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SUMMARY

5

Advances in brain connectomics have demonstrated the extraordinary complexity of neural circuits.'”
Developing neurons encounter the axons and dendrites of many different neuron types and form synapses
with only a subset of them. During circuit assembly, neurons express cell-type-specific repertoires
comprising many cell adhesion molecules (CAMs) that can mediate interactions between developing
neurites.®® Many CAM families have been shown to contribute to brain wiring in different ways.%'° It has
been challenging, however, to identify receptor-ligand pairs directly matching neurons with their synaptic
targets. Here, we integrated the synapse-level connectome of the neural circuit'''2 with the developmental
expression patterns’ and binding specificities of CAMs®'® on pre- and postsynaptic neurons in the
Drosophila visual system. To overcome the complexity of neural circuits, we focus on pairs of genetically
related neurons that make differential wiring choices. In the motion detection circuit,’® closely related sub-
types of T4/T5 neurons choose between alternative synaptic targets in adjacent layers of neuropil.'? This
choice correlates with the matching expression in synaptic partners of different receptor-ligand pairs of
the Beat and Side families of CAMs. Genetic analysis demonstrated that presynaptic Side-Il and postsynaptic
Beat-VI restrict synaptic partners to the same layer. Removal of this receptor-ligand pair disrupts layers and
leads to inappropriate targeting of presynaptic sites and postsynaptic dendrites. We propose that different
Side/Beat receptor-ligand pairs collaborate with other recognition molecules to determine wiring specific-
ities in the fly brain. Combining transcriptomes, connectomes, and protein interactome maps allow unbiased

identification of determinants of brain wiring.

RESULTS AND DISCUSSION

Coupled transcriptome-connectome map of the
Drosophila directionally selective motion detection
circuit

Dense electron microscopy (EM) reconstructions identified most
of the synaptic connections in the circuit that detects motion in
different directions'''? (Figures 1A and 1B). A set of eight closely
related subtypes of T4/T5 neurons lie at its center. Each subtype
is defined by a combination of one of two patterns of dendritic in-
puts and one of four patterns of axonal outputs (Figures 1Aand 1F).
T4 and T5 neurons arborize their dendrites in the medulla and lob-
ula, respectively. Each of these groups is further subdivided into
four subtypes (a/b/c/d) based on their axon terminals in four syn-
aptic layers of the lobula plate (Lop1/2/3/4). Each pair of T4 and
T5 neurons which project axons to the same layer respond opti-
mally to motion in one cardinal direction; T4 neurons respond to
the movement of bright edges (ON pathway) and T5 neurons
respond to dark edges (OFF pathway).”® T4 and T5 axons
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terminating in the same layer converge onto the same postsyn-
aptic partners.'? Furthermore, some of the postsynaptic neurons
in different layers are also closely related cell types (see below).
In this way, information from the ON (T4) and OFF (T5) pathways
corresponding to each cardinal direction converge onto four paral-
lel synaptic pathways (Figure 1B). We hypothesize that T4 and T5
subtypes, which form synapses with the same set of postsynaptic
neurons in each layer of the lobula plate, do so through the same
molecular mechanisms.'®

Toidentify these molecules, we integrated the synaptic connec-
tome and the transcriptome of developing neurons in the
Drosophila visual system (Figures 1A-1C). We previously gener-
ated a comprehensive transcriptional atlas of the developing visual
system using single-cell RNA sequencing.” This atlas covers more
than 160 neuronal populations at seven developmental time
points; ~100 of them were matched to cell types in the connec-
tome (Davis et al.'’; AN., Y.Z.K.,, and S.L.Z., unpublished data).
This includes transcriptional profiles of all T4/T5 subtypes and 17
of their synaptic partners (Figure 1C). We focus on five types of
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Figure 1. Coupled transcriptome-connectome map of the Drosophila circuit for directionally selective motion detection
(A and B) The connectome of T4/T5 subtypes from Shinomiya et al.'" and Shinomiya et al.'?
(A) Cell-type-level connectome graph. Presynaptic inputs (top) and postsynaptic outputs (bottom) of T4/T5s are grouped and averaged by cell types. Purple, cell

types with known transcriptomes.

(B) Connectomes of individual T4/T5s, as an adjacency matrix. Five instances for each T4/T5 subtype (rows). Synaptic partners are grouped by cell type (col-
umns). Each pair of T4 and T5 subtypes converge onto the same set of postsynaptic targets.

(
(D) tSNE of the LPC/LLPC clusters.
(
(
(
(

Figures 4D and S1.

C) tSNE (t-distributed stochastic neighbor embedding) of the Drosophila visual system atlas.” T4/T5s and their synaptic partners are labeled as in (A).

E) Hierarchical clustering of transcriptomes in the visual system atlas; T4/T5 and LPC/LLPC neurons are shown in the zoom-in.

F) Morphology of eight T4/T5 subtypes. Me, medulla; Lo, lobula; LoP, lobula plate.

G) Sparsely labeled T4/T5s and LLPC neurons. Neuropil marker (gray), Brp. Scale bars, 10 um.

H) Synaptic connections between T4/T5 axons and LLPC dendrites are restricted to the layers of the lobula plate in which T4/T5 axons terminate. See also

() Closely related pairs of T4 and T5 subtypes converge onto the same postsynaptic targets.

See also Figure S1 and Table S1.

morphologically similar postsynaptic partners'®': two lobula
plate columnar (LPC) and three lobula-lobula plate columnar
(LLPC) neurons (Figures 1D and S1). Each of these neuron types
receives its major input from one pair of T4 and T5 subtypes (in
one layer of the lobula plate) (Figures 1B and 1G). In our initial
version of the transcriptional atlas, these five cell types were not
resolved. A more detailed analysis revealed distinct transcriptional
clusters for each of them, which were validated by in vivo expres-
sion patterns of marker genes (Figure S1) and mRNA profiling of
purified cell types (A.N., Y.Z.K., and S.L.Z., unpublished data). Hi-
erarchical clustering of transcriptomes of all neuronal populations

in the visual system confirmed that the eight T4/T5 subtypes were
closely related. Similarly, four LPC/LLPC types (except LPC1) were
also closely related to each other (Figure 1E). Taken together, T4/
T5 subtypes and LPC/LLPC types assemble into parallel synaptic
pathways comprising homologous pairs of pre- and postsynaptic
partners (Figures 1H and 1l).

Matching expression of Beat and Side proteins
correlates with synaptic specificity

To understand how neurons choose their synaptic partners, we
focused on connections between the most closely related T4/T5
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Figure 2. Matching expression of Beat and Side proteins correlates with synaptic specificity

(A) Connectome of T4/T5-LLPC2/3 circuit.

(B-D) Differentially expressed genes (DEGs) between T4/T5 and LLPC subtypes. See STAR Methods for details and thresholds.
(B) Log-fold change for DEGs between T4c and T4d (x axis), and T5c and T5d (y axis).
(C) Heatmap of expression patterns of DEGs significant in both comparisons in (B) (red).

(D) DEGs between LLPC2 and LLPC3.

(E) All annotated IgSF CAMs. Average expression levels are shown for seven time points after pupal formation (APF).
(F) Examples of matching CAM interactions between T4/T5 and LLPC. Only two pairs of interactors correlate with connectome: Side-I1V::Beat-lla/b and Side-

Il::Beat-VI (orange and green arrows in C-E).

(G) Line plots with average expression levels of these Beat/Side proteins in the T4/T5-LLPC2/3 circuit, and other major targets with known transcriptomes. Dots

are replicates.

(H) In vivo expression of beat-llb and beat-VI in VS neurons (adult), the main target of T4d/T5d (Figure 1D). Neuropil marker (gray), Brp. Scale bars, 10 um.

(I) Interactome of Beat/Side families from Li et al.®

(J) Matching receptor-ligand pairs between T4/T5s and their targets in Lop3 (orange) and Lop4 (green).

See also Figure S2 and Table S1.

pairs and their closely related postsynaptic targets, LLPC2 and
LLPCS3; T4c and T5c form synapses with LLPC2, and T4d and
T5d form synapses with LLPC3 (Figure 2A). The transcriptional
programs of these pairs of T4/T5 converge onto specific gene
expression modules that correlate with the specificity of their
axonal outputs.’® Most of the differentially expressed genes
(DEGs) between T4c and T4d and between T5c and T5d were
the same (Figure 2B). Of the nine shared DEGs, seven were
cell surface proteins (Figure 2C). Nine cell adhesion molecules
(CAMs) were differentially expressed between LLPC2 and
LLPC3 neurons (Figure 2D). We hypothesize that CAMs that
bind to each other and are specific to each pair of synaptic part-
ners regulate their matching (e.g., T4d/T5d to LLPCS3).
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Although each T4/T5 subtype and LLPC types express many
CAMs (Figure 2E), only two pairs of interacting CAMs correlated
with synaptic specificities of these two sets of synaptic partners
(Figure 2F). Both pairs belong to the Side and Beat families of
immunoglobulin superfamily (IgSF) proteins, which form a heter-
ophilic protein interaction network®'® (Figure 2I). Founding
members of these families (Side and Beat-la) were identified in
genetic screens as regulators of motor axon guidance in the
Drosophila embryo.'®?" Functions for other paralogs have not
been described. The top DEGs between T4/T5 subtypes are
side-IV (specific to T4c/T5c) and side-Il (specific to T4d/T5d).
LLPC2 and LLPC3 neurons express interacting Beats in a
matching fashion; beat-lla and beat-Ilb are specific to LLPC2,
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Figure 3. Side-ll/Beat-VI receptor-ligand pair is required for the assembly of layers in the lobula plate
(A-D) Morphology of T4/T5s in the wild-type and mutant backgrounds. In immunofluorescence images, all T4/T5 neurons are labeled.
(A) During development (right), axon terminals first laminate into two broad domains (Lop1/2 and Lop3/4). In adults (middle), these layers further separate into four

layers (Lop1/2/3/4).

(B) In side-II"" and beat-VI™" mutants, axons of T4c/T5¢ and T4d/T5d form a single fused Lop3/4 layer.

(C) T4/T5-specific RNAI of side-Il (but not beat-VI) also results in fused Lop3/4.

(D) Pan-neuronal RNAI of both side-Il and beat-VI results in fused Lop3/4.

(E) Morphology of the main postsynaptic partners of T4/T5s (green) upon removal of side-Il from T4/T5s (via RNAI). In controls, LLPC3 and VS arborize in Lop4. In
side-Il RNAI, they span fused Lop3/4 layer. Phenotypes were observed in all samples. The sample size for each genotype is indicated under panels (n). Neuropil

marker (magenta), Brp. Scale bars, 10 pm.
See also Figure S3 and Table S1.

and beat-VI is specific to LLPC3 (Figure 2G). At least two other
major synaptic targets of T4c/T5c (LPC2 and LPi3-4) express
beat-lla/llb but not beat-VI, and the main synaptic target of
T4d/T5d (VS) expresses beat-VI but not beat-llb (Figures 2G
and 2H). In this way, the matching expression of two pairs of in-
teracting IgSF CAMs correlates with synaptic specificity in this
circuitry (Figure 2J). As most neuron types in the developing vi-
sual system express one or more of the 14 Beat and 8 Side pro-
teins and the expression of these cognate ligand/receptor pair
matches between many synaptic partners these proteins may
contribute to synaptic specificity more broadly (Figure S2).

The Side-ll/Beat-VI receptor-ligand pair is required for
the assembly of layers in the lobula plate

We sought to assess the roles of Beat/Side interactions in the
wiring of T4/T5 axons. In wild type (WT), these axon terminals
form four layers in the lobula plate (Figure 3A). In homozygous
side-I"" mutant animals, T4/T5 axon terminals formed a single
fused Lop3/4 layer (Figure 3B). Lop1 and Lop2 were normal.
Beat-Vl is a high-affinity binding partner of Side-Il. Homozygous
beat-VI™" mutants phenocopy side-lI"" mutants. These results
were confirmed with an insertion and a deletion disrupting these
genes (Figures S3A and S3B). Both phenotypes were 100%

Current Biology 33, 3998-4005, September 25, 2023 4001
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penetrant and observed in all examined samples (side-I"", n =
10; beat-VI™", n = 5). These implicate Side-Il and Beat-VI in
the same developmental process.

We then set out to determine which cell types require Side-Il and
Beat-VI for layer segregation. Removing side-Il specifically from
T4/T5s using RNA interference (RNAi) phenocopied side-I"" mu-
tants (Figures 3C and 3D). These results were confirmed using an
independent side-Il RNAi line (Figure S3A). Removal of side-Il from
T4/T5s also disrupted dendritic morphologies of their main post-
synaptic partners (Figure 3E). By contrast, removing beat-VI from
T4/T5s did not result in the fusion of Lop3/4, whereas a pan-
neuronal RNAI of beat-VI did (Figures 3C and 3D). All RNAi pheno-
types were also 100% penetrant (see Figure 3 for sample sizes).
The layer fusion phenotype resembles an early stage of lobula
plate development in which the axons and dendrites of Lop3 and
Lop4 form a single layer (Figure 3A). Thus, Side-Il is required in
T4d/T5d neurons and Beat-VI is required in other neurons
(including their synaptic partners, see below) for the segregation
of processes of synaptic partners into the same layer of lobula
plate.

Matching expression patterns of Side-IV and Beat-lla/llb in
Lop3 neurons suggested a similar role for this receptor-ligand
pair in lobula plate development. However, in homozygous
side-IV™" mutant animals, we did not observe defects in the
lamination of T4/T5 axon terminals (Figure S3C). This suggests
that these proteins have a different function, redundant path-
ways act in parallel, or that the lamination of Lop3/4 layers is
driven predominantly by neurons targeting Lop4. A recent study
has shown that Side-IV/Beat-Ilb interactions can regulate wiring
of other circuits of the visual system.??

Side-ll/Beat-VI restrict presynaptic sites and
postsynaptic dendrites of synaptic partners to the same
layer

We sought to assess the role of Side-ll/Beat-VI interactions at
the level of single cells in genetically mosaic animals. For T4/
T5 neurons, we visualized the morphologies and distribution of
presynaptic marker Brp of sparsely distributed homozygous
side-II"" mutant neurons (see STAR Methods, Figures 4A-4C).
WT T4c/T5c and T4d/T5d have presynaptic sites in Lop3 and
Lop4, respectively. Mutant T4c/T5c were indistinguishable
from WT. By contrast, although mutant T4d/T5d axons still termi-
nate in Lop4, their presynaptic sites (Brp puncta) accumulate in
both layers. This phenotype was seen in all mutant T4d/T5d neu-
rons (n = 17, Figure 4G).

We next removed Beat-VI from postsynaptic partners, LLPC2
and LLPC3, using RNAi and visualized individual mutant neurons
(see STAR Methods and Figures 4E and 4F). In controls, we de-
tected WT LLPC2 (dendrites in Lop3) and LLPC3 (dendrites in
Lop4). In beat-VI RNAi, we detected WT LLPC2 and many
abnormal neurons spanning both Lop3 and Lop4. Fewer WT
LLPC3s than expected were observed (Figure 4H, Fisher’s exact
test, p < 0.01). As beat-VI is expressed only in LLPC3 (not in
LLPC2), we conclude that abnormal neurons are mutant
LLPC3s. This phenotype was confirmed using an independent
beat-VI RNAiI line (Figure S4B). Dendritic branches of beat-VI-
mutant LLPC3 neurons extending into Lop3 also contain ectopic
postsynaptic markers as determined by cell-type-specific
tagging of acetylcholine receptors (Sanfilippo, J.Y., and S.L.Z.,
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unpublished data; Figure S4C). This is consistent with cholin-
ergic T4/T5 neurons forming synapses with LLPC3 dendrites
in Lop3.

The single-cell phenotypes of Side-ll and Beat-VI are consis-
tent with each other. That is, presynaptic sites of side-Il mutant
T4d/T5d and postsynaptic dendrites of beat-VI-deficient
LLPC3 are no longer restricted to Lop4 and also accumulate in
Lop3. These morphological changes may arise in different
ways. Synaptic specificities of mutant neurons remain unaltered.
In this scenario, mutations only affect the segregation of synap-
ses to Lop4, and displaced presynaptic sites and postsynaptic
dendrites in Lop3 still form connections with canonical synaptic
partners.?® Alternatively, mutant neurons may lose the ability to
recognize with high fidelity their canonical synaptic partners
and form connections with inappropriate targets. In this sce-
nario, the removal of Side-ll/Beat-VI interactions diminishes the
molecular differences between correct and incorrect targets
and they become less distinct. For instance, without Side-ll,
LLPC2, and LLPC3 appear more similar to T4d/T5d presynaptic
terminals than in WT and they could form connections with both
cell types (Figure 4l). This could explain why mutant T4d/T5d
neurons form ectopic synapses in Lop3 and Lop4 but not in other
layers of the lobula plate. This scenario is also consistent with the
notion that synaptic specificity is determined by a hierarchy of
wiring decisions sequentially restricting the pool of possible
targets.’*2® Given the strong correlation between expression
patterns of side-ll and beat-VI, and synaptic specificities in this
circuitry, we favor the second model (Figure 4l).

Regardless of mechanistic details, Side-1I/Beat-VI interactions
play a critical role in circuit assembly in Lop4. These proteins can
promote adhesion between developing synaptic partners, lead-
ing to their segregation into a distinct layer where they form high-
ly selective synaptic connections. The lack of separate genetic
drivers for individual T4/T5 and LLPC subtypes currently limits
our ability to directly assess changes in the synaptic connectivity
of mutant neurons. Dense connectome reconstructions of
mutant animals at the EM level, in future studies, will clarify the
role of Side/Beat interactions in synaptic specificity.

Concluding remarks

Coupled transcriptome-connectome maps provide a descrip-
tion of gene expression patterns for both sides of synaptic con-
nections. These maps can be correlated with binding specific-
ities of cell surface proteins to chart possible molecular
interactions between neurons. As more connectomes and devel-
opmental transcriptomes become available,>?” comparative
studies of highly related groups of neurons with divergent wiring
specificities may prove fruitful in uncovering determinants of
brain wiring in the mammalian brain. The remaining challenge
in this field is the development of approaches for the rapid recon-
struction of synaptic connectomes between the same neuron
types in multiple animals of the same and different genetic back-
grounds. Advances in expansion microscopy and genetic tools
for cell-type-specific labeling of synaptic connections may pro-
vide scalable alternatives to EM-based connectomics.?® %

The work described here expands the diverse repertoire of
families of IgSF proteins that contribute to brain wiring in the
Drosophila brain, e.g., Millard et al.*>> and Xu et al.*® Each family
forms complex receptor-ligand networks, including homophilic
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Figure 4. Side-ll/Beat-VI restrict presynaptic sites and postsynaptic dendrites of synaptic partners to the same layer

(A-C) MARCM-STaR. Mosaics with homozygous mutant (side-/I"") T4/T5 neurons (green) with presynaptic marker Brp-V5 (magenta), and wild-type (WT)
controls. (left) Schematics of T4/T5 axon terminals in Lop3 and Lop4. (right) Dendrite orientation discriminates between T4c/T5c and T4d/T5d (D, dorsal; V,
ventral, based on the visual field coordinates).

(B) WT and side-II""" T4c/T5¢ form synapses in Lop3.

(C) WT T4d/T5d form synapses in Lop4; side-lI™" T4d/T5d form synapses in Lop3 and Lop4.

(D) LLPC2 and LLPC3 morphologies and T4/T5 inputs from EM reconstruction.'?

(E and F) beat-VI RNAi in LLPC2 and LLPC3. Single neurons were visualized using MCFO. In controls, both LLPC2 and LLPC3 dendrites were wild type (as in D). In
beat-VI RNAi, we detected wild-type LLPC2 and fewer LLPC3 than expected. We observed a large number of abnormal neurons spanning both Lop3 and Lop4.
As beat-VI is specific to LLPC3, we conclude that abnormal neurons are LLPC3.

(G) Quantification of the labeled neurons from (B) and (C).

(H) Quantifications of labeled neurons from (E) and (F).

(I) A hypothetical model of circuit rewiring upon removal of Side-ll and Beat-VI from individual T4d/T5d and LLPC3 neurons in mosaics (see main text for dis-
cussion). Neuropil marker (gray), Brp. Scale bars, 10 pm.

See also Figure S4 and Table S1.
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e KEY RESOURCES TABLE subunits in single neurons
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Experimental models: Organisms/strains

D. melanogaster: w[1118]; PBac{y[+mDint2]
w[+mC]=UAS-CD4-tdTom}VK00033

D. melanogaster: w[1118]; P{y[+t7.7] w[+mC]=
GMR42F06-GAL4}attP2

D. melanogaster: w[1118]; P{y[+t7.7]
w[+mC]=GMR39EO01-lexA}attP40

D. melanogaster: w[1118]; P{y[+17.7]
w[+mC]=GMR42F06-lexA}attP40

D. melanogaster: P{w[+mC]=UAS-
Dcr-2.D}1, w[1118];+;+

D. melanogaster: y[1] w[*]; P{w[+mC]=
UAS-CD4-tdGFP}8M2

D. melanogaster: w[1118]; P{y[+17.7]
w[+mC]=GMR23G12-GAL4}attP2

D. melanogaster: P{w[+mW.hs]=
GawB}elav[C155]

D. melanogaster: w[*]; P{y[+17.7] w[+mC]=
13XLexAop2-IVS-myr::GFP}attP2

D. melanogaster: w[1118]; P{y[+17.7]
w[+mC]=GMR21D07-lexA}attP40

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Fujiwara et al.*

Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

Bloomington Drosophila Stock Center

Bloomington Drosophila Stock Center
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
D. melanogaster: w[1118]; P{y[+17.7] w[+mC]= Bloomington Drosophila Stock Center BDSC:32212
13XLexAop2-IVS-myr::GFP}su(Hw)attP1

D. melanogaster: y[1] w[*]; P{w[+mC]=tubP- Bloomington Drosophila Stock Center BDSC:5192
GALS8O0}LL10 P{ry[+t7.2]=neoFRT}40A/CyO

D. melanogaster: w[1118]; P{y[+17.7] Bloomington Drosophila Stock Center BDSC:50172
w[+mC]=GMR42H07-GAL4}attP2

D. melanogaster: w[1118] P{y[+17.7] Bloomington Drosophila Stock Center BDSC:62118
w[+mC]=hs-FLPG5.PEST}attP3

D. melanogaster: w[1118]; P{y[+17.7] Bloomington Drosophila Stock Center BDSC:62124
w[+mC]=10xUAS(FRT.stop)myr::

smGdP-V5-THS-10xUAS(FRT.stop)

myr::smGdP-FLAG}su(Hw)attP5

D. melanogaster: w[*]; T{FLP}fru[FLP]/TM3, Sb[1] Bloomington Drosophila Stock Center BDSC:66870
D. melanogaster: y[1] w[*]; T{GFP[3xP3.cLa]=CRIMIC. Bloomington Drosophila Stock Center BDSC:92707
TG4.0}dmrt99B[CR70107-TG4.0]

D. melanogaster: w[*]; P{y[+t7.7] w[+mC]=10XUAS- Bloomington Drosophila Stock Center BDSC:32197
IVS-myr::GFP}attP2

D. melanogaster: Deficiency for side-Il; w[1118]; Bloomington Drosophila Stock Center BDSC:6963
Df(2L)ED3, P{w[+mW.Scer\FRT.hs3]=3".

RS5+3.3'}ED3/SM6a

D. melanogaster: y[1] w[*]; Mi{y[+mDint2]= Bloomington Drosophila Stock Center BDSC:58680
MIC}beat-VI[MI13252]

D. melanogaster:w: 10XUAS-FSF- Zipursky lab (Sanfilippo et al.) N/A
myrGFP-2A-KDR::Pest;+

D. melanogaster: w;nAChRa5-smGdP-ollas; Zipursky lab (Sanfilippo et al.) N/A

D. melanogaster: w;nAChRa6-smGdP-ollas; Zipursky lab (Sanfilippo et al.) N/A

D. melanogaster: w; R28D05-p65ADZp Klapoetke et al.** SS00810
attP40; R55H05-ZpGdbd attP2

D. melanogaster: w; VT004319-p65ADZp This Study SS02408
attP40; VT044492-ZpGdbd attP2

D. melanogaster: VT029598-p65ADZp This Study SS02580
attP40; 55H05-ZpGdbd attP2

D. melanogaster: w; R81A05-p65ADZp Davis et al.'” SS02700
attP40/CyO::Tb-RFP; VT043014-

ZpGdbd attP2

D. melanogaster: VT032900-p65ADZ Isaacson et al.'® S$525868
attP40; VT016114-ZpGdbd attP2

D. melanogaster: VT057342-p65ADZp Isaacson et al.'® S$502407
attP40;VT044492-ZpGdbd attP2

D. melanogaster: VT029598-p65ADZp This Study SS02440
attP40; VT005006-ZpGdbd attP2

D. melanogaster: P{VT046081-GAL4}attP2 Vienna Drosophila Resource Center VDRC#207065

D. melanogaster: empty attP control line
D. melanogaster: UAS-RNA: of side-II:
P{KK111520}VIE-260B

D. melanogaster: UAS-RNAI of side-Il:
P{KK114253}VIE-260B

D. melanogaster: UAS-RNAI of beat-VI:
P{KK110930}VIE-260B

D. melanogaster: UAS-RNAI of beat-VI:
w1118; P{GD89}v6694

D. melanogaster: UAS-RNAI of side-IV:
P{KK111999}VIE-260B

Vienna Drosophila Resource Center
Vienna Drosophila Resource Center

Vienna Drosophila Resource Center

Vienna Drosophila Resource Center

Vienna Drosophila Resource Center

Vienna Drosophila Resource Center

VDRC#TK-60100
VDRC#KK-107512

VDRC#KK-103687

VDRC #KK-105798

VDRC#GD-6694

VDRC#KK-102563
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

D. melanogaster: UAS-RNAI of side-IV:
w1118; P{GD5643}v16636

D. melanogaster: w[1118] P{y[+t7.7]
w[+mC]=10xUAS-IVS-myr::smGdP-HA}
attP18 P{y[+t7.7] w[+mC]=13xLexAop2-
IVS-myr::smGdP-V5}su(Hw)attP8;
TM2/TM6B, Tb[1]

D. melanogaster: DIP-beta-LexA;+;+

D. melanogaster: UAS-beat-VI.ORF.3xHA
D. melanogaster: side-Il null allele. w;side-II[13];+
D. melanogaster: side-IV null allele.
w;BI/CyO;side-IV[4-5]/TM6B

D. melanogaster: beat-VI null allele.
w;BI/CyO;beat-VI[4]/TM6B

Vienna Drosophila Resource Center

Rubin Lab; Nern et al.**

Zipursky Lab
FlyORF

This paper
This paper

This paper

VDRC#GD-16636

BDSC: 64092

DIP-beta-LexA
F002906
side-11[13]
side-IV[4-5]

beat-VI[4]

Software and algorithms

Seurat V4.1.1
Imaris 9
natverse 0.2.4
Cytoscape
igraph
Imaged (Fiji)

Butler et al.*®
Oxford Instruments
Bates et al.*®
Shannon et al.*’
Csardi and Nepusz*®

https://fiji.sc

https://satijalab.org
https://imaris.oxinst.com
https://natverse.org
https://cytoscape.org
https://igraph.org

N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Y.Z.K.

(yerbol@brandeis.edu).

Materials availability

Newly generated mutant alleles and split-Gal4 fly lines are available upon request. Split-Gal4 lines are available via https://splitgal4.

janelia.org/cgi-bin/splitgal4.cgi.

Data and code availability

Connectome datasets used in this study are available through Neuprint (neuprint.janelia.org): fib19:v1.0. Transcriptome datasets are
available on Zenodo:8097374, 8111612 and NCBI GEO: GSE156455. The source code for the analysis is available on GitHub: https://
github.com/kurmangaliyev-lab/Yoo_2023. Any additional information required to reanalyze the data reported in this paper is avail-

able from the lead contact upon request.
EXPERIMENTAL MODEL DETAILS

Fly husbandry and genetics

Flies were kept on standard cornmeal medium at 25°C, 12-hour light/dark cycles. All RNAi experiments were run with UAS-Dcr2.D.

Detailed genotypes for all figures and supplemental information are included in Table S1.
Split-GAL4 lines have been previously describe

METHOD DETAILS

Connectome analysis
T4/T5 connectomes’'+'?

17,18,43
d'1e

or were newly constructed as describe:

17,18
d. "

were downloaded from the neuPrint database (https://neuprint.janelia.org/, dataset: fib19:V1.0*°) using nat-

verse (0.2.4) package.'?*® Synaptic connectivity data (inputs and outputs) were downloaded for 40 representative T4/T5 neurons
from published data'? (five instances of each T4/T5 subtype). For each representative neuron, we summed the total number of syn-
apses between a given instance of T4/T5 and all synaptic partners of the same cell type (e.g. total number of synapses between a
single T4a and any Mi1 neurons). This data was plotted as a heatmap of synaptic weights between partner neuron types and
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individual instances of T4/T5 neurons (Figure 1B). Synaptic weights were averaged across all instances of each T4/T5 subtype to
generate a cell type-level connectome graph. The connectome graph was visualized using Cytoscape”” and igraph“® (Figure 1A).
Synaptic partners were restricted to cell types that make more than 10 synapses with a single T4/T5 neuron. Only connections
with more than 7 synapses have been plotted. Presynaptic inputs were restricted to connections in the medulla and lobula; postsyn-
aptic outputs were restricted to connections in the lobula plate. Reconstructions of representative LLPC2 and LLPC3 neurons in
Figure 4D were visualized in neuPrint.

Transcriptome analysis

Analysis of the transcriptional atlas of the Drosophila visual system

Single-cell analysis was performed using Seurat (V4.1.1).*> All functions were used with default parameters unless otherwise indi-
cated. In this study, we use single-cell RNA-Seq data from a previously generated comprehensive transcriptional atlas of the devel-
oping visual system.” We focus on the main dataset including samples from seven developmental time points taken every 12 hours
from 24 to 96h APF. In the initial version of the visual system atlas (V1.0), 58 transcriptional clusters were matched to known morpho-
logical cell types. Two of these clusters were annotated as LLPC1 and LPC1 neurons based on correlation analysis with available bulk
reference datasets.” A more detailed evaluation of these clusters revealed further heterogeneity in the LLPC1 cluster. We subsetted
and reclustered LLPC1 and LPC1 clusters separately from the rest of the dataset. This analysis was performed after the integration of
the main dataset as previously described.” After subsetting, a new set of 1000 highly variable genes was selected, scaled, and used
for principal component analysis (functions: FindVariableFeatures, ScaleData, RunPCA). The first nine principal components were
used for the generation of tSNE plots and clustering (functions: RunTSNE, FindNeighbors, FindClusters, resolution = 0.1). The anal-
ysis revealed five transcriptionally distinct clusters of LPC/LLPC neurons. Clusters were annotated based on the expression of cell-
type-specific marker genes (Figure S1). Cell types of LPC/LLPC neurons were renamed in the main dataset of the visual system
atlas (V1.1).

Visualization of gene expression patterns

Expression patterns of genes were visualized using average expression levels for each cell type and time point. Averaging was
performed for each replicate in non-log space for the original normalized expression values (TP10K, transcripts-per-10,000). For
the heatmaps, we used log1p-transformed expression values averaged across replicates (capped at the maximum expression value
of 20). For the line plots, we used expression values in linear scale. The list of all IgSF proteins was obtained from FlyXCDB (http://
prodata.swmed.edu/FlyXCDB).*°

Hierarchical clustering of neuronal cell types

Clustering was performed for neuronal cell types from one sample at 48h APF (W1118 sample, replicate B). This analysis was
performed based on the original normalized expression values (pre-integration). We selected 1000 highly variable genes and
computed average expression levels for each cell type (functions: FindVariableFeatures, AverageExpression). Hierarchical clustering
was performed based on Pearson’s correlation coefficients between log-transformed expression profiles of each cell type (distance
metric: 1 - Pearson’s r; clustering method: ward.D2).°' Clustering results were visualized as a dendrogram (function:
ape::plot.phylo).>?

Differential gene expression analysis

We identified differentially expressed genes using Wilcoxon rank-sum test (function: FindMarkers, min.pct = 0.35, pseudocount.use =
0.01, max.cells.per.ident = 1000, fold-change > 2, adjusted p < 0.01). Marker genes common to all LPC/LLPC neurons were identified
by comparison of all LPC/LLPC clusters to all other neurons in the atlas; cell-type-specific markers were identified by comparison of
individual LPC/LLPC clusters to other LPC/LLPC neurons. Marker genes were identified for all time points and replicates together.
Expression patterns of select markers are shown in Figure S1. Differential analysis of T4/T5 and LLPC neurons in Lop3 and Lop4 for
Figure 2 was performed at 48h APF (pseudocount.use = 0.01, fold-change > 3, adjusted p < 0.01).

Generation of null alleles using CRISPR
For side-Il and beat-VI, two protospacer sequences targeting the first coding exon were chosen to create a short deletion leading to a
frameshift mutation of the protein sequence. For side-IV, two protospacer sequences spanning the whole gene were chosen to
create a total 12.9kb deletion. High score protospacer sequence was chosen from UCSC Genome Browser crisprTarget table. Oligos
were made from selected gRNA sequences and inserted into pU6-2 vector.”® gRNA plasmid was injected into the vas-Cas9 line
(BDSC 51323) via Bestgene Inc. Injected larvae were crossed with balancer lines and F1 progeny was screened for mutation. A
frame-shift mutant allele line was established from this single F1 progeny. sgRNA sequences are listed.

side-l1[13] (side-Il null) deleted sequence(44bp)

TCCGGCGGAGGCAGCAGCATGGGTCCTGGCGGAGGAGGATCCGG

side-1V[4-5] deleted sequence(12.9kb)

AACGCGTATTCGCACCCACACACAAGTGAAGTCGGCTCT...eveneeeeeane

GGAACTCTCCGGCACTCCGGTATTCCGGAATTCCGTTGCTCCGGTGGTC

beat-VI[4] (beat-VI null) deleted sequence(19bp): AAGGATACGGAGCCGGCCA
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MARCM-STaR experiment

MARCM-STaR labels cell morphology and presynaptic machinery (Brp) in single homozygous null mutant neurons in otherwise
heterozygous backgrounds.®° The side-//[13] allele was recombined with FRT40 for MARCM.>* Mitotic recombination was induced
at the third instar larva stage with 37°C heat shock for 2-3 min. FLP activated the FRT-flanked stop signal resulting in the expression of
R recombinase under GAL4 control. R recombinase then excised sequences encoding the stop codon flanked by R-specific-
recombination sites (RSRT). This resulted in the insertion of the V5 tag into Brp and due to the 2A site expression of the linked
LexA coding sequence. LexA then induces LexAop-myr-tdTOM to label the cell membranes to visualize cell morphology
(Figures S4A and S4B; genotypes in Table S1). Flies were dissected within two days after eclosion. The brains were visualized by
immunofluorescence staining as described below.

The T4/T5 GAL4 driver marks all subtypes. In order to classify the identities of T4/T5 MARCM clones, we used the unique dendritic
orientation of T4/T5s (i.e. T4c/T5c, dorsal to ventral; T4d/T5d, ventral to dorsal). Brains were mounted to take confocal image stacks
along the dorsal to ventral axis, so that the Z-axis in the final volume corresponds to the D-V axis of the compound eye (i.e. the visual
field). Images were analyzed in IMARIS to enable 3D visualization. For each T4/T5 dendrite, orientation was determined by the angle
of the primary dendritic branch extending away from the axon shaft (i.e. extension away from the axon) and the position of distal tips
of the dendrite. T4c/T5¢ and T4d/T5d dendrites were oriented in opposite directions.

RNAIi-MCFO experiment

beat-VI RNAi was driven by LLPC2/3-specific GAL4 driver. To visualize single LLPC2 and LLPC3 neurons we combined MultiColor
FlipOut (MCFO) (Nern et al.**; Figures 4E and 4H). Heat shock was induced for 8-10 min at 37°C in the mid-pupal stage and the pupae
were subsequently reared at 25°C for sparse labeling.

MCFO images for anatomy

Images in Figure 1G show MCFO-labeled cells that were manually segmented and displayed using VVD-viewer. The MCFO images
used were acquired by the Janelia FlyLight Project Team using published protocols (protocol (https://www.janelia.org/project-team/
flylight/protocols)**

Cell-type specific labeling of acetylcholine receptor subunits in single neurons

Pupae carrying an LLPC2/3-specific GAL4 driver, beat-VI RNAi, and endogenous conditionally epitope-tagged alleles of NAChR sub-
units (Sanfilippo, J.Y, and S.L.Z., unpublished data; Figure S4C) were heat shocked at 37°C for 10 min in the mid-pupal stage, and
subsequently reared at 25°C for sparse labeling. (see Table S1 for detailed genetics). Brains for analysis were dissected from 1-5 days
old files.

Immunohistochemistry for confocal microscopy

Brains were dissected in ice-cold Schneider’s Drosophila Medium (GIBCO #21720-024), and fixed in PBS containing 4% paraformal-
dehyde (PFA) for 25 min at room temperature (RT). Brain tissues were washed three times with PBST (PBS containing 0.5% Triton
X-100) and incubated in blocking solution (PBST containing 10% Normal Goat Serum) for at least 2 hours at RT prior to incubation
with antibody. Brains were incubated in primary antibody diluted in blocking solution for 2 days at 4°C, washed three times in PBST
for 2 hours at RT, then incubated in secondary antibodies diluted in blocking solution for 2 days at 4°C. Brains were washed three
times in PBST for 2 hours at RT, then the brains were mounted with Everbrite mounting media (Biotium #23001) or processed for DPX
mounting (see below).

Antibody information

Primary antibodies and dilutions used in this study: chicken anti-GFP (1:1000, Abcam #13970), rabbit anti-dsRed (1:200, Clon-
tech#632496), mouse anti-Nc82 (1:40, Developmental Studies Hybridoma Bank (DSHB) Nc82), chicken anti-V5 (1:300, Fortis Life
Sciences #A190-118A), rabbit anti-HA (1:200, Cell Signaling Technology #3724), guinea pig anti-Pdm3 (1:20, a gift from John Carl-
son), mouse anti-Br (1:20, Developmental Studies Hybridoma Bank (DSHB) 25E9.D7), rabbit anti-Ollas (1:10,000; GenScript, Cat#
A01658). Secondary antibodies and dilutions used in this study: goat anti-chicken Alexa Fluor 488 (AF488) (1:1000, Invitrogen
#A11039), goat anti-rabbit AF568 (Invitrogen #A11011, 1:200), goat anti-guinea pig 568 (1:500, ThermoFisher #A11075), goat anti-
mouse AF568 (1:500, ThermoFisher #A11031) goat anti-mouse AF647 (1:500, ThermoFisher #A21235).

Tissue clearing and DPX mounting

Antibody-stained brains were mounted with DPX following Janelia FlyLight protocol (https://www.janelia.org/project-team/flylight/
protocols). Briefly, after secondary antibody wash as described above, brains were post-fixed with 4% PFA for at least 3 hours in
RT. Brains were washed three times in PBS and mounted on polylysine-L coated coverslip. Brains on coverslip were sequentially
dehydrated in increasing concentration of ethanol (v/v 50%, 75%, 90%, 100%, 100%, 100%, 10-min each). Dehydrated
brains on coverslip were incubated in Xylene (Fisher Scientific, X5-500) three times for 5 minutes for tissue clearing. Then DPX
(Electron Microscopy Sciences, #13510) was applied to the coverslip and immediately put on a slide glass. The embedded slide glass
was cured in the chemical hood for more than 2 days before imaging. DPX mounting images are noted in the genotype table
(Table S1)
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Confocal microscopy

Immunofluorescence images were acquired using Zeiss LSM 880 confocal microscope with Zen digital imaging software.
Optical sections or maximum intensity projections were level-adjusted, cropped and exported for presentation using ImageJ soft-
ware (Fiji) or IMARIS 9 (Oxford Instruments). Reported expression patterns were reproducible across three or more biological
samples.
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