DI1220-D1229
https:Ildoi.orgl10.1093/narlgkac919

Nucleic Acids Research, 2023, Vol. 51, Database issue

Published online 28 October 2022

ChemFOnt: the chemical functional ontology resource

David S. Wishart “1:234" Sagan Girod “', Harrison Peters', Eponine Oler', Juan Jovel',
Zachary Budinski', Ralph Milford?, Vicki W. Lui', Zinat Sayeeda', Robert Mah',
William Wei', Hasan Badran', Elvis Lo', Mai Yamamoto®, Yannick Djoumbou-Feunang?,

Naama Karu’ and Vasuk Gautam’

'Department of Biological Sciences, University of Alberta, Edmonton, AB T6G 2E9, Canada, 2Department of
Computing Science, University of Alberta, Edmonton, AB T6G 2E8, Canada, 3Department of Laboratory Medicine
and Pathology, University of Alberta, Edmonton, AB T6G 2B7, Canada, *Faculty of Pharmacy and Pharmaceutical
Sciences, University of Alberta, Edmonton, AB T6G 2H7, Canada, SMolecular You Corporation, 788 Beatty St., Suite
307, Vancouver, BC V6B 2M1, Canada, ®Corteva Agriscience, Indianapolis, IN 46268, USA and ’Leiden Academic
Centre for Drug Research, Leiden University, Leiden, 2333 CC, The Netherlands

Received August 16, 2022; Revised October 03, 2022; Editorial Decision October 04, 2022; Accepted October 18, 2022

ABSTRACT

The Chemical Functional Ontology (ChemFOnt), lo-
cated at https://www.chemfont.ca, is a hierarchical,
OWL-compatible ontology describing the functions
and actions of >341 000 biologically important chem-
icals. These include primary metabolites, secondary
metabolites, natural products, food chemicals, syn-
thetic food additives, drugs, herbicides, pesticides
and environmental chemicals. ChemFOnt is a FAIR-
compliant resource intended to bring the same rigor,
standardization and formal structure to the terms and
terminology used in biochemistry, food chemistry
and environmental chemistry as the gene ontology
(GO) has brought to molecular biology. ChemFOnt is
available as both a freely accessible, web-enabled
database and a downloadable Web Ontology Lan-
guage (OWL) file. Users may download and deploy
ChemFOnt within their own chemical databases or
integrate ChemFOnt into their own analytical soft-
ware to generate machine readable relationships that
can be used to make new inferences, enrich their
omics data sets or make new, non-obvious connec-
tions between chemicals and their direct or indirect
effects. The web version of the ChemFOnt database
has been designed to be easy to search, browse and
navigate. Currently ChemFOnt contains data on 341
627 chemicals, including 515 332 terms or defini-
tions. The functional hierarchy for ChemFOnt con-
sists of four functional ‘aspects’, 12 functional super-
categories and a total of 173 705 functional terms. In
addition, each of the chemicals are classified into
4825 structure-based chemical classes. ChemFOnt

currently contains 3.9 million protein-chemical rela-
tionships and ~10.3 million chemical-functional re-
lationships. The long-term goal for ChemFOnt is for
it to be adopted by databases and software tools
used by the general chemistry community as well
as the metabolomics, exposomics, metagenomics,
genomics and proteomics communities.

INTRODUCTION

Chemicals are essential to life. They play key roles in sig-
nalling, communication, energy generation, metabolism,
catabolism and anabolism—including the assembly and
synthesis of macromolecules (DNR, RNA, proteins, lipids),
cells and tissues. In many respects, chemicals function as
the cell’s bricks and mortar while at the same time provid-
ing the fuel to sustain those ‘bricklaying’ functions. Chemi-
cals can also serve as drugs, poisons, nutrients, biomarkers,
waste products, flavorants, odorants, colorants or dyes, re-
pellants, catalysts, buffers, stabilizers, antioxidants, floccu-
lants and a host of other roles. Understanding the roles and
functions of chemicals is vital to understanding many areas
of chemistry, biochemistry, molecular biology and biology.
Likewise, understanding the origins of chemicals in foods,
cosmetics, drugs, the environment and in our own bodies
and how they affect both ourselves and other living organ-
isms is of considerable interest to anyone doing life science
research. Unfortunately, this kind of information, especially
that on the functional effects, processes, roles or origins (dis-
position) of chemicals, is often diffusely scattered as snip-
pets of text, lists or tables contained in thousands of books,
journals, online databases that span decades or even cen-
turies of publication. The fact that all this functional infor-
mation still resides in books and journals with no formal
descriptions, limited consensus definitions and no machine-
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readable structure means that a significant amount of bi-
ologically important chemistry is inconsistently described,
improperly annotated, ill-defined—and unfortunately, inac-
cessible.

One approach to correct this kind of information deficit
is to develop an electronic ontology. An ontology comprises
a series of named entities, their formal descriptions or def-
initions, their relationships to each other and a series of
hierarchical categories that group those entities according
to various criteria. Perhaps the best-known ontology in bi-
ology is the gene ontology (GO), which was developed by
Michael Ashburner et al. (1). GO was developed to unify
the description of gene and protein attributes to help cre-
ate a more comprehensive, computational model of biolog-
ical systems (1,2). More specifically, GO did three impor-
tant things: (i) it developed a controlled vocabulary and a
well-designed hierarchy of gene and protein attributes; (ii)
it annotated millions of genes and proteins using that con-
trolled vocabulary and (iii) it provided software tools to
assimilate and disseminate that annotation data for easy
access to all. GO also introduced three broad and widely
used terms to describe genes and/or proteins covering their
molecular function, cellular component and biological pro-
cess. GO is widely used to help in the analysis and inter-
pretation of large-scale genomics, transcriptomics and pro-
teomics experiments (3,4). Currently, GO has 43 558 defined
terms, which have been used to create 7.48 million anno-
tations for 1.48 million genes/proteins from 5200 species
(http://geneontology.org/).

Notably absent from the GO effort was the inclusion of
small molecule chemicals. No doubt this was in part be-
cause chemicals are both more numerous and their func-
tions cannot be easily inferred through evolutionary analy-
sis. Furthermore, data from the chemical world was (and
continues to be) somewhat less electronically and openly
accessible. Despite these challenges, some notable efforts
have been made to create ontologies for chemistry or chem-
icals. For instance, ChemOnt (5) and OntoChem (6) are
two well-known ontologies developed for describing chem-
ical structures and their relationships. However, these are
limited to describing chemical structures in a hierarchical
manner—not chemical functions, roles or origins. ChEBI
(7) has developed a structured chemical nomenclature that
resembles an ontology, but again, this is mostly limited to
describing chemical structures. Additionally, the National
Library of Medicine has developed MeSH (Medical Subject
Headings) terms. MeSH consists of a controlled vocabulary
dictionary/thesaurus built around a modest hierarchy that
is used for indexing articles for PubMed (8). MeSH covers
thousands of structured descriptions for many chemicals.
Yet another ontology is the Drug Ontology, or DrOn (9),
an ontology developed for drugs. However, drugs represent
a very small and specialized class of chemicals and DrOn is
primarily focused on describing drug ingredients and treat-
ments, not drug functions or mechanisms.

As far as we are aware, no comprehensive ontology exists
to describe chemical functions or chemical origins, certainly
not at the level to which GO describes protein/gene func-
tions. Therefore, in an effort to overcome this gap, we devel-
oped ChemFOnt: the Chemical Functional Ontology. This
represents an effort that has spanned more than five years
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and has required the work of more than a dozen program-
mers, curators and database specialists. ChemFOnt (Ver-
sion 1.0) was created to help unify the description of chem-
icals and chemical attributes in an effort to create a more
comprehensive, computational model of both chemical and
biochemical systems. ChemFOnt is intended to bring the
same rigor, standardization and formal hierarchical struc-
ture to chemistry and biological chemistry as the gene on-
tology (GO) has brought to molecular biology. In the fol-
lowing pages, we will describe (a) the hierarchical struc-
ture of ChemFOnt and its rationale; (b) how ChemFOnt
was constructed; (c) the design and implementation of the
ChemFOnt resource; (d) ChemFOnt use in other databases
and (e) future developments. It is important to emphasize
that this is only the first release of ChemFOnt and that many
future updates, improvements and expansions are expected
over the coming years.

ChemFOnt STRUCTURE AND RATIONALE

ChemFOnt was designed to follow the same concepts and
designs as most well-established hierarchical or tree-based
ontologies. As with any ontology, there is a top layer that
attempts to encapsulate or summarize one or more broad
aspects for the subject area. Each major functional ‘aspect’,
functional super-category or parent node in this top layer is
then further divided into two or three further child nodes,
which are then divided into even more child nodes to form
a knowledge tree or a knowledge graph. In ChemFOnt, up
to seven layers of parent-child nodes can exist for any of
the four major aspect nodes before it reaches its terminal
or leaf node. Each functional super-category, category or
lower-level child node within ChemFOnt is connected logi-
cally to the other by a relationship (or an edge) through a hi-
erarchical taxonomic relationship, a hierarchical structural
relationship, a hierarchical anatomical relationship, a hier-
archical biochemical/pathway relationship or a hierarchi-
cal disease/bioactivity relationship. Most of these other re-
lationships or hierarchies are derived from pre-existing on-
tologies or pre-existing taxonomies (10-12).

In analogy to GO, ChemFOnt’s top hierarchical layer
consists of four broad ‘aspects’ or functional super-
categories that define a given chemical’s effects and origins:
(a) Physiological Effect; (b) Disposition; (¢) Process and
(d) Role. These four aspects were chosen based on their
ability to help describe chemicals and their relationships
to other entities for applications in environmental chem-
istry, food chemistry, medicinal chemistry, biological chem-
istry, industrial chemistry, toxicology and pharmacology.
These functional super-categories were also designed to fit
with a variety of ‘omics’ applications including exposomics,
metabolomics, foodomics and lipidomics. As all these fields
are constantly evolving and even brand new ‘omics’ fields
are appearing, it is expected that the breadth, scope and def-
initions of these four super-category nodes or their imme-
diate child nodes, will have to change and evolve over time.

The Physiological Effect of a chemical is defined as: ‘the
measured or observed physiological effect (adverse or posi-
tive) on an organism resulting from its exposure to a chem-
ical’. The Physiological Effect super-category is intended to
provide a clear relationship between a nano-scale chemi-
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cal and its macro-scale effects, including its organoleptic
effects or its clinical/medical consequences. In most cases
this refers to the effects on humans or other mammals, al-
though it may be specific to certain types of insects (pesti-
cides), plants (herbicides) or fish and other aquatic species.
The relationship terms that should be typically applied to
Physiological Effect are: ‘Chemical X has a...’ or ‘Chemical
X is associated with a...” or ‘Chemical X causes...’. An ex-
ample of a Physiological Effect in ChemFOnt is the disease
diabetes mellitus, which is classified as an endocrine system
disorder (the parent node) which, in turn, is classified as a
health effect (the grandparent node).

The word disposition is normally defined in the dictionary
as ‘the way in which something is placed or arranged, es-
pecially in relation to other things’. For chemicals we have
elaborated on this definition to mean something a bit more
specific, namely ‘the manner, the way, or the location in
which a chemical can be put into an organism’. For Chem-
FOnt, we have shortened the definition of Disposition to
mean: ‘the origin of a chemical, its location within an organ-
ism or its route of exposure’. The Disposition super-category
is intended to provide relationship information or connec-
tions between a chemical and its biological or physiological
location, its (biological or non-biological) origins or sources
and how it can enter an organism. In some cases, the origin
may not be known but its location and route of exposure
is known. In most cases, the Disposition refers to biologi-
cal locations within humans or routes of entry into humans
or other mammals. Likewise, the origin or sources typically
refers to its origin with regards to human (or other mam-
mal) consumption, contact or inhalation sources via cer-
tain foods, drinks, drugs, aerosols, or skin absorption via
the application of cosmetics. The relationship terms that
should typically be applied to Disposition are: ‘Chemical
X comes from...’ or ‘Chemical X is located in the...’. An
example of a Disposition in ChemFOnt is the term skele-
tal muscle, which is classified as a muscle tissue (the parent
node) which, in turn, is classified a tissue (the grandparent
node), which is classified as a biological location (the great
grandparent node).

The Process for a chemical is defined to mean: ‘the bi-
ological or chemical events, or a series thereof, leading to
a known function or a known end product’. The Process
super-category is intended to provide relationship infor-
mation or connections between a chemical and its more
molecular-scale environmental, industrial or biological pro-
cesses. Most of these processes are associated with chemi-
cal reactions, where the chemical is either a substrate or a
product or a binding moiety (agonist, antagonist). These
reactions may refer to biological, industrial or environ-
mental reactions as well as (biological or environmental)
binding/signalling events. A biological or environmental
process does not generally refer to a complete pathway but
only a module within a given pathway. As most of the pro-
cesses in ChemFOnt (version 1.0) are biological (for now),
most refer to biological pathways or biological reactions.
The relationship terms that should be applied to Process
are: ‘Chemical X is involved in...” or ‘Chemical X is as-
sociated with...’. An example of a Process in ChemFOnt
is the term histidine metabolism, which is classified as a
metabolic pathway (the parent node) which, in turn, is clas-

sified a biochemical pathway (the grandparent node), which
is classified as a biological process (the great grandparent
node), which is further classified as a naturally occurring
process.

The Role of a chemical is defined as ‘the purpose or func-
tion of a chemical, either naturally or as intended by hu-
mans’. The Role super-category is intended to provide re-
lationship information or connections between a chemical
and its adverse and normal biological roles, its environmen-
tal roles and its known industrial or commercial applica-
tions. While Role and Process may seem similar, it is impor-
tant to remember that in ChemFOnt, Role is a noun while
Process is a verb. The relationship terms that should typ-
ically be applied to Role are: ‘Chemical X plays a role as
a...” or ‘Chemical X is used as a...’. An example of a Role
in ChemFOnt is the role for 1-methylhistidine in kidney dis-
ease, where it is classified as a diagnostic biomarker (parent
node), which is classified as a biomarker (grandparent node)
which has a role in industry (great grandparent node) as an
industrial application (the root node).

Each of the four major super-categories of chemical func-
tion is ChemFOnt are divided into two, three or even four
child nodes, for a total of 12 major functional categories.
For example, Physiological Effect is split into two child
nodes: Health Effects and Organoleptic Effects. Likewise,
Disposition is split into three child nodes: Sources, Biolog-
ical Locations, and Routes of Exposure. Similarly, Process
is split into three child nodes: Environmental Processes, Bi-
ological Processes, (which can also be called Natural Pro-
cesses) and Industrial Processes. Role is split into four child
nodes: Adverse Biological Roles, Normal Biological Roles,
Environmental Roles and Industrial Applications. These 12
major functional categories are subdivided into another
399 functional subcategories which are further divided into
thousands of other branches or leaf nodes for a maximum
depth of up to seven layers. In particular, Physiological Ef-
fect has 3637 defined categories; Disposition has 4816 de-
fined categories; Process has 161 098 defined categories; and
Role has 3751 defined categories. In total, ChemFOnt has
173 705 fully defined and fully connected functional cate-
gories, which are all placed into a logically consistent hier-
archy.

It is important to note that these lower-level functional
categories have also been subject to constant adjustment
and modification as ChemFOnt has evolved and grown over
the past five years. Initially, ChemFOnt was designed to
work exclusively for environmental chemistry applications.
As it evolved to meet food chemistry, metabolomics and
lipidomics applications, new functional categories had to
be introduced or modified in ChemFOnt. As ChemFOnt
expanded to support microbial and metagenomics, similar
changes had to be made. This constant, iterative improve-
ment is essential for the growth of any ontology and will un-
doubtedly continue as ChemFOnt evolves over the coming
years The complete hierarchical structure for ChemFOnt
(Version 1.0) is available as an HTML file in the Download
section on ChemFOnt’s menu bar.

Each of the functional categories in ChemFOnt ter-
minates to a disease, condition, pathway, role, source,
industrial/commercial process, routes of exposure, bi-
ological or physiological structure, taxonomic species,



protein/enzyme or reaction. These terminal or leaf nodes
also contain a fully defined term (for a total of 173,305 defi-
nitions). Similarly, every chemical in ChemFOnt is also de-
fined (for a total of 341 627 definitions) and every chemical
structure or structure class is also defined via ClassyFire (5)
(for a total of 4825 definitions). The entire ontological hi-
erarchy for ChemFOnt currently comprises a total of 515
332 fully defined terms, which are linked to ~10.3 million
chemical/functional relationships. Furthermore, all termi-
nal leaf nodes in the ChemFOnt hierarchy contain a hyper-
linked fact or statement supported by one or more citeable
references. In other words, every fact or factoid in Chem-
FOnt has a traceable provenance.

BUILDING AND ANNOTATING ChemFOnt

Unlike GO, which was annotated through many years of
manual curation by a global community of thousands of
volunteer annotators and curators, ChemFOnt was anno-
tated primarily through the activities of past and present
members of a single laboratory (the Wishart laboratory).
While it should be noted that all 12 of the functional cate-
gory definitions in ChemFOnt, along with the hierarchical
structure were manually written, adjusted, formatted and
curated, most of the other data in ChemFOnt was assem-
bled and annotated using automated or semi-automated
processes. In particular, ChemFOnt curators made exten-
sive use of automated data extraction and data harvesting
techniques from local electronic databases that had been
manually assembled and curated. The automated annota-
tion process used for ChemFOnt was particularly impor-
tant for accommodating its constantly evolving and con-
stantly expanding hierarchical and categorical structure
(see above).

Automated or semi-automated annotations were pri-
marily performed by mining the manually curated and
manually maintained chemical and biological databases
already housed and maintained in the Wishart labora-
tory. For instance, all 341 627 chemical definitions were
automatically obtained from the descriptions/definitions
available from Human Metabolome Database (HMDB)
(13), Natural Products Magnetic Resonance Database
(NP-MRD) (14), DrugBank (15) and FooDB (16). Sim-
ilarly, all 19 391 protein definitions were harvested from
the descriptions/definitions available from UniProt (17).
Food sources, food taxonomies, food biomarker data, food
definitions and many organoleptic effects were extracted
from FooDB (16) and Food-Biomarker Ontology (FOBI)
(18). Most health effects (and statements correspond-
ing to abnormal biofluid levels), biological locations and
industrial/commercial roles were extracted from HMDB
(13), DrugBank (15), Toxin and Toxin Target Database
(T3DB) (19) and MarkerDB (20). Chemo-taxonomic in-
formation for most chemicals in ChemFOnt was harvested
from HMDB (13), PathBank (21), Microbial Metabolome
database (MiMeDB) [https://mimedb.org], NP-MRD (14)
and FooDB (16). Pathway and chemical reaction data was
pulled from Small Molecule Pathway Database (SMPDB)
(22), HMDB (13) and DrugBank (15). Similarly pharma-
cological, toxicological and industrial application data was
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harvested from DrugBank (15), T3DB (19) and MarkerDB
(20). Cell, tissue and other anatomical names and loca-
tions were constructed from GO (1) and the NCI Thesaurus
(11). Disease names, disease definitions and discase hier-
archy information were pulled from MarkerDB (20) and
Systematized Nomenclature of Medicine—Clinical Terms
(SNOMED-CT) (23).

Because nearly all the databases mentioned above were
constructed using a mySQL framework, a variety of SQL
scripts or queries were written and used to extract and refor-
mat the relevant data from the labeled data fields in each of
the above-mentioned databases. For those data sources that
were only available as downloadable ontologies or down-
loadable files (available as OWL or CSV- comma-separated
values formatted files), similar extraction queries or tools
were written using Python. These same SQL or related
scripts were also used to extract the relevant references or
citations to provide the required provenance for each onto-
logical fact in ChemFOnt’s leaf/terminal nodes. Addition-
ally, a variety of Python scripts were written to perform data
mining of the detailed text descriptions for all the chemi-
cals and all the pathways housed in the above-mentioned
databases. This was done to map and extract specific func-
tional terms (such as specific health effects, food sources,
microbial sources, relevant proteins, functional roles, pro-
cesses, etc.) and their associated references so that they
could be added to the ChemFOnt annotations. Spot checks
and cross checks were constantly performed by the Chem-
FOnt team to ensure that the extracted data matched ex-
actly to the data from the source and that it was categorized
correctly.

In addition to these automated or semi-automated ‘bot-
tom up’ annotations (via electronic data harvesting from
our local databases), a manual, top-down annotation was
performed by several ChemFOnt curators. This manually
intensive effort was done to ensure that large collections
of chemically or functionally similar, but lightly annotated
compounds (esp. lipids, plant/microbial natural products,
food additives and environmental contaminants) would
have an appropriate level of ChemFOnt annotation. As
with the automatically harvested annotations, all the man-
ually assembled ChemFOnt annotations were spot checked
for completeness and consistency with their source mate-
rials by a separate team of curators and annotators to en-
sure correctness and completeness. Table 1 provides more
detailed statistics regarding the number of terms, functional
categories, references, and identified relationships in Chem-
FOnt. As can be seen from this table, ChemFOnt is already
comparable in size and scope to GO.

The complete set of ChemFOnt annotations along with
their corresponding ChemFOnt functional categories, their
supporting or clarifying statements and their provenance
information were uploaded into a specially constructed
MySQL database. This database served as both the back
end and the underlying data framework to construct the
web-enabled ChemFOnt database (described below) as well
as the downloadable OWL files, the HTML hierarchy
file and the corresponding downloadable CSV files that
are all available through ChemFOnt’s online download
tab.
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Table 1. Number of terms, functional categories, references, and identified relationships in ChemFOnt
Descriptions Number
Defined terms 515332
Total words (terms and definitions) ~85 000 000
Major categories 399

Links to metabolites 10 298 339
References supporting relationships 11 191
Compounds (Chemicals) 341 627
Compound classifications 4825
Proteins 23 819
Functional terms 173 705
Pathways 111429
Biological roles 642
Biological locations 746
Industrial applications 1320
Metabolite—protein relationships 3974 409
Protein—pathways relationships 886 517
Metabolite—cellular location relationships 387202
Metabolite-tissue location relationships 113 589
Metabolite-gene ontology (GO) terms relationships 4148 816
Metabolite-pathway relationships 12 371 764

ChemFOnt WEB INTERFACE, DOWNLOADS AND UP-
DATES

The web-enabled version of ChemFOnt adheres to many
of the same interface features and layout as many of
our databases such as the HMDB (13), Escherichia
coli Metabolome Database (ECMDB) (24) and Yeast
Metabolome Database (YMDB) (25). A screenshot of the
ChemFOnt homepage is shown in Figure 1. As seen in the
top image the website’s purple navigation bar (located at the
top) consists of six menu options: Browse, Search, Ontol-
ogy, Downloads, About and Contact Us. On the right side
is a general text search box where users may enter text to
search the entire ChemFOnt database. Below the navigation
bar is a set of three purple hyperlink bars that allow users to
instantly access key parts of ChemFOnt, namely: (i) Browse
Chemical Data, (i1) Browse Ontology Data and (iii) Using
ChemFOnt. Clicking any one of these hyperlink bars will
take users to the (a) ChemFOnt Chemical Data Browser,
the (b) ChemFOnt Ontology Browser and (c) ChemFOnt’s
tutorial on how to use ChemFOnt.

Clicking the Browse Chemical Data hyperlink on the
main page or the Browse option on the purple navigation
bar will immediately generate a browsable table called a
Molecule Table. The Molecule Table displays six columns
(Figure 1) describing each chemical in ChemFOnt. This in-
cludes the ChemFOnt ID (or ChemFOnt compound iden-
tifier), the Name, the Molecular Formula, the Mass (Aver-
age and Isotopic), a thumbnail image of the Structure, the
Structure Class, and the Compound’s Definition. Several of
the columns are sortable (ChemFOnt ID, Mass and Name)
and can be sorted by clicking on the arrows beside each col-
umn name. The Structure Class refers to the chemical class
to which the compound belongs using the ClassyFire tax-
onomy (5). Users may browse through the table by scrolling
down with their mouse or trackpad or by jumping from
page to page with the numbered pagination buttons located
on the top left or bottom left of the Molecule Table page.
By default, 25 compounds are displayed in each Molecule
Table.

Clicking on the purple CompoundCard button (in the
first column) for any compound listed in the Molecule Table
generates a full view of the CompoundCard. Each Chem-
FOnt CompoundCard contains seven data fields. These in-
clude: (i) ChemFOnt Record Information; (ii) Molecule
Identification; (iii)) Chemical Taxonomy; (iv) Functional
Ontology; (v) Physical Properties; (vi) External Links
and (vii) References. Each of the named data fields are
highlighted by a purple background with some of them
(Molecule Identification, Functional Ontology and Record
Identification) always opened by default. Each of the data
fields in a ChemFOnt CompoundCard may be expanded or
contracted by clicking the down arrow on the right side of
each of the purple bars with the corresponding data field
name. Users may return to the Molecule Table by clicking
on the back arrow of their browser or the Browse button at
the top of the Navigation bar.

The ChemFOnt Record Information field contains the
ChemFOnt version number, the date it was created and
last updated and a unique, nine-digit ChemFOnt chemi-
cal identification number. The Molecule Identification field
contains data on the compound’s common name, its defini-
tion (often including a detailed description), an image of the
structure, various names or synonyms, the chemical formula
and molecular weight (average and monoisotopic), a Chem-
ical Abstracts Service (CAS) number as well as the SMILES
(Simplified Molecular Input Line Entry System) and InChl
(International Chemical Identifier) identifiers. The Chemi-
cal Taxonomy data field displays the ClassyFire (5) taxon-
omy. This data field provides a brief description, the ma-
jor chemical (structural) classes to which it belongs, infor-
mation about its chemical substituents, the main molecular
framework that defines the structure as well as an external
database descriptor. The most important data field is the
Functional Ontology field. This data field displays the hi-
erarchically structured ChemFOnt ontology with each of
the four main functional aspects or super-categories (Phys-
iological Effect, Disposition, Process and Role) for the given
chemical listed on the left-most column and the correspond-
ing child categories listed in a progressive, tab-delimited for-
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Figure 1. Screenshot montage of the Chemical Functional Ontology Database (ChemFOntDB) showing the Homepage at the top and the Molecule Table
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Formula
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CaiH304

Cortexolone 346.4605
346.214409448
C1gH2403

2-Methoxyestrone 300.3921

300.172544634

CaHisNO,
3Methoxytyramine

167.094628665

Structure

Functional Ontol

Structure Class.

Steroids and steroid
derivatives

Steroids and steroid
derivatives

Phenols

Search:

Compound Definition

Cortexolone, also known as cortodoxone or 11-deoxycortisol, belongs to the class of organic compounds known as 21-
hydroxysteroids. These are steroids carrying a hydroxyl group at the 21-position of the steroid backbone. Thus, cortexolone is
considered to be a steroid molecule. Cortexolone is an endogenous glucocorticoid steroid hormone, and a metabolic
intermediate in the synthesis of cortisol. It was first described by Tadeusz Reichstein in 1938 and named as Substance S. It has
also been refer...

Show More

2-Methoxyestrone (or 2-ME1) belongs to the class of organic compounds known as estrogens and derivatives. These are
steroids with a structure containing a 3-hydroxylated estrane. Thus, 2-methoxyestrone s considered to be a steroid or steroid
derivative. Itis a by-product of estrone and 2-hydroxyestrone metabolism and has been detected in all mammals. More

specifically, isan naturally occurring catechol estrogen and a metabolite of
estrone that s form.
Show More

also known as h or3-0. is classified as a member of
the ds containing a methoxy group attached to the benzene ring of a phenol

moiety. 3-methoxytyramine is considered to be slightly soluble (in water) and acidic. 3-methoxytyramine can be found primarily in
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primarily located in the cytoplasm
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(middle) describing each chemical using six different columns of information and the ChemFOnt Ontology Browser at the bottom.
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mat on the right. Hovering over any of the terms with a
mouse or track-pad pointer will cause the term’s definition
to appear in a black ‘definition box’. The terminal category
or terminal node in a given hierarchy is always colored dark
blue and if users click on the hyperlinked word, it directs
users to the corresponding Wikipedia page (if available) or
a corresponding web page in MarkerDB, or PathBank pro-
viding more information about the subject. Beside each ter-
minal category term is a reference or citation that explains
why/how the compound is associated with that term and
provides one or more hyperlinked references (to a PubMed
ID, a DOI, or an online database entry). The remaining data
fields, Physical Properties, External Links and References
are mostly self-explanatory and will not be discussed fur-
ther.

If users click on the ChemFOnt Ontology Browser, a
browsable, interactive tree view of ChemFOnt’s full ontol-
ogy is generated. Users can browse, select and change the
different ontology levels by clicking each level. The top right
corner of the Ontology Browser displays a unique nine-
digit ChemFOnt ontology identification number that is as-
signed to each ontology term in ChemFOnt. The Ontology
Browser also displays information on all ChemFOnt def-
initions and each ChemFOnt definition is also assigned a
unique nine-digit ChemFOnt definition number as shown
in the bottom right corner. The Ontology Browser also has a
search box where users can enter text data or search for any
of the three different types ChemFOnt identification num-
bers.

ChemFOnt also provides several Search options. On the
upper right-hand corner of the main page (Figure 1), a text
search box is available that allows users to search Chem-
FOnt by text. After typing the desired text in the box, users
must press the purple ‘Search’ button to activate the text
search. As with the most modern text search utilities, an
auto-suggest feature is provided to help facilitate the search
and perform spelling corrections. ChemFOnt offers three
other search options located on the top navigation bar via
the Search menu tab. These options include ChemQuery
Structure Search (for chemical structure searches), a stan-
dard Text Query Search, and an Advanced Search. The
ChemQuery Structure Search utility uses the MarvinView
Applet from ChemAxon, which allows users to interactively
draw structures (or paste InChl or SMILES strings) into an
interactive drawing pallet and to search for similar chem-
ical structures using the Tanimoto similarity index. The
other text query searches are simple to use and mostly self-
explanatory.

ChemFOnt also has an Ontology tab, a Download tab,
an About tab and a Contact Us tab. The Ontology tab pro-
vides a pulldown menu where users may select an overview
of ChemFOnt (similar to this manuscript), a guide to the
ChemFOnt subsets and instructions for contributing to
ChemFOnt. The Download tab allows users to access most
of the ChemFOnt data including the SQL (PostgresSQL)
version of ChemFOnt, the OWL version of ChemFOnt,
the chemical structure files (in SDF), the list of ChemFOnt
functional categories and their definitions (in CSV), the
HTML file describing the ChemFOnt hierarchical structure
along with information on their size, file format type and a
brief description of their contents. The About tab has a sub-

menu that provides an overview on the ChemFOnt project,
ChemFOnt statistics, citation information/help- a brief tu-
torial on how to use ChemFOnt, licensing details and infor-
mation on its FAIR compliance.

Improvements and updates to ChemFOnt’s content and
structure have been done and will be done on a continu-
ous basis. Throughout its development, ChemFOnt cura-
tion and programming team members met weekly to design
the ontology architecture, write definitions, coordinate an-
notations, track team member activities, perform quality as-
surance checks and ensure that tasks were completed in a
timely manner. This same process is expected to continue
for the foreseeable future. Minor corrections or small addi-
tions to any given ChemFOnt entry or its layout are typi-
cally done without a formal update announcement. How-
ever, all changes are tracked internally and external users
can see from the last update date when any changes were
made. As this is only version 1.0 of ChemFOnt, all Chem-
FOnt entries are annotated with August 2022 as the last up-
date date. Large-scale updates and improvements to Chem-
FOnt in the future will be given database version numbers
(2.0, 3.0, etc.) and suitable database update timestamps.

The ChemFOnt website uses standardized frameworks
and caching systems to make the website more user friendly
and responsive. As with other databases developed by our
group, ChemFOnt uses Redis-based caching that makes the
loading of data, structures and images very fast. To facilitate
rapid prototyping and development, the entire ChemFOnt
database was built upon an MVC (Model-View-Controller)
framework called Ruby on Rails (version 7.0.3). In this
MVC framework, models respond and interact with the
data by connecting to the database, views create the inter-
face to show and interact with the data, and controllers con-
nect the user to the views. Such a framework allowed our
database developers to easily create code for much of Chem-
FOnt. This framework is particularly robust and code can
be reused in different functions or changed easily to accom-
modate future plans or abrupt changes in design. In par-
ticular, this allowed our development team to liberally bor-
row code and functions from other databases developed in
our lab (13-16,18-22). ChemFOnt is housed in the Cloud
(hosted by Digital Ocean) on a Quad virtual processor 1.8
GHz system with 8GB of RAM and 410GB of hard disk
space. The entire ChemFOnt database occupies 2.1 Gbytes.

ChemFOnNt IN OTHER DATABASES AND SOFTWARE
TOOLS

An ontology is only useful if it is widely adopted and
used by other software tools or database resources. Indeed,
many ontologies, as with many data exchange standards,
have essentially disappeared because of little community
uptake or poor community buy-in (26). Our decision to
develop ChemFOnt was partly driven by a growing com-
munity need to establish higher quality and more consis-
tent functional descriptors for chemicals with the inten-
tion to make both chemical and biochemical information
‘more computable’ or more machine readable. In addition,
the development of ChemFOnt was also driven out of our
own need to standardize terms and terminology within our
growing collection of curated chemical databases (such as



Nucleic Acids Research, 2023, Vol. 51, Database issue DI1227

Health Effect
Endocrine system disorder
Adrenal disorder
o 1l-beta-hydroxylase deficiency - Elevated in blood (MarkerDB: MDB00013414)
Genetic disorder
Inborn errors of metabolism
Genetic hormonal aberration
o Congenital adrenal hyperplasia (PMID: 2022736)

Physiological effect

Disposition Biological location
Tissue
o All Tissues (HMDB: HMDB0000015)
Biofluid or Excreta
Excreta
o Feces (PMID: 28701177)
o Urine (PMID: 3515819)
Non-excretory biofluid
o Blood (PMID: 8890720)
Cellular substructure
o Membrane (HMDB: HMDB0000015)
o Cytoplasm (HMDB: HMDB0000015)
o Mitochondria (HMDB: HMDB0000015)
o Extracellular (HMDB: HMDB0000015)
Organelle
Show more...
Process Naturally occurring process
Biological process
Biochemical pathway
Metabolic pathway
o Steroidogenesis (PathBank: SMP0000130)

Disease pathway
o Adrenal Hyperplasia Type 3 or Congenital Adrenal Hyperplasia Due to 21-Hydroxylase Deficiency (PathBank: SMP0000373)

o Congenital Lipoid Adrenal Hyperplasia (CLAH) or Lipoid CAH (PathBank: SMP0000371)

o Adrenal Hyperplasia Type 5 or Congenital Adrenal Hyperplasia Due to 17 alpha-Hydroxylase Deficiency (PathBank: SMP0000372)

o 17-alpha- Deficiency (CYP17) ( : SMP0000566)

o 11-beta-Hydroxylase D (CYP11B1) ( : SMP0000575)

o 21Hy y Defich

(cYP21) (I
Show more...
Role Industrial application
Pharmaceutical industry
Biomarker

o 1l-beta-hydroxylase deficiency ( MarkerDB: MDB00013414 )

: SMP0000576)

Figure 2. Screenshot showing how easily ChemFOnt can be integrated into an existing chemical database using the human metabolome database (HMDB)

as an example.

HMDB, NP-MRD, DrugBank, FooDB, MiMeDB, Path-
Bank and others). As a result, ChemFOnt has already been
fully integrated into the latest release of HMDB (13). By
the end of 2022, ChemFOnt will also be integrated into
NP-MRD (14), MiMeDB [https://mimedb.org] and FooDB
(16) as well as other databases in our collection. Discussions
are underway with other database providers to incorporate
ChemFOnt into their online chemical databases. An exam-
ple of how ChemFOnt can be easily integrated into an ex-
isting chemical database (HMDB) is shown in Figure 2. As
currently structured in HMDB, the ChemFOnt ontology is
only searchable via the Advanced Text Search function. Ad-
ditional data filters and more advanced search or visualiza-
tion tools to more fully exploit the information in Chem-
FOnt will be added to HMDB (and other database) over
the coming year.

FUTURE DEVELOPMENTS

This is the first of what we hope will be many releases and
updates of ChemFOnt. Clearly with only ~342 000 chem-
icals in the current release of ChemFOnt, we are not cov-
ering all of the biologically relevant chemical space. Based
on data regarding known natural products (27), known
chemical contaminants and industrially produced chemi-
cals (28,29) and what we know is currently in ChemFOnt,
we estimate are that there are ~1 000 000 chemicals that
may be routinely produced or encountered by living organ-

isms. This is obviously much less than the number of com-
pounds in PubChem (30) or ChemSpider (31) but consider-
ably more than what is currently in HMDB or NP-MRD.
The reason for the discrepancy is that the vast majority
(>99.9%) of the compounds reported in PubChem, Chem-
Spider and other large chemical repositories are synthetic
compounds, prepared in miniscule quantities for research-
only or screening-only purposes. While these synthetic com-
pounds may have interesting biological or physiological
consequences, they are unlikely to have been released in the
natural world or to be encountered by anyone except the
individual (or robot) that synthesized the compound.
Consequently, our focus over the coming years will be
to expand ChemFOnt to cover all of the ~1 000 000 com-
pounds that are ‘encounterable’ in the natural world. In ad-
dition to expanding ChemFOnt’s coverage, we also plan
to enrich the data within ChemFOnt by exploiting more
sophisticated natural language processing (NLP) tools to
mine existing literature. We have developed and experi-
mented with some of these tools (32) and intend to make
more use of deep learning techniques to extend their ca-
pabilities (33). The use of NLP should reduce the burden
of manual curation while at the same time extending the
breadth, quantity and quality of citable information about
encounterable chemicals and their functional properties.
Over the next two to three years, we intend to expand
the use of ChemFOnt in our own databases and in our
own software tools. This will include developing specific,
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open-access tools to better filter, search and display Chem-
FOnt information in our databases, as well as APIs to
help external users mine or extract data from ChemFOnt.
Similarly, efforts will also be made to ensure that Chem-
FOnt is more widely used in other popular, online chem-
ical databases such as PubChem (30), ChemSpider (31),
LIPID MAPS (34), the CompTox Chemicals Dashboard
(35), COCONUT (27) and ChEBI (7). A major effort will
also be undertaken to integrate ChemFOnt into a variety
of multi-omics data analysis tools such as MetaboAnalyst
(36), Galaxy for Metabolomics (37) and various metabolite
set enrichment tools (38,39).

Overall, we believe ChemFOnt represents an important
first step in the path to make functional information about
the chemicals in our world more accessible, more ma-
chine readable and more ‘computable’. We also believe that
ChemFOnt will be able to help unify the description of
chemicals and chemical attributes so that a more compre-
hensive, computational model of biochemical systems can
be created. This should enable much better integration of
functional chemical information into metabolomics, pro-
teomics, genomics and metagenomics data analysis work-
flows. Ultimately, ChemFOnt is intended to bring the same
rigor, standardization and formal hierarchical structure to
chemistry and biological chemistry as the gene ontology
(GO) has brought to molecular biology.
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