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Precision medicine aims to enhance diagnosis, treatment, and prognosis by integrating multimodal data at the point of care. However,
challenges arise due to the vast number of diseases, differing methods of classification, and conflicting terminological coding systems
and practices used to represent molecular definitions of disease. This lack of interoperability artificially constrains the potential for diag-
nosis, clinical decision support, care outcome analysis, as well as data linkage across research domains to support the development or
repurposing of therapeutics. There is a clear and pressing need for a unified system for managing disease entities—including identifiers,
synonyms, and definitions. To address these issues, we created the Mondo disease ontology—a community-driven, open-source, uni-
fied disease classification system that harmonizes diverse terminologies into a consistent, computable framework. Mondo integrates key
medical and biomedical terminologies, including Online Mendelian Inheritance in Man (OMIM), Orphanet, Medical Subject Headings
(MeSH), National Cancer Institute Thesaurus (NClt), and more, to provide a comprehensive and accurate representation of disease con-
cepts with fully provenanced and attributed links back to the sources. Mondo can be used as the handle for curation of gene—disease
associations utilized in diagnostic applications, research applications such as computational phenotyping, and in clinical coding systems
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in clinical decision support by pointing the clinician to the numerous knowledge resources linked to the Mondo identifier. Mondo’s com-
munity-centric approach, stewarded by the Monarch Initiative’s expertise in ontologies, ensures that the ontology remains adaptable to
the evolving needs of biomedical research and clinical communities, as well as the knowledge providers.

Keywords: disease integration; rare disease; disease ontology; disease classification; biomedical informatics; disease terminology;

community-driven ontology

Introduction: the need for a
community-driven disease terminology

In the past decade, there have been major advances in computa-
tional approaches to disease diagnosis and care management.
However, the reference data on which these tools depend are not
only heterogeneous and disaggregated, but also growing and ever-
changing. While standard terminologies and knowledge sources
such as the Online Mendelian Inheritance in Man (OMIM)
(Amberger and Hamosh 2017) and Orphanet (Slebodnik 2009;
Wakap et al. 2020) have made important strides in standardizing
rare disease terminology, differences in scope, structure, and inter-
pretation across these resources persist. Additionally, dozens of ter-
minological disease resources used for research and clinical
applications exist (Haendel et al. 2018; Vasilevsky, n.d.), including
those for Mendelian diseases, common diseases, rare diseases, can-
cer, infectious diseases, and others that are more comprehensive
and broad (Rogers 1963; Sioutos et al. 2007; Slebodnik 2009;
Amberger and Hamosh 2017; Bello et al. 2018). Scope and classifica-
tion are just two of the ways these resources differ: additional dif-
ferences include disease naming conventions, synonym encoding,
and cross-references. As a result, each terminology has different
strengths and weaknesses, and there is often significant overlap be-
tween the resources (Richesson and Krischer 2007; Kamdar,
Tudorache, and Musen 2017). To mitigate the resulting problem
with integrating data across resources, mappings have been devel-
oped to connect corresponding disease concepts. However, the cor-
respondence (mapping) among individual concepts is often
established through text-matching, but this can be misleading;
for example, the terms “Muscular pseudohypertrophy-hypothy-
roidism syndrome” in Orphanet (Orphanet:2349, see also https:/
www.orpha.net/en/disease/detail/2349) (Mangaraj and Sethy
2014) and “B-cell immunodeficiency, distal limb anomalies, and
urogenital malformations” in OMIM (OMIM:609296) (Hugle et al.
2011) both have the exact synonym “Hoffman syndrome”, but
they are entirely different diseases. Mappings are often represented
as “cross-references” in biomedical ontologies, but the relationship
between the two terms can be nonexact, incorrect, out-of-date, ob-
solete, or otherwise not clearly defined. For example, the Disease
Ontology (DO) concept DOID:8923 “skin melanoma” cross-
references both OMIM:608035 “melanoma, cutaneous malignant,
susceptibility to, 4” and OMIM:612263 “melanoma, cutaneous ma-
lignant, susceptibility to, 7" (Human Disease Ontology Release
v2022-03-02 n.d.), which are two different types of susceptibility ra-
ther than types of melanoma. Therefore, the resulting integration
across disease resources is often incomplete, inconsistent, and
too ambiguous for the precision needs of diagnostics or research
(Fig. 1). A closely related problem to data integration is the consist-
entand granular coding of rare diseases in electronic health records
(EHRs). Via partnership with IMO Health (imohealth.com) and Epic
Systems (epic.com), for example, a subset of Mondo rare disease
codes, which integrate rare disease concepts from across different
terminologies, are being deployed into healthcare systems and will
allow clinicians to easily navigate to the correct content in expert
knowledge sources such as OMIM and Orphanet.

A community-driven approach to developing a disease ontol-
ogy is essential because it brings together broad expertise across
multiple disciplines, ensuring the ontology is comprehensive, ac-
curate, and reflective of different clinical, technical, and biologic-
al perspectives. This collaborative model allows for rapid
updates, incorporating new discoveries and clinical guidelines
in real-time, while also promoting global standardization of dis-
ease terms to facilitate data integration across research initia-
tives. By involving global stakeholders, a community-driven
ontology fosters trust, increases adoption, and enables the inclu-
sion of rare or clinically obscure diseases that may otherwise be
overlooked. Ultimately, this approach enhances the ontology’s
utility for precision medicine, rare disease diagnostics, and bio-
medical research, ensuring it remains adaptable and relevant
to evolving needs.

The Mondo resource

Toreconcile the differences among disease terminology resources
(Fig. 2), Mondo was created by the Monarch Initiative as an open,
community-driven resource.

Designed with a focus on community collaboration, we ensure
that Mondo remains comprehensive, accurate, and adaptable to
the evolving needs of biomedical research and clinical communi-
ties. By engaging experts from various fields—such as rare disease
specialists, clinical geneticists, and bio-ontologists—Mondo
harmonizes disease terminologies and key attributes from major
resources (Supplementary Table 1 and https:/mondo.mon
archinitiative.org/pages/sources/), including OMIM (Amberger
and Hamosh 2017), Orphanet (Slebodnik 2009), DO (Schriml
et al. 2022), and the National Cancer Institute Thesaurus (NCIt)
(de Coronado et al. 2023). This collaborative model enables rapid
updates through user-driven curation workflows and regular
workshops, allowing new perspectives and clinical guidelines to
be swiftly incorporated.

Mondo is a logic-based ontology that reconciles 21 disease
resources (Supplementary Table 1), collectively representing
approximately 100,000 source concepts, into >25,000 distinct
disease concepts for both humans (>22,000) and nonhuman
animals (~3,000) (Table 1). The resources incorporated into
Mondo were selected for their scope, strengths, and usage.
The ontology covers various disease categories, such as rare
genetic diseases (including ultra-rare n-of-1 diseases that
are known to affect only one person), infectious diseases,
cancers, and Mendelian diseases (Fig. 3). It also includes
environmentally influenced diseases and complex genetic dis-
eases that may not be documented in other sources. Mondo is
developed in accordance with the principles of the Open
Biological and Biomedical Ontology (OBO) Foundry (Jackson
et al. 2021); each concept is assigned a permanent, unique iden-
tifier within the MONDO namespace. Mondo includes >110,000
synonyms—categorized as exact, narrow, broad, or related,
using Simple Knowledge Organization System (SKOS) predi-
cates (Supplementary Table 2).
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Gene Distinct
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(S o & 3 £ 2o o @ Present
Cardiomyopathy, dilated, 1S 52 genes MYH7 OB 8 83 8 @ Present but called something else
Cardiomyopathy, hypertrophic, 1 €3 3genes [ 3 @ &3 @ ¢ A Present but uninterpretable
Congenital myopathy 7A, myosin storage, autosomal dominant ~ MYH7 MYH7 | O @ €3 @ A | © Presentbut misrepresented;
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Ebstein malformation of the tricuspid valve MYH7 Ogenes| @ O @ @ @O absent from OMIM or unspecified

Fig. 1. Example of inconsistent disease definitions across terminology resources. MYH?7 is a gene associated with multiple diseases and is identified with
distinct disease records across various expert community resources. Because the scope and audience of each disease terminology resource vary, the

disease records often show conflicting information when they are compared. This lack of harmonization hinders the utility of the resources for use in
clinical diagnostics. Mondo addresses this long-standing challenge so expertise and knowledge of all disease resources are easily available to the medical

community (status in January 2025).

Mondo classification approach

Mondo provides a hierarchical structure that can be used to anno-
tate data at varying levels of precision. The classification of dis-
ease concepts in Mondo is pluralistic, incorporating multiple
perspectives based on clinical, biological, and literature contexts.
For instance, geneticists may favor a gene-centric classification,
while clinicians may prioritize a phenotypic-based approach. To
accommodate these diverse viewpoints, Mondo allows multiple-
parent classification of diseases, ensuring it serves a broad range
of users. For example, “diabetes mellitus” (MONDO:0005015)
is both an “endocrine pancreas disorder” (MONDO:0001933) and
a ‘“glucose metabolism disease” (MONDO:0002908). Specific
diseases, such as monogenic disorders, are differentiated by
gene-specific subtypes even if their phenotypic presentation is
similar, for example, in the case of developmental and epileptic
encephalopathies. These subtypes are represented as individual
terms grouped under a more generic concept. For example, the
general concept “developmental and epileptic encephalopathy”
(MONDO:0100062) groups over 100 subtypes that represent the
specific monogenic disease entities, such as “developmental and
epileptic encephalopathy, 17 (MONDO:0010632), which is caused
by a variation in the ARX gene.

Mondo leverages the classifications of specialized
reference ontologies

Mondo is deeply integrated with other ontologies. For example,
Uber-anatomy ontology (Uberon) (Haendel et al. 2014) terms are
used to relate diseases to the anatomical system affected;
National Center for Biotechnology Information (NCBI) Taxonomy
terms are used to relate infectious diseases to the causal infectious
agent (and agent of transmission, where appropriate), as well as de-
fining the taxa of nonhuman animal specific diseases; gene ontol-
ogy (GO) terms are used to relate diseases to the affected and
causal biological processes, etc. (Supplementary Table 3).

Reusing terms from other ontologies and importing their classi-
fications offers various advantages. Firstly, we ensure that Mondo is
interoperable with other widely used reference ontologies (such as
Uberon and GO). Secondly, data related to other types of biomedical
entities, such as anatomy or biological processes, are directly con-
nected to Mondo classes, which help with data integration. Lastly,
the classification of reference ontologies can be leveraged directly
to inform Mondo classification. For example, the Mondo term

“histoplasmosis meningitis” (MONDO:0001471) is defined as a
“meningitis caused by the infectious agent ‘Histoplasma capsula-
tum’ (NCBITaxon:5037)”. Since “Histoplasma capsulatum” is
classed within “fungl” (NCBITaxon:4751) according to NCBI
Taxonomy, “histoplasmosis meningitis” is auto-classified as a “fun-
gal meningitis” (MONDO:0006764) and “fungal infectious disease”
(MONDO:0002041).

A considerable challenge in maintaining large ontologies like
Mondo is the consistent description of related classes (eg classes
which are conceptually similar, and thus share properties).
Mondo uses the “Dead Simple OWL Design Pattern” (DOSDP)
(Osumi-Sutherland et al. 2017) system to define templates for de-
scribing related diseases. These templates define how each dis-
ease type is represented in the ontology, including its preferred
label and logical and textual definitions, ensuring a consistent re-
presentation. They serve as both curation guidelines/documenta-
tion (how should infectious disease be defined?) and a
computational framework for automatically generating ontology
axioms and annotations (such as labels or synonyms). While
DOSDP templates are typically used to generate ontology classes
from scratch (Stefancsik et al. 2023), the Mondo quality control
(QC) system uses them primarily to ensure that manually curated
disease classes (ie classes curated using Protege (Musen and the
Protégé Team 2015) or ROBOT templates (Jackson et al. 2019))
are represented according to our curation guides. For example,
by documenting that all monogenic diseases must have an associ-
ation with a causal gene represented using a specifically format-
ted logical axiom in a DOSDP design pattern, we can ensure,
during automated quality control checking, that this has been
done correctly.

Mondo has over 100 disease templates to define the representa-
tion of terms based on species (eg human disease vs nonhuman
disease), etiology (eg infectious disease, genetic disease), and
anatomical system affected by the disease (eg cardiovascular
disorder). All templates can be found on GitHub: https://github.
com/monarch-initiative/mondo/tree/master/src/patterns/dosdp-
patterns.

Curated mappings

Articulating similarities between entities across a set of ontologies
or terminologies that cover the same domain is most frequently
done using mappings. These are represented in Mondo using the
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Fig. 2. Mapping incoherence and reconciliation with Mondo. a) Global mapping incoherence. Visualization of walking all mappings on GARD, OMIM,
Orphanet, NCIt, and DOID, starting from Refsum disease. Individual semantic imprecision accumulates, resulting in conflation of different concepts,
such as (adult) Refsum, infantile Refsum, Zellweger, neonatal adrenoleukodystrophy, and gene-specific types. [(x) = xref (cross-reference), (E) = SKOS
mapping]. b) Zoomed-in area showing imprecise mapping around Refsum. ¢) Zoomed-in area around infantile Refsum. d) Mondo reconciliation of a part
of the peroxisomal disorders hierarchy. Previous confusion and conflation are resolved by a clear hierarchy, separating Zellweger spectrum disorders (left
side) from nonbiogenesis disorders, such as (adult) Refsum disease. Infantile Refsum is resolved as a synonym of type 1B peroxisome biogenesis disorder.
Mondo mappings are precisely resolved at the relevant level of specificity. Disease entities form the lowest level, with groupings above that. Note that for
simplicity, not all subclasses are shown.
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Table 1. Disease terminologies and resources integrated in
Mondo.

Disease resources (sorted Number of ~ Number of exact
alphabetically) mappings synonyms
Clinical Genome Resource N/A 1,865
(ClinGen)
OMIM 8,841 10,605
Orphanet 9,195 13,227
National Cancer Institute 3,688 20,233
Thesaurus (NCIt, limited
to human and nonhuman
neoplasms)
MedGen 21,2722 N/A
Genetic and Rare Diseases 10,730% N/A
Information Center (GARD)
International Classification of 1,121 540
Diseases, 10th Revision
(ICD 10)
International Classification of 4,104 2,604
Diseases, 11th Revision—
foundational component
(ICD 11)
SNOMED CT 8,854 N/A
Nanbyo Disease Ontology 2,345%¢ N/A
(NANDO)
Unified Medical Language System 21,2722 N/A
(UMLS)
National Organization for Rare 4272 (links to 43930
Disorders (NORD) reports)
Open Targets (OTAR, EFO) 2,400% N/A
Disease Ontology (DO) 11,442 18,083

Online Mendelian Inheritance in 2,648 168
Animals (OMIA)

Mondo version used is v2025-04-01. Mappings correspond to the number of
exact mappings from the Mondo “disease” branch to a resource. The number of
exact synonyms is the total number of synonyms linked to Mondo classes.
#Indicates content that is maintained by groups part of the biomedical
community, including governmental organizations.
PIndicates that only the preferred labels are integrated into Mondo.
‘Indicates that these mappings are not considered exact mappings.

Cancer
(4,711)

Human Diseases (22,739)

Fig. 3. Representation of key disease types. Total number of human
disease terms (descendants of “disease” (MONDO:0000001)) and overlap
between the key human disease types; nonhuman diseases and
susceptibilities are not included in these numbers. Note, there are an
additional six nonrare Mendelian cancers that are not shown.

“database cross reference” (“xref”) property, and additionally sup-
plied as mapping files following the Simple Standard for Sharing
Ontology Mappings (SSSOM) standard (Matentzoglu et al. 2022a).
Often, mappings link one term to a broader or narrower term if
there is no exact correspondence (Kalfoglou and Schorlemmer
2003; Bellahsene et al. 2011). Mondo provides curated semantic
mappings between source ontologies and terminologies, such as
OMIM, International Classification of Diseases, 10th Revision,
Clinical Modification (ICD10-CM), Orphanet, and the NCIt.
Mondo uses the Bioregistry (Hoyt et al. 2022) to standardize the
usages of prefixes, CURIEs, and URIs in such mappings, thereby
promoting interoperability.

Additionally, precise mappings, database cross-references
(dbxrefs), and linkouts to related resources are included in
Mondo, and separately published in standardized formats such
as SSSOM (Matentzoglu et al. 2022a). The Biomappings project
(Hoyt et al. 2023) contributed nearly 200 exact mappings to
Medical Subject Headings (MeSH).

Releases

All release artifacts are preserved in the project’s GitHub reposi-
tory (https:/github.com/monarch-initiative/mondo). We make
standard and stable versions available for public download.
GitHub records metadata such as dates when changes were
made, who made the changes, and commit messages from devel-
opers. We also include documentation for users and software de-
velopers to facilitate the reuse of the ontology (https:/mondo.
monarchinitiative.org/pages/editors/). We encourage community
members who modify or add to the Mondo code to submit their
modifications via GitHub as Pull Requests to be considered for in-
clusion into our overall codebase.

We make monthly versioned releases of Mondo. All major re-
leases (ontology, mappings, source data) are fully documented
and have stable, persistently resolvable URLs for reference in pub-
lications. Each ontology version includes instructions for re-
placing obsolete terms.

Provenance and attribution

A major downside of many integrative efforts is the lack of
appropriately documented information provenance. We aim to
make disease information, including all mappings, Findable,
Accessible, Interoperable, and Reusable (FAIR) within Mondo
(Wilkinson et al. 2016). All information in Mondo, including syno-
nyms, definitions, SubClassOf axioms, is supported by proven-
ance. This provenance information includes references to the
disease terminologies (eg NCIt, Orphanet, etc) or resources (eg
MedGen, NORD, etc) where the information came from, including
publications, and/or personal communication with experts or ex-
pert groups (eg ClinGen). For example, the term “alpha thalas-
semia spectrum” (MONDO:0011399) includes the exact synonym
“alpha-thalassemia”, as supported by OMIM (OMIM:604131), DO
(DOID:1099), and Orphanet (Orphanet:846); this provenance is re-
corded as a database cross-reference (xref) on the synonym in
Mondo. The classification of the disease as rare is reflected by its
inclusion in the Orphanet and Genetic and Rare Diseases
Information Center (GARD) rare disease subsets. In addition to
their provenance, information is attributed to the group or indivi-
duals who created (or contributed to) the information. For ex-
ample, the cross-reference of “alpha thalassemia spectrum” to
Unified Medical Language System (UMLS) (UMLS:C0002312) was
created by the MedGen team as indicated by the source annota-
tion “MONDO:MEDGEN".
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Alignment with external disease resources

Mondo integrates disease resources that evolve constantly, which
makes it crucial to have a system that keeps Mondo in alignment.
To address this, the overall Mondo curation workflow includes a
semiautomated synchronization workflow to import terms repre-
sented in these resources. First, the latest version of a resource is
downloaded and processed to follow Mondo metadata standards.
Next, a lexical matching tool (Ontology Access Kit, OAK lexmatch
(Mungall et al. 2025)) is used to determine if any new terms (not
yet mapped to Mondo) have a possible match that is already in-
cluded in Mondo. If so, that mapping is reviewed by a curator
and added to Mondo. If no such mapping can be found (also veri-
fied by a curator), the termis integrated into Mondo as a new term
along with its classification. As part of the integration process, we
import term labels, synonyms, human-readable definitions, obso-
letion status, and classification (in particular, the parents under
which a disease should be classified). Apart from mapping and
classification decisions for new terms, all parts of the synchron-
ization workflow are fully automated. This enables near real-time
synchronization with key disease resources such as OMIM and
Orphanet. The Mondo synchronization pipeline is open source
and available on GitHub (https:/github.com/monarch-initiative/
mondo-ingest). The current alignment system runs once per
month and has a runtime of about 5 h, which is mainly due to pro-
cessing large sources such as NCIT. Most of that time goes towards
automated matching processes. The pipeline is constantly opti-
mized to handle the ever-growing external resources and any re-
sulting scalability issues. More details about how records from
external disease resources are represented in Mondo and how
complexities of each resources are handled in Mondo can be
found in our documentation (eg OMIM records representation in
Mondo can be found here: https:/mondo.readthedocs.io/en/
latest/editors-guide/OMIM-representation).

Representation of newly identified diseases

Mondo aims to provide a comprehensive representation of all dis-
eases, including newly identified conditions and extremely rare
syndromes that may not yet be represented in other disease re-
sources. We rely on the expertise of collaborators and community
members working at the forefront of medicine, diagnostics, and
patient engagement to identify the need for new Mondo terms.
New disease concepts are included in Mondo when supported by
evidence, such as a peer-reviewed publication or clinical consen-
sus. This evidence is recorded with the term to ensure transpar-
ency and traceability. Term requests are managed through our
open repository, and a list of newly created terms is published
with each release, providing both transparency and an opportun-
ity for community review and challenge.

Quality control

Mondo is maintained via a diverse set of automated and semi-
automated workflows (including the source alignment workflow
described above) (https:/mondo.readthedocs.io), as well as
manually, based on user and expert requests submitted on
GitHub. With more than 70 pull requests per month on average
(3,818 opened pull requests over the last 51 months), an extensive
array of QC checks and continuous integration tests is needed,
both at the time of curation (triggered via GitHub Actions when
a pull request, eg an edit request, is submitted) and as part of
the release process. These QC checks report the occurrence of er-
rors such as invalid classifications, duplicate synonyms or more
specific problems with the logical structure. For example, there

is a QC check reporting whether a genetic disease is a child of an-
other genetic disease related to a different gene [which would con-
stitute an error according to Web Ontology Language (OWL)
ontology semantics]. Many of the tests developed for Mondo
have been standardized and shared with the wider ontology com-
munity through our support of the Ontology Development Kit
(ODK) (Matentzoglu et al. 2022b). Such automation is essential
to ensure the usability, scalability, and relevance of the Mondo re-
source far into the future, thereby attracting greater uptake and
investment by the biomedical community.

Mondo’s community-centric approach

The strength and utility of Mondo lie in the community that helps
build and sustain it. Mondo’s development is community-driven,
with current active involvement from over 100 clinical experts and
domain specialists from over 25 institutions, including OMIM
(‘OMIM” n.d.), Orphanet (‘Orphanet” n.d), Clinical Genome
Resource (ClinGen) (Clinical Genome Resource n.d.), GARD
(“Genetic and Rare Diseases Information Center” n.d.), National
Organization for Rare Disorders (NORD) (“National Organization for
Rare Disorders” 2022), and Nanbyo data (“NanbyoData” n.d.,
“DBCLS,” n.d.) (see full list here: https://mondo.monarchinitiative.
org/pages/contributors/), who work together to continuously evolve
and improve the resource.

Consensus building

Differences of opinion and ambiguities inevitably arise when inte-
grating and harmonizing disease concepts, and Mondo addresses
these through an inclusive and transparent resolution process.
Wherever possible, multiple classifications and alternative names
are preserved, and all provenance is captured so that users can
make informed decisions based on their needs. Best practices and
decision-making rules are documented to ensure clarity and repro-
ducibility. When divergent views cannot be equally accommodated
—forexample, when deciding whether or not a term represents a
true disease entity—Mondo relies on domain expertise to estab-
lish consensus. This involves consulting the literature, engaging
subject matter experts across multiple domains, and gathering
input from medical professionals, clinical researchers, and/or
patient advocacy groups, such as through the Epilepsy
Workshop, held over three sessions in 2024-2025 (Vasilevsky
et al. 2025, described in more detail below). All discussions are
documented on the public GitHub tracker, where they are open
for community review and comment. For areas of active debate,
we convene focused community meetings or workshops to sup-
port in-depth discussion and resolution. All decisions, along
with supporting evidence and provenance, are communicated
to the community for feedback before implementation.
Importantly, ontology development is inherently iterative: as
new data and perspectives emerge, decisions are revisited to en-
sure that Mondo remains a dynamic, evidence-based resource
that adapts to evolving scientific knowledge.

Mondo workshops with domain experts

When reviewing specific clinical domains, Mondo aims to engage
expert groups (eg ClinGen expert panels, rare disease foundations,
etc.) to ensure that Mondo is correct, relevant, reflects current
clinical views, and addresses community needs. Expert engage-
ment is also done through virtual or in-person workshops, which
bring together varied perspectives to help inform Mondo’s deci-
sions regarding ontology updates.
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Fig. 4. Updates to alpha thalassemia classes. The 2024 release shows the prior architecture of the alpha thalassemia branch, which contained only two
child terms. Engagement with a ClinGen expert group resulted in a more robust and clinically accurate representation (2025) of alpha thalassemia.

The inaugural Mondo workshop (“Workshop” 2025) was held in
November 2018 with over 40 curators, ontology developers, and
clinicians in attendance, from ontologies including the Human
Phenotype Ontology (HPO), the Experimental Factor Ontology
(EFO), and NCIt, and curation groups including ClinGen, EMBL’s
European Bioinformatics Institute (EMBL-EBI), Orphanet, GARD,
MedGen, and OMIM. The goal of the inaugural workshop was to
exchange curation processes and challenges, and determine re-
quirements for how Mondo could assist in disease definitions
across the community.

Since then, we have hosted eight more workshops aimed at
gathering experts’ input on disease representation and Mondo
ontology improvements. The latest Mondo-hosted workshop in
late 2024/early 2025 was a three-part virtual workshop focused
on epilepsy, which brought together clinicians and geneticists
with specialities in epilepsy, as well as representatives from dis-
ease terminologies, and patient advocacy groups (Vasilevsky
et al. 2025). The workshop also resulted in new broader disease
categories and/or concept suggestions including immune epi-
lepsy, genetic epilepsy, generalized epilepsy, and epilepsy syn-
drome. All workshops hosted by Mondo are listed on our
website: https://mondo.monarchinitiative.org/pages/workshop/.

Mondo outreach seminars

Mondo hosts monthly outreach seminars (“Mondo Outreach
Call”) that bring together stakeholders and clinical terminology
experts to share insights, discuss specific use cases, and help
guide the ongoing development of Mondo (https:/mondo.
monarchinitiative.org/pages/workshop/#outreach). Each call
features updates from the Mondo curation team, followed by
a presentation and open discussion with invited users or
groups. These presentations often highlight work related to
Mondo and provide valuable context for how Mondo can better
support the broader community. The goals of this ongoing ser-
ies are to foster collaboration, gather feedback, and ensure that
Mondo continues to evolve in alignment with user needs.
Between June 2023 and May 2025, the Mondo team hosted 20
outreach sessions for data analysts, data integrators and other
users of Mondo.

Community curation

Community users request new terms, suggest revisions (such
as new disease classifications), and report issues (such as mis-
classifications) via issues/tickets on the Mondo GitHub issue

tracker. Any Mondo user can create a free GitHub account
and contribute to discussions, decisions, and proposed changes
in the ontology. With more than 5,092 pull requests and 3,932
issues submitted since its inception in 2017, Mondo has seen
a 2.3-fold increase in community engagement based on the
number of unique contributors on GitHub (Supplementary
Fig. 1). The GitHub issue tracker ensures transparency and
documentation of all discussions, decisions, and changes. The
Mondo curation team addresses these issues, often in collabor-
ation with our users.

For example, engagement with a ClinGen expert group resulted
in a more robust and clinically accurate representation of the
alpha-thalassemia branch of Mondo, specifically for use in gene
curation by the ClinGen General Gene Curation Expert Panel
(General GCEP) and the ClinGen Hemoglobinopathy Variant
Curation Expert Panel (VCEP). During this engagement, ClinGen,
along with other community partners (eg OMIM, MedGen), was
able to collaborate on the proposed restructuring of the ontology
for community consensus (see Fig. 4) (https:/github.com/
monarch-initiative/mondo/issues/7561).

To support the growing scale of community involvement, we
introduced the use of Knowledge Graph Change Language
(KGCL) requests, allowing contributors to more easily propose
and track changes (Hegde et al. 2025). KGCL comes with a
natural language interface that allows users to simply add
or modify content through GitHub issue comments without
knowing anything about the underlying representation
of Mondo. For example a user might request to “change
synonym “ZCCHCS8-related telomere biology disorder” for
MONDO:0032865 to “ZCCHC8-related telomere biology disorder”
without the need to know specialized ontology curation software
such as Protégé. This approach has helped streamline commu-
nity curation and foster greater collaboration. Recently, agentic
Alhasreached a level of maturity that allows for even more com-
plex forms of automation. Mondo is now routinely using readily
available Al systems such as Claude, Copilot, or Dragon-Al (Toro
etal. 2024) to analyze issues, propose solutions, and even edit the
ontology directly. Human curators act sometimes as reviewers,
sometimes as authors whose work is reviewed by an Al agent—
but they are always in the loop.

To facilitate inclusive user engagement, we have developed
tools such as ontobot (Hegde et al. 2025) that can automatically
add content to the ontology following comments on the Mondo is-
sue tracker.
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Community-managed content

Curating and keeping disease terminologies current is costly.
With new diseases, especially disease subtypes, being defined
and discovered every month, open data and ontology projects
like Mondo rarely have the resources to handle the scale of the
curation required. We address this issue by closely involving
and training key community partners (such as NORD and
MedGen) to contribute well-defined, expertly curated knowledge
directly to Mondo. Some Mondo community groups expertly cur-
ate disease information in their own projects, including map-
pings, synonyms, gene associations, rare disease designations,
and language translations (currently, Japanese). We have devel-
oped a curation procedure that enables those groups to directly
contribute and keep current such content in spreadsheets, which
are imported automatically into Mondo. All such community-
managed content comes with extensive provenance and attribu-
tion metadata. For example, “amyloidosis cutis dyschromia”
(MONDO:0017906) was designated as a rare disease by NORD,
which is attributed by a source annotation such as MONDO:
NORD, and the mappings to MedGen (MEDGEN:1641859) and
UMLS (UMLS:C4554601) were curated by the MedGen team (source
annotation “MONDO:MEDGEN?"). As of the time of this writing, five
kinds of community-provided content are integrated into Mondo:
cross-references (from GARD, NORD, MedGen, DBCLS/NANDO,
Open Targets/EFO), synonyms (to record disease naming prefer-
ences, from ClinGen and NORD), linkouts (from ClinGen and
Malacards), and various tags, including rare designations from
NORD, GARD, and Orphanet and usage tracker from ClinGen and
Open Targets. Capturing this information is useful for multiple rea-
sons, such as generating community-specific subsets (see
Customization) of Mondo, and keeping a record of the expert groups
using this term that could be consulted when major changes to the
term are necessary (eg obsoletion, re-classification).

Accessing Mondo

To meet the needs of a diverse and growing community, we
provide multiple ways to interface with the Mondo ontology.
The Monarch Initiative website (https:/monarchinitiative.org/)
includes an intuitive search tool to look up disease terms by
ID or by synonymous names, and returns useful information
about associated phenotypes, and causally linked genes.
Independently, EMBL-EBI distributes Mondo via their Ontology
Lookup Service (OLS) browser (https:/www.ebi.ac.uk/ols4/
ontologies/mondo) where users can interactively explore
hierarchically-organized terms. Note that the official Monarch
Initiative web pages are connected to a large knowledge graph
and thus may be refreshed less frequently than Mondo—if a
user wishes to browse the very latest Mondo version they should
use OLS, which updates its ontologies every night.

Alternatively, for users who wish to perform more high-
throughput analyses using the Mondo ontology, we also distribute
Mondo as OWL- and JSON-formatted files for download (at https:/
mondo.monarchinitiative.org/pages/download/ or https://github.
com/monarch-initiative/mondo/releases). Several packages de-
veloped by our team enable highly efficient and customizable
queries on Mondo, including monarch-py for Python users
(https://github.com/monarch-initiative/monarch-app/tree/main/
backend) and monarchr for R users (https:/github.com/monarch-
initiative/monarchr). These packages abstract away much of the
complexity of working with large ontological resources like
Mondo and integrating them with additional resources, such as
gene annotations and cross-ontology ID mappings.

Disease harmonization, nomenclature,
and curation practices for a wide community

Disease naming

One challenge in integrating disease terminologies is the lack of
consensus between different experts on naming, definition, and
classification. For example, clinicians often focus more on pheno-
typic features, while geneticists prefer gene-based naming and
patient groups more often use everyday language to refer to dis-
eases. Mondo’s goal is to accommodate a wide range of use cases
and perspectives (Thaxton et al. 2024) with both rigor and
transparency.

Disease names also evolve due to cultural, biological, and
patient-driven factors. As understanding of a disease deepens,
names may change to reflect new scientific knowledge as in cases
like “Lou Gehrig disease” (now amyotrophic lateral sclerosis
(MONDO:0004976)), or address cultural concerns, such as
“Wegener syndrome” (now granulomatosis with polyangiitis
(MONDO:0012105)).

Mondo aims to reflect all community preferences for disease
naming without arbitrating official names. For each disease, we
provide a list of synonyms and track their provenance. We also al-
low community-specific preferred names, such as “ERF-related
craniosynostosis” (MONDO:0010929), which is the dyadic name
preferred by ClinGen. Additional exact synonyms for this term in-
clude “craniosynostosis 4”, “craniosynostosis caused by mutation
in ERF”, “craniosynostosis type 4” and “ERF craniosynostosis”. This
approach ensures Mondo serves a wide range of communities.

Customization

As described above, we have a system in place for adopters to in-
dicate the preferred names and synonyms for a disease concept.
We can provide customized Mondo subsets using an organiza-
tion’s preferred names, while maintaining a consistent ontology.
For example, a specialized version of Mondo is provided for
ClinGen, which preserves the full logical structure and metadata
for all diseases, but excludes nonhuman animal diseases and re-
places Mondo’s default preferred labels with those preferred by
ClinGen. In addition, we are leveraging standard GitHub web-
hooks to directly communicate release changes to ClinGen'’s cur-
ation system, which enables curators to directly respond to
changes in Mondo, such as term merges or name changes.

We are now offering language translations, with a Japanese
version of Mondo now available. This system functions similarly
to the language translation model, which the Monarch Initiative
team has already pioneered for the HPO (Gargano et al. 2024).

Disease lumping or splitting
The need to lump and split disease entities has been recognized as
the key challenge of nosology for over five decades (McKusick
1969; Biesecker et al. 2021; Hamosh et al. 2021). Lumpers group
diseases into broader categories that include concepts that share
important features despite some differences; splitters prefer nar-
rower disease categories that subgroup disease entities. ClinGen
has developed frameworks to determine whether diseases should
be “lumped” or “split” (Thaxton et al. 2022). However, many phil-
osophies and approaches exist, and disease sources (often guided
by their individual use cases) often disagree on these disease
lumps or splits. In addition, whether a term A is split into terms
B and C, versus terms B and C are lumped together into term A,
is a question of perspective.

In the spirit of serving the community as a whole, we do not ar-
bitrate whether a disease entity should be split or lumped,; rather,
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we represent all views in Mondo, either by creating new terms
(Fig. 5a), or by creating the appropriate relations between existing
terms (Fig. 5b).

Nonhuman animals

Mondo covers a broad range of diseases in nonhuman
animals, addressing use cases from the veterinary domain and
model organisms. Animal diseases are classified separately from
human diseases as subtypes of “nonhuman animal disease”
(MONDO:0005583) for users who wish to focus strictly on
human diseases. However, Mondo connects analogous non-
human animal and human diseases (eg “acromegaly, domestic
cat” (MONDO:1010563) is a cross-species analog of “acromegaly”
(MONDO:0019933)) to facilitate cross-species disease compari-
sons and appropriate experimental model selection. These
relations are also leveraged for automated nonhuman animal
disease classification, which mirrors the classification of human
diseases. Mondo includes diseases from Online Mendelian
Inheritance in Animals (OMIA) (Nicholas and Tammen 1995),
which are mainly genetic and hereditary. Additional nonhuman
animal diseases include neoplasias (eg from NCIt) and infectious
diseases.

Relationship between Mondo and HPO

Mondo is co-developed with the HPO to ensure alignment and
interoperability, creating a more holistic semantic resource for

e MONDO:0100368

RPEG65-related recessive retinopathy

/\

MONDO:0013425 MONDO:0008765
retinitis pigmentosa leber congenital
20 amaurosis 2
OMIM:204100 OMIM:613794

° MOND0:0971004

amyloidosis, hereditary systemic 1
OMIM:105210

/\

MONDO:0019441 MONDO:0100552
ATTRV122I ATTRV30OM
amyloidosis amyloidosis

ORDO:85447 ORDO:85451

Fig. 5. Lumping and splitting (a) the two separate disease entities
recognized by OMIM, “retinitis pigmentosa 20" (OMIM:613794;
MONDO:0013425) and “leber congenital amaurosis 2” (OMIM:204100;
MONDO:0008765), are “lumped” into the disease entity, “RPE65-related
recessive retinopathy” (MONDO:0100368), represented as the ontological
parent (ie superclass) of “retinitis pigmentosa 20" and “leber congenital
amaurosis 2” (b) The term “amyloidosis, hereditary systemic 1”
(MONDO:0971004, OMIM:105210), considered in OMIM as a single disease
entity, is “split” into “ATTRV122I amyloidosis” (MONDO:0019441,
Orphanet:85451) and “ATTRV30 M amyloidosis” (MONDO:0100552,
Orphanet:85447). These “split” terms are represented in Mondo as
ontological children (ie subclasses) of “amyloidosis, hereditary

systemic 1”.

diseases. A subset of HPO classes is imported into Mondo and
used in logical disease definitions; for example, MONDO:0003337
“acute hemorrhagic encephalitis” is defined as encephalitis with
the feature “abnormal bleeding” (HP:0001892). In this framework,
Mondo and HPO distinguish between disease entities and pheno-
typic features. A disease entity has an etiology, one or more
phenotypic features—often with varied onset—a characteristic
time course, and sometimes a typical treatment response. In con-
trast, phenotypic features are atomic observations, usually inde-
pendent of time course, and can occur across many diseases
with different causes (eg tremor). Diseases represent constella-
tions of such features, while phenotypes are their components;
however, there is a gray zone where a condition may function as
both, such as diabetes mellitus (MONDO:0005015), which is a dis-
ease but also a feature of syndromes like Bardet-Biedl
(MONDO:0015229). To disambiguate, Mondo sometimes applies
a unique label (eg “(disease)”) to distinguish a disease entity
from the corresponding HPO phenotype term.

Global adoption

Mondo is built with a community-first mindset and is widely used
in global health initiatives and research projects. The Monarch
Initiative uses Mondo’s equivalence mappings to simultaneously
search genomic resources through a unified disease interface
(Putman et al. 2023). ClinGen uses Mondo as a foundational ontol-
ogy to support disease curation efforts by providing stable identi-
fiers, synonym tracking, and structured disease naming guidance
that aligns with ClinGen'’s dyadic naming framework for mono-
genic diseases (Thaxton et al. 2024). Beyond rare diseases,
Mondo'’s hierarchical structure facilitates investigation of com-
plex disease etiologies through multiscale data integration. The
ontology’s explicit modeling of disease subtypes (eg separating
monogenic Parkinson’s disease forms from idiopathic forms) en-
ables genome-wide association studies (GWAS) meta-analyses
that distinguish shared versus distinct genetic architectures
(Dulski et al. 2022).

Adoption and community

Mondo is used across a diverse set of organizations to standardize
disease terminology and improve data interoperability in re-
search, clinical care, and drug development. For example,
ClinGen and MedGen use Mondo as a central authority for defin-
ing and curating disease entities, while platforms like Kids First
and C-Path’s RDCA-DAP use it to harmonize disease data across
large-scale genomic and clinical datasets. Organizations like
Every Cure and IMO Health (see Table 2) leverage Mondo to enable
artificial intelligence (Al)-driven drug repurposing and enhance
the utility of electronic health records. OMIM web service
output includes a field for Mondo identifiers (see https:/omim.
org/help/api). MedGen provides prominent linkouts to Mondo on
their website (eg https:/www.ncbi.nlm.nih.gov/medgen/44287).
International collaborations, such as with Database Center for
Life Science in Japan (DBCLS) and European Molecular Biology
Laboratory’s European Bioinformatics Institute in the UK
(EMBL-EBI), support global integration and translation of Mondo,
ensuring its role as a foundational resource for consistent disease
representation. We are in active discussion with the World Health
Organization (WHO) on integrating Mondo more closely with
ICD-11. In addition to being used widely in Europe, United
States, and Japan, Mondo is used in China (Wu et al. 2021; Lu et
al. 2023), Australia (Tudini et al. 2022), Canada (eg https:/docs.
cqdg.ca/docs/fonctionalit%C3%A9s), and  through  global
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Table 2. Subset of current Mondo adopters and end users.

Organization Website

How Mondo is used

ClinGen https://clinicalgenome.

Mondo is the central coding authority for disease terms, supporting data

org/ consistency and interoperability across ClinGen'’s expert curation tools,
public applications, website display, and internal streaming services.

Critical Path Institute (C-Path) https://c-path.org/

Mondo is used to standardize and integrate disease information in rare

disease datasets within the RDCA-DAP platform.

Database Center for Life Science
(DBCLS)

https://dbcls.rois.ac.jp/
index-en.html

Supports Mondo through mapping to the Nanbyo Disease Ontology and
Japanese translation; enables its use in standardizing patient data in

Japanese cohort studies.

EMBL'’s European Bioinformatics
Institute (EMBL-EBI)

https://www.ebi.ac.uk/

Uses Mondo as the source of disease concepts within the experimental factor
ontology (EFO), supporting projects like Open Targets and the GWAS

Catalog.

Uses Mondo-derived disease list in its Matrix platform to identify drug

repurposing candidates using Al and knowledge graphs.

Integrates Mondo into EHR platforms to enable secondary use of clinical

com/ data, discover rare disease phenotypes, and bridge clinical documentation
with research terminology.

Every Cure https://everycure.org/
IMO Health https://www.imohealth.
INCLUDE https://includedcc.org/

Standardizes and harmonizes disease information in Down syndrome

datasets using Mondo, enabling virtual cohort building and cross-study

comparisons.
Kids First Data Resource Portal https://portal kidsfirstdrc. ~ Standardizes and harmonizes disease information in pediatric datasets
org/ using Mondo, enabling virtual cohort building and cross-study
comparisons.
MedGen https://www.ncbi.nlm.nih. ~ An NCBI, NLM-run project that uses Mondo identifiers to define disease
gov/medgen/ entities and relationships in ClinVar, GTR, and MedGen; manages UMLS
mappings and provides feedback to the Mondo team to enhance content.
NORD https://rarediseases.org/ Leverages Mondo for cross-references, associated gene and synonym data,
disease hierarchy creation, and serves as a rare disease content authority.
OMIA https://omia.org/ Integrates nonhuman animal disease data with Mondo.
PomBase https://www.pombase.org/ Uses Mondo to annotate human disease orthologs in yeast and refine disease

ontology based on conserved pathway feedback.

organizations such as GH4GH (Wagner et al. 2021). Mondo’s im-
pact on these resources and organizations can be partially quan-
tified by looking at how many terms they have linked content to.
ClinGen, for example, is currently using 1,297 Mondo terms to
standardize disease terms and identifiers across its gene-disease
validity curation efforts; Open Targets, a major effort for thera-
peutic drug target identification, currently links its content to
9,815 diseases in Mondo; NORD presents information to patients
on their web pages that currently includes 10,117 rare diseases
in Mondo. To increase our reach, we have been running an out-
reach seminar series (see Mondo Outreach Seminars) where cur-
rent and prospective groups are invited to present their use case
for Mondo. A breakdown of all current adopters and contributors
of Mondo can be found on our website (https:/mondo.
monarchinitiative.org/pages/users/). A subset of current Mondo
adopters and end users is highlighted in Table 2.

Sustainability

For more than seven years, Mondo has been supported through
various funding sources (see Funding section), but its long-term
sustainability comes from being a true community-driven project,
managed openly on GitHub. Regular contributions from organiza-
tions with major buy-in such as ClinGen, NORD, EBI, IMO, and
Every Cure ensure that Mondo remains actively maintained
even without dedicated curation time. Similar community-based
efforts, like the Uberon anatomy ontology (Haendel et al. 2014),
have thrived for over more than a decade with limited dedicated
funding thanks to ongoing community engagement.

Mondo as a FAIR vocabulary

OBO principles predate FAIR principles, and can be considered as
a concrete, actionable implementation of FAIR. Mondo adheres
strongly to the community standards set by the OBO principles

(Jackson et al. 2021) (see OBO Dashboard: https:/dashboard.
obofoundry.org/dashboard/mondo/dashboard.html). It provides
explicit licensing, versioning (GitHub and versioned releases) and
makes heavy use of GUPRIs (globally unique and persistent identi-
fiers, known in the OBO world as PURLSs, persistent URLs). Xu et al.
(2023) define a set of FAIR Vocabulary Features (FVFs) such as per-
sistent identifiers, rich metadata, accessibility protocols, cross-
references, versioning, licensing, and compliance with community
standards. A basic self-assessment of Mondo against the FVFs men-
tioned in Xu et al. showed full compliance across all 11 features.

Future plans

Over the years, the Mondo project has evolved through the inte-
gration of various technologies and methodologies. Early efforts
focused on leveraging OWL reasoning and design patterns
to structure and validate ontological data, while the use of more
advanced tooling like Boomer (Mungall et al. 2016) enabled the in-
corporation of probabilistic reasoning to enhance quality control.
These approaches helped automate many aspects of data valid-
ation, significantly improving efficiency and consistency.

We are also implementing Ontaccord, a Delphi-style platform
for ontologies developed in our group (McMurry 2025), to gather
community feedback and consensus on disease synonyms, defini-
tions, and classifications. This workflow will effectively comple-
ment ongoing community engagement efforts in disease
curation, enabling broader participation, and facilitating the for-
malization of consensus-driven decisions.

Integration with emerging Al/machine learning methods is a
priority. We are designing novel human-in-the loop curation
workflows where Al is employed to act as a junior curator to sug-
gest content (which will then be reviewed by an expert curator) or
as a reviewer (a human generates the original content). These
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curation workflows will come with an improved provenance mod-
el that clearly statesif a statement was suggested by an Al system.
More recently, we have explored the potential of generative Al
through the DRAGON-AI evaluation, assessing how these tech-
nologies can support ontology development and refinement
(Toroetal. 2024). This line of investigation sets the stage for future
innovations. Looking ahead, we are poised to explore agentic
Al-based workflows to further enhance automation and intelli-
gent assistance in ontology management.

These efforts will further enhance Mondo’s ability to support
precision medicine applications, improving diagnostic accuracy
and treatment outcomes.

Conclusion

Mondo will continue to play a key role in integrating data and
knowledge across multiple genomic and clinical research initia-
tives, further aligning and integrating with global standards sup-
ported by organizations such as the WHO, HL7, OHDSI, and
GA4GH and by implementation in EHR Systems through recent
partnerships with organizations such as IMO (McCormick n.d.). As
new disease characteristics are revealed across disciplines, Mondo
welcomes contributions and partnerships to ensure consistency
and interoperability of disease definitions in a global community.

Data availability

Mondo is available at https:/github.com/monarch-initiative/
mondo.
Supplemental material available at GENETICS online.
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