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Ionotropic Receptors (IRs) are a recently characterized family of olfactory receptors in the fruit fly,
Drosophila melanogaster. IRs are not related to insect Odorant Receptors (ORs), but rather have evolved
from ionotropic glutamate receptors (iGluRs), a conserved family of synaptic ligand-gated ion channels.
Here, we review the expression and function of IRs in Drosophila, highlighting similarities and differences
with iGluRs. We also briefly describe the organization of the neuronal circuits in which IRs function,
comparing and contrasting them with the sensory pathways expressing ORs. Finally, we summarize the
bioinformatic identification and initial characterization of IRs in other species, which imply an evolu-
tionarily conserved role for these receptors in chemosensation in insects and other protostomes.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In 1999, the discovery of Odorant Receptor (OR) genes in the
fruit fly, Drosophila melanogaster, allowed definition of the molec-
ular logic of insect olfactory system organization, permitted the
development of genetic tools to visualize and manipulate specific
olfactory pathways to determine how odors are encoded to evoke
behavior, and founded comparative molecular evolutionary studies
of the olfactory system across insects (Benton, 2007; Hansson and
Stensmyr, 2011; Masse et al., 2009; Su et al., 2009; Vosshall and
Stocker, 2007).

During the following decade, comprehensive anatomical and
functional maps of Olfactory Sensory Neurons (OSNs) in both the
peripheral sensory organs (the third antennal segment [hereafter,
antenna] and maxillary palp) and the primary olfactory center
in the brain (the antennal lobe) of Drosophila (Su et al., 2009;
Vosshall and Stocker, 2007), revealed a large number of antennal
neurons that do not express OR genes, or the related Gustatory
Receptor (GR) genes (Montell, 2009; Vosshall and Stocker, 2007),
implying the existence of another family of insect olfactory re-
ceptors. In 2009, through a bioinformatic and expression screen for
novel olfactory genes (Benton et al., 2007), a large and highly
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divergent family of ionotropic glutamate receptor (iGluR)-related
genes, named lonotropic Receptors (IRs), was proposed as the
“missing” receptor repertoire (Benton et al., 2009).

In the past four years, characterization of Drosophila IRs, the
neuronal circuits in which they function, and their homologs in
other species, have revealed them to be an important and ancient
repertoire of chemosensory receptors. Here, we synthesize these
studies to provide a view of the current knowledge and open
questions on the IRs.

2. IR expression in the Drosophila olfactory system

The Drosophila antenna is covered with porous sensory hairs, or
sensilla, of three morphological classes — basiconic, trichoid and
coeloconic — which house the ciliated dendritic endings of 1—4
OSNs (Fig. 1A). All basiconic and trichoid OSNs (as well as all
maxillary palp OSNs) express OR genes, with the exception of the
GR21a/GR63a CO,-sensing neurons (Couto et al., 2005; Fishilevich
and Vosshall, 2005; Jones et al., 2007; Kwon et al., 2007; Su et al.,
2009; Vosshall and Stocker, 2007). By contrast, antennal coelo-
conic (“ac”) sensilla neurons do not express ORs, with one excep-
tion (OR35a) (Couto et al., 2005; Yao et al., 2005). There are two
other sensory structures on the antenna: the arista, a feather-like
projection (Foelix et al., 1989), and the sacculus, a multicham-
bered “pit” (Shanbhag et al., 1995), whose neurons express neither
ORs nor GRs.
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Fig. 1. Expression and odor ligands of antennal IRs. (A) Schematic representation of sensory structures on the olfactory third antennal segment of Drosophila melanogaster, color
coded for their expression of ORs (magenta) or IRs (green). (B) IR expression in OSNs innervating antennal coeloconic (ac) sensilla. The best identified ligands for each neuron are
indicated. Expression of the broadly-expressed co-receptors IR8a and IR25a is not shown, but OSNs shaded red require IR8a and mainly respond to acids/aldehydes, while OSNs

shaded blue require IR25a and mainly respond to amines.

Genomic analysis has identified 66 IR genes (including 9 puta-
tive pseudogenes) in D. melanogaster (Benton et al., 2009; Croset
et al., 2010). Comprehensive expression analysis of these genes by
RT-PCR, fluorescence RNA in situ hybridization and/or using
transgenic reporters has shown that 16 of these are expressed in
the antenna. Ten of these IRs are expressed in selective subsets of
coeloconic sensilla OSNs (Benton et al., 2009; Croset et al., 2010),
either uniquely, or co-expressed with 1—2 other IRs (Fig. 1B). Pio-
neering electrophysiological characterization of odor evoked-
responses of coeloconic sensilla OSNs (see Section 3) defined the
existence of four sensilla classes (ac1—ac4) with different response
profiles and distinct but overlapping distributions on the surface of
the antenna (Yao et al., 2005). The spatial map yielded by expres-
sion analysis of IR genes corresponded closely with the spatial
distribution of the physiologically defined coeloconic classes (Yao
et al, 2005), providing a compelling, though indirect, line of

evidence that the receptors define the odor response profiles of
these neurons (Benton et al.,, 2009). One neuronal class in ac3
sensilla co-expresses OR35a and IR76b, but the characterized odor
responses in these neurons depend solely on the OR gene (Benton
et al., 2009; Yao et al., 2005).

Two IRs, IR8a and IR25a, are expressed — at somewhat hetero-
geneous levels — in many of the coeloconic OSNs (Benton et al.,
2009). Consistent with this broad expression, these receptors
appear to function as co-receptors with several different, selec-
tively expressed IRs (see Section 4) (Abuin et al., 2011; Benton et al.,
2009). IR25a is additionally expressed, more weakly, in basiconic
and trichoid OSNs, but its function in these cells, if any, is unclear
(Benton et al., 2009).

The four remaining antennal IRs — IR21a, IR40a, IR64a and
IR93a — are not found in coeloconic sensilla. IR21a is expressed,
together with IR25a, in aristal neurons (Benton et al., 2009)
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(Fig. 1A). The arista contains thermosensory and not olfactory
neurons, but the heat-sensing function is thought to be mediated
by TRP channels (Foelix et al., 1989; Gallio et al., 2011) and the role
of these IRs is unknown. The other IRs are expressed in sacculus
neurons: IR40a, IR93a (and IR25a) in chambers I and II, nearest the
opening on the antennal surface, and IR64a (together with IR8a) in
neurons in the deepest chamber III (Fig. 1A). A morphological study
of the sacculus has suggested that this structure houses olfactory,
hygrosensory and thermosensory neurons (Shanbhag et al., 1995).
IR64a/IR8a-expressing neurons are indeed olfactory (see Section 3)
(Ai et al., 2010), while the function of IR40a/IR93a/IR25a neurons
remains uncharacterized.

The expression of IRs in precise subpopulations of antennal
neurons, together with a broadly expressed co-receptor(s) is anal-
ogous to the selective expression of ligand-specific ORs with their
ubiquitous co-receptor ORCO (Benton et al., 2006; Larsson et al.,
2004; Su et al., 2009; Vosshall and Stocker, 2007). Initial support
that IRs form heteromeric complexes containing ligand-specific
subunits and co-receptor subunits has now come from functional
studies of these proteins (see Section 4). However, the observation
that up to 5 IR genes are expressed in distinct, but often over-
lapping, combinations suggests a more complex logic for how IRs
could function together to form olfactory receptors, perhaps similar
to heterotetrameric iGluRs (Mayer, 2011).

Little is known about how IR expression is controlled. Unlike
mammalian ORs (but like insect ORs), there is no evidence from
loss-of-function or mis-expression studies that IRs are expressed
monoallelically or that they convey negative feedback signals to
inhibit expression of other IRs (Abuin et al., 2011; Benton et al.,
2009; Fuss and Ray, 2009; Grosjean et al., 2011; Silbering et al.,
2011). Transgenic reporter analysis has demonstrated that the
transcriptional regulatory elements for most IRs are contained
within fairly short regions of DNA (a few 100—1000 bp) upstream of
the coding sequence (Ai et al., 2010; Benton et al., 2009; Silbering
et al.,, 2011). IR expression may therefore be determined by the
association of specific combinations of transcription factors to these
sequences.

3. Odor-response properties of IR-expressing neurons

Odor ligands for IR-expressing OSNs have been characterized by
screening panels of monomolecular odors by extracellular electro-
physiological recordings in coeloconic sensilla (Silbering et al., 2011;
Yao et al., 2005). Although this technique is relatively rapid, reliable
spike-sorting of the 2 or 3 neurons housed in individual sensilla is
difficult due to their similar spike amplitudes. Optical imaging of
odor-evoked responses of specific IR OSN populations in the
antennal lobe, by using IR promoters to express the calcium indi-
cator GCaMP, has therefore proven useful to unambiguously assign
responses to individual IR neuron classes (Ai et al., 2010; Silbering
et al.,, 2012, 2011). This latter technique has also been important to
examine responses of sacculus neurons, which are inaccessible to
peripheral electrophysiological recordings (Ai et al., 2010).

Coeloconic OSNs have a spontaneous baseline activity that is
dependent upon IR function (Grosjean et al., 2011; Yao et al., 2005).
Firing frequency increases when the neuron is presented with an IR
odor agonist, while it is decreased by inhibitory odors. Robust
agonist-evoked neuronal responses are extremely sparse in coelo-
conic IR neurons: only 19 out of 168 chemically diverse odors tested
produce increases in firing frequency of >50 spikes/s (about 25% of
the maximum neuronal responses observed) (Silbering et al., 2011;
Yao et al., 2005). Almost all of these agonists are amines, carboxylic
acids or aldehydes (Fig. 1B). Although odor antagonists are less
well-characterized, a few have been identified for certain IR neu-
rons, and many of these are amines (Silbering et al., 2011; Yao et al.,

2005). Additionally, in ac1 and ac2 sensilla, the neuronal firing rate
increases and decreases with increasing and decreasing humidity
(Yao et al., 2005), but it is unclear whether these hygrosensory
responses are specific to particular neurons, and whether they
require IRs (Liu et al, 2007). In the sacculus, IR64a-expressing
neurons comprise, unusually, two physiologically-distinct sub-
populations: one responds selectively to all acidic stimuli (these
neurons may be directly or indirectly activated by protons [H*']),
while the other has broader responses to both acidic and non-acidic
odors (Ai et al., 2010). What distinguishes these subpopulations
molecularly is unknown.

Comparison of the olfactory responses of IR neurons with those
of ORs has revealed several differences. First, IR neurons are
generally more narrowly-tuned and less sensitive than OR neurons
(Getahun et al., 2012; Silbering et al., 2011; Yao et al., 2005). Second,
IR neurons are slower to respond but adapt less quickly (Getahun
et al,, 2012). Third, and most importantly, IRs and ORs detect
distinct classes of odors (Silbering et al., 2011; Yao et al., 2005), with
the strongest IR ligands recognized only weakly or not at all by ORs,
and the strongest OR ligands (predominantly esters, alcohols and
ketones (de Bruyne et al., 2001; Hallem and Carlson, 2006)) not
stimulating any IR neurons. There are a few exceptions to these
patterns (Silbering et al., 2011), and further screens, in particular
those using natural, complex odor sources, will undoubtedly
identify more potent ligands for IRs (and ORs). Nevertheless, the
present observation of the largely complementary odor-sensing
functions of IRs and ORs could explain the co-existence of two
distinct repertoires within the Drosophila olfactory system.

4. Molecular mechanism of IR function

The homology of IRs to iGluRs has facilitated dissection of the
mechanism by which these olfactory receptors localize to OSN
sensory cilia, recognize odors and produce neuronal depolarization,
because of the deep molecular understanding of these synaptic
ligand-gated ion channels (Gereau and Swanson, 2008; Mayer,
2011). Like iGluRs, IRs contain a predicted extracellular N-termi-
nus, a bipartite ligand-binding domain (LBD), whose two lobes (S1
and S2) are separated by an ion channel domain, and a short
cytoplasmic C-terminal region (Fig. 2A). iGluRs also have a large
extracellular amino-terminal domain (ATD) involved in channel
assembly and binding of co-factors. A homologous domain is pre-
sent in IR8a and IR25a4, but it is highly divergent in the aristal and
sacculus IRs (IR21a, IR40a, IR64a and IR93a), and apparently absent
in other odor-specific IRs (Fig. 2A). Despite a similar domain orga-
nization to iGluRs, homology of IRs and iGluRs is low (<34% amino
acid sequence identity), particularly within the LBD (Croset et al.,
2010). Within the Drosophila IR repertoire, sequence homology
ranges from 10 to 70%, strongly suggesting functional diversity
(Benton et al., 2009).

Demonstration that IRs are necessary and sufficient for odor-
evoked neuronal responses came from loss- and gain-of-function
studies. For example, mutations in the ac4 phenylacetic acid/phe-
nylacetaldehyde receptor IR84a or the sacculus receptor IR64a
selectively abolish olfactory responses in their corresponding
neurons (Ai et al., 2010; Grosjean et al., 2011). By contrast, muta-
tions in the broadly-expressed IR8a and IR25a eliminate odor-
evoked responses in multiple, distinct classes of IR-expressing
OSNs, suggesting that these receptors function as co-receptors
with different sets of IRs (Abuin et al,, 2011). Indeed, expression
of IR84a in OR22a neurons (in basiconic sensilla) or in Xenopus
oocytes, was sufficient to confer responses to phenylacetaldehyde
only when co-expressed with IR8a. Co-expression of IR8a with a
different receptor, IR75a, conferred responses to a different ligand,
propionic acid (Abuin et al., 2011).
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Fig. 2. Molecular structure of IRs. (A) Schematic structure of iGluRs and IR co-receptors (left) or odor-specific IRs (right), comprising the amino-terminal domain (ATD; absent in the
odor-specific IRs), the two halves of the ligand-binding domain (S1 and S2), and the ion channel. (B) Left: X-ray crystal structure of the iGluR GluA2 homotetramer in side and top
views. The two-fold symmetry in the arrangement of the ATDs is apparent in the top view, where the red/pink-shaded subunits contribute proximal ATDs that contact each other,
while the distal ATDs of the light/dark blue-shaded subunits do not contact each other (they are associated, however, with pink/red ATDs) (PDB ID: 3KG2 (Sobolevsky et al., 2009)).
Right: hypothetical model for the organization of a heterotetrameric IR8a/IR84a complex, based upon the GluA2 structure. IR8a subunits (pink/red) possess ATDs, which may occupy
a similar configuration to the apposed, proximal ATDs in the GluA2 homotetramer. By contrast, the odor-specific IR84a subunits (light/dark blue) lack ATDs, and may assemble into
the complex only by interactions at the level of the ligand-binding domain and ion channel.

Reconstitution of functional IRs in Xenopus oocytes has
permitted visualization and stoichiometric analysis of receptor
complexes in the plasma membrane by total internal reflection
fluorescence microscopy and single-molecule photobleaching of
fluorescently-tagged IRs (Abuin et al., 2011; Ulbrich and Isacoff,
2007). These analyses suggested that IR84a and IR8a form hetero-
tetrameric complexes composed of two subunits each of the odor-
specific receptor and the co-receptor, analogous to the assembly of
several types of iGIuR complexes (Mayer, 2011). The X-ray crystal
structure of a homotetrameric iGluR, the AMPA receptor GluA2

(Sobolevsky et al., 2009), offers an opportunity to consider how IRs
might be arranged in tetramers (Fig. 2B). Notably, while the GluA2
complex displays four-fold symmetry at the level of the ion channel
domain, the ATDs are organized with two-fold symmetry, with two
“proximal” ATDs that form a small interface across the axis of
symmetry and two “distal” ATDs that do not contact each other
(Fig. 2B). In a putative IR8a/IR84a heterotetramer, only IR8a pos-
sesses an ATD, and this subunit may therefore correspond to those
in the GluA2 complex that contribute the adjoining “proximal”
ATDs. This co-receptor may therefore form a structural scaffold into
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which IR84a (or other odor-specific IRs that lack ATDs, such as
IR75a) can “insert” (Fig. 2B).

Beyond these speculations, it remains unclear whether the
stoichiometry proposed for the IR84a/IR8a receptor is generalizable
to all types of IR complex. For example, reconstitution of the ac4
phenylethylamine-sensing receptor requires three receptors: the
presumed odor-specific IR76a, the broadly-expressed IR25a co-
receptor, as well as IR76b, a receptor which is co-expressed with
other IRs in ac1, ac2 as well as ac4 (Fig. 1B), and which may act as a
second type of co-receptor (Abuin et al., 2011).

The oocyte expression system has also allowed demonstration
of the ion conducting properties of IRs. Study of IR84a/IR8a and
IR75a/IR8a showed that odor-evoked currents are carried prefer-
entially by monovalent cations (Na*™ and K*) in both complexes, but
that IR84a/IR8a is also slightly permeable to Ca®*. Interestingly, this
Ca?*-permeability appears to depend upon a glutamine residue in
the IR84a channel pore region; this residue (which is absent in
IR75a) is also a major determinant of Ca**-permeability in iGluRs
(Liu and Zukin, 2007).

A key property of IRs is their specific targeting to the ciliated
dendrites of OSNs (Benton et al., 2009). The correct localization of
IRs probably depends upon complex formation as mutation of the
IR8a co-receptor abolishes localization of IR84a and IR64a; recip-
rocally, IR8a localization is abolished or severely impaired in the
absence of a partner odor-specific receptor (Abuin et al., 2011).
Trafficking of iGIuR complexes to postsynaptic membranes (topo-
logically analogous to OSN cilia) is a highly regulated process that is
dependent upon a number of quality-control steps ensuring correct
subunit folding and complex assembly within the endomembrane
system (Gereau and Swanson, 2008). Similar regulatory mecha-
nisms may apply to IRs, but the small size of OSNs (soma diameter
2—3 pm (Shanbhag et al., 2000)) and their encasement within the
antennal cuticle makes high-resolution in vivo imaging difficult.
Initial structure-function analyses of IR8a and IR84a have impli-
cated various domains in the correct localization of these proteins
(Abuin et al., 2011); however, it was impossible to discriminate
between arequirement in folding and a specific role in dendrite/cilia
targeting. One intriguing observation is that a single amino acid
mutation in the IR8a LBD (D724A), in a residue homologous to a
glutamate-binding residue in iGluRs, abolishes cilia localization
(Abuin et al., 2011). This hints that the co-receptor LBD may function
in subcellular targeting rather than odor-recognition.

How IRs recognize their ligands remains an outstanding ques-
tion. While their LBDs are highly divergent in overall primary
sequence, secondary structure predictions suggest that they retain a
similar overall fold to iGluRs (R.B., unpublished). Some IR LBDs
retain one or more of the glutamate-binding residues of iGluR LBDs

A

OR glomeruli

(Abuin et al., 2011; Benton et al., 2009; Croset et al., 2010; Silbering
et al,, 2011). Indeed, mutation of an arginine residue in the IR84a
LBD that is homologous to an arginine in iGluRs that contacts the
a-carboxyl group of the glutamate ligand completely abolishes odor
responsiveness, while unaffecting receptor localization (Abuin et al.,
2011). This result is consistent with a role for the IR LBD in odor-
recognition, and suggestive of similarities in their ligand-binding
mechanism with that of iGluRs. However, direct interactions be-
tween odors and IRs, the molecular basis for the observed speci-
ficity, and any ligand-induced conformational changes in the LBD
(as observed in iGluRs (Mayer, 2011)) remain to be shown. These
issues will most likely be best addressed by three-dimensional
structural analysis of the IR LBD, a challenging but conceivable
goal, given the success in atomic-resolution characterization of this
domain in iGluRs (Mayer, 2011).

5. Organization of IR olfactory circuits

The identification of IR genes has also allowed the visualization
of the olfactory circuits in which they are expressed, by using IR
promoters to drive expression of neuroanatomical markers (Ai et al.,
2010; Benton et al., 2009; Silbering et al., 2011). Like OR-expressing
OSNs (Couto et al., 2005; Fishilevich and Vosshall, 2005), neurons
expressing the same IR converge on a single glomerulus within the
antennal lobe, to form a spatial map of sensory input (Fig. 3A).
[R-expressing neurons in the sacculus display some exceptional
anatomical properties. For example, IR64a OSNs project to two
distinct glomeruli, DC4 and DP1m (Ai et al., 2010). It is not known
whether individual IR64a neurons project to one or other, or both
glomeruli. However, the former possibility seems more likely, as
optical imaging has shown that these glomeruli have distinct odor-
response profiles (DC4 neurons are selective acid-sensors; DP1m
are more broadly tuned), suggesting that IR64a OSNs comprise two
physiologically and anatomically distinct subpopulations. IR40a/
IR93a-expressing neurons have a complex innervation pattern,
comprising several dispersed subregions of the antennal lobe that
do not clearly correspond to any previously defined glomerulus
(Laissue et al., 1999). Whether this reflects a non-olfactory function
for these neurons is unclear.

This analysis has essentially “completed” the antennal lobe
molecular map of OSN innervations (Couto et al., 2005; Fishilevich
and Vosshall, 2005; Silbering et al., 2011). This achievement allows
consideration of the global organization of the IR olfactory sub-
system compared with that of ORs, at the level of sensory input and
at higher levels of the circuitry. Notably, while IR-expressing coe-
loconic OSNs and OR-expressing basiconic and trichoid OSNs are
intermingled in the antenna (Fig. 1A), OR and IR glomeruli are
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Fig. 3. Neuroanatomy of IR olfactory circuits. (A) Antennal lobe glomerular innervations of the indicated populations of IR olfactory sensory neurons. (B) Innervations of projection
neurons (PNs) in the higher olfactory centers (mushroom body and lateral horn), color-coded for those receiving sensory input from OR and IR glomeruli. PNs that bypass the
mushroom body and project directly to the lateral horn are shown in lighter shades. (D: dorsal, V: ventral, M: medial, L: lateral). Figure panels adapted from Silbering et al. (2011)

with permission.
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spatially segregated to anterior and posterior zones in the antennal
lobe, respectively (Fig. 3A). The reason for this segregation is un-
known, but may simply reflect a consequence of the earlier
development and antennal lobe-innervation of IR OSNs (Jhaveri
and Rodrigues, 2002; Silbering et al., 2011). Regardless, most
antennal lobe local interneurons — whose processes are restricted
to the lobe and synapse on both OSN input and projection neuron
(PN) output pathways — do not discriminate between IR and OR
glomeruli (Chou et al., 2010; Silbering et al., 2011). This anatomical
observation suggests that substantial lateral excitatory and inhibi-
tory interactions occur between OR and IR glomeruli.

Mapping of PNs receiving input from IR or OR glomeruli reveals
that their axon termini are highly interdigitated within higher ol-
factory centers, the mushroom body and lateral horn (Fig. 3B)
(Silbering et al., 2011). At present, very little is known about the
organization and function of third-order neurons in the olfactory
pathways. Nevertheless it is likely that while sensory input within
these two olfactory subsystems is segregated in the antennal lobe,
integration of sensory information occurs in the central brain to
ultimately produce a co-ordinated behavioral response.

6. Behaviors mediated by IR olfactory pathways

Two IR pathways have been linked with particular odor-evoked
behaviors in Drosophila. First, activity of the acid-sensing IR64a
OSNs has been shown to be both necessary and sufficient to pro-
mote behavioral aversion (Ai et al.,, 2010). These neurons may
reflect a sensory mechanism that allows flies to avoid unripe or
over-fermented rotting fruit.

The second olfactory pathway is that expressing IR84a, which
innervates the VL2a glomerulus (Grosjean et al., 2011). VL2a is one of
three sexually-dimorphic glomeruli in the antennal lobe that express
male-specific isoforms of fruitless, a master regulator of sexual
behavior (Dickson, 2008). Consistent with this anatomical implica-
tion, mutation of IR84a reduces male courtship. Unexpectedly, the
best ligands for IR84a, phenylacetaldehyde and phenylacetic acid,
are not pheromones (that is, chemicals produced by other flies), but
rather common odors found in the vegetal substrates (rotting fruits,
flowers and other vegetal matter) where drosophilids feed and
breed. These observations suggested a model in which the IR84a
pathway detects environmental “aphrodisiacs” in food to promote
sexual behavior of flies in a location where there are ample nutri-
tional resources for their offspring (Grosjean et al., 2011).

Beyond these studies, it has been shown that flies that lack
sensory input from all OR pathways (through mutation of the OR
co-receptor ORCO (Benton et al., 2006; Larsson et al., 2004)) display
odor-evoked responses to many chemically-diverse IR ligands
(Silbering et al., 2011). Further genetic and chemical ecological
analyses are required, however, to link these behaviors to particular
IRs and to understand the natural context in which they are
important.

7. IR evolution in drosophilids

While functional studies of IRs and their circuits have focused
mostly on D. melanogaster, the wealth of genomic data now

available has permitted investigation into the genetic conservation
and divergence of these olfactory receptors during evolution at
both relatively short and — as considered in Section 8 — long
timescales. Within the Drosophila genus, the sequencing of many
additional species that have diverse chemical ecology and behavior
provide a particularly important resource to examine the genetics
of olfactory evolution at a high phylogenetic resolution (Markow
and O’Grady, 2007). Within the 12 species whose genomes were
first available, IR repertoires range in size from 58 genes in
Drosophila pseudoobscura, Drosophila virilis and Drosophila grim-
shawi to 69 in Drosophila simulans and Drosophila sechellia (Croset
et al., 2010). The 16 antennal-expressed IRs (hereafter “olfactory
IRs”) are highly conserved across drosophilids, defining clearly
distinct ortholog groups. Only a single predicted pseudogenization
event, in D. sechellia IR75a, and only one gene duplication event, of
Drosophila mojavensis IR75d, were identified in the olfactory IRs
(Croset et al., 2010). These findings indicate that olfactory responses
of IR neurons are probably largely conserved in drosophilids.
D. sechellia, endemic to the Seychelles, and D. mojavensis, a cacto-
philic species endemic to the Sonoran desert of North America, are
both specialists, with restricted food preferences, but it remains to
be determined if the changes in their olfactory IR repertoires are
linked to their particular ecological niches.

The 41 intact IRs whose expression is not detected in the
D. melanogaster antenna display a more dynamic pattern of evo-
lution within drosophilids. Many cases of gene loss, pseudogeni-
zation or duplication were identified (Croset et al., 2010). Moreover,
the ratio of nonsynonymous to synonymous nucleotide sub-
stitutions (an indicator of the selection pressure acting on the
coding sequence) is higher in these genes than in the olfactory IRs
(Croset et al., 2010). The reduction or complete lack of introns in
these genes compared with olfactory IRs suggests that they may
have been born initially by retroposition of olfactory IRs (Croset
et al,, 2010). It is unclear if such an event happened only once or
several times, because olfactory IRs do not form a monophyletic
clade in phylogenetic trees (Fig.4C) (Croset et al., 2010). Many of the
non-olfactory IR loci are organized in tandem arrays, indicating that
expansion of this repertoire has probably subsequently been driven
by non-allelic homologous recombination (Croset et al., 2010). The
function of these receptors is still unknown, but transgenic re-
porters for three of them (IR7a, IR11a and IR100a) are expressed in
larval and adult gustatory organs (Croset et al., 2010). It is likely that
at least some of these IRs play a role in taste detection.

8. IR evolution in insects and beyond

Broader comparative genomic analyses of IR repertoires have
provided insights into their evolutionary origin, expansion and
diversification (Croset et al., 2010) (Fig. 4A—B). In contrast to the
ORs, which are found only in insects, IRs are present in all proto-
stome species examined, but not outside this clade (Fig. 4A). IRs
may therefore have evolved in the last common protostome
ancestor 550—850 million years ago. Because iGluR-like genes have
a broader phylogenetic distribution — present in animals (Gereau
and Swanson, 2008), plants (Lam et al., 1998; Michard et al,,
2011) and prokaryotes (Chen et al., 1999; Chiu et al., 1999; Gereau

excluding incomplete fragments, color-coded by insect order or other groups of species. The scale bar represents the expected number of substitutions per site. Sequences were
aligned with MUSCLE (Edgar, 2004) and the tree was built with RaxML (Stamatakis, 2006). Due to the high divergence and number of sequences analyzed, the relative position of
several clades of IR genes are distinct from previous analyses (Croset et al., 2010). Sources of sequence data are as follows: D. melanogaster (Benton et al., 2009; Croset et al., 2010);
R. pomonella (Schwarz et al., 2009); A. aegypti (Croset et al., 2010); C. quinquefasciatus (Croset et al., 2010); A. gambiae (Croset et al., 2010; Liu et al., 2010); B. mori (Croset et al., 2010);
M. sexta (Grosse-Wilde et al., 2011); S. littoralis (Legeai et al., 2011; Olivier et al., 2011); D. plexippus (Zhan et al., 2011); C. pomonella (Bengtsson et al., 2012); T. castaneum (Croset
et al.,, 2010); P. barbatus (Smith et al., 2011b); L. humile (Smith et al., 2011a); N. vitripennis (Croset et al., 2010); A. mellifera (Croset et al., 2010); A. pisum (Croset et al., 2010);
P. humanus (Croset et al., 2010); Z nevadensis (H. Robertson, personal communication); D. pulex (Croset et al., 2010); I scapularis (V.C. and R.B., unpublished; C. Hill, personal
communication); C. elegans (Croset et al., 2010); C. capitata (Croset et al., 2010); A. californica (Croset et al., 2010); L. gigantea (Croset et al., 2010).
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and Swanson, 2008; Janovjak et al., 2010) — the most parsimonious
model for the origin of IRs is that they derived from iGluRs. Indeed,
phylogenetic and gene structure analyses indicate that IRs are likely
to have shared a common ancestor with an AMPA or Kainate class
of iGluR (Croset et al., 2010).

Analysis of the sequence relationships of IRs from different
species with Drosophila IRs has allowed inference of the timing of
origin of different receptors and how this relates to receptor
function and the chemical ecology of different animals. One IR,
IR25a, is conserved across protostomes (Fig. 4A—B) and is thus
likely to be the ancestral IR. IR25a orthologs are expressed in ol-
factory and/or other chemosensory organs of many different insect
species (Croset et al., 2010; Liu et al., 2010; Olivier et al., 2011; Pitts
etal,, 2011), lobsters (where the receptor is named OET-07) (Hollins
et al., 2003; Stepanyan et al., 2004), Caenorhabditis elegans (where
the receptor is named GLR-7) (Brockie et al., 2001) and Aplysia
(Croset et al., 2010), suggesting a conserved chemosensory function
for this receptor. Whether these orthologs act as co-receptors, as in
Drosophila, remains to be determined. It is conceivable that the
IR25a ancestor initially evolved as a sensory detector for external
glutamate — analogous to the synaptic function of iGIuRs — and that
it only later acquired a co-receptor function after duplication and
diversification of the IR repertoire.

Many other olfactory IRs in Drosophila have clear orthologs in
most or all other insects (Fig. 4A—B) and these appear to be
antennal-expressed (typically based on EST datasets or RT-PCR
analysis) in several species, including mosquitoes (Liu et al., 2010;
Pitts et al., 2011), honeybees (Croset et al., 2010) and moths
(Bengtsson et al., 2012; Grosse-Wilde et al., 2011; Legeai et al., 2011;
Olivier et al., 2011). This conservation stands in stark contrast to the
ORs, where only the co-receptor ORCO is recognizable across in-
sects (Jones et al.,, 2005), and suggests that the IR ligands are
important olfactory cues for all insects. Acids and amines, for
example, are key host-seeking signals in mosquitoes (van der Goes
van Naters and Carlson, 2006), and it is highly likely that the
Anopheles gambiae IRs (Liu et al., 2010) underlie the acid and amine
responses in grooved peg sensilla OSNs in the adult antenna (Qiu
et al., 2006). Consistently, a study of larval A. gambiae showed
that small interfering RNA (siRNA) knock-down of the IR76b
ortholog altered behavioral responses to butylamine (Liu et al.,
2010).

Some olfactory IRs appear to have more restricted conservation,
and these may underlie more species-specific chemosensory be-
haviors. IR84a, for example, is only found in drosophilids, and its
role in regulating courtship behavior may be a unique strategy of
fruit flies (Grosjean et al., 2011). There are several examples of
species-specific expansions of particular olfactory IR clades, such as
the IR75 subfamily, represented by just one member in the body
louse, Pediculus humanus, 3 in drosophilids, but 15 in the mosquito
Culex quinquefasciatus (Fig. 4A—B). Although the odor specificity of
individual members of these large expansions is unknown, we
suggest that such clades may underlie detection of closely related
chemicals that need to be discriminated with high-resolution.

With a few exceptions (e.g. the IR7 clade and IR100a), the
Drosophila IRs that are not expressed in the antenna have no closely
related homologs outside drosophilids (Croset et al., 2010). Simi-
larly, while many insects have a common set of presumed olfactory
IRs, their repertoires are otherwise enormously variable in
sequence and number across species, ranging from 1 in the hon-
eybee Apis mellifera (Croset et al., 2010) to 122 in the termite Zoo-
termopsis nevadensis (H. Robertson, personal communication).
There are also several examples of lineage specific expansions of IR
genes, for example, the IR317 subfamily in the ant Camponotus
floridanus (Zhou et al., 2012), which might have species-specific
functions. IR repertoire diversity further extends outside insects:

beyond the conserved IR25a (as well as an IR93a ortholog in the
waterflea Daphnia pulex and the tick Ixodes scapularis), there are no
receptors with close homology to any insect receptors, and the
families can number from as few as 3 in C. elegans to 85 in D. pulex
(Fig. 4A) (Croset et al., 2010). Some chemosensory expression data
are available in C. elegans, where they appear to be in the pharyn-
geal neurons (Brockie et al., 2001), which may contact ingested
food, and in Aplysia sea slugs, where several are expressed in the
rhinophore olfactory organ (Croset et al., 2010). However, the
expression is unknown for the vast majority of IRs, and no ligands
have been identified for any of them. Their functions, and the se-
lection pressures driving their diversification, remain, therefore
unclear.

9. Conclusions and perspectives

Since the discovery of IRs, we have learned much about their
evolution, expression and function, and about the sensory circuits
in which they act. Within insects, IRs appear to define an olfactory
subsystem that exhibits many, though not all, of the organiza-
tional principles of the OR subsystem. The IR olfactory circuits
therefore define a complementary model in which to address
both developmental issues of, for example, olfactory receptor
gene choice and OSN wiring, and neurobiological questions,
including how odors are represented as spatio-temporal neural
activity patterns in the brain and how these induce behavior.
While progress has been made in several of these areas for the OR
subsystem (Fuss and Ray, 2009; Jefferis and Hummel, 2006;
Masse et al., 2009), it is not evident that the developmental and
functional strategies are identical or even similar for the circuits
expressing IRs.

IRs and ORs are clearly distinguished by their structure and their
ligand specificity. The clear homology of IRs and iGluRs has helped
to address molecular mechanisms by which odor recognition is
converted into neuronal depolarization by these receptors — which
are issues that still remain unclear for ORs (Nakagawa and Vosshall,
2009) — and further advancement in the future seems likely.
Reciprocally, study of IRs may help illuminate previously unantic-
ipated features of this widely conserved family of ligand-gated ion
channel, such as the molecular basis and evolution of ligand
binding specificity by the common fold of the bi-lobed LBD.

Within D. melanogaster, the olfactory IRs represent just a quarter
of the entire repertoire, so definition of the site of expression and
function of the remaining larger fraction represents a key area of
interest. Intriguingly, one of these receptors, IR94b, was recently
implicated in auditory system function (Senthilan et al., 2012),
raising the possibility that IRs may also have non-chemosensory
roles. Beyond Drosophila, large repertoires of IR sequences in mol-
luscs, annelids, nematode worms, crustaceans and diverse insects
remain to be characterized, and it will be exciting to see the func-
tional conservation and divergence of this repertoire across these
ecologically disparate species.

Finally, the IRs, and their circuits, offer an interesting model to
understand fine-scale evolution of the nervous system (Ramdya
and Benton, 2010). The revelation of a progressive expansion of
the olfactory IR repertoire across protostomes (Fig. 4A) — whose
resolution will certainly be increased with additional insect ge-
nomes, particularly from orthopteran species (Hansson and
Stensmyr, 2011; Rebora et al., 2012) — invites comparative ana-
lyses both between individual receptors/circuits within a partic-
ular species, and between presumed conserved receptors in
different species. These will advance our understanding of how
olfactory receptor genes are duplicated and diversified, and
segregated to new neural pathways to define unique odor-evoked
behaviors.
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