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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   SeekSoul Online supports the complete analysis process for scRNA, scTCR/BCR, and SeekSpace data.

■   It provides a simple interface for manipulating, and visualising analysis to help users achieve efficient data analysis.

■   The platform significantly improves the accuracy of cell-type annotation by high-quality reference sets and AI.

■   It supports privilege management and multi-user collaborative analysis for cooperation and knowledge sharing.
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The rapid advancement of single-cell technologies has brought revolution-
ary  progress  in  biology,  medicine,  and  drug  development.  However,  the
sheer volume of data and the complexity of analysis methods often pose a
significant  challenge  for  researchers  lacking  programming  skills.  To
address  this  problem,  we  developed  SeekSoul  Online  (https://seeksoul.
online/index.html#/login),  a  comprehensive  platform  for  single-cell  multi-
omics data analysis and interactive visualisation that requires no program-
ming  foundation.  Designed  with  a  user-friendly  interface,  the  platform
combines modular architecture and powerful computational capabilities to
support the complete analysis process of single-cell transcriptome, single-
cell  immune  repertoire  data,  and  SeekSpace  single-cell spatial  transcrip-
tome data. The platform achieves accurate cell  type identification through
self-constructed high-quality reference sets and artificial intelligence tech-
nology.  In  addition,  SeekSoul  Online  offers  interactive  data  analysis  and
report generation, allowing users to adjust analysis parameters in real time
and  generate  analysis  reports  for  communication.  The  platform  also
provides  comprehensive  project  management  and  sharing  functions  to
facilitate collaboration and knowledge sharing among research teams. With
automated data processing workflows and an intuitive user interface, Seek-
Soul  Online  significantly  enhances the  convenience and efficiency  of  data
analysis,  allowing  researchers  to  focus  more  on  scientific  discovery  and
accelerating research progress.
 

INTRODUCTION
Single-cell technology has been widely used in life science research, play-

ing  a  crucial  role  in  revealing  cellular  heterogeneity,1,2 exploring  disease
mechanisms,3,4 and  drug  development.5,6 Therefore,  in-depth  data  analysis
and mining  based  on  bioinformatics  has  become  an  indispensable  compo-
nent  of  life  science  research.  However,  single-cell  data  analysis  presents
numerous  challenges,  such  as  massive  data  volumes,  complex  analytical
processes, difficulties in integrating data from different tissue types, and high
requirements  for  expertise  and  computational  resources.7 Even  if  some
researchers  have  programming  ability  or  after  specialised  training,  they  still
need to invest considerable time and effort in coding before completing their
analyses.  This  not  only  increases  the  workload,  but  also  leads  to  delays  in
research  progress.  Furthermore,  traditional  analysis  tools  tend  to  focus  on
the  data  analysis  and  usually  lack  project  management  and  collaborative
analysis features, which is not conducive to teamwork and knowledge sharing.

With no additional installation or preparation work required and no depen-
dence on the user's programming skills or computing resources, online anal-
ysis  platforms  have  emerged  as  the  preferred  choice  for  researchers.8-10

Users can  easily  upload  their  own data  or  select  data  provided  by  the  plat-
form for  analysis and visualisation by simply accessing it  via  a browser.11-13

This approach not only significantly reduces time spent on data analysis but
also  greatly  enhances  research  efficiency,  enabling  investigators  to  reach
their research goals more rapidly.

SeekSoul Online, the focus of this paper, is an integrated, modular and user-
friendly  single-cell  multi-omics  data  analysis  cloud  platform  designed  to
provide  researchers  with  a  comprehensive  solution  for  data  analysis.  The
platform  supports  a  complete  analytical  pipeline  from  cell  filtering,  batch
effect  removal,  clustering,  cell  annotation,  differential  genes  expression

(DEGs) and  enrichment  analysis,  to  signature  analysis,  interactive  visualisa-
tion  of  spatial  transcriptome  data,  and  a  wide  range  of  advanced  analyses
such as cell-cell communication,14-16 gene co-expression,17 tumor cell identi-
fication,18,19 and  pseudotime  analysis.20,21 The  platform  greatly  improves  the
accuracy  of  cell  annotations  through reference  sets  created  from published
literature.  Whilst  its  flexible  metadata  management  capabilities  meet
researchers'  individual  needs  of  researchers  for  cell  classification.  SeekSoul
Online  also  provides  powerful  interactive  analysis  and  reporting  capabilities,
enabling users to independently perform in-depth data analysis and mining.
Furthermore,  its  project  management  and  collaborative  analysis  capabilities
greatly  facilitate  project  management  efficiency  and  knowledge  sharing.
Thus,  SeekSoul  Online  provides  comprehensive  and  robust  support  for
researchers in the field of single-cell multi-omics data analysis. 

MATERIALS AND METHODS 

System architecture
SeekSoul  Online  adopts  a  modern  three-layer architecture  design,  includ-

ing front-end, back-end, and bioinformatics, ensuring high performance, scal-
ability,  and reliability.  It  employs a user interface build the Vue.js framework,
providing  a  responsive  and  interactive  client-side  experience.  Users  can
upload  data,  manage  analysis  projects  and  tasks,  and  visualize  results
through a user-friendly web interface. The back-end of the platform employs
a  distributed  file  system  (e.g.,  HDFS)  and  MySQL  database  to  ensure  data
stability  and  rapid  access.22 For  data  analysis,  it  is  implemented  based  on
container  technology (Docker),  and with analysis processes encapsulated in
R  and  Python  scripts.  The  computing  service  utilises  cloud  server  that  is
stable,  reliable,  and  elastically  scalable,  which  can  dynamically  adjust
computing  resources  according  to  the  computing  demand  of  the  analysis
tasks  to  ensure  an  efficient  and  smooth  analysis  process.23 The  platform
dynamically  allocates  cloud  server  resources  based  on  the  scale  of  cellular
data being processed. 

Software
SeekSoul  Online  integrates  a  series  of  single-cell  multi-omics  analysis

tools,  such as Seurat  for  single-cell  dimensionality  reduction and clustering,
SingleR  for  cell  type  identification,  and  clusterProfiler  for  gene  function
enrichment  analysis.24 In  addition,  the  platform  incorporates  a  variety  of  R
packages  specialised  for  statistical  analysis  and  graphical  presentation,
enabling  complex  data  processing  and  visualisation  of  results  in  single-cell
genomics  (Table  S1).  The  parameters  used  in  the  analysis  can  be  sourced
from parameter templates or customised by users. For example, when clus-
tering,  the  Louvain  algorithm  from  Seurat  is  used,  with  a  default  resolution
parameter of 0.5 (range of 0.1 to 3.0). When using CellPhoneDB, the thresh-
old  parameter  is  set  at  0.1,  and  users  can  customise  ligand-receptor  cell
pairs. 

RESULTS 

Streamlined usability for users without coding skills
SeekSoul Online provides a user-friendly web interface that greatly simpli-

fies  the  entire  process  of  single-cell  multi-omics  data  analysis  from  data
upload  to  result  visualisation  to  downstream  or  advanced  analysis.  Users
with no programming skills can easily complete complex data analysis tasks
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through the intuitive interface. In order to ensure the accuracy of data analy-
sis,  we  also  provide  parameter  templates  based  on  published  articles  and
thousands  of  projects,  as  well  as  publishable  color  schemes to  ensure  that
even  beginners  can  quickly  and  accurately  implement  data  analysis  and
mining. The platform also allows users to customise analysis parameters or
color schemes according to individual needs or journal requirements. Based
on  the  selected  parameter  templates  and  color  schemes,  the  platform
supports  one-step  completion  of  the  whole  process  of  analysis  from  data
filtering, batch effect removal,  dimensionality reduction and clustering to cell
annotation,  differential  genes expressed and enrichment  analysis  (Figure  1).
Additionally, the platform provides detailed user guide, descriptions of param-
eters,  videos,  Frequently  Asked  Questions  (FAQs),  and  online  customer
service  support  to  help  users  in  obtaining  the  necessary  help  and  support
during the analysis process. 

Complete single-cell multi-omics analysis process
SeekSoul  Online  provides  a  comprehensive  workflow  for  single-cell tran-

scriptome  data,  single-cell  immune  repertoire  data,  and  SeekSpace  single-
cell spatial transcriptome data, covering all steps from data uploading to final
report generation, ensuring that users can complete all  analysis on a unified
platform.25 The  process  includes  cell  filtering,  normalisation,  batch  effect
removal,26,27 clustering,  cell  annotation,  signature  scoring,  spatial  location
information analysis and differential genes expression and enrichment analy-
sis,  as  well  as  advanced  analysis  such  as  cell-cell  interaction,  pseudotime,
TCR, BCR, and report generation (Figure 2).

In  order  to  realise  the  whole  process  of  single-cell  multi-omics  analysis,
SeekSoul  Online  adopts  a  modular  design  architecture,  which  divides  the
single-cell  multi-omics  data  analysis  process  into  multiple  independent  yet
interconnected functional modules. These ten modules include Basic Analy-
sis, Cell  Annotation, Visualisation, Module  Score, Differential  Enrichment,
Interactive  Analysis, Subset, Advanced Analysis, Metadata and Report.  Each
module  has  independent  functions,  inputs  and  outputs.  Users  can  flexibly

select and use different modules according to their specific research needs to
build  personalised  data  analysis  processes.  For  example,  when  analysing
SeekSpace spatial transcriptome data, users can first use the Basic Analysis
module for quality control, then select the Cell Annotation module for cell type
identification, and then select the Interactive Analysis module to visualise the
spatial  distribution  of  cells  and  gene  expression  (Table  1).  Of  course,  the
seamless  connection  and  unified  interface  design  between  the  modules
ensure  efficient  data  transfer  and  collaborative  work  between  different
modules, avoiding data loss and inconsistency problems. For example, users
can score gene sets in the Module Score module and later visualise the scor-
ing  results  in  the Visualisation module  and  so  on.  This  modular  design  not
only  simplifies  the  user's  operation  process,  but  also  greatly  enhances  the
scalability of the platform, allowing for rapid integration of emerging analysis
tools and algorithms, thus becoming a powerful assistant for researchers in
single-cell multi-omics data analysis (Figure 3).
 
 

Table 1.  List  of  datasets  used  in  SeekSoul  Online  as  example  datasets  for  single-
cell transcriptome and SeekSpace spatial transcriptome.

Type Name Number of cells Technology

scRNA-seq
Batch1 (PBMC) 15153 SeekOne® DD

Batch 2 (PBMC) 11314 SeekOne® DD

SeekSpace WTH1092(Brain) 32833 SeekSpace®
  

High confidence cell annotation
To improve  the  accuracy  and  reliability  of  single-cell data  analysis,  Seek-

Soul  Online  employs  high-quality  reference  sets  built  in-house  based  on
published  articles  and  advanced  artificial  intelligence  techniques  for  cell
annotation. The reference sets, which have been subjected to stringent qual-
ity control and manual review, cover 57 human tissues and 46 mouse tissues
(Table S2). Annotation is then performed based on these reference sets using

L f

 

Figure 1.  Workflow of one-step analysis for single-cell  multi-omics data (A) The workflow includes five steps:  (1) input,  (2) basic analysis,  (3) cell  annotation,  (4) differential
genes expression analysis and enrichment analysis, (5) report. (B) Default parameters for analysis. (C) Color scheme.
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SingleR,28 ensuring  the  accuracy  of  automated  annotation.  In  addition,  the
platform combines  the  classical  cell  markers  database  with  artificial  intelli-
gence  technology  to  automatically  identify  different  cell  types  and  their
subtypes  by  analysing  genes  specifically  expressed  in  each  cluster.29 This
comprehensive approach not only improves the automation level of annota-
tion but also effectively enhances the precision and accuracy of  the results.
Meanwhile,  the  platform  allows  users  to  conduct  manual  annotation  based
on marker expression after automated annotation (Figure 4 & Table S3). 

Flexible metadata management and label customisation
SeekSoul Online  demonstrates  excellent  metadata  management  capabili-

ties  in  single-cell  multi-omics  analysis.  The  platform  supports  users  in
customising cell labels according to their individual needs. Additionally, it effi-
ciently  manages  the  metadata  of  single-cell  data,  allowing  users  to  upload,
edit, filter, merge and customise cell labels according to their research objec-
tives or experimental design. For example, when performing tumor microen-
vironment  analysis  in  SeekSpace,  users  can define  specific  cell  types in  the
disease  group  or  cells  localised  to  a  specific  spatial  region  as  new  cell
subtypes to achieve more precise analysis of disease characteristics and cell
functions. Furthermore, we can also merge the annotation results of the main
group  and  sub-groups  to  ensure  data  integrity,  which  enables  downstream
analyses  such  as  cell-cell  communication  to  be  performed  on  a  complete
cellular atlas. This flexible and efficient metadata management capability not
only improves the depth and accuracy of data analysis, but also significantly
enhances the platform’s adaptability and utility for diverse research needs. 

Interactive analysis and shareable reports
SeekSoul  Online's  interactive  analysis  and  report  generation  capabilities

significantly  enhance  the  convenience  of  real-time  parameter  adjustment,

result  summarisation  and  communication
during the analysis process. At the data analy-
sis  stage,  users  can  combine  and  compare
multiple  analysis  results  to  visualise  the
impact  of  different  analysis  methods  and
parameter settings on the results. This flexible
and  efficient  way  of  analysis  helps  users  to
understand the data more deeply  and explore
potential  biological  laws.  The Visualisation
module integrates a variety of dynamic charts
and visualisation plots, including scatter plots,
dot plots, violin plots, heatmaps, pie plots, and
stacked bar  plots.  Users  can  adjust  the  plot-
ting  parameters,  such  as  color  and  scale,  in
real time to generate high-quality images that
meet the standards of academic publications.
In addition, SeekSoul Online's interactive report-
generation  function  allows  users  to
summarise  and  organise  analysis  results  to
create  personalised  reports,  which  greatly
facilitates  the  sharing  and  communication  of
findings. The integration of these features not
only improves  the  transparency  and  inter-
pretability  of  data analysis,  but  also facilitates
collaboration  and  knowledge  sharing  among
research teams,  further  promoting  the  devel-
opment of single-cell multi-omics research. 

Project management and multi-user collab-
orative analysis

SeekSoul Online  also  demonstrates  signifi-
cant  advantages  in  project  management  and
collaborative  analysis.  It  supports  efficient
collaboration  and  data  sharing  among

research  teams,  effectively  improving  the  efficiency  and  quality  of  research
work.  The  platform  provides  an  independent  and  structured  management
space for each project, allowing users to create and manage multiple analy-
sis projects.  Users can create,  edit  and store all  kinds of information related
to the project, such as sample details and data sources, ensuring the integrity
and traceability of the project information. Moreover, it supports project lead-
ers  in  assigning  different  user  permissions  to  each  project,  ensuring  the
security  and  privacy  of  data  and  analysis  processes.  Through  the  project
management function, team members can track project progress in real time,
communicate  and  resolve  analytical  challenges  promptly,  and  share  results
and  research  ideas.  This  efficient  collaboration  mechanism  breaks  down
information silos in traditional  scientific  research and promotes close coop-
eration among team members and improved research outcomes. 

Case study:  Reproducing key findings in  the  human oesophageal  squa-
mous cell carcinoma microenvironment

The  SeekSoul  Online  platform  provides  researchers  with  comprehensive
support for various application scenarios. Users can complete cell type anno-
tation,  immune cell  function assessment,  interactive visualisation,  and more
with simple clicks. In order to demonstrate the value of the SeekSoul Online
platform  in  real-world  research,  we  used  the  esophageal  squamous  cell
carcinoma (ESCC) microenvironmental study dataset published as an exam-
ple.  This  demonstrates  the  ability  of  the  SeekSoul  Online  platform to  obtain
analysis results  comparable to those published in top journals without  writ-
ing code. 

Data  downloading  and processing. Users can download the matrix  data
from  the  accession  number  provided  in  the  example  article:  GSE160269.  In
SeekSoul  Online,  the  downloaded  matrix  files  (including  barcodes.tsv.gz,
features.tsv.gz,  and  matrix.mtx.gz)  are  uploaded  as  a  zip  file  through  the

 

Figure 2.  SeekSoul Online consists of ten modules
for single-cell multi-omics analysis.
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Figure 3.  Outputs from each analysis module underpinning single-cell multi-omics analysis on SeekSoul Online.

 

Figure 4.  Higher-accuracy automated cell-type annotation using curated reference sets, with support for manual curation (A) Manual annotation. (B) Automatic annotation
using both our and Singler reference sets. (C) Automatic annotation only using Singler reference set.
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Figure 5.  Free  configuration  and  consolidation  of
cell labels to improve single-cell analysis. 

 
 

Figure 6.  Oesophageal squamous cell carcinoma (ESCC) case study and spatial examples from SeekSpace data (A) UMAP plot of single cells colored by tissue and cell types.
(B)  Heatmap  of  the  gene  expression  across  cells.  (C)  Pie  charts  of  cell-type  fractions  for  tumor  and  adjacent  tissues,  colored  by  cell  type.  (D)  The  proportion  of  cells  that
contributed to cell types by each sample. (E) Dot plot of representative cytotoxic, exhaustive, naïve, and Treg signatures in CD4 T cells. (F) Dot plot of representative cytotoxic,
exhaustive, and naïve signatures in CD8 T cells. (G) Visualisation of the spatial distribution of cell  types in SeekSpace data. (H) Visualisation of the spatial distribution of gene
expression in SeekSpace data.
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Data Upload function. The platform automatically performs data format vali-
dation.  To  accommodate  diverse  user  needs,  the  platform  also  supports
HDF5 (.h5), SeuratObject (.rds), AnnData (.h5ad), and other data formats. 

Analytical  workflow. (1)  Quality  control  and  preprocessing:  In  the Basic
Analysis module, set the filtering parameters (nFeature: 400-6000, mitochon-
drial gene ratio threshold: 10%) to remove low-quality cells. In the Integration
section,  select  the  top  2000  highly  variable  genes  and  use  the  Harmony
method to remove batch effects (Figure 6A). After that, in the Cluster section,
select top 20 principal components and set the resolution at 0.6 for cell clus-
tering.  (2)  Cell  type  annotation:  Based  on  the  classical  marker  genes  (e.g.,
CD3D, CD19, IGHG1, etc.) mentioned in the article, 8 major cell types includ-
ing T cells,  B  cells,  plasma cells,  and others were identified through the Cell
Annotation module  (Figure  6B).  (3)  Visualisation:  Using  the Visualisation
module,  users  can  generate  classic  graphics  such  as  dimension  reduction
plots,  dot  plots,  heatmaps,  etc.  Pie  plots,  and stacked bar  plots  can also  be
drawn to compare the proportion of cell types in tumor and adjacent tissues
(Figures 6C-D). (4) Subtypes analysis: Using the ‘Subset’ module, T cells and
NK  cells  can  be  selected  for  additional  dimensionality  reduction,  clustering
and  annotation.  Signature  analysis  can  then  be  performed  using  the  gene
sets  from  the  article  to  explore  the  functions  and  characteristics  of  cell
subtypes (Figures 6E-F).

The results show that the platform successfully reproduces the main find-
ings of the original article, including the compositional characteristics of cells
in the human oesophageal squamous cell carcinoma microenvironment and
their altered cellular states (Figure 6). Users can export the complete analysis
report through the ‘Report’ module to support further interpretation and shar-
ing of the results. In addition, we can also display visualisation of the spatial
distribution of gene expression and cell types in SeekSpace data (Figures 6G-
H & Table 1). 

DISCUSSION AND CONCLUSION
The  SeekSoul  Online  platform  is  designed  to  enable  researchers  who  are

not  proficient  in  coding  to  complete  single-cell  multi-omics  data  analysis
independently. By integrating a comprehensive set of single-cell multi-omics
data  analysis  tools  and  a  user-friendly  interface  with  modular  design,  the
platform helps users complete single-cell  transcriptome, single-cell  immune
repertoire  data  and  SeekSpace  single-cell spatial  transcriptome  data  analy-
sis  in  the  form  of  graphics  and  videos.  Moreover,  the  parameter  templates
and color schemes that we have compiled based on the literature and project
experiences  greatly  facilitate  one-step  analysis,  thus  enabling  even
researchers without coding skills to quickly achieve autonomous analysis of
single-cell multi-omics data.

The  modular  architecture  of  SeekSoul  Online  ensures  both  completeness
and  flexibility  throughout  the  analysis  process.  Ten  modules  in  total  cover
everything  from  data  upload,  preprocessing,  including  batch  effect  removal,
dimensionality  reduction  and  clustering,  cell  annotation  to  differential  gene
expression (DEGs) and enrichment analysis. It also includes advanced analy-
sis such as cell-cell  communication, gene co-expression, tumor cell  identifi-
cation,  and  pseudotime  analysis.  This  one-step  solution  avoids  the  loss  of
data and  inconsistency  associated  with  switching  between  multiple  plat-
forms.  In  addition,  SeekSoul  Online's  high-quality  reference  sets  and
advanced  artificial  intelligence  technology,  combined  with  SingleR  and  the
classical marker databases,  significantly improve the accuracy of cell  anno-
tation.

For  data  visualisation  and  report  generation,  SeekSoul  Online  provides  a
rich  set  of  interactive  visualisation  tools  and  interactive  report  functions,
which support users to adjust analysis parameters in real time according to
their  needs.  Meanwhile,  the  project  management  and  collaborative  analysis
functions facilitate the communication and sharing of results between teams
and  promote  collaborative  research  through  multi-user  collaboration  and
permission management.

In  summary,  SeekSoul  Online,  as  a  cloud platform focusing on single-cell
multi-omics  analysis,  provides  researchers  with  a  convenient,  efficient  and
comprehensive data analysis solution. It has significantly lowered the thresh-
old  for  single-cell  multi-omics data  analysis,  and  improved  research  effi-
ciency  and  quality  through  its  user-friendly  interface,  complete  analysis
process, precise cell  annotation, interactive analysis and reporting functions,

as well as efficient project management and collaboration capabilities. While
the  current  platform  has  certain  limitations,  we  will  implement  ongoing
updates to reference datasets, enhance artificial intelligence technology, and
incorporate single-cell  ATAC-seq analysis,  etc.  With the continuous iteration
and improvement of the platform, it is expected to become an important tool
for researchers to mine single-cell multi-omics data, providing strong support
for revealing cellular mysteries and overcoming disease challenges.
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