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Methods

Extension and Integration of the Gene Ontology
(GO): Combining GO Vocabularies With

External Vocabularies

David P. Hill," Judith A. Blake, Joel E. Richardson, and Martin Ringwald

Mouse Genome Informatics, The Jackson Laboratory, Bar Harbor, Maine 04609, USA

Structured vocabulary development enhances the management of information in biological databases. As
information grows, handling the complexity of vocabularies becomes difficult. Defined methods are needed to
manipulate, expand and integrate complex vocabularies. The Gene Ontology (GO) project provides the
scientific community with a set of structured vocabularies to describe domains of molecular biology. The
vocabularies are used for annotation of gene products and for computational annotation of sequence data sets.
The vocabularies focus on three concepts universal to living systems, biological process, molecular function and
cellular component. As the vocabularies expand to incorporate terms needed by diverse annotation
communities, species-specific terms become problematic. In particular, the use of species-specific anatomical
concepts remains unresolved. We present a method for expansion of GO into areas outside of the three original
universal concept domains. We combine concepts from two orthogonal vocabularies to generate a larger, more
specific vocabulary. The example of mammalian heart development is presented because it addresses two issues
that challenge GO; inclusion of organism-specific anatomical terms, and proliferation of terms and relationships.
The combination of concepts from orthogonal vocabularies provides a robust representation of relevant terms
and an opportunity for evaluation of hypothetical concepts.

An important goal for biological databases is the integration
of different types of data. Integration connects common data
elements and thus allows the combined analysis and correla-
tion of different data sets. An important means to generate
common data elements is the development and use of on-
tologies that represent knowledge domains. One way to rep-
resent an ontology in a biological database is to design a struc-
tured vocabulary. An ontology, as a structured vocabulary, is
a hierarchy of terms in which the terms are precisely defined
and the terms relate to each other in meaningful ways.

The goal of the Gene Ontology (GO) project is to design
structured vocabularies to describe three universal concepts of
biology: molecular function, biological process, and cellular
component (The Gene Ontology Consortium 2000, 2001). As
structured vocabularies, the terms have precise definitions
and precise relationships to other terms. GO represents vo-
cabulary terms in a hierarchically structured format. Vocabu-
lary terms are linked to each other by “is a” and “part of”
relationships, so that very general terms and very precise
terms are both represented. The structure and format of GO
are described in detail elsewhere (The Gene Ontology Con-
sortium 2001). Each term can have one or more relationships
with other terms, reflecting the complexity of the underlying
biology. The structure is formally a directed acyclic graph
(DAG) wherein the terms are equivalent to nodes of the graph
and the relationships are equivalent to edges (Aho et al.
1983). Because GO encompasses the biology of organisms
that span the phylogenetic spectrum from bacteria to verte-
brates, its extensive nature has resulted in a large growth of
both nodes and edges. At present the GO vocabularies contain
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11,258 terms and 14,349 edges. The ontologies and related
documentation for the Gene Ontology project are available at
http://www.geneontology.org.

The scope and nature of the GO project provide interest-
ing challenges for ontology construction. One problem con-
cerns the need for species-specific terms to describe functions,
processes, and components in individual groups of organ-
isms. Conflicts in the universality of GO are apparent when
curators from different organism-specific databases add spe-
cies-specific terms to support the annotation of their gene
products. An early example of this conflict arose in the GO
project with the process of chitin metabolism, a process re-
quired for describing cell wall biosynthesis in fungi, but cu-
ticle synthesis in insects. Making chitin metabolism a subpro-
cess of both cell wall biosynthesis and cuticle synthesis caused
errors in searches. A search for genes involved in cell wall
biosynthesis resulted in genes used in insect cuticle biosyn-
thesis that were annotated to chitin metabolism. This simple
conflict was solved by creating two types of “chitin metabo-
lism”: one involved in cell wall biosynthesis and one involved
in cuticle synthesis. However, as more and more species-
specific terms are added to the vocabularies, it becomes diffi-
cult to maintain both the global interspecies relationships for
which GO strives and the precise terms required for intraspe-
cies gene annotation.

Furthermore, the species-specific concepts that require
integration into GO are also needed by individual organism
databases to describe concepts that extend beyond the three
GO concepts. For example, an anatomical term such as mouse
forelimb would be useful in the developmental process section
of the biological process ontology for describing pattern for-
mation in the mouse forelimb. But, it is also useful for de-
scribing details about gene expression patterns in the mouse
forelimb or phenotypes such as fused digits of the forelimb as
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Figure 1 DAG cross-product example. In this example, a DAG

whose nodes represent colors is crossed with a DAG whose nodes
represent shapes. The result is a DAG whose nodes are colored
shapes. Every combination is represented, so there are eight nodes in
the result. An edge connects two nodes in the cross product when-
ever they have the same color and their shapes are connected in the
Shape DAG (8 of these), or they have the same shape and their colors
are connected in the Color DAG (4 of these). In general, the number
of nodes in the cross product of DAGs A and Bis the number of nodes
in A times the number of nodes in B. The number of edges in the cross
product is the number of edges in A times the number of nodes in B,
plus the number of edges in B times the number of nodes in A.

method to add terms to the vocabularies and accurately and
completely determine the relationships among the terms will
become untenable. If GO is to remain consistent, complete,
flexible, and logical, we need to develop strategies that allow
for expansion of the number of terms and relationships
within the ontologies that are not only biologically and logi-
cally correct, but are still manageable by human developers.

In this study, we explore a method of expanding GO by
combining concepts from two vocabularies to generate a
more complete vocabulary that includes specific aspects from
each of the two parental vocabularies. We refer to this as the
combinatorial method. We compare this method with the
more conventional method of GO vocabulary construction
that creates a single vocabulary de novo. The combinatorial
method stems from the computational concept of creating
cross products between orthogonal DAGs. A DAG cross prod-
uct is generated by combining the nodes of two graphs in
every possible combination. The result is a new graph in
which each node has the characteristics of each of the paren-
tal graphs (Fig. 1). In a biological context, orthogonal vocabu-
laries can be thought of as vocabularies whose terms are un-

described in the Mouse Genome In-
formatics databases (http://www.
informatics.jax.org). Ideally, the
anatomical concepts in GO would
be consistent with the anatomical
concepts used within a model or-
ganism database, thus allowing for
integration and robust search capa-
bilities across data sets that are per-
tinent to the anatomy. For ex-
ample, a database user may want to
search for genes that are either ex-
pressed in, function in, or show
phenotypes in the heart. In addi-
tion to species-specific challenges,
GO curators need to add to and re-
fine more generic concepts than are
presently represented by an already
complex GO.

Traditionally, GO has been de-
veloped by curation-driven meth-
ods and solutions. Curators added
one or a few terms at a time to the
GO vocabularies and defined ap-
propriate relationships as needed
when annotating their gene prod-
ucts. When conflicts arose, discus-
sion ensued, and an appropriate so-
lution was achieved. Usually, prob-
lems concerning the logic of the
directed acyclic graphs (DAGs) were
addressed on a case-by-case basis
and resolved by discussion. Al-
though there is little difficulty with
increased complexity of GO from a
computational standpoint, the
complexity becomes difficult for
scientists developing the vocabular-
ies because their expertise is limited
to specific areas of the vocabulary.
Ultimately, using the case-by-case

related. In this example we use a vocabulary of generic devel-

heart development (sensu mammalia} % organcgenasis

< heart induction ¥ endodern/mesoderm induction

< formation of cardicgenic regilons

< thickening of the cardicgeneic plates

< formation of cardiogenic cells from neural crest % development of ectodermal derivatives

< formation of cardicgenic cells from mescodern % development of mesodermal deriwvatives

<
< formation of laye heart tube
< ur for
< myocardium fo
<heart muscle differentiation

% wentricular Tedi myccyts dlfferentiation % cell differentiation

Tt at 1l pcar c myocyte differentiation % cell differentiation
< ga Jelly formation
< gndocardial cushicn Eormation

% atrlal endecardial cushicn formaticn < foxmation of the primitive atrium

3 ventricular endocardial cushicn formation < formation of the primicive vamtrical
= formation of the doregal mesooardiumn
= folding of the heart tuke
< rightward Looping of the heart tube <« left/right
< breakdown of the doreal mesocardium
< myocardial cell shape changes
< primicive hearl ascention
< demarcation of the heart tube ¥ pattera Ccrmation
< heart segmnehtaticn ¥ segmentation
< demercation of the inflew tract
< demarcation of the outfilow fract
< demarcation of the primitiwve atrium
< demarcation of the primitive ventricle
< tommation of the bulbo-ventricular groove
< tormation of the actrio-ventricular graove
=< remodelling of the primitive heart
|< development of the atria
;|< cell proliferation in the atrial wall % eeil proliferation
i< apoptosis in the atrial wall % apoptosiz during hesrt remodelling
i< developmant of the ventricles
< cell proliferation in the ventricle walls % ¢ell proliferaticn
< apoptesis during ventricular wall foxmation % avoptosiz during heart remcdellinac
|« developaunl of the ventricular trabeculae
< heart septaticn
% imnter-atrial septatiocn < development of the atria
] l< formation of the geptum primum

formation of the asrtigo-pulmonary splral sepluu

% intor-vantricular septation < development of the wentricles
i« praolifaration of mvecytes at the compact zone % cell proliferatian

separation of atrium from ventricle

<proliferation of mesenchyme selle

<develooment of the atrioventricular wvalyes

% development of the mitral wvalve

: % dwvelopmenl of the tricuspid wvalwve
i« apoptosis during heart remodeling % apoptosis
< development of the heart walves
< formation of the walwe cuspas
i|% development of the aortic valva
1|% development of the pulmonary valve
< developnent of tha corocnary wessels
le coronary vesssl vasculogenesis § formation of an epithelial tuke
|< coronary vessel angiogensesiz % angiogenesie

ie

Ty determination

Figure 2 A vocabulary describing heart development constructed using literature references. The
format of the vocabulary and other vocabularies in this manuscript is as follows: Indentation reflects
parent—child relationships; the < symbol indicates that the child is a part of its parent; and the %
symbol indicates that the child is a type of its parent. Multiple parentage is indicated by two terms on
the same line, where the first term is a child of the second term. The colored portion of the graph
corresponds to the similarly colored diagram in the schematic shown in Figure 6.
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eart

<cardicgenic plate

<primitive heart Etune

<myocardium

<endocardium

<cardiac jelly

<acrtic sinus

<atrio-ventricular canal

<atrio-ventricular cushion Lissue

<atyrium

Fprimitive atrium

%common atrial chamber

<common atrial chamber bulbous cordis

<common atrial chamber, left part

<common atrial chamber, left part, cardiac muscle
<common atrial chamber, left part, endocardial lining
<common atrial chamber, left part, cardiac jelly
<common atrial chamber, right part

<common atrial chamber, right part, cardiac muscle
<commen atrial chamber, right part, endocardial lining
<common atrial chamber, right part, cardiac jelly
<left atrium

<left atrium auricular region

<left atrium auricular region cardiac muscle

<left atrium auricular region endocardial lining
<left atrium cardiac muscle

<left atrium endocardial lining

<right atrium

<right atrium auricular region

<right atrium auricular region cardiac muscle

<fibrous pericardium

<serosal pericardium

<parietal pericardium

<visceral pericardium

<sinus venosus

<sinus venosus left horn

<sinus venosus rigat horn

<trabeculae carneae

<heart valve

%aortic valve

|<aortic valve leaflets

tmitral valve

|<mitral valve leaflets

$pulmonary valve

|<pulmonary valve leaflets

%tricuspid valve

|<tricuspid valve leaflets

<ventricle

tprimitive ventricle

|« primirtive ventricle cardiac jelly
<interventricular groove
<interventricular septumn
<interventricular spetum endocardial lining
<interventricular septum membranous part
<interventriular septum cardiac muscle
<interventriular septun muscular part
left ventricle

|< left ventricle cardiac muscle

< left ventricle endocardial liring
%right ventricle

ontologies that will be useful in
cross-product generation (http://
www.geneontology.org/doc/gobo.
html). The combinatorial principle
emphasizes the importance of coor-
dinating the construction of el-
emental vocabularies, and it illus-
trates the benefits of combining
concepts from those vocabularies to
create consistent extended vocabu-
laries.

METHODS
The Narrative Approach

<right atrium auricular region endocardial lining
<right atrium cardiac muscle

<right atrium endocardial lining

<right atrium valve

|% right atrium venous valve

<interatrial septum

<foramen ovale

<geptum primum

<foramen primum

<foramen secundum

<septum secundum

<endocardial tissue

<cndocardial cushion tissue

<bulbaventricular groove

<bulbus cordis

<bulbus cordis caudal half

<bulbus cordis caudal half cardiac muscle
<bulbus cordis caudal half endocardial lining
<bulbus cordis caudal half cardiac jelly
<bulbus cordis rostral half

<bulbus cordis rostral half cardiac muscle
<bulbus cordis rostral half endocardial lining
<bulbus cordis rostral half endocardial lining
<bulbus cordis rostral half cardiac jelly
<heart mesentery

<dorsal mesocardium

|<dorsal mesocardium transverse pericardial sinug
<ouLflow Lract

<outflow tract aortic component

<cutflow tract aortico-pulmonary spiral septum
{<outflow tract future ascending aorta

<outflow tract pulmonary component

|<outflow tract pulmonary component proximal part
<pericardium

Figure 3 A consolidated version of the mouse anatomical dictionary. The time component has been
removed, and primitive structures have been defined as “types of” the more mature structure. This
vocabulary can be combined with developmental processes to describe the processes underlying the

development of the structures.

opmental process terms and a vocabulary of anatomical
terms. Similar approaches using combinations of terms have
been used in other biological databases to create bins for cat-
egorizing data such as the complex annotation of patient rec-
ords, but the concept has been limited to the uses of multiple
root structures used for curation rather than to expand the
ontologies themselves (Berman and Moore 1996). In fact, one
of the major challenges facing the medical informatics com-
munity is the integration of independently controlled vo-
cabularies (Musen 1998). We focus on creating a vocabulary
to describe the development of the mammalian heart because
it addresses two important issues that challenge GO: (1) the
inclusion of organism-specific anatomical information and
(2) the proliferation of terms and relationships.

We show that the advantage of using combinatorial
strategies for a project like GO becomes obvious once the
vocabularies grow in size and complexity. Using defined rules
to create the combinations, curators can construct new vo-
cabularies by focusing on one subject and describing its parts
and types. As long as the original vocabularies are constructed
so they are compatible for generating a cross product, further
extensions of the vocabularies can be generated using con-
cepts from the novel and existing vocabularies. The impor-
tance of communication among vocabulary developers was
realized early on for the development of GO. The combina-
torial strategy presented here is already fostering additional
interactions. The GO Web site at present hosts a repository for

1984 Genome Research
www.genome.org

<right ventricie cardiac muscle
<right ventricle endocardial lining

To judge the utility of the combina-
torial method, we first constructed
an ontology for heart development
using the conventional method of
GO development. Using three text-
books and 15 references, we were
able to construct a version of GO to
describe mammalian heart develop-
ment (Rugh 1990; Sucov et al. 1994;
Kern et al. 1995; Lyons 1996; Biben
and Harvey 1997; Kirby 1997; Gi-
mond et al. 1998; Huang et al.
1998; King et al. 1998; Abdelwahid
et al. 1999; Eferl et al. 1999; Kauf-
man and Bard 1999; Pereira et al.
1999; Swiderski et al. 1999; Tanaka
et al. 1999; Woldeyesus et al. 1999;
Jaspard et al. 2000; Tevosian et al.
2000). The vocabulary shown in
Figure 2 describes heart develop-
ment much like the overview that
would be given at a seminar or in a
review article, and it will be referred
to as the “narrative” approach to
vocabulary development. An important aspect of the narra-
tive approach is that it creates a single vocabulary that de-
scribes both simple and, in this case, complex concepts. The
vocabulary is itself a stand-alone entity and does not have any
formal relationships with any other vocabulary. The structure
of the vocabulary and all other vocabularies in this manu-
script is represented in the common GO format. Each term of
the vocabulary is placed on a separate line. The number of |
characters preceding the terms indicates a relationship to the
term above it. The “is a” and “part of” relationships are de-
noted by % and < symbols, respectively. The vocabulary in
Figure 2 shows that heart development begins with an endo-
derm/mesoderm inductive event, resulting in the thickening
of the cardiac regions and the formation of the primitive heart
tube. The cells of the heart tube undergo differentiation into
the primitive layers of the heart, and the tube undergoes fold-
ing and remodeling to form the primitive heart. The vocabu-
lary describes the development of the various structures of the
heart and the cellular processes that occur during their devel-
opment. The vocabulary contains 58 specific terms and 80
relationships. However, close inspection reveals that the vo-
cabulary is incomplete. For example, “breakdown of the dor-
sal mesocardium” may be described as a type of “apoptosis”
and should contain all of the cellular processes that are char-
acteristic of apoptosis. Once completed, it would suffice to
add the mammalian heart development tree shown in Figure
2 to the existing biological process graph as a type of devel-
opmental process, but the simple addition would probably be
deficient in its relationships and integration with other areas
in the existing GO. Additionally, according to GO rules, each
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$branching morphogenesis
%organogenesis (sensu Animalia) (synonym:organ development)
<development of ectodermal derivatives
<development of endodermal derivatives
{<endoderm determination
<development of mesodermal derivatives
<mesoderm cell migration
<fate determination in mesoderm
<establishment of a morphogenetic field
<establishment and maintennance of a gradient
<diffusion of a morphogen
<establishment of a gradient source
<establishment of a gradient sink
<anchoring of a gradient component
morphogenesis of an epithelium
<formation of epithelial cells
#morphogenesis of an epithelial sheet
%formation of an epithelial tube
<directed cytokinesis of cells within an epithelial sheet
<cell shape changes within an epithelial sheet
<movement of cells within an epithelial sheet
<growth of cells within an epithelial sheet
<apoptosis of cells within an epithelial sheet
Smorphogenesis of an epithelial tube
<directed cytokinesis of cells within an epithelial tube
<cell shape changes within an epithelial tube
<movement of cells within an epithelial tube
<growth of cells within an epithelial tube
<apoptosis of cells within an epithelial tube
%rearrangement of epithelial cell layers
smovement of an epithelial sheet
%delamination
%epiboly
%$invagination
$invelution
$morphogenesis of a mesenchyme
<formation of mesenchymal cells
<movement of mesenchymal cells
cell differentiation
<cell committment
<cell specification
<cell determination
pattern formation
<pattern specification
<pattern determination
%axis specification
$maternal specification of axis
%zygotic specification of axis
%dorsal/ventral axis determination %pattern determination

$anterior/posterior axis determination %pattern determination

%segmentation

<empbryonic induction

%juxtacrine inductive signaling
gparacrine inductive signaling
%ectoderm/mesoderm interaction
%epithelia/epithelial induction
%epithelial/mesenchymal induetion
%ectoderm/endoderm interaction
%$endoderm/mesoderm interaction
<tissue remodelling

Figure 4 A modified developmental process ontology. The ontology describes processes, but does
not refer to anatomical structures that would be included in an anatomical dictionary. This vocabulary
can be combined with anatomical concepts to describe developmental processes occurring in specific

structures.

of the new unique terms in Figure 2 requires a novel precise
definition.

The Combinatorial Approach

In the experimental method for building an ontology to de-
scribe mouse heart development, we constructed an ontology
by combining terms and relationships from two existing on-
tologies representing two orthogonal concepts involved in
heart development: anatomy and developmental processes.
An important distinction between this and the narrative ap-
proach is the use of more than one elemental vocabulary to
describe complex terms. As we discuss below, the result of this
is the creation of a relationship between the combinatorial
vocabulary and each of the vocabularies that was used in its
construction. The rationale behind this approach is that a
mouse heart anatomical vocabulary should completely de-
scribe the anatomy of the heart, and a developmental process
vocabulary should completely describe all of the general bio-
logical processes involved in development. Therefore, we
should be able to combine the concepts from the two vocabu-
laries to describe all of the processes involved in the develop-
ment of all of the anatomical parts of the heart. For the ana-
tomical vocabulary, we chose the mouse anatomical dictio-
nary used by the Mouse Gene Expression Database (Bard et al.
1998; Ringwald et al. 2001). The mouse anatomical dictionary
lists the anatomical structures for every stage of development.

%maternal dorsal/ventral axis determination %maternal specification of axis %pattern determination
%zygotice dorsal/ventral axis determination %zygotic specification of axis %pattern determination

gmaternal anterior/posterior axis determination %$maternal specification of axis %pattern determination
%zygotic anterior/posterior axis determination %zygotic specification of axis %pattern determination

The structures are represented hier-
archically, with “part of” relation-
ships defined between structures
and substructures. To simplify the
approach for illustrative purposes,
we condensed the anatomical dic-
tionary to eliminate the time com-
ponent, and we defined “is a” and
“part of” relationships between the
structures of the developing heart
to be consistent with the relation-
ships in the GO vocabularies (Fig.
3). We also modified the organo-
genesis portion of the GO biologi-
cal process ontology by eliminating
all terms from the vocabulary that
refer to specific anatomical struc-
tures (Fig. 4). This step ensured that
there would not be conflicting con-
ceptual information in the two vo-
cabularies, that is, it ensures or-
thogonality between the two vo-
cabularies.

Once the individual vocabu-
laries were generated, we generated
two top-level cross products of the
anatomical vocabulary and the de-
velopmental process vocabulary by
combining the most general term
of each respective vocabulary with
all of the terms from the other vo-
cabulary. First, if the anatomical
dictionary completely describes all
of the parts of the heart, then the
product of the heart anatomy and
the general concept of develop-
ment should describe all aspects of
heart development from an ana-
tomical perspective. In the genera-
tion of this cross product, we re-
tained the relationships between
the terms in the anatomical dictio-
nary for the relationships between
the combined terms. For example,
if the “myocardium” is a part of the
“primitive heart tube,” then “development of the myocar-
dium” is a part of the “development of the primitive heart
tube.” The cross product is generated with all of the terms
because all anatomical structures in the heart develop. The
cross product contains the same number of terms that are in
the anatomical dictionary, and the terms and their relation-
ships accurately describe heart development from an ana-
tomical perspective (Fig. 5A). For example, “development of
the cardiac muscle of the right common atrial chamber” is a
part of “common atrial chamber development,” which is a
type of “atrial chamber development,” which is a part of
“heart development.” Second, if the “organogenesis” portion
of the developmental process ontology describes all aspects of
organogenesis, then the combination of the top-level ana-
tomical term “heart” with all of the terms from the “organo-
genesis” vocabulary should describe all of the processes that
can possibly be involved in heart development (Fig. 5B). Of
course, when we use the term heart in this context, we refer to
the mouse heart, because the term originates from the mouse
anatomical dictionary. Furthermore, all of these processes are
more specific types of the general developmental processes in
the original vocabulary. For example “formation of an epithe-
lial tube during heart development” is a type of “formation of
an epithelial tube.” Note that although the two top-level cross
products are illustrated as two separate graphs, they are in fact
part of the same DAG. For example, the term “heart develop-
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A)

heart development

<cardiogenic plate development

<primitive heart tube development

| <myocardium development

|<endocardium development

|<cardiac jelly development

<aortic sinus development

<atrio-ventricular canal development

<atrio-ventricular cushion tissue development

<atrium development

|$primitive atrium development

|%common atrial chamber development

| | <common atrial chamber bulbous cordis development

|| <common atrial chamber, left part development

|| | <common atrial chamber, left part, cardiac muscle development
| |<common atrial chamber, left part, endocardial lining development
| {<common atrial chamber, left part, cardiac jelly development

| <common atrial chamber, right part development

| |<common atrial chamber, right part, cardiac muscle development
| | <common atrial chamber, right part, endocardial lining development
|

{

|
|
|
|
|| [ <common atrial chamber, right part, cardiac jelly development
etc, following the graph in Figure 3)

B)

<branching morphogenesis during heart development

<organogenesis

%heart development

<development of ectodermal derivatives during heart development
<development of endodermal derivatives during heart development
| <endoderm determination during heart development

<development of mesodermal derivatives during heart development
|<mesoderm cell migration during heart development

|<fate determination in mesoderm during heart development
<establishment of a morphogenetic field during heart development
| <establishment and maintenance of a gradient during heart development
|<diffusion of a morphogen during heart development

| <establishment of a gradient source during heart development
|<establishment of a gradient sink during heart development
|<anchoring of a gradient component during heart development
$morphogenesis of an epithelium during heart development
|<formation of epithelial cells during heart development
|#morphogenesis of an epithelial sheet during heart development
|%formation of an epithelial tube during heart development

| <movement of cells within an epithelial sheet during heart development
| <growth of cells within an epithelial sheet during heart development
| #¥morphogenesis of an epithelial tube during heart development

| |<movement of cells within an epithelial tube during heart development
| |<growth of cells within an epithelial tube during heart development

{ete, following the graph in Figure 4)

Figure 5 (A) The global development concept has been combined with the anatomical concepts
from the anatomical dictionary. This figure only illustrates the first 21 lines of the complete vocabulary.
The complete vocabulary would include all of the anatomical terms in Figure 3. In the combinatorial
terms presented here, the concept of development taken from the process ontology is shown in
boldface. This ontology provides an “anatomical” view of heart development. (B) The developmental
process ontology has been combined with the anatomical concept of the heart. In this case a simple
rule of adding the phrase “during heart development” was added to the developmental process
picture of heart development.
This figure only illustrates the first 29 lines of the vocabulary. The complete vocabulary would include

1

ontology. This new ontology gives a low-resolution “embryologica

all of the terms shown in Figure 4.

|<directed cytokinesis of cells within an epithelial sheet during heartdevelopment
|<cell shape changes within an epithelial sheet during heart development

| <apoptosis of cells within an epithelial sheet during heart development
| |<directed cytokinesis of cells within an epithelial tube during heart development

| |<cell shape changes within an epithelial tube during heart development

||| | <apoptosis of cells within an epithelial tube during heart development

the process. We could generate the
entire cross product between the
two original graphs, that is, com-
bine every term from each vocabu-
lary with every term from the other
vocabulary. This would result in a
large number of terms and would
result in all possible combinations
of anatomical terms with develop-
mental process terms. An advan-
tage to this approach is that it gen-
erates all possibilities of processes
that can occur in combination with
an anatomical structure, including
some that may not have been dis-
covered experimentally or some
that may not exist. For example, a
complete cross product would gen-
erate the term “pattern formation/
primitive heart tube.” This term de-
scribes the pattern-formation tak-
ing place in the development of the
primitive heart tube. From the cross
product we can generate a hypoth-
esis that there might be an axis set
up during heart tube development
or that there may be segmentation
occurring during heart tube devel-
opment because “axial develop-
ment” and “segmentation” are both
types of “pattern formation.” Thus,
another advantage to generating
cross products is that they may
broaden our thinking about how
processes occur.

Alternatively, we could use our
biological knowledge to pick and
choose subelements of each vo-
cabulary to generate subgraphs.
This limits the new ontology to
processes that are known, but pro-
vides an accurate description of a
process as it is presently under-
stood. It is important to note that
although the “pick and choose” ap-
proach might be used for the initial
vocabulary, all of the combinations
of terms from both vocabularies are
still possible, and therefore the
combinatorial vocabulary becomes
easily extendible as our knowledge
about a process improves. Although
the cross-product terms are re-
stricted by our present knowledge,
the creation of the terms must not
result in incorrect information. If

ment” in Figure 5, A and B, can be thought of as the common an expert biological curator deems a cross-product ontology
root for two paths through the graph. incorrect, this indicates that the original ontologies are incor-
rect.
RESULTS We will illustrate the “pick and choose” approach using
Examination of the vocabularies in Figure 5 shows that gen- primitive “heart tube formation.” From a narrative stand-
erating the two top-level combinations gives a complete, al- point, the primitive heart tube forms in three steps: (1) A
beit low-resolution, picture of heart development. There are mesenchymal-to-epithelial transition forms the cardiogenic
at least two options to generate a higher resolution picture of plate (Fig. 6B). (2) This epithelial sheet then forms an epithe-
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3 : = epithelial cells

Cardiogenic Plate
{an epithelial sheet of
cuboidal cells)

ol °

Endothelial Cells

Cardiogenic Plate
(forming an epitheiial tube)

Cardiac Jelly

Endocardinm

Figure 6 A schematic representation of the processes that occur
during the formation of the primitive heart tube. The schematic is
modeled after the description given by Kaufman and Bard (1999). (A)
The coelomic epithelial cells that are destined to form the heart tube.
(B) The coelomic epithelial cells have formed the cuboidal cells of the
cardiogenic plate. (C) The plate is undergoing morphogenesis to form
the primitive heart tube. (D) The heart tube is complete, and cells
have differentiated to give rise to the endocardium, cells forming the
cardiac jelly, and the myocardium. For illustrative purposes, the colors
of this figure correspond to the colors in each of the text-based
graphs of Figures 2 and 8.

lial tube (Fig. 6C). (3) The epithelial tube differentiates into
three layers: endocardium, myocardium, and cardiac jelly
(Fig. 6D). Using this very general narrative approach, we are
able to identify the areas of the top-level vocabularies that
need to be expanded and combined to describe these initial
stages of development (Fig. 7). From the anatomical perspec-
tive, we need expansion of the “cardiogenic plate develop-
ment” and “primitive heart tube development” sections (Fig.
7A). From the process perspective, expansion of both the
“morphogenesis of an epithelium” section and the “cell dif-
ferentiation” section is required (Fig. 7B). When we create the
combined terms, they should relate to the existing terms us-
ing the rules we described for the initial top-level vocabular-
ies. First, when an anatomical term is combined with a pro-
cess term and is inserted into the process-based vocabulary,
the new process becomes a type of the generic process. Sec-
ond, when an anatomical term is combined with a process
term and is inserted into the anatomy-based vocabulary, the
new term retains its relationship with the parental structure.
Four areas of the top-level vocabularies were expanded. Figure
8 shows the final product after the processes of epithelial tube
formation and cell differentiation are included into the ap-
propriate sections of the vocabulary. Figure 8, A and B, is
essentially the same vocabulary presented from the process

perspective and the anatomical perspective. A comparison of
the vocabulary in Figure 8 with the vocabularies shown in
Figures 3 and 4 illustrates that the terms and the relationships
in the final graph were actually defined in the original paren-
tal vocabularies. For example, we already knew that the dif-
ferentiation of any cell type would include commitment,
specification, and determination, even if we were not expert
developmental biologists. Therefore, if the “formation of en-
docardium” requires “cell differentiation,” then we can learn
from the graph in Figure 4 that part of the process of this cell
differentiation will be cell commitment as is illustrated in the
term “cell commitment during endocardium development”
(Fig. 8B).

DISCUSSION

The combinatorial approach has several advantages over the
narrative approach for building complex vocabularies, as
comparison of the ontology generated in Figure 8 with the
ontology generated in Figure 2 demonstrates. From a graph
perspective, the narrative approach describes cardiogenic
plate and primitive heart tube formation using 9 nodes and
13 edges. In the combinatorial approach, 28 nodes and 71
edges are generated. When inspecting the graphs from a bio-
logical perspective, it is clear that the processes are described
more accurately and completely in the combinatorial ap-
proach. For example, many of the details of the formation
and morphogenesis of the primitive heart tube, such as move-
ments and division of cells, are omitted in the narrative ap-
proach. It is quite conceivable that gene products that are
involved in the oriented division of cells in the heart tube
would need to be annotated at that level of specificity. To
annotate to that level of specificity in the narrative vocabu-
lary in Figure 2, we would need to manually expand the “for-
mation of heart tube” node and create relationships and defi-
nitions for all of the new terms describing movements and
division of cells. It is important to note that using this trial-
and-error approach, or through a completely extensive review
of the literature, the narrative vocabulary can eventually at-
tain the level of complexity/accuracy of a vocabulary gener-
ated by the combinatorial approach. However, the added lev-
els of complexity will undoubtedly make the vocabulary very
difficult to expand and modify from the perspective of a hu-
man curator.

One might argue that the vocabulary in Figure 8 is still
insufficient. In particular, the graph does not give us a sense
of “when” processes are taking place. Part of this problem is
an artifact of our simplification of the anatomical dictionary
to remove temporal information. If the anatomical dictionary
were to contain temporal information or relationships such as
one structure being derived from another, then this informa-
tion could be directly incorporated into the combinatorial
graph. A potential problem with the combinatorial approach
is that there is a critical dependency on the parental vocabu-
laries. For example, the concept of tissue remodeling is miss-
ing from the developmental process vocabulary but is cer-
tainly taking place during heart organogenesis. This points
out that each combinatorial vocabulary is entirely dependent
on its parents, and problems with the parental vocabulary will
be propagated through every combinatorial vocabulary that
uses it. Thus, the potential problem actually leads to an ad-
vantage because the combinatorial approach can reveal defi-
ciencies in the parental vocabularies and lead to their im-
provement. Of course, once the problem is solved in the pa-
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A).

$heart development

| $cardiogenic plate development

| $primitive heart tube development

B) .

% morphogenesis of an epithelium during heart development

|< formation of epithelial cells during heart development

|% morphogenesis of an epithelial sheet during heart development

|| formation of an epithelial tube during heart development

|1< directed cytokinesis of cells within an epithelial sheet during heart

development

Q).

% cell differentiation during heart development
< cell committment during heart development

< cell gpecification during heart development
< cell determination during heart development

Figure 7 The sections of the initial combinatorial ontologies that require expanding to describe
formation of the primitive heart tube. (A) This shows that we are dealing with the anatomical concepts
of heart, cardiogenic plate, and primitive heart tube. (B) This shows that we need to describe the events
that occur during the development of an epithelial sheet. (C) This illustrates that we need to include
the processes involved in cell differentiation. The colored portion of the graph corresponds to the

similarly colored diagram in the schematic shown in Figure 6.

rental vocabulary, it would also be solved in all of the
combinatorial vocabularies as well, alleviating the need for
the same problem being solved over and over again. There-
fore, the quality and completeness of the original vocabular-
ies are of critical importance. In this example, “tissue remod-
eling” and all of its children would need to be added to the
original “developmental process” vocabulary at the appropri-
ate places. It is also of critical importance that the parental
vocabularies contain independent concepts, that is, they are
orthogonal. If a process such as “alveolar branching morpho-
genesis” were inadvertently placed in the developmental pro-
cess vocabulary, as opposed to “branching morphogenesis”
being placed in the process vocabulary and “alveolae” in the
anatomy vocabulary, this would create problems when com-
bining the process with the heart vocabulary because the al-
veolae are components of the lung.

While building the ontologies, there are also several ad-
vantages to the combinatorial approach. A curator can focus
on one domain of biology at a time to build a primary graph
that will be combined with other graphs generated by cura-
tors with different areas of expertise. In this example, the
graphs were “heart anatomy” and “developmental process.”
The heart anatomy vocabulary was built by expert anato-
mists, and the developmental process vocabulary was built by
developmental biologists. The two graphs could have been
“dysmorphogenesis” and “anatomy” and could have been
built by an expert pathologist and an anatomist, respectively.
The combinatorial approach allows for a better allocation of
resources in which experts share their results through the
combination of their graphs. When modifications to the
graphs are required, they will be made to the parental graphs
so that they can be shared by all of the graphs that result from
combination. The approach will not only maintain consis-
tency throughout the ontology but will improve on accuracy
because experts will be working on the parental graphs.

Another key advantage to the combinatorial approach is
that required definitions for the combined terms can be au-
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| |< cell shape changes within an epithelial sheet during heart development
]]< movement of cells within an epithelial sheet during heart development
| |< growth of cells within an epithelial sheet during heart development

| |< apoptosis of cells within an epithelial sheet during heart development

tomatically generated. In the GO
project, the biological concepts that
are represented by nodes of the
graph are actually represented in
the definition of the terms (Ash-
burner and Lewis 2001). If the
terms are well defined, then the
combinatorial terms can be defined
by a manipulation of the defini-
tions of the two parental terms. An
example of this is the insertion of
the words “during” and “develop-
ment” into the combinatorial terms
so that they make semantic sense.
The same approach can be used
with definitions.

One potential problem with
the combinatorial approach in a
project like GO is that as vocabular-
ies are generated for various organ-
isms, the new combinatorial terms
may not be appropriate for use in
future combinations because the
two graphs may no longer be or-
thogonal. To choose a trivial ex-
ample, it does not make sense to
combine a developmental process
term already containing a mouse anatomical component with
a fly anatomical component. Thus, we need to satisfy a rule
that never allows a combinatorial term containing an ana-
tomical component to be combined with another anatomical
component term. There are at least three solutions to this
problem: First, we could generate combinatorial terms one at
a time and insert them by hand into the parental vocabular-
ies. Although this approach would be very accurate, it would
also be time-consuming and would not take advantage of the
inherent relationships that exist in any automated way.

Second, we could flag nodes in GO that are generated by
combinatorial terms based on the vocabularies used in their
creation. Then when GO is used to generate new combinato-
rial graphs, curators will have a choice of eliminating the ex-
isting combinatorial terms if either of the original terms con-
tained a concept from a graph that is nonorthogonal to the
new graph, such as anatomical structures from two different
organisms. GO already uses a similar mechanism by flagging
organism-specific terms with the string “sensu organism.”
These terms and their children are then “set aside” for use and
further development by organism-specific curators. This ap-
proach is appropriate, but it has a disadvantage inherent in
the narrative approach; entire subgraphs are inserted into the
parental graph with a single “sensu” term at the root. Thus,
there is a potential for missing relationships between the sub-
graphs and the parental graph and between different sub-
graphs.

Third, and probably most appropriate, we could keep the
combinatorial graphs separate from the parent GO vocabular-
ies, but record the relationships of the combinatorial terms
with the GO parents. In this approach, the parental vocabu-
laries remain as “pure” ontologies, whereas the combinatorial
vocabularies would be “working” ontologies that would relate
back to their parents. Terms from separate combinatorial
graphs would relate to each other through their common
“pure” GO parent terms. Thus both GO and, in this case, the
anatomical dictionary could change independently, and the
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Figure 8 The complete graph generated by successive combination of terms. In the first stage, terms
describing the formation of an epithelial tube during the development of the primitive heart tube were
inserted into the graph shown in Figure 7. In the second stage, terms that describe the differentiation
of cells in the appropriate tissues were inserted. (A) The graph shown from an anatomical perspective.
(B) The graph shown from a developmental process perspective. The portion of each term that was
view of development generated in Figure 5A is shown in boldface.

1

derived from the “anatomica

combinatorial “working” graph would simply be recalculated
to reflect the changes. An advantage to this is that as the
“pure” graphs are corrected and refined, the “working” graphs
would automatically be updated. A direct requirement of this
type of updating scheme would be to design logical rules used
for the generation of combinatorial graphs. The rules would
be used in a semiautomated way for both the construction of
the graphs and the update of the graphs as the parents
change. One example of this type of rule would be:

Graphl (Process)
|[Nodel (apoptosis)

||[INode2 (induction of apoptosis) is a part of Nodel (apop-
tosis)

lium during primitive heart tube development
during primitive heart tube develcpmsnt

1% morphogenesis of an eplthellal sheek during primitive heart tube development

[[INode3 (killing of inflamma-
tory cells) is a type of
Nodel (apoptosis)

[|[Node4 (terminal differen-
tiation of inflammatory
cells) is a part of Node3
(killing of inflammatory
cells)

[|[Node5 (induction of apo-
ptosis of inflammatory cells)
is a part of Node3 (killing
of inflammatory cells)

Graph2 (Anatomy)

NodeA (limb)
|[NodeB (handplate) is a part of
NodeA
|[[NodeC (interdigital mesen-
chyme) is a part of NodeB

Graph3 (New combinatorial con-
cept)

Node6 (apoptosis of interdigital
mesenchyme)
|[Node7 (signaling from condens-
ing mesenchyme cells) is a
part of Node6 (apoptosis of
interdigital mesenchyme)

If a curator sees a need for
Node6, a combinatorial term that is
a type of Nodel involving NodeC,
then:

If Node2 is a part of Nodel,
then a type of Node2 can be de-
scribed that is also a part of Node6.
Node7 is always a part of Node6,
but is not always a part of Nodel (it
is a specific process that occurs only
as a part of Node6). So, Graph1 X 3
can also be represented as (where,
e.g., 2/6 means a Node2 involving
the anatomical structure in Node6):

Nodel (apoptosis)

[Node2 (induction of apoptosis)
is a part of Nodel (apo-
ptosis)

|[INode2/6 (induction of apo-
ptosis of interdigital mesen-
chyme) is a type of Node2
(induction of apoptosis)
[Node3 (killing of inflammatory
cells) is a type of Nodel
(apoptosis)
||[Node4 (terminal differentiation of inflammatory cells) is
a part of Node3 (killing of inflammatory cells)
||[NodeS5 (induction of apoptosis of inflammatory cells) is
a part of Node3 (killing of inflammatory cells)
|[Node6 (apoptosis of interdigital mesenchyme) is a type of
Nodel (apoptosis)
|[INode2/6 (induction of apoptosis of interdigital mesen-
chyme) is a part of Node6 (apoptosis of interdigital
mesenchyme)
||[Node7 (signaling from condensing mesenchyme cells) is
a part of Node6 (apoptosis of interdigital mesen-
chyme)

This example gives an illustration of how a combinato-
rial graph can be generated and maintained. Note that in this
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case, we have inserted the combinatorial terms into the pa-
rental graph to show the relationships between the combina-
torial and parental terms. In the case of graphs representing
anatomy and developmental process, the development of a
specific anatomical structure will be composed of a type of
general developmental process that is specified by the struc-
ture. Node6 represents the term describing both anatomy and
development of which the development term is Nodel.
Node2/6 and its relationships would be calculated. Node7
would be a specific process that only applies to the develop-
ment of the anatomical structure represented in Node6 and
would be added by a curator.

The advantage of using combinatorial strategies for a
project like GO becomes obvious once the vocabularies grow
in size and complexity. Using rules like the one illustrated
above, curators can construct vocabularies by focusing on one
subject and describing its parts and types. Other curators who
are using the concepts of a well-established vocabulary are not
required to reconstruct that vocabulary to fit their specific
needs, but instead can use the well-established vocabulary.
For example, a curator describing the “morphogenesis of an
epithelium” in the heart and a curator describing the “mor-
phogenesis of an epithelium” in the kidney would both use
the same parental vocabulary for the “morphogenesis of an
epithelium” and would add their specific appropriate ana-
tomical terms. The two parts of the vocabulary are then guar-
anteed to be internally consistent. Furthermore, the defini-
tions of the new terms can be directly derived from the defi-
nitions of the parental terms and will be inherently consistent
as well. Using the cross-product approach, ambitious projects
like GO can remain manageable for human construction and
curation.

This study examined two approaches for the construc-
tion of structured vocabularies to describe developmental pro-
cesses that are involved in the development of species-specific
anatomical structures. The analysis compares the present nar-
rative approach to vocabulary development with a new ap-
proach taking advantage of combining terms from two exist-
ing vocabularies. Our work shows that the combinatorial ap-
proach provides a method of vocabulary construction and
maintenance that allows for the evolving complexities of ex-
tensive vocabularies like those used in the Gene Ontology. It
is clear from our practical experience with heart development,
that the most biologically relevant method for creating
graphs will combine aspects of both manual inspection and
computational creation of terms. Expert curators will still be
required to generate the original vocabularies, then curators
will use the “pick and choose” approach and computational
tools to generate new combinatorial terms for a complex vo-
cabulary. The combination of both expert biological knowl-
edge and tools for creating cross-product vocabularies should
allow for a robust expansion of vocabularies such as GO to
include other knowledge domains.
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