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ABSTRACT

Echinobase (www.echinobase.org) is a third genera-
tion web resource supporting genomic research on
echinoderms. The new version was built by cloning
the mature Xenopus model organism knowledge-
base, Xenbase, refactoring data ingestion pipelines
and modifying the user interface to adapt to mul-
tispecies echinoderm content. This approach lever-
aged over 15 years of previous database and web
application development to generate a new fully fea-
tured informatics resource in a single year. In ad-
dition to the software stack, Echinobase uses the
private cloud and physical hosts that support Xen-
base. Echinobase currently supports six echinoderm
species, focused on those used for genomics, devel-
opmental biology and gene regulatory network anal-
yses. Over 38 000 gene pages, 18 000 publications,
new improved genome assemblies, JBrowse genome
browser and BLAST + services are available and
supported by the development of a new echinoderm
anatomical ontology, uniformly applied formal gene
nomenclature, and consistent orthology predictions.
A novel feature of Echinobase is integrating support
for multiple, disparate species. New genomes from
the diverse echinoderm phylum will be added and
supported as data becomes available. The common

code development design of the integrated knowl-
edgebases ensures parallel improvements as each
resource evolves. This approach is widely applica-
ble for developing nhew model organism informatics
resources.

INTRODUCTION

Echinoderms (1) are widely used model organisms that have
played a fundamental role in understanding how gene ex-
pression is regulated and how developmental processes are
controlled and evolve (2-4). The ability to accurately de-
tect gene expression patterns and map gene enhancer el-
ements played an essential role in the uncovering of gene
regulatory networks and laid the groundwork for modern
systems-level approaches to development (5). Genome data
are essential for interpreting such forms of information, and
genomic database tools have evolved over the years to sup-
port such research efforts. This began with the release of the
first complete echinoderm genome- that of the purple sea
urchin (Strongylocentrotus purpuratus) (6), and the creation
of a web resource to host the genome and its associated data
called SpBase (7). This resource used Generic Model Or-
ganism Database (GMOD) tools (http://gmod.org) to oper-
ate a PostgreSQL database backend with a Chado schema
and supporting tools such as GBrowse (8) and BLAST (9).
An expanded version of this resource, renamed EchinoBase,
was then built as additional genomic and transcriptome
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information became available for both the purple urchin
and seven other echinoderm species (10). This new resource
partitioned content by species and added new features such
as JBrowse (11) and Textpresso (12). The open-source Con-
tent Management System (CMS) Drupal was used to man-
age the expanded website content and integrate existing
pages and features, e.g. the gene search. Data were mostly
generated with automated systems, supplemented by com-
munity annotation of the purple sea urchin genome. While
this resource provided unique and valuable content it lacked
an integrated design and core foundational features such as
ontologies.

Building a fully functional model organism knowledge-
base takes many years of effort and considerable financial
resources. The major model organism databases (MODs)
for experimentally tractable systems such as mice, amphib-
ians, fruit flies, etc. have all been developed for well over
a decade and supported with extensive, novel, computa-
tional tools and high quality manual data curation. Al-
though generic database schema and tools are available,
specific community requirements and classes of data rel-
evant to particular model organisms vary, and building a
new MOD still takes a large team and effort. Most of the
features of each resource are driven by their site-specific
web applications—a resource for which no fully featured
generic option is available. Xenbase is the Xenopus MOD
that has been funded and developed for 15 years (13,14).
Many of the experimental approaches used in amphib-
ians, such as embryo microinjection, microdissection, mor-
pholino knockdowns etc. are the same as those used in
echinoderms, and therefore similar types of datasets are
generated and interrogated by these communities. Initial
Xenbase content was simple community and literature-
based material. With time, more sophisticated data inter-
faces allowed the accumulation of high quality expert cu-
rated content and more complex data representations such
as gene pages, gene expression data support, and disease
support (15). In recent years Xenbase has led the MOD
community by developing powerful integrated support for
RNA-seq and ChIP-seq content (16) plus phenotype and
‘gene expression as a phenotype’ features unique to the
field. Once again, these also represent techniques widely
used in modern echinoderm research. The original Echi-
nobase was built over an ~10-year period, and provided
a BLAST interface, JBrowse and gene search functionality
with specific content provided on each gene page (7). It was
determined that new functionality would be more quickly
and effectively provided by replicating the Xenbase soft-
ware stack and adapting it to the needs of the Echinobase
user community while maintaining the core content users
have relied upon. This approach allows the new resource
to leverage many years of development without replicating
the enormous effort involved in building the resource from
the ground upwards. In this report we describe the meth-
ods and hurdles encountered by this approach, plus the
many powerful features of the first public release of the new
resource.

The original resource remains available and can be
reached at http://legacy.echinobase.org.
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MATERIALS AND METHODS
Cloning a MOD code base

The Xenbase application code, along with data loading and
exporting scripts, reside in a source control system. Echi-
nobase files are stored within the same code repository and
have one of the following relationships to Xenbase code:

1. shared files. The same files are used on both MODs and
are species agnostic. These are used for common func-
tionalities, such as BLAST pre- and post-processing,

ii. files specific to only one of the MODs, for example, land-
ing page code,

iii. source files that are shared between resources but have
conditional statements to change behaviour at run time
depending on the MOD. An example is Gene Pages. Run-
time conditional sources are in Java, JavaScript and JSP
and drive MOD specific behaviours,

iv. shared files that change before compile time to determine
if the code being built will behave as Xenbase or Echi-
nobase when executed. An example is the global configu-
ration files that determine site-wide variables such as the
site name, supported species names, etc.

Xenbase and Echinobase source files therefore co-reside
in the same development environment, and the develop-
ment team does not have to deal with two disjointed sets of
source files. Two different pre-compile scripts are then used,
one to convert the values of the four types of files described
above for Xenbase, and the other for Echinobase, to per-
form the needed changes before building the code. These
scripts are highly efficient and take a few seconds to run.
Building the code after running one of the scripts results in
a Xenbase or Echinobase application.

The built application can then be deployed to a web appli-
cation server, in our case the IBM WebSphere Application
Server. The application server can be configured to support
both MOD’s specific database connections, meaning either
MOD build can easily be deployed to the same application
server. The resulting system allows the development team
to switch between Xenbase and Echinobase development
modes very quickly. It is possible to test bug fixes and new
features in both Xenbase and Echinobase modes on a de-
velopment machine with minimum delay. Going a step fur-
ther, we have been careful to design the system in such a way
that adding support for a third (or more) MOD is possible.
In other words, the development solution is efficient, flexi-
ble, and scalable. The general features of the two software
stacks and the balance between unique, shared and condi-
tional code is illustrated by Supplementary Figure S1.

The details of the various code classes are as follows;

e Xenbase-specific code: SQL, Java, JSP, HTML or
JavaScript code, which are meant to run on Xenbase only.
Changes are done before compile time. These constitute
a small number of files in the code base.

e Echinobase-specific code: SQL, Java, JSP, HTML or
JavaScript code, which are meant to run on Echinobase
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only. Changes are done before compile time. These con-
stitute a small number of files in the code base.

e Conditional code: SQL, Java, JSP, HTML or JavaScript
code, which are common to Xenbase and Echinobase, but
use run-time testing to detect the running environment as
Xenbase or Echinobase, and behave accordingly. These
are files with conditional execution.

e Common code: SQL, Java, JSP, HTML or JavaScript
code, which serve both Xenbase and Echinobase with no
changes or conditions. These constitute the majority of
the code base.

Adding support for Echinobase to the same source code
as Xenbase has made it necessary to remove many hard-
coded Xenopus data dependencies and assumptions. For ex-
ample, we had hard coded the number of supported organ-
isms (X. laevis and X. tropicalis), the set of genes per or-
ganism (one for X. tropicalis and two for the allotetraploid
X. laevis) (17), and the text displayed on pages. The more
flexible and open-ended new code falls in line with our aim
of making the resulting solution ready to support MODs
beyond Xenbase and Echinobase. The new system also in-
cludes TaxonID relationships for data, and as we also store
the taxon relationship tree, data can now be analysed in a
phylogenetic manner.

Data load

There are two main methods of loading data for Xenbase
and Echinobase: one is bulk loads through scripts, that
read the data from remote sites or local files (e.g. GFF3)
and save them in the database following various quality
checks; the other method is adding data through the cu-
ration interface. Echinobase, like Xenbase, has been using
these scripts to consume data from sites such as NCBI (En-
trez), UniProt, Disease Ontology, the GO consortium and
others. The various data curation interfaces have also been
activated for Echinobase, and manual data entry initiated
for features such as publications and experimental reagents
(e.g. antisense-morpholino-oligonucleotide sequences, anti-
bodies and guide RNA sequences).

The new expanded JBrowse resource contains a large
amount of novel content, including all echinoderm
genomes currently annotated by the NCBI data processing
systems. This includes genome sequence and gene/CDS
and protein sequences from two sea urchin species; S.
purpuratus and Lytechinus variegatus, three sea stars Acan-
thaster planci, Patiria miniata and Asterias rubens and a
feather star, Anneissia japonica. Where previous genome
builds were available in the legacy resource, we have gen-
erated liftover tracks so users can compare the old gene
models to the new versions. Various additional datasets
have also been mapped to the new genome builds such
as various RNA-seq and ATAC-seq data and enhancer
RNAs (eRNAs). We also map NCBI gene model names
to genomes so users have useful gene identifiers within
the browser. Some genomes also have in-house generated
transcription factor binding sites, created using Xenbase
protocols. Echinobase plans to support most new echin-
oderm genomes with both genome browser and BLAST
support. Full support, where gene models are integrated

into the database and linked to genes in other echinoderms
on Gene Pages, will be provided for species that are widely
used in developmental biology or systems biology- the
core focus of the Echinobase resource. Currently these
are three species; S. purpuratus (both genome version 3
and version 5), Acanthaster planci and Patiria miniata.
We include additional genomes either into BLAST and
JBrowse functions or as fully integrated datasets through
consultation with the echinoderm researchers.

Hardware and virtualization

The Xenbase private cloud is supported by a pair of Lenovo
x3850 x 6 servers and a pair of IBM x3650 M4 servers run-
ning VMware vSphere hypervisor. The cluster has a total of
2.6TB RAM and 256 logical CPU cores. The general hard-
ware and software layout is as described in (18), with up-
graded hardware. The Echinobase systems were distributed
among separate virtual machines (VMs) in a manner similar
to (18), to maximise system robustness and manageability.
The Echinobase ecosystem presently uses eight VMs: pro-
duction and test application servers (WebSphere), database
(DB2), BLAST+, FTP, JBrowse, Wiki and a general com-
putational resource VM. Other support systems provided
by Xenbase include a bulk ftp resource, a source code ver-
sioning system, a ticketing and bug tracking tool, and an
internal Wiki used for code documentation. All these tools
require some level of maintenance and sharing them reduces
effort. The use of these established resources once again
saved significant development effort.

Loading the clone with Echinoderm literature

The Xenbase literature system uses NCBI’s Eutilities (19)
to pull in publications with ‘ Xenopus’ in the title or abstract
of papers in PubMed, and these are updated weekly. The
PubMed ID is then used to pull additional data from Pub-
MedCentral (https://www.ncbi.nlm.nih.gov/pmc/), for ex-
ample figures and figure legends when available. This sim-
ple approach was not effective for echinoderm literature as
there are no terms in common between the diverse species
studied, and taxon ID-based searches do not work well in
this context. After experimenting with many alternatives, a
set of 746 common and Latin names were selected as Eu-
tility search terms. This method identified almost all the
papers present in the legacy EchinoBase literature corpus,
plus many more. As with Xenbase, the PubMed IDs were
then used to both download and parse details on each pub-
lication and to collect figures and figure legends from Pub-
MedCentral when available in their Open-i service (20). This
method allowed us to generate over 18 000 dynamic pages
representing publications, each with links to the various
data sources. Xenbase uses a powerful link-matching sys-
tem to identify terms in titles, abstracts and author lists to
build links to gene pages, community member pages, and
the anatomical ontology. One drawback of this approach
is false positives; papers that have terms that match echin-
oderm type terms but have no biological relationship, for
example ‘aster’ and ‘star’. Such terms are removed using an
exclusion list in the link building system. Machine learn-
ing is being used to identify false positives in the publica-
tion corpus (21). This in-house toolset uses classifier tools
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and manually built training sets to identify publications that
are loaded, and ones to be rejected. It has a high accu-
racy up to 98%, when compared to expert curator manual
sorting, and outperforms the related NCBI tool LitSuggest
(22). The current Echinobase literature dataset has 18 880
echinoderm-based publications.

Manual content curation

In addition to data ingestion and processing, the clone soft-
ware stack also incorporates the many data curation inter-
faces available in Xenbase. These sometimes require refac-
toring when data is attached to an object not yet repre-
sented in the Echinobase clone, or when the large number
of echinoderm species does not fit with the two species de-
sign of Xenbase. The most sophisticated interface currently
available is the literature curation tool that allows cura-
tors to mark up publications with genes cited, gene expres-
sion data, human disease relationships, reagents etc. A sec-
ond advanced curation interface is available for Gene Pages,
where gene names, gene function, symbols and synonyms
are commonly edited and tracked. Yet other interfaces are
used to process experimental reagents, such as morpholinos,
guide RNAs and antibodies. An Echinobase specific addi-
tion to these interfaces is the ability to tag papers, reagents
etc. with an appropriate echinoderm species attribution se-
lected from a subset of the NCBI echinoderm taxon IDs.

RESULTS
Migrating content to the new resource

The new cloned system imports most of the content found
on the Echinobase legacy site directly, either from the NCBI
or from genome GFF3 files, so database to database mi-
gration was not required. Echinoderm molecular data such
as genes, mRNAs and proteins were all loaded using the
standard Xenbase data ingestion methodologies. Literature
content was loaded directly from PubMed and PubMed-
Central as described in Materials and Methods. Static con-
tent from the legacy resource was migrated to a new Wiki
resource for archiving.

New landing page and site navigation

A new landing page was designed using features available
from Xenbase, such as central animated news ‘slider’, menu
styles etc. but adapted to the new resource’s content, and
with its own unique colour scheme and logo to make the
selected portal obvious to the user. As the Xenbase landing
page had become content heavy, a minimization was per-
formed for the Echinobase landing page and the content
was reduced to the core key data types available for echin-
oderms. The new interface has simple and direct access to
a wide range of tools, such JBrowse, Gene Pages and Pub-
lications (Figure 1).

The news slider is updated regularly and points users to
new content, conferences and workshops, and interesting
new papers. In the upper right of the Landing Page the num-
ber of new Gene Pages added, new papers in the literature
section, and new employment advertisements in the com-
munity section are displayed to allow users to quickly view

Nucleic Acids Research, 2022, Vol. 50, Database issue D973

new content. Links to tutorials and other community re-
sources are also located on the right hand side of this page
(Figure 1).

New Echinobase features

In the first public release of the new Echinobase in mid
2020 multiple core features are supported including Gene
Pages, literature, genome browser, a Wiki and community
resources. Three genomes and their associated data are fully
integrated into the database and available in all site fea-
tures, such as Gene Pages. These are the purple sea urchin
Strongylocentrotus purpuratus, the bat star Patiria mini-
ata and the Crown of Thorns sea star, Acanthaster planci.
The green variegated sea urchin Lytechinus variegatus is
in progress for full integration. Two additional genomes,
that of the crinoid Anneissia japonica and the sugar sea
star Asterias rubens are available via the genome browser
and BLAST+ services only. JBrowse is the supported Echi-
nobase browser.

Gene Pages

The Xenbase user design philosophy is gene centric, with
most types of data, for example publications and gene ex-
pression, linked to additional resources via gene identifiers.
Each gene in a specific echinoderm genome is linked to both
species agnostic content, such as a gene symbol, gene name,
protein domains, protein function, GO annotations etc.,
and species-specific data such as DNA, RNA and protein
sequences, chromosome/scaffold maps etc. These data are
assembled and displayed on dynamic Gene Pages (Figure
2). Gene Pages also link to publications citing the gene, GO
terms (23) from UniProt (24) or on-site curation, gene ex-
pression data from cDNA libraries and literature curation,
association with human diseases, protein-protein interac-
tion and co-citation associations, and many other types of
data relevant to developmental biologists. Gene Pages dis-
play this content for all fully supported echinoderm species,
S. purpuratus, P. miniata and A. planci, with content for
L. variegatus in final testing (see http://test.echinobase.org
for the prototype including this species). Priorities for the
inclusion of additional species are established through con-
sultation with the community. There are over 38 000 gene
pages in the present release. In previous Echinobase gen-
erations data from different species were stored and ac-
cessed separately; significantly, this is the first tool that al-
lows content from more than one species to be assembled
and viewed in parallel. Much of the data enriching these
Gene Pages is for the first time available for echinoderm
genes and genomes.

As the target user community uses a diverse range of
echinoderm species, the Gene Page design was updated to
create the flexibility to order page content according to
user priorities. Directly under the species agnostic content
described above (gene symbol etc.), species-specific data
are organized into columns, and the user can select which
species content is displayed in each of the three default
columns using dropdown menus. The number of columns
displayed can also be expanded or contracted in a user
defined manner, using the various ‘+’ and ‘-’ icons. Gene
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exocytosis of sea urchin sperm., J Biol Chem 1998
Most Recent
Al View All Papers
Functional Ontologies S. purpuratus A. planci P. miniata
GO 2terms 0 terms 0 terms
KEGG Pathways spu:373401
KOG
Reagents S. purpuratus A. planci P, miniata

Figure 2. The Echinobase Gene Page. The top section of the page contains species agnostic information such as gene symbols, names and functions. It
also contains synonyms, where legacy symbols and short names are stored and make genes locatable via database searches. The synonyms are also used to
link Gene Pages to matched terms in the literature section. Due to the large amount of content aggregated on Gene Pages, much of the data is sorted into
‘tabs’ at the top of the page (orange arrow). Where a tab contains content, this is indicated by a numeral or icon. A transcriptional profile for the gene is
also present, currently only for S. purpuratus, and will be expanded to additional species as data becomes available. The species specific content is arranged
in vertical columns, each topped by a drop down menu that enables the user to define the content of that column (red arrow). In this example the third
column header has been selected, displaying the three options for its content. The ‘+’ symbol highlighted by the green arrow allows additional columns to
be displayed. As we will be adding both a fourth species and paralogs to the display options in the near future, the ability to customize the data viewed
will become even more important. Where we store and integrate multiple genome versions, for example for S. purpuratus, the user can also select which
genome version is displayed as a gene model via a drop-down menu, and which genome version is linked to the Gene Page in JBrowse. This is only the
case when we have integrated multiple versions, and this is only the case in some species. As different genome builds (e.g. S. purpuratus v3.1 and v5.0) have
different sets of gene models, not all genes will be available in all genome versions. When this happens the number of available genomes will change in the
user display. The chromosome maps and gene model exon/intron graphics are generated dynamically from database content by JavaScript, and selecting
a new genome version will dynamically display the new gene structure for the selected version. The rocket icon that appears adjacent to many sequence
based hyperlinks will load the corresponding sequence into BLAST, while the magnifying glass icon will open the sequence in a display window.
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names and orthology between echinoderms are described
in more detail in the following sections, but in brief gene
names are assigned based on orthology between the pur-
ple urchin and human genes, and orthologs in other echin-
oderms selected via an ortholog table that stores 1:1 or-
thology relationships between S. purpuratus and the se-
lected display species. The field on Gene Pages that dis-
plays orthology to genes in other model organisms is gen-
erated in a distinct manner. Those data are gathered from
NCBI using the same code that generates these links in
Xenbase.

While refactoring this code, changes were made to load
the species-specific content into an intermediary JSON ob-
ject, the content of which is pulled and displayed dependent
on the user interface selections. This also generates a useful
file for users to download the JSON object with all asso-
ciated gene data. Changing the displayed species does not
require rerunning SQL or customized SQL as the data for
all species is already present in the JSON object, so is very
fast.

Gene Pages display a gene expression profile in the species
agnostic section derived from RNA-seq data from purple
sea urchin. This is the only species for which we currently
have content. Additional species, and multispecies compar-
isons, will be generated when the content is available. If this
graph is clicked, a new view will be opened with a more so-
phisticated RNA-seq visualization tool that allows users to
compare the profiles of different genes, change data trans-
formation method, change graph colour scheme, download
the graph as an SVG file etc. Each Gene Page also has mul-
tiple tabs where more specific associated data is compiled
and available for the selected gene, such as gene expression
data, publications citing the gene, associated GO terms, nu-
cleotide sequences available for the gene (genomic, mRNA,
EST), protein sequences (genome and cDNA derived), pro-
teins with known interactions and a Wiki page where regis-
tered users can add pertinent content (Figure 2). Each tab
has an indication that content is present and how much data
is in the tab.

Gene Pages can be found by searching in the menu
present in the top right corner of every Echinobase page,
or the universal search on the landing page. The search
method includes gene symbols, gene names and synonyms,
so a search using an outdated legacy gene symbol such as
Sp-Tbx2/3 or Omb will both load the correct page with the
new approved gene symbol, tbx2. This search tool also ac-
cepts accession numbers and IDs from major data sources
such as NCBI and UniProt.

We are working to also include a fourth species, L. var-
iegatus in the database and on Gene Pages, along with the
ability to display paralogs- where a gene has been duplicated
in one or more echinoderm species. Additional columns
can be added via the user interface to accommodate more
species than the default three, or columns removed (Fig-
ure 2).

JBrowse (11) is the Echinobase supported genome
browser. As described above in the Gene Page section, links
on each gene page will open the genome browser for the
selected species when clicked. Once in JBrowse, the species
can be changed using the JBrowse dropdown menu, and the

JBrowse search window used to move to a different gene or
genome feature. A video tutorial on how to use JBrowse is
provided for users, based on the very similar implementa-
tion of JBrowse on Xenbase. If users are unfamiliar with the
tool and the provided help files do not resolve the problem,
they are encouraged to use the ‘Contact Us’ link in the top
right corner of every page to request help from our team.
Each genome we store has supporting BLAST tools. Links
from the genome browser to Echinobase Gene Pages, and
many other supporting data, are available by clicking on a
gene model.

Orthology

Echinobase adopted the methods and best practices devel-
oped by the DIOPT consortia to predict orthology, as de-
scribed in detail by Foley et al. (25). These are used in two
ways; to assign gene names consistent with human nomen-
clature according to HUGO Gene Nomenclature Commit-
tee (HGNC), and to map relationships between genomes
in different echinoderm species. The purple sea urchin gene
set from genome build 5 was run against all of the Alliance
of Genome Resources (26) maintained genomes by DIOPT
(27). This data processing is only partial, as DIOPT re-
lies on external resources to perform some analyses, and
these resources do not yet include the purple sea urchin
gene set. These results are used as a master orthology set
of purple sea urchin to human and other Alliance model
organism genomes. We also run the DIOPT tool set in-
ternally to build pairwise orthology sets between echino-
derm species. To date, Echinobase has integrated seven dif-
ferent methods for inferring such orthologies: InParanoid
v4.1(28,29), PhylomeDB as described in (25) ProteinOrtho
(30), SwiftOrtho (31) and FastOrtho (https://github.com/
olsonanl/FastOrtho) are run with e-values set to 1e-40, with
FastOrtho, OMA (32) and OrthoFinder (33) run with de-
fault settings. RefSeq identifiers for each hit are converted
to Entrez IDs, and outputs are subsequently pooled. Per the
‘moderate’ criteria outlined by the Alliance of Genome Re-
sources (26), genes from pairs of proteomes may be con-
sidered orthologous if three or more prediction tools con-
verge upon a common result. Such hits are therefore treated
as orthologous by Echinobase for echinoderm to echino-
derm mappings. These mappings are stored in a data table
and used to build the relationships used to pull in data and
assemble Gene Pages from content derived from multiple
species. Genes related by 1:1 orthology mappings can be dis-
played together and loaded into a single Gene Page.

Nomenclature

Echinobase gene nomenclature guidelines are modelled on
those of other major model organisms and MODs, includ-
ing Xenbase, aiming to provide gene identifiers that are in-
formed by orthology relationships to human genes as es-
tablished in our orthology pipeline, and apply the HGNC
gene names and symbols whenever possible. Full details are
available in formal guidelines on Echinobase: https://www.
echinobase.org/gene/static/geneNomenclature.jsp and de-
scribed in detail in (34).
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Nodal and BMP expression during the transition to pentamery in the sea urchin Heliocidaris erythrogramma: insights into patterning the enigmatic

echinoderm body plan.
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Abstract

BACKGROUND: The molecular mechanisms underlying the development of the unusual echinoderm pentameral body plan and their likeness to mechanisms underlying the development
of the bilateral plans of other deuterostomes are of interest in tracing body plan evolution. In this first study of the spatial expression of genes associated with Nodal and BMP2/4 signalling
during the transition to pentamery in sea urchins, we investigate Heliocidaris erythrogramma, a species that provides access to the developing adult rudiment within days of fertilization.

RESULTS: BMP2/4, and the putative downstream genes, Six1/2, Eya, Tbx2/3 and Msx were expressed in the earliest morphological manifestation of pentamery during development, the

previously observed in other sea urchins. CONCLUSION: That genes associated with Nodal and BMP2/4 signalling are expressed in the hydrocoele lobes, indicates that they have a role
in the developmental transition to pentamery, contributing to our understanding of how the most unusual body plan in the Bilateria may have evolved. We suggest that the Nodal and
BMP2/4 signalling cascades might have been duplicated or split during the evolution to pentamery.

PubMed ID: 28193178
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Species referenced: Echinodermata
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Figure 3. Echinobase literature pages. This screenshot illustrates a paper that has been processed by automated systems only, so all links, identified genes,
authors and anatomy terms, figures and legends etc. were added by machine-based methods. The only organism detected by these tools was ‘echinoder-
mata’, and a curator must annotate this page to include the species in the title, Heliocidaris erythrogramma, add additional genes, experimental reagents
(morpholinos etc.), curate the gene expression patterns in the figures etc. When this is done all these data will also be displayed on this page. Authors with
Echinobase community pages are hyperlinked, as are terms in the abstract and figure legends matching genes/synonyms, anatomy/synonyms etc. When
text matches more than one target, selecting the link will display a disambiguation page.

Anatomy

Echinoderm anatomy and development is now supported
by the Echinoderm Anatomical Ontology (ECAO). This
tool currently has 443 anatomical and developmental stage
terms and 1449 relationships between these terms- de-
tails will be published elsewhere. The anatomy and de-
velopmental stage terms in the ECAO can be searched
via either text based queries or browser using a dynamic
JavaScript driven tree viewer: https://www.echinobase.
org/anatomy/ecao.do?method=display. The ECAO has
been deposited in the public OBO Foundry (http:/
obofoundry.org/ontology/ecao.html) and can be down-
loaded there or directly from Echinobase in OWL
or OBO formats (https://www.echinobase.org/anatomy/
downloadEcao.do?method=display&tabld=1). The ECAO
is used to codify a wide variety of content, such as gene ex-
pression data, anatomy and literature.

Literature

As described in the methods section, the Echinobase litera-
ture section stores over 18 000 publications on echinoderm
biology, development, cell biology and genomics. Papers are
loaded from PubMed and processed by a custom text classi-
fication system that removes irrelevant publications (21). In
addition to the standard Title, Authors and Abstract, Echi-
nobase appends many additional types of content, such as
figures and figure legends (when available), a list of genes
cited in the paper, references cited, links to the source paper
and PubMedCentral etc. (Figure 3). Furthermore, this sec-
tion uses the automated, synonym driven link-matching sys-
tem pioneered by Xenbase (35). This tool uses gene symbols
and synonyms, the anatomical ontology terms and their
synonyms, and author names to build reciprocal links to
records in other sections. The result is that when viewing
an abstract that contains the text for legacy gene symbols,
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e.g. ‘Sp-Tbx2/3’ or ‘Omb’, this text will be hyperlinked-
and if selected, jump straight to the gene page for tbx2.
Hyperlinks on author names will take a user directly to
the person’s Echinobase community page, where additional
information such as their other publications are available.
Whenever anatomy terms or synonyms are present in an
abstract, a link is generated to the corresponding ECAO
page, and from this page the tree-viewer tool in that section
can be used to explore the relevant anatomy in greater de-
tail. This allows users to flow from papers to Gene Pages,
Gene Pages to papers, to authors, to anatomy, etc. in a
seamless manner. The use of synonyms in this tool makes
it especially powerful given the myriad of terms used to
describe gene names and echinoderm anatomy in the lit-
erature. Additional data associated with publications, for
example reagents such as morpholinos, guide RNAs and
antibodies will also be available in the future as curation
effort continues. Community members are encouraged to
email suggestions and improvements to the curation of their
papers.

Data visibility

Applying HGNC consistent gene symbols and names to the
extremely diverse echinoderm based literature is a major
step in making data from these species visible to the greater
biomedical community. Papers using custom, community
specific gene names are simply not findable via text based
searches, so valuable experimental insights would remain
only useful to the community performing echinoderm re-
search without this change. The powerful synonym match-
ing features of the Xenbase code allows users to work with
either legacy or HGNC nomenclature while using the uni-
versal symbols for generating data reports for consump-
tion by external resources. Major genomics resources such
as Ensembl, NCBI and PubMed LinkOut use Xenbase cu-
rated gene symbols and names and curated data linked to
papers to provide links back to Xenbase. At present man-
ual data improvements, such as gene nomenclature and lit-
erature annotation are in early phases and much of the cur-
rent content is automatically generated, such as gene sym-
bols via orthology, species described and genes studied by
text matching, etc. As data curation and processing pro-
ceed, Echinobase will work with these external resources
to link to our content and make the wealth of data avail-
able from research on this phylum available to the wider
world.

Help

Various help features are distributed around the resource.
These include video tutorials linked from the landing page,
information icons (an ‘1’ with a surrounding circle) are scat-
tered throughout pages at locations where users have pre-
viously questioned the display or data, and a ‘Contact Us’
link at the top of every page where users can request input
on an feature of the site. We welcome suggestions from com-
munity members for improvements to the user interface,
subjects for new tutorials, additions to content, new features
that would be useful, or any other aspect of the resource that
would aid in our community utilizing the resource.

DISCUSSION

By reusing the database schema, software stack, web appli-
cation code and curation interfaces of a pre-existing model
organism knowledgebase it was possible to build a highly
functional novel MOD in approximately one year. The new
echinoderm resource has extensive support for molecular
data on Gene Pages, a powerful echinoderm literature cu-
ration and browsing system and multiple new genomes
supported by the JBrowse genome browser. The genome
browser displays informative content such as RNA-seq,
ATAC-seq, pseudogenes, etc. and in some cases map-over
tracks to compare gene models from previous genomes to
the latest versions. In the future we will add more Xenbase
features to Echinobase, such as more extensive RNA-seq
support, work on curating the massive volume of echino-
derm based literature, and work to improve the usability
and visibility of Echinobase content. Additional features al-
ready present in Xenbase can be added and populated with
data in a fraction of the time it took to develop each of
these systems. This can include extensive reagent support,
deep RNA-seq and ChIP-seq data integration, phenotypes,
and more. As Xenbase was not designed to be reused in this
manner some issues arose, mostly due to hardcoding ele-
ments that required more flexibility in the multispecies con-
text of Echinobase. In future development all data will be
dealt with via taxon IDs, and it is planned to use the echino-
derm phylogenetic tree to add various evolutionary analyses
methods to the data corpus. This approach has been effec-
tive and produced a powerful knowledgebase with a mod-
est development team, budget, and timeframe. The lessons
learned in this effort, and additional flexibility now avail-
able through the species attribution methods, will also be
applicable to other resources interested in following this ap-
proach.

DATA AVAILABILITY

Echinobase; http://www.echinobase.org

Xenbase; http://www.xenbase.org

GMOD, The Generic Model Organism Database project;
http://gmod.org

Legacy Echinobase, a VM running the previous genera-
tion Echinobase; http://legacy.echinobase.org

FastOrtho, orthology prediction tool; https:/github.
com/olsonanl/FastOrtho

Echinobase gene nomenclature guidelines; https://www.
echinobase.org/gene/static/geneNomenclature.jsp

The ECAO; https://www.echinobase.org/anatomy/ecao.
do?method=display

The ECAO at the OBO Foundry; http://obofoundry.org/
ontology/ecao.html
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