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Simple Summary: Starting with efforts to understand pheromone detection in moths, the ability
of insects to localize food and mates has captivated researchers for over a century. Here we review
recent advances in understanding the detection of volatiles at the level of olfactory receptors and
odorant-binding proteins focusing on advances in biological understanding. Drosophila remains
an important model system, but CRIPSR-mediated genome editing is opening the door to genetic
analysis in a wide range of insects, including disease vectors and important agricultural pests. This
review will spotlight new findings for the initial recognition and signaling events by odorant-binding
proteins and olfactory receptors in responses to odorants. Finally, we discussed how some critical
insect behaviors appear to have evolved multimodal mechanisms to maximize response robustness.

Abstract: Human and insect olfaction share many general features, but insects differ from mammalian
systems in important ways. Mammalian olfactory neurons share the same overlying fluid layer in
the nose, and neuronal tuning entirely depends upon receptor specificity. In insects, the olfactory
neurons are anatomically segregated into sensilla, and small clusters of olfactory neurons dendrites
share extracellular fluid that can be independently regulated in different sensilla. Small extracellular
proteins called odorant-binding proteins are differentially secreted into this sensillum lymph fluid
where they have been shown to confer sensitivity to specific odorants, and they can also affect the
kinetics of the olfactory neuron responses. Insect olfactory receptors are not G-protein-coupled
receptors, such as vertebrate olfactory receptors, but are ligand-gated ion channels opened by direct
interactions with odorant molecules. Recently, several examples of insect olfactory neurons expressing
multiple receptors have been identified, indicating that the mechanisms for neuronal tuning may be
broader in insects than mammals. Finally, recent advances in genome editing are finding applications
in many species, including agricultural pests and human disease vectors.
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1. Introduction

Insect chemical detection has intrigued scientists for over 150 years. One of the first
descriptions of insect chemotaxis comes from the writings of Jean-Henri Fabre in ’The Life
of a Caterpillar’ in 1916 [1]. He described earlier observations in which a captive female
Great Peacock Moth in a wire cage attracted 40 male moths of the same species through an
open window in his study. He performed the first experiments, repeating the trial with a
cloth over the cage, which did not impede the attraction, while a female moth sealed in
a tin abolished the attraction. He concluded that there must be an odor emitted from the
female moth that was the cause of the male attraction that he was unable to perceive. A half
century later, Adolf Butendant succeeded in isolating Bombykol, the first pheromone, from
the silkworm moth Bombyx mori [2]. The work by Kaissling and Priesner in 1970 revealed
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that the sensitivity of Bombyx pheromone detection approached perfection, showing that a
few molecules of pheromone are sufficient to activate the pheromone-sensing neurons [3].
Insight into the mechanisms for how this remarkable sensitivity is achieved at the molecular
level has advanced but is still not entirely understood.

Drosophila has served as a potent investigational tool to discover the essential com-
ponents important for pheromone and odorant detection, to elucidate the computational
logic of olfactory neuron innervation, and for exploring the high processing mechanisms
by the brain [4]. While spearheaded by Drosophila, the advent of CRISPR technology has
expanded the range of species amenable to genetic targeting, providing a much more
reliable loss-of-function phenotype compared with RNA interference methods. Indeed,
genetic lesioning in Aedes and Anopheles mosquitoes [5–7] and moths, including Bombyx [8],
Helicoverpa [9], Manduca [10–12], and others, contributes to our understanding of these
remarkable chemical detectors. This review will provide context for recent findings in the
insect chemosensation field.

2. Insect Olfactory Receptors (Ors, Irs, and Grs)

Genetic screens in Drosophila designed to recover odorant-insensitive mutants iden-
tified some genes involved in chemosensation but failed to identify the olfactory recep-
tors [13–15]. In hindsight, since typical odorants activate more than one receptor, the
mutation of any single receptor probably has a small effect on olfactory behaviors. Further-
more, there are two major classes of olfactory receptors (Ors and Irs), so even mutations in
coreceptor subunits were missed.

When candidate olfactory receptors were identified in vertebrates [16], there was
great hope in the invertebrate chemosensory community that this would directly lead to
the identification of the insect odorant receptors for volatile chemicals. Low stringency
screens and degenerate PCR approaches to identify receptors based on G-protein-coupled
receptor homology all failed. Success finally came when early drafts of the Drosophila
genome project became available that were screened using bioinformatics for candidate
multiple transmembrane domain proteins. In situ hybridization was used to identify the
expression patterns of these candidates, and some were restricted to the antenna [17,18]. At
the same time, Richard Axel’s group sequenced cDNAs enriched for rare antenna-specific
transcripts from antennal tissues for candidates and identified receptors as well [19]. The
Drosophila receptors had virtually no homology with the vertebrate counterparts, and
receptor topology studies indicated that, unlike GPCRs, the C-terminus of these seven
transmembrane receptors is extracellular and thus is reversed in the membrane compared
with typical GPCRs [20]. Subsequent studies revealed that the receptors are ligand-gated
ion channels [21–23]. In Drosophila and most higher insects, the Or tuning subunits form
heteromers with a common, highly conserved subunit, Or coreceptor (Orco) [24,25]. It
is likely that Orco evolved as a coreceptor to allow for a common odorant sensitivity
regulation mechanism independent of the tuning receptor expression [26–29].

The second major family of olfactory receptors found in most insects are the ionotropic
receptors (Irs) [30]. These receptors are distinct from the Or family, do not use Orco, and
are related to ionotropic glutamate receptors. This family may predate the Or group, as
lobsters express Irs but not Ors [31]. The Drosophila Ir family has 63 members, and most of
the olfactory or antennal Irs primarily detect acids and amines [32,33]. Several members
of the Ir family are widely distributed in the olfactory system, specifically Ir8a, Ir25a, and
Ir76b, and appear to be Ir coreceptor subunits present in neurons with diverse sensitivities.
Finally, a third class of receptors is primarily found in the taste neurons of Drosophila, the
Grs. However, two Grs members Gr21a and Gr63a mediate CO2 sensitivity in an olfactory
neuron in the Drosophila antenna [34,35]. Thus, three families of receptors mediate the
detection of volatiles in Drosophila.
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3. Structural Studies

Recently, cryo-EM structural analysis of two invertebrate olfactory receptors was
solved. The Ruta lab studied the homomeric Orco structure of the wasp Apocryta bakeri
by cryo-EM [36] and, more recently, the homomeric MhOR5 receptor from the jumping
bristletail M. hrabei [23]. This latter insect lacks Orco, and the expression of MhOR5 alone
was capable of conferring GCaMP-mediated odorant responses to eugenol and DEET when
expressed in HEK cells. Both investigations established the functional channel as a tetramer.
The results of the structure analysis with the MhOR5 receptor with activating ligands
revealed that odorants indeed open the pore of the tetrameric structure. These studies set
the stage for future work elucidating receptor structures with Orco with tuning receptor
heteromers and the structure and subunit composition of functional Irs.

4. Olfactory Neuron Tuning

The landmark finding following the identification of vertebrate olfactory receptor
genes was the demonstration that a single allele of a single receptor gene is expressed
in any single neuron, and all the neurons expressing that allele synapse at one of two
glomeruli in the olfactory bulb [37]. The vertebrate olfactory neuron axon targeting the
same glomerulus is dependent on the olfactory expression [38], so the expression of multiple
receptors in a single cell would be detrimental for odorant discrimination. By contrast, the
receptor mutants in Drosophila still project their axons to the correct glomerulus, revealing
no allelic exclusion and no role for olfactory receptors in pathfinding [39–41].

Since insect olfactory neurons do not use olfactory receptors for axonal wiring, this
frees these neurons to express multiple receptors. In Drosophila olfactory receptor expres-
sion mapping studies, most neurons appear to express single receptors. However, at least
one neuron expresses three tuning receptor subunits, Or65a, Or65b, and Or65c [42]. These
receptor genes are clustered in the genome, so this coexpression could simply represent
shared promoter elements from recent gene duplication events. However, these recep-
tors are divergent and likely to respond to different ligands [43]. The olfactory neurons
expressing these three receptors have a special role. It was shown that mating silences
the DA1 glomerulus (the target for cVA pheromone-sensing Or67d neurons), and Or65
neurons mediate this suppression [44]. Furthermore, courtship behavior is suppressed by
the activation of Or65-expressing neurons [43]. These findings suggest that volatiles associ-
ated with mating behavior activate Or65 neurons and suppress Or67d activity. Whether
all or a subset of the Or65 tuning receptors function to mediate this response is unknown.
However, multiple receptors can be coexpressed in the same olfactory neuron. Indeed,
Or69aA and Or69aB are coexpressed in the same olfactory sensory neurons and respond to
food and putative pheromone odorants, respectively [45]. In mosquitoes, multiple olfactory
receptor subunits clustered in the genome are coexpressed and respond to a broad spectrum
of odorants [46].

In the past year, receptor coexpression has been expanded to receptors from different
classes. By replacing the coding sequence of several widely distributed olfactory receptor
coreceptors including Orco, Ir8a, Ir76b, and Ir25a with yeast or neurospora transcription
factors and sensitive reporters, the Potter group found an extensive expression overlap
among these coreceptors [47]. Indeed, Ir25a is coexpressed with 82% of Orco-expressing
neurons. While loss of Orco silenced these neurons, loss of Ir25a often reduced or increased
the amplitude of the odorant responses [47]. How the Irs affect the Or and Orco responses
is not clear—it seems unlikely that the Irs multimerize with these subunits because changes
in odorant responses would be expected to be more dramatic. There may be some complex
voltage dependence among these receptors that explains this finding, but future studies
will be needed to sort this out.

Recently, the Vosshall lab looked at the receptor expression in mosquitoes. Using single-
nucleus RNA sequencing of antenna and palp olfactory neurons, they found coexpression
of up to six receptor subunits in single cells, including Ors, Irs, and even Grs [48]. One
can envision several scenarios for expressing multiple receptors in single neurons. There
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could be ligands only detectable with a complex subunit composition, or different subunits
could impart a wider dynamic response range to a critical odorant. Indeed, CO2 detection
in mosquitoes involves three Gr members, Gr1, Gr2, and Gr3 [49]. Whereas Gr2 and Gr3
are sufficient to detect CO2, Gr1 expands the dynamic range [49,50].

Expressing more than one receptor could expand the range of activating ligands for the
neuron, allowing it to respond to ligands detected by either receptor (an ‘or’ gate) (Figure 1b,
top panel). Alternatively, neuronal activation to specific ligands could require activation of
both receptors (an ‘and’ gate), only firing in the presence of both ligands (Figure 1b, bottom
panel). In principle, an ‘and’ gate would impart high selectivity, whereas an ‘or’ gate
would expand the odor response space of the neuron. In the Vosshall study, the ‘or’ gate
hypothesis seems to be true. By expressing both Ir and Or receptors in palp neurons that
detect skin amines and 1-octen-3-ol, respectively, these neurons respond to either ligand
and trigger attraction. Indeed, this illustrates that a robust outcome—identifying a blood
source—is more important than discriminating skin components.
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Figure 1. Olfactory receptor organization in insects and tuning models. (a) Olfactory organs of
Drosophila are covered by sensilla. Each sensillum contains one to four olfactory neurons (OSNs);
neurons are shown in red and green. (b) Expressing more than one receptor in one neuron leads to
‘or’ gate (top panel) or ‘and’ gate (bottom panel) potential model.

5. Pheromone Receptors

A number of candidate pheromone receptors were identified in the early 2000s [51,52],
and the heterologous expression of the receptors conferred some pheromone sensitivity in
tissue culture cells or Xenopus oocytes supporting the idea that these are responsible for
pheromone sensitivity [53–55].

The first in vivo demonstration for the identification of a pheromone receptor was in
Drosophila. A developmental mutant lacking cVA-sensitive neurons was used to identify
pheromone receptors present in wild-type antennas lacking in the mutant by RT-PCR [56].
The Or67d receptor was missing in the mutant antenna, and it was shown that this is the
in vivo tuning receptor subunit for cVA detection by demonstrating that it is sufficient to
confer cVA pheromone sensitivity to Drosophila aT4 trichoid neurons normally insensitive to
the pheromone [56]. Interestingly, cVA responses in the aT4 neurons were still dependent on
LUSH, a cVA-binding member of the OBP family (see below) [56]. At about the same time,
mutants in Or67d were recovered in a single sensillum electrophysiology screen for cVA-
insensitive mutants [57]. This was the first insect receptor mutant recovered in a genetic
screen. This allele has a point mutation in Or67d that changed a cysteine to tryptophan at
amino acid 23 that is expressed but completely insensitive to cVA pheromone.

A second group also identified Or67d as a pheromone receptor. The Dickson group
identified Or67d as a receptor expressed in the pheromone-sensitive neurons by RNA in
situ hybridization and generated mutants in the gene that are cVA insensitive [40]. These
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researchers also showed that the mutants had a similar phenotype to lush mutants, with
reduced copulation rates and increased male–male courtship [40].

In addition to mutants in Or67d, genetic screens recovered a mutation in the Snmp1
gene that is cVA unresponsive [57]. Evidence suggests that Snmp1 is a component of the
pheromone receptor and is not required for the detection of most odorants. Snmp1 was
discovered by Richard Vogt’s group by characterizing antisera from mice immunized with
moth pheromone-sensing dendrites [58,59]. Snmp1 encodes a CD36 homolog related to
scavenger receptors important for cholesterol metabolism [60]. Drosophila Snmp1 mutants
were also reported by the Vosshall group [57,61]. These mutants lack cVA responses and
had high constitutive activity in the pheromone-sensitive neurons. This defect could be
phenocopied by infusing antibodies against Snmp1 into the sensillum lymph, revealing
that Snmp1 is on the dendritic surface [57]. Split GFP experiments indicated that Snmp1
is associated with the pheromone receptor complex [61]. Both studies concluded that
Snmp1 acts to deactivate these neurons (Figure 2). Subsequent studies by the Montell group
showed that Snmp1 mutant virgin female insects, never exposed to cVA, had low activity
in Or67d neurons and gradually responded to cVA after several minutes of exposure [62].
Remarkably, once the pheromone-sensitive neurons are activated, they continue to fire at
high frequency, even long after the removal of the stimulus [62]. Together, these studies
suggest that Snmp1 is important for both the activation and deactivation of cVA responses.
The current thinking is that Snmp1 is important for loading and unloading the pheromone
from the receptors. How Snmp1 fits into the receptor complex at the molecular level
is unknown.
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Figure 2. Model of cVA detection mechanism in aT1 neurons. (a) Cartoon of aT1 trichoid sensillum.
aT1 sensilla have numerous pores in the cuticle layer and house a single olfactory receptor neuron
(OSN) dendrite. LUSH (cup-shaped structures in sensillum lymph) binds cVA and deliver it to
neuronal receptors. (b) Receptor complex in aT1 sensillum. In this sensillum, tetrameric receptor
complex is composed of Or67d pheromone receptor, the coreceptor Orco. SNMP1, a CD36-related
sensory neuron membrane protein, is also required in dendritic membrane. ATP8B, a lipid flippase,
is also important for normal Orco-dependent responses [63,64].

Another factor affecting odor and pheromone sensitivity is dATP8B. The phospholipid
flippase ATP8B is required in Orco-expressing olfactory neurons for full odor sensitiv-
ity [63,64]. This enzyme belongs to the P4-type ATPase family and thought to flip phos-
phatidylserine from the outer to inner leaflet of the membrane, where it may affect channel
proteins in the membrane [65] or affect the localization of a PKC known to phosphory-
late Orco for maximum odor sensitivity [29]. How the lipid composition in the dendritic
membrane affects olfactory receptor signaling mechanisms requires further study.
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Pheromone receptor homologs have now been identified for many species of insects,
including pest species and human disease vectors [45,66–69]. However, putative insect
olfactory receptors, including pheromone receptors, are not highly conserved among insect
species [70]. A few are proven to be bona fide pheromone receptors by CRISPR-mediated
mutation producing a chemosensory deficit (for example [9]).

6. Odorant-Binding Proteins (OBPs)

Once moth pheromones were isolated and chemically identified, it became possible to
synthesize these molecules. Vogt and Riddiford generated radiolabeled pheromone from
the moth Antheraea polyphemus with the intent of identifying pheromone receptors in the
male antenna [71]. They identified a small, 15 kD soluble, pheromone-binding protein
specific to the male antenna that bound the labeled pheromone in native gels [71]. While
they did not identify the elusive pheromone receptor, this work was a milestone because it
identified the first member of the invertebrate odorant-binding protein family. In Drosophila,
the number of odorant-binding protein genes rivals that of tuning Or receptors. However,
not all are restricted to the olfactory system [72]. The function of odorant-binding proteins
remained a puzzle for several decades.

Five hypotheses were proposed for possible roles for these abundant extracellular
proteins that directly interact with odorant ligands [73,74]. The first is they are carriers to
transport the hydrophobic pheromone molecules through the aqueous sensillum lymph.
A second possibility is that they are selectivity filters that concentrate biologically relevant
ligands in the lymph. A third possibility is that they present the odorant ligands to the
receptors. Fourth, it was postulated that these proteins clear the sensillum lymph of stray
molecules, and they could bind and deactivate odorants, by sequestration. Finally, they
could function to deliver ligands to degrading enzymes following receptor activation [73,74].

The first clue into the odorant-binding protein function came from Blanka Popoff, who
showed that in open-tip preparations, both pheromone and pheromone-binding protein
were important for neuronal activation [75]. This suggested that the OBPs were important
for neuronal activation, theoretically eliminating odorant degradation and sequestration
models. A role for the activation of olfactory neurons was clearly demonstrated when the
first Drosophila OBP mutant was generated. Mutants lacking the OBP LUSH are insensitive
to the concentrations of the male-specific pheromone 11-cis vaccenyl acetate (cVA) that
potently activate wild-type neurons expressing the Or67d receptor subunit [76]. One
of the major behavioral defects associated with lush mutants is a reduction in courtship
and reduced male–female discrimination in courtship behaviors [77]. When very high
concentrations of cVA are applied to the lush mutants, weak electrophysiological responses
are observed revealing that LUSH is not absolutely required for the activation of pheromone-
sensing neurons but is essential for the activation of the olfactory neurons to concentrations
of pheromone relevant for single-fly social interactions [78].

A second lush mutant phenotype was observed in the single sensillum electrophys-
iological recordings that provides another valuable clue. In the absence of pheromone,
the spontaneous activity in the pheromone-sensitive neurons is reduced 400-fold in lush
mutants compared with that in wild-type neurons [76]. This unexpected phenotype was
not rescued by the expression of a moth pheromone-binding protein, and no effect was
observed on Drosophila aT4 neurons that do not respond to cVA but still express LUSH.
Remarkably, infusing recombinant LUSH protein through a recording pipet is sufficient to
restore normal spontaneous activity and, eventually, cVA responses [76]. Therefore, the
LUSH protein itself is somehow triggering the activity in pheromone-sensing neurons in
the complete absence of pheromone! Together, these data are consistent with a combination
of the carrier and presentation models for OBP function and implicate a direct interaction
between the LUSH and Or67d–Orco pheromone receptors on the dendrites. Following
these studies, many groups have demonstrated specific roles for OBP members in the detec-
tion of volatile ligands in many species [79–88], and even for tastants and humidity [89,90].
Finally, in Drosophila, an odorant-binding protein has been implicated in blocking sugar
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taste detection when sucrose is present with bitter compounds [91]. OBP49a binds bitter
ligands and is secreted into the sensillum lymph of sucrose-detecting L-type sensilla in
the proboscis. In the presence of sucrose, the neurons robustly respond. However, if
bitter compounds are mixed with the sucrose, neuronal activation is blocked, and this
modulation requires OBP49a. This suggests a model in which OBP49a, when liganded
to bitter molecules, blocks the ability of sucrose to activate the neurons and supports the
notion that binding proteins can directly interact with receptors.

Structural studies have revealed that odorant-binding proteins, despite their highly
diverse primary sequences, fold into similar globular structures with a central cavity. The
structural similarity stems from the disulfide bridges between cysteine residues spaced
at conserved intervals (reviewed in [92]). The conserved structure with diverse primary
sequence is consistent with a role in direct interactions with structurally diverse odorant
molecules. Several groups have solved the structure of odorant-binding proteins with and
without bound ligands [93–98]. However, odorant-binding proteins tend to be relatively
promiscuous when it comes to ligand binding, and simply binding an odorant does not nec-
essarily correlate with the biological function. For example, in addition to cVA pheromone,
LUSH binds a variety of molecules including phthalates [99]. However, phthalates do not
activate the pheromone-sensitive neurons, whereas cVA does. For pheromones, binding
often induces a conformational change [78,97,98]. Attempts to identify interactions with
ligand-bound odorant-binding protein conformations have not detected direct interactions
with receptors. This could reflect a weak interaction with these membrane receptors, or
perhaps the binding proteins simply deliver their cargos to the dendritic membrane, where
it could be captured by Snmp1 in the receptor complex. pH-dependent conformational
changes have been demonstrated in moth pheromone-binding proteins, leading to the sug-
gestion that pheromone release is triggered by proximity to charged phospholipids [97,100].
Whatever model is proposed for odorant-binding proteins and pheromone sensitivity,
it should be able to account for the striking loss of spontaneous activity in lush mutant
pheromone-sensing neurons in the absence of pheromone [76].

7. Recent Advances in Odorant-Binding Proteins

In addition to LUSH, the trichoid sensilla in Drosophila also secrete at least two addi-
tional odorant-binding proteins, Os-E and Os-F [101]. While LUSH expression is restricted
to the trichoid sensilla, Os-E and Os-F are expressed in both trichoid and intermediate
sensilla. Os-E and Os-F are in close proximity in the genome, allowing the use of CRISPR
to delete both binding protein genes [102]. These mutants have increased electrophysio-
logical responses to farnesol, a ligand abundant in citrus peels and detected by neurons
expressing Or83c receptors [103]. However, from the results of the kinetic analysis, it was
obvious that the increased action potentials per second are actually due to the defective
deactivation of these neurons in response to the odorant. Single sensillum recordings reveal
prolonged activity in the firing of these neurons in Os-E,Os-F double mutants compared
with controls [102]. Farnesol and 3-hexanol both activate Or83c receptors. Remarkably,
while responses to farnesol are prolonged in the Os-E/Os-F double mutant, the responses
to 3-hexanol are unaffected by the loss of these OBPs. This reveals that there are odorant-
specific defects in the OBP mutant even for odors that activate the same receptor. Os-E
and Os-F are involved in the deactivation of farnesol responses perhaps by unloading the
Or83c receptors of this hydrophobic ligand. This mechanism is quite different from that
observed with lush mutants and is more consistent with an odorant removal mechanism.
The Carlson lab reported that loss of an abundant odorant-binding protein restricted to ab8
sensilla, OBP28a, does not affect the amplitude of odorant responses of the ab8 neurons but
may act as a buffer for odorants [104].

Finally, an intriguing trend is becoming evident: that is, some odorant-binding proteins
are associated with insecticide resistance. In the Asian citrus psyllid, Diaphorina citri, OBP2
is induced by exposure to imidacloprid, and knockdown of this OBP by RNA interference
increased susceptibility to this insecticide [105]. OBP2 binds well to imidacloprid and
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at least two other neonicotinide insecticides [105]. In Culex quinquefasciatus mosquitoes,
OBP28 is protective against deltamethrin, and knockdown of this OBP greatly enhances
susceptibility to this insecticide [106]. OBPc13 is induced by Artemisia vulgaris oil in the
stored grain pest Tribolium castaneum, and RNA interference against this OBP increases
susceptibility to the oil [107]. In the rice pest Nilaparvata lugens, OBP3 is associated with
nitenpyram and sulfoxaflor resistance [83]. It is likely that these OBPs are sequestering
the insecticide, preventing the compounds from access to their site of action. If true, this
would reveal yet another mechanism of action for OBPs. Nature appears to have taken full
advantage of possible OBP functional roles.

8. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)

Pheromone receptors expressed in heterologous systems such as Sf9 cells, HEK293
cells, or Xenopus oocytes do not always show the same specificity as they do in vivo. For
example, Epiphyas postvittana Or1 expressed in Sf9 cells responds to plant volatiles but
not to pheromones, despite mapping to the pheromone receptor clade [108]. However,
when expressed in HEK293 cells, it responds to pheromone but not plant volatiles [109,110].
Pheromone receptors from Eriocrania semipurpurella distinctly behave when expressed in
HEK293 cells and Xenopus oocytes [67,111]. Therefore, it has become clear that in vivo
demonstration of function is critical to assign specific gene products to chemical detection
in intact animals.

RNA interference, produced by injecting double-stranded RNA homologous to spe-
cific genes into animals, has provided some reduced function, but knockdown is not
complete. For many factors, this may simply not be sufficient to observe a phenotype. The
combination of available genome sequences for many insects and the availability of the
CRISPR–Cas9 system is revolutionizing the way gene products are studied in agricultural
pests and human disease vectors. This system is amenable to any insect system, making
virtually any species a genetic model system. CRISPR allows lesions to be generated in
specific genes by introducing the Cas9 nuclease into embryos and targeting the nuclease to
specific genes with a 20 nucleotide RNA homologous to the target adjacent to a PAM site
(NGG) [112]. By introducing two cleavage sites in the gene, the target genes can even be
replaced with an RFP expression cassette, allowing ease of identifying mutants [113]. We
expect this approach to become the gold standard for demonstrating the functional rele-
vance of specific gene products in chemical sensation. Indeed, CRISPR-mediated mutants
in Orco have already been reported for several insect pests [6,114–117].

Finally, the recent work may simplify the generation of CRISPR lesioned animals in
different insects by bypassing the need to inject embryos. DIPA-CRISPR involves injecting
Cas9 and targeting RNA into the hemolymph of adult female insects [118]. This appears to
be sufficient to generate lesions in oocytes and bypasses the requirement to inject embryos.
This approach will greatly simplify genetic lesioning in pest species in the future.

9. Conclusions

High-throughput DNA sequencing is leading to the identification of olfactory receptors
and odorant-binding proteins in diverse insect species. RNA interference approaches
that reduce expression provided some in vivo support for function. However, CRISPR
gene targeting is become more widespread and is generating complete loss of receptor
phenotypes in vivo, and is rapidly replacing RNA interference. DIPA-CRISPR, where adult
female insects are injected instead of embryos, will make producing gene-specific lesion
even easier in pest species. We can expect rapid progress in new model systems in the next
few years.

Author Contributions: Conceptualization, T.S.H. and D.P.S.; writing—original draft preparation,
D.P.S.; writing—review and editing, T.S.H. and D.P.S.; visualization, T.S.H. and D.P.S.; funding
acquisition, D.P.S. All authors have read and agreed to the published version of the manuscript.



Insects 2022, 13, 926 9 of 13

Funding: This research was funded by the National Institute of Health, Deafness and Communicative
Disorders, grant number R01 DC015230.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fabre, J.-H. Life of a Caterpillar; Dodd, Mead and Company: New York, NY, USA, 1916.
2. Butenandt, A.; Beckman, R.; Stamm, D. Über den sexuallockstoff desseidenspinners. II. Konstitution und konfiguration des

bombykols. Physiol. Chem. 1961, 324, 84–87. [CrossRef] [PubMed]
3. Kaissling, K.-E.; Priesner, E. Die riechschwelle des seidenspinners. Naturwissenschaften 1970, 57, 23–28. [CrossRef] [PubMed]
4. Masse, N.Y.; Turner, G.C.; Jefferis, G.S. Olfactory information processing in Drosophila. Curr. Biol. 2009, 19, R700–R713. [CrossRef]
5. Liu, F.; Ye, Z.; Baker, A.; Sun, H.; Zwiebel, L.J. Gene editing reveals obligate and modulatory components of the CO2 receptor

complex in the malaria vector mosquito, Anopheles coluzzii. Insect Biochem. Mol. Biol. 2020, 127, 103470. [CrossRef]
6. Sun, H.; Liu, F.; Ye, Z.; Baker, A.; Zwiebel, L.J. Mutagenesis of the orco odorant receptor co-receptor impairs olfactory function in

the malaria vector Anopheles coluzzii. Insect Biochem. Mol. Biol. 2020, 127, 103497. [CrossRef] [PubMed]
7. DeGennaro, M.; McBride, C.S.; Seeholzer, L.; Nakagawa, T.; Dennis, E.J.; Goldman, C.; Jasinskiene, N.; James, A.A.; Vosshall, L.B.

orco mutant mosquitoes lose strong preference for humans and are not repelled by volatile DEET. Nature 2013, 498, 487–491.
[CrossRef]

8. Liu, Q.; Liu, W.; Zeng, B.; Wang, G.; Hao, D.; Huang, Y. Deletion of the Bombyx mori odorant receptor co-receptor (BmOrco)
impairs olfactory sensitivity in silkworms. Insect Biochem. Mol. Biol. 2017, 86, 58–67. [CrossRef]

9. Cao, S.; Huang, T.; Shen, J.; Liu, Y.; Wang, G. An Orphan Pheromone Receptor Affects the Mating Behavior of Helicoverpa armigera.
Front. Physiol. 2020, 11, 413. [CrossRef]

10. Fandino, R.A.; Haverkamp, A.; Bisch-Knaden, S.; Zhang, J.; Bucks, S.; Nguyen, T.A.T.; Schröder, K.; Werckenthin, A.; Rybak, J.;
Stengl, M.; et al. Mutagenesis of odorant coreceptor Orco fully disrupts foraging but not oviposition behaviors in the hawkmoth
Manduca sexta. Proc. Natl. Acad. Sci. USA 2019, 116, 15677–15685. [CrossRef] [PubMed]

11. Zhang, J.; Bisch-Knaden, S.; Fandino, R.A.; Yan, S.; Obiero, G.F.; Grosse-Wilde, E.; Hansson, B.S.; Knaden, M. The olfactory
coreceptor IR8a governs larval feces-mediated competition avoidance in a hawkmoth. Proc. Natl. Acad. Sci. USA 2019,
116, 21828–21833. [CrossRef] [PubMed]

12. Zhang, X.; Yang, B.; Sun, D.; Guo, M.; Zhang, J.; Wang, G. Ionotropic receptor 8a is involved in the attraction of Helicoverpa
armigera to acetic acid. Insect Sci. 2022, 29, 657–668. [CrossRef]

13. Carlson, J. Olfaction in Drosophila: Genetic and molecular analysis. Trends Neurosci. 1991, 14, 520–524. [CrossRef]
14. Siddiqi, O. Neurogenetics of olfaction in Drosophila melanogaster. Trends Neurosci. 1987, 3, 137–142. [CrossRef]
15. Woodard, C.; Huang, T.; Sun, H.; Helfand, S.L.; Carlson, J. Genetic analysis of olfactory behavior in Drosophila: A new screen

yields the ota mutants. Genetics 1989, 123, 315–326. [CrossRef]
16. Buck, L.; Axel, R. A novel multigene family may encode odorant receptors: A molecular basis for odor recognition. Cell 1991,

65, 175–187. [CrossRef]
17. Clyne, P.J.; Warr, C.G.; Freeman, M.R.; Lessing, D.; Kim, J.; Carlson, J.R. A novel family of divergent seven-transmembrane

proteins: Candidate odorant receptors in Drosophila. Neuron 1999, 22, 327–338. [CrossRef]
18. Gao, Q.; Chess, A. Identification of candidate olfactory receptors from genomic DNA sequence. Genomics 1999, 60, 31–39.

[CrossRef]
19. Vosshall, L.B.; Amrein, H.; Morozov, P.S.; Rzhetsky, A.; Axel, R. A spatial map of olfactory receptor expression in the Drosophila

antenna. Cell 1999, 96, 725–736. [CrossRef]
20. Benton, R.; Sachse, S.; Michnick, S.W.; Vosshall, L.B. Atypical membrane topology and heteromeric function of Drosophila odorant

receptors in vivo. PLoS Biol. 2006, 4, e20. [CrossRef]
21. Sato, K.; Pellegrino, M.; Nakagawa, T.; Nakagawa, T.; Vosshall, L.B.; Touhara, K. Insect olfactory receptors are heteromeric

ligand-gated ion channels. Nature 2008, 452, 1002–1006. [CrossRef]
22. Wicher, D.; Schäfer, R.; Bauernfeind, R.; Stensmyr, M.C.; Heller, R.; Heinemann, S.H.; Hansson, B.S. Drosophila odorant receptors

are both ligand-gated and cyclic-nucleotide-activated cation channels. Nature 2008, 452, 1007–1011. [CrossRef]
23. Del Marmol, J.; Yedlin, M.A.; Ruta, V. The structural basis of odorant recognition in insect olfactory receptors. Nature 2021,

597, 126–131. [CrossRef]
24. Larsson, M.C.; Domingos, A.I.; Jones, W.D.; Chiappe, M.E.; Amrein, H.; Vosshall, L.B. Or83b encodes a broadly expressed odorant

receptor essential for Drosophila olfaction. Neuron 2004, 43, 703–714. [CrossRef]
25. Jones, P.L.; Pask, G.M.; Rinker, D.C.; Zwiebel, L.J. Functional agonism of insect odorant receptor ion channels. Proc. Natl. Acad.

Sci. USA 2011, 108, 8821–8825. [CrossRef]
26. Cao, L.-H.; Jing, B.-Y.; Yanh, D.; Zeng, X.; Shen, Y.; Tu, Y.; Luo, D.-G. Distinct signaling of Drosophila chemoreceptors in olfactory

sensory neurons. Proc. Natl. Acad. Sci. USA 2016, 113, E902–E911. [CrossRef]
27. Guo, H.; Kunwar, K.; Smith, D. Odorant Receptor Sensitivity Modulation in Drosophila. J. Neurosci. 2017, 37, 9465–9473. [CrossRef]
28. Guo, H.; Smith, D.P. Odorant Receptor Desensitization in Insects. J. Exp. Neurosci. 2017, 11, 1179069517748600. [CrossRef]

http://doi.org/10.1515/bchm2.1961.324.1.84
http://www.ncbi.nlm.nih.gov/pubmed/13689418
http://doi.org/10.1007/BF00593550
http://www.ncbi.nlm.nih.gov/pubmed/5417282
http://doi.org/10.1016/j.cub.2009.06.026
http://doi.org/10.1016/j.ibmb.2020.103470
http://doi.org/10.1016/j.ibmb.2020.103497
http://www.ncbi.nlm.nih.gov/pubmed/33188923
http://doi.org/10.1038/nature12206
http://doi.org/10.1016/j.ibmb.2017.05.007
http://doi.org/10.3389/fphys.2020.00413
http://doi.org/10.1073/pnas.1902089116
http://www.ncbi.nlm.nih.gov/pubmed/31320583
http://doi.org/10.1073/pnas.1913485116
http://www.ncbi.nlm.nih.gov/pubmed/31591212
http://doi.org/10.1111/1744-7917.12962
http://doi.org/10.1016/0166-2236(91)90004-E
http://doi.org/10.1016/0168-9525(87)90204-6
http://doi.org/10.1093/genetics/123.2.315
http://doi.org/10.1016/0092-8674(91)90418-X
http://doi.org/10.1016/S0896-6273(00)81093-4
http://doi.org/10.1006/geno.1999.5894
http://doi.org/10.1016/S0092-8674(00)80582-6
http://doi.org/10.1371/journal.pbio.0040020
http://doi.org/10.1038/nature06850
http://doi.org/10.1038/nature06861
http://doi.org/10.1038/s41586-021-03794-8
http://doi.org/10.1016/j.neuron.2004.08.019
http://doi.org/10.1073/pnas.1102425108
http://doi.org/10.1073/pnas.1518329113
http://doi.org/10.1523/JNEUROSCI.1573-17.2017
http://doi.org/10.1177/1179069517748600


Insects 2022, 13, 926 10 of 13

29. Poudel, S.; Guo, H.; Smith, D.P. PKC98E Regulates Odorant Responses in Drosophila melanogaster. J. Neurosci. 2021, 41, 3948–3957.
[CrossRef]

30. Benton, R.; Vannice, K.S.; Gomez-Diaz, C.; Vosshall, L.B. Variant ionotropic glutamate receptors as chemosensory receptors in
Drosophila. Cell 2009, 136, 149–162. [CrossRef]

31. Corey, E.A.; Bobkov, Y.; Ukhanov, K.; Ache, B.W. Ionotropic crustacean olfactory receptors. PLoS ONE 2013, 8, e60551. [CrossRef]
32. Gomez-Diaz, C.; Martin, F.; Garcia-Fernandez, J.M.; Alcorta, E. The Two Main Olfactory Receptor Families in Drosophila, ORs and

IRs: A Comparative Approach. Front. Cell. Neurosci. 2018, 12, 253. [CrossRef]
33. Ni, L. The Structure and Function of Ionotropic Receptors in Drosophila. Front. Mol. Neurosci. 2020, 13, 638839. [CrossRef]
34. Jones, W.D.; Cayirlioglu, P.; Kadow, I.G.; Vosshall, L.B. Two chemosensory receptors together mediate carbon dioxide detection in

Drosophila. Nature 2007, 445, 86–90. [CrossRef]
35. Kwon, J.Y.; Dahanukar, A.; Weiss, L.A.; Carlson, J.R. The molecular basis of CO2 reception in Drosophila. Proc. Natl. Acad. Sci.

USA 2007, 104, 3574–3578. [CrossRef]
36. Butterwick, J.A.; Mármol, J.D.; Kim, K.H.; Kahlson, M.A.; Rogow, J.A.; Walz, T.; Ruta, V. Cryo-EM structure of the insect olfactory

receptor Orco. Nature 2018, 560, 447–452. [CrossRef]
37. Vassar, R.; Chao, S.K.; Sitcheran, R.; Nuñez, J.M.; Vosshall, L.B.; Axel, R. Topographic organization of sensory projections to the

olfactory bulb. Cell 1994, 79, 981–991. [CrossRef]
38. Mombaerts, P.; Wang, F.; Dulac, C.; Chao, S.K.; Nemes, A.; Mendelsohn, M.; Edmondson, J.; Axel, R. Visualizing an olfactory

sensory map. Cell 1996, 87, 675–686. [CrossRef]
39. Elmore, T.; Ignell, R.; Carlson, J.R.; Smith, D.P. Targeted Mutation of a Drosophila Odor Receptor Defines Receptor Requirement in

a Novel Class of Sensillum. J. Neurosci. 2003, 23, 9906–9912. [CrossRef]
40. Kurtovic, A.; Widmer, A.; Dickson, B.J. A single class of olfactory neurons mediates behavioural responses to a Drosophila sex

pheromone. Nature 2007, 446, 542–546. [CrossRef]
41. Hallem, E.A.; Carlson, J.R. The odor coding system of Drosophila. Trends Genet. 2004, 20, 453–459. [CrossRef]
42. Couto, A.; Alenius, M.; Dickson, B.J. Molecular, anatomical, and functional organization of the Drosophila olfactory system. Curr.

Biol. 2005, 15, 1535–1547. [CrossRef]
43. Pitts, S.; Pelser, E.; Meeks, J.; Smith, D. Odorant Responses and Courtship Behaviors Influenced by at4 Neurons in Drosophila.

PLoS ONE 2016, 11, e0162761. [CrossRef]
44. Lebreton, S.; Grabe, V.; Omondi, A.B.; Ignell, R.; Becher, P.G.; Hansson, B.S.; Sachse, S.; Witzgall, P. Love makes smell blind:

Mating suppresses pheromone attraction in Drosophila females via Or65a olfactory neurons. Sci. Rep. 2014, 4, 7119. [CrossRef]
[PubMed]

45. Lebreton, S.; Borrero-Echeverry, F.; Gonzalez, F.; Solum, M.; Wallin, E.A.; Hedenström, E.; Hansson, B.S.; Gustavsson, A.;
Bengtsson, M.; Birgersson, G.; et al. A Drosophila female pheromone elicits species-specific long-range attraction via an olfactory
channel with dual specificity for sex and food. BMC Biol. 2017, 15, 88. [CrossRef]

46. Karner, T.; Kellner, I.; Schultze, A.; Breer, H.; Krieger, J. Co-expression of six tightly clustered odorant receptor genes in the
antenna of the malaria mosquito Anopheles gambiae. Front. Ecol. Evol. 2015, 3, 26.

47. Task, D.; Lin, C.-C.; Vulpe, A.; Afify, A.; Ballou, S.; Brbic, M.; Schlegel, P.; Raji, J.; Jefferis, G.; Li, H.; et al. Chemoreceptor
co-expression in Drosophila melanogaster olfactory neurons. eLife 2022, 11, e72599. [CrossRef]

48. Herre, M.; Goldman, O.V.; Lu, T.; Caballero-Vidal, G.; Qi, Y.; Gilbert, Z.N.; Gong, Z.; Morita, T.; Rahiel, S.; Ghaninia, M.; et al.
Non-canonical odor coding in the mosquito. Cell 2022, 185, 3104–3123. [CrossRef] [PubMed]

49. Xu, P.; Wen, X.; Leal, W.S. CO2 per se activates carbon dioxide receptors. Insect Biochem. Mol. Biol. 2020, 117, 103284. [CrossRef]
[PubMed]

50. Kumar, A.; Tauxe, G.M.; Perry, S.; Scott, C.A.; Dahanukar, A.; Ray, A. Contributions of the Conserved Insect Carbon Dioxide
Receptor Subunits to Odor Detection. Cell Rep. 2020, 31, 107510. [CrossRef] [PubMed]

51. Krieger, J.; Grosse-Wilde, E.; Gohl, T.; Breer, H. Candidate pheromone receptors of the silkmoth Bombyx mori. Eur. J. Neurosci.
2005, 21, 2167–2176. [CrossRef]

52. Krieger, J.; Grosse-Wilde, E.; Gohl, T.; Dewer, Y.M.E.; Raming, K.; Breer, H. Genes encoding candidate pheromone receptors in a
moth (Heliothis virescens). Proc. Natl. Acad. Sci. USA 2004, 101, 11845–11850. [CrossRef]

53. Nakagawa, T.; Sakurai, T.; Nishioka, T.; Touhara, N. Insect sex-pheromone signals mediated by specific combinations of olfactory
receptors. Science 2005, 307, 1638–1642. [CrossRef] [PubMed]

54. Sakurai, T.; Nakagawa, T.; Mitsuno, H.; Mori, H.; Endo, Y.; Tanoue, S.; Yasukochi, Y.; Touhara, K.; Nishioka, T. Identification
and functional characterization of a sex pheromone receptor in the silkmoth Bombyx mori. Proc. Natl. Acad. Sci. USA 2004,
101, 16653–16658. [CrossRef] [PubMed]

55. Grosse-Wilde, E.; Svatos, A.; Krieger, J. A pheromone-binding protein mediates the bombykol-induced activation of a pheromone
receptor in vitro. Chem. Senses 2006, 31, 547–555. [CrossRef]

56. Ha, T.S.; Smith, D.P. A pheromone receptor mediates 11-cis-vaccenyl acetate-induced responses in Drosophila. J. Neurosci. 2006,
26, 8727–8733. [CrossRef]

57. Jin, X.; Ha, T.S.; Smith, D.P. SNMP is a signaling component required for pheromone sensitivity in Drosophila. Proc. Natl. Acad. Sci.
USA 2008, 105, 10996–11001. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.3019-20.2021
http://doi.org/10.1016/j.cell.2008.12.001
http://doi.org/10.1371/journal.pone.0060551
http://doi.org/10.3389/fncel.2018.00253
http://doi.org/10.3389/fnmol.2020.638839
http://doi.org/10.1038/nature05466
http://doi.org/10.1073/pnas.0700079104
http://doi.org/10.1038/s41586-018-0420-8
http://doi.org/10.1016/0092-8674(94)90029-9
http://doi.org/10.1016/S0092-8674(00)81387-2
http://doi.org/10.1523/JNEUROSCI.23-30-09906.2003
http://doi.org/10.1038/nature05672
http://doi.org/10.1016/j.tig.2004.06.015
http://doi.org/10.1016/j.cub.2005.07.034
http://doi.org/10.1371/journal.pone.0162761
http://doi.org/10.1038/srep07119
http://www.ncbi.nlm.nih.gov/pubmed/25406576
http://doi.org/10.1186/s12915-017-0427-x
http://doi.org/10.7554/eLife.72599
http://doi.org/10.1016/j.cell.2022.07.024
http://www.ncbi.nlm.nih.gov/pubmed/35985288
http://doi.org/10.1016/j.ibmb.2019.103284
http://www.ncbi.nlm.nih.gov/pubmed/31760135
http://doi.org/10.1016/j.celrep.2020.03.074
http://www.ncbi.nlm.nih.gov/pubmed/32294446
http://doi.org/10.1111/j.1460-9568.2005.04058.x
http://doi.org/10.1073/pnas.0403052101
http://doi.org/10.1126/science.1106267
http://www.ncbi.nlm.nih.gov/pubmed/15692016
http://doi.org/10.1073/pnas.0407596101
http://www.ncbi.nlm.nih.gov/pubmed/15545611
http://doi.org/10.1093/chemse/bjj059
http://doi.org/10.1523/JNEUROSCI.0876-06.2006
http://doi.org/10.1073/pnas.0803309105


Insects 2022, 13, 926 11 of 13

58. Rogers, M.E.; Krieger, J.; Vogt, R.G. Antennal SNMPs (sensory neuron membrane proteins) of Lepidoptera define a unique family
of invertebrate CD36-like proteins. J. Neurobiol. 2001, 49, 47–61. [CrossRef]

59. Rogers, M.E.; Steinbrecht, R.A.; Vogt, R.G. Expression of SNMP-1 in olfactory neurons and sensilla of male and female antennae
of the silkmoth Antheraea polyphemus. Cell Tissue Res. 2001, 303, 433–446. [CrossRef]

60. Acton, S.; Rigotti, A.; Landschulz, K.T.; Xu, S.; Hobbs, H.H.; Krieger, M. Identification of scavenger receptor SR-BI as a high
density lipoprotein receptor. Science 1996, 271, 518–520. [CrossRef]

61. Benton, R.; Vannice, K.S.; Vosshall, L.B. An essential role for a CD36-related receptor in pheromone detection in Drosophila. Nature
2007, 450, 289–293. [CrossRef]

62. Li, Z.; Ni, J.D.; Huang, J.; Montell, C. Requirement for Drosophila SNMP1 for Rapid Activation and Termination of Pheromone-
Induced Activity. PLoS Genet. 2014, 10, e1004600. [CrossRef] [PubMed]

63. Ha, T.S.; Xia, R.; Zhang, H.; Jin, X.; Smith, D.P. Lipid flippase modulates olfactory receptor expression and odorant sensitivity in
Drosophila. Proc. Natl Acad. Sci. USA 2014, 111, 7831–7836. [CrossRef]

64. Liu, Y.C.; Pearce, M.W.; Honda, T.; Johnson, T.K.; Charlu, S.; Sharma, K.R.; Imad, M.; Burke, R.E.; Zinsmaier, K.E.; Ray, A.; et al. The
Drosophila melanogaster phospholipid flippase dATP8B is required for odorant receptor function. PLoS Genet. 2014, 10, e1004209.
[CrossRef] [PubMed]

65. Robinson, C.V.; Rohacs, T.; Hansen, S.B. Tools for understanding nanoscale lipid regulation of ion channels. Trends Biochem. Sci.
2019, 44, 795–806. [CrossRef]

66. Zhang, D.; Löfstedt, C. Moth pheromone receptors: Gene sequences, function, and evolution. Front. Ecol. Evol. 2015, 3, 105.
[CrossRef]

67. Yuvaraj, J.K.; Corcoran, J.A.; Andersson, M.N.; Newcomb, R.D.; Anderbrant, O.; Löfstedt, C. Characterization of Odorant
Receptors from a Non-ditrysian Moth, Eriocrania semipurpurella Sheds Light on the Origin of Sex Pheromone Receptors in
Lepidoptera. Mol. Biol. Evol. 2017, 34, 2733–2746. [CrossRef]

68. Bastin-Héline, L.; de Fouchier, A.; Cao, S.; Koutroumpa, F.; Caballero-Vidal, G.; Robakiewicz, S.; Monsempes, C.; François, M.;
Ribeyre, T.; Maria, A.; et al. A novel lineage of candidate pheromone receptors for sex communication in moths. eLife 2019,
8, e49826. [CrossRef] [PubMed]

69. Yuvaraj, J.K.; Roberts, R.E.; Sonntag, Y.; Hou, X.; Grosse-Wilde, E.; Machara, A.; Zhang, D.; Hansson, B.S.; Johanson, U.; Löfstedt,
C.; et al. Putative ligand binding sites of two functionally characterized bark beetle odorant receptors. BMC Biol. 2021, 19, 16.
[CrossRef]

70. Hansson, B.S.; Stensmyr, M.C. Evolution of insect olfaction. Neuron 2011, 72, 698–711. [CrossRef]
71. Vogt, R.G.; Riddiford, L.M. Pheromone binding and inactivation by moth antennae. Nature 1981, 293, 161–163. [CrossRef]
72. Galindo, K.; Smith, D.P. A large family of divergent odorant-binding proteins expressed in gustatory and olfactory sensilla.

Genetics 2001, 159, 1059–1072. [CrossRef]
73. Kaissling, K.E. Peripheral mechanisms of pheromone reception in moths. Chem. Senses 1996, 21, 257–268. [CrossRef] [PubMed]
74. Steinbrecht, R.A. Odorant-binding proteins: Expression and function. Ann. N. Y. Acad. Sci. 1998, 855, 323–332. [CrossRef]
75. Pophof, B. Moth Pheromone binding proteins contribute to the excitation of olfactory receptor cells. Naturwissenschaften 2002,

89, 515–518. [CrossRef]
76. Xu, P.; Atkinson, R.; Jones, D.N.M.; Smith, D.P. Drosophila OBP LUSH is required for activity of pheromone-sensitive neurons.

Neuron 2005, 45, 193–200. [CrossRef] [PubMed]
77. Billeter, J.-C.; Levine, J.D. The role of cVA and the odorant binding protein LUSH in social and sexual behavior in Drosophila

melanogaster. Front. Ecol. Evol. 2015, 3, 1–14. [CrossRef]
78. Laughlin, J.D.; Ha, T.S.; Jones, D.N.M.; Smith, D.P. Activation of pheromone-sensitive neurons is mediated by conformational

activation of pheromone-binding protein. Cell 2008, 133, 1255–1265. [CrossRef]
79. Chen, X.; Yang, H.; Wu, S.; Zhao, W.; Hao, G.; Wang, J.; Jiang, H. BdorOBP69a is involved in the perception of the phenylpropanoid

compound methyl eugenol in oriental fruit fly (Bactrocera dorsalis) males. Insect Biochem. Mol. Biol. 2022, 147, 103801. [CrossRef]
80. Dong, X.T.; Liao, H.; Zhu, G.-H.; Khuhro, S.A.; Ye, Z.-F.; Yan, Q.; Dong, S.-L. CRISPR/Cas9-mediated PBP1 and PBP3 mutagenesis

induced significant reduction in electrophysiological response to sex pheromones in male Chilo suppressalis. Insect Sci. 2017,
26, 388–399. [CrossRef]

81. Ye, Z.F.; Liu, X.-L.; Han, Q.; Liao, H.; Dong, X.-T.; Zhu, G.-H.; Dong, S.-L. Functional characterization of PBP1 gene in Helicoverpa
armigera (Lepidoptera: Noctuidae) by using the CRISPR/Cas9 system. Sci. Rep. 2017, 7, 8470. [CrossRef] [PubMed]

82. Zhang, R.; Wang, B.; Grossi, G.; Falabella, P.; Liu, Y.; Yan, S.; Lu, J.; Xi, J.; Wang, G. Molecular Basis of Alarm Pheromone Detection
in Aphids. Curr. Biol. 2017, 27, 55–61. [CrossRef] [PubMed]

83. Zhang, J.; Mao, K.; Ren, Z.; Jin, R.; Zhang, Y.; Cai, T.; He, S.; Li, J.; Wan, H. Odorant binding protein 3 is associated with nitenpyram
and sulfoxaflor resistance in Nilaparvata lugens. Int. J. Biol. Macromol. 2022, 209, 1352–1358. [CrossRef] [PubMed]

84. Guo, H.; Guo, P.-P.; Sun, Y.-L.; Huang, L.-Q.; Wang, C.-Z. Contribution of odorant binding proteins to olfactory detection of
(Z)-11-hexadecenal in Helicoverpa armigera. Insect Biochem. Mol. Biol. 2021, 131, 103554. [CrossRef]

85. Han, W.-K.; Yang, Y.-X.; Wei, Z.-Q.; Liu, S.-R.; Liu, X.-L.; Yan, Q.; Dong, S.-L. Involvement of GOBP2 in the perception of a sex
pheromone component in both larval and adult Spodoptera litura revealed using CRISPR/Cas9 mutagenesis. Insect Biochem. Mol.
Biol. 2022, 141, 103719. [CrossRef] [PubMed]

http://doi.org/10.1002/neu.1065
http://doi.org/10.1007/s004410000305
http://doi.org/10.1126/science.271.5248.518
http://doi.org/10.1038/nature06328
http://doi.org/10.1371/journal.pgen.1004600
http://www.ncbi.nlm.nih.gov/pubmed/25255106
http://doi.org/10.1073/pnas.1401938111
http://doi.org/10.1371/journal.pgen.1004209
http://www.ncbi.nlm.nih.gov/pubmed/24651716
http://doi.org/10.1016/j.tibs.2019.04.001
http://doi.org/10.3389/fevo.2015.00105
http://doi.org/10.1093/molbev/msx215
http://doi.org/10.7554/eLife.49826
http://www.ncbi.nlm.nih.gov/pubmed/31818368
http://doi.org/10.1186/s12915-020-00946-6
http://doi.org/10.1016/j.neuron.2011.11.003
http://doi.org/10.1038/293161a0
http://doi.org/10.1093/genetics/159.3.1059
http://doi.org/10.1093/chemse/21.2.257
http://www.ncbi.nlm.nih.gov/pubmed/8670704
http://doi.org/10.1111/j.1749-6632.1998.tb10591.x
http://doi.org/10.1007/s00114-002-0364-5
http://doi.org/10.1016/j.neuron.2004.12.031
http://www.ncbi.nlm.nih.gov/pubmed/15664171
http://doi.org/10.3389/fevo.2015.00075
http://doi.org/10.1016/j.cell.2008.04.046
http://doi.org/10.1016/j.ibmb.2022.103801
http://doi.org/10.1111/1744-7917.12544
http://doi.org/10.1038/s41598-017-08769-2
http://www.ncbi.nlm.nih.gov/pubmed/28814748
http://doi.org/10.1016/j.cub.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27916525
http://doi.org/10.1016/j.ijbiomac.2022.04.100
http://www.ncbi.nlm.nih.gov/pubmed/35460755
http://doi.org/10.1016/j.ibmb.2021.103554
http://doi.org/10.1016/j.ibmb.2022.103719
http://www.ncbi.nlm.nih.gov/pubmed/34999200


Insects 2022, 13, 926 12 of 13

86. Chen, X.; Lei, Y.; Li, H.; Xu, L.; Yang, H.; Wang, J.; Jiang, H. CRISPR/Cas9 mutagenesis abolishes odorant-binding protein
BdorOBP56f-2 and impairs the perception of methyl eugenol in Bactrocera dorsalis (Hendel). Insect Biochem. Mol. Biol. 2021,
139, 103656. [CrossRef]

87. Du, Y.; Chen, J. The Odorant Binding Protein, SiOBP5, Mediates Alarm Pheromone Olfactory Recognition in the Red Imported
Fire Ant, Solenopsis invicta. Biomolecules 2021, 11, 1595. [CrossRef] [PubMed]

88. Diallo, S.; Shahbaaz, M.; Makwatta, J.O.; Muema, J.M.; Masiga, D.; Christofells, A.; Getahun, M.N. Antennal Enriched Odorant
Binding Proteins Are Required for Odor Communication in Glossina f. fuscipes. Biomolecules 2021, 11, 541. [CrossRef]

89. Rihani, K.; Fraichard, S.; Chauvel, I.; Poirier, N.; Delompré, T.; Neiers, F.; Tanimura, T.; Ferveur, J.-F.; Briand, L. A conserved
odorant binding protein is required for essential amino acid detection in Drosophila. Commun. Biol. 2019, 2, 425. [CrossRef]

90. Sun, J.S.; Larter, N.K.; Chahda, J.S.; Rioux, D.; Gumaste, A.; Carlson, J.R. Humidity response depends on the small soluble protein
Obp59a in Drosophila. eLife 2018, 7, e39249. [CrossRef]

91. Jeong, Y.T.; Shim, J.; Oh, S.R.; Yoon, H.I.; Kim, C.H.; Moon, S.J.; Montell, C. An odorant-binding protein required for suppression
of sweet taste by bitter chemicals. Neuron 2013, 79, 725–737. [CrossRef]

92. Brito, N.F.; Moreira, M.F.; Melo, A.C. A look inside odorant-binding proteins in insect chemoreception. J. Insect Physiol. 2016,
95, 51–65. [CrossRef] [PubMed]

93. Gonzalez, D.; Neiers, F.; Poirier, N.; Fraichard, S.; Gotthard, G.; Chertemps, M.; Ferveur, J.; Briand, L. The Drosophila odorant-
binding protein 28a is involved in the detection of the floral odour ß-ionone. Cell. Mol. Life Sci. 2020, 77, 2565–2577. [CrossRef]
[PubMed]

94. Lartigue, A.; Gruez, A.; Briand, L.; Blon, F.; Bézirard, V.; Walsh, M.; Pernollet, J.; Tegoni, M.; Cambillau, C. Sulfur single-
wavelength anomalous diffraction crystal structure of a pheromone-binding protein from the honeybee Apis mellifera L. J. Biol.
Chem. 2004, 279, 4459–4464. [CrossRef] [PubMed]

95. Lartigue, A.; Gruez, A.; Spinelli, S.; Rivière, S.; Brossut, R.; Tegoni, M.; Cambillau, C. The crystal structure of a cockroach
pheromone-binding protein suggests a new ligand binding and release mechanism. J. Biol. Chem. 2003, 278, 30213–30218.
[CrossRef]

96. Pesenti, M.E.; Spinelli, S.; Bezirard, V.; Briand, L.; Pernollet, J.; Tegoni, M.; Cambillau, C. Structural basis of the honey bee PBP
pheromone and pH-induced conformational change. J. Mol. Biol. 2008, 380, 158–169. [CrossRef]

97. Wojtasek, H.; Leal, W.S. Conformational change in the pheromone-binding protein from Bombyx mori induced by pH and by
interaction with membranes. J. Biol. Chem. 1999, 274, 30950–30956. [CrossRef]

98. Sandler, B.H.; Nikonova, L.; Leal, W.S.; Clardy, J. Sexual attraction in the silkworm moth: Structure of the pheromone-binding-
protein-bombykol complex. Chem. Biol. 2000, 7, 143–151. [CrossRef]

99. Zhou, J.; Zhang, G.; Huang, W.; Birkett, M.A.; Field, L.M.; Pickett, J.A.; Pelosi, P. Revisiting the odorant-binding protein LUSH of
Drosophila melanogaster: Evidence for odour recognition and discrimination. FEBS Lett. 2004, 558, 23–26. [CrossRef]

100. Damberger, F.F.; Ishida, Y.; Leal, W.S.; Wüthrich, K. Structural basis of ligand binding and release in insect pheromone-binding
proteins: NMR structure of Antheraea polyphemus PBP1 at pH 4.5. J. Mol. Biol. 2007, 373, 811–819. [CrossRef]

101. Shanbhag, S.R.; Smith, D.P.; Steinbrecht, R.A. Three odorant-binding proteins are co-expressed in the sensilla trichodea of
Drosophila melanogaster. Arthropod Struct. Dev. 2005, 34, 153–165. [CrossRef]

102. Scheuermann, E.A.; Smith, D.P. Odor-Specific Deactivation Defects in a Drosophila Odorant-Binding Protein Mutant. Genetics
2019, 213, 897–909. [CrossRef] [PubMed]

103. Ronderos, D.S.; Lin, C.-C.; Potter, C.J.; Smith, D.P. Farnesol-detecting olfactory neurons in Drosophila. J. Neurosci. 2014,
34, 3959–3968. [CrossRef]

104. Larter, N.K.; Sun, J.S.; Carlson, J.R. Organization and function of Drosophila odorant binding proteins. eLife 2016, 5, e20242.
[CrossRef] [PubMed]

105. Liu, X.Q.; Jiang, H.-B.; Liu, Y.; Fan, J.-Y.; Ma, Y.-J.; Yuan, C.-Y.; Lou, B.-H.; Wang, J.-J. Odorant binding protein 2 reduces
imidacloprid susceptibility of Diaphorina citri. Pestic. Biochem. Physiol. 2020, 168, 104642. [CrossRef] [PubMed]

106. Shen, R.X.; Wang, Y.-T.; Wu, J.-H.; Zhang, N.; Zhang, H.-D.; Xing, D.; Chen, Y.; Li, C.-X.; Zhao, T.-Y. Deltamethrin interacts with
Culex quinquefasciatus odorant-binding protein: A novel potential resistance mechanism. Parasit. Vectors 2022, 15, 2. [CrossRef]
[PubMed]

107. Zhang, Y.C.; Gao, S.S.; Xue, S.; Zhang, K.P.; Wang, J.S.; Li, B. Odorant-Binding Proteins Contribute to the Defense of the Red Flour
Beetle, Tribolium castaneum, Against Essential Oil of Artemisia vulgaris. Front. Physiol. 2020, 11, 819. [CrossRef]

108. Jordan, M.D.; Anderson, A.; Begum, D.; Carraher, C.; Authier, A.; Marshall, S.D.G.; Kiely, A.; Gatehouse, L.N.; Greenwood, D.R.;
Christie, D.L.; et al. Odorant receptors from the light brown apple moth (Epiphyas postvittana) recognize important volatile
compounds produced by plants. Chem. Senses 2009, 34, 383–394. [CrossRef]

109. Begum, D. Identification and Analysis of Olfactory Receptors from the Light Brown Apple Moth, Epiphyas postvittana. Ph.D. Thesis,
University of Auckland, Auckland, New Zealand, 2011.

110. Yuvaraj, J.K.; Jordan, M.D.; Zhang, D.; Andersson, M.N.; Löfstedt, C.; Newcomb, R.D.; Corcoran, J.A. Sex pheromone receptors
of the light brown apple moth, Epiphyas postvittana, support a second major pheromone receptor clade within the Lepidoptera.
Insect Biochem. Mol Biol. 2022, 141, 103708. [CrossRef]

http://doi.org/10.1016/j.ibmb.2021.103656
http://doi.org/10.3390/biom11111595
http://www.ncbi.nlm.nih.gov/pubmed/34827593
http://doi.org/10.3390/biom11040541
http://doi.org/10.1038/s42003-019-0673-2
http://doi.org/10.7554/eLife.39249
http://doi.org/10.1016/j.neuron.2013.06.025
http://doi.org/10.1016/j.jinsphys.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27639942
http://doi.org/10.1007/s00018-019-03300-4
http://www.ncbi.nlm.nih.gov/pubmed/31564000
http://doi.org/10.1074/jbc.M311212200
http://www.ncbi.nlm.nih.gov/pubmed/14594955
http://doi.org/10.1074/jbc.M304688200
http://doi.org/10.1016/j.jmb.2008.04.048
http://doi.org/10.1074/jbc.274.43.30950
http://doi.org/10.1016/S1074-5521(00)00078-8
http://doi.org/10.1016/S0014-5793(03)01521-7
http://doi.org/10.1016/j.jmb.2007.07.078
http://doi.org/10.1016/j.asd.2005.01.003
http://doi.org/10.1534/genetics.119.302629
http://www.ncbi.nlm.nih.gov/pubmed/31492805
http://doi.org/10.1523/JNEUROSCI.4582-13.2014
http://doi.org/10.7554/eLife.20242
http://www.ncbi.nlm.nih.gov/pubmed/27845621
http://doi.org/10.1016/j.pestbp.2020.104642
http://www.ncbi.nlm.nih.gov/pubmed/32711775
http://doi.org/10.1186/s13071-021-05041-5
http://www.ncbi.nlm.nih.gov/pubmed/34980219
http://doi.org/10.3389/fphys.2020.00819
http://doi.org/10.1093/chemse/bjp010
http://doi.org/10.1016/j.ibmb.2021.103708


Insects 2022, 13, 926 13 of 13

111. Hou, X.; Zhang, D.D.; Yuvaraj, J.K.; Corcoran, J.A.; Andersson, M.N.; Löfstedt, C. Functional characterization of odorant receptors
from the moth Eriocrania semipurpurella: A comparison of results in the Xenopus oocyte and HEK cell systems. Insect Biochem.
Mol. Biol. 2020, 117, 103289. [CrossRef]

112. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef]

113. Gratz, S.J.; Harrison, M.M.; Wildonger, J.; O’Connor-Giles, K.M. Precise Genome Editing of Drosophila with CRISPR RNA-Guided
Cas9. Methods Mol. Biol. 2015, 1311, 335–348.

114. Koutroumpa, F.A.; Monsempes, C.; François, M.-C.; de Cian, A.; Royer, C.; Concordet, J.-P.; Jacquin-Joly, E. Heritable genome
editing with CRISPR/Cas9 induces anosmia in a crop pest moth. Sci. Rep. 2016, 6, 29620. [CrossRef] [PubMed]

115. Li, Y.; Zhang, J.; Chen, D.; Yang, P.; Jiang, F.; Wang, X.; Kang, L. CRISPR/Cas9 in locusts: Successful establishment of an olfactory
deficiency line by targeting the mutagenesis of an odorant receptor co-receptor (Orco). Insect Biochem. Mol. Biol. 2016, 79, 27–35.
[CrossRef]

116. Xu, L.; Jiang, H.-B.; Tang, K.-Y.; Yan, Y.; Schetelig, M.F.; Wang, J.-J. CRISPR-mediated mutagenesis of the odorant receptor
co-receptor (Orco) gene disrupts olfaction-mediated behaviors in Bactrocera dorsalis. Insect Sci. 2022, 29, 1275–1286. [CrossRef]

117. Trible, W.; Olivos-Cisneros, L.; McKenzie, S.K.; Saragosti, J.; Chang, N.-C.; Matthews, B.J.; Oxley, P.R.; Kronauer, D.J.C. Orco
Mutagenesis Causes Loss of Antennal Lobe Glomeruli and Impaired Social Behavior in Ants. Cell 2017, 170, 727–735.e10.
[CrossRef] [PubMed]

118. Shirai, Y.; Piulachs, M.-D.; Belles, X.; Daimon, T. DIPA-CRISPR is a simple and accessible method for insect gene editing. Cell Rep.
Methods 2022, 2, 100215. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ibmb.2019.103289
http://doi.org/10.1126/science.1225829
http://doi.org/10.1038/srep29620
http://www.ncbi.nlm.nih.gov/pubmed/27403935
http://doi.org/10.1016/j.ibmb.2016.10.003
http://doi.org/10.1111/1744-7917.12997
http://doi.org/10.1016/j.cell.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28802042
http://doi.org/10.1016/j.crmeth.2022.100215
http://www.ncbi.nlm.nih.gov/pubmed/35637909

	Introduction 
	Insect Olfactory Receptors (Ors, Irs, and Grs) 
	Structural Studies 
	Olfactory Neuron Tuning 
	Pheromone Receptors 
	Odorant-Binding Proteins (OBPs) 
	Recent Advances in Odorant-Binding Proteins 
	CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) 
	Conclusions 
	References

