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Abstract

Background: The Edinburgh Mouse Atlas Project (EMAP) ontology of mouse developmental anatomy provides a
standard nomenclature for describing normal and mutant mouse embryo anatomy. The ontology forms the core of
the EMAP atlas and is used for annotating gene expression data by the mouse Gene Expression Database (GXD),
Edinburgh Mouse Atlas of Gene Expression (EMAGE) and other database resources.

Findings: The original EMAP ontology listed anatomical entities for each developmental stage separately, presented
as uniparental graphs organized as a strict partonomy. An “abstract” (i.e. non-stage-specific) representation of mouse
developmental anatomy has since been developed. In this version (EMAPA) all instances for a given anatomical entity
are presented as a single term, together with the first and last stage at which it is considered to be present.
Timed-component anatomies are now derived using staging information in the “primary” non-timed version.
Anatomical entities are presented as a directed acyclic graph enabling multiple parental relationships. Subsumption
classification as well as partonomic and other types of relationships can now be represented. Most concept names are
unique, with compound names constructed using standardized nomenclature conventions, and alternative names
associated as synonyms.

Conclusions: The ontology has been extended and refined in a collaborative effort between EMAP and GXD, with
additional input from others. Efforts are also underway to improve the revision process with regards to updating and

EMAPA:Main_Page).

editorial control. The revised EMAPA ontology is freely available from the OBO Foundry resource, with descriptive
information and other documentation presented in associated Wiki pages (www.obofoundry.org/wiki/index.php/
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Findings

EMAP ontology

The ontology of mouse developmental anatomy was orig-
inally developed by Jonathan Bard and his colleagues
as part of the Edinburgh Mouse Atlas Project (EMAP;
www.emouseatlas.org) in order to provide a structured
controlled vocabulary of stage-specific anatomical struc-
tures for the developing laboratory mouse [1]. In order
to construct the original dictionary of anatomy terms,
histologically distinguishable anatomical entities were
identified and organized as simple, strictly uniparental
hierarchies (trees). Initial selection of terms was based
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on the tissue index for The Atlas of Mouse Develop-
ment [2]. Subsequently, the list of anatomical terms was
substantially extended. Term names were assigned based
on what was considered to be most generally accepted
names, with synonyms included as appropriate. Individual
term labels were not necessarily unique, but each com-
ponent could be unambiguously specified by its “full
name”, which included its ordered hierarchical path, as
well as by a unique numerical identifier (i.e. EMAP ID).
For example, the term for “epithelium” associated with id
EMAP:969 could be specified by its full hierarchical path,
i.e. TS14/mouse/organ system/visceral organ/alimentary
system/gut/midgut/epithelium.

The original hierarchy only utilized “part-of” relation-
ships, based primarily on structural subdivisions. The

© 2013 Hayamizu et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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intent was to describe the whole embryo as a tree
of anatomical structures successively divided into non-
overlapping named parts. Sets of anatomical terms for
each standardised developmental stage (Theiler Stage,
TS) [3], were presented as separate hierarchical trees.
For example, at TS20, the mouse embryo has parts (e.g.
head, limb, trunk and tail) which are progressively sub-
divided, e.g. limb > forelimb > handplate > digit 1 >
mesenchyme.

EMAP terms, organized within trees for each Theiler
stage, have been adopted for the annotation of expres-
sion data by the Gene Expression Database for Mouse
Development (GXD; www.informatics.jax.org/expression.
shtml), part of the Mouse Genome Informatics (MGI)
resource at The Jackson Laboratory, and the Edin-
burgh Mouse Atlas of Gene Expression (EMAGE;
www.emouseatlas.org/emage). Figure 1 illustrates the
role of EMAP as the means of integration between
GXD and EMAGE. Other database resources cur-
rently utilizing EMAP ontology terms include Eur-
Express (www.eurexpress.org) and the GenitoUrinary
Molecular Anatomy Project (GUDMAP; www.gudmap.
org). In addition, the EMAP ontology forms the core
of the EMAP anatomical atlas (www.emouseatlas.org/
emap) and will be an important element of the online
version of the Atlas of Mouse Development [2]. Finally,
EMAP terms as well as the hierarchical organization of
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the ontology were used as a framework for construc-
tion of an anatomy ontology for the postnatal mouse
by GXD [4]. This has enabled consistency of nomen-
clature and will facilitate future integration of these
ontologies.

The “abstract mouse”

From the onset, the design of the EMAP database
identified each Theiler stage-dependent term as a
“timed-component” with a hidden “abstract mouse” [1]
comprised of a set of stage-independent terms with
partonomic relationships. The abstract mouse anatomy
ontology was algorithmically derived from the exist-
ing stage-dependent anatomy hierarchies by forming the
union of all stage-dependent graphs where nodes repre-
sent anatomical structures and edges represent part-of
links [5]. Nodes in the abstract mouse graph represent
anatomical structures that exist during some time of
embryo development and broadly correspond to so-
called “material continuants” [6] (code.google.com/p/
obo-relations/). Originally invented as a schema design
for the object-oriented database system used to store the
anatomy, the idea of an abstract mouse has subsequently
proved useful at a conceptual level. The non-timed ver-
sion of the mouse developmental anatomy ontology has
previously been made available on a limited basis, with
unique identifiers included as persistent, trackable IDs.
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Figure 1 EMAP ontology: Mouse developmental anatomy and gene expression data. The original EMAP ontology has been and is still being
used for standardised description of anatomical entities by the e-Mouse Atlas (EMA), an anatomical atlas of mouse embryo development, and for
annotation of gene expression data by the Gene Expression Database for Mouse Development (GXD) and the e-Mouse Atlas of Gene Expression
(EMAGE).
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Updates to EMAPA

The stage-dependent EMAP hierarchies have provided a
valuable basis for data annotation and integration, but var-
ious inherent limitations have been encountered. Early
on, it became apparent that the ability to provide alter-
nate representations of the anatomy would be required,
with different hierarchial views enabling classification and
other types of relationships. Also problematic were the
inherent constraints in cases where the embryonic age
or stage was poorly or not specified. Another issue was
the fact that term labels, such as “epithelium” were orig-
inally not necessarily unique, nor specific. It was clear
that the ontology would benefit from a series of modifi-
cations. Pursuant to these goals, the “abstract” version of
the mouse developmental anatomy has since been further
developed.

The uniparental hierarchy was converted to a directed
acyclic graph (DAG) enabling multiple parental relation-
ships (see Figure 2). This allowed the representation of
anatomical concepts that were otherwise not possible. For
example, “brain” can be represented as a part of “head”
as well as a part of “central nervous system”. The DAG
format also supported the inclusion of other types of
relationships as well as partonomic ones. Subsumption
classification and other relationship types can now be
represented. In the revised EMAPA representation, all
instances for a given anatomical entity are presented as
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a single term, together with the first and last stage at
which the entity is considered to be present in the devel-
oping embryo. Stage-specific EMAP anatomy hierarchies
are now derived using staging information associated with
terms in the “primary” non-timed EMAPA version. The
ontology has also been transformed into a more support-
able format based on openly available relational database
technology, coupled with a standard input/output format
developed by the Open Biological Ontologies (OBO) con-
sortium. These changes have and will continue to facilitate
further development of the ontology.

In extensions to the EMAPA ontology, “is-a” relations
have been introduced (Figure 2) in situations where this
relationship was determined to be more appropriate than
“part-of” (e.g., nervous system is-a organ system). The
use of “is-a” relations has also been used in extensions to
the ontology to facilitate data annotation and to support
subsumption classification of anatomical entities in the
ontology. In general, modeling of hierarchial relationships
has followed the conventions identified by GXD in devel-
oping the ontology for postnatal mouse anatomy (MA) [4].
These conventions also parallel those being adopted for
anatomy ontologies by other model organism databases,
as well as scientific community-wide efforts developing
multispecies ontologies (see below).

In the original version of the EMAP ontology, individual
term labels were not necessarily unique, often requiring
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Figure 2 EMAP and EMAPA ontologies provide stage-specific and stage-independent representations of mouse embryo anatomy.
Originally constructed as uniparental partonomic hierarchies with anatomic entities for each Theiler stage of embryonic development, the anatomy
ontology for mouse development has been revised and is now comprised of directed acyclic graphs (DAGs) with both stage-independent and
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knowledge of the hierarchical path for disambiguation.
Because it was impractical to display the full path names in
user interfaces, shortened “print names” have been imple-
mented. For example, to represent expression results for
the above mentioned anatomical structure EMAP:969 in
GXD, the print name “TS14;midgut epithelium” was dis-
played rather than the the full path name or the ambigu-
ous term label “epithelium”. Term identification based on
parental hierarchy was further complicated by the intro-
duction of multiple parentage. Consequently, in an effort
to provide unique names for all terms, every term name
in the ontology was evaluated for uniqueness. In numer-
ous cases, modified compound names were constructed
for many terms using standardized nomenclature conven-
tions [4]. Alternative names will continue to be added as
synonyms. The evaluation of this and other nomencla-
ture considerations will remain as part of the editorial
process.

Furthermore, the ontology has been substantially
extended and refined in collaborative efforts between
EMAP and GXD. The original EM AP ontology contained
more than 14,200 stage-specific terms for anatomical
entities in the mouse embryo, corresponding to about
3,400 “abstract” anatomy terms. Since then, terms have
been added, predominantly in response to the require-
ments of substantial amounts of gene expression data
curation by both GXD [7] and EMAGE [8]. In addi-
tion, urinary and reproductive systems have been exten-
sively extended and refined by curators from GUDMAP
[9]. Based on the information contained in the EMAPA
file, stage-specific terms with associated EMAP identi-
fiers have been instantiated. The resulting set of EMAP
terms and identifiers includes and is consistent with
previous versions of the mouse developmental anatomy.
Currently, the EMAPA ontology includes 5,590 anatomy
terms, corresponding to over 35,000 stage-specific
EMAP terms.

The anatomical ontology for the developing mouse will
continue to be expanded and refined based on additional
resources, as well as the needs of the scientific com-
munity. The revised EMAPA ontology has been made
freely available as a text file in OBO format via the OBO
Foundry resource (www.obofoundry.org). Obo-formatted
files containing EM AP ontology hierarchies for each of the
Theiler stages for mouse development, presented as sep-
arate DAGs, will also be available. In addition, in order to
facilitate interoperability of resources using different sets
of mouse anatomy terms, a mapping file has been cre-
ated in which all corresponding EMAP and EMAPA terms
have been specified. Descriptive information and other
documentation relevant to these files is provided in asso-
ciated Wiki pages. Stage-specific EMAP and “abstract”
EMAPA ontologies can also be accessed at the EMAP
site (www.emouseatlas.org/emap/ema/DAOAnatomyJSP/
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abstract.html) using a browser which enables search-
ing for terms directly as well as “browsing” through the
respective hierarchies.

Future directions

The EMAPA ontology, along with instantiated stage-
specific EMAP components, will continue to be expanded
and refined according to the requirements of data curation
and input from the scientific community at large. Opti-
mally, as in the case of the GUDMAP contributions, this
will include editing of specific areas of the ontology with
domain expert involvement. Efforts to improve the revi-
sion process with regards to updating and editorial control
are also underway. Plans are being developed in order to
facilitate term requests, and to enable appropriate edi-
torial tracking and version control. Future development
of the EMAPA ontology itself will also involve extension
and refinement of relationships between concepts, includ-
ing further development of the subsumption classification
hierarchy, as well as introduction of other types of rela-
tionships. Particularly, the “develops-from” relationships
will be included to support the analysis of differentiation
pathways in databases that deal with expression, pheno-
typic, and disease-related information. Another goal is the
inclusion of a set of textual definitions, computable logical
definitions that can be used by automated reasoners, and
other forms of metadata. Further efforts are underway
towards adhering to basic ontological principles such as
those set forth by the OBO Foundry [10].

The new EMAPA ontology will be used by GXD,
EMAGE, and EMAP, as well as by other resources that
have employed previous versions of the ontology to
describe gene expression patterns and other biological
data pertinent to mouse anatomy. These include Gene
Ontology (GO) [11] for annotation of mouse gene prod-
ucts, as well as several efforts utilizing the entity-quality
(EQ) approach [12] to describe data annotated using
the Mammalian Phenotype Ontology (MP) [13]. EMAPA
terms and identifiers are also included in bridging exten-
sions to the Uberon multispecies anatomy ontology [14],
which will further serve to facilitate integration of mouse
developmental data within the broader scientific domain.
New research has also been initiated to study how an
ontology such as EMAP can be used to integrate experi-
mental data from model organisms, such as the EMAGE
database, with a computational framework of human
physiological modelling for eHealth purposes (part of the
Virtual Physiological Human programme), though this
work is still very preliminary [15].

Conclusion

Here we have presented the recently updated and
extended EMAP ontology of mouse developmental
anatomy. The ontology has been in active use for many
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years in GXD and EMAGE for annotation of gene-
expression data and as part of the Edinburgh Mouse Atlas
model framework. Since the original development of the
ontology, the modelling emphasis has shifted from a series
of time-dependent ontologies to a single “abstract” time-
independent ontology (EMAPA), where the former can
now be automatically derived from the latter. The ontol-
ogy is available from the OBO Foundry web-site and is
under continuous revision to include new terms and rela-
tionships. In particular the ontology will be updated to
ensure a full class hierarchy for each tissue term and
extension of the lineage information encoded via the
“develops-from” relationship. This extension will enable
automated consistency checking and validation in addi-
tion to the semantic checking provided by the editorial
review group.

Abbreviations

DAG: Directed acyclic graph; EMAGE: Edinburgh Mouse Atlas of Gene
Expression; EMAP: Edinburgh Mouse Atlas Project; GXD: Gene Expression
Database for mouse development at MGIl; GUDMAP: GenitoUrinary Molecular
Anatomy Project; MGI: Mouse Genome Informatics at The Jackson Laboratory,
USA; OBO: Open Biological Ontologies.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

TFH undertook the primary effort to update and extend the EMAPA ontology
to its present form and wrote the first draft of this manuscript. MNW has
developed the underlying database and associated code to provide validation
of the ontology and production of the new version with consistent UIDs
maintaining persistence as required. DRD, AB, MR and RAB have contributed in
the overall ontology design and provided expert input either in terms of
developmental anatomy or ontology formalisation aspects or both. All authors
read and approved the final manuscript.

Acknowledgements

The effort in Edinburgh for this work was supported under the MRC core
funded Mouse Atlas Programme (U.1275.2.4.4.1) at the MRC Human Genetics
Unit. Work at The Jackson Laboratory was done as part of the GXD project
which is supported by NIH/NICHD grant HD062499.

Author details

1The Jackson Laboratory, Bar Harbor, USA. 2MRC Human Genetics Unit,
Institute of Genetics and Molecular Medicine, Edinburgh, UK. 3Department of
Computer Science, Heriot-Watt University, Edinburgh, UK.

Received: 21 June 2013 Accepted: 19 August 2013
Published: 26 August 2013

References

1. Bard JL, Kaufman MH, Dubreuil C, Brune RM, Burger A, Baldock RA,
Davidson DR: An internet-accessible database of mouse
developmental anatomy based on a systematic nomenclature. Mech
Dev 1998, 74(1-2):111-120.

2. Kaufman MH: The Atlas of Mouse Development. revised 1995 edition.
London: Elsevier Academic Press; 1992.

3. Theiler K: The House Mouse. New York: Springer-Verlag; 1989.
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(3):R29.

5. Burger A, Davidson D, Baldock R: Formalization of mouse embryo
anatomy. Bioinformatics (Oxford, England) 2004, 20(2):259-267.

Page 5 of 5

6. Smith B, Ceusters W, Klagges B, Kdhler J, Kumar A, Lomax J, Mungall C,
Neuhaus F, Rector AL, Rosse C: Relations in biomedical ontologies.
Genome Biol 2005, 6(5):R46.

7. Finger JH, Smith CM, Hayamizu TF, McCright 1J, Eppig JT, Kadin JA,
Richardson JE, Ringwald M: The mouse Gene Expression Database
(GXD): 2011 update. Nucleic Acids Res 2011, 39(Database
issue):D835-D841.

8. Richardson L, Venkataraman S, Stevenson P, Yang Y, Burton N, Rao J,
Fisher M, Baldock RA, Davidson DR,

Christiansen JH: EMAGE mouse embryo spatial gene expression
database: 2010 update. Nucleic Acids Res 2010, 38(Database
issue):D703-D709.

9.  Little MH, Brennan J, Georgas K, Davies J A Davidson, D R, Baldock RA,
Beverdam A, Bertram JF, Capel B, Chiu HS, Clements D, Cullen-McEwen L,
Fleming J, Gilbert T, Herzlinger D, Houghton D, Kaufman MH, Kleymenova
E, Koopman PA, Lewis AG, McMahon AP, Mendelsohn CL, Mitchell EK,
Rumballe BA, Sweeney DE, Valerius MT,

Yamada G, Yang Y, Yu J: A high-resolution anatomical ontology of the
developing murine genitourinary tract.
Gene Expr Patterns: GEP 2007, 7(6):680-699.

10. Smith BB, Ashburner MM, Rosse CC, Bard JJ, Bug WW, Ceusters WW,
Goldberg LIL, Eilbeck KK, Ireland AA,

Mungall CJC, Leontis NN, Rocca-Serra PP, Ruttenberg AA, Sansone SAS,
Scheuermann RHR, Shah NN, Whetzel PLP, Lewis SS: The OBO Foundry:
coordinated evolution of ontologies to support biomedical data
integration.

Nature Biotechnol 2007, 25(11):1251-1255.

11. Consortium GO: The Gene Ontology in 2010: extensions and
refinements. Nucleic Acids Res 2009, 38(Database):D331-D335.

12. Gkoutos GV, Green ECJ, Mallon AM, Hancock JM, Davidson D: Using
ontologies to describe mouse phenotypes. Genome Biol 2005, 6:R8.

13.  Smith CL, Goldsmith CAW, Eppig JT: The Mammalian Phenotype
Ontology as a tool for annotating, analyzing and comparing
phenotypic information. Genome Biol 2005, 6:R7.

14. Mungall CJ, Torniai C, Gkoutos GV, Lewis SE, Haendel MA: Uberon, an
integrative multi-species anatomy ontology. Genome Biol 2012, 13:20.

15. Burger A, de Bono B, Hunter P, Bisbal J, Franji AF, Hoogendoorn C,
Davidson DR, Gu X, Baldock RA: Integrating volumetric biomedical
data in the virtual physiological human. In Proceedings of the First
International Workshop on Managing Interoperability and Complexity in
Health Systems, MIXHS "11. New York: ACM; 2011:19-26.

doi:10.1186/2041-1480-4-15

Cite this article as: Hayamizu et al: EMAP/EMAPA ontology of mouse
developmental anatomy: 2013 update. Journal of Biomedical Semantics 2013
4:15.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BiolMed Central




	Abstract
	Background
	Findings
	Conclusions
	Keywords

	Findings
	EMAP ontology
	The ``abstract mouse''
	Updates to EMAPA
	Future directions
	Conclusion

	Abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References

