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General introduction

Fundamentals of epithelial biology

Differences in size and shape between organisms arise during embryonic and postembryonic development when the instructions for the body plan are executed. These instructions are in part coded in the genome and are activated in time and space. This is especially apparent in epithelia, which are extensively remodeled during development, making them an interesting model for developmental biologists. As the large majority of cancers arise in epithelia, all insights into the mechanisms of epithelial development are potentially relevant to understand tumor progression [1]. In this thesis, I will review the current state-of-the-art in epithelial morphogenesis and present the new insights I generated by studying different developmental processes in the pupal notum of the fruit fly Drosophila melanogaster. These new insights include the characterization of a new morphogenetic movement between 45-50 hours After Puparium Formation (hAPF) and the in silico reconstruction of the expression patterns of ~9,000 genes at 15 hAPF. Furthermore, I contributed to the development of a new microscopy methodology which enables whole pupa visualization. Together these results have led to a better understanding of how genes regulate morphogenesis and have opened up new research directions.

Basic characteristics of epithelial tissues

Epithelia are sheets of interconnected cells that act as a selective barrier and protect organs from the external environment. Epithelia can broadly be divided into several categories by the shape of the constituting cells and the number of cell layers. Cells in squamous epithelia are wider than they are tall, in cuboidal epithelia cell height and width are roughly equal, while in columnar epithelia cells are taller than they are wide (Figure 1A). Simple epithelia consist of one layer of cells while stratified epithelia are built up of multiple layers. Pseudostratified epithelia have one layer of cells with the nuclei at different heights in the cells (Figure 1A). Cells in epithelia adhere to each other through adherens junctions, tight junctions and desmosomes [2]. Adherens junctions in epithelia consist of multiple proteins such as E-cadherin, and a-and b-Catenin [3,4]. Tight junctions are formed, among others, by occludins and claudins [2].

Desmosomes are composed of thick protein plaques in adjacent cells that belong to the cadherin family [2]. Interaction between these domains also ensures apical-basal (AB) polarity. In addition, cells can exhibit a front-back polarity known as Planar Cell Polarity (PCP) (Figure 1B). The organization of the junctional complexes differs

Epithelial morphogenesis at cell scale 2.1 Cell shape changes

A cell's shape is the result of internal and external forces. Internal forces such as intracellular pressure and cortical tension increase the roundness of the cell [12,13].

This force is opposed by the intercellular surface tension [13]. Long range forces can also affect cell shapes. In the Drosophila wing disc, cells in the central region of the pouch are proliferative and undergo cell division [14]. These cell divisions put cells in the peripheral region under compression, which results in an elongation of the cell perpendicular to the pushing force [14]. Cell shapes can be elongated by mechanical pulling forces like in the Drosophila pupal wing. In this context the hinge region contracts to increase the size of the wing blade [10,11]. This contraction results in an elongation of the cells and an increase in cell rearrangements [11].

Cell rearrangements

A simple way to relieve tissue tension is to rearrange the cells in a more energetically favorable topology. Energetically, a rearrangement corresponds to the transition from one energy minimum to another one. The intermediate vertex state is the energetic maximum and therefore unstable and transient [15]. This maximum can be overcome by stochastic fluctuations in junction length or by active processes that promote stress on junctions [15,16]. In the case of the Drosophila pupal wing the long range forces generated by hinge contraction can be sufficient to overcome this maximum and promote rearrangements [10,11]. Cell rearrangements can also be locally promoted by increasing junctional tension. One way is to promote local junctional tension is through the upregulation of non-muscle Myosin-II (Myo-II). Myo-II on the junctions promotes cell rearrangement to extend the tissue during germband elongation in the Drosophila embryo and in the early pupal wing [5,17]. Planar polarization of the myosin Dachs can also anisotropically increase junction tension. This contributes to the shaping of the notum and wing epithelia by mediating oriented cell rearrangements [18,19].

Cell apoptosis and delamination

Cell apoptosis is an active process much like cell division and cell differentiation.

During the execution of this program caspases play a central role, which can be activated as part of a developmental program or through mechanical stimuli [20,21].

Activation of these cysteine proteases leads to the cleaving of target proteins.

Therefore, activation of this pathway is thought to be a point of no return, although exceptions exist [20]. As cells undergo apoptosis they are eliminated from the tissue. Some cells simply delaminate from the tissue without undergoing apoptosis. An example of this are tumor cells that undergo epithelial to mesenchymal transition (EMT) [22]. Delaminating cells can generate pulling forces on the tissue that can be leveraged for morphogenesis, as is the case in the Drosophila leg disc. Here elimination of cells from the tissue through apoptosis induces a non-autonomous tissue tension and the apical stabilization of Myo-II which leads to tissue folding [23].

Cell division

Lastly, cell division is necessary to transform any unicellular organism into a multicellular organism. Moreover, deregulation of the cell cycle is the cause of many forms of cancer further highlighting the importance of understanding cell division regulation [24]. Cell division is promoted by growth factors and mechanical stimuli.

These promote the progression through the cell cycle by actively promoting cell growth, DNA replication and entry into mitosis. The orientation of cell divisions is important in many cases. Cells typically divide according to the long axis of the cell [25,26].

Artificially changing the direction of the long axis by imposing mechanical forces on the cell can change the orientation of division [25][26][27][28]. Accordingly, oriented cell divisions can relieve tension in the tissue by dividing in the direction of the stress [29][30][31]. In addition, oriented cell divisions can transform a monolayer epithelium to a multilayer and, in the case of stem cells, cell division orientation has been reported to contribute to daughter cell fate specification [28,32]. Oriented cell divisions have been proposed to contribute to morphogenesis by orienting tissue growth. In the Drosophila wing disc, the Fat-Dachsous PCP pathway has been shown to orient the cell divisions along the proximal-distal axis. As a result of the differential proliferation rate peripheral cells are put under mechanical tension and change their shape [14,33]. Therefore, the oriented cell divisions can contribute to tissue shape. These processes are described in more detail in the review I wrote on this topic (Annex 2). 

Genetic and mechanical regulation of tissue morphogenesis

Patterned cell behaviors are necessary for morphogenesis and can be established by genes and signaling. For example, in the Drosophila embryo the position and timing of tissue invagination of the ventral furrow is determined by the expression of the transcription factors Twist and Snail and the position of the posterior midgut invagination is determined by Huckebein and Tailless [34,35]. In the Drosophila pupal notum, progressive refinement of the pattern of expression of the proneural genes Achaete, Scute determines which cells will ultimately express Senseless to become sensory organs [36,37]. This in contrast to the adjacent cells, which do not express Senseless and will therefore maintain the epithelial cell identity. Lastly, PCP proteins can control tissue morphogenesis through collective control of cell behaviors. In the pupal notum Four-jointed and Dachsous are expressed in opposing patterns. These gradients planar polarize the myosin Dachs, which results in a local junctional tension anisotropy and increased contraction along the line of Dachs polarization to shape the tissue through oriented cell rearrangements [18].

Morphogenesis is controlled by the interplay between genes and mechanics. This is evident in the Drosophila embryo, which relies on cell deformation to create a propagating wave of Myo-II activation for endoderm invagination [34]. Mechanical forces can also arise from differential growth rates between tissue layers. This mechanism has been proposed for the folds in the human brain and the looping of the vertebrate gut. In the brain the cortical plate expands at a faster rate than the white matter resulting in folding of the tissue through tissue compression. The looping of the vertebrate gut is a result of the attachment of the gut tube to the mesentery which expands more slowly [38,39]. Folds can also arise when growth is constrained. This has been shown for the villi in the gut, which only form when the growth of the tissue is restrained by smooth muscles which run along the circumference and the length of the gut tube [40]. Together these papers show that patterned gene expression and mechanical forces are essential components of morphogenesis.

Drosophila as a model system

The fruit fly Drosophila melanogaster has been the model system of choice for many biologists due to ease of handling, high gene conservation to humans, short life cycle, great scientific community and cost effectiveness. Key contributions to science were made by using Drosophila as a model organism such as the relationship between chromosomes and genes by Thomas Morgan and the genetic control of embryonic development by Eric Wieschaus, Christiane Nüsslein-Volhard and Ed Lewis. The present study builds on their work and many others and investigates the morphogenesis of epithelial tissues. Before discussing the literature I provide a short introduction into Drosophila genetics and life cycle, which might be helpful for the nondrosophilist.

Life cycle of Drosophila melanogaster

Drosophila melanogaster is a holometabolous insect. This entails that its life cycle can be divided into four different stages: egg, larva, pupa and adult. Epithelial morphogenesis takes places in the egg, larva and pupal stages. For this study two events that take place during embryonic development are important to mention. The first event is gastrulation. Gastrulation is a folding event which forms the ectoderm, endoderm and mesoderm germ layers that will differentiate into all the different tissues.

The second is the formation of the trachea. Trachea are epithelial tubes that supply oxygen to the organism. Many proteins that are vital for trachea formation are also necessary for other epithelial tissues. After ~22 hours of development the larva hatches and starts moving in the food. Inside the larva epithelial sac-like structures known as imaginal discs grow. There are 19 discs that are precursors to, for example, the thorax, wings, antennae or eyes. The larval wing disc will give rise to both the epithelial dorsal thorax (notum) as well as the wing proper [41]. Metamorphosis takes place during the pupal phase. Larvae crawl up from the food and form a pupal case (puparium) around them; much like butterflies. This pupal case hides many of the internal changes that take place and is therefore usually removed for microscopy. Wing development during intensive. Around 13k antibodies where generated, undoubtedly many hours were spent in front of a microscope and hundreds of thousands of man hours were spent annotating the data [47]. Greater potential throughput and efficiency was achieved by the Pelkmans lab by automating the staining, acquisition and annotation procedures.

In this protocol, the same tissue cycles through stages of antibody binding, imaging and antibody elution. The cell and nucleus outlines were segmented through image analysis, masks for the cytoplasm and nucleus where generated, and correlations between pixel intensity values were calculated for all proteins. The data was then clustered and partitioned into groups to discover spatial expression domains and to investigate which proteins could interact [48]. In the end, the authors report the subcellular spatial localization of around 40 proteins.

Another automated approach analyzed the localization of fluorescently tagged proteins during the cell cycle [49]. Since the cell cycle duration varies substantially between cells, a major hurdle is generating average protein localization maps. To this end, the cells were automatically imaged when they entered prophase and realigned in time by 20 major transitions in chromosome shape and volume [49]. The protein localization was then averaged per stage to get the 4D dynamics of 28 proteins in single cells.

What these results show is that with enough perseverance the localization of all proteins can be assessed within a tissue. However, this will take significant time, effort and resources because each protein has to be individually visualized. Other methods that assess the spatial expression of RNA have therefore also been investigated.

Spatial transcriptomics

For spatial transcriptomics one needs to identify which gene is expressed at a given location. Current approaches achieve this in various ways. 1) Gene expression can be directly assessed in situ. 2) The tissue can be sliced into thin slices while keeping track of the original position or 3) the original location of cells from single cell RNA sequencing datasets can be computationally reassigned. The respective (dis)advantages of these methods are discussed in the next section.

Sequential smFISH

Methods conceptually similar to immunofluorescence have also been established for RNA. Arguably the most used method is single molecule Fluorescence In Situ Hybridization (smFISH) [50]. Small fluorescent DNA probes that are complementary to the RNA of interest are synthesized and added to the tissue of interest. Once multiple probes have hybridized to the RNA it becomes visible by fluorescence microscopy.

The signal-to-noise thus depends on the specificity and number of the probes. If cells or tissues are repeatedly incubated with smFISH probes, the spatial transcriptome can be assed. This principle has been successfully employed to visualize 100-1000 RNAs in a tissue in situ at subcellular resolution [51,52].

RNA Tomography

Bulk RNA sequencing is routinely used in labs to assess gene expression in tissues.

In the standard protocol, RNA is extracted from the tissue, mRNAs are enriched or ribosomal DNA is depleted, cDNA is synthesized and then sequenced on a highthroughput sequencing platform [53]. To reconstruct spatial RNA expression in Zebrafish, the Van Oudenaarden lab sliced embryos in 50-100 thin sections in the X, Y, and Z axes. RNA was extracted from these slices and sequenced. Simultaneously, 3D masks of the whole embryo were generated by averaging microscopy images. This virtual embryo was then virtually cut in the same slices and filled with the counts for each gene of the respective slice. The counts were homogeneously distributed within the slice that they were coming from. Virtual triangulation was achieved by adding the data from the three different directions, which permitted the discovery of similarly expressed RNAs and later sex-specific differences in gene expression in C. elegans [54,55]. Therefore, the recovered 3D data is the sum of the gene expression values taken from three slices and does not represent the actual gene expression in the tissue.

In situ sequencing

The 3D reconstruction of the spatial transcriptome in RNA tomography is challenging and the repetitive in situ hybridizations are labor intensive. Ideally one would therefore sequence RNA in situ. FISSEQ achieves this by reverse transcribing the RNA in situ, circularizing the cDNA fragments and then performing rolling circle amplification [56].

The resulting DNA nanoballs can be sequenced by sequential rounds of fluorescent oligonucleotide binding, ligation, and imaging. Although the authors report the sequencing of ~14k amplicons and the detection of ~4k genes, this technique has not really caught on, which could be due to the low efficiency of reverse transcription (0.01%-0.2% [56,57]). A better approach seems to be a hybrid approach between smFISH and in situ sequencing [57]. Two small probes are designed that target RNAs of interest that only allow rolling circle amplification when both are bound to the target RNA. Authors report that amplicons are much brighter than smFISH spots, however, as with smFISH the throughput is limited to 100-1,000 genes because of the necessity to generate probes for individual genes and visualization by microscopy.

In situ capture of mRNAs

The mRNAs can also be directly captured for RNA sequencing from frozen tissue slices [58,59]. Tissues are put on arrays of beads that are coated with oligos. All beads have a poly-T sequence which can hybridize with poly-A tails of mRNAs. In addition to this poly-T tail, each individual bead possesses a unique molecular identifier (UMI) and a spatial barcode. Bound mRNAs are turned into cDNA through reverse transcription and PCR amplification. The RT adds the sequence of the spatial barcode and the UMI to the sequence of the mRNA. The cDNA is then sequenced through fragmentation, adaptor ligation, Illumina sequencing and read alignment to the transcriptome as is common for normal RNA sequencing. After sequencing the spatial barcode permits retracing of the spatial origin of the mRNA as all mRNAs with the same barcode must have come from the same position. The extensive amplification of the mRNAs during the protocol poses a significant problem, because PCR amplification is more efficient for some sequences than others. To prevent this bias, the UMI is used to deduplicate reads that come from the same mRNA [60]. The spatial resolution of this technique is limited to the size of the bead spots and array. The first proof of concept design had bead spots that were 100x100 µm wide in a total array that measured 6.5 x 7 mm [58].

The more recently published protocol theoretically offers (near) single cell resolution with bead spot sizes of 10 µm over 3x3 mm, although the actual single cell resolution appears to be in the range of 20-200 µm [59]. This approach therefore can almost achieve single cell resolution, but is currently limited to flat freshly frozen tissue.

Spatial transcriptomics by in silico reconstruction of scRNA-seq data

Lastly, the spatial transcriptome can be computationally reconstructed by RNA profiling of single cells (scRNA-seq). To generate scRNA-seq data, tissues have to be dissociated into single cells through mechanical or enzymatic disruption. Then depending on the type of scRNA-seq, cells are sorted into 96-384 well plates or passed through a microfluidic chip. Typically a choice has to be made between throughput, full length or 3' reads, and read-depth. For example if the cells are sequenced by following the SMART-Seq2 protocol, full transcript coverage can be acquired at high read depths of over a million reads per cell for hundreds of cells [61,62]. In this protocol the cells are separated into separate wells of a PCR plate or in separate PCR tubes in which cDNA is made and ultimately the sequencing library is prepared. In contrast, the Dropseq protocol can generate profiles of thousands of cells at typically 50-100k reads/cell [60]. Cells are sequenced by encapsulating them in small oil droplets containing beads that act as incubation chambers for reverse transcription (RT). For RT the mRNAs are released by lysing the cell inside of the oil droplet. The floating mRNAs can then be captured by beads which are coated with an oligo sequence that contains a poly-T sequence to capture the mRNA, a cell barcode and a UMI. The RT adds the sequences of the cell barcode and UMI to the sequence of the mRNA. These are used to deduplicate copies of the same mRNA which are introduced by the PCR amplification step and bundle mRNAs by cell barcode. This protocol has become the dominant method of scRNA-seq. Seemingly, because of the short time it takes to complete the protocol (one day), the lower price per cell than other protocols and available commercial options (e.g. 10x genomics). That said, there are limitations to the generated data. Only a small amount of the mRNA is captured by the beads (v2 14-15% and v3 30-32% source: https://kb.10xgenomics.com/hc/enus/articles/360001539051-What-fraction-of-mRNA-transcripts-are-captured-per-cell-), the reads display significant 3' bias, and generally have a larger percentage of geneambiguous reads (14-23%) [63]. Single cell sequencing therefore offers higher spatial resolution than bulk RNA-seq, at the expense of the accuracy of the gene level counts.

This makes biological validation of results essential.

The single sequenced cells have lost their spatial location in the tissue through the dissociation procedure. However, they have not lost their cell identity [44,45,64].

Therefore, if gene expression from an individual cell matches gene expression of a location in the tissue then the cells' origin can be retraced. This principle was first shown in the Zebrafish embryo where 851 single cells were mapped back to a tissue that was divided into 64 spatial bins (8x8) [64]. To this end, a dataset of 47 in situ hybridizations (ISH) was used to generate landmark expression patterns. The continuous ISH signal was first discretized for each spatial bin into on/off expression.

Secondly, the gene expression was binarized into on/off expression. Lastly, the likelihood that a single cell comes from one of the spatial bins was calculated. All the likelihoods were then summarized into one final location for each cell. A second round of cell to spatial bin matching was subsequently performed by taking the ~100 cells that were closest to the centroid of each bin, recalculating the covariance matrix of the landmark genes by using the gene expression from these cells and remapping all the cells to potential spatial locations with these new landmark patterns. The final result is a mapping that is accurate to about two bins (~80-240 cells) [64]. Importantly, gene expression in the tissue could be plotted by taking the expression value from cells coming from each spatial bin. These kind of plots have become known as virtual Gene

Expression Patterns (vGEP also known as virtual In Situ Hybridizations (vISH)), which can be used to identify potentially interesting gene expression patterns.

A spatial transcriptome map at a much higher spatial resolution was generated for the Drosophila embryo by using the same principle [45]. This approach named DistMap divided the tissue which is composed of ~6,000 cells into ~3000 spatial bins. A dataset of 84 ISH was binarized to serve as landmarks as well as the gene expression for ~1,300 single cells. The Matthews correlation coefficients (MCC) where then calculated for each cell-spatial-bin pair. In this way 68% of the cells were confidently assigned a position in the tissue. Furthermore, the vGEP were of high quality as the patterns of previously uncharacterized genes were well predicted when experimentally confirmed by ISH [45]. When this approach was applied to the wing disc it also faithfully reconstructed the known zonation in the pouch and notum regions [START_REF] Deng | Single cell transcriptomic landscapes of pattern formation, proliferation and growth in Drosophila wing imaginal discs[END_REF].

Instead of attempting to map back cells to spatial locations, the Teleman group calculated vGEP by correlations with landmark genes in the Drosophila wing imaginal disc [START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF]. Firstly, a database of 58 landmark genes was built and binarized as in previous papers. Secondly, the pairwise gene expression correlation between landmark and non-landmark genes were calculated. Pairwise Pearson correlations could either be neutral (no correlation), negatively correlated or positively correlated.

Subsequently, the expression of each of the 58 landmark genes was binarized into on or off expression for each cell in the 50k cell tissue. The "gene expression" per cell in the tissue was then calculated by taking the sum of the correlation between the gene and each of the 58 landmark genes multiplied by its state in this cell (on/off, 1 or -1).

With this method the authors discovered that the gene CG5151 is required for

Wingless signaling [START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF].

The inherent downside to these approaches is the necessity for a substantial number of gene expression patterns as input for the cell-to-tissue mapping algorithm.

Moreover, since the gene expression maps are binarized, a substantial amount of information is lost and can also lead to the introduction of subjectivity into the data when done manually. Another study therefore investigated whether the similarity in gene expression between cells can also be used to infer physical distance [44]. The underlying hypothesis of this method named novaSpaRc was that cells that are physically close to each other in the tissue would also be close in the high dimensional gene expression space. The authors show that this is indeed the case for liver lobules, villi in the intestine, and the Drosophila embryo. To generate vGEP, the authors first calculated the distance between cells in the high dimensional gene expression space and the physical locations by correlation and Euclidian distance respectively. These pair-wise distances between cells and locations are then used to make k-nearest neighbor graphs. The distance in these k-nearest neighbor graphs represents how similar the cells are and how close cells are in the tissue. Cells are then embedded in the virtual tissue bins by minimizing the distance which is necessary to travel through the graph of all the cells and the tissue. The resulting embedding can easily be flipped if the orientation is incorrect in tissues that can be represented in 1D (e.g. the villus and liver lobe). However, for more complex tissues like the embryo (2D tissues) this is not possible. In this case landmark expression patterns are necessary to serve as anchors for the embedding step of the algorithm. The quality of the embedding generated by this approach depends on the number of gene expression patterns used for input. This is clear when the correlation between the landmark gene expression patterns and the vGEP is calculated. For example, when this new algorithm was applied to the Drosophila embryo dataset from [45] a median Pearson correlation of 0.45 was achieved when 10 patterns were used which went up to 0.74 when all 84 patterns were used. That said, novoSpaRc outperformed the previously published DistMap (Drosophila embryo) and Seurat (Zebrafish embryo) algorithms in two out of three 2D cases investigated [44,45,64]. Moreover, it outputs continuous vGEP which can be used for modelling approaches. This algorithm can therefore be considered as the state-of-the-art in in silico reconstruction of gene expression patterns.

These papers show that the groundwork has been laid to investigate gene expression patterns. Currently, a choice has to be made between ascertaining gene expression or protein accumulation. Only analyzing protein accumulation disregards (non-coding) RNA, which can perform important functions and, vice versa, gene expression can be extensively modulated post transcriptionally [46,[START_REF] Ulitsky | LincRNAs: Genomics, evolution, and mechanisms[END_REF][START_REF] Bartel | Metazoan MicroRNAs[END_REF]. The approach should therefore be chosen according to the biological question. As many genes controlling morphogenesis are currently unknown we preferred a genome wide approach over a targeted one. Accordingly, we performed spatial transcriptomics using in silico reconstruction of scRNA-seq data. wg ko :mCherry Gift J-P Vincent, [START_REF] Baena-Lopez | Accelerated homologous recombination and subsequent genome modification in Drosophila[END_REF] wg-lacZ Bloomington Wnt6:GFP Gift J-P Vincent, [START_REF] Yu | Frizzled-Dependent Planar Cell Polarity without Secreted Wnt Ligands[END_REF] UAS-LifeAct:Ruby Bloomington UAS-pdm3-RNAi VDRC: 30537 UAS-white-RNAi Bloomington: 33644

Materials and Methods

Stocks

Actin5C-Gal4,Tubulin-GAL80ts [75] *see Annex 3 for more information on the generation of transgenic fly lines.

Antibodies

To visualize Engrailed, 1:500 Engrailed antibodies (Santa Cruz Biotechnology) and Alexa-555-conjugated-anti-mouse secondary antibodies (Molecular Probes) were used. The LacZ stainings were done with 1:2000 rabbit anti-β-galactosidase (Cappel Laboratories) using Alexa-488-conjugated goat-anti-rabbit IgG secondary antibodies (Molecular Probes). Stainings were done according protocol described in [START_REF] Ségalen | The Fz-Dsh Planar Cell Polarity Pathway Induces Oriented Cell Division via Mud/NuMA in Drosophila and Zebrafish[END_REF].

Dissection for smFISH and dissociation into single cells

For FISH staining, glue was extracted from regular double-sided office tape with nheptane. Between 10-15 µL of glue was pipetted into a MatTek glass bottom dish and let to dry. Pupal cases were removed from pupae. Pupa naturally adhere to pipette tips and thus a 200 µL tip was used to transfer the pupae onto the glue. 1 mL of PBS was added and any bubbles were removed by pipetting. Pupa were then dissected by cutting away the bottom parts of the tissue with micro-scissors and flushing out the organs by pipetting. Special care was taken to remove the muscles and trachea that adhere to the notum. For dissociation into single cells the pupa were pinned down with the ventral side up by piercing entomology pins through the abdomen of the pupae into the PDMS bottoms of the dissection dishes. Dissection was performed by first removing the pupal case, removing the head and wings, cutting lengthwise on both sides along the body and once across to remove the ventral part of the pupa.

Intestines, muscles and trachea were then flushed out by pipetting and/or with tweezers. Lastly, the notum was cut off the abdomen and placed in cold Trypsin LE (Thermo Fisher 12604013).

Stepwise dissociation protocol 

Library preparation and sequencing

GEMs were generated for ~7,000 (replicate 1), 10,000 (replicates 2,3,4) and 2,000 (replicate 5) cells from 15 hAPF pupa with the Chromium v2 3' (replicate 1) and v3 3' kits (replicates 2-5) from 10x genomics by following the manufacturers' instructions.

The cDNA was amplified in 12 cycles using a thermal cycler. After library preparation the reads were sequenced on an Illumina Novaseq 6000.

Read quantification

Reads were quantified by using alevin from Salmon v1.1.0 [63]. First a decoy-aware transcriptome file was built and subsequently indexed by running the salmon index -t transcripts.fa -i transcripts_index --decoys decoys.txt -k 31 command. Then the reads were quantified by using the salmon alevin -l ISR -1 read1.fq -2 read2.fq --tgMap txp2gene.tsv -i transcripts_index -chromiumV3 -forceCells 10000 or 3000 -p 10 -dumpFeatures -o /path/output/ command using 10 threads and 32 GB memory. For comparison, Cell Ranger 3.0 was run using the cellranger count -id=replicateID -fastqs=/path/to/data/ -transcriptome=transcripts_index -expect_cells=10000 or 3000 -jobmode-local -localmem=32 command using 10 threads and 32 GB memory. The technical replicates 4A and 4B were then collapsed by using the cellranger aggr -id=replicate4 -csv=aggregation.csv -normalize=mapped command using 64 GB of memory and 8 threads. Reads were mapped to ENSEMBL version 6.22 of the Drosophila melanogaster genome in both cases. To get more insight into the mapping statistics, we provided the barcodes of the cells filtered by Seurat to alevinQC v1.3.1 (github.com/csoneson/alevinQC). Mean sequencing depth for these cells was ~50,000 reads/cell, which has been shown to be sufficient for unbiased cell type classification [START_REF] Haque | A practical guide to single-cell RNA-sequencing for biomedical research and clinical applications[END_REF].

scRNA-seq analysis Seurat v3.1 was used for the analysis of cell types [START_REF] Stuart | Comprehensive Integration of Single-Cell Data[END_REF]. For initial cell type analysis cells with min nUMI 10,000, max nUMI 100,000, and less than 20% mitochondrial genes were used (mitochondrial genes taken from [START_REF] Torres | Expression profiling of Drosophila mitochondrial genes via deep mRNA sequencing[END_REF], see list below). Data was log normalized by taking the median number of UMI as scale factor. 2,000 variable features were found using vst. Data was scaled using all genes and dimensionality reduction was performed using the variable features. To group cells a shared nearest neighbor graph was first constructed (FindNeighbors with 20 neighbors), the graph was partition into clusters (FindClusters, resolution of 0.3) and the first 20 dimensions for RunUMAP were used. Cells with similar expressions were clustered together, and the clusters subsequently annotated as 'epithelial' using atlas genes pnr/caup/mirr/eyg/ush as 'neck' using Dfd or as 'other' using sens/ase/ac/Twist/Mef-2.

For visualization of genes, batch correction using CCA was done by using 30 dimensions for FindIntegrationAnchors, IntegrateData, RunPCA, and RunUMAP.

FindAllMarkers with a min.pct of 0.25 was used to find cluster markers. For the analysis of heat shock protein expression the bageritz et al dataset was downloaded from the GEO database (GSE127832) and aligned to same reference genome using Alevin.

The percentage of heat shock protein was calculated by filtering the genes from the heat shock protein gene group on Flybase.org for genes that were present in both datasets. The exact list of genes used can be found below. The Rmarkdown files are available upon request.

List of mitochondrial genes

Gene

Flybase number

ND2 FBgn0013680 COX1 FBgn0013674 COX2 FBgn0013675 ATP8 FBgn0013673 ATP6 FBgn0013672 COX3 FBgn0013676 ND3 FBgn0013681 ND4 FBgn0262952 ND5 FBgn0013684 ND4L FBgn0013683 ND6 FBgn0013685 CYTB FBgn0013678 ND1 FBgn0013679 lrRNA FBgn0013686 srRNA FBgn0013688
List of heat shock proteins 

Building a reference atlas

To build the reference atlas, multiple images of animals expressing Ecad:3xGFP or Ecad:3xmKate2 and fluorescently tagged proteins of interest were acquired using a Nikon inverted spinning disk microscope fitted with a sCMOS camera with a 40× NA 1.4 OIL DIC H/N2 PL FLUOR objective at 15 and 24 hAPF. In addition to the landmark gene, Ecad signal was acquired to enable projection of the signal using a custom code (available upon request). After stitching (Fiji plugin) the background was subtracted using rolling ball (Fiji, radius 50 pix). The abdomen-notum and notum-head segment boundaries were subsequently excluded. To average the images, the images were rescaled for animal size using the macrochaetae [11] and normalized by the 1.5 and 98.5 percentiles to remove outliers and decrease the image-to-image variability. After normalization all values below 0 are set to 0 and over 1 are set to 1. Lastly, the heminotum was divided into spatial bins of 48 by 48 pixels resulting in a pixel size of ~15.5x15.5 µm » 2x2 cells. In this way average expression patterns were generated for al, ara, B-H1, bi, Diap1, esg, exd, eyg,h ,hh ,hid ,lgs ,mirr ,Pax ,ptc ,rpr ,salm ,sd ,tsh ,ush ,sr ,usp , and wg using expression patterns from n > 3 animals.

Cell-to-tissue mapping algorithm

The epithelial cells were mapped to the tissue using the reference atlas [44,45,64].

Expression data was normalized by taking the median number of UMI as scale factor and by renormalizing between 0 and 1 by the 2 nd and 98 th percentile. Per spatial bin the correlation between the landmark genes and the gene expression across cells was calculated. The top 1% highest correlating epithelial cells were selected per spatial bin.

The top 10% were taken when all cells were used to make vGEP as this gave the highest correlation value. Gene expression of these cells was then averaged to generate the expression value per bin. Maps were only generated for genes that were expressed in epithelial cells resulting in 9,000 vGEP. These patterns can be found at 

Validation of vGEP

For validation of the expression pattern of robo1, hbs, slow, dpp, toe, nw, fj, Qsox2, slit, hth, Pvr, crp, and pdm3 we performed single molecule inexpensive Fluoresence

In Situ Hybridization (smiFISH) by slightly adapting the previously published protocols [START_REF] Couturier | Regulation of Notch output dynamics via specific E(spl)-HLH factors during bristle patterning in Drosophila[END_REF][START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. The dissections and stainings were performed on pupae that were glued to the bottom of MatTek dishes to minimize ectopic fold formation. For each gene 25-40 probes were designed that target the coding sequence in R with Oligostan [START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. For dpp the 3' UTR was added to satisfy the lower limit of 25 probes. In addition to a gene specific sequence a 28 nucleotide sequence (FLAP) was added to each probe to permit hybridization with the secondary probe. In the secondary probe the complementary sequence was flanked by two Cy3 molecules (probe sequence: Cy3 -C ACT GAG TCC AGC TCG AAA CTT AGG AGG -Cy3 i.e. FLAP-X from [START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]). Primary and secondary oligos were ordered from Integrated DNA Technologies (IDT) at 100 µM in TE 1x pH 8.0. Per gene an equimolar mix of all the primary probes was prepared and diluted 1:5 in TE 1x. To anneal the FLAP sequences of the primary and secondary oligos, 4 µL of primary probe mix, 1 µL of secondary probe, 2 µL of NEB buffer 3 10x, and 13 µL of ddH20 was mixed. Annealing was performed as described [START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. A list with the sequences of the smiFISH probes is available upon request. In addition, a slight modification was made to increase the volume of the reaction and simplify the storing and/or pipetting of reagents [START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. To enable projection of the z-stacks by apical plane detection and rescaling of animal sizes, smiFISH was performed in Ecad:3xGFP pupae at 15 hAPF. Images were projected using custom code (available upon request) and stitched together using the Fiji stitching plugin. For the averaging of smiFISH images, the background was subtracted using rolling ball subtraction in Fiji (radius 50 pixels) and resized for animal size using the macrochaetae [11]. If fluorescence from individual RNAs did not overlap, the signal was segmented by first applying a Laplacian of a Gaussian filter (Fiji, Mexican Hat Filter, kernel size 1) and maxima were found using Find Maxima Fiji plugin (Prominence 3 for negative control/robo1/hbs/slow, 10 for dpp, 40 for toe) [START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. Genes with high expression (nw/fj/Qsox2/slit/hth/Pvr/crp/pdm3) were averaged in the same way as the fluorescently tagged proteins (18w/Tollo/C15/Wnt6/caup/egr) and the antibody staining (en). For all patterns an average was constructed using n > 3 animals. The Pearson correlation was then calculated between 20 averaged expression patterns and their respective vGEP.

Stepwise FISH staining protocol 

Results

Gene expression patterns can control development by inducing cell differentiation and

spatially restricting morphogenetic processes. Discovering genes with patterned expression is therefore of wide interest in biology. Multiple approaches exist to assess where genes are expressed. Currently, one has to make a choice between visualizing gene expression directly in the tissue (in situ), with throughput limited to 100-1,000 genes, or using a genome wide approach, quantifying expression for all genes by single cell RNA sequencing and retracing their spatial origin in silico, which could potentially lead to incorrect spatial expression patterns [44,45,48,51,52]. In the Drosophila pupal dorsal thorax epithelium (notum) local cell dynamics are spatially patterned. This difference in cellular behaviors results in differences in tissue deformation. We assumed that this is in part controlled by spatial gene expression and by the interaction between gene networks. Many genes that govern morphogenetic processes are currently unknown. Therefore, to uncover new gene expression patterns a genome wide approach is preferable to a targeted approach, provided that the patterns are accurate. In silico reconstruction of gene expression patterns has previously been achieved by retracing the point of origin of cells sequenced by scRNAseq [44,45,64,[START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF]. Although multiple approaches have been proposed to match single cells to spatial locations, arguably the most impactful algorithms have been Seurat, DistMap and novoSpaRc [44,45,64,[START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF][START_REF] Stuart | Comprehensive Integration of Single-Cell Data[END_REF]. All three algorithms require input of gene expression patterns in 2D tissues to serve as landmarks to reassign the cells a spatial location [44,45]. Our approach therefore consisted of 1) the development of a dissociation protocol to dissociate tissue into single cells, 2) performing scRNA-seq and identifying epithelial cells, 3) making a reference atlas, 4) mapping single cells to the tissue and validating the theoretical gene expression patterns, 5) predicting which genes govern morphogenesis and, lastly 6) testing candidates for their involvement in morphogenesis.

Development of dissociation protocol for the Drosophila pupal thorax

Finding an optimal dissociation protocol is key as dissociation can induce artifacts in scRNAseq datasets [START_REF] Van Den Brink | Single-cell sequencing reveals dissociation-induced gene expression in tissue subpopulations[END_REF]. The optimal dissociation protocol is fast, dissociates all the cells into single cells while maintaining high viability. To dissociate cells from a tissue into single cells, the extracellular matrix (ECM) surrounding the tissue has to be degraded. The notum is covered apically by a chitin layer and basally by a Collagen layer (Chapter 2). We optimized a dissociation protocol for the notum by trying different combinations of mechanical disruption, several enzymes, and buffers. Previous approaches for tissue dissociation included mechanical disruption on ice and a variety of buffers for enzymatic disruption at 37 °C [45,[START_REF] Deng | Single cell transcriptomic landscapes of pattern formation, proliferation and growth in Drosophila wing imaginal discs[END_REF][START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF]. Drosophila grows best at 25 °C and temperatures as low as 30 °C are sufficient to induce a heat shock protein response [START_REF] Ritossa | A new puffing pattern induced by temperature shock and DNP in drosophila[END_REF]. We therefore attempted to minimize the time that the dissected tissues experienced temperatures outside of this range. To break down the ECM, we performed enzymatic tissue dissociation with TrypLE, which cuts peptide bonds, Collagenase I, which degrades Collagen and Chitinase, which breaks down the glycosidic bonds in chitin. To assess the quality of the dissociation, 10-15 µL of the single cell solution was mixed 1:1 with trypan blue and loaded on a hemocytometer.

The percentage of individual cells and the percentage of cells that had turned blue were then assessed under a microscope. Using the hemocytometer, we found that TrypLE does not dissociate the tissue at or below 25 °C, but does dissociate the tissue into big clumps at 29 °C within 15 min while maintaining high viability (95%). Other commonly used enzymes Collagenase I and Chitinase alone were insufficient to dissociate the tissue and when combined with TrypLE reduced viability while not increasing the percentage of single cells (>50% drop in viability, data not shown) [START_REF] Davie | A Single-Cell Transcriptome Atlas of the Aging Drosophila Brain[END_REF].

To further improve the dissociation we attempted pipetting the solution up and down and passing the cells through filters of 30 µm and 100 µm, which were previously used to dissociate cells in the wing disc [START_REF] Deng | Single cell transcriptomic landscapes of pattern formation, proliferation and growth in Drosophila wing imaginal discs[END_REF][START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF]. Both these methods individually and collectively negatively affected cell viability while not improving the percentage of single cells in solution (>20% drop in viability). This lack of improvement might be due to the cuticle and the small cell size. During several attempts the cuticle was visibly stuck inside of the LoBind pipette tip. Moreover, cell sizes in the tissue are in the order of 10-15 µm. Doublets and triplets will therefore be able to pass through the filter, but will most likely also endure shear forces. Instead we opted for mechanical disruption through vortexing after enzymatic dissociation in TrypLE, which did not affect viability (95%) but increased the percentage of single cells to 85% (Figure 5). After testing multiple different buffers, we found that buffers containing Ca 2+ and Mg 2+ (i.e. Scheider's medium or PBS) increased the number of doublets and therefore opted for DPBS; a buffer without Ca 2+ and Mg 2+ (results not shown). To investigate whether the doublets were a result from incomplete tissue dissociation or cell-cell adhesion after the dissociation procedure, we dissected and dissociated 20 nota from PH:GFP and H2B:RFP transgenic lines (i.e. 40 total). Single cells of both colors could be found at a 50,7% red /49,3% green ratio (n = 970, N = 2). Only 4% of the doublets (~0.6% of the total cells) contained red and green cells indicating that most doublets are most likely due to incomplete dissociation. Early recommendations for single cell dissociation by single cell sequencing pioneers and 10x genomics representatives included the isolation of single cells by FACS. Our attempts to FACS the cells were largely unsuccessful as we struggled to get single cell suspensions of over 150 cells/µL as counted by the FACS machine. Moreover, after loading 7,000 'cells' on the 10x chip we only recovered 300 after sequencing. Adding insult to injury, two thirds of these cells were of mesodermal origin indicating that they originated from the developing muscles underneath the notum epithelium. This could be due to the marker used to enable FACS sorting, in this case nls:GFP, which might be expressed at higher levels in muscles. After one attempt we decided to not include this FACS step in the protocol and decided to exclude these cells in downstream analysis (see sequencing paragraph). In our final protocol, we dissect the nota from 40-45 female w 1118 pupae at 15 hAPF, which results in cell concentrations ranging from 280-1020 cells/µL as quantified with a hemocytometer with 85% single cells and 95% viability (Figure 5). Lastly, after obtaining the RNA profiles of the single cells (see next paragraph), we analyzed the effect of the temperature used during dissociation on gene expression.

Previously cells from the wing disc were dissociated into single cells using the same enzyme (TrypLE) for the same amount of time (15 min) while being agitated by pipetting every 5 minutes [START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF]. A region of the wing disc will ultimately give rise to the notum [41]. Therefore, the experimental conditions and the tissue are quite close to our setup apart from the temperature used (29 °C vs 37 °C). High temperatures can induce the expression of heat shock proteins (hsp), whose expression in general is regarded as a response to stressful conditions [START_REF] Ritossa | A new puffing pattern induced by temperature shock and DNP in drosophila[END_REF][START_REF] Santoro | Heat shock factors and the control of the stress response[END_REF]. To investigate the effect of heat used during the dissociation protocol, the wing disc dataset from bageritz et al. was downloaded, aligned with Alevin and pre-processed as the notum dataset (see next paragraph) [START_REF] Bageritz | Gene expression atlas of a developing tissue by single cell expression correlation analysis[END_REF]. The dataset consists of two replicates which were made using Dropseq and one replicate made with 10x technology (v2). A total of 1541 cells passed the preprocessing steps; 256 sequenced with Dropseq and 1285 with 10x. Cells sequenced using Dropseq expressed a higher percentage of heat shock proteins than cells sequenced using the 10x platform (mean 5.0% and 6.9% respectively, P<0.0001 Student's T-test). The percentage of hsp expression was 3.8x higher in the wing disc dataset than in the notum dataset (mean wing disc 5.33%, mean notum 1.42%, P<0.0001 Student's T-test, Figure 6) suggesting that our dissociation protocol puts the cells under less stress. Although tissue specific and technology differences (10x genomics v2 and Dropseq vs 10x genomics v3) cannot be ruled out as factors.

are loaded the estimated doublet rate is ~0.4% and when 16,000 cells are loaded ~7.6% (user guide CG000183). These technical doublets (TD) add to the biological doublets that are a result of the incomplete dissociation of the tissue into single cells.

The lab has shown previously that morphogenetic processes in the notum work on the order of magnitude of ~30 cells [11]. Therefore, the technical doublets caused by the machine are more critical than the biological doublets as it concerns cells that do not come from the same spatial location. We performed five independent biological replicates of which one in technical duplicate (replicate 4). Per experiment 7,000 (replicate 1, ~3.3% TD), 10,000 (replicates 2,3,4, ~4.8% TD) and 2,000 cells (replicate 5, ~1% TD) were loaded onto the chip after which the 10x protocol was performed according to the manufacturer's instructions. Only female pupae were used to prevent any sex-specific bias. For replicate 1 nls-GFP transgenic flies were used, while w 1118 was used for the other replicates. In total ~3.68 billion reads were generated during these experiments (Table 1). The standard 10x genomics workflow includes a pipeline called Cell Ranger, which performs read alignment to the genome, assigns the read to a cell based on the cell barcode and deduplicates reads that come from the same transcript by collapsing reads with the same Unique Molecular Identifier (UMI). The Cell Ranger pipeline is an assembly of previously published algorithms to achieve these different steps. For example, the STAR algorithm is used for read alignment and quantification [START_REF] Dobin | STAR: Ultrafast universal RNA-seq aligner[END_REF]. A new read quantification algorithm named Alevin was recently published, which according to the authors showed less read quantification bias at much shorter runtimes than Cell Ranger [63]. To assess which algorithm performed better on our data, reads were aligned to the Drosophila ENSEMBL genome v6.22 using STAR and Alevin. The technical replicates 4A and 4B were highly correlated and therefore collapsed in Cell Ranger by using the Cell Ranger aggr command. Unfortunately this is currently not possible with Alevin and therefore the technical replicates need to be analyzed individually, but for the purpose of this comparison, we aggregated the two replicates by directly merging the two datasets. For comparison between the algorithms, we filtered out high quality cells that were unlikely to be cell debris or doublets (cells with >10,000 and <100,000 UMIs) (Table 1). After filtering, all the replicates except replicate 5 contained a similar number of cells irrespective of the mapping algorithm used. For replicate 5, Alevin counted twice as many cells as STAR with a much lower median UMI number per cell. Replicate 1 clearly stands out with a lower number of cells and median genes per cell. The lower number of cells is most likely a result of an inaccurate count of the number of FACS sorted cells. The lower number of genes and UMIs is most likely due to the difference in chemistry used to generate the replicates (see also Q&A 360026501692 on the 10x genomics website). After obtaining the results of the replicates 2-4, we decided to lower the amount of cells loaded to decrease the technical doublet rate from ~4.8% to ~1%, which did not seem to have any other affect than the number of reads necessary to obtain a satisfactory sequencing depth (see next paragraph and Figure 8). 

Extracting epithelial cells from single cell datasets

The notum contains two different types of cells: epithelial cells and sensory organ precursors (SOP). SOP are imbedded in the tissue and ultimately give rise to the sensory organs on the thorax. Underneath the notum, muscles and trachea develop.

Since these tissues attach directly to the notum and have to be removed during dissection it is likely that some cells will end up in the final single cell suspension. As the aim is to predict gene expression patterns in epithelial cells in the notum, other cell types might negatively affect the quality of the predicted gene expression patterns. We therefore aimed to separate the epithelial cells from other cell types. Previous research has shown that cells can cluster based on spatial identity [45]. We therefore performed clustering analysis on replicates 2-5 using the Seurat analysis framework to identify epithelial cells (see materials and methods) [START_REF] Stuart | Comprehensive Integration of Single-Cell Data[END_REF]. To ascertain which clusters could contain epithelial cells, we plotted two pairs of genes with mutually exclusive gene expression in the notum: hedgehog (hh)/ eyegone (eyg) and u-shaped (ush)/ caupolican (caup). Cells indeed do not express both hh/eyg or ush/caup. (Figure 8A).

A small subcluster of cells showed markedly high expression of the hox gene Dfd, which is expressed at the segment boundary between the notum and the head at 15 hAPF. (Figure 8B). Since we excluded this region in our spatial atlas these cells were not used for downstream analysis (see next section). One cluster showed high expression of miranda, senseless and asense, which are required for SOP development (data not shown, Figure 8C) [36,37,[START_REF] Ikeshima-Kataoka | Miranda directs Prospero to a daughter cell during Drosophila asymmetric divisions[END_REF]. This cluster was therefore annotated as SOP cells. Muscle cells are of mesodermal cell fate and are marked by the expression of Holes in muscles (Him), Twist, Myocyte enhancer factor 2 (Mef-2)

and lame duck (lmd) [START_REF] Elwell | The myogenic repressor gene Holes in muscles is a direct transcriptional target of Twist and Tinman in the Drosophila embryonic mesoderm[END_REF][START_REF] Spletter | A transcriptomics resource reveals a transcriptional transition during ordered sarcomere morphogenesis in flight muscle[END_REF][START_REF] Duan | Drosophila Lame duck, a novel member of the Gli superfamily, acts as a key regulator of myogenesis by controlling fusion-competent myoblast development[END_REF]. These genes were highly expressed in multiple clusters, which were annotated as 'other' as these cells do not come from the epithelium (Figure 8D). All cells remaining after excluding neck, SOP and mesodermal cells were annotated as epithelial cells. We did not find a cell cluster positive for the trachea marker btl indicating that the trachea were successfully removed during the dissection [START_REF] Du | Feedback regulation of cytoneme-mediated transport shapes a tissue-specific FGF morphogen gradient[END_REF]. Lastly, we wanted to investigate whether the data coming from the different replicate showed the same underlaying structure. The reason being that if one replicate biases the clustering extra pre-processing of the data might be needed. To this end, we split the data into the respective replicates (Figure 8E). The same epithelial cells, SOP cells, and 'other' clusters can be seen in the respective replicates indicating that all replicates contribute to the three categories. In summary, cells cluster by cell identity and spatial location which can be used to accurately extract epithelial cells from the dataset. showing the region of expression of the spatial marker genes. Top panels show the expression of the spatial marker genes in the single cell dataset. Bottom panels show the location of protein accumulation in the tissue. The outlined clusters were identified as epithelial cells. B) Cluster 11 exhibits Dfd expression, which is characteristic for the neck region. These cells were separated from the other epithelial cells. C) Clusters 14 exhibited high sens and ase expression, which is associated with the neuronal identity of the SOP. This cluster was therefore removed from the dataset. D) Muscles develop beneath the notum. Clusters that showed expression of mesodermal genes were also removed from the dataset. E) Contributions to the clusters by the respective replicates.

Building a gene expression atlas

During the dissociation procedure the spatial information of the cell is lost. Spatial positions can be retraced in silico reconstruction by using landmark gene expression patterns (GEP) [44,45,64]. In previous papers spatial information in situ hybridizations were used to serve as landmark GEP [44,45,64]. In situ hybridizations are notoriously difficult to perform and can suffer from low signal-to-noise. Single molecule Fluorescence In Situ Hybridization (smFISH) has improved this by using multiple small probes, which decreases the chance of high background signal by non-specific probe binding [50,[START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. Unfortunately, these probes are costly (~250-750 euros). According to the central dogma of biology, RNA is ultimately translated into protein [46]. Over the years many fluorescently tagged protein Drosophila lines have been generated.

Visualizing these proteins in the pupa takes only about 10-15 minutes preparation time [START_REF] Jauffred | Analyzing frizzled signaling using fixed and live imaging of the asymmetric cell division of the Drosophila sensory organ precursor cell[END_REF][START_REF] Gho | Revisiting the Drosophila microchaete lineage: a novel intrinsically asymmetric cell division generates a glial cell[END_REF]. These stocks are available from collections such as the Bloomington and VDRC stock centers for around 10-70 euros or are directly shared between labs.

Furthermore, many fluorescently tagged proteins are already available in the lab since they were made for other (ongoing) projects. One would therefore ideally use RNA expression patterns as input for the cell-to-tissue mapping algorithm. However, using transgenic lines instead of FISH could save significant time and money if the respective patterns are comparable. To test whether expression patterns are similar, we visualized fluorescent proteins using transgenic lines and antibodies and RNA expression using single molecule inexpensive FISH (smiFISH) for wingless (wg), homothorax (hth), decapentaplegic (dpp), and four-jointed (fj) [START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. The respective RNA and protein expression patterns were nearly identical (Figure 9A). We quantified the

Figure 9 | Comparison of gene expression patterns by different techniques. A)

RNA expression patterns visualized by smiFISH (left) for the genes wg, hth, dpp, and fj are qualitatively similar to proteins tagged at the endogenous locus (middle) and when antibody stainings for lacZ enhancer traps are performed (right). Patterns are qualitatively similar for all approaches apart from the pattern of endogenously tagged dpp, which differs from the lacZ and FISH staining. This fly line is not homozygous viable and therefore protein function and localization might be perturbed. B,C) The correlation between averaged RNA and protein patterns for wg and hth is 0.75 and 0.88 respectively.

Development of image analysis pipeline for expression patterns

To build a gene expression atlas, we screened through fluorescently tagged lines of This enabled signal projection for all proteins to form 2D images from 3D z-stacks. The 2D images from multiple FOV were then stitched together to form an image per animal.

Subsequently, rolling ball background subtraction was performed to increase the signal-to-noise ratio. The image was then rotated in such a way that the posterior is on the left, the anterior on the right and the midline horizontal. Since the notum is symmetric the image was split into two halves after rotation to double the number of patterns to average. Lastly, the left halves were mirrored to enable averaging of all hemi-notae.

After pre-processing, an average pattern can be created by overlaying the different images. The size of the notum varies from animal to animal. Therefore, to create average patterns the animals will first need to be adjusted to the same size. This has previously been achieved by using the XY positions of the macrochaetae and the midline as spatial landmarks to warp the images such that the position is the same for all animals [11]. Subsequently, the fluorescence signal from the notum was extracted by creating a mask. This mask ensures that all signal that is coming from outside the notum and the segment boundaries is set to 0. Lastly, the individual images were normalized between 0 and 1, by normalizing by the 1.5 and 98.5 percentiles to decrease the image-to-image variability and remove outliers. After normalization, all values below 0 are set to 0 and over 1 are set to 1. Images are then ready for averaging. The images were averaged twice: first in the image over a defined number of pixels to make spatial bins and subsequently between animals. We ultimately chose to represent the data in a 48 by 48 pixel average, because of the higher spatial resolution. This resulted in a hemi-notum that was divided into 944 spatial bins, where each spatial bin represents 15.5x15.5 µm (~2x2 cells). Nevertheless, the data can easily be replotted at other resolutions if desired by the user. An overview of the image processing pipeline can be found in (Figure 10). By using this pipeline, we averaged the expression patterns of 23 genes creating a reference atlas which can be used for cell-to-tissue mapping (Figure 11).

Gene expression pattern prediction and validation

The point of origin of the dissociated cells needs to be retraced to make vGEP. To this end, we developed a cell-to-tissue algorithm that made use of the continuous data of the landmark gene expression patterns and the RNA expression in the single cell dataset. This optimizes the usage of the available information as well as prevents the introduction of any bias in the data by manually binarizing gene expression patterns.

Our approach consisted of performing Pearson correlations between the expression of the 23 landmark genes with the RNA expression of the same genes in all the epithelial cells from the scRNA-seq dataset (see also graphical abstract for an example). This resulted in a list of correlations between cells and each spatial bin.

Subsequently, the gene expression of the top 1% highest correlating cells was averaged gene-wise to generate the gene expression values for each respective spatial bin. In this way, vGEP were generated for ~9,000 genes.

A good mapping algorithm together with a set of reliable landmark genes would result in a high correlation between the experimentally verified patterns and the predicted patterns. To investigate this, we validated predicted patterns using smiFISH as well as with antibody stainings and fluorescently tagged proteins. For validation by smiFISH, we picked 13 genes with clear predicted expression patterns at different levels of expression ranging from slow (38 th percentile) to hth (1 st percentile). Individual RNA molecules could be observed for dpp, slow, robo1, hbs, and toe. For these genes the signal was segmented before applying the image analysis pipeline [START_REF] Tsanov | smiFISH and FISH-quant -a flexible single RNA detection approach with super-resolution capability[END_REF]. Accurate segmentation of individual fluorescent dots in tissues stained for hth, fj, Qsox2, nw, sli, Pvr, pdm3, and crp could not be obtained due to the high expression levels. Maps for these genes were therefore directly averaged using the same pipeline. In addition, we obtained fluorescently tagged protein lines for C15, caup, egr, Wnt6, and Tollo, tagged 18w (Toll-2) with GFP by CRISPR/Cas9 and performed an antibody staining for Engrailed. Protein expression patterns for these genes was analyzed in the same way as the atlas. In total 20 gene expression patterns were generated that could be used for validation (Figure 13).

The accuracy of the vGEP predictions could be classified into three categories. For genes where the correlation between the vGEP and validation was higher than 0.7 both the spatial pattern as well as the level of expression was well captured. Patterns with a correlation >0.6 correctly captured the level of the expression or the spatial pattern. Lastly, genes with a correlation <0.6 (n = 2) missed some part of the spatial expression or the expression level (Figure 13). The vGEP were generally of high quality as the median Pearson correlation was 0.91 for the atlas genes and 0.74 for validation genes. Mapping all cells and not only epithelial cells had a significant negative effect on the quality of the vGEP (median Pearson correlation 0.75 and 0.43 for atlas and validation respectively) showing that cell selection before mapping is a critical step in the analysis pipeline (data not shown).

To establish whether an ideal set of landmark genes exists, we randomly selected combinations of landmark genes that we validated using the 20 validation genes. In line with previously published results, the number of landmark genes mattered [44].

For some combinations as little as 10 landmark genes resulted in high correlations for the used landmark genes, but not for the validation genes. As landmark genes have been used for cell-to-tissue mapping, the correlation between their expression pattern and vGEP is not independent. An independent assessment of the quality of the maps is the correlation value for the validation genes. As the number of landmark genes increased so did the correlation for the validation genes (Figure 14). Increasing the number of landmark genes resulted in increase in the mapping accuracy as well as a stabilization around a correlation value of 0.74 (standard deviation of correlation for the validation genes s=0.13, s=0.12, s=0.07, s=0.04 for 10, 15, 20 and 22 landmarks respectively). We ultimately chose to use all 23 atlas genes for mapping as none of the combinations of landmark genes gave a much higher correlation between prediction and validation and the chance of accurately predicting a gene expression pattern increases with the number of landmark genes.

Previous work in the lab established that local cell dynamics drive morphogenesis [11].

In scRNA-seq cells cluster based on similarities in gene expression. We therefore investigated the relationship between clusters (high dimensional gene expression space) and the tissue (Euclidian space) (Figure 16). To examine this relationship, we calculated how many times a cell from each cluster was used per spatial bin. This number was then plotted on the tissue to see whether all cluster contribute equally to all spatial bins, or rather, that they contribute to specific areas in the tissue. In addition, we used the Seurat framework to find markers for the epithelial cell clusters (clusters 1-6, 8-10, 13). There was a striking resemblance between the expression of cluster markers in the tissue and the frequency of cell-to-tissue mapping per cluster. For example, genes from the hedgehog signaling pathway are highly expressed in cluster 4 (Figure 16A). In the notum hedgehog signaling is restricted to the most posterior part of the scutellum. This is also where cells from cluster 4 were most frequently used to construct vGEP. On the posterior lateral side cluster 4 even contributed the majority of highest correlated cells used for spatial mapping (Pearson correlation = 0.56 between patterns hh:GFP and majority patterns, Figure 16A). Clusters 10 and 13

show high stripe expression, which determines where the indirect flight muscles attach to the epidermal cells (Figure 16B) [START_REF] Ghazi | Prepattern genes and signaling molecules regulate stripe expression to specify Drosophila flight muscle attachment sites[END_REF][START_REF] Frommer | Epidermal egr-like zinc finger protein of Drosophila participates in myotube guidance[END_REF]. Combining the spatial positions where they constitute the majority of cells mapped to the tissue recapitulates the stripe pattern (cor = 0.75, Figure 16B). Similarly, clusters 1, 8, 10, and 13 have high eyg expression.

Combining their majority patterns reproduces the map of eyg expression in the tissue (cor = 0.88, Figure 16C). Cluster 5 is characterized by wg, bi and fj expression, which is in accordance with the majority pattern (data not shown, Figure 16D). The majority patterns of clusters 2 and 3 define the side of the tissue (Figure 16E). To our knowledge, no genes are known to localize specifically to this region. These results demonstrate that clusters contribute to specific regions of the cell-to-tissue mapping.

Moreover, they indicate that the tissue is regulated in spatial units whose patterns correlate with the expression of genes that are known to be important for morphogenesis. The spatial mapping of the clusters is summarized in Figure 16F. 

Using vGEP to identify genes involved in morphogenesis

Extensive morphogenesis takes place on the lateral side of the pupa, which has not been studied extensively so far. In this region the tissue invaginates while also moving inwards (Figure 17A). Since almost 9,000 genes are expressed in the epithelial cells it would be virtually impossible to test all genes to discover which ones govern morphogenesis on the side of the tissue. Our previous results suggests that morphogenesis is regulated in spatial units (Figure 16). To narrow down the list of genes, we searched for vGEP that correlated highly with the majority pattern of cluster 2 and 3. This query pattern was essentially a vGEP, where the pixels in the ROI were set to 1 and all the other pixels are set to 0 (Figure 17B). A correlation between this pattern and all the vGEP yielded a ranked list of genes that are potentially expressed in this region (Figure 17C). This list included many transcription factors, genes involved in signaling pathways as well as many uncharacterized genes (Figure 17C-E). We explored three other approaches to find additional candidate genes. First, we manually drew an ROI and correlated this pattern with all the vGEP. Second, we split the tissue into a medial/lateral and calculated the expression ratio. To this end, the pixel intensities from the lower half of the vGEP and the upper half were averaged and the lateral/medial expression ratio was calculated. Lastly, we manually inspected the vGEP for genes with skewed expression. These three additional approaches did not yield any additional candidates that were not already highly correlated (correlation > 0.6) in the first list. Therefore, the most promising candidates have been identified and are at the top of this list.

Discussion

Here, we report the first in silico reconstruction of 9,000 gene expression patterns in the notum at a resolution of 15.5x15.5 µm per spatial bin. We demonstrate that these patterns can be leveraged to identify genes involved in morphogenesis. Our study advances the field of spatial transcriptomics by increasing the fidelity of the landmark patterns through the averaging of several animals with an image analysis pipeline and by using an improved cell-to-tissue mapping algorithm. The image analysis pipeline could potentially be useful for other projects, for which a precise quantification of fluorescent intensity is desirable. This pipeline is especially powerful when landmarks are available which can serve to rescale the animal sizes. Our approach to perform existing cell-to-tissue mapping by using correlation, is conceptually simple while still yielding good results with relatively little landmark patterns. A significant advantage is the ability to use continuous data from scRNA-seq and landmark patterns as input, which eliminates the need for gene and landmark expression binarization. We show that the algorithm performs well on our data as well as published data from the Drosophila embryo [45]. We therefore encourage the usage of our approach in parallel with other algorithms in order to obtain the highest correlation possible between the predicted and validated patterns.

In addition, the vGEP dataset could be of use for anyone working on Drosophila epithelia as all gene expression patterns are now accessible at the press of a button.

Our data show that the patterns are generally reliable and a good starting point for further investigation. Although the expression patterns might not be perfect for all genes, we would argue that other common lab techniques can also misrepresent the spatial expression pattern. For example, in situ hybridization probes may exhibit nonspecific binding, antibodies might bind to other proteins in addition to the protein of interest, and endogenously tagging proteins might change protein folding/synthesis/localization and/or dynamics. Accordingly, one should always combine multiple approaches to obtain reliable expression patterns. This dataset can therefore be used to compile lists of candidates that could regulate biological processes of interest as well as provide additional lines of evidence for a gene's expression pattern.

We see several ways to improve our current analysis pipeline. The current epithelial cell selection method is largely manual and therefore time consuming. Automatic separation of the epithelial cells from the other cell types would therefore be useful. This is challenging because of the absence of marker genes that are exclusively expressed in the epithelial cells of the notum. Moreover, a flexible approach will be required as the gene expression profile of the underlying muscles and SOPs constantly changes over development [37,[START_REF] Spletter | A transcriptomics resource reveals a transcriptional transition during ordered sarcomere morphogenesis in flight muscle[END_REF]. Perhaps time series (sc)RNA-seq data of SOP and/or muscle cells can be used to automatically detect and exclude these cells. In general, making all parts of the pipeline available in open source programming languages as well as integrating all parts into one end-to-end pipeline would be useful for end users and would improve the accessibility of the approach.

The generated vGEP dataset can be used to study many interesting biological questions. For example, how is the number of cell divisions controlled in the notum?

Can we find genes that are involved in the attachment of the muscles and trachea to the tissue? And is it possible to model morphogenesis by finding a gene expression signature in each spatial bin? For this last analysis the expression patterns for transcription factors could be taken and their correlation with cellular morphogenetic processes. Genes with the strongest correlations for the respective processes could then be used to construct a model for the whole tissue. The power of this model could be assessed by removing one of its components to predict the effect on tissue morphogenesis and subsequently testing in vivo whether the model holds true by knocking down the gene.

In the future, performing spatial transcriptomics at multiple timepoints would take significantly less time as all the software has already been developed and a dataset of atlas patterns at 24 hAPF has already been obtained. The vGEP from the respective timepoints could be used to investigate which genes rapidly change their spatial expression. These genes could potentially work as a 'clutch' that converts the prepatterns into actual morphogenesis. Connecting the scRNA-seq data to RNA-seq data at the respective time points could also yield interesting insights. For example, which genes do not change their level of expression but do change their spatial expression?

Answering these questions will not only lead to the discovery of new biology, but will also result in the development of tools that are useful for the research community.

Introduction

Tissue folding is a basic morphogenetic process, which takes place in wide range of organisms [38,[START_REF] Kupaeva | Epithelial folding in the morphogenesis of the colonial marine hydrozoan, Dynamena pumila[END_REF]. Studying tissue folding often relies on microscopy. In this introduction the current state-of-the-art in microscopy is discussed to frame the motivation for the development of a new microscope which can visualize wing folding and its interaction with the thorax. Subsequently, known folding mechanisms, the interplay between the ECM and folding, and the role of the ECM in tissue morphogenesis will be discussed.

Principles of fluorescence microscopy

Microscopy has been vital for understanding biology since the invention in the 17 th century by Jan Swammerdam and Robert Hooke, who made lenses that could magnify organisms 30 times. In this day and age nearly 400 years later many different types of microscopy exist, which often revolve around the visualization of proteins by fluorescent molecules [START_REF] Chalfie | Green fluorescent protein as a marker for gene expression[END_REF]. These fluorescent molecules mark the location of the protein inside the cell by binding to or by being directly fused with the protein of interest.

As the name suggests, fluorescence microscopy hinges on fluorescence, which is the emission of light that occurs after the absorption of light that is typically of shorter wave length [START_REF] Lichtman | Fluorescence microscopy[END_REF]. The difference between the exciting and emitted wavelength is what's known as the Stokes shift. The Stokes shift is leveraged to visualize fluorescent proteins by passing the light through wavelength filters. With the right filters, the exciting wavelength can be split from the emission wavelength, making it possible to only register the fluorescence with a camera. The necessary light is generated by a lamp or laser that is focused on the sample through lenses. The final lens, the objective, determines the magnification of the object. Equally, if not more important than the magnification, is the resolution. The resolution is determined by the numerical aperture (NA) of the objective. Numerical aperture characterizes the range of angles over which the system can accept light. Lenses with higher NA will therefore collect more light and have higher resolving power, which is proportional to
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, where lambda is the wavelength of the light [START_REF] Lichtman | Fluorescence microscopy[END_REF]. Higher NA objectives can therefore also help increase the Signal (what is interesting) to Noise (what is not interesting) ratio. One drawback to high NA objectives is their short working distance, which can pose problems when working with large samples. Samples are frequently mounted between a slide and a coverslip or by placing on a petri dish with a glass bottom. The specimen is then commonly placed flat in front of the objective. The observer must therefore orient the sample correctly when mounting in order to be able to observe the area of interest. Most light microscopes are built in such a way that the illumination and detection beam path lie in a horizontal plane with the objective either facing up or down.

The sample is fixed on the stage, which can be moved in XY and Z to look at different parts of the tissue. If the sample is alive while under the microscope, time-lapses can be are acquired that can span from seconds to days depending on the process and organism of interest. This form of microscopy is referred to as live fluorescence microscopy.

Confocal and spinning disk confocal fluorescence microscopy

One problem with fluorescence microscopy is that the entire sample is illuminated regardless of where the objective is focused. Since illumination can be toxic to the animal and fluorophores can fade (bleach), it is critical to limit the exposure as much as possible [START_REF] Lichtman | Fluorescence microscopy[END_REF]. In addition to out of focus light, the contrast is adversely affected by A second advantage is that typically lower laser intensity is required since the minibeams pass sequentially over the same region. This in contrast to scanning confocal microscopy, where one higher laser intensity light source is passed over a region only once. These two advantages make spinning disk microscopy the methodology of choice for many live microscopy experiments.

In toto imaging of developing organisms

Tracking the development of whole organisms at high spatial and temporal resolution is the holy grail of modern microscopy. However, as the organism grows larger, 

Force generation for tissue folding, bending and buckling

Microscopy has been extensively used to investigate and elucidate the mechanisms of tissue folding. All proposed mechanisms for tissue folding rely on the generation of force. In the Drosophila embryo the force necessary for gastrulation is generated by molecular motors. [34,110,111]. For example, future mesoderm cells that internalize decrease their apical area through pulsed contractions of an actomyosin network containing Myo-II [35,110]. This network drives the constriction by a ratchet like mechanism, decreasing the apical size incrementally [35,110]. Ectopic expression of Myosin 1D and Myosin 1C in larvae can twist the trachea or even the whole larva depending on the location of overexpression [112]. These Myosins also work through actin as reduction of actin polymerization strongly suppresses the body-twisting phenotypes [112].

Forces can also be generated by differential growth rates. This has been shown to be at the basis of the formation of gut loops in the body cavity in vertebrates. The counterclockwise coiling of these loops is determined by an initial leftward tilt of the dorsal mesentery; the structure that suspends the gut tube from the body wall [113,114]. The leftward tilt is caused by an asymmetric distribution of ECM and cellcell adhesion molecules (N-cadherin), which affect cell shapes, making cells more condensed, taller and thinner (i.e. more columnar) on the left than on the right side of the tissue [113,114]. The difference in cell shape is sufficient to set the chirality of the coiling, however, they are insufficient to pack the entire small intestine into the body cavity. Indeed, extra loops are formed as the intestine elongates [39]. Asymmetric proliferation of cells cannot account for the coiling as proliferation rates are uniform in the gut tube and mesentery. Instead, the extra loops are a result of a differential growth between the mesentery and the gut tube. Before extensive looping, the number of mitotic cells is roughly equal. However, when loops are starting to form the number of mitotic cells in the gut tube is roughly ten times higher than in the mesentery. If the tissues are physically separated, the gut tube straightens out almost completely indicating that the mesentery compresses the gut tube. The coils are therefore the physical manifestation of the force balance between the mesentery and the gut tube [39].

Variations on this theme have been described in the brain and in the formation of the villi in the gut. Villi in the gut are formed by a combination of compression by the surrounding tissue and localized cell divisions [40]. In the chick gut, villi form through a sequential process. First ridges are formed that are aligned with the longitudinal direction of the gut. The formation of these ridges is regulated by circumferential smooth muscle differentiation that constricts the mesenchyme and endoderm that lie within. These ridges turn into zigzags through the differentiation of longitudinal smooth muscle that applies compression along the length of the tissue. Subsequent nonuniform growth is necessary to form the villi. Growth and expansion are restricted to the bottom of the zigzags, turning and twisting the villi into pre-villus bulges [40]. The brain grows isometrically, is composed of several layers, is apically restricted by the skull, and largely smooth until 22 weeks of gestation (GW) [38]. After 22 GW folds known as gyri and sulci form, which are the result of differential expansion rates of the cortical plate as compared to the inner layers. This leads to the compression of the tissue and consequently to folding [38].

Interplay between tissue folding and ECM

Interactions between the ECM and tissue forces can determine the shape and position of folds. The involvement of the ECM in shaping folds can be appreciated in Drosophila larval wing discs where three folds form during development [41]. One fold between the prospective notum and the hinge region (N/H fold), a second central hinge fold (H/H fold), and a third fold between the pouch, which gives rise to the wing blade, and the hinge (H/P fold) [115,116]. Known contributors to these folds are actomyosin, a basal ECM and higher growth rates in the central pouch region and the notum region [14,115,116]. Simulations show that all three have to be explicitly modeled to form 

Extracellular matrix

The role of apical and basal ECM in tissue morphogenesis is increasingly coming into the spotlight. Perhaps the most well-known interaction between cells and ECM is migration. Repeated ECM-integrin binding interactions combined with a contractile cytoskeleton generate traction forces that propel the cell forward on the ECM substrate

[117]. In addition, growth factors can be sequestered, stored or presented to their receptors by the ECM [117]. Furthermore, multiple roles for the extracellular matrix in morphogenesis have been demonstrated in for example the regulation of organ shape and size, egg elongation, and fold formation [5,116,[118][119][120]. ECM plays important structural roles in these processes by providing patterned absence or presence of rigidity. These differences in rigidity can subsequently lead to a buildup of isotropic or anisotropic stress on the tissue. In the next sections the components of both the apical and basal extracellular matrix and their roles in morphogenesis will therefore be discussed.

Apical extracellular matrix

Cells in the epidermis of insects apically secrete proteins and polysaccharides that 

Basal Extracellular Matrix

On the basal side of tissues, the basement membrane (BM) can be found. In In summary, ECM components can regulate the size of organs and the position and shape of folds during morphogenesis. For larval wing disc morphogenesis, the bECM needs to be downregulated to form the Hinge/Hinge fold, while in the pupal wing the ECM on both sides of the cell needs to be downregulated for wing folding and expansion. Currently, the contribution of ECM to notum morphogenesis is unknown.

Materials and methods

Mounting and imaging conditions

Previous imaging approaches of the pupal thorax precluded imaging beyond ~40 hAPF due to macrochaetae growth. The macrochaetae in the scutellum push the tissue out of the imaging volume by pressing against the cover slip. We therefore developed a dry imaging methodology for live microscopy of the pupa. Aged pupae were placed on microscope slides (Fisher Scientific J1800AMNZ) fitted with regular office double-sided sticky tape. Subsequently, the operculum was removed and the puparium was cut open with micro-scissors. Without their puparium, pupae are vulnerable to dehydration, which will result in the collapse of the tissue or asymmetric deformation of the thorax.

To this end, the slide was wrapped in a paper tissue and a wet sponge was put on top of the slide to replace any evaporated water. In addition to the sponge, a beaker with water was placed in the thermostatic chamber to further increase the humidity in the thermostatic box. Samples were imaged at 25°C or 29°C as indicated in the text, where the temperature was controlled by the cube from Life Imaging Services. Under these imaging conditions we achieved near perfect viability (99%, n > 100). For the analysis of the basal network, pupa were mounted using the regular mounting as well as for the high resolution images of cells labeled with PH:GFP during extension [START_REF] Gho | Revisiting the Drosophila microchaete lineage: a novel intrinsically asymmetric cell division generates a glial cell[END_REF].

Microscopy equipment

Pupae were imaged on a Nikon CSU-W1 inverted spinning disk microscope fitted with a Hamamatsu Orca Flash 4.0 sCMOS camera and a Borealis module from Andor for better illumination homogeneity. Depending on the desired resolution, 10x (NA 0.3), 20x ELWD (NA 0.45) or 40x LWD (NA 0.6) (Nikon) objectives were used. The ablations were performed on a Zeiss LSM880 microscope by illuminating a region of 50x25 pixels (rectangle elongated along the AP axis) with a 40x objective (NA 1.3) for apical/basal tissue ablations between 17-25 hAPF where the laser power was adjusted in order to cut the tissue on one side without damaging the other side.

Genetic mosaic and protein level modulation

Clones were made by using the flip-out system [152]. Pupae were incubated at 37°C for 7 min 24 hours before imaging for single cell clones and for 15 minutes 3-4 days before imaging to make large clones. For temperature sensitive experiments with Actin-GAL4,GAL80ts white pupa (0-1 hAPF) were selected and shifted from 18°C to 29°C.

Image processing and quantification

For quantitative analysis of scutellum elongation, movies were pre-processed by correcting for drift using the StackReg plugin in Fiji. Particle Image Velocimetry was performed by first realigning pupae based on spatial landmarks as described previously and subsequently quantifying tissue flows using Matlab PIV v1.6.1 [11]. The image such that the signal in bristles was set to 1 and signal in the scutellum to 0. The image was then inverted and multiplied with the original frames. Not all parts of the bristles could be masked this way and therefore manual removal of signal coming from bristles was needed in some cases. After manual correction a gaussian blur of 7 pixels was applied to smooth the signal. Apical cell areas were measured with the previously published image analysis pipeline [11].

Stocks used

Name Reference Ecad:3xGFP [3] Ecad:3xmKate2 Nota were dissected in Schneider's S2 medium and imaged in 1 mL of medium.

Subsequently 1 mL of PBS or Collagenase Type I (Sigma) was added (final concentration 0.25%), where images were taken just before and 30 min after the addition of the respective reagents. Experiments were performed at 30 degrees.

Imaging equipment for rotating sample microscopy

The microscope we have developed is capable of imaging dry samples from different angles in two modes: confocal spinning disk or light-sheet. The microscope is composed of a motorized sample holder system in XYZ and theta. The rotating stage (PI, France) is fitted with a sample holder, which is similar to the sample holder used for light sheet microscopes, allowing the sample to be mounted in or on a vertical glass capillary and/or metal rod [103]. The specimen is attached to the end of the capillary with dental glue and/or using double sided sticky tape. In the spinning disk mode, two orthogonally placed objectives are used for excitation and observation. The imaging system is set up to have two optical paths from the spinning disk head (Yokogawa) to the objectives. Laser excitation is performed by a fiber laser bench (Roper Scientific) connected to the spinning disk head. The laser excitation can be diverted to a scanner to allow the creation of a light sheet by digital scanned light-sheet microscopy (DSLM).

The light sheet is then focused on the sample by a 4X LWD, objective which is orthogonal to the observation objectives facing each other. In both modes, a sCMOS camera connected to the spinning disk head captures the emitted photons. In lightsheet mode, the spinning disk is removed from the optical path to improve the signalto-noise ratio.

time lapses to capture morphogenesis at later stages (see materials and methods).

With this new method, we observed that large folds started to appear in the notum at 45 hAPF that were symmetric with respect to the midline of the pupa in the notum (Figure 20A,B). The tissue moved up in the middle of the scutoscutellar suture, rising to the same height as the neighboring tissue in the scutum (Figure 20A',B',B''). At an oblique angle toward this central fold another fold developed that originated from the lateral part of scutum (Figure 20A-B). This fold connected to the narrowest part of the central fold around the scutoscutellar suture. During folding, tissue on the lateral side moved inward causing some cells to be tucked underneath the central fold (Figure 20B''). At the same time as the folds appeared the scutellum narrowed and extended posteriorly which was confirmed by Particle Image Velocimetry (PIV) (Figure 20C).

Manual tracking of the edge of the scutellum revealed that the scutellum elongates by 45 µm ± 2.7 SEM while the aspect ratio between the anterior and posterior scutellar macrochaetae changes from 2.4 to 1.5 (Figure 20D,E After 50 hAPF, no gross morphological changes could be observed in the notum although the tissue features were further refined through cellular processes (Figure 21A-D). Around 25% of the cells delaminated in the scutellum (n = 57/199, Figure 21B). Delaminations were not restricted to the scutellum, but also occurred in the scutum (9.2%, n = 90/974, data not shown). In the lateral folds, cells flowed towards the anterior (Figure 21C). Lastly, the anterior scutellar macrochaetae underwent a rotational movement during which cell shape changes could be observed in the neighboring cells (Figure 21D). The extensive folds in the notum were present until eclosion and could be seen when pupae started to darken between 72-78 hAPF; about 25 hours after their formation (Figure 21E-G). They were not visible immediately after eclosion, which could be a result of the increased pigmentation or because they are lost in the process of eclosion (Figure 21H). Altogether, scutellum elongation seems to occur through an inward movement of the sides of the tissue and is the last tissue scale morphogenesis that takes place in the notum before eclosion.

Rotating Sample Microscopy

The notum and wing tissues are derived from the same imaginal disc and are connected to each other through the hinge in the pupa [41]. Tissue deformations could therefore be directly transmitted from one tissue to the other and similar regulatory mechanisms could exist in both tissue. However, whether wing folding affects notum morphogenesis is currently unknown. Typically, the notum and wing epithelia are imaged through a cover slip by oil immersion imaging. To this end, two pillars of coverslips are constructed on either side of the pupa, a coverslip is placed on top of the epithelium, and the ensemble is glued together with nail polish [START_REF] Jauffred | Analyzing frizzled signaling using fixed and live imaging of the asymmetric cell division of the Drosophila sensory organ precursor cell[END_REF][START_REF] Gho | Revisiting the Drosophila microchaete lineage: a novel intrinsically asymmetric cell division generates a glial cell[END_REF]. This evidently makes it difficult to look at the notum and wing simultaneously. Moreover, the mounting under a coverslip could act as an external barrier, which could affect wing folding or flatten the notum that is clearly curved in the adult (Figure 22B).

We therefore developed an imaging methodology which enables motorized movement in XYZ and q to visualize development at multiple locations under a desired angle.

(Figure 22C,E). The system is equipped with two light paths that permit visualization of the sample from two sides without rotation (Figure 22C, insert). Two types of illumination are fitted to the system: light sheet (SPIM) and spinning disk (SPIN) illumination. We first compared both forms of illumination (Figure 22D). The image for a single view was clearly better with SPIN compared to SPIM illumination (Figure 22D). When using SPIM illumination multiple images have to be stitched together to make one high quality image due to fading, which is not the case for SPIN acquired images [103]. For these two reasons, we used SPIN illumination for further studies.

When we subsequently applied this imaging methodology to the pupa, we found that wing folding is initiated distally between the fourth and fifth longitudinal veins around 36 hAPF (Figure 22F,G). Here, the intervein area first becomes curved and then folds back onto the rest of the wing. As the folding progresses the other intervein regions also start to curve. At the end of wing folding the space that previously existed around the hinge is invaded by the folding wing and the alula disappears in the folds (Figure 22F,G). We did not observe any major changes in the notum until this point at ~44 hAPF (Figure 22F''). Shortly thereafter, the large folds started to appear in the notum at the boundary between the scutum and the scutellum (scutoscutellar suture) and the intrascutar sutures became more pronounced (Figure 22B,F,H,I). Folding in both wing and notum was completely finished at 50 ± 2 hAPF. 

Scutellum elongation is independent of wing folding

Wing folding takes place inside of the pupal cuticle, which restricts the amount of available space [166]. Since wing size increases during wing folding, we hypothesized that the expanding wing could potentially generate a pushing force on the notum by pushing against the cuticle [42,124]. Mutations in the aECM component dumpy (dpy)

decrease the size and change the shape of the wing blade (Figure 23A and [10,120,167]). Other dpy phenotypes include lateral pits known as the first vortex and anterior comma like invaginations (Figure 23C arrows and [167]). We aimed to determine whether the perturbation in the dpy OV1 mutant wings would affect the notum or whether tissue morphogenesis occurs independently in both two tissues. Dpy OV1 mutant wings elongated until they filled the entire pupal cuticle before the distal end folded back onto the rest of the wing (Figure 23A). Importantly, significant space persisted between the hinge and the wing when folds started to appear in the notum, which suggests that morphogenesis in both tissues might not be coupled (Figure 23A).

Although the scutellum elongated like in wildtype (wt), the oblique folds formed at a higher angle towards the central fold, which could be due to the vortices on the side which are close to where the fold originates (wt 47° ± 0.6 SEM, dpy OV1 58° ± 0.3 SEM, n ³ 4, p = 0.02, Student's t-test, Figure 23B,C). As impaired wing folding has no major impact on the notum, we conclude that wing and notum morphogenesis are largely independent.

Apical cell size increase is concomitant with scutellum morphogenesis

Previous research has shown that cell division, apoptosis, and growth can contribute to tissue folding and cell rearrangement can aid in tissue elongation [17,19,23,35,40,115]. No cell divisions could be observed in the 10 hours leading up to scutellum elongation, nor during the actual extension. The same was true for apoptotic cells, as no cells were removed from the tissue during this time. To test whether cell rearrangement could contribute to elongation, we made small clones (2-3 cells) in the tissue and tracked them throughout the elongation phase. None of the clones was split up into smaller clones suggesting that cell rearrangements are not a major contributor (n = 0/89 clones). Apical cell area increase has been linked to wing expansion [5]. An increase in cell area in the notum could result in a shortage of space in the plane, which could potentially lead to tissue buckling. Cell shapes were extremely elongated with long protrusions trailing behind the main cell volume (Figure 24A). Accurate volume measurements could not be obtained, but volumes appeared relatively consistent during tissue folding (Figure 24A). Precisely measuring the apical cell area by analyzing segmented images was possible until the first folds started to appear [11]. Apical cell areas in the scutellum rapidly increased ranging from 1.5 -30 μm 2 at 42 hAPF (median 13.2, n = 2741) before movement to 2.2 -34.1 μm 2 , (median 14.2, n = 2606) in the last frame before folding at 46 hAPF approximately increasing the surface area in the scutellum by 2% (790 μm 2 ) (Figure 24B). During this same time the angle at which the scutellum sat compared to the scutum changed possibly contributing to the initial phases of extension (Figure 24C). Apical cell area increase could also be observed on the lateral side of the pupa (Figure 24D). Precise quantifications of the extent of the increase could not be obtained due to the extensive curvature of the tissue. These data show that apical cell areas increase throughout the posterior part of the thorax between ~45-50 hAPF. This suggests that tissue buckling in the notum and scutellum elongation could be driven by the expanding surface area. To test whether the basal network was indeed involved in the regulation of tension, we performed laser ablations on the basal actin filaments. Significant recoil could be observed when fibers were ablated indicating that they were under active tension (Figure 27A) [173]. Recoil velocity increased in time reaching peak levels between 20-24 hAPF, when basal Myo-II clusters appeared most numerous (Figure 27B). Apical tension also increased over the same period reaching similar levels at 25 hAPF (Figure 27B). Classically, focal adhesions attach to the ECM through Integrin and integrin is present in around the basal Myo-II clusters (Figure 26F [170,171]).

However, knocking down Integrin did not give a phenotype (data not shown).

Alternatively, the DGC could link the cells to the actin cytoskeleton and both Dg and Dys localize with the basal Myo-II clusters (Figure 26G,I [172]). Indeed in Dg and Dys transheterozygous mutants fewer clusters can be observed basally (Figure 27C).

These mutations specifically affect the basal side of the cells as apical Myo-II localization was unchanged (Figure 27C). Moreover, preliminary experiments indicated that the tissue was no longer under higher tension basally than apically in these mutants (Figure 27D). DGC components were required cell autonomously for formation of the actomyosin network as no basal clusters were formed inside Dg null mutant and Dys RNAi clones, while no changes in apical myosin localization could be observed (Figure 27E,F). To investigate the involvement of the BM in cluster regulation, nota were dissected from pupae at 22-24 hAPF and cultured ex vivo. In the control experiments, dissection and addition of PBS did not change the number of basal Myo-II clusters (Figure 27G). In contrast, the number of clusters rapidly decreased after Collagen was removed by Collagenase treatment (Figure 27G,H).

Collagenase treatment did not affect apical Myo-II localization showing that the basement membrane specifically regulates the basal Myo-II (Figure 27G,H). These results show that the basal actomyosin network is under tension and requires DGC components and Collagen IV for its assembly and maintenance.

Downregulation of aECM components precedes elongation and folding

In addition to the bECM, the aECM is known to be important for morphogenesis. We therefore next investigated aECM dynamics during scutellum extension. Known components of the aECM include Dpy and Pio, which are important for the attachment of the epidermis to the cuticle [5,125,138]. Dpy was present in four stripes in the scutum and throughout the scutellum (Figure 28A). Pio was present in anticorrelated pattern with Dpy in the scutum and relatively highly expressed around the scutellum (Figure 28B) At the onset of the scutellum elongation Dpy was rapidly depleted from the borders of the scutellum (Figure 28A, arrows). Pio was downregulated everywhere apart from the scutoscutellar suture (Figure 28B). The downregulation of Dpy exclusively in the scutellum suggests that the timing and position of tissue-cuticle detachment could determine when and where folding and extension take place. Dpy can be downregulated by the serine proteases Notopleural (Np) and Stubble (Sb), while Pio is known to be regulated by Np [5,138,139]. To test the role of Sb and Np, the localization of both proteins was assessed by live microscopy. A rise in Np:GFP fluorescence intensity preceded scutellum elongation (Figure 28C,E). This upregulation of Np coincided with the downregulation of Pio both in space and in time (Figure 28E). Sb was highly enriched in bristles before scutellum elongation (Figure 28D). Starting from 5.5 hours before movement, Sb localization at the borders of the scutellum could be observed (Figure 28D). Upregulation of Sb was more apparent when the high intensity macrochaetae were masked (Figure 28D'). This ring of expression around the scutellum was highly reminiscent of the location of Dpy downregulation (Figure 28F). These results suggest that the downregulation of the attachment of the epidermis to the cuticle is important for scutellum elongation. 

The extracellular matrix regulates scutellum elongation and tissue buckling

Results so far show active remodeling of the ECM both apically and basally at the moment of tissue elongation and folding. To test the involvement of the bECM in this process, we imaged Dg mutant transheterozygotes and Dys knock down in large clones that covered half the scutellum. Mutating these DGC components resulted in a central fold, which was less prominent and lower inside the clone (Figure 29A-C).

Moreover, the position of the fold which is centered on the midline in wildtype (wt) was shifted towards the wt side of the tissue when Dys was knocked down in clones. This suggests that the basal actomyosin network is required to generate pulling forces, which position the central fold and push the tissue upward. In addition to a role for the basal network in folding, we hypothesized that Dpy had to be downregulated in the scutellum to enable scutellum elongation and folding. Since Sb anticorrelated with Dpy at the onset of movement, we suspected that Sb could be responsible for Dpy downregulation. To test this hypothesis, we knocked down Sb in clones and assessed Dpy localization leading up to scutellum elongation. Indeed, Dpy persisted inside the clone and was downregulated outside the clone (Figure 29D). Moreover, Sb knockdown in half of the scutellum effectively suppressed scutellum elongation and folding on the side of the clone (Figure 29E). This could be attributed to impaired Dpy downregulation as Pio downregulation was unaffected by Sb knock down (Figure 29F). Impaired scutellum elongation affects the adult's shape as scutella for flies in which Sb was knocked down using the temperature sensitive GAL80ts were less elongated (Figure 29G) [75]. Therefore, the regulation of the extracellular matrix orchestrates the spatial temporal timing of scutellum elongation as well as the position and shape of the folds that appear.

Discussion

Here, we have characterized tissue buckling and scutellum elongation in the Drosophila pupal notum that occurs between 45-50 hAPF. We demonstrate that these events are controlled by the ECM in both space and time. Key for regulation is the downregulation of the aECM component Dpy in the scutellum by Sb. Failure to downregulate Dpy leads to impaired scutellum elongation and incorrect tissue folding.

In addition, we provide evidence that other aECM components are also involved as Pio is downregulated in the entire tissue with similar temporal dynamics. In the context of tissue buckling, removal of DGC components leads to lower and less prominent central folds. We show that a rapid increase in apical cell area in the posterior part of the thorax scutellum is concomitant with elongation and buckling.

Since space is limited by the cuticle, compressive forces could arise leading to a buckling of the tissue. These folds and the elongation of the scutellum could therefore act as a buffering mechanism, providing additional space for the growing surface area of the epidermis.

The mechanisms of folding through compression by growth in a confined space have been well established in recent experiments and mathematical modeling. In the chick gut villi develop through constrained expansion of the developing gut as well as localized growth [40]. First longitudinal folds form by circumferential smooth muscle differentiation. These folds are then transformed into zigzags by lengthwise compression by longitudinal smooth muscles. Subsequently, localized growth then turns these zigzags into pre-villus bulges [40]. Differential growth rates between tissue layers and regions in a tissue have also been shown to be important for fold formation by compression in the brain as well as the Drosophila larval wing disc respectively [38,115]. During scutellum elongation, all cells increase their apical area. Cell expansion has been shown to contribute to epithelial tube length in Drosophila embryos, where axial growth results in the extension of the tube [174]. In the context of the early pupal wing, the expansion of the tissue has also been linked to an increase in cell size [5]. A novelty in this context is the role we find for the ECM. Previous work has shown that a downregulation of the bECM is required for tissue folding [116]. In contrast, we find that tissue buckling is associated with an upregulation of the bECM and that removal of bECM components leads to less prominent folds. To our knowledge a permissive role for the aECM in tissue buckling as we find here has not been described. Ecdysone signaling might therefore coordinate apolysis with tissue growth during scutellum elongation.

To investigate the interaction between wing and notum folding morphogenesis, we developed an innovative imaging methodology, which enables rotation of samples while performing live spinning disk or light sheet microscopy. Although, both these processes require the activity of the serine proteases Np and Sb ([139], and this study), they do not appear to be causally linked, as the folding events are successive and Dpy mutants have abnormal wing folding and near wt folding in the notum. Speculatively, wing folding might also occur through a similar compression-based mechanism.

Concomitant with folding, cells flatten and the wing expands inside the in the pupal cuticle, which limits the available space [42,124]. The folding pattern in the wing could be affected by additional elements such as the tubular wing veins which have been formed at the time of folding [42]. If folding in the wing occurs through compression then the intervein area between the fourth and the fifth vein must be the least resistant to the forces. This could possibly be a consequence of the bigger distance between the fourth and fifth vein than other veins. Both folding events could therefore be regulated by the same upstream factor as they show many similarities. In general this 

Introduction

During animal development, complex epithelial structures are formed by regulating the spatiotemporal dynamics of cell rearrangements, cell shape changes and cell division [1][2][3][4]. Intensive work highlighted that the orientation of cell division plays essential roles in fate asymmetric cell divisions and tissue architecture, and allowed the establishment of a paradigm for spindle orientation within the cell [3,5,6]. The axis of division is set up by cortical pulling forces acting on astral microtubules (MT) [7,8]. Therefore, the orientation of division can be ensured by locating force generators at specific cell cortex locations. While force generation is attributed to the MT minus-end directed motor dynein, the recruitment task is assigned to NuMA (Mud in Drosophila, Lin-5 in Caenorhabditis elegans), which in turn can be recruited to the cortex by LGN (Pins in Drosophila, GPR-1/2 in C. elegans) and the heterotrimeric G protein Gai [3]. Recently, the relative roles of NuMA and dynein in force generation for spindle orientation have been further deciphered.

In symmetric cell divisions in epithelia, mitotic spindles are often oriented along tissue symmetry axes [9,10].

Classical observations in single cells led to the proposition of Hertwig's rule, which states that cells divide according to their longest axis [11,12]. While true in many contexts, cell divisions that challenge this rule have been reported [9,13 ,14 ]. Recent work has provided novel insights into whether and how epithelial cells adhere to Hertwig's rule, as well as how tension and polarity are integrated by cells to orient their spindles.

In this review, we first discuss how the cortical forces necessary for oriented cell divisions (OCD) are generated within the cell. Second, we describe recent data exploring how cell shape and local or global tissue tension influence spindle orientation in symmetric divisions in epithelia. Finally, we discuss the function of OCD. For more information on spindle orientation in asymmetric divisions and a more complete oversight of OCD molecular regulators, we refer the readers to recent reviews [3,6].

How are spindle orientation forces generated within the cell?

The current paradigm for force generation involves the recruitment of dynein and its cofactor dynactin to the cell cortex [7,8,15,16,17 ,18]. However, recent studies indicate that cortical dynein recruitment is insufficient for OCD [19,20]. Here we discuss recent findings on dynein activity and how its interactors assist in force generation [17 ,19-21,22 ].

Dynein force regulation and spindle orientation

Work in C. elegans and mammalian cells has led to the identification of different dynein regulators required for spindle orientation such as LIS-1, Nde1/NdeL1, and a subset of dynactin subunits [23][24][25][26][27]. Recent structural analyses showed that dynein can form a ternary complex with dynactin and a cargo adaptor [28 ]. In vitro reconstitution indicates that this complex is highly processive and capable of transporting cargo over large distances (Figure 1a) [29]. Two recent structures of dynein/dynactin complexed with the adapters HOOK3 and BICD2 show that their interaction is facilitated by the coiled-coils of the adapter proteins which run along the length of dynactin [28 ]. As BICD2 is not essential for spindle orientation in cultured cells, this raises the question whether HOOK3 or another regulator activates dynein during spindle orientation [27,30]. Furthermore, depending on the adapter, one or two dyneins can be part of the ternary complex. Complexes with two dyneins generate higher forces and walk faster on MT [28 ]. The binding of the second dynein is facilitated by the CAPZb subunit of dynactin (Figure 1a) [28 ]. Interestingly, recent experiments revealed that CAPZb regulates spindle orientation in vivo, suggesting that the capacity of binding two dyneins contributes to OCD [27].

New roles for NuMA during spindle orientation

The respective roles of dynein and NuMA during spindle orientation have recently been investigated by optogenetically positioning components of the spindle orientation machinery at the cortex [17 ,22 ]. In these studies, optogenetic recruitment of NuMA to the cortex was sufficient to orient the mitotic spindle [17 ,22 ]. By contrast and in agreement with other studies [19,20], recruitment of the dynein heavy chain/dynactin to the cortex was insufficient to generate pulling forces on the spindle [17 ,22 ]. This suggests that NuMA is required not only for dynein recruitment, but also for force production.

NuMA coiled-coil and MT binding domains are essential for spindle orientation

All NuMA homologs have a coiled-coil domain which has been shown to be required for spindle orientation in Drosophila and HeLa cells [7,17 ,31]. Therefore, in the light of the recently established ternary dynein complex structure described above, NuMA is a candidate regulator of dynein activity (Figure 1b). Furthermore, NuMA localizes to MT tips in interphase and pro-metaphase cells, and deletion of the domain responsible for this localization (AA: 1811-1985 in human) impaired spindle orientation in cultured keratinocytes and in vivo [20]. In addition, a second NuMA MT binding domain, (AA: 2002-2115 in human) is also essential for spindle orientation in cultured cells [19,21]. Accordingly, this second MT binding is necessary to orient the spindle upon optogenetic recruitment of NuMA to the cortex [17 ]. Exactly how NuMA and its MT binding domains assist in spindle orientation remains to be defined. For instance, MT tip localized NuMA could regulate MT growth dynamics, cortical capture or cortical dwell time which have all been proposed to regulate spindle orientation [3,32,33].

In summary, these recent data illustrate that MT pulling force generation does not solely rely on dynein, but also requires NuMA. Direct analyses of astral MT dynamics and associated forces, combined with the deletion of the aforementioned NuMA domains and optogenetic recruitment will contribute to a better understanding of dynein regulation in spindle orientation.

How do cell shape and tissue tension result in anisotropic spindle orientation forces?

In the first exploration of the influence of cell geometry on division orientation, amphibian eggs were artificially flattened. As a result, the first cleavage plane was perpendicular to the long axis of the egg [11,34,35]. Predicting spindle orientation based on the cells' long axis later became known as Hertwig's rule. In-depth study of the underlying mechanism was possible after advances in microfabrication enabled standardized regulation of cell shape and the application of defined mechanical stress. Combined with automated measurements of spindle orientation and physical modeling, this led to important advances in linking geometry and division orientation [12,[36][37][38].

By culturing single cells on adhesive micropatterns of defined shape, The ´ry et al. found that it was not cell shape but the distribution of actin rich retraction fibers (RF) connecting the mitotic cell with the substrate which best predicts spindle orientation. RF were proposed to provide a memory of the interphase adhesion pattern of the cell since this pattern controls their distribution [36][37][38]. The forces for spindle orientation were proposed to be generated in parallel by the NuMA pathway and by RF directed-actin clouds in which Myosin-10 modulates astral MT dynamics [32,36,39]. Following Hertwig's experiments, Minc et al. squeezed sea urchin eggs into microfabricated wells which orientated divisions according to the created long axis [12]. They proposed that the applied rotational forces on centrosomes scale with MT length, linking cell geometry with division orientation in single cells [12].

In epithelia, initial studies identified major roles for planar cell polarity (PCP) and apical-basal (AB) polarity in OCD [9,10]. These studies were instrumental in analyzing spindle orientation in multicellular contexts, and in particular with respect to the AB axis. Recent work explored whether and how geometry and tension play roles in regulating spindle orientation in epithelial tissues.

Two axes of spindle orientation in epithelia: apical-basal and planar

In epithelia, mitotic spindles are typically oriented perpendicular to the AB axis, which is crucial to maintain daughter cells in the plane of the epithelium. This orientation generally depends on the lateral distribution of pulling forces [40][41][42]. When the actomyosin machinery necessary for cell rounding is impaired, the geometry can override the lateral pulling forces [40,41,43]. Recently, Box et al. found that AB division orientation responds to changes in cell geometry in mouse basal epidermal progenitors. Mutants for the PCP protein Vangl2 fail to close their neural tube, which in turn alters cell geometry, thereby indirectly perturbing division orientation relative to the AB axis [44].

Spindle orientation is also regulated in the plane of the tissue (planar orientation, Figure 2 top center, Figures 2a,3 a), and is usually set according to Hertwig's rule [45][46][47].

A large variety of cell shapes exist in tissues, ranging from highly anisotropic (elongated) cells to isotropic (round) cells [7,48 ,49,50 ]. Cells round up during mitosis raising the question of how the interphase long axis is sensed during division [40,[51][52][53]. Furthermore, epithelial cells are subjected to mechanical forces, which can directly affect planar spindle orientation and modulate cell shapes (Figure 3b) [4]. Central questions in the field are therefore whether tissue stress is able to orient the spindle, and whether this effect is dependent on cell shape changes.

In single adhesive cells, applying external forces without affecting cell shape was able to induce spindle rotation [36]. Initial studies in the context of Zebrafish epiboly and in cultured epithelial monolayers stretched 30%, also indicated that tension is able to orient cell divisions, while also orienting cell shape [54,55]. In the next section, we discuss recent studies that investigated how epithelial cells sense their interphase shape, as well as how cell divisions are oriented by cell shape and/or tension [7,13 ,14 ,48 ,50 ,54].

Sensing interphase cell shape in mitosis

Work in the Drosophila notum epithelium uncovered a mechanism that translates the interphase long axis into localized forces which can orient the mitotic spindle. This mechanism is based on the localization of Mud/NuMA to tricellular junctions (TCJ, the junctions where three cells come together). This localizes the forces exerted on astral MT to TCJ, leading to spindle orientation according to TCJ distribution, which generally aligns with the cell long axis (Figure 2b). In cases where the angle predicted by cell shape and the distribution of TCJ differ by more than 45 degrees, cells divide according to the TCJ distribution showing that the orientation of TCJ is a better predictor for spindle orientation than cell shape [7].

Tension versus shape in spindle orientation

To analyze whether tension can orient the spindle independently of cell shape, a recent study subjected the Xenopus embryo animal cap to an uniaxial stretch (20%) with a PDMS-based device [50 ]. The externally applied stretch induced both cell elongation and cell division orientation along the axis of stretch. By comparing cell shape, cell area and the position of the TCJ vertices, the investigators found that TCJ align with the principal axis of local stress and are a better predictor of spindle orientation than global tissue stress [50 ,56]. Indeed, in cells that do not elongate along the axis of stretch, the spindle is not oriented in the axis of stretch, but according to TCJ distribution (Figures 2b,3c). Mechanistically, TCJ are enriched in Cadherin and LGN, and this distribution is necessary to control planar spindle orientation in this context [50 ]. In contrast to the findings in Xenopus epithelia, dividing cells within MDCK monolayers subjected to low uniaxial stretch (15%), oriented their spindle with respect to the stretch axis, independently of cell shape. The mechanism proposed here involves both Cadherin and the polarization of LGN towards the bicellular junctions (BCJ) that are perpendicular to the axis of stretch (Figure 3d) [48 ]. Therefore, the same molecules mediate the link between the orienting cue (geometry or tension) and force generation by localizing to TCJ or BCJ in Xenopus and MDCK cells respectively.

The link between tension and planar spindle orientation has also been studied in developing tissues which undergo elongation or experience localized tensile stress.

In the case of the Drosophila embryo, cells that are adjacent to high tensile supracellular actomyosin cables divide according to their long axis only if they are highly elongated. By contrast, slightly elongated cells divide according to the tension cue provided by the actomyosin cables, which run perpendicular to cell shape (Figure 2c) [13 ]. Another tension dependent mechanism orienting cell divisions was identified in the elongating Drosophila follicular epithelium (FE). In these cells, the cell long axis is perpendicular to the axis of tissue elongation and thus to the stretch force [14 ]. The embryo and FE constitute immature epithelia which do not harbor classical BCJ and TCJ septate junctions. No clear crescents or TCJ accumulation of LGN or NuMA could be observed and these proteins were not required for planar spindle orientation [13 ,14 ]. In mature epithelia with septate junctions (larval wing disc, pupal wing and notum tissues), Mud is enriched at the level of the tricellular septate junction [7,57]. Therefore, different mechanisms might orient cell divisions according to tension in immature and mature epithelia. In the embryo, the actomyosin cable is proposed to orient the spindle by capturing one centrosome in an actin network, while in the FE, anisotropic cortical stiffness is proposed to bias spindle orientation [13 ,14 ].

What emerges from these experiments is that no clear one-size fits all rule can be applied. In highly elongated cells, the predominant cue seems to be cell shape, independently of the mechanism used by cells to interpret this cue [7,13 ,50 ]. In cells with moderate anisotropy, different scenarios are possible: i) in immature epithelia or MDCK layers, where OCD regulators do not localize to TCJ, spindle orientation responds to global tension independently of cell shape; ii) in mature epithelia, cells use TCJ bipolarity, which aligns with local tension, as the main cue for spindle orientation (Figures 2,3) [7,13 ,50 ]. In this view, one could speculate that TCJ hot spots of LGN or NuMA are more efficient to orient the spindle than other mechanisms that depend on actomyosin forces. Actomyosin-based mechanisms In the Drosophila embryo cells adjacent to the actomyosin cable divide according to cell shape if their cell shape is highly anisotropic, but spindle orientation is directed towards the cable in moderately anisotropic cells (c).

remain to be defined in epithelia: could actin clouds and Myosin-10 be involved in spindle orientation like in cultured cells?

Function of mitotic spindle orientation in epithelia

A central question in the field of spindle orientation is the function of OCD in epithelia. Multiple roles have been proposed such as tissue layering, dissipation of tissue stress, changes in tissue morphology, and homeostasis (Figure 4) [4,41,47,54,58].

OCD were proposed to be required for axis elongation during Zebrafish gastrulation [9]. The PCP pathway can regulate spindle orientation through Mud and via the Anthrax2 receptor [59,60]. Knock down of the PCP protein Dishevelled resulted in a shortened anterior-posterior axis [9]. Yet, more directly perturbing spindle orientation by impairing dynein or NuMA function did not affect body axis elongation, challenging the idea that OCD are involved in tissue elongation during Zebrafish gastrulation [59,61].

In Drosophila wing imaginal disc, cells in the central wing pouch divide preferentially along the proximal-distal axis, while cells in the periphery divide tangentially along the local tissue boundary [10,46,49]. In this tissue, loss of Mud/ NuMA leads to the formation of smaller but normally shaped wings (Figure 4d-g) [62 ]. Spindle misorientation can result in basally born cells being lost from the tissue, possibly explaining the size reduction [41,62 ]. As global tissue stress can regulate OCD [10,46,49], the authors proposed that loss of OCD can be buffered by an increase in tissue stress and cell rearrangements contributing to tissue elongation [62 ]. Therefore, planar division within the wing disc epithelium might serve to aid planar tissue extension and reduce cell loss.

In the developing Zebrafish embryonic surface layer (pre-EVL), Xiong et al. proposed that OCD contribute to tissue layering. In this context, cell shape predicts spindle orientation with squamous and cuboidal cells dividing in perpendicular directions (Figure 4a) [5]. Cell divisions in cuboidal cells contributed to layering as one of the two daughter cells was displaced from the outer layer into a new layer below. Furthermore, OCD were proposed to buffer changes in the global geometry of the embryo, permitting successful epiboly [4]. In the Zebrafish EVL, cell divisions tend to orient along the axis of tension during epiboly (Figure 4b) [54]. In stretched MDCK monolayers, cell divisions reorient according to the axis of stretch (Figures 3d,4c) [42,55]. These orientations have been proposed to relieve tissue stress by increasing the number of cells along the stress axis [54,55].

Fine tuning AB spindle orientation is essential to ensure faithful epithelial structure. During mouse embryonic epithelial development, a switch from parallel to perpendicular spindle orientation is necessary for progenitor cells differentiation and skin stratification [63]. Impaired AB spindle orientation can also lead to daughter cells being aberrantly displaced out of the epithelial layer [41]. Therefore, OCD have been proposed to prevent tumor initiation and/or tumor spreading. Nakajima et al. showed that by perturbing spindle orientation and inhibiting apoptosis, tumor like masses can form in fly wing disc epithelia (Figure 4g) [41]. Alternatively, tumor spreading can be prevented by reintegration of cells after misoriented divisions. In the Drosophila FE, the embryonic ectoderm, the neuroepithelium and the wing disc, misplaced cells can reintegrate in the tissue (Figure 4g) [62 ,64]. Further exploration of cell reintegration upon division misorientation will help to understand how epithelial tissues can prevent out of plane born cells from becoming tumorigenic. Finally, how epithelial homeostasis and morphogenesis are affected by aberrant cell loss due to AB spindle misorientation remains to be further investigated.

Future directions

Considerable progress has been made in understanding the mechanisms and roles of mitotic spindle orientation during symmetric epithelial cell division. Accordingly, complementary in vitro and in vivo studies have put forward novel hypotheses. For example, cortical clustering of NuMA is proposed to be crucial for spindle orientation in cultured cells, while in epithelial tissues TCJ localization of spindle guidance cues seems to be a Multiple cellular processes have been linked to OCD. In Zebrafish, OCD contribute to the formation of multiple tissue layers in the pre-EVL stage (a). The spreading motion of epiboly generates tissue tension which can be mitigated by OCD along the axis of stretch (b). Similarly, OCD can relieve external stress imposed on MCDK layers (c). In Drosophila, spindle misorientation causes phenotypes in the plane (d) and along the AB axis of epithelia (e). Spindle misorientation in mud mutants leads to smaller wings (f). Furthermore, the loss of AB spindle orientation results in multiple cellular phenotypes. Firstly, a fraction of cells is able to reintegrate into the plane of the tissue. Alternatively, they can be lost through delamination after which the cell can be removed through apoptosis (g). When apoptosis is blocked, these cells can survive and form tumor like masses (g).

predominant mechanism to orient the spindle [17 ,19]. This suggests that NuMA clustering at TCJ, rather than homogenous cortical localization, could be more efficient to generate pulling forces in epithelia. Better characterization of the upstream regulators of spindle orientation and of the mechanisms of force generation will extend our understanding of the many roles of OCD in multicellular contexts. Another exciting direction will be to explore how the interplay between tissue mechanics, vertex dynamics and apoptosis influences spindle orientation. 
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Figure 2 |

 2 Figure 2 | Elementary cell behaviors in the pupal notum epithelium include cell shape and size changes, cell rearrangement, apoptosis, delamination and cell division.

Figure 5 |

 5 Figure 5 | Representative image of the single cell solution. Loading the cells on a hemocytometer permits cell counting, estimation of viability and number of doublets. A doublet is marked by a red arrow. Square size 0.5x0.5mm.

Figure 8 |

 8 Figure 8 | Cell types as determined by scRNA-seq. A) Top left panel showing the UMAP of the clustering analysis which partitioned the dataset into 20 clusters. The largest cluster (outlined by red dashed line) shows mutually exclusive expression of genes which do not have overlapping expression in the notum. Bottom left panelshowing the region of expression of the spatial marker genes. Top panels show the expression of the spatial marker genes in the single cell dataset. Bottom panels show the location of protein accumulation in the tissue. The outlined clusters were identified as epithelial cells. B) Cluster 11 exhibits Dfd expression, which is characteristic for the neck region. These cells were separated from the other epithelial cells. C) Clusters 14 exhibited high sens and ase expression, which is associated with the neuronal identity of the SOP. This cluster was therefore removed from the dataset. D) Muscles develop beneath the notum. Clusters that showed expression of mesodermal genes were also removed from the dataset. E) Contributions to the clusters by the respective replicates.

  three major signaling pathways (dpp, hh and wg) as well as known transcription factors. Illumination of fluorophores can be inhomogeneous within the Field of View (FOV). Averaging gene expression patterns could therefore result in a more accurate representation of the expression pattern in the tissue. This is challenging as animals differ in size and are never in the same position in the FOV. We therefore developed an image analysis pipeline that enables the realignment, rescaling and averaging of gene expression patterns (Figure10). The first step in the process is to acquire images. Image acquisition in the notum involves the optic sectioning of a 20-30 µm deep volume. The tissue itself is 10-15 µm thick and therefore regular maximum Zprojections can include signal that is not coming from the tissue. To reduce artifacts induced by out-of-plane fluorescence we used apical plane detection to only project signal that is 10-15 µm below the apical surface. Ecad localizes to the apical side of the cell and therefore detection of the position of Ecad fluorescence can be used for apical plane detection. Therefore, to facilitate projection two-color fluorescence microscopy was performed on the protein of interest and fluorescently tagged Ecad.

Figure 16 |

 16 Figure 16 | Mapping clusters to spatial locations. A) Left panel showing the UMAP clustering of the single cell dataset and the cluster numbering. Cluster number 4 is marked by high hh expression.Where hh:GFP is expressed in the tissue (middle panel) is also where cells from cluster 4 are most frequently used to reconstruct vGEP (4 th panel). In the posterior lateral domain, cells from cluster 4 make up the majority of cells used for the construction of vGEP (right panel). The Pearson correlation the majority pattern and patterns of hh:GFP is noted in bottom right. B) Cells from cluster 10 and 13 show high expression of sr. The position where most cells are used from cluster 10/13 closely resembles the sr domain. C) Clusters 1, 8, 10, and 13 are marked by eyg expression. Addition of the position where they make up the majority of cells used for spatial mapping recapitulates the pattern of eyg:GFP. D) Cluster 5 is characterized by bi and fj expression. Similar to the other cluster markers, the majority pattern appears to be a combination of the bi:GFP and fj expression patterns. E) Clusters 2 and 3 contribute the majority of cells for the vGEP predictions on the side of the tissue. F) Summary of the spatial identity of cell clusters.

  scattered light in the tissue. Photons emitted from fluorescent molecules are diffracted, reflected and refracted by biological structures making them appear to come from a different location. Optical sectioning through confocal microscopy can aid in improving the contrast by removing the out of focus light and reducing the area of the organism that is illuminated [100]. Scanning confocal microscopes achieve this by moving the light source from left to right over the sample. The emitted photons are then passed through a small aperture or pinhole that filters out any light that is not from the plane of focus [100]. This significantly increases the resolution, Signal-to-Noise ratio and the depth that can be imaged. However, scanning of the sample takes time and can take hours to visualize whole organisms. Parallelizing the confocal principle can therefore increase the speed of imaging while still improving resolution. Spinning disk microscopy achieves this principle by guiding an even field of illumination through a disk with pinholes forming a set of confocal mini-beams [101]. The pinholes are arranged such that every location of an image is covered every 1/12 th spin. High potential acquisition rates are achieved by spinning the disc at rates of over 1800 rpm.

  photon microscopy and light sheet microscopy are among the most used alternatives to confocal microscopy. As the name, suggests two-photon microscopy is based on two photons exciting a fluorophore [106]. Infrared light is used for illumination, which can penetrate deeper into the tissue than visible light [106,107]. However, as with conventional confocal microscopy the sample has to be scanned to construct an image. This makes it less amenable to the visualization of whole organisms. Light sheet microscopy has been very successful at generating high resolution images of whole organisms [102,103,108,109]. In this type of microscopy, a thin sheet of light or light sheet is created that can be used to excite fluorophores in a thin slice of the sample (usually a few micrometers thin). As only the actually observed section is illuminated, this method can reduce photodamage and stress induced on a living samples [102]. Furthermore, by using a sheet of light instead of a point source, images can be acquired at speeds 100 to 1,000 times faster than those offered by pointscanning methods [103]. Nevertheless, shadowing effects are still prevalent necessitating sample rotation and/or illumination from multiple angles and postacquisition 3D reconstruction [102,103,109]. There are also other important limitations to the use of light sheet microscopy. For example, samples must be embedded in agarose or suspended in a liquid [102,108]. Many organisms develop in a dry environment ruling out this kind of sample mounting. Secondly, the visualization of

  three folds[115]. The mechanism in the H/H fold has been shown to depend on local downregulation of the basal ECM[116]. Lower basal tension widens the base of the cells, which creates a fold. In the H/P fold the cell base is not widened, but extra tension is generated on lateral cell junctions by Myo-II. This decreases the cell height and folds the tissue[116].Cortical anchoring by ECM in tissue invaginationDuring gastrulation in insect embryos the endoderm invaginates. In the flour beetle unidirectional tissue flow of cells towards the point of invagination creates the force required for invagination[111]. Interestingly, a patch of cells section just beside the point of invagination does not take part in this tissue flow. On the contrary the tissue is attached to the vitelline envelope, which surrounds the blastoderm by integrins. If this connection is severed by injecting Trypsin or does not exist as is the case in integrin mutants, the normally unidirectional tissue flow becomes disorganized and proper invagination does not occur. In Drosophila embryos, Myo-II activation deforms the 3D shape of the cell at the point of invagination. Adjacent cells are then subsequently deformed by a traveling wave of Myo-II activation[34]. The authors show that the cells in front of the traveling wave need to be attached to the vitelline envelope by Integrins for correct cell deformation and propagation of the wave. These papers collectively show that forces for tissue folding can be generated at the cell and tissue level. The position of folding can be further modulated by physical restraints imposed by the ECM or other tissues.

  form the cuticle [121]. The cuticle's main component is the polysaccharide chitin, which forms flexible but sufficiently rigid structures that protect the organism from the external milieu [121]. Many other proteins are secreted beneath the cuticle that can interact with the cuticle and/or the apical side of the cells. The best characterized family of apical ECM proteins contain zona pellucida domains (ZPD), which are necessary for their assembly into supramolecular structures [122]. In Drosophila 16 proteins contain a ZPD [123]. Mutant embryos for ZPD containing proteins Miniature (m), Dusky (dy), Dusky-like, Trynity, Neyo, Nyobe, Zye all have altered morphology of small apical actin rich protrusions called denticles [123]. The phenotypes of the mutants differ slightly, suggesting specific roles for each protein. Indeed, the ZPD proteins localized to specific subapical domains and overexpression of ZPD proteins could not rescue mutants for other ZPD containing proteins. Roles for m and dy have also been described in the wing [124]. In wildtype cells, the initially columnar cells flatten their base and start to form hair pedestals by reorganizing the actin cytoskeleton between 46-50 hAPF. Instead cells in m and dy mutants fail to reorganize the cytoskeleton, remain columnar and as a consequence the wings do not expand [124]. A role independent of actin has been ascribed to the large apical ECM (aECM) protein Dumpy (dpy). Dpy can be found in a dense uniform meshwork that covers the larval wing disc, is present at the extreme distal tip of the pupal antenna and leg, and at the pupal wing margin [120]. If Dpy is knocked down the wing epithelium is not attached to the cuticle and floats freely inside the cuticle sac [120]. This ultimately leads to a decreased size and very different shape of the wing blade because forces generated by hinge contraction between 18-32 hAPF are not anchored at the distal tip and consequently the wing blade fails to elongate [10,19,120]. Other known dpy phenotypes include lateral pits, known as the first vortex, and anterior comma like invaginations in the notum, which underscores that Dpy is needed in many different tissues for morphogenesis. In the embryo the epidermis is also attached to the cuticle. Mutations in dpy as well as ZPD domain containing genes piopio (pio) and papillote (pot) result in a detached embryonic epidermis [125]. Furthermore, roles for Dpy and Pio have been described in embryonic trachea formation where mutants show severe branching defects [125,126]. These results show that the apical ECM proteins have roles in attachment of the tissue to the cuticle, formation of actin rich protrusions and morphogenesis.

Drosophila

  the major components of the BM are Laminin, Nidogen, the heparan-sulfate proteoglycan Perlecan, and Collagen IV [127]. Deposition of the BM occurs in a hierarchical fashion, as Laminin is deposited before Collagen IV (Coll IV) and Perlecan (Perl) [128]. Accordingly, Laminin deposition was unaffected in Coll IV or Perl mutants, while Coll IV and Perl structures appeared disorganized in Laminin mutants [128,129]. Nidogen is not always required for BM formation, however, BM in some tissues is absent in Ndg mutants [130]. In these contexts Nidogen has been proposed to act as a link between Coll IV and Laminin [130]. Lastly, the localization of Perl has been shown to depend on Coll IV [118]. The most widely accepted model suggests that the formation of the BM is initiated by Laminin, bridged by Nidogen and Perl, and finally finished by Coll IV [130]. To provide rigidity, the BM has to be linked to the overlaying tissue. Integrins have been proposed to provide this link as the basement membrane is absent beneath cells mutant for βPS integrin subunit myospheroid (mys) [118]. Members of the dystrophin glycoprotein complex (DGC) have also been shown to interact with the basement membrane. Ovarian follicles in flies mutant for dystrophin (Dys) or dystroglycan (Dg) have a strong decrease in the number of Coll IV, Laminin and Perl fibrils [131]. Like in the case of mys these effects are cell autonomous, which suggests a tight relationship between individual cells and the underlying BM.

4. 3

 3 Extracellular matrix remodelingDuring development the ECM has to be constantly remodeled to accommodate the growing organism. The biggest ECM remodeling events in Drosophila are the molts which take place multiple times over the course of its life cycle. Molting involves the separation of the old cuticle from the epithelium (apolysis), deposition of new cuticle and shedding of the old cuticule (ecdysis). There are four molts in Drosophila; two during larval stages and two during pupal stages. Molt timing is regulated by peaks in Ecdysone; a steroid hormone[132]. Ecdysone signaling ultimately results in the expression of chitinases and other proteinases that make it possible to cast off the cuticle[121]. The first larval molt marks the passing of the first instar larva to second instar larva. Likewise, the larva passes from second instar larva to third instar larva after the second molt. Molts in the pupal phase are complex in the sense that apolysis and ecdysis are not concomitant. The first apolysis (larva-pupa apolysis) sheds the larval cuticle (i.e. the puparium) transforming the prepupa into a cryptocephalic (hidden head) pupa[133][134][135]. The pupa subsequently undergoes head eversion to become a phanerocephalic (visible head) pupa (12 hAPF). The second apolysis (pupa-adult apolysis) sheds the pupal cuticle to form the pharate adult[121,133,134]. Ecdysis of both cuticles occurs simultaneously when the fly ecloses. The exact timing of these events in the pupa is unclear. Reports place larval cuticle apolysis between 2-4 hAPF [121] or 4-6 hAPF [133] and pupa cuticle apolysis between 24-36 hAPF [121] or 36-53 hAPF [133]. Molts are not exclusive to the outside of the pupa. The trachea molt at the same time as the epidermis [121,136]. In contrast to epidermal cuticle, this is not a full molt as new cuticle is not deposited in, nor old cuticle shed from, all branches of the trachea during larval-pupal and pupa-adult apolysis [136,137]. Apical ECM proteins such as Dpy, Pio are also secreted and degraded multiple times during development. Degradation of these ZPD containing proteins occurs through the conserved matriptase-prostasin proteolytic pathway [138]. In the trachea and in the pupal wing the serine protease Notopleural (Np), a functional homolog of human matriptase, is required for the degradation of Dpy and directly cleaves the Pio ZPD in vitro [5,138,139]. Np autoactivates and is a zymogen activator of the serine protease Tracheal-prostasin (tpr). Like Np mutants, tpr mutants also fail to clear Dpy from the trachea albeit to a lesser extent [138]. In addition, the serine protease Stubble (Sb) has been shown to be important for Dpy degradation while the serine protease Filzig (flz) was found to be required for both embryonic trachea and wing cuticle processing [5,140,141]. In essence, two phylogenetic groups of serine proteases/trypsin domain containing proteins show the same cyclic expression and share sequence similarities. One group is formed by flz, Np, Sb, CG10232, CG8172, CG9737, CG8170 and CG7432 and the other group by tpr and CG4914 [142]. Not all of these proteins have been shown to be important for cuticle or aECM processing. Further research will be necessary to show if and how these proteins interact with each other. Modulation of bECM is performed by matrix metalloproteases, peroxidasin, and Lysyl Oxidases [143]. There are two metalloproteases in Drosophila: Mmp1 and Mmp2. Functions for these proteins are reported in larval tracheal growth, epithelial fusion, synaptogenesis and in the ovary [144-147]. Reports have mostly focused on their ability to downregulate Collagen IV [5,144,147]. Mmp1/2 themselves are negatively regulated by the tissue inhibitor of metalloproteases protein (timp) [147]. The basement membrane can be stabilized by cross-linking collagen fibrils. Peroxidasin reinforces the network by catalyzing the formation of sulfilimine (S=N) bonds, while lysyl oxidases oxidize lysine residues which covalently crosslinks the fibers [148,149]. The deposition of the basal ECM is partly non cell-autonomous as Collagen IV subunit Viking (Vkg) is produced in the fat body and secreted to the hemolymph [118]. The hemocytes have also been shown to play a role in the deposition of BM components. In a context where hemocytes fail to develop only 30% of Vkg and 50% of Perl is deposited compared to wild type. These data show that the ECM is extensively remodeled through secretion and degradation of ECM proteins. Apically Dumpy and Piopio levels are regulated by serine proteases, while basally Collagen IV is downregulated by metalloproteases.5. ECM function in morphogenesisECM composition, organization and patterning (gradient) can have effects on morphogenesis. In its simplest form, mutations can affect the shape of an organ. Basal ECM component Coll IV knock down in the larval wing disc results in flattening of the tissue by a two-fold decrease in cell height [118]. Conversely, the tissue is flattened when Mmp2 is overexpressed. On the contrary, the tissue is thicker when Perl is mutated [118]. These results suggest that Coll IV and Perl have antagonistic functions in tissue shaping, where Coll IV promotes tissue constriction and Perlecan prevents over-contraction as it is downstream of Coll IV. A role in tissue constriction for Coll IV has also been described in the ovary. Eggs in the Drosophila ovary follicles are initially spherical and require anisotropic growth along the anterior-posterior axis to form a mature egg [119]. Coll IV is circumferentially planar polarized around the follicle in fibrils. Accordingly, eggs are round when the Coll IV subunit Viking (vkg) is mutated and anisotropic mature eggs become round when treated with Collagenase [119]. In this tissue Coll IV is therefore often described as a molecular corset. Complex ECM remodeling is necessary for wing elongation and expansion, which takes place between 4-7 hAPF. In the first phase Myo-II dependent convergent extension narrows and elongates the tissue, after which it isotropically expands by transitioning from a pseudostratified into a simple columnar tissue [5]. At the onset of the elongation, clear aECM and bECM are present in the form of Dpy and Vkg respectively. The ECM networks rapidly disappear as the tissue grows. Removal of the aECM in this context has been shown to be under control of Np and Sb, while basal removal is under control of Mmp1/2 [5,139]. Similar remodeling of the ECM can be found in the leg, but not in the halteres. Instead, in the haltere Ultrabithorax upregulates Timp (and thus downregulates Mmp1/2) and downregulates Sb and Np, resulting in the maintenance of the ECM [139,150]. In the inverse experiment, Timp overexpression in the wing and Sb/Np knockdown led to bECM and aECM maintenance respectively [139]. Under these conditions the wing sizes are smaller and folds do not form between 36-50 hAPF [139]. Therefore, the size and shape of the legs, wings, and halteres is determined by the presence or absence of ECM [5,139,150,151].

  extension of the scutellum was quantified by manually measuring the distance from the middle of the scutoscutellar suture to the tip of the scutellum in Fiji. The individual time lapses were aligned in time by aligning the first frame, where the tissue started to extend to 46 hAPF. Changes in scutellum aspect ratio were quantified before and after elongation by dividing the distance between the anterior scutellar macrochaetae by the distance between the anterior and posterior scutellar macrochaetae. For quantification of the Np:GFP, Pio:GFP and Ecad:3xGFP signals the mean fluorescent intensity in the entire notum was measured in Fiji and divided by the average intensity of the first three frames of the movies. Macrochaetae in Sb:GFP movies were masked by binarizing the

  This study, made by CRISPR/Cas9* PH:GFP [71] Sqh:GFP [153] * see Annex 3 for more information on the generation of transgenic fly lines Ex vivo Pupae were glued to MatTek glass bottom dishes with heptane/adhesive glue [162].

  , P <0.0001 n=12, Student's ttest).

Figure 20 |

 20 Figure 20 | Characterization of folding in the notum and extension of the scutellum.A, B) At 46 hAPF no folds are visible in the notum and a gap exists between the scutellum and the abdomen (yellow arrows). This gap is filled by an extension of the scutellum in the anterior-posterior direction between 46-50 hAPF. In addition, a central fold forms (green arrows) at the scutoscutellar suture as well as an oblique fold (red arrow). A', B') Depth color coding of the images. The medial part of the tissue moves up during the movement. B'') Orthogonal view (front view) at the scutoscutellar suture. Inward and upward movement of the tissue can be observed. Yellow arrows indicate the same position in the tissue before and after tissue buckling. C) PIV analysis of tissue displacement shows that the scutellum extends and the sides of the tissue move in (n = 6). D) Quantification of the scutellum extension. The scutellum extends by 45 µm ± 2.7 SEM (n = 13). Timing of individual animals realigned to 46 hAPF. E) Quantification of the aspect ratio of the scutellum. The aspect ratio changes from 2.4 at 46 hAPF 2.4 to 1.5 at 50 hAPF (n = 12). Scale bars 100 µm, except B'' with scale bar 50 µm.

Figure 22 |

 22 Figure 22 | Rotating Sample Microscopy.A) Shape of the wing just after eclosion. B) Notum curvature and scutoscutellar suture in the adult fly (arrow). C) Schematic of the new microscope. The sample is placed on a rotating capillary between two objectives (inset). D) Comparison between SPIM and SPIN using Ecad:3xGFP. E) Example of a late stage pupa rotated over 90° using the system. F) Rotation of pupa over 90° showing the wing, hinge and notum during 33-50 hAPF. Wing folding is initiated distally and progresses until the entire wing is folded, which is followed by extensive folding in the notum. In the notum the gap between abdomen and scutellum is filled during this time. G,H,I) Close ups from F). G) Schematic and images of the wing showing the numbering of the wing veins and the position of the alula. First fold appears between wing vein 4 and 5. The alula disappears in the final stages of folding. H) Nomenclature and position of folding in the notum indicated by white arrows. Left image 33 hAPF, right image 50.5 hAPF. I) Closeup of the folding in the intrascutar suture. Top image 33 hAPF, bottom image 50.5 hAPF. Scale bars A-H 200 µm, I 100 µm.

Figure 26 |

 26 Figure 26 | Other components of the basal network. A,B) Common BM components Perlecan and Laminin localize with the basal Myo-II. C) The clusters are radially interconnected by Actin fibers. D,E,F) On these fibers components of focal adhesions such as Talin, Vinculin, and Integrin are present. G,H) DGC components Dg and Dys are present in clusters at the same location as the Myo-II clusters. I,J) They are also present just before tissue buckling at 42-44 hAPF, where they localize with actin. Scale bars A-H 1 µm, I,J 10 µm. Images taken at ~22-24 hAPF unless otherwise indicated.

Figure 28 |

 28 Figure 28 | Downregulation of aECM is concomittant with an upregulation of serine proteases.A) At ~35-40 hAPF (t=-10-5h before movement) Dpy:YFP is present in the scutellum and in four stripes in the scutum. At the onset of elongation and folding (t = 0h), Dpy is downregulated in a ring around the scutellum (arrows), while the medial pool in the scutellum and the localization in the scutum is unchanged. B) At ~35 hAPF (t=-10h) GFP:Pio is present on the outer rims of the scutellum as well as in stripes in the scutum. In the hours leading up to tissue folding/elongation, GFP:Pio intensity visually decreases in the entire notum. Five hours after folding/elongation has started some Pio:GFP can still be observed at the scutoscutellar boundary (t=+5.0h). C) During the period that GFP:Pio is downregulated, Np:GFP intensity increases in the whole notum. D) Expression of Sb:GFP is high in macrochaetae and microchaetae between ~35-50hAPF. Starting at 5.5h before folding/elongation, Sb:GFP is upregulated in a ring around the scutellum. This ring is better visible when the high intensity macrochaetae are masked (D', arrows) E) Quantification of the fluorescent intensities of Np:GFP, Ecad:3xGFP and GFP:Pio relative to the onset of scutellum extension. Curves realigned in time by setting initiation of movement to 46 hAPF. Ecad:3xGFP was taken as a control since its fluorescence intensity is stable and ubiquitous. F) Comparison of Dpy:YFP and Sb:GFP localization at t=0h. Dpy appears to be downregulated where Sb is upregulated. Scale bars 100 µm. Experiments performed at 29 °C.

  Our results show that the onset of scutellum extension is correlated with a downregulation of Dpy and that the serine proteases Np and Sb are required for folding and scutellum elongation. Tentatively, the absence of the serine proteases prevents the extension by maintaining the tissue-to-cuticle attachment although ultrastructural data would be needed to definitively confirm this hypothesis. Other serine proteases are likely to be involved in this process as they work in proteolytic cascades [138]. This idea is supported by the fact that multiple other serine proteases are simultaneously upregulated with Np and Sb 2 days after puparium formation [140,142]. In the notum, Np could autoactivate and subsequently activate Sb, similar to how it activates Tracheal-prostasin in the trachea [138]. Further characterization and biochemical assays will be required to determine exactly what the interplay is between the serine proteases and which have the ability to directly degrade Dpy. Ecdysone signaling could be the upstream regulator of the temporal aspect of the late pupal morphogenesis. Previous work has shown that Ecdysone titers peak around two days after puparium formation [132,175,176]. Furthermore, expression of Ecdysone related genes Eip75 and Eip74 RNA levels peaks around 44 hAPF [140,177]. Eip75 mutant animals have molting defects, because of a reduced level of βFTZ-F1 [178]. βFTZ-F1 in turn regulates molting genes and is upregulated at 2/3 days after puparium formation [179,180]. Reports place pupal cuticle apolysis between 24-36 hAPF [121] and 36-53 hAPF [133]. Therefore, the timing of pupa-pharate adult apolysis could well be during wing folding and scutellum elongation. Apolysis could be impaired in Np and Sb mutant conditions as temperature sensitive knock down of both Np and Sb significantly impaired the ability for pupae to eclose. No flies eclosed when Np was knocked down (n = 0/53) and only very few in Sb knock down conditions (n = 3/18).

  methodology can be used to study the interplay between tissues at different scales, as well as left-right asymmetries during development making it a technique of interest for many labs.In summary, we have uncovered a new morphogenetic folding and elongation event in the Drosophila melanogaster pupal thorax epithelium during late metamorphosis. The folding event has parallels with other systems where external constraints are imposed on the tissue by for example the egg shell, vitelline membrane or by the basal ECM.Any new mechanisms found could therefore uncover general principles of epithelial tissue development. Many interesting questions remain. For example, which upstream regulators control the increase in apical cell area as well as the serine proteases? How does the difference in cell size and the geometry of the scutellum affect the folding pattern? To this end, modeling and mathematical approaches could be insightful to dissect the respective contributions of individual cells and geometry, as well as the involvement of ECM. extracellular matrix regulates seamless tube shape and integrity. PLoS Genet 2018, 14:e1007146. 142. Cao X, Jiang H: Building a platform for predicting functions of serine protease-related proteins in Drosophila melanogaster and other insects. Insect Biochem Mol Biol 2018, 103:53-69. 143. Matsubayashi Y, Sánchez-Sánchez BJ, Marcotti S, Serna-Morales E, Dragu A, Díaz-de-la-Loza M del C, Vizcay-Barrena G, Fleck RA, Stramer BM: Rapid Homeostatic Turnover of Embryonic ECM during Tissue Morphogenesis. Dev Cell 2020, 54:33-42.e9. 144. Pearson JR, Zurita F, Tomás-Gallardo L, Díaz-Torres A, Díaz de la Loza M del C, Franze K, Martín-Bermudo MD, González-Reyes A: ECM-Regulator timp Is Required for Stem Cell Niche Organization and Cyst Production in the Drosophila Ovary. PLOS Genet 2016, 12:e1005763. 145. Dear ML, Dani N, Parkinson W, Zhou S, Broadie K: Two classes of matrix metalloproteinases reciprocally regulate synaptogenesis. Development 2016, 143:75-87. 146. Page-McCaw A, Serano J, Santé JM, Rubin GM: Drosophila matrix metalloproteinases are required for tissue remodeling, but not embryonic development. Dev Cell 2003, 4:95-106. 147. Srivastava A, Pastor-Pareja JC, Igaki T, Pagliarini R, Xu T: Basement membrane remodeling is essential for Drosophila disc eversion and tumor invasion. Proc Natl Acad Sci U S A 2007, 104:2721-2726. 148. Bhave G, Cummings CF, Vanacore RM, Kumagai-Cresse C, Ero-Tolliver IA, Rafi M, Kang JS, Pedchenko V, Fessler LI, Fessler JH, et al.: Peroxidasin forms sulfilimine chemical bonds using hypohalous acids in tissue genesis. Nat Chem Biol 2012, 8:784-790. 149. Kagan HM, Li W: Lysyl oxidase: Properties, specificity, and biological roles inside and outside of the cell. J Cell Biochem 2003, 88:660-672. 150. De Las Heras JM, García-Cortés C, Foronda D, Pastor-Pareja JC, Shashidhara LS, Sánchez-Herrero E: The Drosophila Hox gene Ultrabithorax controls appendage shape by regulating extracellular matrix dynamics. Development 2018, 145. 151. Appel LF, Prout M, Abu-Shumays R, Hammonds A, Garbe JC, Fristrom D, Fristrom J: The Drosophila Stubble-stubbloid gene encodes an apparent
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  Incubate in hybridization mix at 37 °C for 16-24 h in an opaque humid box 9. Rinse 1x 2min in wash buffer and 3x for 10 min in SSC 2x 10. Rinse 1x 2min and 1x 10 min in PBT 11. Mount in Vectashield without DAPI

1. Glue pupae to MatTek dish 2. Dissect pupae in 1 mL PBS 3. Incubate for 20 min in fix buffer (~4% PFA in 1x PBS) 4. Rinse twice for 2 min in PBT (1x PBS with 0.1% Triton-X100) 5. Permeabilize for 20 min in 1x PBS with 0.5% Triton-X100 6. Rinse twice for 2 min in PBS 7. Rinse 1x 2 min and 1x 10 min in wash buffer (50% 8M Urea, 10% 20x SSC, 40% ddH20) 8.

Table 1 |

 1 Read quantification by STAR and Alevin result in similar QC statistics

		Replicate 1	Replicate 2	Replicate 3	Replicate 4	Replicate 5
	Cells loaded	7,000 (Not accurate)	10,000	10,000	20,000	2,000
	Technology	10x v2 3'	10x v3 3'	10x v3 3'	10x v3 3'	10x v3 3'
	Algorithm	Cell Ranger	Alevin	Cell Ranger	Alevin	Cell Ranger	Alevin	Cell Ranger	Alevin	Cell Ranger	Alevin
	Total number of reads	262 M	262 M	499 M	499 M	163 M	163 M	863 M	863 M	439 M	423 M
	Number cells (filtered)	187	183	1,765	1,738	4,499	4,584	4,982	4,759	1,149	2,244
	Median UMI per cell	15,326	14,711	31,404	30,752	32,410	32,230	20,483	19,767	30,531	19,128
	Median genes per cell	2,323	2,371	3,801	3,774	3,704	3,721	3,264	3,213	3,560	3,160

Table 2 |

 2 Pearson correlations between replicates. Correlations between replicates are higher when reads are quantified using Alevin. Replicate 1 is less correlated with the other replicates.

								Cell			
	Alevin	rep1 rep2 rep3 rep4a rep4b rep5	Ranger	rep1 rep2 rep3 rep4 rep5
	rep1	1	0.73 0.76	0.63	0.63	0.63	rep1	1	0.76 0.83 0.64 0.84
	rep2	0.73	1	0.99	0.97	0.98	0.98	rep2	0.76	1	0.98 0.97 0.91
	rep3	0.76 0.99	1	0.95	0.96	0.96	rep3	0.83 0.98	1	0.93 0.96
	rep4a	0.63 0.97 0.95	1	1	1	rep4	0.64 0.97 0.93	1	0.85
	rep4b	0.63 0.98 0.96	1	1	1				
	rep5	0.63 0.98 0.96	1	1	1	rep5	0.84 0.91 0.96 0.85	1

Table 3 |

 3 Full mapping statistics for all five replicates mapped with Alevin

		Rep1	Rep2	Rep3	Rep4A	Rep4B	Rep5
	Number of barcodes (initial whitelist)	272	9999	9999	9999	9999	2999
	Number of barcodes (CB filtered)	183	1738	4584	2520	2239	2244
	Number of reads with valid cell barcode (no Ns)	262 M	499 M	1,630 M	440 M	423 M	423 M
	Total number of observed cell barcodes	1.6 M	6.8 M	12.3 M	8.7 M	8.7 M	8.7 M
	Fraction reads in barcodes (initial whitelist)	72.94%	77.06%	84.76%	45.58%	44.19%	31.91%
	Fraction reads in barcodes (CB filtered)	59.25%	36.15%	49.36%	27.03%	24.12%	24.17%
	Mean number of reads per cell (initial whitelist)	703,676	38,472	138,239	20,068	18,709	45,037
	Mean number of reads per cell (CB filtered)	849,573	103,842	175,603	47,228	45,603	45,591
	Median number of detected genes per cell (initial whitelist)	2,068	684	2,272	1,308	1,248	2,926

  Downregulation of Pio is likely regulated by Np as previous research has shown that Np can degrade Pio in vitro [138]. Np and Pio protein dynamics in the notum support this hypothesis as the increase of Np is spatiotemporally correlated with a decrease in Pio. In addition, we demonstrate that a basal actomyosin network forms around 20-26 and 42-44 hAPF, which contains components of the DGC complex. Mutating DGC components Dys and Dg results in gaps in this network and decreased basal tension.

Table 4 | Information on transgenic lines generated by CRISPR/Cas9.

 4 The spacer sequence used in the sgRNA to target the gene of interest with Cas9 is indicated in red.

	gene	modification	N-or C-	viable sgRNA 1 sequence	sgRNA 2 sequence	Vector
			terminal?				
	18w (Toll2)	GFP	C	y	GCGGCCCGGGTTCGATTCCCGGCCGATGCAT	ATTTTAACTTGCTATTTCTAGCTCTAAAACCC	pCFD5
					GGTCTAAAAACTCCCCCTAGTTTTAGAGCTAG	TATGGCCATATCCATCTCTGCACCAGCCGG	
					AAATAGCAAG	GAATCGAAC	
	al	GFP	C	y	GCGGCCCGGGTTCGATTCCCGGCCGATGCAG	ATTTTAACTTGCTATTTCTAGCTCTAAAACTC	pCFD5
					GTGGAGCAATTAAGGTTCAGTTTTAGAGCTAG	GTATCGTCCATTGCATCCTGCACCAGCCGG	
					AAATAGCAAGTTAA	GAATCGAA	
	ara	GFP	N	y	GTCGCGTATAGTCATATAGCGAAA	GTCGATCCACGAGATACTTTCGGT	pCFD3
	B-H1	GFP	N	y	GTCGAGTCTTTCATAGGACTTAG	GTCGATAAACGTTCAGTCTCGTTT	pCFD3
	bi	GFP	N	y	GTCGTGTGATGAGATACGACGTCC	GTCGACTGATGAAATAGCAGCTCC	pCFD3
	caup	GFP	N	y	GTCGATGGCTGCATATGCGCAGTT	GTCGGGATGGTGTTGGGTGCTTA	pCFD3
	Diap1	T2A-nlsGFP	C	y	GCGGCCCGGGTTCGATTCCCGGCCGATGCAG	ATTTTAACTTGCTATTTCTAGCTCTAAAACGT	pCFD5
					AGGACTTGGGTGCGCATTGGTTTTAGAGCTAG	TGAACCACGATTTTTTTCTGCACCAGCCGGG	
					AAATAGCAAGTTAA	AATCGAA	
	Dfd	GAL4	N	y	GTCGAGAAAAGAGCTCATGACGGA	GTCGCATGAGAAAAGAGCTCATGA	pCFD3
	dpp	GFP	C	n	GTCGAGGGCGGTGGCAAGGGCGGC	GTCGCACGCCTTCGGCACCTTGC	pCFD3
	eyg	GFP	N	y	GTCGCCAAGGTCACGGTTTAAAGT	GTCGCCGACTTTAAACCGTGACCT	pCFD3
	h	GFP	N	y	GTCGTGTTACGCCGGTAACCATTT	GTCGCAAACAATATCTGACCGAAA	pCFD3
	mirr	GFP	N	y	GTCGACAGTGCACAGTAATGAAAC	GTCGCACTGAAATAGCTCGCAAGC	pCFD3
	tsh	mKate2	C	y	GTCGTCTCAGCTCGCGGACTTAGG	GTCGTCGTCTCAGCTCGCGGACTT	pCFD3
	ush	GFP	C	y	GTCGGCATTGGCGGCCTGGTCGG	GTCGTAGTCTCTACATGCTCGCAC	pCFD3
	sr	GFP	C	y	GTCGTAGTCTCTACATGCTCGCAC	GTCGCTCGCACTGGAGGTGACTA	pCFD3
	Pio	GFP	N	n	GCGGCCCGGGTTCGATTCCCGGCCGATGCAC	ATTTTAACTTGCTATTTCTAGCTCTAAAACCG	pCFD5
					GCAGCTCTGACGACGCACGGTTTTAGAGCTA	TGCGTCGTCAGAGCTGCGTGCACCAGCCGG	
					GAAATAGCA	GAATCGAAC	
	Dg	GFP	C	y	GCGGCCCGGGTTCGATTCCCGGCCGATGCAT	CTTATTTTAACTTGCTATTTCTAGCTCTAAAA	pCFD5
					GGTTTGCGGTAGGAGGGCGGTTTTAGAGCTA	CCCTCCTACCGCAAACCACCGTGCACCAGC	
					GAAATAGCAAG	CGGGAATCGAAC	
	Dys:GFP	UAS	N	y	GCGGCCCGGGTTCGATTCCCGGCCGATGCAT	CTTATTTTAACTTGCTATTTCTAGCTCTAAAA	pCFD5
	(BDSC				CTTGATCCTCCATAATCGGGTTTTAGAGCTAG	CCCATAATCGGTGGCTCCGCGTGCACCAGC	
	59782)				AAATAGCAAG	CGGGAATCGAAC	

Table 5 | sequences of oligonucleotides used to clone the homologous regions.
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	gene	Forward HR1 sequence	Reverse HR1 sequence	Forward HR2 sequence	Reverse HR2 sequence
	18w	TATGGGGTGTCGCCCTTCGGGT	ACTGCCTGAAGAACCGCTGGACCCC	TCCGGAAGTGGTAGCTCAGGGTC	GCCCTTGAACTCGATTGACGCTCT
	(Toll2)	CTCTAGTTGAGTTTGTGTGCCG	GAACTGACCAGGAAAGCTTGGCCGT	TAGTGGATAAACTCAGCCTCGCA	TCGTCCATGTTTGGGGACACAGCA
		CAACATC	TC	GGGTTCTTC	GGC
	al	TATGGGGTGTCGCCCTTCGGGT	ACTGCCTGAAGAACCGCTGGACCCC	TCCGGAAGTGGTAGCTCAGGGTC	GCCCTTGAACTCGATTGACGCTCT
		CTCTAGTTCCCTTACTTTCCAGG	GAACTGCTGACCACATCGTTTCCAT	TAGTGGATAGAGGTCAGCGAGGA	TCGTCCCCCGTCGGCTAAACATGA
		TTTGGTTTCAA	GTC	TTCCCCAAAC	TTATCACA
	ara	TCGCCCTTCGCTGAAGCAGGTG	GCACCACCCCGGTGAACAGCTCCTC	CGGTATAACTTCGTATAATGTATG	ATTTTGTGTCGCCCTTGAACTCGA
		GAATTCAGGTCTCTATGGCAGT	GCCCTTGCTCACCATCATTTCGCTAT	CTATACGAAGTTATCGGCTGCCT	TTGACGCTCTTCGCGACTTTGGAG
		CGATGGGCGCGCAATTGTG	ATGACTATACGACTATATAAGACC	ACACACAATTCGGATACGGAGG	GAAGAACCAGGCAATTGGTAACC
	B-H1	TCGCCCTTCGCTGAAGCAGGTG	GCACCACCCCGGTGAACAGCTCCTC	CGGTATAACTTCGTATAATGTATG	ATTTTGTGTCGCCCTTGAACTCGA
		GAATTCAGGTCTCTATGGGCCA	GCCCTTGCTCACCATCATAGGACTT	CTATACGAAGTTATCGAAAGACTC	TTGACGCTCTTCGCGAGCTTAGCA
		TCTTGTTGTCTGAGAGCGTGG	AGGGGGTTTCACTCTTTC	GATGAGCATACTCACCC	CCAGGCAGTGATAGC
	bi	CCCGGGCTAATTATGGGGTGTC	CCCGGTGAACAGCTCCTCGCCCTTG	AGTTCGGGGTCCAGCGGTTCTTC	GCCCTTGAACTCGATTGACGCTCT
		GCCCTTCGGCCAAGTGAATTTG	CTCACGACGTCGTATCTCATCACATA	AGGCAGTCAGGAGCTGCTATTTC	TCGACTCCGTGCCCAGTTTGTGGA
		CAAAGCAAAAGAAACG	ACCGT	ATCAGTCTGC	ACTTC
	caup	TCGCCCTTCGCTGAAGCAGGTG	GCACCACCCCGGTGAACAGCTCCTC	CGGTATAACTTCGTATAATGTATG	ATTTTGTGTCGCCCTTGAACTCGA
		GAATTCAGGTCTCTATGGACTG	GCCCTTGCTCACCATCGCATATGCA	CTATACGAAGTTATCGCAGTTTG	TTGACGCTCTTCGCGAATCCAAGG
		CCGTCGTCACCGTGGAGAT	GCCATTGTCTCGC	GATACGCTGGCTACCCG	CGGTGACGGCTGTCC
	Diap1	TATGGGGTGTCGCCCTTCGGGT	TAGACTACCACGACCTTCCGATCCC	TCCGGAAGTGGTAGCTCAGGGTC	GCCCTTGAACTCGATTGACGCTCT
		CTCTAGTTACTACCAACAATGTG	GAACTAGAAAAATATACGCGCATCA	TAGTGGATAGAACAGGCGATCGC	TCGTCCGATAGAATTAAGCCAATTT
		CCGATCAATG	CATCGG	AACGGCCA	TCGCCGGG
	Dfd	CCCGGGCTAATTATGGGGTGTC	TGCTTGTTCGATAGAAGACAGTAGC	AGTTCGGGGTCCAGCGGTTCTTC	ATTTTGTGTCGCCCTTGAACTCGA
		GCCCTTCGCGAGGGTAGGTAAG	TTCATCATGACGGAAGGTCTGTTGG	AGGCAGTAGCTCTTTTCTCATGG	TTGACGCTCTTCGACTATGCGGCA
		TAGGTGTGC	ATCG	GTTATCCGC	TAACAATCTTGTGGGC
	dpp	TCGCCCTTCGCTGAAGCAGGTG	GCACCACCCCGGTGAACAGCTCCTC	CGGTATAACTTCGTATAATGTATG	ATTTTGTGTCGCCCTTGAACTCGA
		GAATTCAGGTCTCTATGGTCCG	GCCCTTGCTCACCATGCCACCGCCC	CTATACGAAGTTATCGAAGGGCG	TTGACGCTCTTCGCGACAAGTCAT
		AAAAGGTAGGCCGGTGTGGGC	TCTCCGCCAGA	GCCGGAACAAGCGG	TATTCGGTTATGCTCTCGCTAG
	eyg	CCCGGGCTAATTATGGGGTGTC	CCCGGTGAACAGCTCCTCGCCCTTG	AGTTCGGGGTCCAGCGGTTCTTC	GCCCTTGAACTCGATTGACGCTCT
		GCCCTTCGCTTATTGGGGCCAT	CTCACGTTTAAAGTCGGCTCAATCAA	AGGCAGTCGTGACCTTGGCTCGC	TCGACTGCTTGGGCAACTCGTCGC
		GGTCTCTGG	CATGTCT	TTACTG	TCA
	h	CCCGGGCTAATTATGGGGTGTC	CCCGGTGAACAGCTCCTCGCCCTTG	AGTTCGGGGTCCAGCGGTTCTTC	GCCCTTGAACTCGATTGACGCTCT
		GCCCTTCGCGTCATATAGCCAG	CTCACCATTTCGGTCAGATATTGTTT	AGGCAGTGTTACCGGCGTAACAG	TCGACTGGAGGAGATCAAGGAGG
		CTATTTTCACCTTC	GTTGAGTTTG	CAGCC	AGGC
	mirr	TCGCCCTTCGCTGAAGCAGGTG	GCACCACCCCGGTGAACAGCTCCTC	CGGTATAACTTCGTATAATGTATG	ATTTTGTGTCGCCCTTGAACTCGA
		GAATTCAGGTCTCTATGGGCCG	GCCCTTGCTCACCATGGTTCATTACT	CTATACGAAGTTATCGGGTATCT	TTGACGCTCTTCGCGAGTCACAGT
		CCTCGTTTGCTACTTTTTCC	GTGCACTGTCATTTAATA	GTTTAGTAATGGTGCGTATATC	GCTGCATGTTGTATCATCGG

Median number of detected genes per cell (CB filtered) 2,371 3,774 3,721 3,264 3,162 3,160 Median number of reads per cell (initial whitelist) 642,769 6,840 53,571 8,381 8,158 30,694 Median number of reads per cell (CB filtered) 776,922 91,609 152,382 37,035 35,431 35,418 Median UMI count per cell (initial whitelist) 11,929 1,885 11,200 3,884 3,544 16,241 Median UMI count per cell (CB filtered) 14,711 30,752 32,230 20,402 19,131 19,128
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Abstract

Gene expression patterns modulate epithelia by spatiotemporally regulating morphogenesis. Characterizing new gene expression patterns in tissues is therefore a potential gateway into uncovering mechanisms of morphogenesis in epithelial biology.

Here, we develop the first spatial transcriptome of the Drosophila melanogaster dorsal thorax epithelium (notum) by using single cell sequencing, a gene expression atlas, and a custom single cell-to-tissue mapping algorithm to in silico reconstruct the gene expression pattern of ~9,000 genes. Experimental validation of 20 genes confirmed that our new approach reconstructed virtual gene expression patterns (vGEP) with higher accuracy than current state-of-the-art algorithms [44,45]. We subsequently used the vGEP to identify candidate genes which could regulate the spatiotemporal morphodynamics in the notum. Specifically, we identified candidate genes that could regulate the lateral tissue contraction and invagination which occurs between ~15-23 hours After Puparium Formation (hAPF) and has previously not been investigated. In this way, we identify the laterally expressed transcription factor pou domain motif 3 (pdm3), which we show is required for correct lateral tissue contraction. Our approach is therefore suitable to directly identify candidate regulators of morphogenesis in complex tissues.

Chapter 2:

Regulation of tissue buckling and scutellum extension by the extracellular matrix

Discovery of a morphogenetic movement during late pupal development

Co-contributors: Floris Bosveld, Aurélien Villedieu, Olivier Leroy, Olivier Renaud, Yohanns Bellaïche. Floris Bosveld and Aurélien Villedieu discovered and characterized the basal network in the pupal notum. Olivier Renaud and Olivier Leroy built the rotating sample microscope. Yohanns Bellaïche supervised the project. The scutellum elongation as well as its interplay with the ECM was discovered and characterized by myself. 

Parts list for RSM microscope

A basal actomyosin network forms before tissue buckling

Having found a potential driver for scutellum extension, we wanted to investigate how the tissue folding was regulated. Recent papers have highlighted the role of the bECM in fold formation and the regulation of cell and organ size [5,116,118]. To investigate the presence of bECM, we used the conventual mounting technique of mounting pupae under a coverslip to avoid missing any faintly fluorescent bECM component [START_REF] Gho | Revisiting the Drosophila microchaete lineage: a novel intrinsically asymmetric cell division generates a glial cell[END_REF]. In Drosophila the main components of the basement membrane (BM) are Laminin, Nidogen, the heparan-sulfate proteoglycan Perlecan, and Collagen IV [127]. Collagen IV a2 subunit Viking (vkg) was present in filamentous structures just after head eversion (Figure 25A,H). These structures expanded to cover the entire medial part of the notum at 22-24 hAPF. Likewise, Nidogen was present in similar fibrous structures at 12-14 hAPF and covered the medial part at 22-24 hAPF (Figure 25B).

We performed a visual screen to identify additional potential bECM components. Nonmuscle Myosin-II (Myo-II) is known to act with the BM as a molecular corset early in follicle elongation through pulsed apical contractions [168]. Myo-II activity is regulated by the phosphorylation of spaghetti-squash (sqh), which encodes the regulatory light chain [169]. We therefore used Sqh as a proxy for Myo-II localization. Myosin-II (Myo-II) assembled basally in large radially organized clusters with similar temporal dynamics as the basement membrane (Figure 25C,D). The number of clusters peaked between 20-24 hAPF, where they could be observed medially and around the scutoscutellar suture together with Actin (Figure 25E,F). After 24 hAPF the number of clusters slowly decreased until no more clusters could detected at ~34 hAPF. Just before scutellum elongation the clusters reappeared, suggesting that the bECM could indeed play a role in this process (Figure 25E).

Concluding remarks

In this thesis I describe two projects that investigate different aspects of development; the spatial transcriptomics approach described in the first chapter investigates genome wide gene expression in the tissue, while the morphogenesis described in the second chapter is the manifestation of physical forces acting on the tissue. There was no precedent for both these projects in the Bellaïche lab. Accordingly, significant time was invested in optimizing the single cell sequencing protocol and the downstream bioinformatic data analysis as well as the characterization and identification of regulators of the morphogenetic movement. Since these projects are now well established in the lab and all the necessary software tools for data analysis are available, I would argue that the lab is poised to take a new step and combine both approaches. Specifically the lateral tissue invagination between 15-24 hAPF and the tissue buckling between 45-50 hAPF could be the topic of interesting comparative studies. Understanding the gene expression and tissue mechanics that act at these different points during development could result in a more robust understanding of how tissue folding is regulated, which would be of wide interest to the research community. Oriented cell divisions in epithelia: from force generation to force anisotropy by tension, shape and vertices Eric Victor van Leen 1,2 , Florencia di Pietro 1,2 and Yohanns Bellaı ¨che 1,2 Mitotic spindle orientation has been linked to asymmetric cell divisions, tissue morphogenesis and homeostasis. The canonical pathway to orient the mitotic spindle is composed of the cortical recruitment factor NuMA and the molecular motor dynein, which exerts pulling forces on astral microtubules to orient the spindle. Recent work has defined a novel role for NuMA as a direct contributor to force generation. In addition, the exploration of geometrical and physical cues combined with the study of classical polarity pathways has led to deeper insights into the upstream regulation of spindle orientation. Here, we focus on how cell shape, junctions and mechanical tension act to orient spindle pulling forces in epithelia, and discuss different roles for spindle orientation in epithelia.
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Annex 3 | Construction of transgenic fly lines by CRISPR/Cas9

Transgenic fly lines were generated by CRISPR/Cas9-mediated homologous recombination at their endogenous loci for 18 genes using the vas-Cas9 line (Table 4) [181]. In brief, two guide RNAs were cloned into two separate pCFD3: U6:3-gRNA plasmids (Addgene 49410) [182] or into one pCFD5: U6:3-t::gRNA plasmid (Addgene 73914) (Table 4) [183]. To enable homologous recombination after cutting by Cas9/guide RNA ribonucleoproteins, homology sequences of around 1kb were cloned into vectors harboring a hs-miniwhite cassette flanked by two loxP sites [3,184] and an N-or C-terminal GFP/mKate2/GAL4/UAS sequence (vector and map available upon request). These sequences which flank the cut site at the 5' or 3' end (HR1 and HR2 respectively) were cloned using the primers indicated in Table 5. All guide RNAs and homologous recombination vectors were injected into embryos by BestGene Inc.