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Abstract

Spatial patterning of neural stem cell populations is a powerful mechanism by which to generate neuronal diversity. In the developing
Drosophila medulla, the symmetrically dividing neuroepithelial cells of the outer proliferation center crescent are spatially patterned by the
nonoverlapping expression of 3 transcription factors: Vsx1 in the center, Optix in the adjacent arms, and Rx in the tips. These spatial genes
compartmentalize the outer proliferation center and, together with the temporal patterning of neuroblasts, act to diversify medulla neuro-
nal fates. The observation that the dorsal and ventral halves of the outer proliferation center also grow as distinct compartments, together
with the fact that a subset of neuronal types is generated from only one half of the crescent, suggests that additional transcription factors
spatially pattern the outer proliferation center along the dorsal-ventral axis. Here, we identify the spalt (salm and salr) and disco (disco and
disco-n) genes as the dorsal-ventral patterning transcription factors of the outer proliferation center. Spalt and Disco are differentially
expressed in the dorsal and ventral outer proliferation center from the embryo through to the third instar larva, where they cross-repress
each other to form a sharp dorsal-ventral boundary. We show that hedgehog is necessary for Disco expression in the embryonic optic
placode and that disco is subsequently required for the development of the ventral outer proliferation center and its neuronal progeny.
We further demonstrate that this dorsal-ventral patterning axis acts independently of Vsx1-Optix-Rx and thus propose that Spalt and Disco

represent a third outer proliferation center patterning axis that may act to further diversify medulla fates.
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Introduction

The development of a complex nervous system requires that
stem cells generate a diverse array of neurons in the correct or-
der, location, and number. As a first step, neural stem cells are
spatially patterned by signaling molecules and transcription fac-
tors, which assign them (and their progeny) unique positional
identities (Holguera and Desplan 2018; Contreras et al. 2019; Chen
and Konstantinides 2022). In the Drosophila nervous system, the
spatial patterning of neural stem cells (termed neuroblasts) has
been best studied in the embryonic ventral nerve cord, where the
combinatorial action of segment polarity, columnar and Hox
genes pattern neuroblasts along the anterior-posterior (A-P) and
dorsal-ventral (D-V) axes (Doe 1992; Hirth et al. 1998; Bhat 1999;
Lin and Lee 2012). Similarly, in the developing vertebrate neural
tube, localized morphogen activity establishes distinct compart-
ments of transcription factor expression, which confer unique
identities to neural progenitors along both the A-P and D-V axes
(Briscoe et al. 2000; Dasen et al. 2003; Sagner and Briscoe 2019). In
both systems, spatially patterned progenitors are also temporally
patterned by the sequential expression of transcription factors as
they age (Kambadur et al. 1998; Isshiki et al. 2001; Kohwi and Doe
2013; Doe 2017; Delile et al. 2019). These 2 axes, spatial and tem-
poral, work together to regulate multiple aspects of neurogenesis,

including the generation of neural diversity (Delile et al. 2019;
Sagner and Briscoe 2019; Sen et al. 2019; Rossi et al. 2021).

In recent years, the Drosophila optic lobe, comprised of the
lamina, medulla, and lobula complex, has emerged as a powerful
model system in which to study how the patterning of stem cells
contributes to the development of a complex retinotopic circuit
(Fischbach and Dittrich 1989; Nériec and Desplan 2016; Contreras
et al. 2019; Malin and Desplan 2021). The largest structure in the
optic lobe is the medulla, which mediates both motion and color
processing and is comprised of >120 neuronal types (Fischbach
and Dittrich 1989; Nériec and Desplan 2016; Ozel et al. 2021). The
medulla develops from a crescent of neuroepithelial (NE) cells
termed the outer proliferation center (OPC; Egger et al. 2007; Li
et al. 2013; Nériec and Desplan 2016; Erclik et al. 2017). In the third
instar larva, the NE cells of the OPC are converted into neuro-
blasts, which then asymmetrically divide to generate the neurons
and glia of the medulla (Ceron et al. 2001; Egger et al. 2007; Yasugi
et al. 2008; Egger et al. 2010). Previous studies have shown that
both temporal and spatial patterning inputs are required for me-
dulla neuron specification (Hasegawa et al. 2011; Li et al. 2013;
Erclik et al. 2017). In the temporal axis, the sequential expression
of transcription factors in aging neuroblasts defines up to 11 dis-
tinct windows of specification (Hasegawa et al. 2011; Li et al. 2013;
Konstantinides et al. 2022; Zhu et al. 2022). In the spatial axis, the
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OPC NE is patterned by the nonoverlapping expression of 3 ho-
meobox transcription factors; Vsx1 in the center (cOPC), Optix in
the adjacent arms (mOPC), and Rx in the tips (pOPC) (Fig. 1a; Gold
and Brand 2014; Erclik et al. 2017). The Rx compartment is addi-
tionally subdivided by the restricted expression of the Dpp and
Wy signaling genes (Kaphingst and Kunes 1994; Erclik et al. 2017).
Neuroblasts integrate both temporal and spatial inputs to gener-
ate distinct neuronal types. For example, Pm3 neurons are specif-
ically generated from neuroblasts derived from the Vsx1 spatial
compartment and Hth temporal window (Erclik et al. 2017).

In addition to the Vsx1-Optix-Rx spatial patterning of the OPC,
several pieces of evidence suggest that a second spatial pattern-
ing mechanism compartmentalizes the OPC NE into dorsal and
ventral halves. First, neurons with identical spatial and temporal
addresses can assume different fates based on whether they are
born in the dorsal or ventral half of the OPC; Pm1 and Pm2 neu-
rons are each born from the Hth temporal window and Rx spatial
compartment, but Pm1 neurons (marked by the expression of the
Teashirt transcription factor) are born ventrally, whereas Pm2
neurons are generated dorsally (Erclik et al. 2017). Several other
dorsal- and ventral-specific cell types have since been identified,
including the ventrally derived neurons pDm8, yDm8, Tm4v, and

Tm9v, and the dorsally derived neurons praDm8, Tm4d, and
Tm9d (Courgeon and Desplan 2019; Ozel et al. 2021). Second,
memory-trace experiments demonstrate that the dorsal and ven-
tral halves of the OPC grow as distinct compartments; the NE
cells labeled by the memory of hedgehog (hh) expression are
strictly ventral and do not mix with unlabeled, dorsal cells (Erclik
et al. 2017). Consequently, a sharp boundary is formed in the cen-
tral Vsx1™ compartment between the ventral hh-lineage-marked
cells and the dorsal unlabeled cells (Erclik et al. 2017). Of note, hh
expression in the developing OPC is restricted to a short window
in the early embryonic optic anlage, days before neurogenesis
commences (Chang et al. 2001; Biehs et al. 2010). Thus, hh is un-
likely to directly control neuronal fate specification. To date,
transcription factors that are differentially expressed in the dor-
sal and ventral halves of OPC NE during larval development have
not been reported.

Here, we identify the spalt (salm and salr) and disconnected (disco
and disco-r) genes as dorsal- and ventral-specific OPC transcrip-
tion factors, respectively. Spalt and Disco are differentially
expressed in the dorsal and ventral OPC from the embryo
through to the third instar larva, where they cross-repress each
other to form a sharp D-V boundary. We show that disco is
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Fig. 1. Identification of differentially expressed genes along the D-V axis of the OPC. a) A schematic of the spatial compartmentalization of the larval
OPC NE. A memory trace of embryonic hh expression labels the ventral OPC. b) optix-Gal4 drives the expression of GFP (green) and RFP (red) in the dorsal
and ventral mOPC compartments. c) Diagram of the workflow used to collect and sequence dorsal and ventral OPC NE cells. d) Log-transformed
expression level heatmap of the 24 genes expressed at significantly different levels in the 3 dorsal (D1-3) vs 3 ventral (V1-3) cell samples (DESeq2, Wald
test, adjusted P-value<0.05). Genes are organized and annotated according to their GO annotation protein functions. Red asterisks indicate the spalt
and disco genes. e) Gene expression correlation plot of all genes expressed in the dorsal vs ventral NE cell samples. The mean expression level for each
gene across the 3 replicates was log2 transformed and plotted. Points in blue are genes identified to have significantly different expression levels in the
dorsal vs ventral samples (Wald test, adjusted P-value <0.05). Points labeled with gene names were upregulated in the dorsal or ventral samples with a

log? fold change >1.5.
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necessary for ventral fates, as it is required for both the develop-
ment of the ventral OPC NE and the generation of ventrally de-
rived neurons. We additionally show that embryonic hh is
required for Disco expression in the optic placode. Taken to-
gether, our findings demonstrate that the Spalt-Disco patterning
of the OPC represents a third patterning axis (independent of
Vsx1-Optix-Rx spatial patterning) that may act to further diver-
sify neuronal fates in the medulla.

Materials and methods
Micropipette cell isolation

To collect dorsal and ventral Optix™ OPC cell samples for bulk-
RNA sequencing, we adapted a micropipette-based cell isolation
protocol previously used to collect NE cells and neuroblasts
(Caygill et al. 2012). To prepare the micropipettes, Borosilicate
glass capillaries were pulled and beveled to achieve an inner nee-
dle diameter of 12 um and tip angle of 45°. The inside of each mi-
cropipette was also coated with a siliconizing reagent (Sigmacote,
Sigma-Aldrich) to prevent the collected cells from sticking to the
inside of the micropipette. The coated needles were rinsed with
water and left to dry overnight before use.

Female late second instar larvae of the genotype, UAS-
RedStinger;Optix-Gal4;UAS-myr::GFP, were collected and the brains
were dissected in 1xPBS. Brains were transferred to a Petri dish
filled with 1xPBS and Kwik-Sil silicone adhesive was used to ad-
here the brains to the bottom of the dish, in an anterior mount
orientation (Arain et al. 2021). The brains were visualized under a
fluorescent scope fitted with a micromanipulator, onto which the
preprepared microcapillary needle was mounted. Using the mi-
cromanipulator, the needle was brought into contact with the
fluorescently labeled cells of one of the Optix™ OPC compart-
ments. Using a syringe connected to the micropipette via a tubing
system, the cells were drawn up into the pipette and expelled
into a PCR tube prefilled with ~5 pL of PBS. The tube was immedi-
ately flash frozen on dry ice to inhibit RNase activity. Cell sample
collection occurred for a maximum period of 1 h after dissection,
during which cells from either the dorsal or ventral compartment
were collected from 3 to 4 brains and pooled into a PCR tube.
Three dorsal and 3 ventral cell sample replicates were obtained
for downstream sequencing analysis.

Bulk RNA-seq library preparation, sequencing,
and transcriptome analysis

mRNA was extracted and purified using the SMART-Seq v4 Ultra
Low Input RNA kit (Takara), and RNA-seq libraries were prepared
using the Nextera XT Library Preparation Kit (llumina).
Sequencing was performed on the HiSeq 2500 (Illumina) system.
The above library preparation and sequencing steps were per-
formed by SickKids: The Centre for Applied Genomics.

A total of 40 million, 126 bp, paired-end, nondirectional reads
were obtained per sample. The FASTQ data were first processed
with Trimmomatic (version 0.36.6) for adaptor and low-quality
base trimming (Bolger et al. 2014). RNA Star (version 2.6.0b-1) was
used to align reads to the dm6 genome using the BDGP 6.31 ge-
nome assembly where ~85% of reads were uniquely mapped
(Dobin et al. 2013). From here, featureCounts (version
1.6.3+galaxy?2) assigned ~82% of the mapped reads to genes and
the remainder were removed from downstream analysis due to
low-confidence mapping (Liao et al. 2014). The read counts
obtained by featureCounts were normalized between replicates
and compared across each condition using DESeq2 (version
2.11.40.2) to identify upregulated genes in the dorsal and ventral

samples (Love et al. 2014). All transcriptomic analyses described
above were performed on the usegalaxy.org web platform (Afgan
et al. 2018).

Antibody generation

A polyclonal antibody against Disco was generated by GenScript.
The antibody was generated in guinea pigs using the following
epitope:

>PYVMFGGQAGLHGLGLLSTGCQDPDSGSVDNEQDADPEDDNDEV
YVDMQANSSSPAASSEDQEEHERDNEQDEEMHCSLSLASSSSIAAD
EERAADQPLDFSLHKRRKSEQDREQEQEQEQEREREAEKEQEQDVES
DKEHEPEQEHELEREKRSPSDAFSMDQLLGKRKRHDSTASSSACSTA
AASSASSSSASASANPPQTSIKMDLDPDSDSAYMTSRRQMLPLPVLD
LEEHHHLRLLQTQMFAAAAAAAATSQAPPTAFLPAGSPVDLAKDSPP
MWSLLSEMYRSMLLKTQ

Immunohistochemistry

Dissection and immunohistochemistry analysis of larval and
adult brains were carried out using a previously published proto-
col (Arain et al. 2021). Briefly, brains were dissected in cold 1xPBS
and fixed in 4% formaldehyde (in 1xPBS) for a total of 20min at
room temperature (for adult brains) or 30 min on ice (for larval
brains). Brains were then washed 5 x in 400puL of PBT (0.3%
Triton in 1xPBS) before incubating in primary antibody solution
overnight. After removal of the primary antibody solution, the
brains were washed 5x in 400 pL of PBT and then placed on an or-
bital shaker to continue washing at room temperature for an ad-
ditional 4h. After the primary wash, the secondary antibody
solution was added, and incubation occurred for 2h at room tem-
perature on an orbital shaker. Following the 2h incubation, the
antibody solution was removed and the brains were washed 5x
with 400pL PBT before being left immersed in PBT in a fridge
overnight. Finally, brains were mounted in SlowFade (Invitrogen)
mounting media before imaging.

Immunohistochemistry analysis of embryos was carried out
using a previously published protocol with slight deviations
(Kaczynski and Gunawardena 2010). Flies were placed in cages
and left to lay on grape juice agar plates at 25°. Embryos were col-
lected from the plates and rinsed in a fine sieve with deionized
water. Embryos were then placed in a vial and immersed in 50%
bleach solution (in water) for 3min to dechorionate the embryos.
Immediately after dechorionation, the embryos were washed
well with deionized water. Following the wash, an equal parts
heptane-fixative solution (4% formaldehyde in 1xPBS) was added
before placing the vial on a nutator for 30 min to fix the embryos.
Following fixation, the fixative layer of the heptane-fixative solu-
tion was removed and replaced with methanol. The vial was then
shaken vigorously to remove the vitelline membranes of the em-
bryos. Next, the heptane-methanol mixture was removed and
embryos were rinsed in methanol for 5 x 5 min. Embryos were
then rehydrated by washing them for 2 x 5and 1 x 30 min in a
50% methanol, 50% PBT solution, then 1 x 30 min in 100% PBT on
a nutator. Following rehydration, embryos were incubated with
primary antibody solution in the fridge overnight. Embryos were
then washed 10 x 6 min with PBT on a nutator. The secondary
antibody solution was added and left to incubate for 2h at room
temperature on a nutator before washing 10 x 6 min with PBT on
a nutator. Following the secondary antibody wash, embryos were
submerged in Vectashield (Vector Labs) mounting media and left
in the fridge overnight before mounting and imaging.

The following concentrations of primary antibodies were used
to prepare the primary antibody solutions in PBT for a total



4 | GENETICS, 2022, Vol. 222, No. 3

volume of 100uL (larvae and adult) or S0puL (embryos): mouse
anti-RFP (1:1,000; MBL International), chicken anti-GFP (1:1,000;
Ivitrogen), rat anti-DE-Cadherin (1:20; DSHB), rabbit anti-Salm
(1:100; gift from Claude Desplan), guinea pig anti-Disco (1:100;
this study), mouse anti-Dac (1:10; DSHB), rat anti-Dpn (1:50;
Abcam), rat anti-DN-Cadherin (1:20; DSHB), guinea pig anti-Vsx1
(1:500; Erclik et al. 2008), mouse anti-FaslI (1:20; DSHB), goat anti-
B-galactosidase (1:500; MP Biomedicals), mouse anti-Svp (1:200;
DSHB), rabbit anti-Tsh (1:2,000; gift from Hector Herranz), rabbit
anti-Lim1 (1:100; gift from Claude Desplan).

Secondary antibodies were prepared at 1:500 in PBT for a total
volume of 100 uL (larvae and adult) or 50 puL (embryos). Secondary
antibodies were Invitrogen and Jackson
ImmunoResearch Laboratories.

obtained from

Imaging and image analysis
Brains and embryos were imaged on a ZEISS LSM880 confocal mi-
croscope using a 25x oil objective. Images were processed using
Volocity imaging software or ImageJ.

Fly strains and genetic crosses

Flies were reared at 25° on standard cornmeal food unless other-
wise specified. OreR was used as the wild-type strain. The following
fly stocks were wused in this study: w",UAS-myr:GFP;tubP-
Gal80,FRT40A;tubP-Gal4/Tm6B (BDSC #5192, modified for this study),
w*,hsFlp,tubP-Gal80,FRT19A;UAS-CD8::GFP;tubP-Gal4/TméB (BDSC #5134,
modified for this study), hsFlp;;Act-FRT-Stop-FRT-Gal4,UAS-RFP (gift from
Dorothea Godt), y*, w*hsFlp;Df(2L) 32FPS,FRT40A/cyo;MKRS/Tm6B (BDRC
#29717), w",Df(1)ED7355,FRT19A/Fm7a (BDSC #8899, modified for this
study), UAS-salm.K (BDSC #29715), UAS-disco.M (BDSC #78348), UAS-
disco-rM (BDSC #78342), w%UAS-disco™ (VDRC #330175), UAS-
Vsx1®VAL (BDSC  #50684), y', UL UAS-OptixX™Al (BDSC  #31910),
hh-Gal4,y'w*;UAS-Flp.D;Act-FRT-Stop-FRT-lacZ,w*,Optix-Gal4, w* Gal80®;
pbx-Gald, UAS-myr::GFP (gift from Claude Desplan), disco-r=**5! (disco-r-
LacZ, BDSC #78347);; ry°®, hh"“/Tm3 (BDSC #1749),;; ry°®, hht*°
(hh-lacZ, BDSC #5530), disco’ (BDSC #5682), B°, Dp(1; Y)BSC228 (BDSC
#32518), and w" MZVUM-Gal4;UAS-CD8::GFP (Erclik et al. 2008).

Genetic knock-out clones of the salm and disco gene pairs were
generated using the MARCM system (Luo and Wu 2006). To gen-
erate salm gene deficiency clones, females of the genotype,
w*,UAS-myr::GFP;tubP-Gal80,FRT40A;tubP-Gal4/Tm6B, were crossed
to, y',w*,hsFlp;Df(2L) 32FP5,FRT40A/cyo;MKRS/Tm6B males. Progeny
was heat-shocked at the second instar larval stage for 1h at 37°C
and dissected in the late third instar stage. To generate disco gene
deficiency clones, females of the genotype, w*Df(1)ED7355FRT19A/
Fm7a were crossed to w"hsFlp,tubP-Gal80,FRT19A;UAS-CD8::GFP;tubP-
Gal4/Tm6B males. Progeny of this cross were heat-shocked at the
second instar larval stage for 2h at 37°C and left to recover at room
temperature for 1h before applying a second heat shock for an addi-
tional 2h. All larvae were dissected in the early or late third instar
stage.

Salm, Disco, and Disco-r overexpression clones were made by
crossing, hsFlp;;Act-FRT-Stop-FRT-Gal4,UAS-RFP virgin females to
UAS-salm.K, UAS-disco.M, or UAS-disco-r.M males. Progeny were
heat-shocked at the early second larval instar stage for 12 min at
37°C and left to recover for 48 h before dissection.

usx1, optix, and disco RNAi knock-down clones were made by
crossing hsFlp;;Act-FRT-Stop-FRT-Gal4,UAS-RFP virgin females to
UAS-Vsx1®VAL y1 41 UAS-Optix™ AL or w*UAS-disco-r™A males.
Progeny were heat-shocked at the early second larval instar stage
for 12min at 37°C and left to recover for 48 h before dissection.

Analysis of optic lobe scRNA-seq dataset

salm and disco expressing cell types in the adult optic lobe were
identified using a published single-cell sequencing dataset on the
adult optic lobe (GEO accession: GSE142789; Ozel et al. 2021). The
preclustered Seurat object (Adult.rds, GSE142787) was analyzed
using the assigned cluster identities located in the “Finalldents”
field of the metadata. salm and disco expression in the clusters
was calculated and differential gene expression analysis was per-
formed using the FindAllMarkers function in Seurat 3.1.5 under
default parameters (Wilcoxon rank-sum test) on nonintegrated
gene expression.

Results

Identification of differentially expressed D-V
patterning genes in the OPC

To identify genes that are differentially expressed along the D-V
axis of the OPC, we transcriptionally profiled NE cells isolated
from the dorsal and ventral Optix™ (mOPC) compartments. We
chose to collect cells from the Optix"™ compartments because the
compartments are large, and, unlike the dorsal and ventral
Vsx1" compartments, exist as spatially distinct cell populations
(Fig. 1, a and b and Supplementary Fig. 1a). To isolate NE cells, we
modified a protocol that was previously developed to extract
fluorescently labeled cells from live larval brains using a glass
micropipette (Fig. 1c; Caygill et al. 2012). Fluorescent labeling of
the dorsal and ventral compartments was achieved with optix-
Gal4 driving the expression of a nuclear RFP and membrane-
bound GFP in the mOPC (Fig. 1b). Fluorescent cells were extracted
via micropipette and 3 replicates each of dorsal and ventral cells
were sent for Illumina mRNA sequencing (Fig. 1c).

Differential gene expression analysis between the dorsal and
ventral mOPC samples revealed that the cells from these 2 com-
partments have very similar transcription profiles. mOPC genes
(optix, combgap) were highly enriched in all samples compared to
cOPC (usx1, pxb) and pOPC (rx, dpp) genes, confirming that the iso-
lated cells were collected from the Optix" compartments
(Supplementary Fig. 1b). Comparative analysis of the cell sample
gene expression profiles identified 24 genes that had significantly
different expression levels between the dorsal and ventral sam-
ples (Wald test, P <0.05; Fig. 1d). Eight of these genes displayed
large expression level differences between the dorsal vs ventral
cells, with a log2 fold-change greater than 1.5 (Fig. le). One
ventral-specific gene that was identified was DWnt4, which enco-
des a secreted signaling protein. DWnt4 expression has been pre-
viously shown to be restricted to the ventral OPC lamina
precursor cells (LPC; Sato et al. 2006). The differential expression
of DWnt4 in our ventral samples thus serves as confirmation that
our cell extraction technique reliably isolated ventral vs dorsal
cells. Gene Ontology (GO) annotation analyses identified several
classes of differentially expressed D-V genes, including signaling
proteins and transcription factors (Fig. 1d). Strikingly, 4 of the
genes displaying the greatest expression level differences be-
tween the dorsal and ventral samples were comprised of 2 pairs
of related zinc finger transcription factors: (1) spalt major (salm)
and spalt-related (salr) (together referred to as the spalt genes)
expressed in dorsal samples, and (2) disconnected (disco) and disco-
related (disco-1) (together referred to as the disco genes) expressed
in ventral samples (Fig. 1, d and e). The complementary expres-
sion of these genes in the dorsal and ventral samples, together
with their previously reported roles in patterning developing fly
appendages (Cohen et al. 1991; Patel et al. 2007; Grieder et al. 2009;
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Organista and De Celis 2013), led us to investigate whether the
genes confer D-V identities to the NE cells of the developing OPC.

Salm and Disco expression divides the OPC NE
into dorsal and ventral domains

As a first step in understanding the roles of the spalt and disco
genes in OPC development, we performed immunohistochemis-
try analysis to confirm that the transcription factors are differen-
tially expressed along the D-V axis of the OPC. Immunostaining
of early third instar larval brains with Salm and Disco antibodies
was consistent with our transcriptomic data; Salm is specifically
expressed in the dorsal OPC (d-OPC) NE and Disco is reciprocally
expressed in the NE of the ventral OPC (v-OPC; Fig. 2, a and b).
The D-V pattern of Salm/Disco expression extends to all OPC
compartments (Vsx1, Optix, and Rx) and the expression of the 2
genes meets in the cOPC, where they form a sharp boundary
(Fig. 2, a and b and Supplementary Fig. 2a). Of note, Salm is
expressed at lower levels in the cOPC relative to the other dorsal
OPC compartments (Fig. 2a), which suggests that the spalt genes
may play a compartment-specific role in the Vsx1 region. In addi-
tion, the disco-r“>®!5! lacZ enhancer trap line, which reports for
disco-r expression (Patel et al. 2007), is expressed in the ventral
compartment of the OPC NE, consistent with the transcriptomic
data that both disco paralogs are expressed in the ventral OPC
(Supplementary Fig. 2b). We could not confirm that Salr is coex-
pressed with Salm in the dorsal OPC, as neither an antibody nor
reporter line specific to the gene is currently available. The re-
stricted D-V expression pattern of Salm and Disco was also ob-
served in earlier larval stages, but not in late third instar brains,
where only Salm continues to be expressed in the dorsal OPC
(Fig. 2, c and d). Notably, Salm and Disco expression in the OPC is
absent from the NE cells lateral to the furrow, which contribute
to the lamina, and is restricted to the NE cells that give rise to the
neuroblasts and neurons of the medulla (Fig. 2, e and f).

Next, we assessed whether Salm and Disco are expressed in
other cells of the larval optic lobe. Within the developing me-
dulla, Salm is additionally expressed in the youngest dorsal me-
dulla neuroblasts, those closest to the NE, but is downregulated
in older neuroblasts (Fig. 2g). In contrast, Disco is not expressed
in medulla neuroblasts, indicating that it is downregulated dur-
ing the NE to neuroblast transition (Fig. 2h). Neither gene is
expressed in neurons derived from the OPC, apart from a subset
of neurons born from the pOPC tips (Fig. 2, b, g, and h). In these
pOPC-derived neurons, Salm and Disco do not exhibit D-V specif-
icity, likely due to an additional independent role these factors
play in the specification of Wingless-derived pOPC neurons
(Bertet et al. 2014). Disco is also expressed in the NE cells of the
ventral tip of the inner proliferation center, a progenitor popula-
tion that gives rise to neurons of the lobula complex
(Supplementary Fig. 2c; Hofbauer and Campos-Ortega 1990;
Nériec and Desplan 2016).

Consistent with the absence of Salm and Disco expression in
most OPC-derived neurons in the larva, these transcription fac-
tors are not expressed in the neurons of the adult medulla
(Supplementary Fig. 2d). The genes are expressed in a subset of
lobula complex neurons, which may represent the Salm and
Disco expressing neurons derived from the larval pOPC
(Supplementary Fig. 2d). To identify these neurons, we analyzed
a previously published single-cell sequencing dataset of the
whole adult optic lobe (Ozel et al. 2021). This analysis identified
18 neuronal clusters with upregulated disco levels, including the
neurons LC14, LLPC1, and LC16, and 5 clusters with upregulated

salm levels, including LPLC1 and LPLC2 neurons (Wilcoxon Rank-
Sum, P-adj < 0.05; Wu et al. 2016).

Taken together, the above results demonstrate that the ex-
pression of Salm and Disco subdivides the OPC NE into dorsal
and ventral regions, respectively (Fig. 2i). The genes are expressed
in all OPC compartments and form a sharp D-V boundary in the
cOPC (Fig. 2i). We next determined whether these genes function-
ally interact to establish the D-V compartment boundary.

Spalt and Disco cross-repress each other in
the developing OPC

The spatial compartmentalization of the OPC along the A-P axis
requires cross-repressive interactions between the Vsx1, Optix,
and Rx transcription factors (Erclik et al. 2017; Islam et al. 2021).
We therefore asked whether Salm and Disco also cross-repress
each other in the OPC NE to maintain the D-V compartment
boundary. Ectopic expression of salm is sufficient to repress Disco
in the v-OPC NE (Fig. 3a). Similarly, misexpression of disco or
disco-1 is sufficient to repress Salm in the d-OPC NE (Fig. 3b and
Supplementary Fig. 3a). To test for the necessity of these genes in
repressing one another we generated clones deficient for both
genes in each paralogous gene pair, since, in other tissues in
which the salm/salr and disco/disco-r genes are also coexpressed,
the genes are functionally redundant (De Celis et al. 1996;
Mahaffey et al. 2001; Mollereau et al. 2001). We thus made use of
deficiency lines with chromosomal deletions that span the coding
regions of the spalt genes [Df(2L)32FP5] or the disco genes
[Df(1)ED7355] (Barrio et al. 1999; Patel et al. 2007) to generate loss-
of-function clones in the larval OPC. In MARCM clones removing
the spalt genes, Disco is not derepressed in the d-OPC NE (Fig. 3c
and Supplementary Fig. 3b). Conversely, in MARCM clones re-
moving the disco genes, Salm is derepressed in the v-OPC NE
(Fig. 3d and Supplementary Fig. 3c). It should be noted that the
levels of ectopic Salm expression in these clones are lower than
those observed in the wild-type d-OPC NE, which suggests that
additional genetic mechanisms may act to repress Salm expres-
sion in the v-OPC. To determine whether the disco genes act re-
dundantly in the ventral NE to repress Salm expression, we
generated RNAI clones in which only the expression of the disco
gene is knocked down. We found that Salm is not derepressed in
these disco RNAI clones (Supplementary Fig. 3d), which suggests
that disco and disco-r act redundantly in the v-OPC NE. Taken to-
gether, the above data indicate that the disco genes are necessary
and sufficient to repress Salm in the OPC, whereas the spalt genes
are only sufficient to repress Disco (Fig. 3f).

We next determined whether the spalt and disco genes interact
with the previously identified spatial patterning axis. Knockdown
of usx1 does not affect the expression of Salm or Disco in the
cOPC and removal of the disco genes has no effect on Vsx1 expres-
sion (Fig. 3e and Supplementary Fig. 3e). Furthermore, knock-
down of optix has no effect on Salm or Disco expression in the
mOPC (Supplementary Fig. 3, f and g). These data suggest that
the D-V patterning axis of the OPC is independent of the Vsx1-
Optix-Rx spatial axis (Fig. 3f). To further investigate how the D-V
axis is established, we next analyzed the regulatory relationships
between spalt, disco, and vsx1 in the embryo.

hh is required for disco expression in the
embryonic optic placode

The larval OPC is derived from a patch of ectodermal cells in the
embryo termed the optic placode (Hartenstein and Campos-
Ortega 1984; Daniel et al. 1999). Larval OPC patterning genes, such
as uvsxl and wg, have been previously shown to establish their
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Early L3 (cOPC and mOPC) Early L3 (mOPC and pOPC)
optix-Gald>UAS-RedStinger optix-Gal4d>UAS-RedStinger
Salm RFP  DE-Cad Salm RFP DE-Cad
c’T’;!’._ . 0 Rﬁ,

Late L3
DE-Cad

Developmental Time

Fig. 2. Salm and Disco are expressed in the dorsal and ventral halves of the OPC. a-b”) Salm (red) and Disco (green) expression in the OPC NE of the
early third instar larva. NE is labeled by DE-Cadherin (DE-Cad, grey). Dashed lines indicate the mOPC-cOPC (a-a""’") and mOPC-pOPC (b-b”) compartment
boundaries as marked by optix-Gal4 driving the expression of RFP (blue). White asterisks (b-b”) mark Salm and Disco expression in pOPC-derived
neurons. c—d”) Salm (red) and Disco (green) expression in the OPC NE (DE-Cad, grey) of late third instar (c) and first instar (d-d”) larvae. Yellow dashed
lines (d-d”) indicate the location of the D-V expression boundary. e-f’) Expression of Salm (e-e’, green) and Disco (f-f’, green) in the OPC NE (DE-Cad,
grey) of the early third instar larva is absent in the LPC as marked by Dachshund (Dac, red). Yellow dashed lines mark the lamina furrow separating the
medial and lateral OPC NE. g-h") Expression of Salm (g-g”, green) and Disco (h-h", green) in neuroblasts (NBs) marked by Deadpan (Dpn, red) and
neurons (asterisks) in the optic lobe of the early third instar larva. Arrows indicate the ages of the neuroblasts from the youngest to the oldest. Dashed
lines outline the OPC NE. Yellow arrowhead (h) is a central brain neuroblast coexpressing Dpn and Disco. a-d”) Dorsal is up. e-h”) Medial is left. In all
images: scale bar = 15um. i) Cartoon schematic of Salm and Disco expression in the OPC NE, NBs, and LPC throughout larval development.
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salm/salr LOF clone (myrGFP) || disco/disco-r LOF clone (myrGFP)

salm GOF clone (RFP)
RFP  Disco

disco GOF clone (RFP)
RFP Salm

Disco DE-Cad Salm DE-Cad

vsx1 RNAi clone (RFP) (f)
RFP

Salm

Fig. 3. Salm and Disco cross-repress each other in the OPC. a-b’) salm (a-a’) and disco (b-b’) gain-of-function clones labeled by RFP (red) in the OPC NE.
a-a’) Disco (green) expression in the v-OPC. (b-b’) Salm (green) expression in the d-OPC. c-d’) MARCM deficiency clones (GFP, green) for the spalt genes
(c—c’) and disco genes (d-d’) in the OPC NE (DE-Cad, grey). c—’) Disco (red) expression in the d-OPC. (d-d’) Salm (red) expression in the v-OPC. e-¢’) Salm
(red) and Disco (green) expression in vsx1 RNAI clones (RFP, grey) generated in the cOPC. Yellow dashed lines mark the D-V boundary within the cOPC.
a',b’, c’, d’, &) Clones are outlined in white dashed lines. In all images: scale bar = 15um. f) Schematic of the cross-repressive interactions between Salm
and Disco. Cross-repressive relationships between other spatial patterning genes, Vsx1, Optix, and Rx, are also depicted as previously published (Erclik
etal. 2017). Solid lines represent necessity and sufficiency. Dashed lines indicate sufficiency only.

respective spatial compartments in the embryonic placode (Erclik
et al. 2008; Hakes et al. 2018). Thus, we asked whether Salm and
Disco expression also demarcate the dorsal and ventral halves of
the future OPC in the optic placode. Costaining of embryos at var-
ious developmental stages with Salm, Disco, and the optic pla-
code marker, Fasciclin II (Fas II), revealed that Salm and Disco
subdivide the placode into 2 distinct domains as early as stage 11
and that this expression pattern is maintained throughout later
embryonic stages (Fig. 4, a and b). Furthermore, as observed in
the larval OPC, the expression of these genes forms a sharp
boundary in the optic placode that is located within the Vsx1 do-
main, labeled by MZVUM-Gal4 (Fig. 4b; Erclik et al. 2008). We thus
refer to the Salm and Disco expressing domains henceforth as
the “dorsal” and “ventral” domains of the optic placode, respec-
tively.

We next determined whether the cross-repressive relation-
ships observed between Salm and Disco in the larval OPC (Fig. 3i)
are also present in the optic placode. We stained whole mutant
embryos deficient for the spalt genes [Df(2L)32FP5] or disco genes
[Df(1)ED7355] for Salm and Disco to determine the effects of los-
ing these transcription factor pairs on optic placode patterning.
As observed in the larval OPC, loss of the spalt genes does not

affect Disco, which remains expressed in the ventral half of the
placode in mutant embryos (Fig. 4c). Furthermore, Vsx1 expres-
sion in this genetic background is not affected (Fig. 4e). In con-
trast, in disco mutant embryos, all cells of the optic placode
express Salm (Fig. 4d). We speculated that the Salm expression
observed throughout the disco mutant placode could result from
one of 2 mechanisms: (1) Derepression of Salm in the ventral half
of the placode, or (2) Loss of the ventral placode, resulting in only
Salm-positive dorsal cells remaining. To distinguish between
these possibilities, we first determined where Vsx1 is expressed
in disco mutants and found that Vsx1 is no longer expressed cen-
trally, but rather at the margin of the placode (Fig. 4f). This obser-
vation supports our second proposed mechanism, as the
localization of Vsx1 expression to the edge of the placode sug-
gests that the ventral half of the placode is absent. Next, we
compared the width and number of cells in disco mutant and
wild-type placodes of stage 15 embryos and found that the disco
mutant placode is significantly shorter (mean=35.67 =7.4pm in
wild-type vs 27.24 = 5.1 pm in disco, t-test, P < 0.05) and comprised
of significantly fewer cells (mean=24.78+3 in wild-type vs
15.13 + 3.1 in disco, t-test, P < 0.05) (Supplementary Figure 4 a and
b). The observation that the disco mutant placode is significantly
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Embryo-Stage 11

Embryo-Stage 15

salm and salr -/- disco and disco-r -/-

)
i - —— 5

'
h\—’\ra-\,’

Embryo-Stage 15

Embryo-Stage 15

BGal

hh-LacZ

hh -/-

Fig. 4. hh is required in the embryonic optic placode for Disco expression. a-b’”’) Salm (red) and Disco (green) are expressed in two distinct domains of
the embryonic optic placode visualized at stage 11 (a—a’”’) and stage 15 (b-b’”"). b-b’”) Salm and Disco establish a D-V boundary in the vsx1 expressing
domain of the optic placode as labeled by MZVUM-Gal4 driving GFP (grey). c-f”) Salm (red) and Disco (c-d”, green) or Vsx1 (e-f”, green) expression in the
stage 15 optic placode of whole mutant embryos deficient for the spalt genes (c-c”, e—e”) or disco genes (d-d”, {-f”). g-g") Coexpression of Disco (green)
and pGal (red) in the stage 15 optic placode of the hh lacZ enhancer trap line, hh**°. h-h") Salm (red) and Disco (green) expression in the stage 15 optic
placode of hh mutant embryos (hh”*). In all images: Cells of the optic placode labeled by FaslI (grey in a, ¢, d, e, f, g, h, and not shown in b) are outlined

with yellow dashed lines. Scale bar = 15pm.
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smaller than the wild-type placode further supports the model
that the ventral placode is missing in disco mutants.

We next explored whether embryonic hh expression in the op-
tic placode is required for Disco expression in the ventral half.
Previous studies have shown that hh is expressed in a subset of
optic placode cells as early as embryonic stage 11 before being
downregulated in the late embryo (Chang et al. 2001; Biehs et al.
2010). The observation that a hh lineage trace labels the ventral
half of the larval OPC (Erclik et al. 2017), led us to hypothesize
that hh could be an upstream genetic regulator of Disco. As a first
step, we made use of the enhancer trap line, hh™°, which con-
tains a lacZ insertion in the hh locus, to report for hh expression
(Lee et al. 1992). Costaining these embryos for pGal and Disco
revealed that hh and Disco are indeed coexpressed in the optic
placode (Fig. 4g). Furthermore, in the larva, the ventral OPC NE la-
beled by a hh memory trace coexpresses Disco, indicating that
the Disco and hh expressing cells of the embryonic optic placode
give rise to the ventral larval OPC (Supplementary Fig. 4c). We
next tested whether hh is required for Disco expression using em-
bryos homozygous for the amorphic allele, hh* (Lee et al. 1992).
In hh mutant embryos, Disco is downregulated in the ventral half
of the optic placode (Fig. 4h). Interestingly, Salm expression in hh
mutant embryos is unaffected and continues to be expressed in
the dorsal half of the optic placode, despite the loss of Disco ex-
pression (Fig. 4h). Of note, we also observed that, in contrast to
the elongated band of cells present in the wild-type placode, the
cells within the hh mutant placode form a rosette-like compact
structure (Fig. 4, b, g and h). Despite the altered structure, the
number of cells in the optic placode of hh mutants is unaffected
in comparison to the wild-type placode (mean =24.78 = 3 in wild-
type vs 25.8 = 2.3 in hh"A¢, t-test, P > 0.05; Supplementary Fig. 4b).

Taken together, the above data demonstrate that the D-V
boundary of the OPC is established in the embryo, where hh is re-
quired for the ventral expression of Disco in the optic placode. In
disco mutants, the ventral placode is absent and only dorsal Salm
expressing cells remain. Given the severe disco loss-of-function
phenotype in the optic placode, we next determined what role
disco plays in the development of the larval OPC.

Disco is required for ventral OPC development

To analyze how the larval OPC develops from a disco mutant optic
placode, we took advantage of a mutant allele, disco?, that fails to
express Disco in the optic placode and OPC, but is normally
expressed in other parts of the embryo (Heilig et al. 1991; Lee et al.
1999). In disco® third instar larval brains, the OPC does not form
the characteristic crescent shape observed in wild-type animals
(Fig. 5, a-d). Remarkably, Salm is expressed throughout the disco’
mutant OPC NE and the Vsx1* domain is located at the tip of the
crescent (Fig. 5, b and c¢). These phenotypes are similar to those
observed in the embryonic placode and suggest that the ventral
OPC is missing in disco’ mutants. We confirmed that the ventral
OPC phenotype maps to the disco locus using 2 genetic
approaches: (1) disco’/Df(1)ED7355 heterozygous mutant larvae
also fail to form the ventral OPC (Supplementary Fig. 5a), and (2)
ventral OPC development is rescued in disco' males carrying a Y-
linked duplication that spans the disco genes (Supplementary Fig.
5b). Taken together, the embryonic and larval disco mutant phe-
notypes suggest that the disco genes are required for the develop-
ment of the ventral placode/OPC. These results additionally
confirm that Vsx1 does not require the disco genes for its expres-
sion.

We next determined whether medulla neurogenesis is af-
fected in disco mutant brains. We analyzed disco’ larval brains for

the generation of 2 sets of medulla neurons that are born on op-
posite sides of the D-V boundary. The first pair, Pm1 and Pm2,
are generated from the Rx spatial region and Hth temporal win-
dow (Erclik et al. 2017). Pm1 neurons are born ventrally and ex-
press the TFs Seven up (Svp) and Teashirt (Tsh), whereas Pm?2
neurons are born dorsally and only express Svp (Fig. 5e; Erclik
et al. 2017). In the disco’ mutant medulla cortex, the ventral Pm1
population is absent, but the dorsal Pm2 cells are still specified
(Fig. 51). Analysis of a second pair of neurons gave a similar result.
Lawf2 neurons, derived from the dorsal Rx region and marked by
the TFs Eyes absent (Eya) and LIM homeobox 1 (Lim1; Chen et al.
2016; Suzuki et al. 2016), are still present in disco® mutants, but
ventral Lawfl neurons, which express Eya only, are missing
(Fig. 5, g and h). Although the absence of markers specific to Pm1
and Lawfl is consistent with the possibility that these neurons
are present but mis-specified in disco' mutants, the finding that
the ventral OPC does not develop in these mutants suggests that
these neurons are never generated. Taken together, the above
results demonstrate that disco is required for both the develop-
ment of the ventral OPC and its neuronal output.

Discussion

In this study, we identify the spalt (salm and salr) and disco (disco
and disco-r) paralogs as the D-V patterning transcription factors
of the OPC. Salm (dorsal) and Disco (ventral) are differentially
expressed in the OPC NE from the embryo through to the third in-
star larva, where the genes cross-repress each other to form a
sharp D-V boundary in the cOPC. We show that this D-V pattern-
ing axis acts independently of the previously identified Vsx1-
Optix-Rx spatial patterning axis. We also demonstrate that hh is
necessary for disco expression in the embryonic optic placode and
that disco is required for the development of the ventral OPC NE
and its neuronal progeny. Taken together, our findings demon-
strate that Spalt-Disco patterning of the OPC represents a third
patterning axis (in addition to the previously identified temporal
and spatial axes) that may act to diversify neuronal fates in the
medulla.

Spalt and Disco: a second spatial patterning axis
in the OPC

Previous hh lineage-trace experiments have demonstrated that
the dorsal and ventral halves of the OPC grow as distinct com-
partments, with a sharp boundary in the Vsx1* cOPC domain
(Erclik et al. 2017). The observation that the expression of hh in
the developing OPC is limited to a brief window in the early em-
bryonic optic placode indicates that additional genes define the
D-V compartments during larval development (Chang et al. 2001;
Biehs et al. 2010). Our findings that Salm and Disco are specifi-
cally expressed in the growing dorsal and ventral compartments,
respectively, and that they cross-repress each other to form com-
partment boundaries, suggest that these genes define the D-V
patterning axis of the OPC.

Several pieces of evidence suggest that the Spalt-Disco pat-
terning axis is established independent of the previously identi-
fied Vsx1-Optix-Rx spatial axis: (1) Neither Spalt nor Disco is
required for the expression of Vsx1 in the embryonic optic pla-
code, (2) Vsx1 is still expressed in the third instar larval OPC of
disco’ mutants, and (3) neither Vsx1 nor Optix is required for the
expression of Salm or Disco in the OPC NE. Future studies should
extend this analysis to the Rx spatial compartment to further
confirm that Spalt-Disco patterning is independent of the Vsx1-
Optix-Rx patterning axis. Future analysis should also investigate
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wT discolll

) discoll

Salm DE-Cad

WT-Pm1 and Pm2 discol” — Pm1 and Pm2

Tsh DE-Cad Tsh DE-Cad

WT — Lawfl and Lawf2 discolll — Lawf1 and Lawf2

Liml DE-Cad Liml DE-Cad

Fig. 5. disco is required for the development of the ventral OPC and neurons. a-b”) Salm (red) and Vsx1 (green) in the cOPC NE of third instar wild-type
(a—a") and disco’ mutant (b-b”) larvae. A white asterisk (b) marks the ventral tip of the mutant OPC. c—c”) Salm (red) is expressed in the entirety of the
OPC NE of a third instar disco’ mutant larva. A white asterisk marks the ventral tip of the mutant OPC. d) Cartoon schematic of the OPC NE of disco’
mutant larvae where the asterisk marks the ventral tip of the mutant OPC. e-f”) Pm1 and Pm2 neurons in the optic lobe of wild-type (e—e”) and disco’
mutant (f-f”) larvae labeled by Svp (green) and Tsh (red). A white asterisk (f) marks the expected location of Pm1 neurons. g-h”) Lawfl and Lawf2
neurons in the optic lobe of wild-type (g-g”) and disco’ mutant (h-h") larvae labeled by Eya (green) and Lim1 (red). A white asterisk (h) marks the
expected location of Lawf1 neurons. In all images: Scale bar = 15um. Dorsal is up. OPC NE is labeled by DE-Cad (grey).
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whether 1 spatial axis is established before the other by deter-
mining when the Salm-Disco and Vsx1-Optix-Rx genes are first
expressed in the embryonic optic placode. Vsx1 is expressed as
early as stage 9 (Erclik et al. 2008) and we show here that both
Salm and Disco are expressed at stage 11, but these genes may be
expressed at earlier timepoints as well.

It will also be important to determine whether the spalt and
disco genes act together with the existing spatial and temporal
axes to diversify neuronal fates in the medulla. In recent years,
several studies have identified neuronal cell types that are specif-
ically generated in either the dorsal or ventral half of the medulla
(Chen et al. 2016; Suzuki et al. 2016; Erclik et al. 2017; Courgeon
and Desplan 2019; Ozel et al. 2021). For example, Pm1 and Pm2
neurons are both born in the Hth temporal and Rx spatial win-
dows. However, Pm1 neurons are generated ventrally, whereas
Pm?2 neurons are made dorsally (Erclik et al. 2017). We have
shown here that Pm1 neurons are missing in disco mutant brains,
but this phenotype is likely due to an embryonic role of disco in
promoting the development of the ventral optic placode. Could
spalt and disco also play a later role in the larval OPC NE to diver-
sify the fates of neurons such as Pm1/2? And, if so, how are the 3
patterning axes (Vsx1-Optix-Rx spatial, D-V spatial, and tempo-
ral) integrated by neuroblasts and neurons to generate diversity?
Patterning factors in other systems regulate specification by di-
rectly binding to enhancers to regulate transcription or by modi-
fying chromatin accessibility landscapes to allow for the
integration of additional inputs (Sen et al. 2019; Charest et al.
2020; Chen and Konstantinides 2022). The compartment-specific
drivers available in the OPC, together with the relatively large
number of spatially identical cells that can be isolated from lar-
val brains, make the OPC an ideal system in which to use multio-
mic approaches to study how spatial and temporal inputs are
integrated.

The D-V axis of the OPC is established in the
embryo

Salm and Disco expression already subdivides the embryonic op-
tic placode into the future ventral and dorsal halves of the OPC
as early as stage 11, before the placode has invaginated from the
ectoderm (Daniel et al. 1999). We show that hh is likely the factor
that initiates Disco expression in the ventral half of the placode.
The overlapping expression patterns of hh and Disco in the pla-
code, together with the loss of Disco expression in hh mutant em-
bryos, supports a model in which autocrine Hh signaling initiates
Disco expression (Biehs et al. 2010). Hh autocrine signaling has
been previously shown in the embryonic placode, where it acti-
vates the genes roadkill (rdx), snail (sna), and eya (Biehs et al. 2010).
Surprisingly, we found that the ventral half of the optic placode
is still present in hh mutant embryos, despite the loss of Disco ex-
pression. This phenotype is inconsistent with the disco LOF phe-
notype, in which the ventral placode is missing. We speculate
that, although we did not detect Disco expression in hh mutant
placodes, low levels of Disco may still be present, and that this re-
sidual expression is sufficient to promote ventral placode devel-
opment. Alternatively, disco-r expression may be unaffected in
the hh mutant placode, and thus, may function redundantly to
direct ventral placode development.

Future studies should examine the embryonic placode at ear-
lier stages of its specification to further understand how the D-V
axis is established. For example, the observation that Salm is
expressed in all cells of the early placode would support a model
in which Hh signaling activates Disco to promote ventral fates. It
would also be interesting to determine whether, in the early

placode of disco mutant embryos, the ventral half is absent,
which would indicate a failure in its specification, or if it is ini-
tially present and then subsequently lost at later embryonic
stages.

Two distinct roles for disco in OPC development

We have found that the disco genes play 2 distinct roles in the de-
veloping OPC. Firstly, they are required in the embryo for the de-
velopment of the ventral optic placode; in disco deficiency
mutants, the placode is significantly smaller, Salm is expressed
in all cells and Vsx1 expression is no longer centrally localized,
but rather found at the margin. A similar phenotype is observed
in the larval OPC of disco! mutants, in which the ventral half of
the crescent is absent, and we propose that both the embryonic
and larval phenotypes are caused by a failure in ventral placode
specification. The observation that the ventral OPC is missing in
disco’ mutants, in which only the disco gene is mutated, is unex-
pected given that the disco genes act redundantly in other sys-
tems. We postulate that disco-r expression may also be lost in the
embryonic placode of disco’ mutants. The point mutation in disco®
is located in one of Disco’s 2 zinc fingers and has been shown to
specifically disrupt the ability of Disco to autoregulate its tran-
scription in the optic placode (Lee et al. 1999). We speculate that
this mutation may also affect the ability of Disco to bind to the
enhancers required for the initiation of disco-r expression in the
placode, which would result in a failure to express both genes.

The second role for the disco genes in the OPC is in the mainte-
nance of D-V compartment boundaries, as the disco genes are
both necessary and sufficient to repress Salm expression in the
ventral OPC NE. As outlined above, we speculate that in addition
to the maintenance of compartment identity, the disco (and spalt)
genes may be required for the specification of the neuronal cell
types derived from the NE. The proposed functions for spalt and
disco are similar to the roles played by the Vsx1-Optix-Rx spatial
patterning genes in the OPC NE and neurons. For example, Vsx1
is both required to maintain cOPC compartment identity by
repressing Optix expression, and to specify the fates of neurons
derived from the cOPC NE.

A conserved role for spalt and disco as D-V
patterning genes

The spalt and disco gene pairs have previously been shown to be
required for the specification of dorsal and ventral Drosophila
appendages, respectively (Cohen et al. 1991; Patel et al. 2007,
Grieder et al. 2009; Organista and De Celis 2013). In the wing disc
(a dorsal appendage), spalt is required for various aspects of wing
development, including the specification of the hinge tissue, and
promotion of cell proliferation and survival (Grieder et al. 2009;
Organista and De Celis 2013). Conversely, disco is expressed in the
leg disc (a ventral appendage), where it is required for the devel-
opment of distal leg segments (Cohen et al. 1991; Patel et al. 2007;
Dey et al. 2009). Remarkably, misexpression of spalt in the leg disc
or disco in the wing disc generates appendage transformations
where the leg develops wing-like structures and the wing devel-
ops leg-like structures (Patel et al. 2007; Grieder et al. 2009). The
developmental roles played by spalt and disco in D-V appendage
specification may thus be evolutionarily linked to the function of
these genes in assigning dorsal and ventral fates to the NE cells
of the OPC.

The spalt and disco genes have also been implicated in other
aspects of visual system development, though neither in a D-V
specific manner. Spalt plays an essential role in multiple aspects
of photoreceptor specification, including inner photoreceptor
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(R7 and R8) differentiation, while disco is required for the proper
axonal guidance of the larval pioneer optic nerve, Bolwig's organ
(Steller et al. 1987; Mollereau et al. 2001). Of note, the adult optic
lobe is disorganized in disco’ mutants, a phenotype that has been
attributed to disco’s role in optic nerve targeting (Steller et al
1987), but our data suggest that the optic lobe phenotype may
also be due to the absence of the ventral OPC and its derivatives.

Intriguingly, sal-like protein 3 (SALL3), a vertebrate homolog of
salm, has been demonstrated to play a role in the D-V specifica-
tion of neurons in the developing mouse retina (Melo et al. 2011).
Mutations in SALL3 disproportionately affect the specification of
ventral horizontal cells, which suggests that there may be a con-
served role for the spalt genes in the specification of visual system
neurons along the D-V axis (Melo et al. 2011). It will thus be inter-
esting to determine whether the disco vertebrate homolog, basonu-
clin (BNC) (Romano et al. 2004), also plays a role in vertebrate
retinal development.

Data availability

Drosophila strains and antibodies are available upon request. The
raw and processed sequencing data used in this study have been
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firming the conclusions of the article are present within the arti-
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