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1. Abstract 

In the century of information technology automatic processing of knowledge is evolving 

to be a crucial challenge. However, it is usually not obvious to extract information from 

the syntax of texts. Hence, ontologies are an important pillar by defining entities of a 

knowledge domain and setting them in relation to each other. The multitude of facts 

within a field is represented as a collection of single statements following a strict syntax. 

This structured representation of knowledge allows for automatic processing of the 

information.  

Within the iBeetle project, more than 5,000 genes were knocked down by RNAi in 

Tribolium castaneum in a large-scale screen, and the resulting phenotypes were 

annotated and compiled in the database of the iBeetle-Base website. I developed the 

Tribolium Ontology (TrOn), a compilation of the morphological structures found in 

Tribolium castaneum, in order to enable consistent annotation and machine-readable 

description of the observed phenotypes as well as a user-friendly search function. TrOn 

supports to search for defects in general anatomical structures like “leg”, although the 

annotation may have pointed to a substructure, e.g. the coxa, a part of the leg. With 

around 1,000 terms the ontology covers the morphological structures visible from the 

outside and some selected internal ones. All structures are modeled for the main 

developmental stages larva, pupa and adult, regardless of their occurrence in the iBeetle 

phenotype screen. There are three sets of entities within TrOn defining its architecture: 

concrete, abstract and mixed classes. Concrete ontology classes represent dissectible 

anatomical structures of a specific developmental stage. Abstract ontology classes stand 

for umbrella terms, e.g. “wing”, that rather stresses the concept of a biological function 

and are independent of the developmental stage. Anatomical structures, which are only 

present in a single developmental stage, and thus represent a dissectible structure as 

well as a biological concept, are listed in the set of mixed classes. 

Initially, ontologies are data stored in a file. Tools are required to process these data, 

to edit and to visualize them, and also to enable their use as input for statistical 

calculations. I developed the service Ontology Based Answers (OBA) to offer ontologies 

and their semantic information to other applications. The OBA service provides access 

to the ontologies over a network interface. The client of the OBA service uses this 
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interface to load the connected entities in the background only when required while 

traversing the ontology. The service is extended by plugins implementing ontology-

specific knowledge such as annotation guidelines of the ontology. The OBA service 

enables an application developer, who is unfamiliar with the semantic of ontologies, to 

quickly enhance applications similar to iBeetle-Base with the information provided by 

the ontologies. 

The ontology TrOn, the ontology service OBA, and the search function of iBeetle-Base, 

which I developed in this work, demonstrate the benefit of ontologies for biological 

applications. 
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2.  Introduction 

2.1 Background and history of ontologies 

Ontology is a part of philosophy and deals with the nature of being and existence. The 

term “onto” is derived from the greek ὄν (on) and can be translated with “being”, while 

“logy” is the common postfix to name a specific science. The term ontology was first 

used by Rudolf Goclenius (1547-1628) in the Lexicon Philosophicum (Goclenius, 1613) 

to distinguish the philosophy about being from the other areas of metaphysics. Before 

that, metaphysics comprised all studies beyond the material physics, including theology 

and philosophical discussion about being and existence. Thoughts about the nature of 

being were already handed down from Parmenides (520/515-460/455 BCE) (Palmer, 

2012) who discussed whether the seed is the same as the tree, where are the 

differences, and what is the essence of a seed or a tree?  

Immanuel Kant (1724-1804) extended the question from what defines the existence 

of things to how others perceive them. This resulted in observational statements e.g. 

“the leaf is green”, “the leaf is part of the tree”. With this descriptive component, 

ontologies evolved into collections of statements   the content of a knowledge field, also 

known as knowledge domain. Simple and concise statements allow an unambiguous 

description of entities within a certain domain including their relationships. Precise and 

correct statements reduce the risk for misinterpretation given by personal 

interpretation and subjective perception e.g. is the leaf part of the tree or is it attached 

to it? 

 

2.2 Ontology in computer sciences 

Evolving from a long tradition in philosophy, ontologies came into the focus of computer 

sciences where they are used to establish clear, unequivocal representations of things 

and concepts, as well as their relationship to each other in standardized formats. In a 

trend-setting article, Tim Berners-Lee introduced a vision about intelligent agents, 

which should support the human by retrieving and combining relevant information 

from the WWW (Berners-Lee et al., 2001). In the example of Berners-Lee the intelligent 



 

Introduction 

 

6 
 

agents of two siblings arrange a therapy plan for their mother in the best-suited clinic. 

Therefore, the agents autonomously retrieve information about the therapy, local 

hospitals and their working hours and combine this information with the calendars of 

the brother and sister. Such intelligent agents will remain visionary until the 

information in the web becomes accessible on a machine processable layer and 

intelligent tools evolve. Ontologies are often used in the background to process 

information, e.g. by the major search engines to map the user query to the indexed data 

and to label unambiguous information. 

Several systems have been developed to structure ontologies. Common to all systems 

is that objects of the real world or theoretical concepts are represented by an element of 

the ontology, here called class. Each ontology class has a unique name or identifier, 

which is used as representation of the class. The class can be further defined by 

attributes like label, description, synonyms or specifications of the measurements of the 

represented object in the real world. Links to other ontology classes can be used to 

indicate the correlations of the entities in a knowledge domain. In the following a single 

link between two ontology classes is named relation and relation type the kind of the 

relation. Depending on the system, different nomenclatures have been established for 

ontology class, attributes or the links between classes. Most systems, however, use 

triplets to store information. A commonly accepted concept for the use of triplets to 

define the content of ontologies is the Resource Description Framework (RDF) (Lassila 

and Swick, 1999). Briefly, each statement is represented as a triplet composed of subject, 

predicate and object. The above example of the green leaf is thus equivalent to a triplet 

compiled of the subject “leaf”, the predicate “has” and the object “color green”. The 

subject and the predicate of such a triplet in RDF have to be an unequivocally defined 

entity (resource) that is represented by a Uniform Resource Identifier (URI). While this 

URI does not necessarily have to be a valid World Wide Web (WWW) address, it serves 

as unique identifier for the resource. An example would be http://tree-ontology#leaf, 

where the namespace is written before the hash tag and the name after it. This syntax 

allows an unambiguous identification and clear distinction between entities possessing 

the same name within different knowledge domains like the heart in anatomy or in 

poetry. Objects can be defined by resources or literals, i.e. a specific value like a string, a 

number or a Boolean value. For the introduced example, the color green can be 

expressed either by the literal “green” or as a resource representing the RGB color space 
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with attributes to specify its exact composition in terms of primary color intensities and 

the resource for the color green as subject. 

Adhering the concept of RDF, the predicate (the relation type) is a resource, too. The 

resource for the relation type is often taken from the namespace of OWL or RDF (e.g 

rdf:partOf) or can be defined within the ontology. Therefore, the links between subject 

and object are members of a well-defined and limited set. For the color of the leaf, a 

suitable relation type would be http://example.ontology#hasColor.  

While RDF is the system that describes how information about real objects or 

concepts can be expressed using triplets, further specifications are required to define 

file formats to store ontologies. The most used triplets-based format to describe 

ontologies is the Web Ontology Language (OWL) (Dean and Schreiber, 2003), which is 

based on RDF.  

In the field of biology, the OBO file format (Open Biomedical Ontologies) is commonly 

used (Mungall and Ireland, 2012). It was implemented as default file format of the 

editor OBO-Edit and is now also supported by several other tools (Day-Richter et al., 

2007). Ontologies in the OBO format can be interpreted as single statements expressed 

in triplets, however, the file format is built up by blocks of lines (stanzas), each 

collecting the information of one ontology class as key-value pairs (e.g. name: coxa, with 

the key “name” and the value “coxa”). Compared to OWL, the features of the OBO format 

are limited to the most important ones. Other differences are the use of an ID instead of 

a name to identify an ontology class or the naming of ontologies’ components. 

 

2.3 Relation types in ontologies 

All ontologies enforce a hierarchy of their entities using the class relation, often named 

is_a. Every ontology class, except of the root class, has one or more parent classes. The 

architecture of the genius-differentia pattern requires that a child class is a 

specialization of its parent and has one additional characteristic in order to distinguish 

it from the more generic parent class (Smith et al., 2007). Thus, the child class inherits 

all the characteristics of its parent, which are defined by their relations to other objects 

of the ontology. To further develop the already introduced example, an oak is a tree 

with all the properties of the abstract concept of a tree and with the differentiation that 
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it is a member of a specific family of trees. The basic properties for all trees are 

annotated to the entity “tree”, e.g. a tree has branches, leafs and is able to perform 

photosynthesis. The child class “oak” inherits these characteristics and adds special 

ones like that it has a specific shape of leafs or has acorns as fruit.  

Beside of this obligatory is_a relation type, ontologies may contain additional ones, 

like the often-used partOf relation. Although this relation type is widely used in 

ontologies, in natural language the term “part of” is used in various ways. While the user 

is able to interpret the part of relation for each instance, for automatic processing each 

relation type should be restricted to a single and well-defined aspect of “part of”. For 

instance, it can be stated that the leaf is part of the tree, with the meaning that it belongs 

to it. At the same time, the leaf can also be annotated to be part of the photosynthetic 

system, where the later one is an immaterial entity. In this case two relations with 

unequal meanings are named by the same (superior) term. Another case is when 

partOf is strictly used in a spatial way. The statement “trichome part of leaf” defines 

the trichome (the hairs on a leaf) as part of the leaf. This statement combined with the 

statement “leaf partOf tree” concludes that the trichome is part of the tree, because 

the partOf relation type can be specified as transitive in this example. The transitivity is 

a property of the resource used as relation type. Therefore, all relations in an ontology 

with this relation type are transitive or not. Relation types should therefore be well 

considered and documented. A possible solution for the above example would be to 

render the partOf relation type more precisely as insideOf and partOfSystem. 

Actually, the mereology is a subpart of the ontology research that has the 

characterization of partOf relations as its sole topic (Varzi, 2015). The crucial point for 

every ontology and its use is to be aware of the potential discrepancy between machine 

processable statements and human interpretations. 

 

2.4 Graph representation of ontologies 

By combining a myriad of single statements (expressed as triplets) a knowledge domain 

can be described in a formalized way. A formal representation of an ontology is a graph 
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with directed edges without cycles (DAG, directed acyclic graph) (Diestel, 2000). Many 

algorithms exist for fast information retrieval from graphs, like search algorithms: 

depth-first search(Tarjan, 1972), breadth-first search (Moore, 1959) or algorithms to 

find the shortest path between two nodes like the Dijkstra algorithm (Dijkstra, 1959). 

Therefore, many tools are available for efficient processing of ontologies. 

The formalized representation of knowledge and the accessibility for automatic 

processing make ontologies an important pillar of the semantic web. The amount of 

available knowledge is increasing rapidly. However, most of the information is available 

as text, readable by humans but hard to process. If pieces of information are linked to 

ontologies, the meaning of the data is defined, and also if the specific term is unknown 

to an automatic system, knowledge about the term can be concluded through its 

relations to other entities.  

 

2.5 Tools for ontologies 

The magnitude of biomedical ontologies is used in various ways. OBOEdit can be 

downloaded and used locally to edit and visualize any ontology in the OBO file format 

while AmiGO is an online viewer for the Gene Ontology (Carbon et al., 2009). Other tools 

are using GO to filter information. GoPubMed (Doms and Schroeder, 2005) filters search 

results from PubMed, Blast2GO (Conesa and Götz, 2008) applies sequence similarity 

information to annotate new genes and proteins. In the FlyBase Database the 

anatomical ontology for Drosophila DAO and other controlled vocabularies are used for 

consistent annotation and crosslinking of the search results (dos Santos et al., 2015). 

Examples for tools that are using ontologies for statistical methods like the gene set 

enrichment analysis (GSEA) (Subramanian et al., 2005) are DAVID (Huang et al., 2007) 

or WebGestalt (Zhang et al., 2005). 

While the above-mentioned tools are using ontologies and provide the user with the 

computed results, there are only a few options to parse and handle ontologies directly. 

To process ontologies usually the OWL- or Jena library is used (Apache Home, 2015; 

Horridge and Bechhofer, 2011). These libraries parse the ontology files and provide 

access to the input by the means of a Java API (Application Programming Interface). 

These are generic tools that implement the full specifications of OWL, but are 

challenging for programmers who are not experts in ontologies or OWL. 
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An alternative approach to access the content of (biological) ontologies is to use tools 

specific for the OBO format. First of all, the two major web portals NCBO and 

OBOFoundry list ontologies from the biomedical field with some additional meta-

information to download. In addition, the NCBO portal offers an API to access specific 

classes of the hosted ontologies, without a prior download or local processing of the 

whole ontology. A similar service is provided by OntoCAT, which is completed by a 

corresponding client for R programming languages (Adamusiak et al., 2011; Kurbatova 

et al., 2011). 

These portals and tools aim to give access to a large number of ontologies. They 

provide search function across all available ontologies and give access to specified 

ontology classes. However, traversing an ontology on the client side is only possible by 

several and explicit requests to the server after extracting the URI of the parent or child 

classes from the current ontology class. Also not supported are queries involving the 

structure of the ontologies, e.g. to ask whether a class is an ancestor of another one. 

Such queries would be possible using the SPARQL query language (SPARQL Protocol 

and RDF Query Language) but require again detailed knowledge about ontologies and of 

this query language (The W3C SPARQL Working Group, 2013). The network services 

and Java libraries provide no help, and knowledge about a specific ontology is needed 

instead. In order to answer the question to which organ(s) a specific cell type belongs 

the user, or a service, has to know how organs are modeled in the ontology and which 

relation types can be used during the traversal. 

 

2.6 Ontologies in the field of biology 

Ontologies are widely used in the bio-medical field. Under the patronage of the 

OBOFoundry a multitude of ontologies and tools are available (Smith et al., 2007). The 

most prominent ontology, and basis for many tools, is the Gene Ontology (GO) (The 

Gene Ontology Consortium, 2015). Aside from this prime example the anatomical 

ontologies form a major part of the ontologies hosted by the OBOFoundry or on the 

NCBO portal (National Center of Biomedical Ontolgoies) (Noy et al., 2009). There are 

species-specific anatomical ontologies like DAO for Drosophila (Costa et al., 2013), 

ontologies for individual taxa like Coleoptera or even abstract ontologies about 

anatomical entities, like the CARO ontology (Common Anatomical Reference Ontology) 
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(Haendel et al., 2008). 

2.7  The red flour beetle Tribolium castaneum as model system 

The red flour beetle belongs to the Coleoptera, the most species rich taxon on earth and 

is emerging as important model organism for insects (Brown et al., 2009; Klingler, 

2004). On the one hand, the additional model organism allows comparing gene function 

between beetle and fly in order to draw conclusions on evolution. On the other hand, 

processes and structures can be studied which are not represented in the fly. Examples 

for morphological structures are the stink glands, which do not occur in the fly (Li et al., 

2013). Evolutionary differences between the fly and the beetle are studied with respect 

to the wings (Clark-Hachtel et al., 2013). The development of Tribolium follows, like in 

most insects, the short-germ embryogenesis while Drosophila is known for its long-

germ embryogenesis (Schröder et al., 2008). In the beetle, the posterior segments form 

one after the other in the posterior growth process, while in the members of the long-

germ development all segments develop at the same time, the blastoderm stage. These 

two model organisms do not only differ in the embryonic development, but also the 

larval development of the appendages is not the same. In Drosophila the appendages 

develop during metamorphosis from early anlagen, whereas in Tribolium the 

appendages form during embryogenesis and do not undergo major rebuilding. In many 

aspects Tribolium is more representative for insects than the fruit fly, hence the beetle is 

a valuable complement. 

However, for the emerging model organism Tribolium an anatomical ontology was 

missing. The standard reference for the anatomy of the red flour beetle has been the 

book “The Biology of Tribolium” from Sokoloff (Sokoloff, 1972). While this work has 

been the authoritative source, the book is getting outdated with new research activity 

missing. The need of a current and authoritative definition and naming of morphological 

structures was highlighted by Yoder and colleagues (Yoder et al., 2010). From various 

publications they extracted which region the authors denominated as ‘‘paramere’’. The 

identified structures differed significantly, in some cases they overlapped, in some they 

even contradicted each other. In order to standardize knowledge and definitions, an 

electronic resource is preferable because it can be updated easily, it is more easily 

accessible than a book and it is machine-readable. 
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2.8 The iBeetle project 

Tribolium and the major model organism Drosophila do not only differ in their 

morphology and developmental process; also the available genetic tools are not the 

same. The fruit fly has a long tradition in forward genetics where phenotypes are 

induced by mutagenesis and thereafter the affected gene is identified. Many important 

genes and developmental mechanisms could already be uncovered by this procedure. In 

Tribolium reverse genetics using RNA interference (RNAi) is a well-established method 

(Brown et al., 1999). Single genes can be silenced using short double stranded RNA 

(dsRNA), which is complementary to a part of the transcript of the target gene. After 

injection of dsRNA in the beetle the gene is knocked down ubiquitously. This effect can 

even be transferred to the offspring generation (Bucher et al., 2002). 

However, reverse genetics always start with the gene to be knocked down. Therefore, 

it is unlikely to identify unexpected gene functions. The iBeetle project is a large-scale 

RNAi screen in Tribolium castaneum to discover novel gene functions in an unbiased 

way (Schmitt-Engel et al., 2015). dsRNAs for randomly selected genes were injected into 

Tribolium. In the first phase of the project, knockdown was performed by dsRNA 

injected into larvae and pupae, in the second phase in pupae only. Following a specific 

protocol a set of possible phenotypes was scanned for and the observed phenotypes 

were annotated. The annotation of the phenotype adhered to an entity-qualifier-

modifier system (EQM) (Mungall et al., 2010). For the morphological structure, the 

entity, the Tribolium Ontology was used, and controlled vocabularies (CV) for the other 

fields. This combination of fields and CVs led to readable annotations, e.g. “abdomen 

number decreased”, and at the same time was suitable for automatic processing. The 

iBeetle screen was the first large scale RNAi screen in an insect outside Drosophila.  

2.9 Aims 

The amount of biological and medical knowledge is constantly and rapidly increasing. 

Filtering, preparation and representation of data have to be improved in order to make 

relevant information easily accessible to the scientific community. Ontologies represent 

an essential building block for information processing systems and enable automatic 

processing of the information of knowledge domains by defining their entities and 

relations in a structured way. 
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In the context of this thesis two ontologies should be created or substantially 

extended. For Tribolium castaneum an anatomical ontology was missing and should be 

created with a design suitable to represent the development of morphological 

structures in the developmental stages and at the same time to provide interconnection 

points to other insect ontologies. For the human anatomy with Cytomer a hierarchical 

structure of anatomical structures existed in a relational database. After the migration 

to the OWL format, the Cytomer ontology consists only of two types of anatomical 

structures, organs and cells. The aim during this thesis was to define a new architecture 

with a more detailed hierarchy, also along newly defined relation types. The annotation, 

done by medical students, should be supervised to achieve the goal. 

To make ontologies available to applications a service should be implemented that 

provides the content of ontologies through a network interface. In addition this service 

should be able to answer predefined queries with the help of specific ontologies, which 

assumes detailed knowledge about the semantic of these ontologies. 

For the results of the iBeetle project a public web interface should be implemented. A 

user-friendly search function should use the Tribolium Ontology through the OBA 

service, in order to bridge the different level of detail used for annotation and for the 

search. The advantage of ontologies for biological applications should also be 

demonstrated by means of EndoNet, an information resource about the human 

intercellular network, TFClass, a classification of transcription factors, and OntoScope, a 

graphical ontology viewer. 
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3.   Results 

This thesis consists of three major parts as they are summarized in Figure 1. Ontologies 

are the information sources, which serve as input for other applications. Examples for 

such input source in this thesis are the Tribolium Ontology TrOn and Cytomer for the 

human anatomy. However, the tools downstream in the processing pipeline are not 

specific for these two ontologies but can use also alternative ones. The OBA service 

accesses ontologies and provides their content and derived information to applications 

for the user. The service can be used via a network interface or the communication can 

be encapsulated by embedding the provided Java client. The biological applications, in 

the figure on the right side, can benefit from the ontologies. The OBA service unburden 

the application developer from being an ontology expert by providing the content and 

semantics of ontologies in a easy to use way, achieving a separation of concerns. In this 

thesis this is demonstrated by three web interfaces (iBeetle-Base, EndoNet, TFClass) 

and a Java application (Ontoscope). 
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Figure 1 

The overall structure of the thesis: 

On the left are ontologies listed as input sources for the processing by the OBA service in 

the middle. The OBA service is used for the two ontologies, which are part of the thesis, but 

can handle also other ontologies. OBA offers the content of loaded ontologies over a 

RESTful (Representational State Transfer) to other applications. The generic functions can 

be complemented by project specific plugins, which implement knowledge about the 

semantic and annotation policies of specific ontologies. Biological applications can query 

the network interface of OBA or embed the provided Java client. The Java client provides 

the functions of the OBA service as Java functions and loads the entities from the server as 

required while the application is traversing the ontology. 
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3.1 The Cytomer ontology 

Cytomer is an ontology about the human anatomy ranging from the whole body down to 

the cell level including embryonic structures of the Carnegie stages (O’Rahilly and 

Müller, 1987; Streeter and Corner, 2013). It comprises about 10,000 ontology classes 

(Michael et al., 2005). The template for Cytomer is the ideal human body without 

aberration in anatomy caused by illness. Organs specific for only one sex are modeled as 

descendant of the nodes female or male genitalia. Differences between the genders or 

during growth, which are only based on the mass or size, are not further considered. 

Dimension and absolute position, like left - right or dorsal - ventral are not expressed 

with relations but noted in the comment where appropriate. Logical spatial relations 

like containedIn or adjacentTo can be modeled, if there is a functional relation between 

the two entities, e.g. to express that the heart is inside of the pericardium. While the 

growth in size and mass of anatomical structures is not modeled, their development is. 

The primitive heart tube as well as the heart are modeled and linked by a 

differentiatesInto relation. Structures only available in the embryo are collected below 

of embryonic_structure. Multiple inheritances are used in Cytomer to represent various 

aspects of anatomy. A muscle may have several parents flexor_muscle to define the 

function, muscle_of_arm for its location and two_headed_muscle for its anatomical 

structure. Table 1 gives an overview how often multiple inheritance occurs in Cytomer 

and how many parents are involved. This equal treatment of the various characteristics 

is neutral in contrast to use a single parent approach that models other relations as 

partOf. 
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Table 1: Occurrence of multiple parents in Cytomer classes. 

Number of parent classes for a single 

ontology class 

Number of ontology classes  

1 9,635 

2 1,112 

3 80 

4 26 

5 10 

In Cytomer each ontology class has one or more parent classes. In the first column the 

number of parents is given, in the second the number of ontology classes with this number 

of parent classes.  

 

The more than 21,000 relations between the classes are modeled with a set of over 

30 relation types to describe the gross anatomy (partOf, isCellOf, adjacentTo), 

anatomical functions (innervates, attachedToOrigin), physiological systems (partOf, 

hasPart), and the development (differentiatesInto). Table 2 lists all relation types 

used in Cytomer together with the number of occurrence and where appropriate their 

inverse relation type and parent.  

With this high numbers of ontology classes, relation types, and relations Cytomer is a 

complex information resource. The semantic information encoded in the ontology is 

accessible with the OBA service and complemented by a Cytomer plugin for OBA. Two 

semantic functions are provided by this plugin. The first is used to query for the organs 

an arbitrary anatomical structure belongs to, therefor,  OBA performs a breath-first 

search along a specific set of relation types until an organ is found. Already in the case of 

“hepatocyte” 70 ontology classes have to be visited to get to the organ “liver”. For the 

organs of “sensory_epitelial_cell” 2,497 classes have to be checked to find the organs 

“lung”, “larynx” and “trachea”. The second function limits the up- or downstream search 

to a predefined set. In Cytomer far more structures are listed than are used in a typical 

application. An unfiltered search for super- or substructures in such an application 

would reveal many hits where the application has no information about. With this 

implemented function the result of an up- or downstream search are restricted to those 
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found in the predefined set before the result is transmitted to the application.  

 

Table 2. Relation types of Cytomer 

Relation type Number of 

occurrence 

Inverse relation 

type 

Parent 

relation type 

receives 9 leadsInto  

bordered_by 13 borders adjacentTo 

 borders 15 bordered_by adjacentTo 

leadsInto 16 receives  

containedIn 24 contains  

contains 44 containedIn  

accompanies 48   

developsInto 70 derivesFrom  

becomes 71   

attachedTo 77   

isFedBy 78 drainsInto  

locationOf 81 locatedIn  

forms 81 formedBy adjacentTo 

innervates 93 isInnvervatedBy  

formedBy 97 forms adjacentTo 

isSuppliedBy 122 supplies  

drainsInto 131 isFedBy  

derivesFrom 157 developsInto  

isInnervatedBy 173 innervates  

locatedIn 173 locationOf  

differentiatesInto 183 differentiatesFrom  

supplies 185 isSuppliedBy  

attachedToApproach 198  attachedTo 

attachedToOrigin 207  attachedTo 

isCellOf 271 hasCell isPartOf 

differentiatedFrom 284 differentiatesInto  
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connectWith 301   

adjacentTo 343   

isOriginOf 365 hasOriginIn  

hasOriginIn 879 hasOriginOf  

hasPart 2211 isPartOf  

hasCell 4127 isCellOf hasPart 

isPartOf 8254 hasPart  

The table lists the relation types, which are used in Cytomer sorted by the number of 

occurrence. The number and the following columns refer to the relation type stated in the 

first column. If the relation type is defined as the inverse of another one, the inverse 

relation type is noted. The last column denominates the parent relation type the relation 

type inherits in case of a child relation type. 

Cytomer is available online for free at http://cytomer.bioinf.med.uni-goettingen.de 

 

Contributions: 

Cytomer was initially developed by the company BIOBASE GmbH as relational database 

with tables for organs, cells, developmental stages and physiological systems. The organ 

table contained also links to the other tables as well as to entries of itself to build a 

hierarchical structure (Matys et al., 2003). After the transfer to the Department of 

Bioinformatics at UMG, a first conversion into the OWL format was performed (Michael 

et al., 2005). After this conversion I improved the performance of the ontology so that a 

further annotation was possible. At the beginning in cooperation with Holger Michael, I 

developed the architecture of Cytomer as described in the results and supervised the 

annotation of the ontology, which was done by medical students. 

  

http://cytomer.bioinf.med.uni-goettingen.de/
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3.2 Tribolium Ontology TrOn 

The following manuscript is published as:  

Dönitz J, Grossmann D, Schild I, Schmitt-Engel C, Bradler S, Prpic NM and Bucher G.: 

TrOn: an anatomical ontology for the beetle Tribolium castaneum. PLoS One. 2013 

Jul 30;8(7):e70695.  

Authorships: 

 Jürgen Dönitz initiated the project, developed the semantic concept, discussed 

questions according to the annotation and wrote most of the manuscript 

 Daniela Grossmann annotated the ontology, did the biological research and 

helped writing the manuscript. 

 Christian Schmitt-Engel supported the project, particularly with regard to the 

connection to iBeetle-Base, and helped during discussions about the morphology 

of Tribolium.  

 Sven Bradler checked the morphological correctness of the ontology. 

 Nikola- Michael Prpic contributed the drawings of the morphology of Tribolium. 

 Gregor Bucher supervised the biological annotation of the ontology and 

supported the writing of the manuscript, particularly by contributing the 

introduction. 
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3.3 The ontology-based answers (OBA) service 

The following manuscript is published as:  

Dönitz, J. and Wingender, E.: The ontology-based answers (OBA) service: A connector 

for embedded usage of ontologies in applications Front. Gene. 3, 197 (2012).  

Authorships: 

 Jürgen Dönitz initiated the project, implemented the service and wrote the 

manuscript. 

 Edgar Wingender supported the project with discussions and helped writing the 

manuscript. 
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3.4 iBeetle-Base 

The following manuscript is published as:  

Dönitz J, Schmitt-Engel C, Grossmann D, Gerischer L, Tech M, Schoppmeier M, Klingler M 

and Bucher G.: iBeetle-Base: a database for RNAi phenotypes in the red flour beetle 

Tribolium castaneum. Nucleic Acids Res. 2015 Jan;43(Database issue):D720-5.  

Authorships: 

 Jürgen Dönitz designed the architecture and implemented most of iBeetle-Base 

as well as composed major parts of the manuscript. 

 Christian Schmitt-Engel planned the layout of the web site and the general 

concept. 

 Daniela Grossmann supported the writing of the manuscript. 

 Lizy Gerischer processed the genomic data and prepared them for the import to 

iBeetle-Base. 

 Maike Tech participated in the implementation during the beginning of the 

project, 

 Michael Schoppmeier & Martin Klinger supported the project with the general 

concept and feedback. 

 Gregor Bucher led the iBeetle project, supported the writing of the manuscript 

and contributed the introduction.  
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3.5 Other ontology enhanced applications 

Aside of iBeetle-Base, there are more use cases of the OBA service to enhance 

applications. 

 

3.5.1 EndoNet 

Besides the well-studied intracellular signaling networks, intercellular networks are of 

crucial importance for multicellular organisms. The cells of a tissue have to be 

synchronized and complex processes such as the coordinated development of a whole 

organism have to be tightly orchestrated as they can involve entities ranging from single 

cells to complete organs.  

EndoNet is an information resource about the endocrine network in human and its 

components, namely messengers (e.g. hormones), anatomical structures (e.g. cells, 

tissues, organs), and receptors (Potapov et al., 2006). These components are connected 

by events like binding, influence of the downstream secretion or the secretion itself to 

build up the intercellular signaling network. The anatomical entities were first linked to 

the Cytomer ontology (Dönitz et al., 2008). In medical terminology, several names are 

often attributed to anatomical structures. The OBA service is used on the public web 

page of EndoNet to add the superior and subordinated anatomical structures to the 

search query of the user as well as to the resulting detail pages. The search term “liver” 

will therefore also reveal data annotated to the hepatocyte cell type (Dönitz and 

Wingender, 2014).  

 

Contributions: 

The need for an information resource about the endocrine network was first recognized 

by Edgar Wingender; Ines Liebich drafted a first design of a relational database. 

Afterwards Anatolij Potapov was the responsible researcher and supervised the 

annotation. I developed the data model, implemented the webinterface, including the 

embedding of the Cytomer ontology and also took over the supervision of the 

annotation. 
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3.5.2 TFClass 

Transcription factors play a major role in gene regulation by binding to a specific 

sequence pattern on the DNA. Transcription factors can be classified based on their DNA 

binding motifs and homology, which allows a hypothesis about their biological 

functions. A hierarchical classification of transcription factors and its proper 

visualization represent an essential support for research. 

The transcription factor classification (TFClass) was modeled as separate ontologies for 

human and mouse, where the hierarchy was mapped to the class relations (Wingender et 

al., 2013, 2015). On the web page both classifications are synchronized during the 

browsing through the basic levels. (See also  

Figure 2) The OBA service is used for a search function in the current selected 

classification. Another task fulfilled by OBA is the expansion of the tree, or parts of it, to 

a given level, e.g. family or genus. In a first step, all target classes of the required level 

are retrieved, either for a complete tree or the current sub-tree. In a second step for 

each target class the path from the root node to the respective class is queried. This data 

is added to the visualization and the tree is expanded. The semantic functions of OBA 

used for TFClass are all implemented by the generic part of OBA relying on the universal 

properties of ontologies. Besides a well-defined structure of the ontologies used as input, 

no project specific functions are needed. 

 

Contributions: 

The classification of the transcription factors was completely done by Edgar Wingender. 

The original data format is an html page, for the new web interface this page is parsed 

by Torsten Schöps and the data transferred into an OBO ontology following my 

specifications. I implemented the web interface including the connection to the OBA 

service. 
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Figure 2 

Screenshot of the web interface of TFClass: The main tree in the center is the classification 

of human TFs. Navigating to a TF in this tree automatically opens the orthologous factor 

in the tree for mouse on the right side. The panel on the left gives detailed information to 

the factor selected in the main tree and controls for search and expansion. The trees can be 

switched to make the mouse the main classification in the center. 

The figure was taken from Wingender et al., 2015. 

The web interface of TFClass is available at: http://tfclass.bioinf.med.uni-

goettingen.de. 
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3.5.3 OntoScope 

Ontologies are very well suitable to define and describe a knowledge domain to humans 

and machines. However, with several hundred or thousands of classes and a multitude 

of relations between them, the information has to be visualized in a comprehensible 

way. Every ontology can be represented as a graph, with the ontology classes as nodes 

and their relations as edges. Such visualization is advantageous as the user is free to 

choose the relation to follow for every node (as opposed to tree-like layouts). The class 

hierarchy has a strong relevance for the semantics of an ontology. For a human user, in 

particular for an advanced one, the class hierarchy if often not the most important 

subject, because it is mostly evident. Using an alternative relation between the nodes to 

build a tree has the drawback that the relation type of interest is depending on the 

context. For the hepatocyte cell the relation type cellOf and partOf might be of interest 

to browse to the organ liver. From here on the relation derivesFrom might be of more 

interest to get to the germinal sheet the liver originates from. 

The ontology viewer OntoScope has been implemented to facilitate interactive 

exploration of an ontology. The ontology is represented as graph and only the nodes 

actively searched for or expanded by the user are displayed. The node can be expanded 

separately along each relation type, displayed as colored edges. OntoScope uses the OBA 

service as backend. The generic functions of the server are used for search, display and 

browsing. Small, project-specific plugins for OntoScope and OBA can enhance 

OntoScope with additional features. Cytomer nodes can be color-coded according to the 

physiological system the represented structure belongs to. In the case of iBeetle-Base, 

the node and its border are color-coded by developmental stage and type of the 

ontology class (generic, abstract, mixed). Figure 3 depicts an exemplary screenshot of 

OntoScope using the Cytomer ontology. 

OntoScope can be used as standalone Java application to visualize arbitrary 

ontologies or as pre-configured Java applet to enhance the webpage of a project with 

the visualization of a specific ontology as demonstrated on iBeetle-Base. 
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Figure 4 

Screenshot of OntoScope displaying nodes of the Cytomer ontology: The screenshot shows 

the parts of OntoScope. In the main window the nodes of the ontology are visualized as 

graph. The color of the nodes can be mapped to a semantic property of the used ontology, 

in case of Cytomer they are colored according to their physiological system. Each relation 

type of the ontology is assigned to a color and the vertices are drawn in this color. For the 

currently selected ontology class detail information is shown in the panel on the right. At 

the bottom is an input box to search for nodes and the line of crumbs as history of the 

browsing activity (adding, expanding and deleting of nodes). 

The OntoScope executable is available, together with the source code, at 

http://ontoscope.bioinf.med.uni-goettingen.de . 

Contributions: 

Remko Ricanek implemented a first version of OntoScope in his master thesis under a 

joined supervision of Holger Michael and myself. Later, I rewrote OntoScope, partially 
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with the support of Ralph Krimmel during a practical course. The framework for the 

graph visualization was updated to a new major version. I changed the methods for 

reading the data to use the OBA service and added new features, e.g. the “line of crumbs” 

as history for the executed commands of the user.  
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4. Discussion 

4.1 Ontologies, the data source 

4.1.1 The Tribolium Ontology TrOn 

The ontology TrOn about the morphological structures of Tribolium castaneum is the 

first anatomical ontology about this emerging model organism. This adds another 

valuable resource to the collection of biomedical ontologies. However, in the opinion of 

the OBO Foundry community it is important that the need of a new resource is 

considered its creation, in particular it should be avoided that new ontologies cover the 

same knowledge domain as an existing one. No anatomical ontology exists for Tribolium 

prior to TrOn, but two ontologies should be considered to be used for the iBeetle project: 

the Coleoptera Anatomy Ontology (CalAO) (Nico Franz and Aaron Smith, personal 

communication) and the Fly ontology DAO. The beetle ontology aims to be valid for the 

species rich taxon of the Coleoptera. Huge efforts have to be done to define ontology 

classes that are true for all beetles. Therefore, the progress of the ontology was not far 

enough to be used in the iBeetle project and still the ontology is not publicly available. 

Also with the complete Coleoptera ontology Tribolium specific entities would have been 

missing and still would have to be added to a species-specific resource. The second 

option could have been to use the fly ontology for the annotation in the iBeetle screen 

and only add some Tribolium specific entities. Many projects and tools already rely on 

the DAO, a reuse of this ontology could for example facilitate a cross species search for 

phenotypes. However, Drosophila and Tribolium are different species and even 

homologous structures are quite different like the fore- and hindwings, which makes 

the existing definitions of the fly useless for the beetle. Importantly, using the same 

ontology for both species would contradict the convention that an ontology class 

represents an entity of a specific knowledge domain. 

 The option chosen for TrOn was to create a new ontology for Tribolium, based on the 

Common Anatomical Reference Ontology (CARO) (Haendel et al., 2008) and later on 

crosslink common entities with other ontologies like DAO or ColAO. CARO defines 

anatomical concepts like “multicellular tissue”, “anatomical line” or “epithelium” and 

should be reused in anatomical ontologies. For the corresponding entities in TrOn, 



 

Discussion 

 

55 
 

ontology classes with the same label and position in the hierarchy were created. The 

respective description was copied and linked to the related class in CARO to prove the 

origin and to cross link TrOn and CARO. An alternative way could be to import the CARO 

ontology into TrOn and to replace the basic TrOn ontology classes with their CARO 

equivalents. Below of the generic CARO classes, the Tribolium specific classes would 

then be child classes of the ones from the CARO ontology. This approach would have the 

advantage that the universal CARO ontology would be embedded in the Tribolium 

ontology instead of a crosslinking in the definitions. The entity “multicellular_tissue” 

would then be represented by a single ontology class instead of two interlinked classes 

in two namespaces. Both approaches are valid and commonly used. In order to 

strengthen the interconnection, ontology classes of different ontologies can be 

annotated with sameAs instead of adding a reference link in the description of the class. 

While this concept does not add additional information, it would enhance the option to 

automatically parse information. 

However, the aim should be to achieve a maximum of crosslinking between TrOn and 

other ontologies. In TrOn the biological concepts (e.g. leg or coxa) are independent from 

dissectible and species-specific entities. These abstract classes are predestinated for 

linking to other species, while the child classes are Tribolium specifc (e.g. adult_leg or 

pupa_coxa). Unfortunately, the Drosophila ontology does not have a similar architecture. 

Most entities that are equivalent to the abstract classes in TrOn are part of the adult 

organism in DAO, but dissectible structures from two different species are not the same, 

only their biological concept. Non species-specific ontologies will be better candidates 

as they focus on abstract concepts, more equal to the abstract classes of TrOn. 

 

Future extension of TrOn 

TrOn was initiated for the iBeetle screen. Therefore the morphological structures 

covered by TrOn are limited to those that were in the focus of the screen. In order to 

fulfill the objective to be a common and central resource for the morphology of 

Tribolium, the ontology has to be extended with further structures. TrOn was already 

recognized in other projects as useful resource (Ramírez and Michalik, 2014; Tarasov 

and Génier, 2015). With an extension of the ontology’s content it could be expected that 

more projects will use TrOn to annotate their data. The improved content would 
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facilitate TrOn to become the authoritative resource for the morphology of Tribolium 

and could prevent the community from conflicting definitions of terms as exposed by 

Yoder et al. for the paramere (Yoder et al., 2010). Currently, the Virtual Fly Brain project 

aims to define names and structures of the nervous system for all insects. Drosophila is 

the best-studied insect and therefore is the basis of the project (Ito et al., 2014). A 

consistent and thorough structure for all components of the nerve system would be a 

significant assistance for the research in Tribolium. The approach to create one resource 

for all insects will assist cross species research and data processing. However, Tribolium 

specific structures, names or synonyms should be considered, too. An ontology, 

particulary TrOn, is well suited to integrate the results of the Virtual Fly Brain in the 

Tribolium research and preserve the beetle specific parts. Common structures can be 

copied or imported into TrOn. Tribolium specific structures can be added by extending 

the common hierarchy, established names can be added as synonyms. The muscle 

system is another field to be solved for Tribolium. Currently, the majority of muscles in 

Tribolium are not defined and named yet. A central resource would support a consistent 

naming. 

 

4.1.2 The Cytomer ontology 

The importance of an ontology for the human anatomy ranges from interested layman 

over the clinical field to biomedical research. More than any other organism the human 

body is of interest of laymen, whether based on curiosity or to gain better knowledge 

about medical topics. Cytomer provides, in addition to the medical term, name, 

synonyms and description in English and German. The variety of relations entraps the 

user to explore the ontology with different questions in mind. In the clinical field 

Cytomer can be embedded into services and applications to bridge the different 

abstraction layers of anatomy and to profit from the information encoded in the 

semantic of the ontology. Examples for this are EndoNet, which queries related 

anatomical structures from the ontology, or a more complex function of the OBA service 

like “getOrgans”. 

With the Foundational Model of Anatomy (FMA) (Rosse and Mejino, 2007) another 

ontology about the human anatomy was created. In principle, both ontologies have the 

same aim but are following different strategies and, hence, have different strengths and 
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weaknesses. On the first sight, the number of classes are eight times higher than the 

number of Cytomer. However, this can be explained by different annotation policies. 

Symmetric structures are modeled twice in FMA. Also parts of single structures are 

modeled individually like each belly and head of muscles. With respect to absolute 

numbers of relationships, FMA has nearly twice as many relations as Cytomer. But again 

the symmetric structures and part of structures were included twice, such that Cytomer 

actually has the higher information content in the relations of the ontology. The double 

amount of relation types in Cytomer also confirms this. Finally, the architecture 

followed different principles. While Cytomer uses multiple inheritance to model the 

different nature of anatomical structures (e.g. the biceps has muscle of arm, abductor, 

two headed muscle as parent), in FMA each ontology class has only a single parent class 

while the other classes are linked using relations. This approach prefers arbitrarily a 

single parent class. This hinders the semantic processing. Finally, although FMA also 

started to include embryonic structures, they are not as comprehensive as the modeling 

of the embryonic development in Cytomer. The extensive use of relation types and 

relations and the modeling of the embryonic structures make Cytomer an important 

option as an ontology for the human anatomy. 

In 2003, the BRENDA Tissue Ontology (BTO) was launched (Gremse et al., 2011). 

With currently around 5,700 ontology classes, the ontology seems to be quite large, but 

it covers animals, plants and fungi as well as cell lines. Also aberrant anatomical 

structures like tumor cells are included. BTO uses the class hierarchy and three 

additional relation types (part_of, develops_from/derives_from and related_to). This is 

much less than in Cytomer and although BTO has the structure of a DAG, the semantics 

of BTO are not so far developed. The ontology class “heart” has a part_of relation to 

“cardiovascular system” which in turn is part of “whole body”, but the “heart” has no 

is_a relation and is therefore assumed to be directly below of the root node. A class for 

“organ” is missing at all. BTO was designed as encyclopedia for the enzyme information 

system BRENDA (Chang et al., 2015). It is useful as stable reference for the location of 

enzyme activities, but not so much as semantic resource. 

 

4.2 OBA service, processing of ontologies 

The OBA service is a useful link between ontologies and applications. While it is possible 
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to implement the algorithms to parse ontologies separately in every application, this 

contradicts two central design patterns “Don’t repeat yourself “ (DRY) (Hunt and 

Thomas, 1999) and the “separation of concerns” (Dijkstra, 1982). The algorithm for 

solving a certain task should be implemented only once. This is achieved by outsourcing 

it to a separate service, which is used by all other applications. The OBA service 

addresses both issues by encapsulation and provides the content of ontologies in a way 

that an application developer is able to use it without detailed knowledge of ontologies. 

Many applications only need a limited subset of the possibilities of ontologies but have 

the focus on other topics. OBA facilitates to implement aspects of ontology functionality 

without requiring the application developer to get familiar with the advanced internals 

of ontologies. There are already libraries, like the OWL-API, that provide functions to 

parse ontology files in different formats. However, in these libraries the complexity of 

the semantic of ontologies or the non-intuitive naming is not hidden from the 

application developer. Hence, detailed knowledge of ontologies and the annotation 

policy of specific ontologies are required to use them. OBA is an important tool to 

enable non-specialists to include ontologies in their projects.  

The OBA service has already been implemented in several projects to solve different 

tasks. In the two web interfaces iBeetle-Base and EndoNet, OBA is utilized to improve 

the search function. For a search term on an abstract level, more concrete terms are 

fetched from the ontology to expand the search results with related hits.  

To achieve ontology specific tasks, like to determine the developmental stage of an 

anatomical structure, the generic semantic functions of OBA could be easily extended by 

project-specific plugins. The plugin for iBeetle-Base implements how the link of a 

morphological structure to a developmental stage is annotated in TrOn. This allows 

combining a queried morphological structure with a developmental stage. The EndoNet 

plugin limits the up- and downstream search to a few predefined relation types of 

Cytomer and the anatomical structures available in EndoNet. In case of the classification 

of transcription factors (TFClass), OBA is not only used for the search function but also 

to retrieve the required information to expand or collapse the hierarchy to a level 

requested by the user. 

 

Another example for implementation of OBA is OntoScope. This graphical viewer for 

ontologies represents an ontology as graph instead of the more common tree like 
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structure. The use of OBA in this project differs from that in the web interfaces. The 

search function is used to get an initial ontology class. Starting with this class interactive 

browsing along arbitrary relations is enabled. The required function of the OBA service 

is the transparent lazy loading of entities over the network from the server. Besides 

mapping ontologies to a graph structure, OntoScope uses ontology-specific functions 

from the OBA server to add information to the graph, e.g. by coloring the nodes. The 

OBA plugin for the Tribolium Ontology implements the knowledge about which 

relations it has to follow to determine the respective developmental stage of a given 

concrete class as well as the algorithm to assign the ontology classes to one of the three 

sets of concrete, abstract und mixed classes. This information is used to colorize the 

nodes and their borders. For the human anatomical ontology Cytomer, the nodes are 

colored representing the physiological system the represented structure is assigned to. 

OntoScope in its interplay with the OBA service is a prime example to provide the 

user with information from the semantics encoded in the ontology instead of just 

displaying information from the currently selected ontology class. The graphical and 

intuitive browsing along the edges (i.e. relations of the ontology classes) invites the user 

to explore the content of ontologies, independent of his or her previous knowledge. 

 

4.3 Biological applications enhanced by ontologies 

In the iBeetle project a significant gap exists between the level of abstraction used for 

the annotation of morphological structures or for the search for them. Following good 

scientific procedure, phenotypes are annotated as precisely as possible. If only a part of 

the mouthparts are affected, only this part is annotated as affected structure. If further 

structures are involved (e.g. the labrum as well as the antenna), they are noted in 

separate annotation statements. Only if the head as a whole is affected, the term “head” 

will be found as annotation in the data. A typical search, in contrast, is on a more 

abstract level (e.g. “head” instead of its substructure “labrum”). A researcher may start a 

search with a general morphological term like head. Based on the ontology, the results 

will contain annotations for the “head” as well as for all its substructures like “labrum”. 

Without the usage of an ontology, dozens of terms for all parts would have to be 

combined. This is a laborious and error-prone approach. An alternative would be to add 

keywords for the search to each dataset manually. Such an approach is time consuming 
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and potentially biased. 

Another useful option to be implemented in iBeetle-Base in the future would be to 

add an ontology that represents the nature of the phenotype. Several terms used for 

annotation (e.g. “shorter”, “shortened” or “wider”) describe an alteration of the size of a 

shape. Again, the level of detail of annotation and the search pattern will be different. 

For a search all phenotypes may be of interest where the size of a morphological 

structure is affected independently of the amount or an in- or decrease. With the PATO 

ontology (Phenotype and Trait Ontology) the required ontology already exists. To 

improve iBeetle-Base with another ontology, an ontology about phenotypes has to be 

chosen or created and the annotations of the iBeetle screen have to be mapped to the 

selected ontology. For the search function an integration of the ontology with the 

support of the OBA service would be feasible. 
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