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ABSTRACT One focus of developmental biology is to understand how genes regulate
development, and therefore examining the phenotypic effects of gene mutation is a major emphasis
in studies of zebrafish and other model organisms. Genetic change underlies alterations in
evolutionary characters, or phenotype, and morphological phylogenies inferred by comparison of
these characters. We will utilize both existing and new ontologies to connect the evolutionary
anatomy and image database that is being developed in the Cypriniformes Tree of Life project to the
Zebrafish Information Network (HYPERLINK ‘‘file://localhost/Library/Local%20Settings/Temp/
zfin.org’’ zfin.org) database. Ontologies are controlled vocabularies that formally represent
hierarchical relationships among defined biological concepts. If used to recode the free-form text
descriptors of anatomical characters, evolutionary character data can become more easily computed,
explored, and mined. A shared ontology for homologous modules of the phenotype must be
referenced to connect the growing databases in each area in a way that evolutionary questions can be
addressed. We present examples that demonstrate the broad utility of this approach. J. Exp. Zool.
(Mol. Dev. Evol.) 308B, 2007. r 2007 Wiley-Liss, Inc.
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One of the first steps in investigating the
developmental basis for a particular evolutionary
change in form involves the construction of a
hypothesis of a relationship between anatomy
(phenotype) and a set of candidate genes (geno-
type) within a phylogenetic context. The literature
in phylogenetic systematics is replete with exam-
ples of evolutionary changes in structures
at multiple levels of complexity, from the gain
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or loss of a tooth or seta to the evolution of limbs
or pentaradial symmetry. However, the genetic
underpinnings of very few of these evolutionary
changes are known. Systematic studies tradition-
ally identify hypothesized morphological homologs
and use these data in parsimony analyses to
reconstruct relationships of taxa. However, evolu-
tionary statements that arise from these involve
only the synapomorphies and character-state
transitions on trees. Only rarely does one know
what genes are involved in the morphological
anagenesis, i.e. succession of character change
over evolutionary time; most of what we know
about the association between development and
genetic change comes from a few model organism
species under current study. The scientific com-
munities working with model organism species
have undertaken bioinformatic efforts to connect
genes to particular phenotypes using ontologies to
understand genetic change associated with devel-
opment (e.g., Gkoutos et al., 2004). An ontology
describes a set of concepts or objects and the
relationships among those objects, and it is used to
reason about the objects. By applying a similar
ontology-based approach to evolutionary morphol-
ogy, one could simultaneously query (question)
evolutionary, anatomical, and developmental ge-
netic databases to address evolutionary and
developmental (evo-devo) questions in a powerful
and novel way (Mabee et al., 2007). The goals of
this paper are to describe this approach and to
illustrate use cases demonstrating the utility and
desirability of such a system that would integrate
morphological systematic investigations with
genetics, molecular evolution, and development.
We advocate this informatics approach for the
rapid and efficient integration of comparative
evolutionary morphological data with genetic and
developmental data.

BACKGROUND

Zebrafish as a model organism

The zebrafish, Danio rerio, is a well-established
model system for studies of vertebrate genetics
and development, with a research community of
several thousand investigators internationally. Its
rapid development, transparent embryos, short
generation time, and ease of genetic manipulation
have made it ideal for laboratory study (Nüsslein-
Volhard and Dahm, 2002). More significantly,
mutagenesis approaches have yielded thousands
of mutant lines with a variety of phenotypes
(Grunwald and Eisen, 2002). Because it is one of
the only representative actinopterygians (the
group that includes over half of all living verte-
brate species), among model organisms, it is also a
key species for evo-devo studies (Parichy and
Johnson, 2001; Jackman et al., 2004; Webb and
Schilling, 2006).
The Zebrafish Information Network (ZFIN;

Table 1) was established by Westerfield (1992) to
integrate genetic, gene expression and phenotypic
data for zebrafish and to link them to correspond-
ing data in other model organisms and humans. As
a model organism database, ZFIN curates data
from the zebrafish research community; in other
words, it collects, indexes, and enters the data into
a publicly accessible database. Other model organ-
isms have model organism databases as well, such
as Mouse Genome Informatics for mouse and
FlyBase for Drosophila (Table 1). Curation of wild
type and mutant gene expression patterns and
phenotypes are annotated by the model organism
databases using a number of standardized ontol-
ogies. This provides maximal flexibility not only
for curation, but also for complex queries within
and between model organism databases.

TABLE 1. Commonly used acronyms, abbreviations, and URLs

CToL—Cypriniformes Tree of Life project, funded through NSF AToL (Assembling the
Tree of Life) initiative

http://bio.slu.edu/mayden/
cypriniformes/portal.html

EQ—Entity-Quality syntax where a quality (from PATO) consists of an attribute and a
value

http://www.bioontology.org/wiki/
index.php/PATO:About

FlyBase–Model organism database for Drosophila http://flybase.bio.indiana.edu/
GO—Gene Ontology, developed by a consortium of model organism databases for

annotating gene products
http://www.geneontology.org/

MGI—Model organism database for mouse (Mouse Genome Informatics) http://www.informatics.jax.org/
OBO—Open Biomedical Ontologies http://obo.sourceforge.net/

browse.html
OBO Relations Ontology http://www.obofoundry.org/ro/
PATO—Phenotype and Trait Ontology, an ontology of qualities that are applicable to

any organism
http://www.bioontology.org/wiki/

index.php/PATO: Main_Page
ZFIN—Zebrafish Information Network, the model organism database for zebrafish http://www.zfin.org/
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The use of ontologies in bioinformatics

Ontologies describe some domain of reality and
facilitate understanding and interoperability
among people and machines (Masolo et al.,
2003), where interoperability implies the ability
of two or more systems or components to exchange
information and to use the information that has
been exchanged. A particular ontology represents
a standardized vocabulary of the types of entities
(features) that exist for a particular system, and
the relationships among them (Gruber, ’93). The
entities in an anatomical ontology for vertebrates,
for example, might be systems such as digestive
and skeletal and parts of these such as liver,
stomach, femur, and skull. One can utilize
mathematical logical reasoning to imply additional
information because of the use of defined relation-
ships. For example, if we identify a particular bone
to be an instance (specific example) of a basihyal
(the ‘‘tongue’’ of fishes), then we can formally
conclude that it is also a part of the branchial
arches and an instance of an endochondral bone.
We can further reason that it has_part basihyal
anterior, basihyal posterior, basihyal teeth, etc.
Ontology terms must be defined and can have
synonyms to support different communities’
usages, which also aids in querying. The terms
can have different relationships to one another,
making the ontology more than a simple hier-
archical list.
The most widely used ontology in biology is the

Gene Ontology (GO; Table 1), developed and
maintained by a consortium of model organism
databases for annotating gene products. The GO
provides a controlled vocabulary to describe the
attributes of genes and gene products, for exam-
ple, cytochrome c is not in the ontology, but
attributes of cytochrome c, such as oxidoreductase
activity, are. Use of the GO means, for example,
that when FlyBase and the Saccharomyces Genome
Database describe gene products as having the
function ‘‘protein tyrosine phosphatase activity;
GO:0004725’’, they mean exactly the same thing.
Moreover, a search of these databases for gene
products with the more general term ‘‘protein
phosphatase activity’’ returns, among other
things, all gene products with ‘‘protein tyrosine
phosphatase activity’’. The GO is now used by all
of the major model organism databases, including
ZFIN, and by many other large databases in the
genomics domain, including UniProt (Apweiler
et al., 2004) and the Protein Data Bank protein
structure database (Wolstencroft et al., 2005).

Anatomical ontologies (Bard, 2005) have also
been developed by a number of model organism
communities (mouse, zebrafish, and Drosophila).
These include standardized vocabularies of enti-
ties (organs, tissues, cell types, and developmental
stages) that are related hierarchically, and as such
are natural and powerful extensions of purely
definitional anatomical vocabularies, for example,
Baumel et al. (’93). Relationships that may be
specified among entities include is_a, part_of, or
develops_from (Smith et al., 2005). For example,
the femur is_a bone that develops_from meso-
derm. These relationships themselves are formally
defined in the Open Biomedical Ontologies Rela-
tions Ontology (Table 1). Anatomical ontologies,
consisting of entities and their relationships, are
used to annotate gene expression data and/or
phenotypic data within the context of databases.
There are currently about 15 anatomical ontolo-
gies, many of which are linked to model organism
databases (Bard, 2005), including FlyBase, the
Edinburgh Mouse Atlas Project, ZFIN, and the
Plant Ontology Consortium; they may be accessed
at Open Biomedical Ontologies (Table 1). How-
ever, anatomical ontologies have been developed
for the most part without significant input
from comparative evolutionary morphologists or
systematists.

Zebrafish as Cypriniformes

Comparative evolutionary questions involving
zebrafish require a hypothesis of broader phylo-
genetic relationships of the species and its close
relatives. The Order Cypriniformes is the most
diverse order of freshwater fishes, with over 3,000

Clupeiformes

Gonorhynchiformes

Cypriniformes

Gymnotiformes

Characiformes

Siluriformes

Cyprinidae

Gyrinocheilidae

Catostomidae

Balitoridae

Cobitidae

Families of CypriniformesOrders of  Otocephala

*

Fig. 1. Phylogenetic relationships among the orders of the
Otocephala (left) and Cypriniformes (right) based on nuclear
gene sequences of Chen and Orti (unpublished) and whole
mitogenomes of Miya et al. (2003), Saitoh et al. (2003),
Ishiguro (2005), Lavoué (2005) and Saitoh et al. (2006). The
Ostariophysi, a clade within the Otocephala (left panel), is
marked with an asterisk.

MORPHOLOGY TO GENOMICS USING ONTOLOGIES 3

J. Exp. Zool. (Mol. Dev. Evol.) DOI 10.1002/jez.b



described species occurring on all landmasses
except Central and South America, Antarctica,
Australia, New Zealand, and Tasmania. Aside
from the importance of the zebrafish for evo-devo
studies, many of the fishes in this order represent
critically important species in ecosystems and in
aquaculture as a protein source for humans. With
considerably less than 1% of the Earth’s water
being continental surface water, the combined
diversity and importance of these fishes make
them particularly important in both science and
human culture.
Cypriniformes are members of the Otophysi

(Fig. 1), which also includes the Gymnotiformes
(American knifefishes), Characiformes (e.g., tet-
ras), and Siluriformes (catfishes) (Fig. 1). These
taxa include approximately 75% of all freshwater
fishes (and 27% of all fishes) (Berra, 2001).
Otophysans are characterized by a novel complex
of vertebral characters called the Weberian appa-
ratus (Weber, 1820; Bird and Mabee, 2003).
Rudiments of the Weberian apparatus are found
in their sister taxon, the Gonorynchiformes, and
together they form the more inclusive clade, the
Ostariophysi (Fig. 1).
Unfortunately, the species diversity within the

Cypriniformes, as well as the evolutionary rela-
tionships of species and monophyly of the supras-
pecific groupings or taxa within the order are
poorly known. Currently, five families are recog-
nized (Cyprinidae, Catostomidae, Balitoridae,
Cobitidae, Gyrinocheilidae) (Fig. 1). Most of the
taxonomic diversity is found in the family Cypri-
nidae, and the subfamilial taxonomy of all families
is in a state of flux (Cavender and Coburn, ’92).
The zebrafish, Danio rerio, is a small freshwater

cyprinid species native to the Himalayan region of
Central Asia and is one of several species in the
genus, a group that has been historically confused
with species in the genera Devario and Micro-
rasbora (Mayden et al., in press). In fact, the state
of our knowledge of diversity and relationships
surrounding this species is incredibly poor for
such an important animal employed in so many
different types of studies (Mayden et al., in press).
When the zebrafish was identified as a model
organism, the few published phylogenetic studies
were unable to identify possible close relatives of
either the species or the genus because of very
limited taxon sampling and character data (Meyer
et al., ’93, ’95; Sanger and McCune, 2002). Thus,
although this species is a critical taxon for model-
based studies, it is not possible at this time
to conclude whether D. rerio represents a single

or multiple species in the wild, nor is it yet
possible to determine its closest relative. Mayden
et al. (in press) review the diversity and taxonomic
history of the species and provide a larger-scale
analysis of its phylogenetic relationships (Fig. 2).
The evolutionary relationships among the 3,000

plus Cypriniformes species, including zebrafish,
are currently the focus of the Cypriniformes Tree
of Life (CToL) project (Table 1). CToL is a large-
scale phylogenetic initiative funded by NSF since
2004 as part of the NSF Assembling the CToL
initiative. With seven US principle investigators,
additional core participants, and 40 plus colla-
borators globally, extensive morphological (exter-
nal and internal anatomy) and molecular
(minimally three mitochondrial and four nuclear
genes) data are being collected for 1,000 species.
Owing to its joint molecular and morphological
approach, CToL is uniquely positioned to inte-
grate its comparative data with that from the
zebrafish research community.

Comparing zebrafish mutants
and evolutionary phenotypes

A mutant phenotype is the result of an organ-
ism’s genetic background in a particular environ-

Catostomida

Cobitidae

Leuciscinae

Gobioninae

Cyprinidae

Cyprininae

Rasborinae

Rasborinae

Balitoridae

Carpiodes
Myxocyprinus
Crossostoma
Lefu
Cobitis
Cyprinus
Sawbwa
Carassius
Sarcocheilichthys
Zacco
Opsarichthys
Hemitremia
Phoxinus
Richardsonius
Campostoma
Nocomis
Opsopoeodus
Luxilus
Notropis
Notemigonus
Rasbora
Boraras
Trigonostigma
Esomus
Sundadanio
Danionella
Opsaridium
Chela
Microrasbora
Microrasbora
Devario
Inlecypris
Danio sp. cf. dangila
Danio erythromicon
Danio choprai
Danio nigrofasciatus
Danio sp. "hikari"
Danio roseus 
Danio sp. "panther"
Danio kyathit 
Danio rerio 

D
anio

Fig. 2. Phylogenetic relationships among various families,
subfamilies, genera, and species of Cyprinidae (Order Cypri-
niformes) based on nuclear and mitochondrial gene sequences
from Mayden et al. (in press).
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ment and may represent a constellation of
differences in morphology, behavior, physiology,
and other features relative to the wild type. The
well-known zebrafish no tail mutant (Fig. 3), for
example, lacks not only a tail, but also has
U-shaped somites and an undifferentiated noto-
chord. To date, more than 4,000 zebrafish mutant
lines have been described with phenotypes in
virtually every anatomical system, including the
skeletal, cardiovascular, digestive, endocrine, and
muscular systems. Most mutants have been
identified at an early stage in development,
typically up through day 5 (Haffter et al., ’96;
Stainier et al., ’96), although with recent interest
in zebrafish as a model for studies as diverse as
learning, drug interactions, and visual function,
increasing numbers of mutations with late effects
are being described (see, e.g., Fisher et al., 2003;
DeBruyne et al., 2004; Guo, 2004).
Evolution also produces new phenotypes among

individuals in a species. Mutation may initially
produce new phenotypes, but the processes of gene
flow, selection, and drift maintain this variation,
which may result in speciation. Aspects of the
phenotype are compared across species,
and variant features that are judged homologous
are termed ‘‘characters’’ and ‘‘character states’’
by phylogenetic systematists. Systematic charac-
ters may be discovered in any aspect of the
organism’s phenotype (e.g., molecular, morpholo-
gical, and behavioral). To discover which charac-
ters contain historical information, i.e. are

synapomorphic, at a particular phylogenetic level
the condition of each character is assessed in out-
groups. To estimate phylogeny, characters are
coded in a taxon-by-character matrix format and
analyzed with an increasing variety of methods
(Page and Holmes, ’98; Felsenstein, 2004; Delsuc
et al., 2005).
Morphological characters are the raw data of

many phylogenetic studies on cypriniform fishes
(e.g., Cavender and Coburn, ’92) and fishes in
general (e.g., Fink and Fink, ’81). Individual
characters are described using free-form text and
illustrations, and they are published in journals
and museum monographs. Some of these text and
image data are available in web-accessible data-
banks such as MorphoBank (http://morphobank.
informatics.sunysb.edu/) and MorphBank (http:
//www.morphbank.com/) (Fontal-Cazalla et al.,
2002; Hill, 2005), but these data repositories are
rare and not yet broadly used by the community.
Moreover the images are not annotated with
terms from ontologies, nor has a vocabulary for
describing anatomy been standardized in this
context.
The mutant phenotypes of model organisms are

analogous to the phenotypes of naturally occur-
ring species in systematics. That is, individual
phenotypic features that differ from wild type in
zebrafish mutants are the analogues of individual
characters that differ among species or higher
level taxa. In contrast to the features contributing
to mutant phenotypes, however, the developmen-
tal genetic basis of characters that have evolved in
species is unknown.
Mutations that affect the skeletal system of

zebrafish are of particular interest to ichthyologists
because morphologically based evolutionary studies,
which include fossil taxa, are frequently focused on
similarities and differences in bones and cartilages
across species. A variety of mutant phenotypes in
the cranium, fins, and axial skeleton have been
described in zebrafish (Table 2), and similarly, the
skeleton varies in size, shape, and number of
elements across cypriniform species (Table 3).
The overlap (intersection in Fig. 4) between

similar evolutionary and zebrafish mutant pheno-
types can provide candidate genes for evolutionary
changes within Cypriniformes and, potentially,
more broadly across fishes. Gene conservation
across the evolution of animals has been repeat-
edly demonstrated by comparative studies on,
for example, eye, limb, head, and segment forma-
tion (Carroll et al., 2005). A recent example of
conservation of gene sequence and function

Fig. 3. No tail mutant zebrafish. Image from Halpern et
al. (’93) (permission granted from Elsevier).
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between humans and fishes involves skin color
(Lamason et al., 2005). Little was known about the
specific genes that contribute to the variations in
human skin color, but by studying the zebrafish
mutant ‘‘golden’’, whose pigment stripes are paler
than those in wild type, Lamason et al. (2005)
found that the altered pigmentation was caused by
a mutation in the slc24A5 gene. The gene is highly
conserved in vertebrates, and expression of the
human gene in golden mutant zebrafish restored
wild-type pigmentation (Lamason et al., 2005).
European human populations carry a slightly
different version of the slc24A5 gene than do
African and East Asian populations, and a genetic
polymorphism that changes one amino acid in the
coding region of the gene correlates with human
skin pigmentation levels (Lamason et al., 2005).

The Lamason et al. (2005) study shows that
phenotypic and genetic variation in mutant zebra-
fish is meaningful to variation on an evolutionary
scale. Thus, querying a zebrafish database of
phenotypic variants holds significant promise for
providing insights into the developmental and
genetic basis of evolutionary variants. The joining
of multi-species evolution databases to single-
species model organism databases will result in
the ability to address a variety of important
questions. We describe four use cases below that
illustrate the utility of connecting these databases.

Use Case 1: developmental candidate genes

Ceratobranchial 5

Extensive variation in the size and shape of
bones characterizes vertebrates, and aspects of the
skeletal system are commonly coded as character
data in systematic analyses of fishes. The fifth
ceratobranchial, the lower pharyngeal arch bone
bearing the pharyngeal teeth, varies in size and
shape among Cypriniformes and relatives.
In other ostariophysan fishes, the Siluriformes,
Characiformes, and Gonorynchiformes, the fifth

TABLE 2. Selected zebrafish skeletal phenotypes

Affected anatomical part Mutant/gene

Maxilla: size reduction sox9a hi1134 a

Dentary: size reduction sox9a hi1134 a

Retroarticular: loss edn1, bapx1i

Opercle: size decrease; loss sox9a hi1134 a, edn1b,
lockjawde,

Opercle: size increase edn1b

Ceratohyal: size decrease suckerj

Branchiostegals: number
decrease

edn1b

Branchiostegals: shape change she, stu, edn1-MOb

Hypobranchials: loss valf

Ceratobranchial 5: size
reduction

sox9a hi1134 a

Arches 2—5: reduced or
absence

lockjawb

Arches 4—6: loss duckbill, flatheadb

Ethmoid: reduction - loss detour, chamelion, you-
too, iguanaf

Trabeculae: fused detour, chameleon, you-
too, iguanaf

Pectoral fin: loss Fgf24-MOh

Median fins: loss lepidotrichia Finlessg

Scapulocoracoid: loss sox9aa

Neural & hemal spines:
alignment

chordinc

Deviations in mutant skeletons and associated gene expression
patterns are interpreted relative to wild type zebrafish.
aYan et al. (2005).
bKimmel et al. (2003).
cFisher and Halpern (’99).
dKnight et al. (2004).
eT. Schilling (personal communication).
fKimmel et al. (2001).
gvan Eeden et al. (’96).
hDraper et al. (2003).
iMiller et al. (2003).
jPiotrowski et al. (’96).

TABLE 3. Selected cypriniform skeletal phenotypes
(Siebert, ’87)

Affected skeletal element: aspect

Branchiostegal rays: number
Basibranchial 2: T-shaped
Basibranchial 4: development
Basibranchial 4: shape keeled
Basihyal: shape
Hypobranchial 3: development
Ceratobranchial 5: size
Ceratobranchial 5: teeth
Infrapharyngeals: number
Infrapharyngeal 1: presence
Epibranchial 1: uncinate process
Pharyngeal teeth: rows
Interhyal: size
Ceratohyal: shape
Anterior ceratohyal: shape

Evolutionary
characters

Zebrafish Cypriniformes

Mutant 
morphologies

Genes

Fig. 4. The intersection of evolutionary and mutant
phenotypes provides candidate genes for evolutionary studies.
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ceratobranchial is of ‘‘normal’’ size, but it appears
to be independently enlarged in two groups of
Cypriniformes, the catostomids and cyprinids
(Siebert, ’87).
Investigating the underlying developmental

genetic basis of relative size increase in the fifth
ceratobranchial in these two evolutionary lineages
(catostomids vs. cyprinids) requires an initial
hypothesis regarding the particular genes that
might be involved. Significant genetic information
about skeletal development in zebrafish is avail-
able from ZFIN. One can search for gene expres-
sion and mutant phenotypes in the skeleton using
the zebrafish anatomical ontology. An investigator
can ask, ‘‘Which genes are associated with size
change of the fifth ceratobranchial (in mutant
lines of zebrafish)?’’ The reply is that the zebrafish
phenotype ‘‘ceratobranchial 5 reduced’’ is ob-
served in the mutant line, sox9ahi1134, and these
data are attributed to a particular publication
(Yan et al., 2005). The information that sox9a has
a role in size reduction in the fifth ceratobranchial
provides a starting point for comparative evo-devo
studies on size differences in this bone across taxa.
The comparative gene expression data from this
publication are retrieved from this search of ZFIN
as well, and thus it is available for comparison
with gene expression patterns from other species.
Comparative gene expression data are critical for
formulating hypotheses of evolutionary change.
One might then hypothesize that the expression or
sequence of sox9a has been altered to result in the
enlargement of this bone in these two cypriniform
lineages, and developmental genetic work on
species in these lineages could test this hypothesis.

Branchiostegal rays

Branchiostegal rays are long, flat dermal bones
that develop in and support the ventral portion of
the branchiostegal (gill) membrane. They vary in
size, shape, and number across fishes (McAllister,
’68). Zebrafish and all other cypriniforms have
three branchiostegals. Gonorynchiforms have
three or four, Characiformes have three, four, or
five, and Siluriformes species may possess between
3 and 20 branchiostegals (McAllister, ’68). Under-
standing the developmental and genetic basis of
these evolutionary differences requires a starting
point. We might query ZFIN: ‘‘What gene muta-
tions modify the number of branchiostegal rays in
mutant zebrafish’’? Our query would result in the
following information: there is a mutant line
known as ‘‘sucker’’, described by Kimmel et al.

(2003), which has a reduced number of branchios-
tegal rays from 3 to 1 and concomitant changes in
gene expression. The sucker mutation is a change
in the endothelin-1 gene. An evolutionary biologist
might then hypothesize that changes in endothe-
lin-1 or its expression is the basis for changes in
number of branchiostegals and their homologues
(in the opercular series) across fish species
(Kimmel et al., in press).

Support of homology statements

In some instances, the identification of particu-
lar anatomical features across taxa is obscured by
the wide phylogenetic distance between taxa. For
example, the large bony element of the gill cover in
sturgeons and paddlefishes (Acipenseriformes) has
variously been called the ‘‘subopercle’’ and the
‘‘opercle’’ of other actinopterygian fishes. Identi-
fication of this bone as the opercle has followed
from its position and size (i.e., the opercle is
typically the largest bone of the gill cover series).
Conversely, its interpretation in acipenseriforms
as representing the subopercle of other taxa
follows from its position relative to a small bone
interpreted to be the opercle in fossil members of
the group (Bemis et al., ’97; Grande et al., 2002).
By querying and comparing the genetic under-
pinnings of opercle bone development in mutant
phenotypes, it may be possible to identify genes
involved in the development of (or absence of)
these bones in zebrafish, such as lockjaw (Table 2),
and ultimately to compare expression patterns of
these same genes in acipenseriform fishes, thereby
adding evidence in support of homology state-
ments.

Use case 2: candidate taxa

A developmental biologist who observes bran-
chiostegal ray number reduction in a zebrafish
mutant might want to know which species show a
reduction in branchiostegal ray number and what
evolutionary pattern could account for this
change. Through such an investigation they might
gain further insight into the functions of the genes
involved. By querying the evolutionary database of
skeletal characters by species, they would find that
reduction in number has occurred multiple times
(Fig. 5), but that three lineages, the solenostomids
and syngnathids (ghost pipefishes and pipefishes),
giganturids (telescopefishes), and saccopharyngoid
(gulper and swallower) eels have the fewest
branchiostegal rays (McAllister, ’68). Members of
these three unrelated lineages exhibit a number of
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interesting parallels including the loss of the swim
bladder, pelvic fins, and scales, as well as elonga-
tion of the mandibular or hyoid arches and
reduction or loss of the opercle in syngnathids
and saccopharyngoids. In addition, a variety of
other bones and soft tissues are lost or greatly
modified in these fishes, suggestive of alterations
in the expression of broadly acting genes. If such
comparative morphological data were available
and searchable in phylogenetic and tabular for-
mats, then an investigator could make the best
choice of taxa in which to investigate development
further. If through such an investigation of these
fishes, a particular gene is implicated in an
evolutionary change, this information becomes
useful to the developmental biologist who seeks
to understand the function and evolution of that
gene better.

Use case 3: correlated characters

Determining whether morphological characters
are correlated because of functional, genetic, or
developmental constraints, or whether they are
independent from one another has been a long-
standing issue in phylogenetic systematics. Inde-
pendence of characters is a fundamental neces-
sity—and an assumption of—phylogenetic
analysis (Sneath and Sokal, ’73; Wiley, ’81; Farris,
’83); see also more recent discussions of character

concepts and identification (e.g., Wagner, 2001;
Rieppel and Kearney, 2002). Often the correlation
between two or more characters is difficult to
ascertain, particularly when the characters are
linked together at the molecular level. However,
computerized access to genetic and developmental
data such as in ZFIN, supports queries that can
allow assessment of such genetically and devel-
opmentally correlated characters. For example, an
investigator might observe that four characters,
the reduction in size of the dentary, maxilla,
ceratohyal, and opercle, supports the monophyly
of a particular clade. The question is whether the
size reduction in each of these bones represents
independent support for this phylogenetic hypoth-
esis, or whether they are correlated because
of a common genetic or developmental basis.
One might use these features and their qualities
(e.g., size, shape) as queries of ZFIN to ask
whether there is information from zebrafish
mutant phenotypes that addresses this question.
For instance, one would find that in sox9ahi1134

mutants the dentary, maxilla, and opercle bones
are reduced in size relative to wild-type zebrafish,
whereas other bones are relatively unaffected
(Yan et al., 2005). This suggests that size of the
dentary, maxilla, and opercle, may be co-regulated
in part by sox9a (Yan et al., 2005). An investigator
might then conclude that support for the mono-
phyly of this clade is not as strong as it appears
and that perhaps only two characters (the
ceratohyal and the correlated character, the den-
tary 1 maxilla 1 opercle) support the hypothesis.
These data could be reanalyzed using this informa-
tion (recoding the data for two vs. four characters)
and other aspects of the possible correlation of
these characters (e.g., ecological, functional, etc.)
could be considered by the investigator.

Description of mutant zebrafish
phenotypes using Entity 1 Quality syntax

Because gene function is indexed by the model
organism databases using the GO (Table 1), it is
now possible to find mutant phenotypes that affect
the same biological process, function, or subcel-
lular location in different model organisms. How-
ever, the GO is used to describe gene function; it is
not designed to capture the richness of phenotype
description. To address this need, the phenotype
and trait ontology (PATO; Table 1) has been
developed for cross-species use in combination
with other ontologies.

Fig. 5. Phylogeny of teleost fishes, showing the pattern of
evolution in number of branchiostegal rays, modified from
McAllister (’68), Nelson (2006) and the Teleostei Tree of Life
page (http://tolweb.org/Teleostei/15054).
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A zebrafish phenotype can be described using an
Entity 1 Quality (EQ) syntax. Entity and Quality
terms reference two different kinds of ontologies.
Entities may be obtained from the zebrafish
anatomical ontology or cross-species ontologies
such as GO or the cell type ontology. Qualities
come from PATO. An example of a phenotype
annotated with EQs is shown in Fig. 6.

Description of evolutionary characters
using EQ syntax

The combinatorial logic and structure of the EQ
syntax can be expanded to encompass evolution-
ary morphological characters. Traditional mor-
phological characters in systematics are framed
using free-form text. For example, a character
might be phrased ‘‘Number of basibranchial
elements present’’ with states ‘‘two’’ ‘‘three’’,
and ‘‘four’’ (Sawada, ’81). This means that some
species have two basibranchials, some have three,
and others have four basibranchials. This simple
character can easily be rephrased in the EQ
syntax. In this case, the entity ‘‘basibranchial’’
would be drawn from an anatomical ontology and
the quality ‘‘number’’ with values 2, 3, or 4, drawn
from the PATO ontology. The rephrased character
in EQ syntax would thus be ‘‘Basibranchial,
number’’ and a particular species character state
would be the values 2, 3, or 4.
Other morphological characters, particularly

those dealing with qualitative aspects, are more
problematic to describe with the EQ syntax.
Variation in size of particular bones is common
among fishes. For example, the opercular bone

Fig. 6. Entity-Quality coding of a mutant phenotype in
zebrafish. Wild type (WT) is shown in upper panel; ctcf!

mutant phenotype in lower panel. AO, zebrafish anatomical
ontology; GO, Gene Ontology (Table 1).

Fig. 7. Normal neural arch 2 in (A) Chanos chanos
(11.4mm SL, Standard Length) (arrow) and (B) modified
neural arch 2, termed the intercalarium in Catostomus
commersoni (15.8mm SL) (arrow).

Fig. 8. Implementation of the zebrafish anatomical ontol-
ogy in the Cypriniformes Tree of Life -Zebrafish Information
Network working group database.
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may be small in some species but large in others.
The character would then be ‘‘opercular’’ with
states ‘‘small’’ or ‘‘large’’. In EQ syntax, for one
species, the entity would be opercular bone and
the quality would be small [size]. For the other
species, the entity would also be opercular bone,
but the quality would be large. This example
highlights the problem of a reference in relation to
‘‘small’’ or ‘‘large’’. For mutant phenotypes, the
reference is the wild type, but when comparing
among species, the reference is dependent on the
species sampled in the group of interest, in our
case, Cypriniformes. If taxa outside Cypriniformes
are then sampled, and a smaller opercular bone is
observed in some species, then a new value ‘‘very
small’’ must be added or ‘‘small’’ within Cyprini-
formes must be redefined as ‘‘medium’’. Ideally
the reference or standard is the most recent
common ancestor of the taxa being compared,
and that will change as the group under con-
sideration changes.
We discovered that the EQ syntax must be

expanded to accommodate the more complex
characters of systematics. Frequently an addi-
tional entity (E2) and quality are required.
A complex character might thus read: E1Q1E2Q2.
An example comes from the vertebral column of
fishes, where the vertebral number at which the
first hemal spine is located varies. Such a
character might read ‘‘Vertebral position of first
hemal spine’’ with states ‘‘vertebra 16’’, ‘‘vertebra 17’’,
or ‘‘vertebra 18’’. The EQ description of this
character, because it relates two features, would
involve two anatomical entities. For species in
which the first hemal spine is located on the 16th
vertebra, the syntax would be [E1: first hemal
spine] [Q: located at] [E2: vertebra 16]. The quality
‘‘located at’’ is relational and thus requires a
second entity.
Using a consistent language or vocabulary and

consistent format (syntax) to describe systematic
characters has benefits beyond interoperability
with model organism databases. The difficulty of
comparing characters across studies owing to the
lack of standardization (in addition to other
factors) is well recognized by systematists. There
are currently no agreed upon terminologies in
most evolutionary disciplines, and ontologies must
be developed by these communities. The codifica-
tion of systematic characters using taxon-specific
anatomy ontologies and taxon-independent quali-
fiers promises great flexibility because different
combinations can be used to describe different
characters.

Issues concerning homology

Homology (i.e., similarity due to common ances-
try) is a central concept in comparative evolu-
tionary biology. Homology assignments, or ‘‘char-
acters’’, are hypotheses that are the data for
phylogenetic inference. Standard lines of evidence
are used to assess homology a priori (Mayden and
Wiley, ’92) and include similarity in shape and
size, topographic position, complexity, and devel-
opment (Remane, ’52; Roth, ’84; Patterson, ’88). A
posteriori, homology is tested by the distribution
of characters on phylogenies resulting from char-
acter analysis, and it is reassessed when required
(Mayden and Wiley, ’92).
Within major clades of organisms, the definition

of homology for most structures will not likely
represent a problem; however, when comparing
across multiple clades, homologous features may
be referred to by different names. One possible
solution to the complexity of homology in multi-
species databases is to treat terms as synonymies.
There are several lines of evidence to suggest

that the so-called frontal bone in actinopterygian
fishes (including zebrafish) is the homologue of the
parietal bone, and not the ‘‘frontal’’ bone, in
advanced ‘‘piscine’’ sarcopterygians as well as in
‘‘tetrapod’’ sarcopterygians such as frog, bird,
mouse, or human. The so-called parietal bone of
actinopterygians is the homologue of the postpar-
ietal bone of piscine sarcopterygians and tetrapods
(Jollie, ’62; Schultze and Arsenault, ’85). Actinop-
terygians and basal sarcopterygians do not have
the bone that is defined as the frontal in tetrapods.
Although the term ‘‘parietal’’ could be added as

the synonym of ‘‘frontal’’ and vice versa, the
frontal and parietal bones within the same species
are not synonyms. Moreover, if, for example, a
user wanted to search for all of the genes
expressed in all homologues of the frontal bone
in vertebrates, they would not want to find the
genes expressed in both frontal and parietal bones
of sarcopterygians. Thus, some mechanism must
be put in place to inform the computer of this
special type of relationship, i.e. homology.
We propose to locate homology relationships in a

relational table rather than in the anatomical
ontology itself. The ontology will contain all
possible anatomical terms, but it will not imply
homology between terms—it will be homology-
neutral. Thus the frontal and parietal bones will
both be listed in the anatomical ontology, but their
homology relationship will be encoded separately.
Evidence codes for homology (e.g., position, devel-
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opment, composition, etc.), analogous to the
evidence codes used for gene orthology by the
model organism databases, will be required, and
they will be referenced to the literature.

Building a taxonomic ontology

Additionally, we propose to create a taxonomic
ontology of zebrafish and close relatives from the
classification in the Catalog of Fishes database for
ichthyology (Eschmeyer, ’98) and subsequent web-
based updates at http://www.calacademy.org/
RESEARCH/ichthyology/catalog/fishcatsearch.html.
This taxonomic ontology will be in the form of is_a
relationships (i.e., Cyprinidae is_a Cypriniformes).
We will associate particular entities from the
multi-species anatomical ontology with particular
taxonomic groups in which they are present. Thus,
terms will be available for only those taxa in which
the corresponding anatomical structures are pre-
sent. For example, fishes outside of the Otophysi
have normal neural arches on the second vertebra.
In contrast, zebrafish and other members of the
Ostariophysi (Fig. 1) have the second vertebral
neural arch modified as an ‘‘intercalarium’’ (Fig. 7),
part of a complex of features (the Weberian
apparatus) that are modified for sound transmis-
sion and hearing in these fishes. The intercalar-
ium would be specified as the homologue of the
second neural arch in the relational homology
table. It would be annotated to the taxonomic
group ‘‘Otophysi’’ in the taxonomic ontology, and
second neural arch would be annotated to the level
of ‘‘Vertebrata’’. Therefore, if a systematist
wanted to describe a character involving the
second neural arch from an otophysan species
such as D. rerio, only the intercalarium would be
available as a choice from the multi-species
anatomical ontology. In queries relating to the
second neural arch, however, the intercalarium
would be searched.

Preliminary implementation
of a multi-species ontology

Multi-species anatomical ontologies must be
developed to formulate morphological characters
using the EQ syntax if evolutionary questions are
to be addressed (Haendel et al., 2007). We are
prototyping a multi-species anatomical ontology
for ostariophysans fishes, maintaining the zebra-
fish anatomical ontology as the ‘‘core’’ ontology,
because it contains many basal features for fishes
(Mabee et al., 2007). The internal CToL user
interface currently supports the association of up

to three anatomical terms from this ontology with
images that are uploaded by investigators. These
terms may later be used to describe characters
states using the EQ syntax. The interface facil-
itates browsing the morphological data either by
terms in the anatomical ontology or by the images
submitted (Fig. 8A). Each term within the anato-
mical ontology (Fig. 8B) is linked back to ZFIN,
allowing users direct access to ZFIN gene expres-
sion, mutant phenotype, genetics, genomics, and
literature citation data (Fig. 8C).

CONCLUSIONS

Collaborative systematics requires the develop-
ment of databases for both images and text-based
character data. Multiple small-scale databases
have been developed by many collaborative
groups, including CToL, but little attention has
been paid to joining these databases to genetic
databases. By referencing the morphological char-
acters of systematics, currently embedded as free-
form text in character matrices and literature, to
ontologies, a variety of queries (i.e., questions
using computers) that integrate genetics with
evolution can be made (Mabee et al., 2007). Such
infrastructure will also support computerized data
mining. Questions regarding the relationships
between genes and morphology form the basis of
the field of evo-devo (Carroll et al., 2001). Queries
such as ‘‘What are the developmental genetic
mechanisms responsible for evolutionary changes
in morphology in a particular clade’’? can be
answered only if data from molecular develop-
mental studies (genetic, gene expression, and
phenotype) are integrated and queried simulta-
neously with morphological evolutionary data.
Microarrays and quantitative trait loci analyses
are also used to identify factors that underlie
species-specific differences in morphology. Bioin-
formatics will complement results of such analyses
by facilitating or verifying the identification of
potential gene candidates. For example, are there
known mutations in genes that are revealed to be
up or down regulated in a microarray experiment?
Are there mutant phenotypes for genes associated
with an evolutionarily salient quantitative trait
loci? Specifically for our study of cypriniform
evolution, the use of ontologies will allow inter-
operability with ZFIN and enable simultaneous
queries of the ZFIN and CToL databases.
We propose to create a connection between the
model organism (zebrafish) and ichthyology/phy-
logeny communities that will expand to include
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researchers in other model fish communities
(Fugu, medaka) and ichthyologists who specialize
in studies of other clades. The tools that we
develop will be generalizable to other taxa and
evo-devo questions.
To date, the molecular developmental biologists

who have focused on model organisms have
driven many of the advances in bioinformatics
methods that support the large quantities of
accumulated molecular and genetic data; the infor-
matics effort by evolutionary biologists lags far
behind. Only by scaling up informatics support
for evolutionary morphology and by developing
evolutionary databases annotated with ontologies,
we can use data, databases, and the mining
potential of bioinformatics to get at the molecular
developmental underpinnings of evolutionary
change. Ultimately these informatics tools and
ontologies will be useful to other communities of
scientists that need to do the same thing: commu-
nicate across disciplines that have been separated
previously, to address fundamental questions in
evolution and development.

ACKNOWLEDGMENTS

We thank the NSF National Evolutionary
Synthesis Center (EF-0423641), NSF Cyprini-
formes Tree of Life (DEB-0431290), NIH
HG002659 and HG004028 for support. We thank
other people who participated in our NESCent
working groups including Quentin Cronk, Stan
Blum, Mark Gibson, Carol Lushbough, Peter
Midford, and Chris Mungall for their help in
developing these ideas.

LITERATURE CITED

Apweiler R, Bairoch A, Wu CH, Barker WC, Boeckmann B,
Ferro S, Gasteiger E, Huang H, Lopez R, Magrane M,
Martin MJ, Natale DA, O’Donovan C, Redaschi N, Yeh LS.
2004. UniProt: the universal protein knowledgebase.
Nucleic Acids Res 32(Database issue):D115–D119.

Bard JBL. 2005. Anatomics: the intersection of anatomy and
bioinformatics. J Anat 206:1–16.

Baumel JJ, King AS, Breazile JE, Evans HE, Vanden Berge
JC, editors. 1993. Handbook of avian anatomy: nomina
anatomica avium, 2nd edition. Cambridge, MA: Harvard
Univ; Publications of the Nuttall Ornithological Club. 779p.

Bemis WE, Findeis EK, Grande L. 1997. An overview of
acipenseriformes. Environ Biol Fishes 48:25–71.

Berra TM. 2001. Freshwater fish distribution. San Diego:
Academic Press. 604p.

Bird NC, Mabee PM. 2003. The developmental morphology of
the axial skeleton of the zebrafish, Danio rerio (Ostariophysi:
Cyprinidae). Dev Dyn 228:337–357.

Carroll SB, Grenier JK, Weatherbee SD. 2001. From DNA to
diversity: molecular genetics and the evolution of animal
design. London: Blackwell Science. 214p.

Carroll SB, Grenier JK, Weatherbee SD. 2005. From DNA to
diversity: molecular genetics and the evolution of animal
design. Oxford: Blackwell Publishing. 258p.

Cavender TM, Coburn MM. 1992. Phylogenetic relationships
of North American Cyprinidae. In: Mayden RL, editor.
Systematics, historical ecology, and North American fresh-
water fishes. Stanford: Stanford University Press.
p 293–327.

DeBruyne J, Hurd MW, Gutierrez L, Kaneko M, Tan Y, Wells
DE, Cahill GM. 2004. Isolation and phenogenetics of a novel
circadian rhythm mutant in zebrafish. J Neurogenet 18:
403–428.

Delsuc F, Brinkmann H, Philippe H. 2005. Phylogenomics and
the reconstruction of the tree of life. Nat Rev Genet 6:
361–375.

Draper BW, Stock DW, Kimmel CB. 2003. Zebrafish fgf24
functions with fgf8 to promote posterior mesodermal
development. Development 130:4639–4654.

Eschmeyer WN. 1998. Catalog of fishes. San Francisco: Special
Publication, California Academy of Sciences. 2905p.

Farris JS. 1983. The logical basis of phylogenetic analysis. In:
Platnick NI, Funk VA, editors. Advances in Cladistics. New
York: Columbia University Press. p 7–36.

Felsenstein J. 2004. Inferring phylogenies. Sunderland, MA:
Sinauer Associates. 664p.

Fink SV, Fink WL. 1981. Interrelationships of the ostario-
physan fishes (Teleostei). Zool J Linnean Soc 72:297–353.

Fisher S, Halpern ME. 1999. Patterning the zebrafish axial
skeleton requires early chordin function. Nat Genet
23:442–446.

Fisher S, Jagadeeswaran P, Halpern ME. 2003. Radiographic
analysis of zebrafish skeletal defects. Dev Biol 264:
64–76.

Fontal-Cazalla FM, Buffington ML, Nordlander G, Liljeblad J,
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