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ABSTRACT

Ensembl Genomes (http://www.ensemblgenomes.
org) is an integrating resource for genome-scale data
from non-vertebrate species, complementing the re-
sources for vertebrate genomics developed in the
Ensembl project (http://www.ensembl.org). Together,
the two resources provide a consistent set of pro-
grammatic and interactive interfaces to a rich range
of data including genome sequence, gene models,
transcript sequence, genetic variation, and compar-
ative analysis. This paper provides an update to the
previous publications about the resource, with a fo-
cus on recent developments and expansions. These
include the incorporation of almost 20 000 addi-
tional genome sequences and over 35 000 tracks
of RNA-Seq data, which have been aligned to ge-
nomic sequence and made available for visualiza-
tion. Other advances since 2015 include the release
of the database in Resource Description Framework
(RDF) format, a large increase in community-derived
curation, a new high-performance protein sequence

search, additional cross-references, improved anno-
tation of non-protein-coding genes, and the launch
of pre-release and archival sites. Collectively, these
changes are part of a continuing response to the in-
creasing quantity of publicly-available genome-scale
data, and the consequent need to archive, integrate,
annotate and disseminate these using automated,
scalable methods.

OVERVIEW AND ACCESS

Ensembl Genomes (http://www.ensemblgenomes.org) is or-
ganised as five sites, each focused on one of the tradi-
tional kingdoms of life: bacteria, protists, fungi, plants and
(invertebrate) metazoa. Vertebrate metazoa are the focus
of the Ensembl project (1); Ensembl Genomes provides a
complementary set of interfaces for non-vertebrate species.
Our goals are to provide high-quality reference genome se-
quence and annotation for every species for which these are
available; to represent genomic diversity for all species of
major research interest; to link out to phenotypic data and
resources containing biological material; and to provide a
set of tools that allows users to interrogate these data in con-
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Table 1. Growth in Ensembl Genomes 2015-2017

Release version Date Number of genomes
Number in brackets indicates genomes directly imported from INSDC.
Ensembl Bacteria Ensembl Protists Ensembl Fungi Ensembl Plants Ensembl Metazoa
28 August 2015 23001 (23,001) 133 (101) 407 (359) 41 (8) 55 (1)
37 September 2017 44 048 (44,048) 189 (157) 811 (760) 45(12) 68 (2)
Increase 21047 (21,047) 56 (56) 404 (401) 4(4) 13 (1)

junction with their own. This paper describes the current
state of the resource and ongoing progress towards these
aims.

For all species included in the resource, we currently
provide access to genome sequence and annotations of
protein-coding and non-coding genes. Transcriptional, ge-
netic variation, and comparative analysis data are addi-
tionally available for many species. For most species, these
data are automatically imported using standard pipelines
from the archives of the International Nucleotide Sequence
Database Consortium (INSDC), i.e. the European Nu-
cleotide Archive (2), GenBank (3), and the DNA Database
of Japan (4), the European Variation Archive (http://www.
ebi.ac.uk/eva), Wikipedia, and other open access sources.
For a few species of particular research or socio-economic
importance, additional high-value data sets are identi-
fied and manually imported. A link to ‘information and
statistics’ for each genome provides information including
the methods of assembly, references to publications and
archival submission numbers, and the date the assembly was
first incorporated into the resource.

Interactive access to all data is provided through a web
interface providing genome browsing capabilities: users
can scroll through a graphical representation of a DNA
molecule at various levels of resolution, seeing the relative
locations of features—including conceptual annotations
(e.g. genes, SNP loci), sequence patterns (e.g. repeats) and
experimental data (e.g. expressed RNA sequences mapped
onto the genome) that supports the primary annotations.
Functional information is provided through direct curation,
import from the UniProt Knowledgebase (5), or imputation
from protein sequence (using the classification tool Inter-
ProScan (6)). Various tools for text and sequence search,
data upload and data analysis are available, allowing re-
searchers to examine their own data in the context of the
reference sequence and annotation.

Ensembl data have traditionally been stored in a set
of MySQL databases which can be directly accessed via
a public MySQL server (host: mysql.ebi.ac.uk port: 4157
username: anonymous) and additionally through well-
developed Perl and RESTful APIs that provide an object-
oriented framework for working with genomic data. In-
creasingly the Ensembl web application directly utilizes data
files stored in archival resources (such as the European Nu-
cleotide archive), avoiding the need for database builds and
improving the speed of response. All data in the resource is
open-access, and both database dumps and common data
sets (e.g. DNA, RNA and protein sequence sets and se-
quence alignments) can be directly downloaded in bulk via
FTP (ftp://ftp.ensemblgenomes.org).

Ensembl Genomes data is also organised in additional
databases, constructed using the BioMart data warehousing
system (7), optimised around common gene- and variant-
centric queries. The BioMart framework provides web-
based query building tools, and a variety of other interfaces
for interactive and programmatic access. BioMarts are not
currently available for Ensembl Bacteria.

Ensembl Genomes is updated 4-5 times a year in syn-
chrony with updates to Ensembl, utilising the same soft-
ware as the corresponding Ensembl release. The overall
suite of Ensembl Genomes interfaces mirrors those pro-
vided for vertebrate genomes in Ensembl, allowing users to
access genomic data from across the tree of life in a con-
sistent manner. In addition, Ensembl Genomes contributes
to collaborative database projects focused on various do-
mains of life, including Gramene (http://www.gramene.org)
(8) for plants, PhytoPath (http://phytopathdb.org) (9) for
plant pathogens, VectorBase (http://www.vectorbase.org)
(10) for invertebrate vectors of human pathogens, and
WormBase (http://www.wormbase.org) (11) for helminths.
In these projects, we work with our partners to develop com-
mon datasets, which are made available through both En-
sembl Genomes and additional project-specific interfaces.

NEW AND IMPROVED GENOME ASSEMBLIES

Ensembl Genomes has continued to grow in 2016 and 2017
(see Table 1). The resource contains all annotated assem-
blies from fungal and protist species that are present in
the INSDC, and it is planned to extend this approach to
plants and metazoa within the next year. However, owing to
the very large number of bacterial genome assemblies now
available, a filter has been applied from release 35 onwards
to exclude new genome assemblies which fail to add signif-
icant diversity to the overall collection. This approach mir-
rors that already adopted by the UniProt Knowledgebase
for filtering data from bacterial genomes (12).

Species of particular societal, research or taxonomic in-
terest that have been recently incorporated include Bombus
impatiens (the common bumblebee) (13), Octopus bimac-
uloides (the California two-spot octopus) (14), Sarcoptes
scabiei (the itch mite, the cause of scabies) (15), Beta vul-
garis (sugar beet) (16) and Brassica napus (rapeseed) (17).
Several existing assemblies have also been upgraded, and
a number of previously highly fragmented genomes have
now been incorporated in more contiguous forms. Cereal
genomes are of particular interest, owing to their large size
(at 16 GD the polyploid bread wheat genome is the largest
genome currently represented in the resource) and complex
repeat structure, which have historically made them diffi-
cult to assemble. However, recent advances in technology
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Division Tracks Experiments Species
Protists 71 36 3
Fungi 6384 4822 24
Plants 29 836 1418 43
Metazoa 198 105 34

are now yielding dramatically improved genome assemblies
even for cereals. For example, the latest assembly of the bar-
ley genome (18) has been added to the resource and com-
prises just 6,347 scaffolds with an N50 of 1.9 Mb (cf. the
previous assembly, which contained 376 261 unscaffolded
contigs of over 1 Kb in length with an N50 of just 1.4
Kb). While this might not yet be a complete molecular as-
sembly, it is closer to a finished state than many smaller
genomes in the resource that were sequenced and assem-
bled using previous technologies. Similarly, the bread wheat
genome is also undergoing rapid improvement. A signifi-
cantly improved new assembly, the TGAC1.0 assembly (19),
has already been incorporated in the resource, and we are
currently working on a further upgrade to incorporate the
IWGSC RefSeq v1.0 assembly (currently available at https:
[Iwww.wheatgenome.org).

INCREASED DATA FROM COMMUNITY ANNOTA-
TORS

Through our involvement in the VectorBase project, we are
able to provide community-provided gene models (as mod-
ifications or extensions to the previous genome-wide an-
notation) for 26 genomes. Community members can ac-
cess an instance of Apollo (20), an online genome edit-
ing tool, to assess evidence, and submit proposed changes,
which are quickly visible in the browser and which are sub-
sequently assessed for inclusion in a revised gene set. We
have subsequently expanded our support for community
annotation to enable the complete re-annotation of two fun-
gal phytopathogen species, Botrytis cinerea (21) and Blume-
ria graminis, by members of their respective communities,
and have incorporated the revised gene sets within Ensembl
Fungi. We are currently working with the Zymoseptoria trit-
ici community in a similar initiative, and are exploring ways
of providing generic access to Apollo for all species in fu-
ture.

INTEGRATION OF RNA-SEQ DATA

Relatively recently, transcriptional evidence for gene models
was scarce for many non-model species. Today, data from
many thousands of RNA-Seq experiments are present in
the nucleotide sequence archives; however, the raw read se-
quence is not immediately useful. We have therefore devel-
oped a pipeline to automatically identify sequence read data
in the INSDC archives and align them to the correspond-
ing genomic sequence. These alignments are stored in Com-
pressed Read Alignment Map (CRAM) format (22) and are
resubmitted to the ENA for persistent archiving. Data from
technical replicates are merged by default. To make these
thousands of tracks accessible in Ensembl Genomes, align-
ments derived from a single experiment (‘Study’ in the ENA
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data model) are organised in track hubs (23), a convenient
format that can group sets of related positional data prior
to their visualisation as tracks in a genome browser. To date,
alignments have been generated for plants, invertebrate vec-
tors and plant pathogens, and will shortly be produced for
other fungi, protists, and metazoan species. A summary of
currently available alignments is shown in Table 2.

Track hubs are stored and indexed in a dedicated registry
(http://trackhubregistry.org), and a search interface over
this registry has been implemented in the Ensembl browser.
Users of the browser can directly identify hubs containing
data located on the genome they are currently browsing, fil-
ter the list to select only those hubs whose annotated meta
data matches a given search term, and then select tracks
from within the chosen hub for visualization. This process
is illustrated in Figure 1. Researchers can also submit their
own track hubs directly to the registry, and thereby expose
their data through Ensembl Genomes and other track-hub
compliant browsers.

FAST PROTEIN SEQUENCE SEARCH WITH HMMER

A new fast, accurate protein sequence search has been in-
troduced, utilising the HMMER 3 tool (24), which uses Hid-
den Markov Models to find matching sequences. The search
has been implemented by indexing Ensembl Genomes pro-
tein sequences within an existing public HMMER3 server
(25), and connecting this server to pages for the entry of
query sequence and the visualisation of results within the
Ensembl Genomes site. After a search has completed, users
are shown a taxonomic breakdown of significant hits, a pre-
sentation of the alignments of query and target sequences,
and a view of the domain architecture of the top hit (see Fig-
ure 2). BLAST search (26) of both protein and nucleotide
sequences continues to be available.

PRE-RELEASE SITES AND ARCHIVE SITES

On publication of an updated version of a genome assem-
bly of an important species, we use pre(-release) sites to
make the initial data quickly available before we have had
time to recompute the full range of analyses performed
on previous version. The previous version remains avail-
able in the normal site until the newer version is fully de-
scribed. Genomes are removed from the pre-site when anal-
ysis is complete and the new assembly is ready to migrate to
the main site. Pre-sites are accessed at URLs such as http:
/Ipre.metazoa.ensembl.org, and are advertised prominently
within the main site when available. Assemblies recently
made available on pre-sites include new assemblies for Beau-
veria bassiana (a parasite of arthropods), Fusarium gram-
inarium and Fusarium culmorum (both plant pathogens),
Hordeum vulgare (barley), Triticum aestivum (bread wheat),

Downl oaded from https://academn c. oup. coni nar/article-abstract/doi/10.1093/ nar/gkx1011/ 4577569
by Periodicals Assistant -
on 16 Novenber 2017


https://www.wheatgenome.org
http://trackhubregistry.org
http://pre.metazoa.ensembl.org

4 Nucleic Acids Research, 2017

EnsembIPlants v  vwwer | sLasT | Bioart | Tools | Downloads | Documentation | Websit holp

a Arabidopsis thaliana (TAIR10) v

Aignments (image)
- Aignments (text)

& Genetc Variation

Region in detail @

Whole genome Chromosome 1: 23,200-33,200
Crromosome summary
Rogion overvi
Region in detail &< @&
© Comparative Genomics ] - 1|
‘Synteny |

Resequencing < @B - Scroll: 4 B Trackheightt X ¢ £ Drag/Select: «»
Resoauenci EETEEY: o o
Markers. =
& Other genome browsers
CTARS e - —
L Phyiozome
o NACDO! > < NGA3 <POH-ET ALPHA <ciPKe. 0 ATIGO1240> BHLHIS > APF2> AREP1> ATIGOIISS>  <ATIGOI0 <ATIGOI440  <LEAI4  <ATIGOMS0 <AGLZS
o ot it pacn o 1S sty Lhricorore"Lherin- <ot Caricoto <k iy o Rriomans “Conaons s AT Saios " <itoorss ™ Hose S T Ko hr
s < g o> <anidonso s <"Berconzion "' earaas iy s o oo
™ gty <ariconss ™ Nty oz " ooz S ATIGOSS g
Custom tacks arsh " cvera <l A <anicoi Pt
F
Pars
= T T T oo T = o T T
Gantlogean W over I poein coang.
< Share this page. L . oo
Boolanar
[ p— - Toa Te=ebh)
‘collaboration with Gramene
BA<BEED Drag/Select: ¢+ [}
= o = Gnpisag
= = = = £ N
[ FGENESH peochction FGENESH0000000900 " —— T —— - -
E FGENESH peicion
—
TiG01040.1> ATiGoase7 1§
S R
— - — -
e
e
==
e
contge B
= AT1G03993. ATIG01050.1
o AR
bt
P
ron——
Vot My, |V Msoucss
i (ARl oomoum T m W m ommnm L1 1Y I LRI [ moomn n
w0 ; ' . i h e il | " el
Contours Regon image _Contours Overve imaoe _ Contur Crmosame image _[[OUSRIER [ESEPTIYROR cooirs Ovevien image _Conbigurs Cvomosome inags _ Persons Daia
Curtom wacks
Search Results Current unsaved B smon
TAIR10 for “drought” 0 Favourite tracks S—
Found 8 vack s - Saach s 50y oo I S b st e Active tracks
ot o i et - peese g e ey Searchresuts
reci® e daa on s ssembtes. snposrss? (17 RNA-Seq alignment hub SRPOST6S7
BloSample SAUNS251629 G EnA PSR
Anermatvey you can manualy atach a b o BoSanple SAMNGS251628 (i) B @om B 4
which you know the URL BloSample SAMNC251627 o szmmnskksws,zs * g
BoSample SAMNGG251626 (i) [] @ EnARUnsARS106727 *
page: {2 BloSample SAMNOS251625 (1) ] @bswmd ENA Run SRAS196728 * 0
Bedmp SAWNGSZS1623 %) ) @end enarunsarsiosrzn * 0
] @b E3A Run sRst6730 o
= Sequence and assemly
RNA-Seq aligament hub SRPO72212 v B9 ] @t £ sRe106791 e
Description Transcriptome profiing of Arabidopsis dunng sequental GRC algnments. ©2)
bt and abotic stresses. : SRPQ73212 Gt e asaya] @y Seauence and assembly
R Genes. * 0
type: transcriptomics. Prediction transcripts * 0
Number o racks: 223 S mANA and protin algnments
"MANA S (05 Genes and transcripts.
RivA ignments 02 [ cenes “0
 Comparatve gencmice [ FoeNEsH pregcion
RNA-Seq alignment hub ERPO16867 'BLAST2ALASTz aignments (025 & o *xe
Description: ks vaiaon o anscrptonalresponse 1o mkd = Torsmetbis mmeres e E-ﬂon
v i rownd Arasdopls eaves  ERPO1G8S? vana @ Soquence vadants (a8 sowoes) *0
‘Sequence v e
Data type: transcriptomics. Phenctype annotations. 02)  Information and decorations
Number o tracks: 398 * 0
* 0
* 0
RNA-Seq alignment hub SRP076403 *
Description: Plant Tissue Succulence Engineering Improves Water-use *
Efficiency and Drought Attenuation : SRPO76403 m *
Oatatypa. ranscrpromics :
Number o tracks: 54 * 0
* 0
4 p
o — =
EJ 3 T 3 D TR 0 o b, T
1800 ENA RyniSRRS 186725
ENARUNSARS196725
om|
Genes | — |
ATiGo3987.13
kA
Contge
Gt e
CATiGo020.1 <ATiGot0302
ocod Prtai codng
CATiGow0z04 <ATIG01030.1
o cod
CATigot0205
o cod
CATigot0202
oi codng
CATiGot0z0:3
i cod
CATiGo0z06
Prton codng
FGENESH predicti -4
on & FGENESH0000000088 1 <FGENESH00000000830
FGENESH prdeion FGENESH prdiion
Varknt- Allsources | Varent. Alsouries
LI i N LT g O T T N QO A A U 1T AR T YN0 U T T O S R QIR LT U |
z
ENARUNSARS196725
om|
sac
Varint Legend
= sop gained g — = Spice regon ariant = 5ynonymous varint
= 5 prime UTR variant =3 prime UTR varant - on codng ransorpt exon varnt - lotron vartnt
= Upstream gene varint = Downstreamgene rint - g varnt
Gene Logend
Pmotein Coding Imports and Miscellaneous
W protein coding - other
= Fgenesh

There are curently 74 tracks tumed oft

.11 1:8001- 18.000

Figure 1. Data discovery and visualisation of alignment data in Ensembl Plants. While browsing the genome, a user can follow the ‘Custom tracks’ option
in the left-hand menu (panel A). This gives access to a menu that searches the track hub registry for hubs that are anchored on this genome and match a
specified metadata search term (panel B). Having selected a hub, the user is led through to a second menu where the tracks contained in the hub can be

figured for display (panel C). When the configuration is complete, the selected tracks appear in the browser as selected (panel D).
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and the diatom Phaeodactylum tricornutum, all of which
have subsequently migrated to the live site.

While improved assemblies are obviously desirable, they
can be problematic for researchers currently attempting to
complete a lengthy data analysis, and the loss of previous
versions from the website also makes it harder for scientists
to check on results previously published. Moreover, genome
alignment tracks lose utility if the reference sequence used
is no longer available to view in a browser. Ideally, older
assemblies would remain available in the browser, even af-
ter new versions have been created. As a first step towards
achieving this, we have made available an archived version
of release 32 of Ensembl Plants, alongside the live version.
It is planned to shortly deploy archival versions of all En-
sembl Genomes sites containing the release 37 data set, and
thereafter to supplement these with approximately annual
updates.

OTHER IMPROVEMENTS

Annotation of non-coding RNA genes is often poor or
non-existent in archival submissions. An updated pipeline
has been written for the identification of non-coding RNA

genes, using updated versions of Rfam (27) and tRNAscan-
SE (28) and improved filtering of the results, and has been
applied to 162 eukaryotic genomes, resulting in an addi-
tional 213 717 gene annotations (an average of ~1300 per
genome). These are accessible alongside protein-coding an-
notations in the database downloads and browser.

We have improved our integration with PHI-base (29), a
database of genes involved in plant pathogenesis, using se-
quence similarity to locate genes not linked to the genome.
The number of cross-referenced genes has increased from
1491 to 2756, which comprises 98.9% of the potentially
mappable genes. Plant genes have been linked to pathways
in the Plant Reactome (http://plantreactome.gramene.org)
(30) database.

Finally, Ensembl Genomes is now available for download
in RDF format.

FUTURE PERSPECTIVES: FISHING IN THE DATA
DELUGE

For some years, as genome sequencing technology has con-
tinued to improve, it has been forecast every organism of in-
terest would soon have a completed genome sequence. Yet
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while the quantity of published sequence has steadily in-
creased, the best assembly available for many species has
continued to be highly fragmented (and indeed, many recent
genome assemblies have been more fragmented than those
produced with earlier technologies). However, the availabil-
ity of new assemblies for wheat and barley, and the in-
creasing availability of unbroken whole chromosome as-
semblies for smaller genomes (e.g. many fungal species), in-
dicates that the era of universal reference genome sequences
is finally dawning. Since Ensembl Genomes organises data
around contiguous sequences, the challenge of data presen-
tation is simplified as assemblies become more complete; in
addition, more contiguous assemblies are likely to better
represent repeat structure, heterozygosity, and other phe-
nomena that can lead to a mis-interpretation of the true ge-
nomic content of an organism.

Nonetheless, Ensembl Genomes faces various challenges
as the total quantity of available data continues to rise.
Firstly, it becomes increasingly important that access to
data is provided computationally as well as via interac-
tive interfaces. Ensembl and Ensembl Genomes have always
provided a variety of data downloads and APIs for this pur-
pose, and the availability of data in RDF format represents
a further offering in this respect. Secondly, data processing
pipelines need to be sufficiently automatic and performant
to be able to process the available volume of data. The im-
plementation of procedures for the automatic import of ref-
erence genomes from the public archives (whose use will be
expended within the next year to cover invertebrate meta-
zoa and plant species), and for the automatic generation of
tracks from alignment data, have already enabled a mas-
sive increase in the quantity of data contained within the
resource. A priority for the near-future is the establishment
of a pipeline to allow for the automatic representation of
any variant call data represented in the European Varia-
tion Archive (http://www.ebi.ac.uk/eva) within the frame-
work of reference annotation/interpretation through En-
sembl interfaces. This model is dependent, of course, on
data producers continuing to subscribe to long-established
norms about submitting assembly and annotation data to
the INSDC databases, and other data types to appropri-
ate broad-scope repositories. If data is archived in univer-
sal archives, it becomes easier for resources such as En-
sembl Genomes to integrate and interpret them; the more
dispersed data is, the higher the overheads of re-use. In our
opinion, it is important that the norms of archival submis-
sion are maintained, and we try to practice what we preach:
when Ensembl Genomes generates alignment data, these
are submitted back into the ENA and advertised through
the Track Hub registry, and thus made available in any com-
pliant browser outside of the Ensembl infrastructure. A cul-
ture of data sharing improves all resources, and thereby em-
powers researchers.

The third challenge, in an environment of data plenitude,
is to allow users to discover and select data of interest to vi-
sualise or analyse. The grouping of tracks into track hubs,
and the provision of interfaces by which hubs can be discov-
ered according to their metadata and selectively imported
into the Ensembl framework, is a scalable model for data
discovery and selection.

The usefulness of this model is critically dependent on
the quality of metadata with which the data has been anno-
tated, including the correct identification of the species and
strain to which the data set belongs, and descriptions of the
aims of the overall experiment and the differences between
individual tracks. However, there are a number of obsta-
cles to the acquisition of such metadata: experiments are di-
verse and designing standards for describing them are con-
sequently difficult; retro-fitting meta data to independently
submitted archival submissions is an innately costly process;
the most scalable solutions therefore require that data is an-
notated with metadata prior to submission to the public
archives, but data generators may be poorly incentivised to
do so, inexpert in the relevant data standards, and actively
hostile to being asked to supply the same information more
than once. Finding a solution to these problems requires
community acceptance of appropriate standards, the devel-
opment of helpful tools for data validation and submission,
and the automatic re-use of metadata between different re-
sources. We are currently working on a project to further
develop existing metadata standards (31) for the plant do-
main, and to capture submitted metadata to link informa-
tion in Ensembl Genomes (for example, genotype data for
individual crop cultivars) to external repositories holding
phenotypic data and/or physical stocks. The BioSamples
database (32) will be used to connect different repositories
containing data derived from related materials. A similar
approach is likely needed across the taxonomic space to en-
sure that specific archived data can be discovered, visualised
and used in Ensembl tools and elsewhere.
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