
A spatiotemporal transcriptomic tool with 
ultrahigh resolution
The Stereo-seq spatiotemporal omics technique enables in situ 

capture of gene expression information from cells spatially 

resolved across a tissue using the DNBSEQ-T7 sequencing plat-

form. 

Mapping a 3D spatiotemporal development 
atlas using Stereo-seq
Using Stereo-Seq data from serial sections of samples, a 3D 

reconstruction of tissue organs and integration of gene expres-

sion information translated into the 3D transcript model of tissues 

in Drosophila embryos and larvae. 

Revealing the regulation pattern of genes 
during Drosophila development

3D spatiotemporal transcriptome data from Stereo-Seq 
allows finely partitioning tissue areas of Drosophila, accu-
rately analyzing the regulatory state of cells, and charac-
terizing the dynamic regulatory process of gene expres-
sion in both spatial and temporal dimensions.

Recommended application: Frontier technology – spatiotemporal omics

Recommended model: DNBSEQ-T7RS

Based on the DNBSEQ sequencing technology and using the DNBSEQ-T7 sequencing platform independently 

developed by MGI, BGI Research has developed Stereo-seq. This spatiotemporal omics technique affords high 

resolution and sensitivity, and was used to construct a 3D spatiotemporal development atlas of Drosophila embry-

os and larvae. The atlas revealed the dynamic changes of Drosophila testis cells during development and the 

regulation pattern of genes. 

Relevant results of this study were published in 2022 in the journal Developmental Cell, under the title “High-resolu-

tion 3D spatiotemporal transcriptomic maps of developing Drosophila embryos and larvae”1. 
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Background
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For a long time, Drosophila has been a classic model organism for biologists and geneticists 

studying various developmental processes, such as embryogenesis, organogenesis, gameto-

genesis, and aging. Given its role in determining the functions of cells and tissues, the tis-

sue-specific atlas has been extensively studied in Drosophila. At present, researchers have es-

tablished several databases to sort out tissue-specific transcription atlases of Drosophila, 

including FlyAtlas12, FlyAtlas23, and DGET4. 

In recent years, single-cell multi-omics techniques have rapidly advanced, making it possible to 

analyze genome, transcription, epigenome, and proteome information at single-cell resolution. 

Researchers have conducted several studies on tissue-specific cells in Drosophila using sin-

gle-cell multi-omics sequencing techniques. Spatial information of the cell transcriptome can 

serve as reference to study the biological functions of cells in coordinating intracellular signals, 

metabolism, and development. However, current technologies, many of which adopt in situ hy-

bridization, cannot detect unknown transcripts and isomers, and are limited in identifying tran-

scripts with low copy numbers and accurately quantifying gene expression levels. In addition, the 

spatial transcription atlas of Drosophila has not been completely elucidated. At present, the 

spatiotemporal expression patterns of over 40% of genes in Drosophila remain unknown5. In 

recent years, methods such as calculative strategy6, physical division7, and local mRNA capture 

and sequencing8 have been used to analyze the spatial patterns of transcriptomes, surpassing 

any advantages of in situ hybridization and propelling progress in spatial transcriptomics meth-

ods. Nevertheless, existing DNA barcode arrays generally lack the submicron resolution and 

mRNA capture efficiency to study Drosophila embryos.
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Materials and Methods

Sample description and processing

Study description

Based on the Stereo-seq technique9 (Fig. 1) and 

using DNB microarray chips, corresponding 

sequencing reagents, and the high-throughput 

DNBSEQ-T7 sequencer, a team at BGI Research 

obtained the spatial transcription atlas of small 

samples, specifically Drosophila embryos and 

larvae. The resulting atlas featured nanoscale 

resolution with DNB barcode spacing of about 

500 nm and high-sensitivity detection. In addi-

tion, the team reconstructed the 3D spatial 

transcription atlas of Drosophila using the spa-

tial transcriptome data of longitudinal sections 

from Drosophila. The atlas lays a foundation to 

study transcription regulation of Drosophila at 

tissue and organ levels in a 3D spatial scale 

system. 

Stereo-seq (spatial enhanced resolution omics- 

sequencing) is a spatial transcriptome tech-

nique with enhanced resolution independently 

developed by BGI Research based on DNA 

nanoball (DNB) array chips and in situ capture 

technology. The DNB microarray chip first 

deposits the DNBs containing random barcode 

sequences onto a photoetched modified chip. 

Each DNB has a diameter of about 220 nm, a 

ball spacing of about 500 nm or 715 nm, and 

captures a single DNB signal to achieve 

nanoscale resolution (Fig. 2B). Compared with 

bead-based methods, the DNB-marked random 

barcode produced by rolling circle amplifica-

tion (RCA) has a greater spatial barcode pool. 

The array is sequenced to obtain the coordi-

nate ID (CID) of each etched DNB, which corre-

 

DNB microarray chips
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The model used in this study was w1118 wild Dro-

sophila. Late embryos were collected in 14-16 h 

and 16-18 h after oviposition, and called E14-16 

and E16-18, respectively. Additionally, three 

developmental stages were sampled (which 

were called L1-L3). Drosophila tissues from 

different developmental stages were frozen 

and cut into sections with a thickness of 7 μm, 

except tissue sections at the L2-L3 stages 

which were 10 μm thick. The tissue sections were 

stored in Tissue-Teck O.C.T. in a -80°C refriger-

ator until use (Fig. 2A). 

sponds to its coordinate position. By mapping 

the relationship between CID and coordinate 

position, the subsequently captured mRNA is 

assigned to its spatial position. Meanwhile, 

each point includes a molecular ID (MID) to 

distinguish between different transcripts. The 

CID sequence length of the standard Ste-

reo-seq library is 25 bp, and the MID length is 10 

bp. 

Complete flowchart of spatiotemporal atlas reconstruction, outlining products from sample 

collection and processing, library preparation, high-throughput sequencing, and bioinformatic analysis.

Fig. 1. 

STOmic reagent kit DNBelab C4 Gene sequencer DNBSEQ-T7 MegaBOLT  system

Sample processing Library preparation Sequencing Data analysis
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To reconstruct the 3D spatiotemporal transcrip-

tome atlas of Drosophila, the researchers used 

the following methods (Fig. 2D): alignment of 

regions (PASTE algorithm10), determination of the 

location of gene clusters (binning and pro-

cessed using R Seurat11 and Python package), 

determination of the type of gene clusters 

(Python package scanpy12), statistical analysis of 

gene types, mapping of 2D gene spatial distri-

bution atlas, generation of 3D spatiotemporal 

atlas by simulation (skimage algorithm13 and 3D 

Slicer software14), and finally analysis of gene 

expression in the 3D atlas (Sparse VFC function 

of Dynamo software15). 

Stereo-seq (spatial enhanced resolution omics- 

sequencing) is a spatial transcriptome tech-

nique with enhanced resolution independently 

developed by BGI Research based on DNA 

nanoball (DNB) array chips and in situ capture 

technology. The DNB microarray chip first 

deposits the DNBs containing random barcode 

sequences onto a photoetched modified chip. 

Each DNB has a diameter of about 220 nm, a 

ball spacing of about 500 nm or 715 nm, and 

captures a single DNB signal to achieve 

nanoscale resolution (Fig. 2B). Compared with 

bead-based methods, the DNB-marked random 

barcode produced by rolling circle amplifica-

tion (RCA) has a greater spatial barcode pool. 

The array is sequenced to obtain the coordi-

nate ID (CID) of each etched DNB, which corre-
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The process for in situ sequencing began with 

the capture of mRNA from tissue sections. The 

fresh nitrogen-frozen tissue sections were loaded 

onto the surface of the chip, preserved, and then 

permeabilized. Finally, reverse transcription and 

PCR amplification were conducted (Fig. 2C). The 

amplified cDNA, which served as the template 

for library preparation, was sequenced with a 

corresponding CID. The DNBSEQ-T7 sequencer 

independently developed by MGI was used for 

this sequencing process. 

Sequencing data processing and 
reconstruction of 3D spatiotemporal 
transcriptome atlas

sponds to its coordinate position. By mapping 

the relationship between CID and coordinate 

position, the subsequently captured mRNA is 

assigned to its spatial position. Meanwhile, 

each point includes a molecular ID (MID) to 

distinguish between different transcripts. The 

CID sequence length of the standard Ste-

reo-seq library is 25 bp, and the MID length is 10 

bp. 

Library preparation and in situ sequencingin situ

Drosophila

in situ Seurat

skimage

 Method of constructing the 3D spatiotemporal develop-

ment atlas of Drosophila using DNB etched microarray chips and 

in situ sequencing.This figure is derived from Figure 1 in Chen et 

al., 202216 and Figure 1 in Wang et al., 20221.

Fig. 2. 
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The degree of matching between the gene spatial expression atlas generated 

by Stereo-seq and known genes in the BDGP database. 

Fig. 3. 

First, the researchers extracted gene cluster 

information from the data obtained with Ste-

reo-seq and mapped the 2D gene spatial 

expression atlas of Drosophila embryos and 

larvae (Fig. 3A). Then, they compared and ana-

lyzed the known gene in situ hybridization infor-

mation in the 2D atlas and BDGP database 

(Berkeley Drosophila Genome Project17,18) (Fig. 

2B-C). They found that genes captured by Ste-

reo-seq were highly consistent with the ana-

tomical structure information expressed by 

genes in the BDGP, proving that Stereo-seq 

accurately reflected the spatial gene expres-

sion of Drosophila late embryos. Furthermore, 

the researchers also found that Stereo-seq 

captured large amounts of gene spatial posi-

tion information detected in the BDGP data-

base, and the expression patterns of these 

genes could be detected in the duplicate sam-

ples of late embryos (Fig. 3C). Therefore, Ste-

reo-seq captured high-quality transcription 

expression information of Drosophila late 

embryos and larvae in a high-throughput way 

and filled in gaps of the BDGP in situ hybridiza-

tion database. 

Improvement of Drosophila gene 
expression spatial position information 
in BDGP database

Results
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The researchers collected samples from five 

stages of Drosophila embryos, including late 

and larval stages, and performed Stereo-seq 

sequencing on all frozen sections. From the 

results, they developed a scheme to recon-

struct 3D transcriptome information. First, the 

researchers extracted 2D regions of each sec-

tion of the sample in the sequencing matrix and 

implemented 3D registration according to the 

shape of the sample section and similarity of the 

transcriptome. Then, after quality control, clus-

tering and annotation, they obtained the 3D 

reconstruction model of the sample (Fig. 4A). 

The researchers also checked the reconstruct-

ed 3D Drosophila model, finding that the struc-

ture of the model was highly consistent with the 

known anatomical structure of Drosophila, and 

the marker gene of the corresponding tissue 

was consistent with the results of previous 

research. 

3D reconstruction of a spatial tran-
scriptome of Drosophila embryos and 
larvae

Drosophila

Drosophila Drosophila

Drosophila

3D reconstruction of a spatial transcriptome of Drosophila late embryos and larvae.Fig. 4. Drosophila



Spatial subregions of midgut in Drosophila embryos and larvae.Fig. 5. 
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The researchers conducted a hotspot analysis 

to integrate gene expression profiles of single 

cells and other multi-modal data (such as spa-

tial position information19) to identify the module 

information of related genes, and then identified 

spatially and functionally different gene modules 

in samples during five developmental stages of 

Drosophila (Fig. 4A). By analyzing these different 

gene modules, researchers found that the 

expression levels of the gene families encoding 

chymotrypsin, trypsin, and amylase increased 

during embryonic and larval development as the 

organism matured (Fig. 4B). By further visualizing 

the 3D reconstructed midgut model, the 

researchers found that 3-4 different gene mod-

ules were distributed in the digestive tract of the 

samples at each stage (Fig. 5C). For example, 

the genes encoding digestive enzymes exhibited 

different dynamic patterns in time and space 

(Fig. 5D). These findings suggest that Stereo-seq 

data reveal the spatiotemporal dynamic 

features of the functional genes in the digestive 

tract during the development of Drosophila and 

provide clues to the changes in midgut regional-

ization during embryonic development. 

Identification and division of midgut 
subregions in Drosophila late embryos 
and larvae
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To study the state and transformation features 

of cells in Drosophila, the researchers analyzed 

the subclustering and gene spatial expression in 

the cross-section of testis cells of larvae at L3 

stage. By comparing and integrating Stereo- 

seq data and an scRNA-seq dataset20, the 

researchers identified various types of germ 

cells, including spermatogonia and primary 

spermatocytes at different stages (Fig. 6A and 

6B). The researchers also mapped the dynamic 

spatial transcription atlas of spermatogenesis in 

larvae testis via RNA rate analysis (Fig. 6D). 

Through pseudo-time and pseudo-space 

enrichment analysis on developing germ cells, 

the researchers identified the genes with high 

speed potential during spermatogenesis. The 

researchers mapped the spatiotemporal 

expression pattern during spermatogenesis, 

from spermatogonia, to early primary spermato-

cytes, and to late primary spermatocytes (Fig. 

5E-G). 

Dynamic spatial changes of testis cells 
in Drosophila larva

Drosophila

Drosophila

Subtype differentiation and dynamic changes of testis cells in 

Drosophila larvae.

Fig. 6. 

DrosophilaDrosophila



Spatial dynamic patterns of key transcription factores in Drosophila embryos and larvae.Fig. 7. 

As a spatially resolved transcriptome technique 

independently developed by BGI Research, 

Stereo-seq has nanoscale resolution, centime-

ter-level field of view, high sensitivity, and very 

high repeatability. It is a reliable tool for analyz-

ing the transcriptome of complex tissues and 

organisms. This application briefly have summa-

rized the results of a study that used Stereo-seq 

to reconstruct the 3D spatiotemporal transcrip-

tome atlas of Drosophila late embryos and 

larvae. The study also analyzed the dynamic 

changes of testis cells and the regulation pat-

tern of genes during the development of Dro-

sophila. In the future, Stereo-seq can comple-

ment medical images and histopathological 

data to generate comprehensive atlases of 

health, disease, evolution and organ develop-

ment, bringing about great changes in founda-

tional and clinical research. 

Summary

-
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To study the spatial regulation patterns of 

genes during the development of Drosophila, 

the researchers analyzed the transcription 

factors (TFs) in spatial transcriptome data using 

single-cell regulatory network inference and 

clustering (SCENIC) (Fig. 7). They found that the 

spatial patterns of TFs, like srp21 in fat body and 

Mef222 in muscle, were consistent with the in situ 

hybridization results of late embryos (Fig. 7). This 

analysis also revealed potential regulatory 

functions of some unknown TFs (such as 

CG16779, which is specifically expressed in the 

central nervous system). 

Construction of the spatiotemporal 
regulation pattern of genes during 
development of DrosophilaDrosophila

Drosophila

Drosophila

Dro-
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in situ
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