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Abstract. The Resource Description Framework (RDF) has evolved into a language of choice for knowledge 
exchange on the (Semantic) Web due to its robustness and queribility with SPARQL. However, RDF allows for a 
variety of modelling practices which, if used unchecked, would result in the production of resources that may be 
only partially compatible with other resources. We highlight the issues related to incomplete interoperability that 
exist today with the results of a limited survey of the current interoperability of public RDF resources. We pro-
pose a set of informed guidelines that can help in overcoming the problem. 
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1. Introduction 

The Life Science community is challenged by a 
data deluge owing to the development of high-
throughput technologies. Although these technolo-
gies have revolutionised and transformed the re-
search in Life Sciences, efficient integration of the 
generated data remains a demanding task, since this 
requires an effective representation of the underlying 
knowledge: a representation that is structured, re-
usable and machine-friendly. The Semantic Web 
(SW) Technology [8] essentially aims at transform-

ing the current World Wide Web (WWW) into a 
global reasoning and semantics-driven Knowledge 
Base (KB). Languages such as the Resource Descrip-
tion Framework (RDF) [20] and the Web Ontology 
Language (OWL) [9] have been developed to support 
this endeavor. Currently, we are witnessing a grow-
ing acceptance of SW technologies in the Life Sci-
ence domain as a means to manage biological knowl-
edge. 

Unlike some other scientific domains where 
knowledge is largely based on mathematical repre-
sentation, the biomedical domain relies to a large 



extent on natural language descriptions and infer-
ences based on the understanding of the characterised 
entities [32]. For example, biological sequence simi-
larities are determined by using mathematical algo-
rithms, which are used in turn by biomedical scien-
tists for annotations about biological functions.  Bio-
ontologies were developed with a vision of capturing 
knowledge and characterising entities in the biologi-
cal domain. These are widely used by the biomedical 
scientists to make inferences about the uncharacter-
ised entities. 

Most bio-ontologies are developed in the OBO 
format, originally introduced by the Gene Ontology 
initiative [5], which is a format primarily meant for 
human comprehension. The OBO Foundry [32] was 
established to coordinate the formalisation of the 
concepts of the biomedical domain according to clear 
and sound principles, which include the commitment 
to use shared relations and potentially a common 
upper-ontology perspective [3]. Although some bio-
medical ontologies were developed primarily in 
OWL (for instance, the Protein Ontology [23]) or 
provide an OWL version of their ontology such as 
the Cell Cycle Ontology [2], it has been observed 
that there are so far very few successful implementa-
tions that exploit the full capabilities of automated 
reasoning offered by OWL. The “less expressive” 
language RDF, on the other hand, has enabled han-
dling of large amounts of knowledge due to its sim-
plicity. The graph-based data model of RDF makes it 
a compelling choice to model knowledge and inte-
grate data from multiple sources. It has become the 
cornerstone for data integration across computing 
platforms due to its flexibility and its suitability to 
represent concepts in the biomedical domain. 
Through the query language SPARQL [26], users are 
provided with the capability of simultaneously query-
ing and integrating results from multiple RDF graphs. 
With properly designed RDF graphs the querying is 
very robust [36] and in principle it is even possible to 
query multiple RDF stores.  

In the subsequent sections of this paper we briefly 
review the current initiatives taken to improve link-
ing of various datasets in RDF. In addition, we pre-
sent the results of a survey of major triple stores 
available for the biomedical domain, in which we 
focus on interoperability issues and highlight the que-
rying hurdles from a user’s perspective. We finish 
with some suggestions on how best to represent 
knowledge so as to avoid the described problems. 

2. Refining RDF representations 

RDF is currently the most widely adopted SW 
knowledge representation language. However, along 
with all the advantages of RDF outlined in the previ-
ous section, some limitations originate from RDF’s 
major strength: its flexibility. RDF allows for a vari-
ety of modelling practices, which, if used unchecked, 
may result in the production of incompatible re-
sources. Therefore, a number of initiatives have been 
undertaken to harmonise the use of RDF. Most im-
portantly, the SW Education and Outreach Interest 
Group (SWEOIG) [33] of the World Wide Web Con-
sortium (W3C) has initiated the Linking Open Data 
(LOD) project [21] for extending the present web 
content towards an RDF representation. A number of 
projects have been initiated for the effective usage of 
RDF. The LOD project provides a list of recommen-
dations including the use of 'cool' URIs [31] and the 
consistent use of descriptive predicates like rdfs:label. 
The Vocabulary of Interlinked Datasets (VoID) [4] is 
an emerging standard to facilitate the linking of vari-
ous datasets by providing a common vocabulary to 
describe data in RDF Schema. The Banff Manifesto 
[18] provides some best practices for the design and 
implementation of RDF documents in the biological 
domain, including a) the use of normalised and de-
referencible URIs; b) mandatory predicates such as 
rdfs:label and dc:title; c) prohibiting the use of blank 
nodes. Furthermore, the Semantic Web Health Care 
and Life Sciences Interest Group (HCLS IG) pro-
vides guidelines for best practices in RDF via several 
ongoing activities, such as the alignment of the Se-
mantic Web Applications in Neuromedicine (SWAN, 
an ontology for the description of scientific dis-
course), and the Semantically Interlinked Online 
Communities (SIOC, ontology to integrate online 
community information) ([13],  [24],  [25]). This 
offers a model to make scientific discourses in online 
communities computationally more viable. The web 
based tool aTags [30], which uses SIOC for repre-
senting assertions in a consistent form in RDF, has 
been used by HCLS IG for several projects [11]. The 
Concept Web Alliance (CWA) developed an initial 
proposal of the nano-publication model that enables 
the aggregation of fine-grained scientific information 
across the web in RDF [17], and, last in our non-
exhaustive overview, members of the BioRDF and 
LODD task forces have produced substantial litera-
ture on guidelines of how to produce RDF [15, 16, 
34]. 



3. Biological Knowledge Bases 

The growing importance of RDF as a standard has 
encouraged the adoption of SW technologies in the 
Life Sciences [1, 6, 29, 35]. This has also encouraged 
data providers such as UniProt [28] and the Gene 
Expression Atlas [19] to publish their data in RDF. 
The currently available SW Biological Knowledge 
Bases (KBs) have certainly helped to demonstrate the 
advantages of the SW technologies, including a 
richer knowledge representation, streamlined data 
integration and efficient SPARQL querying. This 
section provides a brief description of these KBs.  

Bio2RDF [6] is a SW application developed and 
maintained by the Quebec Genomics Centre, Canada, 
that provides a mashup of data from the likes of the 
Gene Ontology, OMIM, Reactome, ChEBI, BioCyc 
and KEGG. Bio2RDF provides normalised URIs of 
the integrated resources of the form 
http://bio2rdf.org/<namespace>:<identifier> and 
unlike the other three KBs described in this section, 
Bio2RDF provides distributed endpoints correspond-
ing to the individual resources instead of integrating 
the data in a single triple store. The URL for the 
various SPARQL endpoints is of the form 
http://NAMESPACE.bio2rdf.org/sparql. 

The Neurocommons [29] project aims at support-
ing research for neurological diseases. The KB pro-
vides RDF/XML versions of resources which include 
OBO (including the Gene Ontology), MEDLINE, 
Gene Ontology Annotation (GOA), Medical Subject 
Headings (MeSH), and parts of the SenseLab neuro-
biology databases. 

The HCLS KB is hosted at DERI, Galway [14]. 
The content of this KB is mainly derived from two 
sources: the Neurocommons KB and the Linking 
Open Drug Data [22]. LODD data includes Daily-
Med, DrugBank, Diseasome and SIDER, to name a 
few.  The resources in this KB are divided into 
named graphs and the URIs are of the form 
http://hcls.deri.org/resource/graph/graphName.  

BioGateway [1] integrates the entire set of OBO 
Foundry ontologies (including both accepted and 
candidate OBO ontologies), the complete collection 
of annotations from the Gene Ontology Annotation 
(GOA) files, and fragments of the NCBI taxonomy 
and SWISS-PROT. BioGateway also uses two rela-
tion ontologies (BioMetarel and MetaOnto) specifi-
cally developed to provide a scaffold for data integra-
tion and semantic enrichment. The resources inte-
grated in BioGateway share a common URI of the 
form http://www.semantic-systems-biology.org with 

each of the imported data sources represented with its 
individual graph name prefixed with the common 
URI. The store is augmented with pre-computed clo-
sures that increase the utility of the RDF representa-
tion [10]. The SPARQL query interface of BioGate-
way includes a large set of sample queries (both biol-
ogy and ontology-centric) that provide a starting 
point for the novices. 

Linked Life Data (LLD) [35] is a semantic data 
integration platform developed by Ontotext as part of 
the Large Knowledge Collider (LarKC) project. The 
platform interconnects datasets from the Pathway and 
Interaction KB (PIKB), PubMed, KEGG, IntAct, 
MINT, Entrez-Gene, and the SKOS representation of 
OBO ontologies. The integrated resource URIs in 
LLD are of the form lld:resource/db/type/id. As a 
convention, this KB retains the original RDF struc-
ture if distributed by the data provider and uses re-
solvable URIs for data sources with no RDF distribu-
tions. 

4. What is missing 

Although the SW KBs provide a proof of concept, 
the full potential of semantically encoded knowledge 
for querying, hypothesis generation and automated 
reasoning has not yet been realised. All the SW KBs 
constructed so far are essentially warehouses with all 
the classical shortcomings such as a large up-front 
time investment required for data integration and 
querying, technical challenges with respect to the 
infrastructure, data provenance and maintenance is-
sues, data redundancy and a possible semantic mis-
match of triples between various triple stores. This 
being said, even at this stage SW technologies offer 
an interesting alternative to warehousing, as they 
offer a native support for explicit semantic definition 
and the possibility of federated queries being directed 
to multiple triple stores from a single RDF endpoint. 
Recently, an important advancement in this direction 
has been made with the release of SPARQL 1.1 and 
the development of promising projects such as the 
SWObjects tool [27]. However, query federation is 
still in its nascent stage and has been hampered by  



 
 

 
the differences among KBs in the way they use RDF 
[11, 12]. 

The establishment of SW as a robust technology in 
the Life Science domain depends greatly on how this 
caters for the end-users' (biologists') needs. Further 
development and application of SW technologies 
should go in parallel with the adoption of the inte-
grated resources by the users. Therefore it is impor-
tant to understand to which extent current technolo-
gies are limited in their adoption by the maturity of 
their implementation. In the Life Sciences domain we 
observe that heterogeneous representations hamper 
the ability to effectively perform SPARQL queries 
from users. We demonstrate this through a simple 
test, based on which we propose an initial set of sug-
gestions which can overcome the observed limita-
tions. Specifically, we perform a few common appli-
cation oriented queries to integrated RDF biomedical 
datasets, and inspect the results. 

Table 1 lists the KBs that were considered for the 
queries. First, we used a generic query (Q1 below) to 
retrieve the neighbourhood of a concept present in all 
the four KBs. For this survey, the extensively studied 
human CDC2 protein kinase (UniProt accession: 
P06493) was used. 

 
Q1 (with NeuroCommons URL) 
 
PREFIX term_id:<http://purl.org/obo/owl/IMR#IMR_0704386> 
 
SELECT distinct ?outwardarrow ?head_id ?tail_id ?inwardarrow  
WHERE { 
 { 
  term_id: ?outwardarrow ?head_id. 
  }  
  UNION 
  { 
  ?tail_id ?inwardarrow term_id:. 
 } 
} 

 
 

 
 

 
As it can be seen from Table 2, the query retrieves 

the expected triples from all four KBs, showing a 
large difference in the volume of data associated with  
this protein in the surveyed KBs. This query is quite 
valuable, because it makes the KBs browsable, as 
defined by Tim Berners-Lee in his proposal for 
Linked Data [7]. However, the output displays a list 
of URIs (an example is provided in Table 3), and a 
more elaborated query has to be developed to retrieve 
human readable labels.  

Linked Data guidelines promote the use of at least 
one of the four properties to be used between the 
resource identifiers and their human-readable name, 
which includes rdfs:label, foaf:name, skos:prefLabel 
and dcterms:title. In order to produce a human-
readable output the query Q2 (see below) was formu-
lated. The KBs were queried using all the four prop-
erties mentioned above, the example below demon-
strates the use of the rdfs:label predicate. 

 
Q2 (with NeuroCommons URL) 
 
PREFIX rdfs:<http://www.w3.org/2000/01/rdf-schema#> 
PREFIX term_id: <http://purl.org/obo/owl/IMR#IMR_0704386> 
 
SELECT distinct ?subject ?predicate ?object  
WHERE { 
 { 
  term_id: ?outwardarrow ?head_id. 
  term_id: rdfs:label ?subject. 
  ?outwardarrow rdfs:label ?predicate. 
  ?head_id rdfs:label ?object. 
 }  
 UNION  
 { 
  ?tail_id ?inwardarrow term_id:. 
  ?tail_id rdfs:label ?subject. 
  ?inwardarrow rdfs:label ?predicate. 
   term_id: rdfs:label ?object. 
  } 
} 

Knowledge Bases No. of Triples No. of resources No. of Endpoints Triple Store En-
gine 

BioGateway ~1.8 billion  4 1 Virtuoso 

Bio2RDF ~2.5 trillion  40 40 Virtuoso 

Linked Life Data ~4.1 trillion  22 1 OWLIM 

Neurocommons ~350 million  20 1 Virtuoso 

Table 1: An Overview of the surveyed KBs 



  

 
 

 This query returns the expected results only from 
BioGateway and Neurocommons and only for 
rdfs:label (Tables 2 and 4).  The absence of any 
output from Bio2RDF or LLD was particularly star-
tling.   
 
 
 

 
 

 

 
Therefore, we modified the query Q2 to produce 

Q3 in an attempt to identify the reason. In Q3 the 
properties are used only for the subject and the object 
but not for the predicate. 

 
 

  
 

 

 

 BioGateway Bio2RDF Linked Life Data Neurocommons 

Q1 265 146 5146 19 

Q2 – rdfs:label 50 0 0 14 

Q2 – 
skos:prefLabel 0 0 0 0 

Q2 – foaf:name 0 0 0 0 

Q2 – dcterms:title 0 0 0 0 

Q3 – rdfs:label 50 1 0 14 

Q3 – 
skos:prefLabel 0 0 0 0 

Q3 – foaf:name 0 0 0 0 

Q3 – dcterms:title 0 0 0 0 

Table 2: The querying results for CDC2 

Table 3: Examples of Q1 results 

Term_id Outwardarrow Head_id 

http://bio2rdf.org/uniprot:P06
493 

http://bio2rdf.org/citations:1548933
4 http://purl.uniprot.org/core/citation 

http://purl.uniprot.org/uniprot/
P06493 

http://purl.uniprot.org/interpro/IPR0
11009 rdfs:seeAlso 

http://purl.org/obo/owl/IMR#I
MR_0704386 

http://www.geneontology.org/formats/oboIn
OWL#hasExactSynonym 

http://www.semantic-systems-
biology.org/ SSB#P06493 

nodeID://1002742944 

http://www.semantic-systems-
biology.org/SSB#GO_0005515 

http://www.semantic-systems-
biology.org/SSB#has_function 



 

 
Q3 (with NeuroCommons URL) 
 
PREFIX rdfs:<http://www.w3.org/2000/01/rdf-schema#> 
PREFIX term_id: <http://purl.org/obo/owl/IMR#IMR_0704386> 
 
SELECT distinct ?subject ?predicate ?object   
WHERE { 
 { 
  term_id: ?predicate ?head_id. 
  term_id: rdfs:label ?subject. 
  ?head_id rdfs:label ?object. 
 }  
 UNION 
 { 
  ?tail_id ?predicate term_id:. 
  ?tail_id rdfs:label ?subject. 
  term_id: rdfs:label ?object. 
  
 } 
} 
  

With this query format, human-readable output 
was returned with the use of rdfs:label from 
Bio2RDF, however the query did not return any re-
sults for LLD (Tables 2 and 5).  

 
 

 
The queries Q2 and Q3 demonstrates that not all 

representation use rdfs:label (or other properties) 
with the same commitment. The above query could 
be refined further by using both UNION, to cope 
explicitly with each property, or OPTIONAL, to cope 
in a consistent way with missing values. However, 
this would make the above query, which is intrinsi-
cally simple, rather complex. Even worse, the author 
of the query would need to know all possible repre-
sentation variants to compensate for the lack of ho-
mogeneity in the RDF sources. 

As illustrated by our examples, there is clearly a 
considerable difference among the surveyed KBs in 
the way they use properties to describe the same con-
cept (Table 2). In real Life Science use cases, a SW 
specialist would be required to spend considerable 
time to understand the layout of the KBs to formulate 
suitable queries (based on the biological question) in 
order to produce a consolidated result for the biolo-
gists.   

In order to successfully exploit the possibilities for  
 

Knowledge Base Subject Predicate Object 

BioGateway CDC2 has function protein binding 

 CDC2 is located in spindle microtubule 

 CDC2 has source Homo sapiens 

 CDC2 interacts with CDC25C 

Neurocommons CDC2_HUMAN Type Class 

 CDC2_HUMAN has_dbxref UniProt:P06493 

 CDC2_HUMAN has_exact_synonym CDC2 

 CDC2_HUMAN has_exact_synonym Cyclin-dependent ki-
nase 1 

Table 4: Examples of Q2 results retrieved from BioGateway and Neurocommons KBs 

Knowledge 
Base Subject Predicate Object 

Bio2RDF CDC2 http://www.w3.org/2002/07/owl#sameAs 
CDC2_HUM

AN 
[uniprot:P06493] 

Neurocomm
ons 

CDC2_HUM
AN 

UniProt:P064
93 

http://www.geneontology.org/formats/oboInOwl#hasDb
Xref 

BioGateway CDC2 http://www.semantic-systems-
biology.org/SSB#has_function 

protein bind-
ing 

Table 5: Example of Q3 results retrieved from Bio2RDF, Neurocommons and BioGateway 



query and query federation in SPARQL, differences 
between stores will have to be reduced as much as 
possible. 

5. Suggestions for further alignment of KBs 

RDF and its query language SPARQL are excel-
lent technologies for integrating and using large 
amounts of biomedical knowledge. However, the 
aforementioned heterogeneity must be addressed to 
provide real value for end users, in our case Life Sci-
ences researchers.  RDF best practices to improve 
machine and human readability should be discussed 
and addressed at the community level. As an initial 
step, we propose some suggestions that are meant to 
be complementary to the practices followed by the 
main RDF Life Sciences providers. These sugges-
tions will simplify the development of SPARQL que-
ries that can consistently retrieve data from different 
resources, thus making effective use of query federa-
tion: 

 
● devise best practices that enable 

distributed queries among resources;  
● devise best practices that facilitate the 

integration of results;  
● promote the exchange of resources;  
● promote the consistent use of metadata; 
● identify important gaps in the resources; 
● provide complete documentation to 

enable users to write queries addressing 
representative use cases; 

● investigate the practice of URI 
‘normalisation’ whereby existing 
resources are renamed using a new URI 
(e.g. [6]); 

● identify existing technologies to build 
tools that bring the technology closer to 
the user community. 

5.1. Specific recommendations 

First of all, a wider acceptance of the Linked Data 
recommendations should be promoted, including: 

 
 The universal use of de-referencible HTTP 

URIs. 
 Preferentially only the most basic (and 

commonly used) features of RDF should be 
used. 

 Features like reification, collections, 
containers, and blank nodes should be best 
avoided. 

 The use of descriptive properties (rdfs:label, 
skos:prefLabel, foaf:name, dcterms:title) 
should be consistent to enhance human 
readability. 

 Extensive linking of the data. 
 

Additionally we recommend to:  
 
 Keep the set of instances and the set of 

classes disjoint in order to guarantee 
compatibility with decidable flavors of 
OWL, like OWL EL. 

 Provide natural language definitions of all 
classes. 

These recommendations are expected to greatly 
improve the interoperability of KBs, and would only 
require minor tuning of the existing semantic KBs. 
However, it is anticipated that data providers will 
comply with these recommendation to varying 
degrees. Therefore, it would be important to make 
users aware of the degree of compliance of the 
available semantic resources. This may be achieved 
through a wide adoption of a certification system 
reflecting that degree. To this end, a five-level 
certification scheme is proposed, inspired by the 5 
level system introduced for Linked Open Data [7]. 
The scheme assumes a full compliance with the 5-
star system proposed by W3C and is supposed to 
operate on top of it: 
 
*  Valid RDF with de-referencible HTTP 
 URIs.  
 
**  Human-friendly labelling of resources 
 (e.g. rdfs:label) and natural language 
 definitions for classes. 
 
***  At least a minimal set of metadata, first 
 of all data description, provenance and 
 availability. 
 
****  No blank nodes, containers, collections 
 or reification. 
 
*****  A mirrored version in OWL EL for 
 consistency checking and automated 
 reasoning. 

 



Each level assumes compliance with the lower 
levels. This system takes into account two factors: 1) 
the feasibility; and 2) the likelihood of acceptance by 
data providers and data consumers. From this point 
of view the first level is sine qua non. The ** and 
*** levels are both desirable and feasible, and are 
likely to be adopted by the community. The **** 
level is feasible in most cases though not all and may 
pose an additional burden on the developers. Finally 
the ***** level is associated with considerable 
investments for data providers and needs to be 
investigated further. 

6.  Conclusions 

RDF and its query language SPARQL are excellent 
technologies for integrating and using large amounts 
of biomedical knowledge. However, to establish the 
RDF as a robust technology that facilitates 
hypothesis generations and answering of complex 
biological questions for a wide user community the 
issues raised above have to be addressed at the 
community level. 

The HCLS IG has already provided an overview of 
emerging best practices in the usage of RDF [34].  
We propose that the interested parties engage in a 
broad discussion of these recommendations and the 
certification scheme   suggested above with the aim 
of building a community wide consensus. This goal 
could be achieved only through active interaction 
between SW developers, biological data providers 
and life scientists.  

We believe the aforementioned suggestions for 
RDF representations will facilitate integration of 
biomedical resources and will enable more generic 
SPARQL queries instead of data-specific ones and 
consequently more efficient federated querying.  
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