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Abstract

The brain is the central hub of the entire nervous system. Its development is a lifelong process guided by a genetic blueprint. Understanding
how genes influence brain development is critical for deciphering the formation of human cognitive functions and the underlying mechanisms
of neurological disorders. Recent advances in multi-omics techniques have now made it possible to explore these aspects comprehensively.
However, integrating and analyzing extensive multi-omics data presents significant challenges. Here, we introduced MAPbrain (http://bigdata.
ibp.ac.cn/mapBRAIN/), a multi-omics atlas of the primate brain. This repository integrates and normalizes both our own lab’s published data and
publicly available multi-omics data, encompassing 21 million brain cells from 38 key brain regions and 436 sub-regions across embryonic and
adult stages, with 164 time points in humans and non-human primates. MAPbrain offers a unique, robust, and interactive platform that includes
transcriptomics, epigenomics, and spatial transcriptomics data, facilitating a comprehensive exploration of brain development. The platform
enables the exploration of cell type- and time point-specific markers, gene expression comparison between brain regions and species, joint
analyses across transcriptome and epigenome, and navigation of cell types across species, brain regions, and development stages. Additionally,
MAPbrain provides an online integration module for users to navigate and analyze their own data within the platform.
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structure, cellular diversity and circuit formation (1). Under-
standing the mechanisms that govern this process is crucial for
gaining deeper insights into the brain, especially in humans
and non-human primates, which have evolved advanced and
complex functions (2). Recent technological advancements
have brought researchers closer to a comprehensive under-
standing of the brain, extending from molecular and cellular
levels to circuits and behavior. Innovations such as single-cell
RNA sequencing (3), spatial transcriptomics (4) and single-
cell epigenomics (5) are opening promising new avenues for
research. These technologies enable the delineation of cell di-
versity, measurement of chromatin accessibility at the single-
cell level and mapping transcript spatial locations, providing
unprecedented opportunities to analyze the complex nature
of mammalian brains, particularly in humans and non-human
primates.

With the rapid growth of high-throughput sequencing tech-
nologies and the increasing interest in neuroscience, pub-
licly available brain sequencing datasets have expanded sig-
nificantly. Recently established databases offer researchers
easy access to large-scale brain genomics resources. For
example, the single-omics databases like scBrainMap pro-
vides single-cell transcriptomic data across 124 brain re-
gions, covering 128 developmental periods of 14 species
(6); STAB2 showcases single-cell transcriptomics data across
101 brain regions, covering 45 developmental stages of hu-
mans and mice (7) and ZEBRA presents single cell transcrip-
tomics data across 39 brain regions of human and mouse
during aging and disease (8). Additionally, StomicsDB ex-
plores spatial transcriptomics data of 17 species (9). Further-
more, the databases such as NeMO (10), TEDD (11) and
SCAN (12) collect multi-omics data across various brain re-
gions and provide frameworks for showcasing each dataset
individually.

To our knowledge, there are no databases dedicated to the
cohesive integration and interpretation of multi-omics data,
specifically focused on human and non-human brain devel-
opment across prenatal, postnatal, adult and aging stages. To
address this gap, we have developed the MAPbrain database.
This repository gathers both our own lab’s published and
publicly available multi-omics data from 38 key brain re-
gions and 436 subregions across embryonic and adult stages,
with 164 time points in humans and non-human primates.
MAPbrain offers a unique and robust platform that in-
cludes transcriptomics, epigenomics, and spatial transcrip-
tomics data, facilitating a comprehensive exploration of brain
development. MAPbrain integrates the most recent published
data, providing a larger population of cells and a more ex-
tensive and finely classified array of brain regions and de-
velopmental stages. Our database uniquely focuses on hu-
man and non-human primate brain development and offers
analysis modules that enable interactive data visualization,
differentially expressed gene searches, cross-species compar-
isons and inter-omics joint analysis. Furthermore, the inter-
active visualization of the integrated datasets facilitates pre-
cise navigation of cell types and provides anchors for accu-
rate cell annotation of user-uploaded datasets. Through ex-
tensive analysis of publicly available brain datasets, MAP-
brain serves as a versatile online platform for exploring brain
development, enabling users to unravel the spatiotemporal
complexities of the brain at regional, cellular and molecular
levels.
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Materials and methods

Data collection

Data were collected by searching PubMed and other public
databases, such as Gene Expression Omnibus (GEO) (13),
the UCSC Cell Browser (14), NeMO (10), Descartes (15,16),
EMBL-EBI (https://www.ebi.ac.uk/) (17) and Allen Brain Map
(https://portal.brain-map.org/) (18), using the following key-
words: (i) scRNA, scRNA-seq, single-cell RNA seq, single-
cell transcriptome, single-nucleus, ATAC-seq, scATAC-seq,
epigenome and spatial transcriptome, in combination with (ii)
human brain, monkey brain, primate brain, and specific brain
regions. Importantly, datasets generated from cell lines, brain
organoids, or disease samples, as well as datasets without cell
type annotation or supporting information for cell annota-
tion were explicitly excluded. Metadata were manually an-
notated, unified, and verified to ensure consistency. We stan-
dardized cell-type, brain region and age information, mapping
similar cell types or brain regions onto each other. We also
provided a categorical scale for age information across pre-
natal, postnatal, and adult brain stages, standardizing post-
natal ages to years. For cells without existing cell type an-
notation, we assigned cell types according to the expression
of marker genes and integrated them with the annotated
datasets to verify cell type information. Annotated datasets
are available for download from our website, with datasets
having access restrictions excluded from the downloadable

files.

Preprocessing and integration

We collected gene expression matrices from the available
datasets, all of which have been aligned to the reference
genome. As noted in the original studies, the data were aligned
to the following genome assemblies: hg19 or hg38 (Human),
Macaca fascicularis genome version 5.0 (Macaca fascicu-
laris), rheMac10 or Mmul10 (Macaca mulatta), Clint_PTRv2
or panTro6 (Chimpanzee), calfac3 or CJ1700 (Marmoset),
Susie3 (Gorilla). For preprocessing the single cell RNA-seq
data, we used the Seurat package (v5.0.1) (19), setting pa-
rameters to 150 < nFeatures < 8000 and mt-ratio < 10%
for cell quality control. To standardize feature names, we used
biomaRt (20) to convert ENSEMBL IDs (21) to gene symbols.
For datasets containing >15 000 cells, we randomly sampled
each dataset down to approximately 15 000 cells for down-
stream integration. Within each dataset, we utilized ‘Normal-
izeData’ and ‘FindVariableFeatures’ functions to normalize
gene expression matrices and identify highly variable genes.
The PCA embeddings, calculated using the ‘RunPCA’ func-
tion, were then input into the ‘RunHarmony’ function from
the harmony package (22) to integrate single-cell data across
different datasets. The cell type navigation for all the datasets
was calculated using the ‘RunUMAP’ function with harmony
embeddings as input. To address the issue of cell crowding
in the UMAP latent space and achieve a more readily inter-
pretable representation, we embedded single cell data in a low-
dimensional hype-spherical using scPhere (23). The gene ex-
pression matrix, containing only variable genes, was imported
into the function ‘SCPHERE’ function and Trainer for model
building and training. After training, we mapped the cells into
the hyperspherical space using the *model.encode‘ function
(Supplementary Figure S1). For cross-species data integration,
we utilized 1:1 orthologs with the BioMart interface, ensuring
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that each gene from one species has a direct counterpart in the
other species being studied.

Processing of spatial transcriptomics data

Space Ranger (version 1.0.0) software from 10X Ge-
nomics was utilized for processing, alignment and counting
barcodes/UMIs against the human hg38 reference genome
for each spot on the Visum spatial transcriptomic array. The
resulting raw UMI count matrix, images, spot-image coordi-
nates, and scale factors were imported into Seurat. The ‘SC-
Transform’ function was used to normalize expression values
for total UMI counts per cell, followed by dimensionality re-
duction and clustering using the ‘RunPCA’, ‘FindNeighbors’,
‘FindClusters’ and ‘RunUMAP’ functions. The ‘SpatialDim-
Plot’ function was employed to visualize spatial gene expres-
sion from the 10X Visium assay overlaid on tissue images.
The gene expression count matrices and the mapped spot co-
ordinates onto the tissue images were exported for spatial
visualization.

Processing of ATAC-seq data

For single-cell ATAC-seq data with available peak files, we
converted the peak files in BED format into the bigwig file
format using the bedGraphToBigWig tool (24) for visualiza-
tion in the Genome Browser. For those ATAC-seq data with-
out available peak BED files, we utilized an ATAC-seq ana-
lyzing pipeline for data processing. Specifically, reads filter-
ing, mapping (mapping to the human reference genome hg19)
and transposase cut site identification were performed with
the Cell Ranger ATAC Software (v1.2.0). The generated frag-
ment files were then processed with the R package SnapATAC
(v 1.0.0) and snap file with a bin size of 2.5 kb was gener-
ated. The resulting cell-by-bin count matrix was first con-
verted into a binary matrix by replacing the non-zero items
with 1. Then, cells that were outliers for any of the follow-
ing criterion were considered to be of low quality and dis-
carded: (i) logyo-transformed number of unique fragments be-
tween 2 and 5 (log10(UMI)); (ii) fragments in promoter ra-
tio between 0.15 and 0.6; (iii) the number of fragments in
peaks between 1000 and 40 000; (iv) the fraction of frag-
ments in peaks >30% and (v) transcriptional start site (TSS)
enrichment score >1.8. Bins overlapping with the ENCODE
blacklist were excluded. The filtered binarized cell-by-bin ma-
trix was the loaded into R package Signac (v0.2.5) for sub-
sequent dimensionality reduction analysis and cell type an-
notations. For each cluster, peak calling was performed with
fragments from cells in the cluster by using the command
MACS2 and the parameters ‘“nomodel —shift 100 —extsize
200 —qval Se-2 -B -f BED -nolambda —keep-dup all —call-
summits’ callpeak in MACS2 software (v2.2.7.1) (25). Peaks
from each cluster were then merged and a binarized cell-by-
peak matrix was constructed by converting non-zero counts to
1. The resulting peak files in BED format were then converted
into the bigwig file format using the bedGraphToBigWig
tool.

Differentially expressed gene (DEG) identification

Differentially expressed genes among cell types were identified
using the ‘FindAllMarkers’ function in Seurat (v5.0.1). Genes
with an adjusted P-value <0.05 and log fold change >0.25
were considered significantly elevated in specific cell types.
The genes were then arranged by log fold change in descend-
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ing order, and the top 10 markers were selected for DEG
heatmap visualization.

Cell mapping

To establish a precise and effective framework for predicting
cell types in user-uploaded datasets, using cell annotation data
from the MAPbrain datasets as a reference, we implemented
the following pipeline. First, we merged the user-uploaded
dataset with the MAPbrain dataset, normalized gene expres-
sion with the ‘NormalizeData’ function and selected variable
genes with the ‘FindVariableFeatures’ function. Next, we con-
ducted PCA-based dimensionality reduction with the ‘Run-
PCA’ function. The resulted pca-embeddings were then im-
ported into the ‘RunHarmony’ function from the harmony
package (22) for dataset integration. UMAP-based dimen-
sionality reduction was subsequently performed using the
‘RunUMAP’ function with the harmony embeddings as input.
To infer cell identities of the user-uploaded dataset, we con-
ducted k-nearest neighbors analysis (knn) in the UMAP latent
space using the R function knn, with parameters k and I. For
each query cell, we counted the identities of its k closest ref-
erence cells. If at least (k — 1) reference cells shared the same
cell identities, the query cell was assigned to that cell identity.
The cell mapping results were then exported as a .csv file and
sent to the user via e-mail.

Website implementation

MAPbrain is a user-friendly website developed us-
ing JavaScript, PHP, and the ThinkPHPS5.0 (https:
/lgithub.com/kongrp/thinkphp5.0) framework. It supports
browsing, querying, and various analysis functionalities. The
site integrates the visualization tool Plotly (https:/plotly.com/)
and the genome browser plugin JBrowse 2 (26), providing
users with an intuitive data exploration experience. Users
can easily explore available data, perform queries, and access
additional analysis tools without the need for username and
password authentication.

Results

Database overview

The database consolidates a wide array of multi-omics
datasets, including single-cell transcriptomics, epige-
nomics and spatial transcriptomics, from human and five
non-human primate species including Macaca fascicularis,
Macaca mulatta, Chimpanzee, Gorilla and Marmoset. The
collected studies exhibit heterogeneity in several aspects:
collection methods vary, annotations are inconsistent, and
sample regions differ. After data standardization and inte-
gration of over 60 public datasets (Supplementary Table S1)
(15,18,27-73), we assembled a corpus of 13 712 470 cells
from the human brain and 8 028 186 cells from non-human
primate brains, spanning prenatal, postnatal, and adult de-
velopmental stages with 164 time points. The human brain
samples cover 36 key brain regions and 371 subregions
of human, while the non-human primate brain samples
cover 22 key brain regions and 82 subregions (Figure 1,
Supplementary Table S2). Notably, MAPbrain encompasses
most major brain regions and developmental time points
from both human and non-human primate brains. Using the
Harmony integration method, we mapped different groups
of cells from diverse datasets into a shared embedding, effec-
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Figure 1. The MAPbrain database utilizes an open-data approach, offering unrestricted access to over 21 million high-quality cells. These cells are
derived from 436 sub-regions across 38 brain regions and 164 developmental time points, ensuring extensive coverage and utility for a wide range of

research applications.

tively correcting for batch effects across the diverse datasets.
This mapping reflects the levels of gene expression similarity
among cell types by their proximity on the map.

The MAPbrian website features 6 main sections: ‘Home’
section, ‘Browse’ section, ‘Analysis’ section, ‘Submit’ section,
‘Download’ section and ‘Help’ section. The ‘Analysis’ section
contains six analysis modules: ‘Analysis-UMAP’; ‘Analysis-
Compare’,  ‘Analysis-ATACseq’,  ‘Analysis-Spatialmap’,
‘Analysis-Inter_Omics’ and ‘Analysis-CellMapping’, facil-
itating interactive exploration and analysis at multi-omics
levels and integrating a self-constructed pipeline for cell anno-
tation (Figure 1). The web application and search engines of
MAPbrain are installed on a high-performance Linux server,
ensuring unrestricted access to the MAPbrain database and
the analysis modules for interactive data exploration and cus-
tomized analyses. Overall, MAPbrain serves as a user-friendly
database offering an extensive cross-study summary of the
human and non-human primate brains in the context of brain
development.

Search engine and Quick start of MAPbrain

On the ‘Home’ page of the website, we introduce the main
content of the data collection and the functionality of the
database, along with a cell type navigation map. The interac-
tive cell type navigation map enables precise cell positioning
and annotation on the integrated sphere map. Users can also
search for information related to brain regions, cell types, and
genes of interest through the query box in the ‘Home’ section
(Figure 2A). Additionally, the Home page offers quick link to
specific sections, allowing users to access them by clicking on
the categorized icons or entries in the data information box
below quick search section.

Browse significant differences cross data

The ‘Browse’ section provides an overview of the data col-
lection, where entries are classified into a hierarchical struc-
ture, starting from species to brain regions, and organized to
present the statistical parameters for each calculated marker
within specific cell types, brain regions and developmental

time points. Overall, an extensive collection of 1 078 709
markers for 161 cell types spanning 164 developmental time
points across different brain regions were provided. Moreover,
each marker was hyperlinked to the analysis module for de-
tailed visualization of the selected gene (Figure 2B).

Interactive exploration of MAPbrain
transcriptomics data

Analysis-UMAP modules offers interactive visualization of
single cell transcriptomics data (Figure 2C). On this page, user
can access the gene expression profiles of specific genes by sim-
ply searching the gene symbol on the ‘Gene expression’ search
box on the UMAP-analysis module (Figure 2D). Furthermore,
the Analysis-UMAP module includes statistical boxplots of
each dataset across six species, based on metadata such as
cell-type, time, and sub-region. Another sub-module within
the Analysis-UMAP provides heatmaps that show the mean
expression distribution of the top 10 differentially expressed
markers, ranked by fold change values, and grouped by di-
verse cell types from the selected data set (Figure 2E). In addi-
tion, all plots are interactive, enabling zooming, downloading,
and toggling of the presentation of categories, and user can
easily access cell positioning, cell type, brain region, develop-
mental time point information by hovering the mouse over
data points (Figure 2F).

Geometrical visualization of MAPbrain spatial
transcriptomics data

For spatial transcriptomic data, the Analysis-Spatialmap mod-
ule displays the gene expression on interactive images of dif-
ferent tissue slices. Upon selecting species, tissue, and submit-
ting a gene symbol in the ‘Genes/Ensembl ID’ search box, the
spatial gene expression profiles of the corresponding genes are
projected on the spatial image (Figure 2G).

Comparative investigation of MAPbrain
epigenomics data

For snATAC-seq data, the Analysis-ATACseq module dis-
plays chromatin accessibility loci across various cell groups
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and developmental stages, supporting comparative views of
multiple datasets by selecting them in the drop-down menu
(Figure 2H).

Overall, these modules facilitate effortless integrative ex-
ploration of specific genes at multi-omics levels.

Comparative analysis across conditions

Cross-condition analysis is also a major focus for researches,
as it is critical for understanding how different genetic pro-
grams affect biological systems or processes. MAPbrain pro-
vides an Analysis-Compare module, offering cross-species and
cross-region pair-wise comparison analysis in gene expression,
cell type composition, and developmental time points. Users
can go to the Analysis-Compare module by clicking ‘Com-
pare’ in the drop-down menu. By selecting species and tissue
types and submitting gene symbol in the ‘Gene Expression’
search box for both datasets, users can easily access the qual-
ity metrics of the datasets, the cell type composition, the ex-
pression profiles of the selected genes, and the heatmap show-
ing differentially expressed genes among cell populations in
each dataset (Figure 3), which provides valuable tools for
cross-condition analysis. Apart from the visual comparison
of gene expression data, MAPbrain provides an online dif-
ferential expression analysis tool that allows users to directly
compute differentially expressed genes between two selected
datasets, showing with data visualization and results down-
load options. This feature enables customized cross-species,
cross-region or cross-cell-type comparison of the data within
the MAPbrain database.

Joint multi-omics analysis

RNA-seq reveals gene expression levels, while ATAC-seq iden-
tifies accessible chromatin regions. Linking RNA-seq and
ATAC-seq provides a more comprehensive understanding of
gene regulation by connecting changes in chromatin accessi-
bility with gene expression data, offering deeper insights into
the mechanisms underlying cellular processes and brain devel-
opment. To achieve this, MAPbrain provides a joint analysis
of gene expression profiles and the accessibility of the regu-
latory elements in chromatin, combining the RNA transcrip-
tional profiles with chromatin accessibility data from related
regulatory elements and supports an interconnected visualiza-
tion of gene expression and chromatin accessibility of asso-
ciate gene elements. In this module, users can access chromatin
accessibility and genes expression by querying a gene symbol
in the ‘Gene Expression’ search box. Additionally, by selecting
multiple ATAC-seq datasets with different developmental time
points, users could compare the dynamic changes of the reg-
ulatory elements throughout brain development. The search
results are displayed in two separate windows for each omics
(Figure 4).

Cell mapping analysis

To maximize the utility of our integrated data, MAPbrain in-
cludes an online tool that accepts user sequencing data as in-
put. By harmonizing user-provided data with our annotated
data, this tool provides reliable prediction of cell type annota-
tions and generates a cell navigation map for the input data,
enabling users to explore their own data using MAPbrain.
Users can submit their own data by clicking the ‘Submit’ but-
ton in the ‘CellMapping’ module. It’s important to note that
the input file format for this analysis should be a Seurat object.

Nucleic Acids Research, 2025, Vol. 53, Database issue

Users can specify the parameters ‘paral’ and ‘para2’. ‘paral’
corresponds to the number of neighbors used to make the pre-
diction. ‘para2’ corresponds to minimum votes for a definite
decision. Once the CellMapping analysis is complete, the cell
annotation results will be sent to the user via E-mail (Figure 5).

Accessible data and website

In the ‘Submit’ section, users can upload their own datasets to
the database. In the ‘Download’ section, users can download
all processed datasets as SeuratObject in RDS file format, en-
abling further analysis with the R Seurat package. In the ‘Help’
section, we have provided extensive guidance and detailed de-
scriptions for navigating the MAPbrain platform.

Discussion

With the rapid advancement of single-cell sequencing and
multi-omics techniques, the availability of transcriptome,
epigenome, and spatial transcriptome studies on the primate
brain has been expanding continuously (51,69). However, the
absence of universal standards for data annotation and inte-
gration significantly limits researchers’ ability to extract in-
depth information from this vast data repository. Specifically,
the compatibility among various data formats across differ-
ent omics and datasets is often inadequate, which hinders the
widespread application and research of these valuable data
collections.

To date, various databases have been developed to explore
human brain data, most of which are limited to showcas-
ing individual datasets. By applying a recently developed and
widely adopted integration pipeline to a large data collection,
MAPbrain provides a broader spectrum of brain regions, a
finer classification of sub-regions, and a wider range of de-
velopmental periods compared to other existing databases.
Unlike model animals like mice, human and non-human pri-
mates brain samples are more valuable and rarer to acquire.
To our knowledge, MAPbrain incorporates the largest assem-
blage of transcriptome data from human and non-human pri-
mates brain, with over 21 million cells, enabling comparisons
of ongoing transformations during brain formation at spatial
region and temporal stage levels. Furthermore, the integration
of multi-omics data along with the integrative and interactive
analysis functions provides a valuable platform for studying
brain development.

The collection of both human and non-human primates
brain data, facilitating cross-species comparisons. Under-
standing the differences between human and non-human pri-
mates brains is crucial for gaining insights into developmen-
tal and evolutionary variations in cognition. Meanwhile, the
similarities between them make non-human primates brains
ideal research subjects for invasive experiments and data
acquisition.

We also notice that there is still room for improvement
in MAPbrain. Currently, most metadata are collected using
different annotation standards across different data sets, as
dictated by their original publications. This variation can af-
fect the consistency of integration results. Selecting a reference
dataset for each brain region and mapping the curated an-
notation on other dataset might be a suitable solution to the
problem. Additionally, variations in sequencing depth among
sc/snRNA-seq datasets make it difficult to eliminate batch ef-
fects and complicate data integration analysis.
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The emergence of spatial transcriptomic technologies
at single-cell level-such as Stereo-seq (74), STARmap (75), se-
qFISH (76) and MERFISH (77)- has led to a surge in data
published and demonstrated in diverse formats and frame-
works. Future work for MAPbrain could involve incorporat-
ing a significant archive of spatial transcriptomic data, ex-
panding the range and enhancing the spatial resolution of
our database. Building on the previously established tool Al-
lenDigger (78), MAPbrain could map deep sequencing data
onto the original spatial location within the brain, creat-
ing a precise cell navigation brain map. This would facili-
tate the further exploration of spatio-temporal dynamics and
functional heterogeneity within the brain at the single-cell
level.

Overall, we will continuous to incorporate newly published
data, particularly the spatial transcriptomics data, to create
a comprehensive multi-omics database on brain development
in humans and non-human primates, serving as valuable re-
source for neuroscience research.

Data availability

MAPbrain is freely available at http:/bigdata.ibp.ac.cn/
mapBRAIN/.

Supplementary data
Supplementary Data are available at NAR Online.
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