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SUMMARY

In Drosophila melanogaster, processing of gustatory information and controlling feeding behavior 

are executed by neural circuits located in the subesophageal zone (SEZ) of the brain.1 Gustatory 

receptor neurons (GRNs) project their axons in the primary gustatory center (PGC), which is 

located in the SEZ.1–4 To address the function of the PGC, we need detailed information about 

the different classes of gustatory interneurons that frame the PGC. In this work, we screened large 

collections of driver lines for SEZ inter-neuron-specific labeling and subsequently used candidate 

lines to access the SEZ neuroblast lineages. We converted 130 Gal4 lines to LexA drivers and 

carried out functional screening using calcium imaging. We found one neuroblast lineage, TRdm, 

whose neurons responded to both sweet and bitter tastants, and formed green fluorescent protein 

(GFP) reconstitution across synaptic partners (GRASP)-positive synapses with sweet sensory 

neurons. TRdm neurons express the inhibitory transmitter GABA, and silencing these neurons 

increases appetitive feeding behavior. These results demonstrate that TRdm generates a class of 

inhibitory local neurons that control taste sensitivity in Drosophila.
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GABAergic neurons modulate chemosensation in Drosophila. Zhao et al. find that GABAergic 

neurons of neuroblast lineage TRdm in the central brain are activated by both sugar and bitter 

stimulation on the labellum. Silencing TRdm neurons increases appetitive feeding behavior while 

blunting aversive feeding behavior.

Graphical abstract

RESULTS

Neurons of the TRdm lineage are activated by sweet and bitter tastants

The sense of taste (gustation) plays a central role in guiding insect behavior, notably the 

initiation or inhibition of feeding, the search for and avoidance of food, grooming, mating, 

and oviposition.1–5 Gustatory receptor neurons (GRNs) located in the mouth and pharynx, 

the proboscis, and the legs send their axons into the primary gustatory center (PGC) located 

in the subesophageal zone (SEZ) of the brain (Figures 1A and 1B). In flies, the immediate 

reflexive behaviors evoked by gustatory stimuli are the activation or inhibition of the 

extension of the proboscis and cibarial contraction, which pumps food into the stomach. 

Functional studies have defined the specific roles of motor neurons,6,7 as well as those of 

numerous interneurons8–13 that mediate behavioral effects in response to specific gustatory 

stimuli. Given that the SEZ is composed of several thousand neurons, it stands to reason that 

the already known interneurons involved in taste processing and feeding behavior represent 

but a small fraction of their overall number. In other sensory centers, notably the olfactory 
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center (antennal lobe), projection neurons (PNs) and local neurons (LNs) fall into relatively 

large classes that line up with defined neural lineages.14–20 Whether a similar architecture, 

i.e., lineage-associated classes of projection and local interneurons, exists in the taste center 

has not yet been systematically addressed.

Our approach to identify SEZ lineages that generate clusters of gustatory interneurons that 

receive sensory input from the GRNs involved two steps (Figure 1C). In the first step, two 

Gal4 line collections, Janelia Flylight enhancer-Gal4 lines (AKA, GMR-Gal4 lines)25 and 

Vienna Tiles (VT) enhancer-Gal4 lines,26 which are built using genome-wide cis-regulatory 

modules (CRMs), provide genetic access to neuronal subpopulations. We prescreened the 

brain pattern of these drivers (about 13,000 lines) and chose 130 Gal4 lines that label 

sparse neurons in the SEZ or project neurites in the PGC for further study. Subsequently, 

we converted these Gal4 drivers to lineage-restricted LexA drivers,27 taking advantage of 

the intersections of the CRM and the neuroblast (NB)-specific dpn promoter (denoted by 

CRM^dpn; Figures 1C and S1). Expression analysis of the converted lines in larval brains 

yielded 30 lines that label one to a few NB lineages. The CRM^dpn lines provide the 

potential for targeting specific NB lineages forming the SEZ. Since the lines will also aid 

in studies of other SEZ subpopulations, we present an atlas of the expression of 16 of these 

lines in Figures S2 and S3. Next, we had to convert the chosen CRM^dpn lines into line-age-

restricted LexA drivers27 expressed in mature nerve cells of the adult brain (Figures S1E and 

S1F), since the dpn promoter by itself is only expressed in the NB,27 the stem cells of the 

developing fly brain.28 To this end, we combined the CRM lines with a dpn^CRE cassette to 

activate LexA expression driven by a synaptobrevin (nSyb) promoter (Figure S1E; Awasaki 

et al.27) and used these lines to screen for the interneurons that receive taste input from the 

GRNs through calcium imaging (GCaMP6s,29 a GFP-Calmodulin-M13 fusion protein). To 

elicit gustatory input, tastants were applied to the proboscis in living flies. In most of the 

tested lines (R14G08, R20D07, R23H04, R24E06, R51F01, R54H01, R81E08, VT206843, 

and VT207611), the basal level of the GCaMP signal was weak, or the projection pattern 

could not unambiguously be assigned to a specific lineage, likely because the depth of cell 

bodies and axon tracts in the brain tissue was too deep to be adequately resolved by the 

confocal microscope. By contrast, one driver line, VT206843^dpn>GCaMP6s, showed a 

significant taste-activated signal in a specific cluster of SEZ neurons located at the anterior 

apex of the SEZ, and thereafter we focused our study on this driver.

Anatomical analysis indicated that VT206843^dpn-positive neurons reacting to taste 

stimulation form part of lineage TRdm.21 Cell bodies of TRdm form a dense cluster in 

the lateral cortex of the anterior SEZ; their fibers project medially as a tight bundle before 

entering the ventral tritocerebrum (TRv; called “prow” in studies conducted by Ito et al.22 

and Kendroud et al.30; Figures 1D–1G). Counts from 5 brains yielded an average of 55.6 

(SD = 6.1) neurons per TRdm lineage per hemisphere. After entering the neuropil fibers 

of TRdm, neurons remain mostly restricted to the TRv where they overlap with the PGC 

(Figure 1G). VT206843^dpn>GFP brains showed expression in several other lineages of the 

SEZ and supraesophageal brain and VNC (Figure S4); none of these lineages, however, 

responded to taste stimulation. The construct is not expressed in any sensory afferents.
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For TRdm, stimulation of the proboscis with 100 mM sucrose activated a GCaMP signal 

in both neuronal somata and neurites (Figures 2A and 2B) in satiated flies, indicating that 

the TRdm neurons form part of the Drosophila gustatory circuitry. Sucrose stimulation 

in starved flies also elicited strong neural activity (Figure 2C, top). The stimulation of 

the proboscis with a bitter compound, L-canavanine, activated a smaller subset of TRdm 

neurons. We counted the neurons that respond strongly and exclusively to sweet or bitter. 

The numbers are 2.5 ± 1.3 (n = 4) and 1.8 ± 1 (n = 4), respectively. Also, 5.8 ± 1.0 cells (n 

= 4) responded to both sweet and bitter. In the preparation shown in Figure 2C, cell 1 was 

activated by both sucrose and L-canavanine, whereas cell 2 was only activated by sucrose. 

We conclude that the TRdm neurons have functional connections with both sweet and bitter 

sensory neurons.

TRdm neurons are GABAergic neurons

Many LNs are traditionally considered to be inhibitory neurons, as shown for the olfactory 

system, where the vast majority of olfactory LNs are GABAergic.31,32 Staining with antisera 

to γ-aminobutyric acid (GABA) showed fluorescence signal in all labeled TRdm neurons 

(Figures 3A and B–B″), revealing that the neurons in the lineage were GABAergic LNs. 

By contrast, staining for choline acetyltransferase (ChAT), which is considered to be an 

excellent marker for cholinergic neurons,33 showed no signal in the TRdm neurons (Figure 

3C).

TRdm neurons GRASP with sweet GRNs

Since the TRdm neurons are responsive to taste stimuli, we asked whether these neurons get 

direct synaptic input from taste receptor neurons. The multi-lineage expression pattern in the 

SEZ of VT206843^dpn makes this driver not ideal for a GFP reconstitution across synaptic 

partners (GRASP) experiment.6,32 In search of more specific enhancer-Gal4 lines, we found 

one Gal4 line, R43G04, that labels a subset of TRdm neurons in the adult SEZ (Figure 

3D). GCaMP6s peak fluorescence levels increased significantly in R43G04 interneurons 

after stimulation with 100 mM sucrose (Figure 3E). Using R43G04-Gal4 and Gr5a-LexA 

drivers, we carried out GRASP-split GFP labeling. One half of split GFP (UAS-spGFP1–10) 

was expressed in R43G04 interneurons and the other half of GFP (LexAop-spGFP11) in 

sweet GRNs. To visualize neurites, UAS-tdTomato and LexAop-HA were expressed in these 

two neuronal populations, respectively (Figure 3F, inset). We detected spatial overlap and 

GRASP connections between R43G04 GABAergic neurons and sweet GRNs (Figures 3F 

and 3G) but not in the control brains (n = 5 and 3, respectively). 3D reconstructions of the 

spatial distribution of the GRASP signal relative to TRdm confirmed a restricted localization 

in regions of the PGC where the two neuronal populations were in close proximity (Figure 

3H). These findings indicate that TRdm interneurons are directly contacted by sweet 

gustatory receptors.

No GRASP signal was observed when using Gr66a-LexA, expressed in bitter-sensing 

neurons33 to drive LexAop-spGFP11. This could indicate that bitter-sensing neurons reach 

TRdm interneurons via an intermediary cell type (indicated by gray hatched arrow in Figure 

4C); alternatively, there could be bitter-sensing afferents directly synapsing on a subset of 

TRdm interneurons that does not express R43G04.
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VT206843^dpn modulates taste sensitivity

To further investigate whether the VT206843^dpn neurons are involved in taste perception, 

we performed proboscis extension response (PER) assays, expressing tetanus toxin (TNT) in 

these neurons (VT206843^dpn>LexAop-TNT) to silence their activity. Tastants were applied 

to the labellum or tarsi, which were referred to as labellar PER and tarsal PER, respectively 

(Figure 4A). In the labellar PER assays, the control satiated flies rarely extended their 

proboscis when tested with low concentrations of sucrose (1 or 10 mM), although they 

showed reliable proboscis extensions with 100 and 1,000 mM sucrose stimulation (Figure 

4B). The expression of TNT in VT206843^dpn neurons significantly increased the PER in 

response to labellar stimulation with 1, 10, and 100 mM sucrose (Figure 4B), indicating that 

silencing VT206843^dpn neurons potentiated the PER in satiated flies. We next tested the 

feeding behavior in non-satiated flies. A 24-h starvation period increased the sweet appetite 

in control flies, as shown with the PER (Figure 4D). Silencing VT206843^dpn neurons 

further increased the sweet sensitivity (Figure 4D), implying the VT206843^dpn neurons 

control sweet sensitivity under satiated and starved conditions.

VT206843^dpn adjusts feeding behavior in response to diverse labellar taste stimuli

The findings outlined above indicate that TRdm may act as a circuit element involved 

in gain control for the sweet-sensing channel, dampening the PER-inducing output with 

increasing levels of sweet input (Figure 4C). On the other hand, as outlined above, some 

TRdm neurons also responded to bitter stimulation (Figure 2). Stimulation of bitter afferents 

is known to inhibit the PER.34,35 We therefore asked whether this bitter sensitivity was 

also affected in VT206843^dpn>TNT flies. Since VT206843^dpn>TNT flies are much more 

sensitive to appetitive stimulation, compared with control flies, we needed a condition 

where we could induce a standardized PER before adding bitter compounds for the aversive 

PER test. The stimulation of the labellum with 100 mM sucrose induced 80%–90% of 

the PER in starved control flies, while 35 mM sucrose led to comparable PER in starved 

VT206843^dpn>TNT flies. Thus, we used these two conditions (100 mM sucrose + bitter 

for control flies; 35 mM sucrose + bitter for VT206843^dpn>TNT flies) for testing the 

bitter response in the labellar PER assays. Adding the bitter compound L-canavanine 

decreased the feeding behavior in an L-canavanine concentration-dependent manner in 

control flies. The inhibitory effect of L-canavanine was alleviated in VT206843^dpn>TNT 

flies (Figure 4E), demonstrating that VT206843^dpn neurons have the ability to strongly 

inhibit the PER triggered by sweet input. We further tested PER inhibition by denatonium, 

a compound that activates bitter receptor neurons but also directly inhibits sugar receptors.36 

We observed PER inhibition by denatonium in a similar pattern to that seen with L-

canavanine (Figure 4F). However, with denatonium, the PER inhibition was affected much 

less in VT206843^dpn>TNT flies (Figure 4F), confirming similar previous results obtained 

by blocking GABABR.35 We speculate that the strong inhibition of sweet receptors by 

denatonium predominates. Not only is the PER depressed, but input to the inhibitory 

TRdm neurons also decline. Consecutively, optogenetic silencing of TRdms has little or 

no additional effect.

Next, we performed tarsal PER to investigate VT206843^dpn neurons in taste perception. 

VT206843^dpn>TNT did not affect the feeding behavior with sucrose or L-canavanine 
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stimulation on the tarsus (Figures 4G–4I), indicating that VT206843^dpn neurons 

specifically modulate labellar taste perception but not tarsal taste sensitivity.

The effect of VT206843^dpn on taste sensitivity is attained by the TRdm lineage

Aside from TRdm, VT206843^dpn is also expressed in multiple other lineages (Figure 

S4). To demonstrate conclusively that the effect of VT206843^dpn neurons on feeding was 

mediated specifically by the TRdm neurons, we induced clones targeting individual lineages. 

We included Gal80 (tub>Gal80>) to block VT206843-Gal4 activity. The removal of Gal80 

by flp recombinase in a stochastic manner6 allowed us to recover subsets of VT206843^dpn-

expressing lineages. The TRdm lineage was found in 16 of these flies, which showed 

significantly increased PER compared with the non-TRdm individuals (Figures 4J and 4K). 

By contrast, inhibiting other lineages (e.g., AL1, VLNP1, or the other SEZ lineages) did not 

show a correlation with feeding behavior. Thus, the clonal analysis confirmed that neurons 

of the TRdm lineage modulate labellar taste sensitivity in the Drosophila brain.

DISCUSSION

We here identified a cluster of local GABAergic neurons that corresponds to lineage TRdm 

and that modulates taste sensitivity. All TRdm neurons responded to sweet tastants, while 

a few neurons also showed activity upon bitter stimulants, demonstrating integration of 

sweet and bitter perception in these neurons. Prior to the current study, two publications 

have shed light on the role of inhibitory GABAergic neurons in the gustatory center 

of Drosophila. Pool et al.37 identified a pair of descending GABAergic neurons, termed 

DSOG1 and DSOG2, that is required for regulating satiety. A follow-up study38 confirmed 

that GABA plays a critical role in controlling satiety. The authors showed that one of 

the GABA-A receptors, resistant to dieldrin (RDL), is responsible for this effect; RNAi-

mediated knockdown of RDL mimicked the phenotype resulting from DSOG1/DSOG2 

inactivation.

Local inhibition has been studied in considerable detail for the insect olfactory system. Here, 

sensory afferents (olfactory receptor neurons [ORNs]) terminate in the antennal lobe, where 

they form ~50 glomeruli tuned to the specific odors. ORNs form synaptic connections with 

PNs as well as LNs that provide feedforward inhibition to PNs and feedback inhibition to 

ORNs.39–41 Developmentally, LNs belong to two lineages, BAla2/ALv2 and BAlc/ALl1, 

each of which generates ~100 LNs per hemisphere.42 Given their typically widespread 

innervation of multiple, if not all, glomeruli, LNs are broadly tuned to multiple odors. The 

role of lateral inhibition by LNs appears to be manifold. One important function is gain 

control: strong odor stimuli excite multiple glomeruli that will elicit a stronger inhibitory 

response, which in turns dampens the ORN and PN activity in any given glomerulus.40,43–45 

Lateral inhibition is also important to sharpen the tuning of a PN to a specific odor, thereby 

enhancing the diversity of odor responses in the PN population.39,44 Finally, antennal lobe 

LNs mediating lateral inhibition are important for habituation.17,46

We propose that the GABAergic TRdm neurons, innervated by taste afferents in the PGC, 

perform a role similar to that of the inhibitory LNs of the antennal lobe. Thus, TRdm 

dendrites branch widely within the entire PGC, and our functional studies demonstrated 
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that in numerous cases, they react to both sweet and bitter stimuli (which are represented 

in different domains within the PGC). TRdm neurons inhibit feeding behavior (PER) in a 

concentration-dependent manner, with strong effects at low sucrose concentrations and weak 

or no effects at high concentrations (Figure 4), suggesting that their normal function may 

also form part of a gain control mechanism, as shown for the GABAergic olfactory LNs. 

The exact circuitry underlying this mechanism has not been worked out; thus, it is currently 

not known whether the inhibitory output of TRdm neurons (or other GABAergic neurons, 

such as those described in the study conducted by Chu et al. 35) feeds back on gustatory 

afferents (“1” in Figure 4C) or forward on PNs (“2” in Figure 4C) or both, as in the antennal 

lobe.

Close parallels have been drawn between the circuitry of the olfactory system in insects and 

vertebrates, specifically regarding the role of local inhibitory loops.47,48 The same argument 

can be made for the gustatory systems as well. Gustatory information reaches the hindbrain, 

where it is relayed via higher brainstem domains to the deep folds of the parietal cerebral 

cortex.49–51 As in insects, taste information is integrated with a wide range of inputs from 

other external senses, as well as the visceral organs, and plays a central role in controlling 

feeding behavior. GABA-mediated inhibition, occurring at all stations of the gustatory 

pathway,52–59 acts to sharpen the tuning of gustatory PNs. A wealth of pharmacological 

and behavioral studies (e.g., studies conducted by Stratford and Kelley60 and Baldo et al.61) 

underscore the wide range of effects of GABA neurotransmission on food uptake-related 

behaviors.

Further studies of the Drosophila gustatory system will further our understanding of 

taste and taste-controlled behavior among all animal systems. The technologies developed 

over the past years allow for the recognition, followed by experimental manipulation, of 

the building blocks of a circuit such as the taste pathway, which in Drosophila mostly 

consist of small groups of neurons defined by their developmental-genetic history as 

lineages, hemilineages, or sublineages. Of great importance also is the availability of 

complete connectomes,62,63 based on serial electron microscopy, of the Drosophila brain. 

The extraordinary importance of circuit reconstructions at single-synapse resolution for 

explaining functional data and prompting new hypotheses has been amply proven in studies 

investigating the Drosophila olfactory system, mushroom body, central complex, and motor 

system, to name but a few. We anticipate that connectomes currently in the making62,63 will 

achieve similar insights into the circuitry underlying the processing of gustatory information 

in the SEZ.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Yunpo Zhao (ypzhao0407@gmail.com; 

yunpo.zhao@som.umaryland.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability—Microscopy data reported in this paper will be shared by 

the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila genetics—Flies were raised on standard medium with 12-h light-dark 

cycles at 25 °C. The following fly lines were used: VT206843-Gal4 (Vienna Drosophila 
Resource Center, VDRC), Gr5a-LexA::VP16, Gr66a-LexA::VP16, LexAop-CD2::HRP, 

tub>Gal80>, UAS-CD4::spGFP1–10, and LexAop-CD4::spGFP11,6 133LexAop2-IVS-
GFP-p10 (Gerry Rubin), hs-flp (Bloomington Drosophila Stock Center, BDSC_58356), 

UAS-CD4-tdTom (BDSC_35841), dpn(FRT.stop)LexA.p65 (BDSC_56162), 20xUAS-KD 
(BDSC_55790), R43G04-Gal4 (BDSC_49556), dpn(KDRT.stop)cre.PEST (BDSC_56164), 

LexAop-rCD2-GFP (BDSC_66544), 13XLexAop2-IVS-GCaMP6s-SV40 (BDSC_44589), 

and nSyb(loxP.stop)LexA.p65 (BDSC_56166).

The following fly stocks were built for the screen: (1) dpn(FRT.stop)LexA.p65; UAS-
Flp/CyO; LexAop-CD2GFP/TM6B, (2) dpn(KDRT.stop)cre.PEST; 133LexAop2-IVS-GFP-
p10/CyO; 20xUAS-KD, nSyb(loxP.stop)LexA.p65, and (2) dpn(KDRT.stop)cre.P-EST; 
133LexAop2-GCaMP6s/CyO; 20xUAS-KD, nSyb(loxP.stop)LexA.p65.

METHOD DETAILS

Immunohistochemistry—Drosophila brains were dissected in 1xPBS and fixed in 4% 

paraformaldehyde (pH7.4) for 30 min at room temperature, followed with washing in 

1xPBST (0.3% Triton-X 100 in PBS) three times 15 min each. The specimens were blocked 

in 1% normal goat serum in PBST for 1 hour at room temperature, then incubated in 

primary antibody in blocking buffer at 4 °C for overnight. After 3×15 min washing in PBST, 

the specimens were stained with secondary antibody in blocking buffer for two hours at 

room temperature, then washed for 4×15 min in PBST and once in PBS before mounting. 

The following antibodies were used: mouse anti-Brp 1:20 (RRID: AB_2314866, DSHB), 

mouse anti-ChAT 1:1000 (4B1, RRID: AB_528122, DSHB), rabbit anti-GABA 1:2000 

(A2052, Sigma-Aldrich), mouse anti-HRP 1:2000 (ab10183, RRID: AB_296913, Abcam), 

goat anti-rabbit Alexa Fluor 546, 1:400 (A-11035, Invitrogen), goat anti-mouse Alexa Fluor 

546, 1:400 (A-11003, Invitrogen), and goat anti-mouse Alexa Fluor 647, 1:400 (A32733, 

Invitrogen).

3D Reconstruction—3D reconstruction of the SEZ of adult brain was performed using 

Fiji TrakEM2 plugin (https://imagej.net/plugins/trakem2/) according to the tutorials.

Behavior assays—For Proboscis Extension Response (PER) assay, newly eclosed female 

adults were aged for 3 days at 25 °C. A small piece of Kim-wipe tissue soaked with water 

was put in an empty vial. Flies were transferred to the vial (20–30 flies/vial) and starved for 

22–24 hours at 25 °C. Satiated or starved flies were mounted for PER assay. For labellar 
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PER, flies were anesthetized on ice and mounted inside pipette tips that were cut in size so 

that only the head was exposed.64 The mounted flies were positioned on a glass slide with 

double-sided tape, and allowed to recover in a humidified chamber for 1–2 hours. Before 

the test, flies were stimulated with water and allowed to drink until satiated. Flies were 

then stimulated on the labellum with tastants, using a 20-μL pipette tip attached to a 1-mL 

syringe.

For tarsal PER, flies were mounted on strips of myristic acid, they were allowed to recover 

in a humidified chamber for 1–2 hr. Before the test, flies were stimulated with water on the 

tarsi of the forelegs and allowed to drink ad libitum.

Clonal analysis—Virgin females of (dpn>KDRT-stop-KDRT>Cre:PEST; LexAop-

GFP/CyO; 20xUAS-KDR.PEST, nSyb(loxP.stop)LexA.p65/TM6B) were crossed with 

(tub>Gal80>; tub>Gal80>/CyO; VT206843-Gal4, LexAop-TNT/TM6B) males. Embryos 

were collected in a 4-hour time window. A 30-min heat shock was carried out in a 37 °C 

water bath to induce chromosome recombination. Female adults of appropriate genotype 

were aged for 3 three days before behavior test. For the PER, each fly was tested 15 

times with 35 mM sucrose + 100 mM L-canavanine on the labellum. Subsequent to each 

experiment, the expression pattern was analyzed individually. A total number of 77 flies 

were examined.

GCaMP imaging—GCaMP imaging was performed as previously described.37 3–7 days 

old female were anesthetized, and all legs were removed. The flies were mounted by 

insertion of the cervix into individual collars of a custom chamber. Nail polish was applied 

in a thin layer to seal the head. Melted wax was applied to adhere the fully extended 

proboscis to the chamber rim. The cuticle covering the SEZ was removed, and adult 

hemolymph like buffer was added into the preparation to cover the exposed brain. A cover 

slip was inserted to separate the proboscis from the preparation. GCaMP fluorescence was 

imaged with a Leica SP5 II confocal microscope equipped with a tandem scanner and HyD 

detector. The 25x water objective was used to visualize the SEZ. For each taste stimulation, 

images were acquired for 4 s prior to stimulation, approximately 1 s during stimulation, and 

5 s after stimulation. Multiple focal planes were scanned with 1 frame per second instead of 

multi frames per second, because we wanted to include signal obtained from cell bodies, cell 

body fibers and terminal arborizations in our recordings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with t-test with Welch’s correction or two-way ANOVA 

with Tuckey correction, using GraphPad Prism 8.0 software. For the PER assays, 3 groups 

of data sets were generated (10–11 flies/group) for each genotype. Asterisks denote the 

statistical significance, **, p<0.01; ****, p<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Drosophila TRdm neuroblast lineage neurons respond to sweet and bitter 

tastants

• Neurons in the TRdm lineage are GABAergic

• The TRdm lineage arborizes in the primary gustatory center

• The TRdm lineage modulates taste sensation
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Figure 1. Interneurons of the Drosophila gustatory center
(A) Schematic representation of an adult Drosophila head with opening for calcium imaging 

indicated by hatched box.

(B and B′) Schematic lateral view (B) and anterior view (B′) of adult subesophageal zone 

(SEZ). Sensory nerves and compartments receiving gustatory input are rendered in red. 

Other sensory domains are shown in gray coloring. Blue shading outlines motor areas and 

motor axons to mouthparts. Hatched lines indicate segmental subdivision of SEZ.21,22

(C) Workflow. Janelia Farm and VT-Gal4 lines were screened. 130 Gal4 lines that label 

sparse neurons in the SEZ were converted to neuroblast- or neuroblast lineage-restricted 

LexA drivers. Calcium imaging was carried out to screen for the gustatory interneurons.

(D) Z projection of frontal confocal sections of Drosophila brain showing expression of 

VT206843 in clusters of neurons innervating the SEZ. Antibody to Bruchpilot (Brp) marks 

the neuropils (magenta).
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(E) VT206843^dpn-driven expression of LexAop-GFP in multiple lineages, including 

TRdm, whose projection reaches the ventral domain of the tritocerebrum (TRv).

(F and G) GFP-labeled MARCM clone of TRdm lineage. Panels show z projections of 

frontal confocal sections near anterior tip of SEZ, which includes the anteroventral gustatory 

zone (AVSC) (F), and a plane 15 μm further posteriorly that houses the antero-central 

gustatory zone (ACSC) (G), which receives most taste afferents from the labellum and 

mouth cavity.

Abbreviations: ACSC, anterior central sensory center; AMS, anterior maxillary sensory 

domain as defined in the study conducted by Miyazaki and Ito23; AL, antennal lobe; 

AMMC, antenno-mechanosensory and motor center; an, antennal nerve; AVSC, anterior 

ventral sensory center; ALad1/BAmv3, ALlv1/BAlp4, VLPa2/DALv1, MD3, MX3, TRdm, 

neuroblast lineages (as defined in studies conducted by Ito et al.19, Yu et al.20, Hartenstein 

et al.21, and Pereanu and Hartenstein24); LB, labium; ln, labial nerve; MB, mushroom body; 

MD, mandibula; MX, maxilla; PMS1–4, posterior maxillary sensory domains (as defined in 

the study conducted by Miyazaki and Ito23); pn, pharyngeal nerve; TR, tritocerebrum; TRd, 

dorsal tritocerebrum; TRv, ventral tritocerebrum; VL, ventrolateral neuropil domain; VM, 

ventromedial neuropil domain; VMC, ventromedial cerebrum.

Scale bars: 50μm in (D and E) and 25 μm in (F and G).

See also Figures S1–S3.
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Figure 2. TRdm neurons are responsive to taste stimuli
(A) The TRdm cluster in the SEZ of VT2068 43^dpn>GCaMP6s brain responds to sucrose 

stimulation on the proboscis. Upper panels show the change of GCaMP6s fluorescence over 

time in the somata (left) and neurites (right). Lower panels present heatmaps of GCaMP6s 

fluorescence in VT20 6843^dpn>GCaMP6s SEZ.

(B) Average peak GCaMP6s fluorescence change in the interneurons following stimulation 

with sucrose and water, under fed condition.
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(C) Calcium imaging of sweet- and bitter-evoked activity in the TRdm cell body cluster, 

along with traces showing the change in fluorescence over time in two ROIs, 1 and 2, in a 

starved fly. Based on size, ROIs likely correspond to single neuronal cell bodies; however, 

due to the limited resolution, they might occasionally also represent small groups of directly 

adjacent cell bodies. In the example shown, sucrose stimulation activated both 1 and 2, while 

L-canavanine evoked cell 1 only.

Scale bars: 25 μm. **p < 0.01; ****p < 0.0001.
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Figure 3. TRdm neurons are GABAergic and form GRASP connections with sweet GRNs
(A) Staining of a VT206843^dpn>GFP brain with anti-GABA (magenta). GABA is 

expressed in multiple brain lineages, including TRdm. Neuropil is labeled by anti-Brp 

(cyan).

(B–B″) Magnification of TRdm cluster expressing GABA.

(C) TRdm neurons do not overlap with ChAT-expressing cells.

(D) Staining of a R43G04-Gal4>GFP brain with anti-GABA (magenta), which labeled a 

subset of the TRdm neurons.

(E) Calcium imaging of 100 mM sucrose-evoked activity in the R43G04, along with traces 

showing the change in fluorescence over time.

(F and G) GRASP (green) shows contact between R43G04 GABAergic interneurons and 

Gr5a (sweet) axon terminals, shown in blue in boxed region (F) and in magnified view 
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in a single focal plane (G–G‴). Arrows point to GRASPs. Inset in (F) schematically 

illustrates GFP reconstitution between GRNs and interneurons. GRNs express splitGFP11 

and CD4::HRP. Interneurons express splitGFP1–10 and tdTomato.

(H) Anterior view of a 3D reconstruction of one hemisphere of the brain shown in (F).

Scale bars: 50 μm in (A, C, and F) and 20 μm in (B and D). Error bars represent mean ± SD. 

**p < 0.01.
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Figure 4. VT206843^dpn neurons modulate taste sensitivity
(A) Representative images of labellar PER (left) and tarsal PER (right) assays. In the labellar 

PER assay, tastants were applied to the proboscis. In the tarsal PER assay, tastants were 

applied to the tarsi of the first thoracic leg.

(B and D–F) Grouped plots showing the labellar PER of fed flies (B) and starved flies 

(D–F). Silencing VT206843^dpn neurons increased appetitive feeding response to sucrose 

stimulations (B and D), increased the PER to the sucrose plus L-canavanine (E) (hence 

decreased L-canavanine sensitivity), while it showed no effect to denatonium (F).
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(C) Schematic representation of proposed interconnections between inhibitory TRdm 

neurons, sensory afferents, and output neurons modulating the PER. (G–I) Grouped plots 

showing the tarsal PER of starved flies. Silencing VT206843^dpn neurons did not affect the 

appetitive (G) or aversive (H and I) feeding behavior.

(J and K) Clonal analysis was performed to narrow down the lineage that mediates the 

feeding behavior. Shown are representative confocal images of the recovered lineages. All 

images are aligned with dorsal up. Scale bars: 50 μm. Each fly was stimulated with 35 

mM sucrose + 100 mM L-canavanine for 15 times. The PER score was recorded and the 

brain pattern was analyzed individually. Fly genotypes: dpn>KDRT-stop-KDRT>Cre:PEST/
tub>Gal80>; LexAop-GFP/tub>Gal80>; 20xUAS-KDR.PEST, nSyb(loxP.stop)LexA.p65/
VT206843-Gal4, LexAop-TNT. In (K), graphs represent mean ± SEM and asterisks indicate 

significance by t test (**p < 0.01).

Abbreviations: ALlv1/BAlp4, LB5, LB7, MD3, MX3, TRdl, TRdm, WEDa1/Balv, 

neuroblast lineages (as defined in studies conducted by Ito et al.19, Yu et al.20, Hartenstein et 

al.21, and Pereanu and Hartenstein24); PN, projection neuron.

Scale bars: 50 μm. Error bars represent mean ± SEM. **p < 0.01; ****p < 0.0001.

See also Figure S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE  SOURCE  IDENTIFIER

Antibodies

Mouse monoclonal anti-Brp  Developmental Study Hybridoma Bank  Cat# Nc82; RRID: AB_2314866

Mouse monoclonal anti-ChAT  Developmental Study Hybridoma Bank  Cat# 4B1; RRID: AB_528122

Mouse monoclonal anti-HRP  Abcam  Cat# ab10183; RRID: AB_296913

Rabbit anti-GABA  Sigma-Aldrich  Cat# A2052; RRID:AB_477652

Goat anti-rabbit Alexa Fluor 546  Invitrogen  Cat# A-11035; RRID:AB_143051

Goat anti-mouse Alexa Fluor 546  Invitrogen  Cat# A-11003; RRID:AB_141370

Goat anti-mouse Alexa Fluor 647  Invitrogen  Cat# A32733; RRID:AB_2633282

Experimental models: Organisms/strains

Drosophila melanogaster. w1118  Bloomington Drosophila Stock Center 
(BDSC)

 RRID:BDSC_3605

Drosophila melanogaster. tub>Gal80>/CyO; TM2/TM6B  BDSC  RRID:BDSC_38880

Drosophila melanogaster. 13XLexAop2-IVS-GCaMP6s-
SV40

 BDSC  RRID:BDSC_44589

Drosophila melanogaster. 20xUAS-KD  BDSC  RRID:BDSC_55790

Drosophila melanogaster. UAS-CD4-tdTom  BDSC  RRID:BDSC_35841

Drosophila melanogaster. dpn(FRT.stop)LexA.p65  BDSC  RRID:BDSC_56162

Drosophila melanogaster. R43G04-Gal4  BDSC  RRID:BDSC_49556

Drosophila melanogaster. LexAop-CD2::HRP  BDSC  RRID:BDSC_56523

Drosophila melanogaster. dpn(KDRT.stop)cre.PEST  BDSC  RRID:BDSC_56164

Drosophila melanogaster. lexAop-rCD2-GFP  BDSC  RRID:BDSC_66544

Drosophila melanogaster. nSyb(loxP.stop)LexA.p65  BDSC  RRID:BDSC_56166

Drosophila melanogaster. 13×LexAop2-IVS-GFP-p10  Gerry Rubin  N/A

Drosophila melanogaster. Gr5a-LexA::VP16  Kristin Scott6  N/A

Drosophila melanogaster. Gr66a-LexA::VP16  Kristin Scott6  N/A

Drosophila melanogaster. UAS-CD4::spGFP1–10  Kristin Scott6  N/A

Drosophila melanogaster. LexAop-CD4::spGFP11  Kristin Scott6  N/A

Drosophila melanogaster. VT206843-Gal4  Vienna Drosophila Resource Center 
(VDRC)

 206843

Software and algorithms

Adobe Illustrator CS6 version  https://www.adobe.com/  CC2018

FIJI (ImageJ)  https://imagej.net/Fiji/Downloads  Fiji-macOS

GraphPad Prism  https://www.graphpad.com/scientific-
software/prism/

 8.2.1

Curr Biol. Author manuscript; available in PMC 2023 December 19.
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