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Abstract 

The SIB Swiss Institute of Bioinformatics ( https:// www.sib.swiss/ ) is a federation of bioinformatics research and service groups. The international 
life science community in academia and industry has been accessing the freely a v ailable databases pro vided b y SIB since its inception in 1998. 
In this paper we present the 11 databases which currently offer semantically enriched data in accordance with the FAIR principles (Findable, 
A ccessible, Interoperable, R eusable), as w ell as the Swiss Personaliz ed Health Netw ork initiativ e (SPHN) which also emplo y s this enrichment. 
The semantic enrichment facilitates the manipulation of large data sets from public databases and private data sets. Examples are provided to 
illustrate that the data from the SIB databases can not only be queried using precise criteria individually, but also across multiple databases, 
including a variety of non-SIB dat abases. Dat a manipulation, be it e xploration, e xtraction, annotation, combination, and publication, is possible 
using the SPARQL query language. P ro viding documentation, tutorials and sample queries makes it easier to navigate this web of semantic 
data. Through this paper, the reader will discover how the existing SIB knowledge graphs can be leveraged to tackle the complex biological or 
clinical questions that are being addressed today. 

Gr aphical abstr act 

Introduction 

The rapid increase in scientific publications led to literature re- 
views written by experts in the field and, more recently, to the 
development of expert-curated databases. The growing pro- 
duction of biological and health data ( 1 ) has led to the con- 
comitant growth in the number of databases. While querying 
is still largely limited to a single database at a time, there is a 
need to integrate multiple data types (for instance, genomics, 
transcriptomics, proteomics, metabolomics) to answer com- 
plex biological questions. In other words, researchers and 
health specialists must be able to query and combine data 
from multiple databases, or even with their own datasets, to 

gain the insights and knowledge that can only be obtained by 
seeing the big picture. 

The SIB Swiss Institute of Bioinformatics has been active 
in meeting the needs of the biodata community in academia, 
industry, and hospitals. With its expertise in data manage- 
ment, storage, integration and analysis, SIB has been devel- 
oping databases since its inception in 1998. The data in these 
resources is quite varied, from proteins (their sequences and 
functions) in UniProt ( 2 ), enzymatic and transport reactions 
catalysed by proteins in Rhea ( 3 ), protein–protein interac- 
tions in STRING ( 4 ), to gene expression in Bgee ( 5 ) and or- 
thologs in OMA ( 6 ) and OrthoDB ( 7 ). All these databases 

Received: September 7, 2023. Revised: October 2, 2023. Editorial Decision: October 3, 2023. Accepted: October 5, 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http: // creativecommons.org / licenses / by / 4.0 / ), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 



Nucleic Acids Research , 2024, Vol. 52, Database issue D 45 

provide scientists worldwide high-quality data to build 
upon. 

Text indexation has made database contents more acces- 
sible, thereby establishing them as cornerstone of basic life 
sciences and medical research. While this makes databases 
easy to use by humans, it severely limits the types of ques- 
tions that can be answered through querying. The advent of 
the Semantic Web ( http:// www.w3.org/ 2001/ sw/ ), a web of 
linked data, allows both humans and machines to navigate 
between databases that store information about the same en- 
tity. Resource Description Framework (RDF; http://www.w3. 
org/ RDF/ ) is a W3C core Semantic Web technology that is par- 
ticularly suited to sharing and linking data worldwide. Data 
in RDF can be queried, retrieved, and manipulated using the 
SPARQL query language ( http:// www.w3.org/ TR/ rdf-sparql- 
query/). The RDF data model is a directed graph, which can 
be represented as a set of statements in the form of triplets, 
subject-predicate-object. To link data on the Web, RDF re- 
quires that each entity must have a globally unique identifier. 
These identifiers allow everybody to make statements about 
a given entity and, together with the simple structure of the 
RDF data model, make it easy to combine statements about 
entities made by different databases to allow queries across 
different datasets. 

In the present article, we present the SIB databases that 
are part of the global Semantic Web by providing their data 
as RDF knowledge graphs accessible through SPARQL end- 
points. To illustrate how SPARQL queries can be useful to bi- 
ologists or bioinformaticians, we present a few examples pro- 
vided by the resources in their SPAR QL endpoints. W e then 
proceed to illustrate the use of Semantic Web technologies to 
explore, link, share, and reuse data, including in the context of 
the Swiss Personalized Health Network initiative (SPHN) ( 8 ). 
This use case shows how private clinical data can be accessed 
for research purposes. Finally, given the need to learn SPARQL 

syntax, we present the training activities undertaken to date 
to expand the community of users and conclude with future 
perspectives. 

SIB linked open data in RDF 

In contrast to data warehouse initiatives such as the Euro- 
pean Bioinformatics Institute (EBI) RDF platform ( 9 ) that 
integrated data from various EBI databases in a centralized 
repository, SIB databases generate and provide access to their 
data in RDF independently in a decentralized way. The protein 
knowledgebase UniProt started exploring the use RDF as early 
as 2009 ( 10 ) and is the largest of the SIB databases provided in 
RDF ( 2 ). The next SIB database to set up a SPARQL endpoint 
was neXtProt in 2014 ( 11 ). OrthoDB followed suit in 2016 
( 7 ), followed by OMA (Orthologous Matrix) ( 12 ), Rhea ( 3 ), 
Bgee ( 13 ), HAMAP ( 14 ), MetaNetX ( 15 ), and more recently 
GlyConnect ( 16 ), STRING ( 4 ) and SwissLipids ( 17 ). The Cel- 
losaurus, a SIB knowledge resource on cell lines, does not have 
a SPARQL endpoint ( https:// www.cellosaurus.org/ ). However, 
part of its cell line data, as well as part of the Bgee expression 
data, are available via the Wikidata SPARQL endpoint ( 18 ). 
There are currently 11 SIB databases which provide public, 
linked open data, ranging in topics from proteins, reactions, 
orthologs, gene expression and metabolomics (Table 1 ). The 
SPARQL endpoints listed in Table 1 are all freely available to 
all via the web, do not require any login or registration, and 
are not password-protected. 

Although the SIB RDF resources were created separately 
and are independently maintained, these resources often reuse 
data representations, common ontologies, data modelling 
practices and design patterns from each other to structure 
their data. This is done to enhance interoperability among SIB 

resources and to facilitate the writing of SPARQL queries. For 
example, Bgee and OMA reuse UniProt’s data schema and 
data values (e.g. species) to represent organismal taxonomy. 
OrthoDB also define organismal taxonomy with UniProt in- 
stances. Bgee reuses gene representations from OMA and part 
of its underlined data schema, Orthology Ontology (ORTH) 
( 12 ). Moreover, domain specific ontologies such as Gene On- 
tology (GO) ( 19 ) and UBERON ( 20 ) (i.e. a multi-species 
anatomical entity ontology) are integrated within SIB re- 
sources, when applicable. For instance, Bgee reuses UBERON; 
UniProt and OrthoDB reuses GO; MetaNetX and UniProt 
reuses the ChEBI (Chemical Entities of Biological Interest) on- 
tology ( 21 ). In addition, cross-references among SIB and other 
databases are also modelled with RDF by all SIB resources. 
For instance, OMA, Bgee and OrthoDB proteins or genes re- 
fer to UniProt proteins, facilitating the writing of federated 
queries to combine their data. Finally, links in RDF go be- 
yond just being a cross-reference, for example, Rhea is used 
in UniProt to model the catalytic activity of enzymes. This use 
of Rhea is more than just a pointer, it is indeed a core part of 
the UniProt data model. 

YummyData ( 22 ) assesses SPARQL endpoints relevant for 
biomedical research, as well as the datasets provided, to help 
users decide which to use and providers to improve the qual- 
ity of the data provided via Linked Data technologies. The 
Umaka Score (‘Umaka’ is a Japanese dialect word that means 
‘yummy’ in English), is a simple index for quality assessment. 
YummyData returns scores between 70 and 97 points for the 
SIB projects, where the maximum score is 100, and the aver- 
age is 61 (as of 08.2023 - the scores change with time mostly 
because of ‘data freshness’ criteria). This independent evalu- 
ation of the SIB SPARQL endpoints shows their quality and 
fitness for use. 

Querying RDF data using SPARQL 

The SPARQL language allows search criteria to be exquisitely 
specific. To illustrate this, we present three SPARQL queries 
that show how life scientists or bioinformaticians can query 
data in RDF: (i) a query which serves as an example of a 
search which would not be possible otherwise, (ii) a federated 
query in which different parts are executed on three differ- 
ent SPARQL endpoints and the retrieved data from them are 
combined in the result and (iii) a federated query involving 
two resources, of which one of them is a SIB resource. Im- 
portantly, the results of SPARQL queries will always be up to 
date with the latest information in the SIB resources as the 
data available in their SPARQL endpoint are updated at each 
release. 

As a first example, consider a SPARQL query that can- 
not be formulated in the text-based search found in the 
Rhea website. Example 15 in the Rhea SPARQL webpage re- 
trieves all ChEBI compounds used in Rhea as reaction par- 
ticipants, where ChEBI can be either as a small molecule, 
the reactive part of a macromolecule or as a polymer (the 
Show Query button displays the SPARQL query, see https: 
// purl.org/ sib-rdf/ query-example-0001 ). The ChEBI identifier 
(linking to its corresponding entry in ChEBI), the compound 
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Table 1. SIB databases providing free, linked open data for reuse 

Database SPARQL endpoint URL Type of data 

Bgee https:// www.bgee.org/ sparql / 
https:// purl.org/ bioquery (Bio-Query) 

Gene expression 

Cellosaurus https:// query.wikidata.org/ (via Wikidata) Cell line 
GlyConnect https:// beta.glyconnect.expasy.org/ sparqlsweets 

https:// glyconnect.expasy.org/ sparql (only 
machine-readable) 

Glycoprotein 

HAMAP https:// hamap.expasy.org/ sparql Protein family classification and 
annotation rules 

MetaNetX https:// rdf.metanetx.org/ Metabolic network 
OMA https:// sparql.omabrowser.org/ Orthologous protein-coding gene 
OrthoDB https:// sparql.orthodb.org/ Orthologous protein-coding gene 
Rhea https:// sparql.rhea-db.org/ Enzymatic and transport reaction 
STRING https:// sparql.string-db.org/ Protein-protein interactions 
SwissLipids https:// beta.sparql.swisslipids.org/ Lipid 
UniProtKB https:// sparql.uniprot.org/ Protein 

name and the compound count in Rhea are listed in the 
results, as illustrated in Figure 1 . The results are provided 
in CSV, XML and JSON format, making it easy to re-use 
them. 

Complex biological questions may require different data 
found in different resources to be queried and combined us- 
ing a single, federated SPARQL query. All the SIB SPARQL 

endpoints support the current version of SP ARQL (i.e., ver - 
sion 1.1) and thus support federated queries. The Bio-Query 
interface ( https:// purl.org/ bioquery ) is dedicated to federated 
queries using the data in UniProt, Bgee and OMA. The in- 
terface has been designed for users with no knowledge of 
SPARQL or the underlying data models. Consider a researcher 
investigating lung cancer who would like to know ‘Which are 
the proteins associated with ‘ lung cancer ’ and the orthologs 
expressed in the rat’s lung ?’ To answer this question with Bio- 
Query, the researcher can edit a question template under the 
‘Homologous Genes + Gene Expression + Protein and Func- 
tional Information’ category. More precisely, the template 
question `Which are the proteins associated with ‘ glioblas- 
toma ’ and the orthologs expressed in the rat’s brain ?` where 
the researcher should replace glioblastoma with lung cancer 
and brain with lung to compose its original question . This tem- 
plate query illustrates how one can combine the information 
on homologous genes from OMA with the gene expression 
data in Bgee and disease annotation in UniProt. The edited 
template question usually takes less than 10 seconds to re- 
turn the human UniProt protein links where these links are 
composed of a UniProt identifier, the OMA link to the corre- 
sponding protein expressed in the rat’s lung, the OMA gene 
representation in the RDF graph defined with the Ensembl 
gene identifier (that is not a clickable link), and the protein dis- 
ease annotation extracted from UniProt related to lung cancer. 
Moreover, the federated SPARQL query that is used to answer 
the edited question can be obtained from the Bio-Query in- 
terface by clicking on ‘Show SPARQL Query Editor’ on the 
top of the page. Alternatively, the SPARQL query can be run 
on the OMA SPARQL endpoint (see query at https://purl.org/ 
sib- rdf/query- example- 0002 ) or any other SPARQL 1.1. end- 
point. Information in a SIB resource can be combined with 
data found in an external resource. Figure 2 shows a graph- 
ical representation of this federated query over those three 
databases. 

Another federated query example provided by UniProt (see 
query 38 at https:// purl.org/ sib-rdf/ query-example-0003 ) re- 

trieves the positions of the gene start and end in Wikidata 
for the human entry P05067, amyloid-beta precursor protein 
(variants in this gene cause a form of Alzheimer disease). The 
results show that gene coding for the amyloid-beta precursor 
protein (APP) is found on chromosome 21, extending from 

positions 25880550–26171128 in genome assembly GRCh38 
as depicted in Figure 3 . While this information can readily be 
obtained by searching in either Ensembl or USCS, doing so for 
a long list of proteins would be tedious; however, the SPARQL 

query can easily be modified to accommodate a list of protein 
entries. 

The two federated SPARQL query examples illustrate how 

data silos can be overcome. The selection of SPARQL end- 
points shown at https:// yummydata.org/ endpoint provides ad- 
ditional types of data of interest to life scientists. Of note, 
Rhea makes use of the Integrated Database of Small Molecules 
(IDSM) SPARQL endpoint which allows chemical compounds 
with a similar structure to be retrieved ( 23 ). Coudert et al. ( 24 ) 
makes use of this functionality to retrieve all proteins that bind 
to ligands with structures similar to that of a query ligand, in 
this case, heme b. This type of query could be applied in the 
context of drug design. 

There are several impediments to exploring and using se- 
mantic data. The first is becoming familiar with SPARQL syn- 
tax. For a programmer or a bioinformatician familiar with a 
Structured Query Language (SQL), this should not pose any 
problems. Experimental biologists may learn by running and 
modifying the examples provided by the resources. The second 
is an understanding the data model to formulate the queries 
appropriately. Consulting the documentation or using queries 
to explore the data will usually overcome this problem. Fi- 
nally, query timeouts also limit the usefulness of SPARQL 

querying. This can be overcome by running a query multiple 
times, each time retrieving a different part of the data. 

Applications of SPARQL and RDF data 

The applications of semantic data in RDF and querying with 
SPARQL are many. They can be used to generate, explore, ex- 
tract and combine data from various sources, as well as pub- 
lish data in an interoperable format, to name a few. A few 

examples are presented below to illustrate some of these uses. 
SPARQL not only serves to query data, as illustrated in the 

previous section – it can be leveraged to annotate data. For in- 
stance, Swiss-Prot curators build annotation rules (HAMAP 
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Figure 1. Top ten compounds found in enzymatic and transport reactions found in Rhea and obtained using a SP ARQL query . The ChEBI identifier linking 

to the entry in ChEBI (column chebi), the compound name (column name) and the number of times the compound is found in Rhea (column countRhea) 

are returned by the query. 

Figure 2. A graphical representation of the semantic query addressed o v er Bgee, OMA and UniProt databases. This query retrieves the proteins 

associated with ‘ lung cancer ’ and the orthologs expressed in the rat’s lung. Nodes with a question mark represent any value of some concept, for 

instance, ?gene represents any gene in a given database. Nodes in the form of prefix:suffix represents a term in a vocabulary. For example, 

orth:OrthologousCluster is defined in the ORTHology ontology https:// qfo.github.io/ OrthologyOntology . Edges in the form of prefix:suffix are relations 

between nodes that are also defined in a vocabulary. For instance, up: in up:annotation corresponds to http:// purl.uniprot.org/ core/ . All prefixes are 

defined in the header of the SPARQL query. For the sake of simplicity, they were omitted in the figure. Finally, edges with ’*’ means this is a composed 

edge where the same edge type is repeated as many times as available in the data source. Therefore, it represents the traversal of multiple nodes 

connected with the same edge type. 



D 48 Nucleic Acids Research , 2024, Vol. 52, Database issue 

Figure 3. The results of a federated query over W ikidat a and UniProt that retrieves the positions of the APP gene in two genome assemblies: GRCh37 

and GRCh38. It is known that variants in this gene cause a form of Alzheimer disease. 

Table 2. Documentation, sample queries and training material for SIB databases and SPHN providing semantic data 

Database Documentation 
Examples 
(federated) Tutorial or training material provided 

Bgee Overview: https:// purl.org/ sib-rdf/ 
bgee-documentation 
Data schema: 
https:// purl.org/ genex/ documentation 
Query examples: https:// purl.org/ sib- 
rdf/bgee- query- examples 

19 (14) http:// purl.org/ sib-rdf/ bgee-tutorial 

GlyConnect − 4 (0) https:// purl.org/ sib-rdf/ glyconnect-tutorial 
HAMAP − 4 (0) https:// purl.org/ sib-rdf/ hamap-tutorial 
MetaNetX https:// purl.org/ sib-rdf/ metanetx- 

documentation 
13 (0) https:// purl.org/ sib-rdf/ metanetx-tutorial 

OMA https:// purl.org/ sib-rdf/ oma- 
documentation 

11 (1) https:// purl.org/ sib-rdf/ oma-tutorial 

OrthoDB − 17 (1) https:// purl.org/ sib-rdf/ orthodb-tutorial 
Rhea https:// purl.org/ sib-rdf/ rhea- 

documentation 
17 (3) https:// purl.org/ sib-rdf/ rhea-tutorial 

STRING https:// purl.org/ sib-rdf/ string- 
documentation 

6 (0) https:// purl.org/ sib-rdf/ string-tutorial 

SwissLipids − 38 (1) −

UniProtKB https:// purl.org/ sib-rdf/ uniprot- 
documentation 

41 (4) https:// purl.org/ sib-rdf/ uniprot-tutorial 

SPHN https:// purl.org/ sib-rdf/ sphn- 
documentation 

https:// purl.org/ sib-rdf/ sphn-tutorial 
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rules), which are used for automatic annotation. HAMAP 
rules as part of an integrated workflow that includes cu- 
ration of experimentally characterized template entries in 
UniProtKB / Swiss-Prot, as well as curation of the associated 
rule and protein family signature (encoded as a generalized 
profile). These complex HAMAP rules were translated into the 
SPARQL 1.1 syntax, and then applied to protein sequences in 
RDF using freely available SPARQL engines ( 14 ). This imple- 
mentation of HAMAP rules in SPARQL syntax can be applied 
by users to annotate protein sequences expressed with RDF 
using off-the-shelf SPARQL engines—without any need for a 
custom pipeline. 

SPARQL queries can also be used to explore and compare 
data found in different databases. The types of glycans found 
in glycosylation sites involved in S AR S-CoV-2 host-pathogen 
interactions in GlyConnect and UniProt were recently anal- 
ysed by combining federated SPARQL queries with manual 
inspection ( 25 ). 

Semantic Web technologies can also be used to retrieve 
data and to combine it with data from a different source, 
be it public or private, provided reuse is allowed. This en- 
abled the Scalable Precision Medicine Open Knowledge En- 
gine (SPOKE; https://spoke.rbvi.ucsf.edu ), to be produced, 
which contains 27 million nodes and 53 million edges down- 
loaded from 41 databases, including data from Bgee, STRING 

and UniProt / Swiss-Prot ( 26 ). Bgee’s high-quality datasets of 
gene expression were recently integrated into a knowledge 
graph to enable precision medicine ( 27 ). In this way, bridges 
between data silos are created, and datasets in RDF can read- 
ily be disseminated and re-used. Two examples illustrate this. 
First, a slightly modified version of the neXtProt database was 
created ( https:// doi.org/ 10.5281/ zenodo.7071135 ) and used 
for a comparison of RDB-to-RDF mapping systems ( 28 ). Sec- 
ond, a subset of data in RDF from PDBj ( 29 ) has been pub- 
lished in Zenodo ( https:// doi.org/ 10.5281/ zenodo.8098467 ) 
for use in evaluating Oxigraph Server, a graph database im- 
plementing the SPARQL standard ( 30 ). RDF archives can also 
serve as a backend for fine-grained version control in collab- 
orative projects. 

Swiss health data in RDF 

RDF is also being leveraged in the context of the Swiss Per- 
sonalized Health Network initiative (SPHN). SPHN has de- 
veloped a national strategy ( 8 ) for the semantic representation 
of health-related data. At the core of the SPHN Semantic Inter- 
operability Framework is the semantics which is represented 
formally through SPHN RDF Schema ( 31 ). The schema serves 
as a harmonized model for representing concepts and proper- 
ties that are relevant for routine clinical data. It is designed in 
a composable manner and thus offers users the flexibility to 
extend its capabilities, thereby accommodating their specific 
requirements. While enabling the seamless integration of di- 
verse data types from heterogeneous sources, the framework 
also promotes the secondary use of health-data following the 
FAIR principles. 

The developed tools and infrastructures enable Swiss Uni- 
versity Hospitals to share clinical routine data defined in 
the SPHN RDF Schema ( https:// www.biomedit.ch/ rdf/ sphn- 
ontology/sphn ) in fast and cost-efficient way. In the current 
phase of SPHN, four National data streams (NDS) are set up, 
which link the clinical routine data with other health-related 
data (e.g. omics data, cohort and registry data) or PROMS 

in a knowledge graph. The four NDSs focus on different dis- 
ease area, infectious diseases (Personalized, data-driven pre- 
diction and assessment of Infection related outcomes in Swiss 
ICUs, IICU), oncology (Swiss Personalized Oncology, SPO), 
low value care (Low Value of Care in Hospitalized Patients, 
LUCID) and paediatrics (Pediatric personalized research net- 
work Switzerland, SwissPedHealth). In the future, the NDS 
will be an important highly curated data resource for new re- 
search projects. 

Documentation and outreach 

The majority of SPARQL endpoint users are either program- 
mers, or power users which have invested in learning SPARQL 

and exploring the resource data models. To lower the barrier 
for the use of the endpoints by biologists, a user-friendly in- 
terface is provided to the SPARQL endpoint for most of the 
SIB resources. These include SPARQL query examples which 
allow the naïve user to start by modifying queries, before go- 
ing on to learning the SPARQL query syntax required to start 
writing their own queries. Users can also consult the docu- 
mentation to understand the data model for the resource, re- 
trieve cross-references to SIB or external resources providing 
additional information, as well as tutorials or training mate- 
rials (Table 2 ). In the case of SPHN, training in RDF data, 
SPARQL and SHACL, as well as a user guide and documen- 
tation, are also provided. It should be noted that YummyData 
( https:// yummydata.org/ ) also provides a forum in GitHub 
where users and providers of biomedical information in RDF 
can communicate and improve the usability of the web of (bio) 
data. 

Four in-person tutorials have also taken place to date. The 
first tutorial was an introduction to SPARQL for life scien- 
tists at the SWAT4LS 2012 workshop. The second tutorial 
in 2015 was an introduction to SPARQL for biologists and 
bioinformaticians at the BC2 conference in Basel. A third tu- 
torial held in 2019 in Edinburgh saw 9 SIB databases pre- 
sented, with a federated query serving as introduction to the 
resource presented by the next speaker (slides available at 
https:// purl.org/ sib-rdf/ 2019-swat4hcls-tutorials ). The latest 
tutorials at the SWAT4HCLS 2023 conference in Basel cov- 
ered UniProtKB, Rhea, as well as SPHN. These tutorials had 
an indirect impact to foster the collaboration of multiple and 
independent SIB resources to improve their reusability by en- 
hancing interoperability among them. Moreover, providing 
tutorials is part of the 10th lesson learned to boost a bioin- 
formatics knowledge base reusability as discussed in ( 32 ). 

Concluding remarks 

The increasing adoption of Semantic Web technologies to 
organize biological and biomedical knowledge provides a 
way to represent the ever-increasing complex interrelation- 
ships within and across sub-domains of the life sciences. RDF, 
a World Wide Web Consortium (W3C) standard, is being used 
in academy , industry , and governments. It is at the heart of a 
revolution in which data is not just information but the basis 
for actionable knowledge. This is urgently needed given the 
surge in amounts and diversity of data, which are leading to an 
increase in the number of databases and data repositories. The 
announcement of funding by the US National Science Foun- 
dation to create of a prototype Open Knowledge Network is 
both timely and needed. 
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SIB strives to provide a Semantic Web of data across dif- 
ferent disciplines in the life sciences. SIB resources contribute 
high-quality linked data covering a range of topics. This struc- 
tured data is interlinked with data elsewhere, to be more use- 
ful through semantic queries. The federated SPARQL query 
examples provided in the current SPARQL endpoints inter- 
connect 6 of the 11 SIB SPARQL endpoints, as well as send 
requests to several external SPARQL endpoints. Future work 
will focus on identifying and addressing gaps or overlaps 
between the documentation in a collaborative manner be- 
tween the projects. A concerted effort is required to add miss- 
ing equivalences between representations of a same concept 
by different identifiers in the different databases, as well as 
strengthen harmonization to further improve their interop- 
erability. The use of standardized metadata across these re- 
sources will contribute to the catalogue of machine-readable 
FAIR datasets. Finally, structuring these data in the form of 
knowledge graphs enables them to be exploited using artifi- 
cial intelligence algorithms that offer semantic interpretability 
and explicability. These algorithms include reasoning based on 
logical rules extracted from the data, inductive inference based 
on machine learning of underlying latent relations, and neuro- 
symbolic combinations of these approaches. These techniques 
form powerful means of mining, improving, and enriching 
available knowledge, to help answering complex biological 
and clinical questions. 

Data availability 

The SPARQL services of the SIB Swiss Institute of Bioinfor- 
matics are freely available and listed at https:// purl.org/ sib- 
rdf. 
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