Popular science summary- English

The sense of smell is important for animals including humans, dogs, insects and
many other animals. Particularly, in insects such as moths and flies, the sense of
smell is predominantly used to find mating partners, food, a place to lay eggs, and
also to avoid enemies. Pheromones are chemicals produced and released by an
organism that change the behavior or physiology of another individual of the same
species. In moths, typically females produce pheromone compounds to attract
males over a long distance. Insects have antennae that have a similar role as the
human nose, which is to sense the odor molecules present in the environment.

The surface of the antennae houses morphologically differentiated structures, often
hair-like, called sensilla. The sensilla contain odorant receptors (ORs), i.e. proteins
specifically tuned to detect certain odor molecules. There are additional players
involved in the odor detection process also located within the sensilla, such as the
odorant receptor co-receptor (Orco). The combination of OR and Orco, located in
the dendrites (short, branched extensions of a nerve cell) of the olfactory sensory
neurons (OSNs), detects and translates the chemical information into neuronal
signals. The nerve of the OSNs is connected to the antennal lobe (AL). In the AL
incoming nerves are organized in glomeruli, where the first processing of the odor
information takes place. The processed information in the AL is afterwards sent to
higher processing centers and this might lead to behavioral output. In derived
moths (relatively recently evolved), the so called macro glomerular complex
(MGC) in the AL is exclusively dedicated to process pheromone-related
information.

A specific set of receptors are used to detect different compounds, for example
pheromone receptors (PRs) are used to detect sex pheromone compounds and
other ORs detect other ecologically important volatile compounds. When a new
pheromone signal evolves, a matching evolution of the receptors in the responder
is required to maintain mutual communication between the signal-sender (female)
and signal-responder (male). Most research on pheromone production and
perception in terms of behavior and physiology have focused on derived
Lepidoptera (moths and butterflies), but very little is known about evolution of
pheromone receptors in basal moths (more ancestral in evolutionary sense). In
order to understand the evolution of pheromone receptors in moths it is important
to study the basal moths.
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In this thesis, I analyse basal insect species using two different pheromone types
and located in interesting positions in the phylogenetic tree of insects. Caddisflies
(Trichoptera) is the sister group of Lepidoptera (moths and butterflies). The
caddisfly (Rhyacophila nubila) and the basal leaf miner moth (Eriocrania
semipurpurella) both use pheromone compounds classified as Type 0, a type
which chemically resembles many odorants of plants. The currant shoot borer
moth (Lampronia capitella) and a butterfly, the squinting bush brown (Bicyclus
anynana) both uses another type of pheromone compounds called Type I, long-
chain compounds with acetates, alcohols or aldehydes at one end. To obtain a
better picture of evolution of chemoreception in Lepidoptera and Trichoptera, I
compare different chemosensory components of these four species. But, for the
butterfly, the squinting bush brown, only the antennal morphology and AL
architecture are studied.

I use antennal tissue to identify the chemosensory genes that are involved in
chemosensation. I use human embryonic kidney cells to express the ORs and
functionally test their responses to pheromone and plant compounds. With the help
of scanning and electron microscopy techniques I document the morphology and
ultrastructure characteristics of different types of sensilla in the four species.
Immunocytochemistry studies (staining technique used to visualize specific parts
of the tissue) are used to study the glomerular architecture of the antennal lobe.

The functional characterization studies of ORs from E. semipurpurella identified
the first receptors for Type 0 pheromone compounds. The Type O pheromone
receptors also responds weakly to structurally similar plant volatiles. This finding
suggests that, the receptors for pheromone detection in E. semipurpurella have
evolved by modifying the plant odorant receptors which possibly were used to find
the host plants. Functional studies on one of the most basal group of moths, L.
capitella receptors lead to the first characterization of pheromone receptor that
responds to Type I pheromone compounds.

The morphological study of sensillum types found in Trichoptera and Lepidoptera
reveals that there has been an evolutionary shift in major sensillum types. For the
first time, I report MGC-like glomeruli of an insect using a Type 0 pheromone.
Also, in L. capitella and B. anynana MGC is present only in the sex for which the
sex pheromone detection is important.

In this thesis, the first pheromone receptors are characterized from basal moths.
The results suggest that pheromone detecting receptors in basal moths have
evolved from plant odour detecting receptors. The current results increase our
knowledge on the evolution of sex pheromone reception in moths. Further work on
the chemosensory gene families from more basal moths should provide deeper
insight into the evolution of chemoreception in moths.
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Populir sammanfattning pa svenska

Resultaten i denna avhandling 6kar var kunskap om hur evolutionen av
feromondetektering hos fjérilar gatt till.

Luktsinnet dr viktigt for de flesta djur, inklusive ménniskor, hundar, insekter och
manga andra. Hos insekter, sérskilt nattfjirilar och flugor, anvénds luktsinnet for
att hitta parningspartners, foda, dgglaggningsstillen och att undkomma fiender.

Feromoner dr kemikalier som produceras och avges av en organism och som
andrar beteende eller fysiologi hos en annan individ inom samma art. Hos
nattfjérilar dr det for det mesta honan som avger feromoner, for att locka till sig
hannar, ofta frdn langt hall. Hos insekterna &r det antennen som har den funktion
som vér ndsa har, ndmligen att kidnna dofter.

P& antennens yta ryms en méngd harliknande sensiller. Dessa sensiller rymmer
doftreceptorer, som dr proteiner instéllda pd att detektera specifika molekyler. Det
finns ytterligare aktorer som dr involverade i doftigenkédnningsprocessen, och som
ar lokaliserade i sensillerna, och det &r hjalp-receptorer, dvs. medmottagare till
doftreceptorerna. B&da sitter 1 dendriterna, som dr korta forgrenade
nervcellsutskott. Kombinationen av doftreceptorer och dess hjélp-receptorer
Oversidtter doftinformationen som mottages och skickar in den i nervcellen.
Nervcellen dr av en speciell typ, som kallas doftigenkénningsnervcell. Den gar
frdn antennen in i en antennlob. I antennloben dr de inkommande nervcellerna
organiserade i ndgot som kallas glomerulus, dir den forsta bearbetningen av
inkommande doftdata sker. Hos nattfjarilar som utvecklats relativt sent ur ett
evolutionédrt perspektiv finns 1 glomerulus sérskilda ansamlingar, s. k.
makroglomeruluskomplex, som enbart bearbetar feromonrelaterad information.
Den bearbetade informationen i glomerulus skickas sedan vidare till hogre nivéer i
hjdrnan, for vidare bearbetning. Detta kan slutligen leda till att utldsa ett beteende,
t. ex. att borja flyga.

En sérskild uppsédttning av receptorer anvédnds for att kénna igen olika d&mnen,
exempelvis anvinds feromonreceptorer for att kdnna igen feromondmnen. Andra
uppséttningar av receptorer anvinds for att kdnna igen andra ekologiskt viktiga
doftimnen, t. ex. virdvéxtdofter. Nér en ny feromonsignal utvecklas, maste en
motsvarande matchning av receptorerna hos mottagaren utvecklas, for att
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upprétthalla kommunikationen mellan den avsdndande honan och den mottagande
hannen.

Den mesta forskningen om feromonproduktion och -perception kopplat till
beteende och fysiologi har hittills mest fokuserat pa nattflyn och dagfjérilar.
Mycket lite 4r ként om evolutionen hos feromonreceptorerna hos mer "primitiva"
fjérilar, dvs. mer ursprungliga ur evolutiondr synvinkel. For att forstd hur
feromonreceptorerna utvecklats hos fjérilarna (ordningen Lepidoptera) &r det
viktigt att studera dven dessa "primitiva" fjarilar.

I denna doktorsavhandling analyserar jag fyra insektsarter, som anvander tva olika
slags feromontyper och som aterfinns i intressanta positioner i insekternas
fylogenetiska trdd. Nattsldndor (ordningen Trichoptera) dr systergrupp till fjérilar
(ordningen Lepidoptera). Nattsldndan Rhyacophila nubila och den "primitiva"
fjérilen varpurpurmal (Eriocrania semipurpurella) anvinder bdda en feromontyp
som kallas Typ 0, en typ som kemiskt pdminner om ménga véxtsubstanser.
Vinbirsknoppmal (Lampronia capitella) och den afrikanska dagfjarilen Bicyclus
anyana anvinder ddremot en feromontyp som kallas Typ I, som utgérs av mer
langkedjiga foreningar med acetater, alkoholer eller aldehyder i ena molekylédnden.
For att fa en bittre forstdelse av hur dessa fjérilars och nattsldndors luktorgan
utvecklats jAmfor jag olika organ hos de fyra arterna. Men nér det giller Bicyclus
anyana har bara antennmorfologi och antennlobsstrukturen studerats.

Jag anvinder antennvdvnad for att identifiera de kemosensoriska gener som styr
kemisk sensitering. Till hjdlp har jag HEK-celler. HEK é&r en forkortning
for Human  Embryonic  Kidney, det vill sdga celler frén njuren hos
manskliga embryon. Med hjéilp av HEK-celler kan jag uttrycka doftreceptorerna
och testa deras reaktion pad olika feromoner och véxtdofter.
Svepelektronmikroskopi och transmissionselekronmikroskopi anvinds for att i
mycket hog forstoring dokumentera morfologiska och strukturella detaljer hos
sensillerna hos de fyra arterna. Immuncytokemiska metoder sdsom infargning
anvinds for att visualisera nervcellsuppbyggnaden i antennloben.

Den funktionella karakteriseringen av doftreceptorerna hos varpurpurmalen
identifierar for forsta gangen receptorer som detekterar feromonkomponenter av
Typ 0. Dessa receptorer reagerar till viss del dven pd strukturellt likartade
vixtdofter. Detta tyder pad att feromonreceptorerna hos varpurpurmalen har
utvecklats genom att véxtdoftreceptorer, som anvédndes fOr att hitta vérdvéxter,
modifierats till att bli feromonreceptorer. De funktionella studierna av
receptorerna hos vinbdrsknoppmalen visar 4 andra sidan for forsta gangen
feromonreceptorer hos den mest "primitiva" fjdrilsgruppen som reagerar pa
feromoner av Typ L.
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De morfologiska studierna av sensilltyperna hos nattslindan och nattfjérilar visar
att det intrdffat en stor evolutiondr fordndring, ett sd kallat skifte, hos viktiga
sensilltyper. For forsta gdngen visas att en insekt som anvinder feromon av Typ 0
har glomeruli som innehéller makroglomeruluskomplex. Jag visar ocksd att hos
vinbdarsknoppmalen L. capitella och hos B. anyana forekommer
makroglomerulusliknande  strukturer bara hos det kon for  vilket
feromondetektering &r viktigt, inte hos det andra konet.

Fortsatt forskning om genfamiljer som styr reaktioner pa kemiska signaler hos de
primitiva fjdrilarna skulle ge ytterligare insikter i hur denna evolution gétt till.
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