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 Description of the Domain-specific Framework 
Bioinformatics and Systems Biology 

 
This document is written by Jaap Heringa (VU), Sanne Abeln (VU), Julia Sewal (UM) and the 

BioSB educational committee. The text in italics has been takes from other sources, as referenced. 
 

Bioinformatics 
Bioinformatics is an interdisciplinary field of science at the interface of Computer Science and Life 
Sciences.  Bioinformatics has been defined early on (Hogeweg, 1978, Hogeweg 2011) as “[.] the 
study of informatic processes in biotic systems”. While this definition encompasses all living 
systems at all levels of hierarchical complexity, currently the bulk of bioinformatics research focuses 
on molecular processes, ranging from individual interactions to large interaction networks. A widely 
used current operational definition is that "bioinformatics implies the development of 
computational models and methods to characterize the molecular components of living 
things". What most sub-disciplines of bioinformatics have in common is the processing of large 
amounts of data and information in the life sciences. 

A more contemporary view may state that Bioinformatics is simply data science applied to the field 
of molecular biology and biomedicine (Bourne 2021). 

Bioinformatics derives knowledge from computational analysis of data in the life sciences. These 
can consist of genomics data holding information stored in the genetic code, but also experimental 
results from various sources, including high-throughput sequencing, proteomics or metabolomics 
platforms, as well as phenotypes (e.g. including patient statistics), and scientific literature. Research 
in bioinformatics includes method development for storage, retrieval, analysis and modelling of the 
data. Bioinformatics is a rapidly developing branch of biology and is highly interdisciplinary, using 
techniques and concepts from computer science, statistics, mathematics, chemistry, biochemistry, 
physics, and linguistics. It has many practical applications in different areas of biology and 
medicine. 

A number of related fields border onto bioinformatics, such as Systems Biology, Evolution Biology, 
Genomic and Genetics, Theoretical Biology, Translational Medicine, Oncology, 
Pharmacogenomics, Plant & Animal Breeding, Neurobiology Data Science, Machine Learning, 
Chemoinformatics and Biostatistics. Computational Biology largely overlaps with Bioinformatics, 
but is typically used in a slightly broader context, also including for example higher levels of biology 
(e.g. species and population). Bioinformatics is often essential for the initial part of the processing 
pipelines in these disciplines, such as the definition of “leads” in drugs design, or reconstructing the 
network topology in Systems Biology. 

Bioinformatics education principles 
The above definition of the bioinformatics domain dictates the bioinformatics education 
programmes, as a combination of subsets of topics from the underlying disciplines: data science and 
life sciences. The weights placed on these aspects are directly related to the very diverse profile(s) 
of incoming students, for instance drawn from life sciences, computer science, mathematics, 
medicine, etc.  Nonetheless, the following issues serve as a guideline for bioinformatics education 
programmes (based on the domain specific reference for Bioinformatics in 2014 in the Netherlands, 
as approved by NBIC): 

1. Perhaps superfluous to mention: Bioinformatics is its own field, and is neither a subset of 
computer sciences nor a branch of the life sciences. 
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2. The integration of knowledge from the biological domain with that from computer science 
and mathematics is essential. Concerning the latter discipline, a good working knowledge 
of (multivariate) statistics should be acquired during the master programme. Major research 
efforts in the field include1 genome analysis, sequence analysis, phylogenetics, structural 
bioinformatics, omics data analysis, biological networks, genetic and population analysis, 
data and text mining, databases and ontologies and bioimage informatics. These major 
efforts should be covered within the context of any bioinformatics education programme. 

3. Given the depth and width of the bioinformatics domain, students should get ample 
opportunity to gain practical experience. 

Bioinformatics skills 
A list of professional competencies in Bioinformatics, has been proposed by Mulder et al 2018: 
 

A. General biology. 
B. Depth in at least one area of biology (e.g., evolutionary biology, genetics, molecular 

biology, biochemistry, anatomy, physiology). 
C. Biological data generation technologies. 
D. Details of the scientific discovery process and of the role of bioinformatics in it. 
E. Statistical research methods in the context of molecular biology, genomics, medical, and 

population genetics research. 
F. Bioinformatics tools and their usage. 
G. The ability of a computer-based system, process, algorithm, component, or program to 

meet desired needs in scientific environments/problem. 
H. Computing requirements appropriate to solve a given scientific problem (e.g. system, 

process, algorithm, component or program; define algorithmic time and space 
complexities and hardware resources required to solve a problem). 

I. GUI/Web-based computing skills appropriate to the discipline (e.g., effectively use 
bioinformatics and analysis tools through web). 

J. Command line and scripting-based computing skills appropriate to the discipline. 
K. Construction of software systems of varying complexity based on design and development 

principles. 
L. Local and global impact of bioinformatics and genomics on individuals, organizations, and 

society. 
M. Professional, ethical, legal, security and social issues and responsibilities of 

bioinformatics and genomic data in the workplace. 
N. Effective communication of bioinformatics and genomics problem/issue/topics with a 

range of audiences, including, but not limited to, other bioinformatics professionals 
O. Effective teamwork to accomplish a common scientific goal. 
P. Engage in continuing professional development in bioinformatics. 

 
  

                                                 
1 Based on the scope of the Bioinformatics journal (July, 2021): 
https://academic.oup.com/bioinformatics/pages/instructions_for_authors 
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Systems Biology 
According to the definition adopted by the ERASysBio (European Research Area for Systems 
Biology) initiative, “systems biology is a means of understanding the dynamic interactions between 
the components of a living system and, also, between living systems and their interactions with the 
environment”. 
Systems biology involves the coordinated study of biological systems by applying quantitative and 
experimental techniques (including whole-genome techniques) and integrating biology, 
mathematics and computational and experimental tools and methods to model and understand 
biological systems. The main aim is understanding the occurrence of emergent properties of a 
biological system that cannot be explained by single (network) components. Central in this approach 
is the capability to reason about the biological problem in mathematical terms and the ability to 
implement these in a computational form. 
According to Kitano (2002) 2, system-level understanding of a biological system that emerges from 
the interaction of genes, molecules, cells, tissues and organisms can be derived from insight into 
four key properties: (1) understanding of structure of the system, such as gene regulatory and 
biochemical networks, as well as physical structures; (2) understanding of dynamics of the system, 
both quantitative and qualitative analysis as well as construction of theory/model with powerful 
prediction capability; (3) understanding of control methods of the system; and (4) understanding of 
design methods of the system. Although systems are composed of elements, the essence of a system 
lies in dynamics, and it cannot be described merely by enumerating the components of the system 
in complex networks. The study of the network properties and how they affect biological function 
requires the use of data sets and mathematical models coupled with computational tools to decipher 
the network properties and predict the effect of system perturbations and environmental cues. At the 
same time, it is unlikely that only system structure, such as network topology, is important without 
paying sufficient attention to diversities and functionalities of these components. Both the structure 
of the system and its components play indispensable roles, forming a symbiotic state of the system.  
 
All in all, the Systems Biology field connects to a clear development within society: unravelling the 
complexity of biological systems to tackle clinical and societal challenges. Education programmes 
in the field aim to educate and deliver innovative and creative scientists that make important 
contributions to the data-rich society of the future. 
 
The following list of recommendations were thought to be critical in Systems Biology teaching, as 
suggested by Cvijovic et al 2016: 

● Course content should generally and, where possible, adopt an integrated approach to 
learning, starting with, for example, small (dynamic) systems to introduce basic 
experimental and theoretical concepts.  

● ‘Sherlock Holmes practicals’, i.e., challenging exercises, where students from different 
backgrounds jointly work around a given project/problem, are important elements in any 
programme fostering creativity, communication and collaborative skills. 

● Challenge-based learning, e.g. through participation in the International Genetically 
Engineered Machine (iGEM) competition (http://igem.org/) should be encouraged.  

● Assessment of a student’s performance should ideally combine both individual and group 
performance, where groups consist of students with different backgrounds. 

● In many instances, although probably not always, it is possible to teach modelling 
approaches by applying them to a biological problem/system. 

● Programming/modelling tools as well as modelling standards should be taught at an early 
stage in the programme and used throughout.  

●  If possible, pure lecture or pure practical courses should be avoided and both types should 
be integrated, demonstrating the core of Systems Biology and that it is about a close 
collaboration of experimentalists and theoreticians working on the same topic.  

                                                 
2 Kitano, H. Systems Biology: a brief overview. Science 295, 1662–4 (2002). 
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● Case studies (primary literature articles) are excellent tools to demonstrate how skills can 
be applied to different biological systems and how new knowledge is being generated; 
classical papers may illustrate the history/development of the field.  

● Internships/projects/Master thesis should ideally integrate experimental and theoretical 
approaches but not generally force such project designs on students.  

Systems Biology skills 
In addition to the above recommendations, professional skills in Systems Biology were defined by 
Cvijovic et al 2016 : 
 

1. An understanding of the type of biological, medical or bioengineering questions that can 
be approached by integrating experimental data sets with mathematical modelling.  

2. Capacity of formulating research problems such that they can be solved by an integrated 
experimental/mathematical approach.  

3. A good appreciation of the Systems Biology iterative cycle: modelling, prediction and 
experimental verification.  

4. A well-developed ability to communicate scientific questions across experimental and 
theoretical disciplines and to collaborate across disciplinary borders.  

5. A good awareness of different types of modelling and their applicability to research 
problems as well as in-depth understanding and hands-on experience in specific 
mathematical modelling approaches.  

6. A good awareness of the type of data generation and modelling approaches that are 
suitable for a given research problem as well as in-depth understanding and hands-on 
experience in specific experimental techniques.  

7. Skills in data handling, management and visualisation, including an understanding of 
statistical analyses suitable for different types of data and experimental designs.  

8. An ability to critically assess evidence and scientific argumentation in integrative studies 
of biological systems based on an understanding of both experimental and 
theoretical/computational biology methodologies. 
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