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Dear Editor,

The expression profile demonstrates how each gene was expressed in the target tissue or cell at a
given time. Cell heterogeneity is a biological concept characterized by the presence of numerous
cells with varying functions and expression profiles within organ/tissue samples. There is also
cell-to-cell signaling, which implies that the extracellular environment and spatial location
influence intracellular transcription, resulting in spatial heterogeneity of gene expression within
the same cell type. In terms of methodology, traditional transcriptome studies frequently ignore
the complexity within tissues and study them as a collection of homogeneous cells. Despite the
fact that the single-cell transcriptome (scRNA-seq) includes heterogeneous cells, spatial
information is lost during sample processing (Longo et al., 2021; Regev et al., 2017). Spatial
transcriptome technology allows for the analysis of gene expression in a variety of cells while
preserving cellular spatial information, thereby improving the presentation of the 3D

transcriptional landscape of study targets via two variables: heterogeneous cells and cellular



spatial location (Liao et al., 2021). Spatial transcriptome technologies have been widely used in
biological research fields such as development (Wang et al.,, 2022), disease (Ou et al.),
regeneration (Burkhard and Bakkers, 2018), and so on.

Several high-throughput sequencing technologies, such as spatial transcriptomics (ST),
Geo-seq, and Tomo-seq, have been used in spatial transcriptomic research to interpret spatial
patterns of gene expression in samples at high-resolution. Both 10x Genomics Visium and
Stereo-seq can achieve single-cell spatial granularity. As spatial transcriptome data has
accumulated, corresponding online databases such as SpatialDB (Fan et al., 2020), STOmicsDB,
SODB (Yuan et al., 2023), and others have emerged to aid researchers in spatial transcriptome
analysis.

Because of its short life cycle, ease of mass reproduction and rearing, and ease of genetic
manipulation, the zebrafish (Danio rerio) is a significant model species that is frequently used in
basic biology research. Furthermore, because zebrafish share 87% of the human protein sequence
(Klee et al., 2012), they are becoming more important in medical research. Despite the fact that
zebrafish spatial transcriptome data is rapidly expanding, the current spatial transcriptome
database only contains insufficient and fragmented zebrafish data. Researchers could only obtain
limited dataset information from existing databases. The various technologies used for zebrafish
spatial transcriptome data from various laboratory sources have increased data heterogeneity and
reuse complexity. To assist researchers working on fish spatial transcriptomes, we created the open
access fish spatial expression database FishSED (http://bioinfo.ihb.ac.cn/fishsed).

In this study, we compiled existing articles and raw data on the zebrafish spatial
transcriptome. We collected 3D gene expression profiles from 5 sequencing technologies and built
FishSED, the only database dedicated to fish spatial transcriptome data and the largest and most
comprehensive online resource for zebrafish spatial transcriptome data. FishSED provides a
variety of visualization services based on various sequencing technologies, as well as searching
multiple gene expression patterns and mapping across datasets, making it easy for researchers to
conduct comparative analysis. Although zebrafish is the only fish with spatial transcriptome data
to date, FishSED is designed to support multiple species, and once spatial transcriptomic
techniques are applied to other fishes, a combobox will be available for users to select target fish

species.



The database currently contains 56 published datasets, of which 9 are based on the highest
resolution 10x Genomics Visium and Stereo-seq, and 44 are based on Tomo-seq. These datasets
cover 4 different zebrafish tissue types, including 41 embryonic datasets that span different stages
of embryo development (Figure S1A in Supporting Information). The web interface of FishSED
has five main pages: "Home", "Search", "Expression", "BLAST", and "Browse" (Figure S2D in
Supporting Information). Users can browse all datasets in the main menu's "Browse" page for
sample information, sequencing technology type, data source, and project information, among
other things. All datasets are free to download (Figure S3 in Supporting Information).

The three basic types of search functionality are comprehensive search, advanced search, and
homology search (BLAST). Entering a gene symbol or a gene/project/dataset ID in the search box
in the middle of the "Home" page (Figure S1B in Supporting Information) allows users to conduct
a quick comprehensive search. The "Search" menu item in the main menu implements advanced
search, providing more detailed gene/project/dataset information options for users to fill out, and

the page will return a list of results that satisfy all inputs (Figure S4 in Supporting Information).

The BLAST tool has been integrated into the main menu "BLAST" page (Figure S5 in
Supporting Information). Users can set parameters, paste or upload sequence files, and align with
all transcript sequences in FishSED to generate a descending list of similarity. BLAST output is
tabular with comment lines, and FishSED supports one-click download of aligned sequences.

The comprehensive search and advanced search can be used to access the detailed page of a
project, dataset, or gene. Cells in the "interface" state were discovered in the microenvironment
where cancer cells met non-cancer cells during the study of tumor progression (Hunter et al.,
2021). This "interface" region is histomorphologically indistinguishable from muscle tissue, but its
transcriptional status is highly correlated with tumors. When users search for projects on the
advanced search page using the key word "interface", a project (GSE159709) is returned, and its
detailed page (Figure S6 in Supporting Information) provides information about the articles that
are associated with the project. The abstract of the article is used to generate a word cloud, and the
distribution of samples is shown in a bubble chart. Users can also view the information for each

dataset covered by the project in a list on this page.



To see the expression patterns of a target gene in the interface, tumor, and other regions, users
can click on the ID of a dataset, for example, GSE159709 (Visium-sample C), to go to its detailed
page (Figure S7 in Supporting Information), which displays more information such as sample
information, the type of sequencing technique used, the dataset's source, and so on. This page
allows users to enter multiple gene IDs or gene symbols at the same time to view their expression
patterns in this dataset. Users can also specify parameters in the form, such as exact or fuzzy
matching, to achieve the desired result. A sample slice plot, a scatter plot of cell fractionation data,
and a scatter and violin plot of expression patterns (Figure 1A-D) will be returned. We looked for
the expression pattern of the previously identified tumor marker BRAF"*"E (Figure 1A-D). In
comparison to the sample slice plot (Figure 1A), the scatterplot of cell fractionation data can show
the spatial distribution of various tissues (Figure 1B), including tumor (cluster 3, 9) and interface
(cluster 5) regions. A scatterplot for the expression pattern (Figure 1C) shows a high expression
(red area) in both the tumor and the interface region, illustrating the changes in the expression
level of BRAF"SF at different spatial sites. The violin plot directly shows BRAF"*"’F expression
levels in different groups (Figure 1D), and its expression levels tend to be consistent in tumor
(cluster 3, 9) and interface (cluster 5) groups.

In addition to the methods mentioned above, users can visit the gene detail page to learn
more about the target gene's functions. Zebrafish have been widely used in developmental biology
research, and the large Tomo-seq datasets can assist researchers in exploring gene transcription
patterns. For example, the gene camk2gl promotes the activity of calmodulin-dependent protein
kinase, which is involved in pronephros structural organization and acts upstream of or within
animal organ development and protein autophosphorylation. A simple search for camk2gl will
bring up its detail page (Figure S8 in Supporting Information), where users can look up its
location, gene type, genome version, and other basic information, as well as visualize the
structural components of the gene using a JBrowse2-embedded window (Figure 1E). Users can
browse the PPI network of camk2gl and enriched GO terms and KEGG pathways based on the
genes in the network in the "Function" section. Users can also browse the expression of this gene
by selecting sequencing technologies and datasets in the "Expression" section. Tomo-seq is the
sequencing technology with the most datasets in FishSED, and relevant datasets covering various

stages of zebrafish embryo development were organized using a folded tree. The gene expression



curves in these datasets will be displayed at the bottom of this page by clicking on the mirror
buttons to the left of the dataset ID of interest.

The "Expression" menu is used to compare the expression patterns of multiple genes. For
example, users can select one dataset (or more) from the embryonic stage, such as GSE158849
(embryo replicatel) at the one-cell stage, and enter camk2gl, grip2a and exd2. As a vegetally
localized gene, grip2a is thought to enable signaling receptor complex adaptor activity, whereas
exd2, which localizes to the animal pole, is thought to enable 3'-5' exonuclease activity. As a result,
camk2gl expression resembled grip2a but did not overlap with exd2, indicating that camk2gl
plays a more important role in the vegetal pole (Figure 1F). When compared to the other three
sequencing technologies, ST and Geo-seq datasets have distinct characteristics. FishSED
illustrates the expression patterns using sample slice plots and scatter plots for the former (Figure
1G), and 3D bar/bubble charts for the latter (Figure 1H-I) based on the different spatial

information resolutions.

Finally, we created FishSED, an easy-to-use online platform to help researchers conduct
more effective studies of zebrafish gene spatial expression patterns. FishSED covers a broader
range of sequencing technologies and a greater number of datasets for zebrafish data than the four
previously published spatial transcriptome databases (Figure S1C in Supporting Information).
With the rapid growth of spatial transcriptome data, we will track and integrate spatial
transcriptome-related data in fish, as well as maintain and update FishSED on a regular basis, to
provide the most recent and comprehensive public resources for spatial transcriptome research in

fish.
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Figure 1. A, The sample slice plot of dataset GSE159709 (Visium-sample C). The slice was
obtained by transversely cutting the whole fish to a thickness of 10 um, and the slice plot from left
to right represents the direction from the ventral side to the dorsal side of the fish body, and from
top to bottom represent the direction from the right side to the left side of the fish body. The chip
size of 10x Genomics Visium is 6.5mm x 6.5mm. B, The scatterplot of cell fractionation data of
dataset GSE159709 (Visium-sample C). The x-axis and y-axis are in the same direction as those of

the slice plot (Figure 1A). C, The scatterplot for the expression pattern of BRAF"%"F in dataset



GSE159709 (Visium-sample C). The direction of the x-axis and y-axis is the same as those of
Figure 1A. D, The violin-box plot of expression levels of the gene BRAF"5"F in muscle, tumor
and interface groups in dataset GSE159709 (Visium-sample C). The x-axis represents the cell
clusters of muscle, tumor and interface, and the y-axis represents expression levels. E, A part of
the detailed page of gene camk2gl (gene id: ENSDARGO00000071395). F, Visualization of gene
expression patterns in the Tomo-seq dataset. The x-axis represents the orientation of the embryo
from the animal pole to the vegetal pole, as stated in the subtitle. Note that the magnitude of the
x-axis represents the position of each section and the actual thickness of each section varies from
dataset to dataset. G, Visualization of a ST-based dataset. This is the spatial expression pattern of
the gene pmela (gene id: ENSDARGO00000091298) in a section of zebrafish transplanted tumor
from dataset GSE115140 (cancer). Gene pmela enables ATP binding activity and metal ion
binding activity and acts upstream of or within several processes, including amyloid fibril
formation, melanocyte differentiation and melanosome organization. Each spot printed on the
array is 100pm in diameter and covers an area of 6.2 mm X 6.6 mm. H-I, Visualization of

expression levels respectively for a single gene and multiple genes in the Geo-seq dataset.
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