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Abstract

Sensing and interpreting the complex mixture of sensory input is a challenging task for all
organisms. Most rely on many types of sensory inputs while specialising in one distinct form. Insects
use olfaction to quickly adapt to their surroundings and this has given them the toolkit for fast
evolution to occupy a wide range of ecological niches. Chemosensation is mediated through a set of
receptors which bind in chemical ligands present in the insects direct surroundings mediating
information about for example, presence of food resources, conspecific mates or oviposition sites.
Odorant receptors (Ors) is the main family involved in olfaction and mediates a lot of the signalling
for volatile organic compounds (VOC) in insects. These receptors form a heterotetrameric ion
channel together with the odorant receptor co receptor (Orco) and when a VOC binds in the channel
opens and there is an ion flux which generates a signal being sent to the brain, activating a behaviour.
These receptors are tuned differently depending on the ecological niche of the insect and the coding
of odours is not yet fully understood but new research indicates that several different members of
the chemosensory receptor families can be co-expressed to improve the coding and spectrum of
VOC:s or ligands that an insect can sense and respond to. Ors evolved around 450 million years ago
(Figure 3) most likely from terrestrial insects that developed flight where new ecological niches
required new receptors with different function. Ors evolve through birth and death evolution where
a gene that encodes for a receptor mutates and develops a receptor with a new function, depending
on whether the new receptor increases or decreases fitness will “give birth” to a new gene and
receptor or “die” and become a pseudogene without functionality.

Keywords: odorant receptor, orco, chemosensation, insects, evolution, olfaction
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Infobox: The peripheral chemosensory system in
insects

The peripheral chemosensory system in insects is housed in several bodily appendages,
including the antennae (Vosshall et al., 1999, 2000), maxillary palps (Vosshall et al., 2000),
proboscis (Dunipace et al., 2001; Wang et al., 2004), tarsi (Dunipace et al., 2001) and the
ovipositor (Stocker, 1994). These appendages are equipped with cuticular hair-like structures
called sensilla (Stocker, 1994) (Figure 1A). While sensilla vary in outer structure, pores or slits
allow chemical ligands, i.e., odorants, to enter the sensillum lymph. In the sensillum lymph,
proteins called odorant binding proteins and chemosensory proteins function to “carry” the
typically hydrophobic odorant ligands through the aqueous lymph and deliver them to the
target site, the olfactory receptors, by binding and thus protecting them from odour-degrading
enzymes (Figure 1B) (Vogt & Riddiford, 1981). The lymph surrounds the dendrites of the
olfactory sensory ncurons (OSN) (Figure 1A), on which the membrane-bound olfactory
receptors, e.g., odorant receptors (Ors), are expressed (Infobox A). From the somatic sensory
neuron extends an axon, which allows the electrical signal that is generated by a chemical
stimulus to be conveyed to the higher processing centres in the central nervous system of the
insect. The OSN axons converge onto neuropil structures called glomeruli located in the
antennal lobe (AL), the primary olfactory centre of the brain (Vosshall et al., 2000). The signal
is integrated and processed within the AL and then sent via projection neurons (PNs) to higher
olfactory centres, including the mushroom bodies and lateral horn in the protocerebrum, where
the signal is integrated with other sensory inputs (Vosshall et al., 2000) (Figure 1C).
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Figure 1. Infobox figure. Representation of the peripheral and central chemosensory system and
higher processing



1. Introduction

Interpreting the world is a complex task for an organism, due to the countless
stimuli influencing its behaviour in relation to the environment. These stimuli are
generally made up of visual, tactile (mechanosensory), heat, humidity, auditory and
chemosensory cues (Dethier, 1976; Roskies et al., 1995; Shamma, 2004; Su &
Wang, 2014). To make sense of these stimuli, the sensory systems hosted in an
organism must detect, process and sort the information into an internal
representation. Whether it is for finding nutrients by seeking flowers or blood
(Dethier, 1976), e.g., in the case of mosquitoes, and oviposition sites (Dougherty et
al., 1995; Stadler, 1978), or avoiding noxious chemicals (Newland, 1998) or
predators (Heads, 1985), these senses work in conjunction to allow an individual
organism to detect stimuli in its immediate habitat (Dall et al., 2005). Due to
evolutionary adaptation and the habitual needs of an organism, there is often a
larger reliance on one sensory system, which is why certain animals may have
immaculate hearing, vision or sense of smell. For example, in insects, the rapid
evolution of the chemosensory system has, in large part, proved crucial to their
success, and is the common denominator that mediates behavioural expression
across this diverse group of organisms (Suh et al., 2014). Insects represent one of
the most abundant and diverse groups of organisms, occupying a wide range of
ecological niches. Their evolutionary success is closely linked to the adaptations
they are able to make, among which the development of sophisticated
chemosensory systems has played a key role. This essay explores the function,
molecular structure, expression and evolution of chemosensory receptors that are
involved in the chemosensory systems with a focus on odorant receptors.
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2. The chemosensory receptors of insects

Chemosensation in insects includes the detection of ecologically- and
behaviourally-relevant chemical stimuli in the environment and subsequent
processing of this information, and is an ancient way for these animals to obtain
information from their surrounding world (Hansson & Stensmyr, 2011; Suh et al.,
2014). The peripheral chemosensory system of insects involves different bodily
appendages, which differ morphologically depending on the taxa, but generally
include the antennae, the maxillary palps, the proboscis, tarsi and the ovipositor
(Fowler & Montell, 2013; Stocker, 1994). The OSNs housed in these organs
express members of five families of receptors on the dendritic membrane (Infobox
A), of which two specialise fully in chemosensation, one partially in
chemosensation and partially in other sensory modalities, and two that are also
involved in various types of other sensory modalities. First, the odorant receptors
(Ors) are, along with the other receptor families, responsible for the transduction of
olfactory information from chemically diverse volatile organic compounds to the
central nervous system (Benton et al., 2006; Clyne et al., 1999; Gao & Chess, 1999;
Keller & Vosshall, 2016; Levy et al., 1991), and are the focus of this essay. Second,
the gustatory receptors (Grs) (Clyne et al., 2000) are involved in taste sensation of
sugar compounds (Dahanukar et al., 2007; Jiao et al., 2007), bitter compounds
(Moon et al., 2006) as well as in the detection of carbon dioxide (Yao & Carlson,
2010). Third are the ionotropic receptors (Irs), the most ancient of the
chemosensory receptors in most animals (Croset et al., 2010), and is the second
receptor family involved, to a large extent, in olfaction, but they also have a
different function compared to Ors. These receptors respond to different volatile
organic compounds compared to Ors, usually carboxylic acids and amines, but are
also involved in temperature and humidity sensation (Abuin et al., 2011; Benton et
al., 2009; Wicher & Miazzi, 2021).

The two remaining families expressed in the olfactory organs mediate more diverse
functions in insects: the transient receptor potential (TRP) cation channels and the
insect pickpocket (PPK) receptors are both involved in multiple modalities of
sensation. The transient receptor potential cation channels are divided into seven
subfamilies of receptors based on their amino acid sequence (Montell, 2005), and
are involved in chemosensation, such as olfaction and taste, seemingly tuned to
contact irritants and repellents, such as citronellal in mosquitoes and N,N-diethyl-
m-toluamide (DEET) in Drosophila melanogaster (Dennis et al., 2019; Kwon et
al., 2010), as well as in thermotaxis, nocireception, light sensation and
mechanosensation in D. melanogaster, Bombyx mori, Apis mellifera and Tribolium
castaneum (Fowler & Montell, 2013; Matsuura et al., 2009). The PPKs are part of
the DEG/ENaC family, and these ion channels mediate, e.g., mechano- and
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chemosensation (Kellenberger & Schild, 2002). Specific members, e.g., ppk28, are
responsible for water taste, while ppkl1 and ppk19 are responsible for salt taste
sensation, in D. melanogaster. Other members of the PPK family are also involved
in olfaction, e.g., D. melanogaster ppk25, which is necessary in males for sensing
female pheromones and D. melanogaster ppk23, which is involved in courtship
behaviour (Cameron et al., 2010; Chen et al., 2010; Lin et al., 2005; Liu et al., 2003;
Luetal., 2012).
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3. Function of divergent odorant receptors
and the conserved co-receptor

Insect Ors are seven-transmembrane receptors, which are expressed in the lipid
membrane of OSNs, and was first identified in D. melanogaster (Clyne et al., 1999;
Gao & Chess, 1999). Compared to its vertebrate G-protein coupled receptor
(GPCR) counterparts, insect Ors have an inverted topology, where the N-terminus
is intracellular and the C-terminus extracellular (Benton et al., 2006). Odorant
receptors are ligand-gated non-selective cation channels that pass Na+, K+, and
Ca2+ ions when activated. Insect Ors have been elusive to identify due to the
differences in sequence and topology compared to their vertebrate or nematode
Caenorhabditis elegans counterparts. The breakthrough came in the late 1990s
when the first insect genome, that of D. melanogaster, was sequenced (Adams et
al., 2000). This made it possible to identify the large Or family in the genome,
demonstrating that D. melanogaster had 48 Ors involved in olfactory signal
transduction; following improvements in the annotation of the genome we know
today that the total number of Ors in D. melanogaster is closer to ~60. In other
insect species, the number of genes encoding Ors varies from single digits to several
hundreds (Montagné et al., 2015), with a high diversity amongst the receptors,
reflected in 17-26% amino acid sequence identity between Ors (Vosshall, 2000;
Vosshall et al., 1999). This potentially reflects the ecological adaptation of various
insect species to their ecological needs (Hansson & Stensmyr, 2011).

The Or complex is made up of two units: first, the divergent odorant receptor unit
of the complex, which functions as a ligand-gated ionotropic receptor where the
bound ligand acts like a key in a lock, opening the gated ion channel, generating a
flux of ions (Sato et al., 2008; Wicher et al., 2008). Second, is the highly conserved
Or co-receptor (Orco). Orco is believed to be generally insensitive to natural
odorants and is instead activated by cyclic nucleotides, such as cyclic adenosine
monophosphate (cAMP), during the signalling cascade when information is being
translated from chemical signals to electrical signals in the OSN (Wicher et al.,
2008). It is, however, possible for certain synthetic agonists, such as N-(4-
Ethylphenyl)-2-{[4-ethyl-5-(pyridin-3-yl)-4H-1,2,4-triazol-3-

yl]sulfanyl}acetamide (VUAA1) to bind in and activate the co-receptor (Jones et
al., 2011; Pacalon et al., 2023). The mode for activation is thus two-sided; the
divergent Ors are ionotropic, generating a fast transient signal when binding to an
odorant, while Orco is metabotropic, i.e., activated by a cyclic-nucleotide (cAMP),
generated from the binding of a ligand (Miazzi et al., 2016), resulting in a slower
signal with larger amplification (Wicher et al., 2008). Orco also serves other
functions besides being a metabotropic ion channel, e.g., playing a crucial role in
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regulating the transportation to the OSN membrane and the dendritic localisation
of the Or-Orco complex (Benton et al., 2006; Larsson et al., 2004),(Benton et al.,
2006; Larsson et al., 2004),(Benton et al., 2006; Larsson et al., 2004). Another
function of Orco is that of regulating the spontaneous activity of the OSN by acting
as a pacemaker (Stengl & Funk, 2013). This is important, as the ability to provide
temporal encoding carries both quantitative and qualitative information about an
odorant, which, when generating neuronal spiking, is sent to the brain and carries
meaningful information triggering a certain behaviour (Deng et al., 2011; Stengl &
Funk, 2013).

Several ancestral basal insect species, such as the jumping bristle tail Machilis
hrabei, which diverged early in the main evolutionary lineage of insects, lack Orco
and instead form a homotetrameric ion channel composed of only divergent Ors,
which, in the presence of a ligand, opens the pore to elicit an ion flux (Del Marmol
et al., 2021; Thoma et al., 2019). Many insects, mainly winged, however, do not
form Or homotetramers but instead a heterotetrameric ion channel between
divergent Ors and the conserved Orco in a 1:3 stoichiometric configuration
(Butterwick et al., 2018; J. Zhao et al., 2024). As this ion channel is ligand-gated,
when a ligand binds to the Or, a conformational change is induced in the structure
of the complex, resulting in the opening of the ion channel (J. Zhao et al., 2024).

Structurally, the amino acid sequence dictates the folding of a protein, which is
more diverse for Ors than that of Orco, theoretically leading to more diverse tuning
receptors. It is thought that a cognate ligand binds to the tuning Or via a binding
pocket that changes morphology after the molecular structure of the ligand (Del
Marmol et al., 2021). However, it was found that M. hrabei Or5 binds both the
natural ligand eugenol, as well as the synthetic ligand DEET (diethyltoluamide), in
the same site, with the same amino acids interacting with the ligand despite these
compounds having different properties and size (Del Marmol et al., 2021). This
implies that an Or that has evolved to bind a natural ligand can also be activated by
a manmade synthetic agonist that is very different in size and chemical properties.
Changing the amino acid sequence predictably changes how the protein interacts
with these ligands as well. It was observed that substituting a certain amino acid,
M209, from methionine to valine or alanine, increased the binding affinity for
DEET and reduced it for eugenol (Del Marmol et al., 2021). This may suggest that
the layout of the binding pocket dictates the affinity of the ligand, as methionine is
a larger amino acid compared to valine or alanine, while eugenol is a smaller
molecule than DEET, together suggesting that the space in the binding pocket is
suboptimal for the smaller molecule. This kind of substitution is not unique to
MhrOr5 but has been demonstrated in other insect Ors as well (Franco et al., 2022;
Hill et al., 2015; Leary et al., 2012; Yang et al., 2017).
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Selection pressure affects binding affinity of Ors, ultimately affecting the coding
by Ors and dictates how and what an insect can sense in terms of odours (Hansson
& Stensmyr, 2011). The first functional characterisation of an Or repertoire, in D.
melanogaster, revealed that at high dilutions many receptors have a tendency to
respond to a variety of chemical compounds of different size, electric charge or
inductive properties potentially showing widely tuned receptors (Hallem &
Carlson, 2006). Later a large part of the Anopheles gambiae Or repertoire was
characterised also showing that a single receptor responds to several ligands,
including esters, alcohols, aldehydes or aromatic compounds (Carey et al., 2010).
These studies, however, have a couple of unfavourable traits for the functional
characterisation of Or genes to ecologically relevant ligands. Among these is the
use of quite high concentrations, which are unlikely to be the ecologically relevant
amounts that the insects are exposed to in their everyday lives. More recently, there
have been two additional studies that have functionally characterised Or repertoires,
in Locusta migratoria (Chang et al., 2023) and Spodoptera littoralis (de Fouchier
et al., 2017). The Or repertoire of L. migratoria shows low redundancy, compared
to other species tested, when exposed to ecologically relevant compounds at
relevant concentration levels with receptors usually responding to only one or a few
compounds that are of similar size, charge or have same characteristics (Chang et
al.,, 2023). For the moth S. littoralis, a similar trend can be seen with a few
exceptions (de Fouchier et al., 2017). Lastly, two studies in Anopheles coluzzii, in
which Omondi et al exposed a set of Ors to headspace collections of human and
floral odours showing high specificity in certain receptors to some compounds,
usually with only one or two compounds eliciting a response, while a few receptors
are more promiscuous in their response patterns (A. B. Omondi et al., 2019; B. A.
Omondi et al., 2026).

Not only did the studies in L. migratoria and A. coluzzii expose the insects to
ecologically-relevant compounds, but also at physiologically relevant levels. A
potential explanation for why the cognate ligands have been missed in previous
studies could be that most receptors are specialists (narrowly tuned), but that there
are generalists which respond to the compounds of similar size, electric charge or
inductive properties, such as esters, acids, indoles, aldehydes, and hydrocarbons.
(Ignell & Hansson, 2004). The studies in L. migratoria and A. coluzzii showed that
at ecologically relevant levels, there seems to be more specificity, in which
receptors are more narrowly tuned compared to the older studies (Chang et al.,
2023; A. B. Omondi et al.,, 2019; B. A. Omondi et al., 2026). While the
understanding of the determinants of receptor tuning remains incomplete, it may
reflect a variation of the canonical concept of combinatorial coding, where an odour
is represented by patterns of activity across multiple receptors rather than by a
single dedicated receptor (Andersson et al., 2015). Alternatively, information may
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be conveyed by narrowly tuned Ors through labelled-line coding, in which specific
receptor-neuron pathways are specialised for detecting single biologically relevant
cues (Stensmyr et al., 2012). Whether this concept is valid for mosquitoes is
currently debated, as there is accumulating evidence suggesting co-expression of
chemosensory receptors in single OSNSs.
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4. Co-expression and redundancy of
chemosensory receptors in dipterans

There has long been a canonical view regarding odour coding in insects, in that
each OSN expresses a single receptor class, and these in turn innervate the same
glomerulus in the AL (Infobox C) (Couto et al., 2005; Gao et al., 2000; Laissue et
al., 1999). Historically, this leads to two modes of odour coding in the insect. In the
first mode, named labelled lines, a single narrowly tuned chemosensory receptor is
expressed in a single class of OSN, which innervates a single glomerulus (Figure
2a). Some chemical signals, such as pheromones, attract only conspecifics of the
opposite sex and so is a unique signalling cue for the conspecific to detect
(Christensen & Hildebrand, 1987). However, since these compounds are so distinct
they can also be detected by an individual that wants to avoid the individual
(Kempraj et al., 2020) or its offspring, such is the case for a genus of parasitoid
wasp, which oviposit and kill Drosophila larvae (Ebrahim et al., 2015). This,
however, has a considerable downside due to the narrow specificity of the receptor:
the insect is only able to sense as many ligands as it has receptors for. For the insect
to get around this, insects can use combinatorial coding. In this kind of encoding, a
ligand activates a unique complement of more broadly tuned receptors and thus
activates a unique combination of glomeruli (Kreher et al., 2008). While
combinatorial coding most likely is utilised by most insects, it is well suited for
polyphagous insects for example, moths, such as S. littoralis, that feed on a large
number of different plants (Salama et al., 1971) or mosquitoes that feed on different
types of resources (Hill & Ignell, 2021) due to the diverse odour landscape
necessary to be navigated. An organisation like this has traditionally held true for
certain species, such as A. mellifera (Flanagan & Mercer, 1989), Manduca sexta
(Grosse-Wilde et al., 2011) and D. melanogaster (Benton et al., 2009; Laissue et
al., 1999). However, as described below, more recent research hypothesises
variation among species in regards to how odour coding works.

It has been known for over a decade that Aedes aegypti expresses almost twice as
many Ors (~130) (J. Bohbot et al., 2007; Matthews et al., 2016) in olfactory tissues
as there are olfactory glomeruli in their brain (~60-80) (Ignell et al., 2005; Shankar
& McMeniman, 2020; Z. Zhao et al., 2022). This clear mismatch of Ors to
glomeruli leads to the hypothesis of co-expression and co-option of receptors in
single OSNSs, thereby challenging the canonical view (Adavi et al., 2024). Co-
expression and co-option of receptors is not limited to Ors, as Ors co-express with
Irs, and moreover, Irs co-express with each other and with Grs (Figure 2). More
specifically, OSNs were previously thought to express a single receptor type.
However, emerging evidence is pointing towards the expression of multiple Or +
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Orco classes together with Irs and potentially Grs in the maxillary palps of Ae.
aegypti (Adavi et al., 2024; Herre et al., 2022) as well as for co-reception of Or +
Orco classes in A. gambiae (Karner et al., 2015). Similar expression patterns have
been observed in the model organism D. melanogaster, Drosophila sechellia and
A. coluzzii, where it was shown that Ors and Orco co-express with the Ir co-
receptors Ir8a, Ir25a and Ir76b, for example, Ir25a is co-expressed in ~88% and
Orco in ~82% of all olfactory sensory neurons and that they innervate at the same
glomeruli in the antennal lobe (Task et al., 2022).
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Figure 2. Odor coding schematic of insect olfactory sensory neurons

For insects filling ecological niches with complex chemosensory landscapes, there
may be many reasons for the co-expression of members of different chemosensory
gene families in a single OSN instead of the expression of a single receptor type.
Receptor co-expression could allow robust mosquito attraction to humans by
detection of redundant cues that are present in human odour, which is made up of a
blend of compounds sometimes in the hundreds (Bernier et al., 1999). Furthermore,
redundancy could be used for the rapid detection of specific odour blends or ratios
of individual components in a blend, as the processing of this information would
no longer rely on subsequent layers of processing in the higher processing centres
(Rauscher & Wolff, 2023). An example of this is the host-seeking behaviour of 4e.
aegypti, which is highly anthropophilic, and where attraction is mediated by two
appendages, the antennae for which the odor coding has not been functionally
characterised but if similar to another highly anthropophilic species A. gambiae
sense a wide spectrum of odorants (Carey et al., 2010; Chen et al., 2019) and the
maxillary palp which respond to fewer odorants and is also highly sensitive to CO2
(J. D. Bohbot & Dickens, 2009; Gillies, 1980; Grant et al., 1995). Studies
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demonstrating that knockout mutants of either Orco or certain Grs sensitive to CO2
specifically retain attraction towards human hosts indicates a robust system for host
seeking in this mosquito species (McMeniman et al., 2014; Z. Zhao et al., 2022).
There is evidence pointing towards the co-expression of several chemosensory
receptors in Ae. aegypti, for example, Ir co-receptors being expressed in all Orco-
and AaegGr3-positive sensory neurons, which is believed to expand the functional
responses of the OSNs in which these receptors are expressed (Herre et al., 2022).
It is possible that this co-expression of receptors allows for a redundant function to
strengthen the attraction towards human hosts for the different volatile cues they
emanate (Herre et al., 2022). Furthermore, it is hypothesised that co-expressed
receptors, tuned to similar ligands at different concentration ranges, could extend
the dynamic range of an OSN (Rauscher & Wolff, 2023).
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5. Evolution of odorant receptors in insects

Contemporary and ancient insect Ors are theorised to have evolved from Grs, with
Orco as a basal lineage (Robertson et al., 2003). Insect Grs have been described as
distant relatives and linked to homologs in other animals, as well as in protists,
fungi and plants, which links the ancient receptor family to many more organisms
than previously thought (Robertson, 2015). The common ancestor linking insect
Ors and Grs are referred to as gustatory receptor-like (GRL), and have through
phylogenetic relationships been identified in vastly taxonomically different taxa
(Benton et al., 2020).

Terrestrialisation of insects is regarded as the origin of the evolution of insect Ors,
over 400 million years ago (Brand et al., 2018; Engel & Grimaldi, 2004). This
historical event diverged the hexapods, which later evolved into insects from
crustaceans (Robertson et al., 2003). A study by Brand et al. (2018), partially built
on (Missbach et al., 2014), concluded that Ors have been present in most ancestors
of insects since this divergence event. These studies demonstrate the evolution of
insect Ors from the ancient Collembola (springtails), Diplura (two-pronged
bristletails) and Archaeognatha (jumping bristletails), with the prior two not being
part of Insecta, to the more contemporary neopteran insects. When looking at these
findings, there seems to be a clear evolutionary point in time at which Ors evolved,
around 400 million years ago (Figure 3). Annotated genomes of ancient hexapods,
e.g., Collembola and Diplura, lack genes encoding for Ors, but do contain genes
encoding for Irs (Figure 3). Ors and Orco seem to have evolved in Archeognatha
and Zygentoma (silverfish), respectively, as they are missing in the genomes of
more ancient hexapods; both orders are within the wingless insects (Apterygota),
dismissing Missbach’s initial claim that only winged insects have evolved Ors.

Looking at the evolutionary timeline, a widening of Or repertoires in more evolved
insects compared to their predecessors can be observed (Figure 3). In terrestrial
insects, for example, jumping bristletails, such as M. hrabei, five genes encode Ors,
but not Orco (Figure 3), while the genome of another ancient but more evolved
insect, the firebrat, Thermobia domestica, contains a much larger repertoire of 43
Ors and a gene encoding for Orco (Figure 3), and which also have an amino acid
sequence similar to contemporary neopteran insects (Brand et al., 2018; Missbach
et al., 2014). The same kind of evolutionary pattern with presence and absence can
be seen when looking at ancient flying insects and comparing them to their more
evolved counterparts. Ladona fulva is a dragonfly that has three genes encoding for
Ors and one for Orco, and, in contrast, the slightly more evolved mayfly Ephemera
danica encodes 46 Ors and has one gene encoding for Orco (Ioannidis et al., 2017),
pointing towards the absence of ancient Ors in the ancestral dragonflies and
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potentially a dependence on other sensory inputs, such as vision, rather than
olfaction. This lack of ancestral Ors could be due to the reduction or loss of Ors that
were independent of Orco, as in basal insects, such as M. hrabei. This species
appears to lack an Orco ortholog yet subsequently evolved Orco-dependent Ors
following the emergence of Orco (Brand et al., 2018; Thoma et al., 2019). These
studies provide an overview of the evolution of Ors from the terrestrialisation of
insects. In summary, when the insects were solely terrestrial, only a handful of Ors
and Irs appear to have been necessary, but as time passed, more complex or
different niches might have needed to be filled, and so more advanced olfactory
systems evolved due to the selective pressure of the new niche. Moreover, when
insects became capable of flight, they possibly came into contact with more volatile
compounds going through the air instead of being close to the ground, with some
exceptions like L. fulva.
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Figure 3. Phylogeny of the emergence of tuning Ors, Orco as well as Irs across the last 500 million
years (mya).
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6. Birth and death of odorant receptors

Genes encoding the diverse Ors are believed to evolve through something called
the birth-and-death evolutionary model (Nei et al., 2008). This model implies that
if a gene coding for an Or mutates and the new receptor has a different function
than the predecessor, and fitness is increased in the individual, then this increases
the selective pressure positively for this change, and so a new gene is “born”. In
contrast, if the new gene, and therefore receptor, has a detrimental impact on the
fitness of an individual, it will not be selected for and so become a non-functional
pseudogene. Pseudogenes are genetic sequences that resemble functional genes, but
due to degeneration, exhibit features that render them non-functional. Pseudogenes
are considered “junk DNA”, and although rare in insects, such as D. melanogaster,
when compared to vertebrates (Harrison et al., 2003), pseudogenes are still bloating
the genome and are not subject to natural selection, which is not necessarily
detrimental but non-beneficial to the animal (Balakirev & Ayala, 2003). This kind
of process, when repeated many times over a long stretch of time, contributes to the
large variety of Or genes. This evolution of new Or genes enables insects to fill
niches and adapt quickly to new environments, speaking in relative terms.

In Drosophila, estimates of birth-and-death rates of genes have been conducted by
calculating the number of birth-and-death changes per gene and million years.
Across Drosophila as a whole, an estimated ~17 new gene gains or ~17 losses occur
every one million years during the evolution of a certain species in the family (Hahn
et al., 2007). What is interesting is that the rates for chemosensory genes are
considerably higher when compared to other gene families and to the entire genome
(Hahn et al., 2007). For example, for Ors, there is a gain or loss every 3 million
years, which at first glance does not seem to be high, but as the family of Ors in D.
melanogaster is ~60 genes compared to the entire genome of 14.000 genes, the rate
is very high (Eirin-Lopez et al., 2012; Hahn et al., 2007; McBride et al., 2007). This
leads to many rapid changes in the gene family, making it possible for insects to
adapt relatively easily, but this also means that the genome runs the risk of
generating non-functional pseudogenes.

The effects of birth and death evolution can have a slight but important impact on
Ors, changing the function and structure of the protein structure as well as affecting
the tuning. As birth and death evolution changes genes that encode proteins, such
as Ors, there is a change in their amino acid sequence either by deletion, addition
or substitution of amino acids (Hill et al., 2015). This change in sequence has the
possibility to alter the function of the receptor and therefore changing the affinity
towards or against ligands. Culex quinquefasciatus is known as the southern house
mosquito and is a vector of various mosquito-borne diseases, e.g., Zika and Western
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Equine encephalitis virus. C. quinquefasciatus expresses two specific receptors,
CqOrl113 and Cql18, that are tuned towards 1-octen-3-ol and that are homologous
to A. gambiae and Ae. aegypti Or8 (Grant et al., 1995). The C. quinquefasciatus
CqOrl113 and Cql18 receptors have high shared identity except at the C-terminus,
where they differ with a seven amino acid insertion, four amino acid substitutions,
as well as a deletion of the entire predicted extracellular C-terminus of CqOr113
(Hill et al., 2015). This slight difference in receptor structure due to birth and death
evolution enhances the receptor’s tuning towards the S enantiomer of 1-octen-3-ol
instead of the R enantiomer, both when tested in vivo and in vitro (Hill et al., 2015).
This highlights and merges the importance of stereochemistry with receptor
function and birth and death evolution, and it is this kind of evolution that gives rise
to rapid ligand specificity change and, in turn, diversity of Ors due to the
adaptations to the ecological niches of insects.
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/. Conclusions

Odorant receptors are part of a complex machinery that makes up the chemosensory
system of an insect. From the molecular interactions between the receptor itself and
its ligand to the signalling of these interactions to the brain, to the evolution of the
various components involved in this machinery. There are a lot of truths regarding
Ors remaining to be found and explored so that the research community can develop
a better understanding of them and develop tools against insects that are detrimental
to us as humans, as well as benefit the ones who do us good through the utilisation
of their olfactory systems. While we have a general understanding of the structure
and function of Ors, there is a need to delve deeper into these topics, as well as the
expression and co-expression of these receptors in conjunction with other
chemosensory receptors, as well as mapping the functional genomics of Ors in more
species than the few that have been done.
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