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Abstract
Developmental biology, like many other areas of biology, has undergone a dramatic shift in the
perspective from which developmental processes are viewed. Instead of focusing on the actions of
a handful of genes or functional RNAs, we now consider the interactions of large functional gene
networks and study how these complex systems orchestrate the unfolding of an organism, from
gametes to adult. Developmental biologists are beginning to realize that understanding ontogeny
on this scale requires the utilization of computational methods to capture, store and represent the
knowledge we have about the underlying processes. Here we review the use of the Gene Ontology
(GO) to study developmental biology. We describe the organization and structure of the GO and
illustrate some of the ways we use it to capture the current understanding of many common
developmental processes. We also discuss ways in which gene product annotations using the GO
have been used to ask and answer developmental questions in a variety of model developmental
systems. We provide suggestions as to how the GO might be used in more powerful ways to
address questions about development. Our goal is to provide developmental biologists with
enough background about the GO that they can begin to think about how they might use the
ontology efficiently and in the most powerful ways possible.

Introduction
The ontogeny of an organism is a complex process requiring exquisite orchestration of gene
expression and action. Over the last century, experimental embryologists have used embryo
manipulation, genetics and molecular biology to understand the fundamental processes
underlying specific steps along the path from fertilized egg to adult. These experiments have
resulted in a large body of information that has been reported in the scientific literature.
Often that information stands alone, describing a small set of genes, or a single isolated
process, and how it affects a specific step in development. Recently, large-scale genomic
and proteomic methods have moved the field from the paradigm of studying single genes in
isolated experiments to studying sometimes thousands of genes, in a complex experiments.
One challenge developmental biologists face in light of these new methodologies is how to
integrate information obtained from large-scale experiments with information about specific
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developmental processes obtained using a variety of traditional experimental approaches. As
experimental information becomes more complex and voluminous, it becomes impossible
for a single person to comprehend and analyze. Instead, we must rely on computers for help
in storing, retrieving, integrating, analyzing and interpreting data.

There are many ways to store information about any given thing. The simplest is to define
lists of bins, or categories, used for description and grouping (Fig. 1). Keyword lists are a
common example of categorization. Two limitations of this approach are that: (1) it is not
possible to tell whether two things placed in two different bins have any relationship to one
another, and (2) it does not necessarily allow for one thing (especially if it is a physical
object) to be placed in more than one bin.

A better classification scheme would allow the individual categories to be related to one
another in a meaningful way. Figure 1b illustrates the use of related categories for the
classification of the limb anatomical structures listed in Figure 1a by representing them in a
hierarchy. Using such a hierarchy, the femur, an upper leg bone, would be defined as being
part of the upper leg, and the tibia and the fibula, both lower leg bones, as parts of the lower
leg. The use of a hierarchy automatically goes beyond the use of a simple keyword list: not
only does it provide information that an anatomical substructure is part of a superstructure, it
also implies that anything associated with the substructure is related to the superstructure.

Ideally, when we store a piece of information about something like an anatomical structure,
we would like to know how this bit of data relates to information we have stored about all
other anatomical structures. One way to represent information about anatomical structures
and the ways that they relate to each other is to use an ontology, a set of terms that represent
objects or events and the relationships between those objects or events that describe how the
terms tie in with one another in reality (Smith, 1998). By representing information using
sound ontological principles, a computer can perform logical operations and infer
information that goes beyond our original description (Uschold and Grüninger, 1996).
Ontologies improve upon simple keyword lists and hierarchies because a single term may
have relationships to many other terms instead of just one. In an ontology, terms and their
relationships are often represented in a directed acyclic graph or DAG (Fig. 1c), a type of
graph that allows us to draw the terms and their structure in a rich and logical way. The
placement of terms in the graph relates them to, and defines them with respect to, all of the
other terms in the graph. With well-defined relationships, we can write algebraic rules that a
computer can use to draw conclusions about the information represented in the graph. For
example, if we are interested in getting a list of all the bones that are part of a lower limb,
we can use the information in the ontology to retrieve the radius, ulna, hand bones, tibia,
fibula and foot bones. Recently, many ontologies of biological interest have been developed
by a variety of groups to describe different aspects of biology and biomedicine (Fragoso et
al., 2004; Baorto et al., 2009; Rothwell and Fritz, 1983; Whetzel et al., 2006; Smith et al.,
2007; Temal et al., 2008). The Gene Ontology (GO), the focus of this review, is used to
describe the biological roles of protein or functional RNA gene products.

General Aspects of The Gene Ontology
The GO consists of three ontologies: Molecular Function, Biological Process and Cellular
Component (Ashburner et al., 2000) (Fig. 2). The Molecular Function ontology describes
the biochemical reactions carried out by gene products at the molecular level, for example,
binding or catalysis. The Biological Process ontology describes the biological objective of a
gene product, such as germination. Biological processes are achieved by a series or a group
of executed molecular functions. For example, the overall objective of the biological process
histone phosphorylation (GO:0016572) can be accomplished by protein kinases carrying
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out their molecular function histone kinase activity (GO:0035173). The Cellular
Component ontology describes where in a cell a particular molecular function may occur. In
most cases, annotation of a gene product to a cellular component term means that the gene
product has been found there and we infer that this may be where the gene product
functions. The primary purpose of GO is to provide a standard way to describe the roles of
gene products in any organism. The standardization gives us the ability to compare the roles
gene products play across many species.

The GO is continually being modified and improved. The ontology changes on daily basis as
ontology curators add finer detail to specific areas of the ontology and steadily work to
ensure that the ontology is correct and consistent with current biological knowledge. Just as
the ontology is constantly improving, annotators at contributing databases are continuously
adding new information about gene products to the GO resource. As a result, the entire
system, from the ontology to the gene product annotations, is dynamic.

GO terms have 5 essential features (Fig. 3): 1) GO terms have unique names that
unambiguously distinguish them from other terms. Whenever possible, terms are named as
close to common usage in the community as possible. 2) GO terms have unique IDs of the
format: GO:#######. These IDs are fixed and tied to the identity, definition, or meaning, of
the term. Term names may change over time, but IDs remain constant. Therefore, the ID is
the more stable identifier for a term in the ontology. If, upon further development of the GO,
an existing term is deemed unsuitable for the ontology, the term is made obsolete and its ID
is deprecated to a special obsolete category. 3) Terms have synonyms. Synonyms are very
useful for searching purposes because they represent the many different ways that scientists
refer to the same concept. For example, the terms ‘vitellogenesis’ and ‘yolk production’
mean the same thing, therefore a single GO term, vitellogenesis (GO:0007296) exists for
this process with an exact synonym yolk production (GO:0007296). Synonym terms in GO
can be exact, broad or narrow in relation to a primary term. 4) Terms have a textual
definition. The textual definition is both necessary and sufficient to identify the term by its
ID. Model Organism Database (MOD) biocurators and users of the ontology use textual
definitions to understand the intended meaning of a term and thus the rationale for its
association with a given gene product. 5) Terms have relationships to other terms such that
each term is placed in the context of all of the other terms in the DAG.

The GO uses six types of relationships is_a, part_of, regulates, positively_regulates,
negatively_regulates and disjoint_from. With the exception of disjoint_from, in these binary
relationships we refer to the less specific term as the parent and the more specific term as the
child. The further a term is from the root of the graph, the more specific the term is.
Therefore, terms that are furthest away from the root will convey more information than
those that are closer. Automated methods are now being developed that take advantage of
the information content of the ontology to help manage the placement of terms in the graph
(Alterovitz et al., 2009). However, it is not particularly useful to discuss the ‘level’ of a term
in the graph. Since the graph is a DAG, a single term may be at more than one level
depending on the path that is taken to arrive at it from the root.

The different relationships describe the multiple ways in which 2 terms can be linked to each
other. The is_a relationship in GO means that if A is_a B then every time we find an A in a
natural biological setting, it is a kind of B and A is a child of B. For example, plasma
membrane (GO:0005886) is_a membrane (GO:0016020) means that every plasma
membrane we find is a kind of membrane. The part_of relationship in GO means that if A
part_of B then every time we find an A in a natural biological setting it, along with other
things, makes up a kind of B. Note that it does not mean that every time we find a B it must
contain an A as a part. Consider the case of a process in the ontology that has a part_of
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child. This does not mean that every time the parent process occurs, the child part has to
occur. Instead it means that every time the child part occurs, it has to be in the context of the
parent process. For example, oogenesis (GO:0048477) has ovarian follicle cell
development (GO:0030707) and ovarian nurse cell to oocyte transport (GO:0007300) as
part_of children. Ovarian nurse cell to oocyte transport (GO:0007300) part_of oogenesis
(GO:0048477) means that every time this transport occurs, it is part of the process of the
formation and maturation of a female gamete. However, not all oocytes require transport
from a nurse cell in order to undergo oogenesis (Biliński et al., 1998). In summary, then, if
A part_of B, then every time A exists, it is a part of B, but not all kinds of B have to have a
part A.

The regulates relationships are very important with respect to the representation of
developmental processes in GO. The regulates relationship between processes means that a
process A has a direct influence on another process B such that it controls some aspect of
how process B unfolds. Process A can affect the rate at which B proceeds, the frequency at
which B occurs, or how far along B is allowed to progress. For example, regulation of
Notch signaling pathway (GO:0008593) regulates Notch signaling pathway (GO:
0007219) means that every time a regulation of Notch signaling event occurs, it somehow
modulates the rate, frequency or extent of Notch signaling. The negatively_regulates and
positively_regulates relationships follow the regulates relationship in a straightforward
manner by either increasing or decreasing the rate, frequency or extent of another process.

The disjoint_from relationship is a special relationship that is used to maintain the structural
integrity of the DAG. If A is disjoint from B, then no A that exists can be a B. For example,
cellular process (GO:0009987) disjoint_from multicellular organismal process (GO:
0032501) means that if a process is a cellular process, it cannot also be a multicellular
organismal process. It can, however, be a part_of a multicellular organismal process. For
example, hepatocyte differentiation (GO:0070365) is_a cellular process (GO:0009987)
and also is part_of liver development (GO:0001889) a multicellular organismal process
(GO:0032501).

Rules governing the relationships between terms and how these relationships interact with
each other are important because a computer can use them to draw conclusions about one
term based on how it relates to other terms (Fig. 4). For example, the part_of relationship is
transitive. If cell-cell signaling involved in cell fate specification (GO:0045168) is part of
cell fate specification (GO:0001708) and cell fate specification (GO:0001708) is part of
cell fate commitment (GO:0045165), then cell-cell signaling involved in cell fate
specification (GO:0045168) is part of cell fate commitment (GO:0045165). Relationships
like this can be linked together in a chain through multiple steps in the ontology. As a result,
we can infer the relationship between two terms that might be quite distant from one another
in the graph.

Annotations Using the Gene Ontology
The primary purpose of developing GO is to describe the roles of gene products in an
organism. MOD biocurators link gene products with GO terms through the process of
annotation (Dwight et al., 2002; Hill et al., 2002, 2008; Berriman and Harris, 2004;
Berardini et al., 2004; Haas et al., 2005; Aslett and Wood, 2006; Buza et al., 2007; Dimmer
et al., 2007; Karp et al., 2007; Hong et al., 2008; Barrell et al., 2009; Tweedie et al., 2009).
MOD curators are experts in the biology of their respective organisms, ensuring that the
biology is accurately represented in the annotations. Model organism databases that are part
of the Gene Ontology Consortium use a standardized method to annotate data from the
primary literature (The Reference Genome Group of the Gene Ontology Consortium, 2009),
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translating experimental results to link GO terms with gene products. Annotations are
maintained at both the participating MOD databases and at the central database maintained
by the GO Consortium. GO annotations contain four essential elements: 1) the identity of
the gene product being annotated, 2) the GO term chosen for the assertion, 3) the reference
from which the annotation was made, and 4) the evidence that was used to indicate how an
annotation to a given term is supported and how the term-gene product connection was
inferred. Evidence for an annotation is captured through a set of evidence codes that broadly
describe the types of experiments that can lead to a given conclusion. The use of evidence
codes allows users of the annotation files to filter or sort annotations based on the types of
evidence that support them.

Since manual annotation is both time-consuming and labor-intensive, most MODs have not
comprehensively used their literature collections to annotate all of the published information
about every gene product in their organism. To augment literature curation efforts, MODs
also use data from large-scale methods or computational algorithms to predict assignment of
GO terms to gene products (Biswas et al., 2002; Maeda et al., 2006; Tian et al., 2008;
Okazaki et al., 2002). Most of these approaches rely on sequence similarity methods. For
example, certain InterPro domains have been mapped to relevant GO terms because proteins
containing these domains have been experimentally shown to perform a certain function or
to be involved in a particular process. If a gene product has such an InterPro domain as part
of its protein sequence, that gene product can then be assigned a GO term based on that
functional domain (Mulder et al., 2003). These predicted annotations are almost always
more general than curator-assigned annotations and use evidence codes, such as IEA
(Inferred from Electronic Annotation), indicating that the annotation was made by a
computational method. Although these annotations are reliable, it is good to keep in mind
that they are indirectly inferred, generally not reviewed by curators, and the direct
experimental evidence supporting them may be made from related proteins that might not
have exactly the same biological role in different organisms. For a complete description of
GO annotation evidence codes see: http://www.geneontology.org/GO.evidence.shtml

Developmental Biology in the Gene Ontology
A great deal of effort has been expended to ensure that there are appropriate terms
describing developmental processes in the GO and, moreover, that these terms can be used
consistently and correctly to annotate the many different organisms used to study this
important area of biology. In GO, developmental process (GO:0032502) is defined as ‘A
biological process whose specific outcome is the progression of an integrated living unit: an
anatomical structure (which may be a subcellular structure, cell, tissue or organ), or
organism over time from an initial condition to a later condition’. The words ‘developmental
process’ and its definition are used rather than just the word ‘development’ to encompass the
collection of developmental processes, rather than a single process that is broken down into
parts. The distinction between a ‘collection’ and a ‘single process’ is important because it
allows the GO term developmental process (GO:0032502) to cover the relevant processes
that occur in all organisms, from unicellular fungi to plants and animals. The notion of a
progression over time is an important concept in the definition of development. It
distinguishes ‘transient processes’ such as the formation and retraction of a pseudopod in an
amoeba, which most people would not consider a developmental process, from “an
unfolding process’ such as the extension of an axon by a neuron, which most people would
consider a developmental process.

Development can be thought of in two different ways: the anatomical sense and the
procedural sense. In the anatomical sense, we think about the development of a structure like
a limb, or an embryo. From a procedural perspective, we think about induction or
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morphogenesis. These two viewpoints are reflected in the definition of developmental
process (GO:0032502) as well as in the definitions of this term’s children. One of the
challenges for those of us who develop the GO is to represent these ideas universally and to
structure them in a way that annotations of gene products from different model organisms
can be used together to discover generalities about developmental processes. We must also
structure and define terms so that annotators can use them in a manner consistent with the
way the terms are used in the literature. As described below, the processes of cell
differentiation, and developmental induction provide good examples of some of the
challenges we face when we are forced to define terms precisely and fit them into a scheme
like the Gene Ontology.

Cell Differentiation
Cell differentiation is one of the fundamental processes that is part of the life of any
organism that develops, from single-celled yeast to multicellular organisms. It describes the
process of cells becoming different from one another during development. In creating and
maintaining the section of the GO describing cell differentiation, we asked ourselves: How
do cells become different from one another? What exactly does the development of a cell
encompass? When does development start and end? How do people use the term ‘cell
differentiation’ in the scientific literature? By answering these questions, we can define the
terms in GO that relate to cell differentiation in ways that fit into the logical context of the
ontology. This way, they can be used in a straightforward way by annotators who are not
necessarily experts in developmental biology.

We can start by asking what the term ‘cell development’ means. Previously, we stated that
the term developmental process (GO:0032502) is defined as ‘A biological process whose
specific outcome is the progression of an integrated living unit: an anatomical structure
(which may be a subcellular structure, cell, tissue or organ), or organism over time from an
initial condition to a later condition’. It logically follows that cell development (GO:
0048468) would be defined as ‘The process whose specific outcome is the progression of
the cell over time, from its formation to the mature structure’. The ‘progression of the cell’
part of the definition is easy to comprehend: it is intuitively obvious that this describes the
changes that the cell goes through as it develops. The ‘initial and later conditions’ are more
difficult to define. In particular, defining the initial condition of a cell is not entirely
straightforward because during embryogenesis pre-existing cells already begin to set up the
plans for the identity of the cells that will follow. Every cell undergoes two steps when
changing its identity during development. The cell somehow decides what it is going to be
and then it does so. Cells decide what they are going to be through the process of cell fate
commitment (Gilbert, 2006).

Cell fate commitment can be broken down into two classically defined steps, cell fate
specification and cell fate determination. Specification is the initial process where the
information about the cell’s environment is set up. If a cell is left in this environment, it will
differentiate correctly. Determination is the cell-autonomous process by which the cell is
now committed to undergo a certain developmental program regardless of its environment.
With respect to the structure of the ontology, we must ask, ‘When does the cell attain its
identity?’ From a practical standpoint, if the developmental program of the cell can be
changed, then it has not yet attained its identity. Therefore, cell development must occur
after cell fate commitment, and the fate commitment is not part of the development of the
cell.

What about cell differentiation? In the strictest sense, cell differentiation is separate from
cell fate commitment (Gilbert, 2006). However, for practical reasons in the ontology and for
annotation, it makes sense for cell differentiation (GO:0030154) to take on a more
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permissive definition that includes the process of cell fate commitment (GO:0045165). In
some cases, cell fate commitment can begin in a cell that will give rise to a terminally
differentiated cell. An example of this cell progression is the satellite cell -> myoblast ->
skeletal muscle cell lineage (Zammit, 2008). In this lineage, satellite cells can be thought of
as stem cells. They are self-renewing cells that can give rise to either more satellite cells or
to myoblasts. Myoblasts can be considered skeletal muscle progenitors cells. They can
divide, or they can give rise to cells that will develop into terminally differentiated skeletal
muscle. The commitment of these cells to the skeletal muscle fate does not occur in the cell
that terminally differentiates, but rather begins in the satellite cell precursors (Kanisicak et
al., 2009). If a mutant is isolated in which mature skeletal muscle cells fail to form, the
defect could be in the development of mature skeletal muscle cells, or it may be in the
commitment of the satellite cell or myoblast pools, the precursor cell pools, to the muscle
cell fate. However, it would not be unreasonable to describe such a mutant as having a
phenotype where skeletal muscle cells failed to differentiate. Authors often refer to cells
failing to differentiate, but it is difficult to distinguish whether this failure is at the level of
commitment of those cells to their fate, or their subsequent development (Wanderling et al.,
2007; Vaahtomeri et al., 2008; Zannino and Appel, 2009).

The representation of differentiation in GO not only allows annotators to use terminology
that is most globally consistent with the way the word ‘differentiation’ is used in the
literature, but also permits annotators to use more specific terms such as cell fate
specification (GO:0001708) where experimental data supports that conclusion. Figure 5
shows the arrangement of cell differentiation (GO:0030154) and its children in the
ontology. Cell differentiation (GO:0030154) has two part_of children, cell fate
commitment (GO:0045165) and cell development (GO:0048468). Cell development (GO:
0048468) has four part_of children, developmental cell growth (GO:0048588), cell
maturation (GO:0048469), developmental programmed cell death (GO:0010623), and
cell morphogenesis involved in cell differentiation (GO:0000904). Developmental cell
growth (GO:0048588) is the non-polarized growth of a cell that is part of its development
and does not result in a cell shape change. An example of this is a plant cell that grows
symmetrically to increase the size of a structure, but does not change its shape as it grows
(Kondorosi et al., 2000). Cell maturation (GO:0048469) is the process whereby a cell
becomes biochemically fully functional. It does not include growth or shape change, but just
a change in the biochemical machinery such that the cell can function in its mature state. An
example of cell maturation is the biochemical maturation of intestinal epithelial cells that
occurs as they move from the intestinal crypt to the villus (Chang et al., 2008).
Developmental programmed cell death (GO:0010623) is programmed cell death that is a
natural consequence of a developmental process. For example, the cells in the ‘webs’
between the digits in a vertebrate limb undergo developmental programmed cell death as
their last step in development (Chen and Zhao, 1998). Cell morphogenesis involved in
differentiation (GO:0000904) describes the shape changes that a cell goes through as it
progresses towards a mature stable state. For example, guard cells in corn plants elongate
differentially to create a stomatal pore (Galatis, 1980).

The GO intentionally does not include lineage relationships in the development portion of
the graph. Although lineage relationships are often well understood, it becomes problematic
to describe them in terms of the part_of relationship that is used in GO. For example, a cell
from a mesenchyme condensation develops into an osteoprogenitor cell that develops into
an osteoblast. We could theoretically trace the lineage of the mesenchymal cell all the way
back to the fertilized egg. If we represented these lineages in the ontology as parts of the
differentiation of the last cell, then we would conclude that the differentiation of the
fertilized egg is a part_of the development of the osteoblast. Although this could be
considered to be technically true, it would be a disservice for users of the GO to group gene
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products that are involved in the differentiation of the first few cells of the embryo under
osteoblast differentiation. One could also make the argument that the differentiation of the
osteoblast cell is actually the last step in the development of the osteoprogenitor cell and is
therefore a part_of osteoprogenitor cell development. This line of reasoning serves no
practical purpose when we consider retrieving gene products that are involved in
osteoprogenitor cell development. Instead developmental lineage relationships are much
better described as a develops_from relationship between two discrete structures, as they are
represented in the cell type ontology (Bard et al., 2005).

Developmental Induction
Of course, developmental biologists don’t only care about the progression of a structure
from its beginning to end, but also about how these progressions relate to one another and
are coordinated. We are interested in teasing out how these processes are regulated and
controlled, all the way from the types of interactions that cells have with each other and their
environment resulting in the unfolding of a developmental process, to the control of gene
regulatory networks underlying almost all of development (Santner et al., 2009; Davidson
and Levine, 2008; Simpson et al., 2009). For this reason, the description of regulatory
networks in developmental biology is important in the developmental hierarchy of GO.

Sometimes, the regulatory relationship between a process and the process it regulates is very
clear. For example, the androgen signaling pathway prevents mammary glands from fully
developing in male mammals (Veltmaat et al., 2003). It is straightforward that the signaling
pathway negatively regulates the development of the mammary gland, but we would not
want to think of it as part of the development of the gland itself. However, the representation
of other regulatory processes such as developmental induction is not as clear-cut.

One of the earliest descriptions of tissue interactions that are involved in development was
the identification of inductive interactions that occur in amphibian embryos (Spemann and
Mangold, 1924). Since this initial description it has been discovered that inductive
interactions occur over and over again in developmental systems. In particular, the
interaction between an instructive tissue and a receptive tissue leads to the development of
many organs (Pispa and Thesleff, 2003; Jacobson and Sater, 1988). However, in an
argument analogous to the cell specification argument made above, the inductive events are
not considered part_of the development of those organs since they occur before the
precursors to those organs are present or determined to become those organs. For this
reason, we have defined the specification of a field of cells as the initial step in organ
formation. For example, in the development of the mammalian lung, the first recognizable
structure that will develop into the lung is the field of cells in the foregut that will undergo
budding. However, it would be a mistake not to somehow relate the inductive events of the
mesenchyme signaling to the foregut endoderm that result in the specification of the lung
field in the foregut, to the process of lung development. To do this, we can take advantage of
the positively_regulates relationship. By making induction of an organ (GO:0001759)
positively regulate specification of organ identity (GO:0010092), we can now describe
how the inductive process relates to the formation of the field of cells that will develop into
an organ. This relationship is one of positive regulation, because it results in the initiation of
the process, increasing both the process’ rate and extent. Once a field of cells that will form
an organ is specified, it will continue to develop into the organ under normal circumstances.

Coordinating the Gene Ontology with Other Ontologies
One of the ways that terms are made more specific is to describe developmental processes
based on the anatomical structures (such as the heart) or the cell types that are involved
(such as cardiomyoblasts). Because of this, curators strive to coordinate GO with other
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ontologies developed and used by MODs and other biological databases. Ontologies that
describe cell type and anatomies are particularly useful (Bard et al., 1998,2005;Sprague et
al., 2001;Grumbling and Strelets, 2006;Hayamizu et al., 2005;Lee and Sternberg,
2003;Gaudet et al., 2008). GO curators can use the knowledge of experts in other fields to
provide a consistent representation of biology across disciplines. For example, GO curators
check the structure of GO terms relating to the anatomical representation of the central
nervous system against the developmental description of the central nervous system (Fig. 6).
This type of cross-checking provides great power in ensuring the accuracy of, and
consistency between, both ontologies (Hill et al., 2002). Furthermore, since many
anatomical dictionaries contain develops_from relationships, aligning the ontologies allows
for the execution of interesting developmental biology queries that cannot be achieved by
querying the GO alone since, as we have described above, GO does not contain
developmental lineage information. Using lineage information from an anatomical
dictionary, a user could search for a structure and all of the structures that it develops from
in order to get an insight into the gene products that might give rise to a mutant phenotype.
For example, if a mutant zebrafish showed a developmental defect in chondrocyte
development, we might want to use the lineage information from the zebrafish anatomy
ontology to search on both chondroblast differentiation (GO:0060591) and chondrocyte
differentiation (GO:0002062), since chondroblasts are the precursors to chondrocytes.

Uses of Gene Ontology Annotations
Currently the Gene Ontology and the annotations of gene products made using terms from
the ontology are used for three primary purposes: (1) browsing the ontology for biological
information about a specific GO process, function or component, (2) retrieving information
about single genes of interest, and (3) obtaining functional information about large numbers
of genes that have been identified in large-scale proteomics or microarray studies.

There are a variety of online resources for browsing the ontology and its annotations, either
by GO term or by gene product. In addition to the AmiGO browser (Carbon et al., 2009),
available from the Gene Ontology home page at
http://amigo.geneontology.org/cgi-bin/amigo/go.cgi, most of the databases that contribute
annotations to the GO resource also host GO browsers and display GO annotations at their
own sites. An extensive list of tools for analyzing gene products annotated using GO can be
found at http://www.geneontology.org/GO.tools.shtml?all.

AmiGO can be used to search the GO database for a GO term (Fig. 7). For example, if ‘limb
development’ is entered into the query box and the ‘GO terms’ radio button is selected, the
search returns a page that highlights the two terms that match the query string limb
development (GO:0060173) and limbic system development (GO:0021761). From this
page, users can link to information about each term, genes that are annotated to the terms, a
textual tree view of the term, and its definition. Several options are available from the drop
down menu, including access to graphical views of the term in the context of the ontology
and many other options.

AmiGO can also be used to retrieve information about gene products (Fig. 8). Gene symbols
or names can be entered into the search field and a list of genes that have annotations in the
GO database is returned when the query is performed. Users can then link to the GO terms
associated with those gene products, the sequences associated with those gene products, or a
BLAST search using the sequence of the gene product. Using the advanced query form,
queries for more than one gene at a time can be performed.

By far, the most common use of GO in the published literature is for the analysis of large
datasets resulting from proteomic or microarray studies. There are far too many of these
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studies for us to comprehensively review them here. The GO consortium maintains an
extensive bibliography of published literature using GO:
http://www.geneontology.org/cgi-bin/biblio.cgi

We will, however, review a few select studies that illustrate the use of GO to study
development in Mus musculus, Arabidopsis thaliana, Danio rerio, and Caenorhabditis
elegans.

Using GO to study development in mice
For a typical large-scale expression experiment that is used to study development in mice,
RNA is isolated from a tissue at different stages of development, or RNA is isolated from
wild-type and mutant embryos that have a developmental defect. Then, the sets of transcripts
are analyzed by microarray or other large-scale analyses to identify transcripts that have
significantly different expression levels. This type of experiment often leads to the
identification of hundreds of differences in the expression of genes. Statistical analysis tools
using GO annotations in the context of the GO hierarchy are used to cluster those genes into
functional categories (Jensen et al., 2004; Xu et al., 2007; Hecht et al., 2007; Zhu et al.,
2007; Matsuki et al., 2005; van Lunteren et al., 2006; Clemente et al., 2006; Agbemafle et
al., 2005; Ivins et al., 2005; Choi et al., 2007; Baguma-Nibasheka et al., 2007; Vaes et al.,
2006; Zhang et al., 2004; Li et al., 2006). An example of this type of experiment is the one
carried out by James et al to study gene expression during chondrocyte differentiation
(James et al., 2005). Micromass cultures were used to differentiate mesenchyme cells into
chondrocytes. A number of well-known differentiation markers were used to monitor
development. RNA was isolated from the cultures at 3-day intervals for 15 days and the
RNA was subjected to microarray analysis. Once genes were identified with significant
differences in expression levels, they were clustered using the FatiGO program (Al-
Shahrour et al., 2004). Consistent with the differentiation program, a large fraction of genes
were shown to function in catalysis, signal transduction, molecular transport, transcription
and structural activity. The authors state that this trend in gene expression provides
additional support for the validity of their micromass culture system.

The use and validation of systems like the micromass culture are critical in the study of
development in mice, because they allow for the analysis of a homogeneous cell type over
time. Further clustering of the expression data also confirmed the validity of their approach,
for example, genes involved in muscle differentiation were down-regulated. Down
regulation of muscle genes would be expected as these cells are instructed to differentiate
into a non-muscle cell type. The authors also discuss the importance of the initial analysis of
expression patterns in the interpretation of the data. Any study using GO to infer information
from microarray data is dependent both on the analysis of the expression data itself and on
the amount of knowledge that is embedded in the GO system through the structure of the
ontology and the depth/comprehensiveness of the annotations.

Recently, the use of GO has gone beyond analysis of mRNA expression profiles in large-
scale array experiments and it has been used to study more targeted questions. For example,
mutational analysis has shown that many of the homeobox-containing genes in mice are
required for developmental patterning processes (Favier and Dollé, 1997). However, little
was known about exactly how the homeobox-containing genes executed their ability to
control cell fates and set up regional identity in embryos. Salsi et al recently used the
Hoxd13 gene product in a chromatin precipitation experiment to identify target genes of this
transcription factor (Salsi et al., 2008). The authors used GO to functionally categorize the
genes that were identified. Not surprisingly, many of the genes were involved in
development and cell proliferation. Studies like this move the field a step further by linking
the targets of a step in a gene regulatory network to the biology represented in the GO. By
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continuing studies like this, we will eventually be able to understand the gene regulatory
networks and the effects that they may be having on development at a cellular level.

Using GO to study development in plants
Arabidopsis thaliana has been used as a model organism to study many plant processes,
including development. Again, as in other experimental systems, a popular use of GO has
been in the functional categorization of groups of up- or down-regulated genes or in
categorizing the transcriptome of a particular cell or group of cells and comparing those
results with the categorization of the entire Arabidopsis genome (Day et al., 2008; Wang et
al., 2008; Borges et al., 2008; Menges et al., 2008). In one particular study, Cai and
Lashbrook (2008) investigated the abscission zone (AZ) transcriptome, looking for
regulators of the process of the controlled detachment of an organ (Cai and Lashbrook,
2008). They looked specifically at the genes expressed in laser capture microdissected
abscission zones from the stamens of Arabidopsis flowers. By using the laser-capture
technique, they were able to take their analysis to a level of detail that was much finer than
through the use of a gross dissection. In comparing the enriched GO categories of the
upregulated genes in the test set against the distribution of the same categories in the entire
Arabidopsis genome, they noted that enrichment of the data set in the GO cellular
compartment categories of cell wall (GO:0005618) and extracellular matrix (GO:0031012)
and in the GO molecular function category transcription factor activity (GO:0003700).
One such transcription factor, AtZFP2 was investigated further. Expression analyses show
that the gene product is localized not only in stamen abscission zones but in petal and sepal
AZs as well. Additionally, mutant plants that overexpress AtZFP2 display delayed
dehiscence of floral organs suggesting involvement of this transcription factor in the
regulation of abscission. In this case, the use of GO analysis expedited the identification of a
gene product for further study.

Another set of experiments looked at the genes expressed in fluorescence-activated cell
sorted Arabidopsis sperm cells (Borges et al., 2008). Aside from being able to pinpoint gene
products that are expressed specifically in the sperm cells, the authors wanted to identify
what kinds of genes were overrepresented in the sperm transcriptome. Classification of
sperm gene products based on GO annotations showed enrichment in the categories of DNA
replication (GO:0006260), DNA repair (GO:0006281), cell cycle (GO:0007049), and
ubiquitin-dependent protein catabolic process (GO:0006511). The first three categories
make sense because Arabidopsis sperm cells spend most of their development in the S phase
of the cell cycle, during which DNA synthesis occurs (Friedman, 1999). Plant sperm have
also been shown to have upregulated expression of polyubiquitin (Singh et al., 2002), which
is relevant to the last category. These studies and many others show the utility of GO
annotations in enhancing data analysis.

Using GO to study development in fish
Studies using knockout mice have clearly demonstrated that the MAPK signaling cascade
has a prominent role in the early development of vertebrates. These studies have suggested
that despite sharing many common activators, Mapk1 and Mapk3 may play distinct roles
during embryogenesis (Saba-El-Leil et al., 2003; Pagès et al., 1999). External fertilization,
rapid embryonic development, transparency during embryogenesis, and the ability to knock
down the expression of specific genes with antisense morpholino oligonucleotides make the
zebrafish (D. rerio) ideal for such molecular studies of early vertebrate development. Krens
et al. (2008) used morpholinos to specifically knock down mapk3 and mapk1 in zebrafish
embryos. Microarray-based gene expression profiling of these knockdowns at various stages
of embryonic development followed by cross referencing of the up- and down- regulated
genes in each case with the GO was then used to determine the biological roles played by
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the differentially expressed genes. Consistent with the distinct phenotypes generated in
knockout mice, the mapk1 and mapk3 knockdown zebrafish embryos revealed that these two
signaling kinases have overlapping but distinct downstream effects. Knockdown of mapk3
was found to affect genes involved in dorsal-ventral patterning and embryonic cell
migration, while the mapk1 knockdown affected genes involved in cell migration as well as
mesoderm differentiation and patterning (Krens et al., 2008).

Using GO to study development in worms
One of the most fundamental questions in developmental biology is how totipotent germ
cells are specified and maintained during organismal development. In the self-fertilizing
hermaphroditic nematode C. elegans, a key piece of this biological puzzle, namely
knowledge of differential gene expression between germline and somatic cells, has been
effectively studied by combining temporal and genetic mutant analyses with DNA
microarrays (Reinke et al., 2004). Using RNA prepared from animals at various stages of
postembryonic development as well as from those containing mutations that result in: 1)
fewer than normal germ cells, 2) feminized animals producing only oocytes, or 3)
masculinized animals producing only sperm, researchers have identified genes generally
expressed during germ cell development as well as those enriched in either developing
oocytes or sperm. To determine the functions of the variably expressed genes, and thus gain
insight into the molecular signature of these cell types, researchers have used GO to
determine what activities are enriched in germ cells versus somatic cells, and in oocytes
versus spermatocytes. Results of this analysis indicate that germline-enriched and oocyte-
enriched gene sets contain roughly the same distribution of functions, for example ~30% of
the genes in each set encode nucleic acid-binding proteins. Spermatocytes, however, contain
more signaling molecules such as kinases and phosphatases, but fewer DNA and RNA
metabolism factors, when compared to other germline-enriched genes. In contrast, studies
that assessed the functional differences between hermaphrodite and male larvae somatic
tissues found little enrichment in functional categories for differentially expressed gene
products (Thoemke et al., 2005).

Two additional studies have used the GO to investigate genome organization and regulation
of gene expression during germ cell and somatic cell development. In their study on the
organization and expression of genes contained within C. elegans operons, Reinke and
Cutter, 2009 determined that regardless of molecular function, as determined by Gene
Ontology annotation, genes contained within C. elegans operons (~15% of protein-coding
genes) are expressed in the germline, but not during spermatogenesis (Reinke and Cutter,
2009). Thus, germline expression has a greater influence on operon composition than gene
function, suggesting that expression in the germline somehow influences operon
organization. In another study, researchers were interested in determining the genomic
distribution of the histone variant HTZ-1 during embryogenesis (Whittle et al., 2008). By
mapping sites of HTZ-1 occupation, they determined that during embryogenesis, HTZ-1
occupies the promoters of only 23% of C. elegans genes and that these genes are enriched
for GO annotations related to metazoan development and positive regulation of growth,
consistent with their expression during embryogenesis.

Future Directions/Beyond Large Scale Analyses
In this review, we have described how the GO is developed with particular respect to
representing developmental processes. We have also discussed a number of studies where
GO annotations have been used to answer developmental questions, particularly for large-
scale genomic analysis. Where do we go from here? We must continue to reach out to the
users of the GO so that the power and utility of the system is used to its maximum
advantage. It is only through user education that the resource can be used to its fullest
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extent. For example, when performing any GO analysis, the data sources for both the
annotations and the ontology should be given, and annotations should be filtered and
processed in ways that are appropriate for the study (Rhee et al., 2008). Otherwise, GO
analyses presented in papers cannot be replicated. Secondly, we must continue to develop
both the ontology and gene product annotations.

Despite our work to iron out the logic in representing developmental processes in GO, there
are many specific aspects of development that need attention. In particular, the development
of many structures is still represented at a generic level. For example liver development
(GO:0001889) currently has only five children, hepatocyte differentiation (GO:0070365),
its regulatory children and liver trabecula formation (GO:0060344). Clearly this area of
the ontology needs to be expanded. The mouse anatomical dictionary has 27 children for the
term liver. It would be straightforward to create an anatomical representation of liver
development based on anatomy. But pure anatomical descriptions will not suffice if one of
our goals is to understand how common processes are used in different contexts to achieve
ontogeny. For this type of work, we must dovetail anatomical descriptions with process-
based descriptions. In particular we must be able to describe developmental processes at the
cellular level. We have begun this effort by inviting experts in a targeted field to meet with
us and discuss their specialty. So far, we have used this approach to expand the areas of the
GO pertaining to central nervous system, lung, and muscle development (Feltrin et al.,
2009). We have also been systematically targeting specific developmental processes by
using reviews and the current literature. A large amount of effort has recently been spent on
expanding the GO with terms describing the development of branching organs like the
prostate, mammary gland, and salivary glands (Hill et al., 2009). Targeting similar processes
allows us to better capture those processes in a consistent manner. It also allows us to better
represent the similarities and differences in what morphologically appear to be similar
processes. This style of ontology development should allow us to annotate specific gene
products to these processes and understand how orthologs and paralogs do or do not
contribute to similar developmental events. Of course, any ontology development must also
be accompanied by annotation if we are to understand the roles of gene products in these
processes. In the end, if the ontology is used for gene product analysis, the information in
the ontology is only as useful as the depth of annotations made to the ontology. Curators at
MODs are constantly working to refine gene product annotations and to accurately reflect
the large amount of information that already exists and is constantly being generated in the
scientific literature. But the research communities of some organisms used for many
developmental studies do not have resources that will allow for the detailed annotation of
their gene products in a dedicated database. For resources like GO to be maximally useful
for the study of these organisms, the ontology must accurately reflect the developmental
processes in these organisms, researchers must either be able to contribute detailed
annotations for their gene products to a central repository, or infer annotations for their gene
products to specific terms in the ontology.

As we develop the ontology with more and more detail, we can retrieve information from
the ontology itself. One avenue we are particularly interested in pursuing is the description
of the cell signaling processes that are involved in developmental processes. At some point,
we would like to be able to ask questions like ‘show me all of the developmental processes
in which the smoothened signaling pathway plays a role’. We could then further refine the
query to ask whether these processes have similarities, for example, ‘Are all of these
processes part of mesenchymal-to-epithelial transitions or branching morphogenesis?’. We
could also overlay the gene annotations onto these types of queries to explore the
evolutionary relationships between genes and the developmental processes in which they
play roles (Berardini et al., 2008).
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As the GO continues to develop and becomes connected to other ontologies, we will be able
to use GO to generate hypotheses that can then be tested in the laboratory. For example, if
we have experimental evidence that a specific pathway is involved in some aspect of the
development of an anatomical structure, we can use GO annotations in conjunction with the
graph structure to identify all of the genes that are known or predicted to play roles in that
pathway. By combining that knowledge and the integrated knowledge of anatomy, we can
query gene expression data to determine which of those genes are expressed in the right
place to be acting in the development of the anatomical structure. We can also do analogous
types of experiments combining phenotype information with process or function from GO.
If mutation of a locus displays a defect in a specific anatomical structure, GO can be used to
infer what cellular or molecular processes might underlie the phenotypic defect. This will
become especially important when the phenotypic defect models a genetic disease or an
agriculturally important trait.

Of course, GO does not evolve independently of experimental science. Large-scale studies
and microarray analyses continue to improve. In the examples described above, GO–based
analyses were used to answer specific questions about development by either using single
cell types, or by mutating known genes. As micro-dissection techniques and array analysis
techniques continue to improve, transcript profiles will be able to be studied at a cellular
level, and over very tight time courses. This will allow us to analyze the results at a much
greater resolution. Instead of clustering in areas like metabolism or cell signaling, we will be
able to pinpoint the specific processes, or maybe even the specific steps in those processes,
that are occurring or being affected.
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Figure 1.
A) A simple list of keywords for anatomical structures in the limbs does not provide
information about how the keywords relate to one another. B) The use of a hierarchy allows
a simple view of how the structures of the limbs can relate to one another. In this case the
hierarchy describes parts of the limbs, but does not relate the upper parts of the forelimb and
hindlimb. C) The use of a directed acyclic graph permits terms to have more than one parent
and provides a robust representation of the anatomy of limbs. In this tree-view of a
simplified ontology, the upper leg bone is both a part_of the upper leg and is_a hindlimb
bone. The boxed “I” denotes an is_a relationship and the circled “P” denotes a part_of
relationship.
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Figure 2.
The Gene Ontology consists of three ontologies. Molecular Function describes the
biochemical activity of a gene product, such as histone kinase activity. Biological Process
describes an overall biological objective, such as seed germination (image obtained from
http://etc.usf.edu/clipart/49400/49471/49471_seed_stages.htm). Cellular Component
describes where in the cell a gene product is located, such as nucleus (image obtained from
http://etc.usf.edu/clipart/47800/47857/47857_cell_struct.htm).
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Figure 3.
A partial OBO stanza displaying the term vitellogenesis. An OBO stanza is the textual
description of an ontology term in the OBO format. Each term has an ID, a unique name, a
textual definition that is supported by a reference, appropriate synonyms and relationships
with other terms. Each term in the ontology is represented in an OBO stanza similar to this
example. The definition of a term is tied to its ID. Although the string to describe a term
may change, the ID of a term is stable and always represents the same biological object.
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Figure 4.
Rules governing relationships allow inferences to be made across the ontology. Here we
show 3 rules that can be used for inference using the is_a and part_of relationships. The is_a
and part_of relationships are transitive over themselves. The part_of relationship is
transitive over the is_a relationship. The black arrow can be read as “therefore”.
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Figure 5.
This graphical representation shows cell differentiation and its part_of children. To make
the graph easier to view, we have removed the is_a parents from the terms.
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Figure 6.
A tree-view of a portion of central nervous system development in GO and the portion of the
Mouse Anatomical Dictionary for the brain. Ontology editors for both resources coordinate
their efforts so that the description of anatomical structure development in GO is consistent
with the structure of the anatomical dictionary. For example, diencephalon development
and telencephalon development are represented as part_of forebrain development in GO
and diencephalon and telencephalon are represented as part_of the forebrain in the
anatomical dictionary.
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Figure 7.
A screen capture showing the search interface for the AmiGO tool that is provided by The
Gene Ontology Consortium. The tool can be used to search for either GO terms or genes or
proteins in the GO database. The results of the search are shown in the bottom panel.
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Figure 8.
A screen capture showing the results of a gene search using the AmiGO tool. The results can
be filtered in a number of ways or can be used to link to annotations, gene information or
BLAST.
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