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Abstract. InterMine is a system for integrating, analysing, and repub-
lishing biological data from multiple sources. It provides access to these
data via a web user interface and programmatic web services. However,
the precise invocation of services and subsequent exploration of returned
data require substantial expertise on the structure of the underlying
database. Here, we describe an approach that uses Semantic Web tech-
nologies to make InterMine data more broadly accessible and reusable, in
accordance with the FAIR principles. We describe a pipeline to extract,
transform, and load a Linked Data representation of the InterMine store.
We use Docker to bring together SPARQL-aware applications to search,
browse, explore, and query the InterMine-based data. Our work there-
fore extends interoperability of the InterMine platform, and supports
new query functionality across InterMine installations and the network
of open Linked Data.

Keywords: linked data, SPARQL, RDF, biological data warehouse, in-
tegrative bioinformatics

1 Introduction

InterMine is a Java-based open-source data warehouse created specifically for
the integration and analysis of biological information [I]. It can load data from
a wide range of heterogeneous data sources into a data model that is mutable
and extensible, and expose this loaded data in a manner that is easy to explore
and mine. Many MODs (model organism databases) use the InterMine platform
to make their data available to users [2], such as the MODs for fly [3], mouse
[4], nematode [5], rat [6], budding yeast [7] and zebrafish []]. It is also in use in
many other projects such as modENCODE [9] and for drug discovery [10].



In order to implement its flexible data model, InterMine stores data using
a custom Object Relational Mapping (ORM) in a PostgreSQL database. Data
objects are presented to the user via a web interface and via REST-ful web
services and clients that implement a bespoke API[T]. These access mechanisms
are comparable with other primary and secondary biological databases [12].

Integration of an arbitrary number of data sources into a single system is one
of InterMine’s primary features. However, users may still want to perform further
integration with sources that remain outside the data warehouse. For instance,
they may have additional unpublished or private datasets; a data source may
be integrated with InterMine but not to the level of detail that they require; or
they may require extensive ad-hoc cross-domain data integration in the course
of their research that is difficult to anticipate.

In this case, the integration benefits of InterMine are reduced. Users have
to fall back to performing further manual integration, which is difficult and
time consuming due to differences between file formats and data-access services
provided by InterMine and other data sources [12]. Manual integration also incurs
maintenance costs over time as data formats and access services evolve [13].

Over recent years, various data providers, notably the European Bioinfor-
matics Institute (EBI) [I4] and PubChem [I5], have started to provide their
data as RDF Linked Data in addition to their existing data-access facilities.
Providing information in a common structured form allows a user to download
datasets from one or more sources and perform queries across them using stan-
dard SPARQL query mechanisms. When organizations such as the EMBL-EBI
provide a public SPARQL endpoint [14], these queries can also be performed
directly over the Internet, potentially across many different data providers at
once.

Providing Linked Data also advances FAIR (Findable, Accessible, Interopera-
ble, and Re-usable) principles [16], a vision that lies at the heart of the InterMine
project. Therefore, we are extremely interested in how we can implement a pro-
cess to make it easy for an InterMine operator to provide RDF Linked Data and
a public SPARQL endpoint as an extension of the InterMine system.

In this paper, we describe a very important component of this process, namely
a mechanism created recently by the Dumontier Lab at Stanford University to
generate Linked Data from InterMine-loaded data. We also describe the same
lab’s Model Organism Linked Database (MOLD), a Linked Open Data cloud
generated from the RDF output of six MOD InterMine installations [17].

Following on from this, we discuss future work by which we could adapt
this RDFization mechanism to allow any InterMine operator to easily generate
Linked Data and make it downloadable and queryable. We will talk about the
process and challenges involved, both in terms of data and in terms of technology.

2 Converting InterMine data: RDFization

The InterMine-RDFizer [I8] is an open-source software tool that allows a user
to generate RDF Linked Data from data loaded into InterMine. The tool works



by extracting data from InterMine using its standard web services. This is in
contrast to projects such as D2RQ [19] that directly map relational tables to
RDF graphs. In experimental work we have found it difficult to adapt such
projects to InterMine’s custom ORM database structure, where data objects are
split over multiple tables generated from a mutable data model. By contrast, the
InterMine-RDFizer receives logical unified views of the data objects, which are
much easier to convert to the RDF data model.

Figure [I] shows the implementation view of the InterMine-RDFization pro-
cess, where data is downloaded into Tab Separated Value (TSV) files and then
converted into RDF triples.

|
= InterMine InterMine-RDFizer
Mine
InterMine
l WebApp

_l Triple Store
apiiol  Web Services —l Tables TSV H RDF triples @

[ Y A
Java Dbject

Objectstore Ontologies
ross-References

JOBC result

PostgreSQL

PostgreSOL

Fig. 1. InterMine-RDFization Process

InterMine stores data as representations of biological objects (Genes, Or-
ganisms, Proteins, etc.) in a class-based model. The InterMine-RDFizer maps
each biological object to an RDF resource. The resource type is based on the
class name (e.g. Gene, Organism) and the resource URI is built using the unique
sequential ID assigned by InterMine’s ORM system to each object when it is
loaded. The listing [L.T} for example, represents the triples generated for the gene
with ID 1007664:
<http://mo-1ld.org/flymine:1007664> rdf:type http://mo-ld.org/resource/

flymine_SequenceFeature>

<http://mo-1ld.org/flymine:1007664> rdf:type http://mo-1ld.org/resource/flymine_Gene
>

Listing 1.1. Resource types created in the RDFization process



The InterMine-RDFizer generates predicates using a generic approach from
the properties of each InterMine data class. Figure [2] for instance, partially
shows the resources generated for the gene with symbol “zen” in the organism
Drosophila melanogaster.

mold:flymine_SequenceFeature

rdfs:subClassOf

rdfs:label

rdfs:label mold_vocabulary:hasPrimaryldentifier mold_vocabulary:hasSymbol

mold:flymine_Gene mold:flymine_Symbol

FBgn0004053 mold:flymine_Primaryldentifier

rdfs:label

zerknullt

Fig. 2. Resources generated by the RDFization process

Importing the created triples into a triplestore allows a user to query the gen-
erated data using SPARQL, the standard query language for RDF. Query
shows how one can fetch genes from the organism Drosophila melanogaster an-
notated with a specified GO term, using the triples generated by the InterMine-
RDFizer from the FlyMine MOD InterMine installation.

v3.0rg/1999/02/22-rdf
org/2000/01/rdf-

PREFIX rdf: <http://s
PREFIX rdfs:

PREFIX mold: >-1d.org/resource/>
PREFIX mold_voc: <http://mo-1ld.org/mine_vocabulary:>
SELECT DISTINCT ?primaryIdentifier ?symbol ?termIdentifier ?termName

WHERE {

?gene a mold:flymine_Gene;
mold_voc:hasOrganism/rdfs:label 2organism .

FILTER (?organism="Drosophila melanogaster")

?gene mold_voc:hasPrimaryIdentifier/rdf:value ?primaryIdentifier;
mold_voc:hasSymbol/rdf:value ?symbol;
mold_voc:hasGOAnnotation/mold_voc:hasOntologyTerm ?term .

?term rdfs:label ?termName

FILTER (?termName="nucleoplasm")

?2term mold_voc:hasIdentifier/rdf:value 2termIdentifier

Query 1.2. SPARQL query for genes annotated with a specified GO term

3 Creating Linked Data

As part of its data integration process, InterMine merges data from multiple
sources into common data objects. For instance, a protein object may contain



data from UniProt merged with records from other protein data sources like
IntAct or InterPro. For any merged source, InterMine stores cross-references
to other databases (e.g. PubMed cross-references in InterPro data) in a cross-
references table.

The InterMine-RDFizer uses these stored identifiers to generate Linked Data.
The script has to be provided with a file containing the mapping between
the data source name, as stored in InterMine (e.g. UniProt), and the URI of
the external RDF repository (e.g. http://purl.uniprot.org/uniprot/|).
For example, the protein “Breast cancer type 1 susceptibility protein”, in the
organism “Homo sapiens”, could be linked to the resource <http://purl.
uniprot.org/uniprot/BRCA1_HUMAN>. In addition to cross-references, the
RDFizer can also link entries in InterMine’s ontology tables to external on-
tology term (class) URLs, using the same configuration file. For instance, the
Gene Ontology term with identifier GO:0005654 could be linked to the resource
http://amigo.geneontology.org/amigo/term/GO:0005654.

4 MOLD project

The InterMine-RDFizer was developed as part of the MOLD (Model Organism
Linked Data) project. This is a Semantic Web platform, recently developed by
the Dumontier Lab at Stanford University, for publishing model organism data
under FAIR[I6)] principles. It currently includes 6 MODs: FlyMine, HumanMine,
MouseMine, YeastMine, RatMine, ZebrafishMine.

MOLD uses the RDFizer to generate RDF from the InterMine installations of
these MODs. The RDFizer also links this generated data to Bio2RDF [20] [21] [22],
one of the largest networks of Linked Data for the life sciences. The data is also
linked to external ontologies as such as GO [23] and the Sequence Ontology [24].

The MOLD platform provides a web interface to query, browse and exploring
its contained RDF data. This includes a SPARQL editor with a result viewer
supporting several result set formats, a search widget providing a full text search,
and the RelFinder tool [25], to interactively explore relations between two RDF
resources, for which some examples have been already provided.

In addition, the MOLD platform provides a REST-based web services API
that currently supports the following commands: describe, links, search and
sparql. The example below shows how to retrieve the triples that describe a
resource given the resource URI http://mo-1d.org/flymine:1007664

curl -X GET —--header ’'A
http%3A%2F%2Fmo-1d.o

bt: text/html’ ’"http://api.mo-1d.org:80/v1/describe?uri=
32Fflymine%3A1007664"

Listing 1.3. HT'TP request to describe endpoint

The user can access the same API via the web interface, editing the input
parameters and browsing the returned results.

The Docker container system is used to deploy the MOLD project. Docker
packages a software application together with its dependencies in a single image,
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eliminating the need to separately install other software libraries and frame-
works. The MOLD project provides three images: one for the triple store, one
for the MOLD web application and one for the REST API.

5 Future work

As we have seen, the InterMine-RDFizer facility can generate RDF from an
InterMine installation and the MOLD project used this to create a Linked Open
Data network from 6 MOD InterMine instances. Our interest now is to extend
this work so that we can ship RDF generation and SPARQL query facilities
as a native component of the InterMine system. We want to do this in such a
way that any operator can activate and maintain these facilities without major
operational overhead, no matter what type of data their mine integrates. This
will make more RDF and SPARQL endpoints available for InterMine-integrated
datasets, and give a reasonable expectation that generated RDF data will remain
in sync with InterMine-loaded data.

To achieve these goals, we need to tackle a number of challenges. On the
data side, we need to make sure that any InterMine resource in the generated
RDF has an IRI that is unique and stable over time, one of the core Linked Data
requirements [26]. This is not straightforward because, unlike primary biological
databases, InterMine does not have prior knowledge of the structure of loaded
biological data, as its core data model is mutable and extensible.

Currently, the InterMine-RDFizer script generates resource IRIs that use the
sequential IDs that InterMine generates as part of its ORM system (e.g. http:
//mo-1d.org/flymine:1007664)). These will not be stable over time since
these IDs will change when the data in the warehouse is updated. Instead, for
each externally referenceable data class we may need to identify which properties
form a unique and temporally-stable key. One possibility is to concatenate the
data class name (e.g. "Protein”) with a primary ID property that comes from
one of the loaded external data sources (e.g. P38398 from Uniprot).

Regarding Linked Data, we also want to ensure that the RDF generated
from any particular InterMine object links back to the data sources that were
integrated into that object. As we described in an earlier section, the InterMine-
RDFizer uses InterMine’s cross-reference and ontology term data to generate
links. However, these capture cross-references provided by the source rather than
the source itself (e.g. we are not generating triples that link an InterPro IRI to
an InterMine ProteinDomain resource). Capturing this data for RDF generation
may require some additional data source recording by InterMine itself.

Another data-related challenge concerns ontologies. The data sources that
are loaded into InterMine often use ontology terms as property values, such
as Gene Ontology terms to identify the functions of a gene. However, except
in an automated fashion for sequence properties, InterMine does not attach
ontological terms to the properties themselves. For instance, properties such as
”abstractText” and ”title” in the Publication class are not attached to terms in
the Dublin Core ontology.
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The InterMine-RDFizer handles this by automatically generating RDF pred-
icates from InterMine property names. For example, it generates the IRI|http:
//mo-1d.org/mine_vocabulary:hasAuthor| for the "authors” property
of the Publication class. But we would also want to make it possible to use pred-
icates from existing ontologies, such as those from the Dublin Core ontology
above. We would need to either extend InterMine itself to associate ontology
terms with data model properties, or provide a further configuration mechanism
in the InterMine-RDFizer that can do this at RDF generation time.

On the technological side, a major issue concerns how InterMine data con-
verted to RDF will be stored and made available to users. The Docker images
created by MOLD that provide a triplestore, web application and REST API
will serve as a very useful base. We will need to assess the performance, ease
of use and maintainability of the systems used, in the context of making this a
very generic facility for any InterMine installation.

We will also want to integrate RDF downloads with the InterMine web in-
terface proper. InterMine has existing facilities for exporting data in different
formats (CSV, JSON, etc.), so adding a further option to link to the URI that
serves RDF for a particular biological object would be very desirable. This ar-
chitectural layout is shown in figure

- E_Xis‘i"!} |"‘97Mine Proposed RDF capabilities
B  implementation
Mine

& docker

InterMine > RDF
WebApp Export RDF l Platform
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Fig. 3. InterMine RDF Provision Process
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