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Insect olfaction and the evolution of
receptor tuning

Martin N. Andersson 1*, Christer Löfstedt 1 and Richard D. Newcomb 2

1Department of Biology, Lund University, Lund, Sweden, 2 The New Zealand Institute for Plant & Food Research Ltd,

Auckland, New Zealand

Insects detect odorants primarily using odorant receptors (OR) housed in the dendritic

membrane of olfactory sensory neurons (OSN). Pioneering studies indicated that insects,

like mammals, detect odorants in a combinatorial fashion with a specific odor ligand

activating several broadly tuned ORs, and each OR being activated by several ligands.

Several recent studies, however, challenge this view by providing examples where

ecologically relevant odorants are detected by high-specificity ORs activating dedicated

neuronal circuits. Here we review these contrasting findings on the ligand selectivity of

insect ORs and their neuronal wiring, and outline scenarios describing how adaptive and

neutral evolution might shape both narrow and broad receptor tuning. The fact that not all

ORs display narrow tuning might partly be due to key ligands having been missed from

screens or too high stimuli concentrations being used. However, the birth-and-death

model of OR evolution, involving both adaptive and neutral events, could also explain

the evolution of broad tuning in certain receptors due to positive selection or relaxed

constraint. If the insect olfactory system indeed contains both narrowly and broadly tuned

ORs, this suggests that it is a hybrid between dedicated channels and combinatorial

coding. The relative extent of the two coding modes is then likely to differ between

species, depending on requirements of perceived chemical space and the size of the

OR repertoire. We address this by outlining scenarios where certain insect groups may

be more likely to have evolved combinatorial coding as their dominant coding strategy.

Combinatorial coding may have evolved predominantly in insects that benefit from the

ability to discriminate between a larger number of odorants and odor objects, such as

polyphagous or social species. Alternatively, combinatorial coding may have evolved

simply as a mechanism to increase perceived odor space in species with small OR

repertoires.

Keywords: combinatorial coding, evolution, olfaction, odorant receptor, selectivity, specificity

Introduction

Animals across phyla detect odors from the surrounding environment to find food, hosts, mates
and oviposition sites, and to avoid predators and pathogens (Hildebrand and Shepherd, 1997).
Thus, the sense of smell is often critically important for survival and arguably linked to fitness,
having evolved to fit various ecological lifestyles (Nei et al., 2008; Hansson and Stensmyr, 2011;
Cande et al., 2013). Animals detect odorants using several families of receptor proteins, of which
the odorant receptors (ORs) are the most thoroughly studied in terms of function. Early studies
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on mammals suggested that their ORs respond to odorants in
a combinatorial fashion, with a specific odor ligand activating
multiple ORs, and each OR being activated by multiple ligands
(Figure 1A). This in turn results in a combinatorial activation of
olfactory sensory neurons (OSN) in the periphery and glomeruli
in the primary olfactory center (Figure 1B) (Malnic et al., 1999;
but see Wetzel et al., 1999; Keller et al., 2007; Nara et al.,
2011; Shirasu et al., 2014). By using promiscuous receptors with
overlapping response spectra, an animal is expected to be able
to discriminate among more odorants and odor blends through
central processing of the signals than predicted by the number
of receptors it expresses (e.g., Xu et al., 2000; Bushdid et al.,
2014).

Pioneering functional studies on the OR repertoire of
Drosophila melanogaster (Hallem et al., 2004; Kreher et al., 2005;
Hallem and Carlson, 2006), and later of mosquitoes (Xia et al.,
2008; Carey et al., 2010; Wang et al., 2010), suggested that insect
ORs respond to multiple ligands (i.e., are broadly tuned), and

FIGURE 1 | Combinatorial coding including broadly tuned odorant

receptors (OR) contrasted with specialized ORs activating

dedicated neuronal pathways. (A) With combinatorial coding (left),

each odorant binds to several receptors with overlapping ligand

affinities, and each OR is activated by multiple ligands. In contrast,

specific ORs for ecologically relevant cues are activated by one or a

few structurally related odorants, and little cross-activation of ORs

occurs (right). (B) With combinatorial coding, a single odorant activates

a unique combination of glomeruli in the antennal lobe (left) due to

binding to multiple ORs, whereas a single odorant activates a single

glomerulus in a system comprised of specialized ORs and dedicated

channels (right).

that combinatorial coding also likely applies to insect olfaction,
with their modest repertoires of receptors and glomeruli. Based
on these findings, combinatorial coding has been established as
the predominant explanation of how insects “encode” their odor
environments (e.g., Touhara and Vosshall, 2009; Wyatt, 2014).
However, several recent studies challenge this view by providing
examples where certain odors are detected by highly specific
receptors (Mathew et al., 2013; Liu et al., 2014) (Figure 1A),
activating dedicated neuronal pathways (originally referred to
as “labeled-line” channels) (Figure 1B) (Stensmyr et al., 2012;
Dweck et al., 2013, 2015; Ronderos et al., 2014). In light of
these findings, we review the literature on ligand selectivity of
insect ORs, and outline ecological and evolutionary scenarios
that, in combination with neurological constraints, we believe
are likely to have favored high specificity of the insect ORs
and their corresponding sensory neurons. We also discuss how
adaptive and neutral evolution might allow some receptors to
acquire broad tuning, facilitating combinatorial coding in certain
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olfactory sub-systems. Finally, we present our views on in which
insect groups one would expect combinatorial coding to be more
prevalent.

Definition of Combinatorial Coding

Before venturing into the discussion about the different odor
coding modes, it is important to clearly state our working
definition of “combinatorial coding,” because its meaning is
not consistent in the literature. Originally, the definition of
combinatorial coding was as described above: each OR is broadly
tuned, responding to multiple ligands, and single ligands activate
multiple ORs and as a consequence also multiple glomeruli in
the primary olfactory center (Malnic et al., 1999). This is the
definition we employ here. However, combinatorial coding is
also used to describe central processing mechanisms, and can in
this case, actually involve receptors specific for single compounds
(Wyatt, 2014). For instance, moth pheromone receptors often
respond specifically to individual pheromone components, while
blend-specific antennal lobe (AL) interneurons and projection
neurons might need combinatorial input from several of these
OSNs to respond (Christensen et al., 1989; Wu et al., 1996).
In general, insects rely on specific combinations and ratios of
odorants for behavioral responses, such as host attraction and
non-host avoidance (Bruce et al., 2005; Bruce and Pickett, 2011;
Binyameen et al., 2014; Riffell et al., 2014; Thoma et al., 2014).
Thus, at the level of odor objects, such as host plants releasing
a bouquet of odorants, combinatorial coding is operating both
at the periphery and in the AL (Semmelhack and Wang, 2009),
because the individual constituents of the blend activate different
neurons, regardless of whether the ORs they express are specific
or promiscuous. This is, however, distinct from combinatorial
coding with respect to single odor ligands, which is the focus of
the present review.

Experimental Factors Affecting Tuning
Widths and Combinatorial Responses

Selection of Test Compounds and Stimuli
Concentrations
There are several experimental factors that should be considered
when interpreting the tuning width of receptors. For instance,
the number and selection of test odorants can influence apparent
response specificities, thus also the kurtosis (k) value of ORs,
which sometimes is used as a numerical representation of
tuning width based on the “peakedness” of the odor response
distribution (e.g., Carey et al., 2010). The response profile of a
receptor will, in general, appear broader (lower k) if the odor
panel contains a larger number of compounds that are chemically
related to the primary ligand, as compared to if the test panel
contains a smaller number or is devoid of such compounds.
Thus, a biased coverage of chemical space in test odor panels
will inevitably bias apparent response specificities in a receptor-
dependent manner. In our schematic examples of tuning widths
(i.e., see Figures 2, 3) we do not consider chemical space coverage
when illustrating the difference between narrowly and broadly
tuned receptors.

The applied stimulus concentration is a second factor that
greatly influences response specificities. The first large-scale
heterologous screenings of the OR repertoires of D. melanogaster
and A. gambiae revealed a wide range of OR specificities, from
narrow to broad tuning (Kreher et al., 2005; Hallem and Carlson,
2006; Xia et al., 2008; Carey et al., 2010; Wang et al., 2010). Since
most ORs were activated by multiple ligands and most ligands
activated multiple ORs, it was concluded that combinatorial
coding is the primary coding mode of the insect olfactory system.
This conclusion is well supported by the data at that time. For
example, of the 24 D. melanogaster ORs studied by Hallem
and Carlson (2006), 16 responded strongly (>100 spikes/s) to
multiple odorants within a panel of 110 test odorants with
variable chemistry. Seven of the other ORs were only weakly
(<100 spikes/s) excited, whereas one OR responded strongly
only to one odorant. In this study, 67 of the odorants excited
more than one OR. However, the stimulus concentrations used
(10−4–10−2 dilution) in the early studies on the fly and the
mosquito were probably higher than those insects generally
would encounter in nature, although the local concentrations
close to the sensilla have not been determined. Importantly, it is
the natural odor concentrations that exert the selection pressures
that shape the OR specificities. Indeed, at lower stimulus loads,
the ORs are more narrowly tuned (Hallem and Carlson, 2006;
Kreher et al., 2008; Wang et al., 2010), a phenomenon that has
also been observed in single-unit electrophysiological recordings
from a large variety of insect species (e.g., Hansson et al., 1999;
Andersson et al., 2009, 2012a; Yuvaraj et al., 2013). Hence,
the broad response of receptors leading to the conclusion of
combinatorial activation of insect ORs might in some cases
be a pharmacological effect on ORs when exposed to high
concentrations of chemicals, thus not always reflecting how the
repertoire of receptors is used in nature or how it evolved. This
observation has now been recognized by the research group that
conducted the pioneering studies on D. melanogaster (Mathew
et al., 2013) (see also Section Specific Receptors and Dedicated
Neuronal Channels in D. melanogaster).

Measurements of Stimuli Quantities and Purities
are Essential
There are additional technical issues that may confound
conclusions about receptor tuning. In order to conclude that a
receptor or OSN is broadly tuned, it is important to measure
the actual amount of stimulus that reaches the sensory cell (or
at least the sensory organ), especially if the active compounds
are structurally unrelated and have different volatilities (airborne
odor delivery systems) or solubilities (liquid-borne systems).
These issues are usually not thoroughly considered when
analyzing the data from physiological studies. Andersson et al.
(2012b) showed that differences between stimuli in their release
rates from commonly used Pasteur pipette odor cartridges can
significantly confound conclusions about OR specificities, and
used the D. melanogaster ab3A neuron, co-expressing Or22a and
Or22b (Dobritsa et al., 2003), as an example. The ab3A neuron
had previously been shown to respond to several odorants
and with similar sensitivity to the three proposed key ligands,
methyl hexanoate, ethyl hexanoate, and ethyl butyrate (Stensmyr
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et al., 2003; Hallem and Carlson, 2006; Pelz et al., 2006).
However, these compounds have vastly different release rates
from odor cartridges (Andersson et al., 2012b). When correcting
for airborne stimuli quantities, the ab3A neuron has the highest
sensitivity to ethyl hexanoate, with a response threshold at a
dose one order of magnitude lower than for methyl hexanoate
and four orders of magnitude lower than for ethyl butyrate,
indicating a higher specificity than previously acknowledged
(Andersson et al., 2012b). Furthermore, Andersson et al. (2012b)
also highlights the importance of the purity of the synthetic test
compounds, which is rarely properly analyzed and reported (but
see e.g., Andersson et al., 2009). Without careful consideration
it is possible to arrive at false conclusions due to the presence
of active contaminants. Even compounds of the highest quality
are seldom more than 99% pure, and the slightest impurity of
an active and highly volatile compound (e.g., 0.001% of ethyl
butyrate in the ethyl hexanoate vial) could elicit a significant
“false positive” response from a sensitive receptor.

Specific Receptors for Compounds Linked
to Fitness

It has long been known that insect OSNs that respond to sex
or aggregation pheromone compounds often are highly specific
(Mustaparta et al., 1979; Tømmerås, 1985; Hansson et al., 1986;
Priesner, 1986; Almaas et al., 1991). More recent screenings
of receptors in heterologous systems have confirmed that the
specificity generally resides in the pheromone receptors housed
in these neurons (Wanner et al., 2007, 2010; Mitchell et al., 2012;
Montagné et al., 2012; Zhang and Löfstedt, 2013; Jiang et al.,
2014). High specificity of pheromone detection is likely to be
maintained due to strong purifying selection on the receptors to
keep high fidelity in the mate recognition system (Figure 2A),
ensuring reproductive success (e.g., Leary et al., 2012). In other
words, mutations in pheromone receptors that widen or alter
the ligand specificity would generally be deleterious, potentially
leading to reduced mating efficiency or heterospecific mating,
thus lower fitness. Moreover, in recent years it has become
apparent that OSNs responding to non-pheromonal compounds
can also be highly selective, including those responding to
ubiquitous plant volatiles (reviewed in e.g., Bruce and Pickett,
2011; Hansson and Stensmyr, 2011). Evidence from a variety of
insect species suggests that a high degree of selectivity is common
also for receptors that detect non-pheromonal compounds
important for survival and reproduction. Discussed below is data
indicating a high degree of ligand specificity for over a third of
the ORs encoded within the genome of D. melanogaster.

Specific Receptors and Dedicated Neuronal
Channels in D. melanogaster
There are several examples of specifically tuned ORs that detect
ecologically relevant odorants to activate dedicated neuronal
channels in D. melanogaster. Stensmyr et al. (2012) identified a
dedicated olfactory circuit in flies for geosmin. This compound
signals the presence of toxic molds and bacteria on their
breeding substrates, fermenting fruit. By using GC-coupled
electrophysiology, the authors tested ca. 3000 compounds that

are present in the fly’s natural environment, and showed that only
the ab4B neuron, which expresses Or56a, is activated exclusively
by geosmin. Subsequent recordings fromChineseHamster Ovary
cells showed that OR56a is extremely specific for geosmin.
Furthermore, activation of the ab4B neuron by geosmin elicits
activity in a single glomerulus (DA2), which is necessary and
sufficient for antifeeding activity, inhibition of attraction and
oviposition. Geosmin-specific OSNs were identified in seven
other fruit-breeding drosophilids, indicating the evolutionary
conservation of geosmin detection. It was also shown that the
receptor is subjected to purifying selection. However, D. elegans
did not respond to geosmin, and the fact that this species breeds
on fresh flowers, and therefore is unlikely to encounter the toxic
molds, suggests that the link between geosmin and reduced
fitness is much weaker in this species (Stensmyr et al., 2012).

Another dedicated olfactory pathway of D. melanogaster is
activated by the binding of citrus volatiles (primarily valencene)
to the receptor OR19a (Dweck et al., 2013). It was shown that
flies prefer citrus fruit as an oviposition substrate, and that the
terpenes characteristic of these fruits are detected solely by OSNs
expressing Or19a. Activation of these neurons was necessary and
sufficient for the oviposition selectivity, but did not induce long-
range attraction. Moreover, endoparasitoid wasps that parasitize
fly larvae were repelled by citrus odors, and fly larvae had a
reduced risk of parasitism in the presence of valencene. Thus,
although the OR19a receptor is more broadly tuned than the
receptor for geosmin, it still activates a dedicated neuronal circuit
because it responds only to terpene compounds associated with
the preferred oviposition substrate, and these compounds do
not excite other OSN classes. Another recent study showed that
DmelOR83c is specific for farnesol, which is released from the
peal of citrus fruit (Ronderos et al., 2014). In contrast to the
OR19a pathway, activation of farnesol-sensitive OSNs induces
attraction. This might suggest two distinct pathways of which
one (via OR83c) is essential for citrus attraction and the other
(via OR19a) for citrus oviposition preference (Dweck et al., 2013;
Ronderos et al., 2014). However, the ecological significance of
farnesol and the OR83c pathway was recently questioned by
Mansourian and Stensmyr (2015). Farnesol is present in minor
quantities only in some citrus varieties, and the fact that the
projection neurons from the glomerulus that receives input from
Or83c expressing OSNs terminate in the brain area that processes
pheromonal information might imply that this receptor simply is
an orphan pheromone receptor (as discussed in Mansourian and
Stensmyr, 2015).

D. melanogaster also responds to hydroxycinnamic acids
(HCAs), potent dietary antioxidants common in fruits, using
the detection of ethylphenols (primarily 4-ethylguaiacol and
4-ethylphenol) as a proxy (Dweck et al., 2015). Being able
to detect foods containing dietary antioxidants is likely to be
beneficial for flies and other generalist insects to counteract acute
oxidative stress induced by consumption of entomopathogenic
microorganisms (as argued by Dweck et al., 2015). The
ethylphenols are produced from HCAs by several yeast species
commonly found on fruit, and specifically detected by adult flies
solely by the OSN class expressing Or71a. This OSN class was
screened with 154 compounds at a high dose (10−2 dilution)
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to identify its maximum receptive range. In this screen, 4-
ethylguaiacol elicited the strongest responses, and only eight
other compounds, all structurally similar to the primary ligand,
elicited responses at >100 spikes/s. Furthermore, activation of
this neuron class was necessary and sufficient for increased
feeding, oviposition and attraction. Also, in fly larvae, a similar
dedicated neuronal pathway mediates positive chemotaxis to
HCA-enriched substrates via proxy detection of the same
ethylphenols. Interestingly, this pathway is activated by OSNs
expressing the larval receptor OR94b, which has a response
spectra very similar to that of OR71a in adults (Dweck et al.,
2015).

In addition to the examples above, Mathew et al. (2013)
screened the 21 larval-expressed ORs of D. melanogaster with
close to 500 odorants at a dilution of 10−4. The test odor
panel was comprised of chemically diverse compounds, including
aldehydes, ketones, esters, aromatics, alcohols, terpenes, and
pyrazines. Many of the compounds are released from natural
sources such as yeast, fruits, and fungi. Odor-evoked responses
were obtained from 19 of the ORs, and the active compounds
elicited little cross-activation of other ORs. It was concluded that
naturally occurring concentrations of many of the test odorants
are likely to be signaled by single OSN classes, thus not by
combinatorial activation of several neurons. Furthermore, the
majority of the key ligands for the 19 ORs had effects on larval
behavior (various degrees of attraction). However, the ecological
relevance of each specific compound was not determined and the
high response thresholds for some of the ORs to their key ligands
(between 10−2 and 10−3 dilutions) indicate that they are more
sensitive to other unidentified ligands (Mathew et al., 2013).

Receptor Specificity in Other Species and
Receptor Families
High specificity of ORs for non-pheromonal compounds has
also been found in mosquitoes, such as ORs detecting host
and oviposition attractants. Lu et al. (2007) screened 97
compounds to identify A. gambiae OR8 as a specific detector
for 1-octen-3-ol, a compound characteristic of humans and
large mammalian herbivores. In Aedes aegypti, the OR8 ortholog
was subsequently shown to primarily respond to the (R)-(–)-
enantiomer of the compound (Bohbot and Dickens, 2009).
In Culex quinquefasciatus, the oviposition attractants indole
(Pelletier et al., 2010) and skatole (Hughes et al., 2010) are
detected by specific receptors (OR2 and OR10, respectively),
although only 23 compounds were tested in these two studies
(see also Bohbot and Dickens, 2012; Bohbot and Dickens, and
references therein). In the beet armyworm moth (Spodoptera
exigua), SexiOR3 was found to be specific for (E)-(β)-farnesene
within a panel of 62 odorants tested (Liu et al., 2014). Only four
other compounds with very similar chemical structure elicited
minor responses from this receptor. Similarly in the codling
moth (Cydia pomonella), the plant compound pear ester ((E,Z)-
2,4-decadienoate), which is a powerful pheromone synergist,
was detected specifically by CpomOR3 (Bengtsson et al., 2014).
However, the test odor panel only included 15 compounds,
mostly pheromone compounds and antagonists from related

species. Thus, this OR might show a broader response if tested
with an expanded and more diverse set of odor stimuli.

In addition to OSNs that harbor ORs, dedicated olfactory
pathways, which are fed by input from OSNs expressing
ionotropic receptors (IR) or gustatory receptors (GR), have been
identified in Drosophila. Examples include avoidance of carbon
dioxide via GR21a and GR63a (co-expressed in the same OSN)
(Jones et al., 2007; Kwon et al., 2007), aversion toward specific
acids via IR64a (Ai et al., 2010), preference for yeast metabolites
phenylacetaldehyde and phenylacetic acid via IR84a (Grosjean
et al., 2011), and attraction to ammonia and specific amines via
IR92a (Min et al., 2013).

Taken together, these studies suggest that odorants linked to
important ecological traits of insects are detected by receptors
that have evolved a high degree of ligand specificity (Figures 1A,
2A). These include receptors for sex- and host attractants
as well as repellents, such as compounds produced by toxic
microorganisms. This specificity minimizes cross-activation of
receptors for ecologically relevant compounds by other non-
relevant ones. Maintaining the high specificity of these receptors
makes sense since mutations that reduce the specificity would
most likely also reduce the fidelity of corresponding neuronal
channels, increasing the risk of, for instance, mating- and
oviposition mistakes, or death through inability to specifically
detect toxins.

Evolution of Olfactory Receptors and Odor
Tuning

Variation in Odorant Receptor Tuning Width
The increasing number of characterized receptors showing
narrow tuning raises the possibility that most or even all ORs
are specific, with what seems to be broadly tuned receptors only
appearing so because key ligands have been missing from test
panels or high screening concentrations were used. Despite this,
there is still variation in OR tuning widths, even among the most
thoroughly characterized ORs, with not all being as specific as
the geosmin receptor in Drosophila (Stensmyr et al., 2012). In
addition, it is possible that previously identified broadly tuned
receptors (Hallem and Carlson, 2006; Carey et al., 2010) will
remain broadly tuned even if tested at lower stimulus doses
and expanded odor panels. Thus, an alternative scenario is
that insect chemosensory systems contain both narrowly and
broadly tuned receptors, providing the basis for both specific
dedicated channels for certain compounds and combinatorial
coding for others. If the insect olfactory system is indeed a
hybrid between dedicated channels and combinatorial coding,
the question becomes whether dedicated channels have evolved
from a combinatorial coding system, or if the opposite is more
likely. To address this question we should first discuss how it is
thought the receptor families and the receptors themselves evolve
at the molecular level.

Birth-and-Death Evolution of Receptor Families
and the Ancestral State of Odor Coding
It is currently thought that the rapidly diversifying
chemoreceptor gene families evolve according to a
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FIGURE 2 | (A) Odorant receptor (Or) genes coding for receptors that detect

odorants important for fitness are generally under purifying selection and often

narrowly tuned. Mutations to suchOrs that change the response specificity will

typically be selected against and ultimately eliminated from the population. (B)

Selection may favor “selective broad tuning” that allows an OR to detect

multiple odorants, such as those emmanating from the same ecological

source. Two possible evolutionary scenarios are illustrated. Mutations that

widen the response of a narrowly tuned OR (scenario 1), and mutations to a

promisquous ORs that narrows the specificity to a certain group of odorants,

are positively selected (scenario 2) with the same evolutionary “outcome”. The

tuning curves represent crude examples of different tuning widths and, as

such, do not imply full coverage of chemical space.

birth-and-death evolutionary model, in which gene duplication
events represent the births, and pseudogenization and deletion
events the deaths (Figure 3) (Nei et al., 2008; Sánchez-Gracia
et al., 2009; Ramdya and Benton, 2010; Cande et al., 2013).
Within different insect lineages, various groups of receptor genes
have expanded, whereas others have contracted or are simply no
longer present within a particular insect group. The exception
to this pattern is the conserved antennal IRs where orthologs of
most genes are found in all insects (Croset et al., 2010), as well
as the obligate OR co-receptor, Orco (originally Or83b in D.
melanogaster), which is highly conserved among winged insects
(Vosshall and Hansson, 2011; Missbach et al., 2014).

Consistent with the birth-and-death model of chemoreceptor
evolution, all the receptors within a family will share a common
ancestral gene. Thus, under this model, combinatorial coding
cannot represent the ancestral state of olfactory coding, unless
the appearance of the first receptor was accompanied by one
or several duplication events (combinatorial coding requires at
least two receptors). Combinatorial coding also requires more
sophisticated neuronal wiring and processing, and it therefore
seems more parsimonious that the olfactory system started off
as simple. But what about the tuning width of the ancestral
receptor(s)?

The first receptor with the ability to detect external volatiles
had most likely not been pre-selected to bind any particular
environmental odor cue. However, once it had gained a role
as an odorant detector, its tuning might have evolved toward
higher specificity for compounds such as certain mate cues or
toxins. Alternatively, selection might have favored a broader
response allowing detection of a larger range of general odorants
using a single receptor. Can anything be learned from the recent
functional studies of OSNs in basal insects? The most ancient

family of insect chemoreceptors, the IRs (Croset et al., 2010),
are present in primitive insects such as bristletails, silverfish and
firebrats, which lack ORs with the exception of Orco in the
firebrat (Missbach et al., 2014). Electrophysiological recordings
from OSNs expressing IRs in the bristletail Lepismachilis y-
signata using 36 stimuli at a high concentration (10−2 dilutions)
showed a broader tuning as compared to the response of the
IRs in D. melanogaster (Missbach et al., 2014). A similar result
was obtained from the firebrat Thermobia domestica. Although
these results suggest that primitive insects that lack ORs have
olfactory IRs with broader tuning compared with insects that
have both IRs and ORs, it is unknown whether this reflects
the ancestral state or if the broad responses have evolved from
IRs that were more selective hundreds of million years ago.
The same reasoning applies to the receptors of the OR family,
which are evolutionarily unrelated to the IR family. Missbach
et al. (2014) identified 30 Or genes from transcriptomes of
antennae and palps, and 23 functional sensillum types in the
primitive neopteran leaf insect Phyllium siccifolium. Response
profiles ranged from narrow to broad. However, the presence of
30 ORs suggests that the OR repertoire has undergone extensive
evolution since the appearance of the first OR in Neoptera. Thus,
today’s response profiles might not inform us about the ancestral
state.

Consistent with the birth-and-death model of OR evolution,
all extant insect groups possess expanded OR repertoires. With
a repertoire of receptors with different ligand specificities at
hand, evolution can narrow down the response profile of a
broadly tuned OR, but also broaden the response of a narrowly
tuned OR (see also Sections Selection for Broad Receptor Tuning
and Relaxed Purifying Selection Might Underlie Broad Receptor
Tuning). Our understanding of the exact mutations that may
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widen or narrow down the ligand selectivity of receptors is still
in its infancy. However, a few recent studies have pinpointed
certain amino acid sites as being crucial ligand determinants, thus
providing molecular insight into the evolution of altered ligand
affinity of odorant receptors.

Amino Acid Changes Affecting Receptor Tuning
Alterations of single amino acid residues (non-synonymous
nucleotide mutations), or insertions and deletions, can
significantly alter the ligand specificity of olfactory receptors
(Pellegrino et al., 2011; Leary et al., 2012; Xu and Leal, 2013;
Hughes et al., 2014). Mutations can occur within themajor ligand
binding site (orthosteric site), changing the response to include
or preclude structurally similar compounds. Mutations can also
occur at potential allosteric binding sites allowing or prohibiting
binding of structurally dissimilar compounds (as discussed in
Bohbot and Dickens, 2012). For instance, allosteric binding
of fruit volatiles to the CO2 receptor complex was implicated
as a potential mechanism underlying reduced CO2-mediated
avoidance behavior in Drosophila in the presence of these
odorants (Turner and Ray, 2009). In addition, mutations outside
the ligand-binding site can also change receptor specificity and
sensitivity, because they might change the gating equilibrium
constant of the receptor (Colquhoun, 1998; Jadey et al., 2011;
Hughes et al., 2014), or its structure and stability (Xu and Leal,
2013).

We are only just beginning to understand the positions
and types of amino acid substitutions that may change the
response of an OR. Mutations to amino acid 148 (located in
transmembrane domain 3: TMD3) in OR3 of Ostrinia nubilalis
and O. furnacalis have a large effect on the affinity to (E)-11-
tetradecenyl acetate (E11), which is a pheromone component
in O. nubilalis, but not in O. furnacalis. Wild type OR3 in
O. furnacalis responds preferentially to (E)-12- and (Z)-12-
tetradecenyl acetate. Changing amino acid residue 148 in O.
furnacalis OR3 from threonine (wild type) to alanine (wild type
in O. nubilalis) increased the sensitivity to E11 ca. 12-fold,
thereby increasing the number of active ligands on this receptor.
The converse mutation (A148T) to O. nubilais OR3 reduced
the sensitivity to E11 to a similar extent (Leary et al., 2012).
Similarly, a single amino acid substitution (V91A) in TMD2
of DmelOR59b, reflecting a natural polymorphism, significantly
affected the response to the insect repellent DEET (Pellegrino
et al., 2011). Also a few amino acids at the interface between
extracellular loop 2 (ECL2) and TMD3 were implicated as
determinants of odor sensitivity of DmelOR85b (Nichols and
Luetje, 2010). In OR10 of mosquitoes, mutating either of three
conserved proline residues in ECL2 to alanine lowered or
abolished the response to skatole (Xu and Leal, 2013). The
presence of neighboring glycine residues and nearby aromatic
residues indicates that ECL2 contains multiple β-turns, and
mutations to these residues also abolished the response. The
presence of conserved β-turns also in moth ORs responding to
structurally different odorants suggests that ECL2 acts as a lid
to cover a membrane embedded binding pocket, rather than
representing a specificity determinant of the binding pocket (Xu
and Leal, 2013). Additionally, Hughes et al. (2014) identified 11

amino acid residues that affected the ligand specificities of A.
gambiae OR13 and OR15. Mutations to alanine residue 195 at
the interface between ECL2 and TMD4 had the most profound
effect on the response to acetophenone, with the sensitivity being
correlated to the amino acid side chain length. Together, these
findings suggest that odorant receptors contain several amino
acid positions located in both ECLs and TMDs in the TMD2-4
region that can be altered for tuning of odor specificity. Based on
three-dimensional protein modeling, Hopf et al. (2015) suggest
that this region that houses the ligand specificity determinants
is likely to be a part of a ligand-binding site, however this needs
experimental verification. With a multitude of sites and amino
acid types at hand, it appears as if there is substantial opportunity
for evolution to shape OR specificity, and in order to evolve
a combinatorial odor coding system, broadly tuned receptors
are required. We next examine how broad tuning can evolve
through positive selection, as well as via neutral evolution under
the umbrella of the birth-and-death evolutionary model.

Selection for Broad Receptor Tuning
Natural selection can favor a mutation that results in a more
broadly tuned receptor (Figure 2B). It is important to note that
this is not the same as selection for a combinatorial coding
system per se, which, in addition to broadly tuned receptors, also
requires overlap between different receptors’ response spectra
and potentially subsequent modulation of central processing
mechanisms in the brain (Cande et al., 2013). For instance, if
several structurally similar compounds emanate from the same
or an equally “good” (or bad) source, a broader tuning allowing
the OR to detect several of these compounds would be expected
to increase the ability to detect the scent of such a source, which
might be a host or non-host plant. Evolution of such “selective
broad tuning” could also start from the other direction, i.e.,
mutations to a highly promiscuous receptor that restricts the
affinity to include only compounds from the same ecological
source might be favored by selection (Figure 2B). Either of
these evolutionary pathways is a plausible scenario for how the
dedicated neuronal circuit in D. melanogaster for citrus odors
came to be activated by a somewhat broadly tuned receptor
(Dweck et al., 2013). OR19a detects several terpenoid compounds
of citrus fruits, but since these compounds are not abundant
in other fruits that flies naturally encounter, they can all be
used as a reliable signal from the preferred oviposition substrate.
Similarly, the receptor DmelOR22a that responds to several fruit-
related compounds (mainly esters) might have a selective broad
tuning for the same reason. In addition, this particular OR
was used to demonstrate that different ligands may compete
for the same binding site (syntopic interactions) in a broadly
tuned receptor, providing a means for mixture processing at the
periphery (Münch et al., 2013). This may represent an additional
advantage for a receptor to be broadly tuned.

Selective broad tuning of receptors for repellents might be
favored by selection for the same reason. For instance, attraction
to aggregation pheromones by a large number of conifer-feeding
bark beetle species is antagonized by green leaf volatiles (GLV)
(Zhang and Schlyter, 2004). The antagonizing GLVs are mostly
C6 alcohols, including 1-hexanol and monounsaturated analogs
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FIGURE 3 | The birth-and-death model of odorant receptor (Or)

gene evolution. The hypothetical chain of events, in this example,

starts with a gene duplication of OrX giving rise to two paralogous Or

genes (OrX1 and OrX2). Frequently, one of the gene copies are

pseudogenized due to functional redundancy, but both can also be

maintained. In the latter case, mutations may accumulate to one of the

genes due to relaxed purifying selection, given that the function of the

other receptor remains intact. The mutated OR might acquire a novel

function (neofunctionalization), or a similar function as its paralog

(subfunctionalization). The tuning width can evolve by natural selection

or genetic drift to become narrower or broader as compared to the

parental receptor (OrX ). The tuning curves represent crude examples of

different tuning widths and, as such, do not imply full coverage of

chemical space.

such as E2-, E3-, Z2-, and Z3-hexenol. Due to their abundance
in green leaves of angiosperm plants and very low levels in
conifers, GLVs are supposedly used by coniferous insect species
as a trustworthy signal of unsuitable non-host breeding material.
Electrophysiological recordings demonstrated that the European
spruce bark beetle, Ips typographus, has a single OSN class
that is highly sensitive but indiscriminate in its response to
three different (1-hexanol, E2-, and Z3-hexenol) behaviorally
antagonistic (and behaviorally redundant Unelius et al., 2014)
GLV alcohols, and these compounds hardly activate any other
OSN class (Andersson et al., 2009). This is in contrast to
several species of angiosperm-feeding insects, which have several
different OSN classes for GLVs, some specifically tuned to a single
compound (Hansson et al., 1999; Larsson et al., 2001; Andersson
et al., 2012a). Selective GLV receptors are likely to be important

for species that feed on angiosperms, because specific ratios of
these ubiquitous compounds can be utilized for host vs. non-host
discrimination (Visser and Avé, 1978). However, different GLV
compounds would have the same meaning to a conifer specialist,
i.e., non-host. Thus, it is likely that broader tuning to detect
several GLV compounds has been favored by natural selection in
coniferous insect species.

Althoughmost OSNs express only a singleOr gene for odorant
detection, there are exceptions to this canonical “one-OR-one-
OSN rule” (Dobritsa et al., 2003; Hallem et al., 2004; Couto et al.,
2005). Thus, another way of broadening the tuning of an OSN
would be to co-express severalOr genes. This option was recently
shown in the European corn borer moth, O. nubilalis, where one
OSN was found to co-express up to five pheromone receptor
genes and respond broadly to several antagonistic compounds
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(Koutroumpa et al., 2014). The authors hypothesized that this
situation reflects the evolutionary pressure for being able to
detect a wide range of heterospecific pheromone compounds to
avoid non-specific mating - a mechanism contributing to pre-
mating reproductive isolation. Similarly, Karner et al. (2015)
found that 75 antennal OSNs in the malaria mosquito, Anopheles
gambiae, co-express four Or genes (AgamOr13, 15, 17, and
55) and about half of these OSNs also express AgamOr16 and
AgamOr47. Three of these ORs (AgamOR13, 15, and 16) have
partly overlapping response spectra, including volatiles released
by humans (Carey et al., 2010; Wang et al., 2010). It was therefore
suggested that their co-expression mediates broad OSN tuning to
improve the detection of complex host odor blends (Karner et al.,
2015). These two recent examples suggest that co-expression of
Or genes in the same neurons might be more common among
insects than previously thought.

Relaxed Purifying Selection Might Underlie Broad
Receptor Tuning
When a gene duplication event gives birth to a new Or gene,
purifying selection is expected to be relaxed for one of the
gene copies, given that the function of the other paralog
is maintained (Ramdya and Benton, 2010). Frequently one
of the copies will become pseudogenized due to functional
redundancy (Figure 3). However, in some instances the second
copy will be maintained due to this gene acquiring a
new role (neofunctionalization), or sharing some of the
role of the ancestral gene (subfunctionalization) or by gene
conversion. These processes are thought to be important
for the rapid diversification of chemoreceptor gene families
(Nei et al., 2008).

Broad tuning of an olfactory receptor could be one
of the possible outcomes of the relaxation of purifying
selection (Figure 3). An example is found in the pheromone
receptor OR7 from the leafroller moth, Ctenopseustis herana.
This receptor is likely not required in sex pheromone
communication in this species, but is capable of detecting
a greater range of related pheromone components compared
to its ortholog in C. obliquana that is specifically tuned
to (Z)-8-tetradecenyl acetate and is required in pheromone
communication (Steinwender et al., 2014). Broad tuning in this
example is likely to be the derived state. Thus, broad tuning
can in this case not be thought to be adaptive but rather a
consequence of relaxed constraint. However, if the new detection
capability of a broadly tuned receptor is beneficial, it might be
maintained and positively selected, permitting the evolution of
new signaling systems and ecological adaptations (Ramdya and
Benton, 2010; Wyatt, 2014). In the case of pheromone receptors
in moths, a number of species have been reported where at least
one of the receptors displays broad tuning, detecting several
of the sex pheromone components alongside receptors more
selectively tuned to individual components (Miura et al., 2010;
Zhang and Löfstedt, 2013). It would be interesting to investigate
whether these broadly tuned pheromone receptors represent
the ancestral or the derived state. In the turnip moth, Agrotis
segetum, analysis of the selection pressures (i.e., the ratio of non-
synonymous to synonymous mutations, dN/dS) acting on the

pheromone receptors indicated that two of its broadly tuned
receptors, AsegOR1 and AsegOR7, have evolved under relaxed
constraint (dN/dS= 1.02, indicative of neutral evolution) (Zhang
and Löfstedt, 2013). However, since the OR (AsegOR10) that
roots the clade containing the two broadly tuned receptors was
unresponsive to the seven test compounds, it is not possible to
infer whether or not broad tuning is the derived state in this
example (Zhang and Löfstedt, 2013).

More generally speaking, any mutation that changes the
specificity of a pre-existing or newly born (and expressed)
receptor will escape selection if the fitness of the individuals
carrying the mutation is unaffected. For instance, if a mutation
widens the response of a narrowly tuned receptor, fitness will
not be affected if the insect in its natural environment never
encounters the additional compounds that the receptor can pick
up. In this scenario, the frequency of the mutated receptor
allele in the population can be influenced randomly by genetic
drift. The population might remain polymorphic at the mutated
receptor locus, which is seen among ORs in natural populations
of Drosophila (Rollmann et al., 2010; Pellegrino et al., 2011), but
drift can also ultimately lead to fixation (or elimination) of the
mutant receptor. If such a receptor is heterologously screened for
responses to a large panel of ecologically relevant and irrelevant
compounds, it might show a broad tuning, whereas in the
natural environment it still acts as a specialist detector of high
fidelity. Large-scale systematic screenings of ORs including both
naturally occurring odorants and odorants that the insect is
expected to never encounter are needed to test if this scenario
is common in nature.

Having outlined evolutionary scenarios that may explain
how some receptors can become broadly tuned, the question
remains whether natural selection also could have acted to favor
combinatorial coding in insects due to the associated benefits of
this system?

Evolution of Combinatorial Coding in
Insects

Advantages with Combinatorial Coding
While an olfactory system comprised solely of receptors for single
compounds and dedicated neuronal pathways would provide
high fidelity detection, it would also restrict the number of
odorants that can be detected. In comparison, a lower level of
fidelity is intuitively expected with a combinatorial coding system
due to the overlapping responses of the receptors. However, there
are also advantages associated with this system. Firstly, it renders
the olfactory system more robust in response to disturbances.
For instance, if the expression of a certain receptor gene fails
or a sensillum is mechanically damaged, there would still be
other receptors that respond to the compound, thus potentially
rescuing the behavioral response (as implicated in Fishilevich
et al., 2005; Keller and Vosshall, 2007). Secondly, broad receptor
tuning increases the number of odorants and odor blends that
can be detected by a receptor repertoire of a given size (Malnic
et al., 1999; Bushdid et al., 2014), thus increasing perceived odor
space and possibly allowing a higher degree of flexibility and
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more olfactory behaviors to come about. Thus, the different
advantages associated with the two contrasting modes of odor
coding suggest that natural selection could have favored both,
with either one of them dominating in certain species or olfactory
sub-systems. We return to this in Section In which Insects
can We Expect Combinatorial Coding to be the Dominant
Coding 582 Strategy?, after addressing the neurodevelopmental
constraints that possibly restrict the evolution of combinatorial
coding in insects.

Neurological Constraints Acting Against the
Evolution of Combinatorial Coding in Insects?
Though there might be advantages with a combinatorial system,
it seems unlikely that natural selection originally acted in
favor of combinatorial coding of single odorants in insects.
This is because it would require “synchronized” mutations to
multiple receptors in the periphery, alterations in regulatory
genes controlling receptor gene expression (Ray et al., 2008),
as well as potential modulation of neuronal circuits, structures,
and processing mechanisms in the brain (Couto et al., 2005;
Ramdya and Benton, 2010; Silbering et al., 2011; Cande et al.,
2013). Rather, and as outlined above (Sections Selection for
Broad Receptor Tuning and Relaxed Purifying Selection Might
Underlie Broad Receptor Tuning), we believe it is more likely
that the individual receptor genes respond to natural selection
or relaxation of purifying selection, although an altered response
profile of one receptor might change the selection pressures
acting on another. Once receptors have acquired broad tuning,
natural selection may secondarily start to mold a combinatorial
coding system due to its associated benefits or, alternatively, to
allow the animal to decipher the complex non-adaptive input
from promiscuous receptors with overlapping ligand affinities
(i.e., evolution builds on the system at hand).

However, it has been argued that constraints in developmental
circuit patterning programs in insects might restrict their
response to selection (Cande et al., 2013). For instance,
glomerular development is fundamentally different between
insects and mammals, and it is possible that neurological
constraints in insects impede the evolution of combinatorial
coding in this taxon compared to mammals. For instance, in
mammals the ORs themselves guide axons to their glomeruli,
which in simplified terms means that if a new OR is “born”
a new glomerulus forms, and if an OR “dies” its glomerulus
disappears (Mombaerts, 2006; Zou et al., 2009). In contrast, hard-
wired genetic programs produce the insect AL, and the ORs play
no role in glomerular formation (Imai et al., 2010; Ramdya and
Benton, 2010). Likewise, the sensilla also develop under precise
genetic control ensuring a stereotypical pattern of functional
OSN classes across the sensory organs (Imai et al., 2010; Ramdya
and Benton, 2010). Thus, insects might also require alterations in
genetic control mechanisms to express new ORs (Wyatt, 2014). It
is not known whether these constraints act against the evolution
of combinatorial coding in insects, but intuitively it appears as if
they are at least not facilitated.While the neurological constraints
may be stronger in insects compared to mammals, nematodes are
even more constrained with an extremely hard-wired nervous
system. The nematode worm, Caenorhabditis elegans, has about

500 chemoreceptor genes, but only three pairs of neurons that
detect volatile chemicals (Krieger and Breer, 1999; Troemel,
1999). Two of the neuron pairs induce attraction in response to
activation of their many co-expressed receptors, and the other
pair induces avoidance behavior (Troemel, 1999). This hard-
wiring principally restricts the evolution of the olfactory sense to
the chemoreceptors, leaving little room for combinatorial coding
to evolve. Neurological constraints aside, broad receptor tuning
provides the fundamental material for natural selection to start
molding a combinatorial system. Due to the context-dependent
advantages of this system, onemight expect combinatorial coding
to be more prevalent in certain insect groups than others.

In Which Insects can We Expect Combinatorial
Coding to be the Dominant Coding Strategy?
One obvious advantage of broadly tuned receptors and a
combinatorial coding system is the increase in the number of
odorants that can be detected, thereby increasing perceived odor
space. In insects, one could envision that being able to perceive a
large odor space would be especially important for polyphagous
species, those that have highly evolved semiochemical
communication systems (e.g., social hymenopterans and
termites), and for good learners that benefit from a greater
flexibility in olfactory guided behaviors (e.g., honeybees and
ants). For instance, honeybees have a remarkable ability to
discriminate and learn hundreds of complex odor mixtures
(Laska et al., 1999), and they also communicate using a large
variety of pheromonal compounds. Early calcium imaging
studies of honeybee AL activity suggested a combinatorial
activation of glomeruli in response to high compound doses
(undiluted compounds and 10−2 dilutions) (Joerges et al.,
1997; Sachse et al., 1999). Similarly, recent recordings from
honeybee projection neurons showed that all the 27 pheromonal
compounds that were tested (including queen-, brood-, alarm-,
and aggregation compounds) elicit a combinatorial activation
pattern (Carcaud et al., 2015). In this study, compounds were
tested either undiluted or at 50µg/µl dilutions in isopropanol
(5µl loads in both cases). However, whether the observed
combinatorial activation pattern is reflected in the response
profiles of the ORs at lower odor concentrations is unknown
because functional studies on honeybee ORs are largely lacking.
In addition, little insight can be gained from single sensillum
recordings from bees because their sensilla contain too many
OSNs to be able to discern them based on spike amplitudes (Getz
and Akers, 1994). Only a few hymenopteran ORs have been
functionally described in heterologous systems. In the honeybee,
the queen substance 9-oxo-2-decenoic acid is detected by a
highly specific OR, AmelOR11 (Wanner et al., 2007). Moreover,
AmelOR151 responds primarily to linalool, and AmelOR152
to a small set of other floral compounds (Claudianos et al.,
2014). However, since the test odor panel in the latter study
was modest (14 compounds), tuning widths are difficult to
conclude. Functional studies of ORs in ants are also too scarce
to conclude if ants mostly employ combinatorial coding or
dedicated channels. To our knowledge only two ant ORs have
been characterized. Camponotus floridanus OR263 responds
specifically to 2,4,5-trimethylthiazole and Harpegnathos saltator

Frontiers in Ecology and Evolution | www.frontiersin.org 10 May 2015 | Volume 3 | Article 53

http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive


Andersson et al. Evolution of odorant receptor tuning

OR55 to 4-methoxyphenylacetone, both naturally occurring
odorants (Zhou et al., 2012).

In addition, hymenopteran genomes contain larger numbers
of Or genes than genomes from other insect orders, with for
example honeybees having about 170 Or genes and some ant
species over 400 (Robertson and Wanner, 2006; Robertson et al.,
2010; Zhou et al., 2012). It is possible that this could facilitate
the evolution of a combinatorial coding system, because a larger
number of ORs increases the probability that the responses of
their many ORs overlap. Alternatively, expressing many ORs
might allow for a larger number of dedicated olfactory pathways
without too much compromise of perceived odor space. In line
with the latter reasoning are the results from Behrens et al.’s
(2014) study on the response profiles of avian and amphibian
bitter taste receptors (Tas2Rs) across a wide range of receptor
repertoire sizes (2-ca. 50). The Tas2R receptors were always
broadly tuned in species with two receptors, whereas individual
receptors generally were more ligand-specific in species with a
larger number of receptors.

So although the recordings from the honeybee brain suggest
that combinatorial coding is operating in this species at high
stimulus doses, there remains too little evidence to conclude
whether or not this coding strategy would be more prevalent in
polyphagous species, social insects and good learners, or species
with large OR repertoires. This is, however, mainly due to lack
of functional characterization of the ORs of such species. Studies
should include a large proportion of the ORs encoded by the
genome as well as a large set of ecologically relevant stimuli at
natural concentrations in combination with measurements of
glomerular activation in the AL.

In stark contrast to the hymenopterans, psyllid
(Sternorrhyncha: Psyllidae) species are equipped with a truly
minimalistic olfactory system. In three species studied using
single sensillum electrophysiology, as few as 12 OSNs, grouped
into four sensilla, appear to be devoted to plant odor detection
(Kristoffersen et al., 2008b; Yuvaraj et al., 2013; Coutinho-Abreu
et al., 2014), and these OSNs project to atypical, aglomerular, ALs
(Kristoffersen et al., 2008a). Is there evidence of combinatorial
coding in these species or do they mostly use narrowly tuned
receptors? In fact, it appears as if the OSNs of psyllids are
either very narrowly tuned or quite broadly tuned. Thus, the
tuning ranges show a bimodal distribution and not a continuum
as seen in most other insect species, at least at high stimulus
concentrations (10−2 dilutions) (Coutinho-Abreu et al., 2014).
This might indicate that the olfactory system of psyllids is hybrid
between dedicated channels and combinatorial coding, possibly
as a means of increasing odor space while retaining specificity
for certain important odor cues. It remains to be seen whether or
not this holds true also when challenged with larger odor panels
and lower stimulus doses.

Conclusions and Future Directions

The established theory of combinatorial odor coding in
insects has become challenged by several studies showing that

ecologically relevant compounds are detected by highly specific
receptors activating dedicated olfactory circuits. This has now
been demonstrated for more than a third of the ORs encoded
by the D. melanogaster genome, and for some ORs from other
insect species and other classes of insect chemosensory receptors.
The conclusion of combinatorial activation of broadly tuned
receptors that was arrived at from earlier studies might be
partly explained by experimental issues such as the use of high
stimuli concentrations, the lack of ecologically relevant ligands
in the screen, or the lack of quantification of airborne stimuli
amounts.

We suggest that insect chemosensory systems are hybrids
between combinatorial coding and dedicated circuits, with
combinatorial coding likely evolving from dedicated circuits. The
birth-and-death model of chemoreceptor evolution, including
both adaptive and neutral changes, could allow some receptors
and olfactory sub-systems to become broadly tuned, resulting
in hybrid insect olfactory systems. In some cases, natural
selection might have acted to favor broader tuning perhaps to
increase the perceivable odor space, while in other instances,
relaxed constraint might have allowed mutations to accumulate
in receptors. Irrespective of the underlying evolutionary
scenarios, once a subset of broadly tuned receptors is present,
neurological or developmental mechanisms to process the
more complex odor input might evolve in response to natural
selection due to the associated benefits of combinatorial
coding.

In different insects, one or the other system (dedicated vs.
combinatorial) may come to dominate based on ecological
context. Further studies are required to test this hypothesis and
look at the nature of coding systems in non-drosophilid insects.
Such studies should also reveal whether there is any correlation
between OR repertoire size and the proportion of broadly tuned
receptors, and therefore the extent of combinatorial coding in
different insect groups. Future studies should also reveal whether
more of the currently described broadly tuned receptors are
actually dedicated detectors for yet to be discovered specific
ligands. Finally, it will be interesting to learn to what extent the
mechanisms that provide olfactory plasticity, such as regulation
via differentialOr gene expression (Fox et al., 2001; Reinhard and
Claudianos, 2012; Claudianos et al., 2014) and neuromodulatory
hormones (Flecke and Stengl, 2009; Ignell et al., 2009; Root et al.,
2011), are operating in systems dominated by dedicated circuits
or combinatorial systems.
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