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SUMMARY

Neurons must be made in the correct proportions to communicate with the appropriate synaptic partners and
form functional circuits. In the Drosophila visual system, multiple subtypes of distal medulla (Dm) inhibitory
interneurons are made in distinct, reproducible numbers—from 5 to 800 per optic lobe. These neurons are
born from a crescent-shaped neuroepithelium called the outer proliferation center (OPC), which can be sub-
divided into specific domains based on transcription factor and growth factor expression. We fate mapped
Dm neurons and found that more abundant neural types are born from larger neuroepithelial subdomains,
while less abundant subtypes are born from smaller ones. Additionally, morphogenetic Dpp/BMP signaling
provides a second layer of patterning that subdivides the neuroepithelium into smaller domains to provide
more granular control of cell proportions. Apoptosis appears to play a minor role in regulating Dm neuron
abundance. This work describes an underappreciated mechanism for the regulation of neuronal stoichi-

ometry.

INTRODUCTION

Visual system function relies on a roster of cell types generated
with reproducible proportions; environmental sampling relies
on information detected by photoreceptors, and its interpreta-
tion requires a specific number of interneurons at each interme-
diate visual processing layer. Like the ~60 inhibitory amacrine
cell types of the mouse retina,' around 20 classes of Drosophila
distal medulla (Dm) neurons are produced in distinct proportions
(Figure 1A).°~" The number of these neurons and the size of their
arbors are essential for their function, as they regulate the flow of
visual information.

Four neuropils comprise the Drosophila visual system: the
lamina, the medulla, the lobula, and the lobula plate.?° Dm neu-
rons represent about one-fifth of the 100 cell types in the me-
dulla, the main optic ganglion through which visual information
is processed en route to the central brain (Figure 1A). Dm neu-
rons project their dendrites to process visual information from
the distal half of the medulla (Figure 1A).>® They possess
diverse morphologies and functions reflected in their stereo-
typed numbers, which have been characterized through fluo-
rescence microscopy and electron micrograph reconstruc-
tion.>'° For example, highly overlapping Dm8 neurons receive
input from R7 color-sensitive photoreceptors and possess
around ~550 cells per optic lobe (Figure 1A [green],
Figures 1B and 1C; Table S1).>'°"® By contrast, Dm11, the
most transcriptionally similar cell type to Dm8, also receives
R7 inputs but possesses only 70 tiled neurons per optic lobe
(Figures 1A [red] and 1D).>'>'* How are these neurons, and

others, generated with different proportions to achieve their
distinct functions?

Dm neurons (and most medulla neurons) are born from a cres-
cent-shaped neuroepithelium called the outer proliferation cen-
ter (OPC).>"® During the third larval instar (L3), a wave of differ-
entiation passes through the neuroepithelium and converts
neuroepithelial cells into neural stem cells called neuro-
blasts.’®'® Each neuroblast divides asymmetrically to regen-
erate a neuroblast and produce an intermediate progenitor
(ganglion mother cell [GMC])."® During successive divisions,
neuroblasts pass through a series of temporal windows gener-
ated by the overlapping expression of temporal transcription fac-
tors (tTFs)—Hth, Opa, Erm, Ey, Hbn, Scro, SIp1/2, D, Bar-H1,
and Tll—whose output specifies the fates of each medulla
neuron type (Figure 1E).>?°% Further cell fate diversification
arises from the asymmetric, Notch-mediated GMC division
that generates two distinct daughter cells, one Notch®" and
one Notch® (Figure 1E).?%?* All OPC neuroblasts undergo the
same tTF series except neuroblasts arising from the Wg spatial
domain (i.e., the tips of the OPC [tOPC]), which express a modi-
fied tTF series.”®?*

The output of the temporal series is modified by additional
patterning generated by the expression of spatially restricted
neuroepithelial factors, which partitions the OPC into different
domains (Figures 1F and 1G).® The visual system homeodomain
transcription factor Vsx is expressed in the center of the OPC,?°
the Six3 homeodomain Optix is expressed more posteriorly,®
and the retinal homeodomain Rx is expressed at the tips of the
OPC (Figure 1F).> The OPC can be further subdivided along
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Figure 1. Anatomy and neuronal specification mechanisms of the optic lobe

(A) Graphical representation of the optic lobe with the retina and four neuropils: the lamina, medulla, lobula, and lobula plate. The medulla contains over 100 cell
types, roughly 20 of which are distal medulla neurons. Some, like Dm8 (green), possess many neurons (~550 cells per optic lobe); others, like Dm11 (red), are less
numerous (70 cells per optic lobe). Dm4 has 40 neurons per optic lobe (blue), and Dm12 (purple) has 120. A, anterior; P, posterior; M, medial; and L, lateral.
(B) 800 photoreceptor (PR) ommatidia (stained by chaoptin) project their axons into the medulla. Scale bars, 10 pm.

(C) Dm8 possesses roughly ~550 cells per optic lobe. They are labeled by Multicolor Flip Out (MCFO), in which each neuron stochastically expresses a com-
bination of HA, V5, and FLAG tags to individually label each cell type and their morphology.

(D) Dm11 (also stained by MCFO) possesses roughly 70 cells per optic lobe.

(E) Neural stem cells called neuroblasts express a series of temporal transcription factors (tTFs) as they age, the output of which directs neural patterning. N°",
Notch®"; GMC, ganglion mother cell (design of this panel was inspired by the original authors; see Konstantinides et al.?).

(legend continued on next page)
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the dorsoventral axis: Spalt/Salm are expressed dorsally, while
Disco is expressed ventrally (Figure 1G).* The signaling molecule
Hedgehog (Hh) is expressed ventrally earlier in embryogenesis
but is not maintained during neurogenesis (Figure 1G).>?” The
Rx domain is further subdivided into subdomains marked by
the posterior expression of Wingless (Wg) at the tips of the
OPC, with Decapentaplegic (Dpp) expressed closer to Optix
(Figure 1F).28:2°

Previous experiments identified neurons born from the earliest
Hth temporal window: Mi1, a cell type with a 1:1 ratio of neurons
to columns, is born from the entire OPC, while less numerous
types, such as Pm2 or Pm3, are born from much smaller neuro-
epithelial domains (Figure 1H).®> This suggests that spatiotem-
poral patterning could act not just as a mechanism for cell fate
regulation but also to regulate neuronal abundance. Although
the spatial origins of neurons born from the Hth window are
known, the spatial origins of later-born Dms are unknown.® It is
also unknown how much of a role spatial patterning plays in
determining the proportion of different neurons.

We examined the role of spatial patterning in the regulation of
Dm neuron number and fate specification using genetic fate map-
ping tools and single-cell RNA sequencing (scRNA-seq) tech-
niques. We find that the relative abundance of a specific Dm sub-
class is roughly proportional to the size of the neuroepithelium
from which it is born. We identify additional spatial factors that
pattern medulla neurons: signaling from the bone morphogenetic
protein (BMP) homolog Dpp represses the transcriptional
repressor Brinker (Brk),°° whose expression splits the Optix
domain into subdomains. Additionally, the overlap of Dpp expres-
sion with Optix forms an additional neuroepithelial spatial domain,
allowing for more granular regulation of cell number. We also show
that apoptosis provides smaller but significant changes to regu-
late cell number. Our work suggests that spatial patterning not
only promotes cell fate but also regulates cell type proportions.

RESULTS

The number of Dm neurons is proportional to the size of
their neuroepithelial domain of origin
As earlier experiments suggested that spatial patterning could
regulate neuronal abundance,® we wondered whether the size
of the neuroepithelial domain of origin correlated with Dm neuron
number. As Dm neurons move during their development,® we
could not use cell body position during adulthood as a proxy
for birth region. Additionally, as spatial transcription factors are
solely expressed in neuroepithelial cells and not in neuroblasts
or mature neurons, we used genetic memory labeling techniques
to map each Dm neuron’s spatial subdomain of birth.

To permanently mark the neurons born from each domain, we
crossed flies expressing an actin::FRT-stop-FRT-nuclear p-Gal
cassette to flies expressing UAS-FIp recombinase under the
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control of a GAL4 line driven by the regulatory region of a
spatially restricted factor (e.g., Optix-GAL4, Figure 2A)."*> We
then crossed our fate mapping lines to Dm-specific GFP reporter
lines and looked at adult animals to determine each neuron’s
spatial origin. As Rx’s expression pattern is highly dynamic dur-
ing development, we could not use it for our initial lineage tracing
experiments (Figures S1A and S1B). However, Optix and hh
memory lines showed consistent expression in their respective
domains throughout development; thus, they did not require
repression at earlier stages and were used for further study.'®
As Vsx is expressed outside of its domain in neurons, while
Pxb (a gene with the same OPC expression pattern as Vsx) is
not, we used pxb-GAL4 to label the Vsx domain.'®?? The lineage
tracing data and putative origins for each Dm line are presented
in Figures 2C-2N and S1C-S1ll, as well as in Table S1.
Because the lineage tracing lines used GAL4 to express B-Gal,
they required crosses to cell-type-specific enhancer lines that
used a different binary gene expression system (i.e., LexA) to ex-
press GFP in specific Dms. Additionally, some Dm neuron classes
did not have cell-specific LexA lines, preventing us from fate map-
ping these cells. To obtain a more exhaustive description of Dm
neuron origins, we used fate mapping lines expressing ubiqui-
tin::FRT-stop-FRT-nuclear GFP, which we sorted using fluores-
cence-activated cell sorting (FACS) and submitted to scRNA-
seq. To distinguish between dorsal and ventral Optix, we used
split-GAL4 lines that intersected Optix with the dorsal factor Spalt
(salr-T2A-VP16AD N Optix-T2A-GAL4-DBD) or the ventral factor
Disco (disco-T2A-VP16AD N Optix-T2A-GAL4-DBD, Figure 1G).*
For these experiments, we used our existing scRNA-seq data-
sets®' and a neural network classifier’’ to accurately identify the
medulla neurons originating from each spatial domain (Figures
2B and S2A-S2C’; results for neurons other than Dms are pre-
sented in Simon et al.**). As our dOptix line was crossed to a
construct expressing GFP with a nuclear localization signal
(UAS-nls-GFP) and not to our lineage tracing line, we performed
scRNA-seq on animals that were sufficiently young so that GFP
perdured in the maturing neurons (before 12 hours past the start
of pupation [P12]). Some of these neurons were too immature to
be accurately identified using the neural network classifier (i.e.,
Dm2, Dm3, and Dm15). However, when we constructed single-
celltrajectories forimmature neurons, we found that the precursors
to Dm2, Dm3, and Dm15 were indeed detected in our FACSed
dOptix datasets (Figures S2A-S2C', clusters Im11 and Im12).
Some of the neurons from our spatial origin scRNA-seq data-
sets were matched to unannotated clusters from our reference
scRNA-seq atlas. To identify which of these unannotated clus-
ters contained Dm neurons, we stained lines expressing reporter
genes for our neurons of interest with a panel of cell-type-spe-
cific transcription factor markers,”*° which we then matched
to clusters in our scRNA-seq datasets (Figures S3A-S3J';
Table S1). Although some cell types were too scarce to reliably

(F) Medulla neurons are born from the outer proliferation center (OPC), which is spatially subdivided based on the non-overlapping expression of transcription
factors and growth factors.® D, dorsal; V, ventral; A, anterior; P, posterior; L, lateral; and M, medial. Carats indicate the direction of neuroblast-producing

neurogenic wave.
(G) The OPC is dorsoventrally divided by Spalt and Disco expression.*

(H) Fate mapping of medulla neurons born from Hth temporal window.® Mits (gray), present at a 1:1 ratio of neurons to photoreceptor columns, are born from the
entire main OPC. Pm2 (green) and Pm3 (blue) are less abundant and are born from neuroblasts derived from smaller OPC domains. Pm1 (not shown) is generated

from the ventral OPC.
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(A) Technical approach for genetic fate mapping cassette'®: a ubiquitous promoter (actin/ubiquitin) drives an FRT-Stop cassette-FRT-nuclear localized reporter
(lacZ or GFP); the stop cassette is excised by the expression of Flp recombinase under the control of each spatial factor controlling GAL4. Neurons born from
each neuroepithelial domain are thus permanently marked.

(B) pxb, Optix, vOptix, dOptix, and hh lines were FACSorted and subjected to scRNA-seq to identify the spatial origin for each cell type. Average normalized
abundance of the Dm clusters in datasets produced either in the whole optic lobe or from neurons from the FACSed datasets. The error bars represent the minimal
and maximal values across all libraries of a dataset. The asterisks indicate when at least 1 library had fewer than 3 cells of a given cell type, or if the annotations
were made with low confidence. Below the graph represents the expected cell number and spatial origin of each cell type. This is based on the scRNA-seq data as
well as inferences made from all other experiments from the paper (see Table S1 and STAR Methods).

(C-N) Representative example of spatial transcription factor fate mapping experiments. Scale bars, 5 um. Open carat, lack of expression. Filled carat, presence of
expression. Animals scored are adults. Dm3 neurons express the Pxb/Vsx lineage trace (C and C’), Optix lineage trace (D and D’), and Hh lineage trace (E and E').
(F) Graphical representation of Dm3 origin (based on information from Figures 1B-1E as well as Table S1). Dm15 neurons express the Pxb/Vsx lineage trace (G
and G') and the Optix lineage trace (H and H’), but not the Hh lineage trace (I and I'). (J) Graphical representation of Dm15 origin (based on information from
Figures 1B and 1G-I as well as Table S1). Dm4 neurons do not express the Pxb/Vsx lineage trace (K and K’) but do express the Optix (L and L') and Hh lineage

traces (M and M’). (N) Graphical representation of Dm4 origin (based on information from Figures 1B and 1K-1M as well as Table S1).

annotate their clusters in the datasets, cluster 124 was identified
as Dm15 (Figures S4A-S4E).

Although the spatial domain assignments were consistent be-
tween individual fate mapping lines and scRNA-seq clusters
(Figures 2B, S1, and S2), they also exhibited a few differences
between them (i.e., some Dm11s came from Pxb [Vsx] in the
scRNA-seq, but we only identified a few of these neurons in
our pxb-GAL4 genetic lineage tracing experiment, Figures 2B
and S1C; Table S1). This could be due to contamination of
the sequenced cell suspensions by unlabeled cells during
FACSing or mis-annotation of a single-cell transcriptome by
our neural network. These caveats are discussed in STAR
Methods, Table S1, and in Simon et al.**

4 Developmental Cell 59, 1-14, May 6, 2024

We therefore identified neurons where there was a discrep-
ancy and immunostained them for Dm transcription factor
markers identified from our scRNA-seq datasets (Table S1;
Figures S5A-S5G). The larval position of these neurons relative
to their neuroepithelial domains allowed for more precise origin
assignments. The reasoning used to assign the spatial origin of
each Dm type is explained in Table S1, as is the predicted origin
of each subtype, which is also depicted in schematics in
Figures 2B, 2F, 2J, 2N, and S1 as well as Table S1.

Following these experiments, we found that the cell types rep-
resented in the highest number of lineage tracing lines were the
most numerous. For instance, Dm2 and Dm3 (~800 neurons per
optic lobe) originate from the entire dorsal and ventral main OPC
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(Figures 2B-2F, S1C, S5E, and S5E'; Table S1). Less abundant
neurons (~200-300) were found in fewer domains, e.g., Dm15s
(~250 neurons) originate from the dorsal Vsx and Optix domains
(Figures 2B, 2G-2J, S1C, and S5F; Table S1). Finally, neurons
that were scarce, such as Dm4 (40 neurons per optic lobe),
were born from single neuroepithelial domains (ventral Optix,
Figures 2B, 2K-2N, and S1C; Table S1). The correlation between
neuroepithelial domain size and neuron number became more
tenuous with the scarcest neuron classes (Figure 2B). For
example, there are roughly three times as many Dm12s (120 cells
per optic lobe) as there are Dm4s (40 cells); however, according
to our immunofluorescence data (see additional OPC spatial
subdivision is controlled by Brk), both appear to be born from
the same ventral Optix subdomain (Figures 2B, 2K-N, S1C-
S1G, and S1X-S1AA; Table S1). We therefore wondered how
cell number was regulated for these types.

We first asked whether differences in neuroblast density
across spatial domains could account for neuron number differ-
ences. We observed no significant density differences across
the OPC, nor did there appear to be variation in cell density
among neurons born from the entire OPC (Figures S5G (Mi1)-
S5I1). We therefore hypothesized that differences in cell death
levels could promote differences in cell n umber or that additional
spatial patterning could introduce finer-sized compartments,
with the number of each neuron reflecting size differences be-
tween these subdomains.

Apoptosis plays a limited role in Dm cell number
regulation

Programmed cell death has long been implicated in neuron num-
ber regulation across various systems.*® In the vertebrate ner-
vous system, neurons are generated in excess, and those that

P=0.002

tj-Gald;
(Dm4-LexA, UAS-p35

¢? CellPress

Figure 3. Apoptosis plays a minor role in
regulating Dm neuron number

(A) Inhibition of apoptosis via elav-GAL4; UAS-p35
transgene expression provides limited increases in
cell number. Numbers within bars, number of ani-
mals scored; error bars: standard deviation, t test.
(B) Apoptosis inhibition via miRNA against rpr/hid/
grim, dronc RNAI, dronc-DN, or Optix-GAL4; UAS-
p35 mutants leads to significant increases in Dm4
number. Error bars: standard deviation, small
numbers within bars, number of animals scored; t
test. ns, not significant.

Wild type

ns do not receive sufficient neurotrophic sup-
port are removed via programmed cell
death. In fact, as many as half of all verte-
brate central nervous system cells are
culled in this manner.®* We and others
have characterized the scale of pro-
grammed cell death across the optic
lobe during Drosophila development;
ours, Kai Zinn’s, and Larry Zipursky’s
labs found that roughly 20% of both Dm8

Wild type  elav-Gald;
(Gartonah VASPIS and Dm4 neurons die during pupal devel-
opment, respectively.'>5% Additionally,
TUNEL staining performed by the Tsuiji-
mura lab suggests that programmed cell death occurs

throughout the optic lobe during development, peaking with
~920 optic lobe cells dying at 24 h into pupation.'®%%7

To determine the role of apoptosis in Dm cell number regula-
tion, we inhibited programmed cell death by expressing a p35 ba-
culovirus repeat domain protein transgene®® under the control of
apan-neuronal enhancer (elav-GAL4). We then analyzed whether
the number of several Dm neurons increased in adult animals:
seven of the nine Dms tested did not show a significant difference
in cell number following p35 overexpression, while the change in
Dm11/Dm4 number was significant (Figure 3A, see STAR
Methods for quantification method). For example, Dm11s
increased in number from ~52 to 78 neurons after p35 overex-
pression (Figure 3A, p=0.01, Student’s t test), while Dm4s signif-
icantly increased from ~35to 45 (Figure 3A, p=0.005, Student’s t
test). Hara et al. performed similar experiments and reported
improper neurite targeting with p35 overexpression; we observed
similar defects in our experiments (Figures S6A and S6B).°° To
confirm that apoptosis was not the main regulator of Dm cell
number, we used other methods to inhibit apoptosis and
measured the number of Dm4s: we performed RNAi against the
effector caspase dronc,® expressed a dominant negative form
of dronc,*" and expressed microRNAs targeted to the upstream
apoptosis activators hid, reaper, and grim.** We also expressed
UAS-p35 under the control of a neuroepithelial driver (i.e., Optix-
GAL4) to exclude the possibility that cell death was occurring in
progenitors; although we saw significant changes in cell number,
the average number of neurons generated resembled the number
of neurons visualized with Elav-mediated p35 overexpression
(Figure 3B, Optix-GAL4 vs. Elav-GAL4). The observation that
neuron number increases when preventing apoptosis corrobo-
rates the idea that medulla neurons are born in excess and
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Figure 4. Mutually exclusive brinker and dpp expression delineates a second spatial patterning axis

(A) Model for Optix spatial subpatterning of yDm8, pDm8, DRA-Dm8, Dm11, Dm1, Dm4, and Dm12 (see also Table S1. Dm8 data from Courgeon and Desplan'®).
Lightest gray domain: medulla neuropil; medium gray domain: Optix region; darkest gray domain: rest of optic lobe. D, dorsal; V, ventral; A, anterior; P, posterior;
L, lateral; and M, medial.

(B and B’) Dac+Tj+ y/pDm8s are born from the anterior 2/3 of the ventral Optix domain (a few Dac+ Tj+ cell bodies are also found in the medial Vsx domain), while
SoxN+Tj+ Dm1/4/12 neurons are born from the posterior 1/3 of the ventral Optix domain.

(B) Lateral slice; (B") medial slice.

(C) Vsx expression sits completely within the brk-GAL4; UAS-nls-sfGFP OPC domain. Carat: border of Vsx OPC domain.

(D) brk-nulacZ is expressed within the anterior 2/3 of the Optix region. Carat: border of Brk expression.

(legend continued on next page)
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undergo programmed cell death preceding synaptogene-
sis'>%%37; however, these changes are not sufficient to explain
the differences between neurons with the same spatial origin
(e.g., Dm4 vs. Dm12). Therefore, we suggest that apoptosis is
but one facet of cell number regulation and that the initial setpoint
of cell number regulation may occur earlier.

Additional OPC spatial subdivision is controlled by Brk
Previous experiments suggested that the OPC is divided into
additional subdomains.”® For example, Dm8s exist as two
distinct subtypes that differ in their connectivity to different clas-
ses of R7 color photoreceptors; pale Dm8s (pDm8) connect to
pale R7s and are born from the anterior 1/3 of the ventral Optix
region (near the Vsx domain), while yellow Dm8s (yDm8) connect
to yellow R7s and are born from the central 1/3 of the ventral
Optix domain (Figures 4A, 4B-B’, S6C, and S6C’)."® This sug-
gests that the Optix domain is divided into three subdomains.
We sought to identify the neurons born from the posterior 1/3
of the ventral Optix domain (closest to Dpp). We found that
SoxN+Tj+ Dm1, Dm4, and Dm12 neurons are born from the pos-
terior 1/3 of the ventral Optix domain (Figures 4A, 4B’, and S6D-
D”), suggesting that pDm8, yDm8, and Dm1/Dm4/Dm12 are
born in at least three distinct spatial domains that cover the en-
tirety of the ventral Optix domain (Figures 4A and 4B-B’).

This finding suggested that additional spatial factors pattern
the medulla.”® Upon screening, we found that two members of
the BMP/Dpp pathway—the BMP/Dpp type | receptor Thick-
veins (Tkv) and the transcriptional repressor Brk—were ex-
pressed in a domain spanning the entire Vsx domain and the
anterior 2/3 of the Optix domain (where Dm8s are produced,
Figures 4C-4E).*® Brk was therefore an excellent candidate to
distinguish between Dm8 and Dm1/Dm4/Dm12 fates. Our im-
munostains suggest that Dm8 neurons are born squarely within
the domain of Brk expression (Figures S6E and S6E’), while most
Dm1s, Dm4s, and Dm12s sit on the other side of the Brk domain
(Figures S6F and S6F’). This suggests that Brk expression distin-
guishes Dm8 from Dm1, Dm4, and Dm12 in the ventral OPC.

Similarly, two other classes of neurons, DRA-Dm8s and Dm11s,
are born from the posterior 1/3 of the dorsal Optix domain (closer
to the Dpp domain, Figures 4A, 4B’, S6G and S6G/)."*'*** How-
ever, we could not conclusively identify the neurons born from the
anterior 2/3 of the dorsal Optix domain overlapping with Brk.

Dpp signaling establishes the Brk-expressing domain in
the OPC

As Brk forms an additional OPC spatial subdomain, we
wondered whether Dpp/BMP regulates Brk’s expression

¢ CellP’ress

pattern. Dpp is a BMP family protein that forms a morphogen
gradient in the Drosophila wing and leg imaginal discs.*® Dpp
binds to its type | receptor (Tkv), leading to a signal transduction
cascade ending with phosphorylation of the transcription factor
Mad (pMad). pMad not only activates targets such as the tran-
scription factor optomotor blind (omb, also known as bifid; Fig-
ure 4F)*° but also inhibits the expression of genes such as brk,
whose expression, in turn, represses genes dependent on
Dpp.2° We therefore tested whether the Brk domain was estab-
lished by Dpp signaling at a distance from its expression domain.
Indeed, pMad was expressed in a domain extending from the
Rx/Dpp domain through the Optix region, consistent with its acti-
vation by Dpp (Figure 4G). As with the wing/leg discs, brk was ex-
pressed adjacent to pMad (Figure 4H). Tkv was also expressed
in a pattern mutually exclusive to pMad (similar to Brk expres-
sion, Figure 4E). In the leg disc, this allows for increased Dpp
signaling where its receptor concentration is lowest.*” As in the
wing/leg discs, Omb was expressed in response to active Dpp
signaling across the entire Rx domain (which includes both
Dpp and Wg, Figure 4l), as well as into the Optix domain where
it bordered Brk expression (Figure 4J). Previously, we assumed
that Dpp expression defined a spatial domain that is distinct
from the neighboring Optix domain. However, a dpp-GAL4
line expressed nuclear GFP in a pattern that colocalized
with endogenous Optix protein at the boundary between the
domains (Figures 4K-K”). This suggests that Dpp and Optix
co-expression forms a smaller spatial domain and that OPC-ex-
pressed Dpp activates pMad to define the Brk spatial domain
(Figure 4L).

Although Dpp expression overlaps with Optix in mid-L3, a Dpp
genetic lineage tracing line marking all expression from embryo-
genesis to L3 showed that Dpp was once expressed in a domain
completely covering the combined Dpp + Optix domains (Fig-
ures S7A and S7B). To further dissect this change, we compared
the gene expression pattern of Dpp lineage tracing lines acti-
vated during the early L3 (when neurogenesis begins) vs. the
late L3. We found that the two lines showed very small differ-
ences in expression (~1-2 rows of cells, Figures S7C and
S7D’), suggesting that Dpp acts in early L3 to promote neuroepi-
thelial development but later in L3 to generate molecularly
distinct groups of neuroblasts.

To assess whether Dpp represses Brk expression to delimit its
domain size, we generated sparse Flp-out clones using tubulin-
GALA4. Clones overexpressing Dpp and the surrounding region
where Dpp diffuses lacked brk-lacZ expression, suggesting
that Dpp suppresses brk to establish additional OPC spatial do-
mains (Figures 4M and 4N).

(E) The type | receptor tkv (tkv-GAL4; UAS-nls-GFP) is expressed in a domain similar to brk expression (C). Magenta carat: border of Tkv expression, green carat:

border of pMad expression, cyan carat: border of Vsx OPC expression.
(F) Graphical representation of the Dpp signaling pathway.

(G-J) Immunostaining experiments suggest that Dpp signaling pathway components are expressed in the third larval instar OPC in a manner similar to previously
described systems. (G) pMad is expressed at the edge of the Rx domain and into the Optix domain. Carat: region of overlap. (H) brk-nuLacZ and pMad share
mutually exclusive OPC expression patterns. Carat: edge of Brk expression. (I) Omb is expressed within the Rx domain and slightly outside. Carats: region of
Omb/Rx overlap. (J) Omb expression sits adjacent to Brk.

(K-K"") Optix protein expression overlaps with dpp-GAL4; UAS-nIs-GFP. Carat: cells with overlapping Dpp/Optix expression.

(L) Graphical representation of Dpp component expression patterns.

(M and M') brk-nulacZ expression is disrupted in UAS-dpp overexpression Flp-out clones. Dotted lines: region of disrupted brk-nulacZ expression where Dpp is
overexpressed.

(N) Model for relationship between Dpp and Brk signaling. Scale bars, 30 pm.
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Brk and Dpp signaling alters the numbers of Dm neurons

Dpp and Brk expression correlates with the positions of different
neuron classes; however, are Dpp and Brk necessary and suffi-
cient to regulate the abundance of neurons born within their
domain of activity? As Dm8 and Dm1/4/12 cells abut each other
during larval development (Figures 4B and 4B’), we hypothesized
that the Dpp gradient regulating Brk expression delineates the
border between these cell types. Indeed, Optix-GAL4; UAS-
dpp overexpression reduced the number of Dac+Tj+ Dm8 cells
but increased the numbers of SoxN+Tj+ Dm1s, Dm4s, and
Dm12s, indicating that it is required for the specification of
Dm1/Dm4/Dm12 at the expense of Dm8 (Figures 5A-5C/,
Dm1/4/12:Dm8 ratio changed from 0.58 to 2.72, n = 3, p =
0.0001, chi-squared test). The remaining Dm8 cells were
restricted to a domain closer to the Vsx domain (Figure 5C,
yellow bracket). By contrast, Optix-GAL4; UAS-dpp RNAi
increased the number of Dm8 cells and reduced the number of
Dm1, Dm4, and Dm12 cells (Figures 5A, 5D, and 5D’; Dm1/4/
12:Dm8 ratio changed from 0.58 to 0.24, n = 3, p = 0.0001,
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Figure 5. brk or dpp overexpression during
larval development impacts Dm neuron
number

(A) Image quantification. Error bars, standard error
of the mean. Small number inside bars, number of
optic lobes scored. p value calculated using chi-
squared test.

(B) Wild-type Dac+Tj+ Dm8 and SoxN+Tj+ Dm1/4/
12 neurons.

(B’) Graphical representation of (B); lightest gray
domain: medulla neuropil; medium gray domain:
Optix region; darkest gray domain: rest of optic
lobe.

(C) Optix-GAL4; UAS-dpp larvae show more Dm/1/
4/12 neurons.

(C') Graphical representation of (C).

(D) Optix-GAL4; UAS-dpp RNAI larvae show an in-
crease in Dm8 neurons.

(D) Graphical representation of (D).

(E) Optix-GAL4; UAS-brk larvae have fewer Dm1/4/
12 neurons.

(E’) Graphical representation of (E).

(F) Optix-GAL4; UAS-brk RNAI larvae have fewer
Dm8 neurons.

(F") Graphical representation of (F). Yellow bracket:
Dm8, pink bracket: Dm1/4/12. Scale bars, 30 pm.
(G) Quantification of Tj+ cells in (B) through (F). Error
bars, standard error of the mean. Small numbers
inside bars, number of optic lobes scored. p value
calculated using t test.

Dac Tj SoxN NCad

Optix-GAL4;

F,

Dm8

Dm1/4/12

chi-squared test). Optix-GAL4; UAS-brk
larvae exhibited a decrease in the number
of Dm1/4/12 neurons and an increase in
Dm8s (Figures 5A, 5E, 5E'; Dmi/4/
12:Dm8 ratio changed from 0.58 to 0.24,
n =3, p = 0.0001, chi-squared test), while
Optix-GAL4; UAS-brk RNAi showed a
decrease in the number of Dm8 neurons
with an increase in the proportion of
Dm1/4/12s (Figures 5A, 5F, and 5F;
Dm1/4/12:Dm8 ratio changed from 0.58
to 2.15, n = 6, p = 0.0001, chi-squared test). Thus, Dpp and
Brk act in opposing directions to specify Dm8 vs. Dm1/4/12
fate and stoichiometry in Optix subdomains.

We also wondered whether changes in Dpp/Brk expression
affect the overall number of neurons generated. While some vari-
ation in Tj+ (which labels both Dm8 and Dm1/4/12) cell number
was observed, there was no significant difference (Figure 5G)
when we changed the expression of Dpp or Brk, indicating that
the cell type ratio changes reflect the changes in cell fate spec-
ification rather than abundance.

scRNA-seq-based lineage tracing identifies a new
domain of overlap between Optix and Dpp

Although Brk expression is sufficient to dictate Dm8 vs. Dm1/
Dm4/Dm12 fate, it is not sufficient to distinguish between
Dm1, Dm4, and Dm12 ventrally, or between DRA-Dm8 and
Dm11 dorsally. We wondered whether Dpp expression level dif-
ferences distinguished these neural types. As Dpp expression is
dynamic during development, we fate mapped neurons using a
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Figure 6. scRNA-seq of fluorescently labeled lineage tracing lines identifies additional spatial patterning required for Dm neuron fate and
stoichiometry

(A) dpp-GAL4; UAS-nis-GFP lines were FACSorted and subjected to scRNA-seq to identify the spatial region of origin for each cell type. Average normalized
abundance of the Dm clusters in datasets produced either in the whole optic lobe or from neurons from the FACSed datasets. The error bars represent the minimal
and maximal values across all libraries of a dataset. The asterisks indicate when at least 1 library had less than 3 cells of a given cell type or that the annotations
were made with low confidence. Below the graph in parenthesis is the expected stoichiometry of each cell type.

(B) SoxN+Tj+ (Dm1/4/12) neurons are produced both inside (carat, likely Dm12) and outside (empty carat, likely Dm1/4) the Dpp expression domain. Dotted line:
medulla cortex outline.

(B’ and B”) inset. Dotted line: region of dpp >> myrGFP expression. (B"’) Graphical representation of (B-B"’) (see Table S1 for Dm1/4/12 positioning).

(C) Some dorsal Dac+Tj+ (DRA-Dm8 and/or Dm11) neurons sit outside the Dpp region (empty carat), while other dorsal Dac+Tj+ (Dm11) neurons sit within the Dpp
region.

(C’ and C”) Inset. (C""’) Graphical representation of (C-C”).

(legend continued on next page)
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Salm

Disco

Figure 7. Model: Spatial signaling regulates cell proportions

Three intersecting spatial patterning mechanisms, one using morphogen
signaling (Dpp/Brk) and the other two using transcription factor expression
(Vsx/Optix/Rx and Salm/Disco+Hh) act to specify Dm neuron fates in different
numbers.

dpp-GAL4; UAS-nis-GFP (Stinger) line whose neuroepithelial
expression perdures in newborn neurons. We FACSed labeled
neurons ~12.5 h after pupation before these neurons had
migrated,*“® which allowed us to confirm that the correct popu-
lation of neurons was labeled. We discovered that some neurons
appeared to originate from both the Optix and Dpp regions. For
example, although Dm1, Dm4, and Dm12 all originate from the
ventral Optix domain (Figure 2B), only Dm12 was represented
in the Dpp dataset (Dm4 was represented in one of two Dpp li-
braries) (Figure 6A). This suggests that differences in Dpp levels
could account for cell fate differences between Dm neurons:
high Dpp would induce Dm12 fate, while lower levels would
induce Dm4 and Dm1 (Figure 6A). When we immunostained for
SoxN and Tj to label Dm1/4/12, we found that roughly half the
neurons in the Dm1/4/12 cluster sit within the ventral Dpp region;
these are most likely Dm12s (Figures 6B-6B"").

In the dorsal Optix domain, lineage tracing data suggested
that Dm11s are born from both the dorsal Optix and Dpp do-
mains, while Dm8 cells are only found in datasets from the Optix
domain (and in very low numbers in the dOptix dataset, see
Table S1; Figures 2B and 6A).'? In our immunostains, Dac and
Tj label DRA-Dm8s and Dm11s in the dorsal Optix domain,
where a subset of these cells is labeled with dpp-driven GFP
(Figures 6C-6C"""). We conclude that Dpp*/Dac+/Tj+ cells are

Developmental Cell

likely Dm11 neurons, while the Dpp~/Dac+/Tj+ corresponds to
DRA-Dm8 neurons (and possibly Dm11 neurons, Figures 6A
and 6C-6C"”). This indicates that dorsal Dm11 neurons, like
ventral Dm12 neurons, are born from the intersection between
the Dpp and Optix regions.

We could then make a more accurate map of Dm neuron
spatial origins (Figure 6D). The most abundant neurons, such
as Dm2 and Dm3, are born from most of the main OPC. Less
numerous subtypes, such as Dm15, are born from two or so sub-
domains (such as dorsal Vsx and Optix). Neurons that are small-
est in number are born from single subdomains, some of which
have even further spatial subdivisions via Dpp signaling. For
example, Dm1 and Dm4 are from the posterior 1/3 of the Optix
domain (Dpp-), while Dm12 originates from the Dpp+ subregion.
The numbers of Dm1 and Dm4 neurons together are roughly the
same number as Dm12, which is consistent with the relative size
of the domains of origin.

To quantify the relationship between spatial origin and Dm
neuron abundance, we measured the size of each neuroepithe-
lial domain of birth for each Dm neuron at late L3 and fitted a
linear model against the final number of each Dm neuron
(Table S2). Dm neuron number is directly proportional to the
size of the spatial domain of origin for each neural class (Fig-
ure 6E, R% = 0.9029, p = 0.0001). As Dm8s have ~550 neurons
and are born from the anterior 2/3 of the ventral Optix domain
and the posterior 1/3 of the dorsal Optix domain, they were out-
liers in the dataset. This exception is discussed below. Despite
this, our data suggest that spatial patterning regulates the size
of neuroblast pools that generate each Dm neuron type,
providing a mechanism that concurrently regulates cell fate
and cell number.

DISCUSSION

A gradient of Dpp signaling acts with other spatial
factors to promote cell fates in different proportions

Our data suggest that multiple spatial patterning pathways
intersect to specify neuronal classes with differing stoichiom-
etry (Figure 7). The transcription factors Vsx, Optix, and Rx
mutually inhibit each other’s expression to define spatially
restricted domains from which neurons of different fates are
born.®> Spalt and Disco act orthogonally to dorsoventrally
divide the Vsx/Optix/Rx domains.* However, these domains
are still large and are not sufficient to explain how neurons
with lower abundance are generated. We show that Dpp
signaling regulates Brk expression to generate additional sub-
domains, which accounts for the fate distinction between Op-
tix-derived Dm8 and Dm1/4/12 neurons. We were not able to
identify the spatial domain that distinguishes p vs. yDm8 fate
within the Optix/Brk domain; this remains an exciting direction
for future study.

(D) Graphical representation of Dm neuron origins within the OPC (question mark: Dm9 origin is less clear; see Table S1); temporal windows for each cell type are a

rough estimate based on scRNA-seq data.”

(E) Correlation between neuroepithelial domain size and neuron number. GFP-expressing lines for each spatial factor were imaged, and each spatial domain was
measured at its widest point; its area was then calculated (Table S2). Each neuron was given a spatial identity, the rationale for which is described in Table S1,
which was then further characterized if the neuron was born from a smaller spatial subdomain (i.e., Dm4 from 1/6 of the ventral Optix domain). The linear plot of
OPC domain of origin vs. number of neurons per optic lobe was plotted for each neuron class (R? = 0.9029, p < 0.0001). For all images, scale bars, 30 um. Dm9

was omitted from the linear model, as its spatial origin was uncertain (Table S1).
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Our previous finding that Dpp defines an Rx subdomain was
initially surprising,® as Dpp was thought to act non-autono-
mously to promote cell fate specification. Our data here confirm
that Dpp indeed acts canonically; it activates pMad at a distance
to define the boundary of its negative target, Brk, and it splits the
Optix domain into smaller compartments. Our overexpression
experiments also suggest that Dpp acts as a morphogen, as
its ectopic expression appears to change the distribution of
cell types generated during development.

In other systems, the Dpp morphogen gradient is converted
into discrete domains with sharp boundaries,*® as Dpp targets
contain binding sites of different affinity for its effector, pMad;
these interactions can be further refined by cross-interactions
between Dpp targets.”® In the OPC, the Brk domain could be
determined purely by pMad expression; however, it is also
possible that brk and omb mutually repress each other.

Dpp also plays a role in dividing the Optix+ Brk- subdomain.
Dorsal Dm11 and ventral Dm12 are produced in the Optix re-
gion where Dpp signaling is highest, with lower levels of Dpp
signaling in the Optix+Brk-Dpp- domain specifying ventral
Dm1/Dm4 and dorsal DRA-Dm8 fates. The lowest levels of
Dpp signaling allow for increased Brk expression to specify
ventral Dm8 fate.

In another Drosophila visual system region, Dpp and Brk
pattern a second neuroepithelial domain, the inner proliferation
center. As with the OPC, Omb is expressed in neurons born
from the Dpp region, and Brk is expressed in a neuroepithelial
domain that is mutually exclusive to Dpp.°° These Brk and Dpp
domains generate cells that detect global motion in different ori-
entations.”' pMad is localized to the Dpp domain, and dpp RNAI
lowers pMad levels, expanding the brk domain.”'~>° Therefore,
Dpp signaling acts across two separate optic anlages to pro-
mote cell fate specification.

Spatial patterning as a mechanism for regulating cell
number
Proliferation and death are considered to be the main cell num-
ber regulators. Fat/Hippo signaling is the predominant pathway
used to promote proliferation in organ size regulation. Fat regu-
lates the pace of the OPC neuroepithelial to neuroblast transi-
tion, thereby regulating the switch between symmetric and
asymmetric division; in this model, fat reduction delays the
movement of the proneural wave, thus expanding the neuroepi-
thelium and the overall size of the optic lobe.**>> However, this
does not regulate the relative abundance of each neural class.
It is still possible that proliferation regulates cell number in the
OPC. For example, a major outlier in the relationship between
neuroepithelial domain size and cell number is Dm8, for
which ~550 neurons are generated from a restricted Optix sub-
domain (a number that is currently challenging to estimate, as
sources have reported numbers ranging from 350 to 800;
Table S1)>'%"® Dm8 might be born from a longer temporal win-
dow or use a transit-amplifying cell to generate additional neu-
rons.*®*” For example, larval immunostains show that Dm8 neu-
rons represent greater numbers of rows than the neuron classes
born from all neuroepithelial subdomains (e.g., Mi1, Figure S5G).
This suggests that additional cell divisions may be used to
generate abundant cell types born from smaller subdomains, a
finding that may apply to other abundant cell types.*”
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Apoptosis is also used to regulate cellular abundance. Many
classes are generated in excess, allowing the appropriate part-
ners to form circuits while later culling superfluous cells. In the
OPC, apoptosis is used to fine-tune neuron number, as we
have shown that two types of Dm8s are made in excess to
accommodate the variable number of stochastically made y
vs. pR7 photoreceptors.'® Neurons that do not connect to their
partners die by apoptosis. Our work suggests that scaling the
size of the neuroepithelial domain of origin can also regulate
neuron number. Furthermore, morphogenetic Dpp signaling
can allocate differently sized stem cell pools to generate differ-
ently sized classes of neurons during development.

Like OPC-derived Dm neurons, other neuron classes are born
from sheets of neuroepithelia divided into transcriptionally
discrete subdomains. For example, the germinal zone that pro-
duces the spinal cord and the ventricular zone of the cerebral
cortex are also neuroepithelial structures that exhibit spatially
restricted transcription factor expression.®®°° These systems
also use Dpp signaling to establish transcriptional domains.
Possibly the best-known example is the vertebrate spinal cord,
where the Dpp homolog BMP signals from the vertebrate roof
plate to pattern different classes of spinal cord interneurons
based on their distance from the initial signal.?>®" As in the
OPC, the output of BMP expression is transduced by distinct
transcription factor classes.®®®® Therefore, it is possible that
this mechanism is used in other contexts to regulate neuronal
stoichiometry.

Limitations of the study

The cell types that we studied are small in number, and it is
possible that some clusters in our scRNA-seq data may repre-
sent multiple cell types. Similarly, our genetic reporter lines are
driven by enhancer fragments, which have the potential to label
off-target cell types. Due to the scope of the study, we character-
ized the effect of various cell death mutations within only one cell
type; it is possible that other cell types show greater cell number
variability across other genetic backgrounds. The dynamic
expression patterns of Dpp and Rx required us to rely solely on
the genetic reporter line perdurance for scRNA-seg-based line-
age tracing. This approach may have led to potential inaccura-
cies in lineage tracing, particularly if the expression of these re-
porters decreased during pupation. Finally, although spatial
patterning is important for cell number regulation, it is not the
only mechanism used. A more comprehensive study of the role
of proliferation, death, and other signaling pathways may provide
insight into how cells are generated in distinct proportions.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Chicken Anti-B-gal
Rabbit Anti-GFP
Sheep Anti-GFP
Chicken Anti-GFP
Rabbit Anti-RFP
Mouse Anti-RFP
Rabbit Anti-HA

Rat Anti-Flag

Rabbit Anti-Eyeless
Mouse Anti-Eyeless
Rabbit Anti-p-Smad3
Rat Anti-NCadherin
Guinea Pig Anti-Traffic Jam
Guinea Pig Anti-Otd
Rabbit Anti-Dve
Rabbit Anti-SoxN
Mouse Anti-Islet/Tup
Rabbit Anti-Vsx2

Mouse Anti-V5-tag:DyLight550

Guinea Pig Anti-Lim3
Mouse anti-Svp
Guinea Pig Anti-Scro
Mouse Anti-Dac
Guinea Pig Anti-Dac
Guinea Pig Anti-Otd
Rat Anti-Otd

Rabbit Anti-Toy

Rat Anti-Toy

Rabbit Anti-Optix
Guinea Pig Anti-Brinker
Rabbit Anti-Distal-less
Rabbit Anti-Grh
Guinea Pig Anti-Vsx1

AlexaFluor405 conjugated Goat Anti-HRP
AlexaFluor647 conjugated Goat Anti-HRP

Donkey Anti Rat 405

Donkey Anti Rabbit 405
Donkey Anti Mouse 405
Donkey Anti Sheep A488
Donkey Anti Chicken A488
Donkey Anti Rabbit A488
Donkey Anti Mouse A488
Donkey Anti Guinea pig A488

Abcam

Life Technologies

Bio-Rad

Millipore Sigma

MBL

MBL

Cell Signaling Technologies
Novus Biologicals
Genscript/Desplan Lab
DSHB

Abcam

DSHB

D. Godt
Genscript/Desplan Lab

F. Matsuzaki
Genscript/Desplan Lab
DSHB

Genscript/Desplan Lab
Bio-Rad

J. Skeath

DSHB

Genscript/Desplan Lab
DSHB

Genscript/Desplan Lab
Genscript/Desplan Lab
Desplan Lab
Genscript/Desplan Lab
Genscript/Desplan Lab
Genscript/Desplan Lab

R. Mann
Genscript/Desplan Lab
Stefan Thor
Genscript/Desplan Lab
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Catalog #9361; RRID: AB_307210
Catalog #11122; RRID: AB_221569
Catalog #4745-1051; RRID: AB-619712
Catalog #06-896; RRID: AB_310288
Catalog #PMO005; RRID: AB_591279
Catalog #M155-3; RRID: AB_1278880
Catalog #C29F4; RRID: AB_10693385
Catalog #NBP1-06712; RRID: AB_1625981
N/A

Anti-Eyeless-s; RRID: AB_2253542
Catalog #ab52903; RRID: AB_882596
DN-Ex #8; RRID: AB_528121

N/A

N/A

N/A

N/A

40.3A4; RRID: AB_528313

N/A

Catalog #MCA1360D550GA; RRID: AB_2687576
N/A

Catalog #5B11; RRID: AB_2618080

N/A

mAbdac-2-3; RRID: AB_528190

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Code #123-475-021; RRID: AB_2632561
Code #123-605-021; RRID: AB_2338967
Code # 712-475-150; RRID: AB_2340680
Code #711-475-152; RRID: AB_2340616
Code #711-475-020; RRID: AB_2340837
Code #713-545-147; RRID: AB_2340745
Code #703-545-155; RRID: AB_2340375
Code #711-545-152; RRID: AB_2313584
Code #715-545-151; RRID: AB_2341099
Code #706-545-148; RRID: AB_2340472
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Donkey Anti Mouse A555
Donkey Anti Rabbit A555
Donkey Anti Chicken Cy3
Donkey Anti Guinea pig Cy3
Donkey Anti Rat Cy3

Donkey Anti Guinea pig A647
Donkey Anti Rabbit A647
Donkey Anti Mouse A647
Donkey Anti Rat A647

Thermo Scientific

Thermo Scientific

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Catalog #A-31570; RRID: AB_2536180
Catalog #A-31572; RRID: AB_162543
Code # 703-165-155; RRID: AB_2340363
Code #706-165-148; RRID: AB_2340460
Code #712-165-153; RRID: AB_2340667
Code #706-605-148; RRID: AB_2340476
Code #711-605-152; RRID: AB_2492288
Code #715-605-151; RRID: AB_2340863
Code #712-605-153; RRID: AB_2340694

Chemicals, peptides, and recombinant proteins

SlowFade Gold
Vectashield without DAPI

Thermo Scientific
Vector Lab

Catalog #S36936
H-1000

Critical commercial assays

Chromium Next GEM Single Cell 3’ Kit v3.1

10x Genomics

Product code # 1000268

Deposited data

Raw and analyzed data Simon et al.*” GEO: GSE254562
Experimental models: Organisms/strains
Fly: D. melanogaster: w, 20xUAS-flpG5::Pest; sp/Cyo; Bloomington Stock #55807
TM2/TM6B
Fly: D. melanogaster: ;;Act5C-FRT-StopFRT-lacZ.nls Bloomington Stock #6355
Fly: D. melanogaster: w;;13xLexAop2-CD8::GFP Bloomington Stock #32203
Fly: D. melanogaster: w; 13xLexAop2-CD8::GFP; Bloomington Stock #32205
Fly: D. melanogaster: ;; Pxb-GAL4 Desplan lab, from MI05058 N/A
(Courgeon and Desplan'®)
Fly: D. melanogaster: Optix-GAL4NF2631 Kyoto Stock #104266
Fly: D. melanogaster: ;; hh-GAL4 Bloomington Stock #67046
Fly: D. melanogaster: w1118; R22D12-LexA Bloomington Stock #52670
Fly: D. melanogaster: w1118; R20D11-LexA Bloomington Stock #52565
Fly: D. melanogaster: w1118; R24F10-LexA Bloomington Stock #52696
Fly: D. melanogaster: w1118; R24F06-LexA Bloomington Stock #52695
Fly: D. melanogaster: w1118; R42HO01-LexA Bloomington Stock #54204
Fly: D. melanogaster: w1118; R11C05-LexA Bloomington Stock #54608
Fly: D. melanogaster: w'""%; R47G08-LexA Bloomington Stock #52793
Fly: D. melanogaster: w'""; R18G08-LexA Bloomington Stock #52533
Fly: D. melanogaster: w'""; R23C03-LexA Bloomington Stock #61523
Fly: D. melanogaster: yw; 10xUAS-myr-GFP; Bloomington Stock #32198
Fly: D. melanogaster: If/CyO; UAS-p35 Bloomington Stock #5073
Fly: D. melanogaster: ;Elav-GAL4/Cyo-GFP; Dr/TM6C From Lin and Goodman,®® N/A
Fly: D. melanogaster: w'''8;; R22D12-GAL4 Bloomington Stock #48983
Fly: D. melanogaster: w''';; R26H07-GAL4 Bloomington Stock #69854
Fly: D. melanogaster: w'""8;; R20D11-GAL4 Bloomington Stock #47891
Fly: D. melanogaster: w'"'8;; R24F10-GAL4 Bloomington Stock #49090
Fly: D. melanogaster: w'"'%;; R24F06-GAL4 Bloomington Stock #49087
Fly: D. melanogaster: w'"'5;; R42H01-GAL4 Bloomington Stock #48150
Fly: D. melanogaster: w''"%;; R11C05-GAL4 Bloomington Stock #48291
Fly: D. melanogaster: w''"%;; R47G08-GAL4 Bloomington Stock #50328
Fly: D. melanogaster: w''"%; R38A07-GAL4 Bloomington Stock #49978
Fly: D. melanogaster: w'""®; R47E05-GAL4 Bloomington Stock #50312
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Fly: D. melanogaster: w'""%;; R18G08-GAL4 Bloomington Stock #47877
Fly: D. melanogaster: w'"'8;; R58G11-GAL4 Bloomington Stock #39195
Fly: D. melanogaster: w'"'8;; VT043152-GAL4 Vienna Tile VDRC201362
Fly: D. melanogaster: w; UAS-mir(rpr, hid, grim)/CyO; Iswar Hariharan N/A
Dr/TM6C
Fly: D. melanogaster: ;UAS-Dronc-DN (C318G); Helena Richardson/Nick N/A

Baker
Fly: D. melanogaster: ;; UAS-Dronc-RNAi Vienna Tile VDRC100424
Fly: D. melanogaster: tj-GAL4"F1624 Kyoto Stock #104055
Fly: D. melanogaster: ;;Ubi>>stinger, UAS-Flp Bloomington Stock #28282
Fly: D. melanogaster: ;ubi>>stinger; Bloomington Stock #32250
Fly: D. melanogaster: ;; dpp-GAL4 Bloomington Stock #1553
Fly: D. melanogaster: w;UAS-Stinger; Bloomington Stock #84277
Fly: D. melanogaster: ;;UAS-sf-GFP-nls-PEST- Desplan Lab N/A
2A-B2ase
Fly: D. melanogaster: yw, hsFip, tub>>GAL4; Bloomington Stock #64767
UAS-EGFP;
Fly: D. melanogaster: brk®*c-GAL4;; Bloomington Stock #53707
Fly: D. melanogaster: w; UAS-dpp/TM3,sb,ser Bloomington Stock #53716
Fly: D. melanogaster: UAS-brk.J Bloomington Stock #36536
Fly: D. melanogaster: w118, GMR57C10-FLPL; Bloomington Stock #64087
10xUAS-MCFO (HA, V5, FLAG) (MCFO3)
Fly: D. melanogaster: yv;; UAS-dpp RNAi Bloomington Stock #36799
Fly: D. melanogaster: y,sc,sev,v; UAS-brk RNAi/CyO; Bloomington Stock #80438
Fly: D. melanogaster: Ap™®%8-LacZ/CyO Bloomington Stock #5374
Fly: D. melanogaster: w; dvGlut-T2A-QF2, QUAS- Matthias Landgraf N/A
LacZ/CyO-DG4; Dr/TM6B (Sb, DG4)
Fly: D. melanogaster: w'""%; salr-T2A-VP16AD/(CyO) Ted Erclik N/A
Fly: D. melanogaster: w8, disco-T2A- Ted Erclik N/A
VP16AD/(FM7c)
Fly: D. melanogaster: w"8; optix-T2A-GAL4- Ted Erclik N/A
DBD/(CyO);
Fly: w; UAS-redStinger, UAS-Flp, ubi>stop>niIsGFP Bloomington; added Cyo-GFP Stock #64087
(stinger)/CyO-GFP
Fly: yw, UAS-Flp; Gal80ts/Cyo; Desplan Lab (Bertet et a N/A
Act>y+>lexA,13XIexAop-myr-GFP/Tm6B
Fly: w; Ets65A:GFP Bloomington Stock #38640
Fly: w8 Rx-T2A-GAL4/CyO; WellGenetics This paper
Oligonucleotides
Oligo for Rx-T2A-GAL4 gRNA cloning Forward WellGenetics This paper
5’- CTTCGCACTTAGCTAGGAACCGAC
Oligo for Rx-T2A-GAL4 gRNA cloning Reverse WellGenetics This paper

5’- AAACGTCGGTTCCTAGCTAAGTGC

Software and algorithms

Fiji
Imaris
Microsoft Excel

Seurat (v.4.0.1)
R (v4.2.0)
GraphPad Prism

Schindelin et al.2012°”
RRID:SCR_007370
RRID: SCR_016137

RRID: SCR_016341
RRID: SCR_001905
RRID: SCR_002798

https://fiji.sc
http://www.bitplane.com/imaris/imaris

https://www.microsoft.com/en-us/
microsoft-365/excel

https://satijalab.org/seurat/
https://cran.r-project.org/
https://www.graphpad.com/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Code for quantification of neuroepithelial density This paper 10.5281/zenodo.10558145
Code for spatial domain scRNAseq This paper 10.5281/zenodo.10558145
Other

Cell Culture Petri Dish Thermo Scientific Catalog #171099

RESOURCE AVAILABILITY

Lead contact
To obtain information about/resources from this paper, please e-mail the lead contact, Claude Desplan (cd38@nyu.edu).

Materials availability
Antibodies and fly lines will be distributed from our lab.

Data and code availability

Microscopy data will be shared through the lead contact. Code written for analysis of single-cell RNAseq data, as well as for calcu-
lation of neuroepithelial cell density, is available on GitHub (https://github.com/jennifermalin/Malinetal2024). Single-cell RNA-seq
data is available in Simon et al.®?

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila melanogaster strains

See the key resources table for a complete list of stocks used. Drosophila melanogaster flies were grown on standard cornmeal me-
dium at 25°C 12-hour light/dark cycles (except when specified in listed experiments). Both male and female flies were analyzed for
each genotype, but no sex-specific differences were noted. The detailed genotype for each figure is given in Table S3. Rx-T2A-GAL4-
RFP C-terminal knock-in was generated by WellGenetics (Taipei, Taiwan). The company created a gRNA plasmid with a U6 promoter
(see key resources table for gRNA sequence). A pUC57-Kan T2A-GAL4 plasmid containing a LoxP-flanked Hsp70 3’'UTR, 3XP3-RFP
reporter cassette and two homology arms was cloned. The strain w’?78;; was injected with gRNA, hs-Cas9 and the donor plasmid. F1

screening was performed using presence of 3XP3-RFP; reporter cassette was later removed using hs-Cre.
METHOD DETAILS

Immunohistochemistry

Fly optic lobes were dissected in PBS and fixed for 15 minutes in 4% formaldehyde (v/w) in 1x PBS at 4°C. After 3 quick washes in 1 x
PBS, brains were blocked in 1x PBS + 0.4% Triton X-100 (PBST) + 0.5%-5% goat serum for 20 minutes. They were then incubated
for 2 days at 4°C in primary antibodies diluted in PBST + 0.5% goat serum. After 3 quick washes in PBST + 2 15-minute washes in
PBST, brains were incubated for 1-2 days with secondary antibodies diluted in PBST. After washes, brains were mounted in Slow-
fade or Vectashield and imaged on a Leica SP8 confocal microscope.

Stage-specific lineage tracing

To label progenies of Dpp-expressing neuroepithelial cells, we crossed w; ; Dpp-Gal4/TM6B, Tb with 20XUAS-FIpG5::PEST; tub-
Gal80[ts]/CyO; act>y+>lexA, 13XlexAop-myr::GFP. The cross is kept at 18°C and underwent an 8-hour temperature shift to 29°C
at the mid-third larval instar (4-day incubation at 18°C before dissection) and the late-third larval instar (1-day incubation at 18°C
before dissection).

Antibody dilutions

The following primary antibodies were used for immunofluorescence: rat anti-Ncadherin (1:50, DSHB), guinea pig anti-Traffic Jam
(1:2500, D. Godt), guinea pig anti-Otd (1:500, Genscript), rabbit anti-Dve (1:1000, F. Matsuzaki), rabbit anti-SoxN (1:250, Genscript),
rabbit anti-GFP (1:400, Invitrogen), chicken anti-GFP (1:400, EMD), sheep anti-GFP (1:500, BioRad), mouse anti-RFP (1:400, MBL),
mouse Anti-V5-tag:DyLight550 (1:50, BioRad), rat anti-FLAG (1:50, Novus), rabbit anti-HA (1:50, Cell Signaling Technologies), rabbit
anti-Eyeless (1:200, Genscript), mouse anti-Eyeless (1:10, DSHB), mouse anti-Islet/Tup (1:100, DSHB), chicken anti-beta-Gal (1:500,
Abcam), mouse anti-Svp (1:20, DSHB), guinea pig anti-Scro (1:100, Genscript), mouse anti-Dac (1:20, DSHB, mAbdac2-3), guinea
pig anti-Dac (1:1000, Genscript), rabbit anti-Toy (1:300, Genscript), rat anti-Toy(1:50, Genscript), rabbit anti-Optix (1:200, Genscript),
rabbit anti-p-Smad3 (1:500, Abcam), rabbit anti-Brk (1:200, R. Mann), rabbit anti-Vsx2 (1:1000, Genscript), guinea pig anti-Vsx1
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(1:100, Genscript), guinea pig anti-Lim3 (1:500, J. Skeath), rabbit anti-distal-less (1:400, Genscript), rat anti-Grh (1:500, Stefan Thor),
and AlexaFluor405 conjugated Goat Anti-HRP (Jackson ImmunoResearch, 1:100). Secondary antibodies are from Invitrogen and
used at 1:200.

QUANTIFICATION AND STATISTICAL ANALYSIS

Male and female larvae at similar stages were selected randomly from the fly vials for all experiments. Blinded analysis across
different genotypes was not performed, as the genotype can be distinguished by the experimenter. Allimmunohistochemistry exper-
iments were performed in at least 3 different biological replicates (brains of different flies) for each genotype, which is in line with ex-
periments from other scientists in the field. Apoptosis inhibition led to aberrant neuron targeting. To distinguish between off-target
labeling and aberrantly targeting neurons, we only counted cells that were the same size as normally targeting neurons, and we only
counted cells that were closest in proximity to normally targeting neurons. Quantification of Dm1/4/12 vs. Dm8/11 cell number (as
well as Tj+ cell number) was calculated using the “Spots” function on Imaris (Oxford Instruments); only neurons within the
Z-plane of the medulla were counted. For all T-tests, a two-tailed T test was performed. T-tests, Chi-square analysis and linear
regression were all performed using GraphPad Prism. Averages and standard deviation/standard error of the mean were calculated
using Microsoft Excel.

Co-expression by segmentation

To visualize the spatial distribution of Dm2 (Vsx1+/DIl+), we used Imaris (Oxford Instruments) to first segment Vsx1-expressing cells
with the "object detection with surface model" module. Both intensity and quality threshold were determined algorithmically. The
segmented surface objects were used as a mask for the DIl channel, and the masked DIl channel were further processed with the
"object detection with surface model" module with algorithmically determined thresholds to obtain surface rendering of Vsx1+/
DIl+ cells. Using optic lobe neuropils (marked by N-Cadherin) as anatomical landmarks, an ROl was set to keep only the medulla
cortex but not the lamina or lobula plug neurons. Vsx1+/DII+ objects within the ROIs were then visualized with and without the original
immunostain signal.

Cell density estimation of OPC aomains

Optic lobes of wandering larvae (late 3rd larval instar) were harvested and stained (see Immunostain) with Grh (marking neuroepithe-
lial cells), Vsx1, Optix, and Rx. Vsx1 and Rx were both from guinea pigs and thus in the same channel. Brains were mounted to acquire
sagittal optical sections, and Z-stacks contain the whole OPC. Imaris (Oxford Instruments) were used to segment neuroepithelial
cells by Grh intensity semi-automatically with the "object detection with surface model" module. A region of interest representing
the OPC is manually drawn per brain by anatomical landmarks. Then, within the OPC ROI, Intensity cutoff for Grh was set at 350
A.U. while the quality score cutoff was determined algorithmically. Raw intensity of Vsx1/Rx and Optix staining was acquired per neu-
roepithelial cell object and exported. Measured intensity was imported into R (v4.3.1). Domain identity is assigned by first estimating
P(Optix) and P(Vsx/Rx) Gaussian mixture model (Scrucca et al.®%). Cells that have a P(Optix) * (1 - P(Vsx/Rx)) > 0.3 are assigned as
Optix, while anterior non-Optix cells were assigned as Vsx and posterior non-Optix cells were assigned as Rx. Cell density is esti-
mated as multivariate Gaussian kernel density of centroids of each cell object in space (Chacén and Duong®®). To examine if cell
density differs between domains, median cell density per domain was calculated for each OPC (N = 3), and a Kruskal-Wallis test
is performed with the significance threshold set at 0.05.

Image acquisition and processing
All images were captured on a Leica SP8 Confocal Microscope. Images were analyzed in FIJI (ImageJ) and Imaris.

scRNA-seq

The raw data was obtained from Simon et al.”~ Briefly, we acquired the data by producing lines expressing a nuclear GFP in neurons
from the Optix, vOptix, hh, dpp and pxb regions of the mOPC, sorting the labelled cells by FACS, and performing single-cell mRNA
sequencing on the obtained cell suspension.

The raw data was then analyzed using Seurat 4.0.1. For each library, a Seurat Object was created with all genes expressed at least
in 3 cells, and all cells expressing at least 200 genes. The objects were then filtered by keeping all cells below a percent of mitochon-
drial genes, below a specific number of UMIs, and above a number of genes, based on the distribution of these parameters.*> The
threshold chosen were identical for all libraries acquired a given day with flies of a given genotype, but were different otherwise. For
the 3 Optix libraries the thresholds were 7/17000/800 (percent of mitochondrial genes, number of UMIs, number of genes), for the 2
vOptix libraries 10/10000/500, for the 2 dOptix libraries 5/20000/1000, for the 2 hh libraries 10/20000/700, for the 2 dpp libraries
5/20000/900, for the pxb library 5/30000/1300. After filtering, the number of cells in each library was 5532 (Optix 1), 6786 (Optix
2), 6718 (Optix 3), 5175 (vOptix 1), 5421 (vOptix 2), 6182 (dOptix1), 6120 (dOptix2), 4433 (hh 1), 4749 (hh 2), 6127 (dpp 1), 6735
(dpp 2), 4988 (pxb). For each library we then ran NormalizeData, FindVariableFeatures and ScaleData with default parameters, as
well as RunPCA, RunTSNE and RunUMAP with defaults parameters and a dimensionality of 150. Dimensionality reductions were
run purely for visualization purposes: these were not used to annotate the dataset, and neither did we perform any clustering. Instead,
we used the normalized expression of marker genes and the neural network classifier built and presented in Ozel et al.*' to assign
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each cell of each library to its corresponding cluster in our published single-cell atlas (metadata fields “NN_Cluster_Number”), and to
give this assignment a confidence score between 0 and 1 (metadata field “Confidence_NN_Cluster_Number”). For all figures, we
replaced cluster numbers by cluster annotations (metadata fields “Annotation”) previously published in Ozel et al.®' except for
Dm15 cluster that we newly identified (Figure 2B).

For each dataset, if at least 80% of the cells of a given class (group of cells with the same annotation) were annotated with a con-
fidence score strictly below 0.5, the class was flagged as “low confidence”.

Then, we normalized class (group of cells with the same annotation) abundances to allow us to compare them between libraries. To
do so, we used the abundances of neuronal clusters produced in the whole mOPC, since they represent a constant between mOPC
regions. In each library of our spatial origin datasets, as well as our single cell atlas, we therefore divided the abundance of each class
by the abundance of neuronal clusters T1, Mi1, Tm1, Tm2, Tm4, and Tm6, which were produced in all mMOPC regions as determined
previously.®? We then averaged these normalized abundances and plotted them, as well as the minimal and maximal abundances, on
Figure 2B and Figure 6A. Finally, for each dataset, we flagged classes containing either 3 cells or less, or for which at least 80% of the
cells were annotated with a confidence score strictly below 0.5.

Correlation of spatial subdomain with Dm neuron number

GFP-expressing lines for each spatial factor were imaged and each spatial domain was measured at its widest point; its area was
then calculated (using the lasso tool in ImageJ/FIJl). Each neuron was given a spatial identity, which was then further characterized
if the neuron was born from a smaller spatial subdomain (i.e., Dm4 from 1/6 of the ventral Optix domain). The linear plot of OPC sub-
domain of origin vs. number of neurons per optic lobe was then plotted for each neuron class. A linear regression was performed, and
R-square and P value were calculated using Microsoft Excel and GraphPad Prism.
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