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Abstract

We present Uberon, an integrated cross-species ontology consisting of over 6,500 classes representing a variety of

anatomical entities, organized according to traditional anatomical classification criteria. The ontology represents

structures in a species-neutral way and includes extensive associations to existing species-centric anatomical ontologies,

allowing integration of model organism and human data. Uberon provides a necessary bridge between anatomical

structures in different taxa for cross-species inference. It uses novel methods for representing taxonomic variation, and

has proved to be essential for translational phenotype analyses. Uberon is available at http://uberon.org

Background
Anatomy ontologies (AOs) are computable representa-

tions of the parts of an organism and the structural and

developmental relationships that hold between them.

These representations have proven vital for databasing

and bioinformatics analyses in fields including medical

informatics, genomics, systems biology, neuroscience and

comparative morphology [1]. The structural relationships

encoded in AOs allow computers to determine that a

query for ‘all mouse genes expressed in the lung’ should

also return genes expressed in sub-structures such as the

alveoli (Figure 1). AOs have proven useful for querying

individual databases, but integrative queries spanning

multiple databases or multiple species is problematic

because each database uses a different ontology con-

structed according to different principles and require-

ments. There is a lack of inter-ontology connections

between anatomy ontologies, and a lack of connections

from anatomy to other domains such as phenotype. This

results in a parcellation of data into isolated silos, as illu-

strated in Figure 1. Users wishing to query over multiple

datasets will have to make multiple queries and integrate

the results. For example, a query for mouse and human

genes expressed in the lung at any stage of development

or in abnormal tissues may require four or more queries

in different places. Furthermore, without additional inte-

gration it is impossible to automate more sophisticated

analyses, such as comparing all expression patterns of

orthologous genes across species.

Table 1 summarizes some of the existing AOs, or

ontologies that include an AO as a subset. Each of these

ontologies has datasets that would benefit from integra-

tion. It may seem that the most effective approach would

be for the community to standardize on a single anointed

reference anatomy ontology, such as the Foundational

Model of Anatomy (FMA) [2]. However, the FMA is

designed primarily to represent post-embryonic human

structures, and would be unsuitable for annotating zebra-

fish genes expressed in an embryonic fin bud. In order to

serve the needs of their communities, model organism

databases have developed dedicated species-centric ana-

tomical ontologies (scAOs) such as the Zebrafish Anat-

omy Ontology (ZFA) [3], Xenopus Anatomy Ontology

(XAO) [4] and the Fly Anatomy Ontology (FBbt) [5].

Each of these ontologies is designed to represent the

anatomy of a particular species, and problems arise if we

try and repurpose a scAO for other species, even closely

related ones-for example, the FMA includes a relation-

ship ‘every mammary gland is part of some thoracic

region’, which is generally true for human mammary

glands, but is clearly invalid for other mammals such as

mouse. The Mouse Anatomy Ontology (MA) [6] has

inguinal, cervical, thoracic and abdominal mammary

glands represented as distinct classes. Both the FMA and

the MA lack coverage of embryonic structures and devel-

opmental relationships, necessitating the use of other

ontologies such as Edinburgh Human Developmental

Anatomy (EHDAA2) [7] and the Edinburgh Mouse Atlas
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Project [8] ontologies for developmental studies in

human and mouse, respectively. Further complicating

this picture are dedicated ontologies that specialize in a

particular anatomical system-for example, the Neu-

roscience Information Framework (NIF) Gross Anatomy,

part of the NIF Standard suite of ontologies, represents

neuroanatomy [9], integrating a range of brain atlases

and databases. Other ontologies such as GALEN [10] and

the National Cancer Institute Thesaurus [11] are not

strictly anatomical ontologies, but include AOs as sub-

ontologies.

This pluralistic approach provides for coverage of a

diverse section of biology, yet causes problems for data

integration. These problems have the potential to wor-

sen with the growth of high-throughput phenomic and

next-generation sequencing projects, particularly in

model organisms, and the need to integrate these data is

more imperative than ever. One common approach to

this problem has been to use entity matching and other

automated methods to construct pair-wise mappings

between the classes in different ontologies, but this

approach is problematic for a number of reasons

[12-14]. The mappings are error prone, lack semantics,

and are difficult to maintain.

One alternative to automated pairwise mappings is to

develop a comprehensive unifying shared AO, in which

each class explicitly generalizes over classes in other

ontologies, and is interconnected by means of logical

relationships, allowing the use of automated techniques

to integrate data. This ontology would leverage the
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Figure 1 Uberon integrates anatomical ontologies. Anatomical representation of ‘lung’ and related types and processes are siloed in various

ontologies with no connections. EHDAA/EHDAA2, Edinburgh Human Developmental Anatomy, abstract version/abstract version 2; FMA,

Foundational Model of Anatomy; GO, Gene Ontology; MA, Mouse Anatomy Ontology; MPO, Mammalian Phenotype Ontology.
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specialized knowledge encoded in each of the existing

ontologies, and would provide an additional integrative

layer. Such an ontology would also form a vital building

block in the modular development of a number of

ontologies, such as Gene Ontology (GO), the Cell

Ontology (CL) and the Ontology of Biomedical Investi-

gations (OBI), each of which has a need to reference

anatomical terms representing multiple species or taxa

[15-17]. This ontology could also be used to seed new

AOs for other key model organisms such as Gallus gal-

lus, or could serve as a central source of anatomical

structures for other less well-represented taxa, such as

echinoderms and non-vertebrate chordates that may

never have a dedicated scAO.

The first step in the construction of such an ontology

was the Common Anatomy Reference Ontology (CARO)

[18], which provides a set of high level abstract categories

to serve as the standard upper level for all anatomy

ontologies. More recently, this has been complemented

by ontologies developed by the evolutionary biology com-

munity, such as the Teleost Anatomy Ontology (TAO)

[19], the Amphibian Anatomy Ontology [20], which

provide an integrative layer for particular vertebrate taxa.

The Plant Structure Ontology (PO) [21] was originally

developed to cover angiosperms, and is being generalized

to be applicable across Viridiplantae. However, there has

historically been a lack of comprehensive anatomical

ontologies applicable across all animals, or even verte-

brates. The closest has been the Brenda Tissue Ontology

(BTO) [22], a terminology applicable across plants, fungi

and animals, including gross anatomy, as well as cell

types and diseases. Similarly, the Experimental Factor

Ontology (EFO) represents species, developmental stage,

disease and tissue type for the purposes of annotating

gene expression data sets [23]. The EFO is used to repre-

sent data from 12 species and reuses or maps to existing

AO classes to maximize interoperability. However, both

the EFO and the BTO have a broader scope and have

limited granularity with the domain of anatomy.

Although the EFO is represented using the Ontology

Web Language (OWL), it does not make use of the

expressive features of this language that can be used in

automated reasoning. In addition, the BTO does not inte-

grate existing AO resources and has limited reasoning

Table 1 Summary of existing anatomical ontologies and comparison with Uberon

Ontology Domain and applicability Class count Relations count Relationship count Text definitions Computable definitions

Uberon Animalia 6,546 IPD, 49 18,569 68% 35%

FMA Homo sapiens (A) 80,467 IP, 15 124,392 1% None

EHDAA2 Homo sapiens (AE) 2,397 IPD, 7 10,517 4% None

MA Mus (A) 2,982 IP, 2 3,775 None None

EMAPA Mus (E) 5,087 IP, 4 13,862 None None

ZFA Danio rerio (zebrafish) (AE) 2,656 IPD, 5 10,295 64% None

TAO Teleosti (bony fishes) (AE) 3,036 IPD, 5 4,828 49% None

XAO Xenopus (frog) (AE) 1,014 IPD, 6 2,238 72% None

AAO Amphibia (A) 1,601 IPD, 11 2,673 60% None

FBbt Drosophila (fruitfly) (AE) 7,110 IPD, 23 15,676 44% 24%

WBbt C. elegans (nematode) (AE) 6,712 IPD, 6 12,187 70% None

NCIt Cancer-primarily Mammalia (AE) 3,506 IP, 3 5,913 67% Yes

NIF [14] Neuroscience-primarily Mammalia (A) 1,608 IP, 6 2,420 38% Yes

BTO All (AE) 630 IPD, 4 885 85% None

EFO Experimental factors all (AE) 1,004 IP, 5 1,127 55% None

MESH Indexing all (AE) 1,426 I 1,795 84% None

BILA Bilateria (AE) 114 IPD 132 44% None

CARO Metazoa (AE) 50 IP 49 100% Nonea

PO Viridiplantae (plant) (AE) 1,329 IPD, 7 2,180 100% None

CL Cells all (A) 1,925 IPD, 17 5,082 80% 48%

The first column states the ontology (full names and descriptions of these ontologies are given in the text). The second column states the domain: A, adult/post-

embryonic structures; E, embryonic/developing structures. The third column shows the number of classes. The fourth column shows which of the three core

relations are used (I, is_a/subclass; P, part_of; D, develops_ from) together with the number of relations used. The fifth column shows the number of logical

relationships in the ontology. The sixth and seventh columns show the percentage of the ontology that has definitions (textual and computable, respectively). In

cases where the scope of an ontology extends beyond anatomy, we list only the anatomical subset. aThe beta OWL version of CARO includes computable

definitions. AAO, Amphibian Anatomy Ontology; BILA, Bilaterian Ontology; BTO, Brenda Tissue Ontology; CARO, Common Anatomy Reference Ontology; CL, Cell

Type Ontology; EFO, Experimental Factor Ontology; EHDAA/EHDAA2, Edinburgh Human Developmental Anatomy, abstract version/abstract version 2; EMAP/

EMAPA, Edinburgh Mouse Atlas Project, EMAPA is the abstraction from all stages; FBbt, FlyBase Anatomy Ontology; FMA, Foundational Model of Anatomy; MA,

Mouse Anatomy Ontology; MESH, Medical Subject Headings; NCIt, National Cancer Institute thesurus; NIF, Neuroscience Information Framework; PO, Plant

structure Ontology; TAO, Teleost Anatomy Ontology; WBbt, Worm Anatomy Ontology; XAO, Xenopus Anatomy Ontology; ZFA, Zebrafish Anatomy Ontology.
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capability, and neither support extraction of taxon-speci-

fic information or addition of new taxon-relevant anato-

mical entities.

We created Uberon, the Uber-anatomy ontology, after

identifying the need for a dedicated cross-species AO

constructed on logical principles. The initial goal was to

create a resource that could be used to connect biological

datasets annotated with different ontologies. However,

Uberon can be used independently as a standalone multi-

species AO, and is being used as a source of classes and

properties for ontologies covering other domains that

have a need to reference generic anatomical types. In

contrast to most mapping resources, Uberon is manually

curated and we use automated reasoning as a means of

quality control.

Uberon provides a sophisticated solution for many data

integration endeavors. In this paper, we describe the con-

tents of the ontology and the means by which it is inte-

grated with multiple other ontologies. Rather than

providing a single monolithic ontology, we provide differ-

ent versions according to purpose. Here we first describe

the main ontology, followed by extensions that incorpo-

rate additional ontologies. We then describe the princi-

ples and design decisions underlying the ontology,

followed by a description of how Uberon is used in the

modular construction of other ontologies. We then pro-

vide examples of how this ontology can be used for

powerful cross-species queries and phenotypic analyses.

Results
Main ontology

The main version of the ontology consists of over 6,500

classes [24] (all ontology statistics are based on the Sep-

tember 2011 release version and exclude classes that

have been obsoleted or deprecated), representing a vari-

ety of anatomical structures, grouped according to high-

level categories from CARO. These include anatomical

systems such as ‘nervous system’ and ‘circulatory sys-

tem’; organs such as ‘heart’, ‘eye’, ‘brain’, ‘mesonephros’

and ‘pancreas’; tissues such as ‘adipose tissue’, ‘cardiac

tissue’ and ‘mesenchymal tissue’; developmental struc-

tures such as ‘neural tube’, ‘pancreatic bud’ and

‘embryonic cloaca’; appendages or organism subdivisions

such as ‘feather’, ‘pelvic girdle’ and ‘limb’. For structures

that are distributed over or repeated in multiple body

parts, we provide explicit pre-coordinated compositional

classes-for example, ‘epithelium of lung’, ‘colonic

mucosa’, ‘femoral epiphysis’, ‘forelimb skeleton’, and

‘apical ectodermal ridge of hindlimb’. Each class is in

the UBERON namespace, and is uniquely identified by a

URI of the form: http://purl.obolibrary.org/

obo/UBERON_nnnnnnn

In this paper we shorten URIs to ID form, and for read-

ability we refer to classes using the class label (enclosed

in single quotes), with relations in italics. In contrast to

corresponding classes in scAOs, these classes are expli-

citly intended to be applicable across a range of taxa

where appropriate. For example, the class ‘lung’ is applic-

able to both avian and mammalian lungs.

We provide multiple download and import options for

the ontology, each varying in complexity and scope, ran-

ging from a simple subset of the core ontology to a

multi-ontology import. The download table is available

as Additional file 1, and is also summarized on the main

web page (http://uberon.org).

The ontology is richly axiomatized, using a variety of

constructs from the language OWL2-DL. In this paper

we describe these and present examples using OWL

Manchester Syntax [25]. These axioms include (but are

not limited to) the is_a, part_of and develops_from links

typically found in AOs used to represent the composition

and ontogeny of structures [26]. These are all represented

in OWL as SubClassOf axioms together with existen-

tial restrictions (for example, ‘pulmonary alveolus’ Sub-

ClassOfpart_of some ‘lung’, meaning every pulmonary

alveolus is part of a lung-but not implying that all lungs

have alveoli). We describe the other logical axioms in

more detail in the sections that follow. The full set of

relations is available as Additional file 2. In addition to

these logical axioms, the ontology also includes non-logi-

cal annotations typically found in AOs, such as textual

definitions, synonyms, comments and provenance meta-

data. Table 1 shows some of the characteristics of

Uberon compared against existing anatomical ontologies.

It is larger than some model organism ontologies such as

MA (mouse) and ZFA (zebrafish), but is dwarfed by the

more detailed FMA, with 80,000 classes. Over 70% of the

classes in Uberon have textual definitions, and over one-

third have computable definitions that can be used by

reasoners for automated classification.

The main ontology is available in both Open Biomedi-

cal Ontologies (OBO) format and OWL [27]. We also

provide a basic version of the ontology, which contains

all the same classes, but only a simple subset of the rela-

tionships (currently is_a, part_of and develops_from)

[28]. Both of these ontologies have been classified in

advance using a reasoner. A number of optional exten-

sions are provided, and are discussed in more detail

below.

Multi-species bridging extensions

Most classes in the ontology are applicable across multi-

ple species, and many are generalizations of classes in

individual scAOs. For example, both FMA and ZFA

contain classes called ‘pelvic girdle’, but with definitions

inapplicable outside tetrapods and teleosts, respectively.

The Uberon class ‘pelvic girdle’ (UBERON:0001271)

subsumes the FMA and ZFA classes, and includes a
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generalized definition that is derived from the FMA

definition, but has been modified to be applicable across

vertebrates.

Figure 2 depicts the Uberon class ‘lung’ together with

classes from individual scAOs, and the relationships

connecting them. The resulting structure allows integra-

tive queries over multiple databases annotated using dif-

ferent ontologies, one of the main use cases driving the

development of Uberon. For example, a query for genes

expressed in the Uberon (generic) ‘lung’ should return

gene expression data annotated to the scAO lung

classes, as well as individual parts, such as the mouse

‘lung alveolus’ (MA:0000420).

We have included over 17,000 connections between

Uberon and scAO classes, derived through a combina-

tion of lexical matching, reasoning and manual curation

(see Materials and methods). These connections are

available in two different ways. In the main ontology,

they are present as semantics-free cross-references

(’xrefs’ in OBO format). In addition, they are available

as logical axioms distributed in separate bridging ontolo-

gies. These bridging axioms are imported together with

the main ontology plus the relevant anatomical ontolo-

gies by means of taxonomically scoped ‘collection’ ontol-

ogies such as:

collected-metazoa.owl

collected-vertebrate.owl

collected-mammal.owl

The import hierarchy for each of these collection

ontologies is illustrated in Figure 3. Each collector

ontology imports the core ontology, bridging ontologies,

and the individual species anatomy ontologies. The brid-

ging ontologies contain either SubClassOf or Equiv-

alentClasses axioms connecting the generic Uberon

class to a taxonomic subtype or equivalent. For example,

the mouse class ‘lung’ (MA:0000415) is declared equiva-

lent to an Uberon class ‘lung’ (UBERON:0002048) that

is part_of a mouse (NCBITaxon:10088).

As a general rule, we only include classes in Uberon

where there is a need to generalize over existing
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Figure 3 Import chain of taxonomically arranged Uberon modules. Each combined module at different taxonomic levels imports the

relevant native ontologies as well as bridge files that specify the logical definitions. The number of equivalent class (EC) or SubClass (SC) axioms

in each bridge file are shown, illustrating the contributions of each ontology to the total infrastructure. The files linked with dotted lines

represent the mechanism by which a new chicken anatomy ontology (and similarly, archosaur) would be integrated.
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ontology classes. Thus, ‘lung’ is present in Uberon as the

super-class of the corresponding classes in MA, FMA,

and Amphibian Anatomy Ontology (AAO). In some

cases, there is the need to generalize a class from a sin-

gle source ontology when it is relevant to mulitiple taxa-

for example, ‘brainstem nucleus’ as found in the FMA.

However, we do not include ‘Weberian apparatus’

because this structure is not found outside Otophysi,

and this clade is already within the scope covered by the

multi-species TAO. There would be no value in includ-

ing this in the core ontology, as the class would be

equivalent to the TAO class. Note that the combined

vertebrate module that imports TAO would include the

Weberian apparatus as part of the pan-vertebrate ver-

tebral column.

One advantage to this taxon modularization approach

is that it is relatively easy to include new AOs as they

become available, and moreover, to seed them directly

from existing applicable Uberon classes. For example,

the currently in-preparation archosaur and chicken

ontologies will be made interoperable with Uberon as

per Figure 3. Bridging axioms will be created to these

AOs, and a derived amniote ontology would include the

union of the taxon-restricted amniote portion of

Uberon, and the archosaur and chicken AOs.

Multi-species composite ontologies

The combined modules above allow for reasoning and

queries involving classes from multiple ontologies, but

the resulting ontology structure can pose problems for

ontology search and navigation, due to the presence of

multiple named classes for each taxonomic variant of a

structure. For example, when collected-vertebrate is

loaded into an ontology visualization environment, the

midbrain is visible at least four times, once each for

mouse, human and zebrafish, and once for the generic

vertebrate layer. The parts of the midbrain are also repre-

sented using a different class in each species, resulting in

an ontology structure that is difficult to navigate because

of the duplicity of labels and a complex lattice of multiple

inheritance. In addition, query efficiency and reasoner

classification time may be adversely affected by the proli-

fieration of classes. To avoid these problems we provide

‘composite’ ontologies, in which the taxonomic equiva-

lents are automatically merged into the generic Uberon

class. If a class has no taxonomic equivalent in Uberon,

we do not merge it, placing it at the appropriate place in

the ontology. For example, in the composite-vertebrate

anatomy file, the multiple scAO classes for ‘midbrain’

have been merged into a single Uberon class, represent-

ing the pan-vertebrate structure. This ontology also

includes classes not in the Uberon namespace, such as

‘torus longitudinalis’, which is represented by the zebra-

fish anatomy class ZFA:0001360 and is linked to the gen-

eric ‘midbrain’ class via part_of relationships.

Each model organism anatomy contains relationships

that cannot be guaranteed to apply outside that taxon.

For example, the XAO includes an axiom that the para-

thyroid develops from the ‘3rd pharyngeal arch’ (called

‘1st branchial arch’ in XAO)-but this cannot be general-

ized to all species with a parathyroid (Uberon includes a

weaker axiom that states that all parathyroids develop

from some pharyngeal arch, where the particular arch is

not specified). When we merge the species class into the

generic class we render these axioms safe by translating

them into OWL General Class Inclusion (GCI) axioms.

The composite vertebrate ontology contains the follow-

ing axiom:

’parathyroid gland’(UBERON:0001132) and part_of

some ‘Xenopus’(NCBITaxon:8353) SubClassOfdeve-

lops_from some ‘pharyngeal arch 3’(UBERON:0003114)

That is, every parathyroid found in an instance of

Xenopus developed from a third arch. This does not

imply that a human parathyroid develops from the same

arch.

Spatial and topological relationships

The ontology includes a rich set of spatial relationships-

for example, every ‘cranial nerve II’ is continuous_with

some ‘retina’; every ‘nerve fiber layer of the retina’ is

adjacent_to some ‘inner limiting layer of the retina’.

These can be used to enhance gene expression or phe-

notype queries, allowing the user to expand the query to

include overlapping, continuous or adjacent regions. As

well as being useful for end-user queries, many of these

relations are vital for defining classes-for example, the

interdigital regions between digits in human and mouse

are defined by which digits they are adjacent to (see

example in Table 2). We also include a subset of the

relations defined in the spatial ontology (BSPO), such as

anterior_to. Of these spatial relations, the most widely

used are in_left_side_of and in_right_side_of, which are

used to define the lateral halves of bilaterally symmetric

or paired structures. For example, the left lobe of the

thyroid gland is defined as a ‘lobe of thyroid gland’ that

is in_left_side_of some ‘thyroid gland’. The class ‘left kid-

ney’ is defined as a kidney that is part_of some ‘left side

of organism’, which is itself defined using the in_left_si-

de_of relation. A full list of all relations is provided in

Additional file 2.

Life cycle stages

Uberon also includes a small sub-hierarchy of 29 life

cycle stages (seeded from the stage ontology in the

upper-level Bilaterian Ontology BILA), connected via

is_a, part_of and preceded_by relations. Many of these
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stages are linked to and defined by a GO process (for

example, the ‘neurula stage’ is linked to the GO process

‘neurulation’ via the coincides_with relation). There are

relationships between anatomical entities and stages (for

example, ‘extra-embryonic structure’ starts and ends

during ‘embryo stage’. Uberon stages subsume those of

scAOs-for example, Uberon:’larva stage’ would subsume

the zebrafish stages ‘larval:protruding mouth (72 hrs-96

hrs)’ through ‘larval:days 21-29’. Many temporal rela-

tions are required for all possible combinations of con-

nections between stages, processes and anatomical

entities; these are in the process of being formally

defined (F Neuhaus, A Ruttenberg, and D Osumi-

Sutherland, personal communication). See Additional

file 2 for a description of these relations. Note that these

links between anatomical structures, stages, and biologi-

cal processes are not fully implemented and are

intended as a first step towards temporal reasoning

across developmental structures. At this time, these rela-

tions are course-grained, that is, we do not attempt to

subsume individual Thelier and Carnegie stages [29].

Inter-ontology relationships

We have included relationships and other logical axioms

that reference other ontologies in Uberon, such as the

GO, the Neuro Behavior Ontology (NBO) [30], the CL

[15], the Protein Ontology [31] and CHEBI [32].

For connections between anatomical structures and

GO or Neuro Behavior Ontology, we use the capable_of

relationship and the has_function_in relationships [33],

such as, for example, ‘parathyroid gland’ capable_of

’parathyroid hormone secretion’. For connecting to CL,

we use has_part to indicate the cellular composition of

different organ parts and tissues. In the future we may

use a more specific relation such as has_granular_part.

Note that all inter-ontology relationships are excluded

from the main ontology, but are included in a merged

ontology that also includes subsets of the external ontol-

ogies referenced together with the graph closure of all

referenced classes. The merged ontology is available at

[34].

One of the uses of the merged ontology is enhancing

similarity-based queries and link-mining analyses. With-

out the use of these inter-ontology axioms, a gene that

is implicated in ‘ataxia’ would show little ontological

similarity with a gene implicated in ‘abnormal cerebellar

morphology’-but if there is a link between the cerebel-

lum and the behavior ‘gait’, then a path can be estab-

lished between these two phenotypes.

Managing taxonomic variation

One of the main challenges involved in developing any

multi-species ontology (and, in many cases, single-spe-

cies ontologies) is accommodating organism variation.

Table 2 Example axioms

Class OWL axiom Module/
ontology

pupil SubClassOf: part_of some eye Basic

’proximal phalanx of hand digit 1’ ’EquivalentTo: ‘proximal phalanx’ and part_of some ‘hand digit 1’ Basic

’left lung lobe’ SubClassOf: ‘lobe of lung’ Basic

’left lung lobe’ EquivalentTo: ‘lobe of lung’ and in_left_side_of some lung Main

’respiratory organ’ EquivalentTo: ‘organ’ and capable_of some ‘GO:respiratory gaseous exchange’ Basic

’dermal skeletal element’ EquivalentTo: ‘skeletal element’ and develops_from some ‘dermal tissue’ Basic

GCI (part_of some ‘brain’) DisjointWith: (part_of some ‘spinal cord’) Main (OWL
only)

’superior eyelid tarsus’ EquivalentTo: ‘eyelid tarsus’ and part_of some ‘lower eyelid Basic

’left eye’ EquivalentTo: ‘eye’ and part_of some ‘left side of body’ Main

bone SubClassOf: in_taxon only NCBItaxon:’Vertebrata’ Merged (OWL
only)

Interdigital region between forelimb
digits 2 and 3 of 5

EquivalentTo: ‘interdigital region’ and adjacent_to some ‘forelimb digit 2/5’ and
adjacent_to some ‘forelimb digit 3/5’

Main

’thoracic mammary gland’ EquivalentTo: ‘mammary gland’ and part_of some ‘thorax’ Basic

FMA:’mammary gland’ EquivalentTo ‘thoracic mammary gland’ and part_of some NCBItaxon:’Homo sapiens’ FMA bridge

GCI (adenohypophysis and part_of some NCBItaxon:’Tetrapoda’) develops_from some
‘Rathke’s pouch’

Merged

CL:’cerebellar granule cell’ EquivalentTo: CL:’granule cell’ and part_of some ‘cerebellum’ CL

GO:’immune response in Peyers patch’ EquivalentTo: GO:’immune response’ and occurs_in some ‘Peyers patch’ GO logical
definitions

Classes are written as quote-enclosed labels for illustrative purposes. All classes are from Uberon, unless indicated by prefixing the label with the ontology name.

The focal class is shown in the first column, and the axiom in the middle column. For General Class Inclusion axioms there is no focal class so we show the

entire axiom in the middle column. We indicate the module/version in which the axiom appears-the simple module excludes most relationship types; the main

module includes everything in simple, but no external ontology classes. The final two axioms are from external ontologies that reference Uberon.
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In a ‘canonical’ human anatomy ontology we can assert

axioms such as (’mammary gland’ SubClassOfpart_of

some ‘female thoracic region’), but this is false for many

non-human mammalian mammary glands (and, in rare

cases, some human mammary glands). We accommo-

date this variation by making the generic ‘mammary

gland’ class location-neutral, and then introducing sub-

classes for each location in which this gland can appear-

for example, ‘thoracic mammary gland’, ‘abdominal

mammary gland’, and so on. Note that we assign the

FMA class ‘lactiferous gland’ as the taxonomical equiva-

lent of ‘thoracic mammary gland’, rather than the more

general ‘mammary gland’, because most human mam-

mary glands are part of the thoracic region. We call this

the named subclass approach to variation.

In some cases this scheme can lead to inflation in the

number of ontology classes, leading to unwieldy multi-

ple inheritance. For example, the adenohypophysis has

different developmental origins in different species-while

in most basal fish and tetrapods the adenohypophyseal

anlagen invaginates to form Rathke’s pouch, in teleost

fish the adenohypophyseal placode does not invaginate

but rather maintains its initial organization, forming a

solid structure in the head [35]. If we were to use the

named subclass scheme, we would introduce a class

‘Rathkes pouch-derived adenohypophysis’, but if we

were to do this for all developmental variation, the

results would be awkward and unnatural for end-users.

Instead we take a different approach and create an

OWL GCI axiom:

(’adenohypophysis’(UBERON:0002196) and part_of

some ‘Tetrapoda’(NCBITaxon:32523) SubClassOfde-

velops_from some ‘Rathkes pouch’ (UBERON:0006377)

The GCI approach accommodates taxonomic variation

without inflating the ontology, at the expense of requir-

ing OWL-aware tools to properly interpret the ontology.

Note that these are similar to the GCIs that are created

automatically when making the composite multi-species

ontologies (see preceding section). The difference is that

these are created manually, and encompass a wider vari-

ety of taxa. Generalizing developmental relationships

across taxa can be controversial-there may be exceptions

to the above rule within tetrapods, in which case we

would replace ‘Tetrapoda’ with the appropriate taxon or

set of taxa.

Automation of ontology maintenance via logical axioms

In addition to simple relationships connecting classes,

we have enhanced the ontology with a wide range of

additional logical axioms. These primarily fall into three

categories, examples of which are shown in Table 2:

computable definitions, disjointness axioms and taxo-

nomic constraints.

These axioms are intended primarily to assist with

automated maintenance, quality control and classifica-

tion of the ontology. This is particularly important for

Uberon, which must remain in sync and consistent with

multiple other ontologies.

Computable definitions

Over one third of the classes in Uberon have computa-

ble definitions-encoded as equivalence axioms between

a named class and an intersection of two or more class

expressions. These definitions allow a reasoner to auto-

matically compute subsumption relationships between

classes-for example, ‘epiphysis of finger’ can be automa-

tically classified as a subtype of ‘epiphysis of digit’.

Asserting these manually would take considerable cura-

tor resources, and would be error-prone. The use of

computable definitions in Uberon aids maintenance and

can reveal potentially missing classes in the scAOs.

Disjointness axioms

If two classes are declared disjoint, it means that noth-

ing can be an instance of both. If a class is inferred to

be a subclass of two disjoint classes, the reasoner will

flag it as unsatisfiable-this is a useful tool for detecting

mistakes in the ontology, particularly in the context of

an ontology that attempts to unify multiple other ontol-

ogies. We have created 410 disjointness constraints

between classes in the ontology. In addition, we have

created 751 spatial disjointness axioms in the ontology.

For example, the brain and the spinal cord share no

parts, or the central and peripheral nervous systems

share no parts-though there may be some structures

that overlap both, such as axon tracts. Uberon uses a

standard merological definition of parthood, such that if

A is part_of B, then every part of A is part_of B. If A

overlaps B, then A and B share some part in common.

Many of these axioms in the neural portion of Uberon

were derived from the Allen Brain Atlas [36], and have

proved useful in fixing problems with the ontology and

individual species ontologies.

Taxonomic constraints

We have adopted the GO system of taxonomic constraints

[37], and added 216 only_in_taxon and never_in_taxon to

constraints to the ontology. These constraints are useful

documentation for human users of the ontology, but their

primary purpose is for automated consistency checking

within the ontology and across ontologies. For example, if

the FBbt class ‘tibia’ (FBbt:00004642), which represents a

segment of an insect leg, were to be accidentally placed as

a subclass or equivalent of ‘tibia’ (UBERON:0000979)

based on the fact they share the same label, then a rea-

soner would infer that this class is formally unsatisfiable

based on the three statements: (1) UBERON ‘tibia’ Sub-

ClassOf bone; (2) bones are never found in organisms

that are not vertebrates; and (3) FBbt:00004642 can be
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found in D. melanogaster (Figure 4). In addition to auto-

matic error-checking, these constraints can be used to cre-

ate taxon-specific sub-modules of the entire ontology as

described above (see Materials and methods). For exam-

ple, if the scope of interest of a particular application is

limited to Aves, then we can generate a sub-module that

excludes structures such as fins, teeth and mammal-speci-

fic brain structures.

We provide some pre-generated taxon subsets as part

of the release process, including a basic-amniote subset

and a basic-aves subset.

Maintenance of cross-ontology links

Uberon connects to multiple other ontologies, particularly

other anatomical ontologies. Many of these ontologies are

constantly evolving. We perform regular all-by-all lexical

matching between all anatomical ontologies (see Materials

and methods) to identify potential new connections. How-

ever, we never rely entirely on lexical matching-we use the

output of lexical matching as suggestions that are manu-

ally vetted, sometimes after opening a dialog with the

maintainers of the external ontology. The use of disjoint-

ness axioms and taxonomic constraints in the ontology

also assists in detecting incorrect associations. The equiva-

lence axioms are also used to automatically associate

between species classes and generic classes.

Provenance of metadata and relationships

Ontologies are constructed using information from mul-

tiple sources, including research articles, reviews, text-

books, encyclopedias, medical dictionaries and

discussions with experts. It is important to track the

provenance of all information collected in an ontology,

and this is particularly important for an ontology such

as Uberon, which as a matter of expedience frequently

includes ‘tertiary sources’ such as Wikipedia, and other

ontologies.

We attempt to include provenance identifiers for all

definitions, synonyms and relationships. In each sce-

nario, the item of provenance is an identifier that refers

to an external source, such as a PubMed identifier or an

ontology identifier. Multiple cross-references can be

Text match mapping  Fruit fly ‘tibia’  Human ‘tibia’  

UBERON: tibia  

UBERON: bone 

is_a 

is_a 

is_a 

Vertebrata  

Drosophila melanogaster  

part_of 

Homo sapiens  

is_a 

only_in_taxon  

part_of 

NOT is_a  

Figure 4 Strategy for applying taxonomic constraints. If the fruitfly class FBbt:tibia (representing a segment of an insect leg) were

accidentally placed as a child of UBERON:0000979 ‘tibia’, the reasoner would flag this as an error because ‘tibia’ is_a ’bone’ in Uberon, bones are

found only in vertebrates, and FBbt:tibia is a Drosophila structure.

Mungall et al. Genome Biology 2012, 13:R5

http://genomebiology.com/2012/13/1/R5

Page 10 of 20



added to any piece of information. We include compre-

hensive Wikipedia cross-references, even where we have

chosen to supplant the Wikipedia summary with our

own definition. These can be used to build web pages

that combine the structured ontology information from

the ontology with the text from Wikipedia. Of the 4,692

definitions in Uberon, 2,293 have an association with a

Wikipedia page. Two of the most frequently used

resources are the Mammalian Phenotype Ontology

(MPO; 379) and the GO (324)-both of these ontologies

include a detailed implicit ontology of anatomical struc-

tures. There are 190 classes that take definitions from

the FMA, but in many cases these are generalized to be

applicable to non-humans. We are gradually refining

definitions directly using the literature and expert

review; at this time 100 definitions reference a Pubmed

ID or a reference to a standard textbook, though many

of the the definitions that cite an ontology term ID are

indirectly citing a primary source.

We attempt to provide provenance for each synonym.

For example, a synonym for the class ‘cortex of kidney’

(UBERON:0001125) is ‘cortex renalis’, which is marked

as being used in Termina Anatomica and FMA:15581

(the Termina Anatomica synonyms are almost all

derived from FMA). The FMA is the most commonly

used source of external synonyms (4,133). In some

cases, use of synonyms is contradictory-here we mark

them as such and indicate the source of the synonym.

An example of an inconsistent synonym is ‘arm’-the

MA (and Uberon) use this to mean the part of the fore-

limb that includes stylopod and zeugopod-in FMA it

means just the stylopod region or the forelimb. The

situation is analogous for ‘leg’.

We also attempt to provide provenance on a per-rela-

tionship basis. This is particularly important for devel-

opmental relationships, which may not be

straightforward to determine within a species and are

even more difficult to generalize across species. In the

future, we aim to provide evidence types as well as links

to the source of the information, akin to GO annota-

tions. Many of the relationships in Uberon have been

sourced from other ontologies, but in most cases these

have been checked to ensure they are applicable at the

broader taxonomic level.

Use of Uberon enhances queries in single organisms

One of the original motivations for the creation of the

ontology was to integrate datasets from different species.

More recently, we have found that the use of Uberon

can enhance query capabilities within a single species.

For example, neither the FMA nor the MA have devel-

opmental relationships, so we cannot query for all phar-

yngeal arch derived-structures using these ontologies

alone. However, using either one of these ontologies in

combination with Uberon and the appropriate bridging

ontology, we can perform a description logic query to

find all pharyngeal arch-derived structures (such as the

human premaxilla and the mouse palatal shelf epithe-

lium). See Additional files 3 and 4 for a full list of

structures.

An integrated anatomy ontology enables modular

ontology construction

One of the main motivating factors for a multi-species

anatomy ontology is the modular construction of other

ontologies. For example, the environment ontology

(ENVO) needs to include a number of organism-asso-

ciated habitats, ranging from the gut of a termite to a

human armpit. Similarly, GO and CL [15] classes such

as ‘blood vessel development’, or ‘cerebellar granule cell’

are applicable across multiple species, and need to be

defined in terms of generic anatomical classes rather

than species-specific classes. These ontologies have tra-

ditionally included an implicit embedded anatomical

ontology, but this leads to redundancy and is error-

prone.

The GO classes can be made to explicitly refer to a

generic anatomical type from Uberon to provide compu-

table definitions (in a previous work we described the

modular construction of the GO [38]). These include,

for example, ‘hepatic immune response’, defined as

being EquivalentTo ‘immune response’ and occurs_in

some ‘liver’. Conversely, GO is used to define structures

in Uberon by the function they carry out-for example,

‘parathyroid gland’ capable_of ’parathyroid hormone

secretion’. We regularly use these logical definitions to

perform automated reasoning to find missing links in

the GO. When doing this reasoning, we occasionally

find some inconsistency between different ontologies

that would be expected to conform. For example, we

discovered inconsistencies between the GO and various

scAOs in the treatment of the term ‘gut’. The GO was

therefore restructured to use the term consistently with

Uberon. On manually resolving these inconsistencies

between the existing relations and the relations implied

by the embedded definitions, one or both ontologies are

improved. We have now provided 1,473 logical defini-

tions for GO classes using Uberon. These are supple-

mented by additional logical definitions for clade-

specific classes outside the scope of Uberon, for which

we use ZFA, FBbt and Plant Structure Ontology.

Similarly, the CL is applicable across species and refers

to generic gross anatomical types for many of its location-

specific classes. For example, ‘splenic red pulp macro-

phage’ refers to the macrophages within the gross anato-

mical structure ‘splenic red pulp’. These location-specific

classes require an ontology of anatomical structures, such

as Uberon, to construct computable definitions. This

Mungall et al. Genome Biology 2012, 13:R5

http://genomebiology.com/2012/13/1/R5

Page 11 of 20



augmentation is underway, and CL is adding computable

definitions using Uberon and other OBO ontologies [33]

using the capable_of relationship and the has_function_in

relationships [33]. Conversely, the CL is used in Uberon to

indicate the composition of tissues and organs, primarily

through the has_part relation. Note that the CL and the

extended version of the GO both provide links to Uberon,

but these are not redundant. The majority of links from

the GO to Uberon are in the development hierarchy,

whereas links in the reverse direction typically connect

organs to the functions they perform.

Discussion
Enhancement of existing ontologies

We consider definitions to be of central importance in all

ontologies; textual definitions allow human annotators to

reliably disambiguate similar terms, and computable defi-

nitions allow the use of automated methods to assist in

ontology construction and data integration [39]. Unfortu-

nately, existing AOs exhibit considerable variability with

respect to definitions. Some ontologies such as MA have

neither textual nor computational definitions. Only 1% of

the classes in the FMA have textual definitions, while

many other model organism ontologies have good cover-

age with text definitions alone. In building Uberon, we

have leveraged both text and computable definitions in the

source ontologies. Therefore, Uberon provides classes that

can be more precisely used for annotation in a cross-spe-

cies context or to improve existing species-specific annota-

tion procedures.

In constructing Uberon, we have revealed inconsisten-

cies in related ontologies such as GO, MPO, CL and

others. Since GO and CL are applicable to multiple spe-

cies, they need to describe developmental and physiologi-

cal processes in a species-neutral way. However, these

ontologies have traditionally contained an implied anato-

mical hierarchy without logical definitions and with

inconsistent textual definitions. These ontologies are pro-

blematic in their inconsistencies but are also a source of

valuable anatomical definitions. For instance, the GO has

numerous anatomically relevant developmental processes

such as ‘midbrain development,’ which is defined as: ‘The

process whose specific outcome is the progression of the

midbrain over time, from its formation to the mature

structure. The midbrain is the middle division of the

three primary divisions of the developing chordate brain

or the corresponding part of the adult brain (in verte-

brates, includes a ventral part containing the cerebral

peduncles and a dorsal tectum containing the corpora

quadrigemina and that surrounds the aqueduct of Sylvius

connecting the third and fourth ventricles).’

We have leveraged these implied anatomical descrip-

tions and relationships in the seeding of Uberon and

consistency checking of these species-neutral ontologies

versus Uberon (see Materials and methods). The Uberon

approach to ontology alignment and integration has

proved to be a valuable mechanism to systematically

evaluate and improve these ontologies, and it is now

possible to leverage reasoning to ensure interoperability

and orthogonality across these disparate yet putatively

orthogonal ontologies.

Limits of pure text-mining approaches

A systematic comparison of Uberon with lexical text

matching approaches is outside the scope of this paper.

Such a comparison would be partly confounded by the

differing goals of the two approaches-pairwise mappings

establish horizontal connections between similar classes

in different ontologies, whereas Uberon provides classes

with definitions and relationships that connect vertically

to other ontologies. Lexical mappings typically lack

explicit semantics, and provide no way of separating clo-

sely related classes from equivalent classes. The need to

augment purely lexical anatomy ontology mappings has

been identified previously [13] and enhancement of lexi-

cal matching methods using semantics in various ways

has been reported and continues to be investigated

within the context of the annual Ontology Alignment

Evaluation Initiative (OAEI) [40]. Whilst the initial ver-

sion of Uberon was partly seeded by matching labels

and synonyms, the value added by thoroughly verifying

the results of this process semantically and biologically

(manually) converts these exercises into practical tools.

As there is an increasing amount of anatomically

indexed expression and phenotype data, the need for

analysis and query of such data will require increasingly

specific semantics-where pure text-matching approaches

will not suffice. A recent study by Groß et al. [41] has

further validated the approach taken in the development

of Uberon, where Uberon scored better as an intermedi-

ate source of ontology mappings on a number of

metrics than other sources. This experiment demon-

strated that ‘Uberon finds non-trivial correspondences

that cannot be identified by a direct match.’

Homology and analogy

One possible critical perspective on Uberon is that its

classes are essentialist-they are intended to group enti-

ties by common properties. It is thus possible that many

of its classes are pleisomorphies. For example, Uberon

contains grouping classes ‘eye’ and ‘wing’, despite the

fact that neither of these are homophyletic-they evolved

multiple times. The inclusion of a class in the ontology

should not be taken as an indication of shared evolu-

tionary descent (homology), merely that classes have

some property or properties in common. We have taken

an integrative approach in the building of Uberon, and

in doing so embrace multiple axes of classification.
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Traditionally, anatomists have used many modes of clas-

sification, and these all appear within Uberon. These

classification axes may be structural, functional, or

developmental in addition to homology, to aid in group-

ing structures by similarity of any type. Using a single

classification axis such as structure or homology alone is

either too restrictive or may lead to incompleteness due

to incomplete knowledge. For example, Uberon includes

a generic functionally defined class ‘eye’, which is

defined by its function ‘detection of visible light’. This

generic class subsumes the class called ‘eye’ in the Dro-

sophila anatomy ontology and the class called ‘eye’ in

the MA (note that it is not the direct subsumer, as

these two classes are subsumed by the Uberon classes

‘compound eye’ and ‘camera-type’ eye, respectively).

Assignments of biological function are made using the

biological process subset of the GO.

The Uberon approach is complementary to resources

such as Homolonto [42], which groups vertebrate spe-

cies-centric AO classes into vertebrate Homologous

Ontology Groups (vHOGs) based on shared evolution-

ary descent [43]. As described above, homology is only

one means by which two anatomical structures can be

deemed similar. We have sought to include many axes

of similarity and therefore used the vHOGs in the seed-

ing of our ontology. One difference between the two

approaches is that Homolonto only seeks to assign

classes into groups. Unlike Uberon, it does not attempt

to define a common subsuming structure, nor is it

intended for reasoning. Neither does Homolonto distin-

guish structures by ontogeny-thus, ‘gonad’ and ‘gonad

primordium’ in different species are placed into the

same group. This makes sense from the perspective of

homology grouping-the structures are indeed homolo-

gous-but the distinction made in Uberon between struc-

tures and precursor structures allows for more precise

queries across developmental time. Conversely, the

vHOG approach provides certain homology groupings

that are not present in Uberon-for example, between

‘lung’ and a fish ‘swim bladder’ (Figure 2). This reflects

the complementary goals of the two projects and does

not present a problem-in fact the two resources can be

dynamically combined and the developers of Uberon

and vHOG are collaborating to support this more exten-

sive query capability.

This homology-neutrality of Uberon is a deliberate

design feature of the ontology. We believe that specify-

ing homology relationships and descent from common

ancestral structures is of obvious high value, but that

this need not be tightly coupled to the development of

an upper anatomical ontology. This does not preclude

creation of subsuming classes based on homology (as in

the Vertebrate Bridging Ontology project [44]), but

rather that it is not a requirement and nor is the

homology assertion definitional for any given class. One

reason for this is that statements of homology can be

controversial, subject to change and even contradictory.

Uberon forms a neutral structure on which to pin evo-

lutionary statements. Homology is of course very impor-

tant from the perspective of navigating gene expression

and phenotype data across species, but it provides only

a limited set of potentially interesting results. In Uberon,

the ‘essentialist’ definitions are biologically informative

even without evidence of evolutionary relatedness. For

example, it is useful to retrieve all eye phenotypes from

multiple species regardless of evolutionary history. For

example, the Pax6 master regulator gene is active in eye

development in species as diverse as Drosophila and

humans [45-47]. Similarly, the Dll gene orthologs are

implicated in the development of tetrapod limbs, asci-

dian ampullae, annelid parapodia, and echinoderm tube-

feet (Figure 5) [48]. These eyes and appendages are

certainly not homologous, but they do have some func-

tional similarity (which is in some cases why they have

been given the same label historically). Why are these

eyes and appendages similar? In some cases there may

be homology of anatomical parts, biochemical pathways,

or molecules that are at a level more granular than what

has been studied using comparative anatomical phylo-

geny reconstruction (deep homology) [49]. For instance,

photoreceptors may be homologous even if the eye

structures themselves are not. Alternatively, convergent

evolution may result in reuse of similar pathways for

similar functionality. For example, outgrowth from the

body wall as described in the ‘limb’ study by Panganiban

above may be due to convergent evolution, or perhaps

there is some yet to be defined homology in this pro-

cess. For these reasons, we believe it is critical to be

able to query across species via grouping of similar

structures independent of what is currently known

about homology.

Uberon coordination and integration with other

ontologies

Uberon is intended to work as part of a strategy of inter-

locking ontologies with various degrees of specificity and

is applicable across all metazoans-that is, any organismal

part of a metazoan organism is within scope for Uberon.

In this initial release, Uberon does not claim to be com-

prehensive in its coverage of metazoans and there is a con-

siderable bias towards vertebrates and especially

mammals, due largely to bias in the ontologies subsumed

by Uberon. However, Uberon is now being extended to

cover a wider variety of species, such as birds and archo-

saurs, for representing evolutionary data. If and when such

anatomical ontologies become available, Uberon will sub-

sume them using the same methodology as for other

scAOs.
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In cases such as the NIF neuroscience ontologies [9],

where domain experts are already constructing ontolo-

gies covering particular anatomical sub-domains, our

practice is to provide cross-references to these

resources. Similarly, the vertebrate musculoskeletal anat-

omy ontology developed as the outcome of a workshop

at the National Evolutionary Synthesis Center [50] has

been integrated into Uberon. As new groups of domain

experts work to accurately represent their specialized

area of anatomical knowledge in ontologies, we would

likewise defer to these experts and gradually cede con-

trol to the relevant specialized ontologies. For example,

there is a new effort to develop an arthropod anatomy

ontology [51]. Uberon currently contains structures like

‘ventral nerve cord’ and ‘arthropod sensillum’ (synonym

sensillum), which would be ceded to the arthropod

ontology following an initial release. For ‘sensillum’,

Uberon would retain the more generic parent class

‘sense organ’ since this has applicability outside the

arthropods. Additionally, rather than our current prac-

tice of using cross-references to capture these links, we

will import classes from domain-specific ontologies,

such as the NIF neuroscience, skeletal, and arthropod

ontologies, and use their IDs directly using the MIREOT

approach to reference external ontology terms [52]. This

is particularly relevant in the context of the upper

CARO [18]. CARO is currently being revised to better

represent community needs following implementation in

various AOs over the past few years. In particular, it will

now include inferred multiple inheritance, disjointness

axioms, and functional differentia [53,54].

One advantage of Uberon is that it includes classes for

which no dedicated AO already exists-for example, the

parabronchial lungs of avians and a diverse range of

structures from under-represented taxa, including ungu-

lates, tunicates and echinoderms. This capability is espe-

cially useful for the representation of non-model

organism data. For instance, the eagle-i project captures

information about a diversity of non-model organisms

[55,56] using Uberon classes whereby the relevant spe-

cies is specified (for example, a muskox ‘brain’). The uti-

lity of referencing a taxonomically general class in

(a) 

(c) 

(b) 

(d) (e) 
Vertebrata  

Ascidians  

Arthropoda  

Annelida  

Mollusca  

Echinodermata  

tetrapod limbs 

ampullae 

tube feet 

parapodia 

Figure 5 Expression of Distal-less (Dll) and Dll orthologs (Dlx) in ‘legs’. (a) Three-day Molgula occidentalis ascidian larva from which an

ampulla is extending. (b) Polychaete annelid Chaetopterus variopedatus, ventral view of larva just prior to metamorphosis (anterior to left). Dll

expressing cells are visible in parapodial rudiments (arrows), antennae (out of focus on opposite dorsal surface), and in prospective feeding

organs (bracket). (c) Metamorphosing Strongylocentrotus droebachiensis sea urchin larvae, aboral view. Cells at the distal tip of the tube feet

(arrows) express Dll prior to and during extension from the body wall. (d) Expression in nine-day mouse embryo, lateral view, head top; arrows

point to medial border of cells expressing one or more Dlx genes in the presumptive forelimb. (e) The evolutionary appearance of the various

appendages for which Dll expression data are indicated in (a-d) are shown on this cladogram (branch lengths are not scaled). Reprinted with

modification and permission from [49].
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combination with a given taxon will be invaluable as

new genomes are sequenced and non-model organism

expression and phenotype data become available.

Conversely, developers of new scAOs can take advan-

tage of the work that has been done by other scAOs

and in Uberon. Much in the same way as CARO is used

as an upper AO to structure a new scAO, the new

scAO can also use Uberon classes to seed their scAOs.

For instance, a new chicken ontology can MIREOT the

taxonomically relevant portion of Uberon (for example,

collected-vertebrate.owl) and then extend this ontology

under its own namespace. An example of how this

would work is that the chicken ontology could create a

chick ‘tertial feather’ class that is subsumed by the

Uberon ‘feather’ class (Figure 3). We would need to

ensure that the definition of Uberon ‘feather’ is applic-

able to the chick ‘tertial feather’ class. If not, the Uberon

class could be adjusted or a new term added to support

the general type ‘feather’ and its subsumption of chick

‘tertial feather’.

The OBI represents the entities involved in research,

namely roles, functions, objectives, processes and the

input and output of these processes [17]. OBI can be

used to check consistency in experimental design, clas-

sify bio-specimens, and infer the relationship between

assays and what is being evaluated. OBI necessarily

needs to refer to anatomical structures in their ‘planned

process’ branch-for example, ‘blood harvesting’ or ‘bron-

chial alveolar lavage’. Similarly, the representation of

bio-specimens involves reference to gross or cellular

anatomy-for example, ‘cloacal specimen’. These anato-

mical terms refer to taxonomically general types, not

usually those of a single organism. Where applicable,

OBI is now using Uberon classes for their definitions

involving cross-taxon anatomy similar to the GO and

CL.

Coordination with Uberon has resulted in improve-

ments and clarifications in other ontologies. See Addi-

tional file 5 for a list of items from various ontology

issue trackers pertaining to development of this

ontology.

Linking animal models to human diseases

A significant barrier in translational research is an

inability to query between human, model and non-

model organisms due to the difference in terminology

used to describe their anatomy. In a previous study we

described a methodology for enhancing and connecting

animal phenotype ontologies [57]. We created computa-

ble definitions for existing phenotype ontologies such as

the MPO, the Human Phenotype Ontology (HPO)

[58-60] and the Worm Phenotype Ontology (WPO)

[61]. These computable definitions referenced a range of

ontologies, primarily the Phenotype and Trait Ontology

(PATO) and individual scAOs such as MA, FMA and

the Worm Anatomy Ontology (WBbt). In order to con-

nect these phenotypes, we used an early version of the

Uberon ontology. We then devised semantic similarity

measures for the resulting phenotype descriptions that

allowed us to link animal models with human diseases

[62] based on phenotypes alone, and have further ana-

lyzed a wider range of human diseases [59,60]. We have

recently leveraged Uberon for the purposes of querying

across species and anatomical granularity in a neurode-

generative disease knowledgebase [63] Similarly, other

projects requiring cross-species inference to investigate

animal models of disease are beginning to use Uberon.

Facebase [64] is a consortium that aims to consolidate

and make queryable data regarding neural crest develop-

ment and craniofacial diseases. The ontology is also

being used by the FANTOM5 consortium [65] to indi-

cate the tissue source of sequenced samples. To support

the use of Uberon in such informatics applications, we

provide scripts and code examples on http://uberon.org.

Conclusions
Translation of knowledge across species is hindered by a

lack of integration between anatomy ontologies. Uberon

is a multi-species anatomy ontology that integrates dif-

ferent anatomical ontologies and the datasets annotated

using these ontologies. The ontology has been integral

in a number of computational analyses that interpret

human data using model organism phenotypes for

translational research. Uberon contains a rich set of

logical relationships that allow powerful queries within

and across species. Further, Uberon serves as a nexus

for connecting multiple other biological ontologies such

as the CL and the GO, and in the modular construction

of other multi-species anatomy ontologies. We believe

that Uberon meets the current need for an integrative

cross-species anatomy ontology amongst the OBO

Foundry suite [66].

Materials and methods
Ontology seeding via semi-automated methods

Because ontology construction is a labor-intensive task,

we opted to automate as much as possible by drawing

on expert knowledge already encoded in existing anat-

omy ontologies, as well as on the implicit anatomical

ontologies embedded within phenotype ontologies and

the GO. The initial version of Uberon was created, as a

matter of expediency, using automated lexical methods.

In contrast to most mapping approaches, however, we

decided to work with and consult knowledgeable anato-

mical experts to curate and manually edit the results to

come up with the best possible representation of estab-

lished anatomical relationships. We also leveraged com-

putational reasoning as much as possible, to automate
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various quality control checks and compositional term

creation. These three methods, lexical matching, manual

curation, and computational reasoning, are combined

iteratively, although over the evolution of the ontology

lexical methods have largely been superseded by manual

curation and reasoning.

The initial phase of construction of Uberon broadly

consisted of three components: initial seeding of poten-

tial Uberon classes from existing scAOs; augmentation

from other external sources for both additional classes

and for logical definitions; and manual revision by ana-

tomists throughout the process.

Note that we used a broad spectrum of methods in an

iterative fashion, altering the parameters and algorithms

at each iteration, gradually enhancing the ontology as

we progressed. Our goal here is not to describe generic

reproducible lexical methods for generating multi-spe-

cies ontologies.

Ontology seeding via lexical matching

The initial version of the ontology was seeded by extract-

ing generalized classes from sets of similar classes from

existing scAOs. Using the Blipkit framework [67], we took

the names and synonyms from each ontology, tokenized

them, and performed Porter-stemming [68], removed cer-

tain tokens such as ‘of’ and ‘the’, and matched two classes

if the set of stemmed tokens from any label was identical.

We also mapped all relational adjectives to a standard

noun form using a set of hand-constructed mappings (for

example, ‘facial’ to ‘face’). We created an Uberon class for

every connected set of paired classes, maintaining the link

back to the scAO as an OBO format ‘xref’.

We then manually split classes in OBO-Edit [69],

using anatomical knowledge guided by various rules of

thumb and heuristics. For example, we paid particular

attention to classes that unified vertebrate and inverte-

brate classes, as these were more likely to be wrong and

solely due to homonymy. We also were careful to exam-

ine classes that were created based on non-exact syno-

nyms. The OBO-Edit graph viewer was used to visually

check the combined is_a hierarchy and partonomy were

biologically correct.

This process was highly iterative, as we chose to align

additional ontologies such as EHDAA2 after the initial

seeding. We also re-did our matching after performing

improvements to our text matching techniques; for

example, adding per-token synonyms such as ‘first’ for

‘1st’ enabled faster matching of hand and foot digits

between mouse and human.

Automatic seeding of computable definitions

Many AO classes are combinatorial due to serial homol-

ogy; for example, bone regions such as the epiphysis

and diaphysis appear multiple times in different digit

segments, and digits themselves appear multiple times,

on both fore and hind limbs, and on left and right sides

of the body. Managing these compositional classes

manually is time-consuming and error-prone. We set

out to generate logical definitions for these classes in

order to use automated reasoning to assist with ontol-

ogy construction.

The majority of the logical definitions we generated

were simple ‘genus-differentia’ style equivalence axioms

between a named ontology class, and a class intersection

between a ‘genus’ class and an existential restriction. For

example, in OWL syntax:

Class: ‘forelimb digit’

EquivalentTo: digit and part_of some

forelimb.

We used a combination of manual assignment and

automated generation of definitions, with the Obol

toolkit [70].

We reverse engineered class definitions using simple

Obol generative grammar rules such as:

P and part_of some W ® W P

P and part_of some W ® P ‘of’ W

(Note that the same rules can be used for generation

as for parsing.)

This allowed us to derive computable definitions such

as ‘epithelium and part_of some lung’ for the class with

label ‘lung epithelium’. These definitions are vetted for

non-sensical parses, such as those generated from labels

such as ‘neck of uterus’, which refers to an organ neck

rather than the body subdivision between the head and

the thorax. We generated these definitions for Uberon

terms and used reasoning to automatically classify them.

We also generated these logical definitions for existing

scAOs-note that most do not yet maintain their own

logical definitions. The resulting logical definitions are

available as bridge files in the uberon repository [71].

These are divided into two sets-those that do not refer-

ence classes outside the scAO (example in [72]), and

those that reference a more generic uberon class (exam-

ple in [73]).

We used these logical definitions in scAOs to seed

new Uberon classes. We generated a new Uberon class

for every scAO class whose definition elements map to

Uberon classes. For example, we defined ‘aorta endothe-

lium’ (MA:0000701) as (MA ‘endothelium’ and part_of

some MA ‘aorta’). We generated an Uberon class ‘aorta

endothelium’, defined as UBERON ‘endothelium’ and

part_of some UBERON ‘aorta’.
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Augmentation using the Gene Ontology

The subset of the GO pertaining to developmental pro-

cesses is a rich source of anatomical knowledge that is

applicable across a wide range of species. We first gen-

erated a set of computable definitions for GO biological

processes using Uberon (previously described in [38]).

We used reasoning to suggest changes in the GO hierar-

chy, or conversely, to modify branches of Uberon such

that asserted relationships in GO can be justified via

inference.

We then augmented Uberon by taking the set of GO

classes with labels following certain lexical patterns such

as ‘X development’ and ‘X morphogenesis’. If this GO

class did not have a computable definition, and we did

not have an Uberon class with label X, then we gener-

ated one, using reasoning to suggest the placement

within the Uberon hierarchy, and extracted a textual

definition from GO. The resulting classes were then

used to create computable definitions for GO classes,

which were used in reasoning to iteratively refine both

GO and Uberon hierarchies.

We obtained textual definitions by extracting the

embedded GO definition of the anatomical structure

(which is usually, but not always, constructed to be spe-

cies-neutral). For example, the GO definition for ‘kidney

morphogenesis’ includes this after the main definition:

‘...A kidney is an organ that filters the blood and

excretes the end products of body metabolism in the

form of urine...’.

In general we excluded terms that fall in the domain

of other AOs. For example, there is little value in adding

Drosophila-centric terms into Uberon where these terms

are not applicable across a wider range of scAOs.

Augmentation using phenotype ontologies

Phenotype ontologies, like GO, also include an implicit

embedded AO. We used the MPO [74] and the Human

Phenotype Ontology [58] in a method analogous to the

one described for GO, above. We searched for lexical

patterns such as ‘abnormal X morphology’, and created

a term ‘X’ if this did not already exist in an existing AO.

We also extracted the text definition and a suggested

hierarchy, in the same fashion as for GO.

Augmentation using DBPedia

DBPedia is an RDF triplestore derived from Wikipedia

[75] that translates Wikipedia infoboxes into RDF tri-

ples, and makes stable URIs for Wikipedia entries. We

used the SWI-Prolog semweb library [76] to issue itera-

tive SPARQL queries to extract all RDF triples for all

instances of the DBPedia ontology class ‘dbpedia:Anato-

micalStructure’. We then mapped the resulting triples

into an OBO format ontology, and aligned this in a

similar fashion to the other anatomical ontologies. The

DBPedia ‘abstract’ property was mapped to a definition

field, redirects properties were mapped to synonyms,

and the ‘precursor’ property was mapped to develops_-

from. We then used our text mapping algorithms

described above to link as many Uberon classes as pos-

sible to Wikipedia pages.

Augmentation with additional logical axioms

We automatically populated many taxonomic con-

straints using the taxonomic constraints already encoded

in GO [37]. We inferred that if a GO biological process

is restricted to a particular taxon, then the anatomical

participants are also likely restricted. For example, the

GO class ‘placenta development’ has an only_in_taxon

restriction to Theria, so we propagated this to the

Uberon class ‘placenta’. Note that this is the reverse of

the deductive inference we ought to make-we should in

fact infer that ‘placenta development’ is only in Theria

from the fact that ‘placenta’ is only in Theria. However,

a well-populated set of GO biological processes plus

taxonomic constraints existed prior to Uberon, necessi-

tating working in this backwards direction.

Augmentation using Allen Brain Atlas

We downloaded the OWL version of the Allen Brain

Atlas (ABA) and aligned it using the methods described

above. We took advantage of the fact that the ABA, like

most atlases, provides a non-overlapping parcellation,

and derived spatial disjointness axioms to add to

Uberon.

The ABA is a partonomy that is represented in OWL

as a subclass hierarchy. For every axiom in ABA of the

form A DisjointWith B, we derived an axiom (par-

t_of some A’) DisjointWith (part_of some B’), where

A’ and B’ are the Uberon equivalents of A and B. We

represented this in the ontology using the spatially_dis-

joint_from shortcut relation (see below). For example,

ABA contains the axiom:

ABA:HPF DisjointWith ABA:Isocortex

We used this to derive an axiom:

(part_of some UBERON:0002421) DisjointWith

(part_of some UBERON:0001950)

where UBERON:0002421 has the label ‘hippocampal

formation’ and UBERON:0001959 has the label

‘neocortex’.

These axioms were used to detect problems in

Uberon, some of which could be traced back to source

ontologies (see, for example, [77]).

Periodic re-alignment with external ontologies

At semi-regular intervals we re-align with existing AOs

in case new terms have been added that are in scope for

Uberon, or if label or synonym changes reveal new

equivalencies. We also examine the change logs for
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different ontologies and manually check these against

the ontology contents.

Since its initial inception, we have occasionally added

new ontologies to the set, which we align and provide

connecting axioms to. The most recent addition has

been SNOMED [78]. At this time we do not formalize

the connection to SNOMED and maintain the mappings

as semantics-free cross-references in the obo file, as

additional work will be required to determine the exact

semantics of the mappings due to the Structure-Entire-

Parts (SEP) construction of SNOMED.

Manual curation of the ontology

After initial seeding of the ontology, we relied more on

manual edits rather than lexical methods. We used a com-

bination of the literature and of our own domain knowl-

edge to expand, refine and populate the ontology. We also

relied heavily on the knowledge curated in existing ontolo-

gies. We provide the source of textual definitions and in

some cases individual relationships. Per-relationship prove-

nance is stated using trailing qualifiers in OBO format,

which translate to axiom annotation in OWL.

We used a combination of OBO-Edit and emacs to

edit the ontology, and a combination of OBO-Edit, Pro-

tege4 and the blipkit graphviz tool to visualize and

explore the ontology. We also use a collection of ad hoc

scripts [79] for ontology processing and manipulation.

Encoding OWL axioms in OBO format

One limitation of working in OBO format is the reduced

expressivity compared with OWL. For example, OBO

format cannot directly encode GCI axioms such as:

(part_of some ‘spinal cord’) DisjointFrom (part_of

some ‘brain’)

that is, the brain and spinal cord share no parts in

common. An OWL reasoner will flag any class that vio-

lates this as unsatisfiable.

Whilst we will likely switch to having the editors ver-

sion of the ontology be OWL at some point in the

future, we found it very convenient to remain in OBO

format during initial development due to its simplicity

and familiarity to contributing biologists. We made use

of the ‘shortcut relationship’ macro feature of OBO for-

mat 1.4 [80] to encode GCIs and other advanced OWL

features within OBO format.

For example, we defined a shortcut relation spatially_-

disjoint_from, which is associated with the macro:

has_part exactly 0 (part_of some ?Y)

This allows us to state that the brain and the spinal

cord share no parts using a simple pairwise relationship.

Maintenance, release and availability

We continuously maintain the editor’s version of the

ontology, which is called ‘uberon_edit’, and periodically

make releases of the main Uberon file. The editor’s ver-

sion is periodically realigned with existing scAOs to har-

vest cross-references from newly generated classes,

usually when the external ontologies change.

The release pipeline involves invoking the OBO-Edit

Rule Base Reasoner to automatically build the full sub-

sumption graph (this releases the ontology authors from

the tedious and error-prone chore of maintaining the

full graph). After this we perform a number of auto-

mated checks, including: synonym check-no two classes

should share either labels or exact synonyms (sharing

labels with weaker synonym scopes is allowed); disjoint-

ness violation check and equivalence check-if the rea-

soner infers two classes are equivalent then we go back

and repair the ontology before releasing it.

We use the OBO Ontology Release Tool (Oort; Dietze

H, in preparation) to generate release ontologies. Oort is

responsible for converting the editors’ version to OWL,

expanding the shortcut relationships (see Materials and

methods section), and generating the taxonomic bridge

axioms (Additional file 1).

Uberon is housed in a github repository and is made

available via the OBO registry and the http://uberon.org

website. It is available as a ‘minimal’ ontology, with the

links to other scAOs represented as cross-references,

and also available as a multi-merged ontology, which

has all referenced ontologies included, together with

SubClass links. Uberon exists in two versions-an editor’s

version, with a minimal number of asserted links, and a

deployed version, with equivalent links that have been

pre-reasoned [81]. Additional file 1 summarizes all the

available ontology versions.

Additional material

Additional file 1: Supplemental Table 1. Table describing means of

accessing the different Uberon sub-modules, available in different

formats.

Additional file 2: Supplemental Table 2. Table with all relations used

in Uberon, together with their definitions, IDs, and usage.

Additional file 3: Supplemental Table 3. Table of all classes in FMA

(human) whose instances develop from the pharyngeal arches.

Additional file 4: Supplemental Table 4. Table of all classes in MA

(mouse) whose instances develop from the pharyngeal arches.

Additional file 5: Supplemental Table 5. Table showing list of issue

tracker items deriving from consistency checks performed using Uberon.

Abbreviations

ABA: Allen Brain Atlas; AO: anatomy ontology; BTO: Brenda Tissue Ontology;

CARO: Common Anatomy Reference Ontology; CL: Cell Type Ontology; EFO:

Experimental Factor Ontology; EHDAA/EHDAA2: Edinburgh Human

Developmental Anatomy: abstract version/abstract version 2; FBbt: FlyBase

Anatomy Ontology; FMA: Foundational Model of Anatomy; GCI: General

Class Inclusion; GO: Gene Ontology; MA: Mouse Anatomy Ontology; MIREOT:

Minimum Information Reference to an External Ontology Term; MPO (also

MP): Mammalian Phenotype Ontology; NIF: Neuroscience Information

Mungall et al. Genome Biology 2012, 13:R5

http://genomebiology.com/2012/13/1/R5

Page 18 of 20

http://uberon.org
http://www.biomedcentral.com/content/supplementary/gb-2012-13-1-r5-S1.XLSX
http://www.biomedcentral.com/content/supplementary/gb-2012-13-1-r5-S2.XLSX
http://www.biomedcentral.com/content/supplementary/gb-2012-13-1-r5-S3.TXT
http://www.biomedcentral.com/content/supplementary/gb-2012-13-1-r5-S4.TXT
http://www.biomedcentral.com/content/supplementary/gb-2012-13-1-r5-S5.XLSX


Framework; OBI: Ontology of Biomedical Investigations; OBO: Open

Biomedical Ontologies; OWL: Ontology Web Language; scAO: species-centric

anatomical ontology; TAO: Teleost Anatomy Ontology; vHOG: vertebrate

Homologous Ontology Group; XAO: Xenopus Anatomy Ontology; ZFA:

Zebrafish Anatomy Ontology.

Acknowledgements

We wish to thank the developers of other anatomical ontologies, including

Onard Mejino, Jonathan Bard, Duncan Davidson, Peter Robinson, Terry

Hayamizu, Terry Meehan, David Hill, Paula Mabee, Wasila Dahdul, Erik

Segerdell, Cynthia Smith, Paul Schofield, David Osumi Sutherland, and

Maryann Martone. In addition, we also thank Harry Hochheiser and Wacek

Kusnierczyk for comments on this manuscript, and Grace Panganiban for

allowing us to use her beautiful distal-less example and images. This work

was supported by the National Institutes of Health grant numbers

5R01HG004838 and P41HG002273, by the Director, Office of Science, Office

of Basic Energy Sciences, of the US Department of Energy under contract

number DE-AC02-05CH11231 and by the National Institutes of Health and

the American Recovery and Reinvestment Act grant numbers

1U24RR029825-01 and P41HG002273-09S1.

Author details
1Genomics Division, Lawrence Berkeley National Laboratory, 1 Cycltotron

Road MS 64-121, Berkeley, CA 94720, USA. 2Library and Department of

Medical Informatics and Clinical Epidemiology Oregon Health and Science

University, 3181 SW Sam Jackson Park Rd, Portland, OR 97239, USA.
3Department of Genetics, University of Cambridge, Downing Street,

Cambridge, CB2 3EH, UK.

Authors’ contributions

CM drafted the manuscript, performed the computational aspects and

assisted with manual editing of the ontology. MH co-wrote the manuscript

and oversaw the biological validation of the ontology. CT contributed to the

ontology imports management and Figure 3. GG assisted with the biological

validation and checked the mouse-human results, and ensured consistency

with phenotype ontologies. SL supervised the development of the ontology

and co-wrote the manuscript. All authors have read and approved the

manuscript for publication.

Received: 2 December 2011 Accepted: 31 January 2012

Published: 31 January 2012

References

1. Bard JB: Anatomics: the intersection of anatomy and bioinformatics. J

Anat 2005, 206:1-16.

2. Rosse C, Mejino JL Jr: A reference ontology for biomedical informatics:

the Foundational Model of Anatomy. J Biomed Inform 2003, 36:478-500.

3. Sprague J, Bayraktaroglu L, Bradford Y, Conlin T, Dunn N, Fashena D,

Frazer K, Haendel M, Howe DG, Knight J, Mani P, Moxon SA, Pich C,

Ramachandran S, Schaper K, Segerdell E, Shao X, Singer A, Song P,

Sprunger B, Van Slyke CE, Westerfield M: The Zebrafish Information

Network: the zebrafish model organism database provides expanded

support for genotypes and phenotypes. Nucleic Acids Res 2008, 36:

D768-772.

4. Segerdell E, Bowes JB, Pollet N, Vize PD: An ontology for Xenopus

anatomy and development. BMC Dev Biol 2008, 8:92.

5. Grumbling G, Strelets V: FlyBase: anatomical data, images and queries.

Nucleic Acids Res 2006, 34:D484-488.

6. Hayamizu TF, Mangan M, Corradi JP, Kadin JA, Ringwald M: The Adult

Mouse Anatomical Dictionary: a tool for annotating and integrating

data. Genome Biol 2005, 6:R29.

7. Human developmental anatomy, abstract version, v2.. [http://obofoundry.

org/cgi-bin/detail.cgi?id=human-dev-anat-abstract2].

8. Baldock RA, Bard JB, Burger A, Burton N, Christiansen J, Feng G, Hill B,

Houghton D, Kaufman M, Rao J, Sharpe J, Ross A, Stevenson P,

Venkataraman S, Waterhouse A, Yang Y, Davidson DR: EMAP and EMAGE: a

framework for understanding spatially organized data. Neuroinformatics

2003, 1:309-325.

9. Bug WJ, Ascoli GA, Grethe JS, Gupta A, Fennema-Notestine C, Laird AR,

Larson SD, Rubin D, Shepherd GM, Turner JA, Martone ME: The NIFSTD and

BIRNLex vocabularies: building comprehensive ontologies for

neuroscience. Neuroinformatics 2008, 6:175-194.

10. Rector A, Nowlan W, Glowinski A: Goals for concept representation in the

GALEN project. Proc Annu Symp Comput Appl Med Care 1993, 414-418.

11. de Coronado S, Wright LW, Fragoso G, Haber MW, Hahn-Dantona EA,

Hartel FW, Quan SL, Safran T, Thomas N, Whiteman L: The NCI Thesaurus

quality assurance life cycle. J Biomed Inform 2009, 42:530-539.

12. Zhang S, Bodenreider O: Lessons learned from cross-validating

alignments between large anatomical ontologies. Stud Health Technol

Inform 2007, 129:822-826.

13. Zhang S, Bodenreider O: Experience in aligning anatomical ontologies. Int

J Semant Web Inf Syst 2007, 3:1-26.

14. Travillian RS, Diatchka K, Judge TK, Wilamowska K, Shapiro LG: An ontology-

based comparative anatomy information system. Artif Intell Med 2011,

51:1-15.

15. Bard J, Rhee SY, Ashburner M: An ontology for cell types. Genome Biol

2005, 6:R21.

16. Consortium TGO: The Gene Ontology project in 2008. Nucleic Acids Res

2008, 36:D440-444.

17. Brinkman RR, Courtot M, Derom D, Fostel JM, He Y, Lord P, Malone J,

Parkinson H, Peters B, Rocca-Serra P, Ruttenberg A, Sansone SA,

Soldatova LN, Stoeckert CJ Jr, Turner JA, Zheng J, OBI consortium:

Modeling biomedical experimental processes with OBI. J Biomed

Semantics 2010, 1(Suppl 1):S7.

18. Haendel M, Neuhaus F, Osumi-Sutherland D: CARO-The Common

Anatomy Reference Ontology. Anatomy Ontologies Bioinformatics Principles

Practice 2008, 6:327-350.

19. Dahdul WM, Lundberg JG, Midford PE, Balhoff JP, Lapp H, Vision TJ,

Haendel MA, Westerfield M, Mabee PM: The teleost anatomy ontology:

anatomical representation for the genomics age. Syst Biol 2010,

59:369-383.

20. Maglia AM, Leopold JL, Pugener LA, Gauch S: An anatomical ontology for

amphibians. Pac Symp Biocomput 2007, 367-378.

21. Ilic K, Kellogg EA, Jaiswal P, Zapata F, Stevens PF, Vincent LP, Avraham S,

Reiser L, Pujar A, Sachs MM, Whitman NT, McCouch SR, Schaeffer ML,

Ware DH, Stein LD, Rhee SY: The plant structure ontology, a unified

vocabulary of anatomy and morphology of a flowering plant. Plant

Physiol 2007, 143:587-599.

22. Chang A, Scheer M, Grote A, Schomburg I, Schomburg D: BRENDA,

AMENDA and FRENDA the enzyme information system: new content

and tools in 2009. Nucleic Acids Res 2009, 37:D588-592.

23. Malone J, Holloway E, Adamusiak T, Kapushesky M, Zheng J, Kolesnikov N,

Zhukova A, Brazma A, Parkinson H: Modeling sample variables with an

Experimental Factor Ontology. Bioinformatics 2010, 26:1112-1118.

24. Uberon September 2011 release.. [http://purl.obolibrary.org/obo/uberon/

releases/2011-09-25/].

25. Horridge M, Drummond N, Goodwin J, Rector A, Stevens R, Wan H: The

Manchester OWL Syntax. OWLED 2006 [http://www.webont.org/owled/

2006/acceptedLong/submission_9.pdf].

26. Smith B, Ceusters W, Klagges B, Kohler J, Kumar A, Lomax J, Mungall C,

Neuhaus F, Rector AL, Rosse C: Relations in biomedical ontologies.

Genome Biol 2005, 6:R46.

27. Uberon main ontology files.. , http://purl.obolibrary.org/obo/uberon.

obohttp://purl.obolibrary.org/obo/uberon.owl.

28. Uberon basic ontology files.. , http://purl.obolibrary.org/obo/uberon/basic.

obohttp://purl.obolibrary.org/obo/uberon/basic.owl.

29. Kruger A, Hofmann O, Carninci P, Hayashizaki Y, Hide W: Simplified

ontologies allowing comparison of developmental mammalian gene

expression. Genome Biol 2007, 8:R229.

30. Gkoutos GV, Green EC, Mallon AM, Hancock JM, Davidson D: Building

mouse phenotype ontologies. Pac Symp Biocomput 2004, 178-189.

31. Natale DA, Arighi CN, Barker WC, Blake J, Chang T-C, Hu Z, Liu H, Smith B,

Wu CH: Framework for a protein ontology. BMC Bioinformatics 2007,

8(Suppl 9):S1.

32. Degtyarenko K, de Matos P, Ennis M, Hastings J, Zbinden M, McNaught A,

Alcantara R, Darsow M, Guedj M, Ashburner M: ChEBI: a database and

ontology for chemical entities of biological interest. Nucleic Acids Res

2008, 36:D344-350.

33. Meehan TF, Masci AM, Abdulla A, Cowell LG, Blake JA, Mungall CJ,

Diehl AD: Logical development of the cell ontology. BMC Bioinformatics

2011, 12:6.

Mungall et al. Genome Biology 2012, 13:R5

http://genomebiology.com/2012/13/1/R5

Page 19 of 20

http://www.ncbi.nlm.nih.gov/pubmed/15679867?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14759820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14759820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17991680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17991680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17991680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18817563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18817563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16381917?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15774030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15774030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15774030?dopt=Abstract
http://obofoundry.org/cgi-bin/detail.cgi?id=human-dev-anat-abstract2
http://obofoundry.org/cgi-bin/detail.cgi?id=human-dev-anat-abstract2
http://www.ncbi.nlm.nih.gov/pubmed/15043218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15043218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18975148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18975148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18975148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19475726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19475726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17911831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17911831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18974854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21146377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21146377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15693950?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17984083?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20626927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20547776?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20547776?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17142475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17142475?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18984617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20200009?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20200009?dopt=Abstract
http://purl.obolibrary.org/obo/uberon/releases/2011-09-25/
http://purl.obolibrary.org/obo/uberon/releases/2011-09-25/
http://www.webont.org/owled/2006/acceptedLong/submission_9.pdf
http://www.webont.org/owled/2006/acceptedLong/submission_9.pdf
http://www.ncbi.nlm.nih.gov/pubmed/15892874?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17961239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17961239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17961239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18193535?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17932057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17932057?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21208450?dopt=Abstract


34. Uberon merged ontology.. , http://purl.obolibrary.org/obo/uberon/merged.

owlhttp://purl.obolibrary.org/obo/uberon/merged.obo.

35. Nelms BL, Labosky PA: Transcriptional Control of Neural Crest Development

San Rafael, CA: Morgan and Claypool Life Sciences; 2010.

36. Hawrylycz M, Baldock RA, Burger A, Hashikawa T, Johnson GA, Martone M,

Ng L, Lau C, Larson SD, Nissanov J, Puelles L, Ruffins S, Verbeek F,

Zaslavsky I, Boline J: Digital atlasing and standardization in the mouse

brain. PLoS Comput Biol 2011, 7:e1001065.

37. Deegan JI, Dimmer EC, Mungall CJ: Formalization of taxon-based

constraints to detect inconsistencies in annotation and ontology

development. BMC Bioinformatics 2010, 11:530.

38. Mungall CJ, Bada M, Berardini TZ, Deegan J, Ireland A, Harris MA, Hill DP,

Lomax J: Cross-product extensions of the Gene Ontology. J Biomed

Inform 2011, 44:80-86.

39. Rector AL: Modularisation of domain ontologies implemented in

description logics and related formalisms including OWL. Proceedings of

the 2nd International Conference on Knowledge Capture: October 23-25, 2003;

Sanibel Island, FL, USA New York, NY: ACM; 2003, 121-128.

40. Ontology Alignment Evaluation Initiative.. [http://oaei.ontologymatching.

org/].

41. Groß A, Hartung M, Kirsten T, Rahm E: Mapping Composition for Matching

Large Life Science Ontologies. Proceedings of the Second International

Conference on Biomedical Ontology: July 26-30, 2011; Buffalo, NY 2011 [http://

icbo.buffalo.edu/ICBO-2011_Proceedings.pdf].

42. Parmentier G, Bastian FB, Robinson-Rechavi M: Homolonto: generating

homology relationships by pairwise alignment of ontologies and

application to vertebrate anatomy. Bioinformatics 2010, 26:1766-1771.

43. Niknejad A, Comte A, Parmentier G, Roux J, Bastian FB, Robinson-Rechavi M:

vHOG, a multi-species vertebrate ontology of homologous organs

groups. Bioinformatics 2012, [Epub ahead of print].

44. Travillian R, Malone J, Pang C, Hancock J, Holland PW, Schofield P,

Parkinson H: The Vertebrate Bridging Ontology (VBO). Proceedings of the

Second International Conference on Biomedical Ontology: July 26-30, 2011;

Buffalo, NY 2011 [http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf].

45. Kleinjan DA, Bancewicz RM, Gautier P, Dahm R, Schonthaler HB, Damante G,

Seawright A, Hever AM, Yeyati PL, van Heyningen V, Coutinho P:

Subfunctionalization of duplicated zebrafish pax6 genes by cis-

regulatory divergence. PLoS Genet 2008, 4:e29.

46. Human PAX6.. [http://www.abdn.ac.uk/ims/staff/details.php?id=M.Collinson].

47. Favor J, Gloeckner CJ, Neuhauser-Klaus A, Pretsch W, Sandulache R, Saule S,

Zaus I: Relationship of Pax6 activity levels to the extent of eye

development in the mouse, Mus musculus. Genetics 2008, 179:1345-1355.

48. Panganiban G, Irvine SM, Lowe C, Roehl H, Corley LS, Sherbon B, Grenier JK,

Fallon JF, Kimble J, Walker M, Wray GA, Swalla BJ, Martindale MQ, Carroll SB:

The origin and evolution of animal appendages. Proc Natl Acad Sci USA

1997, 94:5162-5166.

49. Scotland RW: Deep homology: a view from systematics. Bioessays 2010,

32:438-449.

50. Skeletal Anatomy Jamboree.. [https://www.nescent.org/phenoscape/

Skeletal_Anatomy_Jamboree].

51. Arthropod ontology.. [http://code.google.com/p/arthropod-anatomy-

ontology/].

52. Courtot M, Gibson F, Lister A: MIREOT: the Minimum Information to

Reference an External Ontology Term. Proceedings of the First International

Conference on Biomedical Ontology: July 24-26, 2009; Buffalo, NY 2009 [http://

icbo.buffalo.edu/2009/Proceedings.pdf].

53. Osumi-Sutherland D: FUNCARO-a functional extension to CARO.

Proceedings of the Second International Conference on Biomedical Ontology:

July 26-30, 2011; Buffalo, NY 2011 [http://icbo.buffalo.edu/ICBO-

2011_Proceedings.pdf].

54. Osumi-Sutherland D: CARO 2.0. Proceedings of the Second International

Conference on Biomedical Ontology: July 26-30, 2011; Buffalo, NY 2011 [http://

icbo.buffalo.edu/ICBO-2011_Proceedings.pdf].

55. Torniai C, Brush M, Vasilevsky N, Segerdell E, Wilson ML, Johnson T,

Corday K, Shaffer C, Haendel M: Developing an application ontology for

biomedical resource annotation and retrieval: Challenges and lessons

learned. Proceedings of the Second International Conference on Biomedical

Ontology: July 26-30, 2011; Buffalo, NY 2011 [http://icbo.buffalo.edu/ICBO-

2011_Proceedings.pdf].

56. Segerdell E, Wilson ML, Bashor T, Bourges-Waldegg D, Corday K, Frost HR,

Johnson T, Shaffer CJ, Stone L, Torniai C, Haendel MA: eagle-i: an

ontology-driven framework for biomedical resource annotation and

discovery. Nat Precedings 2010 [http://precedings.nature.com/documents/

5176/version/1/files/npre20105176-1.pdf].

57. Mungall CJ, Gkoutos GV, Smith CL, Haendel MA, Lewis SE, Ashburner M:

Integrating phenotype ontologies across multiple species. Genome Biol

2010, 11:R2.

58. Robinson PN, Kohler S, Bauer S, Seelow D, Horn D, Mundlos S: The Human

Phenotype Ontology: a tool for annotating and analyzing human

hereditary disease. Am J Hum Genet 2008, 83:610-615.

59. Hoehndorf R, Dumontier M, Oellrich A, Wimalaratne S, Rebholz-

Schuhmann D, Schofield P, Gkoutos GV: A common layer of

interoperability for biomedical ontologies based on OWL EL.

Bioinformatics 2011, 27:1001-1008.

60. Hoehndorf R, Oellrich A, Rebholz-Schuhmann D: Interoperability between

phenotype and anatomy ontologies. Bioinformatics 2010, 26:3112-3118.

61. Schindelman G, Fernandes JS, Bastiani CA, Yook K, Sternberg PW: Worm

Phenotype Ontology: integrating phenotype data within and beyond

the C. elegans community. BMC Bioinformatics 2011, 12:32.

62. Washington NL, Haendel MA, Mungall CJ, Ashburner M, Westerfield M,

Lewis SE: Linking human diseases to animal models using ontology-

based phenotype annotation. PLoS Biol 2009, 7:e1000247.

63. Maynard SM, Mungall CJ, Lewis SE, Imam F, Martone ME: A knowledge

based approach to matching human neurodegenerative disease and

animal models. BMC Bioinformatics 2012.

64. Hochheiser H, Aronow BJ, Artinger K, Beaty TH, Brinkley JF, Chai Y,

Clouthier D, Cunningham ML, Dixon M, Donahue LR, Fraser SE,

Hallgrimsson B, Iwata J, Klein O, Marazita ML, Murray JC, Murray S, de

Villena FP, Postlethwait J, Potter S, Shapiro L, Spritz R, Visel A, Weinberg SM,

Trainor PA: The FaceBase Consortium: a comprehensive program to

facilitate craniofacial research. Dev Biol 2011, 355:175-182.

65. FANTOM5.. [http://fantom.gsc.riken.jp/5/].

66. Smith B, Ashburner M, Rosse C, Bard J, Bug W, Ceusters W, Goldberg LJ,

Eilbeck K, Ireland A, Mungall CJ, OBI Consortium, Leontis N, Rocca-Serra P,

Ruttenberg A, Sansone SA, Scheuermann RH, Shah N, Whetzel PL, Lewis S:

The OBO Foundry: coordinated evolution of ontologies to support

biomedical data integration. Nat Biotechnol 2007, 25:1251-1255.

67. Mungall C: Experiences Using Logic Programming in Bioinformatics.

Lecture Notes Comput Sci 2009, 5649:1-21.

68. Porter MF: An algorithm for suffix stripping. Program 1980, 14:130-137.

69. Day-Richter J, Harris MA, Haendel M, Lewis S: OBO-Edit-an ontology editor

for biologists. Bioinformatics 2007, 23:2198-2200.

70. Mungall CJ: Obol: integrating language and meaning in bio-ontologies.

Comp Funct Genomics 2004, 5:509-520.

71. Uberon repository.. [http://github.com/cmungall/uberon].

72. Example of Uberon bridge file.. [https://github.com/cmungall/uberon/

blob/master/mouse_anatomy_xp.obo].

73. Example of Uberon bridge file referencing external ontologies.. [https://

github.com/cmungall/uberon/blob/master/mouse_anatomy_xp_uberon.

obo].

74. Smith CL, Goldsmith CW, Eppig JT: The Mammalian Phenotype Ontology

as a tool for annotating, analyzing and comparing phenotypic

information. Genome Biol 2005, 6:R7.

75. Bizer C, Lehmann J, Kobilarov G, Auer S, Becker C, Cyganiak R, Hellmann S:

DBpedia-a crystallization point for the web of data. J Web Semantics

2009, 154-165.

76. Swart EC, Hide WA, Seoighe C: FRAGS: estimation of coding sequence

substitution rates from fragmentary data. BMC Bioinformatics 2004, 5:8.

77. Mouse Anatomy Ontology tracker example.. [https://sourceforge.net/

tracker/?func=detail&aid = 3291162&group_id=76834&atid=1205376].

78. SNOMEDCT.. [http://www.ihtsdo.org/snomed-ct/].

79. OBO scripts.. [http://github.com/cmungall/obo-scripts].

80. Tomancak P, Beaton A, Weiszmann R, Kwan E, Shu S, Lewis SE, Richards S,

Ashburner M, Hartenstein V, Celniker SE, Rubin GM: Systematic

determination of patterns of gene expression during Drosophila

embryogenesis. Genome Biol 2002, 3:RESEARCH0088.

81. Tsarkov D, Horrocks I: FaCT++ description logic reasoner: System

description. Lecture Notes Comput Sci 2006, 4130 LNAI:292-297.

doi:10.1186/gb-2012-13-1-r5
Cite this article as: Mungall et al.: Uberon, an integrative multi-species
anatomy ontology. Genome Biology 2012 13:R5.

Mungall et al. Genome Biology 2012, 13:R5

http://genomebiology.com/2012/13/1/R5

Page 20 of 20

http://www.ncbi.nlm.nih.gov/pubmed/21304938?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21304938?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20973947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20973947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20973947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20152934?dopt=Abstract
http://oaei.ontologymatching.org/
http://oaei.ontologymatching.org/
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20519284?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20519284?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20519284?dopt=Abstract
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://www.ncbi.nlm.nih.gov/pubmed/18282108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18282108?dopt=Abstract
http://www.abdn.ac.uk/ims/staff/details.php?id=M.Collinson
http://www.ncbi.nlm.nih.gov/pubmed/18562673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18562673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9144208?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20394064?dopt=Abstract
https://www.nescent.org/phenoscape/Skeletal_Anatomy_Jamboree
https://www.nescent.org/phenoscape/Skeletal_Anatomy_Jamboree
http://code.google.com/p/arthropod-anatomy-ontology/
http://code.google.com/p/arthropod-anatomy-ontology/
http://icbo.buffalo.edu/2009/Proceedings.pdf
http://icbo.buffalo.edu/2009/Proceedings.pdf
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://icbo.buffalo.edu/ICBO-2011_Proceedings.pdf
http://precedings.nature.com/documents/5176/version/1/files/npre20105176-1.pdf
http://precedings.nature.com/documents/5176/version/1/files/npre20105176-1.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20064205?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21343142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21343142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20971987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20971987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21261995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21261995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21261995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19956802?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19956802?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21458441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21458441?dopt=Abstract
http://fantom.gsc.riken.jp/5/
http://www.ncbi.nlm.nih.gov/pubmed/17989687?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17989687?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17545183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17545183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18629143?dopt=Abstract
http://github.com/cmungall/uberon
https://github.com/cmungall/uberon/blob/master/mouse_anatomy_xp.obo
https://github.com/cmungall/uberon/blob/master/mouse_anatomy_xp.obo
https://github.com/cmungall/uberon/blob/master/mouse_anatomy_xp_uberon.obo
https://github.com/cmungall/uberon/blob/master/mouse_anatomy_xp_uberon.obo
https://github.com/cmungall/uberon/blob/master/mouse_anatomy_xp_uberon.obo
http://www.ncbi.nlm.nih.gov/pubmed/15642099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15642099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15642099?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15005802?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15005802?dopt=Abstract
https://sourceforge.net/tracker/?func=detail&aid = 3291162&group_id=76834&atid=1205376
https://sourceforge.net/tracker/?func=detail&aid = 3291162&group_id=76834&atid=1205376
http://www.ihtsdo.org/snomed-ct/
http://github.com/cmungall/obo-scripts
http://www.ncbi.nlm.nih.gov/pubmed/12537577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12537577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12537577?dopt=Abstract

	Abstract
	Background
	Results
	Main ontology
	Multi-species bridging extensions
	Multi-species composite ontologies
	Spatial and topological relationships
	Life cycle stages
	Inter-ontology relationships
	Managing taxonomic variation
	Automation of ontology maintenance via logical axioms
	Computable definitions
	Disjointness axioms
	Taxonomic constraints

	Maintenance of cross-ontology links
	Provenance of metadata and relationships
	Use of Uberon enhances queries in single organisms
	An integrated anatomy ontology enables modular ontology construction

	Discussion
	Enhancement of existing ontologies
	Limits of pure text-mining approaches
	Homology and analogy
	Uberon coordination and integration with other ontologies
	Linking animal models to human diseases

	Conclusions
	Materials and methods
	Ontology seeding via semi-automated methods
	Ontology seeding via lexical matching
	Automatic seeding of computable definitions
	Augmentation using the Gene Ontology
	Augmentation using phenotype ontologies
	Augmentation using DBPedia
	Augmentation with additional logical axioms
	Augmentation using Allen Brain Atlas
	Periodic re-alignment with external ontologies
	Manual curation of the ontology
	Encoding OWL axioms in OBO format
	Maintenance, release and availability

	Acknowledgements
	Author details
	Authors' contributions
	References

