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ABSTRACT

The NHGRI-EBI GWAS Catalog has provided data
from published genome-wide association studies
since 2008. In 2015, the database was redesigned
and relocated to EMBL-EBI. The new infrastructure
includes a new graphical user interface (www.ebi.
ac.uk/gwas/), ontology supported search functional-
ity and an improved curation interface. These devel-
opments have improved the data release frequency
by increasing automation of curation and providing
scaling improvements. The range of available Cat-
alog data has also been extended with structured
ancestry and recruitment information added for all
studies. The infrastructure improvements also sup-
port scaling for larger arrays, exome and sequencing
studies, allowing the Catalog to adapt to the needs of
evolving study design, genotyping technologies and
user needs in the future.

INTRODUCTION

Genome-wide association studies (GWAS) are a well-
established and effective method of identifying genetic loci
associated with common diseases or traits (1). GWAS in-
volve the analysis of at least hundreds of thousands of vari-
ants across the genome in large cohorts of individuals, often
split into cases and controls, to identify variants associated
with the trait of interest. The majority of variants identified
by GWAS are assumed not to be causal but to tag a region
of linkage disequilibrium containing one or more functional
variants. GWAS have identified reproducible genomic loci
associated with many common human diseases, including
cardiovascular disease (2), inflammatory bowel disease (3),
type 2 diabetes (4) and breast cancer (5).

The GWAS Catalog (www.ebi.ac.uk/gwas; 6) is a publicly
available, manually curated resource of all published GWAS
and association results, collaboratively produced and devel-
oped by the NHGRI and EMBL-EBI. It includes all eligi-
ble GWAS studies since the first published GWAS on age-
related macular degeneration in 2005 (7). As of 1st Septem-
ber 2016 it contains 24,218 unique SNP-trait associations
from 2,518 publications in 337 different journals. The Cat-
alog summarizes a large body of diverse and unstructured
data from the literature in an accessible, expertly curated
and quality controlled resource. Catalog data are used by
biologists, bioinformaticians and clinical/translational re-
searchers as a starting point for further investigations to
identify causal variants, understand disease mechanisms,
and establish targets for novel therapies. Examples of such
work include the analysis of Catalog data for identifica-
tion of other traits associated with type 1 diabetes loci by
Onengut-Gumuscu et al. (8); for evidence of pleiotropy
by Sivakumaran et al. (9); for loci associated with seven
common diseases to identify possible causal missense vari-
ants by Pal and Moult, 2015 (10); and for identification of
new targets for known drugs by Mullen et al. (11). GWAS
Catalog data are also integrated into many bioinformat-
ics resources including Ensembl (12), the UCSC Genome
Browser (13), PheGenI (14), HuGE Navigator (15) and
GWASdb (16).

For inclusion in the Catalog, studies and associa-
tions must meet strict criteria (www.ebi.ac.uk/gwas/docs/
methods); studies must include an array-based GWAS and
analysis of >100 000 SNPs with genome-wide coverage,
while SNP-trait associations must have a P-value <1 ×
10−5. Studies identified through an automated PubMed lit-
erature search are reviewed to select those matching the in-
clusion criteria. In order to summarize the GWAS literature
in a consistent manner in the Catalog, each GWAS analysis
is entered separately into the curation system using stan-
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Figure 1. A composite diagram showing association and trait search results for ‘cardiovascular disease’ visualized in the user interface and on the GWAS
Diagram. http://www.ebi.ac.uk/gwas/search?query=cardiovascular%20disease. The diagram can be reached from http://www.ebi.ac.uk/gwas/diagram.

dards for describing ancestry and traits, and following ex-
tensive extraction guidelines at the study and SNP levels.
Trained curators, with expertise in deciphering study design,
read each paper to determine how to represent the GWAS
analyses in the most scientifically accurate and accessible
manner. The curators assess whether any appropriate repli-
cation analyses were performed; the number and ancestry
of samples included in the analysis; and the traits analyzed.
All traits are mapped to terms from the Experimental Fac-
tor Ontology (EFO; 17). This enables structured querying
and visualization of data in the GWAS diagram (Figure 1)
e.g. searching for ‘cardiovascular disease’ displays all asso-
ciations both with this specific trait and its sub-traits, in-
cluding for example ‘myocardial infarction’ and ‘coronary
artery disease’.

GWAS study design has evolved and complexity has in-
creased since the inception of the Catalog, rendering it
more challenging to understand and represent the study de-
sign, and to extract greater volumes of data. Specifically,

there has been significant growth in the number of publica-
tions describing multiple GWAS, SNP-by-SNP and SNP-
by-environment interaction studies, and in the number of
traits and ancestry categories analyzed per publication (Fig-
ure 2), along with an average 50% increase in eligible SNP-
trait associations year on year over the last 4 years.

Since our last publication (6), we have made substantial
changes to the infrastructure that improve the GWAS Cat-
alog and ensure sustainability into the future. In parallel
we have curated over 600 publications and 10,000 SNP-
trait associations since November 2014. We developed a
new Catalog infrastructure, launched in March 2015 with
a redesigned database, improved data model, curation in-
terface, user interface and download files. In addition, the
new website (www.ebi.ac.uk/gwas/) has ontology supported
search functionality and an interactive search results inter-
face. All software for the Catalog’s infrastructure is open
source and made available via a public GitHub repository
(https://github.com/EBISPOT/goci) using an Apache 2.0 li-
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Figure 2. Increasing complexity of GWAS studies over time (A) number of SNP-by-environment interaction studies, (B) number of SNP-by-SNP inter-
action publications, (C) number of traits per publication, (D) number of ancestry categories each GWAS publication analyzed and (E) number of GWAS
analyses per publication. Values were normalized to provide equal weighting to each category.

cence. All Catalog data are freely and publicly available fa-
cilitating integration with bioinformatics resources.

IMPROVED DATA REPRESENTATION AND ANNOTA-
TION

Accurate data capture is essential to make data correctly
available for searching, visualization and integration with
other resources. To ensure the GWAS Catalog is able to ac-
curately capture study design and association results of in-
creasing complexity we reviewed and redesigned the Cata-
log database schema. The representation of effect sizes has
been improved with odds ratio and beta coefficient informa-
tion now captured and displayed in separate fields, improv-
ing the accessibility of this data for users. We also mandated
the use of structured, rather than free text, terms for key
concepts including beta unit and direction, platform manu-
facturer, number of SNPs analyzed and whether imputation
was used. This will improve consistency and integration po-
tential with other complementary resources. Changes were
made to the Catalog infrastructure to improve the represen-
tation of composite genomic elements, including haplotypes
and SNP-by-SNP associations. Each individual variant is
now captured separately in the database allowing variant-
specific mapping, searches, links and visualization. The new
schema design is also more flexible and will support future
extensions to the scope of the GWAS Catalog to meet evolv-
ing study designs and users needs, as discussed in future
work.

To improve the quality and accuracy of the SNP and as-
sociated genomic data in the Catalog, we have redeveloped
the variant mapping pipeline. The new pipeline accesses En-
sembl’s REST API (https://rest.ensembl.org/) (18) enabling
live validation within the curation system for: SNP ID vali-
dation; reported gene ID validation; checking that the SNP
and reported gene are on the same chromosome. This de-
livers more accurate data in the Catalog as errors are re-
ported and corrected immediately, decreasing the need for

post-hoc curation. The new pipeline has also increased the
proportion of variants that map to the genome, from 92%
to 96%, improving the completeness of genetic location,
mapped gene and cytogenetic data. In future, the flexibil-
ity of this pipeline will allow integration of additional in-
formation from Ensembl to improve functional annotation,
for example with all genes within a specified genomic region
from both the RefSeq (19) and GENCODE (20) gene sets.
These future enhancements are supported in the redesigned
database with the model now capturing mapping of multi-
ple genes to a single variant, and the distance to each gene.
In addition the new pipeline is used to update the current
dataset to the most recent genome build.

IMPROVED DATA CURATION

GWAS Catalog data are manually extracted from the litera-
ture and entered via a curation interface. The curation inter-
face supports all aspects of the process, including progress
reporting, tracking of studies, data entry and quality con-
trol. We have re-developed and deployed this interface at
the EMBL-EBI focusing on ease of navigation, usability
and scaling of curation processes. The curation homepage
provides summary information and tracking for all studies
within the GWAS Catalog, while the study-specific data en-
try pages now have separate tabs for study, sample, associ-
ation and curator information. Additional tabs have been
added to allow curators to attach and directly access files
relating to the study (e.g. PDF of publication and supple-
mentary materials), print all study-specific information and
view provenance information for study-specific data entry.
Direct mapping of traits to the Experimental Factor On-
tology (EFO) at both the study and association level, is
available within the curation interface, facilitating mapping
within the curation workflow. These improvements will sup-
port future scaling of curatorial activities through author
deposition, as discussed in future work.

https://rest.ensembl.org/
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IMPROVED DATA ACCESS AND VISUALIZATION

We have launched a new GWAS Catalog website (www.ebi.
ac.uk/gwas), redesigned based on feedback with improved
querying and navigation. All GWAS Catalog data continue
to be publicly available from the website via a search in-
terface (Figure 1; www.ebi.ac.uk/gwas/search), download
(www.ebi.ac.uk/gwas/docs/downloads) and diagram (www.
ebi.ac.uk/gwas/diagram), however, each of these methods
has been developed and extended to provide an easier and
more intuitive user experience. The new website also in-
cludes improved documentation with specific pages describ-
ing details of the Catalog’s eligibility criteria and methods
(www.ebi.ac.uk/gwas/docs/methods), and ontology repre-
sentation of traits (www.ebi.ac.uk/gwas/docs/ontology).

We have harmonized the GWAS Catalog data re-
lease strategy, with all available elements (searchable data,
spreadsheets and diagram) now being released weekly. This
has allowed us to introduce date-based versioning and pro-
vide all weekly data releases since March 2016 on the
project’s FTP site (ftp://ftp.ebi.ac.uk/pub/databases/gwas/
releases/).

Searching of Catalog content is now via a single search
bar, with more searchable fields and improved function-
ality. The new search is driven by a Solr index (http://
lucene.apache.org/solr/), which allows simultaneous search-
ing across a wide range of data fields, including title, author,
journal, reported trait, mapped (ontology) trait, sample de-
scriptions, genes and SNPs. In addition, it also provides
ontology expansion support, returning results for mapped
trait’s synonyms and child terms. For example, a search of
‘inflammatory bowel disease’ will also return results for chil-
dren of this trait such as ‘Crohn’s disease’ and ‘ulcerative
colitis’. Equally, search results for ‘cancer’ will include all
sub-types of cancer, whether they contain a lexical match to
‘cancer’ (e.g. breast cancer, esophageal cancer) or not (e.g.
Ewing sarcoma, acute myeloid leukemia).

Search results are displayed in an interactive graphical
user interface with improved data visualization, interroga-
tion and integration with data from external resources. Re-
sults are displayed in tabular format, organized into sepa-
rate facets for studies, associations and traits. Search results
can be filtered, by P-value, odds ratio, beta coefficient, study
date, reported trait, are sortable and can be downloaded in
tab-delimited format. Links are available to relevant data
in external resources, including the publication entry in Eu-
rope PMC (21), variant, genomic location and gene in En-
sembl (12), and mapped ontology trait in EFO (17) enabling
users to access additional information easily.

The new GWAS Catalog interface also provides addi-
tional data not previously available via the now retired
NHGRI hosted search interface, for example ancestry data
is now available for all studies (released October 2016). This
work included the annotation of study samples to an ances-
try ontology (www.ebi.ac.uk/ols/ontologies/ancestro), with
sample sizes and country of recruitment for each ancestral
group. These data are fully searchable enabling new searches
for studies performed on samples from a specific ancestral
background. We also plan to provide additional filtering
functionality based on ancestry to allow inclusion or exclu-
sion of results based on the ancestry of study samples.

The GWAS Catalog’s complete data in tab-delimited
format (www.ebi.ac.uk/gwas/docs/downloads) is primarily
used by bioinformaticians for bulk data access, allowing
large-scale analysis of the data, annotation with additional
data or integration into resources, e.g. Ensembl. We have ex-
panded the range of download files available, with separate
files for all associations and all studies, both with and with-
out ontology mappings, and for ancestry data. We retained
the original file format for association data, including all
column headings, in order to provide backwards compati-
bility for programmatic parsing of the data. Studies are now
included in a separate spreadsheet which provides a full list
of all studies with a count of how many associations were
identified for each study. We also provide a dedicated map-
ping spreadsheet between all reported GWAS Catalog traits
and ontology terms, along with the GWAS diagram trait
category. This allows users to identify the child terms in-
cluded under each higher-level trait category on the GWAS
diagram for example congenital heart disease is a cardiovas-
cular disease.

The interactive GWAS diagram uses the Web Ontology
Language/Resource Description Framework (OWL/RDF,
https://www.w3.org/OWL/) for representation of the Cat-
alog data and was previously hosted separately from the
main GWAS Catalog. The new diagram portal (www.ebi.
ac.uk/gwas/diagram) is now integrated with the new public
Catalog infrastructure providing a uniform look and feel
and improving transition for users between search and vi-
sualization. It is now possible to search the Catalog for a
trait or SNP of interest directly from the pop-up informa-
tion window for each trait. The redevelopment of the di-
agram generation software using a Virtuoso triplestore to
represent the underlying data, has led to more than 1000-
fold improvement in diagram generation time, and diagram
and data releases are now synchronized weekly. Current and
older versions of the GWAS diagram are downloadable pro-
viding users with high quality diagram images for publica-
tions and presentations and enabling the construction of a
diagram time series. The full GWAS Catalog is also avail-
able in OWL/RDF format, allowing users to install their
own triple store and run their own version of the diagram
generation software as well as query the GWAS Catalog in
SPARQL or another graph querying language.

IMPROVED USER SUPPORT

The GWAS Catalog is committed to providing support for
users. We have improved the documentation on our web-
site, extended the process documentation, and FAQ have
been added (www.ebi.ac.uk/gwas/docs/faq). The helpdesk
provides rapid responses (48 h) to emails and support re-
quests via gwas-info@ebi.ac.uk, announces major updates
from the announce list, and tweets from the GWAS Cat-
alog Twitter account (@GWASCatalog). During the past
year we have also delivered our first face-to-face training
workshops (training materials available at ftp://ftp.ebi.ac.
uk/pub/databases/gwas/training materials/).

FUTURE WORK

We will continue to improve the data access, scientific value
and user experience of the GWAS Catalog and we invite
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users to request new features. In order to allow full pro-
grammatic access to all GWAS Catalog data, we will release
a REST API in 2017. We will also develop more advanced
searching capabilities such as limiting searches to only a sin-
gle field (e.g. genes or traits), batch searching and combi-
natorial searches. New search parameters such as search-
ing across genomic regions and filtering by LD blocks will
also be included. The presentation of Catalog data will be
improved with the introduction of dedicated SNP-specific
pages, followed by study- and gene- specific pages, to sup-
plement the high-level overview presented by the current
multi-faceted search results page. These pages will link to
other data sources, such as Ensembl, to allow views of func-
tional annotation and pathway information. We will pro-
vide improved user support, with dedicated resources for
user groups with different needs, including publishing on-
line training at EMBL-EBI’s Train online (www.ebi.ac.uk/
training/online/).

GWAS study design, genotyping technologies and user
needs have advanced since the initial design of the Cata-
log. It is essential that the Catalog adapts to contain the
most relevant and up-to-date studies and association re-
sults. Studies using large-scale targeted/non-genome-wide
arrays, including the Metabochip, Immunochip and Exome
arrays, and genotyping by sequencing are currently not in-
cluded in the Catalog. Following feedback from our users
we have plans to extend the scope of the Catalog to include
all large-scale association studies and all SNP-trait associ-
ations, regardless of P-value. This, coupled with program-
matic access, will vastly improve the utility of the Catalog
for large-scale meta-analyses of published GWAS data with
increased power to identify causal loci.

To meet the needs of increasing data volumes, study com-
plexity and allow us to extend the scope of data included,
we will develop scalable methods of data acquisition. As de-
scribed above the curation interface has been re-designed
with a view to opening it up to authors of eligible papers in
the future to facilitate data deposition directly to the GWAS
Catalog.
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