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Abstract 
In insects airborne odors are detected by the odorant receptors (ORs) and ionotropic 
receptors (IRs), located on the dendritic membrane of the olfactory sensory neurons 
(OSNs) housed in olfactory sensilla. The OR and IR gene families show high 
plasticity in lineage expansion and contraction following the birth-and-death 
evolutionary model. Gene duplication is an important mechanism underlying the 
evolution of diversity and novel function. In this thesis, I address the questions 
whether the receptors within the same lineage detect structurally similar chemicals 
and how the specificities evolve after gene duplication. Using oocyte recordings as 
the major tool, I functionally characterized moth ORs from the clade with receptors 
for Type 0 pheromone compounds and the Cluster III clade among the pheromone 
receptors (PRs), bark beetle ORs from a species-specific clade, as well as moth IRs 
from the IR75p/q clade.  

Using the OSNs identified by previous single sensillum recording (SSR) studies as 
references, I compared the heterologous response profiles of ORs obtained from 
Xenopus oocyte and HEK cell systems and found that in most cases the results from 
the oocyte system are more consistent with the in vivo data recorded form the OSNs.   

In moths, most PRs identified so far are grouped in the so-called PR clade, which 
can be divided into four orthologous clusters. The Cluster III is conserved across 
noctuid moths, however most receptors within this cluster have remained ‘ligand 
unknown’ except for one responding to polyenes.  I found that three Cluster III 
receptors from different noctuid subfamilies respond selectively to polyene 
hydrocarbons from conspecific male hairpencils, suggesting that the noctuid moths 
recruited receptors in the existing PR subfamily to sense the hairpencil signals from 
males. Moreover, the hairpencil polyene receptors are co-localized with the 
receptors for the major pheromone component released by conspecific females, 
implying that the simultaneous detection of the two signals is important for sexual 
communication in noctuid moths. 

In the bark beetle Ips typographus, we functionally characterized all seven ORs in 
a species-specific clade and found that receptors responding to bark beetle 
pheromones and volatiles released by host plants and Ips-associated fungi fell into 
the same clade, supporting the idea that pheromone receptors in beetles do not 
cluster in specific clades like they do in Lepidoptera. The common denominator of 
the seven ORs is that they all detect compounds with a monoterpene skeleton, which 
is in line with the ‘Sensory Drive’ hypothesis predicting that evolutionarily related 
ORs are likely to detect structurally similar compounds.  

In the turnip moth Agrotis segetum, I investigated the five receptors located in the 
IR75p and IR75q expansions and successfully characterized two receptors 
responding to medium-chain fatty acids; AsegIR75p.1 responded to several 
common plant volatiles but with hexanoic acid as the primary ligand, while 
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AsegIR75q.2 responded primarily to octanoic acid, a common insect repellent. The 
response of the IR75p/q clade to medium-chain fatty acids is conserved across 
different insect orders, and a subfunctionalization may have occurred in Lepidoptera 
after gene duplication in the IR75 clade. By fluorescence in situ hybridization I 
showed that the acid-sensing IRs in A. segetum are not located in coeloconic sensilla 
as in Drosophila but in basiconic sensilla. 

My work on olfactory receptors has demonstrated that: 1) the response profiles from 
oocytes are generally consistent with the results obtained from OSNs; 2) the 
receptors within the same lineage detect structurally similar chemicals; 3) both 
neofunctionalization and subfunctionalization contribute to the olfactory 
specialization after gene duplications; 4) the expression of IRs in specific sensillum 
types differs among insect taxa. 
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Popular science summary 
Organisms use the sensory systems to perceive the external environment and 
respond with appropriate behavior. Sense of smell is one of the most critical sensory 
systems that animals, especially insects, depend on for survival and reproduction. 
Insects use their remarkable olfactory system to detect and discriminate different 
chemical signals from the surrounding environment to locate the food sources, to 
find suitable oviposition sites and mating partners, and to avoid predators.  

For insects, antenna is the most important and common olfactory organ, acting as a 
nose. The surface of antennae is covered by numerous sensilla with different 
structure and shape, based on which the sensilla are divided into different types. The 
common types include trichoidea, basiconica, coeloconica. Olfactory sensory 
neurons (OSNs) are housed in the sensilla. Airborne chemical molecules enter into 
sensilla through small pores and are captured by olfactory binding proteins (OBPs) 
in lymph, then transported to the odorant receptors (ORs) expressed on the dendritic 
membrane of OSNs. The interaction of receptors and ligands elicit the transduction 
of chemical signals to electric signals. The chemical molecules will be afterward 
inactivated by odorant degrading enzymes (ODEs) rapidly to recover the sensitivity 
of the OSNs. The signals will be transmitted to antennal lobe (AL) and processed 
there. The processed signals will be projected to the higher brain regions, mushroom 
body and lateral horn, where a behavioral response may be generated.  

In the peripheral process of olfaction, the key step is the interaction between 
receptors and ligands which triggers the generation of OSN action potentials. The 
“functional receptor” is not a single receptor, but a complex formed by an odor-
tuning receptor and an odorant receptor co-receptor (Orco). Odor-tuning receptors 
constitute a divergent gene family and bind with certain compounds, whereas Orco 
is co-expressed with ligand specific ORs and highly conserved across insect orders. 
In addition to ORs, another receptor family, ionotropic receptors (IRs), is also 
involved in airborne odorant detection. Based on published studies, ORs are mainly 
used to detect alcohols, aldehydes, esters and aromatics, while IRs primarily 
respond to acids and amines. The ligand sets of these two receptor types are distinct 
but partly overlap. 

Some receptors are highly specific and only respond to a few structurally similar 
compounds, while some of them are broadly tuned to several different compounds. 
Normally, the receptors detecting ecologically important compounds are highly 
specific, such as pheromone receptors. Based on their functions, pheromone can be 
divided into sex pheromone, aggregation pheromone, alarming pheromone, trail 
pheromone and mark pheromone. Due to the application value in agricultural pest 
control, sex pheromones and their receptors have been intensively investigated. By 
contrast, other pheromone types and their receptors received less attention. 
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Knowing the function of a receptor is necessary for understanding its role in the 
chemical ecology of the insect and the evolution of olfactory specialization, which 
may be further applied in integrated pest control. To date, several approaches have 
been developed to reveal how the receptors selectively obtain the certain chemical 
signals from the external world filled with different odors, including the Drosophila 
“empty neuron” system, Spodoptera frugiperda (Sf9) cells, Human Embryonic 
Kidney 293 (HEK293) cells, and Xenopus oocytes. Among these methods, HEK 
cells and Xenopus oocytes are the two most commonly used heterologous expression 
systems to investigate the interaction between insect ORs and their ligands. 

In this thesis, I compared the response profiles of several receptors obtained from 
HEK cells and Xenopus oocytes, and found that the selectivity and sensitivity of 
some ORs differ between the two in vitro systems, suggesting that conclusions about 
the function of individual ORs could be method-dependent. Nevertheless, using 
available single sensillum recording (SSR) data on OSN responses as references, I 
found that in most cases the results from oocytes are more consistent with the in 
vivo data recorded from insect antennae.  

Mainly using oocyte recordings, I functionally investigated the receptors from some 
particular clades, including moth ORs from clades with receptors responding to 
Type 0 and Type II pheromone compounds, bark beetle ORs from a species-specific 
clade, as well as moth IRs from IR75p/q clade. The study of the moth ORs from 
Cluster III indicated that the noctuid moths recruited receptors from the existing PR 
subfamily to detect the male hairpencil produced polyene compounds. Also, the 
receptors for male polyene compounds and the major component of the female-
produced sex pheromone are co-localized in same sensilla, implying a critical role 
of simultaneous detection of the two signals. Functional data from the bark beetle 
species-specific clade indicated that this clade consists of receptors detecting 
compounds from different sources, including bark beetle pheromones and volatiles 
released by host plants and Ips-associated fungi. This supports the idea that the 
pheromone receptors in beetles do not form a specific clade like they do in 
Lepidoptera. In A. segetum, I characterized two IRs responding to medium-chain 
fatty acids and found the response of IR75p/q clade is conserved between 
Lepidoptera and Diptera, whereas the acid-sensing IRs in A. segetum are not located 
in coeloconic sensilla as in Drosophila but in basiconic sensilla.  

The current results enrich the basic functional knowledge of insect olfactory 
receptors and provided evolutionary information for understanding the adaptation 
of the receptors.  
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Populär sammanfattning på svenska 
Organismer använder sensoriska system för att uppfatta den yttre miljön och svara 
med lämpligt beteende. Luktsinnet är ett av de mest betydelsefulla sensoriska 
systemen som djur har för att klara överlevnad och reproduktion, och detta gäller 
särskilt hos insekter. Insekterna använder sitt exceptionella luktsinne för att finna 
föda, hitta lämpliga äggläggningsställen och undvika rovdjur. 

Hos insekterna är antennen det viktigaste och vanligaste luktorganet och fungerar 
ungefär som vår näsa. Antennens yta är täckt av mängder med sensiller av olika 
form. De delas in i olika typer. De vanligaste typerna är trichoidea, basiconica och 
coeloconica. Inuti sensillerna finns Olfaktoriska Sensoriska Nervceller (OSN). 
Dofter, dvs. luftburna kemiska molekyler tränger in i sensillerna genom små porer 
och fångas upp av doftbindande proteiner i lymfan och transporteras sedan till 
luktreceptorer som uttrycks på dendritiska membran i OSN. I samspelet mellan 
receptorer och ligander omvandlas genom s.k. transduktion de kemiska signalerna 
till elektriska signaler. De kemiska molekylerna inaktiveras sedan av särskilda 
doftnedbrytande enzymer så att OSN snabbt kan återfå sin känslighet. De elektriska 
signalerna från OSN går vidare till antennloben, där de bearbetas. De bearbetade 
signalerna sprids sedan vidare till de högre regionerna i hjärnan, dels den s.k. 
svampkroppen, och dels det laterala "hornet", där ett beteendemässigt svar kan genereras.  

I det perifera luktsinnet är nyckeln interaktionen mellan receptorer och ligander, det 
som utlöser alstringen av en aktionspotential i OSN. Den "funktionella receptorn" 
är inte en ensam receptor, utan ett komplex bildat av en receptor inställd på dofter 
plus en luktreceptor-hjälpreceptor. Receptorer inställda på dofter utgör en divergent 
genfamilj och binder till vissa föreningar, medan luktreceptor-hjälpreceptorer 
samuttrycks med ligandspecifika luktreceptorer och i hög grad är konserverade tvärs 
över de olika insektsordningarna. Förutom luktreceptorer är även en annan 
receptorfamilj inblandad i detektering av luftburna dofter, nämligen jonotropa 
receptorer. Publicerade studier visar att luktreceptorer främst detekterar alkoholer, 
aldehyder, estrar och aromater, medan jonotropa receptorer främst reagerar på syror 
och aminer. Liganduppsättningarna hos dessa två receptortyper är distinkta men 
delvis överlappande.  

Vissa receptorer är mycket specifika och svarar bara på några få, strukturellt 
likartade föreningar, medan andra har ett bredare spektrum och svarar på flera olika 
föreningar. Normalt är receptorer som detekterar ekologiskt viktiga föreningar 
mycket specifika, så som exempelvis feromonreceptorer. Baserat på funktion kan 
feromoner delas in i sexualferomoner, aggregationsferomoner, alarmferomoner, 
spårferomoner och markeringsferomoner. På grund av användbarheten inom 
skadedjursbekämpning i jordbruket har sexualferomonerna och deras receptorer 
studerats intensivt. Som kontrast har de andra feromontyperna och deras receptorer 
rönt mindre uppmärksamhet. 
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Att känna till en receptors funktion är nödvändigt för att förstå dess roll i insekternas 
kemiska ekologi och hur olfaktorisk specialisering evolverat, vilket i slutändan kan 
användas inom skadedjursbekämpning. 

Hittills har flera tillvägagångssätt utvecklats för att avslöja hur receptorerna 
selektivt tar emot kemiska signaler från den yttre världen fyllda med olika dofter. 
Metoderna är: Så kallade "tomma neuron-system" hos bananflugan, Spodoptera 
frugiperda-celler (Sf9), HEK293 (Human Embryonic Kidney cells), dvs. celler från 
njuren hos mänskliga embryon samt Xenopus-oocyter, dvs. äggceller från afrikansk 
klogroda. Bland dessa är HEK293 och klogrodeäggceller de två mest använda 
heterologa uttryckssystemen för att undersöka interaktionen mellan luktreceptorer 
hos insekter och dess ligander. 

I denna avhandling jämförde jag responsprofilerna för flera receptorer erhållna från 
HEK-celler och klogrodeäggceller, och fann att selektiviteten och känsligheten hos 
vissa luktreceptorer skiljer sig mellan de två in vitro-systemen, vilket tyder på att 
slutsatser om funktionen hos enskilda luktreceptorer kan vara metodberoende. 
Emellertid fann jag att i jämförelse med tillgängliga data från s.k. SSR, då man får 
fram OSN-svar i insektsantennen genom att mäta potentialskillnader i enskilda 
antennsensiller in vivo, var resultaten från äggcellmetoden i de flesta fall mer 
konsekventa än med HEK293-metoden.  

Med hjälp av i huvudsak äggcellregistreringar undersökte jag receptorerna från 
några speciella klader funktionellt, nämligen luktreceptorer hos nattflyn med 
receptorer som svarar på feromoner av Typ 0 och Typ II, barkborreluktreceptorer 
från en artspecifik klad samt jonotropiska receptorer från en fjärilsspecifik klad. 
Studien på kluster III hos nattflyns luktreceptorer tydde på att nattflyn rekryterat 
receptorer från den existerande underfamiljen med feromonreceptorer för att kunna 
detektera de polyenföreningar som hannarna avger från sina hårpenslar. Dessutom 
fann jag att receptorerna för hannarnas polyener och huvudkomponenten i honornas 
sexualferomoner är samlokaliserade i samma sensill, vilket tyder på en kritisk roll 
att detektera dessa två signaler samtidigt. Funktionella data från den artspecifika 
barkborrekladen tyder på att denna klad består av receptorer som detekterar 
föreningar från flera olika källor, inklusive barkborreferomoner och flyktiga ämnen 
från värdväxter och barkborreassocierade svampar. Detta stöder tanken att 
feromonreceptorerna hos skalbaggar inte bildar en specifik klad, så som de gör hos 
fjärilarna. Hos nattflyet sädesbroddfly karakteriserade jag två jonotropiska 
receptorer som svarar på medellånga fettsyror och fann att responsen hos kladen 
IR75 är konserverad mellan fjärilar och myggor, medan däremot sädesbroddflyets 
syradetekterande jonotropiska receptorer inte är lokaliserade i coeloconica-sensiller 
som hos Drosophila utan i basiconica-sensiller. 

Resultaten ökar den grundläggande kunskapen om insekternas luktreceptorer och 
ger evolutionär information för att förstå anpassningen hos receptorerna.  
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Aims of the PhD thesis 

The olfactory system is important to the fitness of insects as it is used to find suitable 
hosts and mates, and to avoid dangerous situations. Better knowledge of olfactory 
receptors is necessary to understand how the insect olfactory system functions and 
evolves, and also important for exploring efficient and environmentally friendly 
ways to control pests in agriculture and forestry. Over the years, the functions of 
odorant receptors (ORs) have been well studied in moths (mostly Type I pheromone 
receptors (PRs)), flies and mosquitos, while information beyond these model insects 
remains limited. During the past decade, the functions of ionotropic receptors (IRs) 
have also been intensively investigated in flies and some mosquito species, but 
definitely more knowledge is needed from the other insect orders. Under the birth-
and-death evolutionary model, new OR and IR genes are created by gene 
duplication and some of them retained through neofunctionalization or 
subfunctionalization over a long evolutionary process, resulting in the functional 
diversity of the chemoreceptor gene families. 

The main objectives of my thesis are to extend our knowledge on the functions of 
olfactory receptors from different insect species and gene families, and also 
contribute to a better understanding on the evolutionary specialization of insect 
chemoreceptors. In the thesis, I aim to 1) compare the functional results of olfactory 
receptors obtained from Xenopus oocyte and HEK cell expression systems; 2) 
functionally characterize some phylogenetically related receptors from different 
gene families and subfamilies using oocyte recordings; 3) link the results obtained 
from heterologous expression systems to the olfactory sensory neurons identified 
by single sensillum recordings; 4) provide clues for understanding the evolution of 
olfactory specialization in insects. 
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Introduction  

Insects are surrounded by numerous chemical volatiles, some of them carry 
important information regarding survival and reproduction, such as presence of 
food, suitable mates and harmful situations. In order to detect the key olfactory 
information from the external world, insects have evolved a remarkable olfactory 
system that makes chemical communication one of the most efficient and universal 
methods of information exchange in insects (Wyatt, 2014). A remarkable 
breakthrough in understanding insect chemical communication was the 
identification of the chemical attractant, bombykol, from the silk moth Bombyx mori 
in 1959 (Karlson and Lüscher, 1959; Butenandt et al., 1959), which opened up the 
field of insect chemical ecology. In the past decades, another milestone of insect 
chemical ecology field is the discovery of olfactory receptors (Vosshall et al., 1999; 
Clyne et al., 1999; Gao and Chess, 1999), triggering the investigation about the 
evolution of olfactory specialization in different insects.  

Insect olfaction 
The insect olfactory system consists of two parts, the peripheral olfactory system 
and the central olfactory system. 

The peripheral process of insect olfaction 
In most insects, the antennae are the primary odorant detecting organs which are 
covered with a large number of sensilla. Olfactory sensory neurons (OSNs) are 
housed in these sensilla and used to detect the external chemical cues. The antennal 
olfactory sensilla are divided into distinct morphological types based on their 
structure and shape, including trichoidea, basiconica, chaetica, coeloconica, 
auricillica, placodea, styloconica and ampullacea (Keil, 1999; Stocker, 2001). In 
addition to antennae, maxillary palps and ovipositors also involve in odorant 
detection in some insects. 

The peripheral perception of insect olfaction has been well described (Vogt, 2003; 
Leal, 2013; Xia et al., 2015; Fleischer et al., 2018). Briefly, this process starts with 
the binding of external chemical molecules with odorant-binding proteins (OBPs) 
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or chemosensory proteins (CSPs), both of which act as carriers in sensillum lymph 
(Xu et al., 2009; Pelosi et al., 2005; Leal, 2013). Then the chemical cues will be 
transported to corresponding olfactory receptors housed on the dendrite membrane 
of OSNs. The activation of a receptor arouses the transduction of chemical signals 
to electric signals (Nakagawa et al., 2005). Afterward the odors will be released into 
the lymph and broken down by odorant degrading enzymes (ODEs), then the OSNs 
will resume sensitivity (Fig. 1). In addition, some studies indicated that during the 
pheromone detection, sensory neuron membrane proteins (SNMPs) may function as 
a “docking-site” to unload pheromone compounds from PBP and pass the chemicals 
to PRs (Vogt et al., 2009; Pregitzer et al., 2014; Fleischer and Krieger, 2018). 

The central olfactory system of insects 
The OSN acts as a connection between the external world and the central olfactory 
system, with its dendrite extending to the surface of the cytomembrane to detect 
chemical signals and its axon projecting into the glomerulus in the antennal lobe 
(AL) to transmit electric signals. AL pre-processes and integrates the information 
from OSNs (Ache and Yong, 2005). Two neuron types exist in insect AL: projection 
neurons (PNs) and local neurons (LNs). The PNs receive olfactory signals from 
corresponding OSNs and transmit information to higher level brain cells whereas 
LNs form connection within the AL and mediate the signal conduction between 
glomeruli by releasing GABA (inhibitor) or acetylcholine (stimulant) (Heisenberg, 
2003; reviewed in Masse et al., 2009). In derived lepidopteran species, the sex 
pheromone information is projected into enlarged male-specific glomeruli, so-called 
macro glomerular complex (MGC). The glomeruli counterpart to MGC in females 
are much smaller and receive female behavior relevant signals (King et al., 2000). 
After pre-process in AL, the signals will be further transmitted to the higher 
olfactory centers through synapses formed by PNs and Kenyon cells in mushroom 
body (MB) calyx before passing on to the lateral horn (LH). Some PNs bypass the 
mushroom body and project directly to the lateral horn (Fig. 1). In mushroom body 
or lateral horn, the signals will be further processed and possibly ultimately elicit a 
behavioral response (Olsen and Wilson, 2008). 
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Major proteins involved in the peripheral chemosensory 
process 
In insects, chemical signals are detected by chemoreceptors expressed on the 
dendritic membrane of OSNs housed in sensilla. Three families of receptor proteins 
are utilized to detect chemical molecules, including odorant receptors (ORs), 
ionotropic receptors (IRs) and gustatory receptors (GRs). 

Odorant receptors and Odorant receptor coreceptor  
ORs of insects independently evolved a large and divergent gene family with no 
homology to any other gene family (Clyne et al., 1999; Vosshall et al., 1999; Buck 
and Axel, 1991). It is interesting that the insect OR genes encode seven 
transmembrane-domain receptors, but the membrane topology is reverse to the ORs 
of vertebrates which belong to G protein-coupled receptors (Benton et al., 2006). 
The insect ORs have been proposed to form a heteromeric complex of a divergent 
ligand-binding OR and a highly conserved co-receptor (Orco) (Larsson et al., 2004; 
Vosshall and Hansson, 2011; Butterwick et al., 2018). 

Insect ORs were firstly identified in Drosophila melanogaster (Vosshall et al., 1999; 
Clyne et al., 1999; Gao and Chess, 1999), since then, more and more laboratories 
were interested in the interaction between ORs and their ligands. Thanks to the 
development of RNA sequencing and the application of different heterologous 
expression systems, our knowledge of the molecular mechanism of insect odorant 
detection has been expanded by the recent characterization of ORs (reviewed in e.g., 
Andersson et al., 2015; Fleischer and Krieger, 2018). The number of insect ORs 
varies depending on species, ranging from just 4 ORs (Ioannidis et al., 2017) in a 
damselfly to 62 in Drosophila (Gao and Chess, 1999; Benton et al., 2006) and up to 
more than 400 in some ants (Zhou et al., 2012). Divergent ORs are also strikingly 
variable in sequence within and across species, often sharing a lower than 20% 
amino-acid identity (Mora et al., 2011; Hansson and Stensmyr, 2011). 

According to the variation in tuning width of ORs, Leal (2013) suggested that insect 
ORs can be divided into three distinct types: 1) highly specific receptors which are 
narrowly tuned to only one or a few compounds, 2) ORs primarily activated by a 
few compounds, but also detecting other odors at high dose, 3) broadly tuned ORs 
responding to various compounds. In D. melanogaster, over a third of the ORs show 
a high degree of ligand specificity (Stensmyr et al., 2012; Andersson et al., 2015). 
In addition to pheromone receptors (PRs) which were generally thought to be highly 
specific, an increasing number of highly specialized receptors responding to host 
and oviposition attractants were identified (Bruce and Pickett, 2011; Lu et al, 2007; 
Hansson and Stensmyr, 2011). The specific receptors are crucial for insects to detect 
ecologically significant odors. Broad tuning in receptors may be explained by both 
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adaptive and neutral evolution, such as relaxed purifying selection after gene 
duplication or selection for increased perceived odor space (Andersson et al., 2015). 
Nevertheless, Considering the fact that the apparent response profile of a receptor 
can be affected by choice of test compounds, the concentration of an applied 
stimulus and even the methods used in functional assays (Hansson and Stensmyr, 
2011), the response spectra of some broadly tuned receptors may in some studies be 
partly due to inappropriately high stimulus concentrations or the lack of key ligands 
(Andersson et al., 2015).  

Orco is usually co-expressed in OSNs with a specific tuning OR. The co-expression 
pattern of Orco and an odorant-specific OR was firstly noticed in D. melanogaster 
by Larsson et al. (2004). This noncanonical receptor was named Or83b in 
Drosophila, OR7 in mosquitoes (Hill et al., 2002) and OR2 in moths (Krieger et al., 
2002). To simplify issues and to highlight their function as coreceptor, Vosshall and 
Hansson (2011) renamed these receptors as odorant receptor-coreceptor (Orco). 
Unlike odor-tuning ORs, Orco is highly conserved across insect species, sharing 
above 90% sequence identity among closely related species (Stengl and Funk 2013). 
Orcos have been identified in Lepidoptera, Coleoptera, Hymenoptera, Diptera, 
Zygentoma, Odonata Hemiptera and Ephemeroptera (Krieger et al., 2003; Pitts et 
al., 2004; Missbach et al., 2014; Brand et al., 2018).  

In the OR-Orco complex, studies agreed that ORs are related to specific odorant 
recognition, whereas the role of Orco is not fully understood. Based on current 
publications, two hypotheses about the physiological function of Orco were 
proposed (Fleischer and Krieger, 2018). Firstly, Sato et al. (2008) suggested that 
ORs and Orco form a ligand-gated ion channel working as a functional olfactory 
complex in insect. Secondly, metabotropic signalling may be involved in the insect 
peripheral olfactory process, the OR and Orco forming a mixed ionotropic and 
metabotropic complex (Wicher et al., 2008; Wicher, 2010) or a metabotropically 
modulated ionotropic receptor (Nakagawa and Vosshall, 2009). Recently, the 
structure of Orco has been obtained by cryo-electron microscopy, showing that the 
receptor is formed by four subunits symmetrically arranged around a central channel 
(Butterwick et al., 2018). Knowing the structure of Orco is a remarkable step 
forward, but it´s still not enough to address the question how the Orco is involved 
in the signal transduction in the insect olfactory system. Further research is needed 
to elucidate the function of Orco. 

Ionotropic receptors  
IRs form a subfamily of ionotropic glutamate receptors (iGluRs) which play an 
essential role in chemical communication between neurons at synapses. IRs are 
present throughout the protostome lineage, and have been studied in different 
insects since they were identified in D. melanogaster (Benton et al., 2009; Croset et 
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al., 2010; Zhu et al., 2018; Liu et al., 2018). In Drosophila, IRs are divided into two 
subfamilies, conserved antennal IRs (A-IRs) and species-specific divergent IRs (D-
IRs) (Croset et al., 2010). Some IRs are absent in Drosophila and were first 
identified in lepidopteran species and named Lepidoptera-specific IRs (LS-IRs) (Liu 
et al., 2018). However, some LS-IR orthologues were also found in other insects 
outside Lepidoptera, such as the sister group Trichoptera and mosquitos (Pitts et al., 
2017; Yuvaraj et al., 2018b; Yin et al., 2020). Meanwhile, the phylogenetic analysis 
and expression profile studies of the lepidopteran IRs showed that LS-IRs are 
present at different places in the tree, with some of them grouping among the A-IRs 
and mainly expressed in antennae (IR1 clades), others located close to the D-IRs 
and with higher expression levels in tissues other than antennae (IR7d and IR100 b-
j) (Liu et al., 2018; Zhu et al., 2018). In Drosophila, IRs are expressed primarily in 
the dendrites of OSNs housed in coeloconic sensilla and are mainly responsive to 
acids and amines (Liu et al., 2018; Zhang et al., 2019). Like ORs, A-IRs also follow 
the co-expression pattern and form ligand-gated ion channels with one or two out 
of three identified co-receptors (IR8a, IR25a and IR76b) (Abuin et al., 2011; Liu et 
al., 2018; Shan et al., 2019). Compared with ORs, the functions of IRs seem to be 
more divergent. In addition to olfaction, IRs also involve in sensing of temperature, 
humidity, taste and even hearing (Senthilan et al., 2012; Enjin et al., 2016; Hussain 
et al., 2016; Ni et al., 2016; Frank et al., 2017). According to the published studies, 
IR8a is co-expressed with the acid-sensing IRs (Ai et al., 2013; Shan et al., 2019), 
whereas IR25a or IR76b are required for amine detection (Liu et al., 2018). 
Moreover, IR25a is the coreceptor of IRs sensing temperature (Frank et al., 2017), 
humidity (Enjin et al., 2016) and taste (Hussain et al., 2016). ORs have been 
intensively studied in Lepidoptera, while the IRs remain largely unexplored in this 
order. Hence, in this thesis, we also tried to extend the functional knowledge of IRs 
in Lepidoptera.   

Gustatory receptors  
In insects, molecular studies of GRs started almost two decades ago, the 
accumulated results indicate that GR proteins involve in contact chemoreception of 
a diverse range of ligands, such as salt, sugars, bitter taste and CO2 (Jiang et al., 
2015; Weiss et al, 2011; Xu and Anderson, 2015). GR genes are widely expressed 
in the gustatory sensilla of legs, wings, antennae, ovipositors, proboscis and 
mouthparts (Robertson et al., 2003; Robertson and Wanner, 2006; Vosshall and 
Stocker, 2007; Dahanukar et al., 2005). These taste sensilla are uniporous sensilla 
expressing both mechanosensory and chemosensory genes (Hallem et al., 2006). 
The GRs are highly divergent sharing only an average of 15-25% sequence identity 
within and across species. GRs and ORs share a conserved amino acid motif close 
to the C terminus, suggesting that ORs may have evolved from the GR family which 
is thought to be the most ancient chemoreceptor family found in arthropods 
(Robertson et al., 2003; Hallem et al., 2006; Engsontia et al., 2014; Eyun et al., 2017). 
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Odorant-binding proteins  
OBPs of insects are water-soluble proteins produced by support cells and released 
to the sensillum lymph. They were widely believed to function as message carriers 
transferring the odorants to ORs (Tegoni et al., 2004). OBPs are normally classified 
into two subfamilies, pheromone-binding proteins (PBPs) involving pheromone 
detection and general odorant-binding proteins (GOBPs) related to general odors 
detection (Grosse-Wilde et al., 2006; Zhou, 2010). In addition to playing a mediator 
role between ORs and odors, studies indicated that OBPs may also have other 
functions, such as a trigger contributing to OR activation or a gain control of odorant 
abundance in sensillum lymph (Pophof, 2004; Tegoni et al., 2004; Larter et al., 2016; 
Xiao et al., 2019). OBPs are also present in non-chemosensory tissues, which may 
suggest different roles from those in the olfactory system (Zhou, 2010). In insects, 
another class of hydrophilic proteins, chemosensory proteins (CSPs), also carry 
odorants through the sensillum lymph to OSNs. CSPs and OBPs share similar 
function but belong two gene families with no homology (Leal, 2013; Pelosi et al., 2006).  

Evolutionary model of chemoreceptor gene families 
It is thought that chemoreceptor gene families undergo rapid gene losses and gains 
following the birth-and-death evolutionary model (Nei et al., 2008; Andersson et 
al., 2015; Benton, 2015; Eyun et al., 2017). Under this model, gene duplication is 
the main avenue to create new genes. After the duplication events, the most common 
fate of the duplicated copies is to be pseudognized because of functional redundancy 
(nonfunctionalization) (Moleirinho et al., 2011). However, in some instances the 
duplicated genes are less restricted by purifying selection and start to accumulate 
beneficial mutations, resulting in a novel function that was not present in the pre-
duplication gene (neofunctionalization). Another case is that the pre-duplication 
gene and the duplicated gene distinctively but complementarily retain the original 
function (subfunctionalization) (Fig. 2) (Force et al., 1999; Moleirinho et al., 2011). 
The evolution patterns of ORs (except Orco), GRs and divergent IRs are in support 
of the birth-and-death model, considering the fact that all genes within a receptor 
family share a common ancestor, and all existing lineages undergo their unique gene 
group expansions or contractions (Andersson et al., 2015; Eyun et al., 2017). In 
contrast, Orco is highly conserved among insects and its evolution pattern does not 
follow this model. Another exception is antennal IRs, which showed obvious 
orthologous relationships, generally with a single-copy gene in each group (Eyun et 
al., 2017; Liu et al., 2018).  
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Pheromone communication in moths 
In most moth species, adult females release sex pheromones which can be tracked 
by the conspecific males over a long distance. Based on their biosynthetic features 
and chemical properties, moth sex pheromones can be classified into four groups: 
Type 0, I, II and III. Type 0 pheromones are short-chain secondary alcohols or 
ketones which were identified from the two of the oldest lineages of Lepidoptera 
and their sister group Trichoptera. The structures of Type 0 pheromones are similar 
to some plant volatile compounds. Type I pheromones consist of C10-C18 alcohols, 
aldehydes and acetates, which are identified from ~75% of moth species. Type II 
pheromones are long-chain polyunsaturated hydrocarbons or the corresponding 
epoxides which are used by ~ 15% moth species. Type III pheromones are C17-C23 
saturated, unsaturated or functionalized hydrocarbons with at least one methyl 
branch (Kozlov et al., 1996; Ando et al., 2004; Löfstedt et al., 2016). 

In moths, most PRs are highly expressed in male antennae and specifically respond 
to pheromones released by conspecific females. To date, approximately 70 PRs 
from more than 20 moth species have been characterized in Lepidoptera, most of 
them share a relatively conserved C-terminal region and fall into a specialized clade 
of ORs, the so-called “PR clade” (Zhang and Löfstedt, 2015; Montagné et al., 2020). 
However, recent studies found that three Type 0 (Yuvaraj et al., 2017; Hou et al., 
2020), one Type I (Bastin-Heline et al., 2019) and one Type II (Li et al., 2017) PRs 
grouped into three distinct paralogous lineages unrelated to the typical “PR clade”, 
suggesting that the moth PRs evolve independently in four different lineages. The 
functional characterization of PRs from two non-ditrysian species suggested that the 
Type 0 PRs and PRs within the typical “PR-clade” have evolved from the ORs 
detecting plant volatiles (Yuvaraj et al., 2017; 2018a).  
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The presence of highly specific PRs may be due to the strong purifying selection on 
these receptors to ensure the high efficiency in mate recognition systems (Zhang 
and Löfstedt, 2015). In addition to pheromone components, studies showed that 
some PRs are also tuned to behavioral antagonists, pheromone components from 
sibling species (Yuvaraj et al., 2017; Hou et al., 2020). These receptors may play an 
important role in avoiding cross-attraction between closely related sympatric 
species (Heckel, 2010; Wanner et al., 2010; Zhang and Löfstedt, 2013; Andersson 
et al., 2015). Most moths have evolved dedicated channels to detect sex pheromone 
released by conspecific females. The high efficiency and species-specificity make 
moth pheromone communication an ideal model to study the mechanism of the 
interaction between ORs and ligands. 

To date, a large number of type I pheromone receptors have been functionally 
characterized (reviewed in Zhang and Löfstedt, 2015). However, the information 
about receptors for the other three pheromone types remains limited, to my 
knowledge only two type 0 PRs (Yuvaraj et al., 2017) and two Type II PR (Zhang 
et al., 2016; Li et al., 2017) had been characterized. Therefore, in this thesis, I 
focused on receptors for Type 0 and Type II rather than Type I in Paper I and II. 
We used leaf-miner moth Eriocrania semipurpurella (Fig. 3A) as study organism 
to investigate the Type 0 pheromone receptors. One of the characterized Type II 
pheromone receptors is located in the so called Cluster III clade which is conserved 
across noctuid species. To extend our knowledge on Type II pheromone receptors, 
we functionally studied three receptors from Cluster III, AsegOR3, SexiOR11 and 
HvirOR11, representing three subfamilies of Noctuidae, Agrotis segetum 
(Noctuinae) (Fig. 3B), Spodoptera exigua (Amphipyrinae) (Fig. 3C) and Heliothis 
virescens (Heliothinae) (Fig. 3D).  
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Chemical communication of bark beetles  
Bark beetles play important roles in forest ecosystems by recycling of nutrients from 
dead wood (Edmonds and Eglitis, 1989). However, some bark beetle species are 
able to attack and kill healthy trees by mass-attack during the outbreak period, which 
has become an increasing threat to conifer forests. The mass-attack behavior is 
induced by beetle-produced long-range aggregation pheromones released by 
pioneers of new host in initial attack phase. To avoid intraspecific competition, bark 
beetles also release anti-aggregation pheromones to regulate the attack density in 
the latter attack phases (Schlyter et al., 1989; Andersson et al., 2009). Several bark 
beetle pheromones are synthesised from the tree-produced defensive compounds, 
although some compounds are produced de novo. Conifer trees release defensive 
resins enriched with terpenes to fend-off the herbivores and pathogens. However, 
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bark beetles have evolved mechanisms to metabolize host tree produced 
monoterpenes to oxygenated monoterpenoids, which are further used as 
pheromones to mediate the bark beetle attack behaviors (Chiu et al., 2018). 
Biotransformation of conifer defense compounds to oxygenated monoterpenoids 
has also been reported in beetle-associated fungi (Kandasamy et al. in prep.).  

Only the mass-attack by thousands of beetles can overcome the tree´s toxic chemical 
defense, so during the low endemic period, bark beetles can only colonize the 
weakened hosts with low defense but sufficient nutrients (Schiebe et al., 2019). In 
order to find a suitable host, the bark beetles also need to detect important chemical 
signals from host trees (Binyameen et al., 2014), non-host plants (Unelius et al., 
2014; Zhang and Schlyter, 2004) and associated fungi (Kandasamy et al., 2019). A 
lot of effort has been made to understand the ecological roles of bark beetle related 
chemicals and to identify their associated OSNs, while as the largest insect order, 
the functional information of ORs from Coleoptera is almost wholly lacking, only 
five ORs have been characterized from a few species: the cerambycid Megacyllene 
caryae (Mitchell et al., 2012), the scarab Holotrichia parallela (Wang et al., 2020), 
and the curculionid Rhynchophorus ferrugineus (Antony et al., 2020). In Europe 
and parts of Asia, the spruce bark beetle Ips typographus (Fig. 3E) is considered as 
the most economically important pest of conifer forests (Økland and Bjørnstad, 
2003). The mass-attack behavior of I. typographus is regulated by the male-
produced aggregation pheromone consisting of cis-verbenol and 2-methyl-3-buten-
2-ol. In order to increase our basic functional knowledge about insect ORs beyond 
flies, mosquitos and moths, we choose this bark beetle species as study object in 
Paper III and IV.  
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General methodology 

Transcriptome analysis 
RNA sequencing is a technique that can be used to examine the presence and 
quantity of the complete set of RNAs expressed in a given biological sample. In this 
thesis, I used this technique to identify the ionotropic receptor genes expressed on 
the antennae and ovipositors of A. segetum. Total RNAs were extracted and purified 
separately from the pooled tissues using RNeasy Micro Kit (Qiagen GmbH, Hilden, 
Germany). Paired-end RNA sequencing was performed by SciLifeLab (Stockholm, 
Sweden) on the platform Illumina HiSeq2500. Quality of the raw read data was 
assessed using FastQC. Trimming of adaptors, filtering of low-quality reads and 
removing contaminants were performed using Trimmomatic (v0.36) (Bolger et al. 
2014). Clean reads were assembled de novo using Trinity (v2.8.2) with the default 
settings (Grabherr et al., 2011). Functional annotation of assembled sequences was 
done by performing BLAST against the pooled database of Nr (NCBI non-
redundant protein sequences). A detailed protocol used for RNA sequencing is 
described in the material and methods section of Paper V.  

Xenopus oocyte and HEK cell expression systems 
Xenopus oocyte expression system is a mature technology to functionally 
investigate ion channels in different animals, including insects (Krieger et al., 2004; 
Sakurai et al., 2004; Zhang and Löfstedt, 2015). A fully developed Xenopus laevis 
oocyte (stage VI) is more than 1 mm in diameter, making it relatively easy to handle. 
Another advantage of Xenopus oocytes is their high capacity of protein synthesis; 
they can efficiently translate the injected genetic information and properly assemble 
the protein products into their membrane (Markovich et al., 1999). Xenopus oocytes 
have been used to study insect olfactory receptors for two decades. In this thesis, it 
was used as the main approach to study the olfactory receptors. Basically, full length 
OR and corresponding Orco genes are amplified by gene specific primers and then 
cloned into the expression vector (pCS2+ in our studies). Large quantities of 
plasmids with target genes are obtained using the plasmid Maxi kit, and then 
linearized using Not I restriction enzyme. The linearized genes are subsequently 
purified and transcribed into complementary RNAs (cRNAs). The cRNAs of target 
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OR and Orco genes at 1:1 ratio are co-microinjected into the oocytes, where they 
are translated to receptor protein and incorporated into the oocyte membrane after 
several days of incubation. The injected oocytes are stimulated with a panel of 
candidate ligands. If the receptor responds to the test compound, the ion channel 
will open and an inward current will be detected under the two-electrode voltage 
clamp at a certain holding potential (Pellegrino, 2011) (Fig. 4).  

 

 

Human embryonic kidney 293 (HEK293) cell expression system is another 
commonly used in vitro approach to investigate the functions of membrane proteins 
and to study other molecular elements that may be involved in receptor-ligand 
interaction (Forstner et al., 2009; Grosse-Wilde et al., 2006; 2007). Based on the 
protocol developed by Corcoran et al. (2014), the expression vectors with target OR 
and Orco are transfected into wild type HEK293, where the receptor gene can be 
transcribed, translated, assembled and incorporated into the membrane of the cells. 
After several weeks, stable HEK cell lines with target OR gene are produced (Fig. 
5). However, most labs use transient expression with lower transfection efficiency 
which reduces the accuracy of the results. The OR activation is detected by 
monitoring the calcium fluorescence change after application of the test compounds 
(Corcoran et al., 2014). 
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Fluorescence in situ hybridization (FISH) 
Fluorescence in situ hybridization is a widely used tool to detect the distribution of 
a specific gene in tissues (sections or whole mount) or cells by hybridizing a probe, 
which could be a labelled complementary DNA, RNA or a fragment of modified 
nucleotide strand depending on the questions being asked and facilities available. 
The basic steps of in situ hybridization include preparation of tissues and probes, 
probe labelling, hybridization and signal detection (Fig. 6).  

FISH helps us to understand the organization and function of genes. However, this 
approach presents some problems in detecting target genes with low expression 
level, as well as genes located within a cell or other structures. Therefore, increasing 
the permeability of the protected structures and the sensitivity of the target sequence 
to the probe are necessary to improve the efficiency of in situ hybridization 
(Pernthaler and Amann, 2004).   
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Two-choice Y-tube experiments  
A Y-tube olfactometer was used to investigate the behavioral responses of both 
sexes of A. segetum to acids (Paper V). The olfactometer consisted of a 14 cm main 
arm with an insect introduction chamber attached and two 14 cm long arms with an 
interior angle of 60° for the treatment and control odors. The inner diameter of the 
Y-tube was 1.6 cm (equipment showed in Fig. 7). The tests were conducted in a 
dark room under red light illuminating the olfactometer from above. Tests were 
performed during the first two hours of the scotophase at the following experimental 
conditions: 24°C air temperature, 55% relative humidity and 0.8 m/s airflow. 
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Results and discussion  

Functional characterization of insect ORs and IRs using 
Xenopus oocytes (Paper I, II, III, IV and V) 
In the thesis, using Xenopus oocyte expression system, I functionally assayed: 1) 
five candidate Type 0 pheromone receptors from Eriocrania semipurpurella (Paper 
I), 2) three polyene receptors in the noctuid moths from Cluster III clade (Paper II), 
3) seven bark beetle ORs from a species-specific clade (Paper III and IV), 4) five 
candidate acid-sensing AsegIRs from IR75p/q clade (Paper V).  

The leaf-miner moth E. semipurpurella uses a mixture of two short-chain secondary 
alcohols, (S,Z)-6-nonen-2-ol and (R,Z)-6-nonen-2-ol, as sex pheromone (Kozlov et 
al., 1996). Three receptors form a small clade located far from the previous 
identified typical “PR-clade” in the phylogenetic tree, and two of them had been 
characterized as pheromone receptors in HEK cell system (Yuvaraj et al., 2017). 
Using oocyte recordings, I successfully characterized the remaining receptor 
EsemOR4 which responded primarily to (R,Z)-6-nonen-2-ol followed by (S,Z)-6-
nonen-2-ol, representing a new pheromone receptor identified in this species. I also 
recorded responses from the other three receptors which were responsive in HEK 
cells: EsemOR1 showed response to host plant volatile β-caryophyllene; EsemOR3 
responded stronger to the pheromone component (S,Z)-6-nonen-2-ol than to its 
enantiomer (R,Z)-6-nonen-2-ol; EsemOR5 showed similar activity to the two 
pheromone components and the behavioral antagonist (Z)-6-nonen-2-one; 
EsemOR6 showed no response to any of the tested compounds (Paper I). 

In moths, female-released pheromones have been well studied, while less attention 
was paid to male produced chemicals. The typical “PR clade” can be subdivided 
into four clusters, among which Cluster III is under strong purifying selection and 
conserved across noctuid species. Zhang et al. (2016) reported the first Type II 
pheromone receptor from this clade, responding to polyene compounds. In Paper 
II, three receptors from Cluster III were functional characterized, and the results 
showed that these receptors selectively responded to the polyene compounds 
identified from the conspecific male hairpencils. AsegOR3 (A. segetum; Noctuinae) 
showed a strong response to (3Z,6Z,9Z)-3,6,9-heneicosatriene (3Z,6Z,9Z-21:H) and 
weaker responses to other three polyene compounds. SexiOR11 (Spodoptera exigua; 
Amphipyrinae) primarily responded to (3Z,6Z,9Z)-3,6,9-nonadecatriene (3Z,6Z,9Z-
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19:H) and responded slightly to other tested polyenes. HvirOR11 (Heliothis 
virescens; Heliothinae) showed strongest response to (3Z,6Z,9Z)-3,6,9-tricosatriene 
(3Z,6Z,9Z-23:H) and weaker responses to the major sex pheromone component (Z)-
11-hexadecenal (Z11-16:Ald) and other hairpencil compounds (Fig. 8) (Paper II). 

 

 

In spruce bark beetle I. typographus, using heterologous expression systems, we 
functionally characterized a species-specific clade formed by seven ORs. Three of 
the seven receptors, ItypOR46, ItypOR49 and ItypOR28, responded specifically to 
bark beetle pheromones, (S)-(-)-ipsenol, (R)-(-)-ipsdienol and E-myrcenol (Fig. 9). 
Ipsenol and ipsdienol are produced at the later attack phases of mass-attack to 
regulate the attack density, while E-myrcenol is produced by the major competitor 
of I. typographus, Ips duplicatus. Two of them, ItypOR23 and ItypOR29, displayed 
the highest sensitivity to fungal-produced (+)-trans-4-thujanol and (+)-
isopinocamphone compounds. Another two receptors, ItypOR25 and ItypOR27 
were primarily responsive to host plant volatiles (+)-3-carene and p-cymene. The 
most receptors within this species-specific clade are narrowly tuned to only a few 
structurally similar compounds with the exception of ItypOR25. In addition to 3-
carene, ItypOR25 also showed high activity to other compounds with different 
chemical structures and biological sources (Fig. 9) (Paper III and IV).  
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Five AsegIRs within the IR75p/q clade were functionally investigated using 
Xenopus oocytes, two of them were characterized as acid-sensing receptors. 
AsegIR75p.1 showed primary response to hexanoic acid and secondary responses 
to other acids, aldehydes and alcohols with 5 to 7 carbon atoms; AsegIR75q.2 
primarily responded to octanoic acid followed by nonanoic acid (Fig. 10).  

 
0.0 0.2 0.4 0.6 0.8 1.0 1.2

DMSO
Acetic acid

Propanoic acid
Butyric acid

Pentanoic acid 
Hexanoic acid

Heptanoic acid
Octanoic acid

Nonanoic acid
Decanoic acid 

Undecanoic acd
Dodecanoic acid

Isobutyric acid 
2-Methylbutyrc acid 
3-Methylbutyrc acid 

3-Methylpentanoic acid 
  Benzoic acid

Propanal 
Butanal

Pentanal 
Hexanal

Heptanal
Octanal

Nonanal
Decanal

Undecanal
Benzaldehyde

3-Methylbutanal
E-2-Hexenal

Phenylacetaldehyde
Propanol

Butanol
Pentanol 

Hexanol
Heptanol

Octanol
Nonanol
Decanol

Undecanol
Isobutanol

(±)-Linalool
Benzyl alcohol
(S)-2-Heptanol
(R)-2-Heptanol
Z-2-Hexenol
E-2-Hexenol
Z-3-Hexenol
E-3-Hexenol

Normalized response
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Normalized response

42



 

The medium-chain fatty acids, especially the ones with 8-10 carbon atoms, have 
been reported as repellents for different insects, including but not limited to e.g. flies, 
mosquitos, ants, beetles and bees. To address the question whether the fatty acids 
function as repellent to A. segetum, we performed two-choice Y-tube experiments 
and found that only octanoic acid showed a significant repellent effect on both sexes 
of A. segetum at 100 µg. The following dose-experiment indicated that both female 
and male significantly avoid the 10% honey solution with octanoic acid above 1 μg 
(Fig. 11) (Paper V). 

 

Similarities and differences in the results from Xenopus 
oocyte and HEK cell systems (Paper I, III and IV) 
Xenopus oocyte and HEK cell expression systems are commonly used to 
functionally characterize the insect olfactory receptors. Nevertheless, the inherent 
characteristics of these two systems are different in several aspects, which raise the 
questions of whether the two systems provide consistent results, and how similar 
the response profile of a receptor obtained from these heterologous systems as 
compared to the responses from the OSN. To address these questions, we compared 
the ligand profiles of several receptors from E. semipurpurella and I. typographus 
obtained in the two systems, and further linked these responses to the activity of the 
OSNs previously recorded in vivo. 
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In Paper I, four ORs from E. semipurpurella were successful characterized using 
Xenopus oocytes, EsemOR1, EsemOR3, EsemOR4 and EsemOR5. Consistent 
results were obtained from EsemOR1 and EsemOR6 in oocytes and HEK cells. 
EsemOR1 specifically responded to host plant volatile β-caryophyllene in both 
systems, while EsemOR6 showed no response to any of the tested compounds in 
either system.  The EsemOR4 was unresponsive in HEK cells, but specifically tuned 
to the two pheromone components in oocytes, representing a newly identified 
pheromone receptor in this species. The response profiles of EsemOR3 and 
EsemOR5 showed similarities and differences between two systems. In both 
oocytes and HEK cells, EsemOR3 responded to the two pheromone components, 
with a strong response to (S,Z)-6-nonen-2-ol and a weaker response to (R,Z)-6-
nonen-2-ol. However, the secondary ligands of this receptor and their rank order 
differed between two systems. EsemOR5 broadly tuned to pheromone components 
and behavioral antagonists in both systems, but the primary ligand and the rank 
order between ligands differed between two systems (Yuvaraj et al., 2017; Hou et 
al., 2020) (Fig. 12).  

In Paper III and Paper IV, a species-specific clade of odorant receptors from I. 
typographus were functionally studied in both Xenopus oocytes and HEK cells. In 
HEK cells, two of them (ItypOR46 and ItypOR49) were characterized as 
pheromone receptors responding to ipsenol and ipsdienol, respectively. In oocytes, 
in addition to the primary response to ipsenol, ItypOR46 also displayed a secondary 
response to ipsedienol which was missing in HEK cells. ItypOR49 didn´t respond 
to any of the tested compounds in oocytes (Fig. 13). The other five receptors showed 
no response to the tested compounds in HEK cells. By contrast, in the oocyte system, 
ItypOR28 was characterized as a pheromone receptor responding to E-myrcenol. 
ItypOR23 and ItypOR29 showed primary responses to beetle-associated fungal 
compounds, while ItypOR25 and ItypOR27 mainly responded to compounds 
released by host trees (Fig. 9).  

We also linked the in vitro results obtained from the two systems to the OSNs 
identified by previous single sensillum recordings (SSRs). In Paper I, the response 
profiles of EsemOR3 and EsemOR4 recorded from oocytes perfectly corresponded 
with two neuron types. However, the response profile of EsemOR3 from HEK cells 
and response profiles of EsemOR5 from two systems showed more broadly tuned 
than the putative associated OSN types (Larsson et al., 2002). In Paper III and IV, 
response profiles of ItypOR46, OR49, OR23, OR27 and OR29 from oocytes 
matched perfectly with their respectively associated OSNs. In oocytes, ItypOR25 
appeared more broadly tuned than its corresponding OSN. The broader turning 
width of some ORs in heterologous expression systems may be due to the lack of 
other molecular elements involved in the ligands detection, such as OBPs, SNMPs 
and ODEs. The lack of response from ORs in HEK cells and ItypOR49 in oocytes 
could be due to that the ORs were not expressed sufficiently or the OR proteins were 
not properly incorporated into the cell membrane. 
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The similarity and diversity of receptor specificities 
within OR- and IR clades (Paper I, II, III, IV and V) 
The functional data in my thesis showed that the receptors within the same clade 
generally respond to structurally similar compounds, e.g. EsemOR3, EsemOR4 and 
EsemOR5 form a small clade and respond to female-released Type 0 pheromone 
(Yuvaraj et al., 2017; Hou et al., 2020) (Paper I); receptors AsegOR3, SexiOR11 
and HvirOR11 from Cluster III clade respond to polyene compounds (Zhang et al., 
2015) (Paper II); bark beetle receptors within the species-specific clade of I. 
typographus show responses to compounds with a monoterpene skeleton (Yuvaraj 
et al., 2020) (Paper III and IV); two AsegIRs within the IR75p/q clade show 
response to medium-chain fatty acids (Paper V). This is consistent with the 
“Sensory Drive” theory which suggests that the evolutionarily related receptors tend 
to detect structurally related compounds (Endler, 1992; Boughman, 2002). 

However, the selectivity and sensitivity of receptors within clades differ to different 
extent, suggesting that these clades followed their own evolutionary patterns and 
resulted in the lineage radiations comprising receptors with diverse specificities. In 
I. typographus, the functional data indicated that the ORs detecting aggregation 
pheromones (ItypOR28, ItypOR46 and ItypOR49), volatiles from host plants 
(ItypOR25 and ItypOR27) and Ips-associated fungi (ItypOR23 and ItypOR29) fell 
into the same clade (Fig. 14A), which is in line with the idea that the pheromone 
receptors in beetles do not form specific clades like they do in Lepidoptera (Mitchell 
et al., 2012; Mitchell and Andersson 2020; Yuvaraj et al., 2020). Also, the variation 
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in functional groups among key ligands and their diverse ecological origins suggest 
that neofunctionalization is also involved in the evolution of this OR-lineage.  

In the A. segetum, AsegIR75p.1 was broadly tuned to plant volatiles (acids, 
aldehydes and alcohols with 5-7 carbon atoms) with hexanoic acid as primary 
ligand, while AsegIR75q.2 responded primarily to octanoic acid followed by 
nonanoic acid (Fig. 14B). A previous study found that the AgamIR75k from 
mosquito Anopheles gambiae responded to medium-chain fatty acids with similarly 
primary responses to octanoic acid and nonanoic acid (Pitts et al., 2017). The similar 
response profiles of AsegIRs and AgamIR75k indicate that the response of IR75 
clade to medium-chain fatty acids is conserved between Lepidoptera and Diptera, 
and a subfunctionalization has occurred in Lepidoptera after the gene duplication in 
the IR75 clade (Moleirinho et al., 2011; Pitts et al., 2017) (Paper V).  

 

 

Expression of EsemOR genes in the male antennae of E. 
semipurpurella (Paper I) 
The distributions of EsemORs and EsemOrco on the male antennae were 
investigated by FISH with DIG (EsemORs) and biotin (EsemOrco) labelled probes. 
The signal spots of EsemORs showed up across each segment, with strong signals 
in the central part in particular. This distribution pattern matches the occurrence of 
auricillic sensilla (Larsson et al., 2002; Yuvaraj et al., 2018c). In E. semipurpurella, 
auricillic sensilla are the most abundant sensillum type arranged along the whole 
antennae and are responsible for the detection of sex pheromones. The trichoid 
sensilla only occurred on the base of the proximal segments on the ventral part of 
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the antennae, while coeloconic and styloconic sensilla are very rare on the antennae 
(Larsson et al., 2002; Yuvaraj et al., 2018c). The abundance of the fluorescent 
signals can be roughly related to the FPKM values from previous transcriptome data 
(Yuvaraj et al., 2017), with three pheromone receptors (EsemOR3, EsemOR4 and 
EsemOR5) showing abundant signals matched with their high FPKM values, and 
fewer signals for EsemOR6 consistent with its low FPKM value (Fig. 15). (From 
Paper I). 

 

 

The co-localization pattern of the male-released polyene 
receptor and female pheromone receptor is conserved 
across noctuid insects (Paper II) 
In A. segetum, our two-colour FISH showed that the OSN expressing AsegOR3 is 
co-localized with the OSN expressing AsegOR4 (Fig. 16A). In S. exigua, the SSR 
study identified a group of trichoid sensilla with a large-spike neuron responding to 
the main pheromone component Z9,E12-14:OAc and the small-spike neuron 
responding to the hairpencil polyene compound 3Z,6Z,9Z-19:H (Fig. 16B). These 
results indicated that the receptors for hairpencil polyene compounds and the 
receptors for female-released major pheromone components are co-localized in the 
same sensilla, as they were found in the heliothine species (Krieger et al., 2009; 
Chang et al., 2016), suggesting that the co-localization pattern is conserved across 
noctuid subfamilies. The co-localization of selective OSNs is thought to be an 
adaption to refine the spatiotemporal resolution of chemical molecules and to 
improve the accuracy of compound-ratio detection (Fadamiro et al., 1999; 
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Andersson et al., 2010; Andersson, 2012). Thus, the co-localization pattern of 
polyene receptors and major pheromone component receptors may imply that the 
simultaneous detection of these two signals is of great importance in sexual 
communication for the noctuid moths. Most moth PRs are male-biased, whereas the 
three receptors studied in this project are equally expressed in male and female 
antennae, indicating the importance of the hairpencil polyenes for both sexes. From 
the evolutionary perspective, the male polyene receptors are grouped within the 
lineage of female PRs, suggesting that the noctuid moths recruited receptors from 
typical “PR clade” to detect hairpencil polyene compounds. 
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Acid-sensing ionotropic receptors are expressed in 
basiconic sensilla in A. segetum (Paper V) 
In A. segetum, our whole mount fluorescence in situ hybridization indicated that 
AsegIR75q.2 and its coreceptor AsegIR8a are expressed in the neurons associated 
with basiconic sensilla (Fig. 17). It has been reported that in D. melanogaster IRs 
are predominantly expressed in coeloconic sensilla, and also found in sacculus and 
aristal neurons; IR25a was also weakly detected in basiconic and trichoid sensilla 
(Benton et al., 2009; Rytz et al., 2013). Similarly, in the desert locust Schistocerca 
gregaria, IR25a and IR8a are expressed in coeloconic sensilla (Guo et al., 2014). 
Nevertheless, the IRs are expressed in OSNs underneath basiconic sensilla in an 
ancient insect species Lepismachilis y-signata (Archaeognatha) (Missbach et al., 
2014). These data suggest that the IRs might have evolved in basiconic sensillum 
and then switched to other sensillum types in some insects after neopteran insects 
evolved (Missbach et al., 2014), resulting in that the expression of IRs in specific 
sensillum types differs among insect taxa. 
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Conclusions and future perspectives 

Gene duplication is of great importance in the evolution of functional diversity 
among insect olfactory receptor gene families. All existing lineages have undergone 
their unique gene gains or losses, resulting in conserved single copies or relatively 
divergent lineage-radiations with different sizes. All genes within the same clades 
evolved from the same parental gene, which triggers the questions whether the 
receptors within same clade share similar ligand sets, and how the duplicated copies 
gained novel functions.  

In this thesis, mainly using Xenopus oocytes, I functionally investigated olfactory 
receptors from four particular clades, including moth ORs from a small clade with 
receptors for Type 0 pheromones (Paper I) and the conserved Cluster III clade 
(Paper II), bark beetle ORs from a species-specific clade (Paper III and IV), and 
A. segetum IRs from a lineage-specific clade (Paper V).  

By comparing the response profiles of several receptors obtained from Xenopus 
oocytes and HEK cells, as well as the OSNs characterized from previous SSR 
studies, we found that the selectivity and sensitivity of individual ORs could be 
affected by the heterologous system used for deorphanization. Compared with HEK 
cells, the oocyte recordings provided more consistent functional results with the in 
vivo data recorded from insect antennae (Paper I, III and IV). 

In the Cluster III study (Paper II), we found that hairpencil polyene receptors were 
grouped into the same cluster with receptors responding to female-released 
pheromones, which indicated that the noctuid moths recruited the existing female 
pheromone receptors to detect male released compounds. Different from the male-
biased expression pattern, the hairpencil polyene receptors were equally expressed 
on male and female antennae, suggesting the important roles of polyenes for both 
sexes. The hairpencil polyene receptors were co-localized with the receptors for 
major pheromone component released by conspecific female, and the co-
localization pattern was conserved across different noctuid subfamilies, suggesting 
that the polyene compounds may involve in sexual communication and in which a 
simultaneous detection of  these two signals is of great importance for the successful 
mating of noctuid moths. 

The functional characterization of bark beetle ORs (Paper III and IV) revealed that: 
1) The seven-receptor species-specific clade combined some receptors responding 
to bark beetle pheromones and others detecting volatiles released by host plants and 
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Ips-associated fungi, suggesting that the pheromone receptors of bark beetle do not 
form a specific PR-clade as they do in Lepidoptera. 2) The common denominator of 
the seven ORs is that they all detect compounds with a monoterpene skeleton, 
suggesting that the monoterpene compounds play important roles in the host finding 
of I. typographus and need to be detected with high resolution. 3) Two relatively 
younger duplicated genes transformed their selectivity from oxygenated 
monoterpenes to monoterpene hydrocarbons, indicating that neofunctionalization 
played an important role after gene duplication and extended the ligand repertoire 
of this species-specific clade. This study is the first outside Drosophila to 
functionally characterize all ORs in a species-specific clade comprising as many as 
seven receptors, and this more than doubles the number of characterized ORs in the 
largest insect order Coleoptera. 

The lineage-specific IR clade grouped with a large cluster with IRs detecting acids. 
Our oocyte recordings showed that IRs from this clade responded primarily to acids, 
suggesting acid-sensing cluster was distinguished in insect IRs. Different to 
Drosophila, the acid-sensing AsegIR75q.2 and its coreceptor AsegIR8a are expressed 
in basiconic sensilla instead of coeloconic sensilla, while it remains unclear on which 
taxonomic level this distribution pattern exists. After the gene duplication event, 
subfunctionalization played an important role in evolution of olfactory specialization in 
the IR75p/q clade in Lepidoptera (Paper V). 

A large number of ORs have been functionally investigated since the first OR 
characterized. However, most of the characterized ORs are Type I pheromone 
receptors of lepidopteran insects, or ORs from Drosophila and mosquito species. 
Thus, in the thesis, I focused on the receptors/species that have obtained less 
attention less attention. To enrich the basic functional information of insect ORs and 
to understand the evolutionary specialization of the insect olfactory receptors, 
additional studies of ORs from other insect orders are needed.  

It has been shown that in D. melanogaster and the desert locust Schistocerca 
gregaria, the IRs are mainly expressed in coeloconic sensilla on antennae. However, 
our in situ hybridization indicated that the acid-sensing IRs are expressed in 
basiconic sensilla in A. segetum, while at which taxonomic level or where in the 
insect phylogeny this change in expression pattern has occurred is another question 
to be addressed. I also noticed that AsegIR7.3 is abundant in different tissues with 
much higher expression level than the co-receptors, but the function of this gene is 
unclear and awaits further studies. IRs form a more ancient receptor family than the 
ORs, while the functional information of IRs beyond Dipterans is limited. Further 
exploring of functions of IRs from different insects is necessary for understanding 
the evolutionary process of this gene family.  
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