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Abstract 

The sense of taste is an important sentinel governing what should or should not be 

ingested by an animal, with high pH sensation playing a critical role in food selection. 

Here we explore the molecular identities of taste receptors detecting the basic pH of 

food using Drosophila melanogaster as a model. We identify a chloride (Cl-) channel 

named alkaliphile (Alka), which is both necessary and sufficient for aversive taste 

responses to basic food. Alka forms a high-pH-gated Cl- channel and is specifically 

expressed in a subset of gustatory receptor neurons (GRNs). Optogenetic activation of 

alka-expressing GRNs is sufficient to suppress attractive feeding responses to sucrose. 

Conversely, inactivation of these GRNs causes severe impairments in the aversion to 

high pH. Altogether, our discovery of Alka as an alkaline taste receptor lays the 

groundwork for future research on alkaline taste sensation in other animals. 
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Introduction 

          The sense of taste, which lies at the interface between the interior and the 

exterior of the body, ensures that food of nutritional value is consumed, whereas 

potentially noxious substances are rejected 1,2. Acids and bases are opposite chemical 

substances that are broadly present in food sources 3. While it is generally accepted 

that animals use sour taste to assess the acidity, or low pH, of food 4-6, whether animals 

have a taste modality to sense the basicity, or high pH, of food is a long-standing open 

question. Given that acid, or low pH, has a sour taste, it would be logical to hypothesize 

that base, or high pH, also produces a gustatory sensation. 

          Previous studies in humans and animal models provide initial clues to the 

existence of alkaline taste sensations. In the 1940s, psychophysical studies conducted 

on human subjects reported that the tip portion of the tongue, which is enriched with 

taste buds, exhibits a higher sensitivity to sodium hydroxide (NaOH) than the mid-dorsal 

part of the tongue with few taste buds, implying that basic solutions may have taste 

qualities 7. Furthermore, electrophysiological recordings of the taste nerves in cats 

document that a subpopulation of the chorda tympani nerves, which relay taste input 

from the oral cavity to the brain, can be activated by high pH but not by other stimuli 

such as temperature 8, indicating that cats interpret the stimulation by high-pH solutions 

as a sense of taste rather than as an irritating noxious chemical. Moreover, insects such 

as beetles show robust avoidance of alkaline environments associated with unfavorable 

habitats and food sources 9. The beetle’s high-pH sensitivity is mediated by pH receptor 

cells in the beetle’s taste organ, which display significantly increased firing activities 

proportional to basic pH 10. Collectively, these earlier studies imply but do not resolve 



 4

whether the high-pH sensation is a discrete taste modality. Since these early studies, 

little mechanistic research had been done to unravel the molecular and cellular 

underpinnings of alkaline taste sensation. In particular, the molecular identities of taste 

receptors and taste receptor cells orchestrating alkaline taste sensations had not yet 

been established in animals.  

          Like mammals, the fruit fly, Drosophila melanogaster, employs different classes of 

taste receptors to detect sugars 11-15, salts 16-18, acids 6,19-21, bitter substances 22,23, and 

other chemicals 24-29. Given that flies have such a remarkable capability to detect a wide 

range of substances through taste, we inferred that flies are also able to sense the 

alkalinity of food. Indeed, we isolated a vital fly gene dubbed alkaliphile (alka) that 

regulates gustatory responses to strong alkalinity. Our molecular genetic studies 

revealed that alka is both necessary and sufficient to avoid highly basic food. We 

performed extensive electrophysiological assays and discovered that the Alka protein 

forms a chloride (Cl-) channel, which is specifically activated by hydroxide (OH-). 

Moreover, we found that alka is expressed in a subset of GRNs in the peripheral taste 

organ. At the sensory cell level, alka-expressing GRNs are both necessary and 

sufficient for the avoidance of highly basic food. In summary, our work establishes Alka 

as the long-sought-after taste receptor responsible for sensing the basic pH of food.   

 

Results 

Requirement for alka to avoid highly basic food 

We aimed to decipher the molecular nature of alkaline taste sensation by 

leveraging the fruit fly, Drosophila melanogaster, a well-established model organism for 
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taste perception 24,30. We chose the strong base NaOH to alter food pH because it is 

completely dissociated into Na+ and OH- ions once dissolved, therefore enabling us to 

obtain a wide range of basic pH with relatively low concentrations of NaOH. 

Furthermore, side effects arising from sodium taste can be genetically removed in flies. 

We found that wild-type flies, when given a choice between neutral food comprising 2 

mM glucose alone (pH 7) and basic food containing the same concentration of glucose 

plus 100 mM NaOH (pH 13), predominantly preferred neutral over basic food 

(Extended Data Fig. 1a). Thus, our behavioral data suggest that wild-type flies were 

repelled by basic food. We surmise that flies detect food basicity through specific taste 

receptors, which are very likely to be transmembrane receptors or ion channels.  

To identify the alkaline taste sensor, we employed the two-choice feeding assay 

to screen a plethora of mutants, which are defective for a large variety of receptors or 

ion channels whose physiological functions were either established or unclear 

(Extended Data Fig. 1a). These include the gustatory receptors (GRs) 11,31, the 

ionotropic glutamate receptors (IRs) 32, transient-receptor-potential (TRP) cation 

channels 33, otopetrin channels 5,6,20,34, and putative receptors or channels with 

unknown functions. According to our screen, the majority of mutant animals rejected 

alkaline food, but one mutant (CG12344MI11416), carrying a transposon insertion in an 

uncharacterized gene CG12344, displayed significantly reduced aversion to basic food 

(Extended Data Fig. 1a). The physiological function of CG12344 remained unclear, yet 

bioinformatic analyses indicated that the protein encoded by CG12344 is distantly 

related to glycine receptors (GlyRs) 35 and belongs to the ligand-gated chloride channel 

(LGCC) family in Drosophila  36,37.  
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The fly genome encodes 12 LGCC members, which exhibit pronounced 

divergence with regard to ligand activation, expression pattern, and cellular function 38-

47. Among the fly LGCC family, many of the LGCCs are orphan channels because their 

activating ligands and physiological functions remain largely unclear. Consequently, we 

asked whether the other LGCC family members in Drosophila were involved in the 

detection of basic food. We used either null mutants or GRN-specific knockdown to 

determine if any of the LGGC genes were required for the taste response to alkaline 

food. Specifically, we used the poxn-Gal4 line, which drives expression in the entire 

population of GRNs 6,48, to specifically knocked down most of the LGCC genes in the 

labellum, a primary taste organ of the fly. Our two-choice feeding assays demonstrated 

that selective knockdown of CG12344 but not the other LGCC genes led to significant 

defects in the avoidance of basic food (pH 13) (Extended Data Fig. 1b). In conclusion, 

we propose that CG12344 is an excellent candidate alkaline taste receptor. Since 

CG12344 mutant flies displayed increased acceptance of basic foods compared to wild 

type, we dubbed the CG12344 gene alkaliphile (alka).  

To determine the function of alka in detecting basic food, we successfully 

generated a null alka1 allele using CRISPR/Cas9-mediated genome editing. In the alka1 

mutant, the DNA sequences encoding all four transmembrane segments (TM1-TM4) 

were ablated, leading to severe disruption of any potential ion channel activities 

(Extended Data Fig. 2a-c). As demonstrated by our two-choice feeding assays, wild-

type animals exhibited increasing aversion toward moderately to highly alkaline food 

(Fig. 1a). In contrast, alka1 mutant flies displayed profound defects in alkaline food 

aversion, even showing a strong preference for food mixed with low levels of NaOH 
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(e.g., 10 mM) (Fig. 1a). We deduced that this might be caused by the inherent attraction 

to low concentrations of sodium (Na+) 16 from NaOH when the aversion to OH- is 

eliminated in alka1 mutant flies. To test this hypothesis, we generated alka1;Ir76b1 

double mutant flies lacking both alka and Ir76b, the latter of which is required for salt 

taste sensation 16. Indeed, we found that alka1;Ir76b1 double mutant flies also showed 

severe impairments in avoiding alkaline food but no longer preferred moderately basic 

food (Fig. 1a), indicating that the preference for basic food in the alka1 mutant is due to 

low Na+. Further, to exclude any potential effects arising from Na+ and osmolarity on our 

two-choice feeding assays, we allowed the flies to choose between basic food 

containing 0.1-100 mM NaOH (pH 10-13) and neutral food comprising the same 

concentrations of NaCl (0.1-100 mM; pH 7) so that Na+ and osmolarity in both food 

options were balanced. Consistent with the above results, alka1 flies exhibited 

significantly reduced aversion to basic food (Fig. 1b); however, alka1 mutants were not 

more attracted to NaOH than to NaCl, because the sodium levels for both food options 

are identical (Fig. 1b). Furthermore, the mutant phenotype of alka1 flies was fully 

restored to normal by expressing a wild-type alka transgene in the alka1 mutant 

background (alka1;alka-Gal4/UAS-alka) (Fig. 1a, 1b). In summary, our two-choice 

feeding assays demonstrate that alka is selectively required for sensing high pH instead 

of Na+ or osmolarity.  

To directly assess the fly’s taste response to alkaline food, we employed 

proboscis-extension-reflex (PER) assays to directly assess the fly’s taste response to 

basic food 49. Wild-type flies extended their proboscis to feed if their proboscis was 

transiently touched with a probe containing an appealing food. Wild-type flies showed 
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about 45% PERs toward 30 mM sucrose, but the PER percentage declined as the food 

became more basic (Fig. 1c). In contrast, alka1 mutants displayed significant defects in 

rejecting alkaline food. Similar to our previous results, alka1 mutants showed 

dramatically increased PERs to moderately basic food. This abnormal PER phenotype 

was abolished in alka1;Ir76b1 double mutants (Fig. 1c), suggesting that the attraction to 

moderately basic food is due to low concentrations of salt. Additionally, the abnormality 

of the alka1 mutant’s PERs to basic food was fully rescued by expressing a wild-type 

alka transgene (Fig. 1c). Collectively, our behavioral and genetic analyses indicate that 

alka is required for perceiving basic food. 

alka is necessary for GRNs to sense high pH 

          To address whether alka is functionally required for GRNs to sense high pH, we 

performed tip recording, a robust electrophysiological technique used to interrogate the 

neuronal activity of GRNs 6,16. There are three groups of taste sensilla that house GRNs 

in the fly proboscis, including the large (L), intermediate (I), and small (S) types 6,50,51. 

To determine whether these three types of sensilla differentially respond to high pH, we 

carried out an electrophysiological survey of their responses to 10 mM NaOH. Our tip 

recordings demonstrated that among the L-, I-, and S-type sensilla, S-type sensilla 

produce the most robust responses to NaOH (Extended Data Fig. 3a). Therefore, we 

focused our electrophysiological analyses on S-type sensilla. After being stimulated with 

a series of NaOH concentrations (0.1-100 mM), S-type sensilla such as S6 in wild type 

produce a train of action potentials. As the NaOH concentration rose, the spike intensity 

increased remarkably (Fig. 1d, 1e). In keeping with our behavioral data, the frequency 
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of spikes produced by the alka1 mutant was significantly lower than wild type. This 

defect was fully restored in rescue animals (alka1;alka-Gal4/UAS-alka) (Fig. 1d, 1e).  

          To ascertain that the action potentials detected at S6 sensilla were mainly evoked 

by OH-, we examined the responses of S6 sensilla to low salt (0.1-100 mM NaCl). We 

only detected weak responses to low salt, and the spike frequencies were comparable 

between wild-type and alka1 mutant flies (Extended Data Fig. 3b, 3c). As such, this 

indicates that the spikes responses of S6 sensilla evoked by NaOH are predominantly 

contributed by OH- instead of Na+ ions.  

          To determine whether loss of alka affects other taste modalities, including sweet, 

bitter, salty, and sour tastes, we examined the PER responses to sucrose, caffeine, 

sodium chloride (NaCl), and hydrochloric acid (HCl) in alka1 mutants, with wild-type flies 

as controls. According to our PER assays, alka1 mutant and wild-type flies show no 

significant difference in the percentage of PER responses to sucrose, caffeine, salt, or 

acid (Fig. 1f). In accordance with the PER assays, our tip recording analyses 

demonstrated that wild-type and alka1 flies displayed comparable gustatory responses 

to salt. As controls, the spikes evoked by NaCl were eliminated in the alka1;Ir76b1 

double mutant (Fig. 1g, 1h). Furthermore, wild-type and alka1 flies also exhibited similar 

taste responses to sucrose, caffeine, and acid (Fig. 1i, 1j). In summary, alka is 

responsible for the gustatory sensation of high pH rather than other taste substances 

tested. 

          Moreover, we were curious whether alka was also required to detect high pH 

contributed by weak bases in addition to strong bases such as NaOH. To test this idea, 

we chose sodium carbonate (Na2CO3) 52 because it is a weak nonvolatile base that 
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yields little interference from the olfactory system, enabling us to specifically determine 

its effect on taste. Furthermore, sodium carbonate is broadly present in the natural 

ecosystem, where many animals such as insects live and eat. Excessive carbonate 

consumption can imbalance pH homeostasis, consequently leading to alkalosis of the 

animal’s body fluid 53. Therefore, sodium carbonate is an ethologically and ecologically 

relevant taste substance frequently encountered by animals during food foraging and 

feeding. Our two-choice feeding and PER assays revealed that alka1 flies showed 

significantly decreased aversions to basic foods containing Na2CO3 (Fig. 2a, 2b). 

Similar to NaOH, alka1 mutants exhibited preferences for foods containing low 

concentrations of Na2CO3. This was due to the remaining attractive response to low salt 

because no attraction to Na2CO3 was observed in alka1;Ir76b1 double mutant flies (Fig. 

2a, 2b). In support of this result, our tip recording analyses demonstrated that there was 

a significant decrease in the number of action potentials evoked by Na2CO3 in alka1 

mutants compared to wild-type controls (Fig. 2c, 2d). These behavioral and 

electrophysiological abnormalities were fully rescued in alka1;alka-Gal4/UAS-alka flies 

(Fig. 2a-d). Collectively, we propose that alka is required to detect high pH produced by 

either strong or weak bases.  

alka is expressed in a subset of GRNs in the fly labellum 

To examine the expression pattern of alka in the labellum, the fly's primary taste 

organ, we conducted immunohistochemical assays using Alka antibodies we generated 

in this study. We observed a group of immunoreactive GRNs present in the wild type 

(Fig. 3a) but not in the alka1 mutant (Fig. 3b), affirming the specificity of the Alka 

antibody. Moreover, we generated a promoter Gal4 line for alka and examined the 



 11 

expression of the alka-Gal4 using a GFP reporter 54. We found that the alka-Gal4 was 

specifically expressed in a subset of GRNs, a bipolar-neuron type with characteristic 

structures including dendrite, soma, and axon (Fig. 3c). In agreement with our tip 

recordings, the dendrites of alka-expressing GRNs mostly innervated S-type sensilla 

(Fig. 3d). Our double-labeling of alka-Gal4/UAS-mCD8GFP flies revealed that nearly all 

the alka-Gal4 GRNs colocalized with those marked by Alka antibodies (Fig. 3e-g), 

indicating that the alka-Gal4 mostly reflected the endogenous expression of alka in the 

fly proboscis. Further, we found that only a small percentage of GRNs specified by the 

alka-Gal4 (21.6%) overlapped with Gr66a-expressing (bitter) GRNs (Fig. 3h) 55, while 

showing little colocalization with Gr64f-expressing (sweet) GRNs (Fig. 3i) 15,56 or Ir76b-

expressing GRNs involved in the taste sensations of low concentrations of salt (Fig. 3j) 

16,18 and other substances 57. Furthermore, the alka-expressing GRNs exhibited no 

obvious overlap with other types of GRNs, such as ppk28-expressing GRNs responsible 

for detecting water (Fig. 3k) 58,59 or ppk23-expressing GRNs involved in sensing high 

concentrations of calcium as well as pheromones (Fig. 3l) 28,60. Additionally, the axons 

of alkaline GRNs projected to the subesophageal ganglion zone (SEZ), a brain region 

involved in processing taste signals (Fig. 3m). In addition to the fly labellum, we found 

that alka-Gal4 was also expressed in chemosensory neurons at the tarsus, the last 

segment of the fly leg (Extended Data Fig. 4a, 4b). To determine whether the alka-

expressing tarsal neurons contributed to the detection of high pH, we used high pH 

solutions to selectively stimulate the tarsal segment rather than the proboscis of the fly 

while performing PER assays. In keeping with our previous PERs collected on the fly 

proboscis, alka1 mutant flies exhibited significant deficits in rejecting high pH. This 
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defect was restored to normal in alka1;alka-Gal4/UAS-alka rescue flies (Extended Data 

Fig. 4c), suggesting that alka was also required at the tarsi to sense high pH from the 

external environment. Additionally, alka-Gal4 expression was detected in the peripheral 

olfactory organs such as the antenna and maxillary palp (Extended Data Fig. 4d, 4e). 

Strikingly, we failed to observe any alka-Gal4 expression in the whole fly brain except 

the axonal projections of chemosensory neurons from the labellum, the antenna, and 

the maxillary palp (Fig. 3m). Consistently, we observed little, if any, Alka expression in 

the central brain of the wild-type adult fly (Extended Data Fig. 4f). This distinct 

expression pattern of alka further substantiated the notion that Alka mainly functioned 

as a chemoreceptor instead of a neurotransmitter receptor like GlyR, as the latter is 

typically expressed broadly in the brain 61.  

It has been established that there are four GRNs embedded underneath each of 

the 12 S-type taste hairs 51. Consistent with the literature 55, we found that most S-type 

sensilla (S1-S12) housed one GRN expressing Gr66a. Moreover, most S-type sensila 

included one alka-expressing GRN. A portion of the S-type taste hairs contained ppk23-

expressing GRNs and Gr64f-expressing GRNs. Additionally, we observed few ppk28-

expressing GRNs innervating the S-type taste sensilla; instead, most of them innervated 

the L-type sensilla (Extended Data Figure 4g). In keeping with our anatomical results, 

no obvious water-induced neuronal spikes were detected at the S-type sensilla in wild-

type or ppk28 mutant flies, indicating that ppk28 is not functionally required at the S-

type sensilla. Our finding is consistent with the established role of ppk28 in attractive 

water taste sensation at the L-type sensilla 58,59.  

Alka forms a high-pH-activated Cl- channel 
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          At this stage, our findings implied that Alka was likely a direct sensor for high pH. 

Moreover, protein sequence analysis revealed that the fly Alka protein showed a low 

level of homology (30% identity) to vertebrate GlyRs, such as glycine receptor alpha1 

(GlyRa1), in zebrafish, mice, and humans (Extended Data Fig. 5). Since GlyRs are Cl- 

channels 35,62, we deduced that Alka might form a high-pH-activated ion channel. To 

test this hypothesis, we used whole-cell patch-clamp recording 6 to interrogate the 

potential channel function of Alka in heterologous HEK293 cells. We observed that Alka 

proteins were expressed at the surface of HEK293 cells (Extended Data Fig. 6a), 

making them suitable for whole-cell patch-clamp analyses. To stimulate the HEK293 

cells, we used a micropipette to locally apply basic isotonic solutions to the patched 

cells (Extended Data Fig. 6b). Of primary significance, Alka-expressing HEK293 cells 

generate robust inward currents when stimulated by basic isotonic solutions (pH 12). In 

contrast, few currents were detected in control cells without Alka expression (Fig. 4a, 

4b). To ascertain what ions contribute to the inward conductance, we replaced the ions 

in the external bath and internal pipette solutions. Under isotonic conditions, when CsCl 

was used as the internal solution and N-methyl-D-glucamine (NMDG)-Cl or NMDG-

gluconate as the external solution (NMDG and gluconate ions are membrane-

impermeable) 6, we still detected comparable levels of inward currents (Fig. 4a, 4b). 

However, when we further replaced the internal Cl- with membrane-impermeable 

methanesulfonate (MeSO4-), we observed no obvious currents (Fig. 4a, 4b). Therefore, 

our ion replacements suggested that the high-pH-evoked inward currents were primarily 

due to Cl- efflux instead of Na+ influx through the Alka channel. To further establish that 

Alka encodes a Cl- ion channel, we analyzed differential activation of the Alka channel 
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by high pH (pH 12) under a series of intracellular chloride concentrations. Increasing the 

intracellular chloride concentration potentiated inward currents considerably (Fig. 4c, 

4d) and positively shifted the reversal potential (Erev) (Fig. 4e, 4f) in a manner closely 

following the prediction of Nernst equation for a chloride-selective ion channel 35. The 

current/voltage (I/V) relationship curve of the Alka channel was nearly linear, indicating 

that its conductance was mostly independent of voltage gating (Fig. 4e). Further, we 

used bi-ionic conditions to analyze the Alka channel’s permeability for Cl- relative to 

other anions such as F-, Br-, and I-. We found that the Alka channel was essentially 

conductive to all halide ions with a slight preference for I- and Br- over Cl- (Extended 

Data Fig. 6c-e). Furthermore, we found that Alka-expressing HEK293 cells failed to 

produce any obvious currents when stimulated by isotonic acidic solutions (pH 2.0-6.0) 

(Extended Data Fig. 6f, 6g). Moreover, no obvious currents were detected when the 

Alka-expressing HEK293 cells were stimulated by glycine (Extended Data Fig. 6h, 6i) 

or γ-Aminobutyric acid (GABA) (Extended Data Fig. 6j, 6k) within the physiological 

concentration range (less than 1 mM) 63. Collectively, our whole-cell patch-clamp 

analyses indicate that Alka forms a high-pH-activated Cl- channel. 

           Topologically resembling the glycine-gated Cl- channels 64, the Alka channel 

complex is predicted to be a pentamer with five transmembrane segments 2 (TM2) 

helices lining the ion pore (Fig. 5a, 5b). We focused on an evolutionarily conserved 

proline residue P276 located in the TM2 segment (Fig. 5a-c), given that proline 

residues play important roles in shaping the conformation of transmembrane helices 65. 

To determine the function of P276, we mutated it to alanine (A). Like wild-type Alka, 

AlkaP276A was readily detected at the cell surface of HEK293 cells (Extended Data Fig. 
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6a). For HEK293 cells expressing wild-type Alka, the amplitude of inward current 

significantly elevated as the pH of the basic isotonic solution increased from 10 to 13. 

However, few currents were detectable in cells expressing the AlkaP276A mutant (Fig. 

5d-f), demonstrating that P276 is critical for Cl- permeation across the channel. In 

summary, we propose Alka as a high-pH-gated Cl- channel. This raises the question of 

how fly GRNs sense high pH through Alka. Typically, the intracellular Cl- concentration 

in the fly taste receptor neurons is higher than in the extracellular lymph 66. Thus, we 

inferred that the opening of Alka channels by hydroxide (OH-) ions led to massive Cl- 

efflux from the GRN, thereby depolarizing the GRN (Fig. 5g). 

Alka is sufficient to form an alkaline taste receptor in vivo 

          To determine whether the Alka channel is sufficient to sense basic food in vivo, 

we misexpressed Alka or AlkaP276A at sweet GRNs using the Gr64f-Gal4 as a driver 14,15 

in an alka1 mutant background, as Gr64f-expressing GRNs were separate from alka-

expressing GRNs (Fig. 3i). We chose one of the L-type sensilla, L7, to conduct tip 

recording assays because the L7 sensilla showed quite weak responses to the stimuli of 

high pH (Extended Data Fig. 3a) as well as salt 16. We found that flies misexpressing 

wild-type Alka in sweet GRNs acquired a robust sensitivity to high pH (Fig. 6a, 6b). In 

contrast, sweet GRNs misexpressing AlkaP276A produced few action potentials in 

response to high-pH stimuli (Fig. 6a, 6b). Further, the control flies such as alka1;Gr64f-

Gal4 or alka1;UAS-alka failed to produce robust spikes in response to high-pH stimuli 

(Extended Data Fig. 7a, 7b). Furthermore, L7 sensilla misexpressing wild-type Alka or 

AlkaP276A yielded comparable responses to sucrose (50 mM) (Extended Data Fig. 7c, 

7d), indicating that the failure of sweet GRNs misexpressing AlkaP276A to evoke action 
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potentials responding to high-pH stimuli was not due to the dysfunction of these GRNs. 

Next, we allowed these flies to choose between basic foods comprising 0.1-100 mM 

NaOH and neutral foods containing the same concentration of NaCl. Of great interest, 

selectively misexpressing Alka in Gr64f-expressing GRNs enabled the flies to show a 

progressively increasing preference for basic foods as the food pH rises from 10 to 13, 

whereas AlkaP276A-misexpressing flies, like alka1 mutant flies (Fig. 1b), displayed 

significant defects in avoiding alkaline food (Fig. 6c). Furthermore, our PER assays 

revealed that Alka-misexpressing flies also exhibited significantly increased PERs to 

alkaline food when compared to AlkaP276A-misexpressing flies (Fig. 6d). Altogether, we 

propose Alka is sufficient to serve as a taste sensor for high pH in vivo.  

alka-expressing GRNs regulate feeding responses 

To exclusively manipulate the activities of alka-expressing GRNs, we employed 

the Orco-Gal80 67,68 line to repress the alka-Gal4 expression in olfactory organs 

(Extended Data Fig. 8a, 8b) while leaving its expression in GRNs intact (Extended 

Data Fig. 8c, 8d). Next, we selectively expressed a red-shifted channelrhodopsin 

CsChrimson 69 in alka-positive GRNs. We then acutely activated alka-positive GRNs 

with red light, to which flies are almost blind, greatly minimizing the visual interference. 

Control flies readily accepted an offered drop of sucrose (500 mM), even under very 

strong red light (Extended Data Movie 1 and Extended Data Movie 1 caption). 

Similarly, both alka-Gal4;UAS-CsChrimson and alka-Gal4,UAS-CsChrimson;Orco-

Gal80 flies also preferred sucrose in the absence of red light (Fig. 7a); however, upon 

stimulation with a moderate level of red light, the same flies instantly retracted their 

proboscis to reject sucrose (Fig. 7b, Extended Data Movie 2, and Extended Data 



 17 

Movie 2 caption). These flies showed substantially enhanced avoidance of sucrose as 

the red-light intensity increased (Fig. 7c, 7d). Thus, our results implied that alkaline 

taste negatively influences sweet taste, presumably through cross-modal inhibition. 

Furthermore, we selectively inactivated alka-expressing GRNs using a neuronal tetanus 

toxin (TNT) 70 and subsequently examined their feeding responses to alkaline food. 

Similar to the alka1 mutant, suppressing the activity of alka-expressing-GRNs caused 

severe defects in aversion to basic foods (Fig. 7e, 7f). Like alka1 mutants, flies with 

suppressed alkaline GRNs preferred basic foods. We deduced that this was due to the 

attractive response to low concentrations of Na+ from NaOH when the aversion to OH- 

was abolished. In summary, our studies establish that alka and alka-expressing GRNs 

are both necessary and sufficient to perceive highly basic food.  

          Our cell biological studies revealed that alkaline GRNs show a small fraction of 

overlap with bitter GRNs marked by Gr66a (Fig. 3h). This raised a question as to 

whether alkaline taste and bitter tastes are distinct from each other. The double-labeling 

approach with two fluorescent reporters has limitations in discerning the relative 

localizations among different GRN markers. For example, two fluorescent-reporter 

transgenes, when combined in one animal, may affect each other’s GRN morphology, 

number, or even innervation pattern. To overcome these problems and better evaluate 

the relative localization between Gr66a- and alka-expressing GRNs in the fly labellum, 

we employed the Gal80-based intersectional genetic approach 71. Typically, the 

transcriptional repressor Gal80 potently inhibits the activity of Gal4, a transcriptional 

factor used to drive the expression of a reporter in the UAS/Gal4 system 72. As a result, 

Gal80 effectively represses GFP-reporter expression driven by Gal4 only when Gal80 
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and Gal4 are present in the same cell. To ascertain whether alka-expressing GRNs are 

distinct from Gr66a-expressing GRNs, we examined the expression of alka-Gal4/UAS-

GFP in the presence of Gr66a-Gal80. When the Gr66a-Gal4;UAS-GFP (Gr66a-GFP) 

reporter was combined with the Gal80 alone, since no Gal80 was expressed, Gr66a-

positive GRNs were easily detected by the Gr66a-GFP reporter (Extended Data Figure 

9a). In contrast, after expressing Gal80 repressors in Gr66a-positive GRNs using the 

Gr66a-Gal80 driver, we failed to observe any obvious GRNs, indicating that expression 

of Gr66a-GFP reporter was successfully shut down by Gr66a-Gal80 (Extended Data 

Figure 9b). Of great interest, we found that even in the presence of Gr66a-Gal80, most 

of the alka-expressing GRNs are still readily detected based on GFP expression. 

Moreover, the remaining alka-expressing GRNs mostly innervate S-type sensilla such 

as S6 (Extended Data Figure 9c). In support of our double-labeling assays, our 

intersectional genetic studies demonstrate that alka-expressing GRNs were largely 

separate from Gr66a-expressing GRNs in the fly labellum.  

Next, we used the optogenetic approach to selectively activate the subgroup of 

alkaline GRNs with little overlap with bitter GRNs. We found that the alka-

CsChrimson;Gr66a-Gal80 (alka-Gal4,UAS-CsChrimson;Gr66a-lexA,LexAop-Gal80) 

flies immediately rejected sucrose as soon as the alka-expressing GRNs were activated 

by light (Fig. 7c). This suggested that this subset of alkaline GRNs was sufficient to 

repress sucrose feeding when acutely activated. Furthermore, we employed Gr66a-

Gal80 to inactivate bitter GRNs when we silenced alka-expressing alkaline GRNs with 

the neuronal toxin TNT. We used PER assays to examine the resultant fly’s taste 

response to NaOH, sucrose, and bitter substances such as caffeine. We found that in 
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the absence of overlapping bitter GRNs, the remaining alkaline GRNs were sufficient to 

avoid basic food (Extended Data Fig. 9c). Moreover, silencing the alkaline GRNs with 

TNT had no statistically significant effect on the PER responses to sucrose or caffeine 

(Extended Data Fig. 9c). Meanwhile, silencing bitter GRNs failed to cause defects in 

aversion to alkaline food (Extended Data Fig. 9c). As controls, inactivating ppk23-

expressing or ppk28-expressing GRNs with TNT yielded little effect on the feeding 

responses to basic food (Extended Data Fig. 9c). Altogether, our work suggests that 

alkaline taste is sensed by the Alka channel and alka-expressing GRNs in Drosophila.  

 

Discussion 

          Since most organisms’ optimal physiological activities and enzymatic reactions 

can occur only in a narrow pH range (around 7.4), excessively high pH can disrupt acid-

base balance and lead to alkalosis of the body, a life-threatening condition 53,73. There 

are many places where organisms can encounter high-pH conditions in their ecosystem 

such as in the food and water they may consume. Moreover, many naturally occurring 

toxins, including alkaloids and aqueous ammonia, are quite basic. Ethological research 

has documented well-defined behavioral responses to basic pH in a large variety of 

species, such as nematodes 74,75, insects 9, fish 76, and mammals 7,8,77. The impact of 

alkaline pH on fly physiology has been well documented across a variety of studies. 

It has been reported that the fly’s overall body pH exhibits a dynamic change over the 

course of development: the body pH starts as approximately neutral at the larval stage 

and gradually becomes more acidic as the animal advances to the pupal and adult 

stages 78. In addition, there is remarkable variation in the luminal pH at different regions 



 20 

of the fly midgut, with its posterior segment more alkaline 79. As a result, alkaline pH 

sensation is strongly implicated in fly health and longevity. Flies fed moderately alkaline 

diets display significantly reduced lifespan and survivability 80. Furthermore, chronic 

exposure to a highly alkaline environment impairs development, shortens lifespan, and 

causes lethality 81. Consequently, female flies robustly avoid alkaline substrates when 

selecting a location to deposit eggs 81. Taken together, alkaline pH sensation serves as 

an essential self-protection strategy that enables flies and other animal species to 

effectively avoid toxic environments during food foraging and habitat selection. We 

propose that alkaline taste dramatically increases the fly’s evolutionary fitness by 

enhancing its survival, growth, and reproduction.  

          Alkaloids taste very bitter and are poorly soluble, meaning their strong bitterness 

can confound the investigation of the taste component solely contributed by high pH. In 

addition, ammonia is highly volatile and can interfere with the contact-dependent taste 

sensation by strongly activating the olfactory system. To avoid these limitations, we 

chose NaOH and Na2CO3 in our feeding assays because these two basic substances 

are simple and ecologically relevant. Our molecular genetic study demonstrates that 

flies have the capability to avoid highly basic food mainly through their gustatory 

system. Based on our findings, the fly shows specific and robust taste responses to 

basic food, suggesting that it is a well-suited model organism to explore alkaline taste 

perception. We provide several lines of evidence supporting that Alka is a taste sensor 

specifically tuned to high pH. First, alka is expressed in a subset of GRNs in the fly 

labellum, which functions similarly to the mammalian tongue. The alka-expressing 

GRNs are both necessary and sufficient to detect basic food. Second, alka1 mutant flies 
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show significantly reduced aversion to basic food. Third, using in vivo 

electrophysiological analyses, we found that the S-type sensilla of alka1 flies exhibit 

significantly reduced responses to high pH but maintain normal responses to bitter 

compounds such as caffeine. Lastly, misexpressing alka in sweet GRNs attracts the 

flies to the otherwise aversive basic food. In summary, our work establishes that Alka is 

a bona fide taste receptor dedicated to sensing food basicity in Drosophila.  

          Over the past 20 years, the fly model has made enormous contributions to the 

discovery of various classes of ionotropic taste receptors 24. These include gustatory 

receptors (GRs) 11,31,82, inotropic glutamate receptors (IRs) 16,32,83,84, otopetrin (Otop) 

channels 6,20, transient-receptor-potential (TRP) channels 33,85-87, and the 

degenerin/epithelial Na+ channels (DEG/ENaC) or pickpocket (Ppk) channels 58,59. Of 

great interest, Alka shows remarkable differences from previously identified gustatory 

receptors because it is an anion Cl- channel, whereas the IRs, Otops, TRPs, and Ppks 

are cation channels. Therefore, we believe our identification of the Cl- channel Alka as 

an alkaline taste receptor is significant and innovative, adding another class of receptors 

to the diverse taste receptor repertoire in Drosophila.  

          The combination of optogenetic and intersectional genetic approaches enables us 

to selectively manipulate the activity of alka-expressing GRNs at will. We demonstrate 

that acutely activating alka-expressing GRNs alone is sufficient to trigger aversive taste 

responses, supporting the conclusion that alka-expressing GRNs are both necessary 

and sufficient for alkaline taste sensation. Like bitter taste, alkaline taste can suppress 

sweet taste responses. Although the neuronal mechanism underlying this cross-modal 

inhibition is currently not clear, our assay serves as a robust behavioral paradigm 
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allowing us to screen for the higher-order neurons mediating the integration between 

alkaline taste and sweet taste.   

          The membrane potential of a living cell is established and maintained by the flows 

of different cation and anion species, such as Na+, K+, and Cl-, across the plasma 

membrane. While extensive studies have focused on the roles played by cations and 

cation channels in the regulation of membrane excitability, the functional significance of 

the anion Cl- and Cl- channels had been overlooked. In recent years, Cl- has emerged 

as an essential player in electrical signal transduction, and great progress has been 

made toward the molecular identification of various types of Cl- channels such as the 

acid-sensitive Cl- channel PAC/TMEM206 88,89. Our work demonstrates that Alka 

functions as a distinct Cl- channel because it is strongly activated by highly basic pH 

(pH50, 11.9). In contrast to other LGCCs such as pHCl 44, Alka is insensitive to slightly 

basic or acidic pH. Thus, Alka is well suited to act as an external sensor to detect high 

pH in the natural ecosystem, which can become noxiously basic due to excessive 

carbonation or nitration.  

          Protein sequence analyses suggest that Alka is distantly related to glycine-gated 

Cl- channels in vertebrates. Nevertheless, we found that Alka functions as a taste 

receptor rather than acting as a glycine or GABA receptor, as Alka is not activated by 

physiological concentrations of glycine or GABA (Extended Data Fig. 6h-k). In support 

of this notion, Alka is selectively expressed in the chemosensory organs. The functional 

divergence of Alka from canonical GlyRs is reminiscent of the evolution of the IR family 

in Drosophila 32, which adopted chemosensory functions as olfactory or gustatory 

receptors in the periphery rather than as glutamate neurotransmitter receptors in the 
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brain. In summary, by discovering that Alka is a high-pH-activated Cl- channel in taste 

receptor cells, our work provides significant insights into the highly diversified nature of 

Cl- channels in terms of gating and function.  

Upon further interrogation of the channel properties of Alka using patch-clamp 

experiments, we conclude that Alka mainly conducts Cl-. This creates a logical 

quandary, as mature neurons in the brain usually experience an intracellular-facing Cl- 

gradient, and the Cl- influx in mature neurons is hyperpolarizing instead of depolarizing. 

However, the answer lies in the unusual distribution of the Cl- gradient across the fly 

GRN. From the perspective of comparative physiology, the extracellular receptor lymph 

of the fly GRN is analogous to the saliva bathing taste receptor cells in humans, which 

contains lower levels of Cl- than does blood plasma 90. Furthermore, like mammalian 

olfactory sensory neurons 91 and airway epithelial cells 92, the Cl- concentration of the 

extracellular receptor lymph appears to be even lower than the cytosol of the taste 

receptor neuron in flies 66. Thus, Alka perfectly fits the unusual ionic milieu of fly GRNs. 

Based on our model, in response to OH- stimuli, Alka is induced to adopt an open 

conformation, which leads to the flow of intracellular Cl- out of the GRN. The Cl- efflux 

depolarizes the GRN and results in the production of action potentials, thereby enabling 

the animals to sense alkaline food. In summary, our work highlights the significance of 

Cl- and Cl- channels in regulating taste transduction.  

In conclusion, we propose that Alka, which forms a previously unknown OH--gated 

Cl- channel, is a taste receptor responsible for sensing the alkaline pH of food. As far as 

we know, Alka represents an important Cl- channel identified in the animal kingdom that 

is dedicated to sensing highly basic food. Furthermore, by showing that basic pH has a 
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discrete taste in Drosophila, our work resolves a long-standing debate as to whether 

alkaline taste really exists. Moreover, we have demonstrated that Alka functions as a Cl- 

channel that is activated by highly basic pH. Therefore, our molecular discovery of Alka 

as a taste receptor of alkaline pH advances our understanding of the roles and modes 

of activation of Cl- channels. Finally, given that detecting basic pH is crucial for food 

selection across many different species, our work provides the conceptual basis for 

investigating the neuronal mechanisms underlying alkaline taste sensations in other 

animals.  

 

Methods 

1. Flies 

All fly strains were raised on a standard cornmeal and sucrose media. The flies used in 

this study are as follows: wild type (w1118)6, alka1 (generated in this study), Gr66aEx83 55, 

Gr33a1 82, Ir76b1 16, Ir25a1 32, trpl302 85, trpA11 87, otopla1 6,  tmc1 49, CG12344MI11416 

(RRID_BDSC_56318), ort1 (RRID_BDSC_1133) 42, RdlMD-RR (RRID_BDSC_1675) 37, 

UAS-Grd RNAi (RRID_BDSC_29589) 40, UAS-HisCl1 RNAi (RRID_BDSC_28013) 93, 

UAS-GluCla RNAi (RRID_BDSC_53356) 41, UAS-pHCl-1 RNAi (RRID_BDSC_38909) 

44, UAS-pHCl-2 RNAi (RRID_BDSC_26003) 45, UAS-Lcch3 RNAi (RRID_BDSC_50668) 

37, UAS-CG6927 RNAi (RRID_BDSC_25895), UAS-CG7589 RNAi 

(RRID_BDSC_27090), UAS-CG8916 RNAi (RRID_BDSC_39031), UAS-CG12344 RNAi 

(RRID_BDSC_26250), UAS-alka (generated in this study), UAS-alkaP276A (generated in 

this study), UAS-mCD8GFP (RRID_BDSC_5137) 54, alka-Gal4 (generated in this 

study), Gr66a-Gal4 (RRID_BDSC_57670) 55, Gr64f-LexA 56,94, Gr66a-LexA 94,95, Ir76b-
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QF 16, ppk23-LexA 94, ppk28-LexA 94, QUAS-mtdTomato (RRID_BDSC_30005) 96,Orco-

Gal80 (RRID_BDSC_80559) 68, LexAop-Gal80 (RRID_BDSC_32215), and LexAop-

mCherry (RRID_BDSC_52271) 97. 

2. Antibodies and molecular genetics  

The detailed information for antibodies, transgenic fly lines, and molecular cloning are 

available in the Supplementary Information. 

3. Immunocytochemistry  

The fly proboscis and brain tissues were dissected in ice-cold phosphate-buffered saline 

(PBS) and fixed with fresh 4% paraformaldehyde for 20 minutes at room temperature. 

We washed the samples at room temperature with PBS solution four times for 30 

minutes each. We incubated them with primary antibodies in 1x PBS containing 0.3% 

Triton™ X-100 (PBST) for 48 hours at 4 °C. In this study, we used the following primary 

antibodies: rabbit anti-GFP (1:200 Thermo Fisher, catalog number A-11122, 

RRID:AB_221569); mouse anti-GFP (1:200, Thermo Fisher, catalog number A11120, 

RRID:AB_221568); mouse anti-nc82 (1:50, DSHB, catalog number nc82, 

RRID:AB_528108); mouse anti-mCherry (1:50, DSHB, catalog number DSHB-mCherry-

3A11, RRID:AB_2617430); mouse anti-Myc (1:100, Cell Center Services, University of 

Pennsylvania, catalog number 3207); and rabbit anti-Alka polyclonal antibody (1:200, 

generated in this study).  

          Following incubation with primary antibodies, we rewashed the samples with a 1x 

PBST solution four times for 30 minutes each and incubated them in secondary 

antibodies for 24 hours at 4 °C. We used the following secondary antibodies: goat anti-

rabbit AlexaFluor 488 (Jackson Immuno Research, catalog number 111-545-003, 
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RRID:AB_2338046); goat anti-rabbit AlexaFluor 594 (1:200, Jackson Immuno 

Research, catalog number 111-585-003, RRID:AB_2338059); goat anti-mouse 

AlexaFluor 488 (1:200, Jackson Immuno Research, catalog number 115-545-003, 

RRID:AB_2338840); and donkey anti-mouse AlexaFluor 594 (1:200, Jackson Immuno 

Research, catalog number 715-585-150, RRID:AB_2340854). After overnight 

incubation, we washed the samples in 1x PBST solution four times for 30 minutes each 

and incubated them in VECTASHIELD antifade mounting medium (Vectorlabs, catalog 

number H-1200) overnight. After incubation, we mounted the samples on transparent 

glass slides (Electron Microscopy Sciences, catalog number 71870-10) with thin 

coverslips (Electron Microscopy Sciences, catalog number 72200-11).  

          For the immunostaining of cultured HEK293 cells, the HEK293 cells transfected 

with pCS2+MT-Myc-alka or pCS2+MT-Myc-alkaP276A were cultured on a coverslip 

(Fisher Scientific, catalog number 12542BP) for 24-48 hours. After washing the 

coverslip with 1x PBS, we fixed the cells using fresh 4% paraformaldehyde for 20 

minutes. We washed the residual paraformaldehyde away from the coverslip with 1x 

PBST. We incubated the cells with mouse anti-Myc monoclonal antibodies (1:100, Cell 

Center Services, University of Pennsylvania, catalog number 3207) overnight at 4 °C. 

Next, we washed the coverslip with 1x PBST three times for 30 minutes each and 

added goat anti-mouse AlexaFluor 488 antibodies (1:200, Jackson Immuno Research, 

catalog number 115-545-003, RRID:AB_2338840). We incubated the coverslip with 

secondary antibodies at 4 °C overnight. After washing the coverslip with 1x PBST, we 

mounted the cells with the VECTASHIELD antifade mounting medium. 
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          We imaged and analyzed the stained tissues or cells using Zeiss LSM 710 

confocal microscopy (Cell and Developmental Microscopy Core, University of 

Pennsylvania, Philadelphia, PA). 

4. Cell culture and transient transfection 

We cultured and transfected human embryonic kidney 293T (HEK293T) cells as 

described previously 6. Briefly, HEK293T cells were cultured at 37 °C with 5% CO2 in 

Opti-MEM medium supplemented with 10% fetal bovine serum. We placed the cells in 

35-mm Petri dishes before transfection. When the cell density reached about 70% 

confluency, we transfected the pCS2+MT-alka or pCS2+MT-alkaP276A construct with the 

pcDNA3-GFP reporter plasmid (molar ratio: 5:1) into HEK293T cells using the 

Lipofectamine 3000 transfection reagent. Cells transfected only with the pcDNA3-GFP 

reporter plasmid served as controls. We plated the cells onto glass coverslips (6 mm) 

for patch-clamp recordings 2-3 days after transfection. 

5. Whole-cell patch-clamp electrophysiology  

We used whole-cell patch-clamp recordings to examine the channel properties of Alka 

or AlkaP276A. To perform whole-cell recordings, we used a MultiClamp 700B amplifier 

and an Axon Digidata 1440A digitizer (Molecular Devices). The bath solution contained 

150 mM NaCl and 10 mM HEPES (pH 7.4 with HCl, 320 mOsm/kg). The pipette 

solution consisted of 150 mM CsCl, 2 mM Mg-ATP, and 10 mM HEPES (pH 7.4 with 

CsOH, 320 mOsm/kg). Using the P-1000 micropipette puller (Sutter Instrument Co.) we 

made the patch pipettes (6–10 MΩ) from borosilicate glass capillaries. Then we used a 

Microforge MF- 900 (Narishige) to polish the tips of the glass pipettes. We used 

Clampex10.5 software to record the electrophysiological signals.  
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          We chose the green-fluorescence-positive cells randomly for recordings. After 

forming the whole-cell configuration, positive pressure was applied from a nitrogen tank 

using a Picospritzer III (Parker) to a stimulating glass pipette (3 μm in diameter) 

containing a stimulus such as alkaline, acidic buffer, glycine, or γ-aminobutyric acid 

(GABA). The stimulating solution was delivered to the patched cell at a very close range 

(5-10 μm from the cell). For solutions used to stimulate the HEK293 cells, the 

alkalization or acidification of the NMDG-Cl buffer was adjusted with CsOH or HCl, 

respectively. The glycine or GABA-containing solution was prepared by diluting a 1 M 

glycine or 100 mM GABA stock to the indicated glycine or GABA concentration with the 

bath solutions (150 mM NaCl and 10 mM HEPES, pH 7.4). The osmolarities of high-pH, 

low-pH, glycine, or GABA solutions were adjusted to 320 mOsm/kg. The currents were 

recorded at a holding potential of -70 mV or ramped from -80 mV to +80 mV at room 

temperature. We analyzed the data with Clampfit 10.5, and only gigaohm-sealed cells 

were selected for subsequent data analysis. 

          For ion replacement experiments, 150 mM NaCl was replaced by isosmotic bath 

solutions, including 150 mM NMDG-Cl or 150 mM NMDG-gluconate. The pipette 

solution contained 150 mM CsCl or 150 mM Cs-methanesulfonate, 2 mM Mg-ATP, and 

10 mM HEPES (pH 7.4 with CsOH, 320 mOsm/kg). To test the relative permeability, 

NaCl was replaced with equimolar NaF, NaBr, or NaI. The pipette solution contained (in 

mM): 150 CsCl, 2 Mg-ATP, and 10 HEPES (pH 7.4, 320 mOsm/kg). To calculate the 

relative permeability of a particular anion versus Cl-, we used the Goldman-Hodgkin-

Katz equation Er(X) - Er(Cl) = (RT/zF)ln(Px[X]o/ PCl[Cl]o). To determine the effects of 

intracellular Cl- concentrations on the conductance of Alka, we used the following 
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pipette solutions (in mM): (1) 15 CsCl, 135 Cs-methanesulfonate; (2) 50 CsCl, 100 Cs-

methanesulfonate; (3) 100 CsCl, 50 Cs-methanesulfonate; and (4) 150 CsCl. All pipette 

solutions also received 2 mM Mg-ATP and 10 mM HEPES (pH 7.4 with CsOH, 320 

mOsm/kg).  

6. Two-choice feeding assays 

We assayed food preference between two different food options using the well-

established two-choice feeding assay. Flies between two and four days old were wet-

starved for 24 hours. After starvation, we placed flies in an evenly partitioned Petri dish 

containing two types of food. One side contained 2 mM glucose and the experimental 

taste chemical (e.g., NaOH) in 1% agarose, and the other side comprised 2 mM glucose 

in 1% agarose. To determine food preference, we mixed each food with either blue dye 

(Fujifilm Wako Chemicals, catalog number 027-12842) or red dye (MiliporeSigma, 

catalog number S9012-5G). We adjusted the red and blue dye concentration for all 

genotypes tested to eliminate the flies’ potential bias to either dye. After 90 min of 

feeding in dark conditions, flies were examined under light microscopy, and the color of 

food showing through their abdomens was used as an indicator of which food they ate. 

The preference index (PI) was calculated by the following equation: 

PI = (Nred − Nblue)/(Nred + Nblue + Npurple) if the test food was mixed with red dye, or 

PI = (Nblue − Nred)/(Nred + Nblue + Npurple) if the test food was mixed with blue dye. 

A PI of zero indicates no preference, and a PI ranging from +1 to -1 indicates that one 

food is more attractive than the other. In each trial (n), approximately 70 flies were 

tested. To eliminate experimental bias, we encoded fly genotypes while setting up the 
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assay, so that a separate researcher who counted the assay would be blind to genotype 

and experimental condition.  

7. PER and optogenetics assays 

To conduct the proboscis-extension-reflex (PER) assay, we wet-starved 2- to 4-day-old 

flies for 6-12 hours. To restrict contact with the stimulus solely to the proboscis, we 

wedged each fly into the barrel of a 10-µl pipette tip. The narrow tip end was trimmed 

back to expose the fly’s head and proboscis. The rest of the fly, such as the legs, wings, 

and thorax, remained inside the tip. We then arranged the fly with its proboscis facing 

up and used a standard dissection microscope (AmScope, catalog number SM-1TSZ-

144) to visualize PER responses. We applied a single drop (2-5 µl) of test solutions to 

the proboscis and immediately recorded any PER responses. To perform optogenetics, 

using the same fly preparation, we stimulated the fly proboscis with red LED light 

(AmScope, catalog number LED-RGB-60W) and immediately assessed the PER 

response. The representative videos of PER response in the presence or absence of 

red light stimuli were captured by a Basler ace USB camera (Basler, acA2000-165uc). 

In each trial (n), 10 or more flies were assayed, and the PER percentage was calculated 

by the percentage of the total number of flies that responded to the given stimulus. 

8. Tip recordings 

We performed tip recordings according to our published work 6. Specifically, we used 

the P-1000 micropipette puller to make a long-tapered reference glass pipette. The 

sharp end of this pipette was impaled into the thorax of flies, whose ages ranged from 2 

to 4 days old. Next, we carefully maneuvered the reference pipette through the fly neck 

to reach the distal end of the proboscis. The reference pipette solution (pH 7.2) 
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comprised (in mM) 130 NaCl, 2 CaCl2, 2 KCl, 40 sucrose, and 10 HEPES. We 

stimulated taste sensilla with a micropipette filled with specific taste solutions. In the 

recording pipette, KCl (1 mM) was used as an electrolyte for NaOH, Na2CO3, NaCl, 

caffeine, quinine, or HCl, whereas tricholine citrate (30 mM) served as an electrolyte for 

sucrose. The recording system included a computer-controlled taste probe, a head 

stage, and a data acquisition controller (Syntech). We used Autospike software 

(Syntech) to record the electrical signals generated by the GRNs. The taste spikes were 

sampled at a rate of 12,000 and filtered at 1kHz. 

9. Quantification and statistical analysis 

We used two-way ANOVA with Tukey’s post hoc test to analyze interactions between 

two independent variables such as the genotype and the concentration, one-way 

ANOVA with Tukey’s post hoc test to analyze the differences among more than two 

experimental samples, and unpaired two-tailed Student’s t-test for two experimental 

samples. We followed LaMorte’s power calculation and our published work 16,6,49 to 

determine the sample sizes and replicates. A p value less than 0.05 (p< 0.05) was 

considered statistically significant. For other experiments such as 

immunohistochemistry and gel electrophoresis, we independently repeated them at 

least three times.  

          Regarding the box-and-whisker plots presented in our paper, the center line 

indicates a median value, whereas the first and third quartiles are presented as the 

bottom and top boundary lines. The whiskers represent maxima and minima for each 

data set.  
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Data availability 

All relevant data have been presented in this manuscript and its supplementary 

information. Any other related information is available upon request from Yali V. Zhang. 

In addition, we deposited the raw confocal videos for double-labeling experiments, 

including Fig. 3h (https://doi.org/10.6084/m9.figshare.22029284), Fig. 3i 

(https://doi.org/10.6084/m9.figshare.22029131), Fig. 3k 

(https://doi.org/10.6084/m9.figshare.22029488), and Fig. 3l 

(https://doi.org/10.6084/m9.figshare.22029350), in Figshare, a publicly accessible 

repository. 
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Figure legends 

Fig. 1. Behavioral and electrophysiological taste responses to alkaline foods 

depend on alka1. (a) Discrimination of neutral (pH 7) food comprising 2 mM glucose  

from basic foods (pH 10-13) containing 2 mM glucose plus 0.1-100 mM NaOH by wild-

type (wt), alka1 mutant, Ir76b1 mutant, alka1;Ir76b1 double mutant, and rescue 

(alka1;alka-Gal4/UAS-alka) flies. n=12 trials. Mean ± SEM, two-way ANOVA with 

Tukey’s post-hoc tests, *p=0.045, ****p<0.0001. (b) Feeding preference of neutral (pH 

7) foods containing 2 mM glucose plus 0.1-100 mM NaCl versus basic foods (pH 10-13) 

comprising 2 mM glucose plus 0.1-100 mM NaOH among wt, alka1 mutant, and rescue 

(alka1;alka-Gal4/UAS-alka) flies. n=12 trials. Mean ± SEM, two-way ANOVA with 

Tukey’s post-hoc tests, **p=0.0037, ****p<0.0001. (c) PERs to foods containing 30 mM 

sucrose with various concentrations of NaOH among wt, alka1 mutant, Ir76b1 mutant, 

alka1;Ir76b1 double mutant, and rescue (alka1;alka-Gal4/UAS-alka) flies. n=12 trials. 

Mean ± SEM, two-way ANOVA with Tukey’s post-hoc tests, *p=0.014, ****p<0.0001. (d) 

Representative tip recording traces showing spikes elicited by S6 sensilla in wt, alka1 

mutant, and rescue (alka1;alka-Gal4/UAS-alka) flies in response to alkaline pH stimuli. 

(e) Statistical analyses of the frequencies of spikes collected in d. n=15 flies. Mean ± 

SEM, two-way ANOVA with Tukey’s post-hoc tests. ****p<0.0001. (f) PERs to sucrose 
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(50 mM, p=0.418), caffeine (10 mM, p=0.583), NaCl (10 mM, p=0.359), and HCl (1 mM, 

p=0.884) in wt and alka1 flies. n=12 trials. Mean ± SEM, unpaired two-tailed Student’s t-

tests. (g, h) Representative spikes (g) and quantification of the frequencies of spikes (h) 

evoked by NaCl at L4 sensilla among wt, alka1, and alka1;Ir76b1 flies. n=12 flies. Mean ± 

SEM, one-way ANOVA with Tukey’s post-hoc tests, p=0.763 (wt vs. alka1), 

****p<0.0001. (i, j) Representative spikes (i) and quantification of the frequencies of 

spikes (j) elicited by sucrose (50 mM, p=0.753) at L4 sensilla, caffeine (10 mM, 

p=0.581) at S6 sensilla, and HCl (1 mM, p=0.881) at L6 sensilla for wt and alka1 flies. 

n=12 flies. Mean ± SEM, unpaired two-tailed Student’s t-tests. Arrows indicate the onset 

of taste stimuli (d, g). n.s., not statistically significant. 

Fig. 2. alka regulates the aversive feeding and physiological responses to foods 

containing sodium carbonate (Na2CO3). (a) Feeding choices of wild-type (wt), alka1 

mutant, Ir76b1 mutant, alka1;Ir76b1 double mutant, and rescue (alka1;alka-Gal4/UAS-

alka) flies when presented with neutral pH food containing 2 mM glucose and basic 

foods comprising 2 mM glucose mixed with varying concentrations of Na2CO3 (0.1 mM, 

pH 10; 1 mM, pH 10.4; 10 mM, pH 11; and 100 mM, pH 11.7). n=11 trials. Mean ± SEM, 

two-way ANOVA with Tukey’s post-hoc tests, *p=0.014, ***p=0.001, ****p<0.0001. (b) 

PERs to liquid foods containing 30 mM sucrose and different concentrations of Na2CO3 

among wt, alka1 mutant, Ir76b1 mutant, alka1;Ir76b1 double mutant, and rescue flies. 

n=12 trials. Mean ± SEM, two-way ANOVA with Tukey’s post-hoc tests, ***p=0.0003, 

****p<0.0001. (c) Representative action potentials evoked by 10 mM Na2CO3 (pH 11) at 

S6 sensilla for wt, alka1 mutant, and rescue flies. The arrow indicates stimulus onset. (d) 

Statistical analyses of action potentials produced by S6 sensilla in response to the 



 35 

indicated concentrations of Na2CO3 among wt, alka1 mutant, and rescue flies. n=12 

flies. Mean ± SEM, two-way ANOVA with Tukey’s post-hoc tests, ****p<0.0001.  

Fig. 3. Expression pattern of alka in the fly labellum. (a, b) Immunoreactivities of the 

Alka antibody in wild-type (wt) (a) and alka1 mutant (b) labella. (c) GRNs detected by 

the alka-Gal4;UAS-mCD8::GFP reporter. (d) alka-expressing GRNs predominately 

innervate the S-type sensilla. Several S-type sensilla (S4-S8) are marked. (e-g) Double-

labeling of the alka-Gal4,UAS-mCD8::GFP fly with (e) anti-GFP and (f) anti-Alka. The 

(g) merged image shows that anti-GFP and anti-Alka signals mostly colocalize. (h-l) 

Localization pattern of alkaline GRNs relative to (h) Gr66a-, (i) Gr64f-, (j) Ir76b-, (k) 

ppk28-, and (l) ppk23-expressing GRNs. (m) The projection pattern of alka-Gal4,UAS-

mCD8::GFP in the fly brain. Subesophageal zone (SEZ), antennal lobe (AL). Scale 

bars: 10 µm (a-l), 50 µm (m).    

Fig. 4. Alka forms a high-pH-activated Cl- channel in HEK293 cells.  

(a) Representative whole-cell currents evoked by the alkaline pH (pH 12) in HEK293 

cells with or without Alka expression under different bath (out)/pipette (in) solutions (150 

mM each): NaCl/CsCl, NMDG-Cl/CsCl, NMDG-gluconate/CsCl, and NMDG-gluconate 

/CsMeSO4. (b) Statistical analyses of inward currents from a. Cells expressing Alka: 

n=12 for NaCl/CsCl, NMDG-Cl/CsCl, or NMDG-gluconate/CsCl; n=11 for NMDG-

gluconate/CsMeSO4. Cells without Alka expression: n=12 for NMDG-Cl/CsCl; n=11 for 

any other groups. One-way ANOVA with Tukey’s post-hoc tests, p=0.996 (NMDG-

gluconate/CsMeSO4: Alka vs. control), ****p<0.0001, n.s., not statistically significant. (c) 

Whole-cell currents evoked by basic isotonic solutions (pH 12) in HEK293 cells with or 

without Alka expression. The pipette solutions contained various levels of CsCl (15-150 
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mM). Cs-methanesulfonate was used to maintain the osmolarity of pipette solutions; 

150 mM NMDG-Cl served as the bath solution. Arrows indicate the onset of basic-pH 

stimuli. (d) Statistical analyses of currents in c. n=11 cells. Mean ± SEM, unpaired two-

tailed Student’s t-tests, **p=0.0034, ***p=0.0001, ****p<0.0001. (e) Current/voltage (I/V) 

relationships of Alka-expressing cells and control cells without Alka from experiments in 

c, with voltage ramps from −80 to + 80 mV. (f) Reversal potentials of the Alka 

conductance with varying intracellular Cl- concentrations: 15 mM CsCl (n=12 cells); 50 

mM CsCl (n=10 cells); 100 mM CsCl (n=10 cells); and 150 mM CsCl (n=11 cells). The 

bath solution contained 150 mM NMDG-Cl. Mean ± SEM, one-way ANOVA with 

Tukey’s post-hoc tests, ****p<0.0001. Cells were clamped at -70 mV (a-d). 

Fig. 5. The P276 residue is essential for the conductance of the Alka channel. (a) 

The predicted topology of Alka, with a conserved proline residue (P) in the second 

transmembrane segment (TM2). (b) Alka is predicted to form a pentameric Cl- channel 

with five TM2 helices lining the ion pore. The green circles depict the pore-lining proline 

residues. (c) Multi-sequence alignment of TM2 for fly Alka and GlyRa1 from zebrafish, 

mice, and humans. The asterisk (*) marks the highly conserved proline residue. (d) 

Representative whole-cell currents detected in Alka- or AlkaP276A-expressing cells in 

response to basic-pH stimuli (pH 10-13). Bath/pipette solutions are NMDG-Cl/CsCl (150 

mM each). (e) Dose-response curve of inward currents evoked by varying basic-pH 

solutions. Cells were held at -70 mV. The pH50 for Alka is 11.9. Alka: n=11 cells (pH 12, 

12.2, 12.4, 12.6,12.8, and 13); n=12 cells (pH 10, 10.5, and 11.5); n=14 cells (pH 11). 

AlkaP276A: n=11 cells for each group. Control: n=11 cells (pH 10.5, 11.5, 12.2, 12.4, 

12.6, 12.8, and 13); n=12 cells (pH 10); n=13 cells (pH 11); n=14 cells (pH 12). Mean ± 
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SEM, two-way ANOVA with Tukey’s post-hoc tests. ****p<0.0001. (f) Current/voltage 

(I/V) relationships of Alka-expressing cells, AlkaP276A-expressing cells, and control cells 

without Alka or AlkaP276A expression in response to basic-pH stimuli (pH 10-13). Voltage 

ramps from -80 to +80 mV were applied during the peak current. Bath/pipette solutions 

are NMDG-Cl/CsCl (150 mM each). (g) A proposed model illustrating that Alka channel 

activation by hydroxide (OH-) results in GRN depolarization. The intracellular 

concentration of Cl- of a fly GRN is higher than on the extracellular side. When the 

animal is exposed to alkaline foods, the external OH- opens Alka Cl- channels, 

presumably through deprotonation, which in turn leads to the flow of Cl- from the cytosol 

to the outside of the GRN. The Cl- efflux results in GRN depolarization, which 

subsequently causes the GRN to fire action potentials.  

Fig. 6. Alka is sufficient to be an alkaline taste sensor in vivo. (a) Representative 

spikes evoked by basic pH in sweet GRNs (L7 sensilla) misexpressing Alka or AlkaP276A 

driven by the Gr64f-Gal4 in the alka1 mutant background. (b) Quantification of the 

frequencies of spikes detected in a. n=15 flies. Mean ± SEM, unpaired two-tailed 

Student’s t-tests, ****p<0.0001. (c) Two-choice feeding assays showing the feeding 

responses to neutral versus alkaline foods among alka1;Gr64f-Gal4/UAS-alka 

(alka1;Gr64f-alka), alka1;Gr64f-Gal4/UAS-alkaP276A (alka1;Gr64f-alkaP276A), and wild-type 

(wt) flies . n=12 trials. Mean ± SEM, two-way ANOVA with Tukey’s post-hoc tests, 

****p<0.0001. (d) PERs to 30 mM sucrose at different alkaline pH for alka1;Gr64f-

Gal4/UAS-alka (alka1;Gr64f-alka), alka1;Gr64f-Gal4/UAS-alkaP276A (alka1;Gr64f-

alkaP276A), and wt flies. n=12 trials. Mean ± SEM, two-way ANOVA with Tukey’s post-

hoc tests, ***p=0.0004, ****p<0.0001. Arrows indicate onset of stimuli.  
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Fig. 7. Effects on feeding responses due to activating or suppressing alka-

expressing GRNs. (a, b) Representative images showing feeding responses to 500 

mM sucrose without (a) or with (b) red-light stimulation (1200 Lux) of alka-

CsChrimson;Orco-Gal80 (alka-Gal4,UAS-CsChrimson;Orco-Gal80) flies. Scale bars: 1 

mm. (c) Statistical analyses of PER percentages with or without red-light stimulation 

(1200 Lux) for alka-CsChrimson (alka-Gal4,UAS-CsChrimson), alka-CsChrimson;Orco-

Gal80, alka-CsChrimson;Gr66a-Gal80 (alka-Gal4,UAS-CsChrimson;Gr66a-

LexA,LexAop-Gal80), and indicated control flies. n=12 trials. Mean ± SEM, one-way 

ANOVA with Tukey’s post-hoc tests, ****p<0.0001. (d) Relationship between PER 

percentages and red-light intensity among alka-CsChrimson, alka-CsChrimson;Orco-

Gal80, and indicated control flies. n=10 trials. Mean ± SEM, two-way ANOVA with 

Tukey’s post-hoc tests, **p=0.0012, ****p<0.0001. (e) Feeding responses to neutral 

versus alkaline foods among alka-TNT (alka-Gal4,UAS-TNT), alka-TNT;Orco-Gal80 

(alka-Gal4,UAS-TNT;Orco-Gal80), and indicated control flies. n=12 trials. Mean ± SEM, 

two-way ANOVA with Tukey’s post-hoc tests, ****p<0.0001. (f) PERs to 30 mM sucrose 

mixed with different NaOH concentrations for alka-TNT (alka-Gal4,UAS-TNT), alka-

TNT;Orco-Gal80 (alka-Gal4,UAS-TNT;Orco-Gal80), and control flies. n=12 trials. Mean 

± SEM, two-way ANOVA with Tukey’s post-hoc tests, ****p<0.0001.  
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Extended Data Figure 1

Extended Data Fig. 1. Screening for receptors or ion channels required for the feeding responses to 
alkaline food. (a) We tested a wide array of receptors and ion channels candidates, a representative sample 
of which is shown in the bar graph. These include the gustatory receptor (Gr) family, such as Gr66a and 
Gr33a; the ionotropic glutamate receptor (Ir) family, such as Ir76b and Ir25a; the transient-receptor-potential 
(trp) ion channel family, such as trpl and trpA1; the otopetrin family, such as otopla; the transmembrane chan-
nel-like (tmc); and genes with unknown functions such as CG12344. n=10 trials, one-way ANOVA tests, 
**p<0.001. (b) Feeding responses to neutral versus alkaline foods among control flies and mutant flies of the  
fly LGCC family. n=10 trials. Mean ± SEM, one-way ANOVA tests, **p<0.001. n.s., not stastistically signficant. 
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wild-type and mutant alka genes, including the translational start (ATG) and stop (*) codons, exons, 
and introns. The red arrows indicate the guide RNA (gRNA) target sites (gRNA1 and gRNA2). To 
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targeting sites. (b) PCR analyses of genomic DNA with the P1, P2, and P3 primers for wild-type and 
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show the ablated protein regions in the alka1 mutant. 

Extended Data Figure 2



NaCl (mM) 
(pH 7)

0.1 1 10 1000

Sp
ik

es
 p

er
 5

00
 m

s

0

20

10

5

15
alka1

wtNaCl 
10 mM

alka1

wt

1 mV 
100 ms 

b c

Sp
ik

es
 p

er
 5

00
 m

s

0

20

10

5

15

a

Extended Data Fig. 3. Electrophysiological responses to NaOH and NaCl. (a) Statistical 
analyses of the frequencies of spikes produced by L-, I-, and S-type sensilla responding to 10 
mM NaOH in wild type (wt). One-way ANOVA tests, Mean ± SEM, n=11 flies, **p<0.001. (b) 
Representative spikes evoked by 10 mM NaCl (pH 7) at S6 sensilla for wt and alka1 mutant. 
The arrow indicates the stimulus onset. (c) Statistical analyses of the frequencies of spikes 
produced by S6 sensilla in response to different concentrations of NaCl for wt and alka1 
mutant. n=10 flies. Mean ± SEM, unpaired two-tailed Student’s t-tests.   
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Extended Data Figure 4

Extended Data Fig. 5. alka is required to detect alkaline foods through the legs. (a, b) Expres-
sion of alka-gal4;UAS-mCD8::GFP at the tarsal segment of the fly foreleg. (c) PER responses to 
alkaline solutions containing 30 mM sucrose and various concentrations of NaOH among wild-type 
(wt), alka1, alka1;Ir761, and rescue flies. n=12 trial. Two-way ANOVA tests, Mean ± SEM, **p<0.001 
(alka1 versus wt, alka1;Ir761 or rescue flies). (d) Expression of alka-gal4;UAS-mCD8::GFP  in the 
maxillary palp. (e) Expression of alka-gal4;UAS-mCD8::GFP  in the antenna. (f) No obvious anti-Alka 
signals were detected in the wt adult brain. (g) Relative localization pattern between ppk28-
expressing GRNs and taste sensilla. Scale bars: 10 µm in a, b, d, e, and g, and 50 µm in f.      
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Extended Data Fig. 5. Multisequence alignment of the full protein sequences among fly Alka 
and the glycine receptor alpha 1 (GlyRa1) from zebrafish, mice, and humans. The protein 
sequence identities between Alka and GlyRa1 in other species are as follows: zebrafish, 30% 
identity; mouse, 30% identity; human, 30% identity. Identical amino acid residues are labelled in 
red, whereas similar amino acid residues are highlighted in bold. The four transmembrane regions 
(TM1-TM4) are denoted by black bars above their amino acid sequences.
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Extended Data Fig. 6. Ion selectivity of Alka and conductance of Alka in response to acidic pH, 
glycine, or GABA stimuli. (a) Localization of Alka in HEK293 cells expressing Alka that is N-terminally 
fused with a Myc tag. Scale bar: 5 µm. (b) Configuration of the whole-cell patch-clamp recording setup. We 
used a stimulating pipette (red) to locally apply high-pH solutions to the cells, and a patch pipette (blue) to 
carry out whole-cell recordings. (c) Current-voltage (I-V) relationships of Alka-expressed HEK293 cells, 
which were elicited by voltage ramps from -80 mV to +80 mV. The bath solution contained 150 mM NaF, 
NaCl, NaBr, or NaI, and the intracellular solution contained 150 mM CsCl. (d) Statistical analyses of reversal 
potentials from experiments in c. n=11 cells. One-way ANOVA tests. (e) Relative anion permeability of Alka. 
n=11 cells. One-way ANOVA tests. (f, g) Currents from Alka-expressing cells and control cells without Alka 
expression responding to the stimuli of acidic isosmotic solutions. n=11 cells. Unpaired two-tailed Student’s 
t-tests. (h-k) Currents evoked by Alka-expressing cells and control cells without Alka expression in response 
to the stimuli of glycine (0.001-1 mM) (h, i) and GABA (0.001-1 mM) (j, k). n=11 cells. Unpaired two-tailed 
Student’s t-tests, Mean ± SEM, **p<0.001. Cells were clamped at −70 mV. Arrows indicate the onset of 
stimulus.
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Extended Data Fig. 7. Spikes elicited by NaOH in control flies and spikes evoked by sucrose 
in flies misexpressing Alka or AlkaP276A at the sweet GRNs. (a) Sample spikes evoked by L7 
sensilla responding to high-pH stimuli in alka1;Gr64f-Gal4 or alka1;UAS-alka flies. (b) Statistical 
analyses of the spike frequencies for alka1;UAS-alka and alka1;Gr64f-Gal4 flies. n=11 flies, unpaired 
two-tailed Student’s t-tests. (c) Sample spikes produced by L7 sensilla responding to 50 mM sucrose 
in alka1;Gr64f-Gal4/UAS-alka or alka1;Gr64f-Gal4/UAS-alkaP276A flies. (d) Statistical analyses of 
the spike frequencies for alka1;Gr64f-Gal4/UAS-alka and alka1;Gr64f-Gal4/UAS-alkaP276A flies. 
n=11 flies. Mean ± SEM, unpaired two-tailed Student’s t-tests, n.s., not statistically significant. 
Arrows indicate stimulus onset. 
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Extended Data Fig. 8. Expression of the alka-Gal4 in combination with the Orco-Gal80 in the 
fly labellum and the brain. (a, b) Expression of alka-Gal4,UAS-mCD8::GFP;Orco-Gal80 in the 
antenna (a) and the maxillary palp (b). (c) Expression of alka-Gal4,UAS-mCD8::GFP;Orco-Gal80 
in the labellum. (d) GRN projections in the brain of the alka-Gal4,UAS-mCD8::GFP;Orco-Gal80 fly. 
SEZ, subesophageal zone; AL, antennal lobe. Scale bars: 10 µm (a-c), 50 µm (d).
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Extended Data Fig. 9. alka-expressing GRNs are selectively required to sense alkaline 
food. (a) GFP expression in the labellum of Gr66a-Gal4,UAS-GFP;Gr66a-lexA,LexAop-Gal80. 
Scale bar: 10 µm. (b) Relative localization between the alka-expressing GRNs and S-type 
taste sensilla in the alka-Gal4,UAS-GFP;Gr66a-lexA,LexAop-Gal80 fly labellum. Scale bar: 10 
µm. (c) PER responses to sweet food (50 mM sucrose), alkaline food (10 mM NaOH mixed 
with 30 mM sucrose), and bitter food (10 mM caffeine mixed with 30 mM sucrose) for alka-TNT 
(alka-Gal4,UAS-TNT), alka-TNT;Orco-Gal80 (alka-Gal4,UAS-TNT;Orco-Gal80), 
alka-TNT;Gr66a-Gal80 (alka-Gal4,UAS-TNT;Gr66a-lexA,LexAop-Gal80), Gr66a-TNT 
(Gr66a-Gal4,UAS-TNT), Gr66a-TNT;Gr66a-Gal80 (Gr66a-Gal4,UAS-TNT;Gr66a-lexA,Lex-
Aop-Gal80), ppk23-TNT (ppk23-Gal4,UAS-TNT), ppk28-TNT (ppk28-Gal4,UAS-TNT), and 
wild-type (wt) flies. n=11 trials, Mean ± SEM, one-way ANOVA tests, **p<0.001. 
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Extended Data Fig. 10. Expression of the mouse orthologs of fly Alka in the mouse tongue.  
(a) Multisequence alignment of the protein sequences of fly Alka and mouse orthologs of Alka, including 
glycine receptor alpha 1 (GlyRa1), glycine receptor alpha 2 (GlyRa2), glycine receptor alpha 3 (GlyRa3), and 
glycine receptor alpha 4 (GlyRa4). Identical amino acid residues are marked in red and bold whereas similar 
amino acid residues are marked in yellow and bold. The transmembrane segments (TM1-TM4) are shown by 
black bars. (b) RT-PCR analyses of the expression of four glycine receptors in the mouse tongue. 
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