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SUMMARY 24 

The brain exhibits remarkable neuronal diversity which is critical for its functional integrity. 25 

From the sheer number of cell types emerging from extensive transcriptional, morphological, and 26 

connectome datasets, the question arises of how the brain is capable of generating so many 27 

unique identities. ‘Terminal selectors’ are transcription factors hypothesized to determine the 28 

final identity characteristics in post-mitotic cells. Which transcription factors function as terminal 29 

selectors and the level of control they exert over different terminal characteristics are not well 30 

defined. Here, we establish a novel role for the transcription factor broad as a terminal selector in 31 

Drosophila melanogaster. We capitalize on existing large sequencing and connectomics datasets 32 

and employ a comprehensive characterization of terminal characteristics including Perturb-seq 33 

and whole-cell electrophysiology. We find a single isoform broad-z4 serves as the switch 34 

between the identity of two visual projection neurons LPLC1 and LPLC2. Broad-z4 is natively 35 

expressed in LPLC1, and is capable of transforming the transcriptome, morphology, and 36 

functional connectivity of LPLC2 cells into LPLC1 cells when perturbed. Our comprehensive 37 

work establishes a single isoform as the smallest unit underlying an identity switch, which may 38 

serve as a conserved strategy replicated across developmental programs.  39 

 40 

 41 

 42 

 43 
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INTRODUCTION 47 

The determination of a neuron’s identity—including the morphology, connectivity, and 48 

gene expression patterns that differentiate a neuronal cell—is a complicated task. Even within 49 

the humble fruit fly Drosophila melanogaster, more than 4,000 neural cell types (Scheffer et al., 50 

2020; Schlegel et al., 2023) need to be determined, ensuring they exist in the appropriate space 51 

within the brain, establish their correct morphology, and connect to their intended partners, all 52 

within the volume of 5 nL (Makos et al., 2009). Our understanding of the regulatory logic 53 

required to specify unique and final neuronal identities is currently limited. 54 

Conserved across vertebrates and invertebrates alike, neural progenitors produce cell 55 

types based on their location and age. Both spatially restricted transcription factors and temporal 56 

cascades of transcription factors cooperate to determine which cell types are generated at what 57 

particular time during development (reviewed in (Chen & Konstantinides, 2022; Holguera & 58 

Desplan, 2018; Kumar, 2001). Within the medulla of Drosophila melanogaster, for example, a 59 

stereotyped cascade of specific transcription factors (Hth→Ey→Slp→D→Tll) pattern 60 

developing neuroblasts, and loss of Slp expression in the sequence can impede the generation of 61 

entire populations of cell types (Li et al., 2013).  62 

It is hypothesized that, in addition to transient transcription factor expression in 63 

progenitors, it is the persistent expression of certain transcription factors around the time of final 64 

mitosis throughout adulthood that specifies the terminal characteristics of a neuron (Allan & 65 

Thor, 2015; Hobert, 2008; Hobert, 2016; Holmberg & Perlmann, 2012). These ‘terminal 66 

selectors’ have been best studied in C. elegans, where selective removal or addition of 67 

transcription factors substantially altered the terminal characteristics, such as morphology and 68 

neurotransmitter type, that define neuron identity (Flames & Hobert, 2009; O'Meara et al., 2010; 69 
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Serrano-Saiz et al., 2013). Although evidence from C. elegans suggests a single terminal selector 70 

may be sufficient to define specific characteristics of identity, terminal selectors in larger animals 71 

are thought to act together in a combinatorial code (Allan & Thor, 2015; Arber et al., 1999; 72 

Hobert, 2016; Hobert & Kratsios, 2019; Tsuchida et al., 1994; Wolfram et al., 2014). To date, 73 

knowledge about which transcription factors serve as terminal selectors remains limited. 74 

Additionally, the extent to which one terminal selector affects multiple characteristics that define 75 

type identity has not been well explored. Terminal selector studies are often limited to 76 

quantifying one or two characteristics to assume an identity change, even though characteristics 77 

are not necessarily linked (Konstantinides et al., 2018). For example, although perturbations of 78 

individual terminal selectors can substantially alter cellular morphology, changes in morphology 79 

may not affect connectivity, as neuronal partners can adapt to find intended partners even when 80 

morphology is atypical (Valdes-Aleman et al., 2021). More comprehensive evaluations of 81 

terminal selectors are therefore needed to understand the extent to which terminal selectors exert 82 

their control.  83 

The Drosophila brain provides an excellent model for the study of terminal neuronal fate 84 

specification, due to its well-characterized, stereotyped wiring patterns and experimental 85 

tractability (Dorkenwald et al., 2022; Fischbach & Dittrich, 1989; Nern et al., 2015; Scheffer et 86 

al., 2020; Takemura et al., 2013; Takemura et al., 2015; Zheng et al., 2018). Electron microscopy 87 

datasets have enabled researchers to define the connectivity of a specific cell type (Dorkenwald 88 

et al., 2022; Nern et al., 2024; Scheffer et al., 2020; Schlegel et al., 2023; Zheng et al., 2018). 89 

Sophisticated genetic tools enable a ‘plug-and-play’ framework for inducing specific genetic 90 

perturbations exclusively in designated cell types (Dionne et al., 2018; Jenett et al., 2012; Lai & 91 

Lee, 2006; Perkins et al., 2015; Pfeiffer et al., 2010). Drosophila neurons are also amenable to 92 
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whole-cell electrophysiology, enabling the functional consequences of perturbations to be 93 

evaluated (von Reyn et al., 2014; von Reyn et al., 2017). And perhaps most critically, recent 94 

advancements within the field of transcriptomics allow tracking of genetic expression in a cell-95 

type-specific manner over the course of development, elucidating the temporal expression profile 96 

of specific genes (Davis et al., 2020; Konstantinides et al., 2018; Kurmangaliyev et al., 2020; 97 

Ozel et al., 2022; Ozel et al., 2021). 98 

One recent single-cell RNA sequencing (scRNA-seq) dataset of the developing fly optic 99 

lobes (Kurmangaliyev et al., 2020) has uncovered sustained differential ‘on-off’ expression of 100 

the transcription factor broad in two visual projection neuron cell types (VPNs) called lobula 101 

plate lobula columnar neuron type 1 (LPLC1) and lobula plate lobula columnar neuron type 2 102 

(LPLC2) (Figure 1). VPNs detect specific visual features, with LPLC1 and LPLC2 encoding 103 

features of an object approaching on a direct collision course (Ache et al., 2019; Klapoetke et al., 104 

2017; Klapoetke et al., 2022; Tanaka & Clark, 2022; von Reyn et al., 2017). LPLC1 and LPLC2 105 

innervate the same brain regions, extending dendrites within the lobula and lobula plate of the 106 

optic lobes, and projecting axons out of the optic lobes and into the ventral lateral protocerebrum 107 

(VLP) in the central brain. Within these brain regions, LPLC1 and LPLC2 differ in dendrite and 108 

axonal targeting (Figure 1a,b). LPLC1 dendrites target layers 2-5B of the lobula (Lo2-5B) and 109 

layers 2-4 of the lobula plate (LoP2-4), while LPLC2 dendrites target Lo4-5B and Lop1-4. 110 

LPLC1 and LPLC2 axons terminate in their own, separate glomeruli within the VLP. The 111 

resolvable differences in morphology along with the genetic accessibility of LPLC1 and LPLC2 112 

make these cell types promising for investigating broad as a potential terminal selector that may 113 

differentiate the two cell types.  114 
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In Drosophila, the transcription factor broad has been well studied as having a key role 115 

during fly metamorphosis, and is necessary for the transition from larvae to pupae (Bayer et al., 116 

1996; Karim et al., 1993; Restifo & White, 1991). Broad is expressed across tissues in the 117 

prepupal stages, induced through the global ecdysone hormone cascade that drives metamorphic 118 

events (Bayer et al., 1996; Brennan et al., 2001; Emery et al., 1994; Huet et al., 1993; Mugat et 119 

al., 2000; Zhou et al., 2009). Broad has also recently been implicated in the early cell patterning 120 

of type II neuroblasts (El-Danaf et al., 2023), working as a temporal transcription factor. Despite 121 

being well studied within the early stages of pupal development, very little is known of its ability 122 

to terminally differentiate cells.  123 

Here, we investigate the role of the transcription factor broad as a terminal selector that 124 

differentiates two closely related VPNs during development, evaluating putative changes in 125 

cellular identity that result through perturbations of this program. Through the knock-down of 126 

broad in LPLC1 cells and the overexpression of broad in LPLC2 cells, we investigate 127 

morphological changes that indicate altered terminal identity. We establish differences between 128 

LPLC1 and LPLC2 synaptic partners using connectome datasets and use whole-cell patch clamp 129 

electrophysiology and optogenetics to determine how perturbing broad expression alters synaptic 130 

partner specificity and functional connectivity. Finally, we perform single-cell RNA sequencing 131 

after broad perturbation to evaluate the impact of individual broad isoforms on transcriptional 132 

identity. Our work elucidates mechanisms that define terminal cellular identity, establishing a 133 

role for broad as a terminal selector and revealing a minimal unit required to distinguish final 134 

and unique cell type identity. 135 

 136 

RESULTS 137 
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broad is differentially expressed between LPLC1 and LPLC2. 138 

 139 

Figure 1: The transcription factor broad is differentially expressed between LPLC1 and 140 

LPLC2.  141 

(a) Fly brain schematic dorsal view illustrating single LPLC1 and LPLC2 neuron projection patterns. 142 

(b) Mesh reconstruction (Dorkenwald et al., 2022) of LPLC1 (left) and LPLC2 (right) populations within 143 

an anterior view of the fly brain. A single LPLC1 (left) and LPLC2 (right) drawing has been overlaid onto 144 

these populations. 145 

(c) Heatmaps showing expression of transcription factors in developing LPLC1 and LPLC2 neurons, data 146 

from (Kurmangaliyev et al., 2020). Columns are highly expressed genes that define these two cell-types, 147 

and rows indicate hours after pupae formation (APF). The average normalized expression is shown as 148 

log-transformed TP10K values (transcripts-per-10,000 UMI). See Methods for details.  149 

(d) Broad protein labeling displaying broad positive LPLC1 cell bodies (left) and broad negative LPLC2 150 

cell bodies (right). Scale bar = 20 µm. Insets feature a zoomed in single plane with arrowheads pointing to 151 

individual cell bodies. Inset scale bar = 5 µm. 152 

(e) Quantification of broad positive somata in three LPLC1 driver lines and one LPLC2 driver line. N ≥ 6 153 

animals for all conditions. Kruskal Wallis (p = 7.31e-8), Dunn-Sidak post hoc. * = p<0.05, ** = p<0.01, 154 

*** = p<0.001. 155 
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 156 

To identify candidate terminal selectors that may control differential terminal 157 

characteristics between LPLC1 and LPLC2, we referenced the scRNA-seq transcriptional atlas 158 

of the D. melanogaster visual system (Kurmangaliyev et al., 2020) and identified all 159 

transcription factors that are highly expressed in the developing LPLC1 and LPLC2 neurons 160 

(Figure 1c). Only two transcription factors, Eip93F and broad, were differentially expressed 161 

between these two cell types. However, only broad had an ‘on-off’ expression pattern that was 162 

maintained throughout development (Figure 1c), giving us reason to believe broad may help 163 

differentiate these two cell types. The time points 24-96 hours after pupal formation (h APF) are 164 

when LPLC1 and LPLC2 establish their morphology and wire into circuits (McFarland et al., 165 

2024). We therefore hypothesized that broad is a key factor in differentiating LPLC1 from 166 

LPLC2, acting as a terminal selector to establish LPLC1 identity. We then validated that broad 167 

protein expression patterns matched the on-off mRNA expression patterns from scRNA-seq data 168 

with immunolabeling, confirming broad was only expressed in LPLC1 cell bodies (Figure 1d,e).  169 

 170 

Changes in broad expression induce morphological changes in LPLC1 and LPLC2.  171 

If broad is acting as a terminal selector to differentiate LPLC1 from LPLC2, 172 

perturbations in broad expression should directly impact the wiring programs of these cells, for 173 

instance, causing LPLC1 to resemble LPLC2. To investigate our terminal selector hypothesis, 174 

we knocked down broad in LPLC1 using two different RNAi lines that target all broad isoforms 175 

(Perkins et al., 2015).  176 

We found both broad knock-down conditions led to alterations in LPLC1 axon 177 

morphology and targeting. The total volume occupied by axon terminals for the broad RNAi-1 178 
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condition increased slightly (Figure 2a,b), suggesting that these axons are occupying more space, 179 

extending outside of the LPLC1 glomerulus region. Surprisingly, we observed a decrease in total 180 

volume occupied by axon terminals for the broad RNAi-2 condition (Figure 2a,b), accompanied 181 

by an overall decrease in the number of LPLC1 somata (Supplementary Figure 1). We reasoned 182 

this decrease may occur because a portion of perturbed neurons are no longer fully being 183 

recognized by the LPLC1 driver line when broad expression is decreased. We found 184 

fluorescence within the LPLC1 glomerulus was not significantly changed after broad knock-185 

down in LPLC1 (Figure 2c,d). Both knock-down conditions did however lead to LPLC1 axonal 186 

tracts targeting the LPLC2 glomerulus (Figure 2e,f). These data suggest broad expression in 187 

LPLC1 establishes its axon morphology, and the loss of broad in LPLC1 redirects its axons 188 

towards LPLC2 targets.  189 
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 190 

Figure 2: Knock-down of broad in LPLC1 cells results in ectopic axonal branching into the 191 

LPLC2 glomerulus.  192 

(a) Maximum projection images of axons tracts for control LPLC1 and broad knock-down (broad RNAi-193 

1 and broad RNAi-2) LPLC1 cells. Scale bar = 20 µm. 194 

(b) Quantification of overall axonal volume of each condition in (a). N ≥ 4 animals for each condition. 195 

Kruskal Wallis (p = 2.98e-04), Dunn-Sidak post hoc. * = p<0.05, ** = p<0.01, *** = p<0.001. 196 

(c) Single plane images depicting the innervation of the LPLC1 glomerulus by LPLC1 axons. Scale bar = 197 

20 µm. 198 
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(d) Quantification of LPLC1 axon density (corrected total cell fluorescence, CTCF) in the LPLC1 199 

glomerulus shown in (c). N ≥ 4 animals for each condition. Kruskal Wallis (p = 1.84e-04), Dunn-Sidak 200 

post hoc * = p<0.05, ** = p<0.01, *** = p<0.001. 201 

(e) Single plane images depicting the innervation of the LPLC2 glomerulus by LPLC1 axons. Scale bar = 202 

20 µm. 203 

(f) Quantification of LPLC1 axon density (CTCF) in the LPLC2 glomerulus shown in (e). N ≥ 4 animals 204 

for each condition. Kruskal Wallis (p = 0.0053), Dunn-Sidak post hoc * = p<0.05, ** = p<0.01, *** = 205 

p<0.001. Scale bar = 20 µm. 206 

We note we did not witness a full targeting switch for the axons, which could be due to 207 

physical competition with LPLC2 for space on postsynaptic partners (McFarland et al., 2024). 208 

We also witnessed no morphological changes to LPLC1 dendrites with broad knock-down 209 

(Figure 2g), which could signify a limiting time-lag between RNAi expression and subsequent 210 

protein knock-down (Yao et al., 2015). Terminal selectors are thought to require early and 211 

sustained expression across development, and as our split-GAL4 LPLC1 line turns on at around 212 

12h-24h APF (McFarland et al., 2024), these RNAi tools may not start working early enough to 213 

completely alter axon targeting and dendrite morphology. 214 
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 215 

Figure 3: broad-z3 and broad-z4 overexpression in LPLC2 cells result in LPLC1-like 216 

morphologies. 217 

(a) (top) Innervation of the lobula for control LPLC2 cells, broad-z3 LPLC2 cells, broad-z4 LPLC2 cells, 218 

and control LPLC1 cells. Scale bar = 20 µm. (bottom left) Single cell morphology of cells within the 219 

lobula. Scale bar = 20 µm. (bottom right) Single cell morphology of cells within the lobula plate. N ≥ 6 220 

animals for each condition. Scale bar = 20 µm. 221 

(b) Innervation of the LPLC1 glomerulus for control, broad-z3, and broad-z4 LPLC2 cells.  222 

(c) Quantification of LPLC2 axon density (CTCF) in the LPLC1 glomerulus shown in (b). N ≥ 6 animals 223 

for each condition. Kruskal Wallis (p = 0.0034), Dunn-Sidak post hoc * = p<0.05, ** = p<0.01, *** = 224 

p<0.001. Scale bar = 20 µm.  225 

Based on our finding that the knock-down of broad changes LPLC1 axonal projection 226 

targeting towards LPLC2 targets in the central brain, we next investigated whether the 227 

overexpression of broad could alter the morphology of LPLC2 to resemble LPLC1. We 228 

expressed individual isoforms of broad in LPLC2 and found only two (broad-z3 and broad-z4) 229 

affected LPLC2 morphology (Figure 3 and Supplementary Figure 2). At the level of the 230 
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dendrites, LPLC2 innervates layers 4-5B of the lobula, but broad-z3 or broad-z4 overexpression 231 

resulted in dendritic innervation across layers 2-5B of the lobula, which is the typical innervation 232 

pattern of LPLC1 (Figure 3a) (Wu et al., 2016). 233 

To better resolve individual morphologies, we used the MultiColor FlpOut (MCFO) 234 

technique (Nern et al., 2015) to sparsely label control LPLC1 cells, control LPLC2 cells, broad-235 

z3 LPLC2 cells and broad-z4 LPLC2 cells (Figure 3a). As observed when labeling the full 236 

population, we found at the single cell level broad-z3 and broad-z4 overexpression in LPLC2 237 

cells caused the lobula dendrites to exhibit LPLC1-like morphology. Sparse labeling also 238 

enabled us to resolve dendrite arborization patterns in the lobula plate. We found control LPLC2 239 

cells to arborize in LoP1-4 and control LPLC1 cells to arborize in LoP2-4 (Figure 3a), consistent 240 

with current literature (Tanaka & Clark, 2022; Wu et al., 2016). Furthermore, we found that only 241 

broad-z4 changed LPLC2 dendritic innervations pattern within the lobula plate to LoP2-4, 242 

resembling LPLC1 dendrites. 243 

We next investigated how broad-z3 and broad-z4 overexpression changes the axonal 244 

morphology of LPLC2 cells. We found broad-z4 LPLC2 axons innervated the LPLC1 245 

glomerulus (Figure 3b,c), suggesting the expression of broad-z4 is sufficient to redirect LPLC2 246 

axons towards LPLC1 postsynaptic targets. Overall, broad-z4 demonstrated the most significant 247 

alterations in terminal LPLC2 morphology across the lobula, lobula plate, and axonal terminals. 248 

We also note that broad-z4 overexpression in adult LPLC2 cells consistently appeared to 249 

lead to a loss of dendrites in the dorsal half of the lobula and lobula plate (Figure 3a), and a 250 

decrease in the overall number of LPLC2 somata. Upon further examination, however, we found 251 

the “missing” population was weakly labeled by the LPLC2 driver line, indicating the driver line 252 
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may have difficulty recognizing these perturbed cells as still being LPLC2 (Supplementary 253 

Figure 3).  254 

 255 

Figure 4: T2 cells are now connected to LPLC2 cells with the overexpression of broad. 256 

(a) Presynaptic inputs greater than 1% of total synapse counts to LPLC1 and LPLC2.  257 

(b) Mesh reconstruction (Dorkenwald et al., 2022; Schlegel et al., 2023; Zheng et al., 2018) of a 258 

representative (left) LPLC1 or (right) LPLC2 neuron. Approximate lobula layers have been boxed over 259 

the dendrites. Scalebar = 15 µm. 260 

(c) Mesh reconstructions of all synapses (colored circles) from Tm5f, Tm20, Tm4, and T2 neurons 261 

(Buhmann et al., 2021; Dorkenwald et al., 2022; Heinrich et al., 2018; Schlegel et al., 2023; Zheng et al., 262 

2018) on a (left) LPLC1 and a (right) LPLC2 neuron. Scalebar = 10 µm. 263 
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(d) Schematic illustrating whole-cell electrophysiology and optogenetics setup with light delivery through 264 

the objective.  265 

(e) Average responses for LPLC2 with and without broad isoform overexpression when T2 are 266 

optogenetically activated.  267 

(f,g) Quantification of (f) peak depolarization and (g) activation latency. N = 4 animals for each 268 

condition. Wilcoxon Rank Sum Test, * = p<0.05.   269 

 270 

 LPLC2 cells have altered connectivity resulting from broad overexpression. 271 

The observed alterations in layer specific dendrite targeting suggest there may be a 272 

change in synaptic partners that occurs when broad is expressed in LPLC2, with LPLC2 273 

receiving inputs from lobula or lobula plate cell types normally reserved for LPLC1. To establish 274 

which changes in synaptic partners could occur with broad expression, we used the Full Adult 275 

Fly Brain (FAFB) electron microscopy (EM) dataset (Dorkenwald et al., 2022; Zheng et al., 276 

2018), to determine the presynaptic inputs for LPLC1 and LPLC2 (Figure 4a). While we found 277 

Tm5f, Tm20, and Tm4 (Supplementary Figure 5) to provide strong inputs to both LPLC1 and 278 

LPLC2 populations, we found T2 cells to provide one of the largest differences in lobula 279 

presynaptic inputs between LPLC1 and LPLC2 (Figure 4a,c). T2 neurons form synapses with 280 

LPLC1 in layers 2 and 3 of the lobula, but do not provide a major synaptic input to LPLC2. 281 

Since LPLC2 that overexpress broad-z3 and broad-z4 show novel dendritic innervations in 282 

layers 2 and 3 of the lobula, we hypothesized broad expressing LPLC2 may be forming direct, 283 

functional synapses with T2 in these layers. 284 

To investigate whether these putative synapses between T2 and broad expressing LPLC2 285 

were functional, we combined optogenetic activation of T2 with whole-cell electrophysiology 286 

recordings from LPLC2 to assess direct synaptic coupling (Figure 4d,e). From these recordings, 287 
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we found that LPLC2 cells expressing broad-z3 have a significantly larger depolarization when 288 

T2 cells are optogenetically activated, as compared to control LPLC2 cells (Figure 4e,f). We also 289 

find broad-z3 LPLC2 responses exhibit a shorter latency than control responses, suggesting 290 

direct synaptic coupling (Figure 4e,g). Our results suggest that the overexpression of broad-z3 is 291 

sufficient to change connectivity in LPLC2 cells, and that LPLC2 cells are now functionally 292 

connected to T2 cells. 293 

 294 
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Figure 5:  Overexpression of broad-z4 recodes transcriptional identities of LPLC2 cells. 295 

(a)  Experimental design of the multiplexed single-cell Perturb-Seq experiment. F1-generation of pupae 296 

carry the LPLC2 split-Gal4 driver (OL0048B), a nuclear GFP reporter (UAS-H2A-GFP), an 297 

overexpression or control construct (ctrl, broad-z3, broad-z4), and a replicate-specific wild-type X-298 

chromosome (DGRP). LPLC2 neurons were purified and used for scRNA-seq at two timepoints (48h and 299 

72h APF). Each experimental condition was replicated 3-5 times. The analysis at 48h APF is shown in (b-300 

g); the analysis at 72h APF is shown in Supplementary Figure 4. See Methods for more details.  301 

(b) t-distributed stochastic neighbor embedding (tSNE) plots are used only for visualization of the 302 

clustering of the data. Left, cells are color coded based on unsupervised clustering; Right, cells are color 303 

coded based on experimental conditions.  304 

(c) Cell counts across clusters and conditions.  305 

(d) Expression levels of LPLC2-specific transcription factors (Kurmangaliyev et al., 2020; Ozel et al., 306 

2022) nuclear GFP reporter, and two genes enriched in ectopic, non-LPLC2, clusters (X4/X5). 307 

(e) Correlation analysis between transcriptional profiles of LPLC1 and LPLC2 neurons from the 308 

developmental atlas (Kurmangaliyev et al., 2020) and LPLC2 neurons in each experimental condition. 309 

Comparisons are based on differentially expressed genes (DEGs) between LPLC1 and LPLC2 from (f). 310 

Circles are Pearson’s r for individual replicates; boxplots are distributions. 311 

(f) Heatmaps of expression patterns of DEGs between LPLC1 and LPLC2 at 48h APF. Expression 312 

patterns are shown in the atlas (top) and for each condition and replicate. DGRP lines for each X 313 

chromosome and replicate are indicated. See Methods for thresholds. 314 

(g) Coverage plots of scRNA-seq reads at the 3’-UTR region of broad in the atlas and Perturb-seq 315 

datasets. Most of the reads support the expression of the broad-z4 isoform in LPLC1 neurons. Note that 316 

coverage of the overexpression constructs is restricted to the coding regions of corresponding transcripts.  317 

 318 

broad-z4 recodes transcriptomes of LPLC2 cells into LPLC1-like cells.  319 
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Our data to this point suggest broad establishes aspects of morphology and functional 320 

connectivity of LPLC1 cells, distinguishing them from LPLC2, as predicted if broad is acting as 321 

a terminal selector. One outstanding question of terminal selectors is to what extent they 322 

determine identity. Do they only serve to control a subset of terminal characteristics, or do they 323 

have the capacity to fully switch cell type identity? We therefore investigated whether broad’s 324 

control extended beyond morphology to change the transcriptional profile of LPLC2 to resemble 325 

LPLC1. To investigate to what extent broad determines neuronal identity, we performed a 326 

single-cell RNA sequencing experiment of purified LPLC2 cells in wild-type (control) and broad 327 

overexpression conditions (Perturb-seq). To minimize technical variation between experimental 328 

conditions, we leveraged a genetic multiplexing strategy using wild-type chromosomes from the 329 

Drosophila Genetic Reference Panel (DGRP) strains as molecular tags for individual replicates 330 

(Figure 5a) (Huang et al., 2014; Kang et al., 2018; Mackay et al., 2012). This strategy was 331 

previously used for high-throughput multiplexed profiling of developmental trajectories of 332 

neurons (Kurmangaliyev et al., 2020) and genetic perturbations of neurons (Jain et al., 2022). 333 

We purified and sequenced LPLC2 cells overexpressing broad-z3, broad-z4, and a 334 

control genotype at 48h and 72h APF (Figure 5, Supplementary Figure 4), as many aspects of 335 

cell type identity and wiring patterns are established at these stages of development 336 

(Kurmangaliyev et al., 2020; McFarland et al., 2024). Overexpression of the two different broad 337 

isoforms resulted in two transcriptionally distinct populations of LPLC2 neurons indicating 338 

significant and distinct transcriptional effects of each isoform (Figure 5b-d, Supplementary 339 

Figure 4a-c).  340 

Next, we compared expression profiles of broad-expressing LPLC2 neurons to wild-type 341 

LPLC1 and LPLC2 neurons obtained from the developmental atlas of the Drosophila visual 342 
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system (Kurmangaliyev et al., 2020). The correlation analysis based on differentially expressed 343 

genes between LPLC1 and LPLC2 revealed distinct effects of the broad isoforms (Figure 5e-f). 344 

Transcriptomes of broad-z3 LPLC2 neurons differed from both wild-type LPLC1 and LPLC2 345 

neurons, but were more similar to wild-type LPLC2 neurons. In contrast, broad-z4 LPLC2 346 

neurons became more similar to wild-type LPLC1 than wild-type LPLC2 neurons. Taken 347 

together, our data suggest that broad-z4 acts as a terminal selector between developing LPLC1 348 

and LPLC2 cells, and acts as a key determining factor that establishes final transcriptional cell 349 

identity during these late-stages of neuronal development. 350 

Given that our Perturb-seq data implicate broad-z4 in switching identity between LPLC1 351 

and LPLC2, we investigated what isoform is present natively in control LPLC1 cells. The broad 352 

gene is comprised of four isoforms, linking a common 5’ N-terminal to one of four pairs of 3’ 353 

zinc fingers. Since the atlas of the developing visual system generated 3’ RNA reads, we were 354 

able to determine which broad isoforms are expressed in each cell type. Four annotated isoforms 355 

of broad differ by zinc-finger domains encoded by alternative exons at 3’-UTR of the gene 356 

(Gramates et al., 2022). Excitingly, the analysis of scRNA-seq reads coverages in wild-type 357 

datasets showed that LPLC1 cells only express the broad-z4 isoform (Figure 5g). These data 358 

corroborate our morphological studies, as broad-z4 is the only isoform that induces 359 

morphological changes of LPLC2 at both their axons and dendrites. Our data suggest that while 360 

broad may be the distinguishing transcription factor between LPLC1 and LPLC2, the regulatory 361 

control it exerts is at the level of the isoform, and the differences between LPLC1 and LPLC2 362 

cells are controlled by the broad-z4 isoform. 363 

 364 

DISCUSSION 365 
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Terminal selector genes are thought to establish the terminal characteristics that define final 366 

cell identities (Hobert, 2008; Hobert, 2016). Final identity often requires a unique combinatorial 367 

expression of terminal selectors to implement all terminal characteristics (Allan & Thor, 2015; 368 

Hobert, 2016; Ozel et al., 2022). In this work, we elucidate one gene, broad, that is able to act as 369 

a terminal selector to differentiate neuronal identity between LPLC1 and LPLC2 cells through 370 

morphological, transcriptomic, and functional connectivity changes. Delving further, we find this 371 

control is exerted at the level of a single isoform, and that broad-z4 is capable of fully switching 372 

the identity of LPLC2 cells.  373 

We demonstrate a novel role for broad, working as a terminal selector to establish final and 374 

unique cellular identities within the fly visual system. Broad is best known to ensure appropriate 375 

stage-specific responses to hormone signaling during metamorphosis (Karim et al., 1993). Null 376 

mutations and deletions of broad lead to lethality at the end of the larval stage, indicating the 377 

requirement of broad for normal fly metamorphosis (Belyaeva et al., 1980; Kiss et al., 1988; 378 

Kiss et al., 1976; Restifo & White, 1991). More recent works have implicated broad as a 379 

temporal transcription factor, working in a cascade to pattern developing type II neuroblasts (El-380 

Danaf et al., 2023). Through both temporal and spatial patterning, the nervous system is able to 381 

re-use the same genes in different contexts to allow a brain to overcome the wiring problem 382 

inherent to a brain—the idea that the number of connections in a brain outnumber the number of 383 

genes it has by several orders of magnitude (Hassan & Hiesinger, 2015). The function of broad 384 

as a terminal selector may be specific in converting LPLC2 into LPLC1 neurons, but broad may 385 

be capable of acting as a terminal selector across multiple cell types. Future work should 386 

investigate whether broad exerts control over the same terminal characteristics and utilizes the 387 

same mechanisms to exert its control. 388 
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We find broad’s terminal selector effects are specific to the individual broad isoform. Broad 389 

encodes four major protein isoforms, broad-z1, -z2, -z3, and -z4. These isoforms share a common 390 

animo-terminal core region but differ in their carboxy-terminal Zn fingers (Bayer et al., 1997; 391 

DiBello et al., 1991). Broad, formerly called Broad-Complex or BR-C, is known to encode for 392 

three functions throughout the Drosophila central nervous system: br (broad), rbp (reduced 393 

bristle number on palpus), and 2Bc (Belyaeva et al., 1980; Kiss et al., 1988). All three functions 394 

control aspects of CNS reorganization: br+ is required for leg and wing imaginal disc 395 

morphogenesis and tanning and hardening of the larval cuticle, rbp+ is required for muscle and 396 

bristle development, 2Bc+ is required for the closure of the thoracic epidermis (Bayer et al., 397 

1997; Crossgrove et al., 1996). The br function is thought to be provided by the -z2 isoform, the 398 

rbp function by the -z1 and -z4 isoforms, and the 2Bc by the -z3 isoform (Bayer et al., 1997). 399 

Here we define an additional, novel role for the broad-z4 isoform as a terminal selector of 400 

LPLC1 cells. Broad-z4 is the isoform present in native LPLC1 cells (Figure 5g) and 401 

perturbations of broad-z4 result in the most significant switching of LPLC2 to LPLC1-like 402 

morphology at both the axons and the dendrites of these cells (Figure 3), as well as an LPLC1-403 

like switch in transcriptional identity (Figure 5).  404 

Interestingly, broad-z3 also seems to have an effect on changing LPLC2 morphology and 405 

gene expression profiles, albeit to a lesser extent. Previous studies have indicated that there may 406 

be partial functional redundancy among the different broad isoforms. One type of rbp mutant 407 

(resulting in reduced bristle numbers) are fully rescued by the -z1 broad isoform but also 408 

partially rescued by the -z4 broad isoform (Bayer et al., 1997).  Similarly, 2Bc lethality can be 409 

rescued by broad-z3 protein expression, but also partially rescued by broad-z2 protein expression 410 

(Bayer et al., 1997). Here, we support these past findings that different broad isoforms have 411 
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functional redundancies, but in a new context. In addition to the hydrophobic residues, cysteines, 412 

and histidines present in all C2H2 zinc-finger proteins (Miller et al., 1985), there is a high degree 413 

of similarity within the different zinc-finger domains (Bayer et al., 1996). The DNA binding 414 

domain of the -z3 isoform, for instance, is quite similar to that of the -z4 isoform (Bayer et al., 415 

1996), and the redundancy that we see between the two isoforms could be based on structural 416 

similarity. Broad-z4, however, is the only isoform with a 5’ untranslated sequence of cDNA that 417 

diverges from the core sequence at position 163 kb (Bayer et al., 1996). This sequence specific to 418 

the -z4 isoform may be part of the reason why the -z4 isoform has such strong effects on 419 

changing terminal identity of LPLC2 cells. Previous studies have also found terminal selectors to 420 

act at the level of the isoform, however these studies have often focused their investigations on 421 

only a few aspects of terminal identity such as morphology, neurotransmitter identity, and the 422 

altered expression of downstream genes (Ahn et al., 2022; Campbell & Walthall, 2016; Chu et 423 

al., 2024; Neville et al., 2014; Pereira et al., 2019; Remesal et al., 2020). 424 

Here, we quantitatively demonstrate how a terminal selector results in functional changes in 425 

synaptic specificity, expanding beyond changes in morphology and gene expression that have 426 

been a common read out for terminal selectors. Overexpression of an LPLC1 terminal selector, 427 

broad, in LPLC2 cells causes them to be synaptically coupled to T2 cells, which are LPLC1-428 

specific synaptic partners. We anticipate broad-LPLC2 cells would have different visual tuning, 429 

as they now receive novel visual information, and would demonstrate responses matched to 430 

LPLC1 tuning for visual stimuli such as small moving squares or back-to-front motion 431 

(Klapoetke et al., 2022; Tanaka & Clark, 2022). 432 

Terminal selectors are thought to activate cell-type specific effector genes that define the 433 

final differentiated identity of a mature neuron (Hobert & Kratsios, 2019). Differentially 434 
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expressed genes from our Perturb-seq experiment may give insights as to target genes where 435 

broad exerts its regulatory control. Loss of broad results in altered expression of numerous 436 

genes, including cellular adhesion molecules that control synaptic specificity, as seen in our own 437 

Perturb-seq dataset. Other studies have found loss of a terminal selector to result in changes in 438 

gene expression including TFs, GPCRs, and ion channels (Hobert, 2016; Ozel et al., 2022; Wyler 439 

et al., 2016). Further chromatin binding studies such as ChiP-seq or DamID-seq would be 440 

required to definitively determine what downstream targets broad regulates.  441 

Work in C. elegans has proposed terminal selectors for 98/118 neuron classes (Hobert, 442 

2021), yet in other invertebrates and vertebrates, terminal selectors have bene identified in very 443 

few cell types. Our identification here of a terminal selector that specifies unique and final cell 444 

identities provides the most in-depth characterization of changes in identity that result from 445 

perturbing a terminal selector. The methodology here may also serve as a general framework as 446 

to how terminal selectors may be identified and evaluated in the future. The identification of 447 

terminal selectors enables further investigations into the mechanisms, downstream of terminal 448 

selectors, by which final cell identity characteristics are established. A failure to appropriately 449 

establish identity and maintain terminal characteristics may underlie neurodevelopmental and 450 

neuropsychiatric disorders, and many terminal selectors have orthologs in humans that have been 451 

involved in these disease states (Chao et al., 2017; Deneris & Hobert, 2014; Sahay & Hen, 2007; 452 

Sleven et al., 2017). In fact, the human ortholog of broad is BTBD18, and the genetic loci where 453 

it resides has recently been discovered to be linked to schizophrenia (Schizophrenia Working 454 

Group of the Psychiatric Genomics, 2014). The future impact of this work may therefore yield 455 

strategies to resolve or redefine neuronal identity in a clinical setting.  456 

 457 
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MATERIALS AND METHODS 458 

 459 

Fly Stocks and developmental staging 460 

Drosophila melanogaster were reared on a standard molasses, cornmeal, and yeast diet 461 

(Archon Scientific) and kept at 25°C and 60% humidity on a 12-hour light/dark cycle throughout 462 

development. For optogenetics experiments, larval flies were raised in the dark on low retinal 463 

food (standard food plus 0.2 mM retinal) and switched to high retinal food (standard food plus 464 

0.4 mM retinal) upon eclosion. For developing pupal experiments, white pre-pupae (0h APF) 465 

were collected and incubated for the indicated number of hours. All experiments were performed 466 

on staged pupae or adult female flies 2-5 days post-eclosion. Fly genotypes are listed in 467 

Supplemental Table 1. 468 

 469 

Visualization of single-cell morphology 470 

To visualize single cells of LPLC1 and LPLC2, we used MultiColor FlpOut (MCFO) 471 

(Nern et al., 2015), a genetic method capable of sparsely labeling individual cells of a neuronal 472 

population in multiple colors. 0–1-day old adult flies were heat shocked for 12-13 minutes to 473 

induce sparse labeling of LPLC1 or LPLC2.  474 

 475 

Immunohistochemistry  476 

All dissections were performed in ice-cold Schneider’s insect media (S2, Sigma Aldrich, 477 

#S01416) to avoid tissue degradation. Brains were then transferred to a 1% paraformaldehyde 478 

(20% PFA, Electron Microscopy Sciences, #15713) in S2 solution and fixed overnight at 4°C 479 

while rotating. Fixed brains were quickly rinsed 3 times and then washed 4 x 10 min with 480 
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phosphate buffered saline (pH 7.4) with 0.5% Triton X-100 (PBST) (Sigma-Aldrich, 9002-93-1). 481 

Brains were next blocked with 5% Normal Goat Serum (Gibco, 16210064) in PBST (PBST-482 

NGS) in for at least 1.5 hr while rotating at RT. Brains were incubated with primary antibodies 483 

in PBST-NGS overnight at 4°C while rotating and washed 3 x 30 min with PBST the next day. 484 

Brains were then incubated with secondary antibodies in PBST-NGS overnight at 4°C while 485 

rotating, and again washed 3 x 30 min with PBST the next day. Prior to Dylight™ antibody 486 

incubation, brains were blocked with 5% Normal Mouse Serum (Invitrogen 31880) in PBST 487 

(PBST-NMS) for at least 1.5 hr while rotating at RT. Brains were incubated in DyLight™ 488 

antibodies in PBST-NMS overnight at 4°C followed by a minimum of 3 x 30 min PBST washes. 489 

After immunostaining, brains were fixed in a 4% PFA in PBS solution for 45 min at RT, 490 

followed by 3 x 30 min PBST washes. Brains were then mounted on Poly-L-lysine (Sigma-491 

Aldrich, 25988-63-0) coated glass coverslips (#1.5). Brains were dehydrated in increasing 492 

concentrations of ethanol (30%, 50%, 70%, 95%, 100%, 100%) (Decon Labs, 2705HC) for 5 493 

min at each concentration, and then transferred to 100% xylene (Thermofisher scientific, 1330-494 

20-7) for 5 min to clear the brains. Brains were transferred to fresh 100% xylene for another 5 495 

min. Brains were then embedded in DPX (Electron Microscopy Services, 13510) mounting fluid 496 

by dropwise application over the affixed brains (~5-7 drops). The coverslip was then inverted 497 

over a microscope slide that had two coverslip spacers (#1) affixed to it with UV glue. The DPX 498 

medium was left to cure at RT for at least 24 hr before imaging.  499 

Immunostaining was performed using the following antibodies: mouse anti-nc82 (1:40, 500 

DSHB, RRID: AB_2314866), mouse anti-broad (1:250, DSHB, RRID: AB_528104), rat anti-501 

DYDDDDK (1:200, Novus Biologicals, RRID: NBP1-06712SS), Alexa Fluor 647 goat anti-502 

mouse (1:400, Thermo Fisher Scientific, RRID: AB_141725), Alexa Fluor 488 goat anti-rat 503 
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(1:400, Thermo Fisher Scientific, RRID: AB_2534074), 488 anti-HA DyLight™ (1:400, Thermo 504 

Fisher Scientific, RRID: AB_2533051), and 550 anti-V5 DyLight™ (1:400, Bio-Rad Antibodies, 505 

RRID: MCA1360D550GA). 506 

 507 

Confocal Imaging 508 

All fluorescent images were acquired on an Olympus FV1000 confocal microscope with 509 

a 60x, 1.42 NA oil immersion objective (UPlanSApo). For any image quantification, acquisition 510 

settings and figure brightness and contrast were kept consistent across samples. Otherwise, 511 

parameters for acquisition and figure generation were optimally adjusted. 512 

 513 

Image Analysis  514 

Analyses of morphological data were performed using custom MATLAB scripts. To 515 

quantify axonal volume throughout the z-stack of a confocal image, neuronal signal was first 516 

thresholded using FIJI’s RenyiEntropy auto thresholding function and then binarized in 517 

MATLAB. A region of interest (ROI) was manually drawn and used to restrict axonal 518 

quantification to the axons only. The total number of positive pixels was then calculated, and the 519 

overall volume was obtained by multiplying the total pixel count by the image voxel size. 520 

To quantify fluorescence within a glomerulus, the middle plane of the glomerulus was 521 

first outlined as an ROI according to the Bruchpilot (Brp) stain. Using the ROI, the integrated 522 

density signal and area were then taken using the Measure function in Fiji (Schindelin et al., 523 

2012). Corrected total cell fluorescence was then calculated according to the following formula: 524 

integrated density – (area * mean fluorescence of background). The Brp stain was also used to 525 

visually identify the lobula and lobula plate layers for scoring.  526 
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 527 

Connectomics Data Analysis 528 

To determine connectivity partners of LPLC1 and LPLC2 all neurons labeled as LPLC1 529 

(72) and LPLC2 (100) were identified on the right side of the FAFB dataset hosted in the 530 

FlyWire codex (version 783; https://codex.flywire.ai/app/search) (Dorkenwald et al., 2022; 531 

Matsliah et al., 2024; Schlegel et al., 2023; Zheng et al., 2018). The right side of the brain was 532 

selected as the right optic lobe has been extensively characterized, and individual neurons within 533 

the fly’s visual system have been identified and proofread (Matsliah et al., 2024). Presynaptic 534 

inputs to the entire LPLC1 and LPLC2 populations were retrieved using Python and identified 535 

from the FAFB dataset utilizing a confidence metric (cleft_score) of 30 for individual synapses. 536 

For each population, a list of synapses, along with coordinate information, presynaptic neuron 537 

ID, postsynaptic neuron ID, and cleft_score for each synapse was obtained (Buhmann et al., 538 

2021; Dorkenwald et al., 2022; Heinrich et al., 2018; Zheng et al., 2018). For all analyses of 539 

connectivity, only the presynaptic neurons with synapses in the dendritic arbors in the lobula and 540 

lobula plate were considered and identified. A total of 30062 unique presynaptic inputs to both 541 

the LPLC1 and LPLC2 populations were identified. However, only 29429 of those neurons 542 

provided synaptic input to the dendrites in the lobula and lobula plate. Individual neurons that 543 

made less than five total synapses to both populations were not identified and were labeled as 544 

‘nan’. Neurons that made five or more synapses but were not identified/labeled in the current 545 

version of the codex were labeled as unknown. All other neurons were labeled by their 546 

appropriate cell type according to the FlyWire codex (Dorkenwald et al., 2022; Matsliah et al., 547 

2024; Schlegel et al., 2023; Zheng et al., 2018). All neurons labeled as ‘nan’ or unknown were 548 

removed from all subsequent analyses. The major synaptic inputs were identified using 549 
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percentages of total synapses to LPLC1 dendrites by counting the number of synapses a given 550 

population made with LPLC1, considering presynaptic populations with a percentage of total 551 

inputs >1% as major synaptic inputs for each population. The same methodology was repeated 552 

for the LPLC2 population.  553 

For visual comparisons of synapse locations on two individual LPLC1 (FAFB neuron ID: 554 

720575940644654752) and LPLC2 (FAFB neuron ID:720575940611740569), individual mesh 555 

reconstructions and synaptic inputs were plotted using R (R version 4.0.5 (R: A Language and 556 

Environment for Statistical Computing, 2021)). For representative skeleton reconstructions of 557 

presynaptic inputs, the following representative example neurons were selected: Tm5f: 558 

720575940608888843, Tm20: 720575940627542018, Tm4: 720575940625995780, T2: 559 

720575940633643033. 560 

 561 

Electrophysiology and Optogenetics 562 

In vivo whole-cell electrophysiology and optogenetic stimulation were performed as 563 

described previously (von Reyn et al., 2017). Flies were anesthetized at 4°C with their head and 564 

thorax tethered to a polyether ether ketone plate with UV glue (Loctite 3972). The T1 legs were 565 

cut at the femur to avoid cleaning of the head. The proboscis was glued in its retracted position 566 

to decrease brain movement during the recording. Cuticle and trachea above the LPLC2 567 

population in the right side of the brain were removed and the brain was perfused with standard 568 

extracellular saline (NaCl 103 mmol, KCl 3 mmol, TES 5 mmol, trehalose·2H2O 8 mmol, 569 

glucose 10 mmol, NaHCO3 26 mmol, NaH2PO4 1 mmol, CaCl2·2H2O 1.5 mmol and 570 

MgCl2·6H2O 4 mmol; (Gouwens and Wilson, 2009)). To maintain a pH of 7.3, extracellular 571 

saline was adjusted to 270-275 mOsm and bubbled with 95% O2/CO2. All experiments were 572 
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performed at room temperature (20-22°C). Localized application of collagenase (0.5% in 573 

extracellular saline) with a glass electrode and mechanical pressure was used to break through 574 

the brain sheath, providing access to LPLC2 cell bodies. Patch-clamp electrodes (6-9 MΩ) 575 

containing intracellular saline (potassium aspartate 140 mmol, KCl 1 mmol, Hepes 10 mmol, 576 

EGTA 1 mmol, Na3GTP 0.5 mmol, MgATP 4 mmol, Alexafluor-568 5 µmol, 265 mOsm, 577 

pH 7.3) were used to target GFP-labeled LPLC2 soma. The membrane voltage was amplified via 578 

MultiClamp 700B, digitized (NI-DAQ, National Instruments) at 20 kHz, and low pass-filtered at 579 

6 kHz. Data were obtained using the Wavesurfer (https://wavesurfer.janelia.org/) open-source 580 

software running in MATLAB (MathWorks). Recordings were not adjusted for a 13mV liquid 581 

junction potential (Gouwens and Wilson, 2009). For recordings to be considered acceptable, an 582 

initial seal resistance of  >2 GΩ before rupture and a resting membrane potential of -38 mV was 583 

required. 584 

For optogenetic experiments, light was delivered (635 nm LED, Scientifica) through a 585 

40x objective. Light activation (100 ms) of T2 cell types expressing CsChrimson was delivered 5 586 

times at 30 second intervals with 3 repetitions, and recordings were taken from LPLC2 cells. 587 

 588 

Electrophysiological Analysis 589 

Analyses of LPLC2 membrane potential peak responses and response latency with 590 

respect to the start of the optogenetic light pulse were performed using custom MATLAB scripts. 591 

The peak magnitude of the LPLC2 response was measured during the light pulse after baseline 592 

(taken one second prior to the light pulse) subtracting the data. Activation latency was measured 593 

as the time at which the LPLC2 response exceeded 3 standard deviations of the baseline 594 

following optogenetic light stimulation. 595 
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 596 

Single-cell Perturb-Seq experiment 597 

Virgin females expressing a nuclear GFP reporter (UAS-His2A-GFP) and either broad 598 

overexpression constructs or a control (empty) chromosome were crossed to males carrying an 599 

LPLC2 split-GAL4 driver (OL0048b), as well as a unique isogenic wild-type X-chromosome 600 

from the Drosophila Reference Genetic Panel (DRGP) (Huang et al., 2014; Mackay et al., 2012). 601 

Each experimental condition was crossed to 3-5 unique DGRP genotypes (see Figure 5 for 602 

details). F1 generation females were collected at 0h APF and incubated for either 48h or 72h 603 

APF. 604 

All brains were dissected and collected in two Eppendorf tubes kept on ice, one for each 605 

timepoint (each timepoint was processed as a separate sample). Brains were incubated in a 606 

papain (Worthington #LK003178) and protease (Sigma-Aldrich #5401119001) cocktail at 25°C 607 

for 30 min, gently washed twice with PBS, then washed with 0.04% BSA in PBS and dissociated 608 

mechanically by pipetting. The resulting cell suspension was filtered through a 20 µm cell-609 

strainer (Corning #352235) and sorted by FACS (BD FACS Aria II) to isolate GFP-positive 610 

single cells and measure cell concentrations. 611 

Single-cell suspensions were used to generate scRNA-Seq libraries using the 10X 612 

Genomics Chromium Next GEM Single Cell 3’-kit (v3.1) following the manufacturer’s protocol. 613 

Each sample (timepoint) was loaded to a single lane of 10X Chromium with a targeted capture 614 

rate of 1,500 cells per sample. Two scRNA-Seq libraries were sequenced using one lane of 615 

NovaSeq 6000 SP platform (28bp + 91 bp). 616 

 617 

Single-cell RNA-Seq data processing 618 
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Raw reads were processed using 10X Cell Ranger (7.1.0) using the reference genome and 619 

transcriptome from FlyBase (release 6.29, (Gramates et al., 2022)). The reference genome and 620 

transcriptome were appended with the sequence of UAS-His2A-GFP reporter construct to 621 

quantify the levels of transgene expression. 622 

Single-cell transcriptomes from individual DGRP-marked biological replicates were 623 

demultiplexed based on genotypes of their unique DGRP X-chromosomes using demuxlet 624 

(version 2, https://github.com/statgen/popscle; (Kang et al., 2018)). The genotypes of DGRP 625 

strains (Huang et al., 2014; Mackay et al., 2012) were preprocessed as described in 626 

(Kurmangaliyev et al., 2020). Demultiplexing was based on genetic variants from 18 DGRP 627 

strains: 15 strains used in the experiment (not all genotypes yielded high-quality transcriptomes) 628 

and 3 strains as negative controls. Variants were filtered using the following criteria: (1) only bi-629 

allelic single-nucleotide polymorphisms (SNP) on X chromosome; (2) SNPs called in all 18 630 

strains (no missing data); (3) non-reference allele only in one of 18 strains. Since we do not have 631 

information about the exact genotypes of common maternal chromosomes in F1 heterozygotes, 632 

we have quantified allelic coverages of filtered SNPs using samtools mpileup (version 1.10; (Li, 633 

2011)). In heterozygous F1 progeny, the non-reference alleles on a common maternal 634 

chromosome are expected to have an allelic frequency of 0.5. Therefore, we only kept SNPs with 635 

a minimum coverage of 10 reads and a maximum non-reference allele frequency of 0.25. The 636 

resulting set of filtered DGRP SNPs was converted to heterozygous variants using a reference 637 

allele as a maternal genotype. In total, 6,765 SNPs were used for demultiplexing. Few cells were 638 

incorrectly assigned to the genotypes that were not used in the experiments (negative controls) 639 

confirming the accuracy of the demultiplexing step: in the 48h sample, 9 of 1484 cells were 640 
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assigned to negative controls (244 were “doublets/ambiguous”); in the 72h sample, 18 of 1101 641 

cells were assigned to the negative controls (138 were "doublets/ambiguous”). 642 

 643 

Single-cell RNA-seq data analysis 644 

Single-cell data analysis was performed using Seurat (5.0.1, (Hao et al., 2024)). Each 645 

sample (timepoint) was analyzed separately. We kept only high-quality single-cell 646 

transcriptomes that were assigned to the expected DGRP genotypes: (UMI/cell: minimum = 647 

10,000, maximum = 50,000; mitochondrial transcripts < 10%). The final datasets included 934 648 

cells for 48h APF and 818 cells for 72h APF. Cells were clustered using the standard Seurat 649 

pipeline with default parameters. Total numbers of UMI-per-cell were regressed out at the 650 

scaling step (function: ScaleData). Scaled expression values of 2000 highly variable genes were 651 

used for principal component analysis, and the first 7 principal components were used for a 652 

SNN-based (shared nearest neighbor) clustering (functions: FindNeighbors/FindClusters, 653 

resolution = 0.1). The same principal components were used to compute tSNE (t-Distributed 654 

Stochastic Neighbor) embeddings. t-SNE plots were used only for the visualization of datasets. 655 

Clusters corresponding to LPLC2 neurons were annotated based on the expression of known 656 

marker genes (Figure 5). 657 

The transcriptional profiles of LPLC2 neurons from the Perturb-Seq experiment were 658 

compared to the transcriptional profiles of LPLC1 and LPLC2 neurons in the single-cell atlas of 659 

the developing Drosophila visual system (Kurmangaliyev et al., 2020). The comparison was 660 

based on differentially expressed genes (DEGs) between LPLC1 and LPLC2 at 48h APF (there 661 

were too few LPLC1/LPLC2 cells in the atlas at 72h APF for a meaningful analysis). DEGs were 662 

identified using a Wilcoxon rank-sum test (function: FindMarkers, min.pct = 0.5, min.diff.pct = 663 
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0.5, pseudocount.use = 0.1). DEGs were filtered using the following criteria: adjusted p-value < 664 

0.01, fold-change > 4, and average normalized expression level > 2 (either in LPLC1 or LPLC2 665 

neurons at 48h APF). The log-scaled average expression profiles of the identified DEGs were 666 

compared between LPLC2 neurons in each experimental group in Perturb-Seq and 667 

LPLC1/LPLC2 clusters in the atlas using Pearson’s correlation coefficients (Figure 5). 668 

Expression patterns of genes of interest were visualized using heatmaps.  669 

The normalized expression values (transcripts-per-10,000, TP10K) were averaged at the 670 

levels of cell types, experimental groups, and/or replicates. The average expression values were 671 

log1p-transformed and capped at the maximum value of 20 (3 in log-space). The expression of 672 

transcription factors in LPLC1 and LPLC2 neurons in Figure 1c is shown for genes with a 673 

minimum expression value of 5 in any of the timepoints. 674 

 675 

Isoform analysis of atlas and Perturb-seq data 676 

The differential use of broad isoforms was visualized using read coverages at the 3’-UTR 677 

region of the gene. Reads corresponding to specific cell types, experimental groups, and time 678 

points were extracted from the Cell Ranger output bam-files using Sinto 679 

(https://github.com/timoast/sinto), quantified using deepTools2 (Ramirez et al., 2016), and 680 

visualized using Integrative genomics viewer (IGV) (Robinson et al., 2011). 681 

 682 

Statistical Analysis 683 

All boxplots were formatted where the dividing line inside the box indicates the median, 684 

the grey boxes contain the interquartile range, and the whiskers indicate the data points that fall 685 

within 1.5x the interquartile range. Outliers were denoted with a + sign. 686 
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Statistical tests were selected based on data distribution (Kolmogorov-Smirnov test, 687 

MATLAB) and sample size. All statistical tests are as stated in the figure captions. 688 

 689 

Data and Software Availability  690 

Information about and requests for data can be directed to and will be fulfilled by the 691 

Lead Contact, Catherine R. von Reyn. The single-cell transcriptional atlas of the Drosophila 692 

visual system is available on NCBI GEO (GSE156455) and Zenodo (8111612). The Perturb-Seq 693 

dataset will be available on NCBI GEO and Zenodo upon publication.  694 

 695 

Additional Resources  696 

Immunohistochemistry protocols for driver expression visualization and Multi-Color Flip 697 

Out: https://www.janelia.org/project-team/flylight/protocols.  698 
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