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SUMMARY

Mapping neural circuits across defined synapses is
essential for understanding brain function. Here we
describe trans-Tango, a technique for anterograde
transsynaptic circuit tracing and manipulation. At
the core of trans-Tango is a synthetic signaling
pathway that is introduced into all neurons in the animal. This pathway converts receptor activation at
the cell surface into reporter expression through
site-specific proteolysis. Specific labeling is achieved
by presenting a tethered ligand at the synapses of
genetically defined neurons, thereby activating the
pathway in their postsynaptic partners and providing
genetic access to these neurons. We first validated
trans-Tango in the Drosophila olfactory system and
then implemented it in the gustatory system, where
projections beyond the first-order receptor neurons
are not fully characterized. We identified putative second-order neurons within the sweet circuit that
include projection neurons targeting known neuromodulation centers in the brain. These experiments
establish trans-Tango as a flexible platform for transsynaptic circuit analysis.

INTRODUCTION
Neurons are the basic structural and functional units of the nervous system (Ramón y Cajal, 1888; Sherrington, 1906). Individual
neurons connect to one another via synapses to form neural circuits (De Robertis and Bennett, 1955), and the concerted activities of neurons within circuits underlie all brain functions,
including perception, cognition, and generation of behavior.
Our limited ability to specifically map synaptically connected
neurons within circuits, or to selectively manipulate their functions, therefore, poses a major obstacle to understanding the
workings of the brain. Neuroimaging techniques, such as magnetic resonance imaging, lack the resolution and precision

needed to reveal synaptic connectivity, while most molecular genetic techniques are limited to the confines of the neurons for
which markers exist. Other methods for circuit mapping, such
as paired recording and optogenetic-assisted circuit mapping,
are labor intensive and low throughput. Serial electron microscopy is the gold standard for identifying synaptic connections
within a circuit, but practical considerations limit the utility of
this technique to analyzing small volumes of postmortem tissue.
Further, this approach is not suitable for comprehensive analysis
of variability among individuals (Briggman and Bock, 2012).
The use of genetically introduced tracers, such as plant lectins
and bacterial toxins, has been invaluable toward understanding
neuronal connectivity (Huh et al., 2010). However, the utility of
these tracers is limited by the lack of synaptic specificity and
directionality. These tracers are further limited by their spread
beyond one neuron and by the resulting dilution of the signal.
The most commonly used transsynaptic tracing techniques in
vertebrates rely on replication-deficient neurotropic viruses
that are restricted to genetically defined neurons within a circuit
(Callaway and Luo, 2015). While most neurotropic viruses transport only in the retrograde direction, some anterograde viral
tracers have been developed (Lo and Anderson, 2011; Zingg
et al., 2017). Two major limitations in the use of neurotropic viruses as tracers are the low efficiency of transsynaptic transport
and the variability between experiments in the infected neuronal
populations (Callaway and Luo, 2015). Another significant problem with some viral tracers is their toxicity to the infected neurons
that may lead to cell death and consequent infection of irrelevant
bystander neurons (Callaway and Luo, 2015). In spite of these
limitations, rabies has been useful for retrograde tracing, but it
is restricted to certain model organisms. By contrast, the utility
of the anterograde viral tracers has been very limited.
Several techniques use versions of fluorescent proteins to label synaptic connections or to trace circuits. Transsynaptic
complementation of a split version of green fluorescent protein
(GFP) is used in GRASP (GFP reconstitution across synaptic
partners) to mark synapses (Feinberg et al., 2008; Gordon and
Scott, 2009). Each of the two complementary pieces of GFP is
expressed by genetically defined neuronal populations, and
functional GFP is reconstituted when both pieces are in close
proximity. Modified versions of GRASP have been developed
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to enhance its synaptic specificity by fusing at least one of the
pieces of GFP to a synaptic protein (Fan et al., 2013; Macpherson et al., 2015). Nonetheless, these methods only label synapses rather than whole cells, and it is therefore difficult to relate the
GRASP signal to particular neurons. Further, none of the versions of GRASP can be used for tracing the projections of postsynaptic neurons. Another method for circuit tracing uses photoactivatable GFP, which is genetically encoded and locally
photoconverted to its high-fluorescence form to enable labeling
of specific neural processes (Clowney et al., 2015; Datta et al.,
2008; Patterson and Lippincott-Schwartz, 2002; Ruta et al.,
2010). This approach achieves higher spatial specificity than
that afforded by genetic markers, but is invasive, can label
fibers-of-passage, and does not report connectivity. Finally, a
major limitation of all of these tracing techniques is that
they do not provide stable genetic access to the postsynaptic
partners, and therefore they cannot be used to manipulate the
function of the circuit.
Tango-Trace is a technique that was developed to trace projections in the fly visual system (Jagadish et al., 2014). It is based on
Tango, an in vitro assay for recording the activation of receptors
by their ligands (Barnea et al., 2008). In Tango, a synthetic
signaling pathway consisting of two fusion proteins converts the
activation of a cell-surface receptor into reporter expression via
site-specific proteolysis (Barnea et al., 2008). Tango-Trace employed a configuration of Tango for detecting histamine, the excitatory neurotransmitter released from photoreceptors in the fly
retina upon activation (Jagadish et al., 2014). The utility of
Tango-Trace has been rather limited because outside the retina
histamine mostly serves as a neuromodulator rather than a neuro€ssel, 1999). Further, diffusion of
transmitter (Hong et al., 2006; Na
histamine away from the synapse and consequent labeling of
non-synaptic neurons is a potential problem with Tango-Trace.
Here we describe trans-Tango, a method for anterograde
transsynaptic tracing. While trans-Tango is also based on the
Tango assay, its design is fundamentally different than TangoTrace in order to generate a general and flexible transsynaptic labeling system. trans-Tango employs an exogenous ligand-receptor pair for circuit labeling, so in principle it can be applied
to any neural circuit regardless of the neurotransmitter that it
uses and without making any assumptions about the nature of
the connection. To present the ligand, we introduce a third fusion
protein in which the ligand is tethered to a synaptic protein via an
extracellular spacer. This configuration directs the ligand to the
synapse and prevents it from diffusing away. In trans-Tango,
the Tango signaling pathway is introduced into all neurons in
the animal. Specific labeling is achieved by presenting the tethered ligand at the synapses of genetically defined neurons,
thereby activating the signaling pathway only in their postsynaptic partners. We designed trans-Tango in a modular fashion
to allow easy integration with other genetic tools for circuit
dissection and manipulation. We first validated trans-Tango in
the olfactory system of the fruit fly Drosophila melanogaster,
where our experiments recapitulated known connections but
also revealed new ones. We then used trans-Tango to identify
hitherto unknown second-order neurons in the Drosophila gustatory system. Our anatomical tracing experiments revealed that
second-order gustatory neurons target brain areas known to
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be involved in neuromodulation and in controlling feeding behaviors, providing a possible pathway for integrating gustatory signals and the regulation of feeding.
RESULTS
Transsynaptic Labeling by trans-Tango
trans-Tango is a transsynaptic labeling system that is based on
Tango, a cellular assay for recording the activation of specific receptors by their ligands (Barnea et al., 2008). In Tango, a synthetic
signaling pathway is activated in response to ligand binding to its
receptor through a specific proteolytic event that releases a membrane-tethered transcription factor, allowing it to translocate into
the nucleus and induce expression of a reporter (Barnea et al.,
2008). To attain anterograde labeling by trans-Tango, we expressed the core components of the signaling pathway panneuronally and presented the ligand that activates the pathway
at presynaptic sites in a neural circuit. Contact between the ligand
and its receptor at synaptic sites drives expression of a reporter in
postsynaptic neurons. The ligand and its receptor are exogenous
to the animal in order to prevent spurious signal. To establish
trans-Tango in Drosophila, we used human glucagon and its receptor as the ligand-receptor pair.
The signaling pathway driving postsynaptic reporter expression consists of three components (Figure 1A). The first is a
fusion protein comprising the glucagon receptor, a G proteincoupled receptor, bound at its cytoplasmic tail to the transcriptional activator QF (Potter et al., 2010) via a linker containing
the cleavage site for the highly specific N1a protease from the
tobacco etch virus (TEV) (Barnea et al., 2008). The second
component, hArr::TEV, is a fusion between TEV and human b-arrestin2, a protein that is specifically recruited to activated G protein-coupled receptors (Barnea et al., 2008). Panneuronal promoters drive expression of these two fusion proteins in all
neurons. The third component in the pathway is a reporter,
such as mtdTomato, under transcriptional control of QF. In this
manner, all neurons in the fly are endowed with the capacity to
express the reporter upon activation of the signaling pathway.
The pathway is activated only in neurons that are postsynaptic
to those that express a membrane-tethered form of glucagon
at their presynaptic terminals (see below). In the absence of
ligand at a given synapse, QF is sequestered to the membrane,
and the reporter is not expressed (Figure 1A, top). By contrast, at
synapses where the ligand is expressed, transsynaptic activation of the receptor leads to recruitment of hArr::TEV. Upon
TEV cleavage in its target site, QF is released from the membrane, allowing it to enter the nucleus and induce reporter
expression (Figure 1A, bottom). The inherent signal amplification
by the signaling pathway renders trans-Tango very sensitive, and
since the components of the signaling pathway are extrinsic to
the cell, background noise can be kept low. Thus, trans-Tango
should label circuits with high signal-to-noise ratios.
In order to localize glucagon to the synapse and present
it to postsynaptic receptors, we generated another fusion
protein consisting of the cytosolic and transmembrane domains
of the synaptic protein Drosophila Neurexin1, the large extracellular domain of the human cell-adhesion molecule ICAM1, a flexible linker including a myc-tag (Fortin et al., 2009), and a mutated
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Figure 1. Design and Implementation of trans-Tango in the Fly Olfactory System
(A) Schematic design of trans-Tango. The general design of trans-Tango is based on the Tango assay in a configuration for human glucagon. In trans-Tango, the
components of the Tango signaling pathway (hGCGR::TEVcs::QF and hArr::TEV) are expressed in all neurons, rendering them competent for QF-dependent
expression of Reporter 2 (red). The signaling pathway is transsynaptically activated by a membrane-tethered form of glucagon that is fused to the transmembrane
and cytoplasmic domains of the Drosophila synaptic protein Neurexin1 via a spacer consisting of the extracellular domain of the human cell adhesion molecule
ICAM1 and a flexible linker (hGCG::hICAM1::dNRXN1). Expression of the ligand fusion and Reporter 1 (green, to mark the presynaptic neuron) are Gal4
dependent. In the absence of ligand, the transcription factor QF stays tethered to the receptor; hence, there is no expression of Reporter 2 (top). Ligand
expression in the presynaptic neuron activates the signaling pathway in the postsynaptic neuron, releasing QF to translocate into the nucleus and initiate Reporter
2 expression from QUAS (bottom).
(B) In flies bearing the trans-Tango components, driving ligand and myrGFP expression in the majority of ORNs targeting the AL by Orco-Gal4 (green) results in
mtdTomato expression in postsynaptic LNs and PNs (red).
(C) No signal is observed in flies bearing the trans-Tango components without a Gal4 driver, except for some background noise in the ventral SEZ. (B and C) The
right panels are zoomed-in on the AL. Max-projection pictures of whole-mount brains are shown. Blue, neuropil counterstain. Scale bars, 50 mm. See also
Figure S1 and Movie S1.

version of the glucagon peptide with high potency for glucagon
receptor activation (Krstenansky et al., 1986) (Figures 1A and
S1A). The resulting trans-Tango ligand, which is sized to extend
across the average length of a synapse, is enriched in axons
(Figure S1B) and targeted to axon termini (Figure S1C). By

contrast, another version of the tethered ligand in which
glucagon is fused to CD4, a cell surface protein that lacks synaptic localization, resulted in ligand expression throughout the
neuron (data not shown). To enhance the flexibility of transTango, the expression of the ligand fusion protein is controlled
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by the Gal4-UAS binary system (Brand and Perrimon, 1993), the
most commonly used tool for genetic access in flies.
To introduce the trans-Tango components into the fly, we
generated a transgenic line bearing all three fusion proteins as a
single allele (trans-Tango): (1) the receptor fusion, (2) hArr::TEV,
and (3) the ligand fusion (Figure S1A). We did not detect any
effect of panneuronal expression of the trans-Tango components
on normal lifespan, development, brain morphology, or motor
behavior (data not shown). We generated a second transgenic
line bearing a reporter allele containing a membrane-associated
form of GFP under control of Gal4 (UAS-myrGFP) to mark presynaptic neurons, and a membrane-associated form of tdTomato under control of QF (QUAS-mtdTomato) to mark postsynaptic neurons (Figures 1A and S1A). In this manner, any circuit for which a
presynaptic Gal4 driver is available can in principle be traced by
trans-Tango. To achieve this, flies bearing the trans-Tango and reporter alleles are crossed to flies bearing the appropriate Gal4
driver, and offspring carrying all three alleles are analyzed.
Validating trans-Tango in the Olfactory System
We sought to validate trans-Tango in the context of the well-characterized olfactory system. Drosophila olfactory receptor neurons
(ORNs) express specific receptors and detect volatile odors.
ORNs residing in the antenna and maxillary palp project to the
antennal lobe (AL), where ORNs expressing a given receptor
converge on the same neuropil structures called glomeruli. Axons
from ORNs synapse with local interneurons (LNs) and projection
neurons (PNs) (Vosshall and Stocker, 2007). LNs project locally
to other glomeruli within the AL, while PNs project from the AL
to the mushroom body (MB) calyx and the lateral horn (LH) mainly
via the medial, mediolateral, and lateral antennal lobe tracts
(mALT, mlALT, and lALT, respectively) (Ito et al., 2014).
We first used Orco-Gal4, which is expressed in the majority of
ORNs (Vosshall and Stocker, 2007), to drive expression of the
trans-Tango ligand and myrGFP. In flies bearing the Orco-Gal4
driver and the trans-Tango components, we observed the typical
innervation of the AL by GFP-expressing ORNs and robust
mtdTomato labeling in LNs as well as in PNs that target the
MB calyx and LH (Figure 1B and Movie S1). In addition, we
observed projections descending to the subesophageal zone
(SEZ), the first processing center for gustatory information in
the brain (Ito et al., 2014; Wang et al., 2004). We observed a total
of 152 ± 6 (mean ± SD) and 182 ± 17 postsynaptic neurons per
hemisphere in females and males, respectively (n = 10 ALs per
group). By contrast, no signal, except two spots in the ventral
SEZ, was detected in the brains of control flies bearing the
trans-Tango components and no Gal4 driver, which is necessary
for trans-Tango ligand expression (Figure 1C). The background
noise in the ventral SEZ might be due to sporadic leaky expression known to occur in the attP40 genomic locus where we integrated the trans-Tango allele (Pfeiffer et al., 2010). These results
demonstrate the tight regulation of ligand-dependent QF release
and the consequent high signal-to-noise ratio of trans-Tango.
Specificity of trans-Tango
To examine the specificity of trans-Tango, we expressed the
ligand in individual ORN classes. We started with one of the
most studied olfactory circuits in flies, Or67d-expressing ORNs
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that target the DA1 glomeruli and mediate sexual behaviors
(Datta et al., 2008; Jefferis et al., 2007; Kurtovic et al., 2007;
Ruta et al., 2010). Expression of the trans-Tango ligand in
Or67d+ ORNs resulted in an extremely dense signal in LNs innervating many glomeruli including DA1 and also led to specific labeling of PNs targeting the MB calyx and LH (Figure 2A). Additionally, we found bilateral descending projections from the AL
to the SEZ (Figure 2A, arrows), as we noticed with the broadly expressed Orco-Gal4 (Figure 1B). We observed a total of 61 ± 5 and
81 ± 4 postsynaptic neurons per hemisphere in females and
males, respectively (n = 10 ALs per group). In subsequent experiments, we expressed the ligand in Or42b-expressing ORNs that
are important for detecting certain food odors (Root et al., 2011;
Semmelhack and Wang, 2009). We observed dense transTango-dependent signal in LNs innervating many glomeruli,
including the cognate DM1 glomerulus, as well as signal in a
distinct set of PNs projecting to the MB calyx and LH (Figure 2B).
We observed a total of 86 ± 7 and 92 ± 5 postsynaptic neurons
per hemisphere in females and males, respectively (n = 10 ALs
per group). It is noteworthy that the reporter in trans-Tango is integrated in the X chromosome, so due to dosage compensation,
the signal in males is higher than in heterozygous females. Thus,
while the cell number differences between males and females
could reflect sexual dimorphism, they could also result from
the difference in reporter levels. These results, together with
trans-Tango labeling of other ORN classes (Figure S2), confirm
the high degree of interconnectivity among glomeruli suggested
by earlier studies (Chou et al., 2010; Seki et al., 2010).
While the general patterns of postsynaptic signal were similar
for the various ORN populations, careful examination revealed
notable differences. Namely, with ligand expressed in Or42b+
ORNs, we did not observe the neurons descending from the
AL to the SEZ (Figures 2A and 2B, arrows). In addition, the targeting patterns of the two PN populations within the LH were
distinct, with projections from DA1 terminating in the ventral
LH and those from DM1 terminating more dorsally (Figures 2A
and 2B). These projection patterns are in agreement with the
literature (Jefferis et al., 2007; Strutz et al., 2014). Finally, while
we observed postsynaptic signal from both DA1 and DM1
throughout the AL, the signal distribution was not homogeneous
and was different between the two. The postsynaptic signal from
the DA1 glomerulus was sparser in the medial aspect of the AL,
an area that includes DM1 among other glomeruli. By contrast,
the postsynaptic signal from DM1 was sparser in the lateral
aspect of the AL, an area that includes DA1 (Figures 2A and
2B). The different postsynaptic signal patterns produced by
driving trans-Tango ligand expression in different classes of
ORNs, and the agreement with known projection patterns, suggest that trans-Tango reveals specific postsynaptic partners.
In our attempts to optimize trans-Tango, we examined the
effects of temperature and age on the trans-Tango signal.
We found an inverse correlation between the trans-Tango
signal and temperature over the range of 15 C–25 C, with the
best signal-to-noise ratio observed at 18 C (Figure S3), while
Gal4-dependent signal increased with temperature in this range
as expected (Wilder and Perrimon, 1995). In flies raised at 18 C,
trans-Tango output labeling for three different populations of
ORNs gradually increased with age, starting to saturate at
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Figure 2. Specificity of trans-Tango
(A and B) Expression of the trans-Tango ligand in Or67d+ (A) and in Or42b+ (B) ORNs (green) reveals distinct projection patterns (red). Note the postsynaptic
signal of Or67d+ ORNs that descends to the SEZ (arrows) and is absent when the ligand is expressed in Or42b+ ORNs. The right panels are zoomed-in on the AL
and LH. Max-projection pictures of whole-mount brains are shown. Blue, neuropil counterstain. Scale bars, 50 mm. See also Figures S2–S10.

approximately 2 weeks post-eclosion (Figures S4–S6). We therefore maintained the flies for all of our experiments at 18 C and
analyzed them at least 2 weeks post-eclosion.
It is noteworthy that we observed linkage between the strength
of the Gal4 line used to drive the ligand and the intensity of the
trans-Tango output signal (data not shown). This was apparent
even when comparing different genomic integrations of the
same Gal4 drivers (data not shown). Hence, the optimal age
for analysis should be established empirically for each Gal4
driver of interest. Finally, we wished to examine individual variability in projection patterns among flies of the same genotype.
We compared the postsynaptic projections from the DA1 and
DM1 glomeruli in age-matched flies and observed consistent
projection patterns within groups (Figures S7–S10). These results showcase the strength of trans-Tango as a genetic system
to generate reproducible transsynaptic labeling results between
individuals.
Sparse Labeling of Postsynaptic Neurons with
trans-Tango
The widespread mtdTomato labeling in the AL impeded our ability to determine whether the labeled PNs were indeed receiving
input from the proper glomerulus. We therefore pursued mosaiclabeling strategies to isolate individual postsynaptic neurons. We
used trans-Tango in conjunction with MARCM (Lee and Luo,
1999; Potter et al., 2010) to label postsynaptic neurons singly
or in small groups. Suppression of the QF-dependent postsynaptic signal was achieved with pancellular expression of QS
(Potter et al., 2010) and relieved in stochastic subsets of cells
by heat shock. Importantly, MARCM analysis of postsynaptic
neurons that were labeled via ligand expression in Or67d+
ORNs revealed PNs or LNs with dendrites arborizing within the
DA1 glomerulus (Figure 3A, data not shown). Likewise, equiva-

lent experiments with Or42b+ ORNs revealed neurons contacting the cognate DM1 glomerulus (data not shown). With both
populations, obtaining single cell clones with MARCM was
rare. Notably, when the ligand was expressed in Or67d+
ORNs, we obtained brains in which a single neuron projecting
between the AL and SEZ was observed. This neuron innervates
the DA1 glomerulus along with a number of other glomeruli
(Figure 3A).
To further characterize the putative postsynaptic neurons of
Or67d+ ORNs, we implemented an intersectional Flp-out strategy for trans-Tango, in which QF-dependent reporter expression
required the FLP recombinase (Gordon and Scott, 2009; Potter
et al., 2010). By combining this intersectional reporter with initiation of trans-Tango labeling from Or67d+ ORNs, we were able to
restrict labeling to Fru+ or GH146+ neurons (Figures 3B and 3C,
respectively). We observed 10 ± 2 Fru+ PN cell bodies per hemisphere in females and 6 ± 1 in males (n = 12 ALs per group), and
23 ± 2 GH146+ PNs in females and 23 ± 3 in males (n = 22 ALs for
females and 20 for males). A similar strategy driving the system
from Orco+ ORNs revealed 93 ± 7 PNs in females and 98 ± 6
in males (n = 12 ALs per group). Interestingly, these intersectional
experiments with ligand expressed in Or67d+ ORNs revealed
that the neuron projecting from the AL to the SEZ is Fru+
(Figure 3B, arrows), suggesting that this neuron might play a
role in connecting pheromone responses and gustation.
Sensitivity and Versatility of trans-Tango
The adult olfactory circuits are characterized by a convergence
of many ORNs onto the output neurons in the AL. This architecture results in concentration of the trans-Tango ligand from many
neurons onto the postsynaptic neurons. Many other circuits are
less convergent, and may not yield such concentration of ligand
onto postsynaptic receptors. The ability to label postsynaptic

Neuron 96, 1–13, November 15, 2017 5

Please cite this article in press as: Talay et al., Transsynaptic Mapping of Second-Order Taste Neurons in Flies by trans-Tango, Neuron (2017), https://
doi.org/10.1016/j.neuron.2017.10.011

Figure 4. Sensitivity of trans-Tango

Figure 3. Sparse Labeling of Postsynaptic Neurons with trans-Tango
(A) Sparse labeling of postsynaptic neurons through combining trans-Tango
with MARCM. Clones of different postsynaptic neurons (red) receiving input
from the DA1 glomerulus (green) are shown for four different individuals.
(B and C) Sparse labeling of genetically defined postsynaptic neurons via
FLP recombination. Combining trans-Tango with FLP recombination enables
intersectional labeling of FLP+ postsynaptic neurons. Postsynaptic signal is
expressed by removing the stop cassette in the conditional reporter (red) using
fru-FLP (B) and GH146-FLP (C). Arrows in (B) point to the neurons descending
to the SEZ. The right panels are zoomed-in on the AL and LH. (A–C) Maxprojection pictures of whole-mount brains are shown. Blue, neuropil counterstain. Scale bars, 50 mm.

partners of a single presynaptic neuron is essential for the
precise characterization of circuits. We therefore sought to
determine whether trans-Tango could illuminate output neurons
that receive input from single ligand-expressing neurons. We
chose to examine this in the larval olfactory system, in
which distinct olfactory receptor genes are expressed by single
ORNs (Fishilevich et al., 2005). However, when we examined
larvae carrying the trans-Tango allele, we observed mtdTomato
expression in the ventral nerve cords (VNCs) of both the experimental and control larvae (data not shown). Careful examination
of the VNCs revealed GFP expression, albeit faintly (Figure 4A,
asterisk), suggesting that our UAS promoters might be leaky in
the larval VNC, leading to Gal4-independent expression of
ligand that induces trans-Tango-mediated mtdTomato expression. This background labeling in the larval VNC is not
observed in flies lacking the UAS-glucagon component (data
not shown). We therefore decided to use an intersectional
approach where the signal is limited to the olfactory system
through the use of GH146-FLP together with a conditional suppressor (tubP-FRT-QS-FRT) that we have generated. In larvae
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(A) Expression of the trans-Tango ligand in Or42a+ ORNs in the larva (a single
ORN per side, green, arrows) leads to labeling of PNs (red, arrowheads). transTango is combined with intersectional genetics to restrict the postsynaptic
signal to GH146-FLP+ PNs, as the leakiness of the UAS promoter in the larval
ventral nerve cord (green, asterisks) results in background noise (data not
shown). In the lower zoomed-in panels of the larval central brain, the AL, MB
calyx, and LH are indicated by dashed lines in yellow, white, and green,
respectively. Max-projection pictures of a whole-mount brain are shown.
(B) Implementation of trans-Tango in the visual system. Expression of the
ligand in lGMR+ photoreceptor cells (green) induces postsynaptic signal (red)
in the lamina (arrowhead) and medulla (arrow). A single optical section through
the adult optic lobe is shown. (A and B) Blue, neuropil counterstain. Scale
bars, 50 mm.

bearing these alleles together with trans-Tango driven from
Or42a+ ORNs, we observed 3 ± 1 GH146+ PNs per hemisphere
(n = 22 ALs) (Figure 4A). These results in the larval olfactory system suggest that trans-Tango is sensitive enough to label the
outputs of single neurons. We note that because various circuits
exhibit a range of densities of synapses, the sensitivity of transTango may lessen in circuits with sparser synaptic contacts.
To further determine whether trans-Tango could be used in circuits with other architectures, we investigated the peripheral visual system, where the architecture is mostly columnar (Morante
and Desplan, 2008). We expressed the trans-Tango ligand in
lGMR+ photoreceptor cells and observed widespread postsynaptic labeling in the lamina and medulla (Figure 4B). The implementation of trans-Tango to label visual circuits illustrates the
flexibility of the system and its utility for studying circuits with
diverse architectures and properties.
Identifying Second-Order Taste Neurons and Their
Projections in the Brain
We next turned our attention to the gustatory system, where relatively little is known about the postsynaptic partners of gustatory
receptor neurons (GRNs) (Harris et al., 2015; Kain and Dahanukar, 2015; Kim et al., 2017; Miyazaki et al., 2015; Yapici et al.,
2016). GRNs express gustatory receptors (GRs) that detect
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non-volatile chemicals and are dispersed in various parts of the
body, including the proboscis (labellum and pharynx), tarsal segments of the legs, wing margins, abdomen, intestine, and female
genitalia (Clyne et al., 2000; Dunipace et al., 2001; Scott et al.,
2001; Vosshall and Stocker, 2007). Each one of these peripheral
gustatory organs is thought to contribute distinctly to the overall
gustatory response of the fly to tastants (Vosshall and Stocker,
2007). Distinct populations of GRNs respond to sweet and bitter
tastants (Harris et al., 2015). Like mammals, flies respond to
sweet and bitter tastants with different behavioral outputs: sweet
molecules are attractive and elicit acceptance, while bitter compounds are aversive and lead to rejection (Vosshall and Stocker,
2007). The clear linkage between stimulus quality and behavioral
response suggests differential representation of taste categories
in the brain. Indeed, the projections of GRNs responding to
sweet and bitter tastants segregate within the SEZ (Wang
et al., 2004). However, little is known about the nature of subsequent projections from the SEZ, or about how gustatory information is processed further to elicit the appropriate behavioral
outputs.
Seeking to identify second-order neurons in the gustatory
system, we initiated expression of the trans-Tango ligand in
Gr64f+ sweet GRNs. Expression of the trans-Tango ligand in
Gr64f+ GRNs revealed extensive postsynaptic signal in the
CNS (Figures 5A and 5B, Movie S2). Gr64f+ GRNs are present
in each leg and either terminate in the thoracic ganglia or project
directly to the posterior SEZ with collaterals in the thoracic
ganglia (Figure 5A) (Kwon et al., 2014; Thoma et al., 2016).
Gr64f+ GRNs also innervate the abdominal ganglion (Movie
S2). Expression of the Tango ligand in Gr64f+ GRNs induced
postsynaptic mtdTomato signal in each thoracic neuromere
and in the abdominal ganglion in the VNC and in projections to
the central brain (Figures 5A and 5B, Movie S2).
In the central brain, expression of the trans-Tango ligand in
Gr64f+ GRNs revealed a large number of postsynaptic neurons (Figure 5B, Movie S2). The observed signal was saturated
in the vicinity of the SEZ, most likely due to dense interconnectivity. It was therefore difficult to precisely discern specific
connections. Most of the distinguishable cell bodies of the
second-order neurons resided external to the SEZ, in the
cell body rind of neighboring neuropil structures such as
the antennal mechanosensory and motor center (AMMC).
Additional groups of cell bodies were located posteroventral
and anterodorsal to the SEZ, as well as dorsal to the AL.
Due to the intense mtdTomato labeling in the SEZ, we were
unable to distinguish cell bodies from cell processes there
(Figure 5B).
In addition to the dense signal in the vicinity of the SEZ, we
observed projections to distant neuropil structures. These projections appeared to follow three major tracts: (1) an axon bundle
that projected along the midline toward the superior medial protocerebrum (SMP), where it arborized away from the midline; (2)
an axon bundle that traveled posterior to the AL and arborized in
the superior intermediate protocerebrum (SIP) and superior
lateral protocerebrum (SLP); and (3) a thinner bundle that passed
through the posterior ventrolateral protocerebrum and projected
to the SLP and lateral protocerebrum (Figures 5B and 5D, Movie
S2). Although the locations of the cell bodies varied across indi-

viduals, these projection tracts appeared to be stereotyped.
These findings implicate the SMP, SIP, and SLP as target areas
for second-order neurons in the gustatory circuits. Following the
naming convention of second-order olfactory pathways (Ito
et al., 2014), we refer to these gustatory tracts as medial, mediolateral, and lateral SEZ tracts (mSEZt, mlSEZt, and lSEZt,
respectively).
In order to discern the precise connectivity of second-order
gustatory neurons and overcome the dense signal, we combined trans-Tango with MARCM, or FLP-out, to stochastically
reveal labeling in clonal subsets of neurons postsynaptic to
Gr64f+ GRNs (Figure 5C). We observed many local interneurons that exhibited diverse arborizations within the SEZ
(Figure 5C). These neurons mainly inhabited the outer layer
of the neighboring AMMC and sent diffuse processes that
mostly arborized on the ipsilateral side (Figure 5C). Neurons
with similar morphology have been described (Kain and Dahanukar, 2015; Miyazaki et al., 2015; Yapici et al., 2016). We also
observed clusters of neurons that projected to the SMP, SIP,
and SLP. Our experiments revealed two distinct clusters of
neurons that projected through the mSEZt: a cluster of cell
bodies posteroventral to the SEZ and a cluster anterodorsal
to the SEZ (Figure 5C). Neurons in the posteroventral cluster
received input from the ipsilateral SEZ and projected to the
ipsilateral SMP, where they branched laterally. By contrast,
neurons in the anterodorsal cluster received input from both
sides of the SEZ and projected to the SMP, where they
branched bilaterally. We observed a single cluster of neurons
that projected through mlSEZt (Figure 5C). The cell bodies of
these neurons resided anterodorsal to the AL. They received
input mostly from the contralateral SEZ, with a faint connection
to the ipsilateral SEZ, and projected contralaterally, forming
crescent-shaped terminals in the SIP/SLP. Interestingly, neurons with similar morphology were previously described as being sexually dimorphic, with females having fewer neurons and
lacking input from the ipsilateral SEZ (Chiang et al., 2011; Kimura et al., 2005). Indeed, comparison between these neurons
in female and male brains revealed that their morphology is
different; in females the fiber connecting the cell bodies and
the ipsilateral SEZ is missing (data not shown). Finally, we
observed two clusters of neurons projecting through the lSEZt.
The cell bodies of neurons within the first cluster resided in the
cell body rind of the AMMC (Figure 5C). These neurons
extended dense arborizations into the ipsilateral SEZ and
more sparse arborizations into the medial aspect of the contralateral SEZ. Following the lSEZt, they projected largely to the
ipsilateral SLP with minor collaterals in the lateral protocerebrum. The cell bodies of the neurons within the second cluster
projecting through the lSEZt resided near the abdominal ganglion in the VNC (Figure 5C). These neurons cross the midline
and ascend toward the central brain receiving input from each
contralateral leg neuromere. In the central brain, they extended
dense arborizations into the contralateral SEZ and some
continue through the lSEZt to the contralateral SLP with minor
collaterals in the lateral protocerebrum (Figure 5C). Similar
long-range sweet projection neurons have been recently
described (Kim et al., 2017). Interestingly, neurons with similar
morphology were also described for pheromone detection
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Figure 5. Second-Order Neurons of the Gustatory System Revealed by trans-Tango
(A) Expression of the trans-Tango ligand in Gr64f+ sweet sensory neurons (green) reveals second-order neurons of the gustatory system (red) targeting the VNC
and the central brain.
(B) Zoomed-in picture of the central brain.
(C) Sparse labeling of second-order neurons of Gr64f+ GRNs by clonal analysis restricts the postsynaptic signal (red) to distinct neuronal clusters. Representative
clones from distinct pathways are shown in each panel, and these pathways are illustrated unilaterally for simplicity.
(D) Schematic summary of a unilateral representation of the various projections shown in (B and C). See text for details. (A, B, and C) Max-projection pictures of
whole-mount brains are shown. Blue, neuropil counterstain. Scale bars, 50 mm.

(Clowney et al., 2015; Yu et al., 2010). It is noteworthy that
each cluster of postsynaptic neurons projected along a
single tract; we never observed a neuron with parallel
projections through multiple tracts (Figure 5C). While we
have described here the most common projections, we also
observed other projection neurons from the SEZ to the protocerebrum that did not fit in these clusters (Movie S2 and
data not shown). Neurons with similar morphologies to all
the classes of second-order gustatory neurons that we have
identified had been described in single cell resolution (Chiang
et al., 2011).
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DISCUSSION
In this study, we describe trans-Tango, a method that we have
developed for transsynaptic mapping and manipulation of neural
circuits in the anterograde direction. The design of trans-Tango
is based on the Tango assay for recording ligand-receptor interactions (Barnea et al., 2008). The Tango assay was also the basis
for two earlier in vivo systems in Drosophila: TANGO-map, a
method for identifying sites of neuromodulation (Inagaki et al.,
2012), and Tango-Trace, which was used to functionally map
projections in the visual system (Jagadish et al., 2014). Both of
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these techniques used the Tango design for detecting endogenous ligands (dopamine in TANGO-map, histamine in TangoTrace). Unlike these earlier Tango-based systems, trans-Tango
employs exogenous ligand and receptor for circuit labeling, so
in principle it can be applied to any neural circuit regardless of
the neurotransmitter that it uses. Further, since in trans-Tango
the ligand is tethered to a synaptic protein, it does not diffuse
away from the synapse, a potential problem with Tango-Trace
(Jagadish et al., 2014). Thus, trans-Tango is truly a general and
flexible transsynaptic labeling technique that allows discovery
of unknown synaptic partners and circuit elements without any
assumptions or previous knowledge about the nature of these
connections. In this manner, trans-Tango is a powerful tool for
generating hypotheses regarding potential connectivity. Unlike
other techniques for anterograde tracing, such as dye injection
or the use of neurotropic viruses, trans-Tango is immune to
signal diffusion. Further, as it can be readily combined with
mosaic or intersectional approaches for sparse labeling of postsynaptic neurons, trans-Tango is especially suitable for tracing
projections within dense neuropil.
Our experiments revealed an inverse correlation between the
intensity of the postsynaptic trans-Tango signal and the temperature in which the flies were raised over the range of 15 C–25 C.
To maximize the signal-to-noise ratio, we maintained the flies for
all of our experiments at 18 C. It is noteworthy that this inverse
correlation extends beyond signal intensity per neuron. Indeed,
we consistently observe signal in more neurons at lower
temperatures (15 C–18 C) than at 25 C. We believe that as flies
are ectotherms this difference could reflect the effect of the low
temperature on biological processes, such as pruning. Alternatively, this phenomenon could be directly related to features of
trans-Tango. For example, it is conceivable that the folding of
the synthetic fusion proteins in trans-Tango is more efficient at
lower temperature, or that their turnover is slower, such
that the concentrations of the various components are higher.
Otherwise, perhaps the kinetics of the various interactions in
trans-Tango (e.g., ligand-receptor interaction, recruitment of
b-arrestin2 to the activated receptor, processivity of TEV, interaction between QF and QUAS, etc.) is differentially affected by
temperature such that the signaling pathway is sensitized. In
both cases, the overall sensitivity of the system would be
much higher at lower temperatures. Consequently, even transient interactions between axons during development might
result in some signal. Whatever the explanation, this phenomenon could in fact act as a knob that controls the gain of the system, and it should be considered when using it. When the goal is
to reveal as many potential postsynaptic partners as possible,
the flies should be raised at 15 C–18 C, but when a more stringent assessment of connectivity is desired, the flies should be
raised at 25 C. This phenomenon also impacted the interpretation of the numbers of postsynaptic neurons that we observed
compared to the literature, as most published data are obtained
at 25 C.
Comparison of the numbers of postsynaptic neurons that we
have observed with the available published numbers revealed
that in some cases, our numbers corresponded with the published numbers, while in others, our numbers were higher. For
example, earlier studies revealed that Or67d+ ORNs provide

input onto six Fru+ PNs both in females and males (Datta
et al., 2008; Ruta et al., 2010). In our experiments, driving
trans-Tango from Or67d+ ORNs and restricting the signal to
Fru+ neurons, we observed 10 ± 2 Fru+ PN cell bodies per hemisphere in females and 6 ± 1 in males, suggesting thorough labeling of postsynaptic partners by trans-Tango. However, we
observed 23 ± 2 GH146+ PNs in females and 23 ± 3 in males.
These numbers are higher than the numbers published recently:
8 ± 2 uniglomerular PNs in females and 10 ± 1 uniglomerular PNs
in males (Grabe et al., 2016). This trend extends to the number of
PNs associated with other glomeruli (data not shown). Similarly,
when we drive trans-Tango from Or42a+ ORNs in larvae, we
observed 3 ± 1 GH146+ PNs compared to the suggested one
PN (Ramaekers et al., 2005). The higher numbers observed
with trans-Tango could of course represent false-positive signal
that might have resulted from inefficient synaptic localization of
the ligand due to its overexpression, as was observed for synaptic GRASP (Chen et al., 2014). Such ligand mislocalization could
have been exacerbated by the relatively late age in which we
analyze the flies. In considering this discrepancy further, it is
noteworthy that we chose to bias the current configuration of
trans-Tango toward high sensitivity even at the expense of
increasing the number of false positives. In this vein, we intentionally counted cells in a non-stringent manner; we counted
cells even if the signal in them was faint in order to reveal any potential postsynaptic neurons. This was especially significant in
the anterodorsal cluster of PNs in the olfactory system where
we often saw weak signal. The difference in numbers could
also be explained by the experimental approach: our numbers
resulted from intersectional experiments where FLP was used,
while the published numbers were generated using Gal4. As discussed earlier, temperature could be a major factor: all of our experiments were conducted at 18 C where the signal-to-noise
with trans-Tango is optimal, but the system is more sensitive.
Indeed, when the flies were raised at 25 C and PNs were
counted at a younger age, the numbers observed were closer
to the published numbers: 14 ± 2 and 18 ± 2 GH146+ PNs in females and males, respectively (n = 12 ALs per group). The choice
of the reporter used to reveal the postsynaptic signal is another
factor that affects the numbers. In our attempts to optimize
trans-Tango, we tested several available QUAS reporters as
well as a few that we generated (data not shown). In the experiments aimed at revealing the totality of postsynaptic partners,
we used the reporter that we generated as it yielded the best
signal-to-noise ratio. However, the signal with this reporter was
not sufficiently strong to obtain comprehensive labeling of postsynaptic partners in intersectional experiments where we used a
conditional suppressor: we observed only 5 ± 2 and 8 ± 2
GH146+ PNs in females and males, respectively (n = 10 ALs
per group). To avoid underrepresentation, we chose to use one
of the more sensitive reporters (Potter et al., 2010) that consistently labeled more neurons even at the expense of potential
false-positive signal. The use of this reporter could have contributed to the higher cell numbers observed in the intersectional experiments. In conclusion, trans-Tango is a powerful tool for
generating hypotheses regarding connectivity. Like any other
technique, connections revealed by trans-Tango will require
further functional validation. Since trans-Tango provides genetic
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access to the postsynaptic neurons, future versions of transTango incorporating calcium indicators, such as GCaMP6
(Chen et al., 2013), as readout might facilitate such validation
in circuits of interest.
When we assessed the age dependence of the trans-Tango
signal, we observed three additional glomeruli in young animals
when the ligand was driven in Or42b+ ORNs (Figure S4). By
contrast, we never saw additional glomeruli when we analyzed
Or67d+ ORNs (Figure S5). Careful examination of both the
antennae and the AL revealed that these supernumerary
glomeruli correspond to the neighboring neurons of Or42b+
ORNs within the ab1 sensilla (Or10a/DL1, Or92a/VA2,
Gr21a/V), suggesting interactions between axons within the
bundle. These interactions could be biologically significant or
simply an artifact/noise of trans-Tango due to ligand mislocalization. Interestingly, when we drove ligand expression from
Or92a+ ORNs that also reside in ab1 sensilla, we did not observe
signal in the glomeruli of the other ORNs (Figure S6). Importantly,
the strength of the Or42b-Gal4 and Or92a-Gal4 drivers is similarly high. Therefore, the different patterns of staining with these
ORN populations likely reflect their biology.
In our validation experiments in the olfactory system, we
induced ligand expression in different populations of ORNs
and observed postsynaptic signal spanning the entire AL, as expected due to the panglomerular LNs (Chou et al., 2010). However, we noticed that the postsynaptic signal is not homogeneously distributed throughout the AL (Figures 2 and S2).
Closer inspection revealed that the two classes of ORNs that
detect pheromones (Or67d- and Or47b-expressing ORNs, targeting DA1 and VA1v, respectively) share the pattern of postsynaptic signal with sparser labeling of the medial aspect of the AL,
an area that includes DM1 and VA2 (cognate glomeruli of Or42b
and Or92a, respectively). By contrast, the two classes of ORNs
known to detect food odors (Or42b and Or92a) share a different
pattern of postsynaptic signal that is sparser in the lateral aspect
of the AL, an area that includes DA1 and VA1v. The differences in
postsynaptic patterns between the classes of glomeruli suggest
that the segregation of food and pheromone channels observed
in the targeting patterns of PNs in the LH (Jefferis et al., 2007)
might be extended back to the AL, particularly to LNs. Such
LNs that avoid certain glomeruli have been previously described
(Chou et al., 2010). Interestingly, there is an inverse correlation
between the odor-evoked firing rates of an LN and the number
of glomeruli connected to it (Chou et al., 2010). It is conceivable
that this inverse correlation is reflected in connectivity and extends to the numbers or sizes of synapses with ORNs. Therefore,
it is possible that the connections between panglomerular LNs
and ORNs are not strong enough to elicit robust trans-Tango
signal. Notably, the synapses of panglomerular LNs were only revealed using a pre-synaptic marker (synaptotagmin-HA) and not
by a post-synaptic marker (Chou et al., 2010). Therefore, it is
conceivable that at least some of these LNs send output to all
glomeruli while not receiving input from all glomeruli. Such LNs
would not be detected by trans-Tango.
We revealed a connection between some glomeruli in the
antennal lobe, including DA1 and VA1v, and the SEZ (Figures
1B, 2A, S2A, and Movie S1). These glomeruli are involved in
pheromone detection, and the neuron connecting the two brain
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areas is Fru+ (Figure 3B and data not shown). Our observations
could implicate this neuron in connecting olfactory pheromone
responses and gustation. Other functional connections between
pheromone detection and gustatory behavior have been recently
reported (Clowney et al., 2015). The new features that we have
identified in the well-studied olfactory circuits illustrate the power
of trans-Tango to provide a comprehensive map of projections
from a given neuron while maintaining the capacity to integrate
clonal analysis for sparse labeling.
The implementation of trans-Tango in the gustatory system
enabled us to identify previously unknown second-order neurons and trace their projections. Our study identified different
areas in the protocerebrum (SMP, SIP and SLP) as the targets
of the second-order neurons in the gustatory circuits. The SMP
is associated with neuroendocrine centers, such as the pars intercerebralis (PI), which regulate various behaviors including
€ssel et al., 2013). Several neuropeptides that control
feeding (Na
feeding behaviors are secreted from cells associated with the
€ssel et al., 2013). For example, insulin-producing cells
SMP (Na
located in the PI have dendritic branches in the dorsal SMP (Kapan et al., 2012). Thus, the direct input from the SEZ to the SMP
via the mSEZt (Figure 5, Movie S2) provides a possible pathway
for integrating gustatory signals and the regulation of feeding
behavior.
The SMP is also a target of the MB output neurons (MBONs)
and it harbors the dendrites of dopaminergic neurons (DANs)
that terminate in the MB (Aso et al., 2014). Similarly, the SIP
and SLP contain processes of MBONs and DANs (Aso et al.,
2014). In the MB, MBONs integrate dopamine input from DANs
to mediate behavioral output. Several studies revealed that
sugar-induced activity in a subset of DANs elicits appetitive
memory (Burke et al., 2012; Liu et al., 2012). Remarkably, the
projections through the three main gustatory tracts do not innervate the MB. This is in stark contrast to the olfactory circuits
where second-order neurons massively project to the MB.
Thus, gustatory information might be relayed into the MB at a
higher level in the gustatory circuits. The direct input from the
SEZ to the SMP, SIP, and SLP could provide the anatomical
framework for gustatory learning. However, it is possible that
such second-order gustatory neurons with termini in the MB
do exist, but for some reason trans-Tango fails to reveal them.
The design of trans-Tango is modular, so it is not limited to
tracing experiments. Since the readout of trans-Tango is transcription of a reporter gene, the system can be readily configured
for functional experiments in which the activity of second-order
neurons is altered (e.g., by incorporating optogenetic proteins
as the reporter) or monitored (e.g., by incorporating calcium
sensors as the reporter). Further, the trans-Tango design could
be implemented in other organisms via viral delivery of the
necessary components or by introducing them through genome
editing techniques. In essence, trans-Tango provides genetic
access to cells on the basis of their connectivity. Thus, transTango expands the utility of molecular genetic techniques
beyond the confines of a given cell. Finally, though we have presented trans-Tango as a neural circuit tracing technique, the
same design could be used, with minor modifications, to study
transient interactions between cells in other contexts, such as
during development, in the immune system, or in cancer.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Fly Strains
All fly lines used in this study were maintained at either 18 C or 21 C on standard cornmeal-agar-molasses media. Unless otherwise
stated, crosses and the resulting progeny that were analyzed for this study were maintained at 18 C in humidity-controlled chambers
under 12-hr light/dark cycles. The fly lines used in this study are as follows: Or42a-Gal4 (BDSC#9969), Or42b-Gal4 (BDSC#9971),
Or47b-Gal4 (BDSC#9983), Or92a-Gal4 (BDSC#23140) (Fishilevich and Vosshall, 2005); Or67dGal4 (Kurtovic et al., 2007); OrcoGal4 (Or83b-Gal4; BDSC#23292) (Kreher et al., 2005); Gr64f-Gal4 (BDSC#57669) (Dahanukar et al., 2007); lGMR-Gal4
(BDSC#8121); MB247-Gal4 (BDSC#50742) (Aso et al., 2009); FRTG13 (BDSC#1956) (Wilder and Perrimon, 1995); FRTG13, tubPQS(5A) (BDSC#30133) (Potter et al., 2010); hsFLP (BDSC#7), hsFLP (BDSC#1813) (Chou and Perrimon, 1992); GH146-FLP3xP3-DsRED
FLP
(Hong et al., 2009); fru
(Yu et al., 2010); UAS-syt::GFP (BDSC#6924) (Zhang et al., 2002); UAS-syt::GFP, UASDenMark (BDSC#33065) (Nicolaı̈ et al., 2010); QUAS-FRT-STOP-FRT-mCD8::GFP (BDSC#30136), hsFLP, UAS-mCD8::GFP,
QUAS-mtdTomato(3xHA) (BDSC#30118) (Potter et al., 2010); UAS-mtdTomato (BDSC#32221) (Pfeiffer et al., 2010); UAS-myrGFP,
QUAS-mtdTomato(3xHA); tubP-FRT-QS-FRT and trans-Tango (described below). A list of the full genotypes for the flies used in each
figure is in Table S1.
Generation of Transgenic Fly Lines
Plasmids used in this study to generate transgenic fly lines (described in Figure S1A in detail) were constructed using standard cloning techniques including restriction digest and ligation, PCR assembly and Gibson Assembly, and were sequenced before injection.
The plasmid used for the generation of trans-Tango transgenic flies was constructed by standard molecular cloning techniques. A
scaffold of unique restriction sites was ligated into pBluescript KS+ (pBS KS+; Agilent). The following DNA sequences were PCR
amplified to add appropriate restriction sites and ligated into the pJET1.2 vector (Thermo Fisher Scientific): the Elav promoter, obtained from Drosophila genomic DNA; the Arrestin::TEV protease fusion (hArr::TEV) (Barnea et al., 2008); the SV40 polyadenylation
sequence (SV40pA), which was obtained from pUASTattB vector (Bischof et al., 2007); the nSyb promoter; the Drosophila Synthetic
Core Promoter (DSCP) (Pfeiffer et al., 2008); human glucagon receptor; the serine TEV cleavage site (TEVcs); QF, obtained from
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pattB-QF-hsp70 (Addgene, 24368) (Potter et al., 2010), and the hsp70 polyadenylation sequence (hsp70pA), obtained from pattBQF-hsp70. These sequences were digested from pJET1.2 and ligated into the pBS KS+ scaffold in a hierarchical manner, resulting
in two cassettes from 50 to 30 : Elav-hArr::TEV-SV40pA, nSyb-DSCP-hGCGR::TEVcs::QF-hsp70pA (panneuronal cassettes). A second scaffold of unique restriction sites was generated and ligated into pUASTattB between the white gene and the attB sequence.
The panneuronal cassettes were digested and ligated in an inverted manner (30 to 50 ) into the modified pUASTattB scaffold. To
assemble the trans-Tango ligand, the following DNA sequences were amplified with overlapping 50 and 30 sequences: 10xUASIVS-Syn21, obtained from pJFRC81 (Addgene, 36432) (Pfeiffer et al., 2012); trypsin signal peptide, followed by human glucagon peptide, six Glycine-Asparagine (GN) repeats, myc-tag, and nine GN repeats (Fortin et al., 2009); the extracellular domain of human
ICAM1, from the last isoleucine residue of the transmembrane domain to the N terminus of the extracellular domain, obtained
from cDNA (VersaClone); Drosophila Neurexin1, from the C-terminal cytosolic tail through the transmembrane domain (not including
the last isoleucine residue), obtained from Drosophila genomic DNA, and the p10 polyadenylation sequence, obtained from
pJFRC81. These sequences were covalently fused to each other by Gibson Assembly (New England Biolabs) (Gibson et al.,
2009). They were subsequently amplified in two pieces to introduce super-agonist mutations to the glucagon peptide (Krstenansky
et al., 1986), and were finally assembled by Gibson Assembly, from 50 to 30 , into the pUASTattB scaffold containing the panneuronal
cassettes in the opposite orientation.
The plasmid used for the generation of reporter flies, UAS-myrGFP and QUAS-mtdTomato(3xHA), was constructed by Gibson Assembly. The 5xQUAS-mtdTomato(3xHA) sequence, obtained from pQUAST-mtdT-3xHA (Addgene, 24354) (Potter et al., 2010), and
the hsp70pA sequence were amplified by PCR with appropriate overlaps. These sequences were assembled into the pJFRC12
plasmid (Addgene, 26222) (Pfeiffer et al., 2010) following the existing GFP cassette and in the reverse orientation.
The plasmid used to generate tubP-FRT-QS-FRT conditional suppressor transgenic flies was constructed by Gibson Assembly.
The tubulin promoter and the first FRT site, as well as the WPRE, the SV40pA and the second FRT site were amplified from tubPFRT>GAL80-6-FRT> (Addgene, 63173) (Nern et al., 2015), and the QS sequence was amplified from ptubP-QS (Addgene, 24352)
(Potter et al., 2010). All PCR amplifications were performed with the appropriate overlaps and the pieces were assembled into the
pUASTattB vector.
Lines of transgenic flies were generated by site-directed genomic integration of constructs using the PhiC31 system (Groth et al.,
2004; Markstein et al., 2008). The trans-Tango construct containing ligand, synthetic receptor and hArr::TEV genes was incorporated
at the attP40 site. The construct containing the reporter genes, UAS-myrGFP and QUAS-mtdTomato(3xHA), was incorporated at the
su(Hw)attP8 site. The conditional suppressor construct, tubP-FRT-QS-FRT, was incorporated at the VK00018 site.
METHOD DETAILS
Mosaic Analysis
MARCM experiments for postsynaptic signal in the olfactory and gustatory systems were performed as described previously (Lee
and Luo, 1999; Potter and Luo, 2011). Briefly, flies of genotype UAS-myrGFP, QUAS-mtdTomato(3xHA), hsFLP (X); trans-Tango,
FRTG13, tubP-QS(5A)/FRTG13 (II); Or67d-Gal4/+ (III), and UAS-myrGFP, QUAS-mtdTomato(3xHA), hsFLP (X); trans-Tango, FRTG13,
tubP-QS(5A)/FRTG13, Gr64f-Gal4 (II) were raised at 18 C and transiently heat-shocked in a 37 C water bath for 2 min to 1 hr during
early third instar larval stage.
Intersectional analysis of postsynaptic signal of Or67d+ neurons was performed using flies of the following genotypes: w (X); transTango, GH146-FLP/+ (II); Or67d-Gal4/QUAS-FRT-STOP-FRT-mCD8::GFP, UAS-mtdTomato (III), and w (X); trans-Tango/+ (II);
Or67d-Gal4, fru-FLP/QUAS-FRT-STOP-FRT-mCD8::GFP, UAS-mtdTomato (III).
Intersectional FLP-out analysis of postsynaptic signal of Or42a+ neurons was performed using larvae of the following genotypes:
UAS-myrGFP, QUAS-mtdTomato(3xHA) (X); trans-Tango, GH146-FLP, tubP-FRT-QS-FRT/Or42a-Gal4 (II).
Clonal FLP-out analysis of postsynaptic signal of Gr64f+ neurons was performed using flies of the following genotypes: UASmyrGFP, QUAS-mtdTomato(3xHA) (X); trans-Tango, tubP-FRT-QS-FRT/Gr64f-Gal4, hsFLP (II). Flies were raised at 18 C and transiently heat-shocked in a 37 C water bath for 5 to 15 min during late pupal stages to generate random clones that lack QS expression.
Immunohistochemistry and Data Processing
Immunohistochemistry experiments were performed as described previously (Wu and Luo, 2006) with minor modifications. Briefly,
either adult flies that are 15-20 days old (unless otherwise noted) or third instar wandering larvae were cold anaesthetized on ice and
dissected in PBS or 0.03%PBST (T stands for Triton X-100; Fisher Bioreagents, BP151-500). After a 30 min fixation of samples in 4%
PFA/0.3%PBST at room temperature (RT) or an overnight fixation in 2%PFA/0.3%PBST at 4 C, samples were washed four times for
15 min in 0.3%PBST at RT, blocked in 5% heat-inactivated donkey or equine serum (diluted from 100% with 0.3% PBST) for 30 min
at RT, and incubated with primary antibodies for two overnights at 4 C. Samples were washed again four times for 15 min at RT and
incubated with secondary antibodies for two overnights at 4 C. The samples were then washed again four times for 15 min at RT and
mounted on a slide (Fisherbrand Superfrost Plus, 12-550-15) using Fluoromount-G mounting medium (SouthernBiotech, 0100-01).
Samples used for generating supplemental videos and cell-counting data were cleared as described previously (Nern et al., 2015).
The primary and secondary antibodies were diluted in blocking solution. The primary antibodies used in this study were antiGFP rabbit (Thermo Fisher Scientific, A11122; 1:1,000), anti-HA mouse (Covance, MMS-101P; 1:250), anti-HA rat (Roche,
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11867423001; 1:100), anti-myc mouse (Covance, MMS-150P; 1:250), anti-Brp mouse (nc82; DSHB; 1:50) and anti-Ncad rat (DSHB;
1:20). Secondary antibodies were diluted at 1:1,000 and were as follows: donkey anti-rabbit Alexa Fluor 488, donkey anti-mouse
Alexa Fluor 555, goat anti-rat Alexa Fluor 555, donkey anti-mouse Alexa Fluor 647 and goat anti-rat Alexa Fluor 647. Images were
taken using confocal microscopy (Zeiss, LSM800) with ZEN software (Zeiss, version 2.1) with auto Z brightness correction to
generate a homogeneous signal where it seemed necessary, and were formatted using Fiji software (http://fiji.sc) or Adobe Photoshop CC. Supplemental videos were generated using Imaris software (Bitplane AG, version 8.4.1) with tiled confocal images taken
with low laser settings. Figures were generated using Adobe Illustrator CC.
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification of Postsynaptic Neurons
Confocal images taken with laser and microscope settings held constant within groups were used to quantify the postsynaptic neurons revealed by trans-Tango. Cell bodies were counted manually using cell counter plugin in Fiji in a non-stringent manner: cells were
counted even if the signal in them was weak in order to reveal any potential connection. Number of samples used for cell-counting
data is reported in the results and discussion sections.
Pixel Intensity Measurement
HA and myc immunofluorescence were imaged in separate channels using confocal microscopy, and all laser and microscope settings were held constant for all brains. Pixel intensities were calculated using Fiji. For a given z stack of a brain, the selection brush
feature was used to draw a circular ROI of fixed diameter over either the entire left antennal lobe (to quantify HA staining) or the entire
left DA1 glomerulus (to quantify myc staining). For each frame of the stack, average pixel intensity within the ROI was calculated. For
myc, this average pixel intensity in each frame was normalized by subtracting out the average pixel intensity of an unstained region
within the antennal lobe. The maximum value of this average pixel intensity across all frames of the stack was determined and reported. Number of samples used to determine the average pixel intensity is reported in the figure legend.
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Figure S1. Components of trans-Tango, Related to Figure 1
(A) Genetic components in detail. Inverted blocks indicate genes placed in a 3’ to 5’ orientation
to minimize genetic crosstalk. hGCG: human Glucagon analogue with enhanced receptor binding
(Krstenansky et al., 1986); hICAM1: extracellular domain of human ICAM1; dNRX1: transmembrane and intracellular domains of Drosophila Neurexin1; hArr: human β-Arrestin2 (Barnea
et al., 2008); TEV: N1a protease from the Tobacco Etch Virus (Barnea et al., 2008); TEVcs:
cleavage site for TEV (Barnea et al., 2008); hGCGR: human Glucagon Receptor; QF:
2

transcription factor (Potter et al., 2010); Elav and nSyb: panneuronal promoters; syn21: a
synthetic 21bp sequence (Pfeiffer et al., 2012b); polyA: polyadenylation signal; DSCP:
Drosophila Synthetic Core Promoter (Pfeiffer et al., 2008); UAS: Upstream Activating
Sequence; QUAS: Upstream Activating Sequence for QF (Potter et al., 2010). Schematics are not
drawn to scale. (B) Enrichment of the ligand in axons. Immunostaining against the myc tag (blue)
embedded in the flexible linker of the ligand reveals enrichment of the ligand at presynaptic sites
in MB247+ neurons marked by synaptotagmin-GFP (sytGFP, green), compared to their dendrites
(DenMark, red). (C) Presence of the ligand on axon terminals. Immunostaining against the myc
tag (red) reveals the presynaptic localization of ligand expressed in Or67d+ ORNs. Presynaptic
sites in these neurons are marked by sytGFP (green). The whole brain is shown on the left, zoomin panels on the AL and the DA1 glomerulus are shown in the middle and on the right,
respectively. (A and B) Max-projection pictures of whole-mount brains are shown. Blue, neuropil
counterstain. Scale bars, 25 µm.

3

Figure S2. Second-order Neurons of additional ORNs, Related to Figure 2
Ligand expressed in Or47b+ (A), and Or92a+ (B) ORNs (green) induced specific trans-Tango
signal in the postsynaptic neurons (red). The right panels are zoom-in on the AL and LH. Maxprojection pictures of whole-mount brains are shown. Blue, neuropil counterstain. Scale bars, 50
µm.
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Figure S3. Temperature-dependence of the trans-Tango Signal, Related to Figure 2
Max-projections of brains of age-matched flies expressing the trans-Tango ligand in Or67d+
ORNs (green) reveal that the postsynaptic signal (red) is stronger in flies raised at lower
temperatures. Two representative experimental brains and a control brain for each temperature
are shown. Blue, neuropil counterstain. Scale bars, 50 µm. (B) Pixel intensity of HA and myc
immunofluorescence (postsynaptic reporter and ligand tag, respectively) in brains of flies raised
at different temperatures. Each point represents the maximum value of average pixel intensity in
an ROI across all z-stack frames in a single brain. The ROI for HA was the left antennal lobe,
and the ROI for myc was the left DA1 glomerulus. n=10-14 per group, colors represent different
temperatures. Pixel intensity units are normalized to the highest value across all brains. For
further details on quantification procedure, see methods section. (C) Group means of individual
data presented in (B). Error bars represent standard error of the mean.
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Figure S4. Age-dependence of the trans-Tango Signal Induced by Or42b+ ORNs, Related to
Figure 2
trans-Tango signal (red) elicited by ligand expression in Or42b+ ORNs (green) was monitored at
single-day resolution over 25 days (D1 to D25) post-eclosion. trans-Tango output labeling
increases gradually with the age of the individual, starting to saturate at approximately two weeks
post-eclosion in flies raised at 18°C. Max-projection pictures of whole-mount brains are shown.
Blue, neuropil counterstain. Scale bars, 50 µm.

6

Figure S5. Age-dependence of the trans-Tango Signal Induced by Or67d+ ORNs, Related to
Figure 2
trans-Tango signal (red) elicited by ligand expression in Or67d+ ORNs (green) was monitored at
single-day resolution over 25 days (D1 to D25) post-eclosion. trans-Tango output labeling
increases gradually with the age of the individual, starting to saturate at approximately two weeks
post-eclosion in flies raised at 18°C. Max-projection pictures of whole-mount brains are shown.
Blue, neuropil counterstain. Scale bars, 50 µm.
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Figure S6. Age-dependence of the trans-Tango Signal Induced by Or92a+ ORNs, Related to
Figure 2
trans-Tango signal (red) elicited by ligand expression in Or92a+ ORNs (green) was monitored at
single-day resolution over 25 days (D1 to D25) post-eclosion. trans-Tango output labeling
increases gradually with the age of the individual, starting to saturate at approximately two weeks
post-eclosion in flies raised at 18°C. Max-projection pictures of whole-mount brains are shown.
Blue, neuropil counterstain. Scale bars, 50 µm.
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Figure S7. Consistency of the trans-Tango Signal Induced by Or67d+ ORNs with Focus on the
AL, Related to Figure 2
trans-Tango signal (red) elicited by ligand expression in Or67d+ ORNs (green) was monitored in
25 age-matched individual flies (20 days old). Imaging settings adjusted uniformly across brains
in each panel to highlight the signal in the AL. The same brains with focus on the projections are
shown in Figure S8. Crosses were set 5 times in parallel, and 5 brains from the offspring of each
cross are shown in the same row. Max-projection pictures of whole-mount brains are shown.
Blue, neuropil counterstain. Scale bars, 50 µm.
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Figure S8. Consistency of the trans-Tango Signal Induced by Or67d+ ORNs with Focus on the
Projections from the AL, Related to Figure 2
trans-Tango signal (red) elicited by ligand expression in Or67d+ ORNs (green) was monitored in
25 age-matched individual flies. Imaging settings adjusted uniformly across brains in each panel
to highlight the projections from the AL. The same brains with focus on the AL signal are shown
in Figure S7. Max-projection pictures of whole-mount brains are shown. Blue, neuropil
counterstain. Scale bars, 50 µm.
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Figure S9. Consistency of the trans-Tango Signal Induced by Or42b+ ORNs with Focus on the
AL, Related to Figure 2
trans-Tango signal (red) elicited by ligand expression in Or42b+ ORNs (green) was monitored in
15 age-matched individual flies (16 days old) collected from a single cross. Imaging settings
adjusted uniformly across brains in each panel to highlight the signal in the AL. The same brains
with focus on the projections are shown in Figure S10. Max-projection pictures of whole-mount
brains are shown. Blue, neuropil counterstain. Scale bars, 50 µm.
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Figure S10. Consistency of the trans-Tango Signal Induced by Or42b+ ORNs with Focus on
the Projections from the AL, Related to Figure 2
trans-Tango signal (red) elicited by ligand expression in Or42b+ ORNs (green) was monitored in
15 age-matched individual flies. Imaging settings adjusted uniformly across brains in each panel
to highlight the projections from the AL. The same brains with focus on the AL signal are shown
in Figure S9. Max-projection pictures of whole-mount brains are shown. Blue, neuropil
counterstain. Scale bars, 50 µm.
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Table S1. Genotypes of the Flies Used in this Study, Related to Figures 1-5, S1-S10, Movie
S1 and S2
Figure #
1B
1C
2A
2B
3A
3B
3C
4A
4B
5A
5B
5C

S1B
S1C
S2A
S2B

Genotype
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/+; Orco-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/+;
UAS-myrGFP, QUAS-mtdTomato(3xHA); trans-Tango/+; Or67d-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA); trans-Tango/Or42b-Gal4;
hsFLP, UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango, FRTG13, tubP-QS(5A)/FRTG13; Or67d-Gal4/+
; trans-Tango/+; QUAS-FRT-STOP-FRT-mCD8::GFP, UAS-mtdTomato/Or67d-Gal4, fru-FLP
; trans-Tango, GH146-FLP/+; QUAS-FRT-STOP-FRT-mCD8::GFP, UAS-mtdTomato/Or67d-Gal4
UAS-myrGFP, QUAS-mtdTomato(3xHA); trans-Tango, GH146-FLP, tubP-FRT-QS-FRT/Or42a-Gal4;
hsFLP, UAS-mCD8::GFP, QUAS-mtdTomato(3xHA); trans-Tango (earlier version)/+; lGMR-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Gr64f-Gal4;
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Gr64f-Gal4;
UAS-myrGFP, QUAS-mtdTomato(3xHA), hsFLP/+; trans-Tango, FRTG13, tubP-QS(5A)/Gr64f-Gal4, FRTG13;
UAS-myrGFP, QUAS-mtdTomato(3xHA), hsFLP; trans-Tango, FRTG13, tubP-QS(5A)/Gr64f-Gal4, FRTG13;
UAS-myrGFP, QUAS-mtdTomato(3xHA); trans-Tango, tubP-FRT-QS-FRT/Gr64f-Gal4, hsFLP;

S4
S5
S6
S7 and S8
S9 and S10

; trans-Tango/+; UAS-syt::GFP, UAS-DenMark/MB247-Gal4
UAS-syt::GFP; trans-Tango/+; Or67d-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Or47b-Gal4;
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Or92a-Gal4;
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/+; Or67d-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/+;
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Or42b-Gal4;
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/+; Or67d-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Or92a-Gal4;
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/+; Or67d-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Or42b-Gal4;

Movie #
S1
S2

Genotype
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/+; Orco-Gal4/+
UAS-myrGFP, QUAS-mtdTomato(3xHA)/+; trans-Tango/Gr64f-Gal4;

S3
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