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Molecular and cellular basis
of sodium sensing in Drosophila labellum

Wayessa Rahel Asefa,’® Jin-Nyeong Woo,”¢ Seon Yeong Kim,”3# Hyungjun Choi,"® Hayeon Sung,'*
Min Sung Choi," Minkook Choi,” Sung-Eun Yoon,® Young-Joon Kim,*” Byung-Chang Suh,”* KyeongJin Kang,**
and Jae Young Kwon'-7*

SUMMARY

Appropriate ingestion of salt is essential for physiological processes such as ionic homeostasis and
neuronal activity. Generally, low concentrations of salt elicit attraction, while high concentrations elicit
aversive responses. Here, we observed that sugar neurons in the L sensilla of the Drosophila labellum
cf. responses to NaCl, while sugar neurons in the S-c sensilla do not respond to NaCl, suggesting that gus-
tatory receptor neurons involved in NaCl sensing may employ diverse molecular mechanisms. Through an
RNAi screen of the entire Irand ppk gene families and molecular genetic approaches, we identified IR76b,
IR25a, and IR56b as necessary components for NaCl sensing in the Drosophila labellum. Co-expression of
these three IRs in heterologous systems such as S2 cells or Xenopus oocytes resulted in a current in
response to sodium stimulation, suggesting formation of a sodium-sensing complex. Our results should
provide insights for research on the diverse combinations constituting salt receptor complexes.

INTRODUCTION

Saltingestion is essential for multiple physiological processes, such as neuronal excitation, transmembrane transport of organic compounds in
diverse tissues, and osmotic homeostasis. Excessive salt intake often disrupts these intricate functions, posing significant challenges to the
overall well-being of the organism. As an example, elevated Na* ion concentration has been implicated in the onset of various health concerns,
including hypertension, gastrointestinal cancer, osteoporosis, and autoimmune disorders.'™ Therefore, the regulation of appropriate salt con-
sumption is essential. Many animals are known to prefer salt up to 100 mM NaCl, but to gradually dislike it at higher concentrations.”® In mice,
low concentrations of sodium salt (<100 mM) are mainly sensed by amiloride-sensitive epithelial sodium channels (ENaC) expressed on the
apical surface of taste receptor cells.” In contrast, high salt taste acts as an aversive cue through the bitter and sour taste pathways in mice.”

The Drosophila labellum has been a valuable research model due to its ability to detect a wide range of tastes including salt. The labellum
is composed of 31 taste sensilla categorized into three classes based on their length: long (L-type), short (S-type), and intermediate (I-type).
L- and S-type sensilla possess four gustatory receptor neurons (GRNs), while I-type sensilla have two GRNs.”"" Sugars, bitter compounds, or
water (osmolarity) each elicit responses in subsets of GRNs, whereas in the case of NaCl, all GRN types exhibit dose-dependent excitation or
inhibition by salt.®'?

In the fly labellum, two cell types exhibit low salt tuning properties. Sugar neurons respond to higher concentrations of sodium but display
a relatively low threshold for sodium activation, making them responsible for appetitive behavior induced by low sodium concentrations.® '
Additionally, it is known that lonotropic receptor 94e (Ir94e)-GAL4-expressing GRNs are also activated by low sodium concentrations.’

Two other cell types, bitter GRNs and pickpocket23 (ppk23)-expressing glutamatergic GRNs, act as high salt GRNs, responding to high
salt concentrations and promoting avoidance behavior.”'* At the molecular level, IR76b is known to be expressed in many GRNS, forming a
core complex with IR25a. The core complex together with IR56b induces an attractive response to low concentration salt,'® while the core
complex with IR7c induces an aversive response to high concentrations of salt.'

In this study, we delve into the comprehensive characterization of NaCl-responsive gustatory sensilla in the Drosophila labellum. Through
selective inactivation and rescue experiments using specific GAL4 drivers, we discovered that in the L sensilla, sugar-sensing neurons account
for the majority of NaCl responses. However, in the S-c sensilla, among the neurons expressing Ir76b-GAL4, neurons other than the
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Figure 1. Salt response of gustatory receptor neurons in the Drosophila labellum

(A) Schematic representation of taste sensilla on the fly labellum.

(B) Control wCS labellar taste sensilla responses to 50 mM and 500 mM NaCl. n = 3-9. All spikes, regardless of amplitude, were counted for quantification. The
L- and S-type sensilla showed spikes of relatively similar amplitudes, while the I-type sensilla showed spikes of diverse amplitudes, large and small.

(C) Sample traces of recordings from (B).

(D and E) Schematic representation illustrating the four gustatory receptor neurons (GRNs) constituting the L sensilla (D) and S-c sensilla (E), each labeled with
respective GAL4 drivers (left). Responses to NaCl and sucrose when specific GRNs were inactivated using the indicated GAL4 drivers and UAS-Kir2.1. n = 3-10.
One-way ANOVA was followed by Tukey's post-hoc test.

(F) Responses to NaCl upon GRN-specific rescue using the indicated GAL4 drivers in the Ir76b mutant. n = 3-10. Two-way ANOVA was followed by Dunnett's
multiple comparison test. Statistical analyses compared each group with control wCS (gray bar). Bars in all figures represent the SEM, and open circles represent
data points. a: p < 0.05, b: p < 0.01, c: p < 0.001.

sugar-sensing GRNs detect NaCl. These findings suggest the presence of distinct NaCl-sensing neuronal populations in the labellum, poten-
tially indicating the existence of independent receptor complexes for NaCl detection. Previous studies implicated the Irand ppk gene families
in salt sensing in Drosophila, prompting us to conduct an RNAI screen targeting these gene families.® "> Also, we targeted the Irs expressed
in the labellum as candidates and identified receptors essential for NaCl sensing.'” Using molecular genetics and electrophysiological
approaches, we verified the essential roles of IR76b, IR25a, and IR56b for NaCl detection in the Drosophila labellum. Furthermore, upon
ectopically expressing these three IRs in S2 cells and Xenopus oocytes, we observed the generation of currents in response to NaCl, demon-
strating their capacity to form a functional NaCl receptor complex.

RESULTS
NaCl responses in labellar taste neurons

In the Drosophilalabellum, about 31 bristles exist on each side of the left and right hemispheres, which are generally classified into three types
based on their length (Figure 1A). Drosophila labellar sensilla were found to elicit responses to both low and high concentrations of NaCl
(Figure 1B).%"31%17.18 Oyerall, all nine L-type sensilla showed robust responses to NaCl, with L3 and L4 exhibiting particularly stronger re-
sponses to 50 mM NaCl (Figure 1B). Among the S-type sensilla, S-c sensilla (54 and S8) showed exceptionally strong responses, while the re-
maining sensilla exhibited weak responses of less than 20 spikes/sec, consistent with previous studies (Figure 1B)."*"""'® Since the S-c sensilla
do not respond at all to bitter compounds, in contrast to the other S-type sensilla,”® and respond strongly and specifically to NaCl, we focused
onthe S-csensilla. The response to NaCl in I-type sensilla varied depending on the sensillum (Figure 1B). I-type sensilla have two neurons, one
of which responds to sugars and low salt, and the other to bitters and high salt.”’ Both neurons can be activated by NaCl, resulting in a larger
amplitude due to the summation of coincident spikes in response to NaCl (Figure 1C). The response to NaCl in I-type sensilla is quite complex,
with considerable inter-individual variation and the production of action potentials of multiple amplitudes. Thus, we conducted subsequent
experiments specifically targeting the L and S-c type sensilla which show relatively easily interpreted responses. To test the specificity of these
saltresponsesinthe Land S-ctype sensilla, we tested for responses to 50 mM and 500 mM concentrations of KCl and sodium acetate. For KCl, a
mild response was observed only in response to the high concentration, while sodium acetate caused physiological responses at the lower
concentration, suggesting that the NaCl responses are elicited by Na+ and not by CI™ (Figure S1).

Each L-sensilla is composed of four chemosensory neurons, which have been shown to be labeled by Gré4f-GAL4 (sugar), ppk28-GAL4
(water), ppk23-GAL4 (high salt), and Ir'94e-GAL4 (low salt) through reporter expression and calcium imaging studies (Figure 1D).2 We utilized
these reagents to identify neurons responsible for the electrophysiological responses to NaCl. First, we performed functional ablation of each
taste neuron using Kir2.1, an inward rectifying potassium channel, and measured NaCl responses. Notably, when Ir76b-GAL4-expressing neu-
rons within the L sensilla were inactivated by UAS-Kir2.1, NaCl responses nearly vanished. Inactivated Gré4f-GAL4-expressing sugar-sensing
neurons showed a weak residual response to 500 mM NaCl, and no response to 50 mM NaCl. Responses to 100 mM sucrose were also absent
only when the function of Ir76b- or Gré64f-GAL4 expressing neurons was impaired. In addition, when the function of water sensing neurons was
impaired using ppk28-GAL4, responses to both low and high concentrations of NaCl were slightly reduced (Figure 1D and S2).

Previous studies demonstrated that gustatory responses to low salt, high salt, calcium, acids, amino acids, fatty acids, and polyamines
require the presence of IR76b."”"'8??2* Consistent with its widespread involvement in the taste system, Ir76b-Gal4 appears to be expressed
in every tested type of GRN.? IR76b was also shown to play an essential role in salt detection and Ir76b mutants are unable to detect
salt.®1%"718 Thus, we attempted to rescue the lack of salt response in the Ir76b mutant by expressing IR76b specifically in individual neurons
using GAL4 drivers in [r76b mutant flies, and found that NaCl responses were restored only when Ir76b- or Gré4f-GAL4 were used (Figure 1F).
Based on these results, it appears that sugar-sensing GRNs account for the majority of NaCl responses in the L sensilla, at least in our exper-
imental paradigm.

S-c sensilla also have four neurons, one of which is labeled by Gré4f-GAL4 and characterized as a sugar-sensing neuron, while the remain-
ing three neurons have not been fully characterized.” Similar to our approach with L sensilla, we investigated the NaCl response in S-c sensilla
neurons by selectively inactivating or rescuing specific neurons using GAL4 drivers in the Ir76b mutant. In contrast to L sensilla, when
Gré4f-GAL4-expressing neurons were inactivated, the response to sucrose was completely abolished, but the response to NaCl remained
intact. The response to NaCl was only absent when Ir76b-GAL4-expressing neurons were inactivated (Figure 1E and S2). While the Ir76b-GAL4
driver fully rescued NaCl responses in the Ir76b mutant, Gré4f-GAL4 did not (Figure 1F). These results suggest that in the S-c sensilla, neurons
other than sugar-sensing neurons, specifically those expressing Ir76b-GAL4, cf. responses to NaCl.
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Figure 2. Identification of Ir56b as a receptor necessary for NaCl detection in labellar sensilla

(A) The average values of labellar NaCl responses in progeny from crosses between the Ir76b-GAL4 driver and each IrRNAi line. The control, wCS, is positioned at
the top, followed by an increasing amplitude of responses starting from Ir76b RNAI, which has the smallest response to 50 mM NaCl in the L3 sensillum. n = 3-15.
(B) NaCl responses of Ir mutants. Error bars are the SEM and open circles are data points. Two-way ANOVA followed by Dunnett’s multiple comparison test;
n = 3-9. Each group compared with control wCS (gray bar). a: p < 0.05, c: p < 0.001.

Three ionotropic receptors are necessary for NaCl responses in L and S-c sensilla

Based on our experiments, it appeared that sugar-sensing neurons in the L sensilla detect NaCl, while in the S-c sensilla, Ir76b-GAL4-express-
ing neurons, not sugar neurons, detect NaCl. This led us to speculate that there may be independent receptor complexes for NaCl sensing in
these two types of neurons. To investigate this possibility, we conducted an RNAi screen with Irs and ppk genes as candidates using two con-
centrations of NaCl, 50 mM and 500 mM. We expressed individual Ir-RNAi constructs in all NaCl-sensing neurons using Ir76b-GAL4, and
measured the electrophysiological responses to 50 mM and 500 mM NaCl in L3 and L4 sensilla, as well as the response to 500 mM NaCl
in S4 and S8 of the S-c sensilla (Figure 2A). Compared to the wCS control, Ir76b and Ir25a RNAIi showed significantly reduced responses
in all cases, consistent with previous studies indicating an essential role of these two receptors in salt detection (Figure 2A).%'*'"® |n
Lsensilla, Ir11a, Ir41a, Ir87a, and Ir?4d RNAI resulted in reduced responses to both 50 mM and 500 mM NaCl, while Ir7e and Ir75b RNAI spe-
cifically reduced responses to 50 mM NaCl (Figure 2A). In S-c sensilla, apart from Ir25a and Ir76b RNAI, no other Ir RNAi showed a significantly
reduced response to 500 mM NaCl (Figure 2A).

We also investigated ppk RNAI using the same approach. While we did not find any ppk genes which RNAI significantly reduced the
response to NaCl in S-c sensilla, ppk3 and ppk22 RNAI resulted in reduced responses to both 50 mM and 500 mM NaCl in L sensilla. Addi-
tionally, ppk8, ppk13, ppk14, and ppk25 RNAI specifically reduced the response to 50 mM NaCl (Figure S3A). However, since the ppk RNAI
lines that decreased the response to 50 MM NaCl in L sensilla also exhibited reduced responses in UAS-RNAI control flies (Figure S3B), we did
not proceed with further experiments regarding the ppk genes.

Next, we examined Ir mutants as an additional means to identify and verify the Ir genes necessary for NaCl detection. In addition to the
candidates identified in the RNAi screen, we also included Ir genes known to be expressed in the labellum based on previous studies'? as part
of our candidate selection. Ultimately, we generated mutants for the following Ir genes: Ir7c, Ir11a, Ir47a, Ir56a, Ir56b, Ir87a, Ir94b, Ir94d, and
Ir94e. Among these Ir gene mutants, only the Ir56b mutant showed reduced responses to both low and high concentrations of NaCl in all
sensilla compared to the control (Figure 2B). In the Ir-RNAI line screen, Ir56b RNAi showed a response to NaCl comparable to the control,
but the Ir56b mutant was clearly defective in salt responses. This is likely due to low efficiency of RNAI.

We further investigated whether Ir56b is essential for NaCl detection in the Drosophila labellum. Both the Ir56b mutant we generated and
the insertion mutant obtained from the Bloomington Drosophila Stock Center showed reduced NaCl responses in all L- and S-type sensilla
(Figure 3A). Almost no response was observed to NaCl, ranging from low (10 mM NaCl) to high concentrations (500 mM NaCl) (Figures 3B
and 3C). However, the introduction of wild-type IR56b rescued the responses (Figures 3D and 3E). Similar to the Ir76b mutant, the Ir56b mutant
exhibited no issues with aversive behavior toward high concentration NaCl (500 mM), but showed defective preference behavior toward low
concentration NaCl (50 mM) (Figure 3F and S4). This behavioral defect in response to NaCl was also rescued by introducing wild-type IR56b
(Figure 3F). The Ir56b mutant showed responses comparable to control wCS flies for sugar (100 mM sucrose and trehalose) and bitter (1 mM
lobeline and 5 mM caffeine) stimuli, indicating that the impairment observed was specifically for NaCl (Figure S5). As previously reported, Ir76b-
GAL4 labels almost all of the labellar taste neurons, including sugar sensing neurons (Gré4f-lexA expressing neurons). Although most of the
Ir56b-GAL4 expressing neurons appear to be a subset of the sugar-sensing neurons, we cannot rule out the possibility that neurons expressing
only Ir56b exist (Figure S6). The role of Ir56b in sodium sensing was previously reported, ' but we independently identified Ir56b as a salt sensor
through construction of nine Ir mutants from candidates from our RNAi screen and candidates reported to be expressed in the labellum. In
summary, in the fruit fly labellum, Ir56b, Ir76b, and Ir25a are necessary for physiological activation in response to NaClin both L and S-c sensilla.

Three ionotropic receptors can form a functional NaCl receptor complex

To investigate whether the three IRs can form a receptor complex sufficient for NaCl detection, we used S2 cells and Xenopus oocytes.
Initially, we attempted to use cDNA clones of the three Ir genes and HEK293T cells, because a previous study had shown that IR76éb-express-
ing HEK293T cells showed an increased current in whole-cell recordings.!” However, no current was observed even when the three IRs were all
expressed in HEK293T cells. Since bitter receptor complexes were successfully expressed in 52 cells and observed to show a current,”?°
decided to use S2 cells. In addition, a recent study showed that Ir56b has an atypical structure with a minimal N-terminal region (NTR), unlike
other IRs. It is encoded by a pseudo-pseudogene with translational readthrough of a premature termination codon (PTC)."? In the same study,
Ir56b was found to be a gene that generates a single exon transcript that includes an annotated 51 bp intron in the Ir5éb transcript, and trans-
lational readthrough of the PTC in the Ir56b gene was verified.”® We hypothesized that the Ir56b cDNA we used was non-functional and thus
constructed a new cDNA with an intron that substituted the PTC with TTC, which encodes phenylalanine. To measure ionotropic receptor-
dependent currents, we performed a whole-cell patch clamp in S2 cells transfected with Ir genes and EGFP. The cells were held at a holding
potential of 0 mV and depolarized from —100 mV to 100 mV in 20 mV increments for 200 ms. S2 cells transfected with EGFP alone generated a
small current density (4.65 + 2.426 pA/pF) at 100 mV. However, S2 cells transfected with Ir genes elicited an almost 6 times larger current
density (30.12 + 2.426 pA/pF) than control cells at the same voltage (Figure 4A). The recorded current was considered a non-selective cation
current generated by the Ir genes, since the current-voltage graph was a straight line that passed through the zero point (Figure 4B), and the
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Figure 3. Ir56b is necessary for NaCl sensing

(A) Responses to 50 mM NaCl in control wCS, Ir56b”, and Ir56b™M8%7%% flies. n = 3-10. The values for the control are from Figure 1B.
(B) Responses to various concentrations of NaCl in control wCS, Ir56b", and Ir56b™B%77%0 flies.

(C) Representative traces of recordings in response to 100 mM NaCl.

(D) NaCl responses of L and S-c sensilla for the indicated genotypes. Error bars are the SEM and open circles are data points. Two-way ANOVA followed by
Dunnett's multiple comparison test; n = 3-12. a: p < 0.05, b: p < 0.01, c: p < 0.001.

(E) Sample traces of recordings from (D).

(F) Two-way preference behavioral responses to NaCl for the indicated genotypes. Error bars are the SEM and open circles are data points. One-way ANOVA
followed by Sidak’s multiple comparison test; n = 5-9. a: p < 0.05, c: p < 0.001. All statistical analyses compared each data point with control wCS (gray bar).

only freely transferable cations were the Na* and Cs™ ions based on the experimental solution conditions. We also tested whether the
heterologous expression of the three ionotropic receptors in Xenopus laevis oocytes correlates with current responses to increased NaCl
concentrations. Suggesting difficulty of heterologous expression of the IRs, only two out of five trials of cRNA microinjection significantly pro-
duced currents from the oocytes expressing IR56b TTC, IR76b, and IR25a in response to 80 and 100 mM NaCl (Figure 5). However, coinjection
of cRNA generated from the spliced version of Ir'56b cDNA with those of Ir76b and Ir25a did not yield current increases in response to up to
100 mM NaCl compared to the water injection control (Figure 5). This result suggests that IR56b tunes the IR complex with its coreceptors to
detect concentration changes of NaCl.

DISCUSSION

In this study, we conducted a screen to identify receptors essential for NaCl detection in the Drosophila labellum, targeting the Ir and ppk
gene families. After identifying Ir56b as a crucial component in NaCl sensing, we demonstrated that IRS6b, IR76b, and IR25a can form a func-
tional receptor complex capable of generating currents in response to NaCl in a heterologous system.

Initially, we used electrophysiological methods to identify GRNs activated by NaCl in the Drosophila labellum. Taken together, our exper-
imental results show that in the L-sensilla, sugar-sensing neurons play an important role in detecting NaCl, in particular, low concentrations of
NaCl. Inactivation of sugar-sensing GRNs almost completely abolishes the response to NaCl, and Gré4f-GAL4-driven IR76b expression in the
Ir76b mutant restores the physiological response to NaCl. However, since a residual response to 500 mM NaCl is observed when sugar-
sensing neurons are inactivated (Figure 1D), and the Ir56b mutant avoids 500 mM NaCl (Figure 3F), we cannot rule out the possibility that
more than one sodium-sensing neuron is present in the L sensilla, similar to previous studies.®'"?’

Salt sensing is not a simple labeled line system like sugar or bitter taste, but induces varying behavioral responses depending on concen-
tration.® In the Drosophila labellum, certain neurons are inhibited by sodium, while some are activated, and certain neurons respond to both
low and high salt. Therefore, future research should aim to precisely define the functions of different subsets of GRNSs in salt sensing under
various physiological conditions. While salt taste coding is undoubtedly complex, a point of consensus is that in the Drosophila labellum,
sugar neurons primarily react to low sodium concentrations, and bitter GRNs act as concentrations increase. This sweet GRN-mediated pref-
erence for low concentrations and bitter GRN-mediated aversion to high concentrations is not unique to salt but is also thought to apply to
fatty acids such as hexanoic acid.”” In real life situations, sweetness can become aversive at very high concentrations, and bitter and sour tastes
can be appetitive at low concentrations. It would be interesting to investigate whether the brain perceives other taste modalities differently
depending on concentration, in a similar manner to salt, as this is a commonly observed phenomenon in the olfactory system but has been less
explored in the taste system.

Until now, research on fly salt sensing has primarily focused on molecular mechanisms involving the Ir genes, but IR-independent salt
avoidance mechanisms also clearly exist. Our behavioral experiment results, as well as those of other studies, show that high concentrations
of NaCl (500 mM) are avoided by both the Ir76b and Ir56b mutants.'® Furthermore, in the case of IR7c, which has been proposed to potentially
form a functional high salt receptor with IR76b and IR25a, Ir7c mutants also exhibit high salt avoidance.'” Additionally, even when bitter-
sensing neurons that can detect high concentrations of NaCl independently of Ir76b are inactivated in the Ir76b mutant background, flies still
avoid 500 mM NaCl.?” It is possible that pharyngeal GRNs are involved in this response or that avoidance is due to changes in osmolality, or
that a toxic stimulus is perceived as pain. A recent study reported that a single pair of pharyngeal neurons that express Ir60b control the inges-
tion of high salt.”® Furthermore, sugar GRNs have been suggested to be inhibited by high concentrations of salt.?” As such, salt taste coding
might be influenced by the interaction among GRNs within a single sensillum.

Since RNAI of Ir76b or Ir25a, which were previously known to be essential for salt sensing, resulted in a lack of electrophysiological
response in both L sensilla and S-c sensilla, we initially expected that a screen using the Ir RNAI lines would yield additional components
involved in salt sensing. However, when mutants of candidate Ir genes obtained from the RNAi screen were constructed and tested, the mu-
tants showed a normal NaCl response. A possible explanation is that Ir RNAi had resulted in an overall inhibition of neuronal function,
including the response to salt, or a developmental defect. Ir56b RNAi showed a response to NaCl identical to the control, which may
have been due to low efficiency of RNAI.

In a previous study, bitter neurons responded to NaCl in a dose-dependent manner upon ectopic expression of IR56b in bitter-sensing
neurons of the labellum, whereas IR56b expression did not cf. a response to any concentration of NaCl in an Ir25a or Ir76b mutant back-
ground.’® These results suggest that IR56b, IR76b, and IR25a act together to enable a response to NaCl. In this study, we suggest that these
three receptors can form a functional sodium receptor complex by observing currents upon heterologous expression of these receptors in S2
cells and Xenopus oocytes, although not in the context of native fly GRNs. Specifically, when we introduced Ir76b, Ir25a, and Ir56b cDNAs into
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Figure 4. IR56b TTC + IR76b + IR25a elicited Na* currents in S2 cells

(A) Families of representative voltage-dependent current traces in S2 cells transfected with EGFP alone (black) or IR56b TTC, IR76b, IR25a, and EGFP (red). The
cells were held at a holding potential of 0 mV, and depolarizing voltage steps were applied from —100 mV to 100 mV in 20 mV increments for 200 ms.

(B) Current-voltage relationship of S2 cells expressing EGFP alone (black, n = 3) or IR56b TTC, IR76b, IR25a, and EGFP (red, n = 7).

HEK293T cells or Xenopus oocytes, no current was observed in response to sodium. Currents were observed when IR76b, IR25a, and IR56b
TTC were co-expressed in Xenopus oocytes and S2 cells, suggesting that all three components are essential. Strikingly, it should be noted that
cells appear to become sick when these receptors are expressed in S2 cells. EGFP was co-transfected when transfecting S2 cells, and S2 cells
expressing GFP looked sick compared to non-GFP-expressing cells. This may be due to the influence of salt present in the media. For these
reasons, we were unable to test various receptor combinations under more diverse conditions. Nonetheless, we believe that our study pro-
vides a foundation for future research on receptor properties in heterologous systems.

Limitations of the study

We systematically investigated GRNs responding to NaCl, but it is still not entirely clear which individual GRN type induces specific behavioral
responses depending on salt concentration. The study of GRNs that respond to NaCl in S-c type sensilla is particularly challenging because of
a lack of specific drivers. In our study, experiments using GAL4 transgenes and electrophysiology of the Ir76b mutant show that Gré4f-GAL4
negative neurons in the S-c sensilla are responsible for NaCl responses, and that the Ir56b mutant is necessary for the NaCl response in S-c
sensilla. It would be ideal to be able to clearly show the existence of Gré4f-negative and Ir5éb-positive neurons in the S-c sensilla, but this is
difficult due to the limitations of reagents currently available. In a recent study, IR7c, which is known to be necessary for high salt detection, was
found to be expressed within the L-type subset of the ppk239"“t population as well as in a non-glutamatergic GRN in each of the $4 and S8
sensilla.’* These S4 and S8 non-glutamatergic GRNs may potentially be the salt-sensing neurons in S-c sensilla that are Ir76b-GAL4 positive
and Gré4f-GAL4 negative, and it is possible that IR7c and IR56b act together in these neurons, but this requires further investigation. Using a
heterologous system to study the biophysical mechanisms by which IR56b and IR7c subunits cf. changes in both ion selectivity and sensitivity
to a salt-taste receptor is necessary, but we were unable to address this due to technical challenges.
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Figure 5. IR56b TTC + IR76b + IR25a elicited Na* currents in Xenopus oocytes

(A-C) Representative dose dependence (left) and current-voltage relationship (right) of NaCl responses in Xenopus oocytes heterologously expressing the
indicated combinations of IRs. Note that the time scales and dose sequences are set identical for simple comparison of activation kinetics. IV curves were
obtained at 40 (red), 80 (green), and 100 mM (purple) NaCl.

(D) The currents from the recordings in (A-C) are plotted and fitted. See the text for details. The data were fitted to the Hill equation to determine EC50s. Tukey's
and Mann-Whitney U or Student'’s t tests were performed. #p < 0.05.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals

NaCl Sigma-aldrich 71376

Sucrose Duchefa Biochemie 50809.5000
Thiocholine citrate Sigma-aldrich T0252

Caffeine Sigma-aldrich C0750

Lobeline hydrochloride TCI L0096

20X Phosphate-buffered saline (PBS) Biosesang PR2007-100-00
8% paraformaldehyde in 2X PBS Biosesang PC2184-050-00
Normal goat serum Jackson immunoresearch 005-000-121
Mouse anti-GFP Invitrogen A11120

Chicken anti-GFP Invitrogen A11122

Rabbit anti-RFP Chemicon international AB3216

Goat anti-mouse Alexa 488 Invitrogen A11001

Goat anti-chicken Alexa 405 Invitrogen A48260

Goat anti-rabbit Alexa 568 Invitrogen A11011
Experimental models: Organisms/strains

wCS Lee et al. 2017 N/A

UAS-Kir 2.1 Bloomington Drosophila Stock Center RRID: BDSC6595
Gré64f-GAL4 John Carlson lab, Yale University N/A

ppk23-GAL4 Bloomington Drosophila Stock Center RRID: BDSC93026
ppk28-GAL4 Bloomington Drosophila Stock Center RRID: BDSC93020
Ir94e-GAL4 Bloomington Drosophila Stock Center RRID: BDSC81246
Ir76b-GAL4 Bloomington Drosophila Stock Center RRID: BDSC51311
Gr89a-GAL4 John Carlson lab, Yale University N/A

Ir56b-GAL4 Bloomington Drosophila Stock Center RRID: BDSC60706
Gré4f-lexA Bloomington Drosophila Stock Center RRID: BDSC93445
Ir76b’ Bloomington Drosophila Stock Center RRID: BDSC51309
UAS-Ir76b Bloomington Drosophila Stock Center RRID: BDSC52610
UAS-Ir25a Bloomington Drosophila Stock Center RRID: BDSC41747
Ir56p™MBO7920 Bloomington Drosophila Stock Center RRID: BDSC27818

Drosophila: UAS-RNAI line

Ir7a
Ir7b
Ir7c
Ir7f
Ir7g
Ir8a
Ir10a
Irl1a
Ir20a
Ir21a

Vienna Drosophila Resource Center
Vienna Drosophila Resource Center
Vienna Drosophila Resource Center
Vienna Drosophila Resource Center
Vienna Drosophila Resource Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Vienna Drosophila Resource Center

Bloomington Drosophila Stock Center

RRID: v108171
RRID: v100498
RRID: v109485
RRID: v8169

RRID: v100885
RRID: BDSC25813
RRID: BDSC61842
RRID: BDSC61898
RRID: v8658

RRID: BDSC64578

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Ir25a Bloomington Drosophila Stock Center RRID: BDSC29539
Ir31a Vienna Drosophila Resource Center RRID: v100345
Ir40a Bloomington Drosophila Stock Center RRID: BDSC57566
Ird1a Bloomington Drosophila Stock Center RRID: BDSC 58056
Ir47a Vienna Drosophila Resource Center RRID: v11812
Ir48b Vienna Drosophila Resource Center RRID: v107565
Ir48¢c Vienna Drosophila Resource Center RRID: v45696
Ir51b Vienna Drosophila Resource Center RRID: v29984
Ir52a Vienna Drosophila Resource Center RRID: v37173
Ir52b Vienna Drosophila Resource Center RRID: v26817
Ir52¢ Vienna Drosophila Resource Center RRID: v330601
Ir52d Vienna Drosophila Resource Center RRID: v8963

Ir54a Vienna Drosophila Resource Center RRID: v47091
Ir56a Vienna Drosophila Resource Center RRID: v109691
Ir56b Vienna Drosophila Resource Center RRID: v4704

Ir56¢ Vienna Drosophila Resource Center RRID: v107633
Ir56d Vienna Drosophila Resource Center RRID: v6112

Ir60a Vienna Drosophila Resource Center RRID: v3616

Ir60b Vienna Drosophila Resource Center RRID: v12089
Ir60e Vienna Drosophila Resource Center RRID:101261
Ir62a Bloomington Drosophila Stock Center RRID: BDSC51026
Ir64a Vienna Drosophila Resource Center RRID: v9011

Ir67a Vienna Drosophila Resource Center RRID: v100644
Ir67b Vienna Drosophila Resource Center RRID: v109462
Ir67¢ Vienna Drosophila Resource Center RRID: v107921
Ir68a Bloomington Drosophila Stock Center RRID: BDSC60108
Ir68b Bloomington Drosophila Stock Center RRID: BDSC65360
Ir75a Vienna Drosophila Resource Center RRID: v104136
Ir75b Bloomington Drosophila Stock Center RRID: BDSC77143
Ir75¢ Vienna Drosophila Resource Center RRID: v101682
Ir75d Vienna Drosophila Resource Center RRID: v106286
Ir76a Bloomington Drosophila Stock Center RRID: BDSC34678
Ir76b Bloomington Drosophila Stock Center RRID: BDSC54846
Ir84a Bloomington Drosophila Stock Center RRID: BDSC63992
Ir85a Bloomington Drosophila Stock Center RRID: BDSC57772
Ir87a Bloomington Drosophila Stock Center RRID: BDSC60476
Ir92a Bloomington Drosophila Stock Center RRID: BDSC58205
Ir93a Bloomington Drosophila Stock Center RRID: BDSC63700
Ir94a Vienna Drosophila Resource Center RRID: v107734
Ir94c Vienna Drosophila Resource Center RRID: v6817

Ir94d Vienna Drosophila Resource Center RRID: v330479
Ir94e Vienna Drosophila Resource Center RRID: v330650
Ir94f Vienna Drosophila Resource Center RRID: v109702
Ir94g Vienna Drosophila Resource Center RRID: v107901
Ir94h Vienna Drosophila Resource Center RRID: v100407
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Ir100a Vienna Drosophila Resource Center RRID: v102826
Nach Bloomington Drosophila Center Stock RRID: BDSC27262
Ppk Bloomington Drosophila Stock Center RRID: BDSC29571
ppk3 Bloomington Drosophila Stock Center RRID: BDSC61945
ppk5 Bloomington Drosophila Stock Center RRID: BDSC25816
ppké Bloomington Drosophila Stock Center RRID: BDSC25880
ppk7 Bloomington Drosophila Stock Center RRID: BDSC25922
ppk8 Bloomington Drosophila Stock Center RRID: BDSC25814
ppk9 Bloomington Drosophila Stock Center RRID: BDSC25892
ppk10 Bloomington Drosophila Stock Center RRID: BDSC27256
ppk11 Bloomington Drosophila Stock Center RRID: BDSC26253
ppki12 Bloomington Drosophila Stock Center RRID: BDSC27092
ppk13 Bloomington Drosophila Stock Center RRID: BDSC25817
ppk15 Bloomington Drosophila Stock Center RRID: BDSC28012
ppk16 Bloomington Drosophila Stock Center RRID: BDSC258%0
ppk17 Vienna Drosophila Resource Center RRID: v109927
ppk18 Bloomington Drosophila Stock Center RRID: BDSC25883
ppk19 Bloomington Drosophila Stock Center RRID: BDSC25887
ppk20 Bloomington Drosophila Stock Center RRID: BDSC25897
ppk21 Bloomington Drosophila Stock Center RRID: BDSC25849
ppk22 Bloomington Drosophila Stock Center RRID: BDSC28706
ppk23 Bloomington Drosophila Stock Center RRID: BDSC28350
ppk24 Bloomington Drosophila Stock Center RRID: BDSC26006
ppk25 Bloomington Drosophila Stock Center RRID: BDSC27088
ppk26 Bloomington Drosophila Stock Center RRID: BDSC25825
ppk27 Bloomington Drosophila Stock Center RRID: BDSC27239
ppk28 Bloomington Drosophila Stock Center RRID: BDSC 31878
ppk29 Bloomington Drosophila Stock Center RRID: BDSC27241
ppk30 Bloomington Drosophila Stock Center RRID: BDSC25810
ppk31 Bloomington Drosophila Stock Center RRID: BDSC27087
Rpk Bloomington Drosophila Stock Center RRID: BDSC25847

Software and algorithm

Prism 9 GraphPad https://www.graphpad.com/
LabChart 8 ADinstruments https://www.adinstruments.com/
ImageJ Schneider et al.?” https://imagej.net/ij/

Adobe lllustrator Adobe https://www.adobe.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jae Young Kwon
(jykwon@skku.edu).

Materials availability

All Drosophila strains are available from the lead contact.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request.
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This paper does not report original code.
Any additional information will be made available upon request from the lead contact.

Drosophila stocks and transgenic flies

Flies were cultured on standard cornmeal agar medium at room temperature (23+2°C). The wCS line used as a control for all experiments, is
w'"" backcrossed to D. melanogaster Canton S. To construct the UAS-Ir56b flies used to rescue the Ir56b mutant, the Ir56b genomic region
was amplified using wCS genomic DNA as a template, and cloned into the SST13 UAS vector. Details of Drosophila strains used are in the key
resources table. CRISPR/Cas9 was used to generate the Irmutants (Ir7c, Ir11a, Ir47a, Ir56a, Ir5éb, 1r87a, Ir94b, Ir94d and Ir94e). For example, to
generate the Ir7c mutant, two targeting plasmids were constructed, using the following oligonucleotides, 5'-CTTCGCCGCCCTGGGCAGAT
CATC-3' and 5'- AAACGATGATCTGCCCAGGGCGGC-3', and 5'-CTTCGCGAATCGATCGTCTAATCA-3' and 5'-AAACTGATTAGACGATC
GATTCGC-3', and ligating the annealed products into pU6-Bbsl-chiRNA. 250 ng/ul of each plasmid was mixed together and injected into
CAS-0001 (y’cho®'; attP40{nos-Cas9}/CyO) embryos. The emerging adult flies were crossed with a balancer stock and PCR was used to
isolate mutants with deletions between the two target sequences, and the break points were verified by sequencing. We isolated several
deletion alleles which have a 1,554 bp deletion covering the 1st exon of Ir7c. In a similar manner, we generated other Ir mutants, and the table

below lists the primer sets used and deletion sizes for each Ir mutant.

MUTANTS Size of deletion (bp)
Ir7¢! frw" primer 5/-3" CTTCGCCGCCCTGGGCAGATCATC 1,554
rev’ primer 5/-3" AAACGATGATCTGCCCAGGGCGGC
frw" primer 5/-3' CTTCGCGAATCGATCGTCTAATCA
rev’ primer 5'-3" AAACTGATTAGACGATCGATTCGC
Ir11a’ frw' primer 5-3' CTTCTCAGGTTGGGATATGGGTCG 302
rev’ primer 5’-3 AAACCGACCCATATCCCAACCTGA
frw" primer 5'-3" CTTCCTGGGAGTACACACTCTTCG
rev’ primer 5'-3" AAACCGAAGAGTGTGTACTCCCAG
Ir47a’ frw’ primer 5'-3" CTTCGGCAAATAAAACTCTTAGTC 2,820
rev’ primer 5'-3" AAACGACTAAGAGTTTTATTTGCC
frw’ primer 5/-3" CTTCGGATATATTTCTCTCATCAT
rev’ primer 5'-3" AAACATGATGAGAGAAATATATCC
Ir56a’ frw’ primer 5/-3" CTTCGGCAATATGCAGATTCCATT 707
rev’ primer 5'-3 AAACAATGGAATCTGCATATTGCC
frw" primer 5/-3" CTTCGCAAGCGGATGTGACTGGCG
rev’ primer 5'-3' AAACCGCCAGTCACATCCGCTTGC
Ir56b" frw’ primer 5/-3" CTTCGTGCTTGACTATCTCCATGT 1,025
rev’ primer 5'-3' AAACACATGGAGATAGTCAAGCAC
frw’ primer 5/-3" CTTCGGATAAGACAATCCACGCCG
rev’ primer 5'-3' AAACCGGCGTGGATTGTCTTATCC
Ir87a’ frw’ primer 5/-3" CTTCGAGCAACGTTTTTGGTTGGCGG 700
rev’ primer 5'-3' AAACCCGCCAACCAAAAACGTTGCTC
frw’ primer 5/-3" CTTCTGTTCTCCATCTCCCTCCTCC
rev’ primer 5'-3' AAACGGAGGAGGGAGATGGAGAAC
IR94b" frw’ primer 5/-3" CTTCGATTAATCATAAAGTGTTCT 1,824
rev’ primer 5'-3' AAACAGAACACTTTATGATTAATC
frw’ primer 5/-3" CTTCGTCAAGTGTTCAATAGAAAG
rev’ primer 5'-3' AAACCTTTCTATTGAACACTTGAC
1r94d’ frw" primer 5/-3" CTTCGCCTTGGTTCTCCTTAGTCC 2,160
rev’ primer 5'-3" AAACGGACTAAGGAGAACCAAGGC
frw" primer 5/-3" CTTCGCGCTTTGTGGGATGGATGC
rev’ primer 5'-3" AAACGCATCCATCCCACAAAGCGC
(Continued on next page)
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Continued
MUTANTS Size of deletion (bp)
IR94e" frw’ primer 5/-3" CTTCGAATAGGAACTTTAGTCTGT 1,594

rev’ primer 5'-3' AAACACAGACTAAAGTTCCTATTC

frw’ primer 5/-3" CTTCGAGTCCTCATCGTGAATTCA

rev’ primer 5'-3' AAACTGAATTCACGATGAGGACTC

Electrophysiology

Extracellular single-unit recordings were performed using the tip-recording method.™ To immobilize 3-6-day-old flies, ice was used, and they
were fixed using a reference electrode containing Drosophila Ringer solution. Individual sensilla were exposed to tastants via a glass
recording electrode (1020 m diameter) filled with tastant solution dissolved in 30 mM tricholine citrate. LabChart 8 software (ADInstrument)
was used to analyze neuronal firing rates, by counting the number of spikes obtained in the first 500 ms after contact. When conducting the
RNAi screen, we measured physiological responses to NaCl in L3 and L4 for the L-type sensilla, and in S4 and S8 for the S-c type sensilla. We
observed that sensilla of the same type showed very similar responses. Therefore, in Figure 2 and Figure S3, we presented only the results for
L3 and S4. To avoid prolonged stimulation with NaCl, electrophysiological recordings of individual labellar taste sensilla were limited to within
10 sec of stimulating with NaCl.

Behavioral assays

The binary choice assay was performed with minor modifications of the original protocol.”' Briefly, 1to 3-day-old flies were collected in groups
of 50 males and placed in a fresh vial for 1 day. Flies were starved for 24 hin a 1 % agarose vial prior to the assay. Tastants were mixed into 1 %
agarose containing either blue dye (Brilliant Blue FCF, wako, 0.125 mg ml") or red dye (sulforhodamine B, sigma, 0.5 mg ml). 72-well plate
dishes were filled with tastant in alternating color patterns. Starved flies were transferred to the 72-well plate dishes and allowed to feed for
90 min at room temperature in the dark. The fed flies were frozen at — 20 °C and the number of flies which fed on a particular tastant was
counted under a dissection microscope by observing the abdomens of the flies. A preference index (Pl) was calculated by the equation:
(Ng + Np/2)/(Ng + Np + Ng) or (Ng + Np/2)/(Ng + Np + Ng), where Ng is the number of red, Np is the number of purple, and Ng is the number
of blue abdomens. PI 1 means complete preference and 0 means complete avoidance to the food. PI 0.5 means no preference for both foods.
No effects were observed for the dyes alone.

S2 cell culture and transfection

Drosophila S2 cells were cultured in Schneider’s Drosophila medium (Gibco) with 10 % FBS (Invitrogen) and 0.2% penicillin/streptomycin
(HyClone) at room temperature, zero CO, condition. The cells were subcultured twice a week at a density of half or one third. S2 cells in a
35 mm cell culture dish at 60-80% cell confluency were transfected by the calcium phosphate method. IR56b TTC, IR76b cDNA, and IR25a
cDNA were synthesized by Integrated DNA Technologies, and inserted into the SST13 UAS vector. We transfected cells with pActin5c—
GAL4, pUAST-EGFP and the three IR plasmids. Plasmid (ng): pActin5c-GAL4 (1.5), pUAST-EGFP (1.5), pSST13-IR25a (2.7), pSST13-IR56b
(1.35), and pSST13-IR76b (1.35). Briefly, carefully mix 2X HBS solution and 2M calcium phosphate solution, add distilled water and plasmid.
Incubate the mixed transfection solution at room temperature for 30 min. Add incubated transfection solution dropwise to culture dish. After
4~6 hours, remove medium containing calcium phosphate and wash cells twice with fresh medium. Lastly, replace new medium and incubate
in S2 cell culture conditions.

Whole-cell recording of S2 cells

The transfected S2 cells were transferred onto coverslip chips coated with 0.1 mg/mL poly-L-lysine (Sigma). After 6-12 hours, only GFP-pos-
itive cells were selected for patch clamp experiments using fluorescent microscopy. Whole-cell recording is performed at room temperature
(22-25°C). Electrodes were pulled from borosilicate glass micropipette capillaries (Sutter Instrument) using a P-97 micropipette puller (Sutter
Instrument) with resistances of 2-4 MQ. Whole-cell recordings were performed using a HEKA EPC-10 amplifier and Pulse software (HEKA Elek-
tronik). The whole-cell access resistance was 2-6 MQ, and series-resistance errors were compensated by 60%. The holding potential is 0 mV.
Current is recorded by 200 ms test pulses from -100 mV to +100 mV with 20 mV increments. The extracellular solutions contained 150 mM
NaCl, 10 mM HEPES, 10 mM glucose (adjusted to pH 7.4 with NaOH). The pipette solution contained 165 mM CsMes, 5 mM MgCl,,
10 mM HEPES (adjusted to pH 7.4 with CsOH).

Whole-cell recording of HEK293T cells

DNA of three IRs was inserted into the pcDNA3.1(+) vector for mammalian cell expression. HEK293T cells were cultured in DMEM (HyClone)
with 10 % FBS (Invitrogen) and 0.2 % penicillin/streptomycin (HyClone) at 37°C, 5% CO,. The cells were transfected by Lipofectamine 2000
(Thermo Fisher Scientific). Other conditions of whole-cell recording were identical to those of S2 cells.
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Patch clamp in Xenopus oocytes

Two electrode voltage clamping (TEVC) was conducted as described elsewhere.*” Briefly, oocyte-positive Xenopus laevis were obtained from
the Korean Xenopus Resource Center for Research (http://knrrb.knrre.or.kr/index.jsp?rrb=kxrcr, Chuncheon, Republic of Korea). IR56b TTC,
IR56b cDNA, IR76b cDNA, and IR25a cDNA were synthesized by Integrated DNA Technologies, and inserted into the pOX vector. cDNA was
in vitro transcribed using the mMessage mMachine T3 (Invitrogen, AM1348) kit according to the manufacturer’'s manual, for injection into
oocytes. Xenopus oocytes defolliculated by collagenase (type 1, LS004196, Worthington, NJ, USA) and manual stripping after surgical acqui-
sition of ovaries were microinjected with capped RNAs of interest (Nanoject Il, Drummond Scientific, PA, USA). The injected oocytes were
allowed to express the IR genes for three days prior to electrophysiological characterization. The initial perfusion buffer for TEVC contained
20 mM NaCl and 160 mM sorbitol together with 1 mM KCI, 1 mM MgCl,, 5 mM HEPES pH 7.6. To maintain a constant osmolarity throughout
the changing NaCl concentrations, sorbitol concentrations were adjusted to 120 mM for 40 mM NaCl, 40 mM for 80 mM NaCl, and 0 mM for
100 mM NaCl. Voltage sweeps were undertaken for 300 ms every second from -60 to +60 mV, while the voltage was -60 mV before sweeps
under the control of Axoclamp 900A (Molecular Devices, CA, USA). The resulting current was registered through a digitizer (Digidata 1440A,
Molecular Devices). We binned recordings yielding currents at 100 mM NaCl higher than the standard deviation of the entire set of Ir'56bTTC
recordings for functional analysis such as dose dependence. If there was no binned recording, all the complete recordings were analyzed
together. Other than coinjection of Ir56bTTC with coreceptor cRNAs, there was no current response larger than the standard deviation of
the Ir'56bTTC experiment.

Immunostaining and microscopy

The labellums and brains of 5- to 7-day-old female flies were dissected and fixed in paraformaldehyde solution (4 % paraformaldehyde, 1 X
PBS and 0.2 % Triton-X) for 1 hour at 4 °C. Samples were washed three times for 10 mins each with PBS-T solution (1 X PBS and 0.2 % Triton-X),
and incubated in blocking solution (3 % goat serum in PBS-T) overnight at 4°C. Primary antibodies were added and incubated for 2 days at
4°C. After three washes, secondary antibodies were added for 1 day, then washed three times and mounted in mounting solution. For
labellum immunostaining, mouse anti-GFP (1:500, Invitrogen) and rabbit anti-RFP (1:500, Chemicon International) were used as the primary
antibodies, and goat anti-mouse Alexa 488 (1:250, Invitrogen) and goat anti-rabbit Alexa 568 (1:250, Invitrogen) were used as the secondary
antibodies. For brain immunostaining, chicken anti-GFP (1:500, Invitrogen) and rabbit anti-RFP (1:500, Chemicon International) were used as
the primary antibodies, and goat anti-GFP Alexa 405 (1:250, Invitrogen) and goat anti-RFP Alexa 568 (1:250, Invitrogen) were used as the sec-
ondary antibodies. All images were obtained using a spinning disk confocal microscope (Dragonfly 302, Oxford (Andor)) with a 40x oil immer-
sion objective at a resolution of 2048 X 2048. Obtained images were processed with ImageJ.
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