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ontologies, are one of the tools frequently used for this purpose. Indeed, they are indispensable for
Available online 21 January 2019 s a y purp y p

understanding the semantic knowledge about the operation of cells at a molecular level. We describe

Keywords: here the biomolecular network ontology (BNO) created specially to address the needs of analysing the
Systems biology complex biomolecular network’s behaviour. A biomolecular network consists of nodes, denoting cellular
Complex biomolecular networks entities, and edges, representing interactions among cellular components. The BNO ontology provides
Transittability a foundation for qualitative simulation of complex biomolecular networks. We test the performance of
Ontology engineering the proposed BNO ontology by using a real example of a biomolecular network, the bacteriophage T4

Qualitative reasoning gene 32. We illustrate the proposed BNO ontology for reasoning and inferring new knowledge with sets

SWRL rules of rules expressed in SWRL. Results demonstrate that the BNO ontology allows to precisely interpret
the corresponding semantic context and intelligently model biomolecular networks and their state
changes. The Biomolecular Network Ontology (BNO) is freely available at https://github.com/AliAyadi/
BNO-ontology-version- 1.0.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction cell can adapt itself to changes in its environment. This issue has

already been addressed in the work of Wu et al. [1], where they

1.1. Motivation introduce and define the transittability of biomolecular networks

as their steering from an undesired state to a desired state.
To understand how the human body works it is crucial to focus Moreover, intense research in molecular biology has led to
on the behaviour of the cells and how cells correctly respond to major discoveries in cellular components, producing an important
their environments. Indeed, cells are exposed to several environ- volume of knowledge about these components. It would, therefore,

mental stimuli. These detectable changes in the cell’s environment be helpful to exploit this knowledge to increase the understand-
can be internal, such as the increased concentration of intracellular ing of the behaviour of complex biomolecular networks. In fact,
components, or external effects, such as the ones of taking medi- g ologies with their clearly-defined and well-structured descrip-

cation. In general, cell adaptation to these stimuli refers to changes tions are important tools for the effective application of ‘omic’
in the state of the cell molecular components. These molecular information through computational approaches [2].

components interact together creating a complex biomolecular
network that consists of a set of nodes, denoting the molecular
components and a set of edges, denoting the interactions among
these cellular components. These networks are considered as sys-
tems that dynamically evolve from a state to another so that the

1.2. Complex biomolecular networks

The cell is a complex system consisting of thousands of diverse
molecular entities (genes, proteins, and metabolites) which inter-
act with each other physically, functionally and logically creating
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level contains the complete set of small-molecule chemicals [4].
Depending on the type of their cellular components and their
interactions, we can distinguish the three basic types of net-
works (Fig. 1): the Gene Regulatory networks (GRNs), the Protein-
Protein-Interaction networks (PPINs) and the Metabolic networks
(MNs), that were logically and semantically formalized in our
previous works [5].

1.3. Research objectives

This paper details and describes the Biomolecular Network
Ontology (BNO) which is freely available at https://github.com/
AliAyadi/BNO-ontology-version-1.0 and can be viewed using the
standard ontology visualization editor Protégé. The BNO aims at
giving a formal and semantic representation that models all the
necessary biological knowledge to study and reason on complex
biomolecular networks.

This semantic representation wishes to meet the following
goals: (1) Determine the structure of a biomolecular network by
identifying the specific functions of all molecules and the different
nature of the interactions they provide; (2) Disturb the network
with stimuli by changing the concentration of an element and
observe its response; (3) Reason and infer new knowledge;

Moreover, through the application of the BNO ontology, we will
understand how a cell works through the semantic interpretation
of knowledge involved in the network’s behaviour, and identify the
different states of the biomolecular network over time and through
the simulation of its behaviour.

The remainder of the paper will: (i) briefly summarize the
literature review work in two areas, (1) ontology engineering and
(2) the application of ontologies in biology, especially, in systems
biology; (ii) describe in detail the main components of the BNO
ontology on which the transittability of complex biomolecular
networks are meant to be contextualized; (iii) present the appli-
cability of the proposed ontology through a concrete case study
related to the biological domain; (iv) discuss the validation and
quality of the BNO ontology using diverse validation approaches;
and (v) finally conclude the paper by deriving the benefits and
limitations of the BNO ontology in the context of modelling the
behaviour of complex biomolecular networks, and perspectives of
future work.

2. Literature review

This section introduces the different types of ontologies and
lists the different languages that have been used for representing
them. In addition, this section reviews the principal bio-ontologies
and their applications in systems biology.

2.1. Ontology engineering

Semantic technologies, especially ontology engineering, pro-
vides formal description with a semantically rich knowledge base
for the description and interpretation of the terms in a domain and
the relationships among them [6]. According to M. Uschold and
M. Gruninger [7], an ontology is an explicit, formal specification
of a shared conceptualization of a domain of interest. It provides
potential terms for describing our knowledge about the domain.

Various classifications of ontologies have been presented in the
literature [8-11]. As specified by G. Falquet, et al. [ 11], ontologies
can be subdivided into several levels: (i) Top-level ontology also
known as Foundation ontology or upper ontology, which repre-
sents very general concepts that are common across all domains;
(ii) Core reference ontology which is a basic ontology that is use-
able and shareable by a community of interest. (iii) Domain ontol-
ogy which describes fundamental concepts according to a generic

domain by specializing the concepts of an upper ontology; (iv) Task
ontology, one that describes fundamental concepts according to
a generic task, process or activity; and (v) Application ontology
which defines specialized knowledge focused on a specific task and
domain.

Moreover, the Ontology Web Language (OWL) [9] has become
a standard language of the World Wide Web Consortium (W3C)'
recommendation to describe and build ontologies. OWL ontology
contains three basic modelling constituents: concepts, properties,
and instances. Concepts are used to identify the most important
objects in the model description, they are modelled by classes
which provide an abstraction mechanism for grouping concepts (or
objects) with similar characteristics. Instances define individuals
that are the members of a class. Finally, properties are used to
define the relationships among the concepts. OWL defines two
properties: object properties which define relationships among
couples of individuals, and datatype properties which define the
relations between individuals and a data type value [6]. In addition,
under OWL language we can query the content of an ontology using
the SPARQL query language and reason about these classes and
individuals through Semantic Web Rule Language (SWRL).

It is important to be clear about why an ontology is being
developed and what its intended uses are. Ontology engineering
proposes various methodologies for the process of developing
an ontology. We briefly cite some methods: the TOVE (TOronto
Virtual Enterprise) methodology proposed by and M. Griininger
and M. S. Fox [12] within the domain of business processes and
activities modelling. The TOVE methodology involves building a
logical model of the knowledge that is to be specified by means of
the ontology. This model consists of two steps: firstly, an informal
description is made of the specifications to be met by the ontology
and then this description is formalized; The SENSUS methodol-
ogy [13] assumes that the knowledge between two ontologies can
be easily shared if they have a common structure which means
if they are based on the common SENSUS ontology that contains
more than 70000 concepts; The DILIGENT methodology [14] is
a methodology for Distributed, Loosely-controlled and evolvIinG
Engineering of oNTologies. This methodology contributes in the
development of shared ontologies in distributed settings like the
Semantic Web; The Bernaras methodology [ 15] has been proposed
to build an ontology in the domain of electrical networks as part
of the Esprit KACTUS project. The construction of ontologies fol-
lowing this methodology is based on the construction of particu-
lar applications; The iCAPTURer methodology [16] makes use of
text-mining approaches to identify the important concepts and
to suggest candidate ontological relationships between them. This
methodology has received little influence from knowledge engi-
neering; The GM methodology [17] focuses on knowledge acqui-
sition when developing ontologies within decentralized settings.
This methodology has been widely used in biomedical domain re-
ceived little influence from knowledge engineering; The METHON-
TOLOGY methodology [18] which is the most mature. However,
recommendations for some activities and techniques should be
specified in more detail. Additionally, it is recommended by the
Foundation for Intelligent PhysicalAgents (FIPA).2 Also, ontology
engineering requires some editing tools for ontology construction,
such as the Protégé editor [19], OntoEdit [20], SWOOP [21], Altova
Semantic Works [22], and OilEd [23].

2.2. Biology-related ontologies

Over the last decades, new technologies have emerged and rev-
olutionized biological research (such as spectrometer techniques,

1 https://[www.w3.org/.
2 http://www.fipa.org.
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Fig. 1. Multi-level modelling of a biomolecular network from a real cell [5].

etc.) producing an accumulation of data and knowledge about
molecular mechanisms in cells. All these data were stored in het-
erogeneous and various sources of data. In this way, diverse data
sources have been developed to allow researchers to share and
reuse data in the life sciences [24]. However, the diversity of these
data sources induce the propagation of misinformation. These data
integration problems open the way to semantic web technologies,
especially ontologies which may be used as a unifying framework
to solve these problems. In particular, ontologies are used in a
wide range of systems biology. Moreover, with the creation of
the National Center for Biomedical Ontology (NCBO) in 2006 [25-
27], an incredible amount of ontologies emerged in the Open
Biological and Biomedical Ontologies (OBO) Foundry® providing a
large variety of bio-ontologies [28]. By the exploration of these bio-
ontologies via browsers such the Ontology Lookup Service* and
the BioPortal,” it is remarked that these ontologies treat different
parts of systems biology, such as cell types [29,30], molecular
functions [31], experimental data analysis [32], identification and
annotation of genes [33,34], etc.

Among these bio-ontologies, we can count the popular Gene
Ontology (GO) [31] which aims to formalize knowledge about bi-
ological processes, molecular functions, and cell components. The
Gene Regulation Ontology (GRO) [35] which is designed to describe
the processes that are linked to the regulation of gene expression.
The Cell Ontology (CO) [36] which provides a rich vocabulary
for cell types. The Protein Ontology (PO) [37] which provides an
ontological representation of protein-related entities by explicitly
defining them and showing the relationships between them. The
Systems Biology Ontology (SBO) [38] which is a set of controlled
vocabularies of terms commonly used in Systems Biology, and in
particular in computational modelling.

As presented in Table 1 these bio-ontologies differ in the type of
knowledge they describe, their intended purpose and their level of
abstraction. Although there are several promising bio-ontologies
in the systems biology domain, until now and to the best of our
knowledge, there is no ontology for modelling the behaviour of
complex biomolecular networks. In fact, very few research efforts
use ontologies for defining the possible biological functions, like
signal transducer activity in the case of the Gene Ontology (GO), or
the Gene Regulation Ontology (GRO) which describes and focuses
on the regulation of gene expression.

As was discussed, current ontologies for systems biology do-
main do not focus on the description of the biomolecular network’s
transittability. In fact, there is a lack of standard representation of
entities which take part in the analysis the behaviour of complex
biomolecular networks and of the relations among them. As will

3 http://www.obofoundry.org/.
4 http://www.ebi.ac.uk/ols/index.
5 http://bioportal.bioontology.org/.

be shown in the following sections, these entities are complex and
have several relations among them. So, developing an ontology
to formally define this concrete domain is more than evident.
Therefore, in this paper, a new ontology entitled 'the Biomolecular
Network Ontology’ (BNO) for the representation of this domain is
proposed.

Moreover, to increase the interoperability of our proposed BNO
ontology and enrich the structural description of biomolecular
networks by contextual knowledge concerning their state transi-
tions, the events that can steer these transitions but also their en-
tire temporal context linked to this information, we matched and
merged it with some other ontologies, such as the Gene Ontology
(GO) [31,39], the Simple Event Model Ontology (SEMO) [40], and
the Time Ontology (TO) [41].

3. Description of the biomolecular network ontology

In this section, we describe our ontology for understanding the
behaviour of complex biomolecular networks and their transit-
tability. The Biomolecular Network Ontology has been developed
following the METHONTOLOGY which better fits our purposes.

3.1. Coding

Fig. 2 presents the diagram of the structure and the architecture
of the BNO ontology. As described in Fig. 3, we have developed this
ontology using the OWL-language [43] using the Protégé editor,
version 5.2.0. ProtégéS is a free, open-source ontology editor and
framework for building intelligent systems [44]. Concepts, rela-
tions, and attributes were modelled as classes, object properties and
data properties, respectively. Axioms were represented in Protégé
using diverse OWL restrictions (existential restrictions, universal
restrictions, cardinality restrictions, hasValue restrictions), charac-
teristics of object property, and datatype restrictions.

3.2. The key classes

We define five main classes namely BNO:Biomolecular_
Network, BNO:Node, BNO:Interaction, NodeState and BNO:Type_
Interaction. The BNO:Biomolecular_Network class has been fur-
ther divided into the three types of networks: the BNO:Genomic_
Network, BNO:Proteomic_Network and BNO:Metabolomic_
Network (as detailed in Section 1.2). The instances of these classes
will be defined later, among these instances we will focus on
the BacteriophageT4G32 instance in Section 4. The BNO:Node class
is the super-class of the three types of nodes: the BNO:Gene
which is itself divided into two types the BNO:DNA and BNO:RNA,
the BNO:Protein and the BNO:Metabolite. The Interaction class

6 http://protege.stanford.edu/.
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Table 1
Description of some main population biological ontologies.
Biological ontology name Content Ref. Link
Gene Ontology (GO) Biological process [31] http://[www.geneontology.org/
Gene Regulation Ontology (GRO) Gene regulation events [35] http://purl.bioontology.org/ontology/GRO
Cell Ontology (CO) Cellular types [36] http://obofoundry.org/ontology/cl.html
Protein Ontology (PO) Protein entities [37] http://pir.georgetown.edu/pro/
Systems Biology Ontology (SBO) Biology systems nomenclature [38] http://www.ebi.ac.uk/sbo/main/
Cell Behaviour Ontology (CBO) Cellular behaviour [42] http://cbo.biocomplexity.indiana.edu/cbo/
Simple Event Model Ontology (SEMO) Modelling events [40] http://semanticweb.cs.vu.nl/2009/11/sem/
Time Ontology (TO) Temporal concepts [41] http://www.w3.0rg/TR/owl-time
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Fig. 2. A diagram of the structure of the proposed Biomolecular Network Ontology (BNO) [5].
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Fig. 3. The Biomolecular Network Ontology: hierarchy of classes, hierarchy of properties and hierarchy of data properties.

contains a list of all the interactions among the different types modelling, the structure of the biomolecular network denoted by SR
of nodes as its subclasses. The NodeState class consists of two is a graph defined by SR = (M, I) (corresponding to the BNO : Node
subclasses ActivationState and ConcentrationState. Finally, the 374 BNO : Interaction classes, respectively).
BNO:Type_Interaction class contain a list of all the types of inter-

actions, the instances of this class belong to the set of concepts of e M denotes all the molecules composing the network and
the Interaction Ontology proposed by Van Landeghem et al. [45]. represents the nodes of the graph defined by a finite set of
Fig. 3 and Table 2 show the most important BNO classes. It is vertices M = {mj, m,, ..., m,}. We distinguish a tripartite

worth noting that these BNO classes have been developed based on
a logical-based modelling of complex biomolecular networks with
the goal of understanding their transittability [46]. In this logical - M the set of genes,

partition of M:
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- Mp the set of proteins,
- My, the set of metabolites.

M = Mc UM, U My
My N M, = @ where:x,y € {G, P, M} and x # y.

e [ denotes the set of interactions between the network’s
molecules. It describes the edges of the graph SR defined by
a finite set of edges I = {i, iz, ..., im}. An edge i = (m;, m;),
(where m;, m; € M) which start from m; (origin) and comes
to m; (destination) is also noted m; — m;. The partition of the
graph nodes induces a partition into a range of different types
of interactions:

- three interactions between molecular components of
the same type (intraomic interactions): the interactions
between genes denoted by Igc which models the type
of regulation between genes (activation or inhibition),
Ipp which represents the stable or transitional associ-
ations between proteins and Iy modelling the inter-
actions between metabolites (type of chemical reaction
between reactants and products).

- four interactions (among the 6 possibilities) between
the nodes belonging to different networks (interomic
interactions): Igp which represents the genes and pro-
teins regulation and the interaction between them, Ipg
which models the proteins impacts on genes through
the transcription factor, Ipy represents the enzymes oc-
curring in the chemical reactions of metabolites (catal-
ysis or hydrolysis), Iy;p models the metabolites impacts
on proteins.

- two interactions Igy and I are not taken into account
because there is no direct interaction between the genes
and metabolites and vice versa.

I'=1Igc Ulpp Ulym Ulgp Ulpy U lyp U Ipg
I, NI, = ¥ where: x,y € {GG, PP, MM, GP, PM, MP, PG} and
X #£y.

Therefore, according to this logical definition of the structure
of a biomolecular network, the order of letters matters when
specifying protein-gene relationships. For example, as presented
in Table 2, the Igp class denotes an interaction which starts from a
gene (origin) and comes to a protein (destination). It occurs when
a gene is activated, it produces a protein. However, the Ip; class
denotes an interaction which starts from a protein (origin) and
comes to a gene (destination). It occurs when certain proteins
impacts on genes through the transcription factor.

Moreover, in our context, the I class denotes the interactions
between genes that can be an activation or an inhibition interaction
between two genes. In relation to cis and trans interactions, this
depends on the starting and the target nodes of the interaction:

e If the starting node is a transcription factor (TF) and is able
to regulate other genes (the starting node is different than
the target node): Here, the I¢; interaction is considered as
a trans-interaction in general, means “acting from a differ-
ent molecule”. In our works (cited above), we called them
by “interomic” interactions. An example of trans-interaction
factors include the genes for Proteins that bind to all promot-
ers of specific sequences, but not to RNA polymerase (TFIID
factors) [47].

e If the starting node is a transcription factor (TF) and is able
to regulate itself (when the starting node and the target node
is the same node): Here, the I5¢ interaction is considered as
a cis-interaction in general, means “acting from the same
molecule”. In our works (cited above), we called them by
“intraomic” interactions. For example, where a non-TF gene
can regulate itself: Feedbacks in cell signalling which happen
via activity modulation by protein phosphorylation [48].

Therefore, the I¢; class interaction can cover both cis- and trans-
interactions according to the required level of detail and the differ-
ent modes of gene activity regulation. This type of interaction has
been added by expert biologists who estimated that there could be
interactions between different level of interaction between genes.

3.3. The main properties and data types

After the definition of the major BNO concepts and in order to
describe the semantic relations among them, we need to define the
domain, range, property type, and inverse properties as constraint
conditions. The different properties and data types of the BNO
ontology are explained below.

e hasBehaviour(object1, object2): where objectl is a
BiomolecularNetwork and object2 is a Behaviour.

e hasiInteraction(object1, object2):where  object1 is a
BiomolecularNetwork and object2 is an Interaction.

e hasNode(object 1, object2): where object1 is a
BiomolecularNetwork and object2 is a Node.

e hasSource(object 1, object2): where object1 is an Interaction
and object2 is a Node.

o hasEnd(object1, object2): where object1 is an Interaction and
object2 is a Node.

e hasState(object 1, object2): where object1 is a Node and ob-
ject2 is a NodeState.

e hasTypelnteraction(object1, object2): where object is an
Interaction and object2 is a Typelnteraction.

o deltaC(object, datatypes): where object is an Interaction and
datatypes is a float representing the change in concentration
caused by the interaction.

e forTime(object, datatypes): where object is a NodeState and
datatypes is a int representing its time.

e hasConcentrationValue(object, datatypes): where object is a
Protein or a Metabolite and datatypes is a float representing
the value of its concentration.

e isActivated(object, datatypes): where object is an Gene and
datatypes is a boolean equal to true if the gene is activated.

e seuil(object, datatypes): where object is the threshold of an
Interaction and datatypes is a float.

Table 3 summarizes of the major properties, including their do-
main, range, and inverse.

3.4. Matching the biomolecular network ontology with existing
biomedical ontologies

To study the behaviour of complex biomolecular networks,
it is not sufficient to simply describe it using the Biomolecular
Network Ontology (BNO). Indeed, It is important to increase the
interoperability of our proposed ontology and enrich the structural
description of biomolecular networks by contextual knowledge
concerning their state transitions, the events that can steer these
transitions but also their entire temporal context linked to this
information.

In order to achieve its objectives, we matched and merged the
BNO ontology with some other ontologies, such as the Gene Ontol-
ogy (GO) [31,39], the Simple Event Model Ontology (SEMO) [40],
and the Time Ontology (TO) [41]. It is also important to mention
that the Biomolecular Network Ontology can be matched with the
Gene Regulation Ontology (GRO) [35]. Indeed, this ontology can be
considered also as a core ontology in which some terms can be
reused for describing biomolecular networks, in particular, when
we are focusing on the gene expression aspects.

Before explaining how these ontologies are matched together,
let us start by introducing each of them.
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Table 2

A summary of classes in the Biomolecular Network ontology. The left column displays the five major classes and their immediate sub-classes. The right column presents the

description of these classes.

BNO ontology classes

Description

BNO:BiomolecularNetwork
BNO:GenomicNetwork
BNO:ProteomicNetwork
BNO:MetabolomicNetwork

BNO:Node
BNO:Gene

BNO:DNA

BNO:RNA
BNO:Protein
BNO:Metabolite

BNO:Interaction

BNO:Intraomiclnteraction
BNO:I_GG
BNO:I_PP
BNO:I_MM
BNO:Interomiclnteraction
BNO:I_GP
BNO:I_PG
BNO:I_PM
BNO:I_MP

BNO:NodeState
BNO:ActivationState
BNO:ConcentrationState

defines the different kinds of complex biomolecular networks.
defines the interactions among genes forming Gene Regulatory networks.

defines the interactions among proteins forming Protein-Protein Interaction networks.

defines the interactions among proteins forming Metabolic networks.
defines the different types of cellular entities.

describes the set of genes M.

describes the set DNA.

describes the set of RNA.

describes the set proteins Mp.

describes the set metabolites My,.

defines all the types of interactions operated among the nodes.

defines the interactions between molecular components of the same type.
defines the interactions between genes.

defines the interactions between proteins.

defines the interactions between metabolites.

defines the interactions between molecular components of the different type.
defines the interactions between genes and proteins.

defines the interactions between proteins and genes.

defines the interactions between proteins and metabolites.

defines the interactions between metabolites and proteins.

defines the possible states of the nodes.

defines the states of the genes.

defines the concentration of the proteins and metabolites.

BNO:InteractionType defines the nature of the interaction among cellular components.
GO code: 00095575
B owl:equivalentClass | Name: cellular_component
| BNO: Node | - 3|G0: cellular_component| Synonyms: subcellular entity,...
3 [ Definition: The part of a
Cell orits ...
Is_a Is_a
. owl:equivalentClass
| BNO: Protein I[ 9 | GO: protein_complex |

Is_a Is_a Is_a GO code: 0009341
Name: beta-galactosidase
GO:Golgi_transport || GO:gamma_tubulin || GO:Beta_galactosidase Synonyms: none

Definition: A protein that
processes...

Fig. 4. Example of merging: The Gene ontology concepts to the Biomolecular Network ontology concepts.

Table 3

A summary of the properties, including their domain, range, and inverse.
BNO ontology properties Domain Range Inverse
hasBehaviour BiomolecularNetwork Behaviour isBehaviourOf
hasInteraction BiomolecularNetwork Interaction isInteractionOf
hasNode BiomolecularNetwork Node isNodeOf
hasSource BiomolecularNetwork Node isSourceOf
hasEnd Interaction Node isEndOf
hasState Interaction State isStateOf
hasTypelnteraction Interaction Typelnteraction isTypelnteractionOf

e The Gene Ontology’ or the Gene Regulation Ontology® are
considered as core ontologies. In fact, as their name suggests,
they are related to the biology field and consist of concepts
recognized by a wide community. In our work, we only use
the Gene Ontology that ensures the description and the clas-
sification of cellular components. It provides a structured ter-
minology for the description of gene functions and processes,
and the relationships between these components [49].

The Gene Ontology consists of three sub-ontologies [31,39],
(1) the molecular functions ontology that covers molecular

7 http://www.geneontology.org.
8 http://purl.bioontology.org/ontology/GRO.

activities of gene products; (2) the cellular components on-
tology that describes parts of cells; and (3) the biological pro-
cesses ontology that depicts pathways and larger processes
made up of the activities of multiple gene products. Within
these three sub-ontologies, we are more interested in the
molecular functions ontology and the cellular components
ontology.

We chose to use the Gene Ontology for the following reasons,
(1) it is an initiative of several genomic databases such as
the Saccharomyces Genome Database (SGD), the Drosophila
genome database (FlyBase), etc. to build a generic ontology
for describing the role of genes and proteins, (2) it is the most
developed and most used in biology (since 2000), and (3)
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it provides annotation files about a large number of cellular
entities.

e The Simple Event Model ontology® proposed by Van Hage
et al. [40] provides the necessary knowledge for the descrip-
tion of events. The ontological architecture of the Simple
Event Model ontology consists of four basic classes, Event that
specifies what is happening. This is related to the following
three classes by the properties hasActor to indicate the par-
ticipants involved, hasPlace to locate the place and hasTime
to specify the time; Actor that indicates the participants of
an event; Place that describes the location where the event
happened; and Time that describes the moment.

These classes are linked by diverse properties, we can cite
eventProperties that is used to connect the class Event with the
other main classes, type that provides the necessary concepts
to specify the type of each class (Event, Actor, Place and Time),
and other sub-properties such as accordingTo, etc.

Indeed, this ontology has been frequently used by many re-
search works to describe the events. This is due to the fact
that this ontology can integrate domain-specific vocabular-
ies [50].

e The time dimension plays a major role in the study of the
transittability of complex biomolecular networks. In fact, the
temporal links are crucial to provide the succession and the
sequence of transitions states that had occurred in each net-
work component. That is why we integrate the Time ontol-
ogy'? developed by Hobbs and Pan [41]. In fact, the classes
defined in this temporal ontology enable a more intuitive use
of the time dimension while making the most of semantic
knowledge. It gives a rich vocabulary to describe the topo-
logical relationships that may exist between time points and
intervals, but also provides information about time.

The main classes of this temporal ontology can be summa-
rized as TemporalEntity which consists of two sub-classes In-
stant and ProperInterval, DurationDescription,
DateTimeDescription, TemporalUnit, etc. Also, it contains sev-
eral proprerties such as hasDurationDescription, intervalStarts,
hasDateTimeDescription, etc.

We chose to use the Time Ontology because of its basic
structure that is not specific to a particular application and
because it is simple to adapt it in our context.

The relations among these ontologies. Concepts in the Biomolecular
Network ontology are linked to the Gene ontology concepts. In
fact, the concepts of the Gene ontology are used to enrich the
definitions of the concepts of the Biomolecular Network ontology
by two relations: an equivalence relation owl:equivalenceClass and
a specification relation owl:subClassOf. Some instances of these
relations are shown in Fig. 4. For example, after inference the
concept BNO:Protein will be specialized by the concept GO:beta-
galactosidase (GO: 0009341) because the BNO:Node concept is
equivalent to the concept GO:cellular_component (GO: 0005575).
Other examples of these links are illustrated in Table 4.

The Biomolecular Network ontology is also linked with the
Simple Event Model ontology through the BNO:Node concept, in
fact, an SEM:event can stimulate a molecular entity (represented
by the concept BNO:Node). The Simple Event Model ontology will
be used to describe the states of BNO:Node and its behaviour.

Moreover, the Time ontology (TO) has been integrated into the
Simple Event Model ontology. The concept SEM:Time was made
equivalent to the concept TO:TemporalEntity which represents the
root of the Time ontology. Hence, the property SEM:hasTime will
connect the Simple Event Model ontology to the Time ontology

9 http://semanticweb.cs.vu.nl/2009/11/sem/.
10 https://www.w3.org/TR/owl-time/.

| SEM: Event I

SE I\N'Rﬂ"l me

| ’ SEM: Time |

A

owl:equivalentClass
Complement of the Simple
Event Model ontology \

TO: TemporalEntity |

|

TO: Instant ‘ | TO: Interval

Complement of the Simple
Time ontology

Fig. 5. Example of merging: The Time ontology within the Simple Event Model
ontology.

and, as a consequence, the diverse types of temporal concepts
will be defined as specializations of the class SEM:Time. Fig. 5
shows a use of this principle. Thus, we can exploit the wealth of
temporal concepts provided by this temporal ontology to describe
the SEM:event class.

Using these relationships these ontologies are linked together
in order to provide the necessary concepts for modelling the
dynamic behaviour and study the transition states of complex
biomolecular networks.

4. Application of BNO

The aim of this section is to illustrate the proposed BNO ontol-
ogy for reasoning and inferring new knowledge with sets of rules
expressed in SWRL [43].

4.1. Example of the bacteriophage T4 gene 32 use case

We test the performance of the proposed BNO ontology by using
a real example of a biomolecular network, the bacteriophage T4
gene 32 [51]. As described in Fig. 6, this biomolecular network
consists of three nodes a gene G32 coding for a protein p32 and
a metabolite m32 which can catalyze the protein p32. In this net-
work, the concentration of p32 is regulated by itself and normally
should remain between 0.2 10~% Mol and 0.7 10~% Mol. When the
concentration of p32 exceeds the threshold S;3, = 0.7 1076 Mo,
we talk about an Inhibition in which the protein p32 inhibits the
genetic production of its gene G32 making it deactivated. However,
when the concentration of p32 decreases and becomes lower than
the threshold Sp3; = 0.2 1078 Mol, we talk about an Activation in
which the protein p32 activates the genetic production of its gene
G32 making it activated. When the gene G32 is activated by the
protein p32, we talk about a Genetic production in which we have
a production of p32 by increasing the value of its concentration.
When the concentration of m32 exceeds the threshold S;3, =
0.8 1078 Mol, the metabolite m32 catalyses the p32 by decreasing
the value of its concentration, here we treat a Catalysis.

In our context, the 'Genetic production’ refers to the process
of gene expression which involves two main stages: (i) the tran-
scription: the production of messenger RNA (mRNA) by the en-
zyme RNA polymerase, and the processing of the resulting mRNA
molecule [DNA — RNA]. (ii) The translation: the use of mRNA
to direct protein synthesis, and the subsequent post-translational
processing of the protein molecule [RNA — Protein].


http://semanticweb.cs.vu.nl/2009/11/sem/
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Table 4

Linking of Gene Ontology concepts to the Biomolecular Network ontology.

Type of relationship

Biomolecular Network

Gene Ontology concept name

Ontology concept name

. X . . . , BNO : Node GO : cellular_component
Equivalence: BNO ‘ow! : equivalenceClass’ GO BNO : Protein GO : protein_complex
Subclass: BNO ‘owl : subClassOf" GO BNO : Interaction GO : biological_process

iy = (Activation, <, 0.2)

i, = (Inhibition , 2, 0.7)

i3 = (Genetic Production , Activated)

is = (Catalysis, 2, 0.8)

QO cene
O Protein
O Metaboiite

Fig. 6. Motivating example: the bacteriophage T4 gene 32.

4.2. Instantiation of the BNO ontology for the given example

Fig. 7 presents the instantiation of the BNO ontology for the
given example of the bacteriophage T4 gene 32. The BNO ontology
provides detailed and rigorous semantics to model this biomolec-
ular network. As shown in Fig. 8 we use the Protégé editor to
instantiate the BNO ontology for the bacteriophage T4 gene 32.
Fig. 9 illustrates the nodes instantiations respectively, the gene
G32, protein p32 and metabolite m32. The instantiations of the four
reactions are detailed in Fig. 10.

4.3. SWRL rule-based reasoning

The Semantic Web Rule Language (SWRL) is a proposed lan-
guage for the Semantic Web that can be used to express rules as
well as logic, combining OWL DL or OWL Lite with a subset of the
Rule Markup Language [9]. SWRL can be used to write rules to
reason about OWL individuals and to infer new knowledge about
those individuals. SWRL includes a high-level abstract syntax for
Horn-like rules, and follows this syntax: antecedent — consequent.
This form means that the consequent must be true when the
antecedent is satisfied. In the SWRL rules, the symbol A means
conjunction, ?x is a variable, — means implication. A symbol
without the leading '?’ denotes the name of an instance (an indi-
vidual) in the ontology. These SWRL rules can provide additional
expressiveness to OWL-based ontologies.

As presented in Fig. 11, Protégé provides the SWRLTab as a
development environment for working with SWRL rules and cre-
ating SQWRL queries. In it, we can edit and execute SWRL rules for
querying the BNO ontology in order to infer new knowledge. That
way, a query in the BNO ontology with SWRL rules can be used to
detect, for example, the transition states of each molecular compo-
nents over the simulation time, to identify exactly the molecular
components involved in a particular interaction, etc.

These results can be used by software applications through APIs,
such as Jena Semantic Web Toolkit [52] and Apache Jena [53].

4.3.1. Inhibition SWRL rule
The following rule models the inhibition reaction. When the
concentration of the protein p32 exceeds the threshold 0.7, it

inhibits the genetic production of its gene G32.

Inhibition SWRL-rule

ADN(?g) A hasState(?g, ?gs1) A forTime(?gs1, ?t) A has-

State(?g, ?gs2) A forTime(?gs2, ?t2) A swrlb:add(?t2, ?t, 1)

A Protein(?p) A Activation(?activ) A hasSource(?activ, ?p) A

hasEnd(?activ, ?g) A hasState(?p, ?ps) A forTime(?ps, ?t) A has-

ConcentrationValue(?ps, ?c) A swrlb:greaterThanOrEqual(?c, 0.7)
— isActivated(?gs2, false)

As depicted in Fig. 12, the results of this rule mean that, If there
is a gene g having a state gs equal to false at a given time t and there is
a protein p having a state ps1 and a concentration c at this time t, and
these two molecules g and p are related by an Activation interaction,
and if the concentration of p is under a threshold equal to 0.2, then the
state of g move to true at time t + 1.

4.3.2. Activation SWRL-rule

In contrast to the first rule, this rule models the activation
reaction. When the concentration of the protein p32 becomes less
than the threshold 0.2, it activates the genetic production of the
Gene G32.

Activation SWRL-rule

ADN(?g) A hasState(?g, ?gs1) A forTime(?gs1, ?t) A has-
State(?g, ?gs2) A forTime(?gs2, ?t2) A swrlb:add(?t2, ?t, 1)
A Protein(?p) A Activation(?activ) A hasSource(?activ, ?p) A
hasEnd(?activ, ?g) A hasState(?p, ?ps) A forTime(?ps, ?t) A has-
ConcentrationValue(?ps, ?c) A swrlb:lessThanOrEqual(?c, 0.2) —
isActivated(?gs2, true)

As described in Fig. 13, the results of this rule mean that, If there
is a gene g having a state gs equal to true at a given time t and there is
a protein p having a state ps1 and a concentration c at this time t, and
these two molecules g and p are related by an Inhibition interaction,
and if the concentration of p exceeds a threshold equal to 0.7, then the
state of g move to false at time t + 1.

4.3.3. Genetic production SWRL rule

The following rule represents the genetic production. In fact, if
the gene G32 is activated, this one generates the protein synthesis
and produces an increase in the concentration of this protein p32.
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Biomolecular_Network:Bacteriophage T4 gene 32

Node
has_Interaction
5_mi

2
Protein:P32 ha¢ valu

N

has_Interaction

has\source

.4
Ipgpt 1

has| Type has_Type

o

Type_Interaction:Activation Type_lInteraction:Inhibition Type_Interaction:Genetic Production ~ Type_lInteraction:Catalysis

Fig. 7. An example of instantiation of the Biomolecular Network Ontology: the case of the bacteriophage T4 gene 32. The blue-filled nodes represent the individuals, and
the edges represent the relationships among each couple of individuals.

Instances: BacteriophageT4G32  MEEE QNI ERNIETT

¢ ﬁ Usage: BacteriophageT4G32 DEEE

For: € BiomolecularNetwork Show: V! thisV| different

Found 22 uses of BacteriophageT4G32
v--4 BacteriophageT4G32

- {pBacteriophageT4G32 hasNode m32
# BacteriophageT4G32 hasinteraction GeneticProductionG32p32
& BacteriophageTdG32 hasNode G32
@ BacteriophageTdG32 hasInteraction catalysism32p32
@ BacteriophageTdG32 hasinteraction activationp32G32
@ BacteriophageT4G32 Type hasInteraction only Interaction
& i BacteriophageT4G32
@ BacteriophageT4G32 Type hasNode only Node
@ BacteriophageT4G32 Type BiomolecularNetwork
@ BacteriophageT4G32 hasinteraction inhibitionp32G32
@ BacteriophageT4G32 hasNode p32

[»]

[«

Description: BacteriophageT4G32 [DBEE M Property assertions: BacteriophageT4G32 DBEE
Types Qbject property assertions —:
© BiomolecularNetwork m hasNode m32
© hasInteraction only Interaction M hasInteraction GeneticProductionG32p32
© hasNode only Node m hasNode G32
® hasInteraction catalysism32p32
Same Individual As M hasInteraction activationp32G32
m hasInteraction inhibitionp32G32
Different Individuals M hasNode p32

Fig. 8. A screenshot of the BNO ontology, as seen within the protégé program, displaying all the information associated with the given example.

Genetic production SWRL-rule
ADN(?g) A hasState(?g, ?gs1) A forTime(?gs1, ?t) A isAc-
tivated(?gs1, false) A Protein(?p) A GeneticProduction(?genP) A The result of this rule is interpreted as, If there is a gene g having
hasSource(?genP, ?g) A hasEnd(?genP, ?p) A hasState(?p, ?ps1) a state gs equal to true at a given time t and there is a protein p
A forTime(?ps1, ?t) A hasConcentrationValue(?ps1, ?c1) A has-

State(?p, ?ps2) A forTime(?ps2, ?t2) A swrlb:add(?t2, ?t, 1) —
hasConcentrationValue(?ps2, ?c1) molecules g and p are related by a Genetic production interaction, then

having a state ps1 and a concentration c at this time t, and these two

the concentration of the protein p increases at time t + 1.
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\Annam.ans [Usage |
0' 3
For: @ ADN Show: [V thisV/ different

| 62 | Found 18 uses of G32

@ activationp32G32
@ activationp32G32 hasEnd G32

DBEE !

El | Annotations | Usage |

LB
For: @ Metabc Show: V| thisl¥/ different
Found 8 uses of m32
V-4 BacteriophageT4G32
@ BacteriophageT4G32 hasNode m32|

For: @ Protein Show: [V thislv! different

| p32 | Found 20 uses of p32
V- @ activationp32G32
@ activationp32G32 hasSource p32

V- @ BacteriophageT4G32 @ BacteriophageT4G32 V4@ catalysism32p32
@ BacteriophageT4G32 hasNode G32 @ BacteriophageT4G32 hasNode p32 @ catalysism32p32 hasSource m32
v-@G32 V- @ catalysism32p32 v-@m32
1 ~  4pG32 Type ADN 2 @ catalysism32p32 hasEnd p32 3 @ m32 Type Metabolite
@ G32 hasstate activeState_1_G32 @ ndividual: m32

Fig. 9. A snapshot look at the BNO node instances associated with the given example displaying respectively: (1) the gene G32, (2) the protein p32 and (3) the metabolite
m32.

[(EEE] | Annotations | Usage ‘ | Annotations | Usage ‘ I

.’] | Usage: activation_p32_G32 &
or: @ Activation Show: (V| thislv/ different For: @ Inhibition Show: [V thisv! different
activation_p32_G32 Found 10 uses of activation_p32_G32 Found 10 uses of inhibition_p32_G32
o v ’actlvation_p32 G32 === v QmInbmon _p32_G32
@ activation_p32_G32 hasEnd G32 @ inhibition_p32_G32 seuil 0.7
@ activation_p32_G32 hasSource p32 ~ 4pinhibition_p32_G32 Type Inhibition
@ activation_p32_G32 seuil 0.2f ; @ inhibition_p32_G32 hasSource p32
@ activation_p32_G32 Type Activation ; @ inhibition_p32_G32 hasEnd G32
@ 1ndividual: activation_p32_G32 @ 1ndividual: inhibition p32 G32
Description: activation_p32_G32 [ECE] iption: inhibition_p32_G3 ECE]
Types Object property assertions Types Ohject propery asrions
@ Activation mmhasend G32 @ Inhibition == hasSource p32
® hasSource p32 mm hasend G32
Same Individual As Same Individual As
Data property assertions 1 Data property assertions. 2
Different Individuals i seuil 0.2f Different Individuals m seuil 0.7f
B s | Annotatons | Usage |
0‘ \ Usage: geneticProduction_G32 P32 0‘} 24 Usage: catalysismazpl2 ||
For: . Transcription Show: (V! this v/ different For: @ Catalysis Show: [V thislv] different
Found 10 uses of geneticProduction_G32_P32 catalysis_m32_p32 Found 12 uses of catalysis_m32_p32
= = v Qgenetlcproductl n_G32_P32 — — \é ’catalvsis_mBZ_p32
@ geneticProduction_G32_P32 deltaC 0.1f -~ @catalysis_m32_p32 Type Catalysis
+ 4p geneticProduction_G32_P32 Type GeneticProduc t .catalvs!s_m32_p32 deltaC 0.3f
4@ geneticProduction_G32_P32 hastnd p32 h 0catalys!s_m32 _p32 hasEnd p32
 4p geneticProduction_G32_P32 hasSource G32 ¥ ’catalvs!s__m32_032 has?ource m32
. @ ndividual: geneticProduction_G32_P32 -~ 4pcatalysis_m32_p32 seuil 0.8
@ individual: catalysis_m32_p32
Description: geneticProduction_G32_P32 [MEBEE § Property assertions: geneticProduction|
Description: catalysis_m32_p32 MEBEE § Property assertions: transcri
Types Object property assertions
@ GeneticProduction == hasSource G32 Types Object property assertions
== hasEnd p32 @ catalysis = hasSource G32
Same Individual As == hasknd p32
Same Individual As
Data property assertions.
Different Individuals mudeltaC 0.1f Data property assertions.
Different Individuals mu deltaC 0.1f

Fig. 10. A snapshot look at the BNO interaction instances associated with the given example displaying respectively: (1) Activation, (2) Inhibition, (3) Genetic production
and (4) Catalysis.

File Edit View Reasoner Tools Refactor Window Help

B Wersion2 (httpi// e 12016/2/ : 2) v|| Search...

Active Ontology | Entities x| Classes x| Object Properties xlnmvmpcms | Individuals by class_x | DL Query x| SWRLTab x|

Name = Comment
[v/ Rule_//_1_Activation_of_a_ge... ADN(?g) * 2 Edit . Alack of the concentration <0.2 of 2 protei...
E Rule /2. Inisiion o 1.ge Agm(zg) A hasStatelig 7] An cesd of the concentrstion 07 of
AT et e e
[V Rule.//5.Catalysis_of a_gene _Metabolite(m) * hasStat}| Comment An exceed of the concentration >0.2 of 3 m.
|1 [Rule /-6 Absence of Catalys... Metabolite(?m) * hasStat Y8  catalysis when th ion of the metabolite s less than 3.2 in the initial time t0
Status
Jok

A 7ms) A hasC i 2c) ~ forTime(Zms, 7t) ~ Protein(?p) ~ Catalysis(?cat) ~
IhasSource(?cat, m)  hasEnd(2cat, 7p) * deltaC(2cat, ?delta) * hasState(?p, ?psT) * forTime(Zpsl, t) ~
lhasConcentrationValue(Zps1, 2c1) * hasState(?p, ?ps2) * forTime(Zps2, 2) * swrlb:add(?t2, %, 1) * swrlblessThan(2c, 0.8) ->
IhasConcentrationValue(?ps2, 2c1)

New | Edit | Clone | Delete

Control | Rules | Asserted Axoms | Inferred Axioms | OWL 2 RL

Using the Drools rule engine.

Press the 'OWL+SWRL->Drools' button to transfer SWRL rules and
Press the 'Run Drools’ button to run the rule engine.
Press the 'Drools->OWL' button to transfer the inferred rule engin|

The SWRLAPI supports an OWL profile called OWL 2 RL and uses
See the 'OWL 2 RL' sub-tab for more information on this reasoner!

| concel ok |

OWL+SWRL->Drools ‘ Run Drools ‘ ‘ Drools->OWL

Ressoner sctive [v] Show Inferences

Fig. 11. The SWRL tab in the Protégé OWL Plugin.
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Property assertions: activeState_4_G32

Object property assertions

mmisStateOf G32

Data property as
mmisActivated true
i forTime "4"~~xsd:int

Negative object property assertions

Negative data property assertions

Property assertions: concentState 4 p32 DEEE

Object property assertions

W sStateOf p32

Data property assertions
== hasConcentrationValue 0.9f
mmforTime "4"~~xsd:int

Negative object property assertions

Negative data property assertions

Property assertions: activeState_5_G32 DEER

Object property assertions

mmisStateOf G32

Data property assertions
i forTime “5"~~xsd:int
mmisActivated false

Negative object property assertions

Negative data property assertions

Fig. 12. Results of the reasoning process for the Inhibition SWRL rule.

Property assertions: activeState_1_G32 MBEE

Jbject property assertions

W isStateOf G32

Data property assettions
mmisActivated false
i forTime "0"~~xsd:int

Negative object property assertions

Negative data property assertions

Property assertions: concentState_1_p32 DEEE

Object property assertions

W isStateOf p32
Data property assertions
i forTime "0"~~xsd:int
== hasConcentrationValue 0.1f

Negative object property assertions

Negative data property assertions

Property assertions: activeState 2_G32 DEEE

Object property assertions

mmisStateOf G32

Data property assertions
mmforTime "1"~~xsd:int
mmisActivated true

Negative object property assertions

Negative data property assertions

Fig. 13. Results of the reasoning process for the Activation SWRL rule.

In the opposite case, we have this rule:

Inverse of Genetic production SWRL-rule.

ADN(?g) A hasState(?g, ?gs1) A forTime(?gs1, ?t) A isAc-
tivated(?gs1, false) A Protein(?p) A GeneticProduction(?genP) A
hasSource(?genP, ?g) A hasEnd(?genP, ?p) A hasState(?p, ?ps1)
A forTime(?ps1, ?t) A hasConcentrationValue(?ps1, ?c1) A has-
State(?p, ?ps2) A forTime(?ps2, ?t2) A swrlb:add(?t2, ?t, 1) —
hasConcentrationValue(?ps2, ?c1)

The result of this rule means: If there is a gene g having a state gs
equal to false at a given time t and there is a protein p having a state
ps1 and a concentration c at this time t, and these two molecules
g and p are related by a Genetic production interaction, then the

concentration of the protein p remains stable at time t + 1.

4.3.4. Catalysis SWRL rule

As well, following the increase of the concentration of the pro-
tein p32, a catalysis reaction resulted to create hormone balance.
This reaction is ensured by the following rule:

Catalysis SWRL-rule

Metabolite(?m) A hasState(?m, ?ms) A hasConcentra-
tionValue(?ms, ?c) A forTime(?ms, ?t) A Protein(?p) A Cataly-
sis(?cat) A hasSource(?cat, ?m) A hasEnd(?cat, ?p) A deltaC(?cat,
?delta) A hasState(?p, ?ps1) A forTime(?ps1, ?t) A hasConcen-
trationValue(?ps1, ?c1) A hasState(?p, ?ps2) A forTime(?ps2, ?t2)
A swrlb:add(?t2, ?t, 1) A swrlb:greaterThanOrEqual(?c, 0.8) N
swrib:subtract(?c2, ?c1, ?delta) — hasConcentrationValue(?ps2,
7c2)

The meaning of this rule is: If there is a metabolite m having a
state ms associated to a concentration value c at a given time t and




12 F.d.B. de Beuvron / Web Semantics: Science, Services and Agents on the World Wide Web 57 (2019) 100495

there is a protein p having a state ps1 and a concentration c1 at this
time t, and these two molecules g and p are related by a Catalysis
interaction, and if the concentration of m exceeds a threshold equal to
0.8, then the concentration of the protein p decreases at time t + 1.

In contrast, when the concentration of the metabolite m32 is
less than 0.8 we applied the following rule:

Inverse of Catalysis SWRL-rule

Metabolite(?m) A hasState(?m, ?ms) A hasConcentra-
tionValue(?ms, ?c) A forTime(?ms, ?t) A Protein(?p) A Cataly-
sis(?cat) A hasSource(?cat, ?m) A hasEnd(?cat, ?p) A deltaC(?cat,
?delta) A hasState(?p, ?ps1) A forTime(?ps1, ?t) A hasConcentra-
tionValue(?ps1, ?c1) A hasState(?p, ?ps2) A forTime(?ps2, ?t2) A
swrlb:add(?t2, ?t, 1) A swrlb:lessThan(?c, 0.8) — hasConcentra-
tionValue(?ps2, ?c1)

Which means: If there is a metabolite m having a state ms as-
sociated to a concentration value c at a given time t and there is a
protein p having a state ps1 and a concentration c1 at this time t, and
these two molecules g and p are related by a Catalysis interaction,
and if the concentration of m is under a threshold equal to 0.8, then
the concentration of the protein p remains stable at time t + 1.

5. Ontology validation

Ontology validation is a very important issue to check the
ontology quality. A large group of ontology validation approaches
exists, among those, data-driven validation, task-based approach,
automated consistency checking, etc. [54]. Table 5 provides an
overview of the best-known ontology validation approaches and
their limits. However, according to the current literature [55], there
is no agreement on a methodology for validation of ontologies.
The choice of a suitable approach depends on the purpose of
validation, the application in which the ontology is to be used,
and on what aspect of the ontology we are trying to validate and
evaluate [56]. For all these reasons, we have chosen to evaluate the
BNO ontology by following different validation approaches. This
choice of hybrid approaches inherits many of the advantages of
each of these approaches. The goal is to evaluate our ontology in
a different manner. Based on the methods presented in Table 5,
we adopted a combination of automated consistency checking,
expert knowledge validation, criteria-based validation, and task-
based validation for evaluating the BNO ontology.

5.1. Automated consistency checking

The verification of the logical axioms is an essential task in
ontology validation. Indeed, this validation ensures that the logical
axioms are consistent. This satisfaction consists in (i) checking
the encoding of the specification, (ii) detecting errors such as
malformed classes, redundant axioms, etc., and (iii) confirming
that the BNO ontology has been built according to certain speci-
fied ontology quality criteria. By definition, consistency checking
ensures that an ontology does not include any contradictory facts.
For definitions to be semantically consistent, they must be able to
obtain consistent conclusions using the meaning of all definitions
and axioms [63,64].

To evaluate the BNO ontology and check the inconsistencies
and violations of its SWRL rules, we used the latest version of the
Description Logic reasoner HermiT reasoning plugin in the Protégé
5 environment!! version 1.3.8.3. HermiT cannot only determine
whether or not the ontology is consistent but also identify sub-
sumption relationships between classes and resolution of the error.

11 http://www.hermit-reasoner.com/.

In terms of the time, HermiT is one of the fastest DL reasoners
in classifying ontologies [65]. Using its HermiT reasoner plugin,
Protégé automatically checked the inferred classes and relations
and for hierarchies, domains, ranges, and conflicting disjoint as-
sertions. Contradictory facts and inconsistent classes are marked
with red. During the development of the BNO ontology, the auto-
mated consistency checking process was iterative. Indeed, the BNO
ontology was developed incrementally by adding new definitions
and modifying old ones. Moreover, the HermiT reasoner was used
to check the correctness of the SWRL rules edited in the SWRLTab
(as shown in Fig. 11). Their consistency was verified by the results
of our experiments as shown in Figs. 12 and 13.

5.2. Expert knowledge validation

Even if we have used best-known validation methods to test
the consistency of an ontology, the intervention of domain experts
is always necessary, especially if a quality level of the ontology is
expected. The validation here focuses on the semantics of the BNO
ontology content and not on its formalization. As a consequence,
we proposed a method based on questions expressed in natural
language and generated from the BNO ontology in order to test and,
if necessary, to correct the content of the ontology using the an-
swers that will be provided by the expert biologists. This questions
and answers method facilitates the task of experts. We obtained
the assistance and expertise of our collaborators from the Complex
Systems and Translational Bioinformatics (CSTB) team 2 who have
evaluated the BNO ontology and concluded that it is in accordance
with their knowledge in the domain (expert knowledge).

The validation process takes place during discussions with the
biology experts, where the experts submit a series of questions
(in natural language) with their answers, that the ontology should
answer correctly. Table 6 contains examples of questions that we
have defined in terms of ontology elements and their translation
into OWL queries. Afterwards, these queries are checked by the
OWL reasoner and results are compared with expected answers as
defined by the experts.

This question answering technique provides a simple means
to verify experts requirements’ satisfiability either by the iden-
tification of the ontology core elements through class assertion
knowledge or entailment through their axioms.

For that reason, the questions focusing on the description of
the assertional and terminological axioms (i.e. class expression
subsumption, instance checking, property hierarchy, etc.) are com-
pleted with questions corresponding with more general
constraints. Among these constraints, we distinguish two kinds of
questions:

o Affirmative constraints: e.g. “If in a biomolecular network all
interactions are of the metabolite interaction type, is this net-
work a Metabolic Network?”. The answer provided by the biol-
ogist experts is ‘YES’, and the reasoner should confirm the cor-
rectness of the following axiom:
“BiomolecularNetwork and (hasInteraction only Metabo-
liteMetaboliteInteraction) and (hasNode only Metabolite)
subclassOf hasInteraction only MetaboliteMetaboliteln-
teraction”.

e Negative constraints: e.g. “The metabolite m32 can belong to a
genetic network”. The answer here is NO. The reasoner should
not confirm the correctness of the axiom
“BiomolecularNetwork and (hasNode(oneOf m32)) Sub-
ClassOf GenomicNetwork”, but it should rather validate the
correctness of it negation: “GenomicNetwork SubClassOf
not(BiomolecularNetwork and(hasNode(oneOf m32)))”.

12 http://icube-cstb.unistra.fr/en/index.php/Home.
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Table 5
A summary of ontology validation approaches.

Validation methods Description

Limitations

Task-based approach

This approach evaluates an ontology by using it in tasks and assessing the
performance. It is an effective approach to assess the capability of an ontology to

This method do not evaluate the structure of an ontology
and ignore deficits in its conceptualization.

achieve its purposes and objectives. It is a good method to evaluate the capacity

an ontology to achieve its objectives [57].
Automated
consistency checking

fuzzyDL, etc.

Gold standard
checking

Criteria-based

validation as clarity, consistency, accuracy, computational efficiency, conciseness,
completeness, correctness, etc. [60].

Data driven This approach compares an ontology with a source of data about the domain

validation that is to be covered by the ontology [61].

Expert knowledge
validation
requirements, etc. [62].

This approach evaluates the consistency of an ontology by using Description
Logic reasoner [58]. Most popular DL reasoners are: Hermit, Pellet, Fact++,

This approach compares an ontology to a gold standard ontology (a benchmark
ontology) and measures their conceptual and lexical similarities [59].

This approach evaluates an ontology by using a set of predefined criteria, such

This approach evaluates an ontology by using expert knowledge who try to
assess how well the ontology meets a set of predefined criteria, standards,

This method checks the internal consistency of an
ontology (the content does not contain contradictory
information) and ignore its background knowledge.

There may be errors in the methods of comparisons and a
lack of ontology in the domain of study.

Some criteria lack quantitative measures and are
frequently rely on expert judgement.
This approach cannot evaluate the correctness and the

clarity of an ontology.

This approach lack quantitative measures.

Moreover, we study the correlation between the number of
questions generated (in terms of the number of ontological ele-
ments to be evaluated) and the size of the BNO ontology. Table 7
presents the number of questions generated according to the size
of the ontologies in terms of concepts, relations, and individuals.
The number of questions highlights the role and the intervention
of the expert biologists and their knowledge to reduce the potential
errors linked to the semantics of the content of the ontology.

The notion of validity in this method depends on the domain
expert answering the generated Boolean questions. By broadening
the range of questions where the ontology answers are in agree-
ment with the experts’ expectations, our confidence in the ade-
quacy between the ontology and the domain semantics increases.
Nevertheless, there can be no assurance of perfect correspondence:
as for all scientific modelling, it is assumed to be valid if it corre-
sponds to the expert observations and until proven otherwise.

5.3. Criteria-based validation

In this section, we evaluate the BNO ontology against diverse
quality criteria described by Vrandecic in [60], which are presented
as part of a common framework for ontology validation.

Accuracy: The definitions and descriptions in the ontology
agree with the expert’s knowledge about the field. The information
regarding the concepts of the BNO ontology was developed from
the well-known Gene ontology (GO). Moreover, we obtained the
assistance and expertise of our collaborators from the LBGI (Bioin-
formatics and Integrating Genomics) team who have evaluated
the BNO ontology and conclude that it is satisfactory. We have
also used the OntOlogy Pitfall Scanner !> tool to check for logical
correctness of the BNO ontology and diagnostics of ontology-
design errors. Analysis results have provided great evidence of the
correctness of BNO.

Adaptability: We have opted for developing the BNO ontology
as part of a global semantic architecture composed of four on-
tologies that are related to each other: the Gene Ontology (GO),
the Simple Event Model Ontology (SEMO), the Time Ontology
(TO) and our development, the BNO ontology. This architecture
aims at aligning and merging the BNO ontology with the rest of
ontologies through equivalence owl:equivalenceClass or subclass
owl:subclassOf relations. These relations among ontologies are de-
tailed in our previous work [5]. This choice enhances extensibility

13 http://oops.linkeddata.es/advanced.jsp.

and reusability. It also makes the BNO ontology easily adaptable to
dynamical contexts.

Clarity: In developing the BNO ontology, we have been careful
to assign clear unambiguous descriptions to define and categorize
concepts and the relationships among concepts within our par-
ticular knowledge domain. This clarity is ensured by the use of
the rdfs:comment that provides the obviously needed capability to
annotate an ontology. In this manner, the BNO ontology commu-
nicates effectively the intended meaning of its terms.

Completeness: This criterion measures whether the ontology
can answer all the questions that it should be able to answer. It
provides an estimation of how the BNO ontology represents the
domain of the complex biomolecular networks and their transitta-
bility. These questions were specified by the expert biologists of the
LBGI team and it has been verified that all of them can be answered.

Computational efficiency: An ontology can be analysed by an
inference system. In our case, the BNO ontology was treated by the
two reasoning mechanisms detailed in the previous section. We
concluded that the reasoning on the BNO ontology is consistent
and allows inferences in a reasonable time [66]. Moreover, the
complexity of this operation is adequate.

Conciseness: The terms of the BNO ontology were checked with
the help of expert biologists, we assume that the ontology does not
contain any redundant terms.

Consistency: This criterion ensures that the logical axioms are
satisfiable and consistent. The satisfaction of the logical axioms is
recognized when it is possible to find a situation under which all
the axioms are true, and their consistency when it is impossible to
find a contradiction within the axioms. As detailed in the previous
section, reasoning in the BNO ontology was performed using two
reasoning mechanisms. Firstly, via an SWRL rule-based system
using the latest version of HermiT reasoning plugin in the Protégé
environment version 1.3.8.3. And secondly, through a reasoning
which is written in MATLAB/SIMULINK development environment.
No inconsistencies or violations were found.

5.4. Validation results

As discussed in Section 5, there is no single best approach to
evaluate an ontology. For this reason, we check the BNO ontol-
ogy with different approaches. Firstly, we focus in particular on
automated ontology validation, which is a necessary precondition
for the healthy development of an ontology. Automated consis-
tency checking was made through the Hermit reasoner. Based on
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Table 6

An excerpt of ontological Boolean questions and their translation into OWL queries.

Questions made by domain experts Experts Examples of its corresponding OWL queries Ontology statements
answer

Is the ‘P04040 (CATA_HUMAN)' a type of ‘Protein’? Yes Sub-sumption

Is the ‘G32’ a type of ‘Gene’? Yes Is CLASS a type of CLASS ?

‘ls_the the bacterlophago’e T4 32" an example of Yes Is INSTANCE an example of CLASS ? Type checking

Biomolecular_Network’?

Is the ‘G32’ a type of ‘Gene’? Yes

Is the ‘Catalysis’ a type of ‘Interaction’? Yes Is SUB-PROPERTY a type of PROPERTY ? Properties hierarchy

If in a ‘Biomolecular_Network’ all interactions are of the ‘Iy;y,’ Yes Is BiomolecularNetwork and (hasInteraction only General constraints

type and all nodes are of ‘Metabolite’ type, is this network an MetaboliteMetaboliteInteraction) and (hasNode

‘Metabolic_network’? only Metabolite) SubClassOf hasInteraction only

MetaboliteMetabolitelnteraction"?
The ‘m32 ‘molecule can belong to the ‘Genomic_Network'? No Is GenomicNetwork and (hasNode (oneOf m32))? Specific constraints

Table 7
Number of questions generated according to the size of the BNO ontology.

Classes Properties Individuals Total Questions generated

29 20 29 78 75

the feedback of the reasoner, inconsistencies have been corrected
along the development process of the BNO ontology in an iterative
way. The final results made by the reasoner were statistically sig-
nificant and revealed that there are no inconsistencies in the BNO
ontology. The BNO ontology has been also evaluated with different
criteria in terms of accuracy, adaptability, clarity, completeness,
etc. For each criterion, the BNO ontology is evaluated. The combi-
nation of these criteria allows us to check the BNO ontology from
different levels. The final results of the criteria-based validation
indicated that the BNO ontology was clear, extendable, and com-
plete. Moreover, we evaluate the usefulness of the BNO ontology
through the expert knowledge validation. The BNO ontology was
used to model a set of case studies, among them the Bacteriophage
T4 G32 case presented in this study. Results proved that the BNO
ontology is capable to deduce the main concepts of the case studies
and their properties and is capable to infer new knowledge such as
to compute the next state of molecular components. These results
proved that the BNO ontology is able to describe and model the
transittability of a biomolecular network. However, it is important
to note that the BNO ontology cannot model the transittability of
large-scale networks, and more efficient simulation tools should
be used to study larger networks.

6. Discussion

This section states the main strengths and weaknesses of our
approach and how to overcome them.

The “case study” presented in this paper represents a “proof
of concept” since it demonstrates the logical consistency of the ap-
proach and validates the relevance of the BNO ontology. Moreover,
we developed a Matlab tool, a qualitative simulator, available on
https://github.com/AliAyadi/QualitativeReasoningInMATLAB
to check and compare the results in the paper with the results
obtained using a qualitative tool. Results demonstrate how the
proposed semantic approach provides a powerful formalism for
modelling and representing complex biomolecular networks.

Indeed, we have seen that our approach is able to:

e enrich and infer new knowledge,
e detect more properties and relationships among the molecu-
lar components,

e provide useful inferring knowledge and rich semantics allow-
ing biologists to model the dynamical behaviour of complex
biomolecular networks.

However, while the BNO ontology provides a rich modelling
of complex biomolecular networks and their transittability, its
usability comes with certain limitations. In particular when the
size and the complexity of the biomolecular networks increase.

The BNO ontology is extremely powerful as a way of modelling
the static properties of complex biomolecular networks and infer
new knowledge for describing them, but relatively powerless for
simulating their dynamic behaviours and understanding molecu-
lar interaction cascades that drive specific responses to external
stimuli or environmental changes.

In our works, we have tested the BNO ontology with different
case studies by gradually increasing the complexity and the size of
the biomolecular networks. We first tested the proposed ontology
on a small real network example, the autoregulation of the bac-
teriophage T4 gene 32 (presented in this paper), which although
small, contains all the elements needed to understand the evo-
lution of biomolecular networks. Afterward, we applied the BNO
ontology to two different case studies: the phage lambda and the
p53 signalling networks. Experiments demonstrated that current
OWL reasoners are able to deal with fairly simple biomolecular
networks (e.g. the bacteriophage T4 gene 32) but are unable to
simulate more complex biomolecular networks (e.g. the phage
lambda and the p53 signalling networks that contains about 17
nodes and 40 interactions) at all. We noticed that existing OWL
reasoners cannot simulate the behaviour of these networks due to
their complexity and large size. Indeed, these reasoners are only
able to classify large, expressive ontologies with a small number of
SWRL rules, but they often provide limited support in dealing with
a large number of rules and a large number of individuals. To the
best of our knowledge, there are no mature reasoners available,
that particularly address the tradeoff between expressiveness on
the one hand and scalability on the other hand.

Therefore, we believe that such reasoners have not the capacity
to reason on large-scale networks and more efficient simulation
tools should be used to simulate larger biomolecular networks. To
handle this limit, we develop an efficient simulation tool, entitled
“the CBNSimulator” for scaling up and reason on large biomolec-
ular networks [67]. The proposed simulator has been integrated
into a platform with the BNO ontology and has been tested on
both the phage lambda and the p53 signalling networks. Exper-
iments demonstrate that the CBNSimulator combines qualitative
and quantitative techniques to simulate and reason on large-scale
biomolecular networks.

To conclude, two points must be considered: (i) The concepts
defined by the BNO ontology allow to describe biomolecular net-
works of any size (small or large). (ii) The current inference engines


https://github.com/AliAyadi/QualitativeReasoningInMATLAB

F.d.B. de Beuvron / Web Semantics: Science, Services and Agents on the World Wide Web 57 (2019) 100495 15

are not sufficiently fast to reason about all the set of SWRL rules as-
sociated with a large scale network. The scalability is only possible
by defining specific simulators.

7. Conclusion

The Biomolecular Network Ontology developed in this paper
aims to describe the domain knowledge of complex biomolecular
networks in their static state. This ontology provides information
on the biomolecular network and its components (nodes, inter-
actions, states, transition states, etc.) and an indication of the
network’s context such as the type of sub-network, the type of
node, the conditions and nature of interactions, etc. This allows to
precisely analyse and interpret the semantic context in order to
achieve intelligent modelling of biomolecular networks and their
state changes. These state changes can be computed with a rule-
based system.

Moreover, the BNO ontology was evaluated based on auto-
mated consistency checking, expert knowledge validation, and
criteria-based validation. Results are encouraging and indicated
that the BNO is consistent, credible and effective in describing rel-
evant knowledge required in understanding the behaviour of com-
plex biomolecular networks and their state changes. Nevertheless,
more efficient simulation tools should be used for simulation of
larger biomolecular networks.

Future efforts can be made to integrate the proposed ontology
with a discrete event simulator tool able to reproduce the be-
haviour of large-scale complex biomolecular networks and their
components over time. The basic idea is to develop a platform that
provides an optimal set of stimuli to be applied during a prede-
termined time interval to simulate the state changes of complex
biomolecular networks using essentially semantic knowledge.

Disclaimer

This research has not received any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
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