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Abstract

Summary: Knowledge graphs are an increasingly common data structure for representing biomedical information. These knowledge graphs can
easily represent heterogeneous types of information, and many algorithms and tools exist for querying and analyzing graphs. Biomedical know!-
edge graphs have been used in a variety of applications, including drug repurposing, identification of drug targets, prediction of drug side effects,
and clinical decision support. Typically, knowledge graphs are constructed by centralization and integration of data from multiple disparate sour-
ces. Here, we describe BioThings Explorer, an application that can query a virtual, federated knowledge graph derived from the aggregated infor-
mation in a network of biomedical web services. BioThings Explorer leverages semantically precise annotations of the inputs and outputs for
each resource, and automates the chaining of web service calls to execute multi-step graph queries. Because there is no large, centralized
knowledge graph to maintain, BioThings Explorer is distributed as a lightweight application that dynamically retrieves information at query time.

Availability and implementation: More information can be found at https://explorer.biothings.io and code is available at https://github.com/bio

things/biothings_explorer.

1 Introduction

While downloadable files are the most common way to share
biomedical data, application programming interfaces (APIs)
are another popular and powerful mechanism for data dis-
semination. Accessing data through APIs has many comple-
mentary advantages relative to downloading local copies of
data. APIs typically allow users to query for specific subsets
of the data that are of interest. API queries are often highly
indexed, leading to efficient data retrieval. Finally, API access
allows for easy incorporation of the most up-to-date data into
other computational applications or workflows.

While APIs offer many advantages in terms of data acces-
sibility, these advantages do not immediately translate into
efficient data integration. APIs generally follow some com-
mon architectures and protocols [e.g. representational state
transfer (REST), output in JavaScript Object Notation
(JSON)], but alignment at this technical level does not guar-
antee either syntactic or semantic interoperability. For ex-
ample, APIs can use different identifiers for the same gene,
different data structures to represent gene attributes, and
different terms to describe the relationships between bio-
medical entities.

There have been some efforts to define and enforce seman-
tic and syntactic standards to achieve data interoperability.
Examples of this approach include the Beacon API from the
GA4GH consortium (Rambla et al. 2022) and the DAS speci-
fication for sharing annotations of genomic features (Dowell
et al. 2001). These efforts rely on the active participation of
API developers in adopting a community standard for their
API endpoints.

Here, we explore the use of semantically precise API anno-
tations as a complementary approach to achieving API inter-
operability. We divided this work into two components. First,
we created an extension of the widely used OpenAPI annota-
tion standard (http://spec.openapis.org/oas/v3.1.0) to seman-
tically describe the APIs’ inputs and outputs, and a registry to
organize these API annotations. Second, we created an appli-
cation called BioThings Explorer to consume the API meta-
data and to execute multi-hop graph queries that span
multiple APIs. Together, this architecture allows users to
query a large, federated knowledge graph based on an inter-
connected network of biomedical APIs. This federated design
offers a unique approach for creating knowledge graphs that
is complementary to the more common strategy of centraliza-
tion and local data integration.
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2 A registry of semantically annotated APls

The first step in creating a network of interoperable APIs is to
annotate each APl in a semantically precise way. We built this
API annotation system on the OpenAPI specification, the de
facto standard for documenting API metadata in a human-
and machine-readable format. OpenAPI describes basic API
metadata (e.g. title, description, version, contact info), as well
as key information on the operation of the API endpoints (e.g.
server URL, endpoint input parameters, endpoint response
schemas).

However, this basic OpenAPI specification does not include
key domain-specific information that is necessary to facilitate
downstream API interoperability. Therefore, we defined an
OpenAPI extension to capture semantically precise annota-
tions of each API endpoint. These annotations include the se-
mantic types and identifier namespaces of biomedical entities
that are both used in querying (inputs) and found in the re-
sponse (outputs), the JSON path to the output identifier val-
ues in the JSON response, and the predicate describing the
relationship between the input and output entities
(Supplementary Fig. S1).

We also chose a strategy to map arbitrary JSON data struc-
tures to an established biological data model. In this effort,
we mapped API output to the Biolink Model (Unni et al.
2022), a community-developed data model that was adopted
and extended by the NCATS Translator consortium (Fecho
et al. 2022). The Biolink model defines the universe of seman-
tic types that can be used in BioThings Explorer, the allowed
identifier systems for each semantic type and the allowed
predicates. We provided a guide to writing these API annota-
tions in our GitHub repository (https:/github.com/biothings/
biothings_explorer/blob/main/docs/README-writing-x-bte.
md).

To annotate and catalog APIs with our OpenAPI extension,
we leveraged the SmartAPI registry (https:/smart-api.info/)
(Zaveri et al. 2017). We created SmartAPI registrations for 34
APIs with semantic annotations. The selection of these APIs
that are queried by BioThings Explorer is set in a local,
instance-specific configuration file. This collection of API
annotations can be thought of as a “meta-knowledge graph”
(meta-KG), where the nodes represent types of biomedical en-
tities (genes, diseases, drugs) and the edges represent APIs that
describe relationships between two types of biomedical enti-
ties. The SmartAPI meta-KG currently contains 35 nodes and
1817 edges. (The complete meta-KG is shown in
Supplementary Table S1 and a partial rendering is shown in
Fig. 1.)

3 APl interoperability using BioThings Explorer

The second step in creating our federated biomedical knowl-
edge graph was to create BioThings Explorer, an engine to au-
tonomously query the SmartAPI meta-KG, query the
annotated APIs to retrieve associations between biomedical
entities, and integrate those APIs’ responses. The input to
BioThings Explorer is a query graph and the syntax for
encoding the query graph was defined by the NCATS
Translator consortium (Fecho et al. 2022). The topology of
the query graph and the constraints on its nodes and edges de-
fine the query (Fig. 2).

BioThings Explorer executes the query in three distinct
phases: query-path planning, query-path execution, and inte-
gration and scoring.

Callaghan et al.

3.1 Query-path planning

For every edge in a query graph, BioThings Explorer consults
the SmartAPI registry for APIs that serve those types of associ-
ations (Fig. 2). For example, in Fig. 1, associations between
diseases and genes can be found using APIs from the
Comparative Toxicogenomics Database (Davis et al. 2023)
and the Biolink API from the Monarch Initiative (Mungall
et al. 2017, Unni et al. 2022), while associations between
genes and chemicals can be found using MyChem.Info
(https://mychem.info/) (Lelong et al. 2022). The sequence of
API calls that can satisfy the original query is a “query-path
plan.”

3.2 Query-path execution

In this phase, BioThings Explorer programmatically and au-
tonomously executes each query in each query-path plan
based on the semantic annotations for each API identified in
the previous phase. BioThings Explorer calls each API, using
the SmartAPI annotation to construct calls with the correct
syntax and appropriate input identifier, and maps the API
responses to the Biolink Model (Unni ez al. 2022). BioThings
Explorer also performs ID-to-object translation, which facili-
tates the chaining of API calls from one step in the query-path
to the next step. This ID translation step is critical when suc-
cessive APIs in the query-path plan use different identifiers to
represent the same biomedical entity (e.g. NCBI Gene ID
versus Ensembl Gene ID). ID translation is currently handled
by the Translator Node Normalizer (https:/github.com/
NCATSTranslator/Translator-All/wiki/Node-Normalizer). The
output of this phase is a set of edges for each step of the query-
path, which represent the associations between biomedical enti-
ties retrieved from the APIs.

3.3 Integration and scoring

In this final phase, these sets of edges from the API queries are
assembled into result sub-graphs, each of which matches the
topology of the query graph. Each result is then scored based
on a variety of factors including number of paths, length of
paths, and semantic similarity between concepts based on the
Normalized Google Distance (Cilibrasi and Vitanyi 2007).

4 Deployment and usage

The BioThings Explorer knowledge graph is entirely com-
posed from a federated network of APIs. Because there is no
local assembly and storage of a large knowledge graph,
BioThings Explorer is a very lightweight application that can
be easily deployed on almost any standard personal com-
puter. The ability of every user to create a local instance of
BioThings Explorer removes centralized bottlenecks associ-
ated with large queries and/or heavy usage. The code reposi-
tory that describes the installation process is at https://github.
com/biothings/biothings_explorer. BioThings Explorer cur-
rently relies on two external dependencies—the Node
Normalizer service and the Biolink Model (Unni et al. 2022).
However, nothing in the BioThings Explorer architecture is
reliant on these specific tools, so these dependencies can be
substituted for alternatives if desired.

For users who prefer not to create a local instance of
BioThings Explorer, we also maintain a community instance
for general use through the NCATS Translator Consortium
(https://explorer.biothings.io/).
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Figure 1. A visualization of the meta-KG for BioThings Explorer. The nodes in this graph are the semantic types of biomedical entities that BioThings
Explorer can retrieve associations between (limited to the top eight most common semantic types). The edges between nodes show what associations
between biomedical entities exist in the semantic API network that is accessible through BioThings Explorer. The edge label shows the number of APIs
that can retrieve those types of associations, which is also represented by the edge width.

A rshow all genes related to the disease NGLY 1-deficiency, and
show all chemical compounds related to those genes."
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Figure 2. Deconstruction of a query in BioThings Explorer. (A) A free-text
representation of a query that can be answered by BioThings Explorer.
(B) The graph representation of the same query. The exact syntax of this
graph query is specified in the Translator Reasoner API standard
described in Fecho et al. (2022) and shown in Supplementary Fig. S2.

(C) The deconstruction of the graph query into multiple API calls by
consulting the meta-KG in the SmartAPI registry.

5 Discussion

Integration of existing data from multiple disparate sources is
a key step in assessing the state of current knowledge. There
are many existing efforts to create biomedical knowledge
graphs by integrating locally downloaded data and standard-
izing it using a common data model (Himmelstein et al. 2017;
Fecho et al. 2021; Mayers et al. 2022; Wood et al. 2022;

Morris et al. 2023). These efforts result in centralized knowl-
edge graphs of substantial size, often with millions of nodes
and tens of millions of edges.

BioThings Explorer offers a unique strategy for data inte-
gration, focusing on creating a federated knowledge graph by
semantically annotating APIs. Rather than bringing all data
into a massive, centralized graph database, this federated de-
sign instead allows knowledge to remain behind each resour-
ce’s API. Data are retrieved at query time by dynamically
executing API calls and semantically parsing the results. This
architecture functionally separates data dissemination
(through API creation) from data modeling and data integra-
tion (through semantic annotations).

This approach has several advantages. First, by moving the
requirements for interoperability from implementation in
code to semantic API annotation, we significantly lower the
barrier to participation in our API ecosystem. Second, by sep-
arating these roles into distinct layers, we promote the overall
modularity of our system. These components can develop and
evolve in parallel, and these two roles can even be undertaken
by separate teams (e.g. one team semantically annotates an
API that was created by another team). Third, this design
facilitates an iterative approach to API annotation.
Developers and API annotators can first provide a minimal
set of API metadata, which can later be extended based on fu-
ture needs and use cases.

The federated design of BioThings Explorer also has some
notable limitations. First, our OpenAPI extensions in
SmartAPI to semantically annotate APIs only work on APIs
that follow the REST protocol and provide output in JSON
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format. Second, because the entire federated KG is never in-
stantiated in a single place, reasoning and scoring methods
that rely on having the entire knowledge graph in memory
cannot be used with BioThings Explorer.

In sum, we believe that knowledge graphs enable many ex-
citing use cases in biomedical research (Nicholson and Greene
2020), and that BioThings Explorer is complementary to
existing approaches for assembling knowledge graphs, offer-
ing powerful and unique capabilities for both scientific data
analysts and tool developers.

Supplementary data

Supplementary data are available at Bioinformatics online.
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