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ABSTRACT

The NHGRI-EBI GWAS Catalog (www.ebi.ac.uk/gwas)
is a FAIR knowledgebase providing detailed, struc-
tured, standardised and interoperable genome-wide
association study (GWAS) data to >200 000 users
per year from academic research, healthcare and
industry. The Catalog contains variant-trait associ-
ations and supporting metadata for >45 000 pub-
lished GWAS across >5000 human traits, and >40
000 full P-value summary statistics datasets. Con-
tent is curated from publications or acquired via au-
thor submission of prepublication summary statis-
tics through a new submission portal and valida-
tion tool. GWAS data volume has vastly increased
in recent years. We have updated our software to
meet this scaling challenge and to enable rapid re-
lease of submitted summary statistics. The scope
of the repository has expanded to include additional
data types of high interest to the community, in-
cluding sequencing-based GWAS, gene-based anal-
yses and copy number variation analyses. Commu-

nity outreach has increased the number of shared
datasets from under-represented traits, e.g. cancer,
and we continue to contribute to awareness of the
lack of population diversity in GWAS. Interoperabil-
ity of the Catalog has been enhanced through links to
other resources including the Polygenic Score Cat-
alog and the International Mouse Phenotyping Con-
sortium, refinements to GWAS trait annotation, and
the development of a standard format for GWAS data.

INTRODUCTION

The question of how genetic variation in a population in-
fluences phenotypic variation and disease risk is of major
importance in biology. Genome wide association studies
(GWAYS) identify associations between hundreds of thou-
sands of genomic variants and complex traits or diseases.
GWAS have revolutionised the study of complex disease in
the last ten years, providing insights into the genetic archi-
tecture of diseases through discovery of novel associations,
the identification of disease susceptibility loci and biologi-
cal pathways enabling biomarker discovery.
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The NHGRI-EBI GWAS Catalog (www.ebi.ac.uk/gwas)
is the largest and most complete publicly available resource
of Findable, Accessible, Interoperable and Reusable (FAIR)
GWAS data. The Catalog is highly accessed by users in
academic research, healthcare and industry, through a
graphical user interface (GUI), downloadable spreadsheets
and APIs. In the last year (July 2021-June 2022), there
were >200 000 unique website users (in 186 countries)
and >2.5 million page views, a ~90% and ~70% increase,
respectively, on the same period in 2018-2019, when our last
database update was published (1). Programmatic access is
increasingly popular with ~30 million API requests in 2021,
a 6-fold increase over 2019.

Users employ the structured and richly annotated data
provided by the GWAS Catalog for a wide range of appli-
cations that require prompt and open access. These include
prioritising loci for functional study, drug discovery, pre-
dicting disease risk, quantifying genomic diversity, GWAS
meta-analysis, fine mapping and causality studies, integra-
tion with additional data, and input into analytical tools.
Some key resources that ingest our data include Ensembl
(https://www.ensembl.org) (2); variant prioritisation appli-
cations such as PheGenl (https://www.ncbi.nlm.nih.gov/
gap/phegeni) (3), Open Targets Genetics (https://genetics.
opentargets.org/) (4) and HuGeAMP Knowledge Por-
tals (https://hugeamp.org/); and other databases and tools
such as MRC TEU OpenGWAS (https://gwas.mrcieu.ac.
uk/) (Elsworth et al., bioRxiv, https://doi.org/10.1101/2020.
08.10.244293), PhenoScanner (http://www.phenoscanner.
medschl.cam.ac.uk/) (5,6) and GWAS Central (https://
www.gwascentral.org/) (7).

Data is acquired through a combination of deep learning
methods to identify publications, curation of publications
by expert scientists, and direct data submission by authors.
The Catalog’s scope covers the most significant variant-trait
associations, as well as structured metadata about the pub-
lication, study design, samples and traits, for all published
human GWAS. Wherever possible, the full P-value sum-
mary statistics for each study are also collected and made
publicly available. The Catalog uses transparent curation
and acceptance criteria (https://www.ebi.ac.uk/gwas/docs/
methods) which are regularly updated to reflect user needs
and changes in the data generated.

INCREASING DATA VOLUME AND COMPLEXITY

The overall volume of GWAS data generation has grown
considerably (Figure 1A). As of July 2022, the GWAS
Catalog contains ~400 000 curated SNP-trait associations
from >45 000 individual GWAS in ~6000 publications.
Whilst the number of publications has approximately dou-
bled since 2018, the number of GWAS has increased 8-fold,
and associations 5-fold. These numbers reflect the growth
in large-scale analyses of multiple traits in individual publi-
cations, e.g. in fields such as proteomics, metabolomics, and
brain imaging. Large cohorts (e.g. national biobanks such
as UK Biobank and FinnGen) with data for thousands of
diseases and other traits have become a major part of the
GWAS landscape. Some publications now contain thou-
sands of distinct GWAS analyses (8.,9), and the mean num-

ber of GWAS per publication has grown from three in 2018
to 391in 2021.

Complete GWAS summary statistics provide more de-
tailed information than the lead associations alone, al-
lowing greater opportunities for downstream analysis and
reuse, while maintaining participant privacy. The GWAS
Catalog is now one of the largest, most visited and most fre-
quently updated resources of freely available GWAS sum-
mary statistics. The repository includes >40 000 datasets
from >600 peer-reviewed publications and >3500 traits
(Figure 1B-D). Users can access and download summary
statistics from the GWAS Catalog FTP site in the orig-
inal format and harmonised to the most recent genome
assembly for interoperability (https://www.ebi.ac.uk/gwas/
docs/methods/summary-statistics) (1). The increasing trend
to share these datasets is reflected in the huge increases in
availability of summary statistics in the GWAS Catalog over
time (Figure 1A).

Changing data generation technology has meant that
whole exome (WES) and whole genome (WGS) sequencing
data are now available for millions of individuals, including
large GWAS cohorts such as UK Biobank and TOPMed.
The Catalog has therefore expanded its scope to include
sequencing-based GWAS (seqGWAS) data (10) and began
routinely curating single-variant seqGWAS published from
2021 onwards. To date, >5000 seqGWAS from >50 publi-
cations have been included in the Catalog (14% of studies
and 5% of publications curated between Q1 2021 and Q2
2022), including >4000 summary statistics. Statistical meth-
ods that evaluate aggregate association over multiple vari-
ants in a gene or genomic region are commonly used for
rare-variant association testing. Due to high user demand,
we are making summary statistics available from such anal-
yses, with >3900 genebased GWAS included to date (8).
Novel methods for genome wide analysis of copy number
variation (CNV) have recently been applied to large datasets
revealing previously undiscovered associations. Following
user request, we have made these summary statistics avail-
able in the Catalog (250 studies from two publications)
(11,12). With input from the community, we are working to-
wards making associations from both gene-based and CNV
analyses searchable in the Catalog.

As the scale and complexity of GWAS data continues to
grow, the user community requires rapid access to datasets
with larger sample sizes, more extensive genotyping, more
traits per publication and full P-value summary statistics
to make optimal use of GWAS results for downstream ap-
plications. However, increased scale also creates challenges
for data ingestion, storage and access. The GWAS Catalog
has responded to these challenges by (a) acquiring author-
submitted content, (b) developing new workflows and in-
frastructure processes to increase throughput and (c) priori-
tising inclusion of data that will add the most value to the re-
source. These improvements have ensured that we continue
to make essential data available to users within a reasonable
timeframe as content scales up.

AUTHOR-SUBMISSION SYSTEM

A major recent development has been the implementation
of a new submission system, built on FAIR principles, to
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Figure 1. The increase in GWAS Catalog data content since 2018. (A) Cumulative numbers of publications, studies, studies with summary statistics, and
associations over the period, by publication year. (B-D) Summary statistics sharing by publication year for (B) GWA studies (C) publications and in the

Catalog overall (D).

allow authors to directly submit GWAS summary statistics
to the Catalog. Journals increasingly recommend or require
authors to submit their summary statistics prior to publica-
tion, therefore submissions can be made at any point prior
to publication in a journal, as well as for existing publica-
tions. This not only enables early access to summary statis-
tics for reviewers and other interested parties, but can also
fast-track the curation process once papers are published.
As of July 2022, we have received 315 submissions compris-
ing >30 000 GWAS, including 232 submissions (74%) for
unpublished data, making this the major route for data sub-
mission (Figure 2).

The submission portal is accessible from the GWAS
Catalog website, at https://www.ebi.ac.uk/gwas/deposition,
with a free user account managed by the European
Life Sciences Research Infrastructures (Life Science RI).
Detailed documentation (https://www.ebi.ac.uk/gwas/docs/
submission) and a video walkthrough (https://doi.org/10.

6019/TOL.GWAS _catalog-w.2021.00001.1) are provided to
assist authors with the submission process.

Authors may submit summary statistics associated with
an existing publication (with or without a PMID), accepted
or submitted manuscript, pre-print, draft manuscript in
preparation, or even a dataset that is not intended for jour-
nal publication. This flexibility allows for the submission of
GWAS data from varied sources, such as datasets from in-
dustry, where journal publication may not be a high prior-
ity (e.g. GCST90002217-20, Taylor et al., medRxiv: https://
doi.org/10.1101/2020.06.17.20134015). For data that is not
yet published in a journal, key information such as author
names, titles and identifiers (e.g. preprint DOIs) are col-
lected to ensure provenance and to enable cross-reference
of the submission to a potential future publication.

Summary statistics files are transferred to the GWAS
Catalog using Globus (13,14). To ensure data complete-
ness, interoperability and reusability, summary statistics
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Publication progress
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Figure 2. The submission and review process for unpublished data submissions. This workflow covers the majority of submissions to date (74%), and
shows the progress from uncurated submitted data (*), to validated /curated data (v'). Authors submit at any point before journal publication, by providing
summary statistics and supporting metadata (Stage 1), and receive a persistent identifier for each study. Summary statistics are validated upon submission.
Metadata may be made available upon submission, or embargoed by the author until journal publication or a specific date. Final publication details are
confirmed once an article is indexed in PubMed (Stage 2). Study and sample information are confirmed and updated after review by a curator, who also
adds top associations, ontology annotations and any replication information for each study (Stage 3). Curated data are released biweekly.

are required to conform to the GWAS Catalog’s stan-
dard format, which includes a consistent .tsv file for-
mat, and mandatory and recommended fields (Hayhurst
et al., bioRxiv, https://doi.org/10.1101/2022.07.15.500230).
A Python-based validation tool, ss-validate (https://pypi.
org/project/ss-validate/), is provided for authors to check
that their files meet validation criteria before submitting.
In order to promote reusability for the widest range of pur-
poses, summary statistics submissions since March 2021 use
a CCO (https://creativecommons.org/publicdomain/zero/1.
0/) licence by default, placing them as completely as pos-
sible in the public domain. Summary statistics from older
submissions, and those acquired by GWAS Catalog cura-
tors from external sources, are provided under the EMBL-
EBI Terms of Use (https://www.ebi.ac.uk/about/terms-of-
use). A small number of datasets are made available un-
der a CC-BY-NC-4.0 licence (https://creativecommons.org/
licenses/by-nc/4.0/; restricting commercial use), applied in
exceptional circumstances where the submitter is limited
by study participant consent and in consultation with the
GWAS Catalog.

Authors submit supporting metadata in a spreadsheet.
For unpublished submissions, they receive a blank tem-
plate and provide study design, trait and sample informa-
tion. Uploaded templates are validated to ensure metadata
is consistent and correctly formatted. Upon successful sub-
mission, authors receive a list of persistent study accessions,
which can be cited in their article, or shared with jour-
nals, collaborators and others. Summary statistics are made

available on the GWAS Catalog FTP within 48 hours, or
at the end of the embargo period, and supporting meta-
data for each study is displayed at the next biweekly data
release, on a dedicated searchable landing page in the Cata-
log GUI (Figure 3A). FTP directories are named using the
study accession assigned at submission, supporting persis-
tent file paths to ensure that users can always access the data
in the same way before and after journal publication.

Unpublished submissions are cross-referenced with
weekly literature search results to identify any that now
have an associated peer-reviewed publication indexed
in PubMed. This is done using fuzzy string matching
between submission details and published citations,
as well as the EuropePMC Article Status Monitor
(https://europepmc.org/ArticleStatusMonitor) and direct
notification by authors. Once a publication is identified,
the submission is updated by the Catalog to include the
citation, top associations and ontology mapping (Figure
3B), and additional harmonised versions of the sum-
mary statistics are made available via FTP. The summary
statistics harmonisation pipeline has been parallelised and
optimised, increasing the speed of processing 4-fold, and
enabling large datasets to be harmonised and released
typically within a few days of inclusion of the publication
in the Catalog.

For data already associated with a PubMed-indexed pub-
lication at the time of submission, authors are informed
about the current status of the publication in the GWAS
Catalog and the appropriate submission type is created.
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A Study information

The study is not yet associated with a peer-reviewed publication. Click here for more information

. i a . : 1
First author Aniket Mishra Preprint DOI View Preprint
Corresponding author Aniket Mishra Date submitted to Catalog Tue Jun 14 2022
K]
Full Summary Statistics FTP Download al Terms/License CcCco
Title Stroke genetics informs drug discovery and risk prediction across ancestries
Reported trait Any stroke Trait(s) 2
Genotyping technology Genome-wide genotyping array Platform (SNPs passing QC) llluminalAffymetrix [7588359]
(imputed)
Sample description 1614080 Other
B  Study information

Reported trait Height Trait(s) body height 6
Genotyping Genome-wide genotyping array Background -
technology Trait(s) @
Discovery 41,389 African ancestry Platform [SNPs Affymetrix, lllumina [17972582] (imputed) 5
sample individuals passing QC]
description

Replication 11,364 African ancestry individuals, 253,288 European ancestry
Discovery 41389 African American or Afro- sample description individuals
ancestry Caribbean, African unspecified
(country of (Nigeria, U.S.) Replication 11364 African American or Afro-Caribbean, African unspecified
recruitment) ancestry (country (U.S.), 253288 European (U.S.)

of recruitment)
PubMed ID 33713608 4

Journal Am J Hum Genet
First author Graff M

Publication date @ 2021-03-05

all
Full Summary Statistics FTP Download ! Terms/Licence Terms of use
Title Discovery and fine-mapping of height loci via high-density imputation of GWASs in individuals of African ancestry.
Authors Graff M, Justice AE, Young KL, Marouli E, Zhang X, Fine RS, Lim E, Buchanan V, Rand K, Feitosa MF, Wojczynski MK, Yanek LR, Shao Y,
Aldrich MC, Allison MA... Show more >
Available data: | Associations @) !

Figure 3. Example screenshots of study landing pages in the GWAS Catalog GUI. (A) The landing page for an unpublished study shows provisional
publication information such as author names, titles and links to preprints [1]; basic study and sample information [2]; and a link to the full summary
statistics [3]. (B) The landing page for a published study additionally provides the final journal citation [4], more detailed study and sample information

[5], ontology annotations [6] and curated top associations [7].

Where a publication has been curated and the study and
sample information is already available in the Catalog,
authors are requested to submit summary statistics only,
and to match the files to the corresponding curated stud-
ies. Where a publication has not yet been curated, au-
thors are requested to submit both summary statistics and
study metadata (as for unpublished submissions above).
This allows us to recruit FAIR data of most use to the
community.

SCALING AND VALIDATION OF DATA FLOW

Ingest of author submissions requires an efficient curation
workflow to annotate and release submissions every two
weeks. In 2022, data releases contained on average 40%
more publications, 3000% more studies and 75% more asso-
ciations than in 2020. Curation system enhancements also
improved data representation for publications with many
studies. Every new GWAS is now represented accurately as
a separate GWAS Catalog study with study-specific trait
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representation, removing the requirement for P-value an-
notation. Selected older studies have been recurated under
the new system, e.g. (15).

We continue to curate top associations and metadata
from the literature for additional publications without au-
thor submissions. We aim to curate all publications in scope,
however prioritisation is applied to ensure data with the
highest utility is released first, including publications with
significant top SNP/trait associations, full summary statis-
tics available, and those that increase representation of non-
European ancestries.

Technical improvements to the Catalog’s infrastructure
have enabled data to be served at scale. The data release
process has been optimised to account for the increased
number of studies and associations, including redesign of
the genomic mapping pipeline for parallelization, opti-
mised database querying and modular architecture with
in-memory computing mechanism for efficient external re-
source interaction. The pipeline now runs in <10% of the
previously required time resulting in timely access to the
latest mapping information required for data release. Ver-
tical scaling of the Catalog website and API to cater for
increased user requests has been achieved by introduction
of new hardware infrastructure and doubling of system re-
sources (memory and computing power) for increased re-
silience. The latest version of the infrastructure has also
been redesigned to use OS-level virtualization and deliver
GWAS Catalog software in packages (called containers) or-
chestrated by Kubernetes which automatically scales the
applications horizontally as workload changes, capable of
handling spikes, with self-healing capabilities to ensure re-
silience and maximum uptime.

TRAIT ANNOTATION IMPROVEMENTS

Traits are described in a flexible free text field reflecting au-
thor language and study design, and annotated using terms
from the Experimental Factor Ontology (EFO) (16) to en-
able searchability and interoperability. More than 5000 di-
verse EFO terms represent diseases, biomarkers, molecu-
lar measurements (e.g. protein QTLs), drug responses and
anthropometric measurements. GWA study designs can in-
volve complex relationships between the traits under inves-
tigation, which are difficult to represent accurately in a sin-
gle data field. For example, while the majority of studies
(91%) analyse a single trait (e.g. type II diabetes), a sig-
nificant minority (6%) involve two or more traits related
by pleiotropy (e.g. ‘Schizophrenia or bipolar disorder’) or
comorbidity/co-occurrence (e.g. ‘Major depressive disor-
der and alcohol dependence’). Others (3%) involve one or
more main traits of interest within the context of an addi-
tional background trait—one shared by all participants in
the study but not directly tested in the association analysis
(e.g. ‘Allergic rhinitis in asthma’). To represent these studies
more accurately, we have added a separate field for back-
ground trait annotations, leaving only those traits that are
directly analysed in the main trait field. Filters have been im-
plemented on each trait page in the GUI to allow users to
include or exclude studies where that trait is a background
trait (Figure 4). These filters apply to both tabular data and
visualisations. We also continue to work with EFO editors

to improve the overall structure of the ontology and ensure
that it meets the needs of the Catalog’s users.

IMPROVED
SOURCES

Development of polygenic scores is an impactful down-
stream application of GWAS data, that uses summary
statistics to make individual-level predictions of genetic pre-
disposition to heritable traits. The Polygenic Score (PGS)
Catalog (https://www.pgscatalog.org) was launched in 2019
in collaboration with the GWAS Catalog as an open re-
source to enable FAIR PGS data and systematic evaluation
of published PGS (17). Reciprocal links between the two re-
sources allow users to easily identify polygenic scores that
have been generated using data in the GWAS Catalog, and
conversely to identify the GWAS source data that was used
to develop a given polygenic score. GWAS Catalog studies
are linked to PGS by means of a clickable button for rel-
evant study, publication and trait pages, and each score in
the PGS Catalog links to the source data used to develop
the score in the GWAS Catalog UI. Metadata (e.g. ances-
try descriptions) and trait annotations are also harmonised
between the two resources.

Additionally, each gene in the GWAS Catalog links to
relevant data in the Open Targets drug discovery plat-
form (https://platform.opentargets.org/) and to its mouse
ortholog in the International Mouse Phenotyping Consor-
tium (IMPC; https://www.mousephenotype.org). Orthol-
ogy predictions are provided by IMPC’s reference database,
which is rebuilt every week to include the latest HCOP or-
tholog relationships and data from MGI (18). Such links
enhance users’ ability to prioritise candidate variants by in-
tegrating additional functional evidence.

INTEGRATION WITH OTHER RE-

PROMOTING EQUITABLE DATA SHARING

Despite improvements in open data sharing, in 2022, 77% of
publications did not share GWAS summary statistics freely
at the time of publication (Figure 1B). The GWAS Cata-
log has addressed barriers to data sharing and re-use via
community outreach, noting that barriers are ethical, legal
and social as well as technical. In 2020-2021, we analysed
the GWAS data landscape through a series of workshops
examining FAIR criteria, infrastructure needs and the in-
centivisation of data sharing (https://www.ebi.ac.uk/gwas/
docs/sharing-standardsworkshop) (19).

Analysis performed in March 2021 showed the rate of
data sharing differed among different cohorts, with the low-
est submission rate in cancer genetics. The proportion of
cancer studies that shared sumstats was 4.5x lower than
studies of epilepsy (the most widely shared disease trait at
the time) and 3 x lower than diabetes. A survey revealed the
primary reason was data embargoed for use in future re-
search, followed by privacy/ethics issues and lack of aware-
ness of an appropriate data repository. Given the impor-
tance of cancer research to human health, we pursued dedi-
cated outreach to the cancer community, achieving a sharp
increase in sharing. For publications in 2022, the rate of
sharing in cancer is greatly improved with a similar pro-
portion of cancer GWAS sharing summary statistics as for
other major disease traits.
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Figure 4. Background trait filter in GUI. When viewing a trait (e.g. hepatitis B virus infection), users can choose whether to display only direct associations
with hepatitis B virus infection (left panel, default view), or to additionally display associations with other traits in a background of hepatitis B virus
infection (e.g. ‘Liver disease in chronic hepatitis B virus infection’) (right panel). Toggling the filter updates the count of associations and studies for the
trait (upper), as well as the plots of associations for the trait across the genome (lower).

Lack of diverse ancestries in genomics studies limits the
ability to apply their findings to diverse populations (20).
Benefits from improved knowledge of SNP-trait associa-
tions accruing from GWAS and PGS are diluted, lead-
ing to health inequities for under-represented populations
(20,21). The GWAS Catalog has greatly improved the un-
derstanding of genomics diversity by providing data nec-
essary to calculate the European bias in published GWAS
(20,22). For example, the GWAS Diversity Monitor (https:
[lgwasdiversitymonitor.com) (23) uses the GWAS Catalog
as its sole data source. We have observed that the bias to-
wards European ancestry is more pronounced in shared
GWAS summary statistics, with 93% of sumstats generated
from European-only samples, compared to 79% European-
only studies in the Catalog overall.

Resources such as the GWAS Catalog are data gatekeep-
ers and as such have a responsibility to promote data diver-
sity and to review processes to ensure that they do not inad-
vertently act to reduce the diversity of shared data. In 2021
we convened a working group to explore these issues and
identified opportunities to maximise submission of GWAS
datasets for diverse populations, which the GWAS Catalog
will act on.

These included (a) improved top-down awareness of the
benefits of open sharing among patients, cohorts, con-
sortia, researchers, journals and resources; (b) improved
messaging around responsibilities of data consumers, with
an expectation that analyses of shared data should them-
selves be shared; (c) appropriate visibility for data gen-
erators, to allow less well funded researchers to demon-

strate impact; (d) support for under-resourced groups to
share data via provision of tools and recruitment of help
from the community; (e) adaptable data sharing require-
ments to mitigate privacy issues and re-identification risk,
which can be a barrier to sharing especially in founder pop-
ulations and (f) promoting full data sharing from multi-
ethnic cohorts. The UK Biobank is an example of an ex-
tremely successful and well-used multi-ethnic cohort (ac-
counting for at least 13 000 studies in the GWAS Cat-
alog as of July 2022), from which non-European sam-
ples are regularly excluded (~90% of UKB studies in the
GWAS Catalog are European-only). This is despite the
not insubstantial size of those groups compared to other
GWAS sample sets, e.g. ~8200 self-reported ethnicity as
‘Indian’/‘Pakistani’/‘Bangladeshi’ and ~8200 self-reported
as ‘Black or Black British’ in UKB (https://biobank.ndph.
ox.ac.uk/showcase/field.cgi?id=21000), compared to aver-
age discovery stage sample size in the GWAS Catalog for
‘South Asian’ (~6500) and ‘African unspecified’ (~8500).
To minimise exclusions and to facilitate downstream anal-
yses (e.g. GWAS meta-analysis), we encourage data gener-
ators to share these data in the GWAS Catalog to enable
re-use of the data even when not included in a publication.

DISCUSSION

The GWAS Catalog has provided FAIR GWAS data
to the genomics community for almost 15 years. In the
last 3 years, we have migrated from being a fully curated
resource to include directly submitted GWAS summary
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statistics and metadata. This ensures rapid access to full
genome-wide datasets, and allows authors to make data
available prior to or at the time of publication, fulfilling
journal requirements for data sharing. Data is made
available with persistent accession IDs and under a clear
licence allowing re-use, as recommended by journals and
funders, maximising the utility and translational value of
the data to the genomics community. The GWAS Catalog
is now the recommended GWAS data repository for
UK Biobank (https://biobank.ndph.ox.ac.uk/showcase/
exinfo.cgi?src=returning_results) and Nature journals
(https://www.nature.com/sdata/policies/repositories). Sub-
mitted metadata are validated and subject to mandatory
field requirements. This improves data completeness over
curation from the literature.

A major change in the field in recent years has been
the availability of large whole-genome or whole exome se-
quenced cohorts (e.g. UK Biobank, TOPMed) for GWAS
analysis (seqGWAS). We have responded to this change by
expanding our scope to include single variant seqGWAS
datasets which can be represented in the same way as ar-
ray GWAS (10) and are now routinely curated in the Cata-
log. A further challenge is the inclusion of aggregate anal-
yses e.g. gene-based analyses. These are of great interest
to the community and provide a valuable link from vari-
ant data to functional pathways and drug targets. At the
time of our previous publication (10), there were no full
P value summary statistics from aggregate analyses openly
shared to our knowledge. We now accept submissions of
these, and are working towards integration of the top asso-
ciations into the database. Author submission of summary
statistics gives us the flexibility to make a wider range of
data types available, including aggregate rare variant anal-
yses and CNV analyses, for which a standardised represen-
tation of associations or metadata has not yet been defined.
Generating a critical mass of these data in a central repos-
itory is a valuable first step towards standardisation, inter-
operability and reusability. We encourage the community
to share these data and engage in discussion on a mini-
mal data format. Users are encouraged to always contact
the submission helpdesk (gwas-subs@ebi.ac.uk) prior to at-
tempted submission of non-standard genome-wide datasets
in order to discuss their suitability.

The success of GWAS and speed at which data can be
generated from deeply phenotyped cohorts continues to ac-
celerate. Data sharing initiatives and availability of a central
repository for GWAS summary statistics means that large
datasets can be shared rapidly, enabling a wide variety of
downstream applications and amplifying the downstream
knowledge (and cost-effectiveness) gained from any indi-
vidual study. The GWAS Catalog has met this challenge by
developing deposition infrastructure that allows datasets to
be shared directly and immediately, lessening the require-
ment for manual curation. However, this does not remove
the scaling issue but rather shifts it towards one of storage
and indexing. Our current summary statistics database tech-
nology is not performant for cross study queries and we will
adopt an alternative strategy to best meet user requirements
for querying summary statistics.

We note the landscape of data sharing has changed as re-
search data are generated in healthcare settings, and as fed-

eration of data and analyses becomes the norm. Data access
models, formats, standards and infrastructure must there-
fore adapt to new federated models of access. Where data
cannot be included in the GWAS Catalog due to ethical or
license constraints, it is linked from the Catalog to promote
findability. We continue to work with data owners on index-
ing and standardisation of these data by sharing metadata
format specifications, QC and harmonisation tools with the
aim of ensuring federated data are also FAIR. Our work-
ing groups will continue to address challenges identified to
benefit the user community.

DATA AVAILABILITY

The GWAS Catalog is an open-source project and
code is available in the project’s github repos-
itory (https://github.com/EBISPOT/goci). Cu-
rated data are available from the query interface
(https://www.ebi.ac.uk/gwas/) and download files from
https://www.ebi.ac.uk/gwas/downloads. APIs for the
summary statistics data (http://www.ebi.ac.uk/gwas/
summary-statistics/api/) and the curated data (https:
/lwww.ebi.ac.uk/gwas/docs/programmatic-access) provide
programmatic access to all the Catalog’s data. The Cata-
log’s GUI also provides access to summary statistics https:
[lwww.ebi.ac.uk/gwas/downloads/summary-statistics.
GWAS summary statistics submitted after March
2021 are made available under CCO terms (https:
/[creativecommons.org/publicdomain/zero/1.0/), while
those submitted prior to March 2021 are made avail-
able under the standard terms of use for EBI services
(https://www.ebi.ac.uk/about/terms-of-use/). We advise
consumers of data hosted by the GWAS Catalog to
note the licence terms of individual datasets. Other
GWAS Catalog data is covered by the EBI terms of use.
Code is available under the Apache version 2.0 licence
(http://www.apache.org/licenses/ LICENSE-2.0).
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