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Outline 

• Overview of systems biology

• Introduce some important concepts

• Standards, controlled vocabularies and 

metadata

- wet lab

- dry lab

• Tools, databases



Though coined 40 years ago, a lot of people still ask, "What's that?" 
when the term systems biology comes up.
"It is used in so many different contexts, nobody is really clear what 
you mean by it," says John Yates , a professor at the Scripps 
Research Institute. 
David Placek, president of Sausalito: “Systems biology is just so 
general that it could apply to many things. When you're naming a 
category, the underlying principle is that if you make a statement 
like, 'I'm doing systems biology,' do people know what you're talking 
about?'“…… 

Systems Biology Has 
its Backers and 
Attackers

Volume 17 | Issue 19 | 27 
Oct. 6, 2003, The Scientist



What Is Systems Biology?

Biology went top-down for the last 50 years

– From cell to protein to gene ..

– Huge amounts of data produced

Challenge: put the pieces back together 
again



Systems Biology?
High-throughput Data?

Current systems biology craze has resulted 
from recent technologies that allow for rapid or 
simultaneous measurement of large amounts 
of  biomolecular data (e.g. genomics, 
microarrays, etc.)



Systems Biology?

PathDB

Databases?

http://www.brenda.uni-koeln.de/index.php4
http://www.ebi.ac.uk/
http://www.biocarta.com/index.asp
../../../../
http://icb.mssm.edu/services/sigpath/prod/mainMenu.action


.. or is it modelling?

Barbara Bakker, Westerhoff and 

Cornish-Bowden 

Trypanosoma Brucei

Bas Teusink

Yeast Glycolysis

Frances Brightman et al

EGF Signaling Pathway

Red Blood Cell

Mulquiney, Joshi, 

Heinrich, …

Poolman and Fell

Calvin Cycle Yeast Cell Cycle

John Tyson et al

Chemotaxis, ecoli

Many Contributors

http://images.google.com/imgres?imgurl=people.cornell.edu/pages/sls44/yeast.gif&imgrefurl=http://people.cornell.edu/pages/sls44/mylab.html&h=466&w=481&prev=/images%3Fq%3Dyeast%26start%3D20%26svnum%3D10%26hl%3Den%26lr%3D%26ie%3DUTF-8%26oe%3DUTF-8%26sa%3DN
http://images.google.com/imgres?imgurl=www.physiol.usyd.edu.au/daved/teaching/images/rbc.jpg&imgrefurl=http://www.physiol.usyd.edu.au/daved/teaching/haemolysis.html&h=512&w=378&prev=/images%3Fq%3Dred%2Bblood%2Bcell%26start%3D120%26svnum%3D10%26hl%3Den%26lr%3D%26ie%3DUTF-8%26oe%3DUTF-8%26sa%3DN
http://www.molbiolcell.org/content/vol11/issue1/images/large/mk0101082002.jpeg
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What Is Systems Biology?

Systems biology is devoted to a new 

science, a critical science of the future that 

seeks to understand the integration of the 

pieces to form biological systems.

David Baltimore, Nobel Laureate



Molecular biologists are deluged with data, 

and physicists, used to reducing complex 

systems to basic principles, might help to 

make sense of it all.

But bringing the two disciplines together isn‟t 

easy, says Jonathan Knight.

Systems Biology- bridging the 

culture gap?



Dissatisfaction With Biologists

• Frustration at the failure of biologists to 

engage with quantitation, formal models, 

theory and to predict how overall 

behaviour arises out of the interaction of 

the components.

• A belief that only physicists, engineers, 

mathematicians, computer scientists can 

take on these issues. 
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Bioinformaticians

Systems biology needs communication



52 authors 

from 11 

institutions



Functional anotations

Protein interactions

Microarray data

Metabolic pathways

What are we dealing with?
Different dimensions of systems biology data



There is now an outcry against 

such waste 



Nature has a new data sharing 

policy . . . 

• "Before submitting the paper, at least one senior member from each 

collaborating group must take responsibility for their group's 

contribution.

• “Three major responsibilities are covered: 

– preservation of the original data on which the paper is based,

– verification that the figures and conclusions accurately reflect the 

data collected and that manipulations to images are in 

accordance with Nature journal guidelines, and 

– minimization of obstacles to sharing materials, data and 

algorithms through appropriate planning.“



Why Standards

Standardization is not removing diversity but 

improving connection, documentation, 

annotation and scalability, it is a crucial step 

forward to data interoperability – data have to 

be stored, exchanged and re-used



...to enable an unambiguous

exchange, comparison, 

integration and interpretation of the 

data

- Communication needs shared standards (language, 

grammer, vocabulary, ...)

- To avoid misunderstanding definitions (What is a 

compound? gene? protein?)

A controlled vocabulary is unambiguously defined and 

standardised

 You have to speak the same language to 

communicate

DB



Experimental workflow



C. acetobutylicum strain ATCC 824 

 Continuous culture in a chemostat

 Phosphate limitation

 Cells are harvested at steady state

Constant parameters:

 4% glucose in medium

 Diluation rate

 Temperature 37 °C

It is adjusted to constant values:

 Acids: 5.7 pH

 Solvents: 4.5 pH

What is measured:

 Metabolites & enzymes

 Protein concentrations

 Expression rates

Standardised Experimental Setup

Defined standard operating procedures (SOP) for extracting and handling of 

different types of samples!



SOP – Standard Operating 

Procedure

• Sharing experimental protocols

• Agreement within projects on strains and 

conditions

• Good scientific practice

• Understanding data, experiments and 

results for verification or for modifying for 

use in other experiments



Standard Operation Procedures



SOP - Public Initiatives

• Open Wetware – public access, no 
recommended format

• Nature Protocols – published SOPs with 
links to publications – defined format

• Cold Spring Harbour Protocols –
proprietary published SOPs – defined 
format

• SySMO DB





The Microarray Gene Expression 

Data Society (MGED)

• MIAME. Minimal Information About a Microarray Experiment.
Formulates the information required to record about a microarray
experiment in order to be able to describe and share the experiment.

• Ontologies. Determine ontologies for describing microarray
experiments and the samples used with microarrays (available in
RDF, OWL and DAML).
– Other Ontologies used in GEDs are Taxonomic and Gene Ontologies.

• MAGE. Formulates the object model (MAGE-OM), exchange
language (MAGE-ML) and software modules (MAGE-stk) for
implementing microarray software.

• Transformations. Determines recommendations of describing
methods for transformations, normalizations and standardizations of
microarray data.

MGED is a group of researchers with the intention of establishing standards for

microarray data annotation and to enable the creation of public databases for

microarray data.

MGED‟s work is arranged into four working groups:



CIMR Core Information for Metabolomics Reporting

MIABE Minimal Information About a Bioactive Entity 

MIACA Minimal Information About a Cellular Assay 

MIAME Minimum Information About a Microarray Experiment 

MIAME/Env MIAME / Environmental transcriptomic experiment 

MIAME/Nutr MIAME / Nutrigenomics 

MIAME/Plant MIAME / Plant transcriptomics 

MIAME/Tox MIAME / Toxicogenomics 

MIAPA Minimum Information About a Phylogenetic Analysis 

MIAPAR Minimum Information About a Protein Affinity Reagent 

MIAPE Minimum Information About a Proteomics Experiment 

MIARE Minimum Information About a RNAi Experiment 

MIASE Minimum Information About a Simulation Experiment 

MIENS Minimum Information about an ENvironmental Sequence 

MIFlowCyt Minimum Information for a Flow Cytometry Experiment 

MIGen Minimum Information about a Genotyping Experiment 

MIGS Minimum Information about a Genome Sequence 

MIMIx Minimum Information about a Molecular Interaction Experiment 

MIMPP Minimal Information for Mouse Phenotyping Procedures 

MINI Minimum Information about a Neuroscience Investigation 

MINIMESS Minimal Metagenome Sequence Analysis Standard 

MINSEQE Minimum Information about a high-throughput SeQuencing Experiment 

MIPFE Minimal Information for Protein Functional Evaluation 

MIQAS Minimal Information for QTLs and Association Studies 

MIqPCR Minimum Information about a quantitative Polymerase Chain Reaction experiment

MIRIAM Minimal Information Required In the Annotation of biochemical Models 

MISFISHIE Minimum Information Specification For In Situ Hybridization and 
Immunohistochemistry Experiments

STRENDA Standards for Reporting Enzymology Data

TBC Tox Biology Checklist

BioPAX : Biological Pathways Exchange http://www.biopax.org/

FuGE Functional Genomics Experiment 

MGED: Microarray Experimental Conditions http://www.mibbi.org/index.php/MIBBI_portal

Minimum 

Information 

Models

http://www.mibbi.org/index.php/Projects/CIMR
http://www.mibbi.org/index.php/Projects/MIABE
http://www.mibbi.org/index.php/Projects/MIACA
http://www.mibbi.org/index.php/Projects/MIAME
http://www.mibbi.org/index.php/Projects/MIAME-Env
http://www.mibbi.org/index.php/Projects/MIAME-Nutr
http://www.mibbi.org/index.php/Projects/MIAME-Plant
http://www.mibbi.org/index.php/Projects/MIAME-Tox
http://www.mibbi.org/index.php/Projects/MIAPA
http://www.mibbi.org/index.php/Projects/MIAPAR
http://www.mibbi.org/index.php/Projects/MIAPE
http://www.mibbi.org/index.php/Projects/MIARE
http://www.mibbi.org/index.php/Projects/MIASE
http://www.mibbi.org/index.php/Projects/MIENS
http://www.mibbi.org/index.php/Projects/MIFlowCyt
http://www.mibbi.org/index.php/Projects/MIGen
http://www.mibbi.org/index.php/Projects/MIGS
http://www.mibbi.org/index.php/Projects/MIMIx
http://www.mibbi.org/index.php/Projects/MIMPP
http://www.mibbi.org/index.php/Projects/MINI
http://www.mibbi.org/index.php/Projects/MINIMESS
http://www.mibbi.org/index.php/Projects/MINSEQE
http://www.mibbi.org/index.php/Projects/MIPFE
http://www.mibbi.org/index.php/Projects/MIQAS
http://www.mibbi.org/index.php/Projects/MIqPCR
http://www.mibbi.org/index.php/Projects/MIRIAM
http://www.mibbi.org/index.php/Projects/MISFISHIE
http://www.mibbi.org/index.php/Projects/STRENDA
http://www.mibbi.org/index.php/Projects/TBC
http://www.biopax.org/


ISA-TAB

• Relating data and its 

experimental context

– Investigation, Study, Assay

• TAB = tabular

– A format suitable for 

spreadsheets



ISA Defined

• Investigation: high level description of the 

area and the main aims of a project

• Study: a particular biological hypothesis or 

analysis

• Assay: specific, individual experiments 

required to be undertaken together in 

order to address the study hypotheses



Problems with data

Missing or only partial information:

- Incomplete reactions (products not mentioned)

- Assay conditions missing or reference to another paper

- Kinetic law equation (or fitting equation) not described

Kinetic law types:

no controlled vocabulary used in publications (or even available, except SBO)

 varying notations referring to several kinetic theories

Parameter units:

- Multiple definitions (e.g. Katal or Unit for enzyme activities)

- Wrong parameter unit (e.g. 1/s for Vmax)

Identification of compounds, reactions and enzymes:

- Fuzziness of definitions, conflicting names, wrong synonyms

- Isoenzyme not specified in publication





Data integration problems

=nmol/(min*mg)

=U/mg

1 U = the amount of enzyme which 

catalyses the transformation of 1 µmol of 

the substrate per minute under standard 

conditions

e.g. Parameter units:



Curation

Curation process 

(search for errors and inconsistencies)

– Manually by biological experts

– Semi-automatically by consistency checks

– Standardisation

– Unification

– Annotation to controlled vocabularies

– Annotation to external datasources



Annotations of entities in SABIO-RK

Annotations shown to the user:

- Chemical compounds to KEGG compound and ChEBI

- Enzymatic activities to Expasy, KEGG, IntEnz, IUBMB and Reactome

(query links in the user interface based on the enzyme classification EC)

- Enzyme protein complexes to UniProt/Swiss-Prot

- Cellular locations (compartments etc.) to Gene Ontology (as query link)

- Publications (data sources) to PubMed

Annotations integrated in SABIO-RK, not yet implemented for the output:

- Organisms to NCBI taxonomy

- Kinetic law types and parameter types to SBO (Systems Biology Ontology)

- Species role (substrate, product, modifier, etc.) to SBO

- Reactions to KEGG reactions

More annotations following the MIRIAM standard



Controlled Vocabularies in SABIO-RK

List of values (LOV) SABIO-RK input interface



Controlled Vocabularies and Ontologies

Some Biomedical Ontologies:

• ChEBI (Chemical Entities of Biological Interest): dictionary and 

ontological classification of molecular entities focused on „small‟ 

chemical compounds

• Gene Ontology (GO): cotrolled vocabularies for molecular functions, 

biological processes and cellular components of gene products

• Systems Biology Ontology (SBO): controlled vocabularies and 

ontologies for systems biology, especially in the context of 

computational modeling

• NCBI taxonomy: controlled vocabulary and classification of organisms



Annotations

Entity Data Type URI Identifier Qualifier

The identifiers for each resource must be unmodifiable/perennial

(not a name that can change like entry names or synonyms)

Enzyme PubMed http://www.pubmed.gov 16333295 isDescribedBy

Protein UniProt http://www.uniprot.org P32494 is

Complex UniProt http://www.uniprot.org P32494 hasPart

Reaction EC class http://www.ec-code.org 1.1.1.1 isVersionOf

No URL!!



What is BioPortal

• http://bioportal.bioontology.org/

• Repository for submitting and sharing 
Biological ontologies

• Search for concepts across all or selected 
ontologies

• Tools to link and snip ontologies to create 
Views

• Map concepts with similar meanings 
across multiple ontologies

http://bioportal.bioontology.org/


Standards & Ontologies for 

Modeling



Many representations for the same model.

=> Each modeler uses its own representation

=> Need to read the paper to understand the 
model

=> Before being able to use or translate models 
into mathematics, need to understand the 
modeler‟s symbols

=> Need for a standard format to be able to 

- use models

- exchange models

- compare models

- compose models



Model Exchange Languages

Ontologies

SBML

CellML

BioPAX Model 

Repositorie

s

Software Tools

Reproducibility of Simulations

Storage of Simulation Results

Model Exchange Standards



Cell Markup Language

• Designed to support the definition and 
sharing of models of biological processes.

• Intended to provide consistency in the 
mathematical representation.

• Encourages model evolution and reuse.

• Started 1999, around same time as SBML.

• CellML and SBML have different scopes:
– “SBML is designed for representing models of 

biochemical reaction networks”.(http://www.sbml.org/)

– “The purpose of CellML is to store and exchange 
computer-based mathematical models”. 
(http://www.cellml.org/)

[Peter Hunter, Distributing and maintaining models in CellML, Life Sciences 2008, Montreal, August, 2008]



The Systems Biology Markup Language (SBML) is a 

computer-readable format for representing models of 

biochemical reaction networks. SBML is applicable 

to metabolic networks, cell-signaling pathways, 

genomic regulatory networks, and many other areas 

in systems biology. 

The Systems Biology Markup Language (SBML) is a 

computer-readable format for representing models of 

biochemical reaction networks. SBML is applicable 

to metabolic networks, cell-signaling pathways, 

genomic regulatory networks, and many other areas 

in systems biology. 

The Systems Biology Markup Language (SBML) is a 

computer-readable format for representing models of 

biochemical reaction networks. SBML is applicable 

to metabolic networks, cell-signaling pathways, 

genomic regulatory networks, and many other areas 

in systems biology. 

The Systems Biology Markup Language (SBML) is a 

computer-readable format for representing models of 

biochemical reaction networks. SBML is applicable 

to metabolic networks, cell-signaling pathways, 

genomic regulatory networks, and many other areas 

in systems biology. 

The Systems Biology Markup Language (SBML) 

is a computer-readable format for representing 

models of biochemical reaction networks. 

SBML is applicable to metabolic networks, cell-

signaling pathways, genomic regulatory 

networks, and many other areas in systems 

biology. 

Originally developed Hamid Bolouri, Andrew 

Finney, Mike Huck and Herbert Sauro

Tool 1

Tool 2

Tool 2

http://www.sbml.org/


Structure of SBML

• Beginning of SBML model definition

– List of function definitions
– List of unit definitions
– List of compartment types
– List of molecular species types
– List of compartments
– List of species
– List of parameters
– List of initial assignments
– List of rules
– List of constraints
– List of reactions
– List of events

• End of SBML model definition

http://www.sbml.org/


Systems Biology Markup 

Language
• Broad Acceptance

– Supported by over 100 
software systems

• Simulators
• Databases
• Analysis tools
• Editing tools

– Supported by several 
alliances

DARPA Bio-SPICE, IECA, 
others

– Supported by journals
“Nature journals and 

Molecular Systems 
Biology support 
submissions involving 
SBML.” [Nature, p.1, 
May 5, 2005]



Ontologies

• MIRIAM – Minimal Information Requested 

In the Annotation of biochemical Models

• SBO – Systems Biology Ontology

• TEDDY - TErminology for the Description 

of Dynamics

• In Conception / Planning
• KiSAO - Kinetic Simulation Algorithm Ontology 



Proposed Standard: MIRIAM

Minimum Information Requested In the

Annotation of biochemical Models

Proposed guidelines for annotation and 

curation of quantitative models

www.ebi.ac.uk/miriam
Nature Biotech. 23(12), Dec. 2005

• Specifically about encoding & annotation

• Limited to models that can be simulated

MIRIAM approach avoids putting data 

content directly into the model;

instead, it points at external resources that 

contain the knowledge.



SBO – Controlled Vocabularies

Roles of 
reaction 

participants

Substrate

Catalyst 

Quantitative 
parameters 

used in 
biochemistry

Hill 
coefficient

Michaelis 
constant

Precise 
classification 
of rate laws

Hill function

First order 
reversible 

math action 
kinetics

List of 
simulation 

frameworks

Discrete 

Continuous

Events

Reaction

Control

Biochemical 
process

Combination



Deterministic

Non-Deterministic

Probabilistic

Discrete

Continuous

State transition

ODE (Ordinary Differential Equations)

PDE (Partial Differential Equations)

linear equations

Steady state

Stochiometric

Model types  and  analysis methods



Events

Reaction

Biochemical 
Reaction

Transport

Control

Inhibition

Stimulation

Allosteric 
control

Biochemical 
process

Transcription

Translation

Replication

Combination

And

Or

Xor

Not



Reproducing / Evaluating 

Simulation Results

• MIASE - Minimum Information needed About a 

Simulation Experiment

• SBRML - Systems Biology Results Markup 

Language



MIASE – Why is it necessary?

• Problem:

– “The model, when instantiated within a 

suitable simulation environment, must be able 

to reproduce all relevant results given in the 

reference description that can readily be 

simulated”

• However: MIRIAM does not include 

guidelines about how a relevant result can 

be reproduced



SBRML

• Aim: Linking numerical results to the 

model that gave rise to them



Bottom-up: modelling cycle

Forward engineering

Quantitative 

measurements

Set up of verbal model

Solving  equations

Set up of 

mathematical model

Experimental design

Parameter

estimation

Test model

Parameter sensitivity 

analysis

M.Reuss,  from “ESF forward look report - Systems Biology:  a Grand 

Challenge for Europe”, 2007



Top-down
Reverse  engineering

Choose perturbation parameters:

enviromental and/or genetic

Design Sampling/Experimental Procedure

Time series,Stationary etc

Omics data

Trnascriptome,Proteome, Metabolome

Reconstraction of network:

Boolean/Probabilistic/Deterministic

Structure of network, interactions between

the network components

Sub-networks identification

Investigation of netwok autonomy

Modularization

Network inference



Mixed complementary approach

From M.Reuss,  from “ESF_ Systems Biology:  a Grand Challenge for Europe”, 2007

Problem formulation

Propose and Scope of the Model

What is known about the structure 

and regulation of the system?

Bottom-up Top-down

Model – driven approach

Experiments

Tested and Validated 

Model

Original data – driven 

approach

Knowledge engineering

Network structure

Sub-networks identification

Success

Knowns >Unknowns?
Yes No

YesNo





J.Timmer at al., 2008





Networks visualisation



Variety of models: example of NFkB
A model can be represented in many different ways:



Graphical representation: SBGN - http://sbgn.org/

http://sbgn.org/


BioModels Database

• Stores & serves quantitative models of biomed. 
interest

– Only models described in peer-reviewed scientific 
literature

• Models are curated by humans: computer software 
checks syntax, humans check semantics

• Models are simulated to check correspondence to 
reference

• Model components are annotated to improve 
identification and retrieval

• Accepted in SBML and CellML formats, served in 
several (SBML, XPP, CellML, diagram; more coming)



www.ebi.ac.uk/biomodels



CellML Repository

• CellML model repository has over 350 published 
models of:
• Signal transduction pathways;

• Metabolic pathways;

• Electrophysiological;

• Calcium dynamics;

• Immunology;

• Cell cycle;

• Smooth and skeletal muscle models;

• Mechanical and constitutive relationships.

• http://www.cellml.org/models/

[Peter Hunter, Distributing and maintaining models in CellML, Life Sciences 2008, Montreal, August, 2008]

http://www.cellml.org/models/


Models

• Database of curated models  and a model simulator 

• Web service enabled to run from workflows

• Separate password protected websites for each project

• Special instance of JWS Online for SysMO

• Validate  and run models 

• Access control 

• Access to other resources (Biomodels, Copasi)

• Semantic SBML from TRANSLUCENT project

• SBML and MIRIAM

Publish, 
manage, run, 

validate SBML 
models



Physiome.org Repository

• The physiome.org model repository has about 300 live 
models (and is undergoing a big revision):
• Convection-diffusion reaction and exchange;

• Tissue and organ models for PET and MRI analysis;

• Electrophysiology, mostly cardiac;

• Physico-chemical, osmotic processes, cells, tissues;

• Enzymatic reactions, metabolic networks;

• Transport and exchange of respiratory gases, ;

• Circulatory and respiratory mechanics, coupled with transport 
and control mechanisms;

• Membrane transporters and pumps.

• Pharmacokinetic models for complex systems.

• Families of tutorials for physiological transport and metabolism.

• http://www.physiome.org/Models/

Raymond GM, Butterworth E, and Bassingthwaighte JB. JSIM: Free software package for 

teaching physiological modeling and research. Exper Biol 2003 280.5, p102, 2003.

http://www.physiome.org/models/


E. Klipp at al., 2009

Popularity of software tools



Conclusions?

Things should be made 

as simple as possible but 

not simpler.

The whole is more 

than the sum of its 

parts



What is life? 

So asked the distinguished physicist Erwin Schroedinger in his famous

lecture at Trinity College Dublin in 1943. Now, after the full mapping of

the human genome has yielded a code of three billion letters, we are

still far from a satisfactory answer to this question.  Denis Noble

The reductionist approach of molecular 

biology has proved itself immensely 

powerful. But DNA isn't life. It doesn't even 

leave the nucleus of the cell. 

We must look not at one level, but at the 

interaction of processes at various levels, 

from the realm of systems biology, a field 

that has been growing in strength in the past 

decade. 
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