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Abstract

Odor sensing and learning associations of odorrnmtion to good environmental
conditions is crucial for insects to find nutritfood sources and with that appropriate
oviposition sites, which ensures the survival & ifisects’ offspring. Therefore an odor
experience an insect makes during its juvenileestagy affect its behavior as an adult.
It may, for example, be an advantage to prefengposition site, which smells like the
environment an adult fly experienced as benefidating its own development.
However, in holometabolous insects, liReosophila melanogaster, whose imago stage
differ in morphology and physiology, the informatiéearned by the larva would have
to survive the dramatic neuronal reconstructionghef larval nervous system during
metamorphosis. If a preimaginal conditioning afeitte adult behavior is therefore still

controversially discussed.

In this study | examined whether the larvrosophila melanogaster olfactory

experience causes behavioral changes and changdw iexpression of olfactory
receptors (OR) in adult flies. Therefore adbDitosophila, which were exposed to a
specific odor only during their larval stages, wersted to six different odors for their
behavior compared to unconditioned control animatdserved that indeed larval odor
experience can alter adult behavior and OR exmmessurprisingly, the attraction
towards an attractant (ethyl acetate) was redugedatval experience of both the
attractant itself and an unrelated odorant (lima)emhis change in adult behavior was
accompanied by an increase in the expression ohtit-specific ligand-binding ORs,
one of them responding to ethyl acetate (Or59tg, dther responding to limonene

(Orl19a), and the ubiquitously expressed olfactoryeceptor Orco.

The results show, that the olfactory experienceakammake can survive metamorphosis
and can cause changes in the adult fly, in resmediehavior and OR expression.
However, the effects | observed were rather sungiand need further investigation

regarding their mechanisms and ecological impliceti
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Zusammenfassung

Fur Insekten ist es von Vorteil, Zusammenhange a@veis wahrgenommenen Duften
und den damit auftretenden guten Umweltbedingurgeternen, um nahrstoffreiche
Futterplatze und geeignete Eiablagestellen zu fin@ées wiirde das Uberleben ihrer
Nachkommen sichern. Aufgrund dessen konnten dighErhgen, die Insekten wahrend
ihrer juvenilen Phase machen, ihr Verhalten im limalgtadium beeinflussen. Es
konnte beispielsweise von Vorteil sein, eine Eigb#elle zu bevorzugen, welche wie
die Umwelt riecht, die eine adulte Fliege wahrdmen Entwicklung als positiv erfahren

hat. Allerdings mussten die von den Larven gelermidormationen in holometabolen

Insekten, wieDrosophila melanogasteideren Adultstadium sich in Morphologie und
Physiologie von dem der Larven unterscheidet, deamdtischen neuronalen
Umstrukturierungen des larvalen Nervensystems wadhraler Metamorphose

standhalten. Inwiefern eine praimaginale Kondittoung das adulte Verhalten

beeinflusst, wird daher noch kontrovers diskutiert.

In dieser Studie habe ich untersucht, ob eine lendfaktorische Erfahrung in
Drosophila melanogasteverhaltensanderungen und Veranderungen der offakhen
Rezeptor (OR) Expression in adulten Fliegen heuoforrDafir wurden adulte
Drosophilg welche einem spezifischen Duft lediglich wé&hrehder Larvalstadien
ausgesetzt waren, auf ihr Verhalten zu sechs viedsmhen Duften im Vergleich zu
unkonditionierten Kontrolltieren getestet. Dabeinkte ich beobachten, dass eine
larvale Dufterfahrung tatsachlich das Verhalten diel OR Expression in Adulttieren
beeinflusst. Uberraschenderweise war die Anzietminginem Lockstoff (Ethylacetat)
bei einer larvalen Erfahrung des Lockstoffes seliogt eines unabhéngigen Duftstoffes
(Limonen) verringert. Diese Verhaltensdnderung wuwn einer Erh6hung zweier
Adult-spezifischer Liganden-bindender ORs und derbiquitadr exprimierten
olfaktorischen Corezeptor Orco begleitet, wobeeeider beiden ORs auf Ethylacetat
(Or59b) und der andere auf Limonen (Or19a) antworte

Die Ergebnisse zeigen, dass die olfaktorische Esfah von Larven wahrend der
Metamorphose erhalten bleibt und Veranderungeremadulten Fliege bezlglich des
Verhaltens und der OR Expression hervorruft. Jedsiot die von mir beobachteten
Effekte Uberraschend und bedurfen weiterer Unténsugen zugrundeliegender

Mechanismen und 6kologischer Konsequenzen.



1 Introduction

The sense of chemoreception is important for osyasito cope with their environment.
Therefore chemical cues from the environment, k@ngple odors, have to be translated
into neuronal information. This information is foer processed and integrated in higher
neuronal circuits for appropriate behavioral regasn[\VVosshall, 2001; Shepherd, 1994;
Buck, 1996]. Most insects exhibit odor-driven bebavwith a sensitive olfactory
system that is much simpler than that of vertelrgtésshall, 2001]. Odors occur
mostly as complex mixtures in nature and differciremical structure, concentration
and properties. Insects are able to recognize ascriminate a large number of
odorants, because their olfactory system procestss the quality, quantity and
intensity of different odors [Yarali et al., 2009This is important for finding food
sources, mating partners and oviposition sitessémial interactions and avoidance of
toxic and life-threatening environments [HanssorS&nsmyr, 2011; Ache & Young,
2005]

1.1 The model organisnDrosophila melanogasteand its life cycle

Drosophila melanogasterepresents a good model organism to study genetic,
physiological and behavioral mechanisms of olfactibhe genome of this species is
sequenced and numerous genetic tools are avatlaieallow for specific changes in
the only four chromosomes [Davis, 2005]. Many geadly defined mutants are
available. FurthermorBrosophilabreeding requires only little space and, nevertisgle
the flies produce a large number of offspring, wihenables the collection of a huge
amount of data [Deepa et al., 2009osophila also have an anatomically similar
olfactory system as vertebrates and there aredglne@lecularbiological, physiological
and behavioral paradigms developed for testingctufg perception [Siddiqgi, 1987;
Tully, 1987; Adams et al., 2000; Vosshall, 200kc&tet al., 2012]. Moreover fruit flies
have a short temperature-dependent life cycle, wprovides quick analysis of tests. At
a temperature of 25°C the life cycle is completed10 days. After embryonic
development the larvae hatch from the egg. Theatarndergo two molts, so that the
complete larval phase consists of three instarestaghich take one day each. During
the molts they shed the cuticle, mouth hook andhslgs. The third instar larvae pupate
after three days and during that pupal stage mefamsis takes place. The
transformation processes during metamorphosis ftakedays, then the imago emerge



from the pupae case [Deepa et al., 2009; Carolirdo@ical Supply Company,
Drosophila  Manual]. Therefore Drosophila melanogaster belongs to the
holometabolous insects. Thus there are differenceslor perception in the larval and

adult olfactory system.

1.2 Olfactory system of adult and larvalDrosophila melanogaster

Adult Drosophila melanogaster detect odor molecules at the third antennal segaen
well as the maxillary palps (Fig.1 a), whereby #mennae are constantly exposed to
the ambient airs with all its chemical cues [Stack®94; Carlson, 1996; de Bruyne et
al., 2001; Dobritsa et al., 2003; Hallem & Carls@0p4; Hallem et al., 2004; Jefferis,
2005; Dahanukar et al., 2005; Hallem & Carlson,&08ansson & Stensmyr, 2011].
The odors are detected in sensory hairs, sensifiech are subdivided morphologically
in basiconic, coeloconic and trichoid sensilla [8tzag et al., 1999; Shanbhag et al.,
2000]. The sensilla are innervated by the dendiufesne to four olfactory receptor
neurons (ORNSs). Each antenna contains approxima@d) and each maxillary palp
120 ORNSs [Shanbhag et al., 1999; Shanbhag et @00;2Stocker, 1994Hallem &
Carlson, 2004; de Bruyne et al., 2001; Dobritsalet2003; Hallem & Carlson, 2004;
Jefferis, 2005]. The dendrites of the ORNs areasundied by the fluid sensillum lymph,
which also contains olfactory binding proteins (8RPThe hydrophobic odors diffuse
through pores in the cuticle of the sensilla to #emsillum lymph. There they are
probably transported by OBPs through the aqueauplyto the dendrite membrane of
the ORNSs [Vosshall et al., 1999; Shanbhag et 8991 Hansson, 2007]. Furthermore
the sensillum lymph contains enzymes, which degridde odor stimulus [Ache &
Young; 2005]. The dendritic ORN membrane contaitfactory receptors (ORS)
[Vosshall et al., 1999; Clyne et al., 1999; Gaalet 1999], which are encoded by 60
different OR genes. But due to alternative splidingse 60 OR genes code for 62 OR
proteins [Vosshall et al., 1999; Clyne et al., 1;9898llem & Carlson, 2004]. The ORs
belong to the G-protein coupled receptor superfaamid show a seven transmembrane
domain structure, which have little sequence snitylgVosshall et al., 1999; Clyne et
al., 1999]. Depending on their chemical structune aoncentration, odors activate a
different number of receptors. This information trensmitted in form of action
potentials (APs) with ORNSs to specific brain sturess. The response of the ORNSs to an
odor can be excitatory or inhibitory, which enabkedirst integration of the odor

information. The ORNs show a spontaneous actiwtyich means a constant presence
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of APs. If the AP frequency after odor stimulusegsthe ORN response is excitatory.
But if after odor binding the AP frequency is lowtran that of the spontaneous
activity, the ORN response is inhibitory [Dahanuleral., 2005; Hallem & Carlson,
2004].

a) b)

Fig.1: Olfactory system ofDrosophila melanogastermago and larva. a) Electron
microscopy images of adult fly olfactory organs fop)[Laissue & Vosshall, 2008] and
larval olfactory organs (picture below; indicateg white arrows)[Hoare et al., 2008].
b) Adult and larval olfactory pathways. The desigrsimilar, but the larval olfactory
system shows a reduced number in the olfactorywsattarchitecture. ORNs, larval AL
glomeruli, PNs and calycal glomeruli are relatedairl:1:1:1 fashion and therefore
nearly lack cellular redundancy compared to thdtaslistem. In the adult system the
different ORN and PN types occur in multiple copiegth converging and diverging
connectivity in the AL, contrary to the larval sgst. [modified after Ramaekers et al.,
2005]

The odor information is conveyed to the antennakJowhere ORNs expressing the
same OR converge in one or few glomeruli. In theseropil structures the ORN axons
build synaptic contacts with the dendrites of pcogn neurons (PNs) and interneurons
(INs) [Vosshall et al., 2000; Hallem & Carlson, 20Qefferis, 2005]. The interneurons
transmit signals between the glomeruli in the am&nlobe and function either
excitatory or inhibitory. The PNs provide the outdtom the AL to higher brain
regions, the mushroom body (MB) and the laterainh@H) (Fig.1 b) [Hallem &
Carlson, 2004; Hansson, 2007]. While the MB is ryaimvolved in memory formation
[Heisenberg et al., 1985; de Belle & Heisenberd4lHeisenberg, 1998], the lateral

horn seems to code for innate odorant valence fBagt al., 2013]. The synaptic



contact with the PNs is formed in the calyces wigmyon cells (KCs), which axons
form a stalk to carry away the information to theput lobe [Menini, 2010; Butcher et
al., 2012].

The larvae have a simpler, but adult-like olfactegstem and show a strong odor
evoked chemotaxis behavior [Scherer et al., 20@8n&tkers et al., 2005]. The larval
stage is therefore a good model for olfactory neseand especially for olfactory
learning approaches [Aceves-Pina & Quinn, 1979setderg et al., 1985; Tully et al.,
1994; Dukas, 1998; Koh et al., 2000; Scherer e803].Drosophilalarvae have two
bilaterally symmetric dorsal organs at the antetiprof the animal (Fig.1 a), which
contain 21 ORNs each. The ORNs express 25 |ZDRlgenes, most of them are
expressed along with the co-receptor Or83b (OrEmhjlevich et al., 2005]. The same
as in adult flies, the first olfactory synapse rgamized into glomeruli in the larval
antennal lobe. Each of the 21 larval ORNs projecbne of the 21 distinct larval
glomeruli [Ramaekers et al., 2005]. Local intermegr establish lateral connections
within the larval AL and the PNs connect the landdl with the MB calyx and the
lateral horn, which is similar to the adult stadéafin et al., 2005]. One larval AL
glomerulus is connected by PNs to one calycal gtatus, whereby the larval MB
calyces are restricted to approximately 28 glomesdike domains. Therefore the larval
olfactory pathway is much reduced numerically coragato the adult pathway in a
nonredundant way. ORNSs, larval AL, glomeruli, PNl &alycal glomeruli are related
ina 1:1:1:1 fashion (Fig.1 b), which makes th@darto an elementary olfactory model

system [Ramaekers et al., 2005].

1.3 ORs and IRs in larval and adultDrosophilaand signal transduction

14 olfactory receptors of the 25 receptors expregsdarvae are larval specific, while
11 ORgenes are expressed in both, the larval and thie @éhctory system [Fishilevish
et al., 2005]. Larvae and adult flies have in comrtitat they express most of the ORs
along with Or83b (Orco), which is also evolutionaynserved in many other insects
[Dahanukar et al., 2005; Vosshall & Hansson, 20Qko builds heterodimers with
most of the conventional ORs [Neuhaus et al., 2@&nton et al., 2006] and is
expressed in 70 — 80 % of the antennal ORNSs [Larg$al., 2004]. Contrary to the
classical GPCR topology of the seven transmembdameain receptors Orco has an

inverted structure with an intracellular N-termirarsd extracellular C-terminus [Lundin



et al, 2007]. Orco is associated to the ORs byutiiary conserved intracellular loops
of the co-receptor [Benton et al., 2006]. Furthemn@rco functions as a chaperone and
takes part in the signal transduction [Vosshall &nlison, 2011; Hansson & Stensmyr,
2011]. The co-receptor also connects the conveditidDRs with the transport
machinery of the ORNs and act therefore also assp@ter, for localization and
stability of the ORs in the sensory dendrites [karset al., 2004; Benton et al., 2006].
Those OR/Orco heterodimers build ligand-gated redeetive cation channels, which
are permeable for Na K*- and C&'-ions [Wicher et al, 2008; Sato et al., 2008; Smart
et al., 2008; Wicher et al, 2009; Touhara et &QQ. This ion channel responds either

ilonotropic or metabotropic (Fig.2).

odor |

dendrite

action potential

action potential

Fig.2: Olfactory activation and signal transduction of /OR0 heterodimers. On the
left side the metabotropic activation of Orco i®wh, where after odor binding a G-
protein activates an adenylate cyclase, which caaséigher cAMP level. cAMP
activates Orco and so an influx of W@z *-ions, which causes a depolarization of the
membrane. At higher odor concentrations Orco camlitextly activated by the ORs
without the help of a second messenger and sormpiotactivated (image on the right
side). [modified after Song et al., 2008]

The ionotropic response is fast, energy-indepenaeditmostly in reaction to high odor-
concentrations. The metabotropic response is s|loeerergy-dependent and more

sensitive [Wicher et al., 2008; Ha & Smith, 2008icWér et al., 2009].

Beside the ORs, ionotropic receptors (IRs) playugial role in olfaction, too. They are
expressed in coeloconic sensilla on the antennatr@y to the ORs, IRs do not form
heterodimers with the co-receptor Orco. Their d¢tmg is similar to ionotropic

glutamate receptors (iGIluRs) and they are imporfantacid sensing [Benton et al.,
2009; Ai et al., 2010; Silbering et al., 2011].
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1.4 Preimaginal learning and memory formation

From the olfactory pathway the MB is known to play important role in memory
formation, especially long term memory, in larvawel adultDrosophila melanogaster
Furthermore the AL seems to mediate olfactory legradditionally to the MB [Davis,
2005]. The fruit fly has been used to study memiforynation for nearly 30 years,
because it provides access to genes, which ardvawon the process of memory
formation. Furthermore, the fundamental mechanisn@factory learning seem to be
shared with mammals. But if and in which way oltagt memory persist during
metamorphosis and influences the adult fly behaigostill not clear. Learning is
defined as a change in animal behavior as a reattioan experience. When this
behavioral change persists over time it is refeteeds memory, whereby the timespan
of persistence of memory can be different [DaviBD3]. There are already many
olfactory learning paradigms developed, either tBsting chemosensory conditioned
behavior in larvae or in adulRrosophila[Aceves-Pina & Quinn, 1979; Heisenberg et
al., 1985; Dukas, 1998; Scherer et al., 2003; Ge&&tocker, 2007; Yarali et al.,
2009]. The odor is mostly associated with an etsttock to induce aversion, or with a
reward as some kind of appetitive learning. It whewn that larvae as well as adult
flies are able to learn associations and change behavior. But only few groups
showed, that there seems to be a memory formdtimugh metamorphosis, when the
larvae were treated with an odor. Therefore preinsdearning seems possible. For
example Gandolfi et al. (2003) already showed thatadult response to chemical cues
in parasitic wasps is influenced and increasedtdymeimaginal learning and that the
memory persisted with a retention time of 14 d&yjso Tully et al. (1994) showed that
a conditioned odor avoidance in third instar larvaes still present in adult fruit flies
eight days later. Thorpe (1939) already observatddultDrosophilg developed from
larvae reared on a peppermint-scented medium, shavereference for perfumed
medium over a non-perfumed one. On the contranyit fickes born from larvae, which
were reared in standard non-scented medium avaidegeppermint-scented medium
when they got the choice to choose a non-scentedbowever, other studies did not
find any retention of olfactory learning through tar@orphosis and therefore no

preimaginal learning [Barron & Corbet, 1999].



1.5 Aim of the study

For the following study | hypothesized that an addosophila melanogasteprefers
odors from food it was reared on as a larvae. & ¢thse, a change in the adult behavior
to certain odors should be expected in respedtddind of odor the flies experienced
in their larval stages. If this is true the effeeiused by an odor exposure during the
larval stage has to persist during the metamorghafsihis holometabolous insect. The
learned effect has to persist the anatomical toansdtion, which is accompanied by a
drastic reorganization of the nervous system [Tigtoal., 1997]. Some neurons are
only used in the larval nervous system and diendumetamorphosis, others are born
during larval and pupal stages to function onladult flies. But there are also neurons
functioning in the larval and adult system by rewrging their dendrites and axons
during metamorphosis [Tissot & Stocker, 2000; Manm al., 2005]. These
reorganizations are important, because the flyiglitaDrosophila have to cope with
another environment than the crawling larvae.

According to my hypothesis | expected a generahgban the adult behavior towards
the conditioned odors, in respect to sensitivitglemce or strength in response. To
examine this hypothesis the flies were reared dutheir larval stage in a standard food
vial, which also contained a filter paper with digked amount of a specific odor in a
high concentration, which is referred to as cooditig in this work. The pupae were
immediately transferred to an odor-free standaati faial, so that only the larvae were
exposed to the conditioned odor. The imagos weseedefor the behavioral odor
response in the Flywalk. The Flywalk is a high-tigbput tracking device, which
enables the examination of odor evoked behavioesponses in 13rosophila
individually at the same time [Steck et al., 2012].

Furthermore | hypothesized, that the exposure tspeacific odor inDrosophila
melanogasteldarvae leads to expression changes of ORs in dliegt compared to
untreated animals. To examine this, the RNA frorteamae and maxillary palps was
extracted and the relative expression of spedfiR genes tested with the help of
guantitative real-time PCR. For expression analfgs from conditioning groups with
behavioral changes were examined, as well as datyap flies for comparison.



2 Methods

2.1 Chemicals

All chemicals for behavioral experiments were acegli from Sigma-Aldrich and
FLUKA at the highest purity available. Fresh dituts in mineral oil or paraffin oil
were prepared once a week. (Tab.1)

Regarding materials for molecular biological stscsee Appendix A.1.

2.2 Fly rearing

| used wildtypeDrosophila melanogaster (Canton S, Bloomington), reared in standard
food vials containing standard agar-cornmeal mediteuipe after E.B. Lewis, 1960).
Flies were maintained under a 12h L:12h D cycle2a25°C and 70 % relative

humidity in an incubator (Snijders Scientific, Tulty, Netherlands).

2.2.1 Odor exposure

Drosophila melanogaster were exposed to a specific odor in a concentratiba0*
during their whole larval stages. In order to ddbgol of the odor dilution was pipetted
on a round piece of filter paper (& 1.3 cm), whiedis attached between the plug and
the wall of the vial (Fig.3 a). To provide a contirus exposure to the odor the filter
paper was exchanged daily.

| used ethyl acetate, ethyl butyrate, benzaldehgdé)-limonene, butyl acetate and
hexanoic acid as conditioning odors. In paralletpatrol group was reared using only
5ul of mineral/paraffin oil on a filter paper foratk conditioning.

Tab.1: List of six different odor treatment groups, whiere divided into two groups
for odor exposure. The exposure to ETA, ETB and B&#or group 1) was conducted
at the same time and the display to HexA, ButA afd (odor group 2) took place

parallel, too. As a control for both odor groupsneral oil or paraffin oil was used.
(continued on the following page)

Odors Abbreviation | CAS-Number | Company Functional
group
Ethyl acetate | ETA 141-78-6 Aldrich Ester
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Ethyl butyrate | ETB 105-54-4 SIGMA Ester
Benzaldehyde | BEA 100-52-7 SIGMA Aldehyde
S-(-)-Limoneneg| LIM 5989-54-8 Aldrich Alkene
Butyl acetate | ButA 123-86-4 FLUKA Ester
Hexanoic acid | HexA 142-62-1 Aldrich Ester

At the day of pupation, the pupae were collecteéfadly with a brush and transferred
to another fresh food vial without any additionaloo (Fig.3 b). This ensured that the
animals were exposed to the odor only during tleiral stages. After hatching flies
were transferred to a new food vial under,;Gesthesia. There they were reared for 5
to 7 days for further use in the behavioral expents (Fig.3 c). Additional conditioned
femaleDrosophilawhich were not used in behavioral experiments wenesferred into

Eppendorf tubes and stored at -80°C for furtheremudlr biological experiments.



standard fly food

Vial Drosophila
b) melanogaster pupae

Fig.3: Odor treatment oDrosophila melanogaster larvae and rearing until adulthood.
a) Drosophila melanogaster larvae were exposed to a specific odor in a canagon of
10" with the help of a piece of filter paper. It wasdled with 5 pl of the diluted odor,
attached between the plug and the wall of the wadl exchanged daily. b) Pupae were
transferred with a brush to a new vial with staddBrod and no additional odor. c)
HatchedDrosophila were transferred again to a fresh standard foatl amd reared
there for 5 to 7 days.

2.3 Flywalk
2.3.1 Experimental Setup

The Flywalk was used with little modifications a@swas described in Steck et al.
(2012). This high-throughput tracking device testor-evoked behavioral response of
Drosophila melanogaster. It consists of 15 parallel glass tubes (leng®:.cin, @: 0.8
cm), in which individual flies are placed and alkxvto distribute freely. The glass
tubes are illuminated from below by an array of ligt-emitting diodes (LEDs, peak
emission wavelength = 630nm) (Fig.4 right below). As flies cannot dtkght of this
wave length [Yamaguchia et al., 2010], they are distracted by the movements of
neighboring flies. A 16th glass tube contains sengor temperature and humidity
within the glass tubes. The glass tubes are herallgticlosed by adapters at both ends.
Meshes in those adapters keep the flies from esgaghie glass tubes. A humified
airflow and the odor pulses are provided by an ativery system, which is controlled
via the Software Labview 8.5 (temp.: 20 — 25°C, hdity: 70 — 75%, wind speed: 19
cm/s). For each of the existing 8 input channelthéodor delivery system (Fig.4 left
side) [Olsson et al., 2011] the airflow is approately 0.55 I/min. This results in an
airflow of approximately 0.3 I/min (+/- 10 %) in &a of the glass tubes. An identical
airflow in all tubes is ensured by flow regulataswnstream of each tube and

measured by digital flowmeters connected to therdowd end of the glass tubes. The
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odor pulses are well-defined in stimulus concermmatonset and duration [stimulus
length: 500 ms, interstimulus interval: 90 s]. Thare 8 different odor vials which can
be attached to the mixing chamber of the systenthemsystem is able to give eight
different odor pulses in a random order to avoikkaning effect. From this mixing
chamber the air is piped through a split-up boargrbvide the 15 tubes with the same
amount of air. Every odor vial contains 100 pl cdfpeecific odor or the negative control
in a 0.5 ml Eppendorf tube. Those odor vials arenleéically closed with a steel plug, a
rubber-O-ring and “Input” and “Output” valves, whiallow for uni-directional airflow
only. The possibility of a contamination of the s is minimized by the use of the
specific materials Teflon, steel and polyetherdteeme (PEEK).

The positions of the flies are tracked by an autameacking system, which recognizes
individual flies as black dots in front of a redckground (Fig.4 right at the top). The x-
coordinate informs about up- and downwind movemesftsthe flies and the y-
coordinate is used to discriminate between neighfgdties. Moreover the position of
each fly is stored from 15 s before until 15 s raiemulus onset. Flies which are
located close to the ends of the glass tubesfitside of the “region of interest” (ROI))
are not tracked and therefore not considered iimdéurevaluations. Besides, flies which
are located at the upwind end of the tube at the df the stimulus onset are exposed to
the stimulus 1 s earlier than the flies at the dewd end of the tube. Therefore the
encounter with the stimulus is individually caldel for every single fly and

stimulation cycle based on the fly’s position ie tinbe and the speed of the stimulus.



Fig.4: Schematic drawing of the Flywalk. In 15 paralldss tubes, which are located
on an array of red light-emitting diodes and Pl&asgright below), femal®rosophila
melanogasteare individually exposed to an odor pulse everys 98t the downstream
end of the hermetically closed glass tubes didgitameters are situated to control for
airflow in the glass tubes. An odor delivery systé@ap left) [Olsson et al., 2011]
provides pulses of up to 8 different odors wellied in concentration and stimulus
duration. The odor delivery system is also conrtettea tracking system (top right),
recording the position of the fly before, duringdaafter providing the odor pulse. To
avoid any impact of the tube ends, only flies iesile “region of interest” (ROI) are
recorded, with a temporal resolution of 100 ms. Dder delivery system and the
tracking system are governed by a computer. [medlifafter Steck et al., 2012.
Supplementary Information]

2.3.2 Experimental procedure

For the behavioral experiments only femddeosophila melanogastemwere used.
Irrespective of the identity of the odor used fonditioning all flies were behaviorally

tested with all odors also used for conditioning 1i6* and 10° dilutions. Every



experiment contained flies from different conditimgngroups and flies from the control
groups. Because of the amount of flies per od@tnent they had to be tested in four
different groups. Flies of three out of six odondiionings were tested with all odors
either in a concentration of T@r 10% which make together those four groups. In every
group also control animals were tested at the stime, which means two control
groups per test with the same concentration.

Experiments were performed with 5 to 7 day oldsfliehich were food-deprived for 24
h before the start of the experiment in the laterabon. For the experiment the flies
were transferred individually to a glass tube of flywalk. Before the start of the
experiments flies were allowed to adapt to the eewironment and setup conditions
for approximately 30 min.

The morning after the Flywalk run the flies whiclen still alive were transferred from
the glass tubes in 0.5 ml Eppendorf tubes eachtlama put immediately in liquid
nitrogen and stored at - 80°C for further use. Qhgyliving flies were chosen, because
in dead animals the mRNA is probably already degplaahd therefore not suitable for

molecular studies.

2.3.3 Statistical Analysis

The information of the tracking and odor deliveggtem is synchronized and further
processed by a MATLAB Routine (The Mathworks, Nitic USA), which also
calculates the time the stimulus hits the fly ie thind channel, based on the onset and
speed of the stimulus, as well as the positiorheffty in the glass tube. Furthermore
MATLAB interpolates the speed of movement of thesfl10 s before and 10 s after the
stimulation with a temporal resolution of 100 ms.

In a given experiment, every fly was exposed torgwelor approximately 40 times.
Because flies sometimes left the region of intertest number of actual tracking events
per fly and odor was lower. Moreover, for some aysinherent reason, the same fly
was sometimes tracked twice for a given stimulatiycle. These duplicates were
removed using custom-written Macros in MicrosoftedSteck et al., 2012].

Further analysis was performed using custom-writteatines programmed in R
(www.r-project.org) [Thoma et al., 2014]. Only colefe tracking events in the interval
between 1 s before and 7 s after encounter withottte pulse were considered for
analysis.
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The statistical analysis was conducted to makeopgsition in respect to the covered
distance and the time-resolved walking speed agiogaof the flies from the different
treatment groups to the odor stimulations. Resptinsecourses of all individual flies
per odor and per pulse were calculated by MATLABteAdeleting all the duplicates
with Microsoft Excel, the covered distance and welking speed of the flies were
calculated in RStudio. To evaluate the walking spatefirst the arithmetic mean for all
time-courses of each individual fly and odor wascwated. Then for each odor
treatment group the arithmetic mean of the timees from the arithmetic means
across all individual flies in that group was araly. For the evaluation the reaction of
1 s before, until 7 s after the stimulus onset taken into account.

As another metric describing the intensity of tli®oresponse the distance a given fly
covered within 4s after encountering the odor puise calculated for every single
tracking event. From those responses the arithnmaéian covered distance of every
individual fly was calculated across all trackingeets per odor. To get an average
group response the median of these mean covergéancks across all flies in a
treatment group was calculated per odor.

From those results graphs were created and statistignificances were determined
with the help of the Wilcoxon signed-rank test #wbva. A p-Value < 0.05 is regarded
as significant. The graphs were edited by mearitkeofjyraphic design programs Adobe
lllustrator CS5 and Inkscape.

The covered distance as reaction to the odor stvwad displayed in boxplots. In the
case the median response has a positive algebgmctlen the flies showed a net
upwind movement. When the algebraic sign of theiarecksponse is negative then the
flies showed a net downwind movement as a readtboan odor. Furthermore the
covered distance as a reaction to an odor pulseawalyzed according to the tested
odor and according to the larval treatment. Thighii® evaluation was chosen, because
it enables to make different aspects of the resubltble. If the data is analyzed
according to the odor the differences in the respaim a specific odor between the
treatment groups becomes directly visible and betmmparable. An evaluation
according to the treatment enables the examinatianpossible general change in the
ranking of the odor responses (e.g. does an odomgee attractive than another one
because of larval odor experience?).

The walking speed as response to the odor stim@hown in line plots. The goal was
to look for an occurrence of a time shift in thepense to the different odors between
the different treatment groups.
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2.4 Molecular Study

Based on the results of the behavioral experimamsdecided to test, whether the
expression of olfactory receptors becomes up- awndoregulated, when flies are
conditioned to ethyl acetate, S-(-)-limonene, ethwtyrate, and to the solvent control.
Gene expression levels were determined for thetolfg receptors Or7a, Orl9a, Or42a,
Or42b, Or59b and the co-receptor Orco. For behav&tudies starvation of the flies
was necessary. Starvation can potentially affesegxpression [Landis et al., 2012]. In
order to exclude any effects of starvation, asrarobflies were randomly chosen from

the odor exposed batches, frozen pre-starvatiorkepidfor expression analysis.

24.1 RNA — extraction

At first RNA from the antennae and palps of the d&smflies was extracted. In
preparation three different methods were tested taedmost suitable regarding the
amount of the yielded RNA was chosen.

To isolate antennae and maxillary palps, 60 urgckavildtype female flies were
transferred to a 1.5 ml Eppendorf tube and frorelquid nitrogen for at least 5 min.
Then the tube was shaken vigorously for 15 s andediately re-immersed in liquid
nitrogen for approximately 1 min. This step waseapd 3 to 5 times to make sure that
antennae and palps were separated from the bo@ytubes were transferred to dry ice
and 1 ml of - 20°C pre-chilled, 100 % acetone addeckplace water in the tissue with
acetone. The pre-chilled acetone was used to pr&MA-degradation due to thawing.
This fly/-acetone mixture was then passed througkrees of dense meshes with mesh
sizes chosen to retain body-parts and heads, glatitennae and palps into a 50 mi
falcon tube by using further 4 ml pre-chilled aceto Afterwards 1.2 ml of the
remaining mix was transferred to a 1.5 ml tube.eAinae and palps were spun down for
3 to 5 min at 6000 rpm and the supernatant wasudled. This step was repeated until
the whole volume of filtrate was processed, with #tetone as supernatant completely
removed and the tissue pelleted.



24.1.1 RNA - extraction with RNeasy Micro Kit (Qagen)

350 pl Buffer RLT were added to the antennae antpspawhich were then
homogenized with ceramic beads (@ 2.8 mm) in auBisgser LT (Qiagen) for 15 min
at 50 Hz. To the homogenate 1 volume of 70 % ethevas added and the sample
transferred to an RNeasy MinElute spin column ir2 anl collection tube. After
centrifugation for 15 s at 8000 x g the flow-thrbugas discarded, 350 pl Buffer RW1
added and centrifuged again for 15 s at 8000 xsgadding the flow-through. After this
10 pl DNase | stock solution was mixed with 70 wiffiér RDD and this incubation mix
pipetted directly onto the RNeasy MinElute spinucoh membrane and incubated at
RT for 15 min. After incubation 350 ul Buffer RW1las added and centrifuged for 15 s
at 8000 x g and the collection tube was discardéé. RNeasy MinElute spin column
was placed in a new 2 ml collection tube and 50Buffer RPE was added, then
centrifuged for 15 s at 8000 x g and the flow-tlglowliscarded. In the next step 500 pl
of 80 % ethanol were added to the RNeasy MinElpte solumn, then the column was
centrifuged for 2 min at 8000 x g and the collecttabe was discarded. The RNeasy
MinElute spin column was centrifuged in a new 2awllection tube at full speed for 5
min to dry the membrane. In the last step the RNédmElute spin column was
transferred in a new 1.5 ml collection tube andyl/RNase-free water was pipetted
directly to the center of the membrane. For elutirgRNA it was centrifuged for 1 min

at full speed and the filtrate was stored at -80°C.

2.4.1.2 RNA - extraction with innuPREP RNA Mini Kit (AnalytikJena)

450 pl Lysis solution RL was added to the antenmae palps, and the sample was
homogenized in a TissueLyser LT (Qiagen) for 15 ati®0 Hz. The homogenate was
then centrifuged for 1 min at maximum speed andstipgernatant transferred to a Spin
Filter D in a receiver tube. To remove genomic Di\& receiver tube was centrifuged
for 2 min at 10000 x g, the Spin Filter D was diseal and an equal vol. of 70 %
ethanol was added to the filtrate. For bindingRMA selectively the sample was added
to a Spin Filter R in a new receiver tube and d¢frged for 2 min at 10000 x g. To
wash the filter 500 pl HS was added and it wasrdaged for 1 min at 10000 x g. Then
750 pl LS was added to the Filter and centrifugeden the same conditions as before.
The filtrate was discarded and the Spin Filter hwhe selectively bound RNA placed

in a new receiver tube, which was centrifuged fonig at maximum speed to remove



the ethanol. For eluting the RNA the Spin FiltewRs placed in an Elution tube and 30
ul RNase-free water added to the Filter, which imasbated for 1 min at RT. After this
the Elution Tube was centrifuged for 1 min at 680§ and the filtrate stored at -80°C.

2.4.1.3 RNA - extraction with Trizol

The antennae and palps preparation was put odfte. adding 0.6 ml Trizol the tube
was incubated for 10 min at RT and the tissue hamiagd with ceramic beads (d 2.8
mm) for 15 min in a TissueLyser LT (Qiagen) at 50. lhe homogenized tissue/Trizol
sample was transferred to a new tube and 72 HBybino-3-Chloropropane was added
and mixed. The mixture was incubated for 15 to 20 om ice and then centrifuged at
10000 x g for 15 min at 4°C. After centrifugatiohet upper aqueous phase was
transferred to a new tube and 1/10 volume of a DO¥Ase Buffer and 1 ul of Turbo
DNase was added and incubated for 30 min at 37f@dbaturing the DNA. After the
DNAse treatment 0.6 ml Trizol and 72 ul of 1-Brod@=hloropropane was added,
mixed and incubated 15 to 20 min on ice again leetbe sample was centrifuged at
10000 x g for 15 min at 4°C. The complete uppereags phase was transferred to a
new tube, 1 volume of 100 % iso-propanol addedjbated 10 min at RT and finally
stored overnight at -20°C. The next day the samgale centrifuged at 12000 x g for 30
min at 4°C, the supernatant removed and the pgiished with 0.8 ml 70 % ethanol for
removing the salts. This was centrifuged for 10 atif500 x g at 4°C, the supernatant
removed and the pellet air-dried for 5 to 10 mirfteA drying the pellet was re-
suspended in 25 pl RNAse free water and the samgestored at -80°C until further

use.

The yield of RNA of the samples of all three usedtimds was determined with a
photometric measurement. The RNA-extraction witiedirresulted in 6 times more
RNA compared to the other two methods. Thereforg tirethod was further used to
extract the total RNA of the antennae and maxillaajps of ETA (109 female flies),
ETB (111 female flies) and LIM (106 female fliesgated flies as well as flies from
both control groups (109 and 155 female flies). €ktracted total RNA of those five
groups was used for the cDNA-synthesis.



2.4.2 cDNA-synthesis

To synthesize cDNA from the previously extracteteanal and palp RNA the Super
Script First-Strand Synthesis System for RT-PCR(Kivitrogen) was used, using 1 ug
RNA as starting material. For each reaction 1 pgARN pl 10 mM dNTPs, 1ul
oligo(dT) primer were combined and DEPC-treatedewatas added to a final volume
of 10 ul. This mixture was incubated for 5 min &® and then placed on ice for at
least 1 min. In a separate tube a mastermix witl 20X RT buffer, 4 pl 25 mM
MgCl,, 2 ul1 0.1 M DTT and 1 pl RNaseOUT (40 U/ul) peacton was prepared and 9
pl of this mix was added to each RNA/primer mixttmem before. This sample was
incubated for 2 min at 42°C, then 1 pl of Supen8t¥i Il reverse Transcriptase added
to each tube and the mixture incubated at 42°G®@min. The reaction was terminated
at 70°C for 15 min and then chilled on ice. Thee thaction was collected by brief
centrifugation, 1 pl of RNase H added to each tahe incubated for 20 min at 37°C.
The cDNA was stored at -20°C.

2.4.3 Primer Design

To design the primer for the genes Or7a, Orl9a2&@r®r42b, Or59b, and Orco their
coding sequences (CDS) from www.flybase.org weeelu$hose CDS were copied to
the program Geneious 6.0.5, which provides primes3function. Using primer-3
primers were chosen with a target size of 20 bg lamd a melting temperature (Tm) of
60°C. Primers were chosen to amplify OR fragmenith \& length of 150-200 bp
(Tab.2).

As housekeeping genep49 and for a further examination RpL13A were choden.
case ofrp49 the primers were already present and did not bave designed freshly.
The sequences for botp49 primers are as follows [Strutz A., 2013. Disseotat

for: CCAGTCGGATCGATATGCTA
rev: TCTGTTGTCGATACCCTTGG

For the olfactory receptor 19a five different prinpairs were designed and tested, since
the first primer pair designed led to unspecifigudification in the PCR. Therefore four
additional primer pairs were designed and testeaddarect function by sequencing the

respective PCR products. Of these, primer pair  etsen for further experiments.



Tab.2: For five different olfactory genes (Or7a, Orl9a4®a, Or42b, Or59b), Orco
and a house keeping gene (RpL13A) primers weregdedito examine and compare
their expression in the antennae and palps of doe weateddrosophila melanogaster

and the control groups.

Oligoname Sequence Length | Product | % Tm

(5-3") [bp] size [bp]| GC | [°C]
Q _Or7a_for | CCAGATGATGCTCTGCTCTG | 20 200 55 59.4
Q_Or7a_rev | CTTCTCGGTGGTCATGTACG | 20 200 55 59.4
Q_Orl9a_for | CGAAGGTGGATTCAACGAGG| 20 200 55 59.4
Q_Or19a_rev | GCAGAAAGTCTCCAGCGAAT | 20 200 50 57.3
Q_Orl9a_for2]| TGATGTACCCCACCTGGATT | 20 150 50 57.3
Q_Or19a_revd TGACCAGGATGAGGTAGGTG| 20 150 55 59.4
Q_Orl19a_for3] GCGACACTTGTCCTCAATCT | 20 150 50 57.3
Q_Orl19a_rev] GTAACCAACCAGAATGGCCT | 20 150 50 57.3
Q_Orl9a_for4l GTGTGGAACGTAACCTTCCA | 20 150 50 57.3
Q_Orl19a_rev4 CATCCGACGGACATTGATCA | 20 150 50 57.3
Q_Orl19a_for5| CATGGTGTGGAACGTAACCT | 20 150 50 57.3
Q_Orl19a_revqy CGACGGACATTGATCAGCTT | 20 150 50 57.3
Q_Or42a_for | AGTTAAGCGCTTTGACGAGG | 20 200 50 57.3
Q_Or42a_rev| AATTTTGGTACGGTGGCCTT | 20 200 45 55.3
Q_Or42b_for | GCTAATGACGTTCGTGTGGT | 20 200 50 57.3
Q_Or42b_rev | GGTCCAAAATGTTCTTGGCC | 20 200 50 55.3
Q_Or59b_for | TCTGCTACACCTGCAACATG | 20 200 50 57.3
Q_Or59b _rev | GAACTTGGCCACGGTTATGT | 20 200 50 57.3
Orco_for GTGCCATCAAGTACTGGGTC | 20 200 55 |59.4
Orco_rev CAGCGCGTATCCTAGGTATC | 20 200 55 59.4
RpL13A for | AGCTGAACCTCTCGGGACAC| 20 200 60 |61.4
RpL13A_rev | CTACAAGGCAGTCCGAGGCA| 20 200 60 61.4




2.4.4 Polymerase chain reaction (PCR)

Before the primers were used for the examinatiothefexpression of the specific ORs,
it was tested whether they amplified the correspandgequences. Therefore at first
PCRs were conducted with the cDNA of untreated tydd animals and a

concentration of 10 pmol/ul of the designed prinfeor one PCR reaction 17.5 pl
dH,0, 2.5 pl 10X Buffer, 1.5 pl MgGJ 1 ul forward primer, 1 pl reverse primer, 0.5 pl
dNTPs, 1 ul cDNA and 0.25 ul Tag polymerase wenreeahitogether, resulting in a total

volume of 25 ul. Because of the different annealieigpperatures of the primers two
different programs were used, at first for Or42a4Zb and Or59b an annealing
temperature of 55°C, for Or7a, Orl9a and Orco arealng temperature of 57°C. Due
to unspecific amplifications the annealing tempa&atwas changed to 60°C and the
used program was the following: 94°C (3 min) agiahidenaturation step, then 35
cycles with 94°C (30 sec) for denaturation, 60°Qr(ih) for annealing, 72°C (1 min)

for elongation, after those 35 cycles 72°C (10 naig)a final elongation step and 4°C

( ) until usage.

2.4.5 Gel Electrophoresis

To perform a gel electrophoresis with the amplifma products from the PCR 1.5 %
gels were prepared with 150 ml 1X TAE buffer, 2@%\garose and 7.5 ul ethidium
bromide. To 20 pul of the samples 4 pl 6X loading djdew England Bioabgpswich,
MA) was added and as a marker a 2log Ladder (Neglabd Biolabs) was used. The
electrophoresis was performed in an electrophocdgsmber with 135 V for 30 min.

2.4.6 Gel Extraction

The gel extraction was performed with the E.Z.N.Al Gxtraction Kit (Omega Bio-
Tek). Therefore the DNA fragment of interest wasigad from the gel, putin a 1.5 ml
Eppendorf tube, 300 pl Binding Buffer (XP2) addtdds incubated at 55°C for 10 min
and vortexed every 3 min until the gel had meltsd. more than 700 pl of the
DNA/agarose solution was pipetted to a HiBind M@olumn in a 2 ml Collection
Tube, which was centrifuged at 10000 x g for 1 mirRT and the filtrate discarded.
This step was repeated until all of the DNA/agasdetion had been transferred to the
column. To the collection tube 300 pl Binding BuffeXP2) was added and this



centrifuged at maximum speed for 1 min at RT arafiltrate discarded. Then 700 pl
SPW Wash Buffer was added and this centrifugedatimum speed for 1 min at RT
and the filtrate discarded. This step was repeatsgcond time. The empty HiBind
DNA Mini Column was centrifuged for 2 min at maximuspeed to dry the column
matrix and after this the HiBind DNA Mini Column waransferred to a clean 1.5 ml
Eppendorf tube. 30 ul Elution Buffer were added tbe column membrane and
incubated for 2 min at RT. To elute the DNA frone tmatrix it was centrifuged at

maximum speed for 1 min and the DNA was then state@0°C until further use.

2.4.7 Cloning
24.7.1 Ligation

The extracted PCR fragments of the different ORsew&ated with help of the
Invitrogen Dual Promoter TA Cloning Kit in the pARdector (Fig.5). Therefore a 5 pl
ligation reaction was set up with 2.5 ul fresh P@Bduct, 1 pl 5X Ligation Buffer, 1
ul pCRII vector (25 ng/pl) and 0.5 pl Express LilkT4 DNA Ligase. The ligation

reaction was incubated for 15 min at RT and therestat 4°C at least overnight.

Fig.5: Structure of the used vector for ligation. Disgdys a map of the pCRII vector
with insertion site of the PCR product in the lag&nhe. The vector was used for the
ligation of Or7a, Orl9a, Or42a, Or42b, Or59b andcdOr [modified after
http://tools.lifetechnologies.com]

2.4.7.2 Transformation

For the transformation of the ligated vector D% competen€.coli cells were used.
They were made competent following the Hanahanopodt[Sambrock & Russel,

2001]. Those chemical competent cells were thawed® for 5 min, then 3 ul DNA



from the ligation reaction were added and carefiiyed by stirring to avoid damaging
the cells. This was incubated for 30 min on iceteAincubation a heat-shock of the
cells followed for 1 min at 42°C and the cells wetaced on ice for 2 min. 250 pl at
RT pre-warmed SOC medium was added and the cetks weubated on a shaker for 1
h at 37°C and 225 rpm. 300 pl from each transfamnaivere spread on a 37°C pre-
warmed selective LB-agarose plate with ampicili@@ mg per 1 | LB medium) and X-
Gal (16 mg in 400 | dimethylformamide per plateThe cells were allowed to grow
colonies overnight at 37°C.

2.4.7.3 Colony PCR

After the transformation a colony-PCR was condudte@xamine, which clones may
contain the right PCR fragment. Therefore at |éast white colonies were picked from
each plate and transferred to a tube each withl 2B{medium containing Ampicillin
and were grown for 1 h at 37°C in a 225 rpm shakben a PCR was conducted with
each of the picked colonies. Therefore, with chatsierom Qiagen, 19 ul di®, 2.5 pl
10X Color PCR Buffer, 0.5 pul dNTP Mix 10 mM, 1 ul1 forward Primer (uni (-43)
AGG GTT TTC CCA GTC ACG ACG TT 1 pl M13 reverse primer (rev (-49) GAG
CGG ATA ACA ATT TCA CAC AGG, 0.125 pul Taq polymerase and 2 pl LB-medium
with containedE.coli cells were mixed for each reaction. Afterwards B@R-product
was loaded on an agarose gel and a gel electrapbavas performed to control if they
have the right length of 200 bp. Then a colony wité right fragment was chosen for

the Mini preparation.

24.7.4 Plasmid Mini Preparation

The positive selected clones from the colony-PCRewisoculated. Therefore 5 ml LB-

medium, 100 pl Ampicillin and 48 pl of the choseslany was pipetted in a 15 ml

falcon tube and incubated overnight at 37°C in & 2@m shaker. The overnight
incubated cultures were centrifuged for 30 min axmum speed at RT and the
supernatant was discarded.

To isolate the Plasmid with the contained cDNA &gt the E.Z.N.A. Plasmid DNA

Mini Kit I (Omega Bio-Tek) was used. 250 ul SolutidRNase A was added to the cell
pellet and this was mixed until complete resuspmmnef the cell pellet. This suspension
was transferred into a new 1.5 ml Eppendorf tub@, 21 Solution Il was added and the



tube was inverted until a clear lysate occurredd @b6Solution Ill was added and the
tube inverted until a flocculent white precipitatecurred. The tube was centrifuged at
maximum speed for 10 min and the clear supernatast transferred into a HiBind
DNA Mini Column in a 2 ml collection tube. The oetition tube was centrifuged at
maximum speed for 1 min and the filtrate was didedr 500 ul HBC Buffer were
added to the Column and the tube was centrifugesdbatmum speed for 1 min and the
filtrate was discarded. 700 pl DNA Wash Buffer widren added to the column and the
tube was centrifuged at maximum speed for 1 minthediltrate was discarded. This
step was repeated a second time. Then the emptindHiBNA Mini Column was
centrifuged for 2 min at maximum speed for dryihg ttolumn matrix. The HiBind
DNA Mini column was transferred to a clean 1.5 mppEndorf tube and 80 pl Elution
Buffer was added on the column membrane. Aftemanbation at RT for 1 min it was
centrifuged at maximum speed for 1 min to elutefl@smid DNA. The concentration
of the DNA was measured with a photometer for thiewdation of the needed amount
of plasmid for the sequencing. The DNA was themnest@t -20°C until further use.

2.4.8 Sequencing preparation and analysis

The DNA from the Plasmid Mini Preparation was eiteent to MWG/Eurofin or to a
house service group of the MPI for chemical ecolfmgysequencing.

If the DNA was sent to the house service groupgelioer 6 I were needed containing
140 ng Plasmid, 0.5 pl forward or reverse primerheand sterile water for a final
volume of 6 pl.

In case the samples were sent to MWG/Eurofin fqueacing, 15 ul total volume with
2 ng/ul plasmid and 2 ul forward primer were used.

The analysis of the sequences was performed wéhptbgram Geneious 6.0.5. The
multiple alignments and mappings were constructétl tihe obtained sequences and
the reference sequences from www.flybase.org tdircorthat the designed primers
bind to the specific ORs and so to prove that ttehed product is amplified.



2.4.9 Quantitative real-time PCR (qPCR)

The gPCR was performed with the Rotor Gene SYBReGRCR Kit (Qiagen) and the
Rotor Gene Q Cycler (Qiagen). For one reactiorta tawlume of 10 pl is needed, with
5 ul PCR SYBR Green Master mix, 1 pul cDNA, 1 uplvard Primer, 1 ul reverse
Primer and 2 pl ddpD. The samples were running through 95°C for 5 rthen 35
Cycles of 95°C for 5 s to denature the DNA and 606€ 10 s as a combined
annealing/elongation step. The fluorescence ddtaction took place at the end of the
combined annealing/elongation phase. After thip #te melting curve followed, which
ramped up from 50°C to 99°C with 1°C every 5 s.

To examine the expression of specific ORs in ETABEand LIM treated flies
compared to their control groups, the previouslgigiged primers were used. The
expression levels were calculated relative to aerial control gene;p49. Therefore
standard curves for every used primer pair weratecewith the software Rotor-Gene Q
Series Software 2.0.2 (Qiagen), using four diluiap to 1:10000 from each primer
pair. For preparing the standard curves cDNA frartraated flies was taken. Then the
expression of the specific receptors was examiryedsing triplicates of a 1:10 diluted
cDNA from the odor treated animals and the corftie$. For every primer three qPCR
runs were conducted with triplicates in each rurcfmfirming, that technical properties
do not influence the results.

The data was analyzed further with the comparafivenethod [Livak & Schmittgen,
2001; Schmittgen & Livak, 2008], whereby the cadtidn and relative quantification to
get the threshold cycle value was done with theoRGene Q Series Software 2.0.2.
This Gr-value was transferred in Microsoft Excel 2010 dhd fold change of the
receptor expression in the odor treated animalsoabsilated compared to the mineral
oil treated flies. The calculation was as follov#s: “;= [(Cr gene of interest —C

internal control gene)treatment group -r &@ne of interest —nternal control)control
group].



3 Results

This study examines, whether larval olfactory elpwe influences behavioral
decisions of adult flies. In those cases, in whaathange in the behavior could be seen,
I checked, whether these changes were accompangiezthdnges in the expression
patterns of olfactory receptors.

Drosophila larvae were exposed to one of six different odora concentration of 10
during all larval stages and the adult flies lag=sted in a behavioral assay, the Flywalk,
for their reaction to all six odors and mineral @ negative control. The responses of
these conditioned flies were then compared to #spanses of mock-conditioned
control animals (conditioned to the solvent mineod). Conditioning odors were
chosen to test for several hypothetical effectifal odor experience. Ethyl acetate is
a known attractant fddrosophila melanogaster [Monte et al., 1989; Ayyub et al., 1990;
Stensmyr et al., 2003], benzaldehyde a known repie[Rodriques & Siddiqi, 1978;
Ayyub et al., 1990]. In those cases larval exposordd result in the change of odorant
valence or the flies’ sensitivity. The responseainfreatedDrosophila to ethyl butyrate

is normally concentration-dependent, with a positigaction to a concentration of L0
and a neutral reaction to Y&sahina et al., 2009; Hallem et al., 2004; Thorhale
2014]. In this case a previous odor exposure ctedd to a sensitivity change or a
habituation in the odor response. S-(-)-limonenes waed, because it is a known
oviposition stimulus [Dweck et al., 2013] and a diioning may therefore cause a
behavioral change in female flies. Hexanoic acid wsed, because it also activates an
IR compound [Ai et al., 2010], and if only in thease a behavioral change could be
seen, then it could be assumed, that the changdeegused by expression changes of
the IRs and not the ORs. Finally, butyl acetate wsed is innately neutral to flies,
independent of its concentration. Therefore, largahditioning again could cause

changes in the valence of this odor.

3.1 Flywalk
3.1.1 General behavioral response properties fromoaitrol CS Drosophila

To analyze differences in behavioral odor reactiomsconditioned flies, the odor
responses of unconditioned animals have to be krfowiwomparison. Therefore the
walking speed and the covered distance as odotigrasere calculated from the data

achieved after the Flywalk experiment via MATLAB. Ppositive algebraic sign
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indicates an upwind movement of the flies afterraglcounter and therefore attraction.
A negative algebraic sign on the contrary showswaavind movement of the flies and
indicates a repellant response.

c) d)

Fig.6: Response properties of mineral oil treated cordroals exposed to different
odors in a concentration of $@r 10". a) and b) Walking speed of Ctrl1 group flies as
response to MOL (a) and ETA-1 (b). The yellow slibldar shows the pulse duration of
500 ms. The reaction of tHarosophilawas calculated 1 s before, until 7 s after odor
exposure. c) Covered distance as response to féexetit odors at a concentration of
10° of the Ctrl1 animals. Significances compared ® MOL response are shown as
unfilled boxplots (p < 0.05). d) Covered distanser@sponse to six different odors at a
concentration of 16 of the Ctrl1 animals is shown. Significances coregao the MOL
response are shown as unfilled boxplots (p < 008)1, N=23 (odor concentration 10
%) Ctrl1, N=30 (odor concentration 1p



The mean walking speed over all flies in one graas calculated and shown from 1 s
before, until 7 s after odor exposure, with a stumwuration of 500 ms (Fig.6 a and b).
With this, it was possible to get an overview oé tlesponse kinetic and strength. In
Fig.6 the walking speed of the Ctrl1 group is dageld after encountering the solvent
control mineral oil (a) and the odor ETA in a conitation of 10" (b). It was observed
that, in contrast to a weak upwind movement in ¢bstrol situation, ETA elicited a
faster coordinated upwind movement in control fli€®r example the Ctrll flies
showed a maximum walking speed to ETA-1 of appratety 0.35 cm/s (Fig.6 b), but
to MOL a maximum walking speed of approximately80&m/s (Fig.6 a). To get a
better insight in the differences in strength o€ tresponses the median covered
distances were calculated from the mean coverddmties across all flies for a time-
span of 4 s after odor stimulus onset and displagdabxplots. This enables a better
comparison between the odor responses. | foundaslgnificant attraction to ETA at
both and LIM at a high concentration, while BEA wagnificantly repellent at high
concentrations (Fig. 6¢ and d).

3.1.2 Changes in covered distances are odor specifi

The conditionedDrosophila melanogastewere tested for their response to the six
odors and to mineral oil as negative control ipees to their covered distance in the
first 4 s after encountering an odor pulse in thewglk. Female flies from three
different treatment groups and the control groupewested together in one run, which
means three to four flies from every group.

This ensured, that all animals from different growgere really constantly tested under
the same conditions. Odor conditioning was perfarnmetwo experimental blocks. In
the first block flies were exposed to ethyl acetatbyl butyrate and benzaldehyde, the
second conditioning block contained S-(-)-limonebetyl acetate and hexanoic acid.
To ensure that observed effects were caused byotwe-conditioning | mock-
conditioned flies with the solvent mineral oil inth experimental blocks. Therefore all
figures contain two control groups with Ctrl1 capending to the first block and Ctrl2

corresponding to mock-conditioned flies in the setexperimental block.



e) f)

Fig.7: Boxplots with covered distances as response ofliee from six different odor
conditioning groups and two control groups to tkx@asure with all six odors in a
concentration of 16, The unfilled plots show significances (p < 0.0f|coxon signed-
rank test) compared to the controls. The x-axismshthe different treatment groups,
which are also color coded in the boxplots. ETABEAnd BEA conditioned flies were
analyzed with Ctrll flies and LIM, ButA and HexAd$ were analyzed with the Ctrl2



group. The sample size of the different groupsspldyed in every plot. Positive values
show an upwind movement, negative values downwingdements. a)-f), test odorants
are given on top of the graphs.

Contrary to the initial suggestions, the conditdniies did not show a general
significant change in their behavior to an odoramntration of 13 in respect to the
covered distance compared to the behavior of the@ogroups (Fig.7).

But LIM conditioned flies responded significantlgwer in respect to their covered
distance after odor encounter to ETA-3 than théG@roup (p<0.01, Wilcoxon signed-
rank test, N=30) and also compared to all the difeatment groups (Fig.7 a). This was
the only group that showed a median response Itlmgar 0.5 cm covered distance to
ETA. Interestingly, also the ETA treated flies trsmives showed a similar response to
ETA-3 like the LIM treated flies, but the differemes not significant (p=0.14) compared
to the control. The ETA treated flies covered adowdistance as reaction to ETA-3 than
the flies of the other groups, except for the LIMup (Fig.7 a).

By exposing theDrosophila of the different treatment groups to the odorsain
concentration of 19 a general significant change in the behavior ia ¢bnditioned
flies could not be observed, either (Fig.8).

Furthermore the behavioral data was analyzed nigtamtording to the odor, but also
according to the treatment group. This evaluatioovipes an overview over all odor
responses in one treatment group. With that | ldoke changes in the ranking and
therefore the preference of the odors comparetigaaontrol group. However, at both
tested concentrations no changes in the rankinthefodors between the treatment

groups could be observed (A.2: Fig.13; Fig.14).



a) b)

e) f)

Fig.8: Boxplots with covered distance as response of likse from six different odor

conditioning groups and two control groups to tkx@asure with all six odors in a
concentration of 16, The unfilled plots show significances (p < 0.0f|coxon signed-

rank test) compared to the controls. The x-axisashthe different treatment groups,
which are also color coded in the boxplots. ETABEAnd BEA conditioned flies were
analyzed with Ctrll flies and LIM, ButA and HexAd$ were analyzed with the Ctrl2
group. The sample size of the different groupsspldyed in every plot. Positive values



show an upwind movement, negative values downwingdements. a)-f), test odorants
are given on top of the graphs.

3.1.3 The walking speed as odor response differslgin specific cases

After conducting the behavioral experiments it veéso analyzed, whether fligsom
different conditioning groups exhibited a changealkimg speed as reaction to the six
tested odors and mineral oil, compared to the obrdnimals. | tested, whether
previously odor treated flies would show a shifthe response-time directly after odor
encounter in relation to the control group fliedhefefore the walking speed was
analyzed 1 s before, until 7 s after the odor entmuFor the same reasons as described
in 3.1.2 the ETA, ETB and BEA treated flies werengared to the Ctrll group and the
LIM, ButA and HexA treated flies were comparedhe Ctrl2 group.

As it was also the case for the covered distanseslar response, there were no general
changes or differences in the walking speed ofcdbreditioned flies to the different
odors in a concentration of $0compared to their controls (Fig.9). A shift in the
response-time could not be observed, either (Figi@vever, | found differences in the
walking speed as response to ETA-3. The conditidd®&ti and ETA flies showed a
reduced walking speed as reaction to ETA-3 comptred other treatment groups and
their specific control group (Fig.9 b and h). Fertinore the LIM treated flies showed a
shorter response duration than all other groupswvemeountering ETA-3 (Fig.9 b and
h).

When the flies of the different treatment groupsrevéested with the odors in a
concentration of 18, again neither a general change in the walkinggp®r a change
of the response latency as response could be ausesither (Fig.10). But as it could be
seen at lower odor concentration there was a chantpe walking speed in response to
ETA-1. The ETA-conditioned flies showed a reducedxmmum walking speed as
response to ETA-1 compared to its control group twedother treatment groups that
were tested together (Fig.10 b and h). The LIM taeaflies showed a reduced
maximum response to ETA-1 compared to the othetrtrent groups, too. But the
response was similar to its control group (Fig.LOHoirthermore the response to ETA-1
had a longer duration than to ETA-3 from flies dif teeatment and control groups
(Fig.9 b, Fig.10 b).
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Fig.9: Walking speed of the flies from different treatmearid control groups as
response to an odor in the concentratiorl. dellow shaded bar displays the odor pulse
duration of 500 ms. ETA, ETB, BEA conditioned flie®re tested together with Ctrll
flies; LIM, ButA, HexA conditioned flies were testdogether with Ctrl2 flies. Ctrll,
N=23; Ctrl2, N=30; ETA, N=32; ETB, N=32; BEA, N=31]M, N=30; ButA, N=30;
HexA, N=30. a)-g), test odorants are given on tbihe graphs; h) Walking speed from
flies of ETA and LIM treatment and control grougsrasponse to ETA-3.



d) e) f)

9) h)

Fig.10: Walking speed of flies from different treatment asmhtrol groups as response
to an odor in the concentration 10The yellow shaded bar displays the odor pulse
duration of 500 ms. ETA, ETB, BEA conditioned flie®re tested together with Ctrll
flies; LIM, ButA, HexA conditioned flies were testdogether with Ctrl2 flies. Ctrl1,
N=30; Ctrl2, N=34; ETA, N=30; ETB, N=30; BEA, N=29]M, N=34; ButA, N=33;
HexA, N=34.

a)-g), test odorants are given on top of the graphsvalking speed from flies of ETA
and LIM treatment and control groups as respon&el-3.



There was also a further difference in the wallspged as response to HexA-1. Here
the BEA conditioned flies showed a reduced wallspged compared to its control and
all the other treatment groups (Fig.10 g). The EEbAditioned flies on the contrary had
a higher walking speed to HexA-1 than the fliesrfrids control group and the other
two treatment groups, which were tested togethéy.16 g). Moreover the ETA
conditioned flies showed a higher walking spee®wA-1 than its control group and
all other treatment groups (Fig.10 f).

The results, which were obtained for the walkingespcoincide with the results for the
covered distance as odor response. The initial thyses, that general and huge
behavioral changes after odor conditioning in tedl stages will occur in the adult
stages towards odors, could not be supported. Hewefound significant effects in
specific cases. The ETA and the LIM treatment gritiep showed a reduced behavioral
response to ETA-3 compared to all other treatmesiifgs and their control group. The
same goes for the response to ETA-1 in case oEThe treatment group. Rather than
strong general effects on overall innate odor-giliidehavior, |1 observed pronounced
odor-specific interactions which | investigatedther using molecular techniques.

3.2 Molecular Biology

Specific significant changes in the behavioral oese were observed in adult
Drosophila melanogaster, when they were exposed to a specific odor dutieg larval
stages. This change in the adult behavior mighduseto a change in the expression of
specific olfactory receptors that detect the reBpe®dors in the antennae or maxillary
palps of the flies. To test this hypothesis flieani the treatment groups with the
strongest effects were used; these were the ftadittoned with either ETA or LIM.
Furthermore the expression of specific ORs in thB Eonditioned flies was examined,
since those flies exhibited a consistent respoosevéry odor in the same way as the
control group flies with no discernible differendeexpected to find OR expression
changes in the flies with the strongest behavieifaicts, but not in the ETB conditioned
flies. As reference and for comparison flies fromthb control groups were also
examined for OR expression.

For the examination six specific receptors weresehgall of which respond to some of
the odors we tested and are either expressedviaelaand adulDrosophila or only in
the adult animals. The expectation was to find @age in expression of the receptors

that are a) expressed in both larval and adultestagd b) for which the respective
45



treatment odorant was the best ligand. For the &Rsessed in larvae and adults Or7a
(ligand: benzaldehyde), Or42a (ligand: ETA) and Zix4ligands: ETA, ETB) were
chosen [http://neuro.uni-konstanz.de/DoOR/defamitliKreher et al., 2008]. The co-
receptor Orco was also added, originally as confrioé receptors Orl9a (ligand: S-(-)-
limonene) and Or59b (ligands: ETA, ETB) [http://n@wini-
konstanz.de/DoOR/default.html] were used as recgphat are only expressed in adult
flies [Kreher et al., 2008].

3.2.1 RNA-extraction and cDNA-synthesis

To examine the expression of the ORs, RNA was etddafrom antennae and maxillary
palps of flies from the different treatment and tcohgroups. For this three different
methods were tested and the Trizol method (se&.2)4hosen, since the yield of RNA
was with @ 179 pg/ml the highest when using theesaonmber of flies, in comparison
to the two other methods with yields of @ 29 pg/(@liagen) and @ 18 pg/mi
(AnalytikJena) RNA.

cDNA was synthesized from the extracted RNA of difeerent treatment and control
groups, and the quality tested by PCR with primgirected against the ribosomal
protein coding genep49. This gene is reported as stably expressed [Looren al.,
2008], and therefore suitable as a housekeeping.geme cDNA was then used in

quantitative real-time PCR to examine expressi@ngks of the receptors.

3.2.2 Primer design, testing, cloning and sequengin

Primers for Or7a, Orl9a, Or42a, Or42b, Or59b andoQvere designed. Orco was
included as control since no expression changeg wgpected in this case. Primers
were tested for sufficient specificity by gPCR pwots using cDNA synthesized from
RNA of untreated animals, followed by TA-cloningdasequencing of the amplification

products.

The sequencing results were mapped or aligned dgorg¢ference sequences of the
receptors by using the map to reference tool inei@ers 6.0.5. Primers directed against
rp49 (A.3: Fig.15), Or7a (A.3: Fig.17), Or42a (A.3: E28), Or42b (A.3: Fig.24),
Or59b (A.3: Fig.25) and Orco (A.3: Fig.16) ampldi¢he correct products. But in case
of Orl9a the sequencing result did not match tfereace sequence (A.3: Fig.18). In a
BLAST search the amplified sequence exhibited hghsmilarity to the gene



Dsim/GD22800 oDrosophila simulangA.3: Fig.20), a dual oxidase. The primer pair
was discarded and a new primer pair directed ag@ri9a designed and tested. Since
Orl9a and Orl19b differ in only 7 bp primers agai@si9a were designed, to include
differences to Orl19b and tested. The mapping ofdib@ined sequence, in case the
forward primer was used, to the reference sequeh&@rl9a show, that it amplifies
Orl9a (A.3: Fig.19), but the fragment did not coadrase pair difference to Or19b. The
obtained sequences from the sequencing with thergsevprimer contained a base pair
difference between Orl9a and Orl9b in the fragmehgre it was shown that both
receptors are amplified by using the second dedig@i@9a primer pair (A.3: Fig.21). It
is known that Orl9a is the receptor that deteckd Ahd several other chemicals also
detected by ai2A neurons, as shown using the engtyon system [Hallem & Carlson,
2006; Dweck et al., 2013], and therefore expressimanges are likely to correspond to
changes in Orl9a expression. | can, however, niiteBnexclude changes in Orl9b

expression in my dataset.

3.2.3 Expression changes of specific receptors dizeodor treatment

After confirming, that the designed primers amplifiye correct OR fragments,
expression analyses were conducted using quanéitagal-time PCR. With this method
it is possible to collect data about the ampliimat of the amplicon during the
exponential phase of the reaction run. As repaignal the green fluorescent SYBR
Green dye was used, which binds to the minor gramvéhe double stranded DNA.
When binding to the minor groove, the intensitytteé fluorescent emissions increases.
Therefore, the more double stranded amplicons @@uped, the more the fluorescence
signal will increase. This increase in the reposignal is directly proportional to the
number of generated amplicons. For analysis ofidta of the relative gene expression
of Or7a, Or19a, Or42a, Or42b, Or59b and Orco timepawative G, 2 1, method was
used [Schmittgen & Livak, 2008; Livak & Schmittget)01]. The calculated values for
the relative expression of the specific ORs andoQ@epresents the expression changes
relative to the internal control gemp49 as fold change. From a 2-fold change
compared to the OR expression in the control arsirtied expression can be considered
as tendentially different. Furthermore with the %y method the OR expression of two
different treatment groups, or rather of one treathgroup and its control group can be
compared. In this case each of the samples has tteldted to the internal control gene
rp49.
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Fig.11: Relative expression of Orco, Or7a, Orl9a, Or42ai2® and Or59b in the
antennae and maxillary palps in ETA, ETB, LIM treant group flies as fold change
compared to their control groups. The data was abred to the expression of the
housekeeping germ@49. The gene expression of the Ctrl1 and Ctrl2 gritiep was set
to 1 and the relative gene expression in the treatrgroups calculated to this value
with the 2 © method. The gene expression of the ETA and ETBtadedlies is



compared to the Ctrl1l group flies, the LIM treafds were compared to the Ctrl2
group flies.
Ctrl1: N=109; Ctrl2: N=155; ETA: N=109; ETB: N=11L|M: N=106

After optimizing PCR conditions for each primer ipdahe expression of the ORs and
Orco in every treatment group was analyzed withdigscribed method, comparing with
their expression in the specific control group.mimimize technical variations analysis
for the ORs and Orco for the ETA, ETB, LIM , Ctdhd Ctrl2 group were conducted in
triplicates. From those three technical replicates average £€value was used for
further analysis (A.4: Fig.26).

Of all examined ORs, Orl9a is least expressedamatitennae and maxillary palps of
the treatment and control groups, because its ssime has the highestr®@alue (A.4:
Fig.26 d). The highest expression with the lowestv@lue is exhibited forp49 and
Orco (A.4: Fig.26 a and b). This fits the expectatisince both will be expressed in far
more neurons as each single OR.

The fold change of the specific receptors in ETA &1B treated flies were compared
to the Ctrll animals, the LIM treated flies on #entrary were compared to the Ctrl2
flies for the same reason as it was already de=trilb the behavioral experiments. To
facilitate comparison data was normalized so thatfold change of the Control groups
was 1 (Fig.11, Fig.12). When using the housekeepiege rp49 as reference,
expression changes were observed for three reseptarof five receptors, dependent
on the treatment group (Fig.11). There is also5af@d higher expression of the co-
receptor Orco in LIM conditioned flies, and a 2d@nd a 1.5 fold higher expression in
ETA and ETB conditioned flies respectively when @amed to their control groups
(Fig.11 a). In case of Or7a the LIM conditioneceslishowed a more than 2.5 fold
higher expression compared to their control grdug, the ETA and ETB treatment
group flies only showed an expression change afratd..5 fold, which should only be
considered a tendency (Fig.11 b).

For the receptors Or42a and Or42b no considerakpgession changes occurred
between the treatment group flies and the contalg animals (Fig.11 ¢ and d). Or19a
was nearly 3 fold higher expressed in the LIM ctinded flies than in the Ctrl2 group
flies. The ETA conditioned flies have a 2 fold héglexpression of Orl9a and the ETB
conditioned flies an around 1.6 fold higher expi@sshen the Ctrl1 group flies (Fig.11
e). The highest expression changes were found 6919 There the ETA and the LIM
treatment group flies had an over 3.5 fold highegpression than their both control

groups.
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Fig.12: Relative expression of Or7a, Orl9a,
Or42a, Or42b and Or59b in the antennae
and maxillary palps in ETA, ETB, LIM
treatment group flies as fold change
compared to their control groups. The data
was normalized to the expression of the co-
receptor Orco. Data was normalized for
Ctrl1 and Ctrl2 group flies, respectively,
and the relative gene expression in the
treatment groups calculated to this value
with the 2 S method. The gene
expression of the ETA and ETB treated flies
is compared to the Ctrll group flies, the
LIM treated flies have to be compared to
the Ctrl2 group flies.

Ctrl1: N=109; Ctrl2: N=155; ETA: N=109;
ETB: N=111; LIM: N=106



The ETB conditioned flies showed an around 2.2 fbigher Or59b expression
compared to the control (Fig.11 f). That meanst tha highest expression changes
were observed for the receptors Orl9a and Or59;hwdre the two receptors only
expressed in adults. Of the receptors that areesgpd also in larvae only Or7a
exhibited expression changes. The highest expressianges were observed in LIM
conditioned flies, though the expression change&Ti conditioned flies are also
considerable.

When looking for the expression of Orco by usipg9 as reference it was expected,
that no changes occur, since Orco is not repoediferentially expressed and due to
its general function unlikely to be affected. Howewvthere are huge differences in its
expression between the treatment groups and theoto(Fig.11 a).

Orco was expressed in LIM conditioned flies appmatiely 3.3 fold higher than in the
Ctrl2 group flies. The co-receptor was furtherm@réold higher in ETA and 1.5 fold
higher in ETB treatment group flies expressed caegéo Ctrll group flies (Fig.11 a).
If Orco andrp49 would both not be regulated in the context of octmmditioning, there
should not be any expression changes. That mean®ither Orco orp49 exhibit an
expression change as response to odor conditionitige larval stages. Therefore the
data was also calculated in respect to Orco asergfe, to evaluate if there expression
changes occur. There were no huge expression chamdgiee receptors of the different
treatment groups compared to the control grouperebd (Fig.12), which means that
Orco seems to be regulated together with the OlRs.tD the evidence in the literature
that generally speakingp49 is stably expressed we consider it the bettereate
[Cardoso et al., 2014]. However to further ensheg the conditioning does not have an
effect onrp49, additional testing using a second housekeepinge,géor example

RpL13A, should be performed to validate my results.



4 Discussion

Odor sensing is a crucial ability for animals fording nutritious food sources, mating
partners, oviposition sites, for predator and toxwoidance as well as social
interactions [Hansson & Stensmyr, 2011]. It wouhérefore be expected, that adult
animals prefer a habitat, which is similar to tm¥ieonment they grew up in, when it
contained exceptional living conditions. The expece an insect made as young is very
likely to influence the habitat choice during iduthood. This would also be expected
for holometabolous insects likerosophila melanogaster, although their imago stage
differs in morphology and physiology to their larvstage and therefore also the
environment they are living in varies. Hopkins attg assumed in his host-selection
principle in 1916 that the behavior of adult inseist conditioned by larval experience,
but there is still little evidence for preimaginabnditioning and this issue is still
controversially discussed [Barron, 2001]. Some gsocould show that the effects of
conditioning during larval stages of insects cdhlst observed in adulthood, others did
not observe such effects. For example Gandolfi @amavorkers (2003) observed that
larval exposure to fruit odor in caterpillar patasiwasps increased the adult frass
response with a retention time of 14 days. Gutelbanez and co-workers (2007) also
showed that adult aphid parasitoidgphidius ervi prefers vanilla odours when
previously exposed to vanilla during the larval tveh opening of the mummy.
Furthermore Ray (1999) showed that theMlysca domestica displays a preference for
the specific odor in its adulthood when exposedhts odor during the larval stages,
even when using aversive odors. Tully and co-warki@©Q94) usedrosophila as
model and trained third instar larvae with a combon of electroshock and a specific
odor and observed that the conditioned odor avaglavas still present eight days later.
On the contrary Janz and co-workers (2009) obseitvaidthe larval host plant had no
effect on oviposition decisions in the adult legteran Polygonia c-album. Also
Barron & Corbet (1999) could not examine a changethe adult Drosophila

responsiveness due to preimaginal conditioning.

4.1 Aim and accomplishment of the study and obsertians during tests

Therefore | was interested in, whether preimagatkr conditioning changes responses
of adult flies in respect to specific odors. Ifghivould be the case, | furthermore
investigated the biological mechanism causing theeoved effect. Because there is

already evidence that some individuals in inseccis exhibit genetically based
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variations due to learning [Dukas, 2008]. With {Hahypothesized that the olfactory
experienceDrosophila melanogaster make during their larval stages influence and
change their behavior towards odors as imagostalaeanges in sensitivity or valence
to the conditioned odors. For studying tHisosophila melanogaster larvae were
conditioned to a specific odor in a defined higmaentration during all three larval
stages, by rearing them in a standard food viah @it additional odor-containing filter
paper. This odor-containing filter paper was exgeahdaily to ensure a constant
exposure to the specific odor. The pupae were ittnemediately transferred to a fresh
food vial without an additional odor to ensure aomotreatment only during the larval
stages. The hatched female flies were tested agjarf 5 to 7 days for their behavioral
response towards the conditioned odor, mineraa®ihegative control and five further
odors in the Flywalk.

Only female flies were used, because they provideetter model for behavioral
analyses towards food related odors. They showglehimotivation in responding to
food odors [Knaden et al., 2012], because of theed to find appropriate oviposition
sites. Female flies can also be tested for théiawieral response to oviposition-related
odors, like S-(-)-limonene, which | also used fonditioning. Interestingly, after the
Flywalk runs | observed, that an exposure to LIMaigoncentration of 1Din the test
caused the female flies to lay eggs at the medhibe @dapters at the upwind site of the
glass tubes, independent of the treatment groujs. dlsservation is in agreement with
the finding from Dweck et al. (2013), that limondmneactions as oviposition stimulus in
Drosophila species. Moreover female flies have a larger mdg than males and are
therefore better accessible for further molecuialolgical studies, also in respect to the
achieved amount of RNA.

The conducted conditioning differs from classicahditioning experiments, which are
used in learning studies. There an unconditionedustis, for example an electroshock,
is presented together with the conditioned stimulies example a specific odor
[Alloway, 1972; Hammer & Menzel, 1995]. This way association between
conditioned and unconditioned stimulus is formed #re animal will either prefer the
learned odor or avoid it, depending on the uncoomd#d stimulus. Such experiments
are mostly performed in either larvae or adules. (both conditioning and testing in the
same developmental stage) and it was shown théat dret able to form a memory in
respect to the conditioned odor and behaved diftgréhan non-treated animals [Quinn
et al., 1974; de Belle & Heisenberg, 1994; HammeMé&nzel, 1995]. But in such
classical conditioning experiments both stimuli presented for a short timespan and
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repeated several times. In contrast, | exposedlide permanently to an odor when
treated with food at the same time during all tHaival stages and looked for their
behavior in the adult stage. With that the fliesyrhave formed an association between
good nutritional conditions and an odor. In theitural environment the larvae are also
restricted to the same place and there permanerfgsed to certain habitat-specific
conditions. Therefore observed changes in the expets are likely to also occur
under natural conditions. Furthermore such an exywertal procedure was similarly
conducted from Ray (1999) in the already mentigm@iimaginal learning experiments,

where a behavioral effect was observed.

4.2 Control Drosophilarespond concentration-dependent to odors

To judge a possible behavioral change the respiontdee tested odors has to be known
in untreated controDrosophila melanogasterUntreated in this case refers to flies,
which were reared in food vials together with a enah oil containing filter paper. This
ensured that the control animals were reared utidesame conditions like the odor-
treated animals. When testing them in the Flywd#tiey showed odor-specific and
concentration-dependent responses towards thestiedt odors ETA, ETB, BEA, LIM,
ButA and HexA. Compared to the solvent responsd flies showed a faster
coordinated upwind movement and a significanthyhbigcovered distance as reaction to
ETA in both tested concentrations,18nd 10 (Fig.6 b and d). Therefore ETA can be
referred to as attractant, what has also beentezpor other behavioral studies [Ayyub
et al., 1990; Knaden et al., 2012]. Furthermoreghi® high ETA concentration they
responded over a longer timespan with a higher nglkpeed, compared to the test
with a lower ETA concentration (Fig.9 b and Fig.kp [Thoma et al., 2014]. This
observation is ecological reasonable. ETA is a comfood odor [Umano et al., 1992;
Hallem et al., 2004] and for finding food sourcéssf have to follow a concentration-
gradient, the lower the distance to a food souscéhe higher will be the concentration
of food-related odors. Therefore a high concerdratf ETA indicates a near located
food source, which may enhance the motivationie§fto find the source and therefore
responding longer. This may be caused by a diffetd# activation pattern dependent
on the odor concentration. An odor can activates#VORs, for example in case of
ETA activation of at least five (Or42a, Or42b, Qb4®r47a and Or59b) and for ETB
for at least eleven ORs (Or9a, Or22a, Or35a, Or@d2b, Or43b, Or67a, Or67c,
Or85a and Or98a) has been observed [Hallem eR@0d4; Hallem & Carlson, 2006].

With a decreasing odor concentration the numbestrohgly responding receptors also



decreases but by differing degrees [Hallem & Carlsp004]. Therefore at lower
concentrations odor molecules are detected with igh bselectivity, with an
augmentation of the concentration the specificiegrdases [Stensmyr et al., 2003].
Furthermore some highly concentrated odors mayecawstrong long lasting activation
of a specific receptor [Montague et al., 2011], skhimay cause an impairment of the
signal transmission in further ORNs at glomeruéuel in the AL by lateral inhibition.
This could be a cause for different observed camagan-dependent responses.

The responses to ETB and ButA differ also in respethe used concentration, but not
significantly. Here the Ctrl flies covered a highiistance compared to the solvent in
the lower concentration (1, but not to 13 dilution (Fig.6 ¢ and d). The response to
HexA is not significantly higher compared to thdvsot, but slightly higher when
testing the 10 dilution (Fig.6 c and d). In respect to BEA therlGties show a
significantly reduced response to a highly con@att odor and also a reduced
response when using a 1@oncentration (Fig.6 ¢ and d). BEA can therefoee b
considered as repellent. Those observations agreement with the behavioral results
of other groups doing a behavioral screening towardet of odors [Hallem &Carlson,
2006; Asahina et al., 2009; Thoma et al., 2014].

Ctrl flies covered a significantly higher distanceupwind direction when exposed to
LIM in a 10* concentration than to MOL (Fig.6 d) indicating attiion to this odor.
This observation is in contrast to the results wfebk et al. (2013), wher@rosophila
showed a neutral response to LIM. This can be @xpiaby the different used
behavioral paradigms. Compared to Trap-assays, hen Elywalk the flies are
individually tested with randomized odor pulses feeveral hours without any

distractions by other flies or light cues.

4.3 Profound behavioral changes in preimaginal contioned Drosophila
4.3.1 Specific behavioral effects in respect to thevered distance

The conditionedrosophila melanogastesf the six different odor treatment groups do
not show a general behavioral change in the regptmthe six tested odors compared
to their specific control groups in respect to tbaevered distance, neither in a
concentration of 18 nor 10%, contrary to what was originally expected (Fig=ig.8).

That means, that due to a preimaginal odor conditgono general change in sensitivity
or valence in the odor response in the adult fiesld be observed. However, some

strong effects were observed in certain conditignygnoups, especially in case of the



LIM and ETA conditioned flies. LIM conditioned flecovered a significantly lower
distance as response to ETA in a concentratio®dfahd also a lower distance towards
the 10 concentrated ETA, compared to Ctrl group flies atidhe other conditioning
groups (Fig.7 a and Fig.8 a). ETA conditioned feaswed the same response pattern to
ETA-3 and ETA-1 as the LIM conditioned flies comgaito the Ctrl group flies and the
other treatment groups in respect to the coversthmtte (Fig.7 a, Fig.8 a). Those
responses were not significant, but the ETA coodéd flies covered tendentially a
lower distance to ETA in both concentrations. Femhore the ETA conditioned flies
also have the tendency to respond slightly diffeteri.IM-1 and ButA-1 compared to
the controls and most of the other treatment grdbs8 d and e).

The BEA conditionedDrosophila also showed a tendentially different response
compared to the flies of the other conditioningup® in respect to LIM-1 and HexA-1
(Fig.8 d and f). This tendency was not observed itpncentration of Idof the test
odors and therefore the effects caused by an oaledittoning during larval stages
seems to be also concentration-dependent.

4.3.2 Specific behavioral effects in respect to thealking speed

A general change in the walking speed as odor respof the conditioned flies was not
observed, neither in a concentration of Xbr 10" (Fig.9, Fig.10). Also a shift in the
response-time after odor encounter did not occut.aB it was the case for the covered
distance as odor response there are specific safbects in the walking speed towards
certain odors. The ETA- and LIM-condition&dosophilashowed a reduced maximum
walking speed to ETA-3 and ETA-1 compared to thentmds and the other
conditioning groups (Fig.9 b, Fig.10 b), which eaipk the shorter distance they
covered after encountering the odor pulse. Moredher LIM conditioning group
showed a shorter response duration to ETA-3 (Hig&hd h). The ETA conditioned
flies showed also a higher maximum walking spe&htds HexA-1 than its Ctrl group
and the two treatment groups from the same comigpset (Fig.10 g), and a higher
walking speed to ButA-1 (Fig.10 f). BEA conditionéiets on the contrary exhibited a
reduced walking speed when encountering HexA-1 ewetpto the control and all

other conditioning groups (Fig.10 g).

Interestingly, the BEA conditioned flies did notosh a change in behavior towards
BEA in both concentrations itself. A hypothesizeldaege in the valence of this

repellent did not occur. Thorpe (1939) showed is preimaginal conditioning



experiment, thaDrosophilareared on a medium containing the normally aversidor
peppermint (menthol) during their larval stage f@réhis scent over a medium without
this odor as adults. Also Ray (1999) discovered khasca domesticéarvae reared on
mint scented medium, whereby this odor functionsegellent, prefer this odor in their
adulthood when tested in a two-choice test. Thigcates a habituation to this repellant.
That such an effect could not be seen in this sindy on one hand be explained by the
differences in the used behavioral assays. In ledik the flies do not have the choice
between two odors at the same time, they haverradtoecide if they respond or not. In
the assays used by Thorpe (1939) and Ray (1999)i¢sehave a choice between the
conditioned odor and another one and with thaathmals can show a preference.

On the other hand BEA is a by-product of the cyalnityacid synthesis [North, 2003;
North et al., 2008], which is also used as toxibstance against insects [Lewis, 1998.
Lewis” Dictionary of Toxicology. CRC Press LLC]. Byvoiding BEA the flies avoid
the toxic substance at the same time. Therefoveoiild be ecologically meaningful,
whenDrosophilado not learn a preference for this odor, becakee they would also

learn to prefer a harmful environment which redubesr fitness.

4.3.3 The behavioral responses coincide

The initial hypothesis of an occurrence of genarad huge behavioral changes due to
preimaginal conditioning iDrosophila melanogasterannot be supported. But there is
evidence of preimaginal learning effects in addiésf in specific cases, where |
observed pronounced odor-specific interactions. 3inengest effects were found in
flies conditioned to ETA and LIM in their larvalagjes. Both conditioning groups
showed a reduced response towards the food-related ETA in both tested
concentrations. Interestingly those responses sdéembe connected, because
conditioning with those two odors independently setithe same behavioral effects,
contrary to the other used odors for conditionifigat could mean, that the processing
pathway of both odors is similar or strongly cortedc A processing of those both
odors together and a connected behavioral respaosdd also make ecologically
sense. ETA is found in many fruits that are hostsOrosophila and is therefore a
strong attractant [Stensmyr et al., 2003]. LIM $pecially abundant ifitrus fruits, a
preferred oviposition site ddrosophila[Dweck et al., 2013]. Female flies have to find
an appropriate place for egg-laying on nutritioosd, because their larvae are restricted
to that place and therefore their survival has @oehsured beforehand. A behavioral



connection between a strong food-related odor anéwéposition-related odor could

therefore be an important trait for the flies” éigs.

The question how the larval conditioning to the oder influences also the response to
the other odor in adulthood stays to be elucidaiée. memory of the odor conditioning
also has to persist the massive reorganizationheflarval nervous system during
metamorphosis. In holometabolous insects Dkesophila melanogaster the larval and
adult stages look very different, which is relatedthe different habitats they occupy
and therefore the different behaviors they displ&ijth that the metamorphosis stands
for dramatic changes in the larval organization posing the replacement of the
integument and many other tissues and the histobfsaimost all muscles. Furthermore
the larval nervous system and with that also thactdry system is profoundly
reorganized, whereby larval sensory neurons degtnewith few exceptions, and are
replaced by adult neurons developing from imaguohiats [Tissot & Stocker, 2000].
Most adult interneurons are formed only during mmetgohosis, but many others
develop from larval interneurons. This should themee also be the case for the local
interneurons which connect the glomeruli in the Alherefore the information of an
odor from an odor conditioning in larvae may stapresented in interneuron
connections and with that influence the adult besrav

Furthermore it is known, that embryonic born PNs¢hi& larval olfactory system are the
same cells as the PNs which contribute to the mlader and more complex adult
circuit. During metamorphosis each PN prunes itsnaerminals and dendrites locally,
leaving the main axon trunk from the cell bodyhe thushroom body calyx intact and
extends later new processes for targeting the dpirgd AL, MB and LH of the adult
brain [Marin et al., 2005]. Therefore it would alse possible that an odor information
stays present in the projection neurons, which idewva connection between the
glomeruli in the AL and the MB, which is known asetmain center for memory
formation in insects [Heisenberg et al., 1985; Eeixrg, 1998; Armstrong et al., 1998;
Davis, 2005]. MBy neurons also prune their larva specific dendates axon branches
before they re-extend into adult specific proces3émse MBy neurons send their
dendrites into the MB calyx and their axons inte B axon lobes [Marin et al.,
2005]. It was furthermore reported that the MB Kemycells survive during
metamorphosis [Tissot & Stocker, 2000]. With thids,| PNs and KCs, present in the
adult fly and dominant elements of the olfactoryhpay and for memory formation,

have in many cases an important larval componeaft. ea

58



Therefore it could be possible that olfactory meynisrretained during metamorphosis
[Tully et al., 1994; Guo & Go6tz, 1997; Armstrongatt, 1998; Ray, 1999] and therefore
the observed specific behavioral changes in thelitoned flies are very likely a

preimaginal learning effect.

4.4 Expression changes of specific ORs due to preaginal conditioning
4.4.1 Expression analysis with only three of six oditioning groups

Metamorphosis causes also a dramatic increaseeinumber of receptor cells [Tissot
& Stocker, 2000] and with that in the number ofe@or genes, concerning the ORs
from 25 in larvae to 60 in adults. Therefore | waterested in whether the observed
behavioral effects are also reflected in the exgoesof certain ORs, known to have the
conditioned and tested odors as ligands.

Furthermore | chose ORs, which are either expressdarvae and adults, or only in
adult flies. There | expected to find a possiblgression change in the receptors
expressed in both morphs, because only the lareae gonditioned. With that | looked
for the expression of Or7a, Or42a and Or42b, whrehexpressed in larvae and imagos,
and the expression of the adult specific recegoi®a and Or59b [Kreher et al., 2008].
Furthermore the expression of the co-receptor Gvas analyzed in the conditioned
flies in comparison to control flies, whereby nogbhuchanges were expected and it
should originally function as a control. Not allnzhbtioning groups were used for OR
expression analysis, for detecting if there eveanges would occur. LIM and ETA
conditioned flies were chosen for expression amalysecause they exhibited the most
outstanding behavioral changes compared to theirg@iups. ETB conditioned flies
were also examined, because they showed similponess to every tested odor like the
Ctrl flies. Therefore it would be expected that mgsion changes occur in LIM and
ETA treated flies and the corresponding receptamsl, no or little changes in the ETB
conditioned flies. As reference the expressiorhm éxamined CtrDrosophila groups

was analyzed.

59



4.4.2 Sequence similarity between Or19a and Orl19b

But after sequencing of the designed receptor Bpgmimers for expression analysis
with gPCR, it was found out, that Orl9a is veryiEmin its sequence to Or19b (A.3:
Fig.21). Both receptors differ in just 7 bp, whereébbp difference is positioned in an
intron and should therefore not be expressed. lisrréason a second primer pair was
designed for Orl9a including a base pair differemceéhe fragment. The obtained
sequencing results for the second designed Orlfeeppair showed an amplification
of both receptors, Orl9a and Orl1l9b (A.3: Fig.22)erEfore it cannot completely be
made sure that in the conducted expression analpbrsOrl9a was amplified. But it is
known, that Or19a respond to many odors [Hallem &l€bn, 2006], especially to the
for oviposition relevant odor limonene [Dweck et, @2013]. On the contrary, the
function of Orl9b remains to be elucidated. Witlatti©rl9a seems to define the
response spectra of the neuron. It is known, tieatdrl19a and Or19b expressing ORNs
target the same Glomerulus, DC1. Orl9a as well d®9Dcan also be found in the
same ORNSs [Couto et al., 2005], which respond gtyoto limonene, the oviposition
stimulus [Dweck et al., 2013]. With that both retwep could activate the same neuron
due to conditioning and therefore lead to the olesbehavioral effects. But due to the
described properties of Or19a and Or19b it is nlikety that Or19a is important for the
observed behavioral effects and therefore the tecephich is affected by a LIM

conditioning.

4.4.3 Specific expression changes of ORs in conditing groups

The expression of the mentioned receptors was ri@edato the housekeeping gene
rp49, and compared to the expression of the Ctrl gifttap. There | observed an over
2.5 fold higher expression of Or7a in LIM conditemhflies and a 2 and 1.5 fold higher
expression of this OR in ETA and ETB conditionekd] respectively (Fig.11 b).
Surprisingly, for the receptors Or42a and Or42hictviboth bind ETA, no considerable
expression changes were detected in the conditifiesdcompared to the control flies
(Fig.11 c and d). Therefore no huge expressiongdmmere observed in the receptors,
which are expressed in both larvae and adults,peXoe Or7a in the LIM conditioned
flies. But when examining the expression of the tadult specific receptors huge
expression changes were observed. Orl9a was rizdolg higher expressed in LIM
conditioned flies, 2 fold higher expressed in ETgxditioned flies and around 1.6 fold

higher expressed in the ETB conditioning group care@ to their specific control



groups (Fig.11 e). The highest expression changee Yound for Or59b. There, both
the ETA and LIM conditioned flies showed an ovés fbld higher expression than their
unconditioned control groups and also the ETB domakd flies showed a 2.2 fold
higher expression (Fig.11 f).

With that, the expression of both adult specificsCsRemed to be influenced the most
due to preimaginal conditioning, which seems calittary. Barron and Corbet (1999)
mentioned that an odor contamination from larvaidiboning during metamorphosis
to the hatched adult could simulate the appearahgeeimaginal conditioning. It is
very unlikely that the observed behavioral & gene expression effects in this study
are due to a contamination. After pupation the pupare immediately transferred to a
fresh food vial without an additional odor. The papwere transferred with a brush,
which tip was regularly cleaned with ethanol (70&6)d therefore no odor residues
should remain at the pupa cuticle. Directly aftatching the adulDrosophila were
immediately transferred to a new food vial, so tialy also could not come in contact
with the pupa for a considerable amount of timethvthat the observed effect should be
due to the odor conditioning in the larval stagesl an other already mentioned
preimaginal conditioning studies from other groeffects were observed, too [Tully et
al., 1994; Guo & Goétz, 1997; Ray, 1999].

There has to be a process during metamorphosiscthetes a higher expression of
olfactory receptors, which are related to the oiher larvae experienced intensely. A
higher expression of a receptor specific for anrpdehich is related to a good
experienced environment in larval stages, wouldsipbs make adult flies more
sensitive for this odor and causes them to chodsa&baat with that odor over another
one. But therefore there has to be a mechanisnirthgers the expression regulation in
newly developing ORNs during metamorphosis basechemory formation. That there
is a memory retention during metamorphosis wasadireshown in other studies
[Gandolfi et al., 2003; Ray, 1999]. Maybe the leatrodor information is stored in the
MB neurons and after metamorphosis the MB influsnite receptor expression. But
how exactly the expression of adult specific ORs loa influenced due to preimaginal

conditioning remains to be elucidated.

That there are not huge expression changes in Grd@&8r42b compared to the other
receptors is surprising, because they are maiptexsefor ETA in larvae [Kreher et al.,

2008]. They are responsible for the responsesftereint ETA concentrations. Or42a is
required for behavioral responses to a high comagoh and is suggested to be a low



affinity receptor. Or42b on the contrary is reqdifer behavioral responses to a low
concentration and is suggested to be a high affieiteptor [Kreher et al., 2008]. With
those two receptors larvae already can respondotoad range of ETA concentrations
[Kreher et al., 2008]. With that an ETA conditiogishould very likely also influence
the expression of those two receptors. But in greament from Kreher et al. (2008),
where larvae only had one functional neuron exjpmgs®r42a, they were still able to
respond to a subset of stimuli. That means that rédceptor also recognize a broader
range of odors, but also that the larval behavepemhds on a combined input from
multiple ORs. This may be the cause why a condnigmo only ETA does not induce

large expression changes of this OR.

The highest expression changes were observed idr ddnditioned flies and also
considerable are the expression changes in ETAitbomed flies, which coincides with
the observations made in the behavioral tests.eTaksio the strongest different effects
compared to the Ctrl group flies were seen in theseconditioning groups. Also that
the strongest expression changes were found fokltflespecific Orl9a and the ETA
binding Or59b for both conditionings indicates amection between the ETA and LIM

processing as it was already mentioned in the hetevesults.

4.4.4 Orco expression changes due to preimaginalraitioning

When looking for the expression of Orco in the dbading groups compared to the
control groups, surprisingly strong changes wergeoled. Orco was approximately 3.3
fold higher expressed in LIM conditioned flies, 8ld higher expressed in ETA
conditioned flies and 1.5 fold higher expresse&TB treatment group flies (Fig.11 a).
This indicates that the expression of the co-rereptco is regulated together with the
expression of the ORs as a result of preimaginatlitoning and does not stay stable.
This would make sense, because most of the ORsodateerize with Orco and when
more receptor molecules are needed, automaticatise n©Orco molecules would be
needed, too for building a functional olfactoryeptor. Furthermore Orco functions as
chaperone and is therefore necessary to locale®s to the dendritic membranes of
the ORNs and with that essential for odorant detedLarsson et al., 2004; Benton et
al. 2006]. Thus, it would be plausible if the Oregpression changes, too with a
changed OR expression. But this has to be furtlierdated.



The Orco expression was also normalized to thedlmeping gengp49. The observed
huge changes in the Orco expression, which wasnatlg thought as control, could
also indicate a regulation 0p49 due to the conditioning and not of Orco. But tisis
very unlikely, becausep49 was already shown to be stably expressed by others
[Cardoso et al., 2014]. Furthermare9 is a ribosomal protein and a conditioning with
an odor is more likely to influence an olfactiomated co-receptor, than a protein taking
part in many different biochemical pathways. Butvedidate the obtained expression
results also in respect to the other receptorsetbeession was also normalized to Orco
and not tarp49. If Orco is regulated together with the ORs duednditioning, then no
huge expression changes should occur comparedhdoonaalization withrp49. Indeed,
there were no huge expression changes observebeinreceptors of the different
conditioning groups compared to the control growpen it was normalized to Orco
(Fig.12). With that the explained changes in theeptor expression in the conditionings
are valid. The little differences in expression wheormalized to Orco in the LIM
conditioned flies may also indicate that the Orgpression is regulated together with
the OR expression, but not 1:1, because Orco asmthiner functions and there are also
ORs that do not dimerize with the co-receptor. Bat support this, another
housekeeping gene should be used for normalizatidrthe achieved data compared to
the results from thep49 and the Orco normalization. There the observedessmon
changes should be the same, as when ugf§ as reference. The primers for the
housekeeping gene RpL13A were already designeddiduhot amplify the desired
product. Therefore this remains to be done.

For some odorants it is known that they are toxibigh concentrations. Therefore it
could be implied that an odor conditioning with@ncentration of 1® may poison the
larvae and cause different behavioral effects. T&atery unlikely for the conducted
study because the observed effects are very spacifi during the odor exposure in the
larvae stages the larvae also crawled directlyhto filter paper and even started to

pupate there, and were not repelled by the odd: (Ag.27).

4.5 Summary

In summary, in the behavioral experiments it waseobed that adulDrosophila
melanogastechange their behavior towards odors, when theygpesed to a specific
odor during their larval stages. An expected gdnehange in the adult behavior

towards the conditioned odors, in respect to seitgitvalence or strength in response



could not be observed, but instead strong odorHspeinteractions, whereby the
strongest effects were provided by the LIM and Edohditioned flies. The behavioral
results were rather unexpected, for example the EOAditioned flies showed a
reduced attractant response towards ETA itself esatpto the control flies and the
other conditioning groups, except for the LIM cdiatiing group. This means, that a
food-related odor experienced intensely by thedarllkecomes less attractive in adults.
This may mean that the larval odor experience tstimat important for adult flies for
foraging. It may, however, be important for ovigmsi, because a female fly's
successful development to the adult stage maydeaitive of a favorable environment

for its own offspring.

Furthermore the obtained results support my setgpadthesis, that the exposure to a
specific odor inDrosophila melanogastdarvae leads to expression changes of ORs in
adult flies compared to untreated animals. Hereeffects were also receptor specific
and the highest changes were observed in LIM and Ednditioned flies, which

coincides with the behavioral results.

4.6 Outlook

It has to be mentioned that the expression analyassconducted with the same set of
flies, but from different conditioning trials. Takdate the observed expression changes
of specific ORs in conditioned flies compared te ttontrol groups further biological
replicates are needed, as well as the test with alneady mentioned second
housekeeping gene to suppt9 as reference. Furthermore with the obtained data i
remains to be elucidated if the higher expressibsome ORs is due to an induced
change in the number of ORNSs or the result of ddnighumber of receptors in one
specific ORN. A change in the ORN number could dsetd by expressing the green
fluorescent protein GFP together with a specifeptor where | examined expression
changes, i.e. Or59b, via the Gal4/UAS-system [Br&ri@errimon, 1993; Rosenzweig,
2005] and condition the flies with the best ligajodlor) for the used receptor. After
conditioning, the number of green fluorescent ORBs to be counted and compared to
the number of the specific receptor-expressing ORbI: untreated flies. In case a
change in the number of ORNs cannot be observedviery likely that the observed
higher expression of some ORs in conditioned flkedue to a change in the receptor

number per ORN.



Furthermore it could be examined, whether a permtaaetivation of the specific
receptor neurons cause the same observed behasfieets, for example by expressing
the temperature-sensitive cation channel dTRPAdpercific ORN populations via the
Gal4/UAS-system [Brand & Perrimon, 1993; Rosenzw@i@05]. By rearing the flies
over a temperature of 26°C the ORN should be catigtactivated. This simulates an
odor conditioning with the ligand for the specifieceptor expression in this ORN,
because during conditioning specific receptorscarestantly activated by the used odor,
too. Such an approach would on the one hand ekaciddether larval neuronal activity
is sufficient to lead to the observed expressicanges. On the other hand it would also
be helpful to exclude the contamination of pupadesaas a possible source of the
behavioral changes in the adult fly.

Furthermore the expression analysis could also @edwcted in the other three
conditioning groups, because there also small fpeffects occurred, and so it could
also be examined if the observed expression chaages general phenomenon in

respect to the combination of used odor and recepto

The conducted behavioral Flywalk experiment was-ghice assay, therefore it is not
possible to make a statement about the odor prefeseof the conditioned flies, or
rather, if they would prefer food in addition tcethonditioned odor over food without
that odor. For a preference test, a choice assajdvwave to be conducted, what should
also be possible by using the Flywalk. There thaylze exposed via a defined stimulus
with the headspace of standard food and the heeelsfsstandard food with contained
additional odor of the conditioning. Both stimuliffdr only in the presence of the
conditioned odor. A stronger upwind response towamde of both stimuli could

therefore be considered as preference.

Moreover it would be interesting to look for thehlbgior and expression changes of the
F1 generation of the conditioning groups comparedthie control groups, if the
preimaginal learned effects are inherited due tgesyetic changes.
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Appendix

A.l Material for expression analysis
Al.2 Chemicals and consumables
Name

1-Bromo-3-chloropropane
10X DNAse buffer

Acetic acid

Acetone

Agar agar

LE Agarose

Ampicillin

Bacto- tryptone

Bacto- yeast extract
Bromophenole blue
Diethylpyrocarbonate/DEPC
dNTPs, Roti®-Mix PCR 3
Ethanol

Ethidium bromide
Iso-propanol

MgCl,

TRI Reagent

TRIS

X-Gal

A.1l.3 Antibiotics

Ampicillin (50mg/ml)

AlA4 Enzymes

Express Link™ T4 DNA Ligase

Distributor

Sigma-Aldrich, St. LouisSA
Ambion INC, Austin/TX
ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G

Biozym Scientific GmbH,
Hessisch Oldendorf/ G

ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G
Sigma-Aldrich, St. LAWkSA
ROTH GmbH & Co, Karlsruh&/
ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G
QIAGEN, Hilden/ G
Sigma-Aldrich, St. Louis/ USA
ROTH GmbH & Co, Karlsruhe/ G
ROTH GmbH & Co, Karlsruhe/ G

ROTH GmbH & Co, Karlsruhe/ G

Invitrogen, Darmstadt/ G



HotStar Tag Plus DNA Polymerase
SuperScript Il reverse Transcriptase
Tag DNA Polymerase

Turbo DNAse

A.1l5 DNA ladder/ size marker
2-Log DNA Ladder (0.1-10.0 kb)

A.1.6 Kits
Name

E.Z.N.A Gel Extraction Kit

E.Z.N.A Plasmid DNA Mini Kit |

innuPREP RNA Mini Kit
RNeasy Micro Kit
Rotor Gene SYBR Green PCR Kit

SuperScript First-Strand Synthesis
System for RT-PCR

Dual Promoter TA Cloning Kit

Taq DNA Polymerase Kit (5000)

A.1.7 Cloning vector

pCRII vector

A.1.8 Bacterial strain

DH5 ™ Competent E.coli cells

A.1.9 Buffers and solutions

QIAGEN, Hilden/ G
Invitrogemniadt/ G
QIAGEN, Hilden/ G
Ambion INC, Austin/TX

New Englang BioLabsankfurta. M. / G

Distributor

Omega Bio- Tek, VWR Imtational
GmbH, Darmstadt/ G

Omega Bio- Tek, VWRternational
GmbH, Darmstadt/ G

AnalytikJena, Jena/ G
QIAGEN, Hilden/ G
QIAGEN, Hilden/ G

Invitrogen,rstadt/ G

Invitrogen, Darmsta/

QIAGEN, Hilden/ G

Invitrogen, Darmstadt/ G

Culture of E.coli was deakby
HKI, Jena/ G

6x loading dye (10ml): 3ml glycerol (100%), 7ml &} 2.5 mg Bromophenole blue




50x TAE-buffer (1I):  242g TRIS base, 57.1 ml é&cecid, 100 ml 0.5 M EDTA
(pH 8.0), fill up to 1l with dBHO

1x TAE-buffer (5I): 100 ml 50x TAE-buffer, fill upo 51 with dHO

Agarose gel (1.5 %): 150 ml TAE buffer, 2.25 g Aage, 7.5 ul ethidium bromide

A.1.10 Culture media

LB-medium (lysogeny broth medium) 1I: 10g Bactoptigne, 10g NacCl,
5g Bacto-yeast extract,
Fill up to 1l with dHO, pH 7.5 (NaOH)
Stored at RT

LB amp—medium (100ml): LB-medium + 100 pl ampicillin
Stored at 4°C

LB amp-Agar (100ml): LB - medium + 1.5 g Agar agar
To dissolve the Agar agar the mixture had to
be cooked in a microwave.
+ 60 | ampicillin [50mg/ml]
poured in petri plates (10 cm diameter)
Stored at 4°C

S.0.C.-medium: compounded after recipe from Ddfham,
1983

A.l.11 Laboratory equipment

Besides the general laboratory equipment, followitensils were used:

Centrifuge Type 5810 R Eppendorf, Hamburg/ G
Centrifuge Type 5415 R Eppendorf, Hamburg/ G
Comfort Thermomixer 1.5 ml and 2 ml Eppendorfpibarg/ G
Electrophoresis system, Mupid-exU Advance, Paotgda

Gel documentation, Bio - Vision Peqglab, Erlangén/
Incubator, Kendro B12 FunctionLine Heraeus Insats, Hanau/ G
Rotary incubator HT, Bottmigen/ CH

Rotor Gene Q Cycler QIAGEN, Hilden/ G
Spectrometer, BioPhotometer Eppendorf, Hamburg/ G

Thermal cycler, GeneAmp PCR System 9700 Appliezkstems, Darmstadt/ G
TissuelLyser LT QIAGEN, Hilden/ G



A1.12 Software

Adobe lllustrator CS5

Geneious 6.0.5

Inkscape

MATLAB

Rotor Gene Q Series Software 2.0.2
RSudio

Adobe Systems GmbH, Minéli
Biomatters, Auckland/NZ
http://www.inkscape.org/de/
The Mathworks, Naticks/ USA
QIAGEN, Hildan/
http://www.r-project.org/
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Fig.12 Covered distance as
behavioral response in the
Flywalk from flies of different
odor treatment and control
groups to odors at a
concentration of 16 The
Data is displayed according to
the treatment group.
Significances compared to the
MOL response are shown as
unfilled boxplots (p < 0.05).
Ctrl1, N=23; Ctrl2, N=30;
ETA, N=32; ETB, N=32;
BEA, N=31; LIM, N=30;
ButA, N=30; HexA, N=30.

MOL (grey colored) = Ctrl1
MOL (black colored) = Ctrl2



d)

¢)

b)

h)

f)

Fig.14: Covered distance as
behavioral response in the
Flywalk from flies of different
odor treatment and control
groups to odors at a
concentration of 18 The Data
is displayed according to the
treatment group. Significances
compared to the MOL
response are shown as unfilled
boxplots (p < 0.05).

Ctrll, N=30; Ctrl2, N=34;
ETA, N=30; ETB, N=30;
BEA, N=29; LIM, N=34;
ButA, N=33; HexA, N=34.

MOL (grey colored) = Ctrl1
MOL (black colored) = Ctrl2



A.3 Mappings, alignments and blasts of sequencingsults

Fig.15: Mapping of the sequencing results of the housekeepgenerp49, by using
forward or reversap49 primer, with the referencep49 Drosophila melanogaster
sequence. The reference sequence was obtained viromflybase.org. The used

program was Geneious 6.0.5.



Fig.16: Mapping of the sequencing results of the co-receptoo, by using forward or
reverse Orco primer, with the reference OBr@sophila melanogastesequence. The
reference sequence was obtained from www.flybage.®he used program was
Geneious 6.0.5.



Fig.17: Mapping of the sequencing results of Or7a, by usorgard or reverse Or7a
primer, with the reference Or7Arosophila melanogastesequence. The reference
sequence was obtained from www.flybase.org. Thd psegram was Geneious 6.0.5.



Fig.18: Mapping of the sequencing results of Or19a, bygisie forward Or19a primer
(first primer pair), with the reference Orl@aosophila melanogastesequence. The
reference sequence was obtained from www.flybage.®he used program was
Geneious 6.0.5.
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Fig.19: Mapping of the sequencing results of Or19a, byqisie forward Orl9a primer

(second primer pair), with the reference OrD8asophila melanogaster sequence. The
reference sequence was obtained from www.flybage.®he used program was

Geneious 6.0.5.



Fig.20: BLAST result of the sequencing result of Orl9a, using forward Orl9a
primer (first primer pair). The used program wasi€eus 6.0.5. As matching sequence
the gene Dsim/GD22800 Bfrosophila simulansa Dual oxidase, was obtained.



Fig.21: Alignment of Or19a and Or19b reference sequenides.sequences of both Ors
are nearly identical. They differ only in 6 bp, tdisuted over the sequence. Both coding
sequences have 3 exons. One further bp differengesitioned in the intron sequence.



Alignment of the obtained
sequence by using the reverse
second Orl9a primer to the
reference sequences of Orl9a and
Or19b showed an amplification of
both receptors. Both receptors have
a base pair difference at position
610 in the reference sequences,
with guanine in Orl9a and adenine
in Orl9b. Both bases are present in
the sequencing results at position
610 of the sequence.

Fig.22: Alignment of the sequencing results of Orl9a, bingighe reverse Orl9a
primer (second primer pair), with the reference %rland Orl19bDrosophila
melanogastesequence. Both, Or19a and Or19b, Or fragments araified by using
the second reverse Orl9a primer. The referenceesegs were obtained from
www.flybase.org. The used program was Geneiou$.6.0.



Fig.23: Mapping of the sequencing results of Or42a, bygiimward or reverse Or42a
primer, with the reference Or4Jarosophila melanogastesequence. The reference
sequence was obtained from www.flybase.org. Thd psegram was Geneious 6.0.5.



Fig.24: Mapping of the sequencing results of Or42b, by gisomward or reverse Or42b
primer, with the reference Or4Z2brosophila melanogastesequence. The reference
sequence was obtained from www.flybase.org. Thd psegram was Geneious 6.0.5.



Fig.25: Mapping of the sequencing results of Or59b, by gistmward or reverse Or59b
primer, with the reference Or59brosophila melanogastesequence. The reference
sequence was obtained from www.flybase.org. Thd psegram was Geneious 6.0.5.



A4 STDEV of the technical replicates in the gPCR

d) e) f)

Fig.2€: Average G values from technical
triplicates of gPCR runs with flies from the ETA,
ETB, LIM treatment groups and both control
groups. Plots are shown with standard deviation.
Examined was the expressionrp#l9, Orco, Or7a,
Or42a, Or42b and Or59b.

Ctrl1: N=109; Ctrl2: N=155; ETA: N=109; ETB:
N=111; LIM: N=106

¢)



A5 Odor exposure during larval stages oDrosophila until pupation

Fig.27: Rearing of Canton Brosophila melanogaster larvae until pupation during odor
exposure. aProsophila larvae exposed to benzaldehyde. The odor contgifiliter
paper was exchanged daily. They started to pupatebdited in the whole food Vial,
even directly at the odor containing filter papéie pupae were immediately
transferred to a fresh food Vial without odor. lh)eDrosophila larvae do not avoid the
odor containing filter paper (in this case: BEA-1).
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