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SUMMARY32

Drosophila has long been a successful model organism in multiple fields such as genetics and33

developmental biology. Drosophila genome is relatively smaller and less redundant, yet largely34

conserved with mammals, making it a productive model in studies of embryogenesis, cell signaling,35

disease mechanisms, etc. Spatial gene expression pattern is critical for understanding of complex36

signaling pathways and cell-cell interactions, whereas temporal gene expression changes need to be37

tracked during highly dynamic activities such as tissue development and disease progression.38

Systematic studies in Drosophila as a whole are still impeded by lack of these spatiotemporal39

transcriptomic information. Drosophila embryos and tissues are of relatively small size, limiting the40

application of current technologies to comprehensively resolve their spatiotemporal gene expression41

patterns. Here, utilizing SpaTial Enhanced REsolution Omics-sequencing (Stereo-seq), we dissected42

the spatiotemporal transcriptomic changes of developing Drosophila with high resolution and43

sensitivity. Our data recapitulated the spatial transcriptomes of embryonic and larval development in44

Drosophila. With these data, we identified known and previously undetected subregions in several45

tissues during development, and revealed known and potential gene regulatory networks of46

transcription factors within their topographic background. We further demonstrated that Stereo-seq47

data can be used for 3D reconstruction of Drosophila embryo spatial transcriptomes. Our data48

provides Drosophila research community with useful resources of spatiotemporally resolved49

transcriptomic information across developmental stages.50

51

INTRODUCTION52

For over a century, Drosophila has been a productive model organism for developmental53

biologists and geneticists to study a diverse range of developmental processes, such as54

embryogenesis, organogenesis, gametogenesis, and aging. Numerous studies in Drosophila have led55

to groundbreaking discoveries, which have greatly impacted the biomedical field.56

The transcriptomic profiles of cells and tissues largely determine their functions. In multicellular57

organisms, various types of cells with diverse transcriptomic profiles together orchestrate the58

functions of tissues and organs to ensure the smooth execution of biological processes. Traditionally,59

tissue/cell types were distinguished based on their function, anatomy, morphology, and expression of60

a few marker genes. As a well-established model organism, Drosophila has been intensively studied61

as to its tissue-specific transcriptomes. Marker gene expression profile in each tissue/cell type are62

readily available. Several databases have been established to curate the collection of tissue-specific63

transcriptomic profiles in Drosophila, including FlyAtlas1 (Chintapalli et al., 2007), FlyAtlas2 (Leader et64

al., 2018) and DGET (Graveley et al., 2011).65
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Recently, the rapid development of single-cell multi-omics technologies enables the mapping of66

genomic, transcriptomic, epigenomic and proteomic information at single-cell resolution. This has led67

to multiple studies revealing cell heterogeneity of Drosophila tissues by single-cell multi-omics68

sequencing, such as embryo (Karaiskos et al., 2017), imaginal disc (Ariss et al., 2018; Bageritz et al.,69

2019; Deng et al., 2019), gut (Guo et al., 2019; Hung et al., 2020), brain (Brunet Avalos et al., 2019;70

Davie et al., 2018) and gonad (Jevitt et al., 2020; Rust et al., 2020; Witt et al., 2019) (reviewed in Li,71

2020). These studies substantially expanded our knowledge of cellular diversity, functional72

heterogeneity and microenvironmental regulation in Drosophila tissues. Comparing to traditional cell73

type identification methods, single-cell multi-omics sequencing measures many more dimensions of74

cell states and expression profiles, revealing novel cell types in multiple tissues. The Fly Cell Atlas75

project (Li et al., 2021), a global collaborative effort, is in progress to build comprehensive cell atlases76

of Drosophila tissues across developmental stages with single-cell multi-omics techniques.77

Owing to the complex intercellular communication and coordination within or between tissues78

in multicellular organisms, our understanding of cellular functions greatly relies on their79

morphological contexts. The spatial information of cells' transcriptomes provides a wealth of insights80

for how cells coordinate to perform their biological functions in cell-cell signaling, metabolism and81

development. Currently, several databases are available for the spatial expression pattern of82

developing Drosophila embryos and larvae, such as Berkeley Drosophila Genome Project (BDGP) gene83

expression pattern studies (Tomancak et al., 2002) and Fly-FISH (Lécuyer et al., 2007). However, these84

databases mainly utilize in situ hybridization, which has several inherit drawbacks, including inability85

to detect unknown transcripts and isoforms, difficulty in identifying transcripts with low copy number,86

and lack of accuracy in quantification of gene expression levels. Moreover, the Drosophila spatial87

transcriptome is yet to be completely resolved. Within the ~14,000 genes in the Drosophila genome,88

over 40% still lack information in their spatiotemporal expression patterns (Zhou et al., 2019), and the89

ones with these patterns are also far from comprehensively resolved.90

Recent years have witnessed the advances of spatial transcriptomic technologies, which utilize91

various methods to resolve the spatial patterns of transcriptomes, including computational strategies92

(Karaiskos et al., 2017), physical segmentation (Junker et al., 2014), local mRNA capture and93

sequencing (Rodriques et al., 2019) etc. These methods vary in throughput, number of genes94

measured and spatial resolution, and have been successfully applied to multiple tissues (reviewed in95

Liao et al., 2021). In an effort to capture the actual spatial transcriptomes in situ, some methods96

utilize surfaces covered with an array of uniquely DNA-barcoded beads. mRNAs from tissues (usually97

a section) are directly transferred to the surface and captured by the beads carrying oligo dT98

sequences. The spatial patterns of transcriptomes can thus be resolved after sequencing and99

mapping. These tools enable untargeted and comprehensive capture of cellular transcriptomic100
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profiles in situ, thus can overcome the disadvantages of in situ hybridization, make valuable101

supplement to the current spatial transcriptomics databases and facilitate discoveries of previously102

undetectable transcriptomic changes. They have been successfully applied to tissues such as mouse103

brain (Ortiz et al., 2020), human brain (Chen et al., 2020) and human heart (Asp et al., 2019).104

Most of the existing DNA-barcoding array methods lack sub-micrometer level resolution or105

sufficient mRNA capture efficiency, impeding their application in Drosophila embryos (~500 μm × 100106

μm in section size). Due to the small sizes of these samples, efforts in resolving their complete spatial107

transcriptome remained computational (Karaiskos et al., 2017). Our recently developed SpaTial Enhanced108

REsolution Omics-sequencing (Stereo-seq) technique (Chen et al., 2021) can resolve spatial transcriptomes109

with nanometer resolution while retaining high sensitivity, providing a powerful tool to obtain spatial110

transcriptome from small-sized samples like Drosophila embryos. In Stereo-seq, patterned DNA nanoballs111

(DNBs) with randomly barcoded sequences are photolithographically etched on a modified chip ~500 nm112

away from each other. This technique allows mRNA capture with high density and sensitivity, enabling113

spatial transcriptomic analysis at a much higher resolution. As a sequencing-based spatial transcriptomic114

technique with subcellular resolution, Stereo-seq makes it possible to capture the detailed spatially115

resolved transcriptomes in small-sized samples such as Drosophila embryos and larvae.116

At 25 °C, the Drosophila life cycle starts with ~1 day of embryogenesis [can be arbitrarily divided117

into 17 stages based on morphology (Campos-Ortega and Hartenstein, 1997)], followed by three118

larval stages which take altogether ~5 days. Pupal stage follows and lasts for another ~4 days. Adult119

flies subsequently eclose from the pupal cases. In this study, we applied Stereo-seq to late-stage120

embryos and all stages of larvae, generating spatial transcriptomic data across these developmental121

stages. Computational analysis could correlate bin clusters with anatomical structures. With the122

Stereo-seq data, we also detected subregions of tissues by refined clustering, and identified active123

transcription factor regulatory networks in multiple tissues across embryonic and larval development.124

Lastly, we demonstrated that with Stereo-seq data from all the sections of an embryo, it is possible to125

3D reconstruct the spatial transcriptome of an embryo in silico. This opens exciting opportunities for126

Drosophila research to be done in an organism-wide, 3D spatially resolved and systematic manner.127

128

RESULTS129

Application of Stereo-seq to Drosophila embryos and larvae130

We applied Stereo-seq to the following Drosophila samples: late-stage embryos (14-16 h and131

16-18 h after egg laying, corresponding to stage 16~17 of embryogenesis, hereafter termed E14-16132

and E16-18 respectively) and all three stages of larvae (hereafter termed L1~L3) (Fig.1A). In each133

experiment, a patterned 1cm × 1cm Stereo-seq chip was covered with 10-μm thick cryosection slices134

from each sample. Stereo-seq was performed as previously described (Chen et al., 2021). Sequencing135
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data were processed and integrated to generate 2D spatial transcriptomes of each sample. On136

average, Stereo-seq captured more than 1,500 unique transcripts representing over 400 genes per137

bin (bin 20 × 20 for E14-16, E16-18, L1 and L2, equivalent to ~10 μm × 10 μm; bin 50 × 50 for L3,138

equivalent to ~25 μm × 25 μm) across samples (Fig.S1A, Table S1). Based on Stereo-seq data, 2D139

expression matrices with defined X-Y coordinates and positional expression profiles of each bin were140

generated. We then performed unsupervised clustering for each 2D expression matrix (Fig.S1B).141

Clusters were associated with tissue types according to previously reported marker gene profiles,142

followed by manual validation and annotation. Clustering results were consistent with anatomical143

structures of embryos and larvae (Fig.1B-F, Fig.S2).144

To validate the spatial transcriptome we obtained with Stereo-seq, we compared the localization145

patterns of a list of transcripts that we observed in late-stage embryo samples with known in situ146

hybridization results for those transcripts, obtained from BDGP database (Tomancak et al., 2002,147

2007). The spatial patterns of these transcripts in our Stereo-seq data matched well with those of in148

situ hybridization results (Fig.S3 and S4A). These observations indicate that Stereo-seq effectively149

reflects the spatial gene expression patterns of Drosophila embryos. In addition, our Stereo-seq data150

yielded localization information for multiple transcripts that are not included in previous151

high-throughput in situ hybridization experiments from BDGP and Fly-FISH projects (Fig.S4B). These152

data provide a valuable complement to current in situ hybridization databases.153

Thus, Stereo-seq generated high-quality spatial transcriptomic data from Drosophila embryo and154

larva samples, identifying spatial patterns of both transcripts matching previous in situ hybridization155

data and previously undetected transcripts.156

157

Spatiotemporal gene expression profiling reveals subregions of embryonic and larval midgut158

By virtue of large number of genes captured by Stereo-seq, clusters corresponding to highly159

complex tissues can be further subclustered based on differences in cell subtype marker gene160

expression. The digestive system occupies the largest space in late-stage Drosophila embryos and161

larvae, thus correlated to the largest number of bins in our Stereo-seq data. Moreover, unsupervised162

clustering generated multiple distinct clusters corresponding to midgut across samples, suggesting163

tissue heterogeneity within embryonic and larval midgut. Thus, we extracted clusters representing164

midgut from all stages of investigated samples and performed refined clustering. Further165

unsupervised clustering of midgut clusters revealed subregions with distinct marker genes (Fig.S5A).166

We then inspected the expression patterns of marker genes in each subcluster.167

In adult Drosophila midgut, recent studies characterized the molecular specificity and cellular168

composition of midgut subregions by bulk and single-cell RNA-seq (scRNA-seq) (Buchon et al., 2013;169

Hung et al., 2020; Marianes and Spradling, 2013). However, although larval midgut was reported to170
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contain distinct domains in an in vivo reporter screen decades ago (Murakami R, Matsumoto A,171

Yamaoka I, Tanimura T.), its spatial gene expression profile was largely unknown. Here, our Stereo-seq172

data validated that the embryonic and larval midgut exhibits spatially distinct subregions, indicated173

by different marker gene expression patterns. Specifically, genes encoding digestive enzymes174

(including trypsin, amylase, and chymotrypsin) that were regional markers in adult midgut, were also175

expressed in specific subregions along the embryonic and larval midgut (Fig.2). For instance, in a176

representative L3 section, the expression of serine protease genes αTry, βTry, γTry, Jon25Bi and177

Jon25Bii were localized to a midgut subregion different from that of serine protease gene CG11911178

(Fig.2E). In a representative L2 section, the expression of serine protease genes βTry, γTry and179

Jon25Bi were localized to a midgut subregion different from that of starch digestive enzyme genes180

Amy-p and Amy-d, and serine protease gene CG11911 (Fig.2D). Similarly, in a representative L1181

section, the set of digestive enzyme genes were also expressed in spatially distinct midgut clusters182

(Fig.2C). Furthermore, as early as in E14-16 and E16-18 late-stage embryos, spatial expression183

patterns of digestive enzyme genes were already established (Fig.2A-B), suggesting the maturation of184

presumptive midgut during embryonic organogenesis. To further reveal the regional diversity of185

embryonic midgut, we performed Gene Ontology (GO) enrichment analysis on marker genes of each186

midgut subcluster in E14-16. Marker genes of each subcluster were enriched for distinct functions187

(Fig.S5B), suggesting that functional regionalization in the midgut already occurs as early as stage 16188

of embryogenesis.189

Together, our Stereo-seq data uncovered the dynamic spatiotemporal characteristics of190

functional genes along the digestive tract across Drosophila developmental and provided clues for191

midgut maturation timepoint during embryogenesis.192

193

Spatiotemporal gene expression and cell state dynamics in reproductive and neural systems194

Upon further examination of spatiotemporal features of embryonic and larval tissue195

transcriptomes, clusters representing male reproductive organs and central nervous system (CNS)196

stood out as two other regions of high cell type complexity and mRNA abundance. Thus, we extended197

subclustering and spatial gene expression analysis to these two tissues.198

Similar to midgut clusters, we performed further subclustering in clusters representing L3 testis199

and adjacent clusters expression male germline related genes, and were able to identify clusters200

corresponding to spermatocytes at different stages of development, distinguished by their marker201

gene expression pattern (Zhao et al., 2010). To identify the subcluster type, we compared marker202

gene expression in the clusters representing male reproductive organs with previously published203

single-cell transcriptomes of L3 gonads subpopulations (Mahadevaraju et al., 2021). Unsupervised204

clustering enabled identification of spermatogonia and early, mid, and late primary spermatocyte205
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(Fig.3A) with distinct marker genes (Fig.S6). Notably, cell type specific marker genes showed clear206

expression patterns within testis (Fig.3B), reflecting the cell states of spermatocytes at different207

developmental stages.208

In light of the effective capture of cell states in different stages of spermatocytes, we employed209

RNA velocity analysis (La Manno et al., 2018) to further investigate cell state dynamics. To perform210

RNA velocity analysis, unspliced mRNAs captured alongside with mature mRNAs by oligo dT primers211

through secondary priming were first identified. Their abundance was then compared with spliced212

mature mRNAs and their dynamics were used to infer the directions to which transcript splicing and213

cell states will change. With RNA velocity analysis, we observed the spatial transcriptional dynamics214

of spermatocyte maturation in testis (Fig.3C). We then profiled the expression patterns of genes215

whose mRNAs display high velocity (i.e., undergo rapid transcriptional changes). We found several216

highly dynamic genes expressed in mid or late spermatocytes, such as Globin gene glob2. glob2 has217

been reported to display an unexpected high level of expression in testis, possibly to relieve oxidative218

stress accumulated during spermatogenesis (Gleixner et al., 2012).219

We then profiled the spatial expression patterns of genes involved in Hedgehog or JAK-STAT220

signaling, which regulate stem cells behavior in the Drosophila testis (reviewed in Zhang et al., 2013).221

We found that transcripts encoding some inhibitors of these pathways, including Uba3 (Du et al.,222

2011), Pp1-13C (Su et al., 2011), and EloB (Stec et al., 2013), were mainly enriched in spermatocytes223

(Fig.3D), possibly to inhibit the activity of stem cell regulatory pathways in the differentiated224

spermatocytes.225

We also inspected the spatial expression patterns of marker genes in cell subtypes in CNS. The226

spatial expression patterns of neuronal and glial cell marker genes largely overlap, with glial cell227

markers showing broader expression patterns, consistent with the spatial distribution of their228

anatomical structures (Fig.S7). Moreover, we looked at the spatial expression of marker genes of229

peptidergic and dopaminergic neurons in L2 and found that their spatial patterns can be clearly230

distinguished (Fig.S7).231

To summarize, the high sensitivity of Stereo-seq enabled delicate subclustering of complex232

tissues to identify cell subtypes in their morphological background. Spatial RNA velocity analysis233

could provide evidence for activation timing of genes with spatiotemporally restricted regulatory234

functions.235

236

Spatial gene regulatory networks during Drosophila development237

One major driving force of cellular heterogeneity during development is the changes in gene238

regulatory networks (GRNs), mediated by the interactions of transcription factors (TFs), co-factors239

and their downstream target genes. Spatial transcriptomic data from Stereo-seq provides a unique240
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opportunity to analyze GRNs in their morphological contexts, allowing GRN identification and analysis241

in a spatially resolved tissue-specific manner.242

To profile the spatial GRNs across Drosophila development, we employed single-cell regulatory243

network inference and clustering (SCENIC) protocol, which were developed to reconstruct GRNs and244

identify cell states from scRNA-seq data (Aibar et al., 2017). To find regulons of a TF of interest,245

SCENIC first identifies genes co-expressed with the TF, then enriches for direct-binding downstream246

target genes with cis-regulatory motif analysis. Finally, SCENIC scores the activity of regulons in each247

cell to identify the cells with high sub-network activity.248

SCENIC analysis of Stereo-seq spatial transcriptomic data revealed GRNs with spatial distribution249

patterns. Across embryonic and larval samples, we identified multiple GRNs mediated by previously250

reported TFs. Some of the GRNs are tissue-specific, and their corresponding TFs are known to play251

regulatory roles in the tissues where the GRNs are located, including GATAe in midgut (Okumura et al.,252

2005, 2016), Pdp1 in muscle (Lin et al., 1997), and l(3)neo38 (Schneiderman et al., 2010), kn253

(Seecoomar et al., 2000) and jim (Iyer et al., 2013) in CNS (Fig.4). Other GRNs are not restricted to254

certain tissues, but display similar patterns over development, such as ham, srp, grh and Hr78 (Fig.4).255

The spatial GRN patterns of all these TFs correlate with those of late-stage embryo in situ256

hybridization results (Fig.4), suggesting that SCENIC analysis of Stereo-seq data effectively257

recapitulated the spatial GRN patterns of these TFs. Among the identified TFs, ham was known for its258

regulatory role in central and peripheral nervous system, and external sensory neurons (Moore et al.,259

2002, 2004). Some of the examined slices in which ham GRNs were identified did not contain CNS,260

but ham GRNs consistently mapped to midgut in late-stage embryos and larvae (Fig.4). It is known261

that in larvae, ham also shows expression enrichment in midgut in addition to CNS (Leader et al.,262

2018). This suggest that hammay play additional regulatory roles in the digestive system.263

Thus, SCENIC analysis of Stereo-seq data from developing Drosophila identifies both known and264

potential GRNs, indicating that Stereo-seq can effectively capture transcription regulation networks in265

the spatial contexts of TFs.266

267

3D reconstruction of spatial transcriptome of Drosophila late-stage embryos268

With the efficient and faithful capture of 2D spatial transcriptome of Drosophila embryos by269

Stereo-seq, we wondered if it is possible to 3D reconstruct the spatial transcriptome of the whole270

embryo. As a proof of principle, we collected all the 7-μm thick cryosection slices (14 slices obtained)271

of one entire E16-18 embryo sectioned along the left-right axis (so that each section is a sagittal272

plane) and performed Stereo-seq with them. We then combined all 2D expression matrices of these273

samples, performed clustering and annotation individually in each slice (Fig.S8). We developed a274

pipeline for 3D reconstruction (seeMethods). Briefly, we extracted 2D sample regions from visualized275
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Stereo-seq expression matrices and aligned them based on shape and transcriptome similarities, so276

that each bin was assigned an x-y-z 3D coordinate. We then minimized batch effects of each section277

and merged identical clusters in adjacent slices. The contour and position of 3D clusters resembled278

the anatomical structures of embryos (Fig.5A and Supplemental Data 1). The marker genes of each279

tissue displayed expected spatial distribution around their corresponding tissues (Fig.5B). In the 3D280

reconstructed model, various tissues, represented by clusters aligned across sections, display281

intra-tissue structural continuity as well as inter-tissue gene expression heterogeneity (Fig.5C and282

Supplemental Data 2). Moreover, the 3D clusters representing complex tissues such as foregut and283

midgut can also be further divided into detailed structures based on subclustering and marker gene284

identification (Fig.5D and Supplemental Data 3).285

In brief, Stereo-seq is capable of efficient recapitulation of the 3D spatial transcriptome of286

Drosophila embryos. With future optimization of Stereo-seq, we aim to establish an organism-wide,287

high-resolution, and high-sensitivity 3D spatiotemporal transcriptomic atlas of all stages of Drosophila288

embryos and larvae. We anticipate that with modification, the 3D transcriptome reconstruction289

strategies we developed here can be applied to additional Drosophila adult tissues to resolve their290

spatial transcriptomes as well.291

292

DISCUSSION293

Spatial transcriptomics techniques greatly expanded our knowledge of gene expression within294

topographical contexts. In Drosophila, existing databases of spatial gene expression patterns were295

mostly generated from results of in situ hybridization analyses. However, in situ hybridization296

techniques are highly limited by probe design strategy and cannot be easily multiplexed. Thus, the297

gene expression patterns covered by in situ hybridization databases are biased. Consequently,298

previous spatial mapping of Drosophila transcriptome and regulatory network is largely based on in299

situ hybridization data and/or computation, which lack the capability for unbiased and global gene300

expression profiling within intact spatial background.301

We present spatiotemporal transcriptomic maps in Drosophila from late-stage embryos to 3rd302

instar larvae based on our Stereo-seq platform. With its unique combination of DNA nanoball303

patterned arrays and unbiased in situ mRNA capture, Stereo-seq provides significantly enhanced304

resolution and sensitivity compared to other spatial transcriptomics techniques, allowing its305

application to small-sized tissue sections such as Drosophila embryos to simultaneously resolve their306

spatial transcriptome and morphology. The highly customizable sizes of Stereo-seq chips enable307

simultaneous mapping of multiple tissue sections, avoiding batch effects introduced by separate308

experimental runs.309
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From embryos to larvae, Drosophila tissues undergo fundamental diversification in morphology310

and functions as they develop, which are dictated by spatial (within or between tissue primordia) and311

temporal (across developmental time) heterogeneity in gene expression profiles. With312

spatiotemporally resolved gene expression patterns generated by Stereo-seq, expression profiles of313

tissues across embryonic and larval stages can be dissected in both dimensions to comprehensively314

reveal their changes during development. Recently, the rapid development of scRNA-seq techniques315

and the joint efforts of Drosophila research community have discovered many new and unanticipated316

cell types across various tissues during Drosophila development (Li et al., 2021). Our Stereo-seq317

platform can help quickly establish the positions of these newly discovered cells in vivo, without the318

need for in situ hybridization with multiple probes. With its high resolution and sensitivity, Stereo-seq319

itself may also lead to the discovery of new cell types within the spatial contexts in tissues of interest.320

We show that Stereo-seq data from Drosophila embryos and larvae effectively reflected their321

tissue anatomical structure and spatial heterogeneity of gene expression. The developmental322

transcriptomic maps we generated complements current in situ hybridization data with quantitative323

spatial information of both known and previously undetected transcripts. Additionally, the324

high-resolution and high-sensitivity spatiotemporal transcriptomic data allowed RNA velocity and325

SCENIC analysis with actual instead of computed spatial background, uncovering the dynamics of326

known and potential spatially defined tissue-specific gene regulatory networks.327

Our results demonstrated the capability of Stereo-seq in resolving the spatial transcriptomes of328

small-sized samples like Drosophila embryos. To our best knowledge, the Stereo-seq data we329

generated here produces the first actual organism level spatial transcriptomic maps of Drosophila330

late-stage embryos and larvae, which can be combined with scRNA-seq data and provide valuable331

insights for the systematic study of tissue formation paradigms and regulatory network changes332

during development. With future optimization of Stereo-seq, we aim to expand the current333

transcriptomic atlas to generate complete organism-wide 3D spatial transcriptomic profiles covering334

the entire lifespan of developing Drosophila. Application of Stereo-seq to additional genotypes and335

stages of Drosophila will establish an encyclopedic spatial transcriptomic database that will be of336

great interest to the Drosophila research community.337

338
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519

Material availability520

All materials used for Stereo-seq are commercially available.521

522

Data and code availability523

All raw data generated by Stereo-seq and custom codes using open-source software to support524

this study are provided in supplementary materials (Supplemental Data 4) or deposited to CNGB525

Nucleotide Sequence Archive database with accession code: CNP0002189526

(https://db.cngb.org/search/project/CNP0002189). All data were analyzed with standard programs527

and packages, as detailed inMethods.528

529

METHODS530

Fly strain maintenance531

All embryo and larva samples in this study were from Drosophila strain w1118 (Tsinghua Fly532

Center). Flies were maintained on cornmeal-sucrose-agar media (Hopebio, HB8590) in a 25 °C533

incubator (Laifu, PGX-280A-3H) on a 12 h/12 h light/dark cycle.534

535

Sample preparation536

Embryos were collected at two-hour intervals on a grape juice plate [2.15% w/v agar (Vetec,537

V900500), 49% v/v grape juice, 0.2% v/v propionic acid (Aladdin, P110444), 0.02% phosphate acid538

(LingFeng, Shanghai)] from a population cage and aged to desired stages. Larvae of desired stages539

were isolated from the same population cage. Samples were incubated in phosphate buffer saline540

(PBS) containing 0.5 mg/mL bromophenol blue (Macklin, B802656) for 10 min for staining and better541

visualization during cryosection. Samples were then rinsed in PBS to remove excessive dye before542

embedding. To compare the efficiency of mRNA capture and 3D reconstruction, we attempted to cut543

the samples in two directions (along the left-right axis for sagittal section, or along the dorsal-ventral544

axis for transverse section) during cryosection. The exact orientations of each sample used in this545

study were indicated in the figure legends. Samples were oriented so that they were most likely to be546

sectioned in the desired axis. Orientated samples were immobilized with double-sided tapes to547

prevent disturbance from flowing embedding media. 6 samples of the same stage (2 samples for L2548
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and L3) were embedded and sectioned together. Sample were embedded with Tissue-Teck OCT549

(Sakura, 4583) and transferred to a −80 °C freezer for storage until used. Cryosection was performed550

with indicated slice thickness in a Leica CM1950 cryostat. Sample sections were applied to Stereo-seq551

chips immediately after cryosection.552

553

Stereo-seq554

Stereo-seq library preparation and sequencing were performed as previously described (Chen et555

al., 2021). Briefly, embryo and larva sections on Stereo-seq chips were fixed in pre-chilled methanol556

at -20 °C for 40 min. After removal of methanol, sections were permeabilized on chip with 100 μl557

0.1% pepsin (Sigma, P7000) in 0.01 M HCl at 37 °C for 5 min. Permeabilization solution was then558

removed and sections were washed with 100 μl 0.1× saline-sodium citrate (SSC, Thermo, AM9770)559

buffer supplemented with 0.05 U/μl RNAase Inhibitor (MGI). mRNAs captured by DNBs on the chip560

were reverse transcribed with SuperScript II reverse transcription (RT) mix (Invitrogen, 18064-014, 10561

U/μL reverse transcriptase, 1 mM dNTPs, 1 M betaine solution PCR reagent, 7.5 mMMgCl2, 5 mM DTT,562

2 U/μL RNase inhibitor, 2.5 μM Stereo-seq template switch oligo and 1× First-Strand buffer) at 42 °C563

for 1 h. RT mix was then removed. The chip was washed with 0.1× SSC and incubated in tissue564

removal buffer (10 mM Tris-HCl, 25 mM EDTA, 100 mM NaCl, 0.5% SDS) at 37 °C for 30 min. Tissue565

removal buffer was removed and the chip was washed twice with 0.1× SSC. cDNAs on the chip were566

amplified with KAPA HiFi Hotstart Ready Mix (Roche, KK2602) with 0.8 μM cDNA-PCR primer.567

Sequencing libraries were prepared with PCR products undergoing the following steps: fragmentation568

(in-house Tn5 transposase), amplification (KAPA HiFi Hotstart Ready Mix), and purification (Vazyme,569

N411-03). Final libraries were sequenced on a MGI DNBSEQ-Tx sequencer.570

571

Stereo-seq data analysis572

Raw data processing. Stereo-seq raw data processing and unsupervised clustering were573

performed as previously described (Chen et al., 2021). Briefly, CID sequences were first mapped to574

the designed coordinates on chip with 1 base mismatch tolerance. MID sequences with quality score575

lower than 10 were filtered out. cDNA sequences were aligned to the reference genome (Dm3) by576

STAR (Dobin et al., 2013). Expression profile matrices with CID were generated based on the577

information above.578

Unsupervised clustering. The expression profile matrices of sections from embryos and L1/L2579

were divided into bins with 20 × 20 DNBs, while those from L3 were divided into bins with 50 x 50580

DNBs. After obtaining the expression profile matrices through the in-house processing software, we581

used Seurat package to perform data normalization and unsupervised clustering (Stuart et al., 2019).582

Briefly, SCTransform function was first applied to normalize and identify highly variable genes. After583
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dimensionality reduction with runPCA function, runUMAP function was used to perform a584

two-dimensional projection on the data with the following parameter: dims = 6. The identification of585

each cluster was then performed with FindNeighbors, FindClusters, and FindAllMarkers functions in586

Seurat with the following parameters: dims = 6, verbose = FALSE, resolution = 0.6, only.pos = TRUE,587

min.pct = 0.25, logfc.threshold = 0.25.588

Cluster annotation. For the list of marker genes of each cluster in the unsupervised clustering589

results, we extracted the top 30 genes with the most significant p values. To infer specific tissue types590

of each cluster, we queried these 50 genes in the publicly available databases, including BDGP,591

FlyBase, FlyAtlas1, FlyAtlas2 and FlyMine, as well as other published results. We assigned the tissue592

type(s) that match the most marker genes of the cluster.593

594

RNA velocity analysis595

Spliced and unspliced RNA were counted for all detected genes (~400 genes per bin in the male596

reproductive organ clusters) by every bin 50 × 50 using Velocyto command line interface (La Manno597

et al., 2018), with about 1.3% of genes per bin were detected as unspliced type. The generated splice598

and unspliced expression matrices were then used to estimate the differentiation dynamics of cell599

lineages with dynamo software (Qiu et al., 2021), the transitioning between gene expression states600

was modeled and inferred, with lineage relationship of early primary spermatocyte to mid primary601

spermatocyte set as confident cell velocities, to determine the expression dynamics of testis cell.602

Genes with high correlation with the transition were also determined in the same process.603

604

SCENIC analysis605

pySCENIC pipeline (Van de Sande et al., 2020) was used to predict activity scores of TFs on each606

section. pySCENIC uses TFs' motif and downstream gene expression to predict TFs' activity scores at607

single cell level. pySCENIC pipeline was first used to generate AUC matrices of TFs, with rows608

representing bins and columns representing TFs. Values in each cell represent TFs' activity scores.609

AUC values in each section were then visualized with ggplot2 (Wickham, 2011).610

611

Gene Ontology enrichment analysis612

R package clusterProfiler (Yu et al., 2012) was used to identify enriched Gene Ontology terms.613

Marker gene lists from each cluster were inputted with default parameters.614

615

Imputation of spatial gene expression616

For better visualization of spatial gene expression patterns, SparseVFC function of dynamo617

software was used to impute gene expression by 2D or 3D coordinates to render spatial patterns of618
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gene expression. This method was used in Fig. 2, Fig.3C and Fig.S7.619

620

3D Reconstruction of embryo transcriptome621

Stereo-seq data preprocessing. 2D expression matrices of all 14 sections of an entire E16-18622

embryo were subjected to preprocessing. Specifically, for each section, Python package scanpy (Wolf623

et al., 2018) was used to normalize expression values for total UMI counts per bin 20 × 20.624

calculate_qc_metrics function was used for data quality control, with the following non-default625

parameters: percent_top = None, log1p = False, inplace = True. Highly variable genes were identified626

by function highly_variable_genes with parameters: flavor = seurat, n_top_genes = 2000,627

inplace=True. Other functions in preprocessing used standard methods and default processes of628

scanpy, including total-count normalization and principal component analysis.629

Unsupervised clustering and cluster annotation. For each section, PCA algorithm was used for630

data dimensionality reduction with parameter n_comps = 20. Python package squidpy (Palla et al.,631

2021) algorithm was used for unsupervised clustering. Specifically, after using neighbors function in632

scanpy to find the neighbors of each bin 20 × 20 based on gene expression information with633

parameter n_neighbors = 30, spatial_neighbors function in squidpy was used to find the spatial634

neighbors of each spot with parameter n_neigh = 6. The neighbor information obtained through the635

two algorithms were then merged. Based on the merged neighbor information, leiden algorithm in636

scanpy was used for unsupervised clustering. After individual testing, optimal resolution was637

determined for each section. Clusters in the optimal resolution of each section were annotated as638

described above.639

Section alignment and 3D modeling. For two adjacent sections, PASTE (Zeira et al., 2021)640

algorithm was used to align them along the z axis based on both gene expression similarities and641

spatial coordinates. For all the 2D expression matrices of 14 sections, pairwise_align function in642

PASTE was run sequentially along the z axis, and each bin was assigned an x-y-z 3D coordinate. After643

that, on 2D graphics of all sections, bins with the same annotation were assigned the same color code.644

The aligned 3D coordinates and color codes representing different tissues were integrated into 3D645

graphics in tiff format with skimage (Van der Walt et al., 2014) algorithm. 3D Slicer (Fedorov et al.,646

2012) software was used to transform tiff data into a smooth 3D model of the embryo. Major647

smoothing and 3D modeling methods used were Margin, Closing, Opening, Median, Gaussian, and648

Joint smoothing. Spatial distribution of 3D clusters and gene expression patterns were visualized with649

scanpy and plotly (Sievert, 2020). Python tools matplotlib (Hunter, 2007) and plotnine (Kibirige, 2017)650

were used to draw 2D graphics, and plotly was used to display 3D graphics and models.651

652
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FIGURE LEGENDS653

Figure 1 Clustering and annotation of Stereo-seq generated spatial transcriptomes of654

Drosophila late-stage embryos and larvae. (A) Schematic workflow of Stereo-seq data acquisition655

and analysis in this study. (B-F) Unsupervised clustering and annotation of representative single656

sections of (B) E14-16, (C) E16-18, (D) L1, (E) L2, and (F) L3 samples. Clusters with the same657

annotation are merged and assigned the same color code. Scale bars = 100 μm for E14-16, E16-18, L1658

and L2, and 500 μm for L3. A-P: anterior-posterior.659
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Figure 2 Spatial heterogeneity of digestive enzyme gene expression in midgut across660

Drosophila development. Spatial expression patterns of genes encoding digestive enzymes (trypsin,661

amylase, and chymotrypsin) in clusters annotated as midgut in representative single sections of (A)662

E14-16, (B) E16-18, (C) L1, (D) L2, and (E) L3. All samples are presented in near dorsal/ventral view.663

Scale bars = 100 μm for E14-16, E16-18, L1 and L2, 500 μm for L3.664
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Figure 3 Cell type subclustering and cell state change tracking of Drosophila 3rd instar larval666

male reproductive organs. (A) Subclustering results of clusters annotated as testis and adjacent667

clusters expression male germline related genes in a representative L3 single slice. Scale bar = 100 μm.668

(B) Spatial expression patterns of marker gene sets representing cells at different stages of669

spermatogenesis (meiotic spermatocytes: Rbp4, Taf12, blanks; late spermatocytes: tHMG1, CG2955,670

CG13476, CG4375, Pen, SAK, lobo, CG16719; spermiogenesis: p-cup, Pif2, whip, CG4073, CG31128,671

boly, CG14294, hale, Glut3, c-cup, CG12126, CG15059, CG6333, CG31797, CG30099, CG31404,672

CG13337, CG31815, CG10512, CG14546, CG8851, CG30110) (Zhao et al., 2010). (C) RNA velocity673

analysis of clusters representing male reproductive organs and expression patterns of representative674

genes with high velocity. (D) Spatial expression patterns of genes encoding inhibitors of Hedgehog675

and JAK-STAT pathways in male reproductive organs.676
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Figure 4 Spatial gene regulatory networks identified in Stereo-seq data. Spatial GRN patterns678

identified by SCENIC. For each row with two sub-rows, the upper sub-row shows GRNs mapped to679

spatial transcriptomic profiles generated by Stereo-seq, and the lower sub-row shows the positions680

and annotations of the clusters co-colocalized with the GRN in the same sample. The left-most681

column shows in situ hybridization results of the TFs from BDGP database (if available). Stages and682

viewpoints of in situ hybridization results are labeled but do not completely match those of our683

embryo samples. Unless otherwise labeled, Stereo-seq samples are presented in near dorsal/ventral684

view. N/A indicates that spatial GRN patterns of the TF were not identified in any examined samples685

of the indicated stage, likely due to incomplete spatial transcriptome capture resulting from686

cryosection position and orientation. A-P: anterior-posterior.687
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Figure 5 3D reconstruction of spatial transcriptomes of a late-stage Drosophila embryo. (A) 3D688

reconstruction, clustering, and annotation of Stereo-seq generated spatial transcriptome of an entire689

E16-18 embryo. Individual 3D clusters representing specific tissues are shown. (B) 3D spatial690

distribution of representative marker genes of tissues presented in (A). (C) The integrated 3D model691

of the entire embryo. (D) 3D clusters representing foregut and midgut, and representative marker692

genes of their detailed anatomical structures. For scales, each unit in x axis is equivalent to 7 μm (the693

thickness of a single cryosection slice), and each unit in y and z axis is equivalent to 9.15 μm (the694

length of 20 DNBs in bin 20 × 20 analysis).695
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Figure S1 Quality control of Stereo-seq data from samples of each examined stages. (A)696

Numbers of genes captured by Stereo-seq in representative samples, each dot represents one bin697

(bin 20 × 20 for E14-16, E16-18, L1 and L2, bin 50 × 50 for L3). (B) Heatmap of expression levels of top698

marker genes of each cluster after unsupervised clustering in the same samples as (A).699
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Figure S2 Biological replicates of spatial transcriptomes of Drosophila embryos and larvae700

generated by Stereo-seq. (A-E) Unsupervised clustering and annotation of single sections of (A)701

E14-16, (B) E16-18, (C) L1, (D) L2, and (E) L3 samples. Clusters with the same annotation are merged702

and assigned the same color code. Scale bars = 100 μm for E14-16, E16-18, L1 and L2, and 500 μm for703

L3. A-P: anterior-posterior.704
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Figure S3 Comparisons of spatial gene expression patterns between Stereo-seq and in situ705

hybridization. For each gene panel, left shows spatial expression patterns generated from Stereo-seq706

data of representative single sections of E14-16 or E16-18 embryo samples; right shows in situ707

hybridization results of embryos at similar stages from BDGP database. All Stereo-seq samples are in708

near dorsal/ventral view. Viewpoints of each in situ hybridization image are labeled under each panel.709

Scale bars = 100 μm. A-P: anterior-posterior.710
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Figure S4 Comparisons of spatial gene expression patterns between Stereo-seq and in situ711

hybridization. (A) Continued from Figure S3. (B) Spatial expression pattern of genes with no available712

clear in situ hybridization patterns from BDGP or Fly-FISH. All Stereo-seq samples are in713

near-dorsal/ventral view. Viewpoints of each in situ hybridization image are labeled under each panel.714

Scale bars = 100 μm. A-P: anterior-posterior.715

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 22, 2021. ; https://doi.org/10.1101/2021.10.21.465301doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.21.465301
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S5 Analysis of marker genes of embryonic and larval midgut subregions. (A) Heatmap of716

the top marker genes of midgut subclusters in the single section from E14-16 in Figure 2. (B) GO717

ontology analysis of marker genes of each subcluster in (A).718
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Figure S6 Heatmap of the top marker genes of subclusters of male reproductive organs in the719

single L3 section in Figure 3.720
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Figure S7 Spatial expression patterns of marker genes of embryonic and larval CNS. (A-D)721

Spatial expression patterns of marker genes of (A) neural, (B) glial cells, (C) peptidergic, and (D)722

dopaminergic neurons in late-stage embryos and larvae. N/A indicates that spatial gene expression723

patterns were not identified in any examined samples of the indicated stage, likely due to incomplete724

spatial transcriptome capture resulting from cryosection position and orientation. Scale bars = 100725

μm. A-P: anterior-posterior.726

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 22, 2021. ; https://doi.org/10.1101/2021.10.21.465301doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.21.465301
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S8 Clustering and annotation of Stereo-seq generated spatial transcriptome of all727

sections of an E16-18 embryo used for 3D reconstruction in Figure 5.728
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Sample
Bin size (number of DNBs) used

for analysis
Number of unique
transcripts per bin

Number of unique
genes per bin

E14-16 20 × 20 1325.2 ± 347.0 437.2 ± 81.3
E16-18 20 × 20 2969.1 ± 913.9 425.7 ± 78.9
L1 20 × 20 1602.1 ± 368.4 477.9 ± 82.4
L2 20 × 20 1928.3 ± 923.7 453.9 ± 151.4
L3 50 × 50 1768.4 ± 1737.7 423.8 ± 208.5
Table S1 Numbers of transcripts and genes captured in samples shown in Figure 1. Numbers729

are shown in mean ± standard deviation.730
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Supplemental Data 1 3D spatial patterns of representative tissues in an entire E16-18 embryo731

shown in Figure 5.732

Supplemental Data 2 3D spatial transcriptome reconstruction model of an entire E16-18 embryo733

shown in Figure 5.734

Supplemental Data 3 3D spatial patterns of representative marker genes of detailed anatomical735

structures in foregut and midgut in an entire E16-18 embryo shown in Figure 5.736

Supplemental Data 4 Custom scripts used in this study.737
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