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Abstract

Background.—Understanding how behaviors are generated by neural circuits requires 

knowledge of the synaptic connections between the composite neurons. Methods for mapping 

synaptic connections, such as electron microscopy and paired recordings, are labor intensive and 

alternative methods are thus desirable.

New Method.—Development of a targeted GFP Reconstitution Across Synaptic 

Partners(GRASP) method, t-GRASP, for assessing neural connectivity is described.

Results.—Numerous different pre-synaptic and post-synaptic/dendritic proteins were tested for 

enhancing the specificity of GRASP signal to synaptic regions. Pairing of both targeted pre- and 

post-t-GRASP constructs resulted in strong preferential GRASP signal in synaptic regions in 

Drosophila larval sensory neurons, larval neuromuscular junctions, and adult photoreceptor 

neurons with minimal false-positive signal.

Comparison with Existing Methods.—Activity-independent t-GRASP exhibits an 

enhancement of GRASP signal specificity for synaptic contact sites as compared to existing 

Drosophila GRASP methods. Fly strains were developed for expression of both pre- and post-t-

GRASP with each of the three Drosophila binary transcription systems, thus enabling GRASP 

assays to be performed between any two driver pairs of any transcription system in either 

direction, an option not available for existing Drosophila GRASP methods.

Conclusions.—t-GRASP is a novel targeted GRASP method for assessing synaptic connectivity 

between Drosophila neurons. Its flexibility of use with all three Drosophila binary transcription 

systems significantly expands the potential use of GRASP in Drosophila.

Introduction

Understanding how the brain processes information to make behavioral decisions requires 

identifying the synaptic connections between constituent neurons of a neural circuit. 

Standard techniques for reliably assessing synaptic connectivity between neurons include 
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electron microscopy (EM) and paired recordings. Unfortunately, due to the labor-intensive 

nature of these methods they are not easily adapted for high-throughput analysis. Although 

progress is being made with EM methodology (Eichler et al., 2017; Takemura et al., 2017), 

it seems unlikely any new comprehensive connectomes of major model genetic organisms 

will be completed in the near future.

Alternative methods for mapping neuronal connectivity are thus still important for neural 

circuit mapping and will be for the foreseeable future. One such technique, GFP 

Reconstitution Across Synaptic Partners (GRASP), involves the use of fluorescence 

complementation based on split-GFP (GFP1-10 and GFP11). In this technique, each split-

GFP fragment is extracellularly expressed in separate neurons and synaptic connections are 

revealed when these GFP fragments reassemble at synaptic contact sites to produce green 

fluorescence. This technique was first implemented in C. elegans (Feinberg et al., 2008), but 

has since also been successfully adapted to Drosophila (Fan et al., 2013; Gordon and Scott, 

2009; Macpherson et al., 2015) and mouse (Kim et al., 2011; Yamagata and Sanes, 2012). 

The original Drosophila GRASP fused the two split-GFP fragments to the extracellular 

domain of the CD4 transmembrane protein (Gordon and Scott, 2009), hereafter CD4-

GRASP, and was not synaptically-targeted, thus potentially leading to false positives at non-

synaptic locations. The more recent versions of Drosophila GRASP target the GFP1-10 

fragment to pre-synaptic terminals using Neurexin (Fan et al., 2013) (hereafter, Nrx-

GRASP) or Neuronal-synaptobrevin (Macpherson et al., 2015) (hereafter, syb-GRASP) and 

result in an enhancement of synaptic specificity. Nrx-GRASP is activity-independent while 

Syb-GRASP is activity-dependent. The activity-dependence of syb-GRASP likely 

contributes to its enhanced synaptic specificity and has the advantage that it can distinguish 

active from inactive synapses. However, activity-dependence is not without the disadvantage 

that the strength of the fluorescent signal may not accurately reflect the relative strength of 

synaptic connectivity. For instance, two weakly connected, highly active neurons may give 

stronger GRASP signal than two strongly connected, low activity neurons. Moreover, two 

neurons that have strong synaptic connections, but are only active when exposed to a 

particular stimulus, could give a false-negative (such as an olfactory sensory neuron and its 

second-order neuron in the absence of a specific odorant).

Here we describe an alternative, activity-indepdendent, targeted Drosophila GRASP, t-

GRASP, in which one of the split-GFP fragments is targeted to pre-synaptic terminals and 

the other to dendrites. Targeting both the pre- and post-synaptic split-GFP fragments results 

in enhanced specificity of GRASP signal for synaptic contacts sites as compared to existing 

Drosophila GRASP alternatives. Fly strains were developed for expressing both the pre-

synaptic and dendritically targeted t-GRASP proteins using driver pairs for any of the three 

Drosophila binary transcription systems, (GAL4, LexA, and Q), thus providing enhanced 

flexibility and thereby significantly broadening the potential use of GRASP in Drosophila.

Results

GRASP construct design

The strategy for generating a Drosophila GRASP with enhanced specificity for synaptic 

contact sites was to target GFP11 to pre-synaptic terminals and GFP1-10 to dendritic/post-
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synaptic regions. Initial attempts involved the use of modified versions of the pre- and post-

mGRASP proteins that exhibit strong preferential localization to synaptic contact sites in 

mouse (Kim et al., 2011). An initial attempt involved establishing fly strains containing pre-

mGRASP-V5 (a V5 epitope tag was substituted for the cerulean fluorescent protein of the 

original pre-mGRASP) under QUAS control and post-mGRASPΔT (the tomato fluorescent 

protein was deleted from the original post-mGRASP) under UAS control. As a stringent test 

of synapse specificity, both constructs were expressed using the pan-neuronal drivers n-syb-
QF2 and n-syb-GAL4 and assessed for specificity of GRASP signal in the neuropil region of 

third instar larva by direct fluorescence. Pan-neuronal expression of both constructs is a 

stringent test of synapse specificity because both split-GFP proteins are being expressed in 

all neurons and thus there is ample opportunity for them to reconstitute outside of synaptic 

regions both intracellularly and extracellularly. The neuropil region of the third instar larval 

ventral nerve cord (VNC) where synaptic contact sites are located is visualized in Figure 1B 

by immunostaining with the nc82 antibody that recognizes the active zone protein 

Bruchpilot (Brp) (Hofbauer et al., 2009). A synapse-specific GRASP would ideally exhibit 

reconstituted GFP fluorescence in a similar pattern when pan-neuronally expressed. 

Unfortunately, pan-neuronal expression of pre-mGRASP-V5 with post-mGRASPΔT did not 

exhibit the same specificity of fluorescence signal for synapses in Drosophila (Figure 1C) as 

they do in mouse as significant false-positive signal was observed in the cell bodies outside 

the neuropil where there are no synaptic contact sites.

In an attempt to enhance the specificity of the GRASP signal for synaptic contact sites, all or 

part of the six pre-synaptic Drosophila proteins Brp (Kittel et al., 2006; Wagh et al., 2006), 

Drosophila Rim-Binding Protein (DBRP) (Liu et al., 2011), Fife (Bruckner et al., 2012), 

Rab3 (DiAntonio et al., 1993; Graf et al., 2009), Drosophila liprin-alpha receptor (Dlar) 

(Krueger et al., 1996), and Cacophony (Cac) (Kawasaki et al., 2000) were separately fused 

to the carboxy-terminus of the pre-mGRASP protein just after a 2XHA epitope tag (for 

tracking the protein) located immediately downstream of the Nxn-1β domain (Figure 1A). 

Transgenic fly strains for each of these constructs under QUAS control were established, 

pan-neuronally expressed in partnership with post-mGRASPΔT, and assessed for specificity 

of the signal to the neuropil. The results are shown in Figures 1D–I in increasing order of 

specificity. Surprisingly, pre-mGRASP fusions to the active zone proteins Brp (Figure 1D), 

DRBP (Figure 1E), and Fife (Figure 1F) resulted in decreased or, at best, similar synapse 

specificity as pre-mGRASP-V5. Fusions to the synaptic vesicle protein Rab3 (Figure 1G), 

the intracellular tail of Dlar (Figure 1H), and the intracellular tail of Cac (Figure 1I) 

enhanced neuropil specificity with Cac exhibiting the highest degree of enhancement.

In an attempt to enhance the synaptic specificity of the post-GRASP construct, GFP1-10 was 

separately fused to the amino terminus of varying portions of the extracellular domains of 

three transmembrane proteins known to preferentially localize to dendrites or post-synaptic 

regions, Drosophila homolog (dLev-10/CG42613) of C.elegans Lev-10 (Gally et al., 2004), 

hereafter dLev-10, Drosophila Down Syndrome Cell Adhesion Molecule (DSCAM) (Shi et 

al., 2007), and mouse Telencephalin (TLN/ICAM5) (Nicolai et al., 2010). Fly strains 

containing each of these under UAS control were established, pan-neuronally expressed in 

partnership with pre-mGRASP-V5, and assessed for specificity of the signal to the neuropil. 

The results are shown in Figures 2C–I in order of increasing specificity. Fusions to dLev-10 
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(Figure 2C), DSCAM-s (s for short) (Figure 2D), and DSCAM-m (m for mid-length) 

(Figure 2E) exhibited similar or reduced specificity as compared to post-mGRASPΔT 

(Figure 2B). Fusions to TLN-s (Figure 2F), dLev-10-m (Figure 2G), dLev-10-s (Figure 2H), 

and TLN (Figure 2I) exhibited enhanced neuropil specificity with TLN showing the most 

significant enhancement. Pairing of pre-GRASP-Cac with post-GRASP-TLN (Figure 1J) 

exhibits a dramatic enhancement of synaptic specificity as compared to the pre-mGRASP-

V5/post-mGRASPΔT starting point (Figures 1C, 2B) and approaches optimal synaptic 

specificity (Figure 1B). Hereafter, pre-GRASP-Cac is referred to as pre-t-GRASP and post-

GRASP-TLN as post-t-GRASP.

Specificity and signal strength comparison to existing Drosophila GRASP methods

To directly compare the specificity and signal strength of the existing Drosophila GRASP 

methods with t-GRASP, both split-GFP fragments of each method were expressed pan-

neuronally in the third instar larval VNC using the same pan-neuronal drivers. CD4-GRASP 

exhibits substantial non-specific GRASP signal outside the neuropil in the cell bodies and in 

the nerves extending from the VNC (Figure 3A). Nrx-GRASP and syb-GRASP both show a 

major reduction in non-specific GRASP signal outside the neuropil as compared to CD4-

GRASP, although some non-specific signal is still apparent (Figs 3B,C, respectively). t-

GRASP in both directions exhibits a further reduction in non-specific GRASP signal to a 

level that is near the limit of detection (Figs 3D,E).

Differences in GRASP signal intensity were also observed among the GRASP methods. 

CD4-GRASP exhibited the strongest GRASP signal (Fig 3A) while Nrx-GRASP (Fig 3B) 

and t-GRASP in both directions (Figs 3D,E) exhibited only slightly reduced signal intensity, 

with syb-GRASP showing the weakest GRASP signal (Fig 3C). The enhanced synaptic 

specificity of t-GRASP was thus achieved without a major reduction in GRASP signal 

strength.

In a separate experiment, the extent of non-specific GRASP signal between neurons and glia 

was compared between the different GRASP methods using the same pan-neuronal and pan-

glial drivers. Since neurons and glia do not form synaptic contacts, any GRASP signal 

between them should be false-positive. In this experiment one of the split-GFP fragments 

was expressed pan-neuronally while the other split-GFP fragment was expressed pan-glially. 

CD4-GRASP exhibited strong non-specific reconstituted GFP fluorescence throughout the 

ventral nerve cord (Fig 3F). Nrx-GRASP and Syb-GRASP showed greatly reduced signal 

(Figs 3G,H, respectively), while t-GRASP in both directions showed a noticeable further 

reduction to near the limits of detection (Figs 3I,J).

Specificity for synaptic contacts in larval sensory neurons

Although t-GRASP exhibits reconstituted GFP signal preferentially in the synaptic neuropil 

as demonstrated above, this does not guarantee that the signal within the neuropil is 

restricted to neurons that are synaptically connected as opposed to neurons that are just in 

close proximity. To assess the specificity of t-GRASP for legitimate synaptic contact sites, 

the STaR method (Chen et al., 2014), a conditionally-expressible, V5-tagged version of the 

active zone marker Brp was included in t-GRASP experiments identifying synaptic contact 
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sites of larval sensory neuron types III and IV. The cell bodies and dendrites of these neurons 

are peripherally located just under the larval cuticle and their axons project to the neuropil 

region of the larval ventral nerve cord where their synaptic contact sites are located (Prokop 

and Meinertzhagen, 2006). Ideally, in these experiments GRASP signal will be restricted to 

regions of overlap with conditionally-expressed Brp-V5. In these reciprocal experiments, 

either pre- or post-t-GRASP is expressed in larval sensory neurons while the complementary 

t-GRASP is pan-neuronally expressed. Again, pan-neuronal t-GRASP expression makes this 

experiment a stringent test of synapse specificity for reasons previously mentioned. These 

experiments enhance the GRASP signal using an anti-GFP antibody that specifically 

recognizes reconstituted GFP, but not pre-t-GRASP or post-t-GRASP (Figure S1). 

Expression of pre-t-GRASP in type IV sensory neurons (Fig. 4A) in combination with pan-

neuronal expression of post-t-GRASP (Fig 4E), results in GRASP signal (Fig. 4B) 

coincident with type IV sensory neuron active zones (Figs 4C, D) even at high magnification 

(Fig S3). The reciprocal experiment in which pre-t-GRASP was pan-neuronally expressed 

(Fig. 4F) and post-t-GRASP was expressed in type IV sensory neurons (Fig. 4J) exhibits 

very little GRASP signal (Fig. 4G) in type IV sensory neuron active zones (Figs. 4H,I), thus 

demonstrating the effectiveness of the pre-synaptic and dendritic targeting of pre- and post-t-

GRASP, respectively.

Similar experiments were performed for type III larval sensory neurons. Expression of pre-t-

GRASP in type III larval sensory neurons (Fig. 4K) and pan-neuronal expression of post-t-

GRASP (Fig. 4O) resulted in GRASP signal (Fig. 4L) that mostly overlapped with type III 

larval neuron active zones (Figs. 4M,N), although some GRASP signal in cell bodies was 

also apparent. This result indicates t-GRASP can yield false-positive signal dependent on the 

particular driver pair, most likely due to strong drivers that result in high level expression of 

pre- or post-t-GRASP. The reciprocal experiment in which post-t-GRASP was pan-

neuronally expressed (Fig. 4P) and pre-t-GRASP was expressed in type III larval sensory 

neurons (Fig. 4T) exhibited a slight GRASP signal (Fig 4Q) that mostly coincides with type 

III larval neuron active zones (Figs. 4R,S). As this GRASP signal is only a small fraction of 

that observed in the previous reciprocal experiment, it again demonstrates the effectiveness, 

albeit not 100%, of the pre-synaptic and dendritic targeting of pre- and post-t-GRASP.

Since pre-t-GRASP and post-t-GRASP are both being expressed in type IV or type III 

sensory neurons in both directions of the above experiments, and GRASP signal is much 

stronger in the experiments done in the initial direction (Figs 4B and L) than in the 

reciprocal direction (Figs 4G and Q), these results indicate the vast majority of the GRASP 

signal in the initial direction is due to extracellular trans GFP reconstitution and not cis GFP 

reconstitution.

Trans vs cis GFP reconstitution at the larval NMJ

To further address trans vs cis GFP reconstitution with the t-GRASP method, reciprocal 

experiments were performed at the third instar larval NMJ in which pre-t-GRASP and post-

t-GRASP were expressed in motor neurons and muscles. In the first experiment, pre-t-

GRASP was expressed in motor neurons and post-t-GRASP in muscles. In this experiment, 

GRASP signal was detected at the NMJ (Fig 5A,D,E) coincident with localization of pre-t-
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GRASP (Fig 5B,D,E) and post-t-GRASP (Fig 5C,E). In the reciprocal experiment, pre-t-

GRASP was expressed in muscles and post-t-GRASP was expressed in motor neurons. 

Surprisingly, in this experiment pre-t-GRASP showed significant accumulation at post-

synaptic regions of the muscle (Fig 5G, I, J) and post-t-GRASP showed detectable 

accumulation at presynaptic terminals (Fig 5H, J). Nevertheless, GRASP signal was not 

detected in the reciprocal experiment (Fig 5F, I, J).

A third experiment was also performed in which both pre-t-GRASP and post-t-GRASP were 

simultaneously expressed in motor neurons. Despite the observation that pre-t-GRASP (Fig 

5L, N, O) and post-t-GRASP (Fig 5M,O) accumulate in close proximity in motor neuron 

pre-synaptic terminals, no GRASP signal is observed (Fig 5K, N, O). The continuous outline 

of the NMJ by pre-t-GRASP as compared to the more punctate distribution of post-t-

GRASP suggests that within the pre-synaptic terminal the two constructs are being 

differentially localized.

For each of these three experiments, animals of the same genotypes were alternatively 

immunostained such that endogenous Brp was substituted for post-t-GRASP (Figure S2). 

GRASP signal (Fig S2A,D,E) outlines the motor neuron pre-synaptic nerve terminal as 

indicated by the active zone marker Brp (Fig S2C,D,E). Taken together, the results of these 

NMJ experiments demonstrate t-GRASP exhibits a significant preference for trans over cis 

GFP reconstitution.

Specificity for synaptic contacts in adult photoreceptors

To further assess the specificity of t-GRASP for legitimate synaptic contact sites, pre-t-

GRASP was expressed in R1-6 photoreceptors using Rh1-QF2 and evaluated for GRASP 

signal in combination with expression of post-t-GRASP in each of nine different lamina 

neuron subtypes. The R1-6 photoreceptor/lamina synapses were chosen for assessment 

because the synaptic connections are known from EM studies (Meinertzhagen and O’Neil, 

1991) and split-Gal4 drivers specific for each lamina subtype are available (Tuthill et al., 

2013). Since the pre-synaptic region of R1-6 photoreceptors and all nine distinct lamina 

subtypes are tightly packed into the lamina region of the adult optic lobe, this will provide a 

rigorous test of synapse-specificity as the dendrites of six of the nine lamina subtypes are in 

close proximity to R1-6 pre-synaptic terminals but are not synaptically connected. R1-6 

photoreceptors form direct synaptic connections onto lamina subtypes L1, L2, and L3, but 

not the other six lamina subtypes (Meinertzhagen and O’Neil, 1991), and thus GRASP 

signal is only expected in lamina subtypes L1, L2, and L3.

The results of the R1-6 photoreceptor/lamina experiments are shown in Figure 5. R1-6 

photoreceptor expression of pre-t-GRASP is presented in the leftmost column (Figs 5A1–

I1), lamina subtype expression of post-t-GRASP in the third column (Figs. 5A3–I3), 

GRASP signal in the second column (Figs. 5A2–I2), and the overlay in the rightmost 

column (Figs 5A4–I4). As expected from EM studies, significant GRASP signal is observed 

for lamina subtypes L1 (Fig. 5A2), L2 (Fig. 5B2), and L3 (Fig 5C2) thus demonstrating t-

GRASP is sensitive enough to detect all known synaptic connections between R1-6 

photoreceptors and their post-synaptic lamina neuron subtypes. It should also be noted that 

since there is no overlap in neuronal expression of pre-t-GRASP and post-t-GRASP in these 
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experiments, the GRASP signal observed must be due to trans, and not cis, GFP 

reconstitution. As expected from EM studies, no GRASP signal was detected for L5 (Fig 

5E2), C2 (Fig 6F2), C3 (Fig 5G2), T1 (Fig 5H2), or Lai (Fig 5I2), thus demonstrating false-

positives were not occurring due to non-synaptic trans GFP reconstitution.

The sole exception from expectations based on EM analysis was L4 (Fig. 5D2), where 

GRASP signal is present in a thin strip of the most proximal portion of the lamina, and this 

result must therefore be considered a false-positive. Interestingly, although R1-6 

photoreceptors do not synapse onto L4 lamina neurons, L4 lamina neurons do synapse onto 

R1-6 photoreceptors (Meinertzhagen and O’Neil, 1991) as part of an apparent feedback 

loop. Thus, the signal observed for lamina subtype L4 is a bona fide synaptic contact site 

detected by t-GRASP even though based on the polarity of this synapse its detection was 

unexpected. This result indicates the strength of expression of this particular driver pair was 

sufficient to overcome the effectiveness of the targeting of pre- and post-t-GRASP. 

Nevertheless, in eight of nine specificity tests the expected results were observed with only a 

small portion of the lamina exhibiting aberrant, yet synapse-specific, signal in the single 

case of L4.

Discussion

The development and characterization of t-GRASP, a new Drosophila genetic tool for 

assessing neuronal connectivity has been described. t-GRASP was developed by fusing a 

number of pre-synaptic and post-synaptic/dendritic proteins to either of the two split-GFP 

fragments and selecting the one from each side of the synapse exhibiting the most significant 

enhancement of reconstituted GFP fluorescence signal to synaptic regions. The effect of 

targeting both split-GFP constructs enhances GRASP signal specificity for synaptic regions 

as compared to existing Drosophila GRASP alternatives. t-GRASP should thus be a useful 

alternative GRASP option to Nrx-GRASP or syb-GRASP, especially for experiments 

involving low activity neurons where the activity-dependence of syb-GRASP may make it 

sub-optimal.

In the majority of driver pairs tested in larval sensory neurons, NMJs, and adult 

photoreceptors, GRASP signal was observed coincident with active zones and likely 

represents synaptic contact sites. For a small minority of the driver pairs tested some false 

positives were, however, observed, presumably due to one or both drivers being sufficiently 

strong to express the t-GRASP constructs to levels beyond the capacity of the neurons to 

localize them to their targeted pre-synaptic or post-synaptic subcellular locations. Thus, t-

GRASP is not infallible and positive results with t-GRASP alone should not be interpreted 

as definitive without corroboration from other assays such as optogenetic activation of pre-

synaptic neurons coupled with functional calcium imaging or electrophysiological 

recordings in post-synaptic neurons.

Various strategies can be incorporated into t-GRASP experiments for recognizing and/or 

minimizing false-positives. One is to use t-GRASP in combination with the STaR method, as 

demonstrated above (Figure 4), where false-positive GRASP signal can be recognized when 

it is not coincident with conditional Brp-V5 active zone labeling. Another strategy possible 
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with the Gal4 and Q systems is to reduce driver strength by including repressors whose 

activities can be controlled in a dose-dependent manner via the addition of exogenously 

added compounds (Potter et al., 2010; Sethi and Wang, 2017). A third strategy is to use 

driver pairs with expression patterns as sparse a possible to minimize the chances of 

producing false-positive signal.

Fly strains for expressing both pre-t-GRASP and post-t-GRASP with all three Drosophila 
transcription systems (GAL4, LexA, and Q) have been developed and characterized. With t-

GRASP it is possible to perform GRASP experiments using any two driver pairs among the 

three Drosophila binary transcriptions in either direction. This flexibility significantly 

broadens the potential application of GRASP in Drosophila for neural circuit mapping and 

thus adds another useful tool to the already expansive Drosophila genetic toolbox.

Experimental procedures

Plasmid construction

All entry and expression clones were assembled using Gateway MultiSite cloning as 

previously described (Petersen and Stowers, 2011). The components of the Gateway 

MultiSite LR reactions are shown in Table 2. The destination vector for all LR reactions was 

pDESTsvaw (Shearin et al., 2013). The following entry clones were previously described: 

L1-20XUAS-L4 and L3-Rab3-L2 (Petersen and Stowers, 2011); L1-13XLexAop2-L4 
(Shearin et al., 2013). New entry clones and templates were as follows: pENTR 
L1-10XQUAS-L4>pENTR L1-10XQUAS-L5 (Shearin et al., 2013); pENTR L5-QF2-L2>n-
syb-QF2 (Riabinina et al., 2015), pENTR L1-Rh1-R5>Drosophila genomic DNA; L5-pre-
mGRASP-V5-L2>pre-mGRASP (Kim et al., 2011); L5-post-mGRASP-ΔT-L2>post-
mGRASP (Kim et al., 2011); R4-pre-mGRASP-2XHA-R3> pre-mGRASP (Kim et al., 

2011); R4-GFP1-10-R3>post-mGRASP (Kim et al., 2011); L3-cac-L2>UAS-cac (Kawasaki 

et al., 2002); L3-Brp-L2>BrpD1-3 (Fouquet et al., 2009), L3-DRBP-L2>AT04807 DRBP 

cDNA (Drosophila Genomics Resource Center); L3-Fife-L2>Fife cDNA (Bruckner et al., 

2012); L3-Dlar-L2>Dlar cDNA (Krueger et al., 1996) ; L3-dLev-10-s-L2 and L3-dLev-10-
m-L2>GH21941 cDNA (Drosophila Genomics Resource Center) ; L3-dLev-10-L2>dLev-10 
full-length cDNA generated by RT-PCR and hybrid PCR with GH21941; L3-DSCAM-s-L2 
and L3-DSCAM-L-L2>DSCAM 17.1 cDNA (Shi et al., 2007); L2-TLN-L2>TLN cDNA 

(Nicolai et al., 2010). The destination vector pDESTsvaw has been previously described 

(Shearin et al., 2013). A single C nucleotide deletion mutation at base pair 1272 (ΔC1272) 

was initially overlooked in L3-cac-L2. This mutation results in omission of the C-terminal 

93aa of cac. Subsequently, this mutation was corrected and flies containing pre-

mGRASP-2XHA fused to the wildtype cac tail were compared to the cac ΔC1272 for 

specificity of localization of GFP fluorescence to the neuropil (Figure S4). Since the GFP 

fluorescence signal from cac ΔC1272 was more tightly localized to the neuropil than 

wildtype cac, the cac ΔC1272 mutant was used in all fly strains described in the text. 

Annotated protein-coding sequences of each pre- and post-GRASP construct are shown in 

Fig S5. Sequences of entry clones are available upon request.
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Drosophila stocks

Injections of transgenes for fly strains reported in this study were performed by Bestgene, 

Inc. Other fly stocks: repo-GAL4 (Sepp et al., 2001) (BDSC #7415), n-syb-GAL4 (Bushey 

et al., 2009), n-syb-QF2 (Riabinina et al., 2015), n-syb-LexA (Shearin et al., 2013), TrpA1-
QF, and nompC-QF (Petersen and Stowers, 2011), QUAS-FLP (Potter et al., 2010), Brp-
FRT-STOP-FRT-V5 (Chen et al., 2014), LexAop-GFP11 and UAS-CD4-GFP1-10 (Gordon 

and Scott, 2009), UAS-spGFP1-10::Nrx (Fan et al., 2013), UAS-syb::spGFP1-10 
(Macpherson et al., 2015), vGlut-LexA (Baek et al., 2013), 24B-GAL4 (Brand and 

Perrimon, 1993).

Immunostaining.

Larval immuno-labeling was performed as previously described (Shearin et al., 2013). 

Heads for cryostat sectioning were prepared as follows. After removal of the proboscis and 

internal air sacs, heads were dehydrated in 5% sucrose 10 minutes, 10% sucrose 10 minutes, 

25% sucrose 1 hour, fixed 1 hour in 4% paraformaldehyde, followed by dehydration being 

repeated for 10 minutes each step. Heads were then embedded and frozen in O.C.T. (Tissue-

Tek 4583) on dry ice before cryostat sectioning. After blocking, 10 µm orthogonal head 

sections were incubated 1 hour at 37°C in primary antibodies, washed in PBS-T (0.5% 

Triton), and incubated 4 hours at room temperature in secondary antibodies. After washing, 

slides were mounted in a 10% Mowiol 4-88 (Sigma-Aldrich 81381)/2.5% Dabco 33-LV 

(Sigma-Aldrich 290734) mixture before imaging on a Leica SP5 confocal microscope.

Primary antibodies and dilutions: nc82 (E. Buchner, Developmental Studies Hybridoma 

Bank), rabbit anti-GFP Tag Abfinity (ThermoFisher G10362), mouse anti-HA.11/16B12 

(Covance MMS-101P-500), rat anti-HA (3F10, Roche 11 867 431 001), rat anti-V5 (Biorbyt 

orb256445), mouse anti-V5 (Biorbyt orb256432), and goat anti-TLN/ICAM-5 (Bio-techne 

AF1173). All antibodies were diluted 1:300 for larva and 1:100 for cryostat sections (except 

nc82 which was used at 1:50) in PBS with 0.5% Triton X-100 and 5% BSA. Secondary 

antibodies: F’Ab2 donkey anti-rabbit AF488 (Jackson ImmunoResearch 711-546-152), 

F’Ab2 donkey anti-rat-Cy3 (Jackson ImmunoResearch 712-166-153), F’Ab2 donkey anti-rat 

AL647 (712-606-153), F’ab2 donkey anti-mouse Cy3 (Jackson ImmunoResearch 

715-166-151), F’Ab2 donkey anti-mouse 647 (Jackson ImmunoResearch 715-606-151), and 

donkey anti-goat AL647 (ThermoFisher A-21447). Secondary antibodies were diluted 

1:300.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and assessment of pre-synaptic GRASP constructs. A) The pre-synaptic GRASP 

constructs contain at the amino-terminus the pre-mGRASP protein through the Nxn-1β 
domain and a 2XHA epitope tag fused to the indicated pre-synaptic proteins. The sizes of 

the pre-synaptic proteins are accurate relative to each other but not to pre-mGRASP. B) nc82 

immunostain of a larval ventral nerve cord for the active zone protein Brp reveals the 

neuropil region where sites of synaptic contact are located. C-J) Direct reconstituted GFP 

fluorescence imaging of third instar larval ventral nerve cords with both constructs are pan-
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neuronally expressed. All pre-GRASP constructs are paired with post-mGRASPΔT except 

J). C) pre-mGRASP-V5 with no carboxy-terminal fusion; D) Brp (1226aa); E) DRBP 

(1156aa; F) Fife (1315aa); G) Rab3 (219aa); H) Dlar (627aa); I) Cac (418aa). Cac (I) 

exhibits the most enhanced restriction of GFP signal to the neuropil. J) pre-mGRASP-Cac 

paired with post-GRASP-TLN. Abbreviations: Brp-Bruchpilot, DRBP-Drosophila Rim 

binding protein, Dlar-Drosophila liprin-alpha receptor, Cac-Cacophany, SP-signal peptide, 

Nxn-1β-Neurexin 1-beta. All larval images are direct GFP fluorescence and were acquired 

and processed identically, except for B) which was immunostained. Scale bar: 100μm.

Figure 1 genotypes.

B) yw; C) yw; 10XQUAS-pre-mGRASPV5/20XUAS-post-mGRASPΔT; n-syb-GAL4, n-
sybQF2/+; D) yw; 20XUAS-post-mGRASPΔT /+; n-syb-GAL4, n-sybQF2/10XQUAS-pre-
mGRASP-Brp; E) yw; 20XUAS-post-mGRASPΔT /+; n-syb-GAL4, n-sybQF2/10XQUAS-
pre-mGRASP-DRBP; F) yw; 20XUAS-post-mGRASPΔT /+; n-syb-GAL4, n-
sybQF2/10XQUAS-pre-mGRASP-Fife; G) yw; 20XUAS-post-mGRASPΔT /+; n-syb-

GAL4, n-sybQF2/10XQUAS-pre-mGRASP-Rab3; H) yw; 20XUAS-post-mGRASPΔT /+; 

n-syb-GAL4, n-sybQF2/10XQUAS-pre-mGRASP-Dlar; I) yw; 20XUAS-post-
mGRASPΔT /+; n-syb-GAL4, n-sybQF2/10XQUAS-pre-mGRASP-Cac; J) yw; n-syb-

GAL4, n-sybQF2/10XQUAS-pre-mGRASP-Cac, 20XUAS-post-mGRASP-TLN.
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Figure 2. 
Design and assessment of the post-synaptic GRASP constructs. A) The post-synaptic 

GRASP constructs contain the GFP1-10 fragment at the amino-terminus fused to the 

indicated dendritic/post-synaptic proteins. The sizes of the post-synaptic proteins are 

accurate relative to each other, but not to GFP1-10. B-I) Direct reconstituted GFP 

fluorescence imaging of third instar larval ventral nerve cords with both constructs are pan-

neuronally expressed. All post-GRASP constructs are paired with pre-mGRASP-V5. B) 

post-mGRASPΔT; C) dLev-10 (1154aa); D) DSCAM-s (184aa); E) DSCAM-m (356aa); F) 
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TLN-s (181aa); G) dlev-10-m (490aa); H) dLev-10-s (219aa); I) TLN (806aa). TLN (I) 

exhibits the strongest preference for the neuropil. Scale bar: Abbreviations: dLev-10-

Drosophila Lev-10, DSCAM-Drosophila cell adhesion molecule, TLN-Telencephalin/

ICAM5, SP-signal peptide. All larval images are direct GFP fluorescence and were acquired 

and processed identically. Scale bar: 100μm.

Figure 2 genotypes. B) yw; 10XQUAS-pre-mGRASPV5/20XUAS-post-mGRASPΔT; n-
syb-GAL4, n-sybQF2/+; C) yw; 10XQUAS-pre-mGRASPV5/+; n-syb-GAL4, n-
sybQF2/20XUAS-post-GRASP-dLev-10; D) yw; 10XQUAS-pre-mGRASPV5/+; n-syb-
GAL4, n-sybQF2/20XUAS-post-GRASP-DSCAM-short; E) yw; 10XQUAS-pre-
mGRASPV5/+; n-syb-GAL4, n-sybQF2, 20XUAS-post-GRASP-DSCAM-mid; F) yw; 

10XQUAS-pre-mGRASPV5/+; n-syb-GAL4, n-sybQF2/20XUAS-post-GRASP-TLN-short; 
G) yw; 10XQUAS-pre-mGRASPV5/+; n-syb-GAL4, n-sybQF2/20XUAS-post-GRASP-
dLev-10-mid; H) yw; 10XQUAS-pre-mGRASPV5/+; n-syb-GAL4, n-sybQF2/20XUAS-
post-GRASP-dLev-10-short; I) yw; 10XQUAS-pre-mGRASPV5/+; n-syb-GAL4, n-
sybQF2/20XUAS-post-GRASP-TLN.
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Figure 3. 
Comparison of non-specific GRASP signal between existing Drosophila GRASP methods 

and t-GRASP in neurons and glia. A-E) Pan-neuronal expression. A) spGFP11::CD4 and 

spGFP1-10::CD4; B) spGFP11::CD4 and spGFP1-10::Nrx; C) spGFP11::CD4 and 

syb::spGFP1-10; D) pre-t-GRASP and post-t-GRASP (LexAop2-pre and UAS-post); E) pre-

t-GRASP and post-t-GRASP (UAS-pre and LexAop2-post). F) pan-glial expression of 

spGFP1-10::CD4 with pan-neuronal expression of spGFP11::CD4; G) pan-neuronal 

expression of spGFP11::CD4 with pan-glial expression of spGFP1-10::Nrx; H) pan-

neuronal expression of spGFP11::CD4 with pan-glial expression of syb::spGFP1-10; I) pan-

glial expression of post-t-GRASP with pan-neuronal expression of pre-t-GRASP; J) pan-

glial expression of pre-t-GRASP with pan-neuronal expression of post-t-GRASP; All images 

are of direct GFP fluorescence. Collection of images and post-imaging processing was 

identical for A-E, and distinct, but identical for F-J. Scale bar: 100μm.

Figure 3 genotypes. A) yw; n-syb-LexA/+; n-syb-GAL4/LexAop-spGFP11::CD4, UAS-
spGFP1-10::CD4; B) w; n-syb-LexA/+; n-syb-GAL4/LexAop-spGFP11::CD4, UAS-
spGFP1-10::Nrx; C) w; n-syb-LexA/LexAop-spGFP11::CD4, UAS-syb::spGFP1-10; n-syb-
GAL4/+; D) yw; n-syb-LexA/+; n-syb-GAL4/13XLexAop2-pre-t-GRASP, 20XUAS-post-t-
GRASP/+; E) yw; n-syb-LexA/+; n-syb-GAL4/13XLexAop2-post-t-GRASP, 20XUAS-pre-
t-GRASP/+. F) yw; n-syb-LexA/+; repo-GAL4/LexAop-CD4-GFP11, UAS-CD4-GFP1-10; 
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G) w; n-syb-LexA/+; repo-GAL4/LexAop-spGFP11::CD4, UAS-spGFP1-10::Nrx; H) w; n-
syb-LexA/LexAop-spGFP11::CD4, UAS-syb::spGFP1-10; repo-GAL4/+; I) yw; n-syb-
LexA/+; repo-GAL4/13XLexAop2-pre-t-GRASP, 20XUAS-post-t-GRASP; J) yw; n-syb-
LexA/+; repo-GAL4/13XLexAop2-post-t-GRASP, 20XUAS-pre-t-GRASP.
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Figure 4. 
Synaptic specificity assessment of t-GRASP in larval sensory neurons. A-E) trpA1-QF 
drives expression of pre-t-GRASP in type IV sensory neurons and n-syb-GAL4 drives pan-

neuronal expression of post-t-GRASP. F-J) Opposite polarity experiment of A-E where 

trpA1-QF drives post-t-GRASP in type IV sensory neurons and n-syb-GAL4 drives pan-

neuronal expression of pre-t-GRASP . K-O) nompC-QF drives expression of pre-t-GRASP 
in type III sensory neurons and n-syb-GAL4 drives pan-neuronal expression of post-t-
GRASP. P-T) Opposite polarity experiment of K-O where nompC-QF drives expression of 
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post-t-GRASP and n-syb-GAL4 drives pan-neuronal expression of pre-t-GRASP. pre-t-
GRASP expression (red) (A, F, K, P) was visualized with an anti-HA antibody; reconstituted 

GFP fluorescence (green) (B, G, L, Q) was visualized with anti-GFP Tag Abfinity mAb; 

active zone marker Brp-V5 conditional expression (cyan) (C, H, M, R) was visualized with 

an anti-V5 antibody; overlay of reconstituted GFP fluorescence with Brp-V5 (D, I, N, S); 

post-t-GRASP expression (magenta) (E, J, O, T) was visualized with an anti-TLN antibody. 

pre-t-GRASP, reconstituted GFP fluorescence, and conditional Brp-V5 expression are from 

the same animal. Post-t-GRASP expression is from a different animal of the same genotype 

as the others on the same row. All images in the same column were acquired and processed 

identically. Scale bar: 100μm.

Figure 4 genotypes. A-E) yw; brp-FRT-STOP-FRT-V5, QUAS-FLP/+; trpA1-QF, n-syb-
GAL4/10XQUAS-pre-t-GRASP, 20XUAS-post-t-GRASP; F-J) yw; brp-FRT-STOP-V5, 

QUAS-FLP/+; trpA1-QF, n-syb-GAL4/20XUAS-pre-t-GRASP, 10XQUAS-post-t-GRASP; 

K-O) yw; brp-FRT-STOP-FRT-V5, QUAS-FLP/+; nompC-QF, n-syb-GAL4/10XQUAS-pre-
t-GRASP, 20XUAS-post-t-GRASP; P-T) yw; brp-FRT-STOP-V5, 10XQUAS-FLP/+; 

nompC-QF, n-syb-GAL4/20XUAS-pre-t-GRASP, 10XQUAS-post-t-GRASP.
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Figure 5. 
Assessment of trans vs cis GFP reconstitution at the third instar larval NMJ. A-E) vGlut-

LexA drives expression of pre-t-GRASP in motor neurons and 24B-GAL4 drives expression 

of post-t-GRASP in muscles. F-J) 24B-GAL4 drives expression of pre-t-GRASP in muscle 

and vGlut-LexA drives expression of post-t-GRASP in motor neurons. K-O) vGlut-LexA 

drives simultaneous expression of both pre-t-GRASP and post-t-GRASP in motor neurons. 

GRASP signal (green) is observed when pre-t-GRASP (red) is expressed in motor neurons 

and post-t-GRASP (cyan) is expressed in muscle (arrow A), but not when post-t-GRASP is 

expressed in motor neurons and pre-t-GRASP is expressed in muscle (F) or when both pre-t-

GRASP and post-t-GRASP are expressed in motor neurons (K). pre-t-GRASP accumulates 

in the pre-synaptic terminals of motor neurons (arrows B, L) and at the post-synaptic region 

of muscles (G). post-t-GRASP accumulates outside the nucleus and at the post-synaptic 

region of muscles (C) and in the pre-synaptic terminals of motor neurons (arrows H, M). 

Overlay of GRASP signal with pre-t-GRASP (D, I, N) and with pre-t-GRASP and post-t-

GRASP (E, J, O). The observation that GRASP signal is only observed when pre-t-GRASP 

is expressed in motor neurons and post-t-GRASP is expressed in muscles, but not in the 

reciprocal experiment or when both pre-t-GRASP and post-t-GRASP is expressed in motor 

neurons reveals the t-GRASP method exhibits a significant preference for extracellular trans 

over intracellular cis GFP reconstitution. Reconstituted GFP, pre-t-GRASP, and post-t-

GRASP were visualized with anti-GFP Tag Abfinity mAb, anti-HA, and anti-TLN 

antibodies, respectively. Scale bar 30μm.

Figure 5 genotypes. A-E) yw; vGlut-LexA/+ ;24B-GAL4/13XLexAop2-pre-t-GRASP, 

20XUAS-post-t-GRASP; F-J) yw; vGlut-LexA/+; 24B-GAL4/20XUAS-pre-t-GRASP/
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13XLexAop2-post-t-GRASP; K-O) yw; vGlut-LexA/+; 13XLexAop2-pre-t-GRASP, 

20XUAS-post-t-GRASP.
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Figure 6. 
Synaptic specificity assessment of t-GRASP in lamina region of adult optic lobe. Rh1-QF2 
was used to drive expression of pre-t-GRASP in R1-6 photoreceptors in all genotypes and 

split-GAL4 drivers specific for each of the nine columnar lamina subtype neurons were used 

to drive expression of post-t-GRASP as indicated. A) L1; B) L2; C) L3; D) L4; E) L5; F) 

C2; G) C3; H) T1; I) Lai. Subscripts are as follows: (1) pre-t-GRASP (red) immuno-labeled 

with anti-HA; (2) reconstituted GRASP (green) immuno-labeled with anti-GFP Tag Abfinity 

mAb; (3) post-t-GRASP (cyan) immuno-labeled with anti-TLN; (4) triple overlay. L1, L2, 
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and L3 exhibit GRASP signal throughout the lamina while L4 shows GRASP signal in the 

medial lamina. No GRASP signal is observed in L5, C2, C3, T1, and Lai. All images in the 

same column were acquired and processed identically. Scale bar: 100μm.

Figure 6 genotypes. A) yw; Rh1-QF2 cn bw/R48A08AD cn bw; R66A01DBD/10XQUAS-
pre-t-GRASP, 20XUAS-post-t-GRASP; B) yw; Rh1-QF2 cn bw/R53G02AD cn bw; 

R29G11DBD/10XQUAS-pre-t-GRASP, 20XUAS-post-t-GRASP; C) yw; Rh1-QF2 cn bw/

R64B03AD cn bw; R14B07DBD/10XQUAS-pre-t-GRASP, 20XUAS-post-t-GRASP; D) 

yw; Rh1-QF2 cn bw/cn bw; R31C06AD, R34G07DBD/10XQUAS-pre-t-GRASP, 20XUAS-
post-t-GRASP; E) yw; Rh1-QF2 cn bw/R21A05AD cn bw; R31H09DBD/10XQUAS-pre-t-
GRASP, 20XUAS-post-t-GRASP; F) yw; Rh1-QF2 cn bw/R25B02AD cn bw; 

R48D11DBD/10XQUAS-pre-t-GRASP, 20XUAS-post-t-GRASP; G) yw; Rh1-QF2 cn bw/

R26H02AD cn bw; R29G11DBD/10XQUAS-pre-t-GRASP, 20XUAS-post-t-GRASP; H) 

yw; Rh1-QF2 cn bw/R31F10AD cn bw; R30F10DBD/10XQUAS-pre-t-GRASP, 20XUAS-
post-t-GRASP; I) yw; Rh1-QF2 cn bw/R92A10AD cn bw; R66A02DBD/10XQUAS-pre-t-
GRASP, 20XUAS-post-t-GRASP.
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Table 1.

Transgenes and insertion sites.

Transgene Insertion Site

10XQUAS-pre-mGRASP-V5 VK27

20XUAS-post-mGRASPΔT attP2

10XQUAS-pre-GRASP-Brp VK27

10XQUAS-pre-GRASP-DRBP VK27

10XQUAS-pre-GRASP-Fife VK27

10XQUAS-pre-GRASP-Rab3 VK27

10XQUAS-pre-GRASP-Dlar VK27

10XQUAS-pre-GRASP-Cac VK27

10XQUAS-pre-GRASP-CacWT VK27

20XQUAS-pre-GRASP-Cac VK27

13XLexAop2-pre-GRASP-Cac VK27

20XUAS-post-GRASP-dLev-10-s attP2

20XUAS-post-GRASP-dLev-10-m attP2

20XUAS-post-GRASP-dLev-10 attP2

20XUAS-post-GRASP-DSCAM-s attP2

20XUAS-post-GRASP-SDCAM-m attP2

20XUAS-post-GRASP-TLN-s attP2

20XUAS-post-GRASP-TLN attP2

20XUAS-post-GRASP-TLN attP2

20XUAS-post-GRASP-TLN attP2

Rh1-QF2 attP40
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Table 2.

Expression clones and component entry clones of Gateway MultiSite LR reactions.

Expression clones Component entry clones

10XQUAS-pre-mGRASP-V5 L1-10XQUAS-R5 L5-pre-mGRASP-V5-L2

20XUAS-post-mGRASPΔT L1-20XUAS-R5 L5-post-mGRASPΔT-L2

10XQUAS-pre-GRASP-Brp L1-10XQUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-Brp-L2

10XQUAS-pre-GRASP-DRBP L1-10XQUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-DRBP-L2

10XQUAS-pre-GRASP-Fife L1-10XQUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-Fife-L2

10XQUAS-pre-GRASP-Rab3 L1-10XQUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-Rab3-L2

10XQUAS-pre-GRASP-Dlar L1-10XQUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-Dlar-L2

10XQUAS-pre-GRASP-Cac L1-10XQUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-Cac-L2

10XQUAS-pre-GRASP-CacWT L1-10XQUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-CacWT-L2

20XUAS-pre-GRASP-Cac L1-20XUAS-L4 R4-pre-mGRASP-2XHA-R3 L3-Cac-L2

13XLexAop-pre-GRASP-Cac L1-13XLexAop-L4 R4-pre-mGRASP-2XHA-R3 L3-Cac-L2

20XUAS-post-GRASP-DLev10-s L1-20XUAS-L4 R4-GFP1-10-R3 L3-DLev10-s-L2

20XUAS-post-GRASP-DLev10-m L1-20XUAS-L4 R4-GFP1-10-R3 L3-DLev10-m-L2

20XUAS-post-GRASP-DLev10 L1-20XUAS-L4 R4-GFP1-10-R3 L3-DLev10-L2

20XUAS-post-GRASP-DSCAM-s L1-20XUAS-L4 R4-GFP1-10-R3 L3-DSCAM-s-L2

20XUAS-post-GRASP-DSCAM-m L1-20XUAS-L4 R4-GFP1-10-R3 L3-DSCAM-m-L2

20XUAS-post-GRASP-TLN-s L1-20XUAS-L4 R4-GFP1-10-R3 L3-TLN-s-L2

20XUAS-post-GRASP-TLN L1-20XUAS-L4 R4-GFP1-10-R3 L3-TLN-L2

10XQUAS-post-GRASP-TLN L1-10XQUAS-L4 R4-GFP1-10-R3 L3-TLN-L2

13XLexAop-post-GRASP-TLN L1-13XLexAop-L4 R4-GFP1-10-R3 L3-TLN-L2

Rh1-QF2 L1-Rh1-R5 L5-QF2-L2
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