al, 2008) and thérosophila melanogasteiGenetic
Reference Panel (DGRP) rosophila provide a platform to study genetic variation in
humans, model organisms and crops. It is now possible to apply advanced genomic
approaches such as massively parallel sequencing on these populations to map QTLs at high
resolution, systematically discover newddow frequency variants that remained undetected
previously, and identify causal variants (QTNSs) for quantitatigiégs (Ayroleset al, 2009,

Aylor et al, 2017).

The DGRP population is a collection of 192 wildrived inbred lines that are derived
from a natur al out bred population from the
generated after 20 generations of inbreeding of isofemale lines from the Raleigh population.
There is minimal genetic variation within the lin@nd substantial genetic var@ among

the lines(Figure2.4).
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Drosophila Genetic Reference Panel
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Figurel.14: TheDrosophilamelanogasteGenetic Reference Ral: it is a population of 192
wild-derived inbred linesonstructed from Beigh, USA population, following0
generations of fulkib inbreeding of their progeny. Out of the 192 wdketived inbred lines,
sequence data fd68is available. Tere is minimal genetic variation within a line while

genetic variation between the lines is preserved (Maakay. 2012)
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This enables repeated and, hence, precise measurements for the trait of interest of individuals
within a line (same genotype) and simultaneously exploit naturally occurring variation in the
trait in a large population of 192 lines to identplymorphisms affecting variation in
phenotype by GWA mapping. The strength of GWA mapping relies on the degree of linkage
disequilibrium (LD) between the genotyped marker and the functional variant (Mackay,
2001; Myleset al, 2009). The resolution witiwhich a QTL can be mapped is a function of
how quickly LD decays over distance. The decay of LD differs dramatically between species
and it decays rapidly ilbrosophilawithin several hundred base pairs (Fiarciaet al,

2003; Carboneet al, 2006; Flint & Mackay, 2009; Mackayet al, 2012). LD mapping
requires either a sample of individuals from an outbred population or many inbred lines
derived from an outbred population (Anholt & Mackay, 2010). In both cases, LD mapping
offers an advantage in thatexploits all of the recombination events in the evolutionary
history of a sample resulting in higher mapping resolution compared to linkage mapping. The
DGRP, a collection of inbred lines, serves as a valuable resource for GWA mapping of
various traits m Drosophila It provides a broad genetic base capturing genetic diversity
existing in nature and is not limited to what segregates between parents of a cross in linkage
mapping (Table 1). A sample of 192 lingsses enough power to detect intermediate
frequency variants with moderately small to large effects on complex traite sequences

for all the lines and information on commdrosophila variants are available which
provides enough resolution to identify candidate genes and ultimately quantttaiive
nucleotides (QTNs) in GWA mapping iBrosophila LD mapping has been applied in

Drosophilato map molecular variants within single candidate gene regions associated with
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guantitative variation in sensory bristle number (Let@l, 1998; Lymaret al, 1999), and
enzyme activity (Aquadret al, 1992). In another study LD mapping was coupled with
complementation tests to identify positional genes amdsal genetic polymorphisms
determiningvariationin Drosophilalongevity (De Luca & Leips, 2007)However, LD

mapping at a genomeide scale for complex traits is yet to be performeBriosophila
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Table 1: Comparison between QTL mapping and GWAs

QTL mapping

LD mapping (GWASs)

Can only exploit the recombination events t
have occurred during the establishment of
mapping population

Exploits all of the recombination events tl
have occurred in the evolatiary history of g
sample

Can only identify QTL from the phenotyp
diversity generated from the controlled cross

The number of QTL one can map for a giy
phenotype is not limited to what segregd
between parents of a cross, but rather by
numberof real QTL underlying the trait an
the degree to which the mapping populat
captures the total genetic diversity availablg
nature

Mapping is conducted in progeny of a cr
from two parents

Mapping is conducted in populations in whi
relatelness is unknown.

It is a laborious and often an expensive pro
requiring generation of a mapping populatio

It is easy and costffective

Works well with mice androsophila(Flint &
Mackay, 2009).

Works well with organisms that cannot
cros®d, cloned, or have long generation tim
such as plants and humans (Nordborg
Weigel, 2008).

Can be used to identify low frequen
functional alleles by creating crosses which
artificially inflate the allele frequencies in t
progeny providing increased power fg

mapping.

Have little power to detect low frequen|
alleles and QTL with small effect
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tisevi dent that no one approach is Athe Db
over the pastew years has begun to employ joint methods to fine map QTLs. This could be
performing linkage mapping along with LD mapping, GWAs with transcriptional network
studies (Charet al, 2011) or GWAs with genom&ide transcriptome analysis (Ayroles
al., 20®; JumbeLucioni et al, 2010). For example, LD mapping Isss powerful in
detection of rare alleles with small effects (Mackayl, 2009a; Mylest al, 2009). In such
a situation allele frequency can be manipulated by generating a linkage mppptrigtion
(e.g.AlLs where allele frequency is maintained at 0.5). Further, linkage mapping could be
done along with LD mapping to increase the power of QTL mapping which is known as
Aj oi nt-ad s mkiagtei oWu &n¥emmp200Liyva et @l, 2002;). The DGRP
provides a platform to perform such joint linkaggsociation analysis on various complex
traits. Parental strains with extreme phenotypes for the trait of interest can be used from a
broad genetic base of 192 inbred lines to generate linkggdations increasing the power
to detect rare alleles with small effects (Mackely al, 2011). Studies in mice and
Arabidopsis underscore the effectiveness of this joint approach in fine resolution QTL
mapping. However these studies also indicate thattsesom population based studies need
independent confirmatioManentiet al, 2009,Brachiet al, 2010Q. It is possible to perform
confirmation experiments using the DGRP. An outbred population can be geneoated f
the DGRP following a roundobin aossing sheme (Figure 2)5to independently confirm

associations detected in LD mapping experiments.
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Figure 115: Confirmation of associations detected GWA mapping: An outbred
population can be generated using the DGRP. The figure shows an exdrapteossing
scheme to generate an outbred population using 40 lines. Female of line 1 is crossed to male
of Line 2; female of Line 2 is crossed to male of Line 3 and so on. One male and female from
each of the 40 F1 populations pacedinto 10 bottles.After about 50 generations, an

outbred population is established.
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Further, even a tragpecific outbred population can be generated in a short span of
time by performing a half diallel cross between parental strains with high and low phenotypic
scores followed by advanced intercrossing for multiple generations. The outbred population
can be scored for the trait of interest to collect the top and bottom (for example top and
bottom 10%) individuals. Massively parallel sequencing can be performed qrothed
DNA from each category and allele frequency differences can be calculated. Any overlap
between alleles detected from such a reconstructed outbred population and those from LD

mapping is an independent confirmation of associations.

Taken together, high resolution QTL mapping has come a long way and nbavere
newtechnologies that can be combined with new community resources to meet the challenge

of dissecting complex traits into individual genes and their causal QTNSs.

Epistasis(genotype by genotyp interactions)

The concept of epistasis is not novel and in classical Mendelian genetatsrs to the
interaction between the loci with large effects resulting in masking of genotypic effects at
one lows by genotype at another lscresulting in distortedatios in the dihybrid cross
(Phillips, 1998) In quantitative genetics, epistasis refers to aog-additive interactions
between two or more loci. The effect at one locus can either be enhanced (synergistic
epistasis) or suppssed (antagonistic episisisby the effect of other loci (Mackay, 2001)
Epistasis constitutes an integral parttioé genetic architecture of quantitative traits since

QTL effects can vary according to the genetic, sexual or external environment. Hence,
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phenotypes associated with the QTL will change with the change in the genetic or
environmental backgrounds and QTL is said to exlgbiteby gene(epistasis) or genotype

by environment interaction (GEI) or genotype by sex interaction (@Sla consequem

the estimates of QTL effect and position from QTL mapping study becomes redeyatd

the population and environment in which it is detected and may not replicate across sexes or
in a different environment.Further, epistatic interactions chrasestimates of the effect of
QTLs in mapping populations when present but not accounted for. The power to detect
epistasisn mapping population imited because 1) mosif the epistatic interactions are not
very strong. QTL mapping procedsreequires adw significance threshold after adjusting

for multiple tests and only very strong epistatic interactioas be detected. 2pther
segregating QTLs can affect the pair of loci under consideration making it difficult to detect
epistatic interactionbetwe@ them.3) Only afew individualswithin a populatiorcan exhibit
episttic interactions that requirevery large mapping populationso detect them
Nonetheless epistatic interactions have been reported from studies in different model
organisns and humansFor example, ilDrosophilaepistasis existbetween QTLs affecting
Drosophilabristle numbe(Spickett & Thoday, 1966, Shrimpton & Robertson, 1988)g et

al., 1995 wing morphology (Veberet al, 1999, life span Leips & Mackay, 2000; Leips,
2002) ard startleinduced locomotor behavioddrdanet al, 2006). Similarly, studies in

mice indicated nomdditive interactions between QTLs affecting growdbdy weightand

body size(Routman & Cheverud, 1997, Brockmaeh al, 2000; Cheverucet al, 2001;
Workman et al, 2002; Klingenberget al, 2004 Yi et al, 200§. Epistasis is also a

prominent feature of the genetic architectureyi@in yield in rice (i et al, 1997, growth
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rate inArabidopsis(Kroymann & MitcheltOlds, 2005)chicken(Carlborget al, 2006)and
yeast(Steinmetzet al, 2002,Sinhaet al, 2008, longevity inC. elegangShook & Johnson,
1999)and susceptibility to diabet@s humangCox et al, 1999).These studieBnply thatit

will be easier to capture epistasis with poweepermental designs with precise tes@ne

of the approaches to study nadditive interactions is to generate diallel crosses by crossing
homozygous mutant parental strains to construct all possiblevig@rcombinationsThis
method revealed a dynamic dpisc network of enhancing and suppressing epistasis
affecting oar-guided behaviofFedorowiczet al, 1998.Sambandart al, 2006) climbing

(van Swinderen & Greenspan, 2008Qgressiondwartset al, 2011)and startle behavior in
Drosophila (Yamamotoet al, 2008, Yamamotoet al, 2009, and antagonistic epistasis
affecting yield related traits in tomafBshed & Zamir, 1996) In order to test for additive by
additive epistatic interactions, four double homozygous genotypes at two biallelic Id@ can
constructed. Suclan approach has been used to study epistasis between QTLs affecting
divergence in plant architecture between maize and tedsinkens & Doebley, 1999and
betweenP-insertions on metabolic activity iDrosophila (Clark & Wang, 1997)Epistatic
interactions are not limited between QTLs or loci but can exist between quantitative trait
nucleotides (QTNsyithin a gene. For example, QTNs identified witltie DrosophilaAdh

gene that affect protein concentration also exhibit epis(8&as & Laurie, 1996)Finally,
another powerful design to detect epistasis involves constructing a panel of chromosome
substitution lines or segmental introgression litied allows detection of inteshromosomal

or segmental interactionsWhereas chromosan substitution lines are generated by

substituting single chromosomfom one strainnto a homozygous genetic background of a

68



second strainsegmental introgression lines are generated by introgressing small genomic
portions from one strain into the backund of another strain so that the collection of
introgression lines span the entire geno@kearly, epistasis can be easily detected using
chromosome substitution lines or introgression lines especially in model organisms such as
Drosophilamelanogasterwhere it is easy tgeneratesuch linesand introduce mutations in
tightly controlled genetic backgrounds which would not be possible in human populations.
Experimenal designintrogression lines have revealed epistasis affecting aggrédxssiasior
(Edwards & Mackay, 2009)Further, Yamamotoet al. (2009) created chromosome
substitution lines in which isogeniCantorS B chromosomes witlP-element insertions
affecting startle behavior and théirelement free casogenic chromosomes were stituted

in a subset of the DGRP lines (kg 2.6) Using these lines it was possiblenot onlyto
qguantify the extent to which naturally segregating variants modify the effects of single
mutations but also to study variation of ipasis among differérines Results from this

study indicated that the direction of epistasis was to suppress the effestutations in
Semaphorirbc (Semasc) and Calreticulin (Crc) affecting startle induced locomotor
behavior Both genes also affect olfactory behavi@afnbandaet al, 2006)andCrc affects

sleep phenotypesHérbison & Sehgal, 2008 Do these traits, like startldoehavior,
experience suppressing epistasigmatural population, that is, is suppressing epistasis by
naturally segregating modifiers dsehavioral traits a general phenomenon or specific to
startle behavior?lf so, then are these phenotypes modulatedthgysame or different
modifiers? Once generated, chromosome substitution lines act as a good resource to answer

such questions. It becomdeasible to measure them for different waf interest and
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estimate the effestof mutation(s) in different wilelerived genetic backgrounds and
correlate the epistatic effects among the different phenotBogis.these questions have been

addressedi chapter 4 of this dissertation.
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Figure 116: Generation of casogenicCSB C3 substitution lines in inbred DGRP genetic
backgrounds. The left side of the diagram illustrates the three rdajonelanogaster
chromosomes in esogenicCSBlines, with arrows indicating the locations Bfelement
insertions inSemabc and Crc. The right side of the diagram illustrates the introduction of
CSB thirdchromosomes with or withouR-element insertions into differem@GRP lines,

indicated with different colors (Yamamogb al,, 2009).
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Contributions of this dissertation

Chapter 2 of this dissertation presents the first lsmgde endeavor to systematically dissect
the functions of OBPs under controlled environmeatad genetic background conditions
using a combination of gene silencing and behavioral methods. The results from the proposed
experiments contributeovel information to the field of olfaction which together with
information of odorant receptor express@nd response profiles will help to understand how
olfactory gene families interact to enable insects to sense their chemical environments. OBPs
are the first componesbf the olfactory system to come in contact with the odors and could
be potential tagets for pest control.

Chapter 3 discusses the use of both GWA mapping a@d X mapping using AlL
populations This is anovel approach foihigh resolution QTL mapping Drosophila. X-
QTL mapping isa fast and economical method that allows mapping ®G® by direct
comparison of allele frequencies between individuals with extreme olfactory behavior by
massively parallel sequencing of pooled DNA samples. GWA mapping usinDGRP
allows us to determine what molecular variamksfine QTL alleles affectop variation in
olfactory behavior in naturat the level of single nucleotide. Conducting GWA mapping and
X-QTL mapping will allow sideby-side comparisaof results from two methods since the
experimental design of both approaches uses the DGRP ftersdme behavioral assay and
are performedcontemporaneouslyTaken together results from this stugyesent an
integrated approach to fimtbvel genes or DNA variants contributing to natural variation in
olfactory behavior and enhance our understandinghefgenetic architecture of natural

variation in olfactorybehavior.
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Chapter 4 focusesn epistasigis an important feature of quantitative traits. Different
approaches exist to study epistasis such as generating diallel crosses, chromosome
substitution ines and introgression lines. In this studigromosome substitution lines were
used to study the effects of epistatic modifiers that segregate in -aevilsed Drosophila
melanogastempopulation on the mutational effects Bfelement insertions in pleiotropic
genes that affect olfactory, startle and sleep phenotypes. The results from thibeastady
identified suppressing epistasss amechanisnto confer robustness aftrait to mutationn

natural populations
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Abstract

Most organisms rely on olfaction for survival and reproduction. The olfactory system of
Drosophila melanogasteas one of the best characterized chemosensory systems and serves
as a prototype for understanding insect olfaction. Olfaction in Drosophila is mediated by
multigene families of odorant receptors and odorant binding proteins (OBPs). Whereas
molecular respose profiles of odorant receptors have been well documented, the
contributions of OBPs to olfactory behavior remain largely unknd#are, we used RNAI
mediated suppression Gfbp gene expression andeasurements of behavioral responses to
16 ecologicallyrelevant odorantso systematically dissect the functions of 17 OBR&
guantified the effectiveness of RNAlediated suppression by quantitative-RCR and used

a proteomic LC/MS/MS procedure to demonstrate tesgetific suppression of OBPs
expressedn the antennae. Flies in which expression of a specific OBP is suppressed often
show altered behavioral responses to more than one, but not all odorants,-thepesgdent
manner. Similarly, responses to a specific odorant are frequently affected bgssigprof
expression of multiple, but not all OBPs. These results show that OBPs are essential for
mediating olfactory behavioral responses and suggest that-d@péhdent odorant
recognition is combinatorial.

Keywords: olfaction, chemoreception, behavigahetics, RNAI, proteomics
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Introduction

Drosophila melanogasteprovides an excellent model system for studies on olfactory
behavior, since its olfactory system has been well characterized (VastshgI2000, Wang

et al, 2003, Hallemet al, 2004, Suest al, 2009) and flies are readily amenable to genetic,
neuroanatomical, electrophysiological and behavioral manipulations. Furthermore, virtually
unlimited numbers of individuals of the same genotype can be grown under controlled
environmenthconditions.

Olfaction is mediated by olfactory sensory neurons (OSNSs) in sensilla of the third
antennal segments and the maxillary palps. In basiconic sensilla, each OSN expresses one or
sometimes two unique odorant receptors from a repertoire ©éeant receptorOr) genes
(Robertsonet al, 2003, Suet al, 2009). Each unique receptor dimerizes with a common
odorant receptor (Larssaet al, 2004), Or83b, and activation of this complex by odorants
results in the opening of a cation channel whieipalarizes the OSN (Satt al, 2008,
Wicher et al, 2008). Combinatorial activation of odorant receptors generates a spatial and
temporal pattern of neural activity among the population of OSNs that is relayed to the
antennal lobes, where it is transf@ehinto an activation pattern of glomeruli (Mg al,

2002, Wanget al, 2003). Information contained within these glomerular activation maps is
transmitted via projection neurons to the mushroom bodies and lateral horn of the
protocerebrum in the brafwonget al, 2002, Jefferiet al, 2007, Linet al, 2007, Luoet

al.,, 2010), where olfactory information is interpreted and coupled to an appropriate
behavioral output that can be modulated by prior experience (Davis, 200Q&gdition to the

Or recepors, OSNs in coeloconic sensilla express members of a family of ionotropic (Ir)
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odorant receptors (Bentat al, 2009), which have been implicated in sensing alcohol, water
vapor, amines (Yaet al, 2005) and acid (Aet al, 2010).

The Drosophila mehnogastergenome also encodes a large family @florant
binding protein(Obp) genes (Galindo & Smith, 2001; Heknfatafeet al, 2002).OBPs are
secreted in the perilymph by support cells in the sensilla. Support for a role for OBPs in
odorant recognitiorcomes from the finding that the Lush odorant binding protein is an
essential mediator of the response to the courtship pheromeris-\idccenylacetate (Xat
al., 2005, Laughlinet al, 2008). In addition, a 4bp insertion in tkp57egene inD.
sechelliaresults in loss of avoidance of hexanoic acid and octanoic acid produced by its host
plant,Morinda citrifolia, and supports host plant specialization of this species (Matsalo
2007). Furthermore, association analyses in a population boédnwildderived lines
revealed associations of polymorphisms in @®99ad group with phenotypic variation in
responses to benzaldehyde (Waetgal, 2007) and acetophenone (Waagal, 2010).
However, a systematic analysis of the roles of OBPs iniatied behavioral responses to
odorants has not yet been performed. Here, we used targetedniadisited suppression of
Obp expression and quantified behavioral responses to a battery of odorants to characterize

the behavioral response profiles of OBPs.
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Materials and methods

Drosophila stocks

Seventeen lines that express RNAI correspondin@lp transcripts under UAS promoters
inserted in the neutral phiC31 integration site along with the progenitor control line
(y,w[1118];P{attP,y[+],.w[3"]}) were ddtained from the Vienna Drosophila RNAi Center
(http://www.vdrc.at). Each of these lines and the progenitor control was crossed to a
ubiquitous tubulinGAL4 driver line ¢ w'; P{tubP-GAL4}LL7/TM3, SH) to suppress the
expression of the targ@ibpgene. F1 offspring wenesed for both molecular and behavioral
experiments. The lines were reared in large mass cultures on cornmeal/molasses/agar
medium at 2b C and a 12h/12h light/dark cycle (lights on at 6:00 am; lights off at 6:00 pm).
Assessment of Obp gene expression level

The efficiency of RNAimediated suppression of individu&®bp genes in tubulin
GAL4/UASObpRNAIF1s was assessed by quantitative real time Polymerase Chain Reaction
(0-RT PCR) using a SYBR green detection method according to the protocol from Applied
Biosystems (Foster City, CA, USA) with glyceraldemgiphosphate dehydrogenase as the
internal standard. Independent triplicates of total RNA were extracted from males and
females separately using Trizol reagent (Invitrogen, Inc., Carlsbad, CA, USA). cDNA wa
generated from 8Q00 ng of total RNA by reverse transcription and each extract was
analyzed in duplicate. Transcript specific primers were desigmeaimplify 100150 bp
fragments. Negative controls without reverse transcriptase were run to excludrigyeno

contamination. Statistically significant differences@ip gene expression levels between
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tubulinGAL4/UASRNAI F1s andtubulinGAL4/progenitorF1s were determined by two

tailed ®student 6 s t

Relative quantification of protein levels in antennae

Antennal extracts (500/sex/line) were collected fraubulinGAL4/UASRNAFObpP28a,
tubulinGAL4/UASRNAObp83a and tubulinGAL4/progenitor lines and processed for
proteomics analysis, essentially as described previously (Anholt & Williams, 2010) with
modifications as indicated below. Tryptic fragments of antennal proteins were detected by
nanoLC/MS/MS using an Eksigent nabG-2D system coupled to an LFQrbitrap mass
spectrometer (ThermoScientific, Inc, Waltham, MA, USBE solvents used were mobile
phase A [HO/acetonitrile/HCOOH (90/10/0.2% by volume)] and mobile phase B
[acetonitrile/HO/HCOOH (90/10/0.2% by volume)]. The MS method consisted of seven
events: a precursor scan followed by six data dependent tandem MS scans'ofshenbst
abundahpeaks in the ion trap. A high resolving power precursor scan of the eluted peptides
was obtained using the LFQrbitrap (60,000 resolution) with the six most abundant ions
selected for MS/MS in the ion trap through dynamic exclusion. This allowed feramp of

low and high abundance peptides/proteins. The instrument was externally calibrated
according to the manufacturerds protocol
using MASCOT (Matrix Science Inc. MA for protein identifications. Batch seamf of
nanoLC/MS/MS data was performed using tle melanogasterprotein database

downloaded from the InterPro websit@ww.ebi.ac.uk/interprp A Perl script was used to

create a reverse sequence databasthé&dd. melanogasteprotein database (target). Target
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and reverse sequences were combined into one FASTA file for MASCOT batch searching of
nanoLC/MS/MS data to account for the false discovery rate (FDR). A protein FDR of <1% is
considered adequate and wesed in determining reliable protein identificatioridroteolQ
software (Biolnquire, LLC 2010, Bogart, GA, USA) was used for cheanalizationand
relative quantification Data were normalized by performing Total Spectral Count
Normalization by standaizing to the total spectral counts for all proteins identified in each
biological group and replicate. The normalization factors are calculated such that the total
spectral counts for all proteins in each replicate and biological sample are equal. The
normalization factors are then applied to the spectral counts for each protein. Significant
differences in spectral counts between OBPs in control samples and in lines irDivhRBa

orObp83awer e targeted by RNAI were assessed by

Behavioralassay

Odorants were purchased from SigAddrich (St. Louis, MO, USA) and were of the highest

purity available. Olfactory behavior of singéex groups of 50 flies/replicate and three
replicates/sex was measured for each line betweer42000pm, using anodification of the

wel | established Aad ialp $906). d-&wseeen slaold dflies(wkne h o | t
collected a day prior to the assay and food deprived for about 2 hours in a 50 ml conical tube
containing a cotton stwalbeod)i.p T(hree freeg a uwr et noe na
depositing 0.1 ml of odorant solution on the cotton swab tip in the odor tube. The odor tube is

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

At the end of the assag,response index is calculated as follows:
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Response Index (RI) = number of flies in the collection tube/ total number of flies
RI = 1 indicates the highest aversive response to the odorant, Rl = 0.5 shows
unresponsiveness to the odorant, and Rl = O ineBcataximal attraction. Three replicates
are run at the same time of day on three consecutive days to average environmental variation.
All ObpRNAIlines were measured contemporaneously for each odorant along with a control
(i.e. flies that carry theubulinnGAL4 driver without a UAS transgene in the same genetic
background). Data were analyzed using a thieay ANOVA model,Y=p +L + S+ O+
LxS + LxO + SxO H. x S x O+ E, where p is the overall mednjs the random effect of
ODbpRNAI lines, S is the fird effect of sex, O is the random effect of odorantErsdthe
environmental variance. The data were further analyzed by odorant and by sex using a
reduced onavay ANOVA model, Y = p .+ E, wherep is the overall mean, L is the
random effect otubulinGAL4/UASObpRNAIlines, and E is the environmental variance.
Analyses of variance and tests of significance were calculated using the Proc GLM procedure

in SAS (SAS institute, Cary, NC, USA).

Results

Specific RNAimediated suppression of Obp gene expression

To systematically dissect the functions of members ofQbe gene family in olfactory
behavior, we knocked down expression of individual OBPs by crossimdgpuin-GAL4

driver line to UASRNAI lines from the Vienna Drosophila RNAi Center. THASRNAI
constructs are inserted in a defined phiC31 integration site on the second chromosome in an

isogenic background. The phiC31 integration site allows efficient Gakdiated
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expression, and insertion OfAS constructs in this site does not give rise to positional effects
(Grothet al, 2004). Since a promot&AL4 construct specific for antennal support cells is
not availableand Obp genes are expressed in multiple chemosensory organs (Galindo &
Smith,2001) that can affect olfactory behavior, we chose an unbiased experimental design in
which we suppressed expressionQifp genes with a universaubulinGAL4 driver. We
selected 1TUASRNAIlines targetingdObpgenes. These lines provided viable offsgrwhen
crossed to theubulin-GAL4 driver line with normal morphology, development time and
fertility, except thetubulinGAL4/UASObp56dRNAiIoffspring and males of thabulin
GAL4/UASObp58bRNAIine, for which we could not obtain behavioral measuremeuoés
to poor viability.

MRNA levels assessed by quantitative-RTR on whole flies were significantly
reduced in theubulin GAL4/UASRNAIF1s compared to the corresponding control (Fig. 1).
Average reduction in transcript expression across all the Wwass33% compared to control

and ranged from greater than 90% (&%.0Obp56a Obp56f Obp573 to 4350% Obp99l).
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To assess to what extent reduction in transcript levels correlated with reduction in
protein levels and to examine whether suppression of expression of theQamgene
elicited compensaty changes in expression levels of other OBPs, we used a previously
developed reversed phase high performance liquid chromatography and tandem mass
spectrometry (nanoLC/MS/MS) procedure with femtomole detection sensitivity (Anholt &
Williams, 2010) to det soluble proteins from antennae a@ibulinGAL4/UAS
Obp28aRNAitubulinGAL4/UASObp83aRNA&aNd control flies. We focused on these lines
since high levels of OBP28a (a.k.a. PBPRP5) and OBP83a (a.k.a.PBPRP3) are readily
detectable in Drosophila antenndgkfelny et al, 1994, Anholt & Williams, 2010). We
detected peptides derived from 237 soluble proteins (FDR < 0.01) in the antennal extracts
(Supplementary Table S1), including 18 OBPs (including antennal proteins A5 and A10; Fig.
2). Other members adhe OBP family were not detected, because they may be present in
minute amounts, are not effectively released from the antenna (e.g. detection of Lush
expressed in trichoid sensilla is sporadic (Anholt & Williams, 2010)) or expressed in other
chemosensoryissues, such as the maxillary palps (Galindo & Smith, 2001), proboscis
(Galindo & Smith, 2001, Cameraat al, 2010), tarsi (Galindo & Smith, 2001, Matseibal,

2007) or wing margins.
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Figure 2: Identification and relative quantification of OBPs in antennal extracts. (A)
LC/MS/MS detects 17 OBPs in offspring from the progenitor control line
(y,w[1118];P{attP,y[+],w[3]}) crossed to théubulinGAL4 driver line. (B) Expression of

OBP28a is specifally reduced in th®©bp28aR N A i l i ne (FPRUOD)N(@EHOW.S t e st
(C). Expression of OBP83a is specifically reduced in@ip83aR N A i l i ne (Dunnet
P<0.05) (arrow). Reduction in protein levels is proportional to reduction in corresponding

RNA levels (Figure 1). Solid bars represent males and open bars represent females. The error

bars indicate standard error of the mean.
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Relative quantification of protein levels showed that reduction in the levels of
OBP28a (Fig. 2B) and OBP83a (Fig. 2C)ngmared to control (Fig.2A) paralleled the
reduction in their respective transcript levels (Fig.1) and was specific for each target gene
without significantly affecting the expression of other OBPs or-@Q&k proteins

(Supplementary Table S1)

Behavioral analyses of lines with reduced expression of specific OBPs

We determined the behavioral response profiles to a panel of 16 naturally occurring and
ecologically relevant odorants (Hallem & Carlson, 2006; Keller & Vosshall, 2007) for each
tubulinGAL4UASObPRNAI line and the control. Odorants encompassed different
functional classes, including aldehydes (propanal, benzaldehydeexenal, citral), ketones
(2-heptanone, acetophenone), aromatics (phenyl ethyl alcohol, benzaldehyde, acetophenone,
methyl salicyate), alcohols (hexanol, geraniol), esters (ethyl acetate, isoamyl acetate),
terpenes (the enantiomersdrvone and -¢arvone), and pyrazines -(2ethylpyrazine, 2
ethylpyrazine). Pilot doseesponse studies established 1% (v/v) as a maximally
discriminding odorant concentration (Fig. S1), which provides overall good sigradise
resolution while remaining below the maximum aversive response of RI=1. Response
indices were measured for each odorant for ddélsObpRNAiline and compared to
contemporaeously measured response indices of the control. We analyzed the data with
threeway ANOVA to assess statistically significant differences, and found a significant

x odorant effect for altubulinrGAL4/UAS ObpRNAIlines, excepObp56h(which showed a

significant line x sex effect; Supplementary Table S2). Subsequently, we used a reduced
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ANOVA model to identify odoranspecific and sespecific effects for eachubulin

GAL4/UASObpRNAIline.
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Figure 3:Effects of RNAimediated suppression @fbp expression on behavioral responses

to odorants. Each panel represents an RidAjetedObp transcript. Odorants are indicated
along the X axes of the panels. Response Index is indicated along the Y axegaBtatist
significant differences between behavioral responses of RNAI lines and controls were
determined by ANOVA and are presented as deviations from the mean response index of the
control line (RI [knockdown] RI [control]). Solid bars represent malesgngbars represent
females. Red color indicates statistically significant differences from coRtroD(05). The

bars indicate averages and standard errors of three measurements with 50 flies each.
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Disruption of expression of individual OBPs resultslterad behavioral responses to
multiple, but not all odorants, and affects males and females differently (Fig. 3). For
example, disruption of expression of OBP28a shows altered behavioral responses to 2
heptanone anddarvone in males and toethylpyrazne and citral in both sexes. Sexual
dimorphism is also evident for OBP83a, where reduction in expression results in altered
responses todarvone in both sexes, teh2ptanone and acetophenone in males, and to citral
in females (Fig. 3). Some OBPs shoarnowly tuned behavioral response profiles (e.g.
Obp22a and Obp57h, whereas others have broad response patterns @épgb9a and
Obp99h), as inferred from targeted RNAediated suppression with this limited panel of
odorants. To further assess the repaoility of our measurements, we selected RNAI lines
targeting the abundantly expressed OBPisp28aand Obp83a(Fig. 2), for further testing
with contemporaneous controls. We conducted five additional behavioral measurements for
those odorants (citral dnl-carvone, respectively) that showed significant differences from
the control in the initial screen, for sexes separately, at four different odorant concentrations
and replicated the data from our initial screen at 1% (v/v) odorant concentration
(Supplenentary Fig. S2).

It is noteworthy that structurally similar odorants, such as benzaldehyde and
acetophenone, andr2ethylpyrazine and-2thylpyrazine are associated with distinct, albeit
overlapping, behavioral profiles among thet@BulinGAL4/UASObpRNAI lines. Odorants
differ widely in their dependence on expression of different OBPs to elicit behavioral
responses. For example, olfactory responses to propanal are only disrupted in males in which

expression ofObpl8aor Obp59ais suppressed, whereassponses to many other odorants
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are altered in more lines with reduced OBP expression, with different patterns between males
and females (Fig.3 and 4). It is possible that differential efficacies of Ribiated
knockdown in males and females may accdansome of the observed sex differences (e.g.,
Obp22a and Obp93a Fig. 1). However, in some instances greater inhibitionOdbip
expression in one sex resulted in a smaller effect on olfactory behavior than in its counterpart
where reduction in expressionthe samébpwas less affected (e.@bp28a Fig. 1) and in

cases, where reduction i@bp transcript was similar in males and females, sexually

dimorphic behavioral effects were still observed (€4pp56aandObp83¢ Fig.1 and 3).
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Figure 4:Combinatorial response profiles of OBP<Orosophila melanogastdemales (A)
and males (B) inferred from RNAnediated suppression @bp transcripts. Significant

differences from controlR < 0.05) are indicated in red. The diagram is based on Figure 3
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Discussion

We used targeted RNAnediated suppression @fbp expression to quantify the behavioral
response profiles of OBPs to a battery of odorants. The extent of-RBdated knock

down ofObpgene expression varied among thkulinnGAL4/UASRNAIODbplines and there

was no linear relationship between suppressiorObp gene expression and behavioral
effects. It should be noted that we measured odorant responses at a single concentration and
that the response profiles shown inmgdtes 3 and 4 may shift at different odorant
concentrations or with differe@bp expression levels (Zhoet al, 2009). Only five ofthe

OBPs examined are readily detectable in antennal extracts (OBP28a, OBP56a, OBP56d,
OBP83a, and OBP99b; Fig. 2). Tltan be due to suboptimal release of OBPs from specific
antennal sensilla or limitations of detection by the LC/MS/MS procedure. Alternatively,
behavioral responses to odorants could result from integration of input from multiple
chemosensory organs, e.gcluding the maxillary palps. Although we have examined
behavioral response profiles of only about-timed of theObpfamily with a limited panel of
odorants, we believe that the scope of our study provides a representative illustration of the

role of OBPs in olfactory behavior.

Combinatorial recognition of odorants inferred from targeted RNAi-mediated
inhibition of Obpexpression

RNAi-mediated reduction in expression of a sinQliep gene results in altered behavioral
responses to multiple, but ndt,adorants, and responses to a given odorant are affected by

reduced expression of multiple, but not &lpp genes (Fig. 3 and 4). This observation
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suggests, at least indirectly, that interactions between OBPs and odorants are combinatorial.
Combinatoral recognition of odorants by OBPs and odorant receptors implies that
perception of odor quality depends on the activation pattern that arises across multiple
glomeruli in the antennal lobe (Net al, 2002, Wanget al, 2003). Alterations in this
glomerubr activation map by attenuating a single input component is predicted to result in
altered perception of odor quality that can give rise to either enhanced or reduced behavioral
responses. This prediction is in line with our observation that reductierpiression of a

single Obp gene results not only in decreased, but sometimes also in increased responses to
specific odorants (Fig. 3). Comprehensive binding studies with odorants could further

corroborate the extent and overlap of molecular responséegrofiOBPs.

Sexspecific effects of RNAimediated reduction inObpexpression.

Analysis of wholegenome transcript profiles of 40 inbred wddrived D. melanogaster

lines showed that the transcriptome is highly organized with 24dagant modules of
genetically variable transcripts. A vast proportion of the transcriptome showeduasexi
expression with extensive mdiemale antagonism (Ayrolest al., 2009). Expression of
chemoreceptor genes, notaliypps, showed especially extensive sexual dimaphieven
among Obp genes located within the same chromosomal cluster (&toal, 2009).
Moreover, sexually dimorphic differences in expression levelShy transcripts have been
documented in response to different environmental, physiological and soaciditions
(Zhou et al, 2009). These observations indicated that males and females utilize the

chemoreceptor repertoire differently to perceive their chemosensory environmentetZhou
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al., 2009). Since mating can affeCbp expression (Zhowet al, 2009) it is possible that
behavioral response profiles of tRiNaiObplines would show differences in virgin flies.
However, this does not affect our conclusions, since we only compare mated flies throughout
this study. In addition, sexual dimorphism in resgEmto a single odorant, benzaldehyde, in
P-element insertion lines (Anhodtt al, 1996, Sambandagt al, 2006) and in chromosome
substitution lines (Mackagt al, 1996) has been reported previously. It is, therefore, not
surprising that we found thahe effects of suppression @bp expression on behavioral
responses to odorants were sexually dimorphic. It should be noted that combinatorial
recognition of odorants would accentuate sexual dimorphism of behavioral responses in our
RNARODbp lines, since eduction of a single sebiased component within an ensemble of
responsive OBPs could result in divergent changes in overall activation patterns, and, hence,
odor quality perception, between the sexes. Thus, the functional consequences of
knockdown of achObptranscript are dependent on the context ofsggecific expression of

the entireObprepertoire.

Relationships between OBPs and odorant receptors in odorant detection

Other than the previously reported interaction between the pheromone binding protein Lush
and Or67d (Xwet al, 2005, Laughliret al, 2008), there is currently no evidence for precise
functional relationships between OBPs and odorant receptors. Althoeghishno simple

linear relationship between behavioral response profiles of OBPs and molecular response
profiles of odorant receptors (Hallezhal, 2004), features of functional organization emerge

between behavioral response profiles of OBPs and ef#utsiological response profiles of
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odorant receptors (Hallem & Carlson, 2006). For example, structurally similar odorants such
as benzaldehyde and acetophenone activate common odorant receptors, Or9a, Orl0a and
Or67a, and behavioral responses to both amsrare suppressed by inhibition@bp56h

Obp99h Obp83cand A5 (Fig. 5A and B). Similarly, common odorant receptors @iips

can respond to odorants carrying the same functional groups. For example, acetophenone and
2-heptanone are ketones that bothvate Or9a and Or67a; behavioral responses to both of
these odorants are affected by reduced expressidb, @bp56f Obp56hand Obp83a(Fig.

5A and C).

129



Figure 5:Relationships between electrophysiological response profiles of odorant receptors
and behavioral response profiles of OBRs.The innermost circle represents nine odorants,
and odorant receptors responding to each odorant are indicated from the cetiter t
periphery in concentric green circles in descending order of responsiveness of >200 spikes/s,
>150 spikes/s, >100 spikes/s and >50 spikes/s, respectively (Hallem & Carlson, 2006). The
outer purple circle indicate®bps of which reduced expression afts responses to these
odorantsin males (blue) and females (re@. This panel highlights relationships between
electrophysiological response profiles of odorant receptors and behavioral response profiles
of OBPs to the structurally similar odorantsetmphenone and benzaldehy@e This panel
highlights relationships between electrophysiological response profiles of odorant receptors
and behavioral response profiles of OBPs to odorants with a similar functional group, in this
example the ketones acet@mone and -Beptanone. In paneB and C, odorant receptors

and OBPs common for both odorants are outlined in boxes.
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We also note that Or85b responds to propanal ahdpPanone, and behavioral
responses to both of these odorants are suppregsedilntion of the expression @bpl8a
andObp59ain males. Orl0a is activated by methylsalicylate and acetophenone; responses to
these odorants are affected by suppression of expressicDbpb6f in females for
methylsalicylate and males for acetophenone (Fig. 5A).

Furthermore, we noted that odorant receptors that are activated by odorants of the
same functional class, but expressed in different sensilla (Hallexhy 2004), may interact
with common OBPs. For example, Or47a, expressed in ab5B neurons, and Or43b, expressed
in ab8A neurons, are both activated blgptanone, and Orl10a, expressed in ab1lD neurons,
is activated by acetophenone. Acetophenone amebfanone are ketones and the baral/
responses to both are affected by suppressiébdDbp56h Obp56fandObp83a(Fig. 3, 4,
5A and C). Similarly, suppression @bp59a affects the behavioral responses to both
propanal, which activates Or85b, expressed in ab3B neurons, and berzaldehich
activates Orl10a, expressed in ab1D neurons (Fig 5A).

A similar pattern is observed for structurally similar odorants. For example, Orl0a,
expressed in ablD neurons, is activated by acetophenone, and Or7a, expressed in ab4A
neurons, is activatetly benzaldehyde (Hallerat al, 2004). The behavioral responses to
both of these odorants are affected by suppressiéd,dbp56h Obp99band Obp83c(Fig
5 A and B).

Finally, behavioral responses to odorants with different functional groups that
activake the same odorant receptor can also be affected by suppressed expression of common

OBPs. For example, reduced expressio@bp59aaltered behavioral responses to propanal
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and geraniol both of which activate Or85b, expressed in the ab3B neuron (lealém

2004). Thus, although further studies will be required to compare the distribution and
coexpression of OBPs and odorant receptors across antennal sensilla, complex functional
mosaics of combinatorial recognition patterns are likely to characterizeeldtgonships
between OBPs and odorant receptors.

Combinatorial activation of OBPs by general odorants suggested by our data
contrasts with previously documented activation of OBPs by pheromones. Binding of the
Bombyx moripheromone bombykol proceeds waspecific pheromone binding protein
(GrosseWilde et al, 2006, Wojtasek & Leal, 1999) and a defined odorant receptor, BnOR
(GrosseWilde et al, 2006, Sakuraet al, 2004, Wojtasek & Leal, 1999). D. melanogaster
perception of 1&kis-vaccenylacetatss mediated via a single OBP, Lush, interacting with the
ORG67d receptor, in specialized T1 trichoid sensilla (Kurt@ti@al, 2007, Laughliret al,

2008). This dichotomy between strategies for pheromone recognition, which requires the
identification of specific compounds with high sensitivity, and general odorant
discrimination, which requires the assessment of myriads of odorants, is reminiscent of the
organization of the mammalian olfactory system. Here, combinatorial activation of odorant
receptors meiates olfactory discrimination in the main olfactory system (Maktical,

1999), whereas V1R pheromone receptors in the vomeronasal organ have highly specific
molecular response profiles (Leindetsfall et al, 2000).

Mammalian olfactory systems havevastly larger repertoire of odorant receptor
genes (1,296 odorant receptor genes in the mouse (Zhang & Firestein, 2002)), but only one or

few OBPs, which bind odorants with low specificity and are likely to serve mainly a
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transport function (Bianchett d., 1996, Hajjaret al, 2006). Our results indicate that OBPs

in Drosophila play an essential role in mediating olfactory behavior. In contrast to
vertebrates, in insects the external soluble milieu around odorant receptors is discontinuous
and sequested in individually segregated sensilla. It is tempting to speculate that here dual
chemosensory recognition in which combinatorial activation of OBPs precedes combinatorial
activation of odorant receptors could provide an alternate mechanism to thexpagesion

of odorant receptors found in mammals for increasing olfactory discrimination power.

134



Table S1: Identification of proteins by LC/MS/MS in antennal extracts expressing RNAI

targeted again€dbp28a Obp83aand the progenitor control.

Sequence Name Obp 183 RNAifemales Obp2Bamales | Obp83o females | Obp@3o males | Progenitor females | progenitor males
12kDa FK508-binding pratein 05=Drasophils melanogaster GN=FK306-0p2 PE=1 5V=2 7615 £ 2155 5181 245 0044557 | 11485+ 1955 7621109 1ML
3-hydraxyacyl-CoA dehydrogenase type-2 05=Drosaphila melanogaster GN=stu PE=1SV=1 1395 £ 0,005 208 1 0.65 0735 £ 0.735 | 0.655 £ 0.655 0£0 1.965 £ 0.6%
60 kDa heat shock protein, mitochondrial 05=Drasophils melanogaster GN=Hsps0 PE=15V=3 1575 £ 3575 5511 0.67 4685 £ 1705 | 13351389 10,995 £ 0.435 4485 + 113
805 eidic ribosomal protein P2 05=Drosaphila melanogaster GN=RalP2 PEEL SY=1 LY 3565 1 0.504 2805 £ 1565 0:0 L605 £ 0,55 2575 £ L%
Actin-5C 05=Drosaphila melanogaster GN=At3C PE=1 SV=A 5001230 6,735 + 2605 0555+ 3.205 | 90509 4675 1 2005 6,495 * 1125
ADP ATP carrier grotein 0%=Drosophila melanogaster GN=sesh PE2SV=4 9,035 £ 2365 7625 1 0.005 85105 | 4765 £ 0.6549 1381281 4,675 + 3,405
Alpha-Tubulin 3t 40, isofarm B 03=Drasophila melanogaster GN=slghaTub#4D PE3 SV=1 27105 £ 0,015 8855 1 2.63% My | L5 LIS 0.785 £ 0,154 1.865 £ 1.205
Amingtransferase 03=Drosoghila melanogaster GN=Got] PE=15V=1 409113 13913 405 1 115 0.68 £ 0.68 1042 £ 193 3105 £ 3195
Antch 03=Drosophila melanagaster GN=anth PE2 V=1 5,655 £ 0.185 588 1 75 401811 6,73 0.02 48 0.0 5,825 + 0495
Antennal-specific pratein 05-C 05=Drosaphila melanogaster GN=0s-C PE=1 SV=2 5,85 £ 4535 2461103 1025 41925 | 0.68£0.68 00 485 1161
Apolipopharins 05=Drasoghila melanogaster GN=Rfabg PE=1 5V=2 5445 £ 1025 7915 + 1885 8543 | N6 | BIREILE 1346 £ 9.9
ATL6367p {Fragment] D3=Drosophila melanogaster GN=Gotl PE=2 5= 409+ 138 139113 405 1 115 0.68 £ 0.68 10,425 + 1935 3105 £ 3195
ATP synthase subunit alpha, mitochandrial 03=Drosaphila melanogaster GN=alw PE=1 V=2 192 £ 105 17080 678+ 0420 | 538515385 0142148 6,465 + 2405
ATP synthase subunit beta [Fragment] 03=Drosoghila melanogaster GN=ATPsyn-beta PE=2 §V=1 L35 £ 2735 6.26 £ 0.70 5565 £ L7115 | 9365 £ 5335 134 +0.08 17237
ATP synthase subunit beta, mitochondrial 05=Drosophila melanogaster GN=ATPsyn-heta PE=1 SV=3 4765 £ 3445 1.24+438 0085 £ 3065 | 134+0W 23,485 £ 3,055 1,775 £ 8,755
ATP synthase subunit d, mitochondrial 05=Drosophils melanogaster GN=ATPsyn-0 PE=1 Sv=] 4505 £ 0364 2915 £ 1575 65751 3705 | 1038123 4035 £ 2095 1575 £ 0.0449
ATP synthase-coupling factor 6, mitochondrial 05=Drosophila melanogaster GN=ATPsyn-CRPE1SVY 9615 £ 2745 7405 £ 0.5 10.285 £ 2515 | 6745 £ 2715 10.05 £ 0,389 1009 £ 0.6
Black cells 05=Drosophila melanagaster GN=Bt PE=2 SV=1 2895 + 1,555 4.27£0.140 5345 1 .005 | 3371206 3115 3115 39100689
Calciurn-binding pratein {Fragment] 05=Drosophils melanogaster GN=5¢pL PE=2 V=L 19575 1 0,914 6.895 £ 6.8%5 10341747 | 881514715 103811038 6525 £ 0.205
Carbonic anhydrase 1 05=Drasophila melanogaster GN=CAHL PE=2 SV=1 4261019 4305 1 1615 4561169 | 343512065 6.085 £ 1225 7.145 £ 0885
Catalase 05=Drosophila melanogaster GN=Cat PE=L SV=] 2925 1 1525 8.075 1 1905 6.285 1 5.045 | 2681268 104 13,56 2,625 1 0.03
Cathepsin L 05=Drosophila melanogaster GN=Cpl PE=L SV=2 8.66 1 4.59 8.195 1 1.4 9575 1 3.225 | 409511385 5.405 1 1675 7.635 1 3,665
(610126, isoform A 05=Drosaphila melanogaster GN=CG10126 PE=2 Sv=] 1.365 1 0.024 5.68 1295 290512905 | 2041204 11975 £ 1414 5.125 1 2465
(610337 03=Drosophila melanogaster GN=CG10357 PE=2 $v=2 8.12 1 367 2965 1 2.965 6.81 1 L61 11] 4271211 3211059
(610602, isoform B 05=Drasoghila melanogaster GN=CG10602 PE=2 §V=1 363 £ 0.889 1391139 0.67 1067 | 20251005 1865 + 1.365 0.675 1 0.675
(610664, isoform A 05=Drosaphila melanogaster GN=CG10664 PE=] Sv=1 2005 £ 0,685 2210486 3991 109 2021202 1,685 1 0,605 193 1057
(611151 05=Drosaphila melanogaster GN=CG11151 PE=] Sv=1 547113 351202 6031022 | 53851275 4210850 5191113
(611267 03=Drosaphila melanogaster GN=CG11267 PE=] v=1 12863 5.875 1 1745 192149 537114 8,575 1 1135 1715 1 2385
(611314 03=Drosaphila melanogaster GN=Npclg PE=2 §V=1 6,285 1 0524 0.465 1 3.625 7375 1 1565 | 6.795 £ 1.205 1801027 6.515 1 0.125
(611393 0%=Drosaphila melanogaster GN=CG11393 PE=L $v=1 153115 0.675 1 0.675 13540079 | 0.65 10.65 0.6210.62 18118
(613331, isoform A 03=Drosaphila melanogaster GN=CG13351 PE=] Sv=1 0.045 £ 1.735 1165 1 132 7.605 £ 1105 | 12521295 11715 1 4985 18.495 £ 1.97
(613331, isoform C 05=Drasophila melanogaster GN=(G13351 PE=1 5V=1 1353125 20.165 + 3.915 1648355 | 2457518225 18.045 £ 6.4 23675 1 0.84
(613837, isoform B 05=Drasophila melanogaster GN=CG13887 PE=1 5V=1 6.31 1 0.840 2805 1 1375 5425 1 0.414 | 0.655 £ 0.65 0t0 1,965 £ 0.695
(614207, isoform B 05=Drasophila melanogaster GN=CG14207-RB PE=2 V=1 154102 5.36 1 0.480 L3 +0079 | 13512315 2631 0.3 2591 0.03
(614235, isoform B 05=Drasophila melanogaster GN=(G14235-RB PE=2 V=1 203 1 0.640 5.115 1 0355 4041 0.5 41110 4495 + 2,005 3.0 10,7299
(614661 05=Drosaphila melanogaster GN=CG14661 PE=2 Sy=2 478 0.760 364 1 0.85 480512315 | 1081134 1.145 £ 0,555 113124
(614961 05=Drosaphila melanogaster GN=CG14361 PE=L Sy=L 13100 1.00 1 1.62 6.235 + 3,655 | 10.135 £ 1.9%5 0541054 0.675 1 0.675
(615067 05=Drosaphila melanogaster GN=CG13067 PE=4 Sy=L 2905 £ 1525 3611088 279 10105 | 6.345 £ 2.305 3155 £ 0.755 261+ 0,04999
(615201 0%=Drosaphila melanogaster GN=CG13201 PE=2 Sv=L 8321285 05310319 1041141 | 97940330 1475 £ 3,565 tam
(615369 0%=Drosaphila melanogaster GN=CG15369 PE=2 Y=L 8.375 £ 1.565 6.235 1 0.764 1031439 | 672511205 14831108 3875 1 0.0950
(61643, isoform A 0S=Drosaphila melanogaster GN=CGL648 PE=2 §v=1 B34 18,695 + (.784 28,205 £ 1354 | 19.235 £ 3.685 16,325 £ 4.205 16,555 £ 2,565
(616712 0%=Drosaphila melanogaster GN=CG16712 PE=2 Y=L 4,205 £0.154 2.895 1 0.164 3361040 | 4075 £0.0350 6.7+ 2% 381D
(16713 0=Drosaphila melanogaster GN=CG16713-RA PE=D SV=1 341201 2715 1 0.014 197105 | 2m10.000 0541054 191106
(617919 0%=Drosaphila melanogaster GN=CG17919 PE2 Y=L 103128 861118 8,88 1285 | 12705 £ 4615 13,15 +3.04 1067 £ 181
(618522 0%=Drosaphila melanogaster GN=CG18322 PE2 V=1 3425 0,715 1021 L8 61163 6.08 £ 337 436 1 0.450 5,135 + 24%
(62493 05=Drosaphila melanogaster GN=CG2493 PE=L §V=1 1313 1525 1 0.185 010 206 £ 0.6710 128 10,040 010
(62852 05=Drosaphila melanogaster GN=CG2852 PE=2 §V=1 4,255 £ 0.115 2715 1+ 0.014 47740428 | 2005 £ 0.705 00 323 10,5699
(62862, isofarm A 0S=Drosaphila melanogaster GN=CG2862 PE=2 §v=1 1,35 £ 1355 3505 1 0,535 3375 10475 | 21250010 00 323 10,5699
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(630197 03=Drosophila melanogaster GN=CG30197 PE=2 V=1 4.985 1 0475 1.845 £ 1515 1395+ 1585 | 47110679 5.9 £397 5.210.1299
(31075 08=Drosophila melanogaster GN=CG31073 PE=2 V=] 5L LA §.075 £ 1.265 50816 | 38157405 104150 5825 1 0.4%50
(631313 05=Drosophila melanogaster GN=CG31313 PE=2 V=1 291015 1345 £ 0.005 46851 1785 | 4735 1 0625 3765 £ 2446 19419
(631997 03=Drosophila melanogaster GN=CG31997 PE=2 9V=1 22051 1005 518 £ 245 3451054 | 541269 2495 1 1.415 3.265 £ 0.754
(32634, isoform B OS=Drosophila melanagaster GN=(G32634 PE=1 V= 668 £ 1.4 1341 0479 53124 13145 1655 £ 1435 5105 £ 1175
(63621 05=Drosaphila melanogaster GN=CG3621-RA PE=25V=1 4,085 1 0.014 6.03 1 0.190 741036 | 33810650 196 £ 175 5.215 £ 0.114%9
(64827 05=Drosaphila melanogaster GN=veil PE=25V-=1 010 41 010 103203 1185 £ 0.135 132 £0.029
(64847, isoform D 05=Drasophila melanogaster GN=CG447-RD PE=2 V=1 3.635 1 0505 [E k] 062106 | 1351135 1155 £ 075 1R
(65010 05=Drosaphila melanogaster GN=CG5010 PE=2 5V=1 2.235 1 0,895 139:139 2005 10575 | 1315 £ 0.005 12112 1931057
(65857 05=Drosaphilz melanogaster GN=CG3867-RA PE=1 SV=1 139113 0.715 £ 0.715 2085 1 0.815 010 2405 £ 1305 0.635 1 0,635
(6043 08=Drosaphila melanogaster GN=CGAM3-RA PE=2 8= 46,845 £ 1384 16.27 £ 10G0 0710 | B EAME ) RENA 15,525 £ 11535
(66180 05=Drosaphila melanogaster GN=CG6180 PE=2 5V=2 010 0.715 £ 0.715 07153 0.715 | 13510039 3055 £ 0.75 0.635 1 0,635
(66206, isoform A 03=Drosophila melanogaster GN=BcDNA.GHO2419 PE=2 V=] 18118 346 1 0.67 010 4765 £ 3.37% 42108 1875 £ 2525
(6409 08=Drosaphila melanogaster GN=CG6403 PE=1 V=2 14015 £ 3745 16,325 1 1585 10241190 | 123351 L6 1091 4% 12341 0.5300
(66579 05=Drosaphila melanogaster GN=CGA379 PE=4 V=3 7635 1 2205 §.945 £ 1.385 10775 £ 0.554 | 1075 £ 0.940 6.965 £ 1.915 8.325  3.045
(66783, isoform A 03=Drosaphila melznogaster GN=CG31305 PE=2 9V=1 4725 1 0.015 2055 £ 0.625 1971054 | 3375 £ 0.665 2965 £ 0.565 0621 0.62
(66783, isoform & 03=Drosophila melanogaster GN=CG31303 PE=2 V=1 3,505 1 0.854 20110229 1055 £ 055 | 4035 11305 6,125 £ 1315 1921061
(67143, isoform A 0S=Drosophila melanogaster GN=C6714-RB PE=2 V=1 4.96 1 0.509 5005 £ 2215 ML | 536140 115 £ 1135 5.925 1 1115
(67217, is0form A 03=Drosophila melznogaster GN=Pr3 PE=25V=1 5781304 4105 £ 275 6,595 1 3,655 41t 1225 £ 0.064 3.215 1 0.7449
(67938 08=Drosaphila melanogaster GN=CA7938 PE=2 8V=1 16.3 £ 1280 2855 + 469 16,765 0054 | 17,58 1 2680 5185 1 6.36 26,675 1 1,635
(68066 05=Drosaphila melanogaster GN=CG8066 PE=2 5V=1 2055 1 0,655 2810070 200510575 | 269 £ 0.014 010 2585 1 00749
(68365 05=Drosaphila melanogaster GN=(G3369 PE=2SV=1 5,655 1 0.185 6.03 1 0.190 34751 0.895 | 5665 + 2985 498 £ 0.07 4565 1 0.764
(38446, isoform D 05=Drasophila melanogaster GN=CG8445 PE=A V=1 174110 0,855 £ 0.855 282115 134107 1995 £ 0,675 131 £ 0.0400
(68953 05=Drosaphila melanogaster GN=CG8933 PE=2 5V=1 138134 8921138 149123 6.76 + 133 4805 £ 1,365 1.765 1 1125
(69336 05=Drosaphila melanogaster GN=CG9336-RA PE=1 SV=1 10.135 £ 3,05 1921106 5.205 12365 | 6731002 4905 £ 0.99 3.865 £ 0.1050
(69338 08=Drosaphila melanogaster GN=CG9338 PE=2 8V=1 5001 102 §.535 £ 1705 03710049 | 1L095 11595 G725 %2155 12,005 1 5,735
(69651, isoform A 0S=Drasaphila melanogaster GN=CG3691 PE=2 V=1 12435 £ 0.754 9.945 £ 1,625 1237147 | 9.065 £ 3.765 §.255 £ 0.04 5.765 3,145
(39756 08=Drosaphila melanogaster GN=CG9796 PE=L SV=1 1468 £5.25 1,185 10365 502 | 106510555 ) 988512 509177
(69834, isoform A 0S=Drosophila melanogaster GN=C69834-RB PE=1 V=1 1.5 +1% 10151104 0162070 | 1302+ 174 1515132 11335 £ 2455
(69317 05=Drosaphila melanogaster GN=CGI917 PE=2SV=L £.495 1,085 465 £ 1515 48110860 | 543113 6.48 + 191 4515 1 1.805
Chromosomal protein D1 08=Drosophila melanogaster GN=D1 PE=1 V=3 24112 JRIE 9K} 185153 | 1004155 1055 £ 1,05 51137
Cihoulot, isoform A 05=Drosophils melanogaster GN=cih PE=1 V=1 1995 £ 0,675 416 £ 416 13710099 | 4065 £ 2675 1065 £ 0.015 1835 + 2485
Ciboulat, isoform C 0S=Drosophila melanagaster GN=cib PE=1 SV=1 067 1067 2415 £ 2415 040 L5135 | L065 £ 0015 3.215 £ 1865
Cifrate synthase (Fragment] 03=Drosaphila melanogaster GN=xdn-RA PE=2§V=1 221086 0.675 £ 0675 610510284 | 769 £ 095 R NE] 001887
Cofilin/actin-depolymerizing factor homalog 0S=Drosophila melanagaster GN=tsr PE=1 SV=1 6305 + 2135 9515 £ 23 8751291 | 1109515705 | 3845+ 1685 5.805 ¢ 1785
Cuticular protein 49Ae 03=Drosophila melanogaster GN=Cord9Ae PE=2SV=1 63422 9.885 £ 3,665 878+ 108 54113 1078 + 276 10.64 + 0.480
(yclape 03=Drosophila melanagaster GN=cype PE=1 §V=3 4025 £ 0,685 1611088 12585 £ 1255 | 1805 £ 0.67% 1,685 £ 0.605 6,815 £ 4.305
Cystatin-like protein 0S=Drosophila melanogaster GN=Cys PE=1 5= 6,68 1 3.94 8.99 £ 136 1545 12385 | 7420670 20 £ 0. 4,585 1 2085
Cytochrome ¢ oxidase subunit 54, mitachondrial 05<Drosophila melanogaster GN=CoVa PE=LSV=2 1381063 31611088 4605 £ 175 | 3375 £ 0.665 6.65 £ 184 4521 0,549
Cytochrome c-2 05=Drosophila melanagaster GN=Cyt-t-p PE=1 V=2 4745 1 0.7% 5,095 £ 0.184 3N L0475 | 6781267 6.08 £ 26 5815 1 1345
D1 chromosomal pratei, isaform B 05=Drosoghila melanogaster GN=D1 Pe=4 V=1 204112 204124 18751153 | 1004255 | L1055 £ 105 514379
Decondensation factor 31, isoform A 0S=Drosophila melanogaster GN=Df31 PEL SV=1 8771162 12745 £ 1.150 037 £080 | BAGLLIN 8.9 239 167 £232
Dihydrolipoyl defhydrogenase 08=Drosophila melanogaster GN=CG7430 PE=2 5V=1 10,365 £ 0.285 16.485 £ 346 K199 | 162518005 B34 17995 £ 7485
Dipeptidase B, isoform A 0S=Drosophila melanogaster GN=Dig-B PE=25V=2 2,065 1 0,675 2825 £ 2805 399 108 L2120 4741 1.6 4.485 1 0.5149
Drosomycin-5 05=Drosophila melanogaster GN=tro3 PE=A V=1 9.265 1 3.925 1911378 456513035 | 106466 5.035 £ 1,555 0.025 1 3,05
Exdlysteroid-induciale polypeptide EIPA0 03=Drosaphila melanogaster GN=Eip33e PE=2 V=1 2935 1 0,19 3405 £ 0715 40751065 | 20510005 | 055 £ 0525 EMIRRRI]
Ejaculatory bulo-specific prtein 3 05=Drosaphila melanogaster GN=Pebll PE=1 V=2 33,085 £ 14075 29.36 £ 6.469 183911679 | 09459 | MIBLLLS | 3855 £ 1605
Elongation factor 1-alpha 0S=Drosophils melanogaster GN=Ef1alphad8D-RA PE=2SV=1 0.695 * 0,69 1085 £ 3105 224078 | 3355 £ 0645 L8107 1275 £ 0.03500
Esterase-G 05=Drasophila melanogaster GN=Est-§ PE=1 §V=) 2061 0.7 630 £2.32 S5 86 | 044t E LB 00 1.265 £ 0.754
Ferritin 2light chain homalogue, isoform A 05=Drosaphila melanogaster GN=Fer2LCH PE=] SV=L 21105 1385 £ 008 197405 | 33511985 | 16621079 1.3 £ 0.56%9
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FI02880p Fragment) 0S=Drasaphila melanogaster GN=CG3633-RA PE=28V=1 066 1 0.66 0:0 0621042 010 L1875 £ (.79 0i(
FI03241p 0S=Drosophila melanogaster PE=2 V=1 3575 1 3575 5511 0679 468t L4 | 1351 3M 10.9% 1 0435 4485 £ 3.1%
FI0T236p Fragment) 0S=Drasaphila melanogaster GN=antdh-RA PE=2 V=1 5.6% 1 0.185 588 £ 175 il | Bl 48100 5825 104950
FIOT350p (Fragment) 0S=Drasaphila melanogaster GN=CGL648-RB PE1 SV=L 187314 18.695 1 0.784 B2 1354 | 1905 3685 | 1632514295 16,555 1 2565
FI09202p Fragment) 05=Drasaphila melanogaster GN=CGLA68-RB PE=1 SV=L 49.985 £ 0.845 5185148 R4 | WLl 092451 514 50415 1 2085
FI09203p Fragment) 05=Drasaphila melanogaster GN=Obps6d PE=2 V=1 B4 B85 13305 17105 £ 9825 | 85585 £ 6.1 0381 0.789 2385 £ 48850
FI10950p 05=Drosophila melanogaster GN=CGB579-RB PE=2 SV=1 1635 1 2205 §.945 £ 1.385 10775 £ 0550 | 1075 1 0.940 6.965 + 1.915 §.325 £ 3.045
Fructose-nisphosphate aldolse 0S=Drosophila melanogaster GN=AIG PE=1 SV=5 1505 14265 26365 4.38 B0210300 [ 361511073 3096699 LALEEN
General odorant-binding protein 192 0S=Drosaphila melanogaster GN=0op1% PE=2 SV=l 1053 £ 4385 862124 110860 | 5601433 7691359 0431436
General odorant-binding protein 562 05=Drosaphila melanogaster GN=0op36a PE=1 SV=l 9.905 £ 1635 12561 2.6 6.9 £ 0.54 | 60110660 321050 1131245
General odorant-binding pratein 560 0S=Drosophila melanogaster GN=0Dps6d PE=1 V=1 BUL14H BIHII5 | 170058985 | BSB 1675 | 203810789 21385 £ 4.885
General odorant-binding pratein 590 0S=Drosophila melanogaster GN=0DpS9h PE=2 V=1 10805 £ 2515 11120 1751205 | 879511975 | 69351215 1267125
GH35800 {Fragment) 05=Drosophila melanogaster GN=Gs2-RC PE=2 8V=1 1351 0.040 11108 19051 1905 | 5025 £ 5.025 1185 £ 0.0% 0621052
GH20168p 05=Drosaphila melanogaster GN=CGA045 PE=2 SV=1 38.76 1 0.960 1262 £197 8513530 | 65 10.0% 2411255 32321069
GH20910p {Fragment) 0S=Drosonhila melanogaster PE=2 V=1 6Lt L4 8.075 £ 1.265 50816 | 41517405 1045 £ 5,03 5825 1 0.4950
GH23826n 05=Drosaphila melanogaster GN=Ped-RA PE=) SVl 3005 1 1765 2015 £ 1575 1925 £ 1.9%5 11088 1,065 £ 0.015 2614 0.089
GH28726p {Fragment) 05=Drosophila melanogaster GN=CG14235-RA PE] SV=L 2031 0.640 51151 0.3 404 £ 0.5 411t 4,495 £ 2,005 141070
Glutamate oxaloacetate transaminase 1 isoform A 0=Drosophila melanogaster GN=Gotl PE=] §V=! 4001138 13913 L5105 | 0681088 0091301 3005 + 3,195
Glutamine synthetase 2 cytoplasmic 03=Drosophila melanogaster GN=Gs] PE=1 §V=3 136+ 0.040 22108 190511905 | 50515005 | L85 0.1%5 062062
Glutathione peroxidase 08=Drosaphila melanogaster GN=PHGPx PE=2 SV=1 0851438 10755 £ 0.0 1371183 it 41340689 836143
Glutathione § ransferase EL 03=Drosophila melanogaster GN=GstEL PE=28V=1 1395 £ 0.005 010 010 010 1821008 1265 £ 165
Glutathione § ransferase 4 05=Drosophila melanogaster GN=Gsted PE=d §V=1 067 1 0.07 0.7 £ 0.7 2001059 | 069510695 | 1685104605 0.615 £ 0,645
Glutathione § transferase £9 03=Drosophila melanogaster GN=GstEd PE=28V=1 2005 1 L1%5 22108 6.75 1 167 010 194058 2611004
Glyceraldehyde-3-phosphate dehydragenase 1 08=Drosaphila melanogaster GN=Gaphl PE=25V=2 IEPNI| 3455 £ 0675 20380 | 67951004 980 £ 0950 3091188
Glyceraldehyde-3-phosahate denydragenase 2 05=Drosaphila melanogaster GN=Gapeh2 PE=L V=2 512108 6.055 £ 1,565 48851095 | 679510004 | 1082511185 391188
V012890 05=Drasophila melanagaster GN=G7143 PE=2 V=1 495 £ 0.509 5005 £ 2215 ML | S 4M L5 115 595 105
GM114559p 05=Drasophila melanogaster GN=Ef1alphadsD PE=2 V=1 0.695 1 0.695 4485 £3.045 121078 | 33551 0.645 L7807 1.275 £ 0.035
Heat shock 70 kDa protein cognate 5 05=Drosophils melanogaster GN=Hat70-5 PE=L V=2 131001 18138 105114 010 1875 10795 0.675 £ 0675
High mobility group protein D 0S=Drosaphila melanogaster GN=HmgD PE=L V=1 2051 1105 3.965 £ 2255 1114 | 1112 291158 1355 £ 135
High mobility group protein Z 05<Drosonhils melanogaster GN=HmgZ PE=1 V=1 2025 1 1525 1365 £ 1365 133510084 | 137510014 | 168510605 255 £ 1245
Histone H2A 05=Drosophila melanagaster GN=ris2A PE=1 §V=) 2061072 29120 010 0,685 1 0.685 2345 £ 0.0% 0.645 £ 0.645
Histone H28 05=Drosophila melanogaster GN=His28 PE=1 V= 3.595 1 0.854 2895 1 0.164 2061119 | 2035 10675 3155 £ 0.755 3.3 0,569
Histone H4 0S=Drosophila melanogaster GN=Hisd PE=1 §V= 07107 51124 0B | 230640 7435 £ 105 5.075 £ 5.075
Igloa, isoform B 0S=Drasophila melanogaster GN=igl PE=] SV=L 17314 481010 136108 | 266100 5411082 1005 £ 1375
[P01753p 03=Drosophila melanogaster GN=Poprp3 PE=2 8V=1 36.715 £ 5.044 B850 0354392 | 518 30,685 £ 403 40775190
[P0175p 05=Drosophila melanogaster GN=0s-£ PE=A §=1 A4t 168 25,005 1 6,695 W17 | 100051005 | 201551 0748 35775 £ 16055
[P03345p (Fragment) 03=Drosophila melanagaster PE=2 SV= 8.375 £ 1565 6.235 £ 0.764 1031439 | 6705 £ 1,29 18108 1875 10,0050
1077520 03=Drosophila melanogaster GN=CG14861 PE=2 8V=1 408 £ 0.059 2085 £ 0.6% 417511585 | BTG 1201 6485 £ (.105 ERERSN
[P08243p (Fragment) 03=Drosophila melanogaster GN=CG17525 PE=2 8V=1 067 £ 0.67 067 £ 067 22059 | 06% 1068 1,685 £ 0,605 0,645 £ 0.645
IP10507p (Fragment) 03=Drosophila melanagaster GN=C310357 PE=2 8V=1 8121 367 2965 £ 2965 68111481 111 (YA 11059
[P12477 03=Drosophila melanogaster GN=GH2 PE=2 §V=1 41911200 1105 £ 040 1505 £ 1705 | 6785 £ 0030 | 7.085 £ 305 1245 £ 1,245
Isafarm 8 of ADR ATP carrier protein 0S=Drosophila melanogaster GN=sesB 0.93 £ 3065 10041241 85105 | 6110600 190120 6,65 £ 409
Isafarm 8 of Cathepsin L 08=Drosophila melanogaster GN=Cpl 8,66 1 459 8195 £ 1.4 057513005 | 409511385 | SA05 1675 7,635 £ 3,665
Isaform B of Probable citrate synthase, mitochondial 05=Drosophila melanogaster GN=kdn 221086 0.675 £ 0675 610510284 | 7,695 £ 095 LR 148 001887
Isform B of Protein CDV3 homalog 05=Drosophila melanogaster GN=CG760 426 £0.190 4475 £ 16% 407510065 | 704143 3,195 £ 0755 3310569
Isaform B of Putative ATP synthase subunit £, mitochandrial 0S=Drosoghila melanogaster GN=C5469 3,595 1 0.8 1395 £ 1.3%5 221078 0£0 1621162 3810399
Isafarm DNLP-5 of Nucleaplasmin-like protein 05=Drosophila melanagaster GN=NIp 010 138119 071510715 | 0651065 | 28851059 0621062
Isaform | of 14-3-3 protein zeta 05=Drosophils melanogaster GN=14-3-312ts 221086 4285 £ 155 3510475 | 4Mi20 5821001 1951011
Isoform L of Tropomyosin-1, isoforms 34/A/3 0S=Drosophila melanogaster GN=TmL 5.895 1 315 6,525 £ 245 8881245 | 70051 1645 076129 5775 £3.415
Isafarm Short of Thiaredaxin-2 05=Drosophils melanogaster GN<Tri-2 18.39 1 659 06511955 | 150858861 | 6110670 074118 839 £ 306

137



Table S1 continued

Juvenile hormone esterase duplication 0S=Drosophila melanagaster GN=Jhedup PE=A V=1 491101 11951048 TG ELT5 | IR E00% | T3S 125 1 1.5
Larval serum pratein 2 0S<Drosophils melanogaster GN=Lsp2 PE=1 V=2 13.005 £ 0.73 161813 1500527005 | 035 £ 1060 DB2:18 15415 £ 6115
L025144p 08=Drosophila melanogaster GN=Sag- PE=2§V=l L4105 40110800 16088 | 0661066 601 £ 3.61 1295 1 0.05500
Lethal {1) 60230 0S=Drosophila melanagaster GN=I(L) 60230 PE=8V=1 12,13 1 1,195 14015 £ 3665 154 £ 0079 | 185158 1784 | 10.925 1 5.805 1.9 1 1115
Lethal {2) 05225, isoform A O8=Drosophila melanagaster GN=I{2]06205 PE=28V=1 300 141100 1091052 110 0.66 £ 0.66 131 £0.0400
12063829 {Fragment) 0S=Drosophila melanogaster GN=Rfaog-RA PE=2 V=L 1381069 1611088 13051045 | 811530 17.675 £ 274 11131
1P0GE14p {Fragment) 0S=Drosophila melanogaster GN=RoLR2-RB PE=28V=1 LTty 1.565 £ 0.504 2805 £ 1565 110 1605 £ 0,555 2575 1 1.2%
1P08340p {Fragment| 0$=Drosaphila melanogaster PE=1§V=1 208610259 4285 1 1305 UL | 20516734 WASEIR 3194125
Malate dehydrogenase 03=Drosophila melanogaster GN=CG3361 PE2 V=1 10 068 5030900 48110999 | 4§9E205 1065 +0.015 15210549
Mesencephalic astracyte-derived neurotrophic factor hamolog 03=Drosophil melanogaster GN=Ma 271200 00 1A% £ 145 00 00 13210400
MIP0G285p (Fragment) QS=Drosophils melanogaster PE=2 V=1 AL 415 1134 4051105 | 335 E 066 1185 £ 0.03% 4535105
11P06293p 03=Drasaphila melanogaster GN=Alg-RC PE=2 SV=1 5,525 1 4.265 %6365 £ 430 BE030 | M ELTE ) 309616990 VAR
M1P085010 03=Drasaphila melanogaster GN=Tm1-RA PE=2 V=1 588 £ 3155 6,520 £ 245 BARE24 | TR EL6H | 119951 1685 514108
MIP143730 03=Drasaphila melanagaster GN=Est-6-RA PE=28V=] 206 1074 639123 SBhERIE | 941069 L0 3,265 £ 075
MIP144010 (Fragment) QS=Drosophils melanogaster GN=0bpl%-RARE=2SV=1 143 8621243 LBE0M | 498136 641 1355 8775 1 3705
MIP14308p (Fragment) QS=Drosophilk melanogaster GN=0s-C-RCRE=28V=1 585 £ 453 25103 195 £19%5 | 0681068 110 485134
Multiple inositol polyphosphate phosphatase 1 03=Drosaphila melanagaster GN=Migp! PE=L8V=1 16128 1475 £ 0.365 51050 | 813140 5.5 + 0.6 5491044
Neursl lazarillo 0$=Drosophila melanogaster GN=NLaz PE=2 $V=1 5.69 1 0150 5455 1 415 A0 | 1ML 85123 1265 1 1265
Neuropeptide-like 2 0=Drosophil melanogaster GN=Nplp2 PE=1 §V=1 1013 1 166 10035 £ 1708 16141864 | 6651209 1037138 10975 £ 8625
Nucleoside diphosphate kinase 03=Drosophila melanagaster GN=awd PE=1 V=3 12601308 1405 £ 1205 0ME51 | 63513R 0795 13415 10625 £ L765
(apdda 03=Drosophila melanogaster GN=Dbpd4a PED V=1 58825 £ 20.865 38365 £ 2165 D540 | BB L06TY | RSN 51475 1 1885
Odorant-vinding protein 470 0S=Drosophila melanogaster GN=0opd7h PE=A SV=1 1431176 3,685 £ 0.9 22505 | 2713 1685 + 0,605 195 1 0,595
Odorant-vinding protein 362 0S=Drosophila melanogaster GN=0bp3ge PE=ASV=1 19126 5.5 1 .35 4065 £1065 | 503123 L1185 £ 0.3 0621082
Odorant-binding protein 95¢ 0S=Drosaghila melanogaster GN=0hp93c PE=A SV=1 5651158 1110 BB ELGG | 3IBE06H | IS LANS 10,745 £ 439
Qvergrown hematopoietic argans &t 238, isoform A 0S=Drosophils melanogaster GN=cho238 PE=13Y 3001 208 £ 0.6 2008059 | 2001067 1161001 6171384
Pegticdyl-prolyl cis-trans isomerase 05=Drosophila melanogaster GN=Cypl PEL V=2 962 L% 8021361 253E25 | 49910850 0811081 9515 £ 8245
Perayiredoxin 1 03=Drasaphila melanogaster GN=lafracl PE=L SV=l 05851 0.0 N8 L1 194712300 | B35 1075 BI71603 0561118
Perayiredoxin 3037 0S=Drosopila melanogaster GN=Pry3037 PE=2 V=1 0.66 £ 0.66 110 110 0,655 £ 0.65 L1875 £ 0.7% 3805 £ 3.005
Phenoloidase suaunit A3 05=Drasophils melanogaster GN=proPo-A3 PE=L SV=1 2065 £ 0,675 6,575 £ 5,185 671510870 | TA6LA0 195 008 32105
Pheramone-binding pratein-relatad protein 1 05=Drosophila melanogaster GN=Phpral PE=25V=1 10,705 £ 6,565 U5 £0505 | 1629512005 | 1047510655 | 10835 £ 3305 12565 £ 1175
Pheramone-binding protein-relatad protein 2 05=Drosophila melanogaster GN=Phpra2 PE=2 V=1 49,985 £ 0945 5185148 Q4140 | MOTEL30 | 2515040 | 50415 £ 2085
Pheramone-binding prtein-relatad protein 3 03=Drosophila melanagaster GN=Phpr3 PE=25V=1 36,715 1 5.4 B 179 03539 | W6:1R 30.685 £ 403 407751901
Pheramone-binding prtein-relatad protein 5 05=Drosophila melanagaster GN=Phprad PE=2 V=1 L3t 0£0 14555 £ 7.4 | 16755 ¢ 1.35 1015142 1464 £ 347
Pheramone-binding pratein-relatad protein 6 05=Drosophila melanogaster GN=0s-E PE=25V=2 3405 £ 8125 DUSEI0805 | M005ETRR | /S LOTTS | 29051 8765 511918
Phosphate transparter 05=Drosophils melanogaster GN=Maco PE=2 V=1 040 0.675 £ 0675 0£0 0£0 40510519 010
Phosphodiesterase 1, isoform F 0S=Drosophila melanogaster GN=Pdelc PE=ASV=1 335 £ 205 0715 £ 0715 1925 £1925 | 0655 £ 065 | 2875 £0475 0,655 £ 0,655
Phasphoglucomutase 05=Drosaphila melanogaster GN=Pgm PE=1 V=1 1335 £ 1335 1395 £ 13% 4409 | 4095100050 | 051 E05L 31855 1 2505
Prolable citrate synthase, mitochandrizl 05=Drosophila melanagaster GN=kdn PE=25V=1 12108 0.675 £ 0675 6,105 £0.290 | 7.69 £ 0.95 L6141 10221847
Prabable cytochrome ¢ ovidase polypentide AL, mitochondrial 0S=Drosophils melanogaster GN=CG| 2925 £ 155 s 1103 397425 | A0tLy 0811088 26005
Prabable transaldalzse 05=Drosophila melanogaster GN=Tal PE=2 V= 220512205 2805 £ 1575 1IME0M | 350665 | 31551055 25751 1.5
pro-phencl ovidase AL 0S=Drosophils melanogaster GN=Be PE=2 V=1 2895 £ 1555 4271010 SABEL005 | 3371200 315 £ 3105 3910083
Protein bangles and beads 0S=Drosaphila melanogaster GN=onh PE=L V=1 6.005 1748 BAL080 | AL75 13505 | 450512004 169513815 34025 £0.264
Pratein COV3 hamolag 0S=Drosophils melanogaster GN=C63760 PE=1 SV=1 42610190 4475 1 1,695 1S E0455 | 70143 163 £0.8 1310569
Protein Turandot A 0S=Drasaphila melanogaster GN=Toth PE=1 V=1 4785 £ 0,684 121292 2085 £ 0815 | 272£0.0100 1415 £ 0,065 3915 £ 0.0
Protein Turandot C 05=Drosophils melanogaster GN=TotC PE=1 SV=1 4285 £0.205 585 £ 1715 el | el06m 1.685 £ 1285 51851 1175
erin-L-alpha-tarhinolamine dehydratase 05=Drosophila melanogaster GN=Ped PE=1 V=2 3105 £ 1765 2805 £ 1575 L5:195 | 11088 1.065 £ 0.015 26110089
Putative ATR synthase subunit f, mitochandrial 0S=Drosophila melanagaster GN=CG4632 PE=1 SV=1 3505 £ 0854 1395 £ 13% 221078 0t0 1621162 384078
Putative defense protein CG7532 05=Drosophils melanogaster GN=CG7532 PE=] V=1 087 +0.87 6t W04 | 8RB 1875 £0.795 1310730
Putative odorant-ninding protein AL0 05=Drosophila melanogaster GN=310 PE=1 V=2 27.205 £ 3315 B 1078 036110 | 2052360 161 0140 266 £ 5.55
Putative odorant-ninding protein A5 05=Drosophila melanogaster GN=35 PE=1 SV=2 066 £ 0.66 00 00 00 2495 £ 1415 010
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Table S1 continued

RELLTT3p Fragment) OS=Drosaphila melanagaster GN=CpL-AC =] SV §661450 QLD | GRS | 0B ELI | SAGL4T 6% £ 3665
RES30TIp 08<Drosoghila melanogaster GN=Scsfo-RAPE=D V-1 2951014 LU0 E0T8 2650000 WSO | B0
RE338850 08=Drosoghila melnogaster GN=CG13551 PE=D V- 10080 8021341 A1 | 14 100 13131
RES 19380 OS=Drcsaghila melanagaste GN=CGE043 PE=D SVl 4821200 Bt MR EA6 | USRI MMEND | RSN
RESEL6dn Fragment) OS=Drosoghil melanagaster GN=Noclg Pl .85 105U SR EAE | TATRELSE | IR ELNE | LREOD 6515 10105
REGL6R0p OS-=Drcsaphila melanogaster GN=Cypl PEED V- 402413 801341 L9108 | A0E0%0 | 08LHOM 0505 1 8205
RE73A0p OS=Drcsaghila melanagaster GN=CG93 PE=D 1L 10435 £ 3.0% 1924106 I35 | 63 E00 | AG05 10005 1865 10105
RETS088p OS=Drcsaphila melanagaster GN=CG3621 PE=D 1L 1365 0,040 0.675 1 0675 010 066108 | L6351 0605 1975 1 0.685
RAO8S50 O8<Drasophils melanogsster GN=CGL307PE=L V- 295 1155 J6LE0R LIE0N05 | 6 EANG | BASEOTE | 2611004
AHL1971p 05=Drasophils melanogaster G=gnich PE=] V= 5685 1 0.8 LT LU N B 1 I S AT 58051045
AH23043p 05=Drasophils melanogaster GN=CG3683 PE=) SVl 066 £ 066 010 162108 010 18154 0.7% 010

AH4158p 05=Drasophils melanogaster GN=BeDNAGHIS536 PE=L el 068 1 0.6% 07510718 010 010 15551 0519 010

RH32613p Fragment] 05=Drosophila melenogaster GN=CGISUT-RA Pe=) SVl 2951155 JLE0M LI E0I05 | 6RO | RIS L0 L1004
R4 2425 05=Drasophils melanogaster GN=CG7A33 PE=) SVl 0671041 010 W16 | 08510685 | ABiLH 18148
RH51979p Fragment] 05=Drosophila melenogaster GN=CG16 PE=2 V=1 B WAE0N | B25ELN | G136 BABL4N | KIS0
RHHlp(ragmemO Drosopnilamelznogaser 6= ATJSyndJ 450540364 511505 | BSTREING | 0123 | 451200 2575 £ 0.0
Rinl, soform F O8=Dresogrils melanagster GN=Rinl PEcL =2 151N 1451007 SUREONE | BHEAN | 2MGELIS 5101
Sagosi-telted, soform A 08=Drasaphile melnogaster GN=Sap 7% 63110 BULIE | BESLRNG | 6610709 | M550 A
Satcoplasmic calfum-oinding protein .0 Dmsuph\\ame\anogas GV-p PEDSIEL B35 2050 BRREEME | WMETY | BRBEATS | NBiNE | 655100
0115420 08=Drasaphil melnogaster GN-CASSLT-RA PEcL 1L 6495 1 1085 4655 15109 1300060 | SAELN 648118 4515+ 1.305
012038 (Fragment] 0S=Drosaghla melanogaster GN=CATR3 PE= L 150510854 2911008 M0 | A0St | G5 LS 1921041
012732 08=Drasaphil melnogaster GN=14-3dzete R PED V=1 22408 (B85 3104 | 410 S40M 15101
St} 05=Drosoprils melanogaster GN=smt3 PE=L V= 51012458 19419 U000 | 40RO | G4 11408 521018
Sucingte denydrogenase [ubiguinarel flavoprotei suount, mitochandrial 0§ Dosoph\\ame\anog 1351014 210 L0E00 [ 200 | IBEEOTE | D0
Superaside dismutase [Cu-Zn] 0S=Drosoprils melanogaster GN=Sog PE=1§ 15705 £ .65 TIOEAOT | DS EOLSE | BRE0ER0 | LLMA0M0 | NIGESR
Superaide dismutaqe [N, mitochandrial 05=Drosoprila melanogaster GN=5 odZJEZ 2040159 WOHA0 | LOBEOSE | MIEEOSH | AN L0S W05
Thioredoin-2 05=Drasoghils melanogaster GN=Tr-2PE=L V-] 0B12190 LTELIN TN | SAELY S5 1155 S8 1310
Transaldolsse 0S<Drosoqhila melanogaster GN=CG2827-RA PE=2 V=1 2510005 200511575 ML04 | B E085 | AISEE0TN 1505 1105
Transferin 1 05=Drosophila melanogaster GN=Tsf BE=2 ] 0510158 QAEELAE | ML | TBREETM | WUGEIIG 125
Transporter %=Drosoghils melanagaster PE=] SV 0671081 2985 1 2065 V400 | RGN | AMEELME | 1NN
Tubulinlphe-3chan O3=Drosoahila melanagaser GN=alphaTunddD =1 V=) 510085 3551 2638 A0 | UELIS | GTBE0M | 3A6RE LS
Tubulinbeta-1 chan 03=Drosapnla melanogester GN=betaTub30 PEcL V=2 0,695 1 0.6% LI 1278 UL | 16060 | 51045 198114
Vhaft-2 sform B O8<Drosoohl melanogister GN=\hafd-1 PE=3 Uit 295 10164 160162 60912415 | 16835 £ 1055 453 110% 0,655 £ 1665
Vitelogenin-3 03<Drasophl melsnogister GN=Yg3 PE=L SV 1265 £ 0468 010 M3 | 080 15 0% 010

Voltage-dependent anion-seletive channel <Drosoghils melanagaser GN=parin PE<1 S5 0571061 VBRI | L% | 010 35514705 08163
V-4ypeprofon ATPase ctaltic suburit A isaform 208D osoph\\ame\anogas QR 0L LIS 0N T6LE60 | GMRIA A% LG MBELNO | GEE 1660
V-4ypeproton ATPase suburit B 0S=Drosapl melanagester GN=ha33 PE=L V- 61810690 DIt | GNP | WALEdd | A%t | REEE
V-4ype proton ATPase suuni £ OS=Drosaghil melanagaster Gh=Ungl6 PE=L V-1 6% 11378 RBT060 | 5245 AR W W1l
V-4ypeproton ATPaze subunit 6 0S=Drasoprila melanogaster GN=Vha13 Pes] i) 10404 B E0ME | SR E2005 | ANS L6 | M5 113 1975 £ 0685

* 137 rateins ere detectad ncuding 15 0BPs, Numbrs inthe colounn regresent specval counts averages  SEN oftwo dioogicl veplictes and e technicl replictes each,
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Table S2: Threevay Analysis of Variance of behavioral responsesubllinGAL4/UAS

ObpRNAIlines.

Three-way Analysis of Variance of behavioral responses @bpRNAI lines

source df*  Mean Square F P

Obpl8a
line 1 0.4892462035 36.4278 1.6e8
sex 1 2.7706305107 206.293 2e-28
odorant 15 0.2995450273 22.3032 le28
sex*odoant 15 0.0426760993 3.17754 0.0002
line*sex 1 0.2374106603 17.6769 4.9e5
line*odorant 15 0.0305672062 2.27594 0.007
line*sex*odorant 15 0.0345592607 2.57318 0.0022
Error 128 0.01343056

Obp22a
line 1 0.026421302 2.20372 0.1401
sex 1 4.4612447213 372.087 1e-39
odorant 15 0.2964957251 24.729 1e30
sex*odorant 15 0.0447141863 3.72936 2e5
line*sex 1 0.001568419 0.13081 0.7182
line*odorant 15 0.0208297599 1.73729 0.0514
Error 128 0.01198978

Obp28a
line*sex*odorant 15 0.0283028602 2.36058 0.005
line 1 0.0839368387 7.00081 0.0092
sex 1 3.5904735391 299.466 3e35
odorant 15 0.2843769924 23.7187 7e-30
sex*odorant 15 0.0473481066 3.949 8.1e6
line*sex 1 0.0660051442 5.5052 0.0205
line*odorant 15 0.0237689716 1.98247 0.0212
line*sex*odorant 15 0.0265408425 2.21366 0.0088
Error 128 0.01198959

Obp56a
line 1 0.2252875304 17.919 4.4e5
sex 1 3.3300073732 264.863 6e-33
odorant 15 0.3372585731 26.825 2e-32
sex*odorant 15 0.0426861898 3.39519 0.0001
line*sex 1 0.1068887005 8.50175 0.0042
line*odorant 15 0.0569286492 4.52801 7.8e7
line*sex*odorant 15 0.0254381104 2.02331 0.0182
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Table S2 continued

Error
Obp56¢

line

sex

odorant

sex*odorant

line*sex

line*odorant

line*sex*odorant

Error
Obp56f

line

sex

odorant

sex*odorant

line*sex

line*odorant

line*sex*odorant

Error
Obp56h

line

sex

odorant

sex*odorant

line*sex

line*odorart

line*sex*odorant

Error
Obp57a

line

sex

odorant

sex*odorant

line*sex

line*odorant

line*sex*odorant

Error
Obp57b

line

sex

odorant

128

15
15

15
15
128

15
15

15
15
128

15
15

15
15
128

15
15

15
15
128

[EEN

0.01257255

0.0398313237
4.1904453632
0.2768909523
0.0584901318
0.0109644815
0.0418444338
0.0244505134
0.01321426

0.0619769509
3.0290806341
0.3470954024
0.0572593904
0.1692036691
0.0275886738
0.0290003203
0.01581134

0.0025824775
3.0357951421
0.2887905272
0.0597228706
0.1676213129
0.0242185625
0.0240319596
0.01568374

0.0484338426
4.8240353254
0.3223712313
0.036761197
0.0019891167
0.039497842
0.0284111629
0.01082296

0.0624822977
4.0058518744
0.2903139823

3.01427
317.116
20.954

4.42629
0.82975
3.16661
1.85031

3.91978
191.5%

21.9523
3.62141
10.7014
1.74487
1.83415

0.16466
193.563
18.4134
3.80795
10.6876
1.54418
1.53228

4.4751

445,722
29.7859
3.39659
0.18379
3.64945
2.62508

4.34807
278.763
20.2026

0.0849
2e-36
2e27
1.2e6
0.3641
0.0002
0.0344

0.0499
3e27
2e-28
3.1e5
0.0014
0.0501
0.0365

0.6856
2e-27
4e-25
1.4e5
0.0014
0.0991
0.103

0.0363
2e43
2e-34
0.0001
0.6689
2.7e5
0.0018

0.039
6e-34
8e-27
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Table S2 continued

sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

Obp58b

line

sex

odorant
sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

Obp58c

line

sex

odorant
sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

Obp59a

line

sex

odorant
sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

Obp83a

line

sex

odorant
sexXodorant
line*sex
line*odorant
line*sex*odorant
Error

15

15
15
128

15
15

15

96

15
15

15
15
128

15
15

15
15
128

15
15

15
15
128

0.0475542649
0.0225921099
0.035728414
0.0158230498
0.01437011

0.1794583681
2.315055245

0.2502964206
0.0495710378

0.0456314666
0.01421190

0.1029161039
2.5997765607
0.3798663604
0.0646169156
0.2909382181
0.027663805
0.0198383518
0.01358622

0.8696166808
2.5062524374
0.2953594143
0.0332382997
0.3233677854
0.0358184333
0.0203838059
0.01279393

0.0049800271
2.7668588632
0.3050407917
0.0609538937
0.2385163787
0.0234472332
0.0288800317
0.01283423

3.30925
1.57216
2.4863

1.10111

12.6273
162.896
17.6118
3.488

3.21079

7.57503
191.354
27.9597
4.75606
21.4142
2.03617
1.46018

67.971

195.894
23.0859
2.59797
25.2751
2.79964
1.59324

0.38803
215.584
23.7678
4.74932
18.5844
1.82693
2.25023

0.0001
0.2122
0.0031
0.3619

0.0006
2e-22
3e21
0.0001

0.0003

0.0068
4e-27
3e-33
3.1e7
8.9e6
0.0174
0.1299

2e-13
le27
2e-29
0.002
1.6e6
0.0009
0.0842

0.5344
3e29
6e-30
3.2e7
3.2e5
0.0374
0.0077
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Table S2 continued

Obp83c

line

sex

odorant
sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

Obp93a

line

sex

odorant
sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

Obp99b

A5

line

sex

odorant
sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

line

sex

odorant
sex*odorant
line*sex
line*odorant
line*sex*odorant
Error

15
15

15
15
128

15
15

15
15
128

15
15

15
14
128

1

1
15
15
1
15
15
128

0.0002390651
3.9254341221
0.281590565
0.0729879674
0.0290696766
0.0320108559
0.034404363
0.01256003

0.2233239054
3.716308113
0.2496335428
0.043@231
0.0501743496
0.0438383157
0.026878878
0.01421660

0.6321894574
2.7314241208
0.2191821742
0.049888025
0.2233646844
0.0441793924
0.0251017942
0.01181781

0.3802838318
3.0471236136
0.3023042857
0.0548499242
0.1649723915
0.0472856071
0.0192784438
0.01228296

0.01903
312.534
22.4196
5.81113
2.31446
2.54863
2.73919

15.7087
261.406
17.5593
3.0262

3.52928
3.0836

1.89067

53.4946
231.128
18.5468
4.22143
18.9007
3.73837
2.12406

30.9603
248.077
24.6117
4.46553
13.431

3.84969
1.56953

0.8905
4e-36
8e29
5.1e9
0.1306
0.0024
0.0011

0.0001
1le32

3e24

0.0003
0.0626
0.0003
0.0297

lel7
2e-30
3e25
2.7e6
2.8e5
1.9e5
0.0144

1.5e7
le3l
1e30
le6
0.0004
1.2e5
0.0911

4df, degrees of freedom
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Figure S1: Dose responses for benzaldehydexanol and @etophenone for males and

females, separately, measured in the progenitor control line crossedubuleGAL4

driver from the Vienna Drosophila RNAi Center.
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Figure S2: Dose responses for RNAI liri@isp28aandObp83acrossed taubulinGAL4
driver for citral and4carvone respectively for males and females, separately, measured

contemporaneously with progenitor control line crossed ttuthain-GAL4 driver.
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Introduction
Most animals depend on appropriate responses to chemical signals for food localization,
mate selection anavoidance of toxins and predators. The underlying genetic variation that
gives rise to phenotypic variation in olfactory behavior provides a substrate for natural
selection. Thus, understanding the genetic architecture of natural variation in olfactory
behavior is essential for understanding adaptive evolution and requires identification of
interacting ensembles of genes with allelic variants that contribute to phenotypic variation.
Drosophila melanogastgrrovides an ideal system for studies on naturaatian in
olfactory behavior, because the genetic background can be controlled and flies can be grown
under controlled environmental conditions (Anholt & Mackay, 2004). In addition, the
olfactory system oD. melanogasteis one of the best characterized chemosensory systems
and serves as a prototype for insect olfaction, including arthropod disease bearing vectors.
Drosophila relies for chemosensation on four multigene chemosensory famili@slatraant
receptor(Or) (Rokertsonet al, 2003) lonotropic receptofIr) (Yaoet al, 2005) Gustatory
receptor(Gr) (Clyneet al, 2000)andOdorant binding proteirfObp (HekmatScafeet al,
2002) gene families. Members of these families are dedicated to distinct chemosensory
functions and expressed in distinct classes of olfactory ser@iawhich mediate
responses to general apolar odorants,lesydvhich mediate responses to amines, water and
hydrophilic compounds, are expressed in basiconic and coeloconic sensdtal(A2010,
Yaoet al, 2005), respectively, whereas defined olfactory sensilla in the antenna express the
Gr2laandGr63areceptors that mediate perception of carbon dioxide (Faetladr 2006,

Suhet al, 2004). Studies in which GFP expression wasgethribyOr promoters have
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revealed bilateral convergent projection patterns from chemosensory neurons on the third
antennal segment to distinct glomeruli in the antennal lobes€Galo 2000), and elegant
electrophysiologicaih vivo expression studiesaie characterized the molecular response
profiles of a large number of odorant receptors (Hallem & Carlson, 2006). Furthermore,
projections of output neurons from the antennal lobes to higher integrative brain centers, the
mushroom bodies and lateral progéoebrum, have been characterized @tial, 2007, Wong
et al, 2002). This wealth of information on the functional organization obttesophila
olfactory system in turn provided the basis for translational applications to insect
diseasevectors (Carey al, 2010).

Previous studies identified polymorphisms among several hundred inbred wild
derivedD. melanogastelinesin Obpgenes (Aryaet al, 2010, Wanget al, 2010, Wanggt
al., 2007) and thre®r geneqOr10a Or43a andOr67h) (Rollmannet al, 2010) that were
associated with variation in olfactory behavioral responses to benzaldehyde and the
structurally closely related odorant, acetophenone. Different SNPs, often in the same genes,
were associated with responses to these two odorants, ingitatrpolymorphisms in
peripheral chemoreceptors may modulate olfactory discrimination @rghg submitted).
However, investigating the extent to which additional genes, gemode may influence
odorguided sensorynotor integration was made possilanly recently with the generation
of theDrosophila melanogastetenetic Reference Panel (DGRP), a collection of inbred
wild-derived lines with fully sequenced genomes (Maakiagi, 2012).

Here, we have used two different, yet complementary approatigesomewide

association (GWA) analysis and extre@&L (X-QTL) mapping (Ehrenreicht al, 2010)
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using advanced intercross line (AIL) populations to identify alleles that affect natural
variation in olfactory behavior iBrosophila Using a high througtut behavioral assay
(Swarupet al, 2011), we observed substantial phenotypic variation in the DGRP for
behavioral responses to the standard odorant, benzaldehyde. We identified SNPs in or near
genes associated with natural variation in olfactory behawtbra preponderance of rare

alleles with large effects. Among the genes that contribute to phenotypic variation, 21 form a
genetic ensemble that centers on inositol triphosphate and cyclic nucleotide sidgvialosy.
element insertional mutations in kggnes within the inositol triphosphate and cyclic

nucleotide transduction pathways indeed affect the behavioral response to benzaldehyde,
indicating that variation in the efficiency of olfactory signaling is a critical source of natural
variation in olfacbry behavior. To increase the power to identify additional rare alleles
associated with variation in olfactory behavior to benzaldehyde, we generated reciprocal AIL
mapping populations from two extreme responding lines, collected pools of high and low
respnders, and used whole genome DNA sequencing to identify differentially segregating

alleles, again followed by corroboration through mutational analysis.

Methods

Drosophilastocks.DGRP flies were generated and are maintained in our laboratdiiess
mutations and cgsogenic control lines (Belleet al, 2011) were obtained from the
Bloomington Drosophila stock center. All flies were reared on cornmeidssesagar

yeast medium at 25°C, 70% humidity, and ahli®yht/dark cycle.
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Behavioral assayBenzaldehyde was purchased from Sightdrich (St. Louis, MO, USA)

and was of the highest purity available. Olfactory behavior of ss@ptegroups of 50

pbies/replicate and three replicates/ sex was

usingam di ycati osesofabit he hwell I16diepad, t1996@),las assay b
described previously (Swargg al, 2011). A response index (RI) of 1 indicates a maximal
aversive response to the odorant, Rl = 0.5 shows an equal random distributionaaf digss

the assay tubes, and RI = 0 indicates that all flies remain near the odor source. Three
replicates were run for three consecutive days to average environmental variation. Data were
analyzed with the ANOVAmod&f = & + L + to Bartition pend@ypie-varlance
between Linesl(, random), Sex§ fixed), Line by Sex interactior.xS random) and

experimental variancd), Broadsense heritabilities and the cressx genetic correlation for

olfactory behavior were estimated from the variance aorapts a$i>= (41 3&%) A ( @

+ 28+ “diandrye= 0.2/ (0% + 0s”), respectively.

Genomewide association analyse$rior to GWA analysis SNPs were filtered based on the
following four criteria: (1) the minor allele had to be represented in at least four DGRP lines;
(2) SNPs were excluded if coverage from whggmome sequencing was less than 2 or

greater than 30 (24§3) SNPs with more than 2 segregating alleles in the DGRP lines and all
segregating sites within lines were excluded from analysis, and; (4) SNPs had to be
genotyped in at least 60 of the 168 DGRP lines. This resulted in 2,481,491 SNPs, which were

testedfor association with variation in line means for olfactory behavior for sexes separately
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by single marker analysis, using the ANOVA model = O whevey is thddoverall
meanM is the effect of SNP, antliis the error variance.

We used a geneertric forward selection model to generate multiple regression
models in order to identify SNPs that were predictive for variation in olfactory behavior. To
be considered for the analysis a significant SNP had to be within 1000 base pairs of a gene
and hada have a mean coverage across all lines betweands20fold. For SNPs
considered to be in linkage d)jasiegeui | i bri um
representative SNP was used based on position (missense taken over synonymous, intronic or
intergenic), mean coverage (moderate coverage used over low or high) and minor allele
frequency (higher used over lower). The most significant-gentered SNP was fitted in
the model first and markers were added sequentially up to a maximum number of 12 marker
or until the maximum? for variance was explained. Models were run using line mean data
from females, males and sexes pooled. Statistical analyses were performed using SAS

software (SAS, Cary, NC, USA).

Bioinformatics analysis

Functional annotati®of genes are based on Flybase (Mcquidtioal, 2012). To identify
ensembles of interacting gene products we used the R spider program in the BioProfiling.de
web portal (Antono\et al, 2010). This analysis tool incorporates data for approximately
2000genes from th®rosophila melanogastegenome and combines signaling and

metabolic pathways from Reactome and KEGG databases to determine if interactions

between the input genes are greater than expected by chance.
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Assessment of candidate genes expressievels

Transcript levels o0PKC53Ealong with 12 other candidate genes in the network were
assessely quantitative realime polymerase chain reaction ((ffCR) using an SYBR

green detection method according to the protocol from Applied Biosystasie(Eity, CA,
USA) with glyceraldehyd@-phosphate dehydrogenase as the internal standard. Independent
triplicates of total RNA were extracted from males and females separately using Trizol
reagent (Invitrogen, Inc, Carlsbad, CA, USA). Complementary DA generated from 80

to 100 ng of total RNA by reverse transcription and each extract was analyzed in duplicate.
Transcriptspecific primers were designed to amplify 1800 bp fragments. Negative

controls without reverse transcriptase were run to exgedemic contamination.

Statistically significant differences gene expression levels of transcripts inRKC53E

mutant andhe co-isogeniccontrolwere determined by twtailed Student'stests.

High resolution X-QTL mapping

We generated reciprocal AIL mapping populations to perfor@TL mapping (20).

Reciprocal AIL were initiated by a cross between DGRP lines 357 (a low responder) and 820
(a high responder) and derived by sequentially and randomly crastngeat each

generation until generation 25 and beyond. The top 10% (n=200) and bottom 10% (n=200)
responders of each sex separately to 0.3 % (v/v) benzaldehyde were collected from each AIL
population at generations -3®, retested the next day to verify the reprodlitytf their

behavioral responses, and pooled. DNA was extracted and purified from the individual pools

using Genomidip 100/G columns (Qiagen; 10243), and sequenced on an lllumina Genome
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Analyzer GAx using 75bp reads. Two biological replicates p@eopwere sequenced and

each sample was sequenced in two lanes. Sequence reads were mapped to the reference
genome using thBurrowsWheeler Aligne(BWA) alignment tool (Li & Durbin, 2009) and
reads with a quality score of 15 and higher and a mismatds®than 6 bp were used for
further analysis. The aligned sequence data were sorted using SAMtoetisl] 2009). We
used the Popoolation2 program to compare allele frequencies between the DNA pools

(Kofler et al, 2011).

Mutant analyses

We selected 21 candidate genes from the GWA analysis and 11 candidate genes from the X

QTL mapping analysis for functional assessmavinos insertional mutants (Belleet al,

2011) were measured for olfactory behavioral responses to 0.3 % (v/v) lyzkddalong

with their caisogenic controls. For each mutant 50 flies per replicate and 5 replicates were
tested for sexes separately. Statistically s
benzaldehyde between mutants and theisogenic contris were determined by twiailed

St udetnetsétss or by adjusted Dunnettds test whe

isogenic control.

Results
Phenotypic variation for olfactory behavior in 164 DGRP lines
To assess phenotypic variation for olfactoepavior in the DGRP, we measured olfactory

responses to the standard odorant benzal dehy
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assay (Anholet al, 1996), which allows us to interrupt the assay at any time to collect slow
and fast responders (Swarefpal, 2011). We found substantial phenotypic variation in
behavioral responses in the DGRP to a discriminating concentration of 0.3% (v/v)
benzaldehyde (Figure 1) with significant Line, Sex and Line by Sex interaction €ffabte

1). Because of theignificant Sex effect, which is consistent with previous work (Angiolt

al., 1996, Ayrolest al, 2009, Mackaet al, 1996, Sambandaet al, 2006), we performed
further data analyses for sexes separately. The cross sex genetic correlatign=w@s1.

The broaesense heritabilityH?) was estimated to be 0.47 for females and 0.42 for males
(Table S2) implying that about 45% of the phenotypic variation in the DGRP lines is

attributable to genetic variation.
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GWA analysis for variation in olfactory behavior

Next, we performed GWA analyses for variation in olfactory behavior with 2,481,491 SNPs
(Mackayet al, 2012). Single marker analysis yielded 306 SNPs that were associated with
variation for olfactory behavior to benzaldehyde at a nohftra10° (Figure 2).

Examination of allele frequency versus effect size showed that low frequency alleles had
larger effects than common alleles (Figure 2), consistent with GWA studies on other complex
traits in this population (Mackast al, 2012).

The SNPs that are associated with variation in olfactory response to benzaldehyde
were located in or near 213 genes. About 50% of these genes encode unannotated predicted
transcripts (Table 3). Notable genes among the 107 annotated genes@yg@dela
member of the Cytochrome P450 family implicated in xenobiotic metabdiemala,
implicated in axon guidance (34fak56D, inaC, IP3K1, PdelcandPkc53ethat contribute
to signal transductior§yx4,associated with synaptic function, and three micrBBRNn
addition, several chemoreceptor genes, not previously implicated in response to
benzaldehyde, harbor SNPs associated with phenotypic variation in response to this odorant
in the DGRP. These incluggkl1l which encodes a sodium channel implicategustatory
response to salt (Liet al, 2003), the gustatory recept®r92a,and the odorant receptors
Or33aandOr49a The molecular response profiles@f92a Or33aandOr49ahave not

been reported previously.
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Figure 2 Genomewide association analyses for olfactory behavioral response to
benzaldehyde (0.3% v/v). All SNPs from single marker analysis with nofina0° are

shown. Associations based on females are indicated by red dots, males by blue dots, sexes
pooled by black dots and SNP by sex interaction by green dots. The lower triangle depicts
the degree of LD between SNPs as measurad, ith the five major ctomosome arms
demarcated by black lines. The heat map indicates the magnitude of LD with red
corresponding to complete LD and blue to absence of LD. The upper panel shows the
significance thresholdlpg;oP), the effect size in phenotypic standard deviatibits @ /p){li

and the minor allele frequency (MAF).
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Single marker analysis results in biased estimates of allelic effects when multiple
SNPs affecting the trait are correlated. Therefore, we usedogenered forward selection
multiple regressiomodels to estimate the effect sizes when multiple SNPs are
simultaneously evaluated. Separate multiple regression models were computed for males,
females and pooled sexes. A maximum number of 12 SNPs were allowed in each model. The
proportion of phenotypigariation explained by each of the multiple regression models is
indicated byr®. About 62% of phenotypic variation in males and 53% in females was
explained by the models (Table 2). Among 11 SNPs with significant effect sizes based on the
multiple regresion model for males, two were locatedR3K1 andFak56D The multiple
regression model for females used 7 SNPs to explain 53% of phenotypic variation and

included SNPs iy ¢ b laGdFuB1.

A genetic network associated with variation in response todmzaldehyde

To assess to what extent candidate genes associated with variation in olfactory behavior are
functionally related, we used the R Spider algorithm (Antaztaad, 2010). By allowing the
analysis to consider two missing genies. genes that ieract with the candidate genes, but
themselves do not harbor SNPs associated with phenotypic variation in our GWA analysis)
we can consolidate pathways by computationally recruiting additional genes. This analysis
resulted in an enriched enseml#e<(0.01) of 21 interconnected genes, including 10

candidate genes from our GWA analysis, that are related to inositol triphosphate and cyclic

nucleotide signaling (Figure 3A).
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Figure 3 Enriched network among candidate gert@3The figure shows aenriched

network £<0.01) among candidate genes with at least one significant SNP detected in GWA
analysis. Candidate genes are indicated by grey filled squares, missingi geng=nes

without significant associations) by white triangles and metalkdyevhite circles. Six gene
ontology categories shown are intracellular signaling pathway (in red), signal transduction (in
blue), protein phosphorylation (in green), mushroom body development (in aqua), glyceroid
metabolism (in yellow) and purine metaisoh (in purple)(B) Validation of predicted

enriched network by gRPCR. Significant differences of mMRNA levels of the candidate

genes in th®KC53Emutant were assessed by tivaa i | e d t&®¢t. Reddbarg irdlisate
females and blue bars representesaError bars indicate the standard errors of the means *

0.01 O P O 0.05; ** 0.001 O P O O0.01; *=*x=x
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To validate the connectivity of these genes and their association with phenotypic
variation in response to benzaldehyde, we measured behavioral responss®gécic
homozygousP{MIET1} element insertions iIRKC53E PdelcandAC76E,and their control.

We observed small, but significant behavioral effects in all three mutants, with a reduction in
response index fd?PKC53Ein both sexes, and increased avoidance to benzaldehyde for
Pdelcin females and\C76Ein males (Figure 4). These sspecific effectsare in

agreement with the significant Sex term in the ANOVA (Table 1) and with previous studies
on olfactory behavior (Sambandanal, 2006, Swaruget al, 2011). The antagonistic effects

of PdelcandAC76Ethat regulate cyclic nucleotide signaling @IC53Ethat isassociated

with inositol triphosphate signaling may reflect crosstalk between these signal transduction
pathways.

To further validate functional connectivity within the predicted network, we chose
PKC53Eas focal gene and measured transdepels of 12 candidate genésc{6E, Btk
29a, Fak56D, Gi U6 5-8B3a nGpA; gl PKCEE, Pdebras), |t p
connected directly or indirectly to the focal gene in the network iRP{NeET1} mutant and
its isogenic control (Figure 3B). dinscript levels of all genexceptslandGy ¢ b 1fdr 0 B
females, were elevated, compared to the corresponding control (Figure 3B). Thus,
upregulation of this central kinase results in increased transcript levels of a wide range of

functionally interrelatd genes, suggesting that these genes undergegotated expression.
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Functional validation of additional candidate genes

In addition toP{MIET1} insertions ilPKC53E PdelcandAC76E we selected 18 additional
candidate genes from our GWA analysis, that are not part of the signal transduction
ensemble shown in Figure 3A, for mutational analysis. Genes were selected based on SNP
location (within 1000 kb upor downstream of the genajgnificance level of association,

and availability of mutants. Among all 21 mutants, 12 (57.1%) in females aftb 526)in

males showed a significant difference in responses to benzaldehyde compared-to the co
isogenic control (Figure 4). Ten (47.6%) tawts Btk29gCcapR Furl, Fak56D, Ih, kuz

Pkc53E W, CG9932andSpr) showed significant differences in olfactory behavior to
benzaldehyde in both males and females, in agreement with thesexogenetic correlation.
Positive confirmations are significtly greater than expected by chance (P.£,0.0001,
Fisherods exact test); R<h@®’#nour BWAanaysigjmiéed i c anc e

captures a population of genes functionally associated with olfactory behavior.
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X-QTL mapping:

Next, we used an-®QTL mapping approach to identify alleles that affect natural variation
in olfactory behavior irbrosophila We estimated allele frequency differences in pools of
DNA from the top and bottom responders to benzaldehydr advanced intercross
population derived from a high and low responder line. At an arbitrary threshold of allele
frequency difference of > 0.2 and less tHagP >3 we found 80 SNPs in females and 100
SNPs in males (Figure 5, Table 4). The SNPsatebassociated with variation in olfactory
behavior were located in both chemosensory andchemosensory genes. Chemosensory
genes include®r65a Or98h Gr68a Gr57aandlr64ain females an@®r94hb Or24a

Or43a Or65a Ir64a, Ir68a, Gr22d-e, Obp56danda5in males. Except for Or65a and Or43a
molecular response profiles of other Ors have not been characterized to a panel of 110
odorants including benzaldehyde (Hallem & Carlson, 2004). Antennal protein a5 has been
studied for a panel of 16 odorants inchglbenzaldehyde (Swarwgh al, 2011). Among
gustatory receptors Gr57a and Gr2Rare expressed in bitter sensing sensilla implying that
polymorphisms in gustatory receptors involved in perception of bitter taste can contribute to
avoidance behavior (Waset al, 2011). At a more stringent threshold of an allele frequency
difference of > 0.65 andogP > 3.75 we found 33 out of 80 SNPs for females and 54 out of
100 SNPs for males remained significant. Similar to GWA analysis we found that genes
that haibor these SNPs are predicted to be involved in signal transdudtoarfdtor in
femalessimain males (Bettencowiaset al, 2004, Cheret al, 2009) in addition to

genes implicated in nervous system or mushroom body developh2bmilandbea-la in

females (Koizumet al, 2007, Pipest al, 2001) ancchinmoin males (Cherbast al, 2011).
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Functional tests for X-QTL candidate genes

Because of no common significant SNPs in sexes we tested different candidate genes in
males and females. The candidate genes were selected based on SNPs wikhvAluew

and high allele frequency difference between two pools of DNA; 2) proximity of SNP to
genes (within gene or -1 kb from start/stop region); 3) expression of candidate genes i.e.
genes found to be expressed in head were preferred to ones expredbed parts of the
body and 4) availability of the mutants. We tested 8 mutants for males and 11 for females
(Figure 6). In females, mutants faRbplandBeatla showed reduced response to
benzaldehydeA2bplis a DNA binding protein involved in posig regulation of

transcription (Koizumet al, 2007) andeatla is involved in axon guidance (Pipesal,
2001). Various transcription factors have been shown to control expres€loswithin an
olfactory receptor neuron (Clyret al, 1999, Komiyam et al, 2004, Tichyet al, 2008) and
directing axons to their glomeruli (Areg al, 2003). Smootlism)is involved both in axon
guidance and mating behavior (Moehring & Mackay, 2004). In males, mutawtsifiono
andsimag showed significantly higheesponse to benzaldehyde compared to the control.
Chinmois involved with mushroom body development and dendrite morphogenesist(Zhu
al., 2006) whilesimais implicated with signal pathway (Dekargyal, 2005). Hence genes
associated with variation wifactory behavior are associated with function of the nervous
system which again implies that variation in olfactory behavior depends not only on
peripheral chemoreception, but to a large extent on information processing and decision

making in the brain.
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Discussion

In this study we have simultaneously used, for the first time, two gemodeeapproaches to
identify alleles contributing to natural variation in olfactory behavidd.imelanogaster

Both the approaches are complementary. There are two limitation&Withanalysis. One,

in terms of detecting alleles only those with effect size above the threshold of power to detect
alleles and ones that are rare but not excluded from the analysis can be detected. Second, the
DGRP, a collection of wildlerived inbred hes, is limited in detecting epistasis. These
limitations are overcome in-QTL mapping. Rare alleles that are not assessed in the GWA
analysis (because alleles are filtered out if not present in at least four of the DGRP lines), if
present in the parenties, can easily be assessed in AIL mapping population. AlL
experimental design inflates frequency of such alleles to 0.5. Next, since AlL is an outbred
population which allows to detect epistasis. Conducting or@yTX mapping would limit

us in detecbin of only those alleles that are present in the parental lines used to generate
mapping population. Using the DGRP increases the samples of alleles affecting variation in
olfactory behavior. Therefore, by using both the approaches simultaneously wélgdre a
identify genes associated with variation in olfactory behavior including a network involved in

inositol triphosphate and cyclic nucleotide signaling.

GWA analysis for variation in olfactory behavior
We identified many novel candidate genes and tiemariant associated with variation in
olfactory behavior irD. melanogaster Interestingly, the genes contributing to variation in

olfactory behavior included not only chemosensgegesbut also genes involved in
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development, intracellular signalimgnd mushroom body development. This implies that
variation in olfactory behavior depends not only on peripheral chemoreception, but to a large
extent on information processing and decision making in the brain. Many of the genes
implicated in previous stues such a®r7a, Orl0a Or42b, Or43a Or67b, andOr85f
(Rollmannet al, 2010) andObp8a Obp18a Obpl9ac andObp99cluster (Aryaet al, 2010,
Wanget al, 2007) were not identified in this study which could be due to SNPs in these
genes were too rar@a were not assessed in GWA analysis.
In contrast to human association studies (Maretial, 2009), multiple regression
model with up to 12 genic SNPs explained a large proportion of the phenotypic variation in
olfactory response to benzaldehyde. Weni rare alleles with large effects and common
alleles with intermediate effects which are in agreement with other complex traits (Meickay
al., 2012, Webeet al, 2012). If this is true with traits and complex diseases in human
populations where low équency alleles are poorly tagged by LD, this could be a possible
explanation for the fAanal,2609) mpumarGWABralpsis.! i t y o (
Olfactory behavior responses within the DGRP are sexually dimorphic (Table 1;
Figure 1), consistenith previous work (Anholet al, 1996, Sambandaat al, 2008,
Sambandaet al, 2006, Wanget al, 2007) including sebiased expression of the

transcriptome (Ayrolest al, 2009) and chemosensory repertoire (Zabal, 2009).
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Functional Testsfor GWA candidate genes

We validated candidate genes identified by GWA analysis that were common between males
and females as well as genes with Bwalue. Among 21 candidate genes mutation in 12
candidate genes in females and 14 in males resulteciecgbehavioral responses to
benzaldehyde compared to the control. Among these are the genes predicted to be involved
in protein phosphorylation and signal transduction. For exar@gkgpRand5HT-7 are

involved in Gprotein coupled receptor signalling pivavay (Hewes & Taghert, 2001,
Johnsoret al, 2011);Fak56D, inaC, IP3K1, PdelcandPkc53eare involved in signal
transduction (Tsaet al, 2008, Voolstraet al, 2010).5HT-7 encodes a serotonin receptor

which is involved in male courtship behavior (Beosieal, 2011) and its activity is also
necessary for olfactory learning and memorpimelanogasteJohnsoret al, 2011).

Similarly, pdelchave been implicated to affactale mating behavior (Mortoet al, 2010).
Btk-29a, a protein kinase, is known to affect aggressive behavior (Zataits2011) and
susceptibility to oxidative stress (Welstral, 2012).Spnhas been reported to be involved

with intermale aggressivieehavior, alcohol sensitivity and olfactory behavior (Morozetva

al., 2009, Sambandaet al, 2006). Our results indicate that the genetic architecture of
variation in olfactory behavior is indeed composed of pleiotropic genes (Aetradlt 2003)
andthat olfactory cues can play a significant role in promoting aggressive and mating

behavior (Ejimeet al, 2007, Wang & Anderson, 2010).
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Gene Network Validation

We detected an enriched ensemble related to inositol triphosphate (IP3) and cyclic
nucleotde signaling (Figure 3) both being main signal transduction pathways involved in
olfaction. Changes in either pathways result in abnormal olfactory behavior (59, 60).

We observed that upregulation of central kinase results in increased transcript levels
of a wide range of functionally interrelated genes, suggesting that these genes undergo
coregulated expression, in consistent with previous work (Desheaatle2000, Martinet
al., 2001). We validated five network genes using mutant anaBiS53Emutant showed
reduced response to benzaldehyde comparedigngenic control (Figure 4) suggesting that
normal expression of focal gene in the network is required in both males and females
enabling them detect and avoid benzaldehpdielcand Ac76Emutantsshowed higher
avoidance to benzaldehyde in females and males respectively indicating that normal
expression of genes in the network can result irspexific responses. Finallgtk29aand
Fak56Dmutants showed significantly lower avoidance responstsriales while higher
responses in males i.e. the direction of responses were opposite in sexes in the mutants. This
suggests that normal expression of network genes have different interpretations in sexes

resulting in sexually dimorphic responses to theesadorant.

X-QTL mapping for variation in olfactory behavior
We scanned the genome for allele frequency differences in top and bottom pools of DNA for
males and females separately to identify SNPs associated with variation in olfactory

behavior. We foud no overlap at the level of SNPs associated with variation in olfactory
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behavior between sexes. However, 75 genes were common between sexes (Table 4). The
candidate genes, similar to GWA analysis, faljtdy in gene ontology categories associated
with signal transduction, axon guidance and nervous system development and chemosensory
genes. Among the detected Ors, molecular response profiles of Or65a and Or43a have been
studied previously to a large panel of odorants belonging to different functiorsd<las
(Hallem & Carlson, 2006). Or43a shows excitatory responses to only alcohols and almost no
response to benzaldehyde. Similarly Or65a does not respond to any of the fruity odors and
elicit inhibitory responses to benzaldehyde (Hallem & Carlson, 2008hdfuOr65a is
expressed in trichoid sensilla known to detect pheromones in other insects (Christensen &
Hildebrand, 2002). It is possible that polymorphisms in these genes help them to be
narrowlytuned to a particular class of odorants or pheromonesHiyibuting to avoidance
behavior for other odorants such as benzaldehyde. We found polymorphisms in the antennal
protein a5 to be associated with variation in responses to benzaldehyde which is in consistent
with previous work where other polymorphismsotherObpswere reported to contribute to
variation in responses to structurally similar odorants acetophenone and benzaldehyde (Arya
et al, 2010, Wanget al, 2007). Two of the detected gustatory receptors, Ga2aed Gr57a,
are expressed in bitterrsgng neurons of Drosophila labellum (Wegtsl, 2011). Since
benzaldehyde has bitter properties and it is possible that polymorphisms in Grs sensing bitter
taste contribute to avoidance behavior to benzaldehyde.

We found different chemosensory gemesales and females from-&TL analysis.
Analysis of whole genome transcriptome indicatestsaged expression (Ayroles al,

2009) and expression of chemosensory genes showed extensive sexual dimorphiseh (Zhou
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al., 2009) indicating that males and females use their chemosensory repertoire differently to

perceive their chemosensory environment.

GWA analysis and XQTL as complementary approaches

We detected different SNPs associated with variation in responeazalehyde in our

GWA analysis and using-®TL mapping. Nevertheless, all the candidate genes fall into
gene categories associated with intracellular signaling and nervous system development.
Hence, both approaches are complementary in findiekicalariations contributing to

olfactory behavior. Plausible explanations for differences in the results between the two
strategies can be that 1) only SNPs that were present at least in 4 of the DGRP lines were
included in GWA analysis. It is possilileat such rare alleles were present in the parental
lines used to perform-QTL mapping and thus represented at higher allele frequency with
greater power for detection in the resulting AIL mapping population. The experimental
design of XQTL allows deection of such alleles, if present in parental lines, since allele
frequency is maintained at 0.5 (Darvasi & Soller, 1995) 2). This was also observed for
aggression behavior where a rare allele with large effect was present in only one DGRP line
was not asessed in GWA analysis but was captured in the mapping population generated
from two parental lines of the DGRP (unpublished) 3) Generating an AL mapping
population (an outbred population) can bring together alleles at different loci to interact
epistatcally. This can result in suppressor or enhancer effects of the phenotypic effects of
SNPs 4) Itis possible, albeit unlikely, tlitg novamutations occurred during the 30

generations of the AIL populations which were identified as association€inlxdmapping
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In conclusion, candidate genes associated with variation in olfactory behavior to
benzaldehyde include genes associated with nervous system development, signal
transduction and the chemosensory gene family. We found extensive sexuahtsmor
among chemosensory genes implying that sexes use their chemosensory repertoire differently

to perceive their chemosensory environment.
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Table 1 Analysis of variance of 164 DGRP Lines

Analysis  Source of df MS F P-value Vg H?
Variation
Line 163 0.07 6.64 <0.0001 0.00563
Sexes Sex 1 0.51 54.00 <0.0001
Pooled Line x Sex 163 0.01 1.37 0.003 0.00053
Error 1322 0.01 0.00765
Females Line 163 0.04 5.69 <0.0001 0.00565 0.47
Error 661 0.01 0.00603
Males Line 163 0.05 4.83 <0.0001 0.00669 0.42
Error 661 0.01 0.00882

Df: degrees of freedom; MJype Ill Mean Squaresf: variance component.
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Table 2 Genecentred predictive models of olfactory behavior

Analysis Variable SNP Location Estimate  Error t P-value
Intercept 0.811 0.010 78.21 < 0.0001
219784563 IP3K1(in) -0.060 0.013 -4.69 < 0.0001
2R_15318581 Fak56D(u3) -0.075 0.015 -4.84 < 0.0001
X_4065155 Fas2(in) -0.017 0.005 -3.14 0.0021

Males 3L_3102510 CG14955(intergenic) 0.018 0.005 3.66 0.0004
r’=0.62 2R_12114977  CG15706(in) -0.036 0.009 -3.98 0.0001
2R_9940094 CG1831(intergenic) -0.016 0.005 -3.36 0.001
2121748027 step(in) -0.031 0.009 -3.4 0.0009
3R_21209579 Furl (in) -0.019 0.005 -3.89 0.0002
3R_6504004 CG1468§(in) -0.029 0.010 -3.01 0.003
X_5617037 CG32758(syn) 0.014 0.005 2.95 0.0036
Intercept 0.830 0.007 105.49 < 0.0001
X_6508925 pigs(in) -0.020 0.006 -3.03 0.0028
2115629641 CG18480(intergenic) -0.030 0.007 -4.18 < 0.0001
Females  2L_15854659 TektinA (cds) 0.021 0.005 3.82 0.0002
r?=0.53 3L_3102510 CG14955(intergenic) 0.019 0.004 4.03 < 0.0001
3R_15946275 CG10887(intergenic) -0.057 0.015 -3.73 0.0003
3R_21209579 Furl (in) -0.020 0.004 -4.18 < 0.0001
3R_26974822 GycbetalO0Kin) -0.026 0.006 -4.43 < 0.0001

Variables are listed in the order in which they were entered in the model. Estimates of effects
are for (Minorallelema j or

synonymous

all el e).

n:

ntroni c;

cds:
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Table 3 GWA analysis

Chromosome

L
2L
pil
pil
pil
L
2L
L
pil
pil
2L
2L
L
pil
pil
pil
2L
L
2L
pil
pil
pil
L
2L
L
pil
pil
2L
2L
L
pil
pil
pil
2L
L
2L
pil
pil
pil
L
2L
L
pil
pil
2L

)]

1922469
1922480
3482828
3794759
3813640
3813640
4311502
4333584
4333584
4333612
4333612
4335127
6054248
6054246
6081019
6081019
6081153
6081153
7797691

8261351

8629591

6629591

8629591

9631868
9631866
9776438
9778438
9784563
10062172
10147417
10209994
10445249
10539831
10539631
11905206
11905206
11905206
12254159
12254163
12959604
12059894
13044301
13494934
13621452
13621452

Gene Symbol

CG7337
CG7337
CG15414
CG3921
CG3407
sip1
futl
Atet
CG16857
Atet
CG16857
Atet
CG13995
G135
CG9162
Kr-h1
G162
Kr-h1
Herp
Bik29A
Git
tRNA:CR31602
Sema-Ta
CG15828
CG31682
IP3K1
ppk11
IP3K1
Spn31A
CG4839
CG5727
CGA232
CG18302
Trim9
CG42751
Or3da
Pdefc

ACXE
CG16800
C(G9932
CG42764
Ics
mir-2489

FlyBase ID

FBgn0031374
FBgn0031374
FBgn0031542
FBgn0031471
FBgn0031573
FBgn0003430
FBgn0010473
FBgn0020782
FBgn0028482
FBgn0020762
FBgn0028482
FBgn0020762
FBgn0031770
FBgn0031769
FBgn0031778
FBgn0028420
FBgn0031778
FBgn0028420
FBgn0031950
FBgn0003502
FBgn0001114
FBgn0051602
FBgn0011259
FBgn0032136
FBgn0051882
FBgn0032147
FBgn0065109
FBgn0032147
FBgn0032178
FBgn0032187
FBgn0032193
FBgn0032252
FBgn0032266
FBgn0051721
FBgn0261805
FBgn0026392
FBgn0258225

FBgn0040506
FBgn0032462
FBgn0262160
FBgn0263354
FBgn0028546
FBgn0262194

SNP location in
gene

CGT337-In

CG7337-in

CG15414-in
CG3921:3

tutl-in

Atet-in

Herp:3
Btk29A:4

Sema-1a-in

IP3K1-in
Spna1A-in
CG4839-in
CGh727-u3
CGBE232-In

Pdetc-in

CG9932-in
CG42784-in

Intergenic
SNP
location

233
-12040

-342
1747
-314
1775

-1
748
1262
-189
1416
-655

-42452
9492

-2335
6581

-5952
1408

3286

-5050
51281
-29299

30139

-6855

-18067
11384

Site Class

intronic
intronic
intronic

Synanymous

intergenic
intergenic
intronic
intergenic
intergenic
intergenic
intergenic
intronic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
missense

synanymous

intergenic
intergenic
intronic
intergenic
intergenic
intergenic
intergenic
intronic
intronic
intronic
UTR
intronic
intergenic
intergenic
intergenic
intergenic
intronic

intergenic
intergenic
intronic
intergenic
intergenic
intergenic
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Table 3 continued

12807503
12815782
13371761
13371781
13762446
15308752
15308752
15308752
15318008
15318581
15857468
15857468
15962215
15962215
17320497
18571118
18571118
18922228
2647778
2547776
2547776
2820802
2828802
2829854
2829854
3102510
3102510
3102510
32943860
3294380
3294364
3284364
3793037
3793037
3793037
3917240
3995567
3995567
5496914
86472174
7944615
7944764
7944764
7945491
7945491
7946185
7946185
8689482
8688482
9588831
9588831
10386980
10386980
14110072
14245883
14245883
14247149
14247149
14247329
14247329
14247338
14247338
14252551
14252551
14252563
142525683
14283985
14367265
14367265
15084823
19951388
18951386
18951386
20024213
20024213

inaC
Pkc53E
CG30104
CG43110
(=1
CalpA
tRNA-CR30326
fits
CaipA
Fak560
CcG10822
CG8654
18w
CG168898
Sde
RYBP
ppa
CG42741
CGE32295
msn
Spn
CG2083
CGos73
CG2083
CG9973
CG 14955
tRNA-CR32286
Chi7?
CG12009
CG12017
CG12009
CG12017
CG32266
ntc
CG32264
Eip63F-1
CG 14985
scrt
CG34342
CG42747
exex
RNaseX25
exex
RMNaseXx25
exex
RiNaseX25
exex
SrpRbeta
f
CG14177
CG42673
CG12362
mir-275a
Sox21b
CGro06
fz
CG7906
fz
CG7906
fz
CG7906
fz
CG7906
fz
CGro06
fz
fz
CG13481
CG43120
CGES45
CG14182
CG42263
Ac76E
CG14184
shNPF-R

FBgn0004784
FBgn0003081
FBgn0050104
FBgn0262570
FBgn0011589
FBgn0012051
FBgn0050326
FBgn0263391
FBgn0012051
FBgn0020440
FBgn0034478
FBgn0034479
FBgn0004364
FBgn0034480
FBgn0010415
FBgn0034763
FBgn0020257
FBgn0261705
FBgn0260480
FBgn0010909
FBgn0010905
FBgn0263392
FBgn0263392
FBgn0263392
FBgn0263392
FBgn0035399
FBgn0052286
FBgn0035398
FBgn0035430
FBgn0035429
FBgn0035430
FBgn0035429
FBgn0052266
FBgn0035461
FBgn0052264
FBgn0004910
FBgn0035482
FBgn0004880
FBgn0085371
FBgn0261801
FBgn0041155
FBgn0010406
FBgn0041156
FBgn0010406
FBgn00411586
FBgn0010405
FBgn0041156
FBgn0011509
FBgn00011&68
FBgn0036013
FBgn0261555
FBgn0036082
FBgn0262439
FBgn0042630
FBgn0036417
FBgn0001085
FBgn0036417
FBgn0001085
FBgn0036417
FBgn0001085
FBgn0036417
FBgn0001085
FBgn0036417
FBgn0001085
FBgn0036417
FBgn0001085
FBgn0001085
FBgn0036421
FBgn0262580
FBgn0036476
FBgn0038922
FBgn0259148
FBgn0004852
FBgn0036932
FBgn0036934

Pkc53E-in

elk-us

hts-in

CalpA-u3

Fak&6D-u3

Sdc-in

CG42741-in

Spn-in

Cht7-in

CG32264-in
Eip&3F-1-in

CG34342-in
CG42747-in
exex-ud

Sox21b-in

fz-iin

CGE945-PA

AcTEE-in

18420

-T41
230

-3826
5904

18012

-9281
-36801
59723

10401
-1912

20803
-7999

20672
-18774
29724
-18722
-7618
4920

-392
3467
-388
3471
1477
-10797

-7905
6978

-18929

-18202
824
-17498
1528
-22706
17153
-2123
492
-189386
28555

14511
-21564
18777
-20298
15957
-20118
15986
-20109
21179
-14896
21191
-14884

4458
-7748

-20527
2487

2075
-28B83
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Table 3 continued

3L
3L
3L

20543998
20543998
20759106
20759106
20754471
20764471
20888437
20888437
1247011
4059773
5348238
5348236
5348236
5372107
5054324
6126216
6126216
6126216
6130405
6130405
6130405
6301888
6301688
6504004
7742519
7742519
7753282
7753282
9641518
9641518
9641574
9641574
10455319
11461533
13005748
13005748
13867281
13867281
14764547
156832995
15832995
15832995
15946275
15946275
17781418
17981788
20808722
20808722
21207704
21207704
21207711
21207711
21209579
21209579
21675184
21875184
21752963
21753034
22956029
22956030

CG13250
knrd
CG33912
CG4074
CG4042
Pitsfre
CG32432
Sfp77F
CG 14669
DMNApol-iota
by
mir-2283
CG8176
mura
fws
CG6293
tRNA:S2b:66A
CG43143
CG6293
tRNA:S2b:66A
CG43143
Cyp12et
fith
CG 14688
CG14731
CG34307
CG14731
CG34307
Mst87F
tal-AA
Mst&7F
fal-AA
CG7886
CG5302
CG31262
MurB9F
CG7794
htl
CG42613
CG31213
MED25
Hs@st
CG10887
Gri2a
Eip93F
SKIP
CG13646
tnc
Furt
CG11910
Furt
CG11910
Furt
CG31437
CG14545
alphadGT2
CcapR
CcapR
CG6051
CG6051

FBgn0037013
FBgn0001323
FBgn0053912
FBgn0037017
FBgn0037018
FBgn0016696
FBgn0052432
FBgn0258572
FBgn0037326
FBgn0037554
FBgn0000244
FBgn0262180
FBgn0037702
FBgn0037705
FBgn0004889
FBgn0037807
FBgn0011870
FBgn0262617
FBgn0037807
FBgn0011870
FBgn0262617
FBgn0037817
FBgn0001235
FBgn0037818
FBgn0037564
FBgn0085336
FBgn0037964
FBgn0085336
FBgn0002862
FBgn0259733
FBgn0002862
FBgn0259733
FBgn0038248
FBgn0263040
FBgn00a1262
FBgn0038492
FBgn0038565
FBgn0010388
FBgn0261262
FBgn00&1213
FBgn0038760
FBgn0038755
FBgn0038773
FBgn0045471
FBgn0013948
FBgn00511863
FBgn0038255
FBgn0039257
FBgn0004508
FBgn0038332
FBgn0004508
FBgn0038332
FBgn0004508
FBgn0051437
FBgn0040602
FBgn0039378
FBgn0039396
FBgn0039396
FBgn0039492
FBgn0038492

CG14669-in
DMApol-iota-in

CGB8176:8
mura-in
tws-in

CG43143-u3

CG43143:20

CG14688-in

CGT7888-in
CG5302-in

CG42613-in

Hsfst-in

Eip93F-in
SKIP-in

Furl-in
CG11910-PA
Furi-in
CG11910-PA
Furl-in
CG31437:2

CcapR-in
CcapR-in
CGB051-in
CGE0ST-in

copo

15563

-46243

10321
-2336
248
-186
10149
-1705

-5724
4915

-7768
22359

39282

-33881

-14485

18378
-3702
29141

-11348

1148

-11293

1204

-37090

20078
16181

~CC

-3655

28261
-1723

3470
-507

31461
-3384

-941
8897
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Table 3 continued

3R 24267667 beat-\VI FBgn0039584 beat-I-i7

3R 24381978 CG12413 FBgn0039588 11454
3R 24381978 fichr FBgn0000559 -24827
3R 24382025 CG12413 FBgn0039588 11501
3R 24382025 fich FBgn0000559 -24780
3R 26339842 CG31524 FBgn0051524 CG31524-in

3R 26817158 CG371007 FBgn0051007 -301
3R 26817156 CG371008 FBgn0051008 1428
3R 26817158 5-HT7 FBgn0004573 S5-HT7-in

3R 26817221 CG371007 FBgn0051007 -236
3R 26817221 CG371008 FBgn0051008 1493
3R 26817221 5-HTY FBgn0004573 S-HT7-in

3R 26817233 CG371007 FBgn0051007 -224
3R 26817233 CG371008 FBgn0051008 1505
3R 26817233 5-HT7 FBgn0004573 5-HT7-in

3R 26974822 Gycbetat008 FBgn0013973 Gycbetal00B-in

X 2267815 CGT14047 FBgn0040390 5140479

X 2520128 CG10260 FBgn0261922 CG10260:3

X 2665997 CG32795 FBgn0040384 -10942
X 28665997 Syx4 FBgn0024980 27898
X 2669763 CG32795 FBgn0040384 -T176
X 2669763 Syxd FBgn0024980 31664
X 2670840 CG32795 FBgn0040384 -6099
X 2670840 Syxd FBgn0024980 3274
X 2684508 CG32795 FBgn0040384 533
X 2684508 w FBgn0003996 -124
X 2684755 w FBgn0003996 w-u3

X 2684774 W FBgn0003998 w-FA

X 3254074 CG10793 FBgn0029656 43639
X 3254074 dam FBgn02862656 -13142
X 3469136 AlstR FBgn0028961 AlstR-in

X 4065018 Fas2 FBgn0000&35 Fas2-in

X 4065038 Fasz2 FBgn0000535 Fas2-in

X 4065155 FasZ2 FBgn0000635 Fas2-in

X 5617037 CG32758 FBgn0052758 CiE32758:4

X 85508925 plgs FBgn0029881 pigs-in

X 6621807 CG3168 FBgn0029896 CG3168-in

X T170115 CG1677 FBgn0029941 -5007
X 7170115 CG1958 FBgn0029940 8201
X 7394212 CG11368 FBgn0040923 47516
X 7394212 CG32719 FBgn0052719 -8472
X 11899048 CG1808 FBgn0030360 -2163
X 11899048 v FBgn0001083 1105
X 12056226 CG1924 FBgn0030377 -14702
X 12056226 CG2750 FBgn0O30376 48836
x 12095253 Ten-a FBgn0259240 Ten-a-in

X 12380128 CGE42258 FBgn0259143 8589
X 12380128 CpritA FBgn0030394 -878
X 16593293 CG4678 FBgn0030778 CG48T8-in

X 16593293 CG9678 FBgnO030773 CGO9676-u3

X 17128356

X 19879902 CGT17003 FBgn0031082 -15098
X 19879902 MNep3 FBgn0031081 17374
X 21648607 CG14627 FBgn0031183 -197983
X 21648607 oiPt FBgn0024307 147422

Top (P < 10°) SNPs associated with behavioral response to benzaldehyde from single

marker analysis. The chromosome and genomic location is given for each SNP, as well as
the gene and FlyBase ID with which it is associated. In cases where a single SNP could affect
two genes, both are given. When SNPs are located within a gene, their position in coding
sequence (cds) , intron (in) and 3' (u3) and 5' (u5) UTR are given. Numbers after the codon
indicate the exon in which the SNP is located. For intergenic SNPs, thierocabp

upstream (negative numbers) or downstream (positive numbers) from the nearest gene are

given.
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Table 4 Pooled genomic DNA sequence analysis.

Major Minor  Allele

SNP locationin Intergenic

Sex  Chromosome  Position FlyBase D . SiteClass Allele Allele frequency  SNP-logP
gene NP location .
Cal ~Call difference
Females il 1020599 a? FBon0031294 i32-in mronc | A G 0592 3200
A 1062933 ) FBon000330 Sin intronic | T A 0622 3405
A 19198 | CO10317 | FBon0031350 | CG183Tn intronic | G C 0532 3167
A Q68008 | CGI7242 | FBon02a0841 | CGIT242-PA synonymaus) G C 075 3191
A B30 | 063528 | FBgn031430 8782 | intergenic | A G 0733 3013
il 201310 oaf FBon0011818 U84 | intergenic | A G 0733 303
il BT | CGM175 | FBon0085204 308 | infergenic | C A 0539 30%
A BT | CG42460 | FBon0259950 020 | intergenic | C A 0539 303
A 35| CGM1T5 | FBon0085204 $499 | infergenic | A G 0682 3673
A 35| CG4460 | FBon0259950 028 | intergenic | A G 0682 3673
il MEME | msl2 FBon0005614 ms-2-u3 TR C T 0625 324
il 3632285 for FBgn0000721 for-n mronc | G T 0729 3447
A 3783815 | CG10019 | FBon0031568 1508 | intergenic | A G 0577 369
A 378315 | CGMYA9 | FBon0283846 3816 | intergenic | A G 0577 369
A JE180 | CG3T72 | FBon26dpds | CG3MTT24 missenge | G A 0652 3210
A 4132885 | (62955 | FBon0031585 6304 | intergenic | T G 0631 3314
A 4132885 | S FBon0014033 8683 | intergenic | T G 0631 3314
A 4223505 | CG3702 | FBon00315%0 A5 | intergenic | T A 07 3603
A 4223505 f FBon0001074 5653 | intergenic | T A 07 3603
A 4336488 Alet FBgn0020762 Aet-uh TR T C 0699 340
A 4745128 | CG15630 | FBgn0031627 | CG15630-n nfronc | A C 0.6 3,960
il 5667938 | Hspb0C FBqn031728 HspG0C-n ronic | C T 0729 3%7
A 5673237 | CG12511 | FBgn0031729 400 | nfergenic | C T 0667 343
A 5673237 | HspbOC |  FBon0031728 209 | intergenic | C T 0667 343
A ST06158 | CG12511 | FBon0031729 935 | ntergenic | C G 0.79% 6202
A 506158 | CG72% | FBon0031730 291 | nfergenic | C G 0.79% 6202
il 5072365 | Ucpdp FBon0031758 1360 | ntergenic | C T 0662 3903
il 5072385 chic FBon0000308 15 | intergenic | C T 0662 3903
A B0R9S13 | CG13993 | FBon003776 | CG139930n infronic | A C 0685 30
A 251684 Ddr FBon005353 4439 | intergenic | C T 0528 3403
A 6251684 | Ugtd7h? |  FBon0028755 U842 | intergenic | C T 0528 3403
A (251688 Ddr FBon0083531 4% | ntergenic | T G 0527 3750
A 6251688 | Ugtd7h! |  FBon0026755 UBd8 | ntergenic | T G 0527 3750
A B310129 | CG13964 |  FBon0260452 fhd intergenic | A T 0769 3672
A 310128 | Gef2b FBon0021873 3638 | intergenic | A T 0769 3672
A 6310129 Ddr FBon005353 Ddrin nfronic | A T 0.769 3672
A 30131 | CG13%64 | FBon0260422 i intergenic | A T 0.7 3672
il B3 | Gef2b FBon0021873 3636 | intergenic | A T 0.7 3672
il G31013 Ddr FBon053531 Ddr-n Ironic | A T 0756 3672
A B320652 | CG13964 |  FBon0260422 177 | intergenic | A T 0833 398
A B320652 | Gef2b FBon0021873 A5 | nfergenic | A T 0833 398
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Table 4 continued

2L 6320652 Ddr FBgn0053531 Ddr-in intronic A T 0.833 3.985
2L 6408513 CG13982 FBgn0031811 -3802 intergenic T C 0.602 3214
2L 6408513 CG42369 FBgn0259715 11264 intergenic T C 0.602 3214
2L 6408513 CG42368 FBgn0259714 CG42368-ub UTR T C 0.602 3214
2L 6758790 CG11322 FBgn0031856 CG11322-P8 synonymous{ T G 0.661 3.226
2L 6795465 nrv2 FBgn0015777 nrv2-in intronic G C 0.578 3015
2L 6807932 CG17375 FBgn0031851 2140 intergenic T c 0.56 3.560
2L 6807932 sens-2 FBgn0051832 -14385 intergenic T C 0.58 3.560
2L 8807973 CG17375 FBgn0031851 2181 intergenic T A 0.473 3.059
2L 8807973 sens-2 FBgn0051632 -14344 intergenic T A 0473 3.059
2L 6864778 Nhat FBgn0031865 Nhat-in intronic A C 0522 3575
2L 6930828 CG18304 FBgn0031869 -1857 intergenic G T 0.51 3.027
2L 6930828 Hrb27C FBgn0004838 4782 intergenic G T 0.51 3.027
2L 6938591 CG18304 FBgn0031869 CG18304:11 missense T C 0.681 3315
2L 7013111 CG13776 FBgn0263027 CG13778-in intronic A c 0.625 3.244
2L 7013114 CG13776 FBgn0263027 CG13778-in intronic T A 0.749 4.357
2L 7121758 Pvi3 FBgn0085407 Pvi3-in intronic T G 0.68 3.901
2L 7121762 Pvi3 FBgn0085407 Pvi3-in intronic G T 0.619 3.560
2L 7132173 Pvi3 FBgn0085407 Pvi3-in intronic G A 0.588 3.566
2L 7807277 Rapgap1 FBgn0085403 Rapgap1-in intronic G C 0617 30158
2L 7824631 CG7115 FBgn0027515 CG7115-cds synonymous| T C 0625 3197
2L 7827568 Rack1 FBgn0020618 318 intergenic T G 0723 3780
2L 7827568 mts FBgn0004177 -175 intergenic T G 0723 3780
2L 8291197  [tRNA:K5:29A FBgn0011902 398 intergenic C G 0.667 3.499
2L 8201197 wol FBgn0261020 -10148 intergenic [ G 0.657 3.499
2L 8201197 Btk29A FBgn0003502 Btk29A-in intronic c G 0.667 3.499
2L 8544175 Sema-1a FBgn0011259 Sema-1a-in intronic G C 0733 3.240
2L 8902311 CG34398 FBgn0083427 CG34398-in intronic G A 0.571 3.296
2L 8902317 C(G34398 FBgn0085427 C(G34398-in intronic T c 0.592 3765
2L 8902318 CG34398 FBgn0085427 CG34398-in intronic T A 0.55 3175
2L 9613731 Trx-2 FBgn0040070 Trx-2-in intronic T C 0714 3665
2L 9614364 Trx-2 FBgn0040070 Trx-2-in intronic A C 0671 3.299
2L 10178748 CG13137 FBgn0032188 4659 intergenic A G 0453 3.033
2L 10178749 Sur FBgn0028675 -3808 intergenic A G 0.453 3.033
2L 10266389 Moh3 FBgn0259482 IMob3-in intronic A c 0.673 3.633
2L 10266371 Moh3 FBgn0259482 IMob3-in intronic c A 0.837 3437
2L 10337344 GATAd FBgn0032223 GATAd-in intronic c T 0.652 3.168
2L 10495802 | Myo31DF FBgn0088347 I1yo31DF-in intronic T A 0.629 3.633
2L 10495803 Myo31DF FBgn0086347 Idyo31DF-in intronic G A 0629 3635
2L 10723757 CGB415 FBgn0032287 18822 intergenic T A 0.505 3.259
2L 10723757 CGB431 FBgn0032289 -517 intergenic T A 0.505 3.259
2L 10806696 Nos FBgn0011676 Nos-u3 missense G A 0.667 3.054
2L 11172675 CG4788 FBgn0032354 -6366 intergenic T 9 046 3106
2L 11172675 Vm32E FBgn0014076 1010 intergenic T c 0.46 3.108
2L 11229296 ab FBgn0259750 ab-in intronic A c 0.742 3.191
2L 11287270 | CG14926 FBgn0032360 -55043 intergenic c T 0.449 3.258
2L 11287270 Osi21 FBgn0032359 1867 intergenic c T 0.449 3.258
2L 11555804 | CR42743 FBgn0261707 21257 intergenic c T 0.583 3173
2L 11555804 Msi33A FBgn0028412 -29629 intergenic C T 0.583 3175
2L 12250032 CG31759 FBgn00&1759 39922 intergenic C T 0.562 3.661
2L 12250032 CG31862 FBgn00&1862 -88838 intergenic C T 0.562 3.661
2L 12250032 aret FBgn0000114 aret-in intronic C T 0.562 3.661
2L 13247274 | CG16820 FBgn0032493 CG16820-in intronic T c 0.45 3212
2L 13263693 CG6043 FBgn0032497 CGB043-in intronic T c 0.633 3.102
2L 13349221 CG16826 FBgn0032503 262 intergenic G A 0.532 3113
2L 13349221 €G9395 FBgn0032506 502 intergenic G A 0.532 3113
2L 14212603 Smi35A FBgn0018930 smi35A-n intronic A G 0.658 3.196
2L 14217970 SMI35A FBgn0016930 SMi3sA-in intronic T A 0.529 3.334
2L 14385983 elB FBgn0004858 -4642 intergenic G T 0.708 4147
2L 14385983 ppk FBgn0020258 4813 intergenic G T 0.708 4147
2L 14419259 Cpr3s8 FBgn0028871 -5154 intergenic G T 0692 3.339
2L 14419259 pburs FBgn0032546 1941 intergenic G T 0692 3.339
2L 14480538 | CG15283 FBgn0028844 29616 intergenic T c 0.574 3.229
2L 14480538 noc FBgn0004771 -10324 intergenic T C 0.574 3.229
2L 14480541 CG15283 FBgn0028844 29619 intergenic A G 0.562 3.033
2L 14480541 noc FBgn0004771 -10321 intergenic A G 0.552 3.033
2L 14480542 | CG15283 FBgn0028844 29620 intergenic G A 0.625 3.367
2L 14480542 noc FBgn0005771 -10320 intergenic G A 0625 3.367
2L 14530485 CG33648 FBgn0053648 4860 intergenic G A 0757 3.287
2L 14530485 [RNVA:G3:35B, FBgn0011865 -61 intergenic G A 0757 3.287
2L 14530503 CG33648 FBgn0053648 4878 intergenic C A 0.5 3.149
2L 14530503 [RNA:G3:358 FBgn0011865 -43 intergenic c A 0.5 3.149
2L 14530516 | CG33648 FBgn0053648 4891 intergenic G T 0.558 3.207
2L 14530516 [RNA.G3:358 FBgn0011885 -30 intergenic G T 0.558 3.207
2L 14533674 CG4218 FBgn0250844 13646 intergenic G A 0.578 3.683
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2L 14533674 |RWNA.G3.35Bg  FBgn0011868 2750 intergenic G A 0.576 3.683
2L 14844950 CG15279 FBgn0028886 -43 intergenic [ A 0.667 3.339
2L 14844950 CG42582 FBgn0261568 1849 intergenic C A 0.687 3.339
2L 14932708 CG3491 FBgn0028887 2132 intergenic G A 0.723 3.138
2L 14932708 mol FBgn0086711 -43039 intergenic G A 0723 3138
2L 14932708 | CG42313 FBgn0259213 CG42313-in intronic G A 0723 3.138
2L 14999024 dyn-p25 FBgn0040228 -6715 intergenic C T 086 3545
2L 14999024 mol FBgn008&711 1488 intergenic [ T 06 3545
2L 14999145 dyn-p25 FBgn0040223 -6694 intergenic [ A 0.574 3.081
2L 14999145 mol FBgn0086711 1589 intergenic C A 0.574 3.081
2L 15119021 sfc FBgn0001978 951 intergenic A G 0541 3.182
2L 15119021 | iRNA:L:35C FBgn0028889 -13285 intergenic A G 0.541 3.182
2L 15551886 | CG15256 FBgn0028880 CG15256-u3 intronic c T 0803 3.102
2L 16073872 beat-la FBgn0013433 beat-la-in intronic G T 08681 3315
2L 16073880 beat-la FBgn0013433 beat-la-in intronic [ A 0778 4656
2L 16237364 CG42817 FBgn0261999 CG42817-in intronic T C 0.707 3.584
2L 16424839 idgft FBgn0020416 intergenic A C 0.616 3.099
2L 16424830 RNA.Me26S-A]  FBgn008G037 & intergenic A c 0616 3.009
2L 16424839 CG5888 FBgn0028523 CG5888-in intronic A C 0616 3.099
2L 16471958 dac FBgn0005677 dac-in intronic G [ 0.657 3142
2L 16502331 Tpr2 FBgn0032586 Tpr2-in intronic G C 0611 3.898
2L 16748057 CG17912 FBgn0032800 CG17912-in intronic C T 0.458 3.190
2L 16790521 Cyit-h5-r FBgn0000408 Cyt-h5-r-cds synonymous| € G 0.567 3
2L 16866379 CG31781 FBgn0051781 -3108 intergenic G C 0.503 3.366
2L 16866379 CG6012 FBgn0032615 4980 intergenic G c 0.503 3.3668
2L 16866390 CG31781 FBgn0051781 -3097 intergenic A T 0.508 3729
2L 16866390 CGB012 FBgn0032815 4971 intergenic A T 0.508 3729
2L 17220961 beat-llc FBgn0032629 beat-lllc-in intronic A T 0.667 3.018
2L 17424659 Dif FBgn0011274 Dif-in intronic C T 0.522 3429
2L 17424662 Dif FBgn0011274 Dif-in intronic T G 0.522 3429
2L 17524925 CG15143 FBgn0032647 376 intergenic C A 0623 3631
2L 17524925 | CG15144 FBgn0032648 860 intergenic c A 0823 3.631
2L 17524925 Dhc36C FBgn0013810 Dhe36C-in intronic [ A 0.623 363
2L 17525555 CG15143 FBgn0032847 1008 intergenic C T 0.744 4.839
2L 175255955 CG15144 FBgn0032648 -30 intergenic C T 0.744 4.839
2L 17548922 CG15145 FBgn0032649 16688 intergenic A C 0.579 3.461
2L 17548922 CG7094 FBgn0032650 -5431 intergenic A c 0.579 3.481
2L 17548923 CG15145 FBgn0032649 16689 intergenic T C 0579 3.461
2L 17548923 CG7094 FBgn0032850 -5430 intergenic T [ 0.579 3.481
2L 17652035 Cadi FBgn0015609 CadN-in intronic T [ 0.608 3.018
2L 17703024 Cadi FBgn0015609 GadN-in intronic G A 0713 3415
2L 18286964 CG31787 FBgn0051787 880 intergenic 9 G 0.818 3.461
2L 18286564 Sfp36F FBgn0261057 -5984 intergenic C G 0818 3.461
2L 18346240 Fas3 FBgn0000838 Fasd-in intronic A G 0.604 3197
2L 18394048 CG34171 FBgn0085200 14139 intergenic C A 0.607 3.028
2L 18394048 RpS26 FBgn0261597 48450 intergenic [ A 0.607 3.028
2L 18394058 CG34171 FBgn0085200 14149 intergenic A G 0.611 3.219
2L 18394058 RpS26 FBgn0261597 48440 intergenic A G 0611 3219
2L 18444181 RpS26 FBgn0261597 954 intergenic c T 0.566 3.102
2L 18444191 ncm FBgn0086707 -318 intergenic C T 0566 3.102
2L 18563818 Pdet? FBgn0085370 Pdeti-in intronic A G 0.585 3.308
2L 18775154 ham FBgn0045852 ham-in intronic T C 0.564 3.081
2L 18822640 CG17323 FBgn0032713 -934 intergenic C T 0.682 3127
2L 18822640 CG17324 FBgn0027074 &7 intergenic C T 0.682 3127
2L 19059300 CG10492 FBgn0032748 477 intergenic A G 0.769 3.968
2L 19059300 Phipp FBgn0032749 347 intergenic A G 0.769 3.968
2L 19146219 brat FBgn0010300 brat-in intronic G C 0742 3.191
2L 19375535 CG17349 FBgn0032771 2823 intergenic [ T 0.554 3631
2L 19376535 CG17350 FBgn0032772 -5395 intergenic [ T 0.554 3631
2L 19802196 | fs{2)koPP43 FBgn0004811 6347 intergenic C T 0719 3937
2L 19802196 pRNA:U4:38A FBgn0003931 -8538 intergenic 9 T 0.719 3.937
2L 19802203 | fs(2)ltoPP43 FBgn0004811 6354 intergenic T C 0611 3.039
2L 19802203 pRNA.U4.38A]  FBgn0003931 -8531 intergenic T c 0611 3.038
2L 19809181 | fs(2)ifoPP43 FBgn0004811 13332 intergenic G A 0.733 3.563
2L 19809181 pRNA-U4:38A FBgn0003931 -1553 intergenic G A 0733 3583
2L 19835272 CG13956 FBgn0263873 6382 intergenic G T 0.564 3.081
2L 19835272 sick FBgn0263873 20912 intergenic G T 0.564 3.081
2L 20117027 | CG10651 FBgn0032853 16778 intergenic T c 0.765 3.817
2L 20117027 CG13970 FBgn0032851 12964 intergenic T C 0.765 3817
2L 20391880 CG10947 FBgn0032857 CG10947-in intronic T A 0574 3.081
2L 21269007 CGasr1 FBgn0032938 CG8671-in intronic G [ 0.64 3.442
2L 21847999 CG11629 FBgn0032965 -48667 intergenic C T 0.657 3168
2L 21847999 ish FBgn0003866 10088 intergenic 9 T 0.857 3.168
2L 22349570 CG17018 FBgn0039972 CG17018-in intronic C T 0.608 3.015
2L 22974998 0.661 3.092
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421363 RplL38 gn0040007 17402 intergenic c T 0657 42
421363 Stikc Qn0046692 12846 intergenic c T 0657 42
1205541 sic gn0261403 Sxe-in intronic A T 72 28
15347 CG11665 FBgn0033028 CG11665-in intronic T 55
28821 CG30159 FBgn0050159 366 intergenic A 57 3]
28821 Tsp42Eb FBgn0042086 181 intergenic A 57 30
26821 Tspd2Ea FBgn0029508 Tspd2Ea-in intronic A 557 50
CG11123 FBgn0033169 8591 intergenic A 0656 £
CG11145 FBgn0033168 2509 intergenic A C 0656 3196
S0 FBgn0003460 so-in intronic A [ 0 G56 5196
CG1941 FBgn0033214 2600 intergenic C 0733 3933
©G34216 FBgn0085245 2337 intergenic [ 0733 3933
tor FBgn0003733 tor-9 missense [ 0733 3933
Dk FBgn0085390 Dgk-in intronic G 0667 3196
CGarat FBgn0033234 CGB751-u5 intronic [ T 0746 319
ACC FBOn0033246 ACC-cds synonymous| G A 0615 330
Lpin FBOn0263693 Lpin-in ntronic A T 07 3.00
Kermit FBgn0010504 kermit-in ntronic A T 07 3.00
mtt FBOn0050361 mtt-in ntronic G A 0567 306
©G1809 FBgn0033423 CG1808-n ntronic A [ 0485 3154
mir-307 FBgn0082441 39440 intergenic G A 0652 3168
(RNAM346A]  FBgn0011521 447 intergenic G A 0652 3168
Mmp2 FBgn0033438 Mmp2-in intronic G A 0652 3168
Ubat FBgn0023143 8416 intergenic G c 0567 EXER)
(RNA M3 46A]  FBgn0011921 18575 intergenic G c 0567 EXER)
Mmp2 FBgn0033438 Mmp2-in intronic G c 0667 EXER)
CG42732 FBan0261698 CGA2732-in intronic A G 0631 3314
CG33144 FBan0053144 CGA3144-in intronic G c 0667 4167
CG12943 FBan0033572 C©G12043 4 synonymeus| G T 0682 3673
CGH067 FBan0033605 CGI0ET 3 synonymeus| G A 0636 3790
CG34229 FBan0258832 685 intergenic A G 0435 3008
Sobp FBan0033654 1393 intergenic A G 0435 3008
CGa646 FBan0033763 CGBA46-n intronic c T 0666 3102
CG8646 FBan0033763 CGEA46-n intronic c A 0611 3410
CGE17580 FBgn0040755 5634 intergenic T G 0 667 3016
Cypont FBgn0033776 -26368 intergenic T G 0 667 3016
8990068 CG13325 FBan0033702 13761 intergenic T G 0716 4663
8990068 Dri-2 FBan0033701 23016 intergenic T G 0716 4563
9318149 | (RNAL49Fa FBan0011881 289 intergenic T G 0667 3106
9318149 |IRNA.L3:49Fa|  FBgn0011908 -61 intergenic T G 0.667 3106
9318148 CG42321 FBan0268221 CG42321-in intronic T G 0.667 3196
9318160 | (RNAL49Fa FBan0011881 290 intergenic A G 0.667 3196
9318160 |IRNA.L3:49Fal _F -60 intergenic A G 0.667 3196
9318160 CG42321 F CG42321-in intronic A G 0.667 3.196
9340985 arr F 174 intergenic A G 0472 3.042
9340985 chs F 87 intergenic A G 0472 3.042
9456699 CG13334 F 9289 intergenic T [ 0.605 3.606
456899 CG42807 Fi 2130 intergenic T [ 0.605 3.506
527636 fas FBgn0000633 fas-in intronic c T 0636 3470
607020 ©G6220 FBgn0033865 26146 intergenic c A a7 3460
607020 ©G6260 FBgn0033866 -35829 intergenic c A a7 3460
9607020 fas FBgn0000633 fas-in intronic c A 07 3.460
9735197 CG30484 FBgn0050484 CG30484-PA synonymous| A T 0531 3333
9570030 Prosap FBgn0040752 Prasap-in intronic G A 05 3120
10166785 | CR30066 FBgn0263397 CR30068 3 RNA c T 08 4.437
10392384 Asx FBgn0261823 Asxin intronic G A 0584 3073
10698324 | CG10200 FBan0033968 888 intergenic T G 07 3008
10698324 | CG10202 FBan0033968 7041 intergenic T G 07 3008
11306360 | CG34365 FBan0263980 CG34366-in intronic c T 0679 3329
11694367 Zasp52 FBan0083919 Zaspb2-in intronic c G 0683 3060
11694368 Zaspb2 FBan0083919 Zaspb2-in intronic T A 0671 3166
12718237 | CG34459 FBan0085488 CGA4450-in intronic T c 0657 3168
12805408 Pkc53E FBan0003081 7024 intergenic G A 0622 3016
12805408 inaC FBan0004784 16323 intergenic G A 0622 3016
13038910 0389 3206
13168472 mbl FBgn0261642 mbl-in intronic. T C 0.476 3.044
13661034 CG5009 FBgn0027572 C©GH009-u3 UTR T A 069 3272
13782668 | CG14491 FBan0034284 -26 intergenic 5 T 0749 4.367
13782668 | CG14492 FBan0034283 711 intergenic 5 T 0749 4.367
13782668 elic FBan0011689 elk-in intronic 5 T 0.749 4.367
13782660 | CG14491 FBan0034264 23 intergenic A G 0688 3612
13782660 | CG14492 FBan0034283 713 intergenic A G 0688 3612
13782660 ellc F elk-in intronic A G 0688 3612
13804917 | CG14491 F 21834 intergenic A G 0.663 3.167
13804917 | PpYy-554 F -37983 intergenic A G 0.663 3.167
13804917 ellc F elkin intronic A G 0.663 3.167
14308626 Dpt F Dp1-u3 UTR [ T 0.56 3011
14673903 | CG15086 F CG15086-cds synonymous| G G 075 3191
14673906 | CG15086 F CG15086-cds synonymous| T [ 0.809 3.461
4901047 5-HT1B FBgn0263116 8783 intergenic G A 71 680
4901047 abba FBgn0034412 4578 intergenic G A 71 680
5127 cora FBgn0010434 cora 13 synonymous| A G 34 019
527! CG10073 FBgn0034440 CG100726 synunymu\.g G A 04 035
5 CG11242 FBgn0034451 -8168 intergenic c A 688 597
me-Wé8 FBgn00027 16 17802 intergenic c A 688 507
par-1 FBon0260934 par-1-in intronic c A 88 507
R sm FBgn0003435 sSm-in intronic G A 7 20
56 CG42878 FBgn0262170 18537 intergenic A T 38 a5
56340 |RNA CR3353 FBgn0053535 3891 intergenic A 38 85
56340 sm FBgn0003435 Sm-in intronic A 0538 85
56350 | CGA42578 FBgn0262170 18527 intergenic G 0535 T
56350 |RNA CR3353 FBgn0053535 3901 intergenic G A 0535 T
56350 sm FBgn0003435 Sm-in intronic [ A 0535 7
56350 | CGA42578 FBgn0262170 18518 intergenic [ T 0657 4
56359 |RNA CR3353 an0053535 3910 intergenic G T 0657 494
R 56359 sm gn0003435 sm-in intronic G T 0657 494
2R 16180762 | CG11200 FBan0034500 11270 intergenic T 5] 0678 3438
2R 16180762 | Chimetaz FBan0026136 2696 intergenic T c 0678 3438
2R 16183071 | CG711200 FBan0034500 -8061 intergenic A G 0604 3685
2R 16183071 | Ciimetaz FBan0026136 6016 intergenic A G 0604 3685
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2R 16279308 CG11192 FBgn0034507 36750 intergenic. T G 0667 3016
2R 16279308 CG 12484 FBgn0086604 -32532 intergenic T G 0667 3016
2R 16281296 CG11192 FBgn0034507 38738 intergenic G A 0693 3068
2R 16281296 CG12484 FBgn00856604 -30544 intergenic G A 0693 3068
2R 16573564 Gr57a FBgn0041240 Gr57a 1 missense T C 06 3149
2R 17249299 cv-2 FBgn0000395 cv-2-in intronic T G 0636 3675
2R 17975486 CG13502 FBgn0034692 CG13502-in intronic A G 0.508 3.049
2R 18013164 GM130 FBgn0034697 GM130:4 missense G A 0549 3455
2R 18411808 Bx FBgn0003175 px-in intronic A T 059 3841
2R 19159842 ord FBgn0003009 ord-in intronic T (o} 0565 3.039
2R 19531532 FBgn0034889 0545 3109
2R 19573234 CG11293 FBgn0034803 CG11283-u5 intergenic G T 0617 3309
2R 19677494 CG9850 FBgn0261914 CGY850-in intronic A T 0686 3.008
3L 962588 Glutt FBgn0011361 Glut1-in intronic (o] T 05 3332
3L 1330961 mtacpi FBgn0010909 mtacp15 Synonymous| A G 06 3 887
3L 2567835 msn FBgn0035400 msn 4 synonymous G T 0643 3237
3L 3125694 CG11537 FBgn0052273 -2334 intergenic A T 0.577 4.351
3L 3125694 |RNA CR3227. FBgn0026189 3680 intergenic. A T 0577 4351
3L 3125694 prominin-like FBgn0035400 prominin-like-in intronic A T 0577 4351
3L 3125700 CG11537 FBgn0052273 -2328 intergenic T A 058 4426
3L 3125700 |RNA CR3227. FBgn0025189 3686 intergenic T A 058 4426
3L 3125700 prominin-like FBgn0035432 prominin-like-in intronic. T A 058 4426
3L 3308428 ZnT63C FBgn0035500 ZnTE3C-in intronic A G 0488 3133
3L 4131313 ens FBagn0035500 ens-in intronic A G 0651 3112
3L 4131317 ens FBgn0035500 ens-in intronic (o} A 0618 3323
3L 4131327 ens ens-in intronic T A 0664 4575
3L 4708668 CG13712 FBgn0035570 -835 intergenic T G 0.742 3.191
3L 4708668 CG13713 FBgn0042199 10690 intergenic. T G 0742 3191
3L 4708668 Gef64C FBgn0035574 GefG4C-in intronic T G 0742 3.191
3L 5067011 CG12027 FBgn0035585 54897 intergenic (o} G 0687 3315
3L 5067011 CG34047 FBgn0054047 -31957 intergenic (o] G 0.&87 3315
3L 5087644 CG12027 FBgn0035585 75530 intergenic. A T 0542 3179
3L 5087644 CG34047 FBgn0054047 -11324 intergenic A T 0542 3179
3L 5335130 CG4669 FBgn0035598 105399 intergenic c T 0.692 4.146
3L 5335130 |[tRNA S7.640 FBgn0011986 -54 intergenic. (o} T 0692 4 146
3L 5385788 CG34391 FBgn0085420 -38944 intergenic T C 0652 3168
3L 5385788 Ir64a FBgn0035604 9867 intergenic T (o} 0652 3168
3L 5486246 CG10630 FBgn0035608 -4377 intergenic A T 0.&01 3214
3L 5486246 CG4835 FBgn0035607 9483 intergenic A T 0.601 3214
3L 5486248 CG 10630 FBgn0035608 -4375 intergenic T (o} 062 3631
3L 5486248 CG4835 FBan0035607 9485 intergenic T c 062 3631
3L 5486282 CG 10630 FBgn0035608 -4341 intergenic. T (o} 0695 4 065
3L 5486282 CG4835 FBgn0035607 9519 intergenic T (o} 06895 4 085
3L 5486304 CG10630 FBgn0035608 -4219 intergenic c A 0.714 4.301
3L 5486304 CG4835 FBgn0035607 9541 intergenic. C A 0714 4301
3L 5526473 CG 13285 FBgn0035611 -1364 intergenic G T 0695 3255
3L 5526473 Lkr FBgn0035610 4032 intergenic G T 0595 3255
3L 6041602 JonG5Ai FBagn0035665 -2272 intergenic T (o] 0746 4437
3L 5041602 Jon65AIv. FBgn0250815 8354 intergenic. T C 0746 4437
3L 6249610 Best2 FBgn0035696 Best2-in intronic G A 0688 3.008
3L 6299728 Impl3 FBgn0001258 43935 intergenic A G 0.591 3.189
3L 65299728 Or65a FBgn0041625 -13983 intergenic. A G 0.591 3189
3L 6469284 CG42747 FBgn0261801 CG42747-in intergenic A G 0621 3197
3L 6818219 Prat2 FBgn0041194 -86874 intergenic A T 0642 3464
3L 65818219 vl FBgn0086680 30582 intergenic. A T 0642 3464
3L 7166247 CG42256 FBgn0263218 CG42256-in intronic A G 0705 3662
3L 7524444 eid FBgn0028582 Igf-in intronic (o} A 0644 3142
3L 8520587 foi FBan0024236 foi-in intronic G (o] 0517 3115
3L 8723944 Cpi16 FBgn0000356 -898 intergenic. 0444 3117
3L 8723944 Cp19 FBgn0000358 240 intergenic 0444 3117
3L 8724358 Cpib FBgn0000356 -484 intergenic T A 0.356 3.161
3L 8724358 Cp19 FBgn0000358 654 intergenic. T A 0.356 3161
3L 8724585 Cp16 FBgn0000356 -257 intergenic 0402 4315
3L 8724585 Cp19 FBgn0000358 881 intergenic 0402 4315
3L 8724586 Cpib FBgn0000356 -256 intergenic 0394 3785
3L 8724586 Cpi19 FBgn0000358 882 intergenic. 0394 3795
3L 8728539 Prm FBgn0003149 Prm-in intronic (o} A 0377 3929
3L 10164724 CG6628 FBgn0035072 4601 intergenic G A 0.695 3.008
3L 10164724 ect FBgn0000451 -18652 intergenic. G A 0695 3008
3L 10164724 dpr10 FBgn0052057 dpri10-in intronic G A 06895 3.008
3L 10509795 CG32064 FBgn0052064 23761 intergenic (o} G 0714 3817
3L 10509795 CG6527 FBgn0036085 -41470 intergenic. C G 0714 3817
3L 10509795 AZbpt FBgn0052062 AZbp1-in intronic C G 0714 3817
3L 10617840 044 3.050
3L 10775258 CG12523 FBgn0035102 -18034 intergenic A (o] 0533 3025
3L 10775258 NjA FBgn0036101 85284 intergenic. A C 0533 3025
3L 10861779 tna FBgn0028160 tna-in intronic T A 0659 3168
3L 11186066 GlcAT-P FBgn0035144 GlcAT-P-in intronic A G 0.686 3.008
3L 11186079 GIcAT-P FBgn0036144 GICAT-P-in intronic A G 0818 3655
3L 11331840 CG6163 FBgn0036155 -23246 intergenic C T 0632 3631
3L 11331840 CG6168 FBgn0036154 17021 intergenic (o} T 0632 3631
3L 11517034 Mob2 FBgn0259481 Mob2-u3 UTR T A 0543 3388
3L 11647899 CG32085 FBgn0052085 CG32085-in intronic. C T 0629 3107
3L 11745611 Gr68a FBgn0041231 37 intergenic T (o} 061 3296
3L 117456611 Muc88D FBagn0036203 -14788 intergenic T c 061 3286
3L 11745611 CG6024 FBgn0036202 CG6024-in intronic T (o} 061 3296
3L 12161902 Rh7 FBgn0038260 Rh7-in intronic (o} T 0659 3168
3L 12621728 cGa2111 FBgn0052111 CG32111-in intronic T A 0.538 3.991
3L 12888401 CG 12520 FBgn0036324 -6074 intergenic. G A 0766 4 369
3L 12888401 CG14118 FBgn0036323 543 intergenic G A 0766 4 369
3L 13092062 CG11251 FBgn0036346 8993 intergenic (o} T 0509 3.109
3L 13082062 trn FBgn0010452 -15311 intergenic (o] T 0509 3109
3L 13281456 CG43146 FBgn0262622 5223 intergenic. C T 0646 3058
3L 13281456 Sfp70A4 FBgn0259870 -8300 intergenic (o} T 0648 3088
3L 13337104 CG14113 FBgn0040814 14299 intergenic A T 0.611 3.309
3L 13337104 CG17687 FBgn0036348 -5222 intergenic. A T 0611 3309
3L 13351612 Nplp2 FBgn0040813 1284 intergenic C T 0575 3113
3L 13351612 SNCF FBgn0036349 -20073 intergenic (o} T 0575 3113
3L 13834921 CG8757 FBgn0035380 CG8757 1 missense (o] T 0757 3287
3L 14702557 CG13473 FBgn0036442 -18303 intergenic A T 0611 3528
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3L 14702557 CG13476 FBgn0036441 3301 intergenic A T 0.611 3.628
3L 14702557 ome FBgn0259175 ome-in intronic A T 0611 3.528
3L 14901541 DCX-EMAP FBgn0258099 DCX-EMAP-in intronic T (9} 0605 4548
3L 149801548 | DCX-EMAP FBgn0258099 DCX-EMAP-in intronic o] T 049 3461
3L 14937823 BobA FBgn0040487 -776 intergenic G T 0647 3.442
3L 14937823 CG 13465 FBgn0040809 431 intergenic G T 0647 3.442
3L 16344403 CG33259 FBgn0036495 -56546 intergenic o] T 0603 3102
3L 156344403 Toll-6 FBgn0035494 9092 intergenic o] T 0603 3102
3L 15408343 CG33259 FBgn0036495 7012 intergenic A G 0567 3043
3L 15408343 CG7804 FBgn0036496 -56954 intergenic A G 0567 3043
3L 15408344 CG33259 FBgn0036495 7013 intergenic c G 0567 3043
3L 15408344 CG7804 FBgn0036496 -56953 intergenic [ G 0.567 3.043
3L 15408350 CG33259 FBgn0036495 7019 intergenic G A 0558 3214
3L 15408350 CG7804 FBgn0036496 -56947 intergenic G A 0558 3214
3L 15636713 CG43083 FBgn0262529 -4963 intergenic Cc A 057 3081
3L 16636713 CG7372 FBgn0036522 19477 intergenic c A 057 3081
3L 15636713 comm3 FBgn0259236 comm3-in intronic c A Q.57 3.081
3L 16636714 CG43083 FBgn0262529 -4962 intergenic T G 057 3081
3L 16636714 CGr3rz2 FBgn0036522 19478 intergenic T G 057 3.081
3L 15636714 comm3 FBgn0259236 comm3-in intronic T G 057 3081
3L 16031249 CG5895 FBgn0036560 922 intergenic G A 0647 3408
3L 18031249 ih FBgn0280835 -258 intergenic G A 0.647 3.408
3L 16486786 CG33158 FBgn0053158 CG33158-in missense T (9] 0692 3008
3L 16486786 CG42513 FBgn0263131 CG42513-in missense T (9} 0692 3.008
3L 16486786 CG42514 FBgn0260388 CG42514°4 missense T (9} 0692 3.008
3L 16803866 nudC FBgn0021768 nudC-in Synonymous| G (o] 063 3.006
3L 16803866 CG 13024 FBgn0036665 CG13024:3 Synonymous| G (o] 063 3.006
3L 16810006 CG 13024 FBgn0036665 5039 intergenic T A 0.643 3.148
3L 16810006 TSG101 FBgn0036866 -25393 intergenic T A 0643 3148
3L 16810006 nudC FBgn0021768 nudC-in intronic T A 0643 3148
3L 17141749 Rbps FBgn0260943 Rbpé-in intronic A G 0.508 3179
3L 17217957 Rbp6 FBgn0260943 Rbpé-in intronic c A 0529 3.450
3L 17556369 Eip74EF FBgn0000s67 EipT4EF-in intronic G C 0.623 3.922
3L 17556373 Eip74EF FBgn0000567 Eip74EF-in intronic o] A 0625 4005
3L 17685879 Cen FBgn0052183 Cen-in intronic A G 0667 3168
3L 18433183 CG32196 FBgn0052196 -19385 intergenic G (o 0673 3.008
3L 18433183 ski FBgn0036786 146 intergenic G (o] 0673 3008
3L 18486377 AICR2 FBgn0036789 AICR2-in intronic T G 0.708 3.486
3L 19419801 CG33062 FBgn0053062 -15017 intergenic A T 0667 3172
3L 19419801 CR42838 FBgn0262027 1775 intergenic A T 0687 3172
3L 19419802 CG33062 FBgn0053062 -15018 intergenic A T 0667 3172
3L 19419802 CR42838 FBgn0262027 1776 intergenic A T 0667 3172
3L Siz FBgn0028179 siz-in intronic c A o 3792
3L 21988533 Act798 FBgn0000045 8243 intergenic G c Q 4.470
3L 21988533 CGr140 FBgn0037147 -30787 intergenic G C a 4470
3L 21988536 Actr9B FBgn0000045 8246 intergenic G T a 4793
3L 21988536 CG7140 FBgn0037147 -30784 intergenic G T a 4793
3R 813908 CG2022 FBgn0037292 CG2022-in intronic A T o 3339
3R 5038004 CG171997 FBgn0037862 33377 intergenic G T Q 3.624
3R 5038004 D17 FBgn0000412 -25801 intergenic G T a 3624
3R 5038004 pum FBgn0003165 pum-in intronic €] T a 3624
3R 5041107 CG11897 FBgn0037662 36480 intergenic Cc A a 3102
3R 5041107 D1 FBgn0000412 -22698 intergenic c A o 3102
3R 5041107 pum FBgn0003165 pum-in intronic c A Q 3.102
3R 7632132 CiC-a FBgn0051116 CIC-a-us UTR A G a 3061
3R 7683384 CG6959 FBgn0037956 CGB948-in intronic T (9} a 5022
3R 8007128 CG4810 FBgn0037994 -11297 intergenic A T a 3019
3R 8007128 Cpn FBgn0261714 15220 intergenic A T 05 3019
3R 8395426 OctbetaZR FBgn0038063 Octbeta2R-in intergenic T (o] o 3041
3R 8714930 CG10126 FBgn0038088 29991 intergenic T (9] 06 3237
3R 8714930 d-cup FBgn0038089 -2787 intergenic T C a 3237
3R 8116178 CG 15887 FBgn0038132 1646 intergenic G A a 3270
3R 8116178 Osiz22 FBgn0038133 -260 intergenic G A a 3270
3R 9290039 CG 12538 FBgn0038157 -58634 intergenic G A o 3168
3R 9290039 mir-252 FBgn0262323 8 intergenic G A Q 3.168
3R 9290039 CG17025 FBgn0040554 CG17025-in intronic G A a 3168
3R 9556779 CG9312 FBgn0038179 -34718 intergenic G A a 3202
3R 9556779 CG9602 FBgn0038175 12881 intergenic G A a 3202
3R 9556779 CG34383 FBgn0085412 CG34383-in intronic G A o 3202
3R 9718901 E5 FBgn0008546 18283 intergenic A C Q 3.790
3R 9718901 ems FBgn0000576 -8680 intergenic A (] 0 3.790
3R 9990360 CG3199 FBgn0038210 1013 intergenic G T a 3758
3R 9990360 DopR FBgn0011582 -12645 intergenic G T a 3758
3R 9990364 CG37199 FBgn0038210 1017 intergenic T (o] o 3164
3R 9990384 DopR FBgn0011582 -12641 intergenic T (o] 0481 3164
3R 10181772 NKT 1 FBgn0024321 NK7 1-in intronic T G 058 3293
3R 12788907 Abd-B FBgn0000015 Abd-B-ub UTR A T 0602 3214
3R 12788909 Abd-B FBgn0000015 Abd-B-u5 UTR G A 0636 3385
3R 12863785 CG18213 FBgn0038470 CG1821386 Synonymous| G A 0551 3654
3R 12863796 CG18213 FBgn0038470 CG18213 86 missense G A 056 3293
3R 13600040 CG43102 FBgn0262562 CG43102-ub intergenic [ T 0.785 3.820
3R 13958699 CG14316 FBgn0038567 -19143 intergenic G A 0602 3214
3R 13958699 |RNA-CR3157 FBgn0051518 23913 intergenic G A 0602 3214
3R 13958699 sr FBgn0003499 sr-u3 UTR G A 0602 3214
3R 14455363 CG 14301 FBgn0038632 CG14301-u3 UTR A (o] 0622 3015
3R 14461208 CG 14301 FBgn0038832 CG14301-in intronic G T 0.687 3.315
3R 14705753 CG 14297 FBgn0038655 -18090 intergenic T A 0486 3275
3R 14705753 CG14298 FBgn0038654 2825 intergenic T A 0488 3275
3R 15264440 CG3517 FBgn0038706 13519 intergenic o] A 0679 3612
3R 15264440 Dys FBgn0260003 -22370 intergenic c A 0679 3612
3R 15264440 cG37221 FBgn0051221 CG31221-in intronic [] A 0.679 3.612
3R 156264441 CG3s517 FBgn0038706 13520 intergenic G A 0652 3168
3R 15264441 Dys FBgn0260003 -22389 intergenic G A 0652 3168
3R 15264441 CcG31221 FBgn0051221 CG31221-in intronic G A 0652 3168
3R 16346578 CG42872 FBgn0262146 -13423 intergenic T (o] 0572 3364
3R 16346578 CG4288 FBgn0038799 8409 intergenic T (o] 0572 3364
3R 16498706 CG4000 FBgn0038820 -3238 intergenic [ T 0.661 3.226
3R 16498706 Cpr92F FBgn0038819 188 intergenic o] T 0681 3226
3R 16498709 CG4000 FBgn0038820 -3235 intergenic o] A 0723 4.049
3R 16498709 Cpro2rF FBgn0038819 171 intergenic Cc A 0723 4049
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3R 16498712 CG4000 FBgn0038820 -3232 intergenic A T 071 4.044
3R 16496712 CprozF FBgn0036819 174 intergsnic A T 071 4044
3R 164967 14 CG4000 FBgn0038820 3230 intergenic A c 0727 4064
3R 16498714 CprozF FBgn0038819 176 intergenic A < 0727 4.064
3R 16498724 CG4000 -3220 intergenic T [s] 0618 3.323
3R 498724 CprozF 186 ntergenic T c 0.618 3.323
3R 498735 CG4000 -3209 ntergenic T c 0.626 3.697
3R 498735 CprozF 197 ntergenic T c 0626 3697
3R 498737 CGA4000 3207 ntergenic A c 0583 3411
3R 498737 CprozF 199 ntergenic A c 05683 3411
3R 5498746 CG4000 3108 nteraenic A c 0.582 3.439
3R 16498746 Cpr9zF FBgn0038819 208 intergenic A [¢] 0582 3.438
3R 17038808 CG5862 FBgn0038868 1974 intergenic A T 0.657 3.168
3R 7038808 Snmp F 44881 intergenic A T 0.657 3.168
3R 7124382 | Hsromega Hsromega-RB 0667 3.064
3R 7134385 | Hsromega Hsromega-RE 0631 3102
3R 7342144 ci5 4090 intergsnic T A 0595 3.028
3R 7342144 CG7956 4519 intergenic T A 0595 3.028
3R 17469002 CG6353 17606 intergenic A T 07 3861
3R 17469002 mir-71 20709 intergenic A T 0.7 3.361
3R 7469002 E2f E2fin intranic A T 0.7 3.361
3R 8126626 CG7084 C©G7084.11 synonymous| G c 0.709 3.4567
3R 9560706 Hmger Hrmger-n intronic G c 061 3462
3R 9766820 Gdh Gdh-in intronic T c 064 3442
3R 0435658 mid mid-in intronic T G 0671 3767
3R 20435659 mid FBgn0263450 mid-in intronic c T 0723 4.049
aR 21213141 CG31437 FBgn0051437 2834 intergenic [=] G 0564 3.0758
3R 21213141 Muc96D FBgn0051439 10492 intergenic c G 0.564 3.075
3R 1213141 Furl Fl Furi-in intronic c G 0.564 3.07

3R 1579214 LpRT LpR1-in intronic A T 05 3.01

3R 2687498 CG5491 1622 intergenic c A 06 344

3R 2667498 | mir-1012 369 intergsnic c A 06 3.44,

3R 26687458 Lerp Lerp 15 synonymous|  © A 06 3.44,

3R 22687503 CG5451 AB17 intergenic c T 0645 3168
3R 22687503 mi-1012 374 intergenic [s] T 0645 3.168
3R 2268750 Lerp Lerp 15 missense c T 0.645 3.168
3R 23713904 | ©G12426 15792 intergenic c T 0.636 3.300
3R 237 4 CG5017 24265 intergenic c 0636 3300
3R 23713904 | ©G34353 C©G34353-n intergenic c 0636 3300
3R 23813883 | beta TubITEF betaTUbS7EF-US UTR A G 0742 3191
3R 24219136 Or98b FBgn0039562 39912 intergenic A T 0.75 3191
3R 24219136 beat-V/ FBgn0039584 -24790 intergenic A T 075 2191
3R 24921188 | CG11873 FBgn0039633 CG11873-in intronic G A 0.632 3.442
3R 559263 ey Fl kay-us UTR A C 0.681 3612
3R 565937 ©G31033 C©G21033-in intronic c T 0592 3.487
3R 582272 CG 18662 -25023 intergenic c A 0556 3364
3R 582272 ©G31037 32491 intergsnic c A 0556 3364
3R 502272 sima sima-in intronic c A 0556 3364
3R 26008128 Bets 1385 intergenic G A 0727 3013
3R 26008128 CGo747 3017 intergenic G A 0727 3013
3R 26035236 Anp 434 ntergenic r A 0.556 3.366
3R 26035236 |RNA Psi285-2] 1475 ntergenic r A 0.556 3.366
3R 26425157 | CG31019 139 ntergenic A 0467 3031
3R 26425157 | ©G31021 2771 ntergsnic A 0467 3031
3R 26425167 CG2246 Bgn0035750 C©G2246-in intronic r A 0.467 3.031
3R 27460709 keké FBgn0039862 23031 intergenic T G 0624 3631
3R 27460709 pasha FBgn0039861 13512 intergenic T G 0624 3631
3R 27813268 heph FBgn0011224 heph-in intronic T G 0.589 3.514
3R 27813268 CG2003 gn0039888 ©G2003-in intranic T G 0.589 3.514
X 4567434 rap an0262699 rap-in intronic T c 0.7 3,460
X 5096696 CG 15464 gn0029748 intergenic A c 0612 3303
X 5096696 CG42749 on0261803 intergsnic A c 0612 3303
X 5096696 g gn00BGE1 1 ra-in intronic A c 0612 3303
X 5166367 CG 15464 FBgn0029748 74823 intergenic T G 06665 3.068
X 5166367 CG42749 FBgn0261803 33767 intergenic T G 0,556 3.068
X 5243178 5K FBgn002976 Sk-n ntronic c T 0.50 3.214
X 5247171 SK gn002976 SK-n ntronic G A 061 3.383
X 5247172 SK 9n002976 Skoin ntronic c T 061 3383
X 5247174 5K Gn002976 SHan ntronic T A 057 3250
X 5504261 CG14441 Bgn0029855 CG1a441n ntranic T A 067 3101
X 7988284 CG2258 FBgn0029957 2326 intergenic A G 0568 3.325
X 7988284 Ube-E2H FBgn0029996 187 intergenic A G 0 568 3325
X 8189239 |phAcRalpha-7E|  FBgn0015519 nAcRalpha-7E-in 0.288 3.360
X 8273287 CG1387 FBgn0030033 6527 intergenic T A 0.577 3.659
X 8273287 CG 15344 FBgn003003 54129 intergenic T A 0577 3.659
X 8980163 ©G32708 FBgn0052708 CG32708-cds missense A T 0688 3 597
X 9379927 Megahin FBgn0261260 tegalin-in intronic T c 0627 3650
X 9410019 CG34026 FBgn0054026 17832 intergenic G A 0657 4,869
X 6410019 €G34026 FBgn0064028 3824 intergenic G A 0667 4,869
X 9410019 ©G32700 FBgn0052700 CG32700-n intronic G A 0657 4.869
X 9707206 ©G32698 FBgn0052698 CG32698-in intranic c G 0.673 3.008
X 9777592 CG9689 gn0030159 600 intergenic c G 055 3.182
X 9777592 CG9691 9n0030160 883 intergenic c G 055 3182
X 10187589 | alpha-ian-1 Gn0259170 alpha-Man-l-n intronic G A 05 3001
X 10187595 | alpha-ian-i Bgn0259170 alpha-Man-i-n intranic T A 0545 4212
X 10187602 | alpha-Man-i FBgn0259170 alpha-Man-l-n intronic c T 065 3676
X 10724926 tmp FBgn0262735 8110 intergenic 0538 3.186
X 10724925 sbr FBgn0003321 1860 intergsnic 0538 3185
X 12362153 | CG42258 FBgn0259143 CG42258-n intronic A G 0.493 3217
X 16022682 | CG12433 FBgn0030811 4704 intergenic A T 0625 3.064
X 16922682 CG34326 FBgn0085355 -3634 intergenic A T 0626 3.054
X 9260295 kek5 gno031018 kekS-in intranic A T 0.471 3.345
X 9924484 CG9570 gn0031085 10843 ntergenic c T 0718 3.668
X 99234484 |RNA CR3282( Qn0052826 15281 ntergenic c T 0718 3668
X 021351 CG12679 gn0031103 33273 ntergsnic T c 0636 3300
X 021351 CG1631 gn0031101 13810 ntergenic T c 0.636 3.300
X 20305649 CG1655 FBgn0031116 4719 intergenic c G 0566 3102
X 20306649 mal FBgn0002641 1412 intergenic [=] G 0 566 3102
X 20784035 | ©G11227 FBgn0031139 17826 intergenic T A 0.481 3.060
X 20784035 | ©G42707 FBgn0261624 30382 intergenic T A 0.481 3.050
X 20907765 N2 FBgn0031145 Htf-2-in intronic c A 0625 3.244
X 22273161 | ©G42346 FBgn0259677 CGA2346-in intronic c T 0601 3214
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Males 2L 30452 Cdas FBgn0051973 Cda5-cds missense (o} T 08 3.082
2L 61420 Cda5 FBgn0051973 2178 intergenic T < 0595 3015
2L 61420 dbr FBgn0067779 -5624 intergenic T C 0595 3015
2L 437806 ex FBgn0004583 ex-in intronic (o] G 0.757 3287
2L 630777 CG2839 FBgn00312732 2634 intergenic T c 0.534 3.019
2L 630777 ds FBgn0000497 -9244 intergenic T (o] 0534 3.019
2L 683579 ds FBgn0000497 ds-in intronic A G 0556 3.297
2L 842599 drongo FBgn0020304 drongo-in intronic c T 0695 3.008
2L 883492 CG15624 FBgn0031292 8440 intergenic G A 0592 3138
2L 883492 Lspibeta FBgn0002563 -5155 intergenic G A 0592 3.138
2L 963332 CG4341 FBgn0028481 5234 intergenic A c 0.5 3.155
2L 963332 a2 FBgn0031294 -48089 intergenic A (o] 08 3.155
2L 963337 CG4341 FBgn0028481 5239 intergenic A G 0643 3.237
2L 963337 a2 FBgn0031294 -48084 intergenic A G 0643 3237
2L 981648 CG4341 FBgn0028481 33550 intergenic (o] A 0616 3.080
2L 991648 a2 FBgn0031294 -19773 intergenic (o] A 0616 3.080
2L 1086084 s FBgn0003310 S-in intronic T (o] 0588 3528
2L 1310452 a5 FBgn0011294 -18709 intergenic G A 0664 3879
2L 1310452 robo3 FBgn0041097 15765 intergenic G A 0664 3.879
2L 1320847 a5 FBgn0011294 -8314 intergenic A < 0 662 3315
2L 1320847 robod FBgn0041087 26160 intergenic A (9] 0662 3315
2L 1324831 as FBgn0011294 -4330 intergenic A c 0.7 3.361
2L 1324831 robo3 FBgn0041097 30144 intergenic A (o] o7 3361
2L 1347970 CG5556 FBgn0031332 -3835 intergenic T (o] 05 3.040
2L 1347970 Caic2 FBgn0026141 2826 intergenic T (o] 05 3.040
2L 1371370 CG14346 FBgn0031337 2323 intergenic G T 0 684 3383
2L 1371370 lea FBgn0002543 -8718 intergenic G T 0684 3383
2L 1439191 CG31928 FBgn0051928 -53104 intergenic T c 0.538 3.239
2L 1439191 nRNA U3.224 FBgn0003926 6270 intergenic T (o] 0538 3339
2L 159 7 haf FBgn0261509 haf-in intronic A G 0643 3635
2L 159 7 CG31935 FBgn0051935 CG31935-in intronic A G 0643 3.635
2L 1687759 chinmo FBgn0085758 chinmo-in intronic. T C 0667 3197
2L 1693246 chinmo FBgn0086758 chinmo-in intronic G A 0711 4637
2L 1693262 chinmo FBgn0086758 chinmao-in intronic G A 0.639 3.099
2L 1777734 CG17650 FBgn0031385 18656 intergenic T A 0604 3.568
2L 1777734 Gr2ze FBgn0045497 -6328 intergenic T A 0604 3.566
2L 1787728 Gr2zd FBgn0045498 -1413 intergenic G T 0533 3. 450
2L 1787728 Gr22e FBgn0045497 2442 intergenic G T 0533 3450
2L 1787729 Gr22d FBgn0045498 -1412 intergenic (o] T 0533 3450
2L 1787729 Gr22e FBgn0045497 2443 intergenic C T 0.532 3.450
2L 1791110 Gr22e FBgn0045499 Gr2zc 1 Synonymous| G (o] 0.561 3439
2L 1791137 Gr22c FBgn0045499 Gr22c 1 Synonymous| A G 0608 3.299
2L 1781153 Gr2zc FBgn0045499 Gr22ci missense c A 0 516 3139
2L 1828123 CG31664 FBgn0051664 1745 intergenic T G 0502 3301
2L 1828123 c-cup FBgn0031367 -3504 intergenic T G 0502 3301
2L 1841359 CG31665 FBgn0051685 CG31665-in intronic A G 0727 3013
2L 1908187 CG7337 FBgn0031374 CG7337-in intronic G A 0616 3.099
2L 1808190 CG7337 FBgn0031374 CG7337-in intronic T A 0634 3.168
2L 1962557 erm FBgn0031375 8038 intergenic A T 0534 3102
2L 1962557 |RMA CR31944 FBgn0051942 -2869 intergenic A T 0534 3.102
2L 2174658 aop FBgn0000097 aop-in intronic T c 0.553 3.264
2L 2264358 CG34049 FBgn0054049 CG34049-PB intergenic (o} T 0548 3.172
2L 2321174 CG9967 FBgn0031413 CGY967-in intronic G T 08 3.155
2L 2321174 eys FBgn0031414 eys-in intronic G T 086 3.155
2L 2421303 CG9885 FBgn0031428 C©G9885-cds Synonymous; A G 08 4213
2L 2582736 Dipt FBgn0026479 Drp1:5 Synonymous; (o] T 0 686 3.008
2L 2596452 CG15394 FBgn0250835 3677 intergenic T A 0.688 3.458
2L 2596452 CG15395 FBgn0031440 -13694 intergenic T A 0688 3458
2L 2731491 CG31689 FBgn0031449 CG31689-in intronic G A 0713 3.108
2L 2739781 CG31689 FBgn0031449 CG31689-u3 UTR A T 0608 3.299
2L 2761380 Tm-SR FBgn0031456 Trn-SR-in intronic. T C 0714 3605
2L 2804087 Syt1 FBgn0004242 4097 intergenic G T 07 3.008
2L 2804067 daw FBgn0031461 -1451 intergenic G T 0.7 3.008
2L 2891007 [ FBgno041111 lilti-in intronic (o} A 06687 3455
2L 2899085 L FBgno041111 lilti-in intronic A G 0567 3111
2L 3009579 CG17265 FBgn0031488 -3922 intergenic T A 0671 3299
2L 3009579 CG3558 FBgn0025681 10965 intergenic T A 0671 3299
2L 3079159 toc FBgn0015600 toc-in intronic A (9] 0618 3.448
2L 3184408 CG34393 FBgn0085422 CG34393-in intronic G T 0.657 3.912
2L 3330526 CG3285 FBgn0031522 -404 intergenic (o} A 0596 3.194
2L 3330526 CG33282 FBgn0053282 734 intergenic (o} A 0596 3.194
2L 3330544 CG3285 FBgn0031522 -386 intergenic A T 0 668 4114
2L 3330544 CG33282 FBgn0053282 752 intergenic A T 0 668 4114
2L 3539227 CG8853 FBgn0031550 6701 intergenic T A 061 3298
2L 3539227 drm FBgn0024244 -24 intergenic T A 061 3.296
2L 3546476 drm FBgn0024244 drm-in intronic A (o] 0622 3617
2L 3597947 odd FBgn0002985 -6275 intergenic A T 0678 4.402
2L 3597847 sob FBgn0004892 17181 intergenic A T 0678 4402
2L 3674746 CG16704 FBgn0031558 -17392 intergenic T C 0729 3310
2L 3674746 Sfp24Bc FBgn0261054 4185 intergenic T C 0.729 3.210
2L 3674746 CG34340 FBgn0085389 CG34340-in intronic T (o] 0729 3310
2L 3751478 CG10079 FBgn0031568 CG10019-in intronic (o} A 0573 3.201
2L 3752339 CG10079 FBgn0031568 30 intergenic G T 0519 3.038
2L 3752339 CG31959 FBgn02638446 -5292 intergenic G T 0519 3038
2L 3752380 CG10019 FBgn0031568 a1 intergenic c G 0571 3820
2L 3752380 CG31959 FBgn0263846 -5271 intergenic C G 0.571 3.820
2L 3779681 bowl! FBgn0004893 bowl-in intronic T (o] 075 3473
2L 4082754 ed FBgn0000547 ed-in intronic G A 0649 3624
2L 4185876 CG31961 FBgn0051961 -369 intergenic T A 0766 4.454
2L 4185876 Or24a FBgn0025394 19742 intergenic T A 0 766 4454
2L 4185886 CG31961 FBgn0051961 -359 intergenic T (9] 0705 4689
2L 4185886 Or24a FBgn0026394 19752 intergenic T c 0.705 4.589
2L 4185896 CG31961 FBgn0051961 -349 intergenic A G 0675 3722
2L 4185896 Or24a FBgn0026394 19762 intergenic A G 0675 3722
2L 4315067 tutl FBgn0010473 tutl-u3 UTR G (o] 0604 3.202
2L 4387055 Psf2 FBgn0261976 9 intergenic G A 0755 3191
2L 4387055 Tps1 FBgn0027560 -1268 intergenic G A 0755 3191
2L 4545981 dp FBgn0053196 dp:69 synonymous| A T 0.569 3.200
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2L 5011027 CG3887 FBgn0031670 -54 intergenic G A 0619
2L 5011027 Tfb5 FBgn0259719 202 intergenic G A 0619
2L 5171700 Msp-300 FBgn0261836 Msp-300-cds missense o] G 0421
2L 5186699 Msp-300 FBgn0261838 Msp-300-in intronic A G 0582
2L 5884043 CG8965 FBgn0031745 4562 intergenic T c 05486
2L 5884043 Sfp26Ac FBgn0259959 -308 intergenic T o] 0548
2L 5954587 CGo044 FBgn0031752 CGY044-cds Synonymous o] T 0661
2L 5954596 CGo044 FBgn0031752 CGY044-cds missense G T 0736
2L 6003608 Tsp26A FBgn0031760 Tsp26A-u3 UTR G A 0549
2L 5003608 Gal FBgn0001089 Gal-u3 UTR G A 0549
2L 5109085 star FBgn0051641 stai-in intranic o] A 075
2L 6222105 CG34380 FBgn0085409 12628 intergenic T A 0562
2L 6222105 Ugt37b1 FBgn0026755 -2945 intergenic T A 0562
2L 5282138 CG139584 FBgn0260452 -16681 intergenic A G 0713
2L 6292138 CG42735 FBgn0261699 20627 intergenic A G 0713
2L 5292138 Ddr FBgn0053531 Ddr-in intronic A G 0.713
2L 6748909 CG11322 FBgn0031856 -8955 intergenic G A 0667
2L 5748909 NA Me28S5-G. FBgn0086034 3831 intergenic G A 0667
2L 5748809 CG11221 FBgn0031855 CG11221-in intranic G A 0867
2L 57654389 cG11321 FBgn0031857 CG11321:4 missense [ T 0.648
2L 6764390 CG11321 FBgn0031857 CG11321:4 missense c T 0701
2L 6764392 CG11321 FBgn0031857 CG11321:4 missense T c 0668
2L 7048052 CG31630 FBgn0262872 795 intergenic G T 0818
2L 7048062 Mnn{ FBgn0031885 -8244 intergenic G T 0.818
2L 7048082 mift FBgn0262872 milt-in intronic G T 0818
2L 74261086 CG5261 FBgn0031912 -760 intergenic G T 0551
2L 7426106 mir-305 FBgn0262458 62 intergenic G T 0551
2L 83536872 Mur298 FBgn0051901 Mur298-cds missense A T 0.689
2L 8850410 Git FBgn0001114 -21633 intergenic G A 0531
2L 8650410 |RNA CR371604 FBgn0051602 30311 intergenic G A 0531
2L 8650410 Sema-1a FBgn0011259 Sema-1a-in intranic G A 0531
2L 9014600 CGa573 FBgn0032089 530 intergenic T o]
2L 9014800 CG9582 FBgn0032080 -9850 intergenic T c
2L 9692038 Pka-C1 FBgn0000273 Pka-C1-in intronic T c
2L 9813102 jAcRalpha-300 FBgn0032151 AcRalpha-30D0-i intranic T o]
2L 10246043 chico FBgn0024243 chico-in intranic G o]
2L 10727883 CG6431 FBgn0032289 CGE431°6 sSynonymous| G A
2L 107937186 CG31870 FBgn0051870 2940 intergenic G A
2L 107937186 Nos FBgn0011676 -10553 intergenic G A
2L 107937186 CG31869 FBgn0051869 CG31869-in intranic G A
2L 10904 CG14070 FBgn0032313 2901 intergenic T A
2L 10904666 CG7309 FBgn0032314 -1604 intergenic T A
2L 11534898 CR42743 FBgn0261707 351 intergenic A G
2L 11534898 Msi33A FBgn0028412 -50535 intergenic A G
2L 12444481 Oatp33Ea FBgn0032433 Oatp33Ea-us UTR A T
2L 12481832 mir-967 FBgn0262203 21732 intergenic A c
2L 12481832 t-cup FBgn0051858 -14784 intergenic A o]
2L 12481832 bun FBgn0259176 bun-in intranic A c
2L 13133277 cGs122 FBgn0032471 CG5122:2 SYnonymous T [
2L 13233099 CG15479 FBgn0032483 -697 intergenic A T
2L 13233099 Prosalpha6T FBgn0032492 40 intergenic A T
2L 13536104 CG15638 FBgn0028943 322 intergenic T G
2L 13536104 CG16852 FBgn0028942 -4547 intergenic T G
2L 13536104 B4 FBgn0023407 B4-in intronic T G
2L 13536107 CG15638 FBgn0028943 325 intergenic T A
2L 13536107 CG16852 FBgn0028942 -4544 intergenic T A
2L 13536107 B84 FBgn0023407 B4-in intronic T A
2L 13876132 CG18507 FBgn0028527 5278 intergenic c G
2L 13676132 CG31814 FBgn0051814 -728 intergenic c G
2L 13800827 CAH1T FBgn0027844 -2801 intergenic T A
2L 13800827 seci1 FBgn0028538 1146 intergenic T A
2L 13802957 CAH1 FBgn0027844 -B71 intergenic G T
2L 13802957 sec7 1 FBgn0028538 3276 intergenic G T
2L 13847010 Ance-3 FBgn0032536 Ance-3-in intranic G A
2L 13947010 CG16884 FBgn0028544 CG16884-in intronic G A
2L 13954277 CG16884 FBgn0028544 6805 intergenic T c
2L 13954277 mimA FBgn0261514 -3262 intergenic T c
2L 13954277 Ance-3 FBgn0032536 Ance-3-in intranic T ]
2L 13994298 i3 FBgn0003255 rk-in intranic T A
2L 14254840 Smi3SA FBgn0016930 20732 intergenic A c
2L 14254840 wb FBgn0261563 -8682 intergenic A c
2L 14356029 Rabi4 FBgn0015781 Rabi4-in intranic A T
2L 14435421 CG15283 FBgn0028844 -14861 intergenic A T
2L 14435421 Cpr3sB FBgn0028871 10290 intergenic A T
2L 14435424 CG15283 FBgn0028844 -14858 intergenic T A
2L 14435424 Cpr358 FBgn0028871 10293 intergenic T A
2L 14882663 Msi358b FBgn0013301 Mst35B8b-cds missense A o]
2L 15088140 CG15270 FBgn0028879 CG15270:4 Synonymousi G A
2L 15260399 yurt FBgn0045842 yuri-in intronic G T
2L 15412809 CG15258 FBgn0032563 51182 intergenic G T
2L 15412809 wor FBgn0001983 -10484 intergenic G T
2L 15412810 CG15258 FBgn0032563 51183 intergenic T [
2L 15412810 wor FBgn0001983 -10483 intergenic T c
2L 16040472 BicC FBgn0000182 -1560 intergenic A c
2L 16040472 CG31820 FBgn0051820 34193 intergenic A [}
2L 16055049 beat-la FBgn0013433 beat-la-in intronic G C
2L 16293513 CG13258 FBgn0032582 543 intergenic A G
2L 16293513 Cyp303a1 FBgn0001982 -694 intergenic A G
2L 16293940 CG13258 FBgn0032582 ara intergenic A [}
2L 16293940 Cyp303a1 FBgn0001992 -267 intergenic A C
2L 16293942 CG13258 FBgn0032582 972 intergenic G A
2L 16293942 Cyp303a1 FBgn0001982 -265 intergenic G A
2L 16293955 CG13258 FBgn0032582 985 intergenic T G
2L 16293955 Cyp303a1 FBgn0001992 -252 intergenic T G
2L 18430723 Idgrf1 FBgn0020418 -14557 intergenic A c
2L 16430723 RNA Me28S-A. FBgn0086037 12839 intergenic A c
2L 16430723 CG5888 FBgn0028523 CG5888-in intranic A [}
2L 18485260 dac FBgn0005677 dac-in UTR o] A
2L 18533283 CG31816 FBgn0051818 -9263 intergenic A T
2L 16533283 RNA Me28S5-C| FBgn0086038 4361 intergenic A T
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2L 18533292 CG31816 FBgn0051816 -9254 intergenic A T 0.788 4.470
2L 168533292 RNA:Me28S-C| FBgn0085038 4370 intergenic A T 0.788 4.470
2L 16566061 CG31815 FBgn0051815 -39884 intergenic A (o] 0453 3358
2L 16566061 CG5958 FBgn0032588 16102 intergenic A C 053 3358
2L 16566061 CG42389 FBgn0259735 CG42389-in intronic A o] 053 3358
2L 16610932 CG4631 FBgn0032580 895 intergenic T c 0571 3781
2L 16610932 frpgamma FBgn0032593 -53835 intergenic T (o} 0571 3781
2L 18610932 CG42389 FBgn0259735 CG42389-in intronic T (o} 0571 3781
2L 16769454 Mhc FBgn0086783 Mhc-in intronic A T 0.496 3.011
2L 16838495 CG13283 FBgn0032613 1237 intergenic T (o] 063 3 006
2L 16838495 pncrfg3:-2L FBgn0047133 -98 intergenic T C 063 3 006
2L 17051491 CG12620 FBgn0032626 -36150 intergenic A o] 0759 4142
2L 17051491 CG15736 FBgn0032625 3423 intergenic A c 0759 4142
2L 17213955 beat-Ilie FBgn0032629 beat-llic-in intronic T (o} 0.667 3.455
2L 17213957 beat-llie FBgn0032629 beat-lllc-in intronic (o] T 0679 3612
2L 17213966 beat-llic FBgn0032629 beat-lllic-in intronic G A 0.742 4.312
2L 17215056 beat-llic FBgn0032629 beat-llic-in intronic (] T 0.603 3.460
2L 173180745 CG31804 FBgn0051804 -45421 intergenic G A 0632 3219
2L 17318075 CG34170 FBgn0085199 6255 intergenic G A 0632 3219
2L 17841315 CG42830 FBgn0262017 28711 intergenic G T 058 3.020
2L 17841315 btv FBgn0023096 -121420 intergenic G T 0.58 3020
2L 17841315 CadN2 FBgn0262018 CadM2-in intergenic G T 0.58 3.020
2L 18264414 CG31787 FBgn0051787 -20431 intergenic A T 0.775 4.162
2L 18264414 CG31788 FBgn0051788 6512 intergenic A T 0775 4162
2L 18264414 CG42750 FBgn0261804 CG42750-in intergenic A T 0775 4162
2L 18264415 CG31787 FBgn0051787 -20430 intergenic T G 0769 3968
2L 18264415 CG31788 FBgn0051788 6513 intergenic T G 0769 3968
2L 18264415 CG42750 FBgn0261804 CG42750-in intergenic T G 0.769 3968
2L 18454593 INtF-2r FBgn0032680 -129 intergenic (o] T 0722 3924
2L 18454593 bsf FBgn0032679 5] intergenic C T 0.722 3.924
2L 18698908 CG10341 FBgn0032701 CG10341-cds missense T A 04685 3473
2L 19164454 brat FBgn0010300 brat-in intronic. T (o] 065 3796
2L 19952490 CG10664 FBgn0032833 -6217 intergenic G A 0659 3197
2L 19952490 Victoria FBgn0053117 38974 intergenic G A 0659 3197
2L 19952490 sick. FBgn0263873 sick-in intronic G A 0.659 3.197
2L 19952494 CG10664 FBgn0032833 -6213 intergenic G T 0639 3.099
2L 19952494 Victoria FBgn0053117 38978 intergenic G T 0.639 3.099
2L 19952494 Sick FBgn0263873 sick-in intronic G T 0.639 3.099
2L 20149107 CG10651 FBgn0032853 14184 intergenic G T 04671 3419
2L 20149107 CG40341 FBgn0259996 -99116 intergenic G T 0571 3419
2L 20332866 Spir FBgn0003475 spir-in intronic A T 0623 3.056
2L 20614512 CG15475 FBgn0032867 -106 intergenic A c 06 3.290
2L 20614512 CG31677 FBgn0051677 10318 intergenic A (o} 06 3.290
2L 20835547 CG17472 FBgn0032868 380 intergenic T (o] 0.8 5.215
2L 20635547 CR43158 FBagn0262688 -3468 intergenic T (o] 08 5214
2L 21072878 tadr FBgn0032911 tadr-in intronic. A T 0581 3111
2L 22135888 CG42748 FBgn0261802 CG42748-in intronic A G 0652 3297
2L 22287930 CG17018 FBgn0039972 -24001 intergenic A T 064 5488
2L 22287930 TH-IA FBgn0032988 29670 intergenic A T 0.64 5 488
2R 449717 Stk FBgn0046692 Stlk-in intronic A (o} 0.651 3536
2R 1217779 CG10465 FBgn0033017 -9428 intergenic C T 0.631 3.314
2R 1217779 SXC FBgn0261403 793 intergenic c T 0.631 3.314
2R 1689409 CG17337 FBgn0259979 1684 intergenic (9] T 0662 3318
2R 15689409 vic FBgn0259978 -203 intergenic (9} T 0662 3318
2R 3927345 Optix FBgn0025360 Optix-in intronic T G 052 3163
2R 4484991 CG8735 FBgn0033309 -42 intergenic G A 07 3153
2R 4484991 CG8736 FBgn0033308 2485 intergenic G A o7 3153
2R 5731128 CG1667 FBgn0033453 CG1667-in intronic G A 0729 4228
2R 5899981 Pka-R2 FBgn0022382 Pka-R2-in intronic c T 0.622 3.617
2R 6075183 CG12214 FBgn0033495 28798 intergenic (9] A 0661 3201
2R 6075183 CG34221 FBgn0085250 -9870 intergenic (9} A 0561 3201
2R 6075183 KCNQ FBgn0033494 KGCNQ-in intronic (9} A 0.561 3201
2R 6076348 CG12214 FBgn00334985 28963 intergenic G A 0604 3822
2R 6076348 CG34221 FBgn0085250 -8705 intergenic G A 0.604 3822
2R 6076348 KCnNQ FBgn0033494 KCNQ-in intronic G A 0.604 3822
2R 6076354 cG12214 FBgn00323495 29969 intergenic c T 0.57 3.204
2R 6076354 CG34221 FBgn0085250 -8699 intergenic (9] T 0.4&a7 3204
2R 6076354 KCNQ FBgn0033494 KCNQ-in intronic (9} T 0.4&7 3204
2R 6076367 CG12214 FBgn0033495 28982 intergenic (9} G 0617 4119
2R 6076367 CG34221 FBgn0085250 -8686 intergenic (o G 0617 4119
2R 6076367 KConQ FBgn0033494 KCNQ-in intronic (o] G 0617 4119
2R 6080907 CG12214 FBgn0033495 34522 intergenic T G 0.601 3382
2R 6080907 CG34221 FBgn0085250 -4146 intergenic T G 0.601 3.382
2R 6491717 pSq FBgn0263102 psg-in intronic A G 0.632 3.631
2R 6945659 luna FBgn0040765 luna-in intronic A G 0667 3.054
2R 7078941 shn FBgn0003396 shn-in intronic (9} T 05 3292
2R 7214658 Ord7hb FBgn0026385 5839 intergenic (o T 0539 3041
2R sha FBgn0003382 -2111 intergenic (o] T 0.539 3041
2R CG13798 FBgn0033640 1293 intergenic (o] T 0.549 3.250
2R RNA.M2.488 FBgn0011916 -3508 intergenic C T 0.549 3.250
2R 7544560 Roc2 FBgn0044020 Roc2-in intronic (] T 0.549 3.250
2R 7727638 CG34229 FBgn0259832 -1477 intergenic C T 0638 3 555
2R 7727638 Sobp FBgn0033654 801 intergenic (9} T 0638 3555
2R 7808751 CG137183 FBgn0033667 8471 intergenic A c 0.565 3.039
2R 7808751 CG137188 FBgn0033668 -18238 intergenic A c 0.565 3.039
2R 8343085 Lac FBgn0010238 Lac-in intronic (o] A 0724 3122
2R 8757621 CG17574 FBgn0033777 893 intergenic A G 0.763 3.672
2R 8757621 bic FBgn0000181 -121 intergenic A G 0.763 3672
2R 8961254 Dri-2 FBgn0033791 Drl-2-in intronic. C T 04624 3047
2R 9131327 CG4688 FBgn0033817 2809 intergenic G A 0.765 4173
2R 9131327 Mp20 FBgn0002789 -2830 intergenic G A 0.765 4173
2R 10152020 CG8547 FBgn0033819 CG8547-in intronic G A 0.627 3.365
2R 10368056 L FBgn0001332 -652 intergenic A G 0.604 3197
2R 10368056 Oaz FBgn0261613 15094 intergenic A G 0.604 3.197
2R 10477130 CG12869 FBgn0033943 -1578 intergenic G A 0648 3874
2R 10477130 LamC FBgn0010387 13823 intergenic G A 0648 3874
2R 10562059 mspo FBgn0020269 mspo-in intronic A C 0671 4 604
2R 10562059 CG304739 FBgn0050479 CG30479-u3 intronic A o] 0671 4 604
2R 10562060 mspo FBgn0020269 mspo-in intronic A G 0.628 4016
2R 10562060 CG30479 FBgn0050479 CG30479-u3 intronic A G 0628 4016
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