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Abstract 

The Gene Expression Omnibus (GEO) is an international public repository that archives gene expression and epigenomics data sets generated 
b y ne xt-generation sequencing and microarra y technologies. Data are typically submitted to GEO by researchers in compliance with widespread 
journal and funder mandates to make generated data publicly accessible. The resource handles raw data files, processed data files and descriptive 
met adat a f or o v er 20 0 0 0 0 studies and 6.5 million samples, all of which are inde x ed, searchable and do wnloadable. A dditionally, GEO offers 
web-based tools that facilitate analysis and visualization of differential gene expression. This article presents the current status and recent 
advancements in GEO, including the generation of consistently computed gene expression count matrices for thousands of RNA-seq studies, 
and new interactive graphical plots in GEO2R that help users identify differentially expressed genes and assess data set quality. The GEO 

repository is built and maintained by the National Center for Biotechnology Information (NCBI), a division of the National Library of Medicine 
(NLM), and is publicly accessible at https:// www.ncbi.nlm.nih.gov/ geo/ . 
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Introduction 

Since 2000 ( 1 ), the NCBI GEO database has played a crucial
role in how large-scale gene expression and epigenomics data
sets are archived and shared. It has been seven years since GEO
last published on its contents and updates ( 2 ) and now GEO
has several new analysis features to report which improve user
experience and expand data analysis capabilities. GEO facili-
tates and advances biological and health sciences by offering
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the largest collection of richly-annotated, open-access gene ex- 
pression and epigenomics data sets from all branches of life.
It promotes transparency and reproducible research by pro- 
viding continuous free access and preservation of the primary 
research data that form the basis of published manuscripts.
Furthermore, GEO provides tools for users to explore,
analyze and visualize the data, and apply the data to their own 
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Some factors that enable GEO to support the community
nd achieve archiving, access, discovery, download and re-use
f gene expression and epigenomics data sets include: 

• Providing timely and reliable access to large-scale data
sets from a diverse body of sequencing and microar-
ray studies and organisms, all of which are free to read,
download and easy to discover in a centralized resource

• Serving as a designated data repository for journals and
funding agencies in support of open access data sharing
policies 

• Supporting data submission pipelines that enable re-
searchers of all levels of experience to deposit and share
their data with ease 

• Supporting the peer review process by enabling secure,
anonymous reviewer and editor access to pre-published
data sets 

• Generating opportunities and tools for the community
to locate, re-use, re-analyze and visualize GEO data, thus
enabling scientific discovery 

• Supporting the NIH-endorsed FAIR principles of Find-
ability , Accessibility , Interoperability and Reusability of
data sets ( 3 ) 

• Supporting community-derived ‘Minimum Information’
standards MINSEQE ( https:// www.fged.org/ projects/
minseqe ) and MIAME ( 4 ) that outline the data that
should be provided when describing a sequencing or
microarray study 

EO content 

espite being 23 years old, GEO continues to grow rapidly.
he number of studies processed is currently increasing at
 rate of approximately 15% per annum, or doubling ev-
ry ∼5 years (Figure 1 , or https:// www.ncbi.nlm.nih.gov/ geo/
ummary/?type=history ). At the time of writing the GEO
atabase contains over 6.5 million samples from over 200 000
tudies, from over 6000 different organisms, deposited by
0 000 unique submitters, making it one of the most exten-
ive and diverse repositories of functional genomic data in
he world. Over 47 000 articles in PubMed Central ( https:
/ www.ncbi.nlm.nih.gov/ pmc/ ) cite GEO or GEO Series (GSE)
ccession identifiers. 

GEO database content mirrors the technology advances
aking place in the research community. Figure 1 depicts the
ast 10-year trend in GEO submissions by data type. While
EO consisted almost entirely of microarray data for the
rst 10 years of its existence, unsurprisingly, the proportion
f next-generation sequencing (NGS) data has grown and
ow makes up the bulk (85%) of submissions. The propor-
ion of expression profiling (e.g. RNA-seq) to epigenomic ap-
lications (e.g. ChIP-seq, methylation analysis) has remained
ostly steady over the last decade at about 80% to 20%,

espectively. RNA-seq has become a standard experimental
ool in research and medicine ( 5 ) and since 2018, RNA-seq
tudies have represented over half of all studies submitted
ach year. In 2009, GEO released the first single-cell RNA-seq
tudy (GSE14605) on individual mouse oocyte transcriptomes
 6 ). Between 2009 and 2015 GEO released fewer than 100
ingle-cell RNA-seq studies per year. Since 2017, the number
f single-cell RNA-seq studies increased each year such that
n 2022, 21% of RNA-seq studies released by GEO were per-
ormed on single cells (Figure 2 ). 
As the submission volume increases and studies become
ever-more focused on single cell transcriptomes or base-level
epigenomic data, the amount of the supplementary data that
GEO receives each year also increases. Total holdings of the
quantitative processed data now exceed 200 TB in ∼4 million
files (Figure 3 ). The supplementary data files are available for
download from the GEO website, and fulfill an important as-
pect of the ‘Accessibility’ component of the FAIR principles
( 3 ). These data files contain the quantitative data used to draw
conclusions for a study and provide users easy access to spe-
cific gene or genomic-region data. 

NGS technologies have been customized for new assays
that explore the function of and interactions between the
genome, transcriptome and proteome. GEO studies contain
over 450 unique varieties of named high throughput sequenc-
ing methods including GRO-seq (nascent RNA identifica-
tion) ( 7 ), STARR-seq (enhancer identification) ( 8 ), A T AC-seq
(chromosome accessibility) ( 9 ), Hi-C (chromosome contacts)
( 10 ), CRAC-seq (RNA-protein interactions) ( 11 ) and ChIRP-
seq (RNA-chromatin interactions) ( 12 ). Studies submitted to
GEO can be complex in terms of structure and employ a range
of technologies. For example, RNA-seq, ChIP-seq, A T AC-seq
and methylation profiling can be applied to the same sets of
samples. GEO reflects these structures using SuperSeries that
encompass all related data, and SubSeries that represents par-
titions of the study. 

Studies in GEO reveal trends in medicine with global im-
pact. Human and mouse studies represent over 75% of the
studies in GEO. Over 38 000 studies in GEO (18%) explore
the functional genomics of cancer, the second leading cause
of death in 2020 in the United States ( 13 ). GEO was a very
early resource for gene expression data from COVID-19 pa-
tients. GEO’s first study on COVID-19 (GSE147507) was re-
leased for public access on 25 March 2020, at the beginning
of the pandemic and the accompanying paper was published
in September 2020 ( 14 ). The rapid submission and availability
of these data in GEO provided researchers and the public with
insight into the transcriptomic impacts of S AR S-COV-2 infec-
tion. Thus far, data from GSE147507 have been re-used or re-
analyzed in at least 93 published manuscripts. To date, GEO
contains 728 studies on COVID-19 disease or its causative
agent Severe acute respiratory syndrome coronavirus 2. GEO
also contains data on Zika virus and its associated disease
that came to the world’s attention during the Zika epidemic of
2015–2016. Since 2016, GEO has received an average of 18
studies on Zika virus or Zika-related disease per year. With
such rapidly available and relevant content, GEO is an essen-
tial resource for cutting-edge research on issues critical for hu-
man health. 

Recent Updates 

Most of the infrastructure, organization and search capabili-
ties of GEO remain as described previously ( 15 ). Some recent
enhancements include the following: 

Generation of RNA-seq count matrices 

A large challenge in the gene expression field is that the raw
RNA-seq reads available in public archives must be heavily
transformed before biological interpretations can be achieved.
To help address this, the SRA (Sequence Read Archive) ( 16 )

https://www.fged.org/projects/minseqe
https://www.ncbi.nlm.nih.gov/geo/summary/?type=history
https://www.ncbi.nlm.nih.gov/pmc/
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Figure 1. GEO growth and data type trends o v er the last decade. The stacked bars display the percentage of each of four broad data type categories 
from 2013–2022, using the left y-axis. The thick black line shows growth of the total number of studies from 2013–2022 and uses the right y-axis. 

Figure 2. Number of total and single-cell RNA-seq studies released by GEO between 2008 and 2022. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNA-seq Counts Pipeline (described at https://www.ncbi.nlm.
nih.gov/ geo/ info/ rnaseqcounts.html ) is a cloud-based bioin-
formatic analysis method based on HISAT2 ( 17 ) and feature-
Counts ( 18 ) implemented for processing public bulk RNA-seq
reads into consistently computed expression counts. Single-
cell studies were excluded from the NCBI RNA-seq analy-
sis pipeline due to their complex and variable data struc-
tures with barcoded reads. GEO has further processed the
raw counts generated by SRA and transformed them into raw
and normalized study-centric matrix counts files that are in-
teroperable with common differential gene expression analy-
sis tools, thereby expanding data re-use potential. The com-
pressed count files are typically under 1 Mb, thousands of
times smaller than the raw SRA runs enabling faster trans-
fer and more convenient local handling. GEO delivers these
count matrix files to the public from the GEO website and in-
corporates them into GEO2R (described below). All historical
and ongoing GEO human bulk RNA-seq studies have been
subjected to the pipeline, such that matrices for over 23 000
studies are available today. In comparison to similar resources
such as ARCHS4 ( 19 ), Recount3 ( 20 ) and Expression Atlas
( 21 ), NCBI’s RNA-seq pipeline runs frequently and is con- 
tinually generating count data files from newly released data.
New counts are typically available within a week of the origi- 
nal data being released, thus ensuring timely analysis of newly 
published data sets. All GEO studies with NCBI-generated 

count matrices can be identified by searching GEO DataSets 
with "rnaseq counts"[Filter]. 

Integration of RNA-seq into GEO2R 

Introduced in our last update paper ( 15 ), GEO2R is a web- 
based tool that allows users to perform differential gene ex- 
pression analysis on data sets from GEO using R packages 
like GEOquery ( 22 ) and limma ( 23 ). GEO2R enables users 
to compare gene expression levels between two or more user- 
defined groups of samples and identify genes that are differen- 
tially expressed between those groups. Initially, GEO2R could 

only operate on microarray data. It has recently been up- 
dated to include the aforementioned human RNA-seq count 
matrices. Technically, this required introducing alternative 
methods to load and analyze the data such as DESeq2 ( 24 ).

https://www.ncbi.nlm.nih.gov/geo/info/rnaseqcounts.html
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Figure 3. Growth of supplementary data held by GEO. This plot displays the cumulative growth from 2013–2022 of supplementary data in terabytes 
(blue line) using the left y-axis and the cumulative number of supplementary data files (orange line) using the right y-axis. The supplementary data 
represent the quantitative data used to draw conclusions for a study. 
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t the time of writing, approximately 50% of all GEO stud-
es can be analyzed with GEO2R. All GEO studies that can
e analyzed with GEO2R can be identified by searching GEO
ataSets with "geo2r"[Filter]. 

nteractive plots in GEO2R 

ince 2020, GEO2R output includes a table of differentially
xpressed genes, fold changes and adjusted p-values. Several
ew graphical plots are now generated to help users fur-
her explore differentially expressed genes and assess data
et quality (Figure 4 ). Plots include volcano, mean differ-
nce, UMAP, Venn diagram, expression density, boxplot, P -
alue histogram, moderated T -statistic quantile–quantile plot
nd mean variance trend. Several of the plots are interactive,
llowing users to explore alternative contrasts and individ-
al genes. Furthermore, we provide the R statistical software
v4.2.2; R Core Team 2022) script used to perform the cal-
ulations and draw the plots so users can perform the same
r another analysis directly in R. A newly produced tuto-
ial video is now publicly available that demonstrates how
o use the new GEO2R features ( https://www.youtube.com/
atch?v=9RyWjzSnaE0 ). These analysis tools enable even ca-

ual users to quickly analyze and extract meaningful informa-
ion from complex gene expression data sets online. 

mproved submission procedures 

EO offers spreadsheet-based submission procedures in or-
er make the submission process as straightforward and easy
s possible for submitters. Submitters are required to fill-in
 metadata worksheet describing their study, samples, pro-
ocols and listing all submission files. The completed work-
heet and submission files are reviewed by the GEO cura-
ion staff who may request additional files or information be-
ore accessioning the submission and notifying the submitter.
ecent improvements in metadata submission templates and
xamples have helped to further promote provision of com-
lete and well-annotated data sets. The online interface for
ubmitters has been improved with clearer instructions and
nformation regarding data release policies, and the submis-
ion pipeline has been upgraded to include personalized up-
load directories for submitters for complete anonymity when
uploading files. On the backend, the GEO pipeline that bro-
kers raw read data to SRA on behalf of GEO submitters was
completely redesigned to take advantage of NCBI Submis-
sion Portal services, thus eliminating some manual processing
steps and improving scalability and synchronicity across the
GEO, SRA, BioSample and BioProject databases ( 25 ). Cumu-
latively, these changes have helped GEO maintain quick sub-
mission turnaround time despite increased submission num-
bers, thereby helping authors meet their manuscript submis-
sion deadlines. 

Re-use of GEO data 

Examining GEO data re-use offers tangible evidence for the
value of the database. The community re-uses GEO data in
diverse ways, including finding evidence of novel gene ex-
pression patterns, identifying disease predictors, and gener-
ally aggregating and analyzing data in ways not anticipated by
the original data generators. GEO data provide innumerable
training opportunities and are often used as input in differen-
tial expression analysis classes and software tutorials. 

A non-exhaustive list of > 31 000 third-party papers
that use GEO data to support or complement independent
studies is provided at https:// www.ncbi.nlm.nih.gov/ geo/ info/
citations.html . These numbers suggest that for approximately
every seven GEO submissions, a third-party paper is created
or enhanced. 

Some common examples of re-use include: 

- Identification of new diagnostic and prognostic biomark-
ers. For example, researchers used several GEO data sets
to identify and validate a six-gene prognostic signature
that stratified non-small cell lung cancer patients into
low-risk and high-risk groups ( 26 ). 

- Generating new databases targeted to specific communi-
ties. For example, the STAB (Spatio-Temporal cell At-
las of the human Brain) database collects and curates
GEO single-cell transcriptome data sets across multiple
brain regions and developmental periods, and uniformly
re-processes them to reveal the landscape of cell types

https://www.youtube.com/watch?v=9RyWjzSnaE0
https://www.ncbi.nlm.nih.gov/geo/info/citations.html
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Figure 4. Screenshot of GEO2R analysis results of series record GSE41586 ( 34 ). ( A ) Close-up of a selection of data visualization plots. The green outline 
indicates a plot that can be opened in an interactive window called the ‘Explore and Download’ feature. ( B ) GEO2R analysis results displayed as a table 
of the 250 top differentially expressed genes with statistics. The results for all genes can be do wnloaded b y clicking on the te xt ‘Do wnload full table’. ( C ) 
Example of gene-specific graph of expression values for all samples in the analysis. This type of graph is accessed by clicking on any row in the ‘Top 
differentially expressed genes’ table. ( D ) ‘Explore and Download’ window for the Volcano plot. In this plot, log 2 fold change threshold of 2 has been 
applied in the ‘Options’ tab which means that only genes with an absolute log 2 fold change value equal to or exceeding the chosen threshold are colored 
either red for increased expression or blue for decreased expression. Mousing over a point reveals its GeneID, Symbol, Description, log2(fold change) 
and –log 10 ( P -value). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and their regional heterogeneity and temporal dynamics
across the human brain ( 27 ). 

- Integr ating dispar ate data sets to gain new biological in-
sights. For example, researchers integrated multiple GEO
data sets to characterize gene expression changes associ-
ated with S AR S-CoV-2 infection of the ovary and how it
might affect ovarian function ( 28 ). 

- Elucidation of molecular networks and pathways . For
example, researchers used GEO data to find modules
of functionally related genes in heterotopic ossification
samples thus providing novel insight into the disease
pathogenesis ( 29 ). 

- Drug re-purposing. For example, an analysis of several
COVID-19 studies in GEO was performed to help iden-
tify existing therapeutic candidates that could be effec-
tive against the disease ( 30 ). 

- Dev eloping and v alidating computational methods. For
example, researchers used several GEO data sets to help
systematically evaluate state-of-the-art algorithms for in-
ferring gene regulatory networks from single-cell tran-
scriptional data ( 31 ). 

- Development of machine learning and artificial intelli-
gence models. For example, researchers used GEO data
to help develop precision machine learning models for 
disease classifiers that could be used for fast and reli- 
able detection of patients with severe and heterogeneous 
illnesses ( 32 ). 

Conclusion 

GEO is a widely used international public repository for 
high-throughput gene expression and epigenomic data and 

continues to grow at an increasing rate. The database has 
become an essential resource for researchers across a wide 
range of disciplines, including genomics, molecular biology,
biomedicine and bioinformatics. 

The GEO database was originally intended as a place to 

host the underlying data discussed in publications, but the re- 
use examples provided above offer a glimpse of the overall im- 
pact and the return of investment of making large-scale gene 
expression and epigenomic data freely available. Through ag- 
gregation and re-analysis, the value of these data sets can 

go well beyond their originally intended scope. These data 
can help promote innovation and discovery across disparate 
scientific and biomedical disciplines, supporting the gener- 
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tion of new biological insights, new therapies, new algo-
ithms and new value-added databases. In this way, GEO rep-
esents a foundational resource that helps catalyze basic sci-
nce, facilitating data-driven discoveries and translation of re-
earch results into new knowledge and products that acceler-
te biological and health discoveries. 

The GEO team expects to continue to apply incremental im-
rovements to the database going forward. A long-standing
mprovement for data archives such as GEO would be the
se of standardized metadata or ontologies ( 33 ) that would
mprove the ability to find relevant data in GEO. Although
e recognize the value of standardized metadata and encour-

ge submitters to provide complete sample descriptions and
rotocols, the implementation of metadata standards across
EO’s diverse sample types, organisms and experimental pro-

ocols is a prodigious challenge. In the future perhaps deep
earning or predictive text classifiers could be applied to ex-
ract organized and classified metadata of the GEO corpus.
uture GEO aims include scaling the database to better han-
le very large studies, improving data analysis features and ex-
anding data access capabilities through new cloud and API
unctionalities. 

ata availability 

GEO is publicly accessible at https://www.ncbi.nlm.nih.gov/
eo/. 
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