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Gal4 drivers of the geosmin
receptor Or56a exhibit ectopic
expression in the labral sense organ
of Drosophila

ZepengYao

The fruit fly, Drosophila melanogaster, is a valuable model for studying the mechanisms of
chemosensation. The odorant receptor Or56a has been shown to be narrowly tuned to geosmin—a
chemical that flies use as a proxy for toxic molds and bacteria—and its activation drives olfactory
avoidance behavior. Here, | find that existing Gal4 drivers using cloned promoter fragments of the
Or56a gene drive unexpected expression in the labral sense organ (LSO), an internal taste sensory
organ within the fly pharynx, in addition to their reported expression in the olfactory antennae.
However, the presence of geosmin in sucrose solution does not elicit taste aversion or reduce
consumption. Furthermore, a knock-in Or56a-T2A-Gal4 line newly generated in this study does not
drive expression in the LSO. These results suggest that the LSO expression likely reflects ectopic
expression from the existing Or56a-Gal4 drivers rather than the endogenous Or56a expression pattern.
This study adds to the growing evidence that genetic drivers constructed using cloned promoters may
not always faithfully recapitulate endogenous gene expression patterns, which should be taken into
consideration when interpreting experimental results.
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Smell (olfaction) and taste (gustation) are two primary chemical senses that allow animals to detect and interact
with chemicals in their environment. Olfaction mainly detects volatile chemicals and helps animals locate foods
and mates, as well as recognize predators and other environmental threats. Gustation, on the other hand, is
primarily used to evaluate the chemical content of potential food sources, helping animals identify suitable foods
and avoid toxic or harmful substances. The olfactory and gustatory systems use distinct molecular receptors,
neural circuits, and coding strategies to process chemical information!. While the two sensory systems can
function independently, their interactions play a significant role in shaping perception and feeding decisions.
For example, in humans, the integration of olfactory and gustatory signals contributes to the complex perception
of food flavor, which in turn influences dietary choices?.

The fruit fly, Drosophila melanogaster, has long been used as a model organism to study the olfactory and
gustatory systems. While flies and mammals share many similarities in the neural circuits and coding strategies of
their olfactory and gustatory systems®?, interestingly, flies use distinct families of proteins as their chemosensory
receptors. A family of approximately 60 odorant receptors (ORs) is primarily expressed in olfactory sensory
organs—the antennae and maxillary palps—and functions as olfactory receptors®. A family of 68 gustatory
receptors (GRs) encoded by 60 Gr genes is expressed in various taste sensory organs—including the proboscis,
legs, and wings—and functions primarily as taste receptors®. Lastly, members of a family of approximately
60 ionotropic receptors (IRs) are expressed in olfactory and/or taste organs and function as olfactory or taste
receptors>®. The expression patterns of most ORs, GRs, and IRs in chemosensory organs have been well
characterized, either by RNA in situ hybridization e.g.,”? or, more commonly, by using Gal4 drivers for the
respective receptors e.g.,”#19-1%, In the latter approach, the putative promoter sequence of a receptor is cloned
and placed upstream of the DNA sequence encoding Gal4, a transcription factor from yeast?2!. This construct
is then inserted into the fly genome, allowing the cloned promoter to drive Gal4 expression. When combined
with a reporter gene (e.g., green fluorescent protein (GFP)) placed downstream of a UAS (upstream activating
sequence), the Gal4 protein binds to the UAS and activates transcription of the reporter?®2!. Consequently,
the reporter expression reflects the tissue-specific expression pattern driven by the cloned promoter. This
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approach has been used extensively to map the expression patterns of chemosensory receptors in flies, and in
many cases, faithfully recapitulates the endogenous receptor expression pattern as observed through RNA in
situ hybridization or reporters and drivers inserted into the receptor gene’s endogenous locus’~*1¢. However,
some Gal4 drivers have been reported to exhibit ectopic expression, which may result from the presence of
regulatory sequences near the insertion site, additional regulatory elements within the cloned promoter, or other
unidentified factors??~24,

In this study, I found that existing Gal4 drivers for the odorant receptor Or56a exhibit unexpected expression
in the labral sense organ (LSO), an internal taste sensory organ within the Drosophila pharynx, in addition
to their reported expression in the olfactory antennae. In contrast, a knock-in Or56a-T2A-Gal4 driver newly
generated in this study, in which Gal4 is inserted into the endogenous Or56a locus, does not drive expression in
the LSO. These results suggest that the LSO expression displayed by existing Or56a-Gal4 drivers using cloned
promoter fragments likely reflects ectopic expression. Consistent with this, the presence of geosmin, a highly
specific ligand for Or56a that elicits olfactory avoidance behavior?®, does not have any measurable effects on
food ingestion, supporting the idea that Or56a does not mediate taste aversion in the LSO. Together, my study
shows that existing Or56a-Gal4 drivers constructed using cloned promoters exhibit ectopic expression in the
LSO of the pharynx, highlighting the need for caution when interpreting results from behavioral studies that use
these drivers to manipulate neural activity. The knock-in Or56a-T2A-Gal4 generated in this study provides more
specific genetic access to the Or56a-expressing olfactory receptor neurons for future research.

Results

Gal4 drivers of the geosmin receptor Or56a drive expression in the LSO

Geosmin (trans-1,10-dimethyl-trans-9-decalol) is volatile compound produced by toxic molds and bacteria that
fruit flies may encounter in their natural feeding environment. While geosmin itself is not toxic to flies, flies use it
to detect the presence of toxic molds and bacteria, and have evolved a highly specific odorant receptor, Or56a, to
detect it®®. Activation of the Or56a-expressing olfactory receptor neurons (ORNs) and their downstream circuits
by geosmin deters the flies from feeding or laying eggs on the substrate?>. Gal4 drivers have been previously
generated by two independent groups to genetically target the Or56a-expressing ORNSs, which are housed in the
fly antennae!®!!, While examining the expression pattern of these Or56a-Gal4 drivers, I noticed that, in addition
to the expected expression in antennae, they also drive expression in the labral sense organ (LSO) in the pharynx
(Fig. 1). The LSO is an internal sensory organ in the pharynx located in the haustellum of the fly proboscis
(Fig. 1a), containing nine pairs of sensilla'’*%*’. Based on their morphology, Or56a-Gal4s drive expression in
sensillum 7, which contains eight chemosensory neurons on each side of the pharynx'”-26%” (Fig. 1a). Of the three
publicly available Or56a-Gal4 drivers'®!!, Or56a-Gal4(II) labels three pairs of LSO neurons (Fig. 1b), Or56a-
Gal4(X) labels two pairs of LSO neurons (Fig. 1c), while the expression of Or56a-Gal4(IIl) is more variable,
labeling one to two pairs of LSO neurons (Fig. 1d). Therefore, all three existing Or56a-Gal4 drivers, generated by
two independent groups'®!!, drive unexpected expression in LSO neurons in the fly pharynx.

Or56-Gal4(ll) drives expression in a group of poorly characterized LSO neurons

Given that Or56a-Gal4(II) labels the most LSO neurons among the three Or56a-Gal4 drivers (Fig. 1b-d), I
decided to focus on this driver and further characterize the LSO neurons that it labels. The LSO sensillum 7 (L7)
contains eight pairs of chemosensory neurons, named L7-1 to L7-8 (Fig. 1a)!7?%?’. Recent studies have revealed
that multiple gustatory receptors (GRs) and ionotropic receptors (IRs) are expressed in these L7 neurons. For
example, Gr64f and Gr43a are expressed in L7-1 and L7-2 (Fig. 1a), which play a role in regulating the ingestion
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Fig. 1. Existing Or56a-Gal4 drivers exhibit expression in the labral sense organ (LSO). (a) A schematic of the
Drosophila proboscis. The green dots indicate LSO sensilla 7, which contains eight chemosensory neurons
(L7-1-8) on each side of the pharynx. L7-1-2 express Gr64f, L7-4-5 express ppk28, and L7-7 expresses Ir60b
(see text for details). The red dotted rectangle indicates the approximate area shown in panels (b-d). (b-d) All
three existing Or56a-Gal4s exhibit expression in the LSO. Green color represents GFP expression driven by the
indicated Gal4 drivers, and magenta color represents cuticular autofluorescence. Scale bar =20 um.
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of sugars and amino acids?®?°. The water receptor ppk283>3! is expressed by L7-4 and L7-5', suggesting that
they may regulate water ingestion. The ionotropic receptor Ir60b is expressed by a single pair of L7 neurons,
L7-7, which suppresses the ingestion of high salt and sucrose!”*3>3, To address which L7 neurons Or56a-
Gal4(1I) labels, double-labeling experiments were performed. CD8-tdTomato was expressed in the Or56a(II)
LSO neurons using Or56a-Gal4(II), and myr-GFP was independently expressed in L7-1 and L7-2 neurons using
a knock-in Gr64f-LexA(KI)** (Fig. 2a-a"). Expression of CD8-tdTomato resulted in punctate structures in the
Or56a(II) LSO neurons, making it difficult to clearly observe their morphology (Fig. 2a). However, there was
clearly no detectable CD8-tdTomato expression in the Gr64fL7-1 and L7-2 neurons (Fig. 2a”), indicating that the
Or56a(1I) LSO neurons are distinct from the L7-1 and L7-2 neurons that express Gr64f. Similarly, I performed
double-labeling experiments with Or56a-Gal4(1I) and ppk28-LexA(II) and found that the Or56a(1I) LSO neurons
are also distinct from the L7-4 and L7-5 neurons that express the water receptor ppk28 (Fig. 2b-b”). Lastly, I
investigated whether the Or56a(II) LSO neurons include the Ir60b-expressing L7-7 neurons. Because of the
lack of an Ir60b-LexA driver at the time of the experiment, double-Gal4 labeling experiments were performed.
Ir60b-Gal4 labels a single pair of L7 neurons (Fig. 2¢)17?323, while Or56a-Gal4(II) labels three pairs of LSO
neurons (Fig. 1b). I combined both Gal4s to drive mCD8-GFP expression and carefully counted the number of
LSO neurons labeled (Fig. 2d-d’). A total of four pairs of LSO neurons were labeled (Fig. 2d’), indicating that the
Or56a(II) LSO neurons are also distinct from the Ir60b-expressing L7-7 neurons. Additionally, it was reported
that blocking synaptic transmission of the Ir60b L7-7 neurons by expressing tetanus toxin (TNT) resulted in
increased sucrose consumption®’. Using a largely identical consumption assay (Fig. 2e), I found that TNT
expression in the Or56a(II) LSO neurons had no effects on sucrose consumption (Fig. 2f). These results further
suggest that the Or56a(II) LSO neurons are distinct from the Ir60b-expressing L7-7 neurons. Taken together, the
Or56a-Gal4(II) does not label the Gr64f-expressing L7-1 and L7-2 neurons, the ppk28-expressing L7-4 and L7-5
neurons, or the Ir60b-expressing L7-7 neurons (Fig. 2g). Therefore, it labels the L7-3, L7-6, and L7-8 neurons
(Fig. 2g) and provides genetic access to these relatively less well characterized LSO neurons.

The presence of geosmin in sucrose food does not affect consumption

LSO neurons play important roles in regulating the ingestion of various compounds, including sugars, amino
acids, salts, and bitters?®232333536 My findings that drivers of the geosmin receptor Or56a are expressed in
LSO neurons led me to investigate if the Or56a(II) LSO neurons (L7-3, L7-6, and L7-8) can detect geosmin and
suppress the ingestion of food containing geosmin, a compound used by flies as a proxy for toxic microbes?.
Using a capillary feeder (CAFE) assay®’, where free-moving flies fed from food-containing capillaries, a previous
study showed that the presence of geosmin (0.1%) in sucrose solution deterred flies from feeding from it*.
Given that geosmin is an aversive odorant®, the observed feeding suppression was likely due to flies avoiding the
geosmin-containing capillary. However, it is also possible that geosmin elicits an aversive taste, detected by the
Or56a(II) LSO neurons, which (further) inhibits ingestion. To better investigate this possibility, I measured food
ingestion using immobilized flies (Fig. 2e) (see Methods for details), which should largely eliminate the effects of
geosmin on olfaction-guided foraging behavior. Interestingly, the presence of 0.1% geosmin in 300 mM sucrose
solution had no measurable effects on consumption by flies fasted for 24 h (Fig. 3a). I reasoned that 300 mM
sucrose might be quite appetitive to the flies, and that flies fasted for 24 h might be very motivated to feed, both
of which might mask the effects of geosmin. Therefore, I repeated the experiments with a lower concentration
of sucrose (100 mM) and flies fasted for shorter periods of time (24, 6, and 2 h) (Fig. 3b-d). These conditions
indeed seemed to decrease sucrose ingestion time (compare Fig. 3b-d to Fig. 3a). However, in every condition
tested, the presence of geosmin had no measurable effects on the consumption of sucrose solution (Fig. 3a-d).
In contrast, the addition of 50 mM caffeine, a bitter compound, significantly suppressed sucrose consumption
(Fig. 3e). Taken together, these results suggest that even at a high concentration, geosmin is unlikely to elicit an
aversive taste for flies.

A knock-in Or56a-T2A-Gal4 driver does not drive expression in LSO neurons
My above findings that the presence of geosmin does not affect the ingestion of sucrose food led me to reconsider
whether the endogenous Or56a protein is expressed in the LSO. The Or56a-Gal4 drivers tested above (Fig. 1)
were generated by placing the putative promoter region of the Or56a gene upstream of the Gal4 sequence and
inserting the construct randomly into the fly genome!®!!. This may not faithfully recapitulate the endogenous
expression pattern of the Or56a gene. To more accurately report the endogenous expression pattern of Or56a,
the Trojan Exon approach was used®. In brief, a MiMIC cassette® in the coding intronic region of Or56a was
replaced with a Trojan exon containing the T2A-Gal4 sequence (see Methods for details) (Fig. 4a). This resulted
in the translation of Gal4 protein only in cells that normally express the endogenous Or56a protein (Fig. 4a). This
knock-in Or56a-T2A-Gal4 is expected to faithfully report the endogenous expression pattern of the Or56a gene.
I used the knock-in Or56a-T2A-Gal4 to drive mCD8-GFP expression in Or56a-expressing cells and
found that there was no mCD8-GFP expression in the LSO. In contrast, there was mCD8-GFP expression in
the antenna, where the Or56a olfactory receptor neurons (ORNs) are located. Indeed, when brain expression
was examined using immunostaining, mCD8-GFP was exclusively expressed in a single pair of glomeruli
in the antennal lobes (Fig. 4b,c, arrows)—the DA2 glomeruli—to which the Or56a ORNs send their axonal
projections!®!}?>, In contrast, in brains where mCD8-GFP expression was driven by Or56a-Gal4(II), expression
was observed not only in the DA2 glomeruli (Fig. 4d,e, arrows), but also in the dorsal subesophageal zone (SEZ)
(Fig. 4d,e, arrowheads), where LSO neurons project!”. These results strongly suggest that the endogenous Or56a
is only expressed in the Or56a ORNs and not in LSO neurons, which is consistent with my above findings that
geosmin is unlikely to be detected by LSO neurons to elicit an aversive taste.
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In this study, I found that all three publicly available Gal4 drivers of the geosmin receptor Or56a are expressed
in the LSO sensillum 7 (Fig. 1). This is unexpected, given that Or56a is an odorant receptor known to function
in the antennae to detect geosmin vapor?®, whereas the LSO sensillum 7 is a taste sensillum in the pharynx that
detects chemicals in the passing food during ingestion!”?%?”. However, it was reported that mammalian taste cells
express functional olfactory receptors?’, and Drosophila sweet- and bitter-sensing gustatory receptor neurons
(GRNs) can directly respond to odors*!, suggesting that it is possible for taste neurons to express functional
olfactory receptors to detect odors. Given that Or56a is narrowly tuned to geosmin—detecting geosmin with
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«Fig. 2. Or56-Gal4(II) labels a group of poorly characterized LSO neurons. (a-a”) Gr64f-LexA(KI) and Or56a-
Gal4(1I) label distinct populations of LSO neurons. Gr64f-LexA(KI) drove myr-GFP expression (a and a”
green), while Or56a-Gal4(II) drove CD8-tdTomato expression (a’ and a” magenta). Scale bar =20 pum. (b-b”)
ppk28-LexA(1I) and Or56a-Gal4(II) label distinct populations of LSO neurons. ppk28-LexA(II) drove myr-
GFP expression (b and b” green), while Or56a-Gal4(II) drove CD8-tdTomato expression (b’ and b” magenta).
Scale bar =20 pm. (c) mCD8-GFP expression driven by Ir60b-Gal4 labels one pair of LSO neurons. Scale
bar=20 pm. (d-d’) mCD8-GFP expression driven by both Ir60b-Gal4 and Or56a-Gal4(II) labels four pairs of
LSO neurons. (d) shows the full confocal projection (64 um), while (d’) shows a 26 um stack to better visualize
the cell bodies (labeled 1-4 on each side). (e) Measuring sucrose consumption time for individual flies using
the temporal consumption assay. (f) Consumption time of control flies and flies with Or56a(II) LSO neurons
silenced using tetanus toxin (TNT). All flies were food-deprived for approximately 24 h and tested with
300 mM sucrose. For box plots: whiskers = 10th-90th percentile, box =25th-75th percentile, and line within
box =median. Dots represent individual data points. N =38-45 flies/genotype; one-way ANOVA followed by
Tukey’s multiple comparison tests, ns = not significant. (g) Summary of the Or56a-Gal4(II) expression pattern
in the LSO sensillum 7.
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Fig. 3. The presence of geosmin has no measurable effects on sucrose consumption. (a-e) Consumption time
of immobilized Canton-§ flies measured by the temporal consumption assay. In (a—d), flies were food-deprived
for the indicated durations and tested with the indicated concentrations of sucrose solution, either without or
with 1:1000 geosmin. In (e), flies were food-deprived for 24 h and tested with 300 mM sucrose, either without
or with 50 mM caffeine. For box plots: whiskers = 10th-90th percentile, box =25th-75th percentile, and line
within box =median. Dots represent individual data points. N =31-77 flies/genotype; Mann-Whitney test,
ns=not significant; ***p <0.001.

high specificity and affinity—and that geosmin is used by flies to indicate the presence of toxic microbes®, I

reasoned if the LSO indeed expresses a functional Or56a receptor, the activation of LSO Or56a by geosmin in
the food would warn the flies of potential toxic microbes and suppress food ingestion. However, the presence of
geosmin, even at a high concentration, in sucrose solutions has no measurable effects on sucrose consumption
(Fig. 3), raising the possibility that the endogenous Or56a protein is not expressed or not functional in the
LSO. Indeed, when I generated a knock-in Or56a-T2A-Gal4 using the Trojan Exon approach’, I found that
it did not drive expression in the LSO, providing strong evidence that Or56a is not endogenously expressed
by LSO neurons (Fig. 4). These results suggest that the reported effects of geosmin on suppressing feeding in
a capillary feeder (CAFE) assay should be largely due to its aversive smell, causing flies to avoid the geosmin-
containing food, as previously suggested?®. Once the foraging component is eliminated (as by immobilizing flies
and manually presenting food to them in this study), the presence of geosmin and its aversive smell appears to
have little influence on the fly’s feeding.

It is unclear why all three Or56a-Gal4s drive ectopic expression in the LSO. Or56a-Gal4(X) and Or56a-
Galds(II) use a 5.385 kb promoter fragment upstream of the Or56a gene to drive Gal4 expression'’, while Or56a-
Gal4s(II) uses a 5.286 kb promoter fragment'!. Since these Or56a-Gal4 constructs were randomly inserted
into different locations in the genome (on chromosomes X, II, and III, respectively) but all drive expression
in the LSO, it is unlikely that regulatory sequences near the insertion sites are responsible for the ectopic LSO
expression. Instead, it is more likely that some regulatory sequence(s) within the cloned promoter fragments
cause this ectopic expression. The cloned promoter fragments do not contain any open reading frames—the
closest gene upstream of Or56a, odorant-binding protein 56 g (Obp56a), is approximately 12 kb away. It might be
of interest for future studies to identify the specific regulatory sequence(s) responsible for the ectopic expression
in the LSO. Nevertheless, these Or56a-Gal4s—particularly Or56a-Gal4(II)—provide genetic access to a group
of relatively less well characterized LSO neurons (L7-3, L7-6, and L7-8) (Fig. 2). These LSO neurons express a
few gustatory receptors (including Gr2a, Gr23a, Gr57a, and Gr93d) and ionotropic receptors (including Ir56a,
Ir67¢, Ir100a, and co-receptors Ir25a and Ir76b)!”. However, many of these receptors are also expressed in other
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sensory organs, such as the legs, labella, and other parts of the pharynx, limiting their use as specific genetic
drivers for the LSO neurons. In contrast, combining Or56a-Gal4(II) and Orco-Gal80*>—the latter expected to
suppress Gal4 activity in Or56a ORNs—should provide highly specific genetic access to the L7-3, L7-6, and L7-8
neurons and may facilitate future studies on their functions.

The Or56a-T2A-Gal4 generated in this study will be useful for future research. First, it is a knock-in Gal4
driver faithfully reflecting the endogenous Or56a expression pattern. It provides highly specific genetic access to
the Or56a ORNs without causing ectopic LSO expression displayed by the currently available Or56a-Gal4s'®1!.
Second, the Or56a-T2A-Gal4 generated here using the Trojan Exon approach® results in translation of truncated
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«Fig. 4. A knock-in Or56a-T2A-Gal4 driver does not drive expression in LSO neurons. (a) Schematic
illustrating the generation of Or56a[MI107071]-T2A-Gal4 using the Trojan Exon approach (see text for
details). P: attP site; B: attB site; SA: splice acceptor site; SD: splice donor site; pA, polyadenylation signal. (b,
¢) Immunostaining of mCD8-GFP expression driven by Or56a[MI07071]-T2A-Gal4 in two representative
brains. Arrows indicate expression in the antennal lobes. (d, ¢) Immunostaining of mCD8-GFP expression
driven by Or56a-Gal4(II) in two representative brains. Arrows indicate expression in the antennal lobes;
arrowheads indicate expression in the dorsal subesophageal zone (SEZ), where LSO neurons project. In (b-e),
immunostaining of mCD8-GFP expression is shown in black and white in the left panels and in green in the
right panels. Immunostaining for Bruchpilot (Brp), which labels brain neuropils, is shown in magenta. Scale
bars=50 um.

Or56a proteins (Fig. 4a) and therefore is expected to cause a partial or total loss-of-function of Or56a. This is
different from strategies that insert T2A-Gal4 at or near the 3’ end of a gene, which can leave the endogenous
gene functionally intact while expressing Gal4 in the gene’s endogenous pattern®. While further characterization
is required, the Or56a-T2A-Gal4 generated here represents an additional mutant allele of the Or56a gene, in
addition to the Or56a knockout allele*, for future functional studies. Lastly, I note the potential use of Or56a-
T2A-Gal4 to express exogenous olfactory receptors—including those from Drosophila melanogaster, other
Drosophila species, or even other insects such as mosquitoes and ants—in the Or56a ORNs to characterize their
odorant ligands. Given that Or56a is narrowly tuned to geosmin®, as long as geosmin is not a ligand for the
tested olfactory receptor, the presence of full-length Or56a proteins should not confound the results. Similar
strategies have been employed in previous studies using Or22a%% and Or67d%**454¢, Given that activation of
Or56a ORN:G elicits robust avoidance behavior?, it might be possible to screen for odorant ligands of the tested
olfactory receptor using behavioral assays, in addition to electrophysiological recordings.

Methods
Fly strains and genetics
Fruit flies (Drosophila melanogaster) were reared on standard cornmeal-yeast-molasses media at 25 °C under a
12-h light:12-h dark cycle. The genotypes of the flies used in the figures are listed in Supplementary Table S1.
The following fly strains were used, most of which are available from the Bloomington Drosophila Stock Center
(BDSC). Canton-S (maintained in Kristin Scott’s lab), Or56a-Gal4(X) (RRID:BDSC_9987), Or56a-Gal4(1I)
(RRID:BDSC_9988), Or56a-Gal4(1II) (RRID:BDSC_23896), UAS-EGFP(5a.2) (RRID:BDSC_5431), UAS-
mCD8::GFPL(LL4) (RRID:BDSC_5136), UAS-mCD8::GFPL(LL5) (RRID:BDSC_5137), UAS-CD8-tdTomato®,
13XLexAop2-1VS-myr::GFP(su(Hw)attP1) (RRID:BDSC_32212), Gré64f-LexA(knock-in) (RRID:BDSC_93445),
ppk28-LexA(II)Y, UAS-mCD8:GFPL(LL5); Ir60b-Gal4.K(attP2) (RRID:BDSC_60710), and UAS-TNT
(RRID:BDSC_28838).

The knock-in Or56a-T2A-Gal4 driver was generated using the Trojan Exon approach, as described in.
In brief, the Mi{MIC}Or56a[MI107071] strain (RRID:BDSC_42202), which contains a MiMIC cassette® in the
coding intronic region of Or56a, was sequentially crossed to lox(Trojan-GAL4)x 3(11) (RRID:BDSC_60311)
and hs-Cre,vas-d®C31 (RRID:BDSC_60299) to induce the replacement of the MiMIC cassette with the Trojan
exon containing the T2A-Gal4 sequence. Single male offspring were crossed to UAS-2xEYFP; Sp-1/CyO; Dr[1]/
TM3,Sb (RRID:BDSC_60291) and screened for EYFP expression in the antennae and/or in the antennal lobes.
One Or56a-T2A-Gal4 line was recovered and balanced.

Confocal imaging of the proboscis

The analysis of reporter expression in the labral sense organ (LSO) of the proboscis was done similar to what
was described in*. In brief, female flies expressing GFP or other fluorescent proteins were decapitated, and their
heads and proboscises were mounted on a microscope slide in 50% glycerol. The samples were immediately
imaged using a Zeiss LSM 780 confocal microscope equipped with a Zeiss Plan-APOCHROMAT 20x/1.0 water
objective. GFP fluorescence was imaged using a 488 nm laser, and tdTomato fluorescence was imaged using a
561 nm laser. For Fig. 1, where flies only had GFP expression, the autofluorescence of the cuticle was imaged
using a 561 nm laser, and it was subtracted from the GFP channel to better visualize the GFP-expressing neurons.
Image processing and calculations were performed using Fiji/Image]J (https://imagej.net/software/fiji/).

Brain immunohistochemistry and confocal imaging

Immunostaining of whole-mount Drosophila brains was performed as previously described*® with minor
modifications. Fly heads with cuticles gently torn open using forceps were fixed in 4% paraformaldehyde in
phosphate buffered saline (PBS) for 1 h at room temperature. After three washes with PBS, the heads were
transferred to a sylgard-coated petri dish filled with PBS for dissection. The brains were dissected using fine
forceps and transferred to a 2 mL round-bottom tube filled with PBST (PBS with 0.3% Triton X-100). After
enough brains were collected, PBST was removed, and the brains were blocked with 5% normal goat serum in
PBST (block solution) for 1 h at room temperature, then incubated with primary antibodies in block solution at
4 °C for 2-3 days. After five 15-mininute washes in PBST, the brains were incubated with secondary antibodies
in block solution at 4 °C for 1-2 days. After five 15-min washes in PBST, followed by 1-2 exchanges of PBS, the
brains were mounted on poly-L-lysine-coated coverslips in PBS and dehydrated in a graded glycerol series (30%,
50%, and 70% glycerol in PBS for 5 min each). The final glycerol solution was replaced with Vectashield Antifade
Mounting Medium (H-1000) for imaging and storage. The primary antibodies used were rabbit anti-GFP
polyclonal antibody (Invitrogen A-11122, 1:1000 dilution) and mouse anti-Brp (nc82) monoclonal antibody
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(Developmental Studies Hybridoma Bank nc82-c, 1:500 dilution), and the secondary antibodies used were
goat anti-rabbit Alexa 488 (Invitrogen A-11034, 1:1000 dilution) and goat anti-mouse Alexa 568 (Invitrogen
A-11031, 1:1000 dilution).

The samples were imaged using a Zeiss LSM 780 confocal microscope equipped with a Zeiss Plan-
APOCHROMAT 20x/1.0 water objective. Alexa 488 fluorescence was imaged using a 488 nm laser, and Alexa
568 fluorescence was imaged using a 561 nm laser. Image brightness and contrast were adjusted using Fiji/
Image] (https://imagej.net/software/fiji/).

Temporal consumption assay

The temporal consumption assay was performed as previously described*®*°. Adult mated female flies, 4-14 days
old, were food-deprived in a plastic vial containing a piece of wet Kimwipe tissue for the indicated duration. Flies
were anesthetized with CO,, mounted with their dorsal thorax affixed to a glass microscope slide using nail
polish, and allowed to recover in a humidified chamber for approximately 2-3 h. Individual flies were presented
with a drop of solution containing the indicated compound(s) (supplemented with 0.25 mg/mL FD&C No. 1
blue dye for visualization) from a 200 uL pipette tip attached to a 1 mL syringe at least 10 times and allowed to
ingest the solution until consumption stopped. The total consumption time for each fly was manually recorded
using a stopwatch. Geosmin (UC18-10MG) and caffeine (C0750-5G) were purchased from MilliporeSigma.

Data availability

Data reported in this paper will be made available upon request to Z.Y.

Received: 1 May 2025; Accepted: 18 August 2025
Published online: 27 August 2025

References
1. Scott, K. Chemical senses: Taste and olfaction. In Fundamental Neuroscience (eds Squire, L. et al.) 513-530 (Academic Press, 2012).
2. Prescott, J. Multisensory processes in flavour perception and their influence on food choice. Curr. Opin. Food Sci. 3, 47-52 (2015).
3. Fulton, K. A., Zimmerman, D., Samuel, A., Vogt, K. & Datta, S. R. Common principles for odour coding across vertebrates and
invertebrates. Nat. Rev. Neurosci. 25, 453-472 (2024).
4. Yarmolinsky, D. A., Zuker, C. S. & Ryba, N. J. P. Common sense about taste: From mammals to insects. Cell 139, 234-244. https://
doi.org/10.1016/j.cell.2009.10.001 (2009).
5. Joseph, R. M. & Carlson, J. R. Drosophila chemoreceptors: A molecular interface between the chemical world and the brain. Trends
Genet. 31, 683-695 (2015).
. Ni, L. The structure and function of ionotropic receptors in Drosophila. Front. Mol. Neurosci. 13, 638839 (2021).
. Vosshall, L. B., Wong, A. M. & Axel, R. An olfactory sensory map in the fly brain. Cell 102, 147-159 (2000).
8. Scott, K. et al. A chemosensory gene family encoding candidate gustatory and olfactory receptors in Drosophila. Cell 104, 661-673
(2001).
9. Benton, R., Vannice, K. S., Gomez-diaz, C. & Vosshall, L. B. Variant ionotropic glutamate receptors as chemosensory receptors in
Drosophila. Cell 136, 149-162 (2009).
10. Fishilevich, E. & Vosshall, L. B. Genetic and functional subdivision of the Drosophila antennal lobe. Curr. Biol. 15, 1548-1553
(2005).
11. Couto, A., Alenius, M. & Dickson, B. J. Molecular, anatomical, and functional organization of the Drosophila olfactory system.
Curr. Biol. 15, 1535-1547 (2005).
12. Wang, Z., Singhvi, A., Kong, P. & Scott, K. Taste representations in the Drosophila brain. Cell 117, 981-991 (2004).
13. Thorne, N., Chromey, C., Bray, S. & Amrein, H. Taste perception and coding in Drosophila. Curr. Biol. 14, 1065-1079 (2004).
14. Weiss, L. A., Dahanukar, A., Kwon, J. Y., Banerjee, D. & Carlson, J. R. The molecular and cellular basis of bitter taste in Drosophila.
Neuron 69, 258-272 (2011).
15. Kwon, J. Y., Dahanukar, A., Weiss, L. A. & Carlson, J. R. A map of taste neuron projections in the Drosophila CNS. J. Biosci. 39,
565-574 (2014).
16. Fujii, S. et al. Drosophila sugar receptors in sweet taste perception, olfaction, and internal nutrient sensing. Curr. Biol. 25, 621-627
(2015).
17. Chen, Y.-C.D. & Dahanukar, A. Molecular and cellular organization of taste neurons in adult Drosophila pharynx. Cell Rep 21,
2978-2991 (2017).
18. Koh, T.-W. et al. The Drosophila IR20a clade of ionotropic receptors are candidate taste and pheromone receptors. Neuron 83,
850-865 (2014).
19. Sanchez-Alcaiiiz, J. A. et al. An expression atlas of variant ionotropic glutamate receptors identifies a molecular basis of carbonation
sensing. Nat. Commun. 9, 4252 (2018).
20. Brand, A. H. & Perrimon, N. Targeted gene expression as a means of altering cell fates and generating dominant phenotypes.
Development 118, 401-415 (1993).
21. Fischer, J. A., Giniger, E., Maniatis, T. & Ptashne, M. GAL4 activates transcription in Drosophila. Nature 332, 853-856 (1988).
22. Winant, M., Buhler, K. & Callaerts, P. Ectopic expression in commonly used transgenic Drosophila GAL4 driver lines. Genesis 62,
€23600 (2024).
23. Casas-Tintd, S., Arnés, M. & Ferrus, A. Drosophila enhancer-Gal4 lines show ectopic expression during development. R. Soc. Open
Sci. 4, 170039 (2017).
24. Weaver, L. N,, Ma, T. & Drummond-Barbosa, D. Analysis of Gal4 expression patterns in adult Drosophila females. G3 (Bethesda)
10, 4147-4158 (2020).
25. Stensmyr, M. C. et al. A conserved dedicated olfactory circuit for detecting harmful microbes in Drosophila. Cell 151, 1345-1357
(2012).
26. Nayak, S. V. & Singh, R. N. Sensilla on the tarsal segments and mouthparts of adult Drosophila melanogaster meigen (Diptera:
Drosophilidae). Int. J. Insect. Morphol. Embryol. 12, 273-291 (1983).
27. Gendre, N. et al. Integration of complex larval chemosensory organs into the adult nervous system of Drosophila. Development
131, 83-92 (2004).
28. LeDue, E. E,, Chen, Y.-C,, Jung, A. Y., Dahanukar, A. & Gordon, M. D. Pharyngeal sense organs drive robust sugar consumption
in Drosophila. Nat. Commun. 6, 6667 (2015).
29. Chen, Y. C. D., Menon, V., Joseph, R. M. & Dahanukar, A. A. Control of sugar and amino acid feeding via pharyngeal taste neurons.
J. Neurosci. 41, 5791-5808 (2021).

N

Scientific Reports |

(2025) 15:31651 | https://doi.org/10.1038/s41598-025-16514-3 nature portfolio


https://imagej.net/software/fiji/
https://doi.org/10.1016/j.cell.2009.10.001
https://doi.org/10.1016/j.cell.2009.10.001
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

30. Cameron, P, Hiroi, M., Ngai, J. & Scott, K. The molecular basis for water taste in Drosophila. Nature 465, 91-95 (2010).

31. Chen, Z., Wang, Q. & Wang, Z. The amiloride-sensitive epithelial Na+ channel PPK28 is essential for Drosophila gustatory water
reception. J. Neurosci. 30, 6247-6252 (2010).

32. Joseph, R. M., Sun, J. S., Tam, E. & Carlson, J. R. A receptor and neuron that activate a circuit limiting sucrose consumption. Elife
6,1-25 (2017).

33. Sang, J. etal. A single pair of pharyngeal neurons functions as a commander to reject high salt in Drosophila melanogaster. Elife 12,
93464 (2024).

34. Yavuz, A., Jagge, C., Slone, J. & Amrein, H. A genetic tool kit for cellular and behavioral analyses of insect sugar receptors. Fly
(Austin) 8, 189-196 (2014).

35. Kim, H. et al. Involvement of a Gr2a-expressing drosophila pharyngeal gustatory receptor neuron in regulation of aversion to
high-salt foods. Mol. Cells 40, 331-338 (2017).

36. Chen, Y. C. D, Park, S.J., Joseph, R. M., Ja, W. W. & Dahanukar, A. A. Combinatorial pharyngeal taste coding for feeding avoidance
in adult Drosophila. Cell. Rep. 29, 961-973.e4 (2019).

37. Ja, W. W. et al. Prandiology of Drosophila and the CAFE assay. Proc. Natl. Acad. Sci. U. S. A. 104, 8253-8256 (2007).

38. Diao, F et al. Plug-and-play genetic access to Drosophila cell types using exchangeable exon cassettes. Cell Rep 10, 1410-1421
(2015).

39. Venken, K. J. T. et al. MiMIC: A highly versatile transposon insertion resource for engineering Drosophila melanogaster genes. Nat
Methods 8, 737-743 (2011).

40. Malik, B., Elkaddi, N., Turkistani, J., Spielman, A. I. & Ozdener, M. H. Mammalian taste cells express functional olfactory receptors.
Chem. Senses 44, 289-301 (2019).

41. Wei, H., Lam, T. K. C. & Kazama, H. Odors drive feeding through gustatory receptor neurons in Drosophila. Elife https://doi.org/
10.7554/eLife.101440.1 (2025).

42. Joo, W.]., Sweeney, L. B,, Liang, L. & Luo, L. Linking cell fate, trajectory choice, and target selection: Genetic analysis of sema-2b
in olfactory axon targeting. Neuron 78, 673-686 (2013).

43. Diao, F. & White, B. H. A novel approach for directing transgene expression in Drosophila: T2A-Gal4 in-frame fusion. Genetics
190, 1139-1144 (2012).

44. Chin, S. G., Maguire, S. E., Huoviala, P, Jefferis, G. S. X. E. & Potter, C. J. Olfactory neurons and brain centers directing oviposition
decisions in Drosophila. Cell. Rep. 24, 1667-1678 (2018).

45. Dobritsa, A. A. et al. Integrating the molecular and cellular basis of odor coding in the Drosophila antenna. Neuron 37, 827-841
(2003).

46. Kurtovic, A., Widmer, A. & Dickson, B. J. A single class of olfactory neurons mediates behavioural responses to a Drosophila sex
pheromone. Nature 446, 542-546 (2007).

47. Thistle, R., Cameron, P, Ghorayshi, A., Dennison, L. & Scott, K. Contact chemoreceptors mediate male-male repulsion and male-
female attraction during Drosophila courtship. Cell 149, 1140-1151 (2012).

48. Yao, Z. & Scott, K. Serotonergic neurons translate taste detection into internal nutrient regulation. Neuron 110, 1036-1050.e7
(2022).

49. Pool, A.-H. et al. Four GABAergic interneurons impose feeding restraint in Drosophila. Neuron 83, 164-177 (2014).

Acknowledgements

I thank Kristin Scott for her feedback on this work and for providing reagents and fly stocks. The Blooming-
ton Drosophila Stock Center (NIH P400D018537) provided fly stocks for this study. Confocal imaging was
conducted at the CRL Molecular Imaging Center, RRID:SCR_017852, supported by NSF DBI-1041078. Z.Y.
was supported by a Jane Coffin Childs Fellowship, startup funds from the University of Florida, and a National
Institutes of Health (NIH) grant RO1DK139131.

Author contributions
Z.Y. conceived the project, conducted the experiments, analyzed and interpreted the results, and wrote the man-
uscript.

Declarations

Competing interests
The author declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-16514-3.

Correspondence and requests for materials should be addressed to Z.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:31651 | https://doi.org/10.1038/s41598-025-16514-3 nature portfolio


https://doi.org/10.7554/eLife.101440.1
https://doi.org/10.7554/eLife.101440.1
https://doi.org/10.1038/s41598-025-16514-3
https://doi.org/10.1038/s41598-025-16514-3
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿﻿Gal4﻿ drivers of the geosmin receptor ﻿Or56a﻿ exhibit ectopic expression in the labral sense organ of ﻿Drosophila﻿
	﻿Results
	﻿﻿Gal4﻿ drivers of the geosmin receptor ﻿Or56a﻿ drive expression in the LSO
	﻿﻿Or56-Gal4(II)﻿ drives expression in a group of poorly characterized LSO neurons
	﻿The presence of geosmin in sucrose food does not affect consumption
	﻿A knock-in ﻿Or56a-T2A-Gal4﻿ driver does not drive expression in LSO neurons

	﻿Discussion
	﻿Methods
	﻿Fly strains and genetics
	﻿Confocal imaging of the proboscis
	﻿Brain immunohistochemistry and confocal imaging
	﻿Temporal consumption assay

	﻿References


