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Abstract

To accelerate life science research, establishing a knowledge base that enables the rapid and accurate
selection of research materials suited to specific research objectives is indispensable. In this report,
we attempted to realize ontology-driven discovery of bioresources that participate in the biosynthesis
or utilization of chemical entities bearing specific roles (e.g., anti-inflammatory agent) and that are
associated with gene functions, processes, or locations. We extended the existing knowledge graph
(KG) of the RIKEN BioResource Research Center for bioresources by integrating the KG with well-
curated ontologies and RDF datasets: the chemical ontology ChEBI, the Gene Ontology (GO), UniProt
RDF, Rhea, and KNApSAcK. Executing SPARQL queries over the integrated KG identified 61,499
plant DNA materials linked to 163 biological/chemical roles, 5,401 plant DNA materials linked to 289
biological activities, and 108,589 human DNA materials linked to 18,273 GO biological processes.
Collectively, these results show that the KG provides intuitive entry points for experimental
researchers and, by reusing ChEBI roles and GO annotations, delivers a verifiable path from ontology
terms to testable interventions—improving the relevance and efficiency of bioresource discovery.
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1. Introduction

Contemporary life science research relies on vast and diverse datasets, making the efficient

integration and exploration of this data essential. Among these efforts, supporting experimental
researchers in identifying candidate biological resources that facilitate the production of useful

chemical compounds and elucidation of molecular functions and biological processes is of
particular importance. This study addresses the following question: How can researchers
systematically identify experimental materials (e.g., cDNA clones, mutant strains, or cell lines)
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that are relevant to a desired chemical role or gene function across multiple ontological
resources?

As one of the world’s leading biological resource repositories, the RIKEN BioResource
Research Center (BRC) manages and provides diverse bioresources—such as mouse strains,
plant seeds, cultured cell lines, microbial strains, and DNA/cDNA materials—under rigorous
quality control. These bioresources support life science research across mechanistic studies,
chemical production, breeding, and drug discovery.

For the dissemination and retrieval of bioresource data, metadata are integrated into the
RIKEN BioResource MetaDatabase (MetaDB) [1], an RDF-based platform on Virtuoso, and
published as the RIKEN Bioresource Knowledge Graph (KG) [2]. To enhance interoperability,
the KG follows the Biological Resource Schema Ontology (BRSO) [2] and has already been
linked with an Orthologous MAtrix (OMA) database [3], a gene-disease association database:
DisGeNET [4], and disease ontologies (MONDO [5], DOID [6], Orphanet [7], NANDO [8]),
enabling the identification of disease-relevant mice, cell lines, and genetic materials. Disease
ontologies such as MONDO and DOID are relevant because they are already integrated into the
existing RIKEN Bioresource KG to enable disease-based searches for mouse and human
resources, forming the foundation on which the present chemical and gene-function extension
is built.

In this study, we integrated the Bioresource KG with additional biomedical ontologies and
RDF graph datasets—namely, the chemical compound ontology: ChEBI [9], Gene Ontology
(GO) [10], the proteome dataset: UniProt RDF [11], the chemical reaction dataset: Rhea RDF
[12], and a biological activity RDF: KNApSAcK [13] —to enable the exploration of bioresources
that are involved in the production of useful chemical compounds and in research aimed at
elucidating biological phenomena. This study is expected to contribute to the advancement of
agriculture and to addressing global environmental and food issues by providing information
for creating new high-yield and stress-tolerant crops, such as salt- and hyperosmolarity-
tolerant cultivars. Furthermore, the established methodology can be applied to other domains,
contributing to a deeper understanding of biological phenomena, drug discovery research, and
diverse fields in biology. GO terms are routinely produced by GO enrichment analyses and
come as stable, resolvable identifiers; our KG ingests them directly. ChEBI roles capture
interpretable chemical and pharmacological functions. Taken together, these vocabularies
provide practical entry points, which we operationalize into an end-to-end path from GO/ChEBI
terms through Rhea/EC and UniProt/NCBI Gene to orderable bioresources.

The rest of the paper is organized as follows: Section 2 reviews related work on bioresource
RDF data and the development of its retrieval systems. In Section 3, we explain the external
datasets and ontologies integrated with the RIKEN Bioresource KG. Section 4 shows examples
of SPARQL queries used to retrieve candidate bioresources related to a given chemical or
biological role (e.g., anti-inflammatory agent), biological activities (e.g., induce flowering), and
gene function (e.g., structural constituent of cytoskeleton). Section 5 presents the performance
comparison results using local datasets within BioResource MetaDB versus using remote
(federated) queries. We also discuss the implementation of a keyword-search API, the
advantages of using ChEBI and GO for bioresource exploration, and future work.



2. Related work

The Monarch Initiative is an international consortium working to expand the use of genome
information in biology and biomedical research. It is a vast knowledge graph that semantically
harmonizes and integrates a wide array of data sources, including bioresources, with the Biolink
Model serving as its core schema [14].

DBRP Stanza is a retrieval system for microbial strains collected by the Biological Resource
Center in the National Institute of Technology and Evaluation (NBRC) and the Japan Collection
of Microorganisms (JCM) of RIKEN BRC. These data are stored and published via the DBCLS
RDF Portal [15]. The retrieval results of the DBRP Stanza are obtained from the RDF Portal
using SPARQL and graphically visualized using TogoStanza [16], a web framework. For
example, the user can execute a keyword search to retrieve microorganisms using microbial
habitat terms (e.g., hot spring) as defined by the Metagenome and Microbes Environmental
Ontology.

BioDB Search, developed by DBCLS, is a retrieval system covering biochemical reactions—
substrates, products, and enzymes—across various organisms in addition to NBRC/JCM
microbial strains, similar in spirit to DBRP Stanza. Unlike DBRP Stanza, which uses only
microorganism RDF, BioDB Search integrates ChEBI, UniProt RDF, GO, and Rhea RDF. Users
can search by chemical entity (e.g., caffeine), protein (e.g., starch synthase), biological process
(e.g., xanthophyll biosynthetic process), taxonomy (e.g., Micromonospora chalcea), and EC
number (e.g., 1.14.15.24; beta-carotene 3-hydroxylase).

3. Constructing the Bioresource KG

3.1. Bioresource KG data schema

The Bioresource KG is based on the BRSO [2] and contains labels (e.g., iso-D), identifiers (e.g.,
psi00001), organisms (e.g., NCBITaxon_3702 and Arabidopsis thaliana), related genes (e.g.,
ncbigene:843873 and At1g65620), and associated phenotypes (e.g., Dwarf). Users can browse KG
data through a web interface, execute SPARQL queries at the BioResource MetaDB SPARQL
endpoint, and download all the data from the BioResource MetaDB [1].

Table 1: External ontologies and RDF datasets integrated into the Bioresource KG.

Integrated Data format of original data or Data acquisition .
. . . License
ontologies/RDF graphs | conversion methods to N-Triples = date
ChEBI (ver. 244) OWL 2025-09-09
Gene Ontology (ver. OWL 2025-09-10
2025-07-22)
UniProt-NCBI  Gene : Conversion from TSV data to N-
. 2025-07-30
(ver. 2025-06-18) Triples CCBY 4.0
UniProt-Enzyme Execution of the SPARQL query 2025-07-30
UniProt-GO and acquisition of N-Triples 2025-07-30
Rhea RDF/XML 2024-03-10
KNApSAcK Turtle 2023-08-23




3.2. Integrated biomedical ontologies and public RDF graph datasets

We link RIKEN bioresources to ChEBI—which organizes chemical entities and biological roles
(e.g., anti-inflammatory agent)—and to the GO, which structures the molecular functions of
gene products (e.g., naringenin-chalcone synthase activity), biological processes (e.g., cuticle
development), and cellular components (e.g., chloroplast). We further integrate the Bioresource
KG with UniProt (ID mapping, enzyme/EC and GO annotations), Rhea, and KNApSAcK (Table
1). Together, UniProt and Rhea provide curated bridges from genes/gene products to ChEBI
chemical entities and GO terms, enabling typed traversals from ontology terms to distributable
RIKEN BRC resources. These external datasets, distributed under open licenses (see Table 1),
were ingested into BioResource MetaDB, which stores the Bioresource KG. All inputs were
ingested as RDF graphs: OWL ontologies (e.g., ChEBI, GO) in RDF/XML or Turtle, and other
datasets in RDF/XML, Turtle, or N-Triples.

3.3. Identifier strategy

We connect datasets using resolvable, community-standard URIs: enzyme classes in the UniProt
namespace (http://purl.uniprot.org/enzyme/) and chemical entities via ChEBI OBO PURLs
(http://purl.obolibrary.org/obo/CHEBI_). For NCBI Gene, UniProt RDF employs the
http://purl.uniprot.org/geneid/ namespace. To maximize interoperability with external graphs,
the Bioresource KG accepts four resolvable URI patterns for NCBI Gene:
https://www.ncbi.nlm.nih.gov/gene/, http://identifiers.org/ncbigene/,
https://identifiers.org/ncbigene:, and http://purl.uniprot.org/geneid/. Our query templates
accept all four variants, enabling joins to UniProt and Rhea without custom mappings while
preserving compatibility with third-party KGs.

4. Results

Interpretation note: Traversals illustrate ontology-level associations across curated graphs and
do not imply experimentally validated activities in specific organisms or strains.

Figure 1 summarizes our integration path from ontology terms to RIKEN BRC resources
across UniProt, Rhea, ChEBI, and KNApSAcK. In the integrated KG, each bioresource is linked
to an NCBI Gene (via the Bioresource KG); the gene encodes a UniProt protein (via the UniProt-
NCBI Gene mappings); the protein is associated with an enzyme class (EC number) using the
UniProt enzyme dataset (via the UniProt-Enzyme mappings); the EC class is associated with
Rhea reactions whose participants include ChEBI chemical entities as substrates or products
(via the Rhea RDF graph); and the ChEBI entities are annotated with ChEBI roles (via the ChEBI
Ontology graph). This typed path lets users start from an interpretable role and resolve specific,
distributable BRC resources. We assessed integration completeness by counting resolvable links
across graphs (e.g., Gene—UniProt protein, EC—Rhea reaction, Rhea participant—ChEBI
entity) and by reporting distinct counts and coverage (Supplemental Data 01'-02?).

! https://purl.archive.org/purl/rbre/icbo_east2025/blob/main/supplementalData01.pdf
% https://purl.archive.org/purl/rbrc/icbo_east2025/blob/main/supplementalData02.pdf
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Figure 1: Semantic network of the integrated Bioresource KG showing links among RIKEN
BRC bioresources, NCBI Gene, UniProt proteins, EC classes, Rhea reactions, and ChEBI
chemical entities/roles; for GO-based paths, UniProt GO annotations are also used. This path
enables ontology-driven traversal from ChEBI roles, KNApSAcK bioactivity terms or GO terms

to distributable bioresources.
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[ http://metadb.riken.jp/db/rikenbrc_plant/pdy17543 (an Arabidopsis full-length cDNA (RAFL) clone) ]

Figure 2: Example traversal from a ChEBI role to an orderable Arabidopsis DNA resource.
Starting at the ChEBI role anti-inflammatory agent (CHEBIL:67079), the query resolves to the
compound 2',4,4",6'-tetrahydroxychalcone (CHEBI:15413), via Rhea reactions catalyzed by EC
2.3.1.74 (chalcone synthase), to UniProt proteins (e.g., P13114), to NCBI Gene TT4
(GenelD:831241), and finally to a RIKEN BRC Arabidopsis full-length cDNA clone (pdy17543).

Figure 2 illustrates the Rhea-mediated traversal from a ChEBI role to a concrete RAFL clone

[17]. We reuse the same pattern in our SPARQL query templates throughout this study.



The component datasets of this integrated KG are similar to that of the BioDB Search;
however, they differ in the following ways: the former enables the exploration of all
bioresources with related gene information, and the latter allows for the exploration of only
microorganisms as bioresources. Moreover, the former enables the retrieval of associated
bioresources by using the ChEBI role and KNApSAcK's biological activity terms.

Figure 1 also shows the data schema of integrated Bioresource KG with UniProt RDF and
GO, where users can explore related RIKEN bioresources using GO biological process,
molecular function, and cellular component terms. For example, executing a SPARQL query
over the KG starting from the GO biological process “cuticle development” (GO:0042335)
retrieves a path to relevant UniProt protein entries (Transmembrane protein 79;
UniProt:Q9BSE2), to the NCBI Gene TMEM?79 (GenelD:84283) in Homo sapiens, and finally to a
RIKEN BRC Plasmid clone of human TMEM79 cDNA (e.g., HGY087496) [18].

As of 15 October 2025, RIKEN BRC holds 612,129 plant DNA materials and 169,107 human
DNA materials, of which 267,613 and 136,989 have at least one NCBI Gene, respectively. When
we executed SPARQL queries, we retrieved 61,499 plant DNA materials associated with 163
ChEBIroles [19], 5,401 plant DNA materials associated with 289 KNApSAcK biological activities
[20], 254,082 plant DNA materials associated with 6,459 GO biological processes [21], and
108,589 human DNA materials associated with 18,273 GO biological processes [22].
Connectivity analysis revealed that for DNA materials, 11.7% (19,809/169,107) of bioresources
reach =1 ChEBI role and 64.2% (108,589/169,107) reach =1 GO term,; for plant DNA materials,
the corresponding figures are 10.0% (61,499/612,129) and 41.5% (254,082/612,129) (Supplemental
Data 01). The residual isolated nodes are primarily records without gene annotations, which
blocks resolution to UniProt and thus to the EC/Rhea/ChEBI chain. We will periodically
reconcile these nodes with future releases of BRSO and the external graphs.

We summarize the integrated graphs used in this study—original formats, conversion to N-
Triples, acquisition dates, licenses, and the numbers of distinct triples and properties—in
Supplemental Data 02. All analyses in Section 4 are based on this snapshot hosted locally in
MetaDB (no federation).

5. Discussion and future work

5.1. Comparison of local and federated SPARQL execution results

In this study, we expanded the Bioresource KG by collecting external open datasets into a single
local environment (MetaDB). SPARQL also enables federated queries via the SERVICE keyword,
allowing us to combine locally hosted graphs with official remote endpoints on the Internet
(e.g., the UniProt SPARQL endpoint). A clear advantage of using original endpoints is near-real-
time freshness and reduced local maintenance. This is particularly relevant for very large
resources—UniProt RDF is published as more than 600 files with a total size of 1.9 TB—for
which full local mirroring and regular updates are time-consuming.

We therefore evaluated the practicality of offering interactive retrieval over federated
queries by reusing the representative SPARQL patterns from Section 4 and measuring runtimes.
In our environment, federated execution frequently exceeded a 10-minute transaction limit or
returned 502 Proxy Errors, yielding no results [23-25], while local execution completed
successfully and returned 957 bioresources [17].



These findings suggest that federated SPARQL is currently unsuitable for interactive use in
our setting. As future work, we will pursue query-level optimizations (e.g., subqueries), triple-
store tuning, server scaling, and cost-based federated query engines to shorten retrieval times
and make federation viable [26].

Hosting a local mirror within MetaDB ensures reproducible query execution and stable
performance even when remote endpoints are unavailable or updated. Federated SPARQL
remains conceptually valuable for freshness, but operational reproducibility and responsiveness
favored local integration.

5.2. Implementation of a keyword-search API

We demonstrated that executing SPARQL queries could obtain bioresources relevant to
chemical roles, biological activities, biological processes, molecular functions, and cellular
components. However, it is difficult for biological experimental researchers to perform SPARQL
queries. Therefore, we implemented keyword-search APIs to improve usability for experimental
researchers. SPARQList is a REST API server that executes a SPARQL query [27], and the
following API Examples 1-4 are RESTful APIs utilizing SPARQList. API Example 1 [28] is an
API for exploring plant DNA materials and related genes using identifiers (e.g., CHEBI:67079)
of the ChEBI role terms (e.g., Anti-inflammatory agent). These REST endpoints wrap
representative SPARQL queries so that users can supply either keywords or stable identifiers
(e.g., Anti-inflammatory agent, CHEBI:67079) without writing SPARQL.

Similarly, API Example 2 [29] is an API for exploring plant DNA materials and related genes
using biological activity terms (e.g., induce flowering), and API Examples 3 [30] and 4 [31] are
APIs for exploring plant and human DNA materials and related genes using identifiers (e.g.,
G0:0042335) of GO terms (e.g., cuticle development), respectively. The users can obtain the
retrieval results in the JSON format by embedding keywords, such as CHEBI:67079, into the
defined URLs and accessing the embedded URLs or accessing each API webpage, typing
keywords in the input box, and accessing the created URLs.

The search for bioresources [32], which is currently in operation, has enabled the exploration
of RIKEN bioresources using keywords, such as common disease names (in English and
Japanese), phenotype terms, gene symbols, bioresource and organism names, and their IDs. This
system has implemented a keyword input assist function that presents keyword suggestion lists.
Although the current system exposes REST APIs through SPARQLIist, we plan to develop a
lightweight web interface that wraps these endpoints, allowing non-expert users to search
bioresources by keyword, by ontology term (e.g., ChEBI role or GO term), or by pasting GO
enrichment results—without writing SPARQL.

5.3. Benefits of using ChEBI roles and GO annotations

ChEBI and GO offer complementary semantics that are immediately useful for experimental
researchers. ChEBI roles describe the function of a chemical (e.g., anti-inflammatory agent),
while GO terms describe the function of a gene product, the processes it is involved in, and its
location (molecular function, biological process, and cellular component). As long-standing,
community-curated, openly licensed resources (see Table 1), they are already familiar to
biomedical researchers, which lowers the adoption barrier for ontology-based searches. Their
active communities also keep chemical and gene-function semantics up to date, which is critical



for the long-term maintenance and sustainability of the KG. In typical workflows, GO
enrichment outputs stable GO identifiers, and ChEBI defines interpretable
chemical/pharmacological roles; in our KG, either can serve as a starting term to resolve
downstream to genes and distributable resources.

In our integrated KG, bioresources are connected to NCBI Gene and UniProt (gene products);
gene products carry EC and GO annotations. EC classes connect to Rhea reactions whose
participants include ChEBI entities as substrates or products, and ChEBI entities are annotated
with roles. Declared domains and ranges on these predicates provide stable, typed traversals
from a “desired role or function” to “candidate bioresources.” Practically, this lets users start
from a ChEBI role or a GO term and resolve to concrete RIKEN BRC bioresources. Collectively,
these results indicate that ChEBI and GO concepts scale to extensive bioresource catalogs,
including those of genetically modified mouse strains.

Our approach also has distinctive aspects when compared to more expansive, global
knowledge graph initiatives like the Monarch Initiative. The Monarch Initiative, centered on a
standardized data model such as the Biolink Model, integrates OBO ontologies, including ChEBI
and GO, to support a wider range of applications, including phenotype-driven discovery, graph
machine learning, and cross-species inference [33]. However, its lack of an official SPARQL
endpoint requires users to implement their own RDF store, presenting a significant barrier for
direct data exploration.

As of 9 September 2025, Monarch’s public datasets do not expose the specific Rhea-driven
chain illustrated in Figures 1-2 (EC — Rhea — ChEBI participants). In contrast, our
Bioresource KG represents a more practical solution tailored to the specific mission of
efficiently discovering RIKEN's bioresources. While approaches like the Monarch Initiative,
which pursue universal interoperability, are powerful for general-purpose applications like
cross-species inference, their schema may not be optimized for detailed, mission-specific
queries. For example, as of 9 September 2025, Monarch’s published import sources do not
include, and Monarch’s public APIs do not expose a reaction-level chain with ChEBI-typed
participants. Consequently, our Rhea-based traversals in Figures 1-2 cannot be reproduced
against Monarch’s public datasets, whereas they are explicitly modeled and supported in our
KG. Note that our statement that the public Monarch stack “cannot reproduce” our path is
limited to the Rhea-driven chain illustrated in Figures 1-2 (EC—Rhea—ChEBI participants);
other aspects may be available in Monarch’s public datasets.

On the other hand, in typical transcriptomics pipelines (e.g., RNA-seq, qPCR), differentially
expressed genes are routinely subjected to GO enrichment analysis using widely adopted tools
such as DAVID [34], and g:Profiler [35]. The outputs of these tools provide the same GO
identifiers and labels that our KG accepts, allowing investigators to copy a significant GO term
from their enrichment results and directly traverse to related reactions, enzymes, genes, and,
ultimately, the distributable RIKEN BRC bioresources. This alignment makes GO terms a highly
practical entry point for ontology-driven bioresource discovery.

6. Conclusion

We integrated the RIKEN Bioresource KG with ChEBI, GO, UniProt, Rhea, and KNApSAcK to
enable ontology-driven discovery of bioresources from chemical roles and gene-centric
functions. Representative SPARQL patterns were exposed as REST APIs so that users can start



with familiar keywords or stable identifiers without writing SPARQL. Local (non-federated)
execution returned complete results, while federated SPARQL frequently timed out, suggesting
pragmatic deployment choices. Overall, reusing ChEBI roles and GO annotations within the KG
improved both the relevance and efficiency of target bioresource discovery, providing a
verifiable path from ontology terms to testable interventions and accelerating life science
research.
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A. Online Resources

1. BRSO webpage at https://github.com/dbcls/brso

2. BioResource MetaDatabase webpage at https://knowledge.brc.riken.jp

3. The Nanbyo Disease Ontology (NANDO) at http://nanbyodata.jp/ontology/nando

4. DBRP Stanza webpage at https://www.nite.go.jp/nbrc/dbrp/dbrpstanza/top.html

5. BioDB Search webpage at https://sip-db.dbcls.jp/bdsearch/#/

6. Bioresource KG data schema at https://github.com/kushidat/bioresourceKG_schema

7. BioResource MetaDB SPARQL endpoint at https://knowledge.brc.riken.jp/spargl

8. chebi.owl.gz can be downloaded at https://ftp.ebi.ac.uk/pub/databases/chebi/ontology/

9. go.owl can be downloaded at https://purl.obolibrary.org/obo/go.owl

10. ID mapping data of  UniProt can be downloaded at
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/idmapping/i
dmapping_selected.tab.gz

11. UniProt official SPARQL endpoint at https://spargl.uniprot.org/sparql/

12. rhea.rdf.gz can be downloaded at https://ftp.expasy.org/databases/rhea/rdf/

13. KNApSAcK GitHub webpage at https://github.com/ddbj/mb_knapsack

14. UniProt RDF data can be downloaded at
https://ftp.uniprot.org/pub/databases/uniprot/current_release/rdf/

15.  Arabidopsis  full-length ¢DNA (RAFL) clone; pdyl7543 webpage at
https://plant.rtc.riken.jp/resource/rafl/rafl_detail html?brcno=pdy17543

16. Plasmid clone of human TMEM79 ¢DNA; HGY087496 webpage at
https://dnaconda.riken.jp/search/GNPhum/IRAL018/IRAL018M08.html

17. Rhea official SPARQL endpoint at https://sparql.rhea-db.org/

18. RDF Portal for EBI data SPARQL endpoint at https://rdfportal.org/ebi/sparql

19. RIKEN BRC webpage at https://web.brc.riken.jp/

20. Biolink-Model webpage at https://biolink.github.io/biolink-model/
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