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This valuable study uses genetic, behavioural, neuronal activity and cell-based assays to
show that the Drosophila ionotropic receptor IR20a contributes to the detection of
arginine and low-sodium salt, and suggests that peripheral receptor combinations may
help integrate these nutrient cues. The evidence for a role for IR20a and associated co-
receptors in these responses is solid, but the evidence that distinct receptor assemblies
mediate receptor-level multimodal integration is incomplete, as this central model is
inferred from functional data and leaves some discrepancies between behaviour,
physiology and prior work unresolved. The study will be of interest to sensory
neuroscientists and chemosensory biologists.
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Abstract
Amino acids and sodium salt are essential nutrients that frequently occur together in natural food
sources. While animals typically employ distinct receptor subfamilies for specific taste modalities,
the molecular mechanisms that integrate these concurrent nutritional signals at the peripheral
level remain poorly understood. Here, we identify the Drosophila Ionotropic Receptor IR20a as a
multimodal tuning receptor required for the detection of both the amino acid arginine and low
NaCl salt. We find that IR20a is expressed in a subset of IR76b-positive gustatory receptor neurons
(GRNs) distinct from GRNs dedicated to sweet or bitter taste. Mutation analysis and heterologous
expression experiments demonstrate that IR20a functions combinatorially: it pairs with the core
receptor IR25a to detect arginine, whereas the additional recruitment of IR76b is required to
confer sensitivity to low salt. Crucially, we establish that IR20a/IR25a complex mediates synergistic
responses to arginine-salt mixtures, thereby enhancing feeding preference. Furthermore, we
reveal that IR20a provides a tonic, state-independent nutrient signal that operates in parallel to the
starvation-modulated IR56b pathway to regulate NaCl feeding. Together, our studies uncover a
molecular logic in which combinatorial assembly of receptor complexes enables the peripheral
integration of complex nutritional signals.

Introduction
The ability to sense and discriminate between chemical components in food is fundamental for the
fitness and survival of all animals 1. Species across diverse phyla, including vertebrates and
arthropods, exhibit conserved appetitive responses to essential nutrients like sugars, while
generally demonstrating avoidance of potentially toxic bitter compounds 1–3. For amino acids and
salt (NaCl), behavioral responses are often concentration-dependent: low concentrations of these
key nutrients are attractive, whereas high concentrations frequently elicit aversion 4–8.
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In mammals, the perception of the five basic taste modalities (sweet, sour, bitter, salty, umami) is
largely thought to adhere to a ℌlabeled lineℍ coding strategy 1,9,10. In this model, specific taste
modalities are mediated by distinct taste receptor cells expressing respective taste receptor -
proteins1,10. In contrast, the gustatory system of the fruit fly, Drosophila melanogaster, is organized
in a more complex fashion. While sweet and bitter tastes are generally encoded by distinct
populations of gustatory receptor neurons (GRNs), individual GRNs can exhibit multimodal
sensitivity 11–13. For instance, attractive nutrients such as sugars, low salt and some amino acids
are sensed by sweet-sensing neurons, whereas chemicals to be avoided, such as bitter compounds,
high salt, high acid, and certain amino acids are detected by bitter-sensing GRNs 12–14.
Furthermore, water, acids, and aversive high concentrations of salt are detected by yet other
GRNs, distinct from both sweet and bitter GRN populations 15–17. This multimodal nature is
conferred by two types of chemoreceptors, often co-expressed within the same GRNs: about 60
Gustatory Receptors (GRs), which primarily encode receptors for sweet and bitter tasting
chemicals, and about 64 Ionotropic Receptors (IRs), which are critical for sensing salts, acids, fatty
acids and amino acids 11–13,18. GR as well as IR based taste receptors are multimeric complexes,
most likely hetero tetramers composed of two to four different GRs and IRs, respectively. Most IR
based complexes include IR25a and IR76b, which are largely co-expressed and thought to function
as core subunits. They are complemented with one or two additional IR subunits that confer
specificity for different types of ligands (referred to as tuning receptors) 7,19–22. For example, in
sweet GRNs, IR25a and IR76b form complexes with IR56b to mediate low salt detection 23–25 and
with IR56d to mediate fatty acid responses 20,26. In contrast, in bitter GRNs, IR25a and IR76b
associate with IR51b to detect several amino acids 7 and with and IR94e to sense glutamate,
respectively 27. And in a third set of GRNs expressing the pheromone receptor Ppk23 and the
neurotransmitter glutamate (named Ppk23glut), IR25a and IR76b combine with IR7c to form a
receptor for high concentrations of monovalent salts 28. These observations established that in
addition to the multimodal nature of GRNs (expressing both GRs and IRs), specific tuning receptors
combine with core subunits to form tetrameric IR complexes that are dedicated to the detection of
subgroups of chemical ligands.

The natural environment presents food chemicals as mixtures rather than single-modality isolates.
For instance, low salt and amino acids naturally co-occur in the fruit fly’s preferred food sources:
rotting, yeast-fermented fruits 29. Consequently, taste systems must be capable of integrating
signals from different taste modalities to guide foraging and feeding decisions 13. This integration
occurs in the suboesophageal ganglion (SOG) and the Nucleus of the Solitary Tract (NTS), the
primary taste processing center of insects and vertebrates, respectively, and plays a critical role in
coordinating nutrient consumption 13,30. Furthermore, signal integration has been reported at the
peripheral taste cell level 31,32. Specifically, while the labeled-line logic largely prevails in
mammalian taste cells, significant ℌcross-talkℍ occurs within the taste bud 32. For example, ATP
released from sweet- or bitter-sensing Type II cells can activate serotonin release in neighboring
Type III cells, effectively processing and integrating information before it reaches afferent nerve
fibers 33,34. Similarly, in flies, bitter compounds and high salt solutions suppress sweet responses
at the level of GRNs within the same taste sensilla, whereas acids can alleviate bitter-induced
suppression of sweet taste 19,35,36. However, despite these advances in understanding cellular and
circuit-level processing, the possibility of integration occurring directly at the level of the gustatory
receptor complex has remained largely unexplored.

In this study, we report that the IR20a functions as a multimodal tuning receptor essential for
sensing both the amino acid arginine and low NaCl salt. We demonstrate that this dual sensitivity
is achieved through the combinatorial assembly of a receptor complex: IR20a requires the co-
receptor IR25a for arginine detection while the additional recruitment of IR76b is critically for low
salt detection. Crucially, the IR20a/IR25a complex confers higher responses to amino acid-salt
mixtures than each of the ligands alone. Heterologous expression of IR20a and IR25a in the
pheromone sensing neurons and S2 cells reveals that this enhancement is synergistic rather than
additive, indicating that the increased feeding preference arises from receptor synergy. Finally, we
show that the IR20a pathway provides a distinct, state-independent layer of nutrient regulation
that operates in parallel to the known starvation-modulated salt sensing pathway. Together, our
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findings uncover a fundamental molecular logic where the combinatorial architecture of
peripheral receptor complexes provides a mechanism for integrating distinct, yet co-occurring,
nutritional signals.

Results
IR20a-GAL4 labels a novel population of GRNs responding to amino
acids and salts
Previous studies have implicated IR20a in amino acid taste in tarsi and the modulation of salt
sensitivity in the labellum 37. However, this study did not identify the specific tarsal GRNs for
amino acid detection, nor did it establish whether IR20a is endogenously expressed in salt-sensing
neurons to modulate salt taste in labellar GRNs. To clarify the cellular function of IR20a, we
characterized its expression in the gustatory system and the brain using an IR20a-GAL4 driver 37.
Despite prior reports that IR20a is absent from the labellum 38, our confocal imaging uncovered
approximately 18 weakly labeled GRNs in this organ (Fig. 1A     ), corroborating a proposed role for
IR20a in high-pH detection 39. Beyond the labellum, IR20a marked two tarsal GRNs on each of the
fore-, mid-, and hindlegs (Fig. 1B     ). In the pharynx, we detected two GRNs in the labral sense
organ (LSO) and two in the ventral cibarial sense organ (VCSO) (Fig. 1D3 - D4     ), consistent with
earlier findings 38; however, no signal was evident in the brain or ventral nerve cord (Fig. 1C     ).
Co-expression analysis using IR20a-GAL4, IR25a antibodies and IR76b-QF revealed that IR20a is co-
expressed with both IR25a and IR76b (Fig. 1D - E     ). However, we found no overlap between
IR20a-GAL4 and GR64f-LexA or GR66a-LexA (Fig. 1F - G     ). Thus, IR20a is co-expressed with the
core receptors IR25a and IR76b in a population of neurons that is distinct from both sweet and
bitter GRNs.

To characterize the response profiles of IR20a-expressing GRNs, we performed single-cell calcium
imaging of tarsal GRNs by expressing GCAMP6 under the control of IR20-GAL4 40. We focused on
tarsal neurons because IR20a-GAL4 labels GRNs very weakly in the labellum, precluding reliable
detection of GCaMP signals. Based on previous reports implicating IR20a in amino acid detection
37, we first examined responses to 19 proteinogenic amino acids (Fig. 1H     ). Calcium imaging
revealed that stimulation with 100 mM L-arginine or L-proline elicited robust calcium responses
in IR20a GRNs, whereas other amino acids failed to induce significant activity (Fig. 1H     ). Dose-
response analyses showed that only high concentrations of L-arginine (50 and 100 mM) and L-
proline (100 mM) evoked statistically significant responses (Fig. 1I–K     ). We next examined salt
sensitivity and found that IR20a tarsal GRNs responded strongly to 50 mM NaCl and KCl, but not to
LiCl (Fig. 1L     ). NaCl-evoked responses were concentration dependent and reached a plateau at
approximately 50 mM (Fig. 1M–N     ). We note that lysine was excluded from imaging experiments
due to its intrinsic color, which interferes with fluorescence measurements; instead, its role was
assessed behaviorally using the proboscis extension reflex (PER) assay in wild type and IR20a
mutant flies, which revealed that IR20a is not required for lysine attraction (Fig. S1A - B     ).

Together, these results indicate that tarsal IR20a GRNs are multimodal sensory neurons that
respond to both specific amino acids (arginine and proline) and monovalent salts (Na⁺ and K⁺).

IR20a is required for arginine and low NaCl salt attraction
To determine whether IR20a is functionally required for cellular responses to amino acid arginine,
proline, and monovalent salt Na+ and K+, we examined IR20a mutants using calcium imaging. Ca2+

responses to L-arginine, L-proline and KCl were preserved and not statistically different from
those of wild type flies (Fig. 2A - C     ). In contrast, Ca2+ responses to 50 mM NaCl were completely
abolished in IR20a mutants, a defect fully rescued by reintroducing UAS-IR20a (Fig. 2A - C     ).

We next assessed the behavioral relevance of IR20a using two-choice feeding assays. Although our
imaging data indicated that IR20a is only necessary for detecting low concentration of NaCl but
not arginine, IR20a mutants exhibited significantly reduced attraction to both 100 mM arginine
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Figure 1. IR20a-GAL4 labels a population of gustatory receptor neurons (GRNs) sensitive to specific amino
acids and salts.
(A - B) IR20a-GAL4 expression is observed in approximately 20 GRNs in the labellum (A) and 2 GRNs in the fifth tarsal segment
(B); arrows indicate the cell bodies labeled by IR20a-GAL4. (C) IR20a-GAL4 does not label cell bodies within the brain or ventral
nerve cord (VNC); however, neuronal projections from the labellum, legs, and wings are visible in these central tissues. (D - G)
Double-labeling experiments in the labellum, tarsi, and pharynx show that IR20a-GAL4 is co-expressed with the co-receptors
IR25a (D) and IR76b (E). No overlap is observed with markers for bitter-sensing (GR66a-LexA) (F) or sweet-sensing (GR64f-
LexA) (G) GRNs. Arrows indicate co-expression. Note that pseudocoloring was used for IR20a and IR76b in (E) for consistent
visualization. (H) Single-cell calcium imaging of IR20a-GAL4 tarsal GRNs reveals robust responses to 100 mM L-arginine and L-
proline, but not to other basic amino acids. Note that black squares under the bars indicate essential amino acids for flies. (I -
K) Dose-response analysis of IR20a-GAL4 tarsal GRNs stimulated with 10 - 100 mM L-arginine (I - J) and 10 - 100 mM L-proline
(K). (L) IR20a-GAL4 tarsal GRNs respond to 50 mM NaCl and KCl, but show no significant response to 50 mM LiCl. (M - N)
IR20a-GAL4 tarsal GRNs exhibit plateaued calcium responses to NaCl at concentrations of 50 mM and higher. Data represent
mean ± SEM (n = 8 - 18). Mann-Whitney test comparing ligands to H2O control, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. IR20a is required for low NaCl attraction and contributes to arginine-driven feeding behavior.
(A - C) Single-cell calcium imaging reveals that the response of IR20a-GAL4 tarsal GRNs to 50 mM NaCl is abolished in IR20a
mutants, while responses to 100 mM L-arginine, L-proline, and 50 mM KCl remain intact. (n = 8 -16). (D - E) Behavioral
attraction to 100 mM Arg (D) and 50 mM NaCl (E) is restored upon genetic rescue of IR20a. (n = 16 - 31). (F - G) IR20a is
dispensable for preference toward 100 mM proline (Pro) (F) and 50 mM KCl (G). (n = 18 - 39). (H - I) Tarsal stimulation with
arginine does not induce PER (H), but labellar stimulation with 100 mM arginine induces PER in an IR20a-dependent manner
(I). (n = 17 – 34). (J - K) IR20a is required for PER induced by 50 mM NaCl, with stimulation in the tarsal or labellum (K). (n = 18
- 49). Data represent mean ± SEM. Mann-Whitney test (H), Kruskal-Wallis with Dunn’s post hoc test (C - G and I - K). Different
letters denote differences between designated groups (p < 0.05)
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and 50 mM NaCl, a phenotype that was fully rescued by including UAS-IR20a driven by IR20a-
GAL4 (Fig. 2D - E     ). In contrast, attraction to 100 mM proline and avoidance of 50 mM KCl were
unaffected in IR20a mutants (Fig. 2F - G     ).

We further examined the role of IR20a using the proboscis extension reflex (PER) assay. Consistent
with previous reports, tarsal stimulation with arginine failed to elicit PER in wild-type flies 41 (Fig.
2H     ). In contrast, labellar stimulation with arginine induced a strong PER that was markedly
reduced in IR20a mutants and fully rescued by re-expression of IR20a (Fig. 2I     ). Together with
the two-choice feeding assays, these results establish that IR20a is essential for arginine attraction.
To determine whether IR20a is selectively required for arginine sensing, we examined PER
responses to all other amino acids using distinct amino acid pools. No significant differences were
observed between wild-type controls and IR20a mutants for any other amino acid, demonstrating
that IR20a specifically mediates arginine attraction rather than amino acid attraction in general
(Fig. S1C - D     ). We next tested PER responses to salt. Wild-type flies displayed weak PER upon
tarsal stimulation and robust PER upon labellar stimulation with 50 mM NaCl (Fig. 2J - K     ). Both
responses were significantly reduced in IR20a mutants and were restored by IR20a-GAL4–driven
IR20a expression (Fig. 2J - K     ). Together, these findings indicate distinct roles for IR20a in
arginine detection between labellar and tarsal neurons. Although IR20a is not required for
arginine-evoked calcium responses in tarsal GRNs, it is critical for arginine-driven feeding
preference and the labellar PER. In contrast, IR20a is essential for low NaCl salt detection at both
the cellular level and behavioral attraction. UAS-hid mediated genetic ablation of IR20a neurons
further confirms the role of IR20a in arginine and low salt attraction (Fig. S1E - F     ). Thus, our
data establish IR20a as a key component of both arginine and low NaCl salt attraction in
Drosophila.

IR20a functions with IR25a to detect arginine, while IR76b confers
low NaCl salt responses
We next tested the requirement for IR25a and IR76b in IR20a-GAL4 expressing tarsal GRNs for
arginine and low-salt detection. Calcium imaging revealed that IR25a is essential for both arginine
and low NaCl salt responses (Fig. 3A - C     ). In contrast, IR76b is dispensable for arginine detection
but is required for NaCl responses (Fig. 3D - F     ). This suggests that IR20a forms a complex with
IR25a to detect arginine, whereas low-salt sense requires the additional recruitment of the co-
receptor IR76b.

To determine if IR20a/IR25a is sufficient for arginine detection and IR20a/IR25a/IR76b for low-salt
detection, we misexpressed IR20a in Ppk23-positive tarsal GRNs, which function in pheromone
sensing and do not respond to ligands such as arginine or low NaCl salt (Fig. 3I     ) 42.
Immunostaining confirmed that Ppk23-GAL4 labels a pair of GRNs in tarsal 5a sensilla. All of these
GRNs express IR25a, but only one pair also expresses IR76b (Fig. 3G - H     ). Calcium imaging of the
Ppk23 GRN in the 5a sensillum revealed that misexpression of IR20a conferred sensitivity to both
arginine and NaCl (Fig. 3I - J     ). Crucially, mutation of IR25a abolished both the arginine and NaCl
sensitivity acquired by IR20a misexpression (Fig. 3K     ). However, a mutation of IR76b only
affected the conferred NaCl response but leaving arginine responses in tact (Fig. 3L     ). These data
are consistent with our loss-of-function analysis and suggest that IR20a cooperates with IR25a to
detect arginine, while the addition of IR76b is required to confer low-salt sensitivity.

To rigorously define the molecular mechanism, we characterized receptor ligand specificity by
expressing different combinations of IR20a, IR76b, and IR25a in Drosophila S2 cells and performed
calcium imaging. Expression of IR20a, IR25a, or IR76b alone, as well as co-expression of IR20a with
IR76b or IR25a with IR76b, failed to elicit responses to arginine (Fig. 4A - F     ). In contrast, co-
expression of IR20a with IR25a, or co-expression of all three genes elicited robust responses to 100
mM L-arginine (Fig. 4G - H     ). By contrast, neither IR20a nor IR25a alone, nor their co-expression,
elicited responses to NaCl, whereas expression of IR76b alone introduced robust NaCl responses,
and co-expression with either IR25a or IR20a abolished these responses (Fig. 4A, I -N     ). This is
consistent with previous reports that IR76b forms a sodium channel in cultured cells 4, and further
suggests that addition of either IR20a or IR25a into a IR76a-only complex suppresses NaCl channel
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Figure 3. IR20a functions with IR25a to detect arginine, while IR76b is required for low-salt sensitivity.
(A - C) IR25a is essential for both arginine and low-salt responses in IR20a tarsal GRNs. (D - F) IR76b is dispensable for
arginine responses but is required for low-salt responses in IR20a tarsal GRNs. (G) Immunostaining for IR25a shows co-
expression with Ppk23-GAL4 in f5a sensilla; arrows indicate co-expression. (H) Co-localization of Ppk23-GAL4 and IR76b-QF is
restricted to a single cell body within the f5a sensilla; arrows indicate co-expression. (I - J) Ectopic expression of IR20a in
Ppk23-GAL4 tarsal 5a GRNs is sufficient to confer sensitivity to NaCl and arginine. (K) IR25a is necessary for the arginine and
salt sensitivity conferred by IR20a ectopic expression in 5a GRNs. (L) IR76b is not required for the arginine sensitivity but is
required for the salt sensitivity conferred by IR20a misexpression in 5a GRNs. Data represent mean ± SEM (n = 8 -18). In (C)
and (F), Kruskal-Wallis with Dunn’s post hoc test was used, different letters denote differences between designated groups (p
< 0.05). In (J - L), Mann-Whitney test was used, red asterisks indicate significant differences between indicated groups, *p <
0.05, **p < 0.01.
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activity. However, triple expression of IR20a, IR25a, and IR76b restored sensitivity to NaCl (Fig. 4A,
O     ). To confirm the specificity of these responses, we tested all basic amino acids except for
lysine at their maximum water-soluble concentrations using pooled stimulation paradigms.
Neither the IR20a/IR25a complex nor the IR20a/IR25a/IR76b complex responded to any basic
amino acid other than arginine (Fig. S2     ). Together, these results demonstrate that IR20a forms
distinct receptor complexes with different co-receptor compositions, enabling multimodal
detection of arginine and sodium.

IR20a confers synergistic responses to an arginine and NaCl
mixture
Given that amino acids and salt often occur together within a natural food source, the multimodal
detection of arginine and NaCl salt by IR20a prompted us to test whether IR20a confers synergistic
responses to their combination. PER assays with labellar stimulation revealed that a low
concentration mixture (10 mM each) of arginine and NaCl elicits a stronger, IR20a-dependent
response than either alone (Fig. 5A - B     ). To determine whether IR25a and IR76b are required co-
receptors, we misexpressed IR20a in Ppk23 tarsal 5a associated GRNs. Calcium imaging revealed
that control neurons were unresponsive to a 10 mM mixture of arginine and NaCl (Fig. 5C     ),
while IR20a misexpression conferred a robust response (Fig. 5C - D     ). This response was
abolished in IR25a mutants but remained intact in IR76b mutants (Fig. 5E - F     ). Heterologous
expression in S2 cells further confirmed the synergistic response. Specifically, cells co-expressing
IR20a and IR25a did not respond to arginine or NaCl alone at concentrations of 10, 25, or 50 mM,
but elicited a strong response to a 50 mM mixture (Fig. 5G - I      and Fig. S3     ). However, the
calcium response to the mixture was not further enhanced in the triple expression condition (Fig.
5 J - K     ). These results reveal that IR20a functions with IR25a to integrate arginine and low NaCl
salt taste information to mediate synergistic responses, thereby enhancing feeding preference.

IR20a provides a tonic arginine and low NaCl salt signal parallel to
the state-modulated IR56b pathway
Amino acid and salt preferences in flies are strongly influenced by internal nutritional state
17,25,41,43, but the sensory mechanisms underlying this modulation remain poorly understood.
Having established the requirement of IR20a for arginine and low NaCl salt detection, we asked
whether it mediates state-dependent shifts in preference. Two-choice feeding assays revealed that
wild-type flies exhibit increased preference for arginine and low NaCl salt following amino acid
deprivation and salt deprivation, respectively. However, these state-dependent changes occur
independently of IR20a (Fig. 6A - B     ). Calcium imaging in IR20a tarsal GRNs confirmed that IR20a
GRN responses to salt do not change between salt-fed and deprived conditions (Fig. 6C - D     ). In
contrast, two-choice feeding assays showed that the state-dependent increase in salt preference is
dependent on another low-salt tuning receptor, IR56b, which co-express with IR25a and IR76b in
sweet GRNs but does not co-express with IR20a (Fig. 6E     ). Calcium imaging further confirmed
IR56b is essential for state-dependent low salt sensitivity (Fig. 6F–G     , and Fig. S4E     ). As a
control, IR56b GRNs showed no change in sucrose and H2O sensitivity after salt deprivation (Fig.
S4 A - D     ). These results suggest that IR20a provides a tonic arginine and low NaCl salt signal to
maintain the stable detection of these essential nutrients, while the IR56b pathway adjusts
sensitivity based on homeostatic need.

Discussion
In this study, we identify a specific population of taste sensory neurons in Drosophila that are
broadly tuned to both low NaCl salt and specific amino acids arginine, implying that these
essential nutrients are perceived through a multimeric channel containing IR20a, which, in
combination with IR25a and IR76b, results in receptors with distinct preference for these ligands.
To our knowledge, this represents the first evidence of signal integration between distinct taste
modalities occurring at the level of the receptor complex itself.
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Figure 4. Co-expression of IR20a and IR25a confer arginine response, whereas adding IR76b provides low
NaCl sensitivity in S2 cells.
(A) Heat map of calcium responses in S2 cells transfected with various IR combinations. Only specific combinations confer
sensitivity to arginine and NaCl. (B - F) Expression of IR20a, IR25a, or IR76b alone, as well as co-expression of IR20a with
IR76b or IR25a with IR76b, failed to elicit arginine responses. (G - H) Co-expression of IR20a with IR25a, or triple express of
IR20a, IR25a, and IR76b, confer arginine sensitivity. (I - N) Neither IR20a nor IR25a alone, nor their co-expression, elicited
responses to NaCl, whereas expression of IR76b alone conferred low NaCl sensitivity. However, co-expression of IR76b with
either IR20a or IR25a abolished NaCl sensitivity. (O) Triple expression of IR20a, IR25a, and IR76b confers NaCl response. Data
represent mean ± SEM (n = 8 -17). Mann-Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. IR20a works with IR25a to mediate synergistic responses to arginine and NaCl.
(A - B) PER assays reveal that a combination of arginine and NaCl elicits a synergistic response that is dependent on IR20a. (C
- D) Calcium imaging shows that ectopic expression of IR20a in Ppk23-GAL4 5a GRNs confers the synergistic response to
arginine-NaCl mixture. (E - F) Calcium imaging shows that IR25a, but not IR76b, is required for the synergistic response
conferred by ectopic expression of IR20a in Ppk23-GAL4 5a GRNs. (G - K) Calcium imaging in S2 cells shows that co-expression
of IR20a and IR25a confers a synergistic response to the arginine-NaCl mixture, whereas triple expression of IR20a, IR25a,
and IR76b does not show a synergistic response to the arginine-NaCl mixture. Data represent mean ± SEM (n = 35 - 60 for PER
assays, while n = 8 - 18 for calcium imaging). Kruskal-Wallis with Dunn’s post hoc test used in (A - C, H, and J), Different
letters denote differences between designated groups (p < 0.05), while Mann-Whitney test used in (E - F), **p < 0.01.
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Figure 6. IR20a provides tonic sensitivity that cooperates with the state-modulated IR56b pathway.

(A) Two-choice feeding assays show that amino acid deprivation increases preference for arginine, independent of IR20a. (B)
Two-choice feeding assays show that salt deprivation increases preference for low NaCl, independent of IR20a. (C - D)
Calcium imaging confirms that IR20a-GAL4 tarsal GRN responses to NaCl are comparable in salt-deprived and salt-fed flies. (E)
Two-choice feeding assays show that the state-dependent change in salt preference is dependent on IR56b. (F - G) Calcium
imaging reveals that the state-dependent response of IR56b GRNs to NaCl requires IR56b. Data represent mean ± SEM (n = 11
- 31 for two-choice feeding assays, while n = 8 -12 for calcium imaging). Mann-Whitney test, *p < 0.05, **p < 0.01, ***p <
0.001.
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Refinement of Multimodal Coding in Drosophila
The complexity of the Drosophila gustatory system has long been underappreciated. While early
models proposed a labeled-line organization similar to mammals, specifically humans and mice,
comprehensive genetics, electrophysiological and calcium imaging studies have revealed that
gustatory receptor neurons (GRNs) often exhibit broader tuning profiles than previously thought.
For instance, sweet GRNs have been implicated in the detection of fatty acids and low salt,
challenging the notion of exclusive modality coding 17,20.

Our identification of IR20a-expressing neurons significantly expands this perceptive range.
Contrary to previous reports suggesting IR20a expression overlaps with amino-acid sensing sweet
neurons 37, our intersectional genetic analysis reveals that IR20a marks a distinct population of
non-sweet, non-bitter GRNs. While Ganguly et al suggested IR20a mediates detection of various
amino acids (including glycine, serine, and phenylalanine) based on broad IR76b-GAL4 imaging
and weak behavioral phenotypes 37. Our single-cell resolution imaging demonstrates that IR20a
GRNs are narrowly tuned to arginine and proline, as well as monovalent salts (NaCl, KCl).
Furthermore, while we find that tarsal responses to arginine are maintained in IR20a mutants,
our behavioral assays establish that IR20a is strictly essential for the labellar-mediated preference
for both arginine and low salt. This defines a novel, multimodal “savory” channel that is distinct
from canonical single-modality sensory pathways.

Combinatorial Assembly of IR Complexes
The IR gene family expanded during invertebrate evolution, presumably from a common ancestor
of the iGluR gene family 44,45. The functional diversity of these receptors appears to rely on the
combinatorial assembly of distinct subunits 11,12,18,46. Based on the work presented here, we
propose that IR20a serves as a dual-function tuning receptor that dictates ligand specificity
through differential complex formation.

Heterologous expression in S2 cells allows us to dissect this molecular logic. We observed that
IR76b alone forms a constitutive Na+ channel, consistent with previous studies 4. However, co-
expression with IR20a or IR25a abolishes this constitutive activity, suggesting that heteromeric
assembly alters channel gating properties. We propose that the IR20a/IR25a complex forms the
functional receptor for arginine, sufficient for ligand detection even in the absence of IR76b. In
contrast, low NaCl salt detection requires the assembly of a tripartite complex: IR20a/IR25a/IR76b.
In vivo, where these three subunits are co-expressed, it is likely that distinct stoichiometric
populations, such as IR20a/IR25a dimers and IR20a/IR25a/IR76b multimers, coexist within the
same dendritic membrane, thereby endowing the neuron with sensitivity to both amino acids and
salts.

Receptor-Level Signal Integration
Perhaps the most profound finding of this study is the mechanism of signal integration. Animals
feeding in the wild encounter complex mixtures, and our behavioral data show that flies exhibit a
synergistic preference for mixtures of arginine and NaCl. While synergy is typically attributed to
central neural processing, our data indicate this integration occurs already peripherally at the
gustatory receptor level, although additional modulation of this synergy in the brain is possible.

We demonstrate that the sensitivity to arginine of the IR20a/IR25a complex, which does not
respond to NaCl alone, can be potentiated by addition of NaCl. This suggests that a possible
allosteric mechanism where the binding of arginine to IR20a/IR25a exposes a latent binding site
for Na+, or conversely, that Na+ stabilizes the ligand-bound conformation of the channel. This
molecular integration offers a highly efficient mechanism for weighting and prioritizing nutrient
signals; the preference for arginine over other amino acids is likely rooted in its unique
physiological status, as it is one of the ten essential amino acids (EAAs) that Drosophila must
acquire through diet, serving as the indispensable precursor for nitric oxide (NO) signaling and a
limiting factor for oogenesis and fecundity 47–49. In the ecological niche of Drosophila, arginine
and NaCl are concurrently enriched in yeast, their primary natural food source 29. By evolving a
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receptor complex that acts as a coincidence detector, the fly can specifically amplify the sensory
output only when these two distinct nutrient classes are present together. This ensures that the
IR20a pathway does not just signal the presence of any salt or any nitrogen source, but rather
identifies high-quality, ecologically relevant resources that provide both essential amino acids and
necessary electrolytes, thereby optimizing the fly’s foraging efficiency and reproductive success.

Segregation of Tonic and State-Dependent Pathways
Finally, our results clarify the relationship between sensory detection and homeostatic regulation.
Sodium salt preference in Drosophila is highly plastic, increasing during deprivation 17. We
provide evidence that IR20a provides a tonic, stable signal for low NaCl salt and arginine that
remains unchanged between salt-fed and salt-deprived conditions. In contrast, the state-
dependent increase in NaCl salt preference is mediated by the previously identified IR56b
pathway 23,25.

This parallel organization, one pathway (IR20a) ensuring the consistent recognition of vital
nutrients and the other (IR56b) modulating sensitivity based on physiological need, represents a
sophisticated survival strategy. It ensures that the fly never loses the ability to identify nutrient
sources, even while dynamically adjusting its behavioral drive to consume them. In summary,
IR20a and its co-receptors IR25a and IR76b represent a versatile molecular hub for multimodal
nutrient detection and integration.

Materials and Methods
Fly husbandry and strains
Flies were reared on a standard cornmeal diet at 25°C and 70% humidity under a 12 hr light/12 hr
dark cycle. The standard diet was prepared by dissolving the following ingredients in 10 L of
water: 72.53 g agar, 520 g corn meal, 1100 g malt extract, 275 g yeast, 31.27 g propionic acid, and
14.07 g tegosept. A complete list of fly strains and source reagents used in this study is provided in
the Key Resources Table.

Molecular biology and transgenic flies
To generate UAS-IR20a, genomic DNA isolated from w1118 flies served as the PCR template. The
full genomic sequence of IR20a was amplified with primers listed in the Key Resources Table and
inserted into the pUAST vector. All constructs were sequence-verified prior to embryo
microinjection.

Behavioral Analysis
Two-choice feeding assays
Assays were performed as previously described19 with minor modifications. Flies were 8–10 days
old at the time of testing. For standard assays, newly eclosed flies were raised on standard food.
For salt-manipulation experiments, newly eclosed flies were kept on standard food for 2–4 days
and then transferred for 5 days to either salt-deficient food (0.7% agar, 563 mM sucrose) or salt-
excess food (0.7% agar, 563 mM sucrose, 50 mM NaCl). 563 mM sucrose was selected to match the
caloric density of standard food. For amino acid (AA) manipulation, flies were transferred after 2–
4 days to either AA-deficient food (standard diet without yeast extract, supplemented with 16.5%
maltose for isoenergetic balance) or AA-excess food (standard diet supplemented with 10% yeast
extract and 4.16% maltose) for 5 days. Assays were conducted in Petri dishes (60 mm x 60 mm)
containing 0.5% agarose mixed with the indicated tastants.

To visualize feeding, one half of the dish contained blue dye (brilliant blue FCF, 0.125 mg/ml) and
the other contained red dye (sulforhodamine B, 0.2 mg/ml); dyes were swapped between
conditions to control for color bias. Approximately 30 flies per vial were starved for 18–20 hours
on wet filter paper, chilled on ice, and transferred to assay dishes in the dark for 2 hours. Feeding
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preference was scored by examining abdominal coloration under a stereomicroscope. The
Preference Index (PI) was calculated as: PI = (Ncolor1 – Ncolor2) / Ntotal-fed. Trials where >50% of
flies failed to feed were excluded.

Proboscis Extension Reflex (PER)
PER assays were adapted from previous protocols 19. For leg stimulation, flies were anesthetized
on ice and mounted dorsally on glass slides using double-sided tape, leaving appendages and the
proboscis free. For labellar stimulation, flies were immobilized inside a white pipette tip with only
the head and labellum exposed. 20–30 flies were mounted per slide and allowed to recover for 1
hour at 25°C (70% humidity). Prior to testing, flies were water-satiated until they ceased drinking.
Stimulation was performed by touching the legs or labellum with the indicated tastant (NaCl or
amino acids) for 3–5 seconds. A positive response was recorded if full proboscis extension
occurred. Each fly was also tested with 20 mM sucrose as a positive control. Two trials were
conducted per tastant with a > 20-minute inter-trial interval. Responses were scored as 100%
(extension in both trials), 50% (extension in one trial), or 0% (no extension). Flies failing to
respond to the sucrose control in both trials were excluded from the analysis.

Immunohistochemistry
Dissection and staining were performed on 6–10 day-old flies. Flies were CO2-anesthetized, and
labella and legs were dissected using a razor blade; legs were severed between the third and
fourth tarsal segments. Tissues were immediately immersed in 4% paraformaldehyde and briefly
centrifuged (1000 rpm, 30 s) to ensure complete submersion. Following fixation on ice for 1 hour,
tissues were washed three times (15 min each) in PBST (1x PBS + 0.3% Triton X-100) at room
temperature. Blocking was performed in PBST containing 5% horse serum for 2 hours at room
temperature. Tissues were incubated with primary antibodies in blocking solution overnight at
4°C, followed by three 15-minute washes in PBST. Tissues were then re-blocked in PBST + 5% horse
serum for 30 minutes and incubated with secondary antibodies for 3 hours at room temperature.
After three final washes in PBST, samples were mounted in antifade medium and sealed with nail
polish. Images were acquired on a Zeiss LSM 800 confocal microscope using 20X or 40X objectives.

Primary antibodies
Chicken anti-GFP (1:2000), rabbit anti-RFP (1:2000), mouse anti-HA (1:500), mouse anti-nc82
(1:5000), and rabbit anti-IR25a (1:200). Anti-IR25a was generated against synthetic peptides
(SKAALRPRFNQYPATFKPRF and DVAEANAERSNAADHPGKLVDGV) as described in Benton et al 44.

Secondary antibodies
Goat anti-chicken Alexa 488 (1:2000), goat anti-rabbit Alexa 488 (1:200), goat anti-mouse Alexa 568
(1:2000), goat anti-rabbit Alexa 568 (1:2000), and goat anti-mouse Alexa 647 (1:2000).

Calcium Imaging
Single GRN calcium imaging
single tarsal GRN calcium imaging was performed as previously described 40. UAS-GCaMP6m was
driven by specific GAL4 lines in 7–10 day-old females. Legs were prepared by severing at the tibia-
femur junction. The cut end was sealed with grease and attached to double-sided tape on a glass-
bottom dish (35 x 35 mm), leaving the 4th and 5th tarsal segments suspended. Warm agarose (50–
60°C) was applied to the tape to stabilize the preparation. Imaging was performed on a Nikon Ni-U
upright microscope with a 40X water immersion objective. Fluorescence changes were monitored
in cell bodies relative to adjacent background regions. Recording began 10 seconds prior to tastant
application and continued for 2–3 minutes. The response was quantified as DF/F (%) = (F - F0) / F0,
where F0 is the mean baseline fluorescence of the 5 seconds preceding stimulation. The maximum
DF/F value was used for analysis.
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S2 cell culture and imaging
S2 cell culture and imaging were performed by adapted protocols from previous 24. Drosophila S2
cells were cultured in Sf-900 II SFM supplemented with 10% FBS and 0.5% penicillin/streptomycin
at 25°C. Cells were transfected with pAc5.1 vectors encoding IR20a (genomic), IR25a (cDNA), IR76b
(cDNA), and GCaMP6m. Imaging was conducted using a Nikon Ni-U microscope (10× objective).
Prior to imaging, culture medium was replaced with isotonic bath buffer (10 mM HEPES, 10 mM
glucose, 250 mM NMDG-Cl; pH 7.4; 520 mOsm). After a 2-minute equilibration, the buffer was
removed to a minimal volume. Following a 10-second baseline recording (F0), cells were
stimulated with ligand solutions containing the test tastant (NaCl or arginine). To maintain
constant osmolarity (520 mOsm) across all conditions, the concentration of NMDG-Cl in the
stimulation buffer was adjusted inversely to the tastant concentration. Fluorescence was recorded
for 120 seconds, and background-subtracted peak DF/F (%) responses were quantified.

Quantification and Statistical Analysis
Normality of data distribution was assessed prior to test selection. For non-normally distributed
data, comparisons between two groups were performed using the Mann-Whitney test, while
multiple group comparisons were analyzed using the Kruskal-Wallis test followed by Dunn’s post-
hoc test. Data are presented as mean standard error of the mean (SEM). The value n represents the
number of preparations for immunostaining, the number of neurons for calcium imaging, the
number of flies for PER, or the number of plates for two-choice feeding assays. Specific statistical
details are provided in Dataset S1 - S8.
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Figure supplements

Figure S1. IR20a is specifically required for arginine and NaCl attraction. (A - B) IR20a is not required for 25
mM lysine preference in PER assays. (n = 18 – 35). (C - D) IR20a is not required for preference in amino acid
mixture in PER assays, n = 16 - 40. Group A: 25 mM each of Ser, Thr, and Phe. Group B:100 mM Met, 75 mM Ile, 50
mM Val and Leu, 25 mM Trp. Group C:100 mM Gly, 75 mM Ala, 50 mM His, 25 mM Cys. Group D: 25 mM Glu, 50
mM Gln, 50 mM Asn, 25 mM Asp, 0.5 mM Tyr. (E) Ablation of IR20a-GAL4 by UAS-hid reduces PER response to both
arginine and NaCl. Data represent mean ± SEM (n = 38 - 49). Kruskal-Wallis with Dunn’s post hoc test, different
letters denote differences between designated groups (p < 0.05).
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Figure S2. Neither co-expression of IR20a and IR25a nor triple expression of IR20a, IR25a, and IR76b in S2
cells confers broad amino acid sensitivity.

(A - B) Calcium imaging shows that heterologous expression of IR20a and IR25a, or triple expression of IR20a, IR25a, and
IR76b in S2 cells does not elicit responses to various amino acid mixtures. Group A: 25 mM each of Ser, Thr, and Phe. Group
B:100 mM Met, 75 mM Ile, 50 mM Val and Leu, 25 mM Trp. Group C:100 mM Gly, 75 mM Ala, 50 mM His, 25 mM Cys. Group D:
25 mM Glu, 50 mM Gln, 50 mM Asn, 25 mM Asp、0.5 mM Tyr. Data represent mean ± SEM (n = 8 -14).

Figure S3. Synergistic responses to an arginine and NaCl mixture in S2 cells.

(A–D) Calcium imaging shows that heterologous expression of IR20a and IR25a, or triple expression of IR20a, IR25a, and
IR76b in S2 cells does not elicit synergistic responses to 10 or 25 mM of arginine-NaCl mixture. Data represent mean ± SEM (n
= 8 -10).
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Figure S4. IR56b is required for state-dependent low NaCl response.

(A) The state-dependent increase in salt preference is abolished in IR56b mutants, and this phenotype is rescued by
reintroducing IR56b. (B - C) Calcium respond to H2O in IR56b controls, mutants and rescue. (D - E) Calcium responses to
sucrose are independent on salt-fed condition in wild-type control, IR56b mutants and rescue. Data represent mean ± SEM (n
= 8 - 13). Mann-Whitney test, *p < 0.05.
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Data availability
All data generated or analyzed during this study are included in the manuscript and supporting
files.
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acid arginine and of low salt (NaCl) concentrations, functioning in different combinations
with "co-receptor" IRs, IR25a and IR76b.

Strengths:

The experiments are generally very well-performed and clearly presented, using established
methodology. While, unsurprisingly, some puzzles remain (mentioned below), the work
provides one of the clearest lines of evidence for the combinatorial coding of sensory
information at the periphery through the combined action of distinct sets of chemosensory
IRs.

As taste neurons have long been recognized to express many different combinations of IRs
and Gustatory Receptors (GRs), this study will be of interest to chemosensory biologists in
general, particularly those studying invertebrate model systems (though co-expression of
different families of taste receptors is a feature of mammalian taste cells).

The precise molecular mechanisms remain unclear: there is no direct evidence here for
protein complex formation (though this is likely), the stoichiometry of such complexes, or
how subunits interact to confer or suppress sensory sensitivity. Nevertheless, these receptors,
and the authors' success in reconstituting functionality in cultured cells, might make these a
powerful model to explore such questions in the future.

Weaknesses:

Given the particular interest of the data from the heterologous reconstitution in cultured
cells, the authors should be quite explicit about the nature of the quantification of the S2 cell
responses. It is unclear whether the cited "n" refers to numbers of cells or something else, and
whether all or only a fraction of (transfected) cells gave responses.

There has been some prior work on the context-specific role of IR76b in amino acid-sensing
and salt sensing by Ganguly and colleagues (Cell Reports 2017), who also implicated (weakly)
a contribution of IR20a in contributing to the amino acid-sensing role. In that work, the
authors focussed principally on the labellum and used electrophysiology rather than calcium
imaging. The present manuscript appears rather dismissive of the earlier results (only
mentioning them in the Discussion), and the authors could be a bit more generous about
what was previously determined, where they have confirmed previous findings, where their
results diverge, and why this might be. Similarly, the original functional analysis of IR76b
(Zhang Science 2013) argued this was a low-salt sensor by itself, which is at least partially
corroborated here; it remains unclear how this role relates to the low-salt detecting function
of a potential complex of IR20a/IR25a/IR76b. It would be useful to have a summary model of
the possible variety of complexes of IRs in different types of sensory neurons, as supported by
the results in this and previous studies.

The discord between the lack of requirement for IR20a for physiological responses to
arginine in tarsi versus the necessity for behavioral responses is puzzling (though might
reflect a labellar role for IR20a). There appears to be a trend of a decrease in calcium signal
in tarsi to 100 mM arginine, which is the highest concentration tested (Figure 2A, C). Would a
statistically significant decrease be observed with lower arginine concentrations? (A more
substantial experiment would be to perform calcium imaging in the labellar IR20a neurons,
or their axonal projections in the SEZ; this is not necessary, but the authors should at least
acknowledge that their imaging of tarsal responses, while convenient, only examines a tiny
fraction of the entire IR20a neuron population.

The authors argue for synergistic responses to arginine and NaCl mediated by IR20a/IR25a.
It's not clear to me to what extent there is synergism. In Figure 5A, 10 mM arginine or 10 mM
NaCl individually lead to c.30-40% PER, and then when both are presented together in the
"Mix" (presumably both compounds at 10 mM?), PER rises to c.60%. Is this really synergism,
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or rather simple additivity of behavioral responses to two attractive compounds? The authors
could discuss this more thoroughly. Similarly, in Figure 5G the authors show that 50 mM
arginine does not evoke a significant response in S2 cells expressing IR25a/IR20a, but in
Figure 4 it would seem likely that a 50 mM dose would produce a significant response (the
response to 25 mM arginine in Figure 4F is already elevated above the control, albeit not
statistically significant). Is this just a batch effect of the experiments performed at different
times (so they are not directly comparable)?

The legend title to Figure 6 implies cooperation between tonic and state-modulated pathways,
but I don't see specific evidence for "cooperation". Rather, as in the results text, they seem to
work in parallel, so this analysis seems slightly peripheral to the main focus of the
manuscript. It's ultimately unclear how the IR20a/IR76b/IR25a low salt sensor and the sensor
containing IR56b functionally interact at the behavioral level. Here, a graphical summary, as
mentioned above, of the different salt sensing neurons, the receptors they use, and the
behaviors they control could be useful to establish the current knowledge and highlight open
questions for the future.

https://doi.org/10.7554/eLife.112388.1.sa3

Reviewer #2 (Public review):

Summary:

This study identifies IR20a-expressing gustatory neurons in Drosophila as a multimodal
sensory population integrating amino acid (arginine) and low-salt signals through
combinatorial IR20a/IR25a/IR76b receptor assemblies. The proposed model of peripheral-
level signal integration and synergistic enhancement of feeding preference is potentially
significant, as it expands current understanding of gustatory coding beyond single-modality
labeled lines.

Strengths:

Overall, the findings are conceptually interesting and suggest a novel framework for
multimodal taste integration, but some mechanistic interpretations remain incompletely
supported by direct evidence.

Weaknesses:

(1) Although the authors demonstrate co-expression of IR20a, IR25a, and IR76b in the same
GRN population, this evidence is insufficient to support the proposed model of distinct
receptors coexisting within individual neurons. Additional molecular or structural data
would be required to distinguish whether these subunits assemble into complexes.

(2) Given that IR76b has already been established as a sodium/salt sensing channel, the
novelty of this study relies on the proposed role of IR20a in conferring multimodal
integration and synergy. However, it remains unclear whether this represents a
fundamentally new sensory mechanism or a re-interpretation of known IR76b-dependent
salt responses in a different neuronal context.

(3) Line 127:

-The statement that there is no overlap between IR20a-GAL4 and GR64f-LexA or GR66a-LexA
is not sufficiently supported by the presented imaging data. In particular, the resolution and
clarity of the confocal images in Figure 1 appear suboptimal, making it difficult to confidently
assess co-localization. The authors are encouraged to provide higher-resolution images or
additional quantitative co-localization analysis to substantiate this conclusion.
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-In addition, the images shown in Figure 1 F1-F2 suggest possible partial overlap between
IR20a and GR66a signals, which appears inconsistent with the authors' statement of no co-
expression. This discrepancy should be clarified.

(4) Lines 138-141:

There appears to be a discrepancy between imaging and behavioral data: IR20a is reported as
dispensable for arginine-evoked neural responses, yet IR20a mutants show significantly
reduced attraction to arginine in behavioral assays. The authors should clarify how
behavioral deficits arise in the absence of detectable changes in calcium imaging,

(5) The manuscript proposes that IR20a functions in combination with IR25a to mediate
multimodal detection of arginine and low NaCl. However, the specific role of IR25a in this
context remains unclear.

(6) The authors report that co-expression of IR20a and IR25a confers synergistic responses to
combined arginine and NaCl stimulation, whereas the inclusion of IR76b abolishes this
response (Figures 5E-K). This is an intriguing and potentially important finding; however, the
mechanistic basis for this suppression is not clearly explained.

(7) The authors propose that IR56b mediates state-dependent modulation of low-salt
preference. However, the current data do not clearly distinguish whether IR56b acts as a real
nutrient state sensor or just functions as a downstream modulatory component within a
broader feeding circuit. Additional evidence linking IR56b activity changes to upstream
metabolic state signals would be necessary to support the interpretation that IR56b functions
as a primary state sensor.

(8) The manuscript suggests that IR20a and IR56b define two parallel and functionally
independent pathways mediating nutrient detection and state-dependent preference,
respectively. However, this conclusion is not fully supported by the current dataset. While the
two receptors are shown to be expressed in distinct neuronal populations, the possibility of
indirect interactions or convergence at downstream circuit nodes has not been excluded.
Given that both pathways ultimately influence feeding behavior, it remains possible that they
converge at higher-order interneurons or shared neuromodulatory circuits.

(9) In the state-dependent feeding assays (Figure 6), using H2O as a control introduces a
severe masking effect. Salt-deprived flies actively suppress pure water intake to avoid
osmotic shock, which artificially inflates the Preference Index (P.I.) for salt due to the
denominator effect. To cleanly isolate salt preference from the thirst/osmotic drive, the
authors will need to utilize an "isosmotic sucrose vs. isosmotic sucrose + salt" paradigm
(Jaeger et al., 2018, eLife; Puri et al., 2026, PNAS).

https://doi.org/10.7554/eLife.112388.1.sa2

Reviewer #3 (Public review):

Summary:

Drosophila, like other animals, use sophisticated taste systems with specialized
chemoreceptors to identify gustatory cues in their environment. Multiple gustatory cues
associated with a food source are often encountered simultaneously, but our understanding
of how this sensory information is detected and integrated remains incompletely understood.
This valuable study investigates how salt, amino acids, or their combination are detected by
specific combinations of peripheral Ionotropic Receptors, leading to behavioral attraction.
The authors show that distinct combinations of IR76b, IR25a, and IR20a confer sensitivity to
salt, arginine, or both. They also show striking evidence that cells co-expressing IR25a/IR20a
display a synergistic response to a mixture of sub-activating concentrations of these tastants.
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Together, these experiments lead to the conclusion that combinatorial expression of different
subunits and synergistic responses to taste mixtures facilitates integration of taste cues
beginning in the periphery. However, in its current form, key methodological details are
missing or inadequately described, which complicates interpretation. Additionally,
characterization is heavily focused on the population of IR20a+ neurons in the tarsi, while the
response properties of the newly-identified, functionally distinct population in the labellum
are investigated only through behavioral analysis, limiting the description of potentially
additional IR20a complexes. Ultimately, more in-depth biochemical characterization of the IR
complexes described will be required to fully support the conclusion that combinatorial
assembly of distinct IR20a receptors enables peripheral integration of taste mixtures.

Strengths:

The authors characterize the expression pattern of IR20a in the tarsi as well as in the
labellum, a tissue for which IR20a expression has been a point of debate. Multiple levels of
analysis, including behavioral assays, physiological recordings, as well as ectopic and
heterologous expression systems, are used to characterize the response properties of
different combinations of IR subunits, demonstrating remarkably consistent behavior of the
IR-complexes across cell types. Well-controlled genetic analysis and the use of multiple
behavioral assays provide additional support for their results, including the surprising
demonstration of synergistic responses to mixtures of tastants that supports the idea of
peripheral integration of gustatory inputs. This report also identifies a distinct IR, IR56b,
required for starvation-enhanced responses to salt.

Weaknesses:

(1) The title states that IR20a integrates L-arginine and salt signals via distinct subunit
assemblies, though the paper lacks direct evidence that IR20a serves as a multimodal tuning
receptor in distinct functional assemblies. Heterologous expression shows that co-expression
of IR20a/IR25a confers sensitivity to Arg, IR76b confers sensitivity to NaCl, and
IR20a/IR25a/IR76b co-expression confers sensitivity to both Arg and NaCl. This seems to be
interpreted to mean that all three subunits are assembling into a single complex. However,
current results do not show any difference in salt response when IR76b is expressed alone
compared to alongside IR25a+IR20a. Without more direct evidence for co-assembly of all
three subunits, it is equally plausible that the responses observed represent activity of
distinct IR25a/IR20a and IR76b receptors for Arg and salt, respectively. In this model, genetic
disruption resulting in expression of either IR25a or IR20a alone with IR76b could disrupt its
activity or membrane trafficking (as seen here and in previous studies) while co-expression
of both IR20a and IR25a relieves this inhibition by sequestering IR20a/IR25a into a distinct
complex from IR76b. Direct biochemical characterization, for instance in the form of co-
immunoprecipitation or FRET, will be required to differentiate between these possibilities.

(2) Key methodological details are missing throughout the manuscript. For instance,
incomplete genotype and staining information is provided for images in Figure 1, making it
difficult to interpret what is being shown. Additionally, for the calcium imaging methods,
what is the imaging speed? How are max values calculated (is this the average of several
images or just a single maximum)? How are ligands diluted and delivered to cells, and were
they applied in a manner that allowed for subsequent washout?

(3) The composition of the S2 imaging bath buffer requires clarification. As described, the
bath buffer appears to lack any Ca2+ or other IR-permeable cations. If this is indeed the case,
more detail should be provided about why this bath buffer was selected and what this means
for the source and mechanism of calcium responses observed, since it would not reflect
direct IR-mediated transduction. It is also notable that addition of water gives such a
detectable change in the tarsal preps.

Genetics and Genomics | Neuroscience

https://doi.org/10.7554/eLife.112388.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics
https://elifesciences.org/subjects/neuroscience


Wang, Qu et al., 2026 eLife 15:RP112388.  https://doi.org/10.7554/eLife.112388.1 32 of 33

(4) Visualization of IR20a driver activity in the labellum is interesting. Previous descriptions
of labellar expression of IR20a range from no expression to expression in bitter neurons, so
the current data linking IR20a to a different population of IR76b+ neurons warrants careful
analysis in light of this discrepancy. However, some of the strongest presented evidence for
expression is found in Figure 1, where the images are quite small, making it difficult to
distinguish the morphology and sensillar innervation pattern of the cells labeled by the IR20a
driver. In Figure 1A, several of the arrows do not appear to be associated with any visible
fluorescence. It is similarly difficult to assess overlap. Including higher-resolution images
and/or validating labellar expression, using antibodies, in situ hybridization, RT-PCR, or
transcriptomics would strengthen these claims.

(5) Similarly, Figure 2 shows that IR20a is not required for Ca2+ responses to AAs or KCl in the
legs, but is required for behavioral preferences and PER responses in the labellum. This
suggests that IR20a receptors may function differently in different tissues, though direct
evidence is lacking. Calcium imaging from a weakly expressed driver may be difficult, but
electrophysiological recordings from relevant labellar sensilla or ectopic/heterologous
reconstitution of the molecular receptors found there would give important insights into the
response properties of these other IR20a receptor type(s) and could provide evidence for
additional IR20a-containing complexes. The current paper focuses exclusively on
IR25a/IR20a/IR76b, which do seem to reliably reproduce the Arg/NaCl responses observed in
the tarsi, but even for the tarsal neurons it is unclear that this represents an exhaustive list of
all the relevant IR20a-interacting subunits coexpressed in these cells. For instance, Koh et al.,
2014 (PMID: 25123314) found several additional IR driver lines, including IR56b, were active
in the 5v/s tarsal sensilla.

https://doi.org/10.7554/eLife.112388.1.sa1

Author response:

We thank the editors and three reviewers for their careful evaluation and constructive
feedback. We are pleased that our identification of IR20a as a multimodal tuning receptor
required for both low-salt and arginine sensing in a distinct gustatory neuron population was
recognized as a valuable contribution to sensory coding. We agree with the major points
raised and outline our planned revisions below, organized thematically.

(1) Receptor assembly and integration model

Our genetic, heterologous, and calcium imaging data show functional cooperation among
IR20a, IR25a, and IR76b but do not demonstrate physical association. In the revision we will
replace terms like “distinct subunit assemblies” and “peripheral integration” with more
cautious language such as “functional receptor combinations.” We will state explicitly that
our data cannot resolve whether the three IRs form a single heteromeric complex, and we
will discuss the alternative possibility that IR76b and the IR20a/IR25a pair function as
separate receptors within the same neuron. This interpretation better accounts for the
response patterns observed upon co-expression. Throughout the text and in a revised
summary figure, we will clearly differentiate elements directly supported by data from those
that remain inferential.

(2) Tarsal calcium imaging versus behavior

The mismatch between tarsal calcium imaging and behavioral arginine responses will be
addressed directly. We will explain that tarsal recordings sample only a small subset of IR20a
neurons, whereas proboscis extension and feeding assays predominantly engage the more
numerous labellar sensilla, whose neurons may carry different receptor compositions. We
will generate labellar imaging where feasible; if additional functional data cannot be
obtained, we will acknowledge this limitation rather than overinterpreting the tarsal results.
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(3) Synergy versus additivity

We will discuss behavioral and cellular data separately. Recognizing that true synergy is
difficult to demonstrate in feeding and proboscis extension assays, we will adopt
conservative terminology when interpreting those experiments. For cellular data, where
mechanistic insight is stronger, we will present the evidence for functional synergy and
discuss why the outcomes may differ between the cellular and organismal levels.

(4) Contextualizing prior IR76b and IR20a literatures

We will expand the Introduction and Discussion to cite more fully the works establishing
IR76b as a low-salt sensor and IR20a’s role in amino-acid sensing, including the earlier report
that IR20a overexpression can inhibit IR76b-dependent salt responses. We will clarify how
our single-cell imaging and loss-of-function data obtained in the native context refine models
derived from ectopic expression. In its endogenous setting, IR20a marks neurons narrowly
tuned to amino acids such as arginine, and IR20a is strictly required for low-salt detection.
These findings contrast with the earlier view that IR20a functions broadly as an amino-acid
sensor or as a salt-response blocker.

(5) State-dependent modulation and IR56b

Our data do not identify IR56b as the direct molecular sensor of internal state. We will
reframe IR56b as a necessary component for state-dependent modulation of low-salt
preference and retract any claim that it is the sensor itself. We will also clarify that IR20a and
IR56b define genetically separable peripheral pathways that may converge on downstream
circuits.

(6) Methodological and presentation issues

We will address the following points raised across reviews:

(1) Co-localization: Higher-resolution confocal images and co-localization analysis will be
provided.

(2) Summary model figure: A new figure will illustrate the distinct functions of IRs in low-salt
and amino-acid taste, clearly indicating which aspects are directly supported and which are
inferential.

(3) Feeding-assay control: We will either include an isosmotic sucrose control to avoid the
water confound or explicitly discuss this limitation and temper the interpretation of feeding-
preference results.

(4) S2 cell quantification: Complete details on response criteria, responder fractions, and
statistical reporting will be added.

(5) Figure and supplementary corrections: All noted errors in figure legends, scale bars,
citations, and supplementary-file mismatches will be fixed.

We are confident these revisions will bring our mechanistic claims into close alignment with
the evidence and substantially improve the manuscript. We again thank the editors and
reviewers for their detailed and helpful comments.

https://doi.org/10.7554/eLife.112388.1.sa0
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