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The Plant Structure Ontology, a Unified Vocabulary of
Anatomy and Morphology of a Flowering Plant!WIlOAl

Katica Ilic?, Elizabeth A. Kelloggz, Pankaj Jaiswal?, Felipe Zapataz, Peter F. Stevens?, Leszek P. Vincent?,
Shulamit Avraham? Leonore Reiser’, Anuradha Pujar, Martin M. Sachs, Noah T. Whitman, Susan R.
McCouch, Mary L. Schaeffer, Doreen H. Ware, Lincoln D. Stein, and Seung Y. Rhee*

Department of Plant Biology, Carnegie Institution, Stanford, California 94305 (K.I., L.R., N.T.W., S.Y.R.);
Department of Biology, University of Missouri, St. Louis, Missouri 63121 (E.A.K.); Department of Plant
Breeding, Cornell University, Ithaca, New York 14853 (P]., A.P, S.R.M.); Missouri Botanical Garden,
St. Louis, Missouri 63121 (E.Z., P.ES.); Cold Spring Harbor Laboratory, Cold Spring Harbor, New York
11724 (S.A., D.HW.,, L.D.S.); University of Missouri, Columbia, Missouri 65211 (L.P.V.,, M.L.S.);

Maize Genetics Cooperation, Stock Center, and Department of Crop Sciences, University of Illinois,
Urbana, Illinois 61801 (M.M.S.); and United States Department of Agriculture-Agricultural Research
Service, Washington, DC 20250 (M.M.S., M.L.S., D.H.W.)

Formal description of plant phenotypes and standardized annotation of gene expression and protein localization data require
uniform terminology that accurately describes plant anatomy and morphology. This facilitates cross species comparative
studies and quantitative comparison of phenotypes and expression patterns. A major drawback is variable terminology that is
used to describe plant anatomy and morphology in publications and genomic databases for different species. The same terms
are sometimes applied to different plant structures in different taxonomic groups. Conversely, similar structures are named by
their species-specific terms. To address this problem, we created the Plant Structure Ontology (PSO), the first generic
ontological representation of anatomy and morphology of a flowering plant. The PSO is intended for a broad plant research
community, including bench scientists, curators in genomic databases, and bioinformaticians. The initial releases of the PSO
integrated existing ontologies for Arabidopsis (Arabidopsis thaliana), maize (Zea mays), and rice (Oryza sativa); more recent
versions of the ontology encompass terms relevant to Fabaceae, Solanaceae, additional cereal crops, and poplar (Populus spp.).
Databases such as The Arabidopsis Information Resource, Nottingham Arabidopsis Stock Centre, Gramene, MaizeGDB, and
SOL Genomics Network are using the PSO to describe expression patterns of genes and phenotypes of mutants and natural
variants and are regularly contributing new annotations to the Plant Ontology database. The PSO is also used in specialized
public databases, such as BRENDA, GENEVESTIGATOR, NASCArrays, and others. Over 10,000 gene annotations and pheno-
type descriptions from participating databases can be queried and retrieved using the Plant Ontology browser. The PSO, as well
as contributed gene associations, can be obtained at www.plantontology.org.

Angiosperms are one of the most diverse groups of
plants that vary greatly in morphology, size, habitat,
and longevity. Agriculture is almost entirely depen-
dent on angiosperms. Besides providing food and
fiber, angiosperms are important sources for pharma-
ceuticals, lumber, paper, and biofuel. Understanding
the origins, mechanisms, and functions of morpholog-
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ical diversity in flowering plants is one of the funda-
mental questions in plant biology. Modern approaches
to studying plant development integrate classical
knowledge in plant anatomy and development
with molecular genetics and genomics tools. Among
powerful tools, analyses of mutants that affect devel-
opmental processes have shed new light on our un-
derstanding of the complexity of plant development.
More recently, high-throughput, genome-wide phe-
nomic screens in Arabidopsis (Arabidopsis thaliana; for
review, see Alonso and Ecker, 2006), and large-scale
gene expression-profiling technologies (for review, see
Rensink and Buell, 2005) generated a huge amount of
data in plant science. These tools and resources have
the potential to contribute to efforts to link genes with
developmental morphology (i.e. genotype with phe-
notype) and make an impact on our understanding of
functions of genes involved in plant development.
However, an accurate interpretation of the function of
genes that control various aspects of plant develop-
ment must be embedded in detailed knowledge of the
anatomy and morphology of a plant. Explicitly, the
structural features of plant cells, tissues, and organs
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need to be correctly understood and uniformly de-
scribed. Accurate and standardized nomenclature for
plant anatomy and morphology is also required for
comparative purposes (i.e. for comparisons of genes
involved in plant development among related or evo-
lutionarily distant taxa). Semantic perplexity presents
a major obstacle for conducting such comparative
studies in plants; similar plant structures are described
by their species-specific terms. For example, in scien-
tific publications, fruit is often referred to as silique in
Arabidopsis, grain or caryopsis in rice (Oryza sativa),
and kernel in maize (Zea mays). Conversely, the inher-
ent ambiguity of some plant anatomical terms led to
the same or similar terms being applied to different
structures (e.g. cork cell in the epidermis of grasses
and cork cell in the periderm in all other angiosperm:s).

Standard vocabulary for describing anatomy and de-
velopmental stages was developed for several plant
species at major plant genomic databases, such as
Arabidopsis at The Arabidopsis Information Resource
(TAIR; Berardini et al., 2004), rice and other cereals at
Gramene (Yamazaki and Jaiswal, 2005), and maize at
MaizeGDB (Vincent et al., 2003). These vocabularies
have been used to describe gene expression data and
mutant or natural variant phenotypes in several plant
databases. However, they were developed indepen-
dently of each other and were based on different prin-
ciples and rules. In addition, variation in nomenclature
used for different taxonomic groups in angiosperms
presented obstacles for conducting queries in more than
one plant database and retrieving meaningful results.
For the purpose of comparative genomics, diverse ter-
minology needed to be organized into a standardized
language that could be shared among individual data-
bases and used for accurate description of phenotypes
and gene expression data.

To address these problems, the Plant Ontology Con-
sortium (POC; Jaiswal et al.,, 2005) has developed a
simple and extensible controlled vocabulary that de-
scribes anatomy, morphology, and growth and develop-
mental stages of a generic flowering plant. In addition,
the POC has established a database through which the
data curated using this vocabulary can be accessed in a
one-stop manner. Here, we describe the first represen-
tation of anatomy and morphology of a generic flower-
ing plant, the Plant Structure Ontology (PSO). This
ontology represents the morphological-anatomical as-
pect of the Plant Ontology (PO); the temporal aspect and
the Plant Growth and Developmental Stages Ontology
have been described elsewhere (Pujar et al., 2006). We
also discuss the guiding principles and rationale for the
development and maintenance of the PSO and its im-
portance for describing phenotypes and large-scale gene
expression data in reference plants and crop species.

DEVELOPMENT OF THE PSO: RATIONALE

An ontology is a concise and unambiguous descrip-
tion of relevant entities and their explicit relations to
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each other (Schulze-Kremer, 2002). Entities (terms) are
linked by specific relationships, with paths from more
specific to more general terms upward in the ontology
tree. Thus, the information from one hierarchical level
can be propagated up to the next level, allowing users
to make inferences and to perform queries at different
levels. Each term in the ontology has a textual defini-
tion, an accession number (identifier or ontology ID),
and a specific relationship to at least one parental term
(Bard and Rhee, 2004). The unique identifier and
relationships in the ontology are interpretable by a
computer, which makes possible computational pro-
cessing and retrieval of information associated with
each term. For example, lists of genes annotated to the
terms in an ontology can be compared and terms that
are overrepresented in one list over another can be
determined using statistical tests. This underscores
their main appeal in the field of biology and, to a large
extent, explains the recent increase in the number of
bioontologies (Blake, 2004).

The best known bioontology, the Gene Ontology
(GO), was the first to offer a practical solution for
describing gene products in a human- and computer-
comprehensible manner spanning diverse taxonomic
groups (Gene Ontology Consortium, 2006; http://
www.geneontology.org). The GO consists of three
mutually independent ontologies; each describes cel-
lular components, biological processes, or molecular
functions that occur in organisms. Over the years, the
GO has become a standard for describing functional
aspects of gene products in a consistent way in various
genomic databases. Following the GO paradigm and
embracing the idea of generic, standardized terminol-
ogy that can be used across diverse taxonomic groups,
the POC has largely adopted the ontology design
model and rules established by the GO consortium.
However, the PSO is conceptually different and is
governed independently from the GO. Some impor-
tant differences between the PO and GO are discussed
in more detail below.

The PSO is the first multispecies ontology of plant
anatomy and morphology. Its main purpose is to provide
astandardized set of terms describing plant structures—
a tool for annotation of gene expression patterns and
phenotypes of germplasms across angiosperms. Hence,
this vocabulary is intended for a broad plant research
community, including curators in genomic databases,
bioinformaticians, and bench scientists. The PSO ini-
tially integrated existing species-specific ontologies for
Arabidopsis, maize, and rice; however, it is not inten-
ded only for a few model plant organisms. Rather, we
envision it as a continuously expanding ontology that
will gradually encompass crop species and woody
species. Recently, the ontology has been expanded to
include terms for Fabaceae, Solanaceae, additional cereal
crops (Wheat [Triticum aestivumy], oat [Avena sativa], barley
[Hordeum vulgare]), and poplar (Populus spp.), a model
plant organism for woody species.

A common set of criteria was established to ensure
that the PSO would be biologically accurate and
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adequately meet practical requirements for annotation.
Analysis of the three original species-specific plant
ontologies—predecessors of the PSO—greatly influ-
enced our decisions on the rationale and design for the
PSO. Foremost, we defined the scope of this ontology to
be limited to anatomical and morphological structures
pertinent to flowering plants during their normal
course of development. Botanical terms, from the cel-
lular to the whole organism level, are entities (i.e. terms
[in italics in this article]) in the PSO. Besides this main
criterion for creating a term, in some cases (following
annotation requirements), we have considered deriva-
tion (i.e. origin of plant parts and cell lineages, as well as
spatial/positional organization of tissues, organs, and
organ systems of a flowering plant (e.g. leaf abaxial
epidermis and leaf adaxial epidermis).

We established general rules for deciding when not
to add terms to the ontology. To a great extent, qual-
ifiers (or attributes) of the terms are avoided, and the
ontology makes only very limited use of attributes.
Thus, the term corolla is included, but the terms
“sympetalous corolla” and “apopetalous corolla” are
not. Attributes that are specific for describing mutant
plants (e.g. wrinkled seed) are also excluded. Because
it does not include attributes, the PSO is insufficient as,
nor is it intended to be, a taxonomic vocabulary on its
own and does not address phylogeny of angiosperms.
Moreover, the most granular terminology in the PSO is
at the cell-type level. Therefore, terms for subcellular
compartments are not included in the PSO. These
terms are handled by the GO Cellular Component
ontology. In addition, temporal landmarks (i.e. mor-
phological and anatomical changes that occur via
developmental progression of organs and organ sys-
tems) are excluded from the PSO; this aspect is a part
of the Plant Growth and Developmental Stages Ontol-
ogy (Pujar et al., 2006). Nonetheless, some temporal
aspects are indirectly present in the PSO. Unlike in
animal systems, most plant organs are developed in
the postembryonic phase of the life cycle. Many plant
structures develop continually, whereas others exist
only temporarily; that is, at a particular time during
the life cycle. Structures that exist even in a very short
period of time, such as a leaf primordium, are in-
cluded as terms in the PSO. For example, terms such as
apical hook (defined as a hook-like structure that de-
velops at the apical part of the hypocotyl in dark-
grown seedlings in dicots) and leaf primordium (defined
as an organized group of cells that will differentiate
into a leaf that emerges as an outgrowth in the shoot
apex) exist in the PSO. A leaf primordium is merely
the first visible appearance of a leaf and, therefore,
both terms, leaf and leaf primordium, describe the same
entity (leaf) at different time points in development.
There are genes that are expressed in organ primordia,
such as JAGGED and FILAMENTOUS FLOWER genes
in Arabidopsis (both expressed in leaf, sepal, petal,
stamen, and carpel primordia) with expression levels
declining in the developing or adult organs (Dinneny
etal., 2004). To accurately annotate expression patterns
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of such genes, we created separate terms for each
primordium structure. Currently, the PSO has 11 such
terms.

To integrate terms from different species, we exten-
sively used synonymy wherever feasible. This allows
users to search existing plant databases using either a
generic term or its taxon-specific synonyms. For ex-
ample, silique, caryopsis, and kernel are listed as syno-
nyms of the term fruit. Therefore, a search for fruit in
the PO database would retrieve all genes expressed in
the silique of Arabidopsis, caryopsis of rice, and kernel
of maize. In reality, silique, caryopsis, and kernel are
types (classes) of fruit, rather than strict synonyms.
However, for the purpose of this ontology, specific
types of a few high-level terms (e.g. fruit, inflorescence,
and stem) are included only as synonyms. Thus, we
intentionally overlooked an enormous morphological
diversity of flowering plants in favor of cross species
comparisons, generic searches, and intuitive ontology
browsing. Therefore, synonyms in the PSO can be
taxon-specific morphological forms of a generic struc-
ture. Also, an entity in the PSO can either be a term or a
synonym, but not both. In a few cases where synon-
ymy was not a suitable option, we created new terms
as specific classes. Typical examples are the terms
tassel and ear, staminate and pistilate inflorescences
specific to the genus Zea, respectively. In addition to
the synonyms described above, the PSO contains a
number of terms that have authentic (exact) syno-
nyms. Examples include the terms male gametophyte
(synonym: pollen grain), female gametophyte (synonym:
embryo sac), or perisperm (synonym: seed nucellus). Ex-
tensive use of synonymy in the PSO resulted in re-
duced granularity (i.e. the degree of detail in the
ontology) and emphasized generic aspects of the on-
tology. As a rule, a high level of granularity was
limited in the PSO because we strove to keep the
ontology relatively simple, yet sufficiently broad and
generic to encompass a number of flowering plants.

CONTENT OF THE PSO

A term (also called a node) in the PSO is an entity that
represents a component of plant structure, such as cell,
tissue, organ, and organ system. Each plant structure
in the PSO has a term name, a unique numerical
identifier (accession no.), a definition, and a specified
relationship to at least one other term. An accession
number always starts with the PO prefix followed by
seven digits (e.g. PO:0009011). Once assigned to the PO
term, the accession number never changes or gets
reassigned to another term. Users should always cite
an ontology term by its exact name and a complete
accession number, including the prefix. Similar to the
GO, the PSO is organized into a hierarchical network
called the Directed Acyclic Graph (for definition, see
http:/ /www.nist.gov/dads/HTML/directAcycGraph.
html). Three types of parent-child relationships are
used in the PSO to specify the type of association
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between two terms: is_a, part_of, and develops_from
(described in more detail in Jaiswal et al., 2005).

The term plant structure (PO:0009011) is the highest
level of the PSO. Each term immediately below plant
structure represents high-level structures (broadly de-
fined entities) that contain specific classes or types,
positioned in the hierarchy as their direct descendants,
called children terms. There are five direct children of
plant structure: plant cell, tissue, organ, gametophyte, and
sporophyte (Fig. 1). The remaining two nodes, in vitro
cultured cell, tissue, and organ and whole plant, were
originally included in all three plant species-specific
anatomical ontologies that preceded the PSO. Because
these terms were used in annotations by all three
databases, we included them as top-level nodes. The

latter node, whole plant, is conceptually inconsistent
(not a botanical term) from the rest of the terms in
the PSO and is intentionally left without children
terms. We recommend that this term be used as a last
option—only when precise annotation to any other
term in the PSO is not possible. Sporophyte and game-
tophyte exist as separate terms because they represent
diploid and haploid generations of the plant life cycle,
respectively. The largest node, sporophyte, includes
seed, root, shoot, and infructescence as direct children
nodes. The term shoot is broadly defined as part of the
sporophyte composed of the stems and leaves and
includes shoot apical meristems. It has phylome, stem,
and inflorescence as part_of children terms, and rhizome,
shoot borne shoot, root borne shoot, stolon, and tuber as

A
Plant Ontology™ Consortium
| Home | Search/Browse Plant Ontology Download Ontologies | Documentation | Tutorials Mail Archives
- . Sall: all (6399 ) &
Search PO X
— ® P0:0009012 - plant growth and development stages ( 786 )
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®Terms ® PO:0000004 : in vitro cultured cell, tissue and organ ( 31)
O Gene SymboliName E® PO:0009008 : organ ( 3792)
@ PO:0009002 : plant cell (251 )
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C MaizeGDB v H® PO:0p08008 : organ ( 3792 ) Disa
Q002 - plant cell { 251 ) %
0:0002003 : sporophyte (5771) @ | ® part of
. PO.0006342 ; infructe™ence ( 1970 ) © develops from
el 21 By oy R GO R PO:0009005 : root ( 887
Search Browse Tools Stocks D B® P0O:0009006 ShOClt((
Keyword:sporophyte B @ PO:0009007 : tissue ( 1281)
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Figure 1. A, A screen shot of the ontology browser; top nodes of the PSO. Clicking on the [+] or [—] sign in front of a term
vertically expands or collapses the ontology tree, respectively. B, Expanded sporophyte node. A mouse click on a term itself
opens a term detail page (data not shown). Numbers in parentheses next to the term name indicate the number of the annotations
for unique object types associated with a term (including annotations to all children terms). Legends for relationship-type icons
are shown on the right. Term detail pages for the PSO term sporophyte at TAIR (C) and Gramene (D) databases. Each database has
hyperlinks back to the PSO, allowing for quick access to the POC browser and database. At species-specific databases, additional

annotations to the term sporophyte can be found.
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specific types of a shoot. The term embryo (part_of seed)
consists of a number of terms that are applicable for
both eudicots and monocots (particularly members of
Poaceae). Compared to eudicots, embryo development
in grasses is more advanced; a fully developed embryo
has body parts, such as coleoptile, coleorhizae, and
scutellum, which are nonhomologous or absent in
eudicots. Because no plant embryo has all body parts
that are designated as part_of embryo in the PSO, we
adopted a nonrestrictive part_of relationship type;
the child must be a part_of the parent to exist in the
ontology. However, a parent structure does not have to
be composed of all of its part_of children. For example,
scutellum is necessarily part_of embryo; thatis, wherever
scutellum exists, it is always a part of an embryo.
However, not all embryos have scutellum (only em-
bryos in Poaceae do). The high-level term infructescence
was created to accommodate terms that describe both
simple fruits, formed from a single ovary (e.g. grape
[Vitis wvinifera]), and compound fruits, formed from
multiple ovaries (e.g. pineapple [Ananas comosus] or
mulberry [Morus]). Currently, this node has only one
direct descendant, fruit, which refers to a simple fruit.
Terms specifically describing compound fruit will be
included at a later time. Similar to the embryo node, the
fruit node contains several part_of children and not
every fruit type necessarily has all part_of descendants.
Overlapping subsets of part_of terms can be created,
each applicable to siliques of Arabidopsis and other
Brassicaceae, caryopsis in cereals, and berry, a fleshy
type of fruit, in tomato (Solanum lycopersicum) and other
Solanaceae.

Recently, terms relevant for the Solanaceae and Fa-
baceae families, perennials, and woody species were
added to the PSO. For example, terms such as tuber (and
its children terms subterranean tuber and aerial tuber) and
root nodule (with children terms adventitious root nodule,
determinate nodule, and indeterminate nodule) were added
to accommodate annotations to genes and germplasms
in the Solanaceae and Fabaceae families. In addition, the
first attempt to add terms relevant for perennials and
woody species was made (such as epicomic shoot, de-
fined as a shoot developing from a trunk), with more
terms still to be incorporated. A number of terms for
secondary growth were also added, grouped under
secondary xylem (such as heartwood, sapwood, growth ring,
growth ring boundary, and others), secondary phloem (such
as bark, libriform fiber, septate fiber, and phloem fiber), and
vascular cambium (such as ray initial and fusiform initial),
including several cell-type terms under parenchyma cell,
such as wood parenchyma cell, with direct descendants,
axial wood parenchyma cell, and ray wood parenchyma cell
(with additional children terms underneath).

At the very top level of the hierarchy is the node
obsolete. As in the GO, a term that has been removed
from the ontology is never permanently deleted. In-
stead, the term and its assigned identifier are kept in
the ontology file for the record. The definition is ap-
pended with OBSOLETE and an explanation is pro-
vided as to why a term was removed. The note in the
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definition or comment field might also contain sug-
gested terms for searching and annotating. Obsoleted
terms are not intended for use. Consequently, obso-
leted terms do not have any annotations associated
with them. In many cases, terms in the obsolete node
are valid botanical terms (such as tunica and corpus);
they are simply no longer in use in the PSO, mainly
to avoid having duplicated terms that describe a
similar plant structure. Instead of using the outdated
concept of tunica and corpus, shoot apex organiza-
tion is described by the following terms: central zone,
peripheral zone, and rib zone. Other examples include
terms depicting plant-specific subcellular structures
(e.g. filiform apparatus), all of which were made obso-
lete in the PSO to avoid overlap with the GO. Users
are advised to use cellular component terms in the
GO instead.

COMPARISON OF THE PSO TO OTHER
BIOLOGICAL ONTOLOGIES

Currently, the PSO is the only available morpholog-
ical-anatomical ontology that is pertinent to more than
one organism. Original Arabidopsis Anatomy Ontol-
ogy from TAIR and Cereal Plant Anatomy Ontology
from Gramene were retired, whereas maize vocabu-
lary is still in use at the MaizeGDB (together with the
PSO). Species-specific vocabularies describing ana-
tomical features and developmental stages have been
developed for animals, among others, fruit fly (Dro-
sophila melanogaster; FlyBase Consortium, 2002), zebra-
fish (Sprague et al., 2003), and mouse (Burger et al.,
2004; Hayamizu et al., 2005), and for human (Hunter
et al., 2003), see Open Biomedical Ontologies (OBO;
http:/ /obo.sourceforge.net/browse.html). Unlike the
PSO, anatomical vocabularies for fruit fly and verte-
brates have developmental components (i.e. stages)
and are much larger. For example, the Drosophila
anatomy ontology has over 6,000 terms, whereas the
mouse adult anatomy ontology has 2,700 terms.

OBO stipulate that large overlaps between bioontol-
ogies should be avoided, with an idea that terms from
orthogonal (mutually independent) ontologies can be
combined to make more complex ontologies. We at-
tempt to minimize and, ultimately, anticipating soft-
ware implementation, completely eliminate overlaps
of the PSO with other bioontologies under the OBO
umbrella. Because the GO includes terms for subcel-
lular structures, the PSO excludes them. Several terms
describing plant subcellular structures were made
obsolete in the PSO and were introduced to the GO.
Subsequently, GO IDs were added in the comment
section for these terms to properly inform the users.
Examples include several terms describing pollen wall
components and also the term filiform apparatus. Inev-
itably, an apparent overlap between the plant cell node
(PO:0009002) in the PSO and the plant_cell (CL:0000610)
in the Cell Ontology (Bard et al., 2005) still exists; we are
looking for the best solutions to eliminate this overlap.
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ANALYSIS OF THE PSO AND DISTRIBUTION
OF ANNOTATIONS

Compared to the GO and other anatomical ontologies,
the PSO is a rather small ontology. The top-level term
(also called root node), plant structure (PO:0009011), has
726 children terms (release PO_0906; Table I), of which
384 (or 53%) are leaf terms, also called terminal nodes
(the most specific terms with no children terms below),
and 342 (47%) interior nodes (terms with children). In
addition, the PSO currently has 304 synonyms assigned
to 149 terms. The relatively small size of the PSO reflects
the generic nature of the ontology; often, the most
granular terms are specific to taxonomic groups and
are included only when necessary (i.e. to retain biolog-
ical accuracy and to comply with annotation require-
ments). Having reached a balance between broadness
and granularity, the PSO is a stable and inclusive vocab-
ulary. All of the top nodes, with the exception of the
infructescence, are populated with necessary terms to
describe the phenotypes and gene expression data in
angiosperms that are currently being annotated.

We analyzed the structure of the PSO and the
distribution of annotations to the PSO terms to assess
the breadth, depth, and current usage of the ontology.
The depth of a term was defined as the number of
nodes in the longest path from the root to that term.
Distribution of the depths of the terms in the PSO is
shown in Figure 2A. The mean and mode of the depth
in the ontology was 6.5 and 5, respectively, indicating
that the majority of the terms were fairly granular. The
longest depth was 15, with the majority of the leaf
terms (86%) having the depth between three and 10
(Fig. 2A). To some extent, this variability is due to the
nature of the domain that the PSO describes (i.e.
anatomy and morphology of an angiosperm). Certain
morphological structures of an angiosperm are more
complex, resulting in deeper depths (such as flower or
leaf), whereas others are much simpler (such as male
gametophyte and female gametophyte). The pattern of
distribution for terminal terms was similar to that for
interior terms.

Table 1. Statistics of PSO terms and annotations, as of August 31,
2006, release PO_0906

n.a., Not applicable.

No. % Total
Terms 727 100
Terminal or leaf terms 384 53
Interior terms 342 47
Terms with synonyms 149 20
Total no. of synonyms 304 n.a.
Annotated terms 423 58
Directly annotated terms 321 44
Annotated leaf terms 156 21
Total annotations 10,146 100
Total annotations to leaf terms 1,480 15
Total leaf term annotations 1,075 11
excluding whole plant
Annotations to interior terms 8,666 85
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The number and distribution of the annotations at
different depths of the ontology are a measure of the
usage of the ontology, indicating how adequate the
depth of the ontology is for the annotations of gene
expression data and phenotypic descriptions. Because
annotation to the most granular terms is the ultimate
curation goal, we analyzed the current distribution
of direct annotations across the PSO and distribution
of annotation to leaf terms (Fig. 2B). The majority of
direct annotations (83%) are made to nodes with a
depth between two and five nodes, indicating that
terms with more granularity (with a path depth of
seven or more nodes) are less frequently used for
direct annotations. Direct annotations to leaf terms
are distributed between terms of depth between four
and 11, with the exception of 405 annotations to the
top-level term whole plant (Fig. 2B). Because this term
does not have any children, it appears as a terminal
term in the PSO at the first node. However, it is not a
granular term and is excluded from further analysis.
Only 155 leaf nodes, or 41% of total leaf nodes (ex-
cluding whole plant node), have direct annotations
(1,075 annotations), counting for 11% of total annota-
tions to the PSO terms (Table I). Close to 90% of
the annotations are made to nonleaf terms and the
majority of the leaf terms are not currently used in
annotations. This suggests that the granularity of the
ontology seems to be sufficient for the majority of the
branches in the ontology. These data may also be
indicative of the extent of knowledge of gene expres-
sion and phenotype characterization and could be
further analyzed to determine which aspects of the
ontology are less well studied than others. It is also
possible that the distribution of the annotation reflects
the extent of curation efforts in contributing databases
and could be used to strategize directions in curation
efforts. Finally, it may also reflect the current state of
the technology used for gene expression data. Com-
monly available technology for measuring gene ex-
pression data (e.g. microarray technology, northern
blots, reverse transcription-PCR) are most frequently
applied to organs and organ systems, which are high-
level terms in the ontology. This is not necessarily true
for in-depth analyses of mutant phenotypes, even
though a large number of phenotypic descriptions
are generated in greenhouses or in the field, where
observations are made using limited tools. As new
technologies become more available for plant research-
ers, such as laser-capture microdissection, which al-
lows for the procurement of specific cells of nearly any
plant tissue, more granular terms in the PSO will likely
be used for annotations.

APPLICATIONS OF THE PSO AND AVAILABILITY
OF ANNOTATIONS

Several plant databases now use the PSO as the
main ontology for annotating gene expression data
and for describing phenotypes. TAIR and Gramene
retired their species-specific anatomical ontologies for
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Figure 2. Analysis of the ontology and annotations in the PSO. A, Distribution of all PSO terms (white) and leaf terms (gray) as a
function of longest path depth from the root. B, The number and distribution of direct annotations as a function of longest path

depth from the root.

Arabidopsis and cereals, respectively, and have been
using the PSO exclusively. In MaizeGDB, the original
maize vocabulary (Vincent et al., 2003) has been par-
tially integrated with PSO terms, and the goal is to
complete this integration in the near future. At this
time, both sets of terms are used for annotations,
which can then be queried using PSO or maize-specific
term names. The PSO is currently implemented in
several genomic databases and is displayed at TAIR
(www.arabidopsis.org), Gramene (www.gramene.org),
Nottingham Arabidopsis Stock Centre (NASC), the
European Arabidopsis center (www.arabidopsis.info),
BRENDA, the comprehensive enzyme information sys-
tem (www.brenda.uni-koeln.de), and the MaizeGDB
(www.maizegdb.org).

The POC database is set up as a portal through
which the data curated using PO for different plant
organisms, such as Arabidopsis, rice, and maize, can
be easily accessed at one site. Information from one
hierarchical level in the ontology is propagated up to
the next level (i.e. annotation to any given term with
is_a or part_of relationship type implies automatic
annotation to all ancestors of that term). Therefore,
users can make inferences and perform queries at
different levels in the PSO. For example, all Arabidop-
sis, rice, and maize genes expressed in the flower and
phenotypes with altered floral development can be
retrieved not only by a search using the term flower, but
also by a search using the term inflorescence, of which
the flower is a part. Also, a search with the term flower
should retrieve all genes expressed in stamens, pistils,
petals, or sepals. To elucidate the primary application
of the PO, the annotation process in contributing
databases is described below, followed by specific
examples of how scientists can efficiently use the PSO
in their research.
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Annotations to the PSO in Participating Databases

A user interested in genes involved in leaf vascular
development can query the PSO by entering an appro-
priate term, for example, leaf vein, in the PO browser and
retrieve all annotations to this term and its children terms
(midvein and secondary vein) in Arabidopsis, rice, and
maize. The list includes genes that are expressed in leaf
veins as well as phenotypes with altered leaf vein devel-
opment. Annotations to this term are contributed by
TAIR,NASC, and Gramene (Fig. 3A). The user can obtain
more information about each gene or germplasm by
clicking on the name of the contributing database
(Source), as shown for the Arabidopsis YELLOW STRIPE
LIKE 1 (YSL1) gene, annotated by TAIR (Fig. 3B).

Functional annotation of a gene, which is an asso-
ciation between a gene and a term in an ontology,
summarizes information about its function at the
molecular level, its biological roles, protein localiza-
tion patterns, and spatial/temporal expression pat-
terns (Berardini et al., 2004). Generally, annotation
tasks are carried out at genomic databases, by manual
or computational methods. All annotations contrib-
uted to the POC are composed manually by curators
(biologists with an advanced degree) who either ex-
tract the information from published literature and
generate concise statements by creating gene-to-term
associations (Berardini et al., 2004; Clark et al., 2005) or
record phenotype descriptions directly by observing
plants (natural variants and mutants) in greenhouses
or in the field. Literature curation is usually conducted
at species-specific genomic databases (TAIR, Gramene,
and MaizeGDB). Curators at plant stock centers, such
as NASC, Arabidopsis Biological Resource Center, and
Maize Genetics Cooperation Stock Center, often com-
bine their in-house description of germplasms, based
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Qualifier Symbol Information Source Evidence Reference
leaf vein
] ACS4 1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASE 4, gene from Arabidopsis thaliana TAIR IDA PMID: 15699063
O AT3G23000.1 gene from Arabidopsis thaliana TAR IEP PMID: 15665497
O KCO1 gene from Arabidopsis thaliana TAIR DA PMID: 12148538
O N129 Reticulata: Glabra, germplasm from Arabidopsis thailana NASC IMP NASC:N129
O N3308 germplasm from Arabidopsis thaliana NASC IMP NASC:N3308
m] TRNZ TORNADO 2, gene from Arabidopsis thaliana TAIR IDA PMID: 16531491
O YSL1 YELLOW STRIPE LIKE 1, gene from Arabidopsis thaliana AlR DA PMID: 16297068 |
midvein @
O ATEXPA10  ARABIDOPSIS THALIANA EXPANSIN A10, gene from Arabidopsis thaliana TAR DA PMID: 10931949
O bm2 brown midrib2, gene from Zea mays MaizeGDB WP  MaizeGDB: 935747
(] bm4 brown midrib4, gene from Zea mays MaizeGDB |MP  MaizeGDB:935747
O COMT caffeic acid O-methyltransferase, gene from Sarghum bicolor Gramene P PMID: 12756532
O mrl1 midribless1, gene from Zea mays MaizeGDB IMP  MaizeGDB:935747
o ™ K
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Gene Model: YSL1 [Help)

Date last modified 2 2005-12-21
Name 2 YS5L1
Name Type 2 symbol

Gene Model Type 2
TAIR Accession 2

protein_coding
Gene:1005898689

Description Member of a small family of oligopeptide transporters similar to the yellow stripe locus of maize (ZmYys1).
Chromosome 4
Locus 2 AT4G24120 (Note: use this locus link o see associated gene models, markers and ESTs).
Gene Alias ? name type 2
YELLOW STRIPE LIKE 1 full_name

Annotations 2 Category

GO Biological Process

Keyword 2
response to iron ion

Relationship Type 2
involved in
expressed in

Einnotation Detai

% Source Date GenBank Accession Sequence
SenBank 2004-02-20 AY515560 full length cDMNA

Nucleotide Sequence
?
: mRMA

male gametophyte, fruit, shoot, filament, sepal, petal, leafvein

7

Cc

ontact About Us  Login

. @
\g tair . Home Hel-p

Search Browse Tools Stocks Portals Download

TAIR Annotation Search [Help]
Your query for annotations based on the gene YSL1 resulted in 8 records.

Displaying 1 - 8 of 8 records on page 1 of 1 pages.

Evidence Code 2:
Evidence Description 2:

Keyword Category  Relationship Tvpe  Keyword Evidence With:
Reference ?
hiological process invalved in response to ironion infarred from expression patterr

none:
Jean, etal (2005)

none:

Jean, etal. (2005)
plant structure expressed in male gametophyte Inferred from direct assay:
none:

Jean, etal. (2005)

Submit

News
Annotated By/
Date Last Modified

Transcript levels (e.9. Northerns):

plant structure expressed in shoot infarred from expression patterr
Transcript levels (e.g. Northerns):
none:
Jean, etal (2005)

plant structure expressed in leafvein Inferred from direct assay:

localization of GUS fusion protein:

localization of GUS fusion protein:

Katica llicf 2005-12-15

Katica llicf 2005-12-15

Katica llicf 2005-12-15

Katica llicf 2005-12-15

Figure 3. (Legend appears on following page.)
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on greenhouse observations and/or stock donor
information, with information available from the liter-
ature. Each gene-to-term association is a separate an-
notation entry and a gene can be annotated with several
ontology terms. For instance, the YSLI gene in Arabi-
dopsis is annotated to multiple PO terms in TAIR (Fig.
3,Band C). YLS1 is expressed in male gametophyte, fruit,
shoot, filament, sepal, petal, and leaf vein, with evidence
codes inferred from expression pattern (IEP) and in-
ferred from direct assay (IDA), extracted from the
publication by Jean et al. (2005). Evidence codes are
defined types of evidence, which are used to support
the annotation. Most commonly used evidence codes
for annotating gene expression data and phenotypes
are IDA, IEP, and inferred by mutant phenotype (IMP).
In addition to the evidence code, TAIR provides evi-
dence description, which depicts more specific assay
types for supporting the annotations. For instance,
YSL1 is expressed in the shoot, with evidence code IEP
and evidence description transcript levels (e.g. north-
erns; Fig. 3C). Details on evidence codes and evidence
descriptions can also be found online (http://www.
plantontology.org/docs/otherdocs/evidence_codes.
html). More details on literature curation using con-
trolled vocabulary and components of annotations can
be found elsewhere (Berardini et al., 2004; Clark et al.,
2005). Each contributing database has developed its
own annotation interface and has taken different ap-
proaches to displaying gene and phenotype annota-
tions. However, association files contributed to the POC
Concurrent Versions System repository are uniformly
formatted and are compliant to POC standards.

Use of the PSO in Gene Expression and Protein
Localization Experiments

Besides gene annotations, another common applica-
tion of the PSO is in categorizing experiments and
describing biological samples. For example, databases
containing large-scale gene expression profiling data,
such as GENEVESTIGATOR (Zimmermann et al., 2004)
and NASCArrays (Craigon et al., 2004), are using the PSO
to show genes that are expressed in certain plant struc-
tures and to describe microarray experiments, respec-
tively. The Plant Expression Database (Shen et al., 2005) is
currently incorporating PSO terms in their microarray
experiment sample description and also in their data
submission forms (R. Wise, personal communication).
Similarly, ArrayExpress plans to implement PSO terms
in the near future (H. Parkinson, personal communica-
tion). NASCarrays uses PSO terms to describe tissue
sample sources used in microarray experiments (as
BioSource Information; Supplemental Fig. S1).

Plant Structure Ontology

Researchers can, and are encouraged to, use the PSO
for describing tissue samples for various transcript
analyses (e.g. northern blot/reverse transcription-
PCR, B-glucuronidase/green fluorescent protein, in
situ mRNA hybridization), protein localization exper-
iments (e.g. immunolabeling, proteomic data), and
gene expression assays from microarray experiments
or laser-capture microdissection experiments in their
publications and Web sites. Descriptions of other ex-
pression data, such as expressed sequence tags (ESTs)
and cDNA libraries, can be enhanced by using proper
botanical terms and accession numbers from the PSO.
These datasets are submitted to dbEST at the National
Center for Biotechnology Information (NCBI) and
consistent use of standardized anatomical terms can
greatly improve cross species comparison. For in-
stance, a user interested in finding all ESTs from EST
libraries generated from pollen grains across plant
taxa could query the NCBI GenBank using the unique
ID for the PSO term male gametophyte (synonym: pollen
grain), PO:0020091, and retrieve all ESTs generated
from pollen tissue samples. Currently, such a query
is not feasible at the NCBI; instead, a search for the
words pollen AND plant retrieves all EST entries in
which both words, pollen and plant, appear anywhere
in the text. The Gramene database has already started
using the PSO for tissue-type description of 201 EST
and cDNA libraries for cereals obtained from dbEST.
The list of libraries and the links to the PSO terms can
be viewed at http:/ /www.gramene.org/db/ontology/
association_report?id =P0O:0009011&object_type=
Marker%20library.

In summary, the consistent use of PSO terms across
different plant species and use of available annotations
of gene expression data and phenotype descriptions
are valuable aids to bench scientists and can facilitate
new discoveries. Researchers involved in large-scale
expression profiling projects or those who generated
mutant collections and are creating their own data-
bases to store phenotypic data are encouraged to use
the PSO. The POC has already been contacted by a
number of such laboratories with questions on how
to use the ontologies for describing tissue samples in
EST collections, laser-capture microdissection experi-
ments, microarray experiments, and mutant pheno-
type collections. We are continuously making an effort
to reach out to our prospective users and to meet the
particular annotation needs of the collaborating data-
bases, as well as the needs of the broader plant
research community. Users are encouraged to contact
the POC to get help, contribute their feedback, and
suggest new ontology terms by writing to po-dev@
plantontology.org.

Figure 3. A, Annotations to the term leaf vein (PO:0020138) in the POC database. Hyperlinks in the Source column take the user
to the gene page in the database where the annotation was created. Encircled is a hyperlink to TAIR database for the annotation of
Arabidopsis YSLT gene. B, Gene detail page at TAIR for the YSLT gene, where additional information about the YSLT gene can be
retrieved. C, TAIR annotation detail page for YSLT gene, where all annotations to the PO and GO are listed with the evidence

code and evidence description for each annotation entry.

Plant Physiol. Vol. 143, 2007

595



Ilic et al.

Comparison of Gene Expression and Phenotype Data
in Arabidopsis, Rice, and Maize

The data curated using the PSO, contributed by par-
ticipating plant databases, can be easily accessed by
performing one-stop queries in the POC database. As of
August 31,2006, the database has over 4,400 unique genes
and nearly 1,900 germplasms annotated with PSO terms,
with a total of over 10,000 associations, contributed by
TAIR, Gramene, MaizeGDB, and NASC. Annotations
are displayed and can be queried using the PO browser
tool (http:/ /www.plantontology.org/amigo/go.cgi), a
modified AmiGO tool (see “Materials and Methods”).
A user interested in genes involved in inflorescence
development and their comparison between grasses
(rice and maize) and Arabidopsis can search for the
term inflorescence (PO:0009049) and retrieve all gene
annotations and phenotypic descriptions associated
with this term. Direct annotations to the PSO term and
annotations to all its children terms are displayed on
the term detail page. Hyperlinks to the original publi-
cations from which annotations were extracted provide
quick access to the original experimental data and
methodology, which, combined with a direct link to the
gene and locus detail pages at contributing databases,
leads to quick access to deposited DNA and protein
sequences. Also, on the gene detail pages at Gramene
and TAIR, functional annotations with GO terms are
displayed and hyperlinked to the GO, providing access
from the PO to the GO through these links.

The gene expression data available at the POC Web site
combined with sequence similarity and phylogenic anal-
ysis can facilitate comparative structural and functional
studies of related plant genes. Although it is yet to be
experimentally verified that the evolutionary conserva-
tion among plant genomes is manifested by functional
similarity, such as distinct overlapping expression pat-
terns of orthologous genes, available annotations of gene
expressions can be used as a starting point in such
studies. This approach can be particularly useful for
orthologs in maize and rice, considering their evolution-
ary relatedness (i.e. their monophyletic origin) and, to
some degree, also for comparison to their putative
orthologs in Arabidopsis. A known example is the study
of functional complementation and overlapping expres-
sion patterns of the yp1 gene in maize and its Arabidopsis
ortholog ABI3, both genes involved in seed maturation
and germination (Suzuki etal., 2001). ABI3is expressed in
the Arabidopsis embryo and seed coat (TAIR), whereas
germplasm of the maize vpl mutant is annotated to the
PSO term fruit (MaizeGDB). Thus, the query for the term
fruit, of which the seed is a part, using species-specific
filters for Arabidopsis and maize (available on the PO
browser) would retrieve all genes/germplasms anno-
tated in these two species, including vpl and ABI3.
Although the PO database does not yet have tools to
address orthology or even sequence similarity in rice,
maize, and Arabidopsis, annotation data available at the
POC Web site can be used as a starting point for detailed
studies of the function and expression of putative orthol-
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ogous genes in rice and maize and their corresponding
homologs in Arabidopsis. Web sites such as InParanoid
provide orthology information for sequenced eukaryote
genomes (O'Brien et al., 2005) and could be used in
combination with the POC to address these questions.

Extended Annotation of Mutant Phenotypes Using
Controlled Vocabularies

Describing a phenotype is a complex task; to capture
relevant biological information about an entire set of
characteristics of an organism, one needs to consider
all observable (measurable) traits, qualitative and
quantitative, the type of assays, and specific experi-
mental conditions in which interaction of genotype
and environment occurs. Traditionally, curators at
plant genomic databases have relied on the free-text
description (usually as a short summary), often com-
bined with images of mutant phenotypes and natural
variants. This approach largely limits data manipula-
tion and searches and prevents easy comparison
across species.

PSO is an essential ontology to use to move toward
more systematic annotation of phenotypes. However,
it depicts the plant structures only during normal
development of a plant. It does not include terms that
describe morphological variations of cells, tissues, and
organs in mutated plants (e.g. fasciated ear) or qual-
itative and quantitative descriptors (e.g. type of
branching, trichome shape, spikelet density). Thus,
additional ontologies are required for capturing rele-
vant biological information about phenotypes fully. If
used exclusively, the PSO would be insufficient to
capture all of the details of a phenotype in a controlled
vocabulary format.

Recently, the NASC, Gramene, and MaizeGDB moved
toward combining PO terms with other ontologies to
annotate mutant phenotypes and natural variants to
allow computation and more efficient cross species com-
parison. At Gramene, PO terms are used in conjunction
with Trait Ontology terms (Yamazaki and Jaiswal, 2005)
to describe phenotypes. As an example, the phenotype
description of the allele cg.1, cigar shape panicle (cg) gene in
rice (Seetharaman and Srivastava, 1969; Prasad and
Seetharaman, 1991) is shown in Supplemental Figure
S2A. This mutation affects the morphology of a panicle,
rachis, and grain (see the text description in Supplemen-
tal Fig. S2); thus, the annotations were made to PSO terms
inflorescence (PO:0009049), stem (PO:0009047), and seed
(PO:0009010). In addition to PO terms, curators from the
Gramene database chose terms from another ontology,
Trait Ontology (Yamazaki and Jaiswal, 2005), to annotate
the cg.1 allele in rice: panicle type (TO:0000089), seed length
(TO:0000146), seed size (TO:0000391), and stem length
(TO:0000576).

A different approach has been taken by the NASC
database for describing mutant phenotypes and natu-
ral variants in Arabidopsis. In addition to a free-text
description, short statements, referred to as an entity,
attribute, value (EAV) description, are composed by

Plant Physiol. Vol. 143, 2007



combining terms from orthogonal (i.e. nonoverlap-
ping) ontologies. This model has been tested in pilot
projects at a few model organism databases, namely,
ZFIN (Sprague et al., 2003) and FlyBase (FlyBase Con-
sortium, 2002). The EAV model relies on the Phenotype
and Trait Ontology (PATO)—a species-independent
controlled vocabulary created as a schema in which
the qualitative phenotypic data are represented as
nouns and phrases (Gkoutos et al., 2005). The core of
the PATO is composed of a set of attribute and value
terms (such as color, shape, and size; green, serrate, and
dwarf), which are recently converted to a single hierarchy
of qualities (G. Gkoutos, personal communication). At
the NASC database, the allele ckh1-1 (in Landsberg erecta
background), a mutation of the CYTOKININ-HYPER-
SENSITIVE 1 gene in Arabidopsis, is annotated to the PO
terms inflorescence (PO:0009049) and to the PATO term
ShortHeight-Value (PATO:0000569), creating the follow-
ing syntax: inflorescence:short:height. An additional
annotation to primary root (PO:0020127) is followed by
ShortLength-Value (PATO:0000574), creating the syntax
primary root:short:length. Thus, multiple controlled vo-
cabulary statements can be created for any germplasm/
seed stock.

Presently, the POC database and ontology browser
are not set up to display annotations to multiple
ontologies. Therefore, controlled vocabulary annota-
tions to ontologies other than the PO can be viewed on
gene/germplasm/stock detail pages at contributing
databases, which can be accessed by clicking on the
appropriate database link (Supplemental Fig. S2B).
More details on using the Trait Ontology and the PATO
and EAV model can be found at the Gramene and
NASC Web sites, respectively. Whereas Trait Ontology
is plant specific and was created for the purpose of
annotating mutants in rice and other cereal crops,
PATO ontology is species independent and intended
for description of mutant phenotypes across king-
doms. PATO terms can be used in combination with a
wide range of other ontologies that describe entities,
such as GO, Cell Ontology, and anatomical and de-
velopmental stage ontologies, among others.

CHALLENGES FOR FUTURE DEVELOPMENT
OF PLANT ONTOLOGIES

Proliferation of Terms

A major concern for the PSO is the proliferation of
terms. The number of terms needs to be large enough
for precise annotation of genes and phenotypes, but
small enough for curators and end users to navigate
the ontology easily. The terminology for describing
plants is rich and complex and is often species or
family specific. Available visualization and editing
software portrays the ontologies as strictly hierarchi-
cal, whereas plant structure is not. Rather, it is mod-
ular in nature, with a relatively small number of tissue
and cell types recurring, often with slight modifica-
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tion, in different organ systems at different times
during development. Converting a modular structure
to a formal hierarchy requires extensive redundancy in
the ontology. For example, a flower might be a part of a
cyme, a raceme, or any other inflorescence types. To
maintain the appropriate upward flow of information
through the hierarchy, we would need to create a term
specifying a distinct type of flower within each inflo-
rescence type. Thus, we faced the possibility of creat-
ing the terms flower of cyme, flower of raceme, flower
of panicle, etc., followed by stamen of flower of cyme,
gynoecium of flower of cyme, etc. With inflorescence
and fruit types, we solved the problem by placing all
of the different inflorescence and fruit types as syno-
nyms of inflorescence and fruit, respectively. This effec-
tively removed one hierarchical level from the ontology
at these positions (Supplemental Fig. S3).

Synonymy was not appropriate to account for sta-
minate and pistillate inflorescences of Zea, which are
physically separate and morphologically distinct
(monoecious) from each other. The two types of inflo-
rescence often have different phenotypes in single-
gene mutants and identical genes are often deployed
differently in each. Maize geneticists thus often want
to be able to distinguish these two. Therefore, the
maize ear and tassel are the only two inflorescence
types that are treated as a type of inflorescence.

The solution by synonymy does not fully eliminate
the problems with proliferation of terms. Users of the
ontology will find extensive residual redundancy in
some areas. Ultimately, new visualization and ontology
editing software and a different approach to creating
ontologies will be needed to reflect the modularity of
biological reality more precisely and intuitively.

Homology Assessment and Taxon-Specific Forms

The PSO is designed to be a practical tool for anno-
tating genes and germplasms and to be, as far as
possible, neutral on questions of homology. Thus, for
example, the terms cotyledon and scutellum are not
treated as synonyms, even though there is a body of
thought that suggests that they might be derived from
the same sort of ancestral structure. As our knowledge
of plant structure continues to develop, however, some
of these terms may be merged.

More problematic, but also perhaps more interest-
ing, are structures that are unique to particular clades
of plants. These are currently accommodated by the
sensu designation, but as major groups are added, the
number of such terms is likely to increase. For exam-
ple, stipules are considered to have arisen indepen-
dently in multiple lineages and they may prove to be
developmentally and genetically distinct. If true, in
addition to a common term stipule (PO:0020041), the
PO could be faced with multiple terms such as stipule
sensu Rubiaceae, stipule sensu Fabaceae, stipule sensu
Brassicaceae, etc. Handling a phylogenetic relation-
ship is beyond the scope of the PSO currently, but it is
an important topic to address in the long run. As more
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genes are annotated from more species, the PSO may
help to discover whether similar structures that have
evolved independently are produced by very distinct
underlying genetic mechanisms.

MATERIALS AND METHODS
Ontology Development and Maintenance

The PSO was based on three species-specific ontologies, TAIR Anatomy
Ontology (Berardini et al., 2004), the Cereal Ontology from Gramene, and the
maize (Zea mays) Ontology (Vincent et al., 2003). However, most PSO terms
and definitions were adopted from a few well-known textbooks and glossa-
ries. Most definitions come from Plant Anatomy (Esau, 1977) and from the
Angiosperm Phylogeny Web site created and maintained by Peter Stevens and
the Missouri Botanical Garden (http://www.mobot.org/MOBOT/research/
APweb). Definitions were sometimes taken verbatim from references or
modified for clarity. Original publications are often consulted. In addition,
opinions of plant researchers in respective areas of expertise are periodically
sought by the POC. The ontologies were created and edited using the GO
ontology editing tool, Directed Acyclic Graph Editor, which is freely available
from SourceForge (http://sourceforge.net/project/showfiles.php?group_
id=36855).

As part of an ongoing effort to actively maintain the plant ontologies, the POC
meets on a regular basis to discuss new terms and ontology structure suggestions.
Users are encouraged to use the feedback navigation bar menu option on the POC
Web site to suggest new ontology terms or send feedback or contact the POC at
po-dev@plantontology.org. Ontology and annotation updates are released on the
POC Website the last week of every month. Each release is indicated by the month
and year of the release date (i.e. PO_0906), displayed at the left side of the ontology
browser header. POC ontology and association files in the Concurrent Versions
System are tagged accordingly to connect the respective flat files with the
database release. The same files that are used for each database release are also
posted at the SourceForge OBO Web site (http://obo.sourceforge.net/cgi-bin/
detail.cgi?po_anatomy). Synchronization between POC ontology releases and
participating database releases of PO is handled individually by each database.
The individual databases regularly update their PO versions either on a monthly
(TAIR) or quarterly (Gramene) basis.

Ontology and Annotation Analysis

To generate statistics for the path depth of PSO terms and annotations, we
downloaded, installed, and queried the PO MySQL database version 09/06
(http:/ /www.plantontology.org/download /database). Term depths were de-
termined by querying the number of nodes in the longest path length from the
root node. This measure of depth was used so that a parent-child relation
would never decrease the depth of a term.

Database and Ontology Browser

We used the GO database schema and ontology browsing tool, AmiGO, for
storing and displaying the PSO and its annotations, respectively. The AmiGO
browser, a Web-based tool for searching ontologies and their associations
developed by the GO consortium, is freely available open-source software. We
made minor modifications to make it more suitable to the specific require-
ments of PO. Modifications of AmiGO pertinent to the general ontology
community were contributed to GO. The PO browser accesses the MySQL
POC database at Cold Spring Harbor Laboratory, Cold Spring Harbor, NY. The
structure of the POC database and main features of the Web site have been
previously described (Jaiswal et al., 2005).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. A, AtGeneExpress microarray experiment de-
scription with tissue sample description using the PSO term cotyledon
(PO:0020030) indicated as the tissue source at NASCarrays. B, The PO
accession number for the term cotyledon is hyperlinked to the NASC
term detail page where a user can find all other annotations to the term
cotyledon displayed at the NASC database.

598

Supplemental Figure S2. Annotations to the PSO term inflorescence.

Supplemental Figure S3. Ontology browser term detail view for the term
inflorescence (PO:0009049).
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