Supporting Material and Methods

Tc-Rx antibody generation and verification

An antibody for the Drosophila Rx (Dm-Rx) protein was kindly gifted by Dr. Uwe Walldorf [1]. Its
specificity was verified by absence of staining in Dm-Rx null mutant brains and by a similar expression
pattern as Dm-rx RNA [1,2].

We tested cross-specificity of this antibody to the Tribolium Rx (Tc-Rx) protein. However, no
staining was detected (data not shown). As the antigenic region of Dm-Rx used for antibody
generation by [1] is absent or highly diverged in the Tribolium Rx protein (like in a number of other
species, see S1 Fig) we used the Tc-Rx N-terminal region (amino acids 1-107), avoiding highly
conserved homeobox and OAR domains to generate a suitable antibody. An N-terminal 321 bp gene
sequence was amplified (primers including linker sequences: Tc-rx-N_fw and Tc-rx-N_rev, S2 Table)
from wildtype cDNA and cloned into a Golden Gate vector containing a 6x His-Tag and a sequence
encoding for a SUMO polypeptide (KNEOO1, pET SUMO-GoldenGate, S1 Vector) with a molar ratio of
1:5 of insert to vector (see below for source, modifications and cloning information).

For subsequent protein expression and purification, we essentially followed [3]. The vector was
transformed into bacteria of the BL21-DE3 Rosetta strain. Bacteria expressed the peptide in TB
(Terrific Broth) medium with the addition of 15 mM Glucose by 0.8 mM IPTG induction at an ODggo of
0.8 for four hours, were then harvested (5,000xg, 20 min, 4°C), resuspended in lysis buffer (50 mM
Tris-HCl pH=7.5, 150 mM NacCl, 10 mM Imidazole), fractionated using a microfluidizer 110S
(Microfluidics, MA, USA) and cell debris was removed by centrifugation (30,000xg, 30 min, 4°C). The
peptide was subsequently purified by immobilized metal ion affinity chromatography using an
AKTAprime plus and Nickel-charged affinity columns (both GE Healthcare Lifesciences, Chicago, USA).
Main steps included affinity chromatography with a linear gradient of elution buffer (50 mM Tris-HCI
pH=7.5, 150 mM NaCl, 400 mM Imidazole), cleavage of the Hise-SUMO tag with SUMO protease (1:50
molar ratio protease to peptide) with simultaneous dialysis (50 mM Tris-HCI pH=7.5, 150 mM NaCl)

over night at 4°C, a second affinity chromatography to remove the Hise-SUMO tag and finally a size



exclusion chromatography with the Superdex 30 16/60 (GE Healthcare) and storage in 1X PBS. The
purified protein fragment was used for polyclonal antibody generation and subsequent affinity
purification of the antibody (Kaneka Eurogentec S.A., Belgium).

To exclude possible off-targets of the antibody and to validate whether the protein was correctly
detected by the antibody [4], we performed a combination of Tc-rx in situ hybridisation (DIG-labelled
full length probe, 0.4 pul in 30 ul hybridisation buffer) and Tc-Rx antibody staining in Tribolium
embryos (S1 Fig)[5,6]. We found a high degree of overlap between the antibody staining and in situ
hybridisation (S1 Fig). No additional staining in the embryo was observed, so that off-targets seem
unlikely. To confirm specificity for the endogenous protein, we performed parental RNAi against Tc-
rx (1.5 pg/ul) following standard procedures [5]. We then performed antibody stainings, including a
control staining against Engrailed (to exclude differences in staining intensity) in knockdown and
wildtype animals (S1 Fig). All steps from fixation to imaging were performed using a standardized
protocol. Maximum intensity projections of 34 animals were grouped into three different Tc-Rx
staining intensity groups. A blinded categorisation into wildtype and knockdown animals was
performed and revealed that all knockdown animals belonged to middle or low strength categories
confirming a reduction of Tc-Rx. Hence, the new antibody against Tc-Rx is highly specific for the

provided antigen (affinity purification) and the endogenous protein (S1 Fig).

KNEO0O1 cloning and map

The vector KNEOO1 (S1 Vector, pET SUMO-GoldenGate) was based on pET SUMOadapt (modified
from the pET SUMO expression vector; [7-9]; material transfer agreement with Cornell University,
U.S.A., ThermoFisher Scientific, MA, USA). This vector contained an adapter sequence with most
importantly a Bsal type IIS recognition site, allowing residue-free cloning of the CDS of interest in-
frame with the ATG::6xHis::SUMO open reading frame. A second Bsal site was then integrated by
first amplifying a fragment additionally containing lac promoter, CAT gene and ccdB death cassette
[10,11] with primers GG_ccdB_F and GG_ccdB_R (containing a Xhol-site) from pTALEN(NI)v2 (gift

from Feng Zhang, Addgene Plasmid # 32189, [12]). Second, a Notl/Xhol digestion resulted in a 1.5 kb



Notl_lacP-CAT ccdB_Xhol fragment, which was ligated into the Notl/Xhol linearized pET SUMOadapt.
Third, the new pET SUMO-GoldenGate was transformed in ccdB Survival™ 2 T1R Competent Cells
(ThermoFisher Scientific, MA, USA).

Hence, by adding GoldenGate linker sequences (S2 Table) that contain Bsal cleavage sites (which
do not equal the enzyme’s recognition site) to the gene-specific forward and reverse primer, pET
SUMO-GoldenGate and the CDS - in our case the N-terminal part of Tc-Rx - can be cut and ligated
into a product lacking the original restriction sites. The ccdB cassette in the original KNEOO1 vector

facilitates selection of clones with the gene fragment incorporated.

Generation of a Drosophila bicistronic Rx transgenic line

In order to generate a comprehensive picture of projections of all Dm-Rx-positive cells and to
enable subsequent comparative development of Rx-positive cell groups, we generated a bicistronic
line (S3 Fig) using the CRISPR/Cas9 technique [13,14]. We also screened available transgenic lines, i.e.
two VT-GAL4 lines (https://stockcenter.vdrc.at) that include small fragments of the Dm-Rx regulatory
region and hence only covered very small portions of Dm-Rx expression (data not shown).

We built a bicistronic construct as part of the CRISPR repair template, consisting of the C-terminal
part of the Dm-rx gene, the CDS encoding for EGFP and a P2A peptide sequence [15,16]. The 22
amino acid long P2A peptide [15] is suggested to cause ribosomal skipping [17]. This sequence, if
placed between two genes or CDS enables the transcription of one long MRNA of Dm-rx-P2A-EGFP,
but the translation of two separate proteins. The P2A and EGFP sequences were inserted by using a
guide RNA with the target sequence near the Dm-rx STOP codon (guide A, S3 Fig). This should result
in a common expression of Dm-Rx and EGFP in the same cells, without disturbing the function of
either gene through e.g., a fusion product, but with EGFP being in the cytoplasm and Dm-Rx retaining

its nuclear localisation.

We included the fluorescent eye marker 3XP3-DsRed [18]. Note that we avoided other eye or

body markers, such as mini-white because of their size, which might reduce rates of homology-



directed repair further. In order to reduce the possible influence of the 3XP3 promotor on Dm-Rx or
EGFP expression we inserted the eye marker in the downstream intergenic region, by using a gRNA
targeting the intergenic region (guide B, S3 Fig). To facilitate homology-directed repair we included
two flanking homology arms (S3 Fig, S2 Vector ). As a result, our repair template consisted of seven
fragments, which we assembled using a Gibson Assembly® kit (New England Biolabs, MA, USA),
following the manufacturer’s instructions:

1. Backbone: pJET 1.2/blunt (K1231, ThermoFisher Scientific, MA, USA), EcoRV linearized

2. left homology arm (F1 (Fragment 1): 1 kb of the C-terminus of Dm-rx (CG10052) excluding
STOP codon

3. P2A peptide (F2): insect codon-optimized sequence (S2 Vector) from plasmid KNE0O20
(unpublished)

4. EGFP (F3): from plasmid gifted by the Wimmer department, University of Gottingen

5. 3’ UTR and intergenic region from genomic DNA (F4): is the region between guide A and B3
(S3 Fig)

6. 3XP3-dsRED-SV40 (F5): eye marker, from plasmid gifted by the Wimmer department,
University of Gottingen

7. Right homology arm (F6): 1 kb downstream of guide B3 cut site (three base pairs upstream of
its PAM)

The target for guide A would thus be between F1 and F2, and the target for guide B between F5
and Fé6.

In order to identify single nucleotide polymorphisms in the target strain, integrate the right
sequences for F1, F4, F6 and to identify suitable target sites and guide RNAs, we isolated genomic
DNA (as described in [13]) from the Act5C-Cas9, DNAlig4[169] donor stock [19], and PCR amplified
and sequenced the Dm-rx C-terminal region, 3’ UTR and intergenic region (primers
DmRx_CDS 3'UTR_fw, DmRx_CDS 3'UTR rev, DmRx_3'UTR_int-region_fw, DmRx_3'UTR_int-
region_rev, S2 Table). These regions were used to locate target sites (S3A!" Fig) via the CRISPR

Optimal Target Finder (http://targetfinder.flycrispr.neuro.brown.edu/). No off-targets were present



for all targets selected. Annealed oligonucleotides were cloned into a U6:3-Bbsl vector (based on
pCFD3-dU6:3gRNA, Addgene #49410, [20], kindly provided by Hassan M.M. Ahmed (Wimmer
department, University of Gottingen, unpublished)) via a GoldenGate reaction, following procedures
in [13] but using Bbsl (New England Biolabs, MA, USA). Successful cloning was verified by sequencing
the complete chimeric RNA scaffold (including trans-activating crRNA, [20]). guideRNAs were quality
controlled by using a T7 Endonuclease | assay (see [13] for procedure). Injection procedures followed
descriptions in [21].

Based on the T7 Endonuclease | assay, we selected one guide for the guide A target site, and
three with overlapping target sites for the target of guide B (B1-3) (S3A™ Fig).

Next, we designed a 1 kb long F1 (left homology arm) so that it ended before the STOP of Dm-rx,
as Guide A caused a Cas9 cut only 8 bp downstream of the Dm-rx STOP. F4 was designed from the
3’UTR start to the cut site of guide B3 (note that guide B1 and B2 were near B3), with modifications
of all PAMs in primers P7 and P8. F6 was 1 kb long, starting at the cut site of guide B3.

All fragments for the Gibson Assembly” were amplified using the primers P1 to P12 (S2 Table),
containing appropriate overlaps to the neighbouring fragment. F1, 4 and 6 were amplified from the
previously isolated genomic DNA of Act5C-Cas9, DNAlig4 [169] line. We then used three assembly
reactions (roman numerals in primers P1 to P12). The first assembled F1 to F3, the second F4 to F6,
and the third assembled the products of the first two reactions.

The four plasmids containing each guide and MFO1 were precipitated [13,21] to ensure DNA
purity and increase viability of embryos after injection. We then made three injection mixes, each
containing one of the guides B1 to B3 (250 ng/pl), guide A (250 ng/ul) and MFO1 (400 ng/ul), diluted
in 1x injection buffer [21]. Subsequent injections followed descriptions in [21].

We injected 1203 embryos of which 424 G, adults survived. We crossed them singly to three

W1118

virgins of the opposite sex of which 224 G; crossings gave rise to offspring. We then screened
them under a fluorescence stereo microscope (Leica M205 FA, Leica, Wetzlar, Germany) for the

presence of the 3XP3-DsRed eye marker and identified 27 positive independent lines. Note, however,

that we observed heritable variability in strength and location of DsRed inside the Drosophila eye.



We thus took four of the 27 positive stocks, with varying degree of eye marker strength and screened
wandering third instar larval brains for any detectable differences in the presence of a GFP
fluorescence signal resembling known Dm-Rx antibody staining [1]. All four stocks did not vary in GFP
expression and showed equal similarity to a Dm-Rx antibody staining. To verify this tendency, we
performed immunostainings in offspring embryos of these four lines and detected GFP and Dm-Rx
signal through a GFP antibody staining. Embryos of all four stocks showed near 100 % overlap to Dm-
Rx and a cytoplasmic signal. Finally, to verify that insertion was performed as planned (S3A' Fig), we
isolated genomic DNA from one whole adult male of each of the four stocks using the Zymo Research
Quick-DNA Miniprep Plus kit (Zimo Research, Irvine, CA, USA) following the manufacturer’s Solid
Tissues Protocol. We then amplified DNA fragments containing the whole region by nested PCR
(primers DmRx_trans-ver_fw, DmRx_trans-ver_rev, DmRx_trans-ver_nested fw, DmRx_trans-
ver_nested_rev, S2 Table). We sequenced the regions surrounding the cut sites with primers
DmRx_trans_seq_Ct _fw and DmRx_trans_seq_iRe_rev (S2 Table). All four stocks showed correct
sequencing at guide A cut sites, but only the line used in this study showed completely correct
sequences, thus allowing us to perform suitable experiments and closer characterisation (S3C-F Fig).
To verify that EGFP is indeed localised in the cytoplasm, we performed immunostainings for Dm-
Rx and GFP in embryos. With higher magnification we were able to see a substantial amount of GFP
in the cytoplasm surrounding the nuclei marked by Dm-Rx (S3C Fig) and DAPI (not shown). We also
wanted to know whether expression from the transgenic Dm-Rx locus was qualitatively different
from the endogenous expression, so to ensure that we investigated Dm-Rx expression similar to a
wildtype situation. For this we performed immunostainings against Dm-Rx in the adult Drosophila
brain with identical settings and imaged them identically (S3D Fig). We were not able to detect any

absence of domains (S3D Fig). Differences between the wildtype strain w8

and our transgenic line
were — if present — as large as differences between individual brains of the same genetic background.
We then tested whether the expression of Dm-Rx and EGFP in the same cells is maintained in the

adult brain (S3E-F Fig). Indeed, by qualitative assessment we were able to see an approximately

100 % coexpression, with prominent projections marked as well (Fig 3).



We thus concluded that the Rx-GFP bicistronic line was suited for our use.

Characterisation and validation of the Tribolium Rx-GFP enhancer trap

We identified a suitable Tribolium transgenic line in the GEKU base website (# E01101,
http://www.geku-base.uni-goettingen.de/; [22]). Insertion had been mapped to the upstream region
of Tc-rx ([22]; S2A Fig). To identify to which degree Tc-Rx expressing cells also express GFP we
performed co-stainings in adult brains. We found that n-ventral Tc-Rx-positive cells were not marked
by the line at all while n-dorsal domains were only partially marked (S4 Fig). However, by manually
checking each GFP expressing cell, we found that all cells expressing GFP in the region surrounding
the protocerebral bridge, also expressed Tc-Rx (52B-D/F Fig). Hence, there were no cells that were
marked false-positively. Interestingly, there were more GFP expressing cells showing overlap to Tc-Rx
expression in all other stages of development (S2E/F Fig). Manual quantification was performed by
first limiting image data to the region of interest in all three dimensions (S2F' Fig). Then, background
was removed by modifying brightness and contrast. Then, we determined how many slices
approximately covered one cell and made small Z projections. Using the Cell Counter plugin of
Imagel, we counted the number of cells in the projection. We exported the markers and then we
overlapped these markers with the next progressive Z projection to avoid counting any cell twice.
Cells were counted, means and standard deviations calculated for N=3 brains.

To ensure that Tc-Rx is expressed similar to the wildtype situation, we performed identical
immunostainings against Tc-Rx and imaging with identical settings in the transgenic line and wildtype
v"background (S2C Fig)[23]. We found that differences between conditions were no larger than the
differences observed between individuals of the same condition. We thus concluded that the Rx-GFP

enhancer trap was suitable for further experiments.



Generation of homozygous stocks of Rx-GFP transgenic lines

A homozygous stock of the Tribolium Rx-GFP enhancer trap was generated by genotyping adult
wing tissue, as described in [13,24], with primers GEKU-Rx-GFP_wt_fw, GEKU-Rx-GFP_wt_rev, GEKU-
Rx-GFP_trans_rev (S2 Table).

A homozygous stock of the Drosophila Rx-GFP bicistronic line was generated by crossing the male
offspring (G,) of the G; cross to female virgins of a w; wg®??/Cy0 2" chromosome balancer (a kind
gift by the Wimmer department, University of Gottingen). CyO/w" positive animals (G3) were
selected and crossed to each other, to create homozygous positive animals (G4) for the
transformation marker (3XP3-dsRed-SV40).

Both transgenic lines were viable in the homozygous background.

R45F08-GAL4 crosses

To reveal the overlap of secondary cells of the DM1-3 and 6 lineages marked by the R45F08-GAL4
line [25,26] with Dm-Rx expressing cells we performed two crosses and subsequent immunostainings
(S5 Fig).

First, we crossed the R45F08-GAL4 line with a UAS-mcD8::GFP line and investigated offspring
third instar larvae to visualize the characterized cells and subsequently stained with anti-GFP and
anti-Rx antibodies (S5A-B Fig).

Second, to visualize an overlap of Dm-Rx expressing cells and R45F08 labelled cells, we first
crossed the Drosophila Rx-GFP bicistronic line each separately with R45F08-GAL4 and UAS-
mcD8::RFP. The respective offspring was then crossed to each other. We then dissected 15 brains of
third instar larvae, stained them with anti-RFP and anti-GFP, screened for the presence of RFP and

GFP label and imaged double-positive brains (S5C Fig).



Staging of Tribolium and Drosophila animals

Table S6 displays all stages and their description included in our study. Particularly pupal staging
and the late larval stages were determined using time (which allowed us to calculate relative times of
pupation) and morphology as criteria to confirm the timed staging.

Drosophila embryonic stages were determined using the staging of [27] and pupal stages using
staging in [28] (S6 Table displays the most important pupal selection criteria). Eye colouring and
morphology were not included in staging due to the w'!® background. Information on the length of
embryonic development used in Fig 10 was derived from [27]. Length of larval development and
pupation was measured for our Rx-GFP bicistronic line specifically.

Tribolium embryonic stages were determined using the staging of [29] and for late embryonic
stages using staging of Scholten and Klingler (unpublished). Tribolium pupal and late larval staging
was aided by [30] and Dippel (unpublished). Information on length of embryonic development used
in Fig 10 was derived from [29] and Scholten and Klingler (unpublished). Total developmental time
was taken from [31]. Larval and pupal developmental length was measured for our Rx-GFP enhancer
trap specifically. To that end, we first determined the duration of pupation in the used Rx-specific
transgenic lines. Pupation in the Tribolium Rx-GFP line took approximately 140 h, while pupation in
the Drosophila Rx-GFP line took approximately 100 h. A developmental progress of 5 % equals 7 h in

Tribolium, and 5 h in Drosophila.

Specimen fixation and immunohistochemistry

Methanol fixation of Drosophila embryos was performed following standard protocols [32].
Fixation of Tribolium embryos was based on [33] with following modifications: Fixation was
performed with 2 ml of fixation buffer PEMS (0.1 M PIPES, 2 mM MgCl, 5 mM EGTA, pH = 6.9); we
added 180 pl of 37 % formaldehyde (F 1635, Merck, Darmstadt, Germany) and fixed embryos
between 25 and 32 min; devitellinisation was first conducted with a 0.9 um canula, for older stages

(> 40 h) we followed with a 0.8 um canula.



Immunohistochemistry of embryos was based on procedures in [6], with the addition of
preceding washes in a descending methanol series (75, 50 and 25 % Methanol with PBS-T 0.1 %),
followed by two rinse steps and three 10 min washes.

For all stainings normal goat serum was used as blocking solution (NGS, G9023, Merck,
Darmstadt Germany, see S3 Table). Fixative for all other stages except for embryos was 4 % PFA
(wt/vol, paraformaldehyde, (e.g. P6148, Merck, Darmstadt, Germany) in PBS, 130 mM NaCl, 7 mM
Na;HPO4, 3 mM KH,PQO,, [34]). Washing buffer for all stages except embryos was phosphate buffer
(PB, see [35] for recipe). Brains were dissected using Dumont No. 5 forceps in ice-cold PB. All steps
were performed in 180 pl volume in 9-well PYREX™ Spot Plates (ThermoFisher Scientific, MA, USA)

on an orbital shaker. Protocols were adapted from [34,35].

Image acquisition, processing and 3D reconstruction

If not otherwise specified, imaging was performed at a Leica SP8 confocal microscope (Wetzlar,
Germany). Objectives used were either a Leica apochromat 20x (NA = 0.75) or a 63x HC PL APO CS2
(NA =1.30) glycerol-immersion objective. DAPI was excited by a Diode laser (405 nm), Alexafluor 488
(ThermoFisher Scientific, MA, USA) by an Argon laser (488 nm), Alexafluor 555 by a DPSS laser
(561 nm) and Alexafluor 647 by a HeNe laser (633 nm). Detection was performed with Hybrid
detectors and photomultipliers, at an 8-bit depth. Averaging was depending on which staining was
performed, set on line or frame averaging of 4. Step size was set to system optimized values defined
by the LASX software. Image size was set between 1,024 x 1,024 and 2,048 x 2,048 pixels. Images
were processed, adjusted for brightness and contrast, cropped, merged and rotated using the Fiji
software [36]. Maximum intensity projections and smooth manifold extractions (SMEs; [37]) to retain
3D spatial relationships were calculated using Fiji as well [36].

3D reconstructions were performed in Amira 5.4.1 (Visage Imaging, Fiirth, Germany). We created
Labelfield data with the same pixel and voxel size resolution as the original data set. We then used
the Segmentation Editor to identify and create material for each tract and central complex neuropils

by employing the Wand tool. Subsequent marking was modified for visual ease using the grow, fill



holes and smooth functions of the Segmentation Editor. Subsequently we created 3D surfaces with
the Surface Generator.

In some cases, projections were too thin to be recapitulated in the 3D surface. For this, where we
logically inferred a connection of axons that was only faintly marked by the original file, we used the
Brush tool.

We only reconstructed the axon connections to certain cell bodies where we were sure that they
are directly connected. This excluded a few cell bodies from the analysis, particularly in the

Drosophila adult brain.
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