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ABSTRACT

INTRODUCTION

The Ensembl project (https://www.ensembl.org)
makes key genomic data sets available to the entire
scientific community without restrictions. Ensembl
seeks to be a fundamental resource driving scientific progress by creating, maintaining and updating
reference genome annotation and comparative genomics resources. This year we describe our new
and expanded gene, variant and comparative annotation capabilities, which led to a 50% increase in the
number of vertebrate genomes we support. We have
also doubled the number of available human variants and added regulatory regions for many mouse
cell types and developmental stages. Our data sets
and tools are available via the Ensembl website as
well as a through a RESTful webservice, Perl application programming interface and as data files for
download.

Ensembl enables genome science by systematically integrating, harmonizing and presenting data in a consistent manner, both via a web interface (https://www.ensembl.org) and
via application programming interfaces (APIs) (1–3). Four
times per year we update our data, website, APIs and tools
with the latest genomic data and new features. We import
primary data, such as assemblies and discovered variants,
and then annotate genes and transcripts (4), variants (5),
regulatory regions (6) and comparative genomics features
(7). These are made freely available, without restriction, to
all.
Over the last year, the successful redesign of Ensembl’s
gene annotation methodology has enabled us to dramatically increase the number of chordate genomes we support. For example, we annotated hagfish (Eptatretus burgeri), which is an extreme evolutionary outlier, and many
ray-finned fish that are interesting due to their phenotypic
diversity. Our gene annotation methods employ a mix of
strategies to compute the best possible annotation based
on available evidence including extensive multi-tissue tran-
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scriptomic data (4). To classify our genes for homology
analysis across all phyla, we have developed a new approach using profile hidden Markov models (HMMs). Finally, we have doubled the number of whole-genome pairwise alignments over the last year. Ambitious sequencing efforts, such as the Vertebrate Genomes Project (VGP; https://
vertebrategenomesproject.org/), Genome10K (8), Bird 10K
(9), Bat 1K (10) and eventually the Earth BioGenome
Project (11), are planning to create an ever larger collection
of sequenced genomes. As active members of Genome10K,
VGP and the Earth BioGenome Project, we plan to incorporate genomes arising from these and other projects into
Ensembl using our newly improved pipelines. Delivering
scientific insight and creating valuable community resources
from these data will drive many of our future developments.
With each new genome published or sequencing technology introduced, opportunities expand for exploring genome
evolution, regulation and variation. Alongside supporting
an increasing number of species and associated data, we
also seek to improve genome interpretation by enriching
the genome annotation we produce and provide. Amongst
many recent updates, we have doubled the number of variants in human, generated a new primate multiple sequence
alignment, and integrated data from a large-scale systematic
study of chromatin state in the developing mouse.
Software tools and technologies that facilitate data access
and exploration must also change in response to the growth
in data size and complexity. To improve interactive analysis, we have focused on the usability of key tools, which are
now available as Docker containers. In addition, user data
uploads are now supported in more formats, and linkage
disequilibrium (LD) is easier to calculate and use via a new
tool with both web and command line interfaces.
Our overall goal is to create reference datasets and
tools that improve the ability to interpret and understand
genomes across the tree of life. We have expanded our resources from 100 annotated assemblies in Ensembl release
90 (August 2017) to 153 annotated assemblies in release 94
(October 2018). Thus, we have seen a 50% growth in the
number of supported genomes in just the last 12 months
and this growth is in addition to updated annotation on existing assemblies. We believe the expansion in the past year
represents a significant step towards our plan to create and
distribute annotation for all vertebrate species.
SUPPORTING ANNOTATION OF ALL SPECIES
Large-scale annotation of diverse vertebrate species
The efforts currently underway to sequence a broad range
of species are expected to create vast quantities of highquality vertebrate assemblies suitable for integration into
Ensembl. Our efforts to re-imagine large-scale genome annotation have come to fruition as, over the past year, we have
begun to annotate assemblies with genes and transcripts at
a rate not previously possible.
In Ensembl release 91 (December 2017), we annotated twelve new primate species including the crab-eating
macaque, pig-tailed macaque, capuchin and the night
monkey, and released new annotation on updated assemblies for a further six (gorilla, gibbon, mouse lemur,
chimp, tarsier, and baboon). In addition, we updated the

Ensembl/GENCODE annotation for mouse and annotated the cat assembly (version 8.0). For Ensembl releases
92 (April 2018) and 93 (July 2018), we annotated a mix of
species including goat, marmoset, cat (updated to version
9.0), leopard, tiger, hagfish, mouse and human. Hagfish in
particular was challenging due to the extreme evolutionary
distance to other vertebrates (12). A combination of robust
RNA-seq data and changing alignment parameters to maximize sensitivity led to a hagfish annotation with 16 513
protein-coding genes with 29 049 transcripts.
In Ensembl release 94, in addition to updating human,
mouse and mouse lemur, we focused on the annotation of
ray-finned fishes, which account for nearly half of all extant
vertebrates and exhibit a high level of phenotypic diversity.
We annotated 41 new assemblies consisting of four existing species (medaka Hd-rR, fugu, platyfish and cave fish),
two strains (medaka HNI and medaka HSOK) and 35 new
species (including pike, zig-zag eel, Indian medaka, catfish,
elephant fish and a collection of six cichlids). The evidence
we used to annotate these fish included available RNA-seq
data, mapping of high-quality annotation from zebrafish
and alignments of UniProt vertebrate proteins with associated experimental evidence (13).
Across the 41 fish assemblies we annotated a total of 993
666 genes comprising 1 455 312 transcripts in our primary
gene sets. For species with RNA-seq data, we generated
sample-specific RNA-seq gene tracks in addition to generating the main gene set. Samples include tissues, development stages and environmental conditions. These additional gene tracks indicate which genes are expressed in each
sample as well as the dominant transcript structure present
at each locus.
To provide links to gene annotation in other databases
and resources, we streamlined our external references mapping to enable more frequent updates. While previously we
only built links when a gene set was modified, we now update cross-references for all species in every release. This ensures our links to external databases, including RefSeq (14)
and UniProt, are current.
To support the new gene annotation, we have also refreshed microarray probe mappings for human, mouse
strains, marmoset, cat, goat, C. elegans, zebrafish, Ma’s
night monkey, capuchin, sooty mangabey, gorilla, crabeating macaque, pig-tailed macaque, mouse lemur, bonobo,
chimpanzee, olive baboon, black snub-nosed monkey,
golden snub-nosed monkey, Bolivian squirrel monkey, upper Galilee mountains blind mole rat, and guinea pig. New
microarray designs have been added for several species.
Large-scale comparative annotation across vertebrate species
Our whole-genome alignments have been updated to include the new and existing assemblies: Ensembl release 94
now features a 48-way fish multiple alignment, which replaced an 11-way fish alignment introduced in Ensembl release 91 (December 2017). We also introduced a new 24-way
primate whole-genome multiple alignment to give greater
insights into primate evolution. As we systematically compute whole-genome pairwise alignments against reference
species––including human against all vertebrates as well as
zebrafish and medaka against all fish––the total number of
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pairwise alignments we provide has more than doubled in
the past year to over 300.
We now use HMMs to classify protein-coding genes into
families for our homology analyses including phylogenetic
trees, orthologues and paralogues. These developments allowed us to abandon the expensive all-vs-all approach to
homology annotation we used for nearly a decade, and will
enable us to annotate even more genomes in the future.
We compared the HMM-based method with the previous
method by analysing the pairwise 1-to-1 orthologue relationships within the gene trees. The move to the HMMbased approach resulted in an approximate 5% change to
the annotations compared to our previous method, which
exhibited on average a 2% change in results from release
to release. Importantly, however, we predict the 1-to-1 relationships will have improved stability across releases. Thus,
we expect the percentage release to release change to be
significantly smaller in the future. Additional method details are available at http://www.ensembl.org/info/genome/
compara/homology method.html.
Ensembl Genomes (15) are also migrating to the same set
of HMMs to define their protein families. Thus, the same
family identifiers will be shared between both resources, extending the phylogenetic analyses beyond vertebrates to all
eukaryotes.
Improved data management and availability
As the number of species with publicly available variant
data has grown, we have focused on developing a new
streamlined method for extracting genotype data from the
primary variant archives. Specifically, we improved the integration of Ensembl’s variation data (5) with the European
Variant Archive (EVA; https://www.ebi.ac.uk/eva/) by configuring the Ensembl website to use EVA genotype data
directly using Tabix indexed VCF files (16). Doing so enables us to integrate and release more comprehensive genotype and variant frequency data via Ensembl, without the
need to copy these data directly into our infrastructure (3).
Data for horse and dog are currently available using this approach.
We have also developed a prototype RESTful API at
http://test-metadata.ensembl.org/ to aid in finding available
resources in Ensembl. This service, which facilitates discovery and retrieval of specific datasets, is updated every release
with the latest datasets and reports both what species and
assembly versions are available as well as what data types
(e.g. variation, regulation, etc.).
GENOME INTERPRETATION
New and expanded annotation resources
Over the last year, the number of short variants in our human database has doubled to over 600 million. The majority of these additional variants were discovered in the
Genome Aggregation Database (gnomAD) (17) or TransOmics for Precision Medicine (TOPMed) projects, which
sequenced the exomes of over 123 000 individuals and whole
genomes of over 15 000 individuals (gnomAD), and the
whole genomes of over 62 000 individuals (TOPMed), respectively. These projects provide an extensive catalogue

of rare variants. Frequency distributions can be viewed in
Ensembl for the full sample sets for both projects and for
the seven gnomAD population groupings. To further aid
variant interpretation, our variant pages now have links to
PharmGKB (18), which has curated data on the influence
of variants on drug response.
New this year is a variation database for goat (19), with
over 37 million variants. Goat is a species with worldwide
importance as a source of food and milk, but also skin and
hair. Our browser displays Ensembl Variant Effect Predictor (VEP) (20) annotation for these variants using the gene
annotation described above and SIFT predictions (21) to
help identify potentially damaging protein changes. Genotype and allele frequency data are available for 195 individuals from the NextGen project (22). Variants from the Illumina GoatSNP50 genotyping array can also be viewed as
a track alongside gene and other annotation in our ‘Region
in Detail’ views.
We used a large-scale and systematic epigenetic study
on mouse embryogenesis (bioRxiv: https://doi.org/10.1101/
166652) to enhance our annotation of regulatory elements
in Ensembl. These data were integrated into the mouse version of the Ensembl Regulatory Build (23), which increased
our coverage from 8 to 79 cell types and tissues, many
of which are mapped to specific developmental stages and
therefore create an important dataset to track epigenetic
modifications during development. As a result, the number of annotated regulatory elements, including enhancers,
transcriptional regulators and chromatin state, went up substantially from 313 665 to 419 000 and now covers ∼15% of
the mouse genome.
We have improved our characterization of transcription
factor binding specificities by importing 632 human and 85
mouse transcription factor binding motifs imputed through
SELEX (24–26) and mapping them onto the respective
genomes. These potential binding sites were then compared
to available epigenomic datasets to highlight those with
known occupancy. This new collection greatly expands our
repertoire of known motifs and covers a significant fraction
of all known transcription factors (27). Furthermore, we developed a new visualization for the sequence logos of regulatory motifs, which user testing demonstrated to be a simpler
and more accurate representation of the data (see Figure 1).
Rather than the commonly-used stretched base visualization with coloured letters, this uses solid blocks of colour
to represent the information content at each base. The new
display scales well, both horizontally and vertically, without losing legibility. Data can be downloaded from the image and the image itself can be exported in SVG format to
enable reuse and integration into publications and presentations. The visualization is accessible through clicking on
a motif feature on any location-based display.
Structured metadata, in parallel to the genomic annotation we create, is vital to enable large-scale genome interpretation. For Ensembl’s gene annotation in all species, we
add metadata to describe the type of gene (‘biotype’) because, for example, when diving into the annotation of a
single transcript, it matters whether it is a small nucleolar RNA (snoRNA) or a small nuclear RNA (snRNA). In
large-scale analyses however, it can be more relevant to include or exclude all non-coding RNAs, without the need for
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Figure 1. Example of Ensembl’s new motif feature visualization, displaying the position weight motif of IRF4, IRF5, IRF8 and IRF9, using height to
represent information content.

the distinction between different subtypes. To cater for both
aspects of this problem, we combined close to a hundred
different biotypes into three logical and practical groups
useful for research: coding, non-coding and pseudogenes.
These groups can be queried through our REST API (2),
for example https://rest.ensembl.org/info/biotypes/groups/
coding?content-type=application/json and are available in
our GFF3 files (ftp://ftp.ensembl.org/pub/current gff3).
Genome interpretation tools
We have improved access to our LD calculations that were
previously only available via the Perl and REST APIs. We
added both a simple web tool and a highly configurable
command line tool for more in depth analysis. The web
tool returns population-specific LD results by region, single
variant, or variant list for human, sheep and goat populations up to a region size of 500 kb. The command line tool
can be configured to use any appropriate genotype data in
VCF files, where the variants are stored in our databases.
The advantage of the command line tool is that it can process much larger regions limited only by the memory available on the machine, thus making it useful for fine-mapping
studies and other analyses.
To empower analysis of variant data in any region of the
genome, we implemented a new region-specific variant table this year. For each variant, information such as global
minor allele frequency, supporting evidence, clinical significance, phenotype associations and most severe predicted
consequence can be displayed. The table can be filtered by
these different attributes and also be exported.
As no algorithm is optimal in all situations, the Ensembl
VEP tool incorporates an extensive list of prediction algorithms to support evaluation of the potential deleteriousness of a variant. This year we developed new VEP ‘plugins’
to expand this functionality including Missense Tolerance
Ratio (MTR) (28) and the Rare Exome Variant Ensemble
Learner (REVEL) (29). MTR provides scores to quantify
purifying selection for a given window of the coding genome

using frequency data from ExAC (17). Allele frequency, as
reported in VEP, is commonly used as a first pass to filter
for pathogenic variants. REVEL combines predictions from
13 tools and 18 scores to predict the pathogenicity of missense variants and to distinguish pathogenic from rare neutral variants (i.e. those with allele frequencies <0.5%). We
have also extended the range of impact predictions available
in our transcript variant tables, adding results from CADD
(30), MetaLR (31), MutationAssessor (32) and REVEL,
alongside the pre-existing SIFT and PolyPhen-2 results (33)
(see Figure 2). For consistency with other resources, we use
pre-calculated results from the CADD and dbNSFP (34)
resources for these additional scores.
RESEARCHER-DRIVEN ANALYSIS
This year, we released Docker containers for a number
of our tools to simplify installation and update procedures for these tools on any platform. These are available
from our Docker Hub portal (https://hub.docker.com/u/
ensemblorg/) and include the Ensembl VEP and eHive (35).
We have implemented a new REST endpoint which reports phenotype associations for a gene. Our population
endpoint has been updated to list the individuals in the population and our variant endpoint now returns the list of
genotyping chips which contain assays for the variant. Our
Ensembl VEP REST service has been updated to accept a
location and alternate allele as minimum input to ease usability. The representation of allele frequency data used in
our VEP endpoints has also been improved for clarity.
Furthermore, our Perl API for describing epigenomic
datasets has been clarified to make it easier to learn and
use. Terms such as ResultSet, InputSubset and AnnotatedFeature have been replaced by more common terms such as
Alignment, ReadFile and Peak.
We have embedded the interactive pathway widget
from Reactome (36) into the Ensembl browser to help
understand the biological context of the products of
genes. This visualization shows the latest data available in
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Figure 2. The variant table for a transcript summarizes the annotation across the transcript for each variant, including the global allele frequency, clinical
significance, consequence, allele change as well as five different prediction algorithms to assess the variant impact: SIFT (21), PolyPhen-2 (33), CADD
(30), REVEL (29), MetaLR (31) and MutationAssessor (32).

Reactome. The display is accessible in Ensembl by clicking
on the ‘Pathway’ link in the left hand navigation menu (e.g.
https://www.ensembl.org/Homo sapiens/Gene/Pathway?
g=ENSG00000139618;r=13:32315474--32400266).
We have also made a number of improvements to
support data upload to Ensembl. We added support for
two additional file formats: bigPsl for alignments (37)
(https://genome.ucsc.edu/goldenpath/help/bigPsl.html)
and interact for genome interactions (https://genome.ucsc.
edu/goldenpath/help/interact.html). We made interpretation of wiggle data easier by allowing the scale to be
manually set.
We continue to support the Ensembl BioMart (38) installation to facilitate flexible data queries and interface to the
Bioconductor platform (39).
Finally, TrackHubs (40) or other remote files that have
been previously attached can now be disconnected and later
reconnected from the display. This results in a faster browsing experience with easy access to the data when required
because they are not automatically loaded.
OUTREACH
Ensembl continues to offer training courses globally and
can travel to institutes all over the world to deliver training on using the Ensembl browser and REST APIs (https:
//training.ensembl.org/hosting). Our REST API courses are
also available as Jupyter Notebooks (41) and available online from Microsoft Azure Notebooks (https://notebooks.
azure.com/ensembl-training). We offer Train the Trainer
courses, which empower local trainers to deliver future Ensembl training. For those unable to attend our training
courses, we have a number of short training videos available on our YouTube channel (https://www.youtube.com/
EnsemblHelpdesk) with longer structured training available
on the EMBL-EBI Train Online Platform (https://www.ebi.
ac.uk/training/online/).

FUTURE WORK
Our strategy for the future will focus on the three goals
described here: to support all vertebrate species, to facilitate genome interpretation and to distribute genomic data
in a manner that enables researcher-driver analysis. In the
near term, we are collaborating with RefSeq to jointly improve our annotation of human protein-coding transcripts
and converge on a subset of transcripts that are identical
from 5’UTR to 3’UTR. We plan to improve the availability
and visualization of protein annotations for variants both in
the browser views and in the Ensembl VEP. Specifically, we
are developing a new view to show the location of proteindisrupting variants on three-dimensional protein structures
with protein domains and exons highlighted. To advance
analysis of non-coding genomic regions, we will be incorporating a broad collection of experiments across a wide number of cell types, cell lines, tissues and species into the Ensembl Regulatory Build through our participation in both
the International Human Epigenome Consortium (IHEC)
(42) and the Functional Annotation of Animal Genomes
(FAANG) consortium (43).
Finally, we are in the process of completely redesigning the Ensembl website. Our reimplementation will feature
more client-side data processing and rendering to create a
more immersive and responsive experience. We will release
public alpha and beta versions of the site over the course
of 2019 as we transition from our old infrastructure to the
new one. During the same period, we will be conducting
user experience sessions ensuring our design continues to
be refined for existing and emerging workflows.
DATA AVAILABILITY
All data, tools and documentation are available from Ensembl (https://www.ensembl.org), which has links to the
REST API (https://rest.ensembl.org) and BioMart (https://
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www.ensembl.org/biomart/martview). There are no restrictions on data usage and all Ensembl code is on Github
(https://www.github.com/Ensembl/) under an Apache 2.0 licence.
All queries about using Ensembl or Ensembl data or
requests to host an Ensembl workshop can be addressed
to our helpdesk (helpdesk@ensembl.org). We have a low
traffic ‘Announce’ mailing list for updates and emails
about new Ensembl releases, and a developers mailing
list, to which anyone can subscribe (http://lists.ensembl.org/
mailman/listinfo). We are also available via social media:
Twitter (@ensembl), Facebook (Ensembl.org) and we maintain a blog at http://www.ensembl.info with updates for each
new Ensembl release and other posts.
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