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ABSTRACT

The Ensembl project (https://www.ensembl.org) an-
notates genomes and disseminates genomic data
for vertebrate species. We create detailed and com-
prehensive annotation of gene structures, regula-
tory elements and variants, and enable comparative
genomics by inferring the evolutionary history of
genes and genomes. Our integrated genomic data
are made available in a variety of ways, includ-
ing genome browsers, search interfaces, specialist
tools such as the Ensembl Variant Effect Predictor,
download files and programmatic interfaces. Here,
we present recent Ensembl developments includ-
ing two new website portals. Ensembl Rapid Re-
lease (http://rapid.ensembl.org) is designed to pro-
vide core tools and services for genomes as soon
as possible and has been deployed to support large
biodiversity sequencing projects. Our SARS-CoV-2

genome browser (https://covid-19.ensembl.org) in-
tegrates our own annotation with publicly available
genomic data from numerous sources to facilitate
the use of genomics in the international scientific re-
sponse to the COVID-19 pandemic. We also report on
other updates to our annotation resources, tools and
services. All Ensembl data and software are freely
available without restriction.

INTRODUCTION

Ensembl accelerates worldwide genomic research by inte-
grating, harmonizing and annotating genome data and dis-
seminating it via a coherent and consistent set of interfaces
and tools. We import primary data from archive resources
such as INSDC (1), dbSNP (2) and the European Variation
Archive (EVA, https://www.ebi.ac.uk/eva), and add value
via detailed and comprehensive annotation of transcript
structures (3), genomic variants (4) and regulatory regions
(5). We also enable the study of evolution by large-scale
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comparison of genomes and gene products across many
species (6). These data can be accessed via our website, pro-
grammatically via a number of application programming
interfaces (APIs) (7,8), and downloaded in numerous stan-
dard file formats. We develop and make available a variety
of tools for genomic analysis, including the Ensembl Vari-
ant Effect Predictor (VEP) (9). Our software, database and
tools infrastructure is freely available and is used to power
the nonvertebrate genome resources provided by the clade-
specific Ensembl Genomes websites (10), collaborating re-
sources such as WormBase (11), and community-oriented
databases focused on branches of the taxonomy, such as
AvianBase (12) and LepBase (http://lepbase.org).

Genome research has evolved significantly since the pub-
lication of the human genome 20 years ago (13). Genome
medicine is developing rapidly across the world as a diag-
nostic tool for rare diseases, for prioritization and selection
of cancer treatments, and for many other applications. At
the same time, we are in the midst of the sixth mass extinc-
tion (14), and loss of biodiversity is entwined with many
of the key challenges faced by human society today includ-
ing pandemic zoonotic diseases, climate change, food secu-
rity, availability of drugs and vaccines, and renewable en-
ergy. Genomics will play an increasingly important role in
biomedical and biodiversity science, and a key aim for En-
sembl is to evolve accordingly by developing our reference
annotation resources and genomics infrastructure platform
to support these applications.

This year, we have enhanced our reference transcript,
regulatory and variation annotation in human, vertebrate
model organisms, and other species of high socioeconomic
importance. For example, our human genome resources
have seen three updates to the Ensembl/GENCODE ref-
erence transcript set, continued collaborative work within
the Matched Annotation from NCBI and EMBL-EBI
(MANE) project, enriched regulatory data for enhancer ac-
tivity and microRNA-gene interactions, and variation an-
notation incorporating new structural variants and allele
frequency data.

Large-scale biodiversity sequencing projects,
such as the Vertebrate Genomes Project (https:
//vertebrategenomesproject.org/) and the Darwin Tree
of Life Project (https://www.darwintreeoflife.org/), are
generating high-quality genome assemblies at an accel-
erating pace. Supporting these projects and others under
the umbrella of the Earth BioGenome Project (15) is
a priority development area for us. We previously re-
ported on our efforts to re-engineer our evidence-based
automated transcript annotation pipeline to achieve an
order-of-magnitude increase in efficiency (16). This year,
we have consolidated this work to deliver our largest
annual increase in supported genomes, while creating
a new mechanism––Ensembl Rapid Release––for the
dissemination and distribution of genomes as soon as
they are annotated. We have also created a sub-portal of
Ensembl for the Vertebrate Genomes Project, which acts
as a template for further project or community-specific
windows into Ensembl data.

As well as an annotation resource, Ensembl is also a com-
prehensive technology platform for the management, anal-
ysis and dissemination of genomic data. We have enriched

our website and services with new ways of accessing data,
and have developed a new interface for exploring multidi-
mensional Track Hubs. At the same time, work on our re-
designed website (17) and APIs continues apace, with recent
innovations including a new prototype API.

The COVID-19 pandemic is unprecedented in its mobi-
lization of the global scientific community, with many re-
searchers refocusing their work to help understand the dis-
ease, treat its symptoms and slow its transmission. We have
contributed to the effort by creating a browser and tools for
the genome of the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) virus that causes COVID-19. The
reference sequence acts as a foundation for exploring data
pertaining to the molecular genetics of virus transmission
and pathogenicity, and our established tools such as the En-
sembl VEP are a useful platform for exploring the variation
between viral isolates.

REFERENCE ANNOTATION FOR KEY SPECIES

We have enriched our reference human transcript anno-
tation, which is created as part of the GENCODE con-
sortium (18). One area of focus this year has been re-
examining and extending the annotation for genes impli-
cated with COVID-19 infection and response, which has
resulted thus far in the addition or amendment of over
4000 transcripts. These data are currently available as a
Track Hub (19), and will be made available as part of
the full Ensembl/GENCODE transcript set in an immi-
nent Ensembl release. We previously reported (17) on a
new collaboration with the NCBI––MANE Select––that
aims to produce a single reference transcript for ev-
ery human protein gene with identical structure between
Ensembl/GENCODE and RefSeq (20). In our recent v0.91
of MANE Select (July 2020), 84% of human protein-coding
genes are covered (up from 67% last year). We have been
working closely with clinical partners to prioritize loci for
inclusion in MANE Select, and we expect close to full cov-
erage of all clinical genes with confirmed association with
human disease to be available imminently. This includes the
59 genes considered to be clinically actionable by the Amer-
ican College of Medical Genetics and Genomics (ACMG)
(21).

We have broadened and deepened our reference human
regulatory annotation. This year, we incorporated updated
enhancer activity data from VISTA (22) and miRNA/gene
interactions from Tarbase v8 (23). We also refreshed our
regulatory annotation for GRCh37, in recognition of the
widespread use of this previous human assembly. Our
GRCh37 regulatory annotation now represents over 100
human epigenomes, cataloguing over half a million ele-
ments covering 16% of the genome from over 9TB of ex-
perimental data from the Roadmap Epigenomics (24), EN-
CODE (25) and BLUEPRINT (26) projects.

Our high-quality reference human gene and regulatory
annotation underpin the interpretation of genetic varia-
tion in human populations. We have enhanced our vari-
ant collections by updating to the latest versions of mul-
tiple resources including dbSNP and the Genome Aggre-
gation Database (gnomAD, (27)), and added new human
allele frequency data from the Gambian Genome Varia-
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tion project (28). We have also integrated new structural
variant data from sources including gnomAD, ClinVar (29)
and the NCBI Curated Common Structural Variants set
(https://www.ncbi.nlm.nih.gov/dbvar/studies/nstd186).

Beyond human, provision of annotation resources for
model organisms and species of socioeconomic impor-
tance continues to be a key activity area. For example, we
are part of the AQUA-FAANG consortium (https://www.
aqua-faang.eu), which is focused the functional genomics
of the six most economically important fish species in Euro-
pean aquaculture: European Seabass, Gilthead Seabream,
Atlantic Salmon, Rainbow Trout, Common Carp and Tur-
bot. We have produced detailed gene annotations for all six
species, with work underway to add regulatory annotation.
We have also integrated variant data for Atlantic Salmon
from the EVA.

We support multiple strain/breed genomes for model or-
ganisms and farmed/companion animals, and we previ-
ously reported on the incorporation of 17 laboratory mouse
strains (30) and 12 pig breeds (17). This year we have added
additional breed genomes for sheep (Rambouillet), goat
(Black bengal) and dog (Great Dane, Banshi and German
Shepherd) as well as three strains of common carp.

SUPPORTING BIODIVERSITY GENOMICS

In the past year, we have annotated and integrated 83 new
vertebrate genomes across diverse clades (see Figure 1). No-
table among the additions are kakapo, golden eagle, small
tree finch, wild duck, Indian cobra, mainland tiger snake
and tuatara (31).

Our plans to rapidly increase the number of genomes that
we annotate, compare and disseminate require us to make
continual improvements to our gene annotation and com-
parative genomics workflows. We are focused both on in-
creasing throughput and most effectively using the avail-
able experimental evidence to increase annotation accuracy.
This year, we have enhanced our gene annotation pipeline
with a new module for incorporating long-read transcrip-
tomic data produced by the Oxford Nanopore Technolo-
gies platform. This was first used for annotating the kakapo
genome and allows us to more confidently capture full-
length transcript structures including a better representa-
tion of untranslated regions.

The traditional Ensembl data distribution model is one
of periodic integrated and versioned releases in which every
genome is comprehensively annotated, compared to other
genomes and made available via our complete set of tools
and services. Integrated releases involve the complex orches-
tration of a number of large-scale analyses and processes
across the whole Ensembl project. This means that there can
sometimes be a delay of multiple months between our pro-
duction of the primary gene and transcript annotation and
when a genome is available via an Ensembl release.

The redesigned Ensembl genome browser (see below) will
support the release of genomes quickly after annotation
and allow for their exploration via a core set of function-
ality and tools before their incorporation into an integrated
release. In advance of the release of our new website and
in support of the Darwin Tree of Life and other emerging
nodes of the Earth BioGenome Project, we have created a

new sub-portal of our current website for early access to
annotated genomes. Ensembl Rapid Release (https://rapid.
ensembl.org) is updated every 2 weeks with new genomes
being added quickly after primary annotation. Core func-
tionality on the site includes (i) a genome browser for ev-
ery genome with tracks for primary gene annotation and
repeats; (ii) functional annotation of annotated gene prod-
ucts using InterProScan (32); (iii) BLAST search of user-
supplied sequences against the genome and its gene se-
quences; and (iv) download files of the genome and anno-
tations in a variety of standard formats. Ensembl Rapid
Release hosts both vertebrate and nonvertebrate genomes
with the latter to be integrated into the appropriate Ensembl
Genomes website (10). In the next year, we plan to add
additional functionality to Ensembl Rapid Release, includ-
ing homologies, gene symbols, additional genome browser
tracks and programmatic access.

As we add more genomes to Ensembl, finding relevant
data collections becomes increasingly important. To this
end, we are creating community-oriented gateways for spe-
cific collections of genomes based initially on nodes of the
Earth BioGenome Project. These act as landing pages for
the annotated genomes arising from these projects with easy
one-click access to key resources such as annotation files
and the genome browser. Our first such gateway is for the
Vertebrate Genomes Project (https://projects.ensembl.org/
vgp) and one for the Darwin Tree of Life is planned for
the next year. In future, we will extend the concept to cre-
ate genome collections and sub-portals aimed at specific sci-
entific communities such as agricultural genomics or para-
sitology and pathology.

TOOLS AND SERVICES

The capabilities of the Ensembl VEP have been expanded
in several ways over the past year. For example, the En-
sembl VEP can now standardize the representation of am-
biguous insertion/deletion variants prior to consequence
prediction, which addresses anomalous differences in pre-
dicted molecular consequences when variants in repetitive
genomic regions are described in multiple equivalent ways.
Another major enhancement is the reporting of variant syn-
onyms, which enables improved navigation to additional in-
formation in resources such as ClinVar, UniProt and Phar-
mGKB (33). Other improvements include enriched annota-
tion of potential splicing impact (using scores from SpliceAI
(34)), incorporation of phenotype association and variant
citation data from DisGeNET (35), and protein annota-
tions from neXtProt (36).

We previously introduced the Ensembl Transcript
Archive (Tark) (17), which tracks changes to transcript
structures across different annotation sources, releases
and genome builds (http://dev-tark.ensembl.org). Ensembl
Tark now includes all versioned human transcript sets
from RefSeq and Ensembl/GENCODE, and contains an
up-to-date list of MANE Select transcripts. In the next
year, we will add support for Locus Reference Genomic
(37) reference sequences.

We have made numerous improvements to our main web-
site portal (https://www.ensembl.org). An example is our re-
designed interface for configuring multi-dimensional Track
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Figure 1. Growth and representation of genomes in Ensembl. Top panel: Ensembl genome counts for the 10 most recent Ensembl releases. Since Ensembl
release 92 (April 2018), we have nearly tripled the number of genomes we support. Lower panel: distribution of current chordate genomes in Ensembl, by
clade.
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Figure 2. The Blueprint Signal Track Hub. The primary dimensions of the Hub, Sample description and Experiment, are used to create the track selection
matrix. Other dimensions within the data are shown in a panel on the right (e.g. Analysis group and Analysis Type), and tracks can be filtered by clicking
on any of the types within those. Even greater granularity of track selection can be achieved by selecting tracks from a pop-up menu associated with each
individual cell of the matrix.

Hubs. For 2D Hubs, we present a simple matrix as before,
but where the Track Hub provider uses more than two di-
mensions the new interface allows for easier discovery and
selection of these tracks (see Figure 2).

Our new genome browser is currently in beta at http:
//2020.ensembl.org. We have recently focused on the devel-
opment of key workflows such as viewing summary infor-
mation about a gene, selecting transcripts and downloading
sequence information. In tandem, we are developing a new
API designed for the needs of modern, responsive web ap-
plications based on the GraphQL standard (graphql.org).
The Ensembl GraphQL API enables the fine-grained re-
quest and delivery of specific slices of data. It is initially be-
ing developed primarily for our new website, and we aim for
a public prototype in the next year.

SUPPORTING COVID-19 GENOMICS

COVID-19 is caused by SARS-CoV-2, which has spread
across the globe since emerging in late 2019. Our SARS-
CoV-2 genome browser and related resources (https://covid-
19.ensembl.org) support genomics-based approaches to the
study of the virus.

The reference sequence represented in Ensembl (INSDC
accession GCA 009858895.3) is the RNA genome isolated
from one of the first cases in Wuhan (38) and is widely used
as a standard reference for variant calling and to root phy-
logenetic analyses. We have annotated the reference genome
with genic features using a slightly adapted version of our

annotation pipeline. Annotation of the ORF1ab/ORF1a
locus in particular is complicated by a programmed-1 ribo-
some slippage in the translation of one of its two polypro-
tein products (39). The Ensembl data-model and database
schema allows us to represent this situation elegantly as a
sequence edit, allowing our annotation pipeline to store the
transcript structure correctly and our API to produce the
correct peptide products.

To enrich our gene structure annotation, we have added
structural RNAs from Rfam (40), full cross-references to
annotated entries at Uniprot (41) and RefSeq, functional
annotation from the Gene Ontology Consortium (42), and
annotation of protein domains from InterProScan. For the
latter, we created a genome browser track projecting the
protein-domain annotations onto the genome, facilitating
a genome-oriented view of the gene projects (including the
nonstructural cleavage products of ORF1a/ORF1ab). We
also display a collection of other tracks on the genome
browser, including the annotation that was submitted to
INSDC as part of the publication of the reference genome
(38), and community annotation of sites and regions re-
sulting from an effort coordinated by the UCSC genome
browser (43).

We are integrating and annotating identified variants
in the genome of SARS-Cov-2 using Ensembl VEP. This
has been an active area of research during the pandemic,
with many countries undergoing concerted programs of
isolate sequencing. For example, the COVID-19 data por-
tal (https://www.covid19dataportal.org) has developed a
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pipeline employing LoFreq (44) to identify variants in pub-
licly available SARS-CoV-2 genomes sequenced and de-
posited in the European Nucleotide Archive. We currently
display variants from 5106 SARS-CoV2 samples, with sig-
nificant growth expected in future releases. To complement
our own analysis of the public data, we also display an-
notated variants from real-time pathogen surveillance re-
source Nextstrain (45), using sequence data acquired from
the virus data sharing platform GISAID (46). As reported
by De Maio et al. (https://virological.org/t/issues-with-sars-
cov-2-sequencing-data/473), some sites in the SARS-CoV-2
are associated with unreliable variant calls, due to artifacts
in sample preparation, sequencing technology and consen-
sus calling. We have created a genome browser track for
these sites to display which variants identified in the vari-
ous datasets should be treated with caution.

Future releases of the portal will include new data as it
emerges, additional tools (including sequence search) and
comparative genomics views to enable the comparison of
SARS-CoV-2 genome and gene products with those of re-
lated coronaviruses found in other species.

USER SUPPORT AND TRAINING

We maintain a close relationship with our global user com-
munity via our helpdesk (https://www.ensembl.org/Help/
Contact or helpdesk@ensembl.org), and through our devel-
oper mailing list (https://lists.ensembl.org/mailman/listinfo/
dev) we facilitate a network of bioinformaticians using the
Ensembl platform.

We also directly train researchers throughout the world in
the use of the Ensembl (http://training.ensembl.org). Tradi-
tionally, we have designed in-person courses aimed at wet-
lab researchers and clinicians, developers and educators,
with all courses tailored to suit the needs of a host institute
or to fit in as part of a series. The COVID-19 pandemic has
seen nearly all of our training in 2020 delivered on-line. This
included an Ensembl component in a virtual training course
for the Pan African Bioinformatics Network for the Human
Heredity and Health in Africa consortium, H3ABioNet,
reaching >1300 participants across 16 countries. We remain
committed to in-person training but acknowledge that vir-
tual training will occupy a larger proportion of our portfo-
lio in the post-COVID-19 world.

CONCLUSION

While Ensembl resources are used in many different ways
by thousands of researches across the world, our mission
can be viewed from three broad perspectives. The first is
enabling the fine-grained interpretation of genomic varia-
tion via the provision of comprehensive reference annota-
tion for human, model organisms and other species of so-
cioeconomic importance exemplified by our updates of the
MANE Select transcript set and our enhanced reference
regulatory and variation annotation resources. The second
perspective is enabling genomic approaches to the study of
biodiversity, this year seeing improvements to the breadth
and depth of genomes we annotate and serve and the devel-
opment of the Ensembl Rapid Release platform. The third
perspective is enabling genome bioinformatics via the de-

velopment of an extensive and reusable genomics infras-
tructure platform, with improved Ensembl Tark, enhanced
website configuration options and accelerated work on our
new genome browser. Finally, cutting across these three per-
spectives, we have integrated Ensembl’s first viral genome to
create our SARS-CoV-2 genome browser.

DATA AVAILABILITY

All Ensembl integrated data are available without re-
striction from our website (https://www.ensembl.org),
in bulk from our FTP site (ftp://ftp.ensembl.org)
and programmatically via our REST API (https:
//rest.ensembl.org). Ensembl code is available from
GitHub (https://github.com/Ensembl) under an open
source Apache 2.0 license. News about our releases and ser-
vices can be found our blog (https://www.ensembl.info), our
announce mailing list (https://lists.ensembl.org/mailman/
listinfo/announce), Twitter (@ensembl) and Facebook
(https://facebook.com/Ensembl.org).

ACKNOWLEDGEMENTS

We wish to thank all of our user community and data
providers for making their data available for reuse within
Ensembl; Rob Finn and Bruno Contreras-Moreira for dis-
cussions and support for the COVID-19 browser; and the
following members of EMBL-EBI’s technical services clus-
ter for their continued support: Simone Badoer, Jonathan
Barker, Andy Bryant, Sarah Butcher, Andy Cafferkey, An-
drea Cristofori, Ray Coetzee, Salvatore Di Nardo, Pete
Jokinen, Rodrigo Lopez, Zander Mears, Manuela Menchi,
Sundeep Nanawa, Steven Newhouse and Jordi Valls.

FUNDING

Wellcome Trust [WT108749/Z/15/Z]; National Hu-
man Genome Research Institue [U41HG007823,
2U41HG007234, U41HG010972, 2U24HG007497–
05]. The content is solely the responsibility of the
authors and does not necessarily represent the official
views of the National Institutes of Health; Biotech-
nology and Biological Sciences Research Council
[BB/N019563/1, BB/M011615/1, BB/S020152/1,
BB/P016855/1, BB/S02011X/1, BB/P024602/1]; Well-
come Trust [WT104947/Z/14/Z, WT200990/Z/16/Z,
WT201535/Z/16/Z, WT212925/Z/18/Z,
WT218328/B/19/Z] British Council [414710385]; Save
the Tasmanian Devil Program; ELIXIR: the research
infrastructure for life-science data; European Molecular
Biology Laboratory. This project has received funding
from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 733161
(MultipleMS), No 825575 (EJP RD), No 817923 (AQUA-
FAANG), No 817998 (GENE-SWitCH), No 815668
(BovReg). Funding for open access charge: Wellcome
[WT108749/Z/15/Z].
Conflict of interest statement. Paul Flicek is a member of the
Scientific Advisory Boards of Fabric Genomics, Inc. and
Eagle Genomics, Ltd.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/D

1/D
884/5952199 by guest on 19 M

ay 2023

https://virological.org/t/issues-with-sars-cov-2-sequencing-data/473
https://www.ensembl.org/Help/Contact
https://lists.ensembl.org/mailman/listinfo/dev
http://training.ensembl.org
https://www.ensembl.org
ftp://ftp.ensembl.org
https://rest.ensembl.org
https://github.com/Ensembl
https://www.ensembl.info
https://lists.ensembl.org/mailman/listinfo/announce
https://facebook.com/Ensembl.org


D890 Nucleic Acids Research, 2021, Vol. 49, Database issue

REFERENCES
1. Cochrane,G., Karsch-Mizrachi,I., Nakamura,Y. and International

Nucleotide Sequence Database, C. (2011) The International
Nucleotide Sequence Database Collaboration. Nucleic Acids Res., 39,
D15–D18.

2. Sherry,S.T., Ward,M.H., Kholodov,M., Baker,J., Phan,L.,
Smigielski,E.M. and Sirotkin,K. (2001) dbSNP: the NCBI database
of genetic variation. Nucleic Acids Res., 29, 308–311.

3. Aken,B.L., Ayling,S., Barrell,D., Clarke,L., Curwen,V., Fairley,S.,
Fernandez Banet,J., Billis,K., Garcia Giron,C., Hourlier,T. et al.
(2016) The Ensembl gene annotation system. Database (Oxford),
2016, baw093.

4. Hunt,S.E., McLaren,W., Gil,L., Thormann,A., Schuilenburg,H.,
Sheppard,D., Parton,A., Armean,I.M., Trevanion,S.J., Flicek,P. et al.
(2018) Ensembl variation resources. Database (Oxford), 2018,
bay119.

5. Zerbino,D.R., Johnson,N., Juetteman,T., Sheppard,D., Wilder,S.P.,
Lavidas,I., Nuhn,M., Perry,E., Raffaillac-Desfosses,Q., Sobral,D.
et al. (2016) Ensembl regulation resources. Database (Oxford), 2016,
bav119.

6. Herrero,J., Muffato,M., Beal,K., Fitzgerald,S., Gordon,L.,
Pignatelli,M., Vilella,A.J., Searle,S.M., Amode,R., Brent,S. et al.
(2016) Ensembl comparative genomics resources. Database (Oxford),
2016, bav096.

7. Ruffier,M., Kahari,A., Komorowska,M., Keenan,S., Laird,M.,
Longden,I., Proctor,G., Searle,S., Staines,D., Taylor,K. et al. (2017)
Ensembl core software resources: storage and programmatic access
for DNA sequence and genome annotation. Database (Oxford),
2017, bax20.

8. Yates,A., Beal,K., Keenan,S., McLaren,W., Pignatelli,M.,
Ritchie,G.R., Ruffier,M., Taylor,K., Vullo,A. and Flicek,P. (2015)
The Ensembl REST API: Ensembl Data for Any Language.
Bioinformatics, 31, 143–145.

9. McLaren,W., Gil,L., Hunt,S.E., Riat,H.S., Ritchie,G.R.,
Thormann,A., Flicek,P. and Cunningham,F. (2016) The Ensembl
Variant Effect Predictor. Genome Biol., 17, 122.

10. Howe,K.L., Contreras-Moreira,B., De Silva,N., Maslen,G.,
Akanni,W., Allen,J., Alvarez-Jarreta,J., Barba,M., Bolser,D.M.,
Cambell,L. et al. (2020) Ensembl Genomes 2020-enabling
non-vertebrate genomic research. Nucleic Acids Res., 48, D689–D695.

11. Howe,K.L., Bolt,B.J., Shafie,M., Kersey,P. and Berriman,M. (2017)
WormBase ParaSite - a comprehensive resource for helminth
genomics. Mol. Biochem. Parasitol, 215, 2–10.

12. Eory,L., Gilbert,M.T., Li,C., Li,B., Archibald,A., Aken,B.L.,
Zhang,G., Jarvis,E., Flicek,P. and Burt,D.W. (2015) Avianbase: a
community resource for bird genomics. Genome Biol., 16, 21.

13. Lander,E.S., Linton,L.M., Birren,B., Nusbaum,C., Zody,M.C.,
Baldwin,J., Devon,K., Dewar,K., Doyle,M., FitzHugh,W. et al.
(2001) Initial sequencing and analysis of the human genome. Nature,
409, 860–921.

14. Ceballos,G., Ehrlich,P.R. and Dirzo,R. (2017) Biological annihilation
via the ongoing sixth mass extinction signaled by vertebrate
population losses and declines. Proc. Natl. Acad. Sci. U.S.A., 114,
E6089–E6096.

15. Lewin,H.A., Robinson,G.E., Kress,W.J., Baker,W.J., Coddington,J.,
Crandall,K.A., Durbin,R., Edwards,S.V., Forest,F., Gilbert,M.T.P.
et al. (2018) Earth BioGenome Project: Sequencing life for the future
of life. Proc. Natl. Acad. Sci. U.S.A., 115, 4325–4333.

16. Cunningham,F., Achuthan,P., Akanni,W., Allen,J., Amode,M.R.,
Armean,I.M., Bennett,R., Bhai,J., Billis,K., Boddu,S. et al. (2019)
Ensembl 2019. Nucleic Acids Res., 47, D745–D751.

17. Yates,A.D., Achuthan,P., Akanni,W., Allen,J., Allen,J.,
Alvarez-Jarreta,J., Amode,M.R., Armean,I.M., Azov,A.G.,
Bennett,R. et al. (2020) Ensembl 2020. Nucleic Acids Res., 48,
D682–D688.

18. Frankish,A., Diekhans,M., Ferreira,A.M., Johnson,R., Jungreis,I.,
Loveland,J., Mudge,J.M., Sisu,C., Wright,J., Armstrong,J. et al.
(2019) GENCODE reference annotation for the human and mouse
genomes. Nucleic Acids Res., 47, D766–D773.

19. Raney,B.J., Dreszer,T.R., Barber,G.P., Clawson,H., Fujita,P.A.,
Wang,T., Nguyen,N., Paten,B., Zweig,A.S., Karolchik,D. et al. (2014)
Track data hubs enable visualization of user-defined genome-wide

annotations on the UCSC Genome Browser. Bioinformatics, 30,
1003–1005.

20. O’Leary,N.A., Wright,M.W., Brister,J.R., Ciufo,S., Haddad,D.,
McVeigh,R., Rajput,B., Robbertse,B., Smith-White,B., Ako-Adjei,D.
et al. (2016) Reference sequence (RefSeq) database at NCBI: current
status, taxonomic expansion, and functional annotation. Nucleic
Acids Res., 44, D733–D745.

21. Kalia,S.S., Adelman,K., Bale,S.J., Chung,W.K., Eng,C., Evans,J.P.,
Herman,G.E., Hufnagel,S.B., Klein,T.E., Korf,B.R. et al. (2017)
Recommendations for reporting of secondary findings in clinical
exome and genome sequencing, 2016 update (ACMG SF v2.0): a
policy statement of the American College of Medical Genetics and
Genomics. Genet. Med., 19, 249–255.

22. Visel,A., Minovitsky,S., Dubchak,I. and Pennacchio,L.A. (2007)
VISTA Enhancer Browser–a database of tissue-specific human
enhancers. Nucleic Acids Res., 35, D88–D92.

23. Karagkouni,D., Paraskevopoulou,M.D., Chatzopoulos,S.,
Vlachos,I.S., Tastsoglou,S., Kanellos,I., Papadimitriou,D.,
Kavakiotis,I., Maniou,S., Skoufos,G. et al. (2018) DIANA-TarBase
v8: a decade-long collection of experimentally supported
miRNA-gene interactions. Nucleic Acids Res., 46, D239–D245.

24. Roadmap Epigenomics Consortium, Kundaje,A., Meuleman,W.,
Ernst,J., Bilenky,M., Yen,A., Heravi-Moussavi,A., Kheradpour,P.,
Zhang,Z., Wang,J. et al. (2015) Integrative analysis of 111 reference
human epigenomes. Nature, 518, 317–330.

25. ENCODE Project Consortium. (2012) An integrated encyclopedia of
DNA elements in the human genome. Nature, 489, 57–74.

26. Adams,D., Altucci,L., Antonarakis,S.E., Ballesteros,J., Beck,S.,
Bird,A., Bock,C., Boehm,B., Campo,E., Caricasole,A. et al. (2012)
BLUEPRINT to decode the epigenetic signature written in blood.
Nat. Biotechnol., 30, 224–226.

27. Karczewski,K.J., Francioli,L.C., Tiao,G., Cummings,B.B., Alfoldi,J.,
Wang,Q., Collins,R.L., Laricchia,K.M., Ganna,A., Birnbaum,D.P.
et al. (2020) The mutational constraint spectrum quantified from
variation in 141,456 humans. Nature, 581, 434–443.

28. Malaria Genomic Epidemiology Network. (2019) Insights into
malaria susceptibility using genome-wide data on 17,000 individuals
from Africa, Asia and Oceania. Nat. Commun., 10, 5732.

29. Landrum,M.J., Lee,J.M., Riley,G.R., Jang,W., Rubinstein,W.S.,
Church,D.M. and Maglott,D.R. (2014) ClinVar: public archive of
relationships among sequence variation and human phenotype.
Nucleic Acids Res., 42, D980–D985.

30. Aken,B.L., Achuthan,P., Akanni,W., Amode,M.R., Bernsdorff,F.,
Bhai,J., Billis,K., Carvalho-Silva,D., Cummins,C., Clapham,P. et al.
(2017) Ensembl 2017. Nucleic Acids Res., 45, D635–D642.

31. Gemmell,N.J., Rutherford,K., Prost,S., Tollis,M., Winter,D.,
Macey,J.R., Adelson,D.L., Suh,A., Bertozzi,T., Grau,J.H. et al.
(2020) The tuatara genome reveals ancient features of amniote
evolution. Nature, 584, 403–409.

32. Jones,P., Binns,D., Chang,H.Y., Fraser,M., Li,W., McAnulla,C.,
McWilliam,H., Maslen,J., Mitchell,A., Nuka,G. et al. (2014)
InterProScan 5: genome-scale protein function classification.
Bioinformatics, 30, 1236–1240.

33. Barbarino,J.M., Whirl-Carrillo,M., Altman,R.B. and Klein,T.E.
(2018) PharmGKB: A worldwide resource for pharmacogenomic
information. Wiley Interdiscip. Rev. Syst. Biol. Med., 10, e1417.

34. Jaganathan,K., Kyriazopoulou Panagiotopoulou,S., McRae,J.F.,
Darbandi,S.F., Knowles,D., Li,Y.I., Kosmicki,J.A., Arbelaez,J.,
Cui,W., Schwartz,G.B. et al. (2019) Predicting Splicing from Primary
Sequence with Deep Learning. Cell, 176, 535–548.

35. Pinero,J., Ramirez-Anguita,J.M., Sauch-Pitarch,J., Ronzano,F.,
Centeno,E., Sanz,F. and Furlong,L.I. (2020) The DisGeNET
knowledge platform for disease genomics: 2019 update. Nucleic Acids
Res., 48, D845–D855.

36. Zahn-Zabal,M., Michel,P.A., Gateau,A., Nikitin,F., Schaeffer,M.,
Audot,E., Gaudet,P., Duek,P.D., Teixeira,D., Rech de Laval,V. et al.
(2020) The neXtProt knowledgebase in 2020: data, tools and usability
improvements. Nucleic Acids Res., 48, D328–D334.

37. MacArthur,J.A., Morales,J., Tully,R.E., Astashyn,A., Gil,L.,
Bruford,E.A., Larsson,P., Flicek,P., Dalgleish,R., Maglott,D.R. et al.
(2014) Locus Reference Genomic: reference sequences for the
reporting of clinically relevant sequence variants. Nucleic Acids Res.,
42, D873–D878.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/D

1/D
884/5952199 by guest on 19 M

ay 2023



Nucleic Acids Research, 2021, Vol. 49, Database issue D891

38. Wu,F., Zhao,S., Yu,B., Chen,Y.M., Wang,W., Song,Z.G., Hu,Y.,
Tao,Z.W., Tian,J.H., Pei,Y.Y. et al. (2020) A new coronavirus
associated with human respiratory disease in China. Nature, 579,
265–269.

39. Chen,Y., Liu,Q. and Guo,D. (2020) Emerging coronaviruses: Genome
structure, replication, and pathogenesis. J. Med. Virol., 92, 418–423.

40. Nawrocki,E.P., Burge,S.W., Bateman,A., Daub,J., Eberhardt,R.Y.,
Eddy,S.R., Floden,E.W., Gardner,P.P., Jones,T.A., Tate,J. et al. (2015)
Rfam 12.0: updates to the RNA families database. Nucleic Acids Res.,
43, D130–D137.

41. UniProt Consortium. (2019) UniProt: a worldwide hub of protein
knowledge. Nucleic Acids Res., 47, D506–D515.

42. The Gene Ontology Consortium (2019) The Gene Ontology
Resource: 20 years and still GOing strong. Nucleic Acids Res., 47,
D330–D338.

43. Haeussler,M., Zweig,A.S., Tyner,C., Speir,M.L., Rosenbloom,K.R.,
Raney,B.J., Lee,C.M., Lee,B.T., Hinrichs,A.S., Gonzalez,J.N. et al.
(2019) The UCSC Genome Browser database: 2019 update. Nucleic
Acids Res., 47, D853–D858.

44. Wilm,A., Aw,P.P., Bertrand,D., Yeo,G.H., Ong,S.H., Wong,C.H.,
Khor,C.C., Petric,R., Hibberd,M.L. and Nagarajan,N. (2012)
LoFreq: a sequence-quality aware, ultra-sensitive variant caller for
uncovering cell-population heterogeneity from high-throughput
sequencing datasets. Nucleic Acids Res., 40, 11189–11201.

45. Hadfield,J., Megill,C., Bell,S.M., Huddleston,J., Potter,B.,
Callender,C., Sagulenko,P., Bedford,T. and Neher,R.A. (2018)
Nextstrain: real-time tracking of pathogen evolution. Bioinformatics,
34, 4121–4123.

46. Shu,Y. and McCauley,J. (2017) GISAID: Global initiative on sharing
all influenza data - from vision to reality. Euro Surveill., 22, 30494.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/D

1/D
884/5952199 by guest on 19 M

ay 2023


