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Abstract. One of the premises of the OBO Foundry is that development
of an orthogonal set of ontologies will increase domain expert contribu-
tions and logical interoperability, and decrease maintenance workload.
For these reasons, the Cell Ontology (CL) is being re-engineered. This
process requires the extraction of sub-modules from existing OBO ontolo-
gies, which presents a number of practical engineering challenges. These
extracted modules may be intended to cover a narrow or a broad set of
species. In addition, applications and resources that make use of the Cell
Ontology have particular modularization requirements, such as the abil-
ity to extract custom subsets or unions of the Cell Ontology with other
OBO ontologies. These extracted modules may be intended to cover a
narrow or a broad set of species, which presents unique complications.

We discuss some of these requirements, and present our progress towards
a customizable simple-to-use modularization tool that leverages existing
OWL-based tools and opens up their use for the CL and other ontologies

1 Introduction

Many bio-ontologies were initially conceived of as stand-alone monolithic enti-
ties, developed independently of other ontologies. However, a modular approach,
whereby portions of other ontologies are reused and made interoperable has
many advantages[23], and this was one of the reasons for the establishment of
the OBO Foundry|[14][1][25]. With a modular approach, more complex ontology
classes are constructed combinatorially using simpler ontology classes as build-
ing blocks. These building-block classes may come from separate ontologies, or
from orthogonal hierarchies within a single ontology. For example, a cell type
such as mature eosinophil in the OBO Cell Ontology (CL)[2] can be functionally
defined using the biological process class respiratory burst from the Gene Ontol-
ogy (GO)[20]. Inter-ontology dependencies such as these can be bi-directional;
for example, a GO process such as eosinophil differentiation can be defined in
terms of the CL class eosinophil[21]. The CL is also tazonomically modularized®

5 in this manuscript we use the term tazon in the sense of an organism/species tax-

onomy
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in that it leaves representation of highly specialized cell types to species-specific
ontologies. Table 1 shows the external ontologies that are of relevance to the CL
modularization strategy.

Ontology Scope and Relevance to CL
PRJ[22] The Protein Ontology
Proteins from multiple species - Used to define cell types based on
presence of specific proteins
GOJ12] The Gene Ontology
Biological Processes, Molecular Functions, and Cellular Components -
Biological Processes used for defining cells by function, and Cellular
Component for surface receptors
PATO[9] The Ontology of Phenotypic qualities
Qualities that can apply to antatomical entities or biological processes -
used to define cells in terms of shape and other physical characteristics.
UBERON | The Uber anatomy ontology
[11] Gross anatomical structures spanning metazoa (but like CL, with a
significant vertebrate bias) - used to define cells by location in the
organism
NCBITaxon|Taxonomy of species
For taxonomic constraints. Only a very small subset is required.
MA[13] The adult Mouse Anatomy ontology
Species-specific gross anatomy
FBbt[g8] The Drosophila anatomy ontology
Species-specific gross and cellular anatomy
WBbt[19] The C. elegans anatomy ontology
Species-specific gross, cellular and subcellular anatomy
FAO[3] The Fungal Anatomy Ontology
Multi-species gross, cellular, and subcellular anatomy
ZFA The Zebrafish Anatomy ontology
Species-specific gross and cellular anatomy
TAO[5] The Teleost Anatomy ontology
Multi-species gross and cellular anatomy
PO[16] The Plant Structure ontology
Multi-species gross and cellular anatomy
FMA [24] The Foundational Model of Anatomy - adult human

Species-specific gross, cellular, and subcellular anatomy

Table 1. Ontologies required by the Cell Ontology for importing modules and/or
coordinating development.

Module extraction

When working in the context of multiple ontologies, it is important to be able to
extract sub-modules from combinations of ontologies. For example, when work-
ing with the CL, it can be useful to extract the minimal subset of GO that is
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required to perform automated reasoning over the CL and obtain results that
are valid and complete. This subset can either be imported or merged into the
source ontology. If the entire external ontology is imported or merged without
first extracting a subset, the resulting ontology union can be difficult to work
with and reason over.

Module extraction is also useful for downstream applications, such as using
an ontology in annotation or analysis. Annotators may want a subset of the on-
tology that is of relevance to their taxon or domain of interest, and term enrich-
ment tools benefit from using a subset as it decreases the size of the hypothesis
space, resulting in improved p-values. Since its inception, the GO has catered to
these use cases by providing manually created subsets or “GO slims” [12]. Using
“slimming tools” (Ireland, unpublished), GO annotations can be mapped from
a full ontology to a slim.

Manually creating subsets is a time-consuming task, and will not scale for
all purposes, so automated techniques are extremely valuable. The problem of
extracting minimal subsets that preserve reasoner results has received consid-
erable attention in the Description Logic literature - see for example[17]. The
majority of the discussion has been on the theory; some module extraction tools
have been implemented for OWL ontologies, but they are not always easy to
use.

The MIREOT (Minimal Information for Retrieval of External Ontology Terms)
guidelines[4] and associated tooling[27] provide support for practical module ex-
traction. One notable feature of MIREOT is that external ontology axioms are
typically merged into the source ontology rather than imported, potentially lead-
ing to synchronization issues. MIREOT has been adopted by some ontologies,
such as the Ontology of Biomedical Investigations (OBI) and eagle i[10]. The
CL is currently using a MIREOT strategy with the ontology editor OBO-Edit[6]
to create an extended version of the CL, which includes externally referenced
classes. These are removed for the “basic” version of the CL.

Taxonomic module extraction

Another requirement is to extract sub-modules from unions of ontologies. For
example, cross-species comparison of phenotypes requires reasoning over multiple
ontologies[26]. For many purposes it can be useful to extract modules from the
union of CL with species-specific anatomy ontologies.

Taxonomic modularization requires a slightly different strategy. This was
first proposed and formalized by Kusnierczyk[18], and later implemented in the
GO[7]. For example, the GO states that lactation occurs only in Mammalia,
allowing a module extraction tool to automatically generate a Drosophila subset
that excludes this term. However, other requirements, such as generating labels
specific to certain taxa remain unmet.

As a multi-species ontology that is integrated with multiple species-specific
anatomy ontologies (AOs) (see lower half of Table 1), the CL has particular
requirements here. There is overlap between the general terms in CL and the
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species-specific terms in these AOs, with the degree of overlap varying depending
on the ontology.

For example, there is little overlap between plant and metazoan cell types,
so it makes sense to manage these in separate ontologies. The Plant Ontology
(PO), which combines cells and gross anatomy in a single ontology, is taking
responsibility for plant cell types, leaving CL to focus on metazoa.

The situation is more complex when we consider the Drosophila Anatomy
Ontology (FBbt). Managing all Drosophila cell types in CL would be difficult:
this ontology has over 1,500 neuronal cell types, many of which are specific to
this taxon, and this number is likely to grow. Representing these cell types in
FBbt allows linkages between cell types and Drosophila gross anatomy to be
maintained in a simple and logically coherent way. At the same time, we want to
coordinate on a shared representation of core cell types such as “neuron” in the
CL. We also want CL to have very specific cell types for mammals (note that the
adult Mouse Anatomy ontology, MA, does not represent cell types). This tension
between a shared general representation and individual specific representations
creates challenges for ontology management. In addition, many users want to be
able to obtain a single coherent ontology view of all cell types within a clade, or
across all organisms, requiring intelligent combination of multiple ontologies.

The strategy thus far has been for CL to represent generalized cell types as far
as possible, with taxonomic specificity indicated by constraints in the ontology,
and for taxon-centric ontologies such as ZFA and FBbt to represent these cell
types as they are instantiated in particular species, with OBO format “xrefs”
(semantics-free cross-references) linking the two.

Towards an integrated tool

There is a lack of a single integrated tool that can fulfil all of these requirements.
In an effort to redress this, we have specified a list of capabilities such a tool
should have for working with the CL, and present initial progress towards the
implementation of such a tool.

2 Cell Ontology Requirements

Axiom rewriting using subsets

A class subset S is a collection of classes c',c?,...,c" taken from an ontology

O. An ontology O can be rewritten as an ontology O’ such that O’ contains
no references to classes not in S, yet is still consistent with O. This process is
colloquially known in GO as slimming. Note that we use the term ontology in the
sense of any collection of axioms; this means that if we have a formalization of GO
associations in OWL, we can use the same algorithm for mapping associations.

Note that the axioms in the target ontology need not be a subset of the
axioms in the source ontology - some axiom rewriting may be required. Consider
the case where X is a subclass of Y and Y is a subclass of part_of some Z, and
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S = X, Z, then a simple subsetting operation will lose the axioms connecting
X to Z. The following procedure should be used to extract a subset S from
ontology O:

Create a target ontology O’ that is an exact copy of the source ontology O

Remove all axioms from O’ where that axiom references a class not in S (i.e.
all classes in the signature of the axiom must be in 5).

Reason over O to find all inferred axioms” A.

For each axiom in A, add that axiom to O’, provided this is not redundant
with anything in O’. An axiom is redundant if it exactly matches an existing
axiom, or it is entailed by O’.

For OBO format (obof) ontologies, the ontology should first be converted
to OWL, after which it can be converted back to obof; this ensures correct
interpretation when implementing the above procedure.

If the source ontology contains equivalence axioms (intersection_of tags in
obof) that reference a class not in the subset, this procedure will rewrite them as
plain SubClassOf axioms (is-a or relationship tags in obof). This is the desired
behavior, as writing the IDs but keeping equivalence axioms would result in
incorrect inferences.

Ontology property subsets

Some ontologies use a large number of properties (relations), some of which may
be organized in a hierarchy. For example, the FMA has many different relations,
and distinguishes between 3 sub-properties of part-of (systemic, regional and
constitional). Sometimes it is desirable to map these to the generic relation.

Here we can specify an ontology property subset, excluding the sub-properties
of part_of. Then when we use the procedure above, axioms are automatically
“mapped up” to the generic relation.

For example, if the source ontology contains an axiom X subclass of re-
gional_part_of some Y, and the regional part relation is a sub property of part_of,
then a reasoner can infer X subclass of part_of some Y. If the property subset
contains only the generic relation, then the target ontology would have only the
latter axiom and not the former.

Annotation Axiom Rewriting

When constructing a union of the general Cell Ontology and a species-specific
ontology such as FBbt, we are faced with a problem that the resulting ontology
will result in classes with non-unique labels, since we will have both CL:0000540
(neuron) and FBbt:00005106 (neuron). One highly impractical solution is for

" Whilst strictly speaking “inferred axiom” is an oxymoron, the OWL literature uses
“axiom” in place of “sentence” and frequently distinguishes between inferred and
asserted axioms
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each anatomy ontology to ensure their primary labels are globally unique - for
example, FBbt:00005106 would be labeled “Drosophila neuron”. Another ap-
proach would be to merge selected class pairs as part of the process of creating
the union - for example, merging FBbt:00005106 into CL:0000540. One must
then decide how to deal with the axioms of the merged classes. If the axioms
are combined it can generate problematic statements such as “every (generic)
neuron is part of a Drosophila nervous system” - obviously false for a zebrafish
Purkinje cell. The opposite approach, discarding axioms, loses potentially useful
information.

The accepted solution is to create a bridge ontology connecting the ontologies,
and include annotation assertions in this bridge ontology for multi-context labels.
For example, the bridge ontology would assert that FBbt:00005106 would have
an “OBO Foundry unique label” of “Drosophila neuron” or “neuron (Drosophila)”
where the taxon is included in the label. This would only be necessary for taxon-
specific subclasses of generic classes, but it may be simpler to apply this uni-
formly across the species-specific anatomy ontology.

The modularization procedure can then merge the generic Cell Ontology with
the cell subsets of the species-centric anatomy ontologies and rewrite the primary
label axiom to use the OBO Foundry label, adding an axiom annotation to the
axiom stating the source of the rewriting.

Taxonomy reasoning based module extraction

Many ontologies such as GO and CL are intended to be applicable across taxa.
This means that these ontologies typically contain modules that are useful to
one community and not another; for example the class mammary gland epithelial
cell in the CL would not be useful for gene expression queries for chicken. The
taxonomic constraint strategy used by GO[7] has been adapted for UBERON
and will be used for the CL, replacing the sensu designators that are currently
in use.

One of the main use cases for taxon-based module extraction from the CL
would be to provide modules that exclude non-taxonomically relevant classes.
For example, in a generic cell ontology it is useful to have a generic “erythrocyte”
class and two subclasses, depending on whether the erythrocyte is nucleate or
enucleate. However, most species have one or the other form, so when creating a
taxon module the irrelevant classes can be discarded. For example, for a mouse
module, only “enucleate erythrocyte” is required. It may also be desirable to
give this the label “erythrocyte” when used in a mouse context.

This kind of automated taxonomic extraction is possible, provided the on-
tology has enough axioms to support this. For the above example, the ontology
would have to state that (1) “erythrocyte” is a the disjoint union of “enucleate
erythrocyte” and “nucleate erythrocyte” (alternatively, this could be inferred if
these classes are defined using GO) and (2) no mammal erythrocyte is a nucleate
erythrocyte (i.e. a standard taxonomic constraint). The taxonomy ontology will
tell us that mouse is a subclass of mammal. The module extraction procedure
for a taxon t is then to add an axiom for every class ¢ in the ontology, stating
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that c is in-taxon some ¢t. We then eliminate any unsatisfiable classes, and merge
equivalent classes, using the more generic label as primary.

Taxonomic bridge ontologies

Cross-species ontology integration can be assisted by means of bridging az-
ioms — for example, ZFA:0009248 (neuron in ZFA) is a subclass of the generic
CL:0000540 (neuron in CL).

Maintaining these bridging axioms explicitly can be difficult since the re-
sulting ontology has a highly latticed structure, so an alternative approach is
to use a feature specified in obo format 1.4 called “zref macros”. Here header
directives can be used to indicate how xrefs for a particular ontology are to be
translated. For example, use a treat-all-zrefs-as-has-subclass header directive in
CL, all FMA xrefs in CL can be expanded to:

Class: FMA_54527
SubClass0f: CL_0000540

We can even make a stronger taxonomically-qualified equivalence axiom by
including a treat-all-zrefs-as-genus-differentia directive together with appropri-
ate IDs:

Class: FMA_54527
EquivalentTo:

CL_0000540 and

part_of some NCBITaxon_9606

i.e. any CL neuron in a human is equivalent to a FMA neuron. These header
macros are applied on a per-ontology basis.

A modularization tool for CL should be capable of generating the logical
axioms from the xrefs, and placing these in the requisite bridge ontologies, from
where they can be subsequently merged.

Creation of taxon-union importing ontologies

We plan to publish modules that import subsets of both CL and external anatomy
ontologies for different taxonomic clades. This is already possible to a certain ex-
tent with UBERON - figure 1 shows the OWL import chain for a pan-eukaryotic
anatomy ontology which selectively imports pan-anatomy ontologies for different
clades.

The modularization tool should be able to use taxon ontologies to dynami-
cally build these importer ontologies.
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Fig. 1. Import chain for uberon pan-eukaryote anatomy
(http://purl.obolibrary.org/obo/uberon/mod/uberon-combined-eukaryote.owl). This
selectively imports bridge modules, species specific anatomy ontologies and recursively
imports taxonomically more restricted import ontologies. The bridge modules are
generated from xrefs stored in the main UBERON file. The zoomed area shows how
the metazoa module imports the vertebrate module plus selected invertebrates, and
the vertebrate module imports the amniote module plus selected anamniotes/

3 Implementation Progress

The CL modularization tool is being developed as part of the OWLTools library
(http://code.google.com/p/owltools/), and will be released in the fall of 2011.
OWLTools is layered on top of the OWLAPI[15], so it can take advantage of stan-
dard OWL reasoners and generic modularization tools. It also takes advantage of
the new obo2owl implementation (http://code.google.com/p/oboformat/), and
should thus be capable of working with ontologies whose source is either OBO
format or OWL.

4 Conclusions

OWL modularization tools provide powerful and formally sound means of ex-
tracting modules from multiple ontologies that are amenable to reasoning. These
tools would become even more useful for the bio-ontologies community if embed-
ded in software that is aware of common metadata tags used in OBO ontologies
and of taxonomic constraints. We have outlined some specific requirements for
a generic tool that is currently being developed to perform these tasks.
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