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Abstract

Genetic approaches in the fruit fly, Drosophila melanogaster, have led to a major triumph in the field of sensory biology—the discovery of
multiple large families of sensory receptors and channels. Some of these families, such as transient receptor potential channels, are con-
served from animals ranging from worms to humans, while others, such as “gustatory receptors,” “olfactory receptors,” and “ionotropic
receptors,” are restricted to invertebrates. Prior to the identification of sensory receptors in flies, it was widely assumed that these proteins
function in just one modality such as vision, smell, taste, hearing, and somatosensation, which includes thermosensation, light, and noxious
mechanical touch. By employing a vast combination of genetic, behavioral, electrophysiological, and other approaches in flies, a major
concept to emerge is that many sensory receptors are multitaskers. The earliest example of this idea was the discovery that individual tran-
sient receptor potential channels function in multiple senses. It is now clear that multitasking is exhibited by other large receptor families in-
cluding gustatory receptors, ionotropic receptors, epithelial Na™ channels (also referred to as Pickpockets), and even opsins, which were
formerly thought to function exclusively as light sensors. Genetic characterizations of these Drosophila receptors and the neurons that ex-
press them also reveal the mechanisms through which flies can accurately differentiate between different stimuli even when they activate
the same receptor, as well as mechanisms of adaptation, amplification, and sensory integration. The insights gleaned from studies in flies
have been highly influential in directing investigations in many other animal models.
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Introduction

A few years ago, on a tour of the “East Baltimore Community
School,” I spotted a bulletin board outside of a kindergarten class-
room reviewing the five classical senses defined by Aristotle
(2015) around 350 BCE (Figure 1). For these kindergarten students
and many of us, our education about sight, taste, smell, hearing,
and touch was our earliest introduction to neuroscience.

The mechanisms that we and other animals use to sense the
world are among the most fundamental and fascinating ques-
tions in neuroscience. On the most basic level, even kindergarten
students are curious about the senses. How is it possible that the
visual system has the sensitivity to detect a dim star in the night
sky and not be blinded by brilliant images under a bright summer
sky? The dim star and the summer sky represent differences in
light intensities of more than a billion-fold. Our auditory system
is so exquisitely sensitive that we can detect miniscule sounds
that cause vibrations in our eardrum in the range of picometers
(Dalhoff et al. 2007). How do the olfactory and gustatory systems
detect enormous diversities of volatile and non-volatile chemi-
cals (Bushdid et al. 2014) and allow animals to discriminate safe
and dangerous stimuli? Touch is so sensitive that we can detect
vibrations with displacements in the nanometer range (Johnson
2001).

In addition to the five classical senses defined by Aristotle
(2015), there are other senses. However, it is tricky to provide an ex-
act number, since this depends on how the various senses are
grouped. Touch is only one of several senses and is used to receive
information from the body surface. There is also nociception,
which includes the detection of aversive chemical, mechanical,
and thermal stimuli (Julius 2013). These various body surface sen-
sations may be collectively referred to as somatosensation. The
sense of balance and spatial orientation can be referred to as the
vestibular sense. Proprioception—the sense of the position of one’s
own body parts—is yet another sense. Moreover, not all animals
have precisely the same repertoire of senses. Unlike humans, sev-
eral species of fish and insects detect electric fields, and many birds
and insects monitor the earth’s magnetic field, which aids them
during navigation (Clarke et al. 2013, 2015; Alerstam and Backman
2018; Mouritsen 2018; Reppert and de Roode 2018).

Major goals in sensory biology have been to define the sensory
receptor cells and their intrinsic cell surfaces proteins that detect
external stimuli. Do the receptor proteins initiate multicompo-
nent pathways that promote signal amplification, or are they
functioning as receptors and cation channels [ionotropic recep-
tors (IRs)] so that they serve both to detect external stimuli and to
activate the sensory receptor cells?
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Figure 1. A poster describing the five senses to kindergarten students.
The poster was displayed outside a kindergarten classroom in the East
Baltimore Community School in 2011.

Multiple model organisms have been exploited to answer
these fundamental questions, including the vinegar fly,
Drosophila melanogaster, which is more commonly referred to as
the fruit fly. There are several cogent reasons for focusing on
Drosophila. This model organism is small, has a short 10-day gen-
eration time at 25°C, and can be maintained on simple food in
small vials enabling large numbers of individuals to be main-
tained in the laboratory. Plus, flies offer an unparalleled combi-
nation of molecular genetic tools, behavioral assays, and
electrophysiological approaches to identify and dissect the roles
of sensory receptor cells and proteins essential for their senses.

Flies have provided insights into sensory reception in humans,
since they respond to a similar set of external cues as we do.
Indeed, the transient receptor potential (TRP) channel protein,
which was originally identified through work on fly phototrans-
duction (Cosens and Manning 1969; Montell and Rubin 1989), is
the founding member of a large family of proteins in humans
and other mammals, which function in taste, temperature, and
light sensation (Venkatachalam and Montell 2007).

Drosophila also serves as a model for other Dipteran insects in-
cluding mosquitoes that spread diseases such as malaria, den-
gue, and yellow fever, which affect hundreds of millions of
people annually, and kill nearly a million people each year
(Benelli and Mehlhorn 2016; Ferguson 2018; Fernandes et al.
2018). Female mosquitoes employ multiple senses to locate the
image, smell, taste, and skin temperature of human hosts so that
they can take a blood meal (Montell and Zwiebel 2016). Thus,
unraveling the identities of sensory receptor proteins that are ex-
clusive to insects is also of great value. It can pinpoint new pro-
tein targets to conduct screens to identify chemicals that control
mosquitoes but do not harm humans.

In this review, I focus on the state of our current knowledge of
the sensory receptor cells and proteins that are critical for each
of the senses in Drosophila. Prior to the discoveries described here,
the prevailing view was that detection of each type of external
stimuli, such as light, olfactory, and gustatory cues, depended on
distinct receptors. However, there are a number of startling sur-
prises, such as the discovery that the classical light receptors,
rhodopsins, function in temperature sensation and hearing and
the findings that “gustatory receptors” (GRs) also contribute to ol-
faction, temperature, and light sensation. Another unexpected
realization is that taste and smell each depend on not just one or

two but multiple types of chemosensory receptors. The discovery
that the primary sensory neurons are not restricted to the periph-
eral nervous system was also unanticipated. An example is that
neurons in the brain also express some of the same receptor pro-
teins important in vision, temperature sensation, and taste and
allow the brain to directly sense light, temperature changes, and
sugars. These revelations, and others, are highlighted in the cur-
rent review.

Lightreceptors

Animals, such as flies, sense light for multiple purposes. Photon
detection provides flies the ability to see images, set circadian
rhythms, and either move toward or away from light depending
on the wavelength and developmental stage. Due to the many
roles of light sensation, there are multiple types of receptors, and
their cellular distributions are not limited to photoreceptor cells
in the eyes.

A genetic triumph in sensory biology: clarifying
the entire phototransduction cascade in the
compound eye

Drosophila is endowed with multiple types of eyes. In adults, im-
age formation depends on the compound eyes, which are com-
prised of ~800 repetitive units, ommatidia (Figure 2A). Each
ommatidium contains 20 cells including 8 photoreceptor cells
and several other cell types (Figure 2B). The light-sensing portions
of the photoreceptor cells are large domains with 30,000-50,000
microvilli called rhabdomeres, which are the fly functional equiv-
alent of human rod and cone outer segments (Figure 2, C and E).
Six of the eight photoreceptor cells (R1-R6) occupy the periphery
of the ommatidia and extend the full depth of the retina
(Figure 2F). The R7 and R8 cells are restricted to the distal (top)
and proximal (bottom) portions of each ommatidia (Figure 2F).
They contain centrally positioned rhabdomeres, which are
slightly smaller than those in the R1-6 cells and are stacked one
on top of one another. Adult flies are also endowed with three
much smaller light sensitive organs (ocelli) at the top of their
head (Figure 2D). Ocelli appear to provide information about light
levels (Krapp 2009). The main light-sensing organ in larvae is the
Bolwig organ, which is the progenitor of a small group of photore-
ceptor cells in adults, the Hofbauer-Buchner (H-B) eyelet, which
is situated between the retina and optic lobes (Figure 2D). The H-
B eyelet appears to function in modulating circadian rhythms
(Helfrich-Forster et al. 2002).

The Drosophila visual cascade has been studied for decades
and is the best characterized of all of the sensory signaling cas-
cades in flies (Pak 2010; Montell 2012; Hardie and Juusola 2015).
As in rods and cones, light reception occurs through stimulation
of the classical G-protein coupled receptor (GPCR) called rhodop-
sin. Rhodopsin consists of two components: an opsin protein
with seven transmembrane domains (TMDs), and a vitamin A de-
rivative (3-hydroxy 11-cis-retinal), which is covalently bound to a
lysine in the seventh transmembrane domain (Figure 3A). Light
induces a cis to trans isomerization of the retinal, which releases
an inhibitory constraint, leading to activation of rhodopsin
(Figure 3B). Unlike the visual pigments in rods and cones, retinal
does not usually dissociate from fly opsins following light excita-
tion. Rather, the conversion from the all-trans back to the cis con-
formation is also light dependent (Pak et al. 2012). Rhodopsin is
highly concentrated in the rhabdomeres, which provides a
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Figure 2. Light-sensitive organs and photoreceptor cells. (A) Scanning electron micrograph of an adult compound eye. The red square outlines one of
the ~800 ommatidia. (B) Cartoon of a cross-sectional view through the distal region of an ommatidium. Shown are seven photoreceptor cells including
the six outer photoreceptor cells, R1-6 (1-6), and the R7 photoreceptor (7). The circles represent the rhabdomeres. The red dashes outline the cell body
of one photoreceptor cell (R4). 2° PC, secondary pigment cell; 3° PC, tertiary pigment cell; rhab., rhabdomere. (C) Transmission electron micrograph of a
photoreceptor cell. (D) Cartoon of a top view of the head showing light-sensing organs. H-B, Hofbauer-Buchner. (E) Longitudinal representation of a
single photoreceptor cell. The microvilli comprising the rhabdomere are indicated. Shown are far fewer microvilli than the 30,000-50,000 that normally
comprise a rhabdomere. (F) Longitudinal view of the 8 rhabdomeres in a single ommatidium. The R1-6 cells extend the full depth of the retinal while
the R7 and R8 cells occupy the distal and proximal regions of each ommatidium, respectively.

massive plasma membrane surface to pack in high levels of the
light receptor, thereby enabling efficient photon capture.

Flies encode seven rhodopsins, five of which are expressed in
the compound eyes in non-overlapping subsets of photoreceptor
cells. Rh1 absorbs light maximally in the blue range and is the
most abundant rhodopsin in the eye since it is expressed in the
R1-6 photoreceptor cells (O'Tousa et al. 1985; Zuker et al. 1985,
1988). Two ultraviolet (UV)-sensitive rhodopsins, Rh3 and Rh4,

are restricted to ~30% and 70% of R7 cells, respectively (Montell
et al. 1987; Zuker et al. 1987; Feiler et al. 1992). Similarly, ~30% and
~70% of R8 cells express Rh5 and Rh6, which maximally absorb
violet/blue and green light, respectively (Chou et al. 1996; Huber
et al. 1997; Papatsenko et al. 1997; Salcedo et al. 1999). With some
minor exceptions at the dorsal rim of the eyes, ommatidia that
express Rh3 in R7 cells are paired with Rh5 in R8 cells, while Rh4
and Rh6 are coordinately expressed in other ommatidia (Fortini
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Figure 3. Phototransduction cascade. (A) Inactive (dark) state of the phototransduction cascade. Rhodopsin associates with 3-hydroxy 11-cis-retinal.
The Gqu is bound to GDP and associates with GBy. The TRP and TRPL channels are in the closed state. (B) Light-activated phototransduction cascade.
Light induces the isomerization of 3-hydroxy 11-cis-retinal to 3-hydroxy all trans-retinal. This activates rhodopsin, causing an exchange of GTP for the
GDP that was bound to the Gqa, and dissociation of the GBy. The Gqa-GTP is then released from rhodopsin, PLCP is then activated , leading to hydrolysis
of PIP, to create DAG, IP3, and H'. The cascade culminates with activation of TRP and TRPL and cation influx. The purple circles with a “+” represent

cations (Na* or Ca’").

and Rubin 1990; Papatsenko et al. 1997; Chou et al. 1999). A violet
rhodopsin (Rh2) is present in ocelli but not the compound eyes
(Mismer et al. 1988; Pollock and Benzer 1988; Zuker et al. 1988).
The Bolwig organ and H-B eyelet express Rh5 and Rhé6
(Yasuyama and Meinertzhagen 1999; Malpel et al. 2002; Sprecher
et al. 2007). An additional rhodopsin (Rh7) is a violet/blue light re-
ceptor in the brain (Ni et al. 2017) and in multidendritic neurons
(Lazopulo et al. 2019). Rh7 is also reported to be expressed at low
levels in R8 photoreceptor cells, but it does not appear to promote
phototransduction but rather to decrease sensitivity to bright
light in dark-adapted flies through a mechanism that remains to
be clarified (Senthilan and Helfrich-Forster 2016; Senthilan et al.
2019).

The signaling cascade that is critical for fly vision has been
revealed through genetic approaches beginning with pioneering
work in the Benzer and Pak laboratories (Hotta and Benzer 1969,
1970; Pak et al. 1969, 1970; Deland and Pak 1973). Mutations in the
gene (ninakE) encoding Rh1 not only cause a large reduction in the
photoresponse, but this discovery provided the first genetic link
in any animal between alterations in rhodopsin expression and
retinal degeneration (Ostroy et al. 1974; Scavarda et al. 1983;
O'Tousa et al. 1985, 1989; Zuker et al. 1985).

Photo-stimulation of rhodopsins triggers a multistep amplifi-
cation cascade, which is critical for vision. Light activation of

rhodopsin causes the exchange of GDP for GTP on the Gqu subu-
nit (Ga49B) of the trimeric G-protein (Figure 3) (Scott et al. 1995;
Gu et al. 2020). Activated Gqa, in turn, stimulates an enzyme
phospholipase CB (PLCB), which hydrolyzes the membrane lipid,
phosphatidylinositol 4,5-bisphosphate (PIP;) (Inoue et al. 1985).
There are two genes encoding PLCPs: norpA and plc21C. Mutations
disrupting norpA dramatically impair vision and provided the ear-
liest genetic evidence in any animal that a rhodopsin is coupled
to a phosphoinositide signaling system (Inoue et al. 1985;
Bloomquist et al. 1988).

A very small remaining light response in null norpA mutants is
due to coupling of at least three rhodopsins (Rh1, Rh5, and Rhé)
to Gg, which in turn activate PLC21C (Szular et al. 2012; Ogueta
et al. 2018). The PLC21C-dependent pathway appears to operate
on a much a slower time scale than the canonical NORPA path-
way and participates in the synchronization of circadian cycles in
response to medium light intensities (Szular et al. 2012; Ogueta
et al. 2018, 2020). The NORPA pathway functions in synchronizing
the clock to low levels of light (Saint-Charles et al. 2016). The cat-
ion influx channel(s) that are activated following PLC21C stimu-
lation in the compound eyes have not been described, but they
might be the same as those functioning downstream of NORPA.

The NORPA-dependent phototransduction cascade culmi-
nates with the activation of the TRP cation channel (Montell and



C.Montell | 5

Rubin 1989; Hardie and Minke 1992). TRP proteins, which are con-
served from worms to humans, share the common features of six
TMDs and conduct cations (Wes et al. 1995; Zhu et al. 1995;
Venkatachalam and Montell 2007). We now know that TRP chan-
nels are critical for many sensory cascades throughout animal
phylogeny (Venkatachalam and Montell 2007). In addition to
Drosophila TRP, a related cation channel, TRP-Like (TRPL) also
contributes to phototransduction (Phillips et al. 1992; Niemeyer
et al. 1996). TRP and TRPL are defining members of the TRPC sub-
family. Members of four other subfamilies of TRPs (TRPV, TRPA,
TRPM, and TRPN) share clear primary amino acid homology to
the TRPCs and are collectively referred to as Group 1 TRPs
(Montell 2005) (Table 1). Two other subfamilies (TRPML and
TRPP) comprise the Group 2 TRPs and include members that
share only weak sequence similarity to the Group 1 TRPs (Montell
2005).

The multi-component phototransduction cascade serves two
critical ~ functions—signal amplification and adaptation.
Amplification arises due to sequential engagement of multiple
(~5) G-proteins with a single light-activated rhodopsin (Hardie
et al. 2002). Each Gqa protein then activates PLCB, resulting in
opening of virtually all of the TRP and TRPL channels (~25) in a
single microvillus (Henderson et al. 2000). Thus, each of the
~50,000 microvilli in the larger R1-6 cell, which are only ~50nm
wide and ~1um in length, defines the limit of the response to a
photon. Adaptation is primarily a Ca?"-regulated process (Gu
et al. 2005; Wang et al. 2005). Consequently, adaptation depends
largely on TRP, which is modestly Ca®" selective (~40:1), while
TRPL is a non-selective cation channel (Reuss et al. 1997; Xu et al.
1997; Wang et al. 2005; Liu, Wang, et al. 2007).

The mechanism of activation of TRP and TRPL is not resolved.
However, one model is quite intriguing as it posits that the chan-
nels are mechanically gated. Hydrolysis of PIP, leads to produc-
tion of diacylglycerol (DAG), inositol 1,4,5-trisphosphate (IPs), and
H* (Figure 3B). Therefore, in principle, gating of the channels
could be through a ligand-binding mechanism involving any of
these products, metabolites of DAG and IPs, reduction in PIP,, or
any combination of these possibilities. Depletion of PIP,, in com-
bination with local acidification, appears to activate the channels
(Huang et al. 2010). What is remarkable is the mechanism
through which a reduction of PIP, is proposed to gate TRP and
TRPL. Light-induced hydrolysis of PIP, and release of IP; cause a
conformational change in the rhabdomeral membrane, since the

Table 1 Two groups and seven subfamilies of TRP channels

Group Subfamily Protein

1 TRPC TRP
TRPL
TRPy

1 TRPV Nan
lav

1 TRPA TRPA1
Pain
Pyx
WTRW

1 TRPM TRPM

1 TRPN NOMPC

2 TRPML TRPML

2 TRPP AMO (PKD2)
Brvl
Brv2
Brv3

DAG that remains in the membrane is smaller than PIP,
(Figure 3B). This might then lead to opening of the TRP and TRPL
channels through a mechanical gating mechanism (Hardie and
Franze 2012). This possible mode of activation is remarkable
since the stimulus that initiates the cascade is light! Another
open question is whether the biophysical features of TRP chan-
nels are regulated by single transmembrane domain auxiliary
subunits as is the case for the structurally related voltage-gated
K* channels (Abbott 2016). Excellent candidates are INAF-B and
INAF-C, which are single transmembrane proteins that bind to
TRP, co-localize with the channels in the rhabdomeres and are
mutually required on each other for their stability in the rhabdo-
meres (Chen and Montell 2020).

Phototransduction in adult ocelli and in the Bolwig organ in
larvae appears to be virtually identical to the cascade in the com-
pound eye. The same signaling components are expressed in the
photoreceptor cells in these various types of light-sensing organs
(Mishra et al. 2016). The main distinction is that Rh2 is the opsin
expressed in the ~90 photoreceptor cells in each of the three
ocelli (Feiler et al. 1988; Mismer et al. 1988; Pollock and Benzer
1988), while Rh5 and Rh6 are detected in 4 and 8 distinct photore-
ceptor cells in the Bolwig organ, respectively (Sprecher et al. 2007;
Mishra et al. 2013).

Relationship between fly and mammalian
phototransduction

The phototransduction cascades in the compound eye, ocelli and
Bolwig organ are distinct from the cascades in mammalian rods
and cones. In these latter photoreceptor cells, the second mes-
senger is cGMP, and phototransduction culminates with closing
of cGMP-gated cation channels (Yau and Nakatani 1985; Haynes
et al. 1986; Kaupp et al. 1989). Thus, for many years, it was
thought that fly and mammalian phototransductions were vastly
different. However, it turns out that a small subset of retinal gan-
glion cells in the mammalian retina are photosensitive and em-
ploy a phototransduction cascade that is nearly identical to the
phototransduction cascade in the fly compound eye (Provencio
et al. 1998; Berson et al. 2002; Panda et al. 2005; Qiu et al. 2005; Xue
et al. 2011). Light sensation through these intrinsically photosen-
sitive retinal ganglion cells (ipRGCs) contributes to photo-
entrainment of circadian rhythms, pupillary constriction to light,
and indirectly impact certain aspects of vision such as adaptation
(Berson et al. 2002; Panda et al. 2002; Ruby et al. 2002; Hattar et al.
2003; Lucas et al. 2003; Prigge et al. 2016).

The discovery of the ipRGCs highlights the critical importance
of using Drosophila as a powerful genetic animal model for basic
research in sensory signaling. Once the ipRGCs were uncovered,
this entire mammalian cascade was defined quickly in part
through the insights provided by the genetic approaches focusing
on fly phototransduction. The elucidation of the phototransduc-
tion cascade in Drosophila represents one of the many triumphs
of fly genetics and is the first sensory cascade revealed through
genetic approaches.

UV-light detection independent of rhodopsins

Exposure to UV light inhibits feeding in many insects including
Drosophila (Mazza et al. 1999, 2002; Du et al. 2016) and is also aver-
sive for egg laying (oviposition) (Zhu et al. 2014; Guntur et al.
2017). Avoidance of bright UV light is not dependent on photo-
transduction in the eyes. Rather, the UV aversion relies on the
TRPA1 channel expressed in bitter-responsive gustatory receptor
neurons (GRNs) in the proboscis (Du et al. 2016; Guntur et al.
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2017). TRPA1 is not directly sensing light but is proposed to be ac-
tivated by H,O, that is produced by exposure to bright UV, which
in turn activates TRPA1 (Guntur et al. 2015; Du et al. 2016). Thus,
in contrast to rhodopsin, which senses light through a retinal
subunit, TRPA1 detects light indirectly following a photochemical
reaction.

UV, violet, and blue light also cause avoidance in larvae, and
this behavior is also independent of rhodopsins. The light aver-
sion depends on expression of a member of the “GR” family
(GR28b) and TRPA1 in class IV dendritic arborization (da) neu-
rons, which send out extensive arbors throughout the body, in-
cluding the body wall (Xiang et al 2010). The relationship
between GR28b and TRPA1 is not clear, and it is possible that
they are both sensing high-intensity light indirectly through pro-
duction of reactive oxygen species, such as H,0,. Alternatively,
based on work on LITE-1—a related protein in Caenorhabditis ele-
gans—it is conceivable that GR28b is a direct light sensor.
Reminiscent of GR28b, the LITE-1 protein is required in worms for
UV avoidance (Edwards et al. 2008; Liu et al. 2010), and purified
LITE-1 is a direct light sensor (Gong et al. 2016). However, two
tryptophan residues required for photon absorption in LITE-1
(Gong et al. 2016) are not conserved in GR28b, lessening the possi-
bility that it is a direct light sensor.

Chemosensory receptors

The senses of taste and smell enable animals to detect both non-
volatile and volatile chemicals, respectively. These are ancient
senses that are critical for allowing flies to sense chemical cues
from the environment, including foods, oviposition substrates,
and conspecific individuals. While some chemicals are primarily
detected by either taste or smell, many others, such as acids, car-
bonation, and even water, are sensed robustly through both taste
and smell. The receptors used for detection of these latter chemi-
cals will be described in a section following the introduction of
taste and smell.

Taste receptors

Flies rely on contact chemosensation for multiple behaviors, in-
cluding feeding, mating, and oviposition. Due to space limita-
tions, I have limited the synopsis of taste receptors primarily to
the adult stage.

Gustatory organs, the neurons, and the coding
mechanism

Flies and humans respond to a similar repertoire of tastes, in-
cluding sweet, bitter, sour, amino acids, high and low Na*, and
Ca?" (Liman et al. 2014; Chen and Dahanukar 2020). These simi-
larities are notable in view of the striking differences in the types
and evolutionary origins of receptors and the morphology of the
taste organs including the taste receptor cells. Humans taste
foods using taste buds, which are restricted to the tongue and
other parts of the mouth (Liman et al. 2014). However, flies evalu-
ate chemicals in food and pheromones through multiple external
taste organs and employ gustatory neurons, rather than neuroe-
pithelial cells as is the case in humans (Liman et al. 2014; Chen
and Dahanukar 2020). The closest fly equivalent to the mamma-
lian tongue are two bilaterally symmetrical labella situated at
the end of the proboscis (Figure 4, A and B). The proboscis also
includes the pharynx, which houses several internal taste organs
lining the esophagus (Chen and Dahanukar 2017, 2020)
(Figure 4C). Other external gustatory organs are distributed on

the leg tarsi, wing margins, and the female ovipositor, located at
the tip of the abdomen (Figure 4B).

The largest taste organs, the labella, are bilaterally symmetric
tissues at the end of the proboscis. Each of the two labella is deco-
rated with 31 hair-like sensilla, which fall into three size classes:
small (S), intermediate (I), and large (L) (Figure 4D). These bristles
contain the dendrites extending from the GRNs (Figure 4E). The 9
L-type and 11 S-type sensilla are associated with four GRNs,
while the 11 I-type contain two GRNs (Stocker 1994; Shanbhag
et al. 2001) (Table 2). When the labella or legs touch a substrate
the chemicals enter a pore at the tip of each sensillum (Figure 4E)
and either dissolve directly in the endolymph bathing the
dendrites or bind to members of the large family of “odorant
binding proteins” (OBPs) (McKenna et al. 1994; Pikielny et al. 1994;
Galindo and Smith 2001). Once the fly opens its labella, a set of
30-40 conically shaped taste pegs on the surface of the labella
gain access to the food and participate in the evaluation of food
quality (Falk et al. 1976; Steck et al. 2018; Zhou et al. 2019). Each
taste peg is associated with only a single GRN (Shanbhag et al.
2001). The anterior wing margins contain about 40 curved
sensilla that house GRNs, which also detect tastants and
pheromones (Raad et al. 2016; He et al. 2019; Yanagawa et al.
2019).

The activities of the GRNs rather than the receptors expressed
in the neurons define the logic dictating whether or not a chemi-
cal is attractive or aversive. An illustration of this “labeled line”
mechanism makes use of ectopic expression of a mammalian
TRPV, which is the receptor for capsaicin—the pungent ingredi-
ent in hot chili peppers (Caterina et al. 1997). Flies are normally
not very responsive to capsaicin. However, ectopic expression of
TRPV1 causes opposite attractive and aversive reactions to capsa-
icin, depending on whether the TRPV1 transgene is expressed in A
GRNs, which respond to sugars, or B GRNs, which are activated
by bitter chemicals (Marella et al. 2006; Lee et al. 2018).

The response profiles of different taste sensilla on the label-
lum vary (Weiss et al. 2011; Jaeger et al. 2018; Dweck and Carlson
2020) (Table 2). Moreover, most, if not all, GRNs respond to multi-
ple types of tastes, typically with the same valence (either a posi-
tive or negative effect on feeding). Examples include a subset of
GRNs that are activated by sugars, glycerol, and fatty acids,
which stimulate feeding (Thorne et al. 2004; Wang et al. 2004;
Wisotsky et al. 2011; Ahn et al. 2017; Tauber et al. 2017; Kim et al.
2018) (A GRNs; Table 2). Other GRNs are stimulated by bitter com-
pounds and very low pH carboxylic acids (B GRNs; Table 2), which
deter feeding (Charlu et al. 2013; Rimal et al. 2019). Thus, the cod-
ing mechanism for chemical taste conforms to a “valence labeled
line” mechanism (Liman et al. 2014). What defines the urge to ac-
cept or reject a food is whether positive or negative GRNs are acti-
vated, and the same GRNs can be activated by different
ingredients that elicit the same valence.

A chorus of taste receptors required for sweet and
bitter taste

In mice, the gustatory detection of sugars, bitter compounds, and
L-glutamate (umami) depends primarily on a small set of 38
GPCRs, which couple to a Gqg, PLCB, and the TRPM4 and TRPM5
channels (Zhang et al. 2003; Chandrashekar et al. 2006; Damak
et al. 2006; Liman et al. 2014; Dutta Banik et al. 2018). However,
flies employ multiple families of chemosensory receptors for
sweet, bitter, and amino acid taste, which are not homologous to
mammalian taste receptors. One of the large families of fly taste
receptors is the 68-member “GR” family (Clyne et al. 2000;
Dunipace et al. 2001; Scott et al. 2001; Robertson et al. 2003)
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Table 2 Types of GRNs in taste hairs

Sensilla #GRNs GRN Markers Former GRN names  Activators Suppressors
S-type 4
A Gre4f “Sweet” Sugars, low Na™, glycerol, fatty acids, acetic acid®  Bitter, Ca*", acids
BP Gré6a “Bitter” Bitter, high Na*, acids, polyamines, tryptophan,
L-canavanine, cool temperatures
C Ppk28 “Water” H,0 (hypo-osmolarity) Osmolytes, salts (e.g. Na*)
D  Ppk23,VGlut “Cation” High cations (e.g. Ca®*, Na™, K™)
I-type 2
A Grée4f “Sweet” Sugars, low Na*, glycerol, fatty acids, acetic acid*  Bitter, Ca?*, acids
B Gré6a “Bitter” Bitter, acids, cool temperatures
L-type 4
A Grée4af “Sweet” Sugars, low Na™, glycerol, acetic acid® Bitter, Ca’*, acids
C Ppk28 “Water” H,0O (hypo-osmolarity) Osmolytes, salts (e.g. Na*)
Dy Ppk23, VGlut “Cation” High cations (e.g. Na™, K*)
E Ir94e “Low salt” Low Na*

# A GRNs are more responsive to acetic acid in starved flies.

P A subset of these B neurons are also positive for Ppk23 and ChAT.
c

(Figure SA). Nevertheless, the name “gustatory receptors” belies
the unexpectedly broad roles of these proteins in light sensation
as described above and in olfaction and thermosensation as de-
scribed below. GRs may be the most ancient family of chemosen-
sory receptors in insects. In addition to their prevalence in
Arthropoda, they are also found in Cnidaria and Placozoa

These GRNs respond non-selectively to cations with particularly strong responses to Ca®*.

(Robertson 2015; Eyun et al. 2017), but have no mammalian
homologs. This lack of relatedness of GRs and several other types
of insect chemosensory receptors to mammalian receptors pro-
vides new opportunities for developing chemical approaches to
control insects without interfering with the activities of related
proteins in humans.
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GRs are comprised of seven TMDs (Figure 5A); however, they
are not GPCRs like rhodopsins (Figure 5B). GRs have a cytoplasmic
N-terminus (Figure SA)—a topology opposite to GPCRs (Zhang
et al. 2011) (Figure 5B). Based on in vitro expression studies, and
ectopic expression of GRs in vivo, at least some GRs are cation-
permeable ionotropic receptors (Sato et al. 2011; Shim et al. 2015;
Kim et al. 2018).

In addition to GRs, there are at least four other classes of fly
taste receptors one of which is the 66-member “IR” family
(Benton et al. 2009). As their names indicate, IRs are both recep-
tors and cation channels. Family members are expressed in

neurons that function in taste, smell, temperature sensation, and
hygrosensation and are therefore also polymodal receptors
(Benton et al. 2009; Croset et al. 2010; Koh et al. 2014; Enjin et al.
2016; Knecht et al. 2016; Ni et al. 2016). IRs have a predicted struc-
ture similar to mammalian ionotropic glutamate receptors
(iGluRs; Figure 5C), although there is only minor sequence homol-
ogy to iGluRs. IRs are comprised of a two-part extracellular
ligand-binding domain, three TMDs, and a pore loop (Figure 5C).
Two other taste receptor families include several TRP channels
(Figure 5D and Table 1) (Al-Anzi et al. 2006; Kang, Pulver, et al.
2010; Kim et al. 2010; Zhang, Raghuwanshi, et al. 2013; Soldano
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et al. 2016; Leung et al. 2020) and Ppk (Pickpocket) channels
(Cameron et al. 2010; Chen et al. 2010; Liu et al. 2012, 2018; Lu et al.
2012; Starostina et al. 2012; Thistle et al. 2012; Toda et al. 2012;
Vijayan et al. 2014) (Figure SE). A surprise is that multiple opsins
are also taste receptors, and this represents a light-independent
function (Leung et al. 2020). Thus, all five known families of
Drosophila taste receptors are polymodal sensors.

Sweet taste

Not all animals sense sugars—cats being a notable example (Li
et al. 2005). However, like us, flies have a “sweet tooth.” They
sense sugars through GRNs in all three size classes of taste hairs
(Table 2) (Marella et al. 2006). We refer to the “sweet” GRN as the
A GRN rather than as an S GRN as suggested formerly (Meunier
et al. 2003) since these GRNs are not activated exclusively by sug-
ars (Table 2). The repertoire of labelar GRs that sense sugars
includes GR5a (Dahanukar et al. 2001; Ueno et al. 2001) and most,
if not all, GRs encoded by a polycistronic cluster of six related
genes (Gr64a-Gro4f) all of which are expressed in Gr5a GRNs
(Dahanukar et al. 2007; Jiao et al. 2007, 2008; Slone et al. 2007,
Freeman et al. 2014; Fujii et al. 2015; Uchizono et al. 2017).
Expression of different combinations of GR64 proteins in distinct
subset of sugar neurons in the labellum and in the tarsi may
function in the responses to different sugars (Fujii et al. 2015).
However, there is a lack of consensus as to whether GR64a func-
tions in sweet sensation in the labellum (Dahanukar et al. 2007;
Jiao et al. 2007) or tarsi (Fujii et al. 2015).

In most cases, the full subunit composition of sugar receptors
is not known and is likely to require multiple GRs (Jiao et al. 2008).
An exception is GR43a, which is sufficient to generate a fructose-
activated cation channel in vitro (Sato et al. 2011). GR43a functions
in fructose detection in leg tarsi as well as in the brain where it
serves to monitor fructose levels, which change in the hemo-
lymph (fly blood) depending on whether or not they have fed on a
sugar-containing meal (Miyamoto et al. 2012). In hungry flies, ac-
tivity of the Gr43a neurons in the brain enhances the feeding
urge. In satiated flies, activity of the same neurons inhibits
feeding.

In addition to the role of GR43a in controlling feeding based on
internal fructose levels, other mechanisms suppress feeding on
sucrose-containing foods. For example, IR60b is expressed and
functions in just two neurons in the pharynx (Joseph et al. 2017).
What is remarkable is that IR60b serves exclusively to inhibit
rather than to promote feeding in response to sucrose (Joseph
et al. 2017). If such a mechanism existed in humans, it would
limit obesity. Nevertheless, it is not known if IR60b is sufficient to
serve as a sucrose-activated channel or requires other subunits.

Bitter taste
Roles of GRs in bitter taste

Flies and many other animals reject foods with bitter taste since
many of these compounds are toxic, especially at high doses.
Activation by bitter compounds is limited to the “B GRNs,” which
are associated with S- and I-type sensilla (Table 2) (Meunier et al.
2003; Marella et al. 2006; Weiss et al. 2011). The “B GRNs” have dif-
ferent response profiles in two classes of S-type (S-a and S-b) and
two classes of I-type sensilla (I-a and I-b) (Weiss et al. 2011).

Bitter compounds are usually present in foods with nutrients,
such as sugars that activate A GRNs and promote feeding.
Therefore, as a safeguard to prevent consumption of potentially
dangerous foods, bitter compounds also inhibit A GRNs (French
et al. 2015) and do so through at least two mechanisms. One
mechanism involves association of bitter compounds with an

OBP (OBP49a) in the endolymph surrounding the dendrites of
GRNs. OBP49a then binds to sugar-activated GRs in A GRNs,
thereby inhibiting their activity (Jeong et al. 2013). A second mech-
anism involves activated B GRNs stimulating a GABAergic inter-
neuron in the primary taste processing center in the brain, the
subesophageal zone (SEZ), which in turn inhibits A GRNs (Chu
etal 2014).

Unlike sugars, which have relatively similar structures, bitter-
tasting compounds exhibit considerable structural diversity.
Therefore, it should come as no surprise that B GRNs employ a
larger repertoire of GRs to detect bitter compounds, than the GRs
used by A GRNs to detect sugars. The detection of bitter com-
pounds is mediated largely through complex combinations of
GRs. Six GRs are widely expressed in all bitter GRNs in the label-
lum (Gr32a, Gr33a, Gr39a.a, Grééa, Gr89a, and Gr93a) and are re-
ferred to as “commonly expressed receptors” (CERs) (Lee et al.
2009; Weiss et al. 2011; Dweck and Carlson 2020). Mutations af-
fecting any of three CERs (GR32a, GR33a, and GRé66a) disrupt re-
pulsion to a very broad set of bitter chemicals (Lee et al. 2009;
Moon et al. 2009; Lee, Kim, et al. 2010; Dweck and Carlson 2020).
However, no CER is required for detection of all bitter compounds
(Dweck and Carlson 2020). Other GRs are more narrowly tuned
than the CERs and appear to contribute to bitter taste specificity.
These include GR22e, and GR47a, which are required for sensing
only a small number of bitter compounds (Lee et al. 2009, 2015;
Poudel et al. 2017). Mutations disrupting some CERs increase the
responses to some chemicals or confer responses to chemicals to
which particular GRNs are normally unresponsive suggesting
that CERs can also inhibit the binding of other GRs to some
ligands (Dweck and Carlson 2020). This inhibitory function is not
limited to CERs, as other GRs also act to suppress the activities of
GRs.

To identify sets of GRs needed for the responses to different
repertoires of bitter compounds, one approach is to ectopically
express combination of GRs in sugar GRNs. The next step is to
perform extracellular electrophysiological recordings (tip record-
ings) to assess whether the sugar GRNs produce action potentials
in response to bitter chemicals. Bitter GRs appear to include mul-
tiple subunits. Four CERs are required to confer sugar GRNs with
responsiveness to a set of bitter chemicals (Dweck and Carlson
2020). In addition, either GR22e or GR59c is needed in combina-
tion with two CERs (GR32a and GR66a) to endow sugar GRNs with
sensitivity to various subsets of bitter compounds (Sung et al.
2017).

Opsins, bitter taste, and insights into ancestral role for
opsins

Surprisingly, opsins comprise a newly discovered class of bitter
taste receptor. Mutations eliminating any of three opsin genes
(rh1, rh4, or rh7) greatly impair the responses to certain bitter
chemicals, such as aristolochic acid (Leung et al. 2020). This gus-
tatory function is independent of the retinal chromophore and is
not affected by light (Leung et al. 2020). In the visual system, rho-
dopsins initiate a multistep amplification cascade thereby allow-
ing for exquisite light sensitivity. In contrast, GRs act as both
receptors and cation channels. Therefore, there is no intervening
amplification between reception of a chemical by GRs and cation
conductance. Consistent with the model that the opsins promote
signal amplification in GRNs as they do in photoreceptor cells,
the opsins are only required for sensing and rejecting relatively
low levels of aristolochic acid (Leung et al. 2020). Moreover, aristo-
lochic acid detection appears to employ an amplification cascade
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similar to phototransduction as mutations affecting the Gqa, the
NORPA PLCB and a TRP channel (TRPA1) also impair the ability to
sense low levels of aristolochic acid (Kim et al. 2010; Leung et al.
2020). The opsins are dispensable for detection of high levels of
aristolochic acid that are sufficient to directly activate TRPAL.

Based on ectopic expression in sugar GRNs and in vitro expres-
sion in tissue culture cells, the opsins are directly activated by
aristolochic acid (Leung et al. 2020). Moreover, molecular model-
ing indicates that aristolochic acid associates with the opsins via
a similar binding pocket as the chromophore. The requirement
for three opsins for sensing aristolochic acid suggests that they
are subunits of a single receptor. Consistent with this idea, there
is growing evidence that GPCRs can function as tetramers (Petrin
and Hebert 2012; Redka et al. 2014; Cordomi et al. 2015; Navarro
et al. 2016; Sleno and Hebert 2019).

The discovery that opsins are chemosensors raises intriguing
questions as to whether the primordial opsins were light sensors
or chemosensors. Chemosensation is an ancient sense required
for survival, as it enables organisms to differentiate between
nutrients and toxic chemicals. Given that aristolochic acid and
retinal associate with the opsin via a similar binding pocket, we
posit that an ancestor of the light-sensitive rhodopsins was a che-
mosensor and later co-opted as a light sensor due to association
with a light-activated chemical—retinal (Leung et al. 2020).

The observation that TRPA1 is directly activated by high levels
of aristolochic acid raises questions as to whether other TRP
channels also function as ionotropic receptors in GRNs. TRPL is
directly activated by camphor (Zhang, Raghuwanshi, et al. 2013),
which unlike chemicals such as strychnine and quinine is not
toxic. Flies that have never been exposed to camphor avoid this
ingredient. However, if the camphor is the only nutritive food
source, then the flies slowly increase their acceptance of the
camphor-laced food. This behavioral change occurs because of a
camphor-induced decline in expression of TRPL and a subse-
quent reduction in synaptic boutons in the B GRNs, which collab-
orate to cause a decline in camphor repulsion (Zhang,
Raghuwanshi, et al. 2013). Painless (Pain) is another TRP channel
that impacts on taste, since mutation of pain or trpAl impairs the
aversion to allyl-isothiocyanate (AITC) (Al-Anzi et al. 2006;
Mandel et al. 2018). However, unlike TRPA1, which is activated di-
rectly by AITC in vitro (Kang, Pulver, et al. 2010), Pain is not
(Sokabe et al. 2008) and so its role in AITC sensation is unclear.

Amino acid taste

Flies are incapable of synthesizing half of the 20 standard amino
acids (Sang and King 1961). Therefore, they must consume pro-
teins for egg production and development, larval growth, and to
achieve maximum adult lifespan (Lee and Micchelli 2013). Adult
flies show differential behavioral responses to individual amino
acids (Ganguly et al. 2017; Park and Carlson 2018). The attraction
of adult flies to amino acids is subtle relative to sugars (Park and
Carlson 2018), and there is no clear relationship between the de-
gree of attraction and whether or not the amino acid is essential.
Nevertheless, consumption of amino acids increases in flies
raised on amino acid deficient food and in females following mat-
ing (Ribeiro and Dickson 2010; Vargas et al. 2010; Toshima and
Tanimura 2012; Ganguly et al. 2017; Steck et al. 2018; Yang et al.
2018). The L- and I-type sensilla are virtually unresponsive to
amino acids, while different S-type sensilla show distinct pat-
terns of activities to different amino acids (Dahanukar et al. 2007;
Park and Carlson 2018). Tryptophan elicits particularly strong
responses relative to other amino acids, and it appears to be
sensed by B neurons in S-type sensilla (Park and Carlson 2018).

The receptors required for amino acid attraction in the label-
lum are not known. However, OBP19b functions in the labellum
for sensing a subset of amino acids such as phenylalanine and
glutamine (Rihani et al. 2019). The amino acid responses of GRNs
in leg tarsi (Ling et al. 2014) depends on IR76b and IR20a, and ec-
topic expression of both IRs in sweet GRNs endows them with
amino acid sensitivity (Ganguly et al. 2017). In larvae, low and
high concentrations of some of the same amino acids result in
opposing attractive and aversive feeding responses, and IR76b
contributes to these behaviors (Croset et al. 2016).

In addition to synthesizing bitter compounds to ward off
insects and other predators, plants also produce a bevy of toxic
amino acid derivatives such as L-canavanine (Rodgers 2014).
According to one report, a GPCR (DmXR) encoded by the manget-
out (mtt) gene functions in sensing L-canavanine (Mitri et al. 2009).
However, in another study, mtt mutant sensilla display normal L-
canavanine-induced action potentials and behavioral avoidance
to L-cananavine (Lee et al. 2012). Thus, while DmXR is activated
in vitro by L-cananavine (Mitri et al. 2009), it does not function
in vivo for sensation of this toxic amino acid derivative (Lee et al.
2012). Rather, three GRs (GR8a, GR66a, and GR98a) are required
in a subset of B neurons in S-type sensilla for sensing L-canava-
nine (Lee et al. 2012; Shim et al. 2015). These GRs form an L-cana-
vanine-activated channel since they are sufficient to generate an
L-canavanine activated channel in vitro, and to convert L-canava-
nine to an attractive compound after expression of these GRs in
sugar-sensing GRNs (Shim et al. 2015).

The taste of Na™

Animals differ in their sensitivities and abilities to sense sugars,
bitter compounds, sour, and amino acids. However, among all of
the different basic tastes, the taste of Na*, which is popularly re-
ferred to as salt taste, is the most universal. Even animals, such
as dolphins and whales, which lack sugar, bitter, and umami sen-
sation, are endowed with the gustatory detection of Na™ (Feng
et al. 2014). In flies and humans, sugar and bitter compounds
have a negative and positive valence, respectively (Liman et al.
2014). However, salt taste is bivalent. This makes sense since ani-
mals require a certain level of Na* beyond which it can be delete-
rious.

Flies prefer foods with <100mM Na* and tend to exhibit less
interest in foods with higher levels of Na*. Using tip recordings to
assay Na*t-induced action potentials, nearly all sensilla respond
to both low and high Na*, although some sensilla exhibit very
large differences in responsiveness to different levels of Na™
(Zhang, Ni, et al. 2013). For example, two L-type sensilla (L4 and
L6) exhibit the highest frequencies of action potentials in re-
sponse to low Na*, but still respond to high Na*. Three S-type
sensilla exhibit the most neuronal firing in response to high Na*,
but also respond to a lesser degree to low Na* (Zhang, Ni, et al.
2013). This led to the model that the behavioral output to low
and high Na™* (positive and negative) is defined by the relative ac-
tivities of the opposing GRNs to low and high Na*. At low levels,
there is more neuronal firing by the GRNs that respond to low
salt and feeding is promoted. However, at high Na* concentra-
tions, the firing by GRNs that are activated by high salt dominates
and feeding is therefore inhibited (Zhang, Ni, et al. 2013). Thus,
the attraction or repulsion to low and high Na™ is a consequence
of competition between the activities of these different types of
GRNs.

Using a genetically encoded Ca’* sensor as a proxy for moni-
toring excitation and inhibition (GCaMPéf), four out of five classes
of GRNs respond positively to Na* (Table 2) (Jaeger et al. 2018).
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Low Na™ increases GCaMPé6f fluorescence in A GRNs, which also
respond to sugars (Jaeger et al. 2018). In addition, low Na* induces
GCaMPé6f responses in E GRNs (Table 2) (Jaeger et al. 2018), which
most likely corresponds to the L-type GRNs that produce the
highest frequencies of action potentials in response to low Na*
(Zhang, Ni, et al. 2013). High salt increases the GCaMP6f responses
of B (bitter) GRNs in S- and I-type sensilla and of the D GRNs in S-
and L-type sensilla (Table 2) (Jaeger et al. 2018). Interestingly, if
the animals are salt deprived, the responses of the D GRNs to
high Na™ diminish, presumably to decrease aversion to Na* un-
der these conditions. High Na* suppresses the responses of an-
other class of GRNs (C GRNs), which are activated by water
(Jaeger et al. 2018). The low salt responses in both A and E GRNs
depend on IR76b (Zhang, Ni, et al. 2013; Lee et al. 2017; Jaeger et al.
2018), as well as IR25a (Jaeger et al. 2018). These IRs also appear to
be required for high salt (Lee et al. 2017; Jaeger et al. 2018); how-
ever, only one of the two GRNs that are activated by high salt
depends on IR76b (Jaeger et al. 2018), perhaps explaining why
IR76b initially appeared to be dispensable for the responses of
high Na*-activated GRNs (Zhang, Ni, et al. 2013).

Ca?" taste avoidance

All animals depend on Ca®* for survival, and humans and other
vertebrates are capable of tasting Ca®" (Tordoff 2001). However,
high concentrations of Ca?* can be toxic. Therefore, it is a ratio-
nal expectation that flies might display a bivalent response to
Ca’* as is the case for Na*. However, flies are indifferent to low
levels of Ca*, but can taste Ca" since they and are repulsed by
high levels (Lee et al. 2018).

The aversion to high Ca®* occurs through effects on two types
of GRNs: suppression of A GRNs and activation of a class of avoid-
ance GRNs (Lee et al. 2018). The GRNs that are activated by Ca’*
are not bitter-responsive B GRNs but are marked by an epithelial
Na* channel (ENaC) called Ppk23 (Lee et al. 2018). However, loss
of Ppk23 does not impact Ca®* avoidance. Rather, the activation
of Ppk23 GRNs by high (>1mM) Ca’*" depends on IR25a, IR62a,
and IR76b. These three IRs do not appear to be sufficient for con-
ferring Ca®* avoidance, since they do not confer Ca®* sensitivity
to GRNs that do not normally respond to Ca®". Therefore, the set
of IRs that comprise the high Ca®" sensor is likely to include >4
IR subunits.

There are two classes of Ppk23 neurons: D neurons that ex-
press the glutamate transporter (VGlut) and a subset of B GRNs
that express choline acetyltransferase (ChAT) (Jaeger et al. 2018).
The D GRNs are the Ca’*-sensing neurons since the Ir mutant
phenotypes are rescued by driving expression of the Irs in all
ppk23 neurons (D neurons plus a subset of B GRNs) but not by
driving expression in B neurons only (Lee et al. 2018) (Table 2).

Fatty acid taste

In addition to amino acids, consumption of fatty acids contrib-
utes to egg production and larval growth. Consequently, fatty
acids are appetitive but only at low and modest concentrations,
while high concentrations are aversive (Masek and Keene 2013;
Ahn et al. 2017). The attraction to fatty acids depends on GRNs in
taste pegs (Sdnchez-Alcaniz et al. 2018), leg tarsi, and taste hairs
(Masek and Keene 2013; Ahn et al. 2017; Kim et al. 2018). However,
only a subset of A GRNSs in taste hairs are activated by fatty acids
(Tauber et al. 2017; Kim et al. 2018). Most S-type sensilla respond
robustly to the medium chain fatty acid, hexanoic acid, while I-
type A GRNs display a modest response (Kim et al. 2018).
However, A GRNs in L-type sensilla are unresponsive to hexanoic
acid (Kim et al. 2018). Flies can behaviorally discriminate between

sugars and fatty acids (Tauber et al. 2017; Kim et al. 2018), and this
ability may be possible because only a subset of A GRNs are acti-
vated by fatty acids.

The PLCP encoded by norpA (Masek and Keene 2013) and Gré4e
(Kim et al. 2018) are required for fatty acid taste. Ectopic expres-
sion of TRPA1, which can function downstream of PLCB path-
ways, can restore fatty acid taste in the Gr64e mutant GRNs (Kim
et al. 2018). Since TRPA1 is not normally required for fatty acid
sensation, one interpretation of the rescue result is that GR64e is
acting as a cation channel downstream of PLCB. However, it is
not clear if GR64e is a subunit of a larger channel, or acting in
parallel with another channel downstream of PLCB. The fatty
acid receptor that initiates the PLCP cascade is also unknown.
Given the contribution of a PLCB, it seems likely to be GPCR,
which couples to a Gg.

In addition to acting downstream of a PLCP signaling cascade,
Gré4e also appears to be directly activated by glycerol (Wisotsky
et al. 2011). The finding that GR64e can act either directly as a
taste receptor or downstream of PLCB is reminiscent of multiple
TRP channels, such as fly TRPA1, which can be directly activated
by aristolochic acid as well as indirectly by aristolochic acid
through a PLCB signaling cascade (Kim et al. 2010; Leung et al.
2020).

Fatty acid detection also depends on three IRs (IR25a, IR76b,
and IR56d) in taste peg GRNs and in a subset of A GRNs for the at-
traction to low levels of medium-chain fatty acids (Ahn et al.
2017; Tauber et al. 2017; Sdnchez-Alcaniz et al. 2018). Among
these three IRs, only IR56d appears to be restricted to sugar GRNs
(Ahn et al. 2017; Tauber et al. 2017). It remains to be determined
whether IR25a, IR76b, and IR56d are subunits of a fatty-acid acti-
vated channel. Whether these IRs act in the PLCP pathway or an-
other pathway also needs to be reconciled.

Chemicals dually detected through taste and
smell

While sweet, salt, and amino acids, are detected exclusively
through the sense of taste, other chemicals, such as acids, water,
carbonation, and polyamines, are recognized through receptors
in both gustatory and olfactory neurons. The mechanisms under-
lying the detection of these chemicals are reviewed following the
final section on taste and after presenting an overview of the
olfactory system.

Sensation of food texture and temperature on
sugar feeding behavior
The selection of food depends on more than chemicals . It is also
influenced by the texture, temperature, and color of food.
Texture, including hardness, and viscosity provide information
about whether a botanical food is ripe or spoiled. Evaluating the
hardness of a food is also necessary for an animal to apply the
appropriate force to process the food prior to ingestion.
Regardless of the texture of a substrate, flies show no propen-
sity to feed unless there is nutrient value. Therefore, several stud-
ies have evaluated food texture in the context of sucrose and
found that flies prefer soft food over harder options (Jeong et al.
2016; Zhang et al. 2016; Sanchez-Alcaniz et al. 2017) and liquid
foods with low vs high viscosity (Zhang et al. 2016). These analy-
ses demonstrate that two types of mechanosensory neurons
(MSNs) function in food texture discrimination. One is a single
mechanically activated multidendritic neuron (md-L neuron) in
each of the two bilaterally symmetrical labella (Zhang et al. 2016).
The md-L neurons extend dendrites to the bases of ~70% of the
sensilla most of which are L-type sensilla. In contrast to the
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labeled line coding mechanisms used by GRNs, the md-L neurons
employ an intensity coding mechanism. Low levels of activity of
md-L neurons appear to simulate soft food and provoke feeding
on sugar, while high levels of activity simulate hard food and
suppress feeding (Zhang et al. 2016).

The ability of md-L neurons to sense texture depends at least
in part on the Transmembrane Channel-like (TMC) protein
(Figure 5F), which is homologous to proteins required for audition
in mammals (Kurima et al. 2002; Vreugde et al. 2002). In vitro and
in vivo studies indicate that vertebrate TMCs are mechanosensi-
tive channels (Pan et al. 2018; Jia et al. 2020) suggesting that
Drosophila TMC 1is also mechanically activated. Mutation of
Drosophila tmc impairs the ability of the animals to reject foods
that are very hard or liquid food with high viscosity. The tmc mu-
tation also reduces the firing of md-L neurons upon mechanical
stimulation of taste sensilla (Zhang et al. 2016). The md-L and A
GRNs send their axons to overlapping regions of the primary
taste center in the brain, the SEZ. Therefore, it is possible that the
md-L neurons and A GRNs coordinate their activities by converg-
ing onto the same command interneurons (Fdg neurons), which
control feeding (Flood et al. 2013).

Each gustatory hair and taste peg includes a single MSN (Falk
et al. 1976), and some or all of the MSNs are also required for
sensing food hardness (Jeong et al. 2016; Sanchez-Alcaniz et al.
2017). According to one report, the MSNs make direct synaptic
connections with A GRNs, and MSNs inhibit A GRNs through re-
lease of the neurotransmitter, GABA (Jeong et al. 2016). Moreover,
the requirement for the MSNs for sensing food hardness depends
on the TRPV channel, Nanchung (Nan) (Jeong et al. 2016). Another
study concludes that mechanical stimulation of MSNs and the
contribution of these neurons to the selection of soft foods de-
pend on the TRPN channel, NOMPC (Sénchez-Alcaniz et al. 2017).
The basis for the different conclusions concerning requirements
for NAN and NOMPC in these two studies is unclear. Additional
questions are whether flies are able to discriminate foods par-
ticles based on size or shape and if so, what are the underlying
cellular and molecular mechanisms?

In addition to food texture, the temperature of sugary foods
also has a significant impact on its appeal (Li et al. 2020). The pro-
pensity of flies to feed on sugar is so sensitive to temperature
that even a drop in temperature of the food from 23 to 19°C
causes a significant suppression in the palatability of sugar (Li
et al. 2020). The reduced consumption of cooler sugar may reflect
the slower activity and rate of development of Drosophila at
slightly lower temperatures, such as 19°C. If there is no balance
between metabolic need and food intake, there can be a fitness
cost.

The diminished urge to feed on cooler sugar-containing food is
not due to a reduction in sugar-induced action potentials in A
GRNs. Rather, B GRNs in S- and I-type sensilla and MSNs in L-
type sensilla are activated by cool temperatures in the 17-19°C
range (Li et al. 2020). While the thermosensor in the MSNs has not
yet been defined, an opsin (Rh6) is expressed and required in B
neurons in S-type sensilla (Li et al. 2020). This finding, along with
the prior demonstration that Rh6 and two other opsins function
in thermotaxis in larvae (Shen et al. 2011; Sokabe et al. 2016),
raises the question as to whether opsins function directly as ther-
MOSensors.

The neurons that are required for sensing cool temperatures
in the labellum are also activated by either bitter chemicals or
mechanical stimuli. Thus, the question arises as to how flies dif-
ferentiate between sensing the coolness of food from bitterness
or food texture. In considering the coding mechanism, it is

notable that disrupting the activities of any of the subsets of neu-
rons that are activated by cooling is sufficient to disrupt a fly’s
ability to sense coolness in sugar-laced foods. Inactivation of just
MSNs, B neurons, or mutation of rh6, which functions only in B
neurons in S-type sensilla, all eliminate the ability to suppress
feeding if the food is cool (Li et al. 2020). If a fly is in a cool envi-
ronment, then all cool-activated neurons in the labellum will be
activated. However, bitter chemicals activate B neurons only, and
food texture is sensed by MSNs. Therefore, in order to interpret
the sensation of coolness in food, all classes of cool-activated
neurons must be activated simultaneously.

Receptors required for smell

The olfactory systems in flies and many other animals are faced
with the daunting problem as to how to recognize an immense
and chemically diverse array of volatile chemicals.

Olfactory organs, the neurons, and the coding
mechanism

The fly olfactory organs and olfactory receptors (ORs) are as di-
vergent from their mammalian counterparts as are the fly and
mammalian taste organs and receptors. Remarkably, despite
striking molecular and anatomical differences, flies solve the
complex problem of interpreting vast arrays of olfactory cues us-
ing similar logic at the circuit level, which is described below.

The Drosophila equivalent of the mammalian nose is com-
prised of two organs, the third antennal segment, and the maxil-
lary palp (Figure 4A). These organs are decorated with olfactory
sensilla, which have multiple pores, and house 14 olfactory re-
ceptor neurons (ORNs) and support cells (Figure 6A). Among the
functions of the accessory, cells is the production of OBPs, which
are secreted into the endolymph surrounding the dendrites and
bind to and present low-solubility odorants to the ORs (Sun et al.
2018). Most olfactory sensilla are subdivided into three morpho-
logically distinct types (Figure 6B). The basiconic are largely re-
sponsible for sensing food odors and are distributed on both the
antenna and maxillary palp (Vosshall and Stocker 2007; Su et al.
2009). The trichoid sensilla are restricted to the antenna and de-
tect volatile pheromones, while the coeloconic sensilla, which are
situated on the antenna, sense acids, and amines (Vosshall and
Stocker 2007; Su et al. 2009). Most ORNs fire action potentials in
the absence of ligands. Consequently, some ligands increase
while others decrease this baseline activity (de Bruyne et al. 2001).

The ORNs send their axons into the brain’s antennal lobes,
each of which is organized into 52 discrete glomeruli (Vosshall
and Stocker 2007; Su et al. 2009). As in humans, the glomeruli
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Figure 6. Olfactory sensilla. (A) Olfactory sensilla housing two neurons.
The support cells and the distribution of pores are also indicated. (B)
Antenna. The distributions of three types of olfactory sensilla are
indicated. A2, second antennal segment; A3, third antennal segment.
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form an odotopic map such that each is targeted by ORNs that
express the same receptors (Gao et al. 2000). Consequently, each
glomerulus responds to different sets of odorants.

Classes of olfactory receptors
ORs

Several classes of receptors function in Drosophila olfaction. A
large and well-characterized class is a set of 62 “ORs,” which are
present only in insects and are unrelated to any mammalian pro-
teins (Clyne et al. 1999; Gao and Chess 1999; Vosshall et al. 1999;
Robertson et al. 2003; Eyun et al. 2017). Their predicted topology of
seven membrane spanning domains with a cytoplasmic N-termi-
nus is opposite to GPCRs but is reminiscent of Drosophila GRs
(Figure 5G) (Benton et al. 2006). One OR (ORCO; formerly OR83b)
serves as a co-receptor, which is required for trafficking of the li-
gand binding ORs to the dendrites (Larsson et al. 2004). The ORs
are widely expressed in ORNs in basiconic and trichoid sensilla
but with one exception (OR35a) are excluded from coeloconic
sensilla.

An early challenge following the identification of ORs was to
identify their cognate ligands. To “deorphanize” the ORs (find the
ligands), John Carlson’s group pioneered a strategy that involves
first genetically removing the native ligand-binding ORs in an
ORN and then ectopically expressing a single orphan OR in the
“empty neuron.” This allowed them to test a battery of 110 odor-
ants to determine the effects on the activity of the empty neuron
(Hallem and Carlson 2006). Using this approach, a number of
concepts emerged. First, some ORs are narrowly tuned and re-
spond to only one odorant, while others respond to a large reper-
toire of odorants. Second, the spontaneous firing rate in the
absence of any odorant is dependent on the particular OR that is
expressed in the ORN. Third, the same OR can be either excited
or inhibited by different odorants. Fourth, some odorants are ca-
pable of activating many ORs. Fifth, the kinetics of response ter-
mination is a feature of the OR.

In vitro expression studies indicate that ORs are ionotropic
receptors (Sato et al. 2008; Wicher et al. 2008). In addition, one
study also concludes that OR22a activates a stimulatory G pro-
tein (Gg), suggesting that this OR is a GPCR in addition to func-
tioning as an ionotropic receptor (Wicher et al. 2008). However,
given that ORs have a topology opposite to GPCRs, the concept
that ORs directly engage G-proteins remains speculative.

IRs

Proteins related to the 66 member Drosophila “IR” family (Benton
et al. 2009) are present in Mollusca and Nematoda (Croset et al.
2010; Eyun et al. 2017). Thus, IRs appear to be more ancient in ori-
gin that the ORs but not as ancient as the GRs (Croset et al. 2010;
Eyun et al. 2017). A minimum of 17 IRs are expressed in coelo-
conic sensilla (Benton et al. 2009; Croset et al. 2010), which largely
exclude ORs. The spontaneous activity of coeloconic ORNs
depends in part on the expression of IRs, and this activity can be
increased or decreased depending on whether an IR interacts
with an excitatory or inhibitory olfactory cue (Grosjean et al. 2011;
Rytz et al. 2013). The olfactory ligands for most of the IR-
expressing ORNs are distinct from OR-expressing ORNs. While
OR-expressing ORNs respond robustly to esters, alcohols, and
ketones, IR-expressing ORNs in coeloconic sensilla are primarily
responsive to carboxylic acids, amines, and aldehydes (Yao et al.
2005; Silbering et al. 2011). Moreover, OR-expressing ORNs re-
spond faster and with greater sensitivity and in many cases adapt
more rapidly than IR-expressing ORNs (Yao et al. 2005; Silbering
et al. 2011; Getahun et al. 2012). Thus, IR-sensitive ORNs respond

best to sustained odorant stimulation, while OR-expressing ORNs
are better suited to sensing transient and low levels of stimuli.

The IRs that function in olfaction fall into several classes.
Some, such as IR8a and IR25a, may serve as co-receptors to pro-
mote trafficking of other ligand binding IRs in different subset of
ORNSs (Benton et al. 2009; Abuin et al. 2011). Other IRs may be
ligand-binding subunits. Loss-of-function mutations of various
Irs, such as Ir64a, Ir84a, and Ir92a, demonstrate that they are re-
quired for the olfactory responses to specific subsets of amines,
ammonia, and acids (Ai et al. 2010, 2013; Abuin et al. 2011,
Grosjean et al. 2011; Min et al. 2013). In some cases, expression of
IRs in vitro, such as in Xenopus oocytes, is sufficient to confer
olfactory responses to a given volatile ligand but only if a co-
receptor such as IR8a is co-expressed to facilitate receptor traf-
ficking (Abuin et al. 2011).

Signal amplification through IRs

A classical mechanism for signal amplification involves coupling
of receptors to G-protein signaling cascades that culminate with
activation or inhibition of ion channels. In the olfactory system,
an example of this type of mechanism occurs in the detection of
citronellal by TRPA1 (Kwon, Kim, et al. 2010). While some TRPA1
isoforms, such as one expressed in Anopheles gambiae can be di-
rectly activated by citronellal, in Drosophila, this insect repellent
is also sensed through a Gg- PLCB signaling cascade, which cul-
minates with activation of TRPA1 (Kwon, Kim, et al. 2010). Ca’*
influx through TRPA1 then subsequently turns on a Ca’*-acti-
vated K* channel called Slowpoke. However, this pathway only
appears to function in the modulation of citronellal-induced ac-
tion potentials, and an ORCO-dependent pathway may be the
main mode for sensing citronellal. The specific ORs that couple
to ORCO for sensing citronellal have not been defined.

Due to the dual roles of ORs and IRs as receptors and chan-
nels, it has been unclear whether there is any signal amplifica-
tion following activation of these proteins. However, two groups
of ORNs in males that sense courtship pheromones employ signal
amplification following activation of OR47a and IR84a (Ng et al.
2019). The Ca*" influx through these cation channels, in turn, ac-
tivate the Ppk25 channel through a calmodulin binding site.
Moreover, the extent of amplification is dictated by the level of
Ppk25 expression. This mode of amplification provides an expla-
nation for the age-dependent increase in sensitivity of OR47a
neurons to pheromones (Lin et al. 2016) since Ppk25 levels in-
crease with age (Nget al. 2019).

Chemicals sensed through taste and smell

A vast array of chemicals, including acids, carbonation, water,
polyamines, pheromones, and insect repellents, such as DEET
(N,N-diethyl-m-toluamide), some bitter compounds, and fatty
acids, are dually sensed through taste and smell.

Acid sensing

Taste of acids

The gustatory response of flies to acids varies enormously
depending on the chemical composition and concentration.
Some carboxylic acids, such as lactic acid, are highly attractive at
a concentration of 5%. Even at a level of 10% and a pH of 1.9, lac-
tic acid is attractive (Rimal et al. 2019). Lactic acid is not aversive
until the concentration reaches 20%. Conversely, flies normally
exhibit only minimal attraction to low levels of acetic acid, and
are repulsed by 5% acetic acid even though the pH (2.5) is not as
low as 10% lactic acid (pH 1.9), which is attractive (Rimal et al.
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2019). If the flies are starved, they dramatically increase their ac-
ceptance of acetic acid and use it as a source of nutrients
(Devineni et al. 2019). However, flies do not increase their accep-
tance of HCl under starvation conditions, demonstrating that the
internal-state-dependent acetic acid acceptance is not driven
simply by pH (Devineni et al. 2019).

In the gustatory system, the rejection of sugar mixed with
highly concentrated acids occurs through activation of aversive
GRNs and suppression of A GRNs (Charlu et al. 2013). This dual
system for avoiding strong acids is reminiscent of bitter taste,
which also causes gustatory avoidance through activation of B
GRNs, which suppress feeding, and inhibition of sugar-activated
A GRNs.

Sensing of aversive levels of acids occurs in least in part
through activation of B GRNs in S-type (Charlu et al. 2013; Rimal
et al. 2019) and possibly I-type sensilla (Charlu et al. 2013). IR7a is
required in a subset of B GRNs for avoiding high levels of acetic
acid. Surprisingly, IR7a is narrowly tuned, as it is dispensable for
the rejection of other carboxylic acids tested as well as HCl
(Rimal et al. 2019). Two IRs (IR25a and IR76b) are required in leg
tarsi for choosing egg-laying sites (Chen and Amrein 2017).
However, neither IR25a nor IR76b seems to contribute signifi-
cantly to the gustatory decision to reject high levels of acetic acid
(Rimal et al. 2019). Because IR7a is the only receptor identified
thus far that impacts on sour taste, this raises the possibility that
there may be multiple receptors expressed in the labellum that
are used to detect subsets of organic acids . The capacity to dis-
criminate between different types of acids such as acetic acid
and lactic acid might endow flies with the ability to access
whether a prospective food is laden with microorganisms, such
as Acetobacter or Lactobacillus, which grow on plants and produce
acetic acid and lactic acid, respectively.

Smell of acids

Many acids are volatile and inhibit feeding in part through detec-
tion by the olfaction system. IR8a and IR64b are expressed in
ORNs in coeloconic sensilla and form a complex required for
sensing carboxylic acids, such as acetic acid, and HCI (Al et al.
2010, 2013; Abuin et al. 2011). In the absence of IR8a, trafficking
and stability of IR64a is compromised (Abuin et al. 2011; Ai et al.
2013). Of significance, these two proteins form an acetic acid-
activated cation channel in Xenopus oocytes (Al et al. 2013).
Because the IR8a/IR64a olfactory channel is more broadly tuned
than IR7a, it appears that the discrimination between acetic acid
and other acids is mediated by acid detection through taste
rather than smell.

Detection of carbonation

Taste of carbonation

While the smell of carbonation (CO,) is aversive to Drosophila, the
taste of carbonated water is appealing. The gustatory attraction
to carbonation is mediated by GRNs in taste pegs (Fischler et al.
2007). The levels of carbonation sensed by the taste peg neurons
(0.2-0.4%) is within the range produced by growing yeast, leading
to the suggestion that these GRNs enable flies to recognize and
consume foods with yeast and other microorganisms (Fischler
et al. 2007). The gustatory attraction to CO, requires IR56d, which
acts in taste peg neurons in combination with the more broadly
expressed co-receptors, IR25a and IR76b (Sanchez-Alcaniz et al.
2018). These three IRs are the same repertoire of receptor that
function in sensing fatty acids. However, these three IRs have not
been shown to be sufficient for detecting either COs or fatty acids.
Thus, the full fatty acid or carbonation receptors may require

additional subunits that enable the flies to distinguish between
these tastes.

Smell of carbonation

Stressed flies emit CO, as a part of a stress response (Suh et al.
2004). As a result, the smell of even slightly elevated levels of CO,
is repulsive, as it is a signal to these animals to escape from a po-
tentially dangerous environment. The olfactory repulsion to CO,
is mediated by a subset of ORNs in large basiconic sensilla in the
third antennal segment (ab1C class) (de Bruyne et al. 2001). These
ORNs are distinct from other ORNs, in that they express two
“GRs,” GR21a and GR63a (Faucher et al. 2006; Jones et al. 2007;
Kwon et al. 2007), which together form a CO, receptor (Jones et al.
2007; Kwon et al. 2007; Kumar et al. 2020). Among the multiple
lines of evidence in support of this conclusion is the observation
that ectopic expression of Gr21a and Gr63a confers CO, sensitivity
to ORNs that normally are unresponsive to CO, (Jones et al. 2007;
Kwon et al. 2007). GR21a and Gr63a also function in the detection
of other odorants (see below) and inhibition of these GRs leads to
behavioral attraction while receptor activation causes behavioral
aversion (MacWilliam et al. 2018). Mosquito vectors, such as
Anopheles gambiae, express homologs of GR21a and GR63a in their
CO,-responsive organ, the maxillary palps (Jones et al. 2007).
However, in contrast to Drosophila, the smell of high levels of CO,
is attractive to these mosquitoes, as CO, plumes emanating from
humans are important for host-seeking in combination with
other cues.

In addition to GR21a and GR63a, a signal transduction path-
way that includes a Gqa (Yao and Carlson 2010), PLCP (PLC21C),
and all three TRPC channels: TRP, TRPL, and TRPy (Badsha et al.
2012) also impacts on CO, avoidance. This signal transduction
cascade operates in the same ab1C neurons as GR21a and GR63a,
and mutations disrupting this pathway decrease the CO, re-
sponse mediated by the GR21a and GR63a. However, the receptor
that initiates this cascade is not known, and a mechanistic expla-
nation for the impact of this cascade on the CO, response is
unclear. One possibility is that the TRP-dependent Ca’*-influx
sensitizes the GRs to activation by CO,. Conversely, activation of
the GRs may somehow stimulate the Gq/PLCB/TRP cascade,
which contributes to depolarization of the ab1C neurons.

While stimulation of ab1C neurons elicits avoidance, such as
when there are stressed flies in the environment (Suh et al. 2004),
it is not always in the animals’ best interest to evade CO,, as
some excellent food sources are laden with microorganisms that
emit CO,. It turns out that some odorants in foods such as 1-hex-
anol and 2,3-butanedione inhibit GR21a/GR63a, thereby sup-
pressing CO, avoidance (Turner and Ray 2009). Moreover, flies
can also be attracted to CO, (Wasserman et al. 2013; van Breugel
et al. 2018). The appeal of CO, only occurs when the flies are for-
aging, and this behavior is dependent on IR25a (van Breugel et al.
2018). It is likely that there are other co-receptors that function in
combination with IR25a for CO, attraction, and the specific
IR25a-expressing ORNs that mediate CO, attraction are not de-
fined.

Taste and smell of polyamines

Polyamine detection by GRNs

Polyamines are essential for an array of physiological processes,
and high-polyamine content in food results in a dramatic in-
crease in the number of progeny per mating (Hussain et al. 2016).
Polyamines are synthesized in flies through endogenous meta-
bolic pathways and by their microbial flora. However, flies need
to consume additional polyamines to meet their nutritional
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needs. The roles of polyamines in influencing food consumption
have not been reported. Nevertheless, GRNs detect polyamines
and this information influences oviposition sites. Females prefer
laying eggs on polyamine-containing sites but only if the poly-
amines are present in combination with other nutrients, such as
sugars (Hussain et al. 2016). Oviposition sites with pure poly-
amines are aversive. The sensation of polyamines depends on
GRNs in taste pegs and in B neurons in S-type sensilla. IR76b con-
tributes to the gustatory detection of polyamines, possibly
through functioning in the pegs (Hussain et al. 2016). The recep-
tors that are critical for sensing polyamines in B GRNs remain to
be identified (Hussain et al. 2016).

Smell of amines and polyamines

The odors of pure polyamines, such as cadaverine, putrescine,
spermidine, and many others, are attractive to flies. This positive
response to volatile polyamines depends in part on two IRs that
act in the same ORNs: [R41a and IR76b (Hussain et al. 2016).
Whether IR41a and IR76b are sufficient to confer polyamine sen-
sitivity is not known. An olfactory CO, receptor, GR6343, also func-
tions in the attraction to spermidine and other polyamines and
does so through an intriguing mechanism—reducing the baseline
activity of CO,-responsive ablC neurons, thereby attenuating
aversive behavior (MacWilliam et al. 2018).

Ammonia and monoamines are also attractive to flies (Min
et al. 2013), as they alert the animals to rotting organic matter,
which is potentially nutritious. The appeal of these chemicals
requires IR92a, which is expressed in a subpopulation of ORNs in
coeloconic sensilla (Min et al. 2013). In contrast, the attraction to
volatile polyamines is not affected significantly by loss of IR92a
consistent with the finding that this sensation requires IR41a and
IR76b. Nevertheless, monoamines also inhibit the baseline activ-
ity of ablC neurons through a GRé63a-dependent mechanism
(MacWilliam et al. 2018). Whether loss of the other CO,-receptor
subunit (GR21a) also causes this same phenotype is not known.

Water and dry sensation

Taste of water

Water is so essential for survival that one of the four GRNs in all
S- and L-type sensilla (C GRNs) is dedicated primarily to water
sensation (Inoshita and Tanimura 2006) (Table 2). The detection
of water in C GRNs depends on Ppk28, which is sufficient for wa-
ter detection because ectopic expression of this channel in B
GRNs endows them with water sensitivity (Cameron et al. 2010;
Chen et al. 2010). Moreover, introduction of Ppk28 in mammalian
HEK?293 cells caused them to respond to hypo-osmotic solutions
(Cameron et al. 2010).

Water vapor detection

Hygrosensation allows flies to sense the level of humidity and to
select either moist or dry environments depending on its state of
desiccation. This is of great importance to these small animals to
prevent them from drying out. Hygrosensation also enables
females to choose oviposition sites with the ideal level of wetness
for their eggs. Humidity is detected primarily by sensilla in an in-
vaginated portion near the proximal region of the third antennal
segment called the sacculus. The sacculus is comprised of three
recessed chambers, including chamber II, which contains
humidity-sensitive sensilla. These sensilla are distinct from
olfactory sensilla, in that they are poreless. Neurons that are acti-
vated by dry and moist air are housed in the same hygrosensory
sensilla along with a third neuron that is cold activated (Enjin
et al. 2016; Knecht et al. 2016).

Despite the importance of preventing desiccation, excessive
humidity is aversive. Flies that are given a choice between envi-
ronments with 0% humidity and those with 100% humidity
strongly prefer the dry option (Liu, Li, et al. 2007). RNAiI mediated
knockdown of water witch (wtrw; a TRPA channel) or mutation of
nanchung (nan; a TRPV channel) have been reported to be required
for this behavior (Liu, Li, et al. 2007). Electrophysiological analyses
suggest that WTRW functions in the detection of moist air and
Nan is required for detecting dry air (Liu, Li, et al. 2007). While
subsequent studies support the conclusion that mutations that
disrupt nan or wtrw reduce discrimination between different hu-
midity levels, this sensation is not eliminated in these mutants
(Enjin et al. 2016; Knecht et al. 2016). Moreover, wtrw and nan do
not function in sacculus neurons that respond to moist or dry air
(Knecht et al. 2016), suggesting that other receptors act in hygro-
sensation. The neurons that are activated by dry air require
IR25a, IR93a, and IR40a (Enjin et al. 2016; Knecht et al. 2016), and
the moist-activated neurons depend on IR25a, IR93a, and IR68a
(Frank et al. 2017; Knecht et al. 2017). Thus, the IR subunits that
enable discrimination between dry and moist air are IR40a and
IR68a, respectively. The inclusion of a cold-sensitive neuron in
the same sensillum might facilitate hygrosensation by activating
these neurons through evaporation-induced cooling (Tichy et al.
2017). The cold neurons could in turn affect the activities of the
hygrosensory neurons.

Detection of DEET

DEET remains the most effective insect repellent available
(Travis et al. 1949). However, this synthetic compound has limita-
tions including low olfactory potency (~30% is used for this pur-
pose), it can damage clothing containing plastic or nylon, and
some individuals find the smell and feel of DEET unappealing.
During the many decades since it was released for public use,
there have been numerous efforts to find more potent and long-
lasting alternatives, but none have emerged. Because DEET is the
most commonly used repellent worldwide, there is tremendous
interest in clarifying its mechanism of action. While there has
been progress, there remain multiple competing hypotheses to
explain olfactory repellency (see below: Smell of DEET).

Taste of DEET

In contrast to the controversy concerning the mode of olfactory
detection, we have a clearer concept as to how DEET causes re-
pulsion through the taste system. The gustatory aversion to
DEET is incredibly sensitive, as 0.05% suppresses feeding (Lee,
Kim, et al. 2010). DEET directly activates GRNs, and 0.02% DEET is
sufficient to produce action potentials in B GRNs (Lee, Kim, et al.
2010). GRNs in both the proboscis and legs respond to DEET, and
the gustatory response to DEET depends on GR32a, GR33a, and
GR66a (Lee, Kim, et al. 2010; Guo et al. 2020). However, these three
GRs are not sufficient to confer a DEET response to GRNs that are
insensitive to DEET. Thus, the DEET receptor most likely includes
a minimum of four GRs, further highlighting the large repertoire
of subunits comprising many GR complexes functioning in aver-
sive taste. DEET is also detected through the taste system in mul-
tiple mosquito species (Sanford et al. 2013; Sparks and Dickens
2016). In Aedes aegypti DEET is sensed through the legs (Dennis
et al. 2019). The Aedes proboscis is not sufficient for the gustatory
repulsion of DEET (Dennis et al. 2019); however, it has not been
excluded that GRNs in the proboscis are activated by DEET.
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Smell of DEET

Despite the widespread use of DEET, it does not have high volatil-
ity relative to many other odorants such as the human attractive
odorant, 1-octen-3-ol (0.00167 and 0.53mmHg at 25°C, respec-
tively) (DeGennaro 2015). There are multiple proposals to account
for the olfactory repellency of DEET. According to one of three
primary models, DEET inhibits ORNs that are activated by attrac-
tive odorants, thereby rending humans invisible or difficult to de-
tect (Davis and Sokolove 1976; Dogan et al. 1999; Ditzen et al.
2008). In support of this “masking mechanism,” the electrophysi-
ological responses to attractive odorants are suppressed by DEET
in Drosophila, Aedes, and Anopheles, and these effects are mediated
through ORs (Ditzen et al. 2008; Bohbot and Dickens 2010; Afify
et al. 2019).

A second model is that DEET modulates the activities of many
types of ORNs, and therefore serves as a “confusant,” distorting
the patterns of activities that would normally lead to attractive
and avoidance behavior (Pellegrino et al. 2011). According to this
model, DEET does not result in the host becoming invisible as in
the masking model but causes the host olfactory signals to be
confusing. This confusant model is supported by studies in mos-
quitoes indicating that DEET has a complexity of stimulatory and
inhibitory effects on different ORs (Bohbot and Dickens 2010,
2012; Bohbot et al. 2011; Pellegrino et al. 2011).

The third model is that DEET directly activates receptors in
ORNs that induce avoidance behavior. Supporting this “direct
activation” model are two-electrode voltage clamp studies in
Xenopus oocytes indicating that DEET alone activates some ORs
from Anopheles gambiae (Xia et al. 2008; Bohbot and Dickens 2010).
Moreover, DEET is sufficient to activate a subset of ORNs in other
mosquitoes including Aedes aegypti and Culex quinquefasciatus
(Boeckh et al. 1996; Syed and Leal 2008). Co-expression of two
Culex ORs (OR136 and ORCO) in Xenopus oocytes is sufficient to
generate a DEET-induced current and RNAi knockdown of Or136
eliminates DEET repellency (Xu et al. 2014). Thus, in addition to
inhibiting contact chemosensation (taste), DEET might exert its
effects through multiple types of olfactory mechanisms: mask-
ing, serving as a confusant, and direct activation of ORs.
However, the relative contributions of each of these mechanisms
and whether olfactory receptors other than ORs function in DEET
repellency remain to be worked out.

Pheromone detection

Pheromones are chemicals that promote communication be-
tween members of the same species (Karlson and Luscher 1959).
They are produced by one animal for the purpose of impacting
the behavior of a conspecific. In insects, such as Drosophila, pher-
omones stimulate or suppress courtship and mating, aggression
toward members of their own sex, and post-mating behaviors in
females. Many pheromones are long-chain hydrocarbons, most
of which are produced in oenocytes and secreted onto the cuticle.
A few are synthesized in the male ejaculatory bulb and trans-
ferred to females during mating. Some cuticular pheromones are
sufficiently volatile to be detected through the sense of smell,
while most are detected through direct contact through taste
receptors. The initial cues that flies use to evaluate a mate are vi-
sion and smell, followed by hearing, taste, and touch. These
senses, combined with past experience and the metabolic state
help an animal to decide whether to initiate courtship and mate
or fight or ignore the other animal.

Contact pheromone sensation

The cuticular hydrocarbons that serve as pheromones tend to
have low volatility. Consequently, many female pheromones are
detected by males through leg tapping or licking as part of a
multi-sensory courtship ritual. There are also male pheromones
that are sensed through direct contact. The GRNs in the front
legs that are employed in pheromone detection are male-specific
and depend on expression of a male-specific isoform of the tran-
scription factor Fruitless (Fru) for their development. Two of the
four GRNs on male legs express Fru™ and are referred to as M or F
neurons depending on whether they respond to male and female
pheromones, respectively (Thistle et al. 2012; Toda et al. 2012).
Pheromone sensation appears to follow a labeled-line mecha-
nism. As with GRNs that sense either positive or negative chemi-
cals in food and stimulate or inhibit feeding, distinct neurons are
activated by male or female pheromones and induce opposite
effects on courtship.

Only a handful of Drosophila pheromones have been studied in
detail, and several have been associated with specific taste recep-
tors. Well-characterized fly pheromones include (Z,Z)-7,11-hepta-
cosadiene (7,11-HD) and (Z,Z)-7,11-nonacosadiene (7,11-ND),
which are distributed on the female cuticle and are aphrodisiacs
for males (Antony et al. 1985). Other pheromones, such as (z)-7-
tricosene (7-T), and (3R,11Z,19Z)-3-acetoxy-11,19-octacosadien-1-
ol (CH503), decorate the male cuticle and are anti-aphrodisiacs
(Scott 1986; Lacaille et al. 2007; Billeter et al. 2009; Yew et al. 2009).
7-T and CH503 inhibit courtship to mated females after males
transfer these pheromones to females during copulation (Yew
et al. 2009). GRs, Ppks, and IRs are three families of receptors that
detect pheromones through contact chemosensation and are de-
scribed below.

GRs and contact pheromones

Multiple GRs are required for responding to pheromones that in-
hibit courtship behavior including the commonly expressed re-
ceptor (CER), GR32a, which is not expressed in FruM-positive
neurons but in neurons that contact Fru™ neurons (Fan et al.
2013). GR32a senses 7-T and is required to suppress courtship in
males toward (1) mated females, (2) other males, and (3) females
of other Drosophila species (Miyamoto and Amrein 2008; Wang
et al. 2011; Fan et al. 2013). Moreover, sensation of 7-T by GR32a
facilitates the aggression-promoting effect of another phero-
mone, cis-vaccenyl acetate (cVA) (Wang et al. 2011), which is
detected primarily through smell (see below). While GR32a is a
subunit of a receptor for 7-T, the set of GRs that are sufficient for
responding to this pheromone is not known. Nevertheless, an-
other CER, GR33a, is an additional candidate 7-T subunit since it
is required for suppressing male-male courtship (Moon et al.
2009). Both GR32a and GR33a are CERs suggesting that the com-
plete 7-T receptor includes at least one additional ligand-specific
GR subunit.

The role of GR68a in courtship appears to be complex. GR68a
is expressed in the male forelegs (Bray and Amrein 2003; Shankar
et al. 2015) and contributes to courtship suppression, where it is
required for sensing the anti-aphrodisiac, CH503 (Shankar et al.
2015). An earlier study suggested that GR68a is required for
detecting an attractive pheromone produced by females
(Bray and Amrein 2003), which is counter to the finding that
GR68a is the receptor for an anti-aphrodisiac (Shankar et al.
2015). The potential explanation for the earlier proposal that
GR68a responds to an attractive female pheromone emerged af-
ter the realization that GR68a has a second, non-chemosensory
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role. In addition to expression in GRNs, Gr68a is also present in
auditory neurons and other types of MSNs and is required to de-
tect moving females, presumably through acoustic cues (Ejima
and Griffith 2008). However, given its broad distribution in other
types of mechanosensory organs, it cannot be excluded that
GR68a is employed to detect surface vibrations produced by mov-
ing females (Ejima and Griffith 2008). Nevertheless, the mecha-
nosensory requirement for GR68a for detecting moving females
may explain the earlier conclusion that this receptor responds to
an attractive female pheromone (Bray and Amrein 2003).

GR39a may also sense pheromones. All four Gr39a isoforms
appear to be expressed in the legs and labellum, and a P-element
insertion affecting all Gr39a isoforms reduces courtship of males
to females (Watanabe et al. 2011; Ling et al. 2014). The phero-
mone(s) that signal(s) through GR39a is (are) not known, but
likely candidates include the aphrodisiacs 7,11-HD and 7,11-ND.

Ppks and contact pheromones

Three Na* channel subunits that belong to the ENaC family,
Ppk23, Ppk25 and Ppk29, function in the detection of female and
male pheromones through contact chemosensation (Lin et al.
2005; Liu et al. 2012; Lu et al. 2012; Starostina et al. 2012; Thistle
et al. 2012; Toda et al. 2012). Ppk23 is expressed in both M and F
neurons in the forelegs (Lu et al. 2012; Thistle et al. 2012). In con-
trast, Ppk25 is expressed in the F neurons only, while Ppk29 is lo-
calized to either one or both of these neurons depending on the
sensilla (Liu et al. 2012; Starostina et al. 2012; Thistle et al. 2012).
Consistent with these expression studies, half of the fru-positive
neurons in the forelegs respond to the stimulatory female phero-
mone 7, 11-HD, and all three Ppks contribute to male-female
courtship (Lu et al. 2012; Starostina et al. 2012; Thistle et al. 2012;
Toda et al. 2012; Liu et al. 2018). The M neurons, which respond to
male pheromones, appear to depend on Ppk23 but not Ppk25
since mutation of ppk23 but not ppk25 increases male courtship
(Starostina et al. 2012; Thistle et al. 2012). Ppk channels also ap-
pear to function in pheromone detection in females, since muta-
tions disrupting ppk23, ppk25 or ppk29 reduce their receptivity to
males. However, this phenotype is only revealed if the antenna or
arista are surgically removed (Vijayan et al. 2014). Since these
organs are required for audition, this suggests that hearing and
contact pheromones act redundantly to stimulate receptivity in
females.

IRs, contact chemosensation, and sexual behaviors

IR52c and IR52d may be activated by contact pheromones as they
are expressed in sexually dimorphic neurons in the male forelegs
that do not express GRs or Ppks (Koh et al. 2014). However, Ir52c-
positive neurons do not express fru, although they make contacts
with these neurons (Koh et al. 2014) similar to the situation with
Gr32a (Fan et al. 2013). Ir52c and Ir52d have evolved rapidly (Koh
et al. 2014) consistent with the proposal that this is a signature of
genes involved in sexual behaviors (Civetta and Singh 1998).
Males missing one or the other of these genes exhibit a delay in
the time to copulation supporting the concept that Ir52c and
Ir52d respond to a female pheromone (Koh et al. 2014). In contrast
to Ir52c and Ir52d, the Ir52a reporter is expressed in GRNs in all
legs (Koh et al. 2014). Ir52a is also expressed in GRNs in wing mar-
gins, which sense pheromones from other flies, and functions in
regulating sexual behaviors in both males and females (He et al.
2019). The contact pheromones that stimulate these IRs remain
to be defined.

Detection of cVA by the olfactory system

All 147 trichoid sensilla respond to volatile pheromones (van der
Goes van Naters and Carlson 2007). However, different ORNs in
these sensilla have different sensitivities to odors from males
and from virgin females. Trichoid sensilla harbor either one, two,
or three ORNSs, and are referred to as T1, T2, and T3, respectively.
Although all three classes of trichoid sensilla respond to male
pheromones, the ORNs in T1 sensilla are most sensitive to male
pheromones (van der Goes van Naters and Carlson 2007). In con-
trast, ORNs in T2 and T3 sensilla are the most sensitive to phero-
mones from virgin females, thereby enabling flies to distinguish
odors from males and virgin females (van der Goes van Naters
and Carlson 2007).

To achieve high reproductive success, it is not enough for a
male to mate with a female. The male must also minimize the
chance that the female will re-mate with another male (polyan-
dry) since most of the progeny are the product of the last mating.
To discourage polyandry, the male transfers multiple inhibitory
pheromones during mating, which reduces female attractiveness
to other males. Two of these pheromones (7-T and CH503) are
transferred directly to the cuticle and sensed through contact
chemosensation as described above. A third is cVA, which is
male-specific (Butterworth 1969). cVA is introduced to the female
in the ejaculate and then sensed primarily through olfaction.
While a male is motivated to block a female from re-mating with
another male, the female attempts to eject cVA from her repro-
ductive tract to restore attractiveness to other males (Laturney
and Billeter 2016). The other anti-aphrodisiacs that remain on
the female, such as 7-T, are insufficient to effectively suppress
polyandry.

The molecular mechanisms underlying the olfactory detection
of cVA in males and females has been studied in greater detail
than for any other pheromone. cVA enters trichoid sensilla and
binds to an OBP, LUSH, which increases the solubility of cVA in
the endolymph bathing the ORN dendrites (Laughlin et al. 2008).
cVA then directly activates an OR complex comprised of OR67d
and the co-receptor, ORCO (Ha and Smith 2006; Ejima et al. 2007,
Kurtovic et al. 2007; van der Goes van Naters and Carlson 2007;
Jin et al. 2008; Gomez-Diaz et al. 2013). The rapid activation and in-
activation of OR67d by cVA depends on SNMP1 (Li et al. 2014)—a
CD36 family member with two transmembrane segments sepa-
rated by a large extracellular domain. It has been proposed that
this ectodomain serves to promote the release of cVA from the
OBP (LUSH) and provides a tunnel to direct cVA to OR67d/OCRO
while insulating the hydrophobic pheromone from the aqueous
endolymph (Gomez-Diaz et al. 2016).

cVA does more than suppress the attractiveness of mated
females to other males. cVA on the male stimulates receptive-
ness to mating in virgin females (Kurtovic et al. 2007). These op-
posite reactions by males and females to cVA (courtship
repulsion and receptivity) are defined by distinct neuronal cir-
cuits controlled by fru (Datta et al. 2008). cVA also promotes ag-
gregation in both sexes (Bartelt et al. 1985; Xu et al. 2005). In
addition, females deposit cVA on eggs to mark favorable egg-
laying sites. This encourages additional females to deposit their
eggs on the same site possibly so that the larval density is suffi-
cient to keep growth of microorganisms under control and pro-
cess the food (Duménil et al. 2016).

cVA impacts on male-male aggression (Wang and Anderson
2010; Liu et al. 2011). However, whether cVA stimulates or inhibits
aggression depends on whether the males are exposed acutely or
long term to this pheromone. The positive or negative effects of
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cVA occurs through distinct receptors and ORNs. Acute cVA ex-
posure stimulates aggression through activating OR67d (Wang
and Anderson 2010; Liu et al. 2011). A high density of males also
increases aggression, and this presumably occurs through ele-
vated levels of volatile cVA in the presence of many males (Wang
and Anderson 2010). Opposite to the effects of acute cVA in pro-
moting aggression, chronic cVA exposure or long-term exposure
to males suppresses male aggression (Liu et al. 2011). This inhibi-
tion depends on OR65a, which is expressed in ORNs distinct from
OR67d.

In contrast to cVA, which is a volatile anti-aphrodisiac, methyl
laurate (ML), methyl myristate (MM), and methyl palmitate (MP)
are attractive olfactory pheromones for both males and females
(Dweck et al. 2015). The ORNs that sense these pheromones are
housed in trichoid sensilla in males that are fru positive. Ectopic
expression in empty neurons indicates that OR47a is tuned to ML
but not MM and MP, while OR88a responds to ML and MM.
Mutation of Or47a impairs male-female courtship. However, loss
of Or88a has no effect on mating behavior, suggesting that there
is a redundant receptor for OR88a.

While cVA is produced by males and is sensed at a relatively
close range, (Z)-4-undecenal (Z4-11Al) is synthesized by females
and attracts flying males and females at a long distance
(Lebreton et al. 2017). Z4-11Al is reported to activate a basiconic
sensillum (ab9) rather than trichoid sensilla (Lebreton et al. 2017),
which respond to cVA (van der Goes van Naters and Carlson
2007). Two OR69a isoforms (OR69aA and OR69aB) appear to be
the Z4-11Al receptor since they are expressed in ab9, and intro-
duction of OR69aA and OR69aB in neurons that do not normally
respond to Z4-11Al confers sensitivity to this pheromone
(Lebreton et al. 2017). These receptors are also tuned to food odors
raising the possibility that the combination of pheromone and
food signaling brings flies together at food sources. However, the
behavioral effects caused by knocking out Or69a have not been
tested.

IR84a is a receptor that impacts on courtship through an un-
usual mechanism. The ORNs that express IR84a are Fru™ posi-
tive; however, they are not activated by pheromones (Grosjean
et al. 2011). Rather, the IR84a-ORNs sense the volatile fruit-
derived chemicals phenylacetic acid and phenylacetaldehyde
(Yao et al. 2005; Grosjean et al. 2011). IR84a appears to be a direct
receptor for both phenylacetic acid and phenylacetaldehyde
since introduction of IR84a into neurons that are normally insen-
sitive to phenylacetic acid and phenylacetaldehyde confers re-
sponsiveness to these botanical chemicals (Grosjean et al. 2011).
The key finding is that IR84a is required in males for achieving
the normally high levels of male-female courtship even though
IR84a is activated by fruit-derived chemicals rather than phero-
mones. This fascinating discovery is supported by the observa-
tions that Drosophila melanogaster has a bias for mating on food
sources, including fruit (Spieth 1974; Markow and O'Grady 2008).
Such a mechanism would have selective advantages as females
need to lay their eggs on sites that are sufficiently nutrient rich to
support larval growth.

Somatosensation

Somatosensation includes senses that perceive information re-
ceived at the body surface such as the detection of gentle and
noxious touch, thermosensation as well as the static positions
and dynamic movements of joints, which are referred to as pro-
prioception. Due to space limitations, this section on

somatosensation focuses on exteroreception and exteroreceptors
that enable Drosophila to sense external, somatosensory stimuli.

Touch with tough skin

How do adult flies sense soft touch when they are covered with
an external exoskeleton, which by design serves as a shield to
protect against mechanical assaults? A major part of the solution
is provided by bristles that protrude through the cuticular exo-
skeleton and respond to physical movements. These external
sensory organs, which are the primary organs used for detecting
external mechanical stimuli, are distributed on many body parts
including the thorax. The bristles point toward the rear of the fly
and come in two sizes—the larger macrochaetes and smaller
microchaetes (Figure 7A). Several cell types are associated with
each bristle, including a mechanically activated neuron, which
extends a dendrite into the base of the endolymph-filled hair
shaft. Because the dendrites are fixed to the base of the bristle,
movements of the hairs open mechanically-gated channels.
Deflections that bend the bristles toward the body are the most
effective in activating the MSNs (Walker et al. 2000). The level of
K* in the endolymph is high. Consequently, upon bending of the
bristles, K™ is the primary cation that enters and depolarizes the
neurons. Other types of mechanoreceptive organs include dome-
shaped campaniform sensilla, which function in sensing stresses
in the surrounding cuticle, hair plates, which sense joint move-
ments, and stretch-sensitive chordotonal organs situated inter-
nally beneath the cuticle (Tuthill and Wilson 2016). Some
chordotonal organs contribute to hearing as described in the sec-
tion on audition and others for proprioception, which also
depends on external sensory organs (Kernan 2007). All of these
sensory organs contain ciliated, microtubule-containing den-
drites (type 1 sensory organs).

arvae also use non-ciliated sensory neurons called type II mul-
tidendritic (md) neurons to detect mechanical and thermal stim-
uli. The type II md neurons, which are not contained within a
specialized structure such as a bristle or chordotonal organ, are
categorized in larvae into three subtypes: (1) tracheal dendrite
(md-td) neurons, (2) neurons with bipolar dendrites (md-bd), and
(3) dendritic arborization (md-da) neurons (Bodmer and Jan
1987). The larval md-da neurons are further subdivided into clas-
ses I, 11, III, and IV based on the increasing complexity of the den-
drites, which tile the body wall (Grueber et al. 2002). Some of
these da neurons persist in the adult (Shimono et al. 2009).

Models for activation of mechanosensory
channels

Deflection of mechanosensory bristles in Drosophila elicits electri-
cal responses in microseconds (Walker et al. 2000) comparable to
the rapid mechanosensory kinetics recorded in mammals. The
speed of mechanotransduction is considerably greater than the
10-ms timescale for phototransduction, which is the fastest
known chemical transduction cascade. The rapid kinetics of
mechanotransduction is made possible by direct activation of
channels by mechanical force.

There are at least two models as to how mechanosensory
channels might be activated. According to the “membrane con-
formation model,” changes in curvature of the lipid bilayer lead
to gating of the channels. A modification in membrane confor-
mation could be induced by direct physical force on the lipid bi-
layer. As appears to occur in fly photoreceptor cells, alteration of
the conformation of the membrane could also be mediated by an
enzymatically induced mechanism, such as PLC-dependent hy-
drolysis of PIP, (Hardie and Franze 2012; Liu and Montell 2015).
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Figure 7. Mechanosensory sensilla on an adult thorax, thermosensory neurons in the arista, and sensory organs and neurons in larvae. (A) Distribution
of microchaetae and macrochaetae on the adult thorax. (B) Arborization of class IV multidendritic neurons, which tile the body wall. (C) Sensory organs
in larvae. (D) Side view of a head showing the positions of the anterior cell neurons in the brain (green) as well as the hot cell neurons (red cells) and
cold cell neurons (blue) in the arista, a portion of which is magnified to the left.

However, this latter membrane conformation mechanism is in-
consistent with sub-millisecond kinetics of mechanosensation.

A second model postulates that there exists a flexible tether
linking the mechanically gated channel to a fixed internal or ex-
ternal structure, such as the cytoskeleton, or an extracellular
structure (Gillespie and Walker 2001; Howard and Bechstedt
2004). According to this “tether model,” force-induced move-
ments of the rigid structure cause movements in the tether
resulting in activation of the channel. The flexible tether (gating
spring) could be part of the channel itself or a separate structure
interfacing the rigid structure and the channel.

Gentle touch receptors

Gentle touch is critical for multiple behaviors. It allows flies and
larvae to sense their environment, which is necessary for naviga-
tion. Soft touch enables adults to detect light debris, which ini-
tiates a repetitive grooming sequence (Seeds et al. 2014; Mueller
et al. 2019) and the presence of small pests and kicks them off (Li

et al. 2016). Gentle touch contributes to courtship since males tap
females as one of the initial events in this multistep behavior
(Bontonou and Wicker-Thomas 2014). Mild physical encounters
between flies also impact on social interactions (Ramdya et al.
2015).

In larvae, light touch is mediated through class II and class III
md-da neurons (Walker et al. 2000; Tsubouchi et al. 2012; Yan
et al. 2013), which are distinct from the neurons that mediate
noxious touch as described below. In adults, light touch is en-
abled in part through MSNs associated with macrochaetes and
microchaetes (Walker et al. 2000). MSNs in recurved bristles on
the wing margin harbor MSNs also function in light touch (Li et al.
2016).

At least two TRP channels are involved in light touch in adults.
These include the TRPV channel, Nan, which function in MSNs in
the wing margin (Li et al. 2016). The TRPN channel, NOMPC, is re-
quired for light touch in adults and in larvae (Walker et al. 2000;
Tsubouchi et al. 2012; Yan et al. 2013).
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The first demonstration that NOMPC channels are mechani-
cally gated emerged from work on the NOMPC homolog in C. ele-
gans (TRP-4), which is expressed in cephalic (CEP) MSNs (Li et al.
2006; Kang, Gao, et al. 2010; Kang et al. 2011). A conductance in
CEP neurons is mechanically activated in microseconds and is
dependent on TRP-4 (Kang, Gao, et al. 2010). Moreover, the cur-
rent is altered by mutations in the pore loop (Kang, Gao, et al.
2010) providing strong evidence that TRP-4 is a pore-forming sub-
unit of a mechanically-activated channel in vivo. Drosophila
NOMPC is also mechanically gated, as ectopic expression of this
channel in vivo is sufficient to endow neurons with mechanosen-
sitivity (Gong et al. 2013; Yan et al. 2013; Zhang et al. 2015; Jin et al.
2017).

A feature of mechanically-gated channels is the employment
of a gating spring, which provides a compliant element so that
physical force opens the channel. NOMPC includes a record set-
ting 29 ankyrin repeats, which are situated N-terminal to the first
transmembrane segment. These ankyrin repeats appear to be a
critical part of the “gating spring” (Howard and Bechstedt 2004;
Liang et al. 2013; Knecht et al. 2015; Zhang et al. 2015; Jin et al.
2017).

Another protein that functions in gentle touch in larvae is re-
ferred to as Brivido-1 (Brv1). Brv1 is related to the TRPP family of
proteins, which along with TRPML defines the group 2 TRPs
(Table 1). As with the group 1 TRPs (TRPC, TRPV, TRPA, TRPM and
TRPN), the two group 2 TRPs (TRPML and AMO) include six TMDs.
However, Brv proteins, which are related to TRPP1 (The
International Polycystic Kidney Disease Consortium 1995), con-
sist of a greater number of TMDs (up to 11). The C-terminal six
TMDs of TRPP1 proteins bear sequence similarity to TRPP2 chan-
nels, suggesting that they might be cation channels. Indeed,
functional expression of Brv1 in tissue culture cells indicates that
it is a pore-forming subunit of a stretch-activated channel (Zhang
etal. 2018).

Similar to the requirement for NOMPC, Brv1l is required in
class III md-da neurons for gentle touch (Zhang et al. 2018). Thus,
the question arises as to the function of two mechanically-gated
channels in the same cells and whether they form distinct or het-
eromultimeric channels. Based on the results of in vitro patch
clamp recordings, it is proposed that Brvl functions autono-
mously as a stretch-activated channel and also as a modulator of
NOMPC (Zhang et al. 2018).

Noxious touch

The ability to sense noxious mechanical stimuli is critical for sur-
vival, as it allows larvae and flies to detect assaults that cause in-
jury, including attacks from parasitic wasps and mites (Hwang
et al. 2007; Li et al. 2016). Strong mechanical stimulation is sensed
in adults by the same MSNs associated with macrochaetes and
microchaetes that are involved in light touch. Thus, the interpre-
tation of whether the mechanical stimulus is soft or noxious may
be defined by action potential frequencies. The MSNs in the re-
curved bristles on the wing margins may also be involved in both
light and harsh touch (Li et al. 2016).

In larvae, mechanical nociception is detected through class IV
neurons, which are endowed with the most extensive and highly
branched dendritic arbors among all the da neurons (Figure 7B)
(Grueber et al. 2002; Hwang et al. 2007). These neurons respond to
several types of noxious cues including harsh mechanical stim-
uli, short wavelength light as described above, and noxious heat,
as described below. In adults, mechanical nociception is detected
by movement of external mechanosensory bristles (Walker et al.
2000; Liet al. 2016).

Multiple classes of channels function in class IV neurons in
larvae for detection of noxious mechanical stimuli. These include
the TRPA channels (Pain) (Tracey et al. 2003), and TRPA1 (Zhong
et al. 2012) as well as three ENaCs: Ppk (Ppk1), Ppk26 (Balboa), and
Ppk30 (Zhong et al. 2010; Guo et al. 2014; Mauthner et al. 2014; Jang
et al. 2019). Ppk1 and Ppk26 may form subunits of a heteromul-
timer (Mauthner et al. 2014). Given that ENaCs include three sub-
units (Hanukoglu 2017), it is plausible that the functional
channel may consist of a Ppk1/Ppk26/Ppk30 heterotrimer. The
Drosophila homolog of mammalian Piezo channels, which are me-
chanically gated (Coste et al. 2010), is also required in larvae for
mechanical nociception (Kim et al. 2012). Mammalian Piezo chan-
nels are comprised of 38 TMDs and form a trimer with extended
arms resembling a propeller (Guo and MacKinnon 2017; Saotome
et al. 2018; Zhao et al. 2018).

While multiple channels have been uncovered that function
in mechanical nociception in larvae, the channels required for
the detection of harsh touch in adult flies have not been explicitly
identified. However, they are presumably NOMPC and Nan. The
MSNs in external bristles that express these proteins detect both
low- and high-intensity mechanical stimuli, and most likely do so
through these TRP channels.

Temperature sensation

The ability to sense environmental temperatures is critical for
survival, as it alerts animals to suboptimal or dangerously hot
and cold conditions. The capacity to sense and respond to ambi-
ent temperature is especially important for very small, poikilo-
thermic organisms, such as Drosophila whose body temperature
equilibrates with the environment. Moreover, the rate of develop-
ment and body size is very sensitive to the surrounding tempera-
ture (Ray 1960). While 18-25°C is the ideal range for Drosophila, an
increase from just 18°C to 25°C accelerates the rate of develop-
ment twofold. If the flies are forced to remain at 10°C, they go
into diapause and cease reproduction. Long-term exposure to
temperatures >35°C greatly decreases survival. Due to the major
consequences of even relatively small differences in temperature
on physiology, both larvae and adults are endowed with a variety
of thermosensory neurons and molecular mechanisms to sense
hot, cold, and slightly suboptimal temperatures in the comfort-
able range.

Behavioral responses by larvae to noxious and
suboptimal temperatures

Larvae avoid uncomfortably high and low temperatures by or-
chestrating a set of discrete behaviors that allow them to sense a
temperature gradient and then adjust their direction of move-
ment (Kwon, Shen, et al. 2010; Luo et al. 2010; Lahiri et al. 2011;
Klein et al. 2015). To assess the environmental temperature at a
given time, a larva stops its forward movement, and sweeps its
head from side to side one or more times. If the animal is moving
in the direction of a less desirable temperature, the forward run
lengths decrease, and the total number of turns and the average
turning angle increases (Kwon, Shen, et al. 2010; Luo et al. 2010;
Lahiri et al. 2011, Klein et al. 2015). However, if a larva comes into
contact with a hot probe that contacts a discrete point on its
body (e.g. 44°C), it attempts to quickly escape by initiating a very
rapid rolling response perpendicular to its body axis (Tracey et al.
2003). Larvae will also initiate a rolling escape response at much
lower warm temperatures if the entire body is subjected to a very
fast rise in temperature (Luo et al. 2017). In contrast to the rapid
rolling escape behavior induced by dangerous heat, larvae react
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to noxious cold (<14°C) by contracting their bodies (Turner et al.
2016).

Channels required in larvae for detecting noxious
heat and cold

Multiple channels are activated directly by hot temperatures,
and contribute to the detection of uncomfortable or noxious heat
in larvae, including the TRPA channels, Pain, and TRPAL.
Mutations affecting either of these channels impair the rolling re-
sponse to a hot probe of ~44°C (Tracey et al. 2003; Neely et al.
2011; Zhong et al. 2012; Gu et al. 2019). In addition, Pain and
TRPA1 promote thermal allodynia and hyperalgesia, respectively
(Babcock et al. 2011). The contributions of Pain and TRPA1 to heat
nociception are mediated through class IV multidendritic neu-
rons (Figure 7B), which also sense harsh touch (Tracey et al. 2003;
Neely et al. 2011; Hwang et al. 2012).

The requirements for Pain to detect noxious mechanical and
thermal stimuli appear to be mediated by distinct isoforms. Pain
is alternatively spliced resulting in production of versions with
different numbers of N-terminal ankyrin repeats (two, six, and
eight) (Hwang et al. 2012). Based on genetic rescue of a strong pain
allele, the isoform with eight ankyrin repeats (Pain?'%%) functions
in thermal but not mechanical nociception, while the isoform
with only two ankyrin repeats (Pain?®°) is needed for mechanical
but not thermal nociception (Hwang et al. 2012). These results ar-
gue against the concept that a large string of ankyrin repeats
serve as gating spring, at least for Pain (Hwang et al. 2012).

TRPA1 is expressed as five isoforms (TRPA1-A-TRPA1-E)
(Kwon, Kim, et al. 2010; Kang et al. 2012; Zhong et al. 2012; Gu et al.
2019) all of which share the same 13 N-terminal ankyrin repeats,
TMDs and C-termini, but include distinct combinations of two al-
ternative N-termini and two short sequences between the
ankyrin repeats and TMDs. Multiple studies demonstrate that
TRPA1-A and TRPA1-D are heat activated in vitro and function in
temperature sensation in vivo (Viswanath et al. 2003; Kang et al.
2012; Zhong et al. 2012; Luo et al. 2017; Gu et al. 2019). TRPA1-B
and TRPA1-C may also be heat-activated at least in vitro (Gu et al.
2019). Although there are variations in the thermal thresholds in
different heterologous expression systems, TRPA1-A appears to
be turned on at approximately >27°C, while TRPA1-D is activated
at approximately >34°C. The TRPA1-E isoform may not be func-
tional.

Both TRPA1-C and TRPA1-D are expressed in class IV neurons,
where they have different nociceptive functions. Class IV neurons
mediate the writhing response due to exposure to UV-C, which
promotes production of H,0, (Kim and Johnson 2014). TRPAL1 is
activated by H,0, (Guntur et al. 2015), and the TRPA1-C isoform
in class IV neurons is required for the nociceptive response to
UV-C (Guntur et al. 2017). TRPA1-D in these same class IV neu-
rons functions in thermal nociception (Gu et al. 2019).

Many animals including Drosophila are sensitive not only to
the absolute temperature but also to the rate of temperature
change. Larvae exhibit a robust nociceptive rolling response at
lower temperatures when the rate of temperature increase is
very rapid vs very slow (29 vs 34°C) (Luo et al. 2017). These rolling
behaviors, which are stimulated by heating the entire body, are
evoked by temperatures considerably lower than the >39°C
needed to induce rolling with a heat probe applied to a small spot
on the larvae. The ability to sense the rate of temperature change
depends on expression of TRPA1-A in a small subset of neurons
in the brain (Luo et al. 2017). This is distinct from the roles of
TRPA1-C and TRPA1-D in class IV neurons in sensing a much hot-
ter noxious heat probe applied to specific portion of the body.

In addition to TRP channels, an anoctamin family member
called Subdued functions in sensing noxious heat in larvae.
Anoctamin proteins have 8 TMDs, and some family members are
Ca’?*-activated Cl~ channels. Similar to mammalian Anol (Cho
et al. 2012), Subdued is activated by Ca>" and >40°C and contrib-
utes to depolarization. The channel is required in class IV neu-
rons for the rolling escape response that is stimulated by a hot
probe. The Subdued channel may function in concert with TRPA1
and Pain. Heat activation of these TRP channels may provide the
Ca’" that augments the thermal activation of Subdued, thereby
contributing to heat-induced depolarization (Jang et al. 2015).

In contrast to the class IV neurons that respond to noxious
heat, larvae detect noxious cold (<10°C) through class III multi-
dendritic neurons (Turner et al. 2016). The contractions of larvae
in response to cold are mediated by three TRP channels in class
III neurons: NOMPC, TRPM, and PKD2 (Turner et al. 2016) (PKD2 is
also known as AMO) (Watnick et al. 2003). It remains to be deter-
mined if any of these channels are directly cold activated.

Larval detection of slightly warm and cool
temperatures

Distinct from the rolling escape and body contractions that lar-
vae employ in response to noxious heat and cold, larvae use navi-
gation to avoid slightly uncomfortable temperatures (Kwon,
Shen, et al. 2010; Luo et al. 2010; Lahiri et al. 2011; Klein et al. 2015).
Thermotaxis down a temperature gradient from excessively
warm temperatures (31-35°C) toward 24°C depends on TRPA1
(Rosenzweig et al. 2005).

Larvae prefer temperatures in the 18-24°C range (Kwon et al.
2008), although their ideal temperature within this range varies
with the developmental stage. When placed in an 18-25°C gradi-
ent, mid- or late-third instar larvae accumulate in the 18°C zone
due to avoidance of the warmer temperatures (Sokabe et al.
2016). TRPA1 is also required for temperature discrimination
within the 18-24°C (Kwon et al. 2008), which is below the approxi-
mate >27°C required for direct activation of the lowest threshold
TRPA1 isoform (Viswanath et al. 2003; Kang et al. 2012; Zhong
etal. 2012; Gu et al. 2019).

In the comfortable temperature range (18-25°C) TRPA1 is indi-
rectly activated through a G4, PLCB signaling cascade (Kwon et al.
2008; Shen et al. 2011; Sokabe et al. 2016). The GPCRs that initiate
this cascade are three rhodopsins: Rh1, Rh5, and Rhé (Shen et al.
2011; Sokabe et al. 2016). Thus, TRPA1 is thermally activated
through two mechanisms. Noxious or uncomfortable heat
(>27°C) directly activates TRPAL. However, temperatures in the
comfortable range that are below the threshold for activating any
TRPA1 isoform indirectly activate TRPA1 through an amplifica-
tion cascade that this is initiated by multiple rhodopsins. Since
GPCRs may be tetrameric (Petrin and Hebert 2012; Redka et al.
2014; Cordomi et al. 2015; Navarro et al. 2016; Sleno and Hebert
2019), the three rhodopsins required for initiating the amplifica-
tion cascade may form a heteromultimeric receptor. It remains
to be determined whether the rhodopsins are direct thermosen-
sors. If so, the environment of the thermosensory neurons must
enable rhodopsins to overcome the high thermal stability of
these proteins in photoreceptor cells (Luo et al. 2011).

Larvae also use a navigation strategy to locate slightly warmer
temperatures over temperatures that are cool but not noxious.
This behavior depends on three bilaterally symmetrical neurons
in each dorsal organ near the fly head (Figure 7C) (Klein et al.
2015), which require IR21a, IR25a, and IR93a (Knecht et al. 2016;
Ni et al. 2016). Cool sensing does not only appear to be limited to
the head region but also depends on chordotonal neurons and
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the TRPV channel, Iav, since multiple alleles eliminate the ability
of third instar larvae to discriminate between 17.5 and 14°Cin a
two-way choice assay (Kwon, Shen, et al. 2010). Another study
concluded that Iav does not play a role because expression of the
tetanus toxin light chain in chordotonal neurons has no impact
on temperature discrimination (Klein et al. 2015). However, tem-
perature preferences change significantly during larval develop-
ment, and this latter study was conducted using an earlier larval
stage (second instar) and under different temperature conditions
(15-22°C gradient).

Sensing innocuous warm and cool temperatures
in adults

Adult flies sense slight warming and cooling through different
sets of neurons and multiple channels. Mild heating is detected
in part through “anterior cell” neurons in the brain (Hamada et al.
2008) and by activation of three of the six neurons in the arista—
the “hot cell” neurons (also called heating cells) (Foelix et al. 1989;
Gallio et al. 2011; Ni et al. 2013) (Figure 7D). Gentle cooling is
through stimulation of neurons in the sacculus and the other
three neurons in the arista referred to as cold cells (also called
cooling cells; Figure 7D), which have dendrites consisting of com-
plex layers of lamellae, decorated on the outside with small par-
ticles (BOSS-structures) (Foelix et al. 1989; Gallio et al. 2011;
Budelli et al. 2019).

The sensation of cooling by the cold cells depends on the three
Brv proteins (Brvl, Brv2, and Brv3) (Gallio et al. 2011). Loss of any
of these Brv proteins impairs the behavioral discrimination of
25°C from cool temperatures, such as 15°C (Gallio et al. 2011). A
subsequent study concludes that the Brv proteins are dispensable
for activating cold cells (Budelli et al. 2019). Rather, cool activation
of the cold cells is reported to depend on the same three IRs
(IR21a, IR25a, and IR93a), which function in the larval dorsal or-
gan (Budelli et al. 2019). However, the paradigms tested in the two
studies were quite different. First, the study focusing on the IRs
did not examine a contribution of the Brv proteins in the cool
range. Rather, they tested roles for the IRs and Brvs in cooling
from 30 to 25°C (Budelli et al. 2019). Second, the analysis by
Budelli et al. (2019) did not address the behavioral effects of loss
of the Brv proteins for detecting cool stimuli. Thus, the Brvs and
IRs may all contribute to sensing either cool temperatures or
cooling but in different ranges.

In addition to functioning in cool sensation, mutations elimi-
nating IR21a, IR253, or IR93a also disrupt the morphology of the
cold cells (Budelli et al. 2019). If morphogenesis depends on the
IRs, this finding would be reminiscent of the dual requirements
of rhodopsin 1 (Rh1) for light sensation and for morphogenesis of
fly photoreceptor cells (Montell 2012). However, an alternative
explanation is that the Ir mutations cause rapid degeneration of
structures in the cold cells.

The behavioral responses to slow and rapid warming in the in-
nocuous range appear to be mediated through distinct mecha-
nisms. The slow response depends on TRPA1 in anterior cells
while the rapid response to increasing temperature is impaired
by loss of Gr28b(D), which is expressed in hot cells (Figure 7D) (Ni
et al. 2013). Both TRPA1 and GR28b(D) are required in adults for
sensing the rate of temperature change, as well as the absolute
temperature (Soto-Padilla et al. 2018). However, the behavioral
deficits elicited by the Gr28b mutants are only partial (Soto-
Padilla et al. 2018; Budelli et al. 2019). The response to rapid warm-
ing also depends on the cold cells and expression of the IRs
(Budelli et al. 2019) through a mechanism that remains to be de-
scribed.

Sensors for noxious temperatures in adults

Currently, none of the cold channels/receptors have been de-
fined. However, three warm or hot activated TRP channels are re-
quired for sensing noxious heat in adults, all of which belong to
the TRPA subfamily: TRPA1, Pain, and Pyrexia (Pyx) (Viswanath
et al. 2003; Lee et al. 2005; Xu et al. 2006; Sokabe et al. 2008; Neely
et al. 2010, 2011; Zhong et al. 2012; Gu et al. 2019). Mutations in
trpAl and pain greatly decrease the fly’s capacity to sense a very
hot environment such as ~45°C (Xu et al. 2006; Neely et al. 2010,
2011). As a consequence, the mutant animals remain in zones
with noxious heat and become incapacitated (Neely et al. 2010,
2011) or are impaired in a heat-induced jump response (Xu et al.
2006). While the specific neurons required for detection of high
temperatures are unknown, behavioral experiments using flies
with different appendages surgically removed suggest that the
neurons may be situated in the antenna and proboscis (Neely
et al. 2011). The third heat-activated TRPA channel, Pyx contrib-
utes to heat tolerance since pyx mutant animals are quickly para-
lyzed (<3 min) in a 40°C environment (Lee et al. 2005).

Hearing, vestibular,

wind,
sensation in adults

and gravity
Hearing contributes to multiple social and defensive behaviors in
adults including courtship, aggression, and helping larvae evade
predators (Shorey 1962; Zhang, Yan, et al. 2013; Versteven et al.
2017). To enhance courtship success, males extend one wing and
initiate wing vibrations to produce sounds, which help the female
determine that the male is a conspecific (Shorey 1962; Hall 1994;
Riabinina et al. 2011; Albert and Gopfert 2015; Ishikawa and
Kamikouchi 2016). There are three types of “courtship song"—
two pulse and one sine type, and the probability of displaying one
or the other is influenced by visual feedback (Clemens et al. 2018;
Deutsch et al. 2019). If the courtship song stimulates female re-
ceptivity, she then slows down to accept the male (Hall 1994;
Crossley et al. 1995). In the absence of a courtship song, the flies
still mate, but the rate is reduced (Bennet-Clark and Ewing 1969).

Males become aggressive when competing with other males
for mating partners, food, and territory. Aggression is displayed
and communicated through a complexity of behaviors and
senses including acoustic stimuli created by vibration of both
wings extended out from their bodies (Jonsson et al. 2011,
Versteven et al. 2017). The auditory signals produced by aggres-
sive males are not confused with the courtship song, because
they lack a sine-like pattern and are characterized by longer
interpulse intervals (Jonsson et al. 2011).

Larvae are also endowed with the ability to sense auditory
stimuli. They detect sounds of predators, such as wasps and yel-
low jackets, and respond with a startle response and by attempt-
ing to escape by burrowing into their food (Zhang, Yan, et al
2013). Larvae detect only low- but not high-frequency sounds.

In adult flies, the ear is located in the antenna and includes
the Johnston's organ (JO), which harbors the largest set of MSNs
in the fly (~475) (Kamikouchi et al. 2006). Sound is captured by a
feathery appendage called the arista, which extends out from the
largest of three antennal segments (the third antennal segment;
A3; also known as the funiculus; Figure 8A). Sound-induced
vibrations of the arista in the range of ~10-1000Hz as well as
larger, lower frequency vibrations and static deflections produced
by wind and gravity (Budick et al. 2007; Kamikouchi et al. 2009;
Yorozu et al. 2009; Patella and Wilson 2018) cause the main part
of A3 to turn along its longitudinal axis. The rotation of A3
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Figure 8. Auditory organ. (A) Antenna showing location of Johnston’s
organ (JO) in the 2nd antennal segment (A2). The arista and 3rd antennal
segment are indicated. Shown are chordotonal neurons in the JO that
function in detecting sound (purple) and wind/gravity (green). (B) A
single scolopidium, which is the repeat unit in chordotonal organs such
as the Johnston'’s organ. Each scolopidium in the JO is comprised of
multiple cells including two neurons, a ligament cell, a scolopale cell,
and a cap cell. The various parts of the neuron are indicated to the right.

activates neurons in the JO in the second antennal segment (A2)
also known as the pedicel (Figure 8A). Each JO contains ~200 re-
peat chordotonal units (scolopidia) most of which (~90%) contain
two ciliated, bipolar JO neurons in addition to support cells
(Figure 8B) (Todi et al. 2004; Ishikawa et al. 2020). One end of each
chordotonal unit is attached to the A2/A3 joint, while the other is
attached to the A2 cuticle. These physical attachments contrib-
ute to the mechanical activation of JO neurons. The ciliated den-
drite is separated into two parts by a ciliary dilation—a distal
region (tip) that comprises about a fourth of the dendrite, and a
proximal region that makes up most of the dendrite.

The JO neurons that sense sound (JO-A and JO-B) are distinct
from those that detect wind and gravity (JO-C and JO-E)
(Kamikouchi et al. 2009; Yorozu et al. 2009; Matsuo and
Kamikouchi 2013; Matsuo et al. 2014; Ishikawa et al. 2020). The
precise role of JO-D neurons is not clear, although they are
activated by both vibrations and static deflections (Matsuo et al.
2014). Many JO neurons are also activated during flight and con-
tribute to proprioception (Mamiya and Dickinson 2015).

The different classes of JO neurons express three TRP
channels—NOMPC, NAN, and IAV. In JO-A/B neurons and other
chordotonal neurons, NOMPC is spatially restricted to the distal
dendrite, while the two TRPV channels, Nan and Iav, which are
proposed to form a heteromultimeric channel, are localized to
proximal region (Figure 8B) (Kim et al. 2003; Gong et al. 2004;
Cheng et al. 2010; Lee, Moon, et al. 2010; Liang et al. 2011). The seg-
regation of these TRP proteins to different segments of JO neuron
dendrites depends on a protein called TULP, which is necessary
for protein trafficking (Park et al. 2013). Interestingly, mammalian
homologs of this protein are required for the localization of some
sensory receptors such as rhodopsin (Hagstrom et al. 2001).

Currently, the mechanism of auditory transduction is contro-
versial. According to one model, NOMPC is the mechanically-acti-
vated channel in auditory JO-A/B neurons and contributes to
signal amplification largely through promoting subsequent acti-
vation of the Nan/lIav channel (Gopfert and Robert 2003; Gopfert
et al. 2006; Kamikouchi et al. 2009; Lee, Moon, et al. 2010; Effertz
et al. 2011, 2012; Albert and Gopfert 2015). The less sensitive
wind/gravity-sensing JO-C/E neurons do not express NOMPC and
therefore depend on another mechanically-gated channel in the
distal dendrite that remains to be identified (Kamikouchi et al.
2009; Albert and Gopfert 2015). Using sensitive electrophysiologi-
cal recordings from giant fiber neurons, which are electrically
coupled to JO neurons, another study concludes that Nan/Iav is

the transduction channel, and NOMPC contributes to sensitivity
of the JO-A/B neurons (Lehnert et al. 2013). Expression of NOMPC
in vitro leads to a rapidly activated cation conductance upon me-
chanical stimulation (Gong et al. 2013; Yan et al. 2013; Zhang et al.
2015; Jin et al. 2017) supporting the proposal that NOMPC might
be an auditory transduction channel. On the other hand, the
Nan/Iav heteromultimer has not been shown to be mechanically
gated, although each of the two individual subunits are activated
in vitro by bathing the cells in a hypotonic solution, which causes
membrane stretch (Kim et al. 2003; Gong et al. 2004).
Nevertheless, the preponderance of evidence indicates that
NOMPC and NAN/IAV contribute to hearing (Eberl et al. 2000; Kim
et al. 2003; Gong et al. 2004; Gopfert et al. 2006; Effertz et al. 2011,
2012; Lehnert et al. 2013). Intriguingly, two opsins (Rh5 and Rh6)
and some of the same proteins that function in phototransduc-
tion are expressed in JO neurons and function in amplification of
the response to sound (Senthilan et al. 2012). However, the mech-
anism through which these proteins promote amplification is
unclear.

In addition to Nan/Iav, gravity sensation also depends on two
TRPA channels, Pain and Pyx, which are expressed in the JO (Lee
et al. 2005; Al-Anzi et al. 2006; Sun et al. 2009). pain is detected in
JO neurons, while pyx is localized to cap cells (Figure 8B) (Sun
et al. 2009). The contributions of pain and pyx to gravity sensation
raise a number of unresolved questions. Are either Pain or Pyx di-
rectly mechanically gated? Does activation of Pyx in cap cells
contribute to activation of Nan/lav in JO-C/E neurons? Another
question is whether Pyx is localized to the distal tip of the JO-C/E
as is the case for NOMPC in JO-A/B neurons.

Concluding remarks: sensory receptors as
molecular Swiss Army Knives

The work on Drosophila sensory reception has contributed greatly
to overturning the long-standing view that each sense functions
through specialized receptors dedicated to detecting only one
specific type of stimulus. According to this dogma, vision
depends on rhodopsin—a protein that functions exclusively in
light reception. Somatosensation and hearing employ receptors
that have been honed to perfection for these senses only, while
smell and taste are made possible by proteins uniquely capable
of binding volatile and nonvolatile ligands, respectively.

Due to the many discoveries using Drosophila molecular genet-
ics, the former view that receptors are sculpted to serve only one
type of sense is now replaced with the concept that sensory
receptors have multimodal functions. TRP channels represent
the first and best-documented example of evolutionarily con-
served multimodal sensory receptors (Venkatachalam and
Montell 2007). They are instrumental for senses ranging from vi-
sion to thermosensation, touch, hearing, smell, taste, and hygro-
sensation. More recent is the realization that opsins are not just
light sensors, but also function in thermosensation, hearing, and
taste. In addition, another large family of receptors that are also
multitaskers are the so-called “gustatory receptors” (GRs). In
spite of their name, they are much more than taste receptors.
They also function in smell, thermosensation, and most surpris-
ingly, in light-reception. Similarly, the “lonotropic Receptors”
(IRs) were originally characterized as a class of olfactory receptor
but have additional roles in taste, thermosensation, and hygro-
sensation.

A central question is the coding mechanism that allows flies
to accurately differentiate between different stimuli that activate
the same receptor. For example, since light and gustatory input
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both activate the same opsins, how do flies tell the difference be-
tween light and chemicals? What allows the animals to accu-
rately identify the type of stimulus is dictated by the neurons
that are activated or inhibited, rather than the particular type of
receptor. Activation of opsins in photoreceptor cells is interpreted
as light sensation, while activation of opsins in bitter GRNs is
interpreted as an aversive chemical. An even further complica-
tion is that the same neurons can be activated by different dis-
tinct stimuli. Class B GRNs are activated by bitter compounds
and by cool temperatures. In addition, MSNs in the labellum are
activated by food texture and by cool temperatures. Thus, if only
the class B GRNs are activated, then the animal interprets the
stimuli as bitter. If MSNs are activated, the fly is sensing food tex-
ture. However, only if class B GRNs in S- and I-type sensilla, as
well as MSNs, are activated does the animal interpret the exter-
nal signal as a cool temperature.

In conclusion, molecular genetic approaches in flies have
revealed many families of sensory receptors that can be thought
of as collections of molecular Swiss Army Knives. An unopened
Swiss Army Knife could be confused at first with a simple pocket
knife. However, upon investigating the inner workings of differ-
ent Swiss Army Knives, what emerges is a diversity of types from
the classic version with two functions (a knife and scissors) to
very complex variations with an impressive array of tools that
serve many functions. Similarly, Drosophila molecular genetics
has been enormously successful in revealing the many families
of multitasking sensory receptors some of which are evolution-
arily conserved throughout animal phylogeny (TRPs and rhodop-
sins). Others are restricted to certain insects and other
invertebrates (GRs and IRs). While it is already established that
mammalian TRP channels are polymodal sensory receptors,
exciting questions for the future include investigations into un-
conventional roles for mammalian sensory receptors including
opsins, gustatory receptors, olfactory receptors, and mechani-
cally-gated channels that function in hearing and somatosensa-
tion.
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