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Abstract

The goal of the Plant Ontology® Consortium is to produce structured controlled voca-
bularies, arranged in ontologies, that can be applied to plant-based database information
even as knowledge of the biology of the relevant plant taxa (e.g. development, anatomy,
morphology, genomics, proteomics) is accumulating and changing. The collaborators of the
Plant Ontology® Consortium (POC) represent a number of core participant database
groups. The Plant Ontology® Consortium is expanding the paradigm of the Gene
Ontology® Consortium (http://www.geneontology.org). Various trait ontologies (agro-
nomic traits, mutant phenotypes, phenotypes, traits, and QTL) and plant ontologies (plant
development, anatomy [incl. morphology]) for several taxa (Arabidopsis, maizelcorn/Zea
mays and rice/Oryza) are under development. The products of the Plant Ontology®
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Plant databases are expanding in number, size and
complexity. This is especially true of economically
important plant taxa such as maize/corn (Zea
mays), rice (Oryza sativa) and soybean (Glycine
max) but is also true of taxa regarded as ‘model
organisms’ for plant science research purposes, such
as Arabidopsis thaliana and rice (Oryza). These
information-rich databases face the challenge of
accurately and consistently documenting features
such as gene structures, products and functions,
phenotypes, traits, developmental stages and anato-
mical parts besides other information. It will be
increasingly desirable for inter-database queries to
be performed between these plant-based databases
to exploit comparative genomic strategies to eluci-
date functional aspects of plant biology and con-
duct studies of synteny. These databases will facilitate
interpolation and extrapolation of data that will
facilitate the development of further hypotheses to
be tested. However, terms used to describe com-
parable objects within and between databases are
sometimes quite variable and limit the ability to
accurately and successfully query information in
and across different databases. One solution to this
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problem involves the development and application
of structured controlled vocabularies arranged in
ontologies.

What is an ontology?

An ontology is a classification methodology for
formalizing a subject’s knowledge in a structured
way (typically for consumption by an electronic
database). Dictionaries and encyclopedias are exam-
ples of ontologies, as are many web-based entities,
such as Yahoo and Excite, and so is the schema for
a database. A more formal definition of ontology is
available from: http://www-ksl.stanford.edu/onto-std/
mailarchive/0136.html. In the world of structured
information, ontologies, comprising structured con-
trolled vocabularies, play a very important role in
facilitating information retrieval. This is because the
relationships between the controlled vocabulary
terms, in the ontologies, must be defined in order
to query the information. If the relationships
between the terms (objects) are not well structured
(biologically accurate) the information retrieved will
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be less valuable. Furthermore, the definitions that
accompany the controlled vocabulary terms are
very important in that they facilitate the consistent
use of the controlled vocabulary terms in database
curation.

Biology-based ontologies

In biology-based ontologies the controlled vocabu-
lary terms are arranged in such a way that their
placement reflects the known or putative biological
associations between the objects represented by the
controlled vocabulary terms. Consequently, consid-
erable effort must be invested into the compilation
of the controlled vocabulary terms and the defini-
tions of these terms. The terms and their definitions
need to be biologically correct and internationally
acceptable. The arrangement of the controlled voca-
bulary terms in the ontology must reflect the cur-
rent understanding of the biological relationships
between the associated plant parts at the sub-
cellular organelle level, cell level, tissue level and
organ level. If the ontology of the relationships
between the terms is correct, the information retrieved
via a database search is likely to be valuable and
correct. The converse is also likely to be true. While
it is ideal to use terms that are internationally
acceptable this does not imply that local terms and/
or synonyms cannot be used. A parsing facility,
utilizing synonyms, can be used to overcome this
difficulty.

Ontology structure

It is relatively easy to design an ontology based on
concrete facts such as names, birth dates etc.
However, it is considerably more difficult to design
an ontology based on knowledge that is incomplete
or not yet well understood, or that as yet does
not have unanimous support. However, the Plant
Ontology® Consortium is attempting to develop
various plant ontologies that will represent our
current and future understanding of relationships
among various plant-based knowledge domains
e.g. anatomy and morphology, development, traits.
These ontologies will provide open-source, com-
mon vocabularies of defined terms. The relation-
ships between concepts (represented by controlled
vocabulary terms) within and between ontologies is
represented by the use of Directed Acyclic Graphs
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(DAGSs). A DAG is similar to a hierarchical struc-
ture but is superior because terms (representing
concepts) within a DAG structure have the ability
to have one or more than one ‘parent’. DAGs are
able to represent biological relationships more
readily than typical hierarchical structures. Con-
sider the following simple example: a protein that
both binds DNA and hydrolyses ATP. This protein
can be equally described as a ‘DNA binding
protein’ and as a ‘catalyst’ (enzyme). Consequently,
this protein should be a ‘child’ of both ‘parents’
within an ontology. The presence of such multiple
‘parent’ situations in biology requires that they be
accurately represented in a conceptual framework.
DAGs, and their associated semantic relationships
between the constituent nodes, meet this need.

Some of the structured controlled vocabularies
being developed should be generic enough to
facilitate inter-database queries for related organ-
isms (e.g. monocots and dicots). Other ontologies
would be taxon-specific but would still be able to be
interrogated for inter-taxon comparisons. For
example, an inter-database query for phenotypes
involving the inflorescence should produce ‘tassel’
and ‘ear’ phenotypes in maize, ‘panicle’ phenotypes
in rice and comparable inflorescence phenotypes in
Arabidopsis. The relevant associated genomic infor-
mation can then be obtained from each database
for further analysis.

There is little doubt that the world-wide plant
science community could benefit from having struc-
tured controlled vocabularies of terms arranged in
ontologies. Furthermore, these controlled vocabul-
aries of terms and their associated definitions will
contribute towards consistent data curation and so
contribute to the information management needs of
the plant sciences.

Extending the gene ontology® paradigm

The Plant Ontology® (PO) Consortium is extending
a paradigm developed by the Gene Ontology®
Consortium [2]. The Gene Ontology® (GO) Con-
sortium (http://lwww.geneontology.org) has been
developing ontologies and associated controlled
vocabularies for several years. The objective of the
GO consortium has been the development of onto-
logies and controlled vocabularies for three knowl-
edge domains: the molecular function, biological
process and cellular component of gene products.
These ontologies are being developed for a generic
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eukaryotic cell. The Gene Ontology® Consortium is
a paradigm for how diverse groups of researchers
and database curators can share controlled voca-
bularies — both in terms of development (using the
DAG methodology) and data sharing. Representing
knowledge of biology necessitates a flexible struc-
ture — a structure that is able to change as our
knowledge of biology changes. The GO paradigm
readily accommodates additions and restructuring
as new information is obtained. Information on
new molecular functions, biological processes and
cellular components can be added or updated.
Several research groups have been annotating their
databases according to the controlled vocabularies
contained in the ontologies produced by the GO
consortium. Consequently, the Plant Ontology®
Consortium is adopting and extending the GO
paradigm in an effort to faithfully represent our
current understanding of biology even as it changes.

Development of plant ontologies and
trait ontologies

Members of the Plant Ontology® Consortium, and
associates, are in the process of developing struc-
tured controlled vocabularies in ontologies for two
large knowledge domains, namely: Plant Ontologies
and Trait Ontologies. Each of these domains will
comprise several sub-domains. The sub-domains, of
necessity, will have components that are taxon-
specific. However, while there will be taxon-specific
components of ontologies, there will also be terms
that will be common to all plants. For example, an
ontology of anatomy for maize would include
bulliform cells in the leaf, while in Arabidopsis,
‘pavement cells’ in the epidermis would be included
in that taxon-specific ontology. However, both onto-
logies would contain the terms leaf, leaf epidermis,
mesophyll etc. which are common anatomical
tissues to all plants.

Consideration is being given to the use of
ontogenetic and phylogenetic data and concepts in
the elucidation and development of ontological
relationships and the testing of the True Path Rule
in the plant ontologies. The true path rule states
that the pathway from a child term all the way up
to its top level parent(s) must always be biologically
accurate. For further information on the True Path
Rule consult the General GO Guidelines in http://
www.geneontology.org/GO.usage.html.
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Ontologies being developed

Within the Traits Ontology (TO, see Figure 1) will
be included the following domains: agronomic
traits, mutant phenotypes, phenotypes, traits, and
QTL (quantitative trait loci). Genetic traits (map
locations of loci of genes for each chromosome of
the taxon in question) may be associated with the
traits ontology.

Within the Plant Ontology (PO) will be included
the following ontologies:

e Plant Development - This ontology will be based
on published growth stage descriptors: initially
for Arabidopsis thaliana, maize (Zea mays) and
rice (Oryza sativa).

e Anatomy (incl. morphology) - This ontology
deals with the cell types and tissue types in
the plant body, their anatomical structure, func-
tion and location in the plant body (roots,
stems, leaves, inflorescences, fruits, seeds). While
the cell types and tissue types in the plant body
reveal a definite structural and functional orga-
nization, their arrangement in various parts of
the plant body is variable. The principal tissues
of a vascular plant are grouped, on the basis
of topographic continuity, into three tissue
systems- the dermal, the vascular and the funda-
mental (or ground) system. The structural
and functional specialization of plant anatomy,
expressed in the plant’s phenotype as morpho-
logy and micromorphology, is included within
the anatomy ontology. This ontology will be
initially based on Arabidopsis thaliana but other
taxa will be included, resulting in a range of
taxon-specific ontologies and subsequently onto-
logies that will be applicable to a generic
assemblage of plants.

To explore the developing traits ontology (TO)
consult the Ontology Search link at Gramene (http://
www.gramene.org/plant_ontology/). An example of
Plant Ontology (PO) for maize/corn leaf morpho-
logy, and specifically the ligule, is shown in
Figure 2.

Current members and associates
The Plant Ontology® consortium is a collabora-

tion between representatives of model organism
databases and currently comprises the following
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Summary for TO Term: sterility related trait (TO:0000485)

in plants represents the incompetence of the pollen to fertilize the ovum. Reasons could be non-viable pollen,
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Term
sterlity related trait
Name £
Definition
fertility (percent seed set).
Derivation

* trait ontology (TO:0000387)
o [i] genetic trait (TO:0000256)
m [i] plant genetic trait (TO:0000341)

incompatibility, pollen abortion, toxicity, genetic etc. Usually determined by either the pollen sterility or spikelet

® [i] plant organ related trait (T0:0000017)

® [i] shoot related trait (TO:0000077)

m [j] inflorescence related trait (TO:0000373)

® [i] flower related trait (TC:0000489)

m [i] fertility or sterility trait (TO:0000392)

® [i] sterility related trait (TO:0000485)
= [i] female sterility trait (TO:0000358)

® [i] male sterility trait {TCO:0000437}

® [[]whole plant related trait (TO:0000398)

m [i] fertility or sterility trait (TO:0000392)

m [i] sterility related trait (TO:0000485)
= [i] fernale sterility trait (TO:0000358)

= [i] male sterility trait (TO:0000437)

Figure 1. Example of trait ontology (TO) for sterility related trait (TO :0000485) from Gramene (http://www.gramene.org).
Note that this trait illustrates the occurrence of multiple parents, a feature provided by the DAG structuring that is
biologically very meaningful. Selecting any node within the ontology (online) will reveal the associated trait(s) associated with
that node in the DAG structure. The [i] represents a class of semantic relationship between the concepts represented by the
terms at the nodes. The [i] represents the is a relationship (‘is an instance of). The is a relationship is one of subsumption.
This relationship permits refinements of concepts (represented by terms) and definitions. Other nodes in the TO at
Gramene represent part of relationships — another class of semantic relationship between nodes and abbreviated to [p] in the

online trait ontology

participants: Gramene: A Resource for Compara-
tive Grass Genomics — http://lwww.gramene.org; the
International Rice Research Institute (IRRI — http://
www.irri.org) associated with The International
Crop Information System (ICIS) database (http://
www.cgiar.orglicis/); MaizeDB (http://www.agron.
missouri.edu) and the Maize Mapping Project
(http:/Iwww.cafor.missouri.edu/mmp/). The Arabi-
dopsis Information Resource (TAIR - http://
www.arabidopsis.org/) is closely associated with the
collaborative efforts of the Plant Ontology® Con-
sortium. These collaborations are focusing on using
and extending the GO paradigm to the very
pressing need for ontology and controlled vocabu-
lary development for plant-based databases. The
GO paradigm is effectively described in the General
Documentation at http://www.geneontology.org/GO.
doc.html, and in The Gene Ontology Consortium

Copyright © 2002 John Wiley & Sons, Ltd.

2000 [1], available at: http://www.geneontology.org/
GO_nature_genetics_2000.pdf. A similar ‘General
Documentation’ document is in the process of
being developed by the Plant Ontology® Consor-
tium.

Others interested

Database representatives of other plant-based data-
bases (e.g. UK CropNet — http://ukcrop.net; National
Institute of Agrobiological Sciences — http:/lwww.
nias.affrc.go.jp/index_e.html; Max Planck Institute
of Molecular Plant Physiology - http:/lwww.
mpimp-golm.mpg.de; International Potato Center —
http:/Iwww.cipotato.org; Virginia Bioinformatics
Institute — http://www.vbi.vt.edu; John Innes Centre
— http:/lwww.jic.bbsrc.ac.uk) and plant scientists
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The Lizale i Zag s i 3 protmuding live of tieaze o fhe TrerApper (adasial)

amface of the leaf af fwe bomdarybetareen the leaf- sheath and fhe 1eof blade
(lamiria) - the Lznalar re gior of the leaf. Thic 1mdqae line of epidermaltisale appears
tobe composed of fused hadrs'. The Eaale i orerted almost perpendioilar to the

M. Freeling & B . Late (1994 The Maime Leaf. T M. Freelivg & W Walhot (eds )

(1994 ). The MMaize Hadbook . Springer-Werlaz, Hew Vork, I3 BH: 3-540-97326-7.
A Fabn(1952). Plant Snatomyr,p.244-245, ISBH: 0-05-0258029-3.
Gribbs Buscell et al o 1990, Grasses of 5 oathen Africa, ISEH: 0-620- 148462,

Tearan Hame Ligale
SymunyTn Tt
Definiti
adjac erd leaf somface .
Referene
Derivation

Zad s anatomy (fwl. morphokbey) oxtelogy ; PO:1112000

* [i] anatomeyr ; PO: 1112031
= [i] whole organism ; PO: 1112032
* [p] celltype ;PO:1112044
* [p] organ; PO:1112055
* [i] leaf ; PO:1112003

* fp] leafblade ; PO:1112005 ; MaizeDE 24740 ; saorerm laming
® [i] axy=le ; PO:1112028 ; WaizeDE 69813 [ smwoteym e of agle
* [p] apese ; PO:1112024 ; Iivize DB 24738 | sporemm leaf tip
* [p] wmicles ; PO:1112001 ; IMaize DE 60922
* [i] mmicle epidermic ; PO:111203% ; haime DE:G0922 ; KaizeDE 165572
* [il mmdcular trichomes ; PO:1112012 ; MaizeDE 165572 ; spuorerm omioalar setae

* [p] collar ; PO:11120022

® [i] color; PO:1112025 ; IMaizeDE 246363 ; sputerm Jeaf calor
* [p] oaticle ; PO:1112013 ; IMaizeD B:4 5980
* [p] epidermis ; PO:1112027 ; IiaizeD'E 104000 ; smwtvym leaf epidearmic

* il abazcial ; PO:1112042
* [i] adazcial ; PO:111204 1
* [p] 2vlamerm ;PO:1112013
* [i] abaccial ; PO:1112020
* [i] adazcial ; PO:1112019

* [plmargm ; PO: 1112007 ; MaizeDE 65488 exwrerm leaf margin
* [p] midrk ; PO:11120206 ; MaimeD B:044 74 cpwrerm leaf midrb
* [i] pheylotaeoy ; PO:1112004 ; Iiaize DE: 163501 ; cymoteyn aTmatyge metd
* [p] wenatiom ; PO:1112002 ; smoreym wasclabore
® [p] leaf sheath ; PO:1112006 ; IaizeDE 13510

* [p] rvdomertnm ; PO:1112008

= [i] abazcial vdbumerdom ; PO:1112011
* [i] adazeial mdumerdam ; PO:1112010
* [p] leaf sheath oralhadrs ; PO:1112054

* [p] weration ; FO:1112030

* fpl Lenade ; PO:1112014 ; Iaime DB 64473

* [p] appeararce ; PO:1112015
* [p] comeisteruoy ; FO:1112050
* [p] mdnmerdnum ; P0:1112051

* [p] Ligale projections ; PO:1112049 ; sgwtcrm ciliolate liznle ; smwtom: liznle ape:

Figure 2. Example of plant ontology (PO) for the ligule of Zea mays, providing the term name, synonym (none for ligule),
definition and references for the definition. Note that the ontology has been expanded to reveal the current ontology for
some of the various other nodes associated with the leaf. The [i] and [p] represent classes of semantic relationship between
the concepts represented by the terms at the nodes. The [i] represents the is a relationship (‘is an instance of’) as described
in Figure |. The [p] represents part of relationships (‘is a part of), another class of semantic relationship between nodes [2].

associated with various taxa (e.g. Medicago trunca-
tula, soybean (Glycine max), common bean (Pha-
seolus vulgaris), cassava (Manihot esculenta) and
Solanaceae (Lycopersicon and Solanum)) and com-
panies involved in genomics, have expressed interest
in becoming involved in the collaborative efforts of
the Plant Ontology® Consortium.
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Online access

A website for the Plant Ontology® Consortium is to
be developed. The URL is: http://www.plantontology.
org. Besides the development of taxon-specific data
repositories for associated controlled vocabularies
and ontologies (e.g. Gramene, MaizeDB, TAIR),
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the SPRIG site at http://bioinformatics.org is also
to be developed as a public repository for plant
ontology data. [SPRIG =Specialized Plant Resour-
ces for Informatics and Genomics]

The Plant Ontology Consortium
(Alphabetical list)

Richard Bruskiewich, International Rice Research
Institute (IRRI)

http://www.irri.org

Edward H. Coe, MaizeDB
http://www.agron.missouri.edu

Maize Mapping Project
http://www.cafnr.missouri.edu/mmp/

Pankaj Jaiswal, Cornell University/Gramene: A
Resource for Comparative Grass Genomics
http://www.gramene.org

Susan McCouch, Cornell University/Gramene: A
Resource for Comparative Grass Genomics
http://www.gramene.org
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Mary Polacco, MaizeDB
http://www.agron.missouri.edu

Maize Mapping Project
http:/Iwww.cafnr.missouri.edu/mmp/

Lincoln Stein, Cold Spring Harbor Laboratory
http://www.cshl.org

Leszek Vincent, MaizeDB
http:/lwww.agron.missouri.edu

Maize Mapping Project
http://www.cafnr.missouri.edu/mmp/

Doreen Ware, Cold Spring Harbor Laboratory
http://www.cshl.org
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