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ABSTRACT

Single-cell bisulfite sequencing methods are widely
used to assess epigenomic heterogeneity in cell
states. Over the past few years, large amounts of data
have been generated and facilitated deeper under-
standing of the epigenetic regulation of many key bi-
ological processes including early embryonic devel-
opment, cell differentiation and tumor progression.
It is an urgent need to build a functional resource
platform with the massive amount of data. Here, we
present scMethBank, the first open access and com-
prehensive database dedicated to the collection, in-
tegration, analysis and visualization of single-cell
DNA methylation data and metadata. Current release
of scMethBank includes processed single-cell bisul-
fite sequencing data and curated metadata of 8328
samples derived from 15 public single-cell datasets,
involving two species (human and mouse), 29 cell
types and two diseases. In summary, scMethBank
aims to assist researchers who are interested in cell
heterogeneity to explore and utilize whole genome
methylation data at single-cell level by providing
browse, search, visualization, download functions
and user-friendly online tools. The database is ac-
cessible at: https://ngdc.cncb.ac.cn/methbank/scm/.

INTRODUCTION

As an important layer of epigenomics, DNA methylation
(DNAm) provides important insights into transcriptional
regulation and biological processes including genomic im-
printing, early embryonic development and cancer progres-
sion (1-3). Although bulk whole genome bisulfite sequenc-
ing (WGBS) has made great efforts in mapping the DNA

methylome landscape across types of tissues, it still has cer-
tain deficiencies in explaining the cell heterogeneity and un-
derstanding the development dynamics in specific biolog-
ical status (4). Besides, it is difficult to obtain large num-
bers of cells for many important physiological issues, such
as mammalian early embryogenesis (5,6). At present, ad-
vances in sequencing methods have enabled the develop-
ment of strategies to analyze DNA methylation at single-
cell resolution including scRRBS (7) and scBS-seq (8), and
multi-omics approaches such as scTrioSeq?2 (9) and scM&T-
seq (10), which have greatly facilitated the exploration of
cellular epigenetic heterogeneity.

However, the continuous accumulation of the vast
amount of experiments and datasets poses a great challenge
for the integration and reuse of single-cell DNA methyla-
tion data. In addition, how to retrieve such huge amount of
whole genome methylation data is one of the bottlenecks
due to the internet bandwidth limitation (11,12). In this
case, most databases only provide the storage and down-
loading for the raw data, and therefore researchers cannot
obtain intuitive and effective information from these data
which lack unified metadata. Despite some efforts, there is
still a drastically shortage of systematically designed single-
cell DNA methylation databases up to now. For example,
the only single-cell methylation database HeteroMeth (13),
stores only 150 DNA methylation heterogeneity data rather
than the whole genome methylation profiles. Additionally,
the traditional bulk methylation analysis and visualization
tools are intrinsically limited in interpreting the single-cell
methylation data because of the special data structure of
sparsity and duality. Therefore, it is highly necessary to es-
tablish a platform to comprehensively integrate published
data from different studies to make them reusable and com-
parable.

Here, we present scMethBank (The single-cell Methy-
lation Bank), a comprehensive and curated database that
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integrates single-cell methylation data and metadata from
publicly available datasets (Figure 1). By collecting data
produced by several kinds of main bisulfite-based strategies
and characterizing methylation status at single-base resolu-
tion with a standardized workflow, scMethBank builds the
whole genome methylation maps at single-cell level for hu-
man and mouse. It provides with the genome-wide single-
cell DNA methylation profiles and value-added curation
metadata across multiple biological conditions including
cell types, developmental stages, disease states, and treat-
ment methods. Moreover, random access to methylation
data of any genome interval has been achieved by optimiz-
ing the underlying database storage and inquiry. A user-
friendly interface is equipped to support interactive ex-
ploration and visualization of single-cell methylation pro-
files with single-base accuracy. Other functions in scMeth-
Bank include data searching and downloading, interactive
genome browser with custom tracks, and online analysis
and graphical tools specifically designed for the single-cell
methylation data. We expect this database can provide valu-
able single-cell methylation data resources to accelerate sci-
entific discoveries and lead to a new paradigm into epige-
netic heterogeneity.

MATERIALS AND METHODS
Data collection and curation

scMethBank collected and organized single-cell methyla-
tion sequencing data from NCBI sequence read archive
(SRA) (14) through keyword and literature search. For
meta data, sample descriptions were sourced from NCBI
GEO database (15) and manually reviewed supplementary
information submitted by the authors in the original publi-
cation if there is one.

Data processing and analysis

A standardized analysis workflow was applied to the fol-
lowing processes including sequencing reads format conver-
sion, quality control, alignment, methylation level estima-
tion, differential methylation analysis, cell cluster analysis,
and gene set enrichment analysis.

All bisulfite sequences were subjected to quality control
by FastQC v0.11.7 (http://www.bioinformatics.babraham.
a.uk/projects/fastqc/). Adaptors and low-quality bases
were trimmed using trim galore v0.6.1 (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/).
Next, reads those passed quality control were mapped
to the reference genome (hg38 for human and mm10 for
mouse). To recover more informative cytosines, scBS-map
(16), a tool applying local alignment to enhance single-cell
bisulfite sequencing data efficiency, was used to conduct
reads alignment on account of the low ratio of unique
mapped reads. Methylation calls were extracted from BAM
files after the duplicated sequences had been removed using
CGmapTools (11). The read coverage threshold used to
call the DNA methylation level for single cytosine was
1x for single-cell samples (17). Specifically, a cytosine site
with greater than 90% DNA methylation was considered
methylated, whereas one with <10% DNA methylation was
considered unmethylated (8,17). All processed data were
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normalized to 0 (unmethylated) and 1 (methylated). After
the methylation BED file was obtained, the subsequent
steps including visualization and analysis were performed
with customized R and Perl scripts. To verify the data
process of scMethBank, we used a real biological dataset
(GSE81233) of human preimplantation embryo to repro-
duce the dynamic development progress of methylation
level (17).

Database implementation

scMethBank were organized with Spring Boot
(http://spring.io/), deployed in Centos Linux environ-
ment. The processed data and annotated files were
stored in MySQL (https://dev.mysql.com). The front-
end display was achieved using HTMLS5 rendered
by  Thymeleaf (https://www.thymeleaf.org), = Boot-
strap4  (https://getbootstrap.com) and Semantic UI
(https://semantic-ui.com). Several JavaScript libraries
such as zTReelJS, Highchart]S EchartsJS, Plotly]JS and
AJAX strategies were used to construct interactive and
dynamic web pages. JBrowse (https://jbrowse.org) (18) was
integrated to visualize single-cell methylation data on genes
of interest. The interactive application Lollipop Plotter for
single-cell methylation data was implemented based on
customized Perl and R scripts. The background analysis of
the enrichment tool was also underpinned by the in-house
scripts which used R packages including ChIPseeker (19)
and clusterProfiler (20).

DATABASE CONTENTS AND FEATURES
Overview of scMethBank

Presently, scMethBank provides genome-wide single-cell
DNA methylation profiles and curated metadata of 8328
samples from both human and mouse, covering 15 projects,
29 cell types and two disease conditions. Embryonic cells
(11.0%), cancer cells (14.4%), germ cells (10.7%), nerve cells
(54.5%), stem cells (7.9%) and other cell types (2.3%) are
recorded in the database. The biological contexts involved
including early embryonic development, cancer progres-
sion, cell differentiation and aging. To our knowledge, the
data we collected cover almost all of the known single-cell
bisulfite-based sequencing methods. All processed data in
scMethBank are freely accessible.

The homepage displays cell types information stored in
scMethBank through a tree structure, which are linked to
corresponding samples of interest. Meanwhile, the home-
page supports searching function of multiple items includ-
ing datasets accessions, tissues, cell types, treatment meth-
ods and diseases. In addition, users can navigate the whole
database through four featured function modules: Browse,
Visualize, Tools and Download. Apart from this, instruc-
tions for the usage of the database are accessible in the Doc-
umentation page.

Browsing interface

scMethbank provides a browsing interface and users can
browse and perform some extended operations, such as
searching, filtering and downloading. Besides, the browse
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Figure 1. Workflow for data processing and overview of scMethBank.

module also stores information of samples and correspond-
ing datasets as well as methylation levels of genes and differ-
entially methylated regions (DMRs) between different cell

types.

Datasets and samples. In the datasets browsing module
(Figure 2A), kinds of relevant datasets information are in-
cluded such as accession numbers, library protocols, cell
types and their counts, technology platforms and others.
To establish connections between single-cell multi-omics
datasets and better characterize cell function and regulatory
processes, links to single-cell expression databases includ-
ing scRNASeqDB (21), Single Cell Portal (https://singlecell.
broadinstitute.org/single_cell) and Gene Expression Nebu-
las (GEN) (https://ngdc.cncb.ac.cn/gen/) are provided. De-
tailed information of every sample recorded in the database
is displayed in the sample browse module (Figure 2A). Each
sample is assigned 13 manually-curated attributes so users
can narrow down the query results by corresponding key-
words including the cell type, development stage, treatment,
disease, sex and age. It’s also allowed to select high-quality
data from the detailed sequencing information in the drop-
down secondary menu including bisulfite conversion effi-
ciencies, sequencing platforms and sequencing depths. For
search results, one or more samples can be added into the
carts and downloaded with the corresponding processed
BED format file or detailed meta table.

Genes. scMethBank provides easy access to the gene of in-
terest by gene symbol, gene ID or genomic location, that
will be of benefit to users to explore the methylation sta-
tus and variation of genes in specific biological contexts in
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a greater depth. scMethBank returns the genes satisfying
the criteria with gene alias, detailed description, genomic
location and a link to the page where methylation details
will be displayed. Here, we provide a box plot (Figure 2B)
to show the average methylation levels of the gene across
all cell types stored in the database, which makes it easy to
compare the methylation level of the genes among differ-
ent cell types. Beyond that, the methylation browser allows
users to interactively visualize the single-cell methylation
patterns of samples by loading or unloading the tracks for
processed data and other related data at the single-base res-
olution, thereby helpful to make simple side-by-side com-
parison across different samples.

DMRs. Detection of differentially methylated regions
which are altered during development or perturbed by dis-
ease (22) has important benefits to understand the under-
lying causes of differential gene expression (23). scMeth-
Bank provides easy access to DMRs between different cell
types that are pre-identified by using published method (17).
Based on the single-cell DNA methylation data, scMeth-
Bank has identified 165 918 DMRs across 6 datasets and 29
pairs of different cell types. DMRs were characterized with
features including genomic locations, associated genes, an-
notation of genomic elements, and GO and KEGG enrich-
ment (24,25) analysis results (Figure 2C). For the specific
DMR region of a group of cells, clicking ‘+’ under ‘Methy-
lation Distribution’ displays a scatter plot of the methyla-
tion level distribution of the two cell types. All details dis-
played in the forms of tables and images are downloadable.
These are significant to highlight the regulation and func-
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Figure 2. Screenshot of the browse module of scMethBank. (A) Browse page for datasets (right) and samples (left) in the database. (B) Left: Detailed
information can be viewed by selecting the gene or position in the gene browse module. Right: The top table shows the basic information of the selected
gene (PGAMS), and the box plot in the middle shows the average methylation level of the gene of all samples included in the database. Genome browser

provides users with the position of the gene (PGAMS) and CpG islands on it. (C) Browse DMRs by selecting the datasets and cell types pairs. Results
shows the distribution statistical information and enrichment results about the DMR lists.
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tional roles of DMRs by associating single-cell methylation
profiles of different cell types, conditions or diseases with
specific gene functions.

Interactive visualization

Although the average methylation level within a region re-
flects the basic characteristics of a heterogeneous popula-
tion to some extent, it will also mask the complexity of
methylation patterns (26). Therefore, the way to unleash
the real value of single-cell methylation data is to make the
genome-wide data searchable and visualized at single-base
accuracy in the database. To correctly characterize the het-
erogeneity of methylation patterns, scMethBank builds up
a vast amount of single-cell whole genome methylation data
pool of Terabase level storage that allows users to retrieve
methylation profiles with single-base precision from over
8000 different samples. In addition, scMethBank provides
two ways to interactively visualize CpG methylation pat-
terns for samples of interest (Figure 3A). First, a heatmap
mode plot enables users to browse a relatively broader
methylation pattern of the local region by inputting the
gene name or specifying the genomic location. The heatmap
provides an intuitive comparison of the methylation sta-
tus of different samples. Secondly, for the patterns of cer-
tain sites of particular concern, a more refined lollipop-like
plot is also allowed to help users scan and interpret single-
cell methylation profiles with a greater precision. Besides,
t-SNE analysis results of all single-cell samples from differ-
ent datasets are displayed in the cell cluster module (Figure
3B) with point colors representing different cell groups.

Analysis and graphical tools

scMethBank provides researchers with user-friendly online
tools for simple and practical downstream analysis func-
tions including Lollipop plotter, DMR annotation and En-
richment analysis tools. Unlike the traditional bulk methy-
lation methods, the series of online tools are designed for
downstream analysis and visualization of methylation data
especially single-cell methylation data on account of the du-
ality for methylated and unmethylated.

Lollipop plotter, an easy-to-use graphical tool, is devel-
oped to help users interpret and visualize the patterns of
single-cell DNA methylation data. Users can upload their
own tab-delimited text file which describes the methylation
status and define some simple parameters to generate a cus-
tomized lollipop-like graphics (Figure 3C), where filled cir-
cles represent fully methylated sites and open circles repre-
sent unmethylated ones. This graphical tool offers an intu-
itive manner to visualize the methylation pattern of a local
region at the single-cell level and is often used to indicate
dynamically determined regions and DMRs.

DMR annotation tool (Figure 3D) offers capabilities for
genomic element annotation and gene function enrichment
to DMRs. The DMR list that users upload will be assigned
to related genomic elements including promoter, SUTR,
3'UTR, exon, intron, downstream and intergenic. Based on
the annotated gene list, GO and KEGG analysis will be
performed and the results are also accessible. scMethBank
also provides a direct enrichment analysis tool for a given

gene set. DMR annotation and gene enrichment tools allow
users to combine epigenetic information with gene func-
tions and underlying regulatory relationships, which is of
great significance for many biological problems. Users can
easily use tools in scMethBank through a web server with-
out consuming any local computational resources and all
data will be removed from the server once the browser ses-
sion terminates. In addition, we generate a corresponding
job id for each task based on the IP address and task file
and users can view their analysis results by job id later.

Data download

All processed single-cell DNA methylation data and meta-
data can be downloaded through the browse page. Fur-
ther table files including DMR lists, annotation results, and
methylation levels on genes are also accessible. Additionally,
scMethBank provides a packaged download for files on the
download page, where the methylation files of samples are
stored in a compressed BED file format. Of course, due to
the huge size of methylation data and the network band-
width problems, we also provide users with a URL-based
FTP download method, and users can perform download
tasks on the command line.

DISCUSSION AND FUTURE DEVELOPMENTS

The emergence of single-cell DNA methylation sequencing
has provided a new perspective and thinking for biologi-
cal research. To the best of our knowledge, scMethBank is
the first single-cell DNA methylation database which pro-
vides comprehensively curated metadata and analysis re-
sults processed by unified pipeline for all publicly available
datasets. Powered by the optimized database structure, we
set up a vast single-cell genome-wide methylation data pool
to help users retrieve interested single-cell methylation pro-
files with single-base resolution. And for the first time, we
provide a series of friendly online downstream tools to help
interpret and apply single-cell methylation data through the
web server. In the future, our work will be carried out in
the following directions: (i) Continue to update and ex-
plore database and add more species, cell types and cell
states. (i) Update our pipeline actively to better assess the
single-cell methylation data and downstream analysis re-
sults. (iii) Combine multi-omics data such as scRNA-seq
and scATAC-seq (27) to explore associations between dif-
ferent epigenetic layers and potential associations with the
transcriptome. (iv) Considering the high cost and technical
difficulty of single-cell DNA methylation sequencing tech-
nology, some computational algorithms (28-30) that per-
form deconvolution of bulk DNA methylation data could
be a good way to expand the richness of scMethBank. And
a detailed resolution of cell types based on multi-omics in-
tegration will help to identify markers at epigenetics level.
As an important supplement in the single-cell dimension
to MethBank (31) and in the genome-wide dimension to
EWAS (32,33), as well as one of the important resources in
the National Genomics Data Center (NGDC) (34), scMeth-
Bank will be devoted to giving insights to more important
biological issues such as early embryonic development, ag-
ing and diseases development.
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DATA AVAILABILITY

scMethBank is a single-cell DNA methylation database
which is freely available online and all data can be accessed
at https://ngdc.cncb.ac.cn/methbank/scm/.
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