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     Data overload is an issue for nearly every branch of plant 
science. Complete genomes exist for 25 plant species, with 
more in progress ( Joint Genome Institute, 2012 ), and new high 
throughput gene expression, proteomics, and phenomics data 
sets are being generated continuously. Character matrices for 
systematic studies (both molecular and morphological) are 

growing larger and more complex. All this information creates 
exciting new research possibilities, but it comes with the chal-
lenge of accessing and integrating data from disparate sources. 
As plant science research spanning several subdisciplines be-
comes more integrative and automated, tools that allow both 
scientists and computers to communicate more effectively with 
one another are imperative. Ontologies provide such tools, by 
standardizing terminology, supporting data aggregation and re-
trieval, and creating a framework for computerized reasoning. 
While biological ontologies (bio-ontologies) have become in-
dispensable tools for organizing and accessing genomic data 
from model species, their application in other areas of plant 
science remains largely in its infancy ( Berardini et al., 2004 ; 
 Yamazaki and Jaiswal, 2005 ). 

 An ontology is a way to represent knowledge, by describing 
the types or classes of entities within a given domain and the 
relationships among them. By providing standardized defi ni-
tions for the terms used by scientists to represent these classes, 
and by defi ning the logical relationships among these terms, 
ontologies make information about content explicit for com-
puters, allowing them to discover common meaning in diverse 
data sets. Thus, ontologies are an important component of many 
bioinformatics applications ( Jensen and Bork, 2010 ), and they 
form the foundation of the semantic web ( Berners-Lee et al., 
2001 ;  Gkoutos, 2006 ). While ontologies are useful for scien-
tists who want to organize and aggregate knowledge, they are 
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 Computers use the relationships in an ontology, such as  is_a  
and  part_of , to support searching and querying. For example, the 
use of relationships in an ontology allows aggregation of data 
associated not only with a given class, but also with its subclasses 
and with classes of its parts. For example, a query for genes ex-
pressed in  ground tissue  using the ontology in  Fig. 1  would also 
identify genes expressed in  parenchyma cell  and  parenchyma 
tissue , based on their relationships to  ground tissue  that are cap-
tured in the ontology. Using the relationships shown in  Fig. 1 , 
software designed to read ontology fi les could determine that a 
 parenchyma cell  is part of some  parenchyma tissue , and there-
fore that any gene expression in a  parenchyma cell  must also 
occur in some  parenchyma tissue . Likewise, because  paren-
chyma tissue  is a subclass of  ground tissue , any gene expression 
in  parenchyma tissue  must also occur in some  ground tissue . 

 Ontologies are written in specialized languages; the most 
widely used is the Web Ontology Language or OWL (http://

essential for computer applications that need to fi nd, retrieve, 
and analyze large quantities of data from multiple sources. Bio-
ontologies were embraced early on by the medical and model-
species genomics communities as a way to effectively access 
and analyze large quantities of data and to make cross-species 
comparisons in ways that were relevant to the understanding of 
human disease ( Ashburner et al., 2000 ;  Ashburner and Lewis, 
2002 ). As knowledge of ontologies spreads, ontological appli-
cations are being developed for subdisciplines of biology other 
than genomics (e.g.,  Madin et al., 2008 ;  Balhoff et al., 2010 ; 
 Deans et al., 2012 ). The primary use of ontologies in life sci-
ences is for semantic tagging—associating data with terms in one 
or more ontologies, including literature annotation ( Hill et al., 
2008 ). Tagging allows computers to access and process data 
based on biological relevance, rather than simple matching of 
words. This paper provides a background on what bio-ontologies 
are and why they are relevant to botany and to plant sciences in 
general. It includes a description of the Plant Ontology and an 
overview of other relevant ontologies, plus a discussion of the 
potential uses of ontologies in plant science. 

 Ontology 101  —     The fi eld of ontology (from the Greek word 
for the study of being or existence) traditionally falls within the 
domain of philosophy. The term has been adopted by computer 
and information scientists, and more recently by biologists, to 
refer to terminological resources (also called “controlled struc-
tured vocabularies”) that are designed to aggregate and classify 
large quantities of information. When properly constructed, an 
ontology refl ects the consensus understanding of how the re-
ality in a given biological domain is structured, in a way that 
supports computerized reasoning ( Washington and Lewis, 
2008 ). Ontologies model this structure as a collection of types 
or classes together with certain relationships that hold between 
them. They do this by constructing the ontology as a graph-
theoretic structure consisting of nodes—representing classes—
and edges—representing relations ( Fig. 1A ).  

 Each node in the graph is associated with some or all of: 
 • a primary name (typically a scientifi c term such as  paren-

chyma tissue  or  parenchyma cell ) 
 • synonyms (e.g., equivalent terms used for specifi c taxa) 
 • equivalent terms in other languages (e.g., “célula paren-

quimática” and “柔組織細胞” as Spanish and Japanese terms, 
respectively, for  parenchyma cell ) 

 • a unique alphanumeric identifi er forming part of a universal 
resource identifi er (URI) 

 • a defi nition in English 
 • a corresponding formal defi nition in some logical language 

such as the Web Ontology Language (OWL) 
 • citations supporting the defi nition 
 • comments (e.g., explaining how the defi nition is to be applied 

in specifi c taxa or providing examples). 
 Throughout this paper, we use italics to mark primary names 

signifying ontology classes. 
 From the perspective of philosophical realism, the classes in an 

ontology are universals ( Smith and Ceusters, 2010 ), each of which 
is instantiated by spatiotemporal particulars (e.g., the ontology 
class  parenchyma cell  is a universal that is instantiated by each of 
the individual parenchyma cells in the world). The relationships in 
an ontology defi ne a hierarchy that can also be displayed in a tree-
like form ( Fig. 1B ). The most fundamental relationships repre-
sented within an ontology are its  SubClassOf  (also known as  is_a ) 
relationships, specifying the relations between classes and their 
subclasses, and its  part_of  relationships. 

 Fig. 1. (A) A simple ontology in the form of a graph. Boxes represent 
terms in the ontology and arrows represent relationships. Relationships are 
read in the direction of the arrow, e.g., “every  parenchyma cell  is a  plant 
cell ” and “every  parenchyma cell  is part of some  parenchyma tissue ”. (B) 
A simple ontology in tree form. Plus signs indicate that a term has addi-
tional subclasses not shown in the tree. Relations are read up the tree, from 
the most indented term to the next highest term of the next highest level, 
e.g., “every  parenchyma cell  is a  plant cell ”.   
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 Overview of the Plant Ontology  —     The Plant Ontology pro-
ject is developing the PO as a general reference ontology for 
botany and other plant sciences that is designed to establish a 
semantic framework for queries of gene expression and pheno-
type data sets across species. The PO was originally designed to 
cover the model angiosperm species  Arabidopsis thaliana ,  Zea 
mays , and  Oryza sativa , but its scope has been broadened to 
allow it to keep pace with recent advances in plant science, and 
particularly with the proliferation of genomic and phenomic 
data from throughout the plant kingdom. The PO now has terms 
to cover all green plants (Viridiplantae), from green algae to 
angiosperms. 

 The PO contains terms and relations, plus links to data, that 
cover plant anatomical and morphological entities (such as 
 plant cell  or  plant organ ) and development stages for both 
plants and plant parts (such as  gametophyte development stage  
or  fl ower development stage ). The PO is, accordingly, divided 
into two main branches:  plant anatomical entity  and  plant 
structure development stage . As of April 2012, the  plant ana-
tomical entity  branch of the PO includes 1181 terms for plant 
morphology and anatomy, including plant structures, plant sub-
stances, and plant anatomical spaces or cavities. The subclasses 
of  plant structure  represented in the PO include the traditional 
classifi cations of  plant cell ,  portion of plant tissue ,  plant organ , 
and  whole plant , but they also include important categories of 
structures that have no names in traditional botanical literature, 
such as  collective plant organ structure  (a  plant structure  com-
posed of multiple organs, like a  fl ower  or a  shoot system ),  car-
dinal organ part  (a  plant structure  that is part of a  plant organ,  
such as a  lamina  or a  receptacle ), and  collective organ part 
structure  (a  plant structure  composed of parts of multiple  plant 
organs , for example, a  pseudostem  or a  septum ). The PO also 
includes special categories for  embryo plant structure  and  in 
vitro plant structure . 

 Most of the common plant structures found in angiosperms 
and bryophytes are included in the PO, and the ontology has 
extensive coverage of structures found in lycophytes, pterido-
phytes, and gymnosperms. Many terms for bryophytes have 
been added to accommodate annotation of gene expression in 
the recently sequenced moss  Physcomitrella patens  ( Rensing 
et al., 2008 ), with input from the Cosmoss (http://www.cos-
moss.org/) and plantco.de (http://plantco.de/) projects. Enrich-
ment for specifi c structures found in particular angiosperm taxa 
of economic importance, such as  Solanum tuberosum ,  Z. mays , 
 Musa , and Fabaceae, has been supported by numerous contrib-
utors, and new terms are being added continually in refl ection 
of the needs of the users of the PO. Requests for new terms 
or changes to existing terms can be made by clicking the “Re-
quest PO terms” link at the top of Plant Ontology home page 
(http://plantontology.org). All requests are reviewed by PO 
curators, who include experts in plant anatomy, morphology, 
and development, with review of relevant literature and contin-
ued feedback from the original submitter. When necessary, ex-
perts in particular areas of plant anatomy or development are 
consulted. 

 The  plant structure development stage  branch of the PO in-
cludes 271 terms that describe stages in the life of a whole plant 
or plant part during which the structure undergoes developmen-
tal processes such as growth, differentiation, or senescence. 
The PO does not defi ne the developmental processes them-
selves, which fall within the domain of the Gene Ontology 
( Ashburner et al., 2000 ;  Gene Ontology Consortium, 2009 ). 
Instead, it uses the relevant GO terms to defi ne the stages in the 

www.w3.org/TR/owl2-overview/;  Horridge et al., 2006 ). OWL 
is a description logic (DL;  Baader, 2003 ) language with a for-
mally defi ned semantics. There are many tools and software li-
braries that support OWL, in particular, a number of computer 
algorithms called reasoners designed to perform automated 
classifi cation and consistency checking. Many bio-ontologies, 
including the PO and the Gene Ontology (GO), have histori-
cally been authored using the Open Biomedical Ontologies fl at 
fi le format (OBOF; http://oboformat.org). The OBOF approxi-
mates formally to a subset of OWL. Thus, the OBOF can be 
mapped to OWL and, subject to certain restrictions, vice versa 
( Tirmizi et al., 2011 ). Many bio-ontologies are available for 
download in both the OBOF and the OWL format. Some ontol-
ogies, such as the PO and the GO, can also be viewed using 
web-based ontology browsers that display not only the on-
tology, but also associated data that has been annotated using 
the ontology terms. Appendix S1 (see Supplemental data ac-
companying online version of this article) provides a screen-
shot of the PO view of the term  parenchyma cell . 

 Ontologies go beyond simple terminologies, above all in that 
they can support automated reasoning by virtue of being written 
in a formal language like OWL. However, many ontologies, 
including the PO, provide rich terminological information in 
addition to formal computable relationships. When discussing 
bio-ontologies we often advert to this terminological back-
ground by referring to the nodes in the ontology as “terms”. 

 ONTOLOGY RESOURCES FOR PLANT SCIENCE 

 Overview of ontologies and related resources —    Perhaps the 
best-known bio-ontology is the Gene Ontology (GO), which 
covers cellular components, biological processes, and molec-
ular functions for all organisms, including plants ( Gene 
Ontology Consortium, 2009 ). For plant sciences, the main on-
tology is the Plant Ontology (PO), which covers gross plant 
anatomy and morphology at the level of the cell and higher ( Ilic 
et al., 2007 ), as well as plant development stages ( Pujar et al., 
2006 ). Plant science researchers can use ontologies such as the 
PO or GO to associate or “tag” their data with terms for plant 
anatomy and development, or they can search those ontologies 
for data that have already been associated with such terms. 

 The most relevant ontologies for the plant sciences (ex-
cluding specialized ontologies used by crop breeders and agron-
omists), plus resources that aggregate ontologies, are listed in 
 Table 1 .  These include the Plant Trait Ontology (TO), the Phe-
notypic Quality Ontology (PATO), and the Protein Ontology 
(PR), as well as more general ontologies such as the Ontology 
for Biomedical Investigations (OBI) and the Extensible Obser-
vation Ontology (OBOE), both of which can be used to describe 
experiments or data. 

 Ontologies can be used on their own or in conjunction with 
other ontologies. For example, a researcher could combine 
PO:0020039 ( leaf lamina ) and PATO: 0001891 ( ovate ) to de-
scribe “ovate leaf lamina shape” ( Mungall et al., 2010 ). Terms 
from one ontology can also be used to defi ne terms in another 
ontology, as in the PO defi nition of  plant structure development 
stage , which refers to GO:0032502 ( developmental process ). 
An ontology for plant diseases, linking terms from the PO, the 
TO, the Infectious Disease Ontology ( Cowell and Smith, 2010 ), 
and other ontologies, is currently under development and will 
allow researchers to annotate plant disease data ( Walls et al., in 
press ). 
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some of the important aspects of ontology development within 
the OBO Foundry framework, using specifi c examples from the 
Plant Ontology. 

 Unique identifi ers —   Every term in an ontology should have a 
stable unique identifi er (ID) that corresponds to a universal 
resource identifi er (URI; http://tools.ietf.org/html/rfc3986) in 
OWL. In OBOF, identifi ers take the form  ID-Space : Local-ID , 
where  ID-Space  is an abbreviation for the ontology (e.g., PO) 
and  Local-ID  is a number that is unique within that  ID-Space . 
Each of these identifi ers maps to a longer persistent URL (http://
www.obofoundry.org/id-policy.shtml). For example, PO:0005421 
is the unique identifi er for the term  parenchyma  and has the cor-
responding URI: http://purl.obolibrary.org/obo/PO_0005421. 
IDs are permanent and unique, that is, once they are publicly 
released, they can never be used again. If the term represented 
by an ID needs to be eliminated for some reason, the term and 
ID are made obsolete by assigning an  is_obsolete  tag to them, 
along with meta-data explaining why the term was made obso-
lete and suggestions for replacement terms. This action prevents 
the ID from being reused for other terms, thereby preventing 
confl icts and reasoning errors. 

 Term names and synonyms —   OBO Foundry naming conven-
tions ( Schober et al., 2009 ) specify that primary term names 
must be singular nouns or noun phrases; their meaning must be 
clear to human readers and conform to standard usage in bi-
ology. In general, a primary name is the most commonly used 
name, or a close variant thereof. Each primary name is associ-
ated in the ontology with other names given as synonyms. The 
specifi c needs of describing ontology classes can lead to term 
names that may appear artifi cial but are necessary to describe 
categories of entities that have no common name. For example, 

life cycle of a plant or of part of a plant that are delimited by 
particular developmental landmarks. Terms representing stages 
are necessary for describing the conditions under which exper-
iments take place, such as when gene expression or physiolog-
ical parameters are measured. 

 The branch of the PO devoted to  whole plant development 
stage  includes subclasses such as  gametophyte stage  and  sporo-
phyte stage , plus vegetative, reproductive, senescent, and dor-
mant stages for both the gametophyte and the sporophyte. This 
branch is particularly rich in terms for angiosperms, but it is 
being revised to include more terms for other groups of plants. 
Terms for development stages for parts of plants include  leaf 
development stage , which has subclasses such as  leaf initiation 
stage  and  leaf expansion stage . 

 Organizing principles of bio-ontologies  —     Most of the ontol-
ogies listed in  Table 1  are associated with the Open Biological 
and Biomedical Ontologies (OBO) Foundry (http://www.obo-
foundry.org;  Smith et al., 2007 ). The OBO Foundry is a collab-
orative initiative with the goal of creating a set of nonoverlapping, 
interoperable reference ontologies in the biomedical domain. 
The member and candidate ontologies that comprise the OBO 
library must follow the ontology development principles agreed 
upon by the OBO Foundry (http://obofoundry.org/wiki/index.
php/Category:Principles). These include principles for ontology 
management (for example: appoint a person responsible for li-
aison with the OBO Foundry, provide a tracker for additions 
and corrections, provide a help desk for inquiries), principles 
enjoining collaboration with the developers of neighboring on-
tologies (reuse terms from other ontologies to the maximal pos-
sible degree), and also principles pertaining to specifi c aspects 
of developing the ontology fi les (for example, keep careful 
track of successive versions). The following sections describe 

  TABLE  1. Ontologies and other related resources for plant science. 

Resource (abbreviation) Domain References

Plant Ontology (PO) Plant anatomical entities and plant structure 
development stages

( Pujar et al., 2006 ;  Ilic et al., 2007 )

Gene Ontology (GO) Cellular components, biological processes, and 
molecular functions

( Gene Ontology Consortium, 2009 ) 
http://www.geneontology.org/

Chemical Entities of Biological 
Interest (ChEBI)

Molecular entities that are natural products or are 
synthetic products used to intervene in the processes 
of living organisms

( Degtyarenko et al., 2007 ;  de Matos et al., 2009 ) 
http://www.ebi.ac.uk/chebi/

Protein Ontology (PR) Proteins based on evolutionary relatedness, protein forms 
produced from a given gene locus, and protein-containing 
complexes

( Natale et al., 2007 ;  Bult et al., 2011 ) 
http://pir.georgetown.edu/pro/

Ontology for Biomedical 
Investigations (OBI)

Scientifi c investigations, including the protocols and 
instrumentation used, the material used, the data generated, 
and the types of analysis performed

( Brinkman et al., 2010 ) 
http://obi-ontology.org

Phenotypic Quality Ontology 
(PATO)

Phenotypic qualities (properties). This ontology can be used 
 in conjunction with other ontologies such as anatomical 
 ontologies to refer to phenotypes.

( Mungall et al., 2010 ) http://obofoundry.org/wiki/
index.php/PATO:Main_Page

Plant Trait Ontology (TO) Phenotypic traits in plants; each trait is a distinguishable 
feature, characteristic, or quality of a plant

( Jaiswal, 2011 ) http://www.gramene.org/db/
ontology/search?id=TO:0000387

Plant Infectious Disease Ontology 
(IDOPlant)

Plant infectious diseases, pathogens, and symptoms ( Walls et al., in press ) http://purl.obolibrary.org/
obo/idoplant.owl.

Extensible Observation Ontology 
(OBOE)

A suite of ontologies for modeling and representing 
scientifi c observations

( Madin et al., 2007 ) https://semtools.ecoinformatics.
org/oboe

Environment Ontology (EnvO) Environmental features and habitats http://environmentontology.org/
NCBI Taxonomy Biological taxa, based on the classifi cation of the 

 National Center for Biotechnology Information
( Wheeler et al., 2007 ) http://obofoundry.org/cgi-bin/

detail.cgi?id=ncbi_taxonomy
BioPortal Source for fi nding, searching and querying bio-ontologies http://bioportal.bioontology.org/
Ontology Lookup Service Source for fi nding and searching bio-ontologies ( Côté et al., 2006 ) http://www.ebi.ac.uk/

ontology-lookup/
OntoBee Source for fi nding, searching and querying bio-ontologies ( Xiang et al., 2011 ) http://ontobee.org



1267August 2012] WALLS ET AL.—ONTOLOGIES FOR PLANT SCIENCE

This provision is extremely useful for ontologies of moderate to 
large size that may need to be frequently amended to refl ect 
advances in knowledge. Formally, the computable defi nition is 
a statement of equivalence between the class that is being de-
fi ned and a logical expression involving other simpler classes 
from the ontology (or from another ontology). For example, in 
PO, the class  infl orescence axis  is equivalent to the intersection 
of the class  shoot axis  with the class of entities satisfying the 
condition that they are  part of some infl orescence  ( Fig. 2 ).  

 Content based on high-level ontologies —   To increase their 
utility and power, ontologies must be interoperable with other 
ontologies. This interoperability is achieved, in part, by defi ning 
terms on the basis of other terms defi ned in higher-level, more 
general ontologies—that is, ontologies that are not specifi c to a 
narrow domain. For example, the two basic branches of the PO 
follow the divisions of the Basic Formal Ontology (BFO; 
 Grenon and Smith, 2004 ) that partition reality into entities that 
continue to exist through time ( continuants  such as  leaf  or  stem ) 
and entities in which continuants participate ( occurrents  such 
as  whole plant developmental stage ). Best practice in ontology 
development involves maximal reuse of terms from existing 
high-quality ontologies, either by importing such terms using 
the MIREOT process ( Courtot et al., 2011 ;  Xiang et al., 2010 ) 
or by using such terms in creating logical defi nitions. Examples 
of the latter are the top-level terms in the anatomical entity 
branch of the PO— plant anatomical entity ,  plant structure , 
 portion of plant substance , and  plant anatomical space —which 
are defi ned in terms of the corresponding terms in the Common 
Anatomy Reference Ontology (CARO;  Haendel et al., 2007 ). 
Many terms in the PO use terms from the Gene Ontology (GO) 
in their defi nitions, and as more logical defi nitions are added to 
PO, this reuse of terms from existing ontologies will increase. 

 Relationships between classes —   The power of ontologies to 
provide a logical framework for data access and analysis lies in 
the relational graph by which terms are connected. For example, 
suppose a researcher were to ask a computer to search a data set 
to fi nd all examples of gene expression in a leaf. Any botanist 
doing this search would include experiments that described gene 
expression in petioles or midribs, but a computer would not know 
to include these results unless it was told by an ontology that ev-
ery  petiole  and every  midrib  are parts of some  leaf . 

 Relationships in OBO Foundry bio-ontologies generally are 
taken from either the BFO or the Relation Ontology (RO;  Smith 
et al., 2005 ). The most basic relationship in anatomical ontol-
ogies such as the PO is the class–subclass relation, specifi ed as 
 is_a  in OBOF or as  SubClassOf  in OWL (e.g.,  vascular leaf 
is_a leaf  and  epidermal cell is_a plant cell ). The PO uses a 
number of other relations to describe both the spatial and tem-
poral relationships among classes, including  part_of  (e.g., 
 petiole part_of leaf ),  develops_from  (e.g.,  root hair cell de-
velops_from trichoblast ), and  participates_in  (e.g., s porangium 
participates_in sporophyte development stage ). A complete list 
of relations used by PO is available at the website http://wiki.
plantontology.org/index.php/Relations_in_the_Plant_On-
tology. All relationships in the PO are OWL “existential restric-
tions”, also known as all–some relationships ( Smith et al., 
2005 ). In the graphical representations in  Fig. 1 , each edge (that 
is, each relationship R, between any two terms A and B) should 
be read as “ all  instances of A stand in relation R to  some  in-
stance of B”. For example, all instances of  parenchyma cell  are 
part of some instance of  parenchyma tissue . 

the words “whorl” and “rosette” are commonly used to describe 
collections of leaves, but there is no common name that covers 
both structures, so the term  collective leaf structure  was created 
for the PO. In many OBO Foundry anatomy ontologies, the pre-
fi x “portion of” is used when naming classes of tissues (e.g., 
 portion of plant tissue  in the PO). This naming convention 
specifi es that the ontology is describing an actual material en-
tity that is a concrete portion (or piece or sample) of tissue, 
rather than an abstract tissue type. 

 Most bio-ontologies use synonyms of four different scopes: 
exact, narrow, broad, and related. Exact synonyms are impor-
tant when the same structure has multiple names, e.g.,  phel-
logen  is an exact synonym of  cork cambium . Narrow synonyms 
are often used for structures that have different names in dif-
ferent taxa. For example,  pod  and  achene  are narrow synonyms 
of  fruit . Broad synonyms are used when the synonym may en-
compass multiple entities, e.g.,  adventitious root  is a broad 
synonym of both  basal root  and  shoot-borne root . Related 
synonyms are used when a word or phrase has been used syn-
onymously with the primary term name in the literature, but the 
usage is not strictly correct. For example,  carpel septum  is a 
related synonym of  ovary septum . 

 Ontologies can also include synonyms in multiple languages. 
A new and special feature of the PO is the addition of Spanish 
and Japanese translations for anatomical and morphological 
terms, with German translations in preparation. Foreign language 
terms not only make ontologies more accessible to non-English 
speakers, but also allow text-processing applications to search 
and annotate foreign literature. 

 Standardized defi nitions —   A well-developed ontology should 
include textual defi nitions with citations for all terms. When-
ever possible, defi nitions should be obtained from published 
sources such as reference works or journal articles, adapted by 
the curators to the terminological usage of the host ontology. 
When a published defi nition is unavailable, or when published 
defi nitions disagree with each other, they may be written by the 
curators. This is often the case for upper-level ontology terms in 
multispecies ontologies (such as  organ  or  portion of tissue ), be-
cause many published defi nitions are written for specifi c taxa, 
while ontological defi nitions must be appropriate for all species 
to which a term can apply. 

 In a well-constructed ontology, terms can have both logical 
(computable) defi nitions and textual defi nitions. Textual defi ni-
tions specify the necessary and suffi cient conditions for the cor-
rect application of a term; thus, they tell us exactly what must 
hold of an entity if it is to be an instance of a given type, or, in 
other words, if it is to be a member of a given class. Defi nitions 
(both textual and logical) should follow the genus-differentia 
form: an X is a G (the genus) that D, E, F (the differentiae, or 
characteristics that serve to differentiate the Xs from the other 
members of G). For example: 

  
 

= def. A shoot axis (genus) that is part 
                                 of  an inflorescence (differentia).
inflorescence axis 

   
 

 Whereas textual defi nitions are used by the human users of an 
ontology, logical defi nitions are used by computers. They pro-
vide the semantic basis to allow the use of tools called reasoners 
that automatically classify the ontology and detect inconsistencies. 
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as a  rhizome  or a  tuber , because it has some characteristics of 
each, the more general ontology class  shoot axis  can be used 
instead. Although the use of a maximally specifi c term is en-
couraged, it is never logically inconsistent to use a more general 
term to describe a particular structure. 

 It is common for the same biological entity to have different 
names in different taxa. For example,  vascular leaf  may be 
called “frond” in cycads, ferns, or palms and “needle” in some 
conifers. In another example, “BBCH principal growth stage 6” 
( BBCH Working Group, 2001 ) is used in a very specialized 
way by the  Z. mays  community for  fl owering stage . Synonymy 
(described under  Term names and synonyms ) is a straightfor-
ward way for ontologies to remain fl exible to the needs of dif-
ferent communities, e.g., by providing synonyms such as  BBCH 
principal growth stage 6 ,  rice growth stage-6.1 , or  Sorghum 
growth stage 8  for  fl owering stage , or  corymb ,  raceme , or 
 Sorghum cob  as synonyms of  infl orescence . 

 Another challenge stems from the use of the same name for 
different entities. For example, the word “calyptra” is used for 
a covering of the sporangium derived from the archegonium in 
mosses, but it is also used for the fused perianth parts of Euca-
lypteae fl owers. Although unique IDs are suffi cient to disam-
biguate two different classes with the same name, a better 
practice is to give them different names. The use of taxonomic 
names in ontology term names is avoided, so rather than use 
names like “moss calyptra” and “eucalypt calyptra”, PO devel-
opers chose the names  spore capsule calyptra  for the moss term 
and  calyptra corolla  and  calyptra calyx  for the eucalypt terms. 
This leaves open the possibility that the same or similar struc-
tures could occur in other taxa of which the curators were not 
aware. 

 Terms that had taxon-specifi c names in previous versions of 
the PO and GO (based on the use of the sensu qualifi er;  Ilic 
et al., 2007 ) have been eliminated. In the PO, they were elimi-
nated by merging them into their more general classes (e.g.,  Zea 
integument  was merged into  integument ). Classes that occur in 
a limited set of species but have unique characteristics that 
merit their own subclass, such as the ear in  Zea , were given new 
names that emphasize the structural aspects of the class, rather 
than the taxon name (e.g.,  ear infl orescence  rather than  Zea 
ear ). The use of a certain class may be limited to specifi c taxa 
by specifying the restriction in a comment and marking that 
class as belonging to a taxon-specifi c subset, but this has the 
disadvantage that the taxonomic restriction is not computable. 
To make the restriction computable, taxonomic relations such 
as  only_in_taxon  or  never_in_taxon  ( Deegan [nee Clark] et al., 
2010 ) can be used to connect an anatomy ontology class to a 
class from an ontological representation of a resource such as 
the NCBI Taxonomy. These relations have been used in conjunc-
tion with ontology reasoners to detect mistakes in multispecies 

 DISCUSSION 

 Challenges of building an ontology that spans an entire 
kingdom  —     While many reference bio-ontologies like the GO, 
PATO, and ChEBI ( Table 1 ) are designed to be species neutral, 
most anatomical and developmental stage ontologies are 
species or clade specifi c. The PO is unique among anatomy 
ontologies in spanning such a broad taxonomic range while 
simultaneously providing highly detailed coverage of anatomy, 
morphology, and developmental stages. Inclusive ontologies 
such as the PO are crucial for comparative research, but they 
present a number of challenges connected with the need to in-
corporate the divergent vocabularies used for different taxa and 
to fi nd commonalities within the phenotypic variation charac-
teristic of large taxonomic groups. Land plants present a special 
challenge, because they are one of the few groups of organisms 
in which both life cycle phases (both the  gametophyte stage  and 
the  sporophyte stage ) are multicellular. Plants have structures 
(e.g., leaves) and development stages (e.g., dormant stages) that 
appear similar and even share similar functions across taxa, but, 
because they occur in different life cycle phases, may arise 
through very different developmental processes and may or 
may not be under control of similar genes. Fortunately, plants 
also have many commonalities, such as similarities in body 
plan, modular growth, and the organization of cells, tissues, and 
organs. Below, we discuss several of the challenges in creating 
an ontology for all plants and describe how they are addressed 
in PO. 

 There is no single common vocabulary for all of plant sci-
ence —   Botany, like any other traditional branch of biology, has 
a vocabulary that has grown up over many centuries. As the 
introduction of the International System of Units demonstrated, 
signifi cant advantages fl ow from terminological uniformity. 
The ontology approach embraced by the PO does not, however, 
seek to impose a single, infl exible vocabulary across the whole 
of plant science. Rather, its strategy of using ontology terms to 
enhance existing data through annotations is compatible with 
an approach that involves the use of multiple terminologies by 
different communities of scientists. Moreover, although on-
tology defi nitions must be clear and precise to exploit ontolog-
ical reasoning, a certain fl exibility in the ontology itself is also 
necessary and is achieved in several ways. First, the graph-the-
oretic structure of the ontology allows for easy addition of new 
branches and for easy association of new community-specifi c 
systems of terms with existing branches. Second, the hierar-
chical nature of an ontology provides fl exibility of a sort not 
found in a glossary, by allowing the use of a more general class 
whenever a more precise match cannot be made. For example, 
if a researcher is uncertain whether to classify a particular structure 

 Fig. 2. (A) Venn diagram to illustrate the logical defi nition of  infl orescence axis  as being equivalent to the class intersection of  shoot axis  and the class 
of all things that are part of some  infl orescence . (B) Syntactic representation in Open Biomedical Ontologies fl at fi le format (OBOF). (C) Equivalent 
representation in Web Ontology Language (OWL).   
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fossil taxa. The PO aims to serve the majority of these needs 
and therefore tries to group structures in a way that is based on 
established botanical knowledge and thereby maximize the 
possibilities for comparison. Anatomical entities in the PO are 
categorized on the basis of structural, positional, and develop-
mental information. Because this information, taken together 
with phylogeny, is the same that is used to determine homology, 
some of the relationships in the PO may appear to represent 
homology. However, PO curators, like curators working on 
other anatomy ontologies (e.g.,  Mabee et al., 2007 ), made a 
conscious decision not to specify homology relations. In part, 
this is pragmatic, because homology is often not known, and 
because the understanding of homology still differs among sci-
entists ( Roux and Robinson-Rechavi, 2010 ;  Nixon and Carpenter, 
2012 ). Even when it is known, grouping by homology could 
limit the possibilities for comparative analysis; there are many 
times when one might want to compare structures that are 
known to be not homologous (e.g., vascular and nonvascular 
leaves) or to compare structures to test homology hypotheses. 
Homology statements require a phylogeny and should be con-
sidered as a separate layer of information that can be added on 
top of an ontology by mapping homology relations to ontology 
terms ( Mabee et al., 2007 ). Similarly, users can create novel 
categories of ontology terms for other needs, based on criteria 
such as function or taxonomy. 

 Generality may cause loss of detail —   It is challenging to 
create an ontology that is broad enough for all plants but also 
able to provide specialized terms for structures and develop-
ment stages that occur in specifi c taxa. The strategy used in the 
PO is to create general classes that can be applied across all taxa 
in which the entity occurs, with more specifi c subclasses that 
may be instantiated in only a limited set of species. An example 
is the general class  sporangium , which can be used for any 
land plant species, while the subclasses  megasporangium  and 
 microsporangium  are used only for heterosporous plants, and 
 nucellus  and  pollen sac  only for seed plants. In this example, 
there is no specifi c subclass for sporangia in bryophytes and 
other homosporous plants, because they have no features that 
distinguish them from sporangia in general. In contrast, the 
general term  leaf  has subclasses  vascular leaf  and  nonvascular 
leaf . In this case, leaves of all plants can be classifi ed into one 
of the two subclasses, and individual leaves should be described 
using one or the other of these subclasses or using a class at 
some lower level in the  leaf  branch of the ontology. It is impor-
tant to note that, although classes are often congruent with par-
ticular clades, the defi nitions of classes are not based on affi nity 
with a clade but rather with the structural, positional, or devel-
opmental similarities of entities that may happen to be con-
served within a clade. 

 In an ontology that only covers one or a handful of species, it 
is possible to incorporate a large number of mereological state-
ments—that is, statements concerning relations between parts 
and wholes—that could be seen by biologists to hold across all 
the species treated. As the coverage of plant species within the 
PO was expanded, many new terms describing a much larger 
variety of plant anatomical entities were incorporated, and in 
consequence, the PO lost some of its ability to describe plant 
structures specifi ed by the  part_of  relation. For example, it is 
correct to say that  fl ower  is  part_of  some  infl orescence  for all 
fl owers in  Zea ,  Oryza , and  Arabidopsis , but this is not true 
for all angiosperms, and this  part_of  assertion had to be re-
moved when the PO was expanded. Similar problems arose for 

metazoan ontologies ( Mungall et al., 2012 ). Selected taxonomic 
relations will be added to the PO in the future. For example, by 
adding the relation  portion of vascular tissue only_in  Tracheo-
phyta, any attempt to associate to a nonvascular plant a term 
standing in a subclass of or part of relation to  portion of vascu-
lar tissue , such as  xylem  or  sieve element , will be detected as an 
error by the reasoner. Taxonomic restrictions are less useful for 
structures whose presence or absence is more variable within 
clades, such as  compound leaf , so use of taxonomic restrictions 
for these types of structures are better applied in taxon-specifi c 
applications that use the PO, rather than being incorporated into 
the main ontology. 

 Not all biologically signifi cant entities fi t neatly into catego-
ries —   Traditional classifi cations of plant structures are orga-
nized around cell, tissue, and organ (e.g.,  Esau, 1977 ), but these 
categories are inadequate for describing many plant anatomical 
entities, such as  fl ower ,  stele , or  fruit septum . Structures such as 
these motivated the creation of three new classes in the PO: 
 collective plant organ structure ,  cardinal organ part , and  col-
lective organ part structure , respectively (see earlier  Overview 
of the Plant Ontology ). Structures that span multiple ontology 
categories present another challenge. For example, in the PO, 
 trichome  and  rhizoid  can include both unicellular ( plant cell ) 
and multicellular ( portion of plant tissue ) subclasses, and  ovary  
may be either the basal portion of a single carpel (a  cardinal 
organ part ) or the basal portion of group of fused carpels 
(a  collective organ part structure ). To address this variability 
while ensuring logical consistency, developers treat  trichome , 
 rhizoid , and  ovary  as direct subclasses of  plant structure  within 
the PO. Maintaining this level of logical consistency is necessary 
to support successful computational analysis. 

 Even with the creation of novel categories, ontology devel-
opers face the challenge of how to encompass the variation in 
anatomy and development found throughout the plant kingdom 
( Kirchoff et al., 2008 ). Take, for example  fl ower , which the PO 
defi nes as “a determinate reproductive shoot system that has as 
part at least one carpel or at least one stamen and does not con-
tain any other determinate shoot system as a part.” Because  re-
productive shoot system  is a subclass of  collective plant organ 
structure , a  fl ower  by defi nition must have the characteristics of 
a  collective plant organ structure , that is, it must contain two or 
more  plant organs . Although this is usually the case, PO cura-
tors are well aware that some species have fl owers consisting of 
a single stamen (e.g.,  Ascarina ) or a single carpel (e.g.,  Peper-
omia ). However, the goal of a reference ontology like the PO is 
to describe the canonical form of any class, that is, the form that 
encompasses most of the variation across species and individ-
uals under normal developmental conditions. Thus, there inev-
itably will be exceptions to some ontology classes. For example, 
a  Peperomia  fl ower may be scored in the PO as an instance of a 
 carpel , rather than as a  fl ower . Although this treatment may 
appear to contradict the homology of  Peperomia ’s single carpel 
being derived from more complex fl owers, there is no logical 
inconsistency, since homology statements are outside the scope 
of anatomy ontologies (see below) and must be specifi ed as an 
additional layer of information. 

 Homology of structures may or may not be known —   There 
are many reasons for comparing two or more entities in biology, 
including analyzing their selective advantage under certain 
conditions, attempting to infer function or gene expression in 
unstudied species based on well-studied species, or identifying 



1270 AMERICAN JOURNAL OF BOTANY [Vol. 99



1271August 2012] WALLS ET AL.—ONTOLOGIES FOR PLANT SCIENCE

species, the PO enhances these annotations and increases the 
potential for comparative studies ( Avraham et al., 2008 ). The 
use of ontologies such as the PO and GO ensures that different 
researchers working on different taxa are referring to compa-
rable entities. The PO currently pools expression and pheno-
type data for 22 plant species, allowing scientists to take 
advantage of the efforts of multiple databases in one location. 
In the latest PO release (release 17), there are 2 175 694 annota-
tions for 110 950 unique objects (e.g., genes, germplasm) asso-
ciated with PO terms—an almost 10-fold increase since 2008. 
Users can browse or search the PO annotation database for 
information on genes, proteins, RNA, QTLs, and germplasm 
associated with a particular structure or development stage 
( Avraham et al., 2008 ). This data then can be used to generate 
or answer biological hypotheses on the role of different genes 
in development and morphology or the response of plants to 
environmental conditions ( Fig. 3 ).  

 Although not all individual researchers will face the need to 
annotate their data with ontology terms to do their research, a 
collective annotation effort by many researchers can greatly en-
hance plant science. The scientifi c community recognizes that 
major progress in scientifi c discovery often demands sophisti-
cated data sharing and has supported initiatives like the require-
ment to share sequence data through public repositories such as 
GenBank (http://www.ncbi.nlm.nih.gov/genbank/). Similarly, 
the mapping of botanical data sets to ontology terms will ad-
vance the discovery of information for the scientifi c commu-
nity, but comes with the costs to scientists of additional time 
spent describing the content of their data ( Madin et al., 2008 ). 
So far, this burden has fallen largely on professionally curated 
databases such as TAIR, MaizeGDB, and Gramene, but the po-
tential for greater community input exists. For example, the Sol 
Genomics Network (SGN) uses a community curation model in 
which over 100 researchers add and edit information on Solan-
aceae using simple web-based tools (http://solgenomics.net/; 
 Bombarely et al., 2010 ). As genomic and phenomic data be-
come available for more species, we anticipate that the work of 
semantically tagging data with ontology terms will become 
more dispersed, while at the same time, the need for cross-spe-
cies queries will become more common, leading more re-
searchers in plant science to turn to ontology resources. 

 Ontologies for taxonomy and systematics —   The cheap, fast 
generation of molecular sequence data has revolutionized the 
fi eld of systematics as well as genomics, yet a similar revolu-
tion has not occurred with morphological data. Despite ad-
vances in imaging technology and other methods of collecting 
morphological data, the challenge of storing and accessing data, 
and synthesizing it across studies, remains daunting ( Ramírez 
et al., 2007 ). Furthermore, vast stores of legacy data for plant 

the assertion  pollen sac part_of anther  (due to the inclusion of 
gymnosperms) and for  plant sperm cell part_of pollen  (due to 
the inclusion of nonseed plants). 

 Fortunately, there are several ways to provide information 
about mereology while maintaining correct class–subclass rela-
tionships. The fi rst is to create multiple subclasses that can then 
be used to make the correct  part_of  relationships. For example, 
two new subclasses of  plant sperm cell  were created:  pollen 
sperm cell , which is  part_of pollen , and  antheridium sperm 
cell , which is  part_of antheridium . The two unique sub-
classes signal that there is variation in the mereological rela-
tionships across taxa. The second approach is to use the  has_part  
relation. For example, the PO states that every  infl orescence 
has_part  some  fl ower  and every  anther has_part  some  pollen 
sac , both of which are true in every case. 

 Using ontologies to advance plant science  —     A set of well-
developed ontologies that can be applied to plants is a valuable 
resource for many aspects of botanical research because it pro-
vides both a controlled vocabulary and a logical framework for 
semantic reasoning.  Yoder et al. (2010)  described fi ve areas of 
inquiry for Hymenoptera anatomy that are currently inhibited 
by the lack of a consistent vocabulary and that arise equally in 
research in plant anatomy and development: 
 (1) comparisons of gene expression patterns 
 (2) description of phenotypic variability in the context of 

environment 
 (3) computed reasoning based on a well-defi ned semantic 

framework 
 (4) comparative morphology and phylogenetics 
 (5) descriptive taxonomy and phenomics 

 The comparison of gene expression patterns under (1) is the 
most conspicuously successful use of bio-ontologies to date, 
having been applied primarily to the model species used in sup-
port of research on human health and disease. Researchers have 
begun using bio-ontologies for (2–5), but their application in 
these areas for plant science is still largely unexplored. In this 
section, we describe some of the ways that ontologies such as 
the PO could benefi t plant science research, including illustra-
tions from ontology-based research on other taxa that could be 
applied to plants. The utility of ontologies for ecological re-
search, including plant ecology, has been reviewed by  Madin 
et al. (2008) , and so is not covered here. 

 Ontologies for comparative genetics, phenomics, and devel-
opment —   For almost 10 years, model species databases have 
been using ontologies to describe genetic and phenomic data 
in plant species such as  A. thaliana   (Berardini et al., 2004 ), 
 O. sativa  ( Yamazaki and Jaiswal, 2005 ), and  Z. mays  ( Vincent 
et al., 2003 ). By providing consistent vocabulary across multiple 

 Fig. 3. Data exploration with the Plant Ontology (PO). Suppose a researcher wanted to identify genes that are involved in a response to low temperature 
in the leaves of a nonmodel species. A search of PO annotations for “low temperature” returns a list of genes with those words in their descriptions (upper 
left). Selecting  Lti6B  from the list of results takes the user to the PO page for that gene (upper right), where it is shown that  Lti6B  is expressed in both  fl ag 
leaf  and  leaf sheath  in  Oryza sativa . Because  fl ag leaf  and  leaf sheath  are respectively a subclass of and a part of a  vascular leaf  (see ontology diagram, 
center right) we can infer that  Lti6B  is expressed in  vascular leaf . From the PO gene page, there is a direct link to the database that supplied the annotation 
(Gramene in this case, center left), which provides more detail on  Lti6B , including the fact that  RCI2A  is an ortholog in  Arabidopsis . A new search of PO 
annotations leads to the PO page for  RCI2A , which is expressed in  vascular leaf . From the  RCI2A  page, users can link to the TAIR locus page (lower right) 
or the Gene Ontology page (lower left) for  RCI2A . This evidence, which spans the monocot–dicot divide, suggests that  Lti6B  and its orthologs are important 
for a response to low temperature in leaves across angiosperms, and provides a candidate for genetic analysis in the nonmodel species. By linking resources 
from multiple databases, the PO makes this type of information much more accessible.  Orzya sativa  image modifi ed from http://en.wikipedia.org/wiki/
File:Oryza_sativa_-_K%C3%B6hler%E2%80%93s_Medizinal-Pfl anzen-232.jpg (image in the public domain).   

←
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Phenex to curate legacy data from phylogenetic studies on 
ostariophysan fi shes, and similar work is possible for plants. 
Ontological descriptions of characters and character states also 
can be combined with natural language processing to extract 
characters from historical literature and detect logically incon-
sistent descriptions ( Cui, 2010a ,  b ). 

 The use of ontologies to precisely defi ne characters and char-
acter states allows morphologists and systematists to increase 
the interoperability of their data, but words alone may not pro-
vide suffi cient guidance for future scientists. Images are also 
needed to document characters, states, and matrix cell scores. 
Organizing images based on ontology annotations makes it 
easier to access them for phylogenetic or other types of studies 
( Ramírez et al., 2007 ;  Yoder et al., 2010 ). Several existing re-
positories are oriented toward storing images for systematics, 
such as MorphoBank ( O’Leary and Kaufmann, 2012 ), Plant-
Systematics.org (http://www.plantsystematics.org/), and Mor-
phbank (http://www.morphbank.net/), but descriptions in these 
databases are still in a free-text form. PO curators are working 
with the curators of Morphobank to incorporate tools that will 
allow users to construct ontology-based characters and states 
and automatically associate ontology terms with the images 
documenting homology statements. They are also working with 
the curators of PlantSystematics.org to provide reciprocal links 
between PO terms and corresponding images on PlantSystematics.
org. 

 The ability to construct EQ statements depends on the exis-
tence of well-structured and comprehensive ontologies for both 
entities and qualities. Most entities for plants are covered 
through the Plant Ontology (PO), although some may be in the 
domain of other ontologies (for example,  cellular components  
like  plastid  or  root hair  are covered by the Gene Ontology). A 
recent analysis, in which we compared terms in the  Flora of 
North America  (FNA) glossary ( FNA Editorial Committee, 
1993 ) to PO terms, suggests that the PO is fairly complete in 
its coverage of the morphological entities needed to describe 
vascular plants. The FNA glossary contains 839 unique con-
cepts under the classifi cations “structure” and “feature”, which 
roughly correspond to PO’s classifi cation of  plant anatomical 
entity . Of these, 126 match exactly to PO term names or close 
variants (e.g., FNA  cell  matches exactly to PO  plant cell ) and 
193 match to existing PO synonyms. 333 FNA terms had match-
ing classes in the PO and have been added as synonyms to ex-
isting PO terms (e.g., acorn was added as a narrow synonym for 
 fruit  and chalazae was added as an exact synonym for  chalaza ). 
There were 92 FNA terms representing 50 unique classes (e.g., 
punctum) that are too general for the PO, because they can be 
applied ambiguously to many plant structures that are distin-
guished in PO. These classes are better modeled in terms of the 
corresponding quality (e.g., punctate) in the Phenotypic Quality 
Ontology (PATO). Based on the FNA term list, only 143 dis-
tinct plant structures are missing from the PO, many of which 
are specialized structures that only occur in a few taxa (e.g., 
pollinium or phylloclade). Corresponding terms are being added 
to the PO. 

 Compared to plant anatomical entities, ontologies for plant 
qualities may be still signifi cantly under-developed for system-
atic descriptions of plant characters, as is shown by a review of 
existing glossaries and ontologies ( Cui, 2010a ). PO curators are 
working with members of the scientifi c community, including 
FNA and PATO curators, members of the International Associ-
ation of Wood Anatomists (IAWA;  Lens et al., 2012 ), and the 
databases that contribute to the PO, to enrich the list of quality 

characters exist in journal articles and monographs, in the form 
of free text descriptions and character matrices that are more 
than 10–15 yr old and may only be available in a noncomput-
able form, such as print or portable document format (PDF). 
Making morphological characters and character states comput-
able offers a way to connect them to similar characters in other 
matrices as well as to genomic information ( Mabee et al., 2007 ; 
 Deans et al., 2012 ). Interoperability of morphological data is 
essential for advancing our understanding of the tree of life, 
especially for analyzing character evolution, incorporating fossil 
taxa into phylogenies, and reusing existing data. 

 Ontologies offer an effective way to build interoperability 
into character descriptions, without restricting systematists’ 
ability to describe characters as they see fi t. The entity-quality 
(EQ) formalism has been used for describing mutant pheno-
types of organisms such as mouse ( Gkoutos et al., 2004 ) and 
teleost fi sh ( Dahdul et al., 2010 ), and its use has been recom-
mended for systematic descriptions of phenotypes ( Mabee 
et al., 2007 ;  Balhoff et al., 2010 ). An EQ statement ( Table 2 )  
describes a phenotype as a combination of an entity (E) and a 
quality (Q), such as  leaf lamina ovate  (E= leaf lamina  + Q= ovate , 
where  ovate  is known to be a subclass of  shape ). More complex 
phenotypes can be described using multiple entities and qual-
ities. EQ statements can be used to describe both characters and 
character states, provided the quality ontology is structured so 
that characters are more general classes of character states. For 
example, if  ovate  has an  is_a  relation to  shape , and character 
states take the form “leaf lamina ovate”, then a reasoner can 
automatically infer that the character is “leaf lamina shape”. 
Likewise, if the character is fi rst specifi ed as “leaf lamina shape” 
an ontology can be used to restrict the possible character states 
to terms such as  ovate  and  obovate  (subclasses of  shape ). 

  Balhoff et al. (2010)  developed the application Phenex for 
annotating character matrix fi les with ontology terms. Phenex 
loads the relevant ontologies, pertaining, for example, to ana-
tomical entities, qualities, and taxonomic names, and allows 
users to create EQ statements for their characters and states. 
Both a traditional character matrix and ontological annotations 
are output in Nexus-Extensible Markup Language (NeXML) 
format (http://www.nexml.org/).  Dahdul et al. (2010)  have used 

  TABLE  2. Examples of entity-quality (EQ) statements for plant systematic 
characters, using ontology terms. The entity term is always the same 
for a character and it corresponding states, but the quality terms for 
states are subclasses of the term for the character in the Phenotypic 
Quality Ontology (PATO), e.g.,  palmate  and  pinnate  are subclasses 
of  arrangement . 

Character or State Entity Qualities

Character: primary venation 
arrangement

PO:primary vein PATO:arrangement

States: palmate, pinnate PO:primary vein PATO:palmate
PATO:pinnate

Character: stigma symmetry PO:stigma PATO:symmetry
States: symmetric, 

asymmetric
PO:stigma PATO:symmetrical

PATO:asymmetrical
Character: style type PO:style PATO:structure
States: solid, hollow PO:style PATO:solid 

(unlumenized)
PATO:hollow

Character: cyanogenic 
compounds

ChEBI:cyanogenic 
compound

PATO:count

States: present, absent ChEBI:cyanogenic 
compounds

PATO:present
PATO:absent
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allows semantic applications to query those documents or data 
(http://www.w3.org/TR/rdf-primer/;  Carroll et al., 2005 ). All 
data in the PO, including terms, attributes of terms, and annota-
tion data, can be accessed in this way. By semantically tagging 
data (e.g., character matrices, experimental results, images) to 
ontology terms using RDF/XML, researchers expose that data 
to automatic web searches, greatly enhancing its utility to the 
scientifi c and broader community. 

 Semantic web technologies have the potential to greatly en-
hance both basic science and translational research—the move-
ment of discoveries from basic science to applications such as 
medicine or agriculture—but the lack of uniformly structured 
data are still a major obstacle. Ontologies provide a key element 
in removing this obstacle ( Ruttenberg et al., 2007 ). The use of 
ontologies and semantic web applications is being widely ex-
plored for medical research (e.g.,  Ciccarese et al., 2008 ;  Das 
et al., 2009 ), and similar approaches could be used for many 
aspects of applied plant sciences, such as plant disease control 
and crop breeding. 

 Ontologies are also an important component of natural 
language processing tools. These tools can be used for text 
mining of journal articles, historical and current taxonomic 
treatments, and museum labels ( Spasic et al., 2005 ;  Krallinger 
et al., 2008 ;  Cui, 2010b ). Semantic tagging of botanical data 
using ontology terms has the potential to revolutionize plant 
biodiversity research, when coupled with the rapid develop-
ment of digital resources for botany, such as the Biodiversity 
Heritage Library (http://www.biodiversitylibrary.org), online 
herbarium specimen records, and online fl oras, monographs, 
and anatomical atlases ( Brach and Boufford, 2011 ). 

 Conclusions  —     Bio-ontologies like the PO offer a fl exible 
framework for comparative biology, based on common biolog-
ical understanding. The PO is not intended to replace the wealth 
of existing botanical glossaries, whose scope goes far beyond 
the domain of the PO and provides the legacy on which the PO 
is built. However, ontologies offer something that glossaries do 
not: a controlled vocabulary for annotation of data and an associ-
ated logical framework for semantic reasoning. The PO, like any 
resource that attempts to summarize the knowledge in a given 
domain, will always be a work in progress. It must be able to 
describe, query, and visualize botanical knowledge that is 
constantly changing and at different stages of completeness 
( Ashburner et al., 2000 ), and it must be open to the needs of the 
scientifi c community and respond to scientifi c progress. Ontol-
ogies like the PO are community efforts, and collaborators—both 
individuals and databases—are instrumental in supplying data 
and suggesting new terms. Feedback and contributions from 
members of the botany and plant sciences community can ensure 
that ontologies for plants meet the needs of all potential users. 
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