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What happened to biology at the end of XXth century?

Basic scienceBasic science
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Consequences of this revolution on our activity

Needs for cooperation and 
standardisation





Experiment

model

hypothesis

Needs for interplay between 
models and reality tests





dx

dt
= f(X;P; t)

Needs for systems thinking and 
integration of heterogeneous knowledge 







Computational modelling for biology and medicine 
left the niches in the last decades

● Metabolic networks (Herrgård et al. A consensus yeast metabolic network reconstruction obtained from a 
community approach to systems biology. Nat Biotechnol  2008)

● Signalling pathways (Bray et al. Receptor clustering as a cellular mechanism to control sensitivity. Nature 
1998; Bhalla ad Iyengar. Emergent properties of signaling pathways. Science 1998, Schoeberl et al. 
Computational modeling of the dynamics of the MAP kinase cascade activated by surface and internalized EGF 
receptors. Nat Biotechnol  2002; Nelson et al. Oscillations in NF-kB Signaling Control the Dynamics of Gene 
Expression. Science 2004;  Ashall et al. Pulsatile Stimulation Determines Timing and Specificity of NF-kappa B-
Dependent Transcription. Science 2009)

● Gene regulatory networks (McAdams and Shapiro. Circuit simulation of genetic networks. Science 1995; 
Yue et al. Genomic cis-regulatory logic: Experimental and computational analysis of a sea urchin gene. Science 
1998; Von Dassow et al. The segment polarity network is a robust developmental module. Nature 2000)

● Pharmacokinetic/dynamic models (Labrijn et al. Therapeutic IgG4 antibodies engage in Fab-arm 
exchange with endogenous human IgG4 in vivo. Nat Biotechnol 2009)

● Physiological models (Noble. Modeling the heart from genes to cells to the whole organ. Science 2002; 
Izhikevich and Edelman. Large-scale model of mammalian thalamocortical systems. PNAS 2008)

● Infectious diseases (Perelson et al. HIV-1 dynamics in vivo: Virion clearance rate, infected cell life-span, 
and viral generation time. Science 1996; Neumann et al.  Hepatitis C viral dynamics in vivo and the antiviral 
efficacy of interferon-alpha therapy. Science 1998)







Computational models on the rise
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Growth of BioModels Database between its creation and release 17



  

http://www.ebi.ac.uk/biomodels/

N. Le Novère, B. Bornstein, A. Broicher, M. Courtot, M. Donizelli, H. Dharuri, L. Li, H. Sauro, M. 
Schilstra, B. Shapiro, J.L. Snoep, M. Hucka. BioModels Database: A Free, Centralized Database 
of Curated, Published, Quantitative Kinetic Models of Biochemical and Cellular Systems. (2006)
Nucleic Acids Research, 34: D689-D691.



  

Direct model re-use: EGFR signalling and glycolysis

Schoeberl et al 2002
(BIOMD0000000019)

Hornberg et al 2005
(MODEL0848279215)

Singh et al 2006
(BIOMD0000000151)

Li et al 2009

Teusink et al 2000
(BIOMD0000000064)

Pritchard et al 2002
(BIOMD0000000172)

Conant et al 2007
(BIOMD0000000176
BIOMD0000000177)

Ung et al 2008
(BIOMD0000000205)



  

Models at the core of integrative systems 
bio/physio/neurobiology

● As any kind of output from scientific research, models must be available to 
the scientific community: Results based on a model that is not distributed 
cannot be verified and falsified. This is not valid and useful science

● Computational models must be exchanged: 
computer storable and readable

● Computational models must be related to relevant experimental datasets: 
expressive relationships and robust links

● Computational models must be amenable to many different analyses: 
standard API

● Computational models must allow modification, split, merge: 
Encoded according a suitable design



  

● As any kind of output from scientific research, models must be available to 
the scientific community: Results based on a model that is not distributed 
cannot be verified and falsified. This is not valid and useful science

● Computational models must be exchanged: 
computer storable and readable

● Computational models must be related to relevant experimental datasets: 
expressive relationships and robust links

● Computational models must be amenable to many different analyses: 
standard API

● Computational models must allow modification, split, merge: 
Encoded according a suitable design

Standardisation is unavoidable!

Models at the core of integrative systems 
bio/physio/neurobiology



  

A “complete” (?) mosaic of standards for 
Computational Systems Biology models

Minimal 
requirements

Data-models

Ontologies

Models               Simulation               Results   

SBRML



  

Model description

Data-models

Minimal 
requirements

Ontologies

Models               Simulation               Results   

SBRML



  

Hucka M., Bolouri H., Finney A., Sauro H.M.,  Doyle J.C., Kitano H.Arkin A.P., Bornstein B.J., Bray 
D., Cornish-Bowden A., Cuellar A.A., Dronov S., Ginkel M., Gor V., Goryanin I.I., Hedley W.J., 
Hodgman T.C., Hunter P.J., Juty N.S., Kasberger J.L., Kremling A., Kummer U., Le Novère N., Loew 
L.M., Lucio D., Mendes P., Mjolsness E.D., Nakayama Y., Nelson M.R.,  Nielsen P.F., Sakurada T., 
Schaff J.C., Shapiro B.E., Shimizu T.S., Spence H.D., Stelling J., Takahashi K., Tomita M., Wagner 
J., Wang J.et al (2003). The Systems Biology Markup Language (SBML): A Medium for 
Representation and Exchange of Biochemical Network Models. Bioinformatics, 19: 524-531.



  

The Systems Biology Markup Language is a way to exchange and 
reuse (and hopefully interface) descriptions of quantitative models in 
“Systems Biology”, in fact mostly well-stirred chemical kinetics so far.

It is not a procedural language.

It is not a programming language. 

It is not a format for specific software configuration files

(only 3 of the 7 SBML founding software are still 
maintained today).

Development philosophy: Start small, get good support, extend.

SBML itself re-uses other standards: XML, MathML, XHTML, RDF, 
existing ontologies.

It is supported by a community large, diverse, active and evolving.

What is SBML?



  

Global structure of a SBML file



  

Global structure of a SBML file

variables

relationships



  

A very simple SBML file



  

A very simple SBML file



  

A very simple SBML file



  

A very simple SBML file



  

A very simple SBML file



  

A very simple SBML file

MathML



  

A more realistic example ...

RDF

XHTML

biological semantics



  

    SBML is not limited to biochemistry!

Rate Rules can describe the temporal evolution of any quantitative 
parameter, e.g. transmembrane voltage;

Events can describe any discontinuous change, e.g. neurotransmitter 
release or repolarisation;

A species is an entity participating to a reaction, not always a chemical 
entity:

It can be a molecule

It can be a cell

It can be an organ

It can be an organism
 

SBML is about process descriptions  



Model of signalling pathways

Fernandez et al. DARPP-32 is a 
robust integrator of dopamine 
and glutamate signals 
PLoS Comput Biol (2006) 2: e176. 

BIOMD0000000153

reaction:

von1 = kon1 £ [D]£ [CDK5]£ V ol



Conductance-based model

Hodgkin AL, Huxley AF. 
A quantitative description of 
membrane current and its 
application to conduction 
and excitation in nerve.  
J Physiol  (1952) 117:500-544. 

BIOMD0000000020 

rate rule:
dv

dt
=
I ¡ (iNa + iK + iL)

Cm

assignment rule:
iNa = gNa £m3 £ h£ (V ¡ENa)



Single-compartment neurons

Izhikevich EM. Simple 
model of spiking neurons.  
IEEE Trans Neural Netw 
(2003) 14(6):1569-1572. 

BIOMD0000000127 

rate rule:
dv

dt
= 0:042 + 5£ V + 140¡ U + i

event:
v = c

U = U + d
when v > Vthresh

(



  

Pharmacokinetic/dynamic model

Tham et al (2008) A pharmacodynamic 
model for the time course of tumor 
shrinkage by gemcitabine + carboplatin in 
non-small cell lung cancer patients.
Clin Cancer Res. 2008 14(13): 4213-8.

assignment rule:rate rule:
Size

dt
= (Ratein £ E®ect ¡Kover £ Size)£ Size

BIOMD0000000234

E®ect = 1¡ Emax ¡Ce
Amt50 + Ce



Spread of infection diseases ...

Munz P et al. When zombies attack!: 
Mathematical modelling of an 
outbreak of zombie infection. in 
"Infectious Disease Modelling 
Research Progress",  (2009 )133-150

MODEL1008060001



  

Difference between SBML L1, L2 and L3

predefined functions

proprietary infix 
math notation

reserved namespaces for 
annotation

no controlled 
annotation

no discrete events

monolithic

default values

function definitions

all math in MathML

no reserved namespaces for 
annotations

controlled 
RDF annotation 

discrete events

monolithic

default values

function definitions

all math in MathML

no reserved namespaces for 
annotations

controlled 
RDF annotation 

discrete events

modular

no default values

L1                          L2                           L3

Progressive simplification, generalisation and externalisation



  

SBML Level 3 packages

● Core package – Release candidate

● Graph Layout – specification finalised

● Complex species – specification finalised 

● Groups - specification finalised

● Model composition – specification under discussion

● Qualitative models – specification under discussion

● Distributions and ranges - specification under discussion

● Graph rendering – specification proposed

● Arrays and sets – specifications proposed

● Geometry - specification proposed

● Spatial diffusion – specification proposed

● Dynamic structures - needed

???



  



  

Current structure of the SBML community

SBML-team (~2-7) 
Funded on the SBML 
grant. Develops 
resources      -- head

SBML editorial 
board (5)
members elected for 3 
years. No consecutive 
terms

chairs

SBML forum (~20-30)
People attending consecutive meetings, participating 
to the discussions, proposing extensions and voting on 
resolutions.

SBML community (250 - ?)
People who attended a meeting, participated to a  
discussion, requested a feature, implemented support 
for SBML, or simply use SBML

elects consults

writes 
specification

motivates

SBML-partners (2)
Grant holders
Workforce hosts

funds
hosts

Hucka (Caltech) 
and Le Novère (EBI)



  

Model semantics

Data-models

Minimal 
requirements

Ontologies

Models           Simulation           Results   

SBRML



  



Models must :

● be encoded in a public machine-readable format

● be clearly linked to a single reference description 

● reflect the structure of the biological processes described in
 the reference paper (list of reactions etc.)

● be instantiable in a simulation (possess initial conditions etc.)

● be able to reproduce the results given in the reference paper

● contain creator’s contact details

● annotation to unambiguously identify each model constituent 

MIRIAM compliance



Annotation of model components are essential to: 

● allow efficient search strategies

● unambiguously identify model components

● improve understanding the structure of the model 
● allow easier comparison of different models
● ease the integration of models

● add a semantic layer to the model

● improve understanding of the biology behind the model
● allow conversion and reuse of the model
● ease the integration of model and biological knowledge

Why are annotations important?



  

MIRIAM cross-references

Data-set Identifier
(required)

text string

Not a URL, 
not a “Web-
address”!

Format depends
on the resource

identified by
the data-type

urn:miriam:uniprot:P62158

urn:miriam:ec-code:1.1.1.1

urn:miriam:obo.go:GO%3A0000186

UniProt and P62158 (human calmodulin)

EC code and 1.1.1.1 (alcohol dehydrogenase)

Gene Ontology and GO:0000186 (activation of MAPKK activity)

Data-type
identifier

(required)

URI

Annotation
qualifier

(optional)

text string

Controlled vocabulary
established by
the community



  
Laibe C., Le Novère N. MIRIAM Resources: tools to generate and resolve 
robust cross-references in Systems Biology. BMC Systems Biology (2007), 1: 58.



  



  

Qualification of annotation

model element

biological 
entity A

biological 
entity B

annotation

represents represents

qualifier

relationship



  

Qualification of annotation

species MPF

M-phase
promoting factor

CDC2

UniProt P04551

represents represents

bqbiol:hasPart

has a part



  

SBML and MIRIAM cross-references

    



  

Tools developing support for MIRIAM identifiers

● Data resources

● BioModels Database (kinetic models)

● PSI consortium (protein interactions)

● Reactome (pathways)

● Pathway commons (pathways)

● SABIO-RK (reaction kinetics)

● Yeast consensus model database

● Human consensus model database

● E-MeP (structural genomics)

● Application software

● ARCADIA (graph editor)

● BIOUML (modeling and simulation)

● COPASI (Simulation)

● libAnnotationSBML

● libSBML

● SAINT (semantic annotation)

● SBML2BioPAX

● SBML2LaTeX

● SBMLeditor (model editor)

● SemanticSBML (annotation and merging)

● Snazer (Network analysis, Simulations)

● Systems Biology Workbench 
(model design and simulation)

● The Virtual Cell (Simulation)

● MIRIAM Resources statistics

● ~5000 web page requests per month

● ~550000 web service requests per month



  



  
Marvin Schulz, Falko Krause, Nicolas Le Novère, Edda Klipp, and Wolfram
Liebermeister: Comparison and clustering of biochemical network models
based on semantic annotations. submitted

R. Henkel, L. Endler, A. Peters, N. Le Novère, D. Waltemath (2010) Ranked 
Retrieval of Computational Biology Models. BMC Bioinformatics, 11:423

M Schulz, F Krause, N Le Novère, E Klipp, and W Liebermeister: 
Comparison and clustering of biochemical network models based 
on semantic annotations. submitted



  

Visual representation of models

Minimal 
requirements

Data-models

Ontologies

Models           Simulation           Results   

SBRML



  

N. Le Novère, M. Hucka, H. Mi, S. Moodie, F. Shreiber, A. Sorokin, et al (2009). The Systems 
Biology Graphical Notation. Nature Biotechnology, 27: 735-741.



  

What is SBGN?

● An unambiguous way  of graphically  describing and interpreting 
biochemical and cellular events

● Limited amount of symbols
Re-use existing symbols
                                             Smooth learning curve

● Can represent logical or mechanistic models, biochemical 
pathways, at different levels of granularity

● Detailed technical specification, precise data-models and growing  
software support

● Developed over four years by a diverse community, including 
biologists, modellers, computer scientists etc.



  

Graph trinity: three languages in one notation

Process Descriptions Entity Relationships Activity Flows

● Unambiguous

● Mechanistic

● Sequential

● Combinatorial 
explosion

● Unambiguous

● Mechanistic

● Sequential

● Combinatorial 
explosion

● Unambiguous

● Mechanistic

● Non-sequential

● Independence of 
relationships

● Unambiguous

● Mechanistic

● Non-sequential

● Independence of 
relationships

● Ambiguous

● Conceptual

● Sequential

● Ambiguous

● Conceptual

● Sequential



  

Process Descriptions are bipartite graphs

process
node

entity
pool
node

EPN EPN

PN

connecting 
arcs

PN

“continuant”,
what is

“occurant”,
what happens



  

Metabolic network in Process Description Language



  

A

B
T

P

If A exists, the assignment of the value P to the 
state variable T of B is increased

 

Entity Relationships can be viewed as rules 

(A stimulates the phosphorylation of B on the threonine)



  

A

B
T

P

If A exists, the assignment of the value P to the 
state variable T of B is increased 

C
S

P

Entity Relationships can be viewed as rules 

If P is assigned to the state variable T of B, the 
assignment of the value P to the state variable S of 
B is decreased 



  

ER map of calcium-regulated synaptic plasticity

increases synaptic weight

decreases synaptic weight



  

Example of Activity Flow map



  

Linking SBGN maps to external information

catalytic processes

transport processes

contractile proteins



  

Linking SBGN maps to external information



  

Linking SBGN maps to external information



  

Current structure of the SBGN community

SBGN editorial 
board (5)
members elected for 3 
years. No consecutive 
terms

SBGN forum (~20-30)
People attending consecutive meetings, participating 
to the discussions, proposing extensions and voting on 
resolutions.

SBGN community
People who attended a meeting, participated to a  
discussion, requested a feature, implemented support 
for SBGN, or simply use SBGN

elects consults

writes 
specification

motivates

SBGN scientific committee
Grant holders to support SBGN
Experts/pioneers in graphical
representation
Leading figures in related fields

advises and monitors



  

Is the mosaic of standards complete?

Minimal 
requirements

Data-models

Ontologies

Models               Simulation               Results   

SBRML



  

Disentangling the model life-cycle
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Model semantics (structure)

Initial conditions (numbers)

SBMLSBML

Disentangling the level of discourse

Biological semantics

Graphical representation
BioPAXBioPAX

SBMLSBML



  

Biological semantics

Le Novère N., Courtot M., Laibe C. Adding semantics in kinetics models of biochemical 
pathways. Proc 2nd Intl Symp on experimental standard conditions of enzyme 
characterizations (2007), 137-153. 

Demir E, Cary MP, Paley S, Fukuda K, Lemer C, Vastrik I, Wu G, D'Eustachio P, Schaefer C, 
Luciano J, Schacherer F, Martinez-Flores I, Hu Z, Jimenez-Jacinto V, Joshi-Tope G, Kandasamy 
K, Lopez-Fuentes AC, Mi H, Pichler E, Rodchenkov I, Splendiani A, Tkachev S, Zucker J, 
Gopinathrao G, Rajasimha H, Ramakrishnan R, Shah I, Syed M, Anwar N, Babur O, Blinov M, 
Brauner E, Corwin D, Donaldson S, Gibbons F, Goldberg R, Hornbeck P, Luna A, Murray-Rust 
P, Neumann E, Reubenacker O, Samwald M, van Iersel M, WimalaratneS, Allen K, Braun B, 
Carrillo M, Cheung KH, Dahlquist K, Finney A, Gillespie M, Glass E, Gong L, Haw R, Honig M, 
Hubaut O, Kane D, Krupa S, Kutmon M, Leonard J, Marks D, Merberg D, Petri V, Pico A, 
Ravenscroft D, Ren L, Shah N, Sunshine M, Tang R, Whaley R, Letovksy S, Buetow KH, 
Rzhetsky A, Schachter V, Sobral BS, Dogrusoz U, McWeeney S, Aladjem M, Birney E, Collado-
Vides J, Goto S, Hucka M, Le Novère N, Maltsev N, Pandey A, Thomas P, Wingender E, Karp 
PD, Sander C, Bader GD. BioPAX – A Community Standard for Pathway Data Sharing. Nat 
Biotechnol (2010), 28: 935–942

Systems Biology Ontology (SBO)  Set of linked controlled vocabularies, 
defining and relating concepts used in computational modelling in biology. 
Used in SBML, SBGN, NeuroML

Biological Pathway Exchange (BioPAX)  Standard language to represent biological 
pathways at the molecular and cellular level and to facilitate the exchange of pathway data. 
Used by most major pathways databases
 



  

ecology

drug discovery

neurobiology

Physiology

Parallel and redundant efforts

biochemistry

BioPAX



  

What if the world-wide web was built like this?

leisure

art and design

business

literacy

natural sciences 



  

The correct way to do it

Personal info: vCard

Presentation: CSS

Semantics: RDF

Graphics: SVG

Display: HTML



  

global representation

tissue network

mechanics

morphology, state transitions

Non-overlapping languages to cover all models

biochemistry

SBMLSBML

NineMLNineML FieldMLFieldML



  

Standards interoperability along the 3 dimensions

● SBML to BioPAX: conversion using metadata (MIRIAM annotations 
and SBO terms), e.g.

● mapping between Species and PhysicalEntity

● mapping between Reactions and PhysicalInteraction

● Conversion of SBML or BioPAX descriptions to SBGN map

● Usage of SBML descriptions (or CellML or VCML) in SED-ML: 
Identification of variables using XPath

● Descriptions using SBML and NeuroML: Interface based on XPath



  

Requirements for a overarching 
standardisation structure

● What?

● Set of interoperable description languages

● Cover all aspects of modelling and simulation, all types of 
descriptions / views of the real

● Role of community-maintained ontologies.

● How?

● Independence towards Institutions, funders and individuals

● Role of European Research Infrastructures? (ELIXIR, ISBE)

● Who?

● Communities developing their standards: Systems  Biology, 
Physiology (VPH), Neuroscience (INCF), Drug discovery (DDMoRe), 
Clinical data (CDISC) ...

● Other players in knowledge-representation: W3C ...

● Academic and corporate users: Modeling platforms (MatWorks ...), 
Pharma (Pistoia alliance) ...



  

Requirements for a overarching 
standardisation structure

COmputational Modeling in BIology NEtwork
(COMBINE) forthcoming: http://co.mbine.org

● What?

● Set of interoperable description languages

● Cover all aspects of modelling and simulation, all types of 
descriptions / views of the real

● Role of community-maintained ontologies.

● How?

● Independence towards Institutions, funders and individuals

● Role of European Research Infrastructures? (ELIXIR, ISBE)

● Who?

● Communities developing their standards: Systems  Biology, 
Physiology (VPH), Neuroscience (INCF), Drug discovery (DDMoRe), 
Clinical data (CDISC) ...

● Other players in knowledge-representation: W3C ...

● Academic and corporate users: Modeling platforms (MatWorks ...), 
Pharma (Pistoia alliance) ...



  

COMBINE 2010

● 6 to 9 October 2010, Edinburgh, before the ICSB

● 77 registrations so far (forecast was 50 max ...)

● 14 sessions, plus breakouts, 42 presentations, 30 posters

Physiome standards
SED-ML

SBGN languages
libSBGN and SBGN support

Encoding graph layouts
Interactions and reactions

Semantics and metadata resources
Encoding and using semantics

Format conversion
Software support

BioPAX levels
What is not covered yet

SBML Level 3
libSBML and SBML support

followed by:

SBML 10th anniversary



  



  

A “WorldWide Web consortium” 
for the modeling in life-sciences



  

Research perspectives

● Change of scale for the support of Systems Biology

● Towards a coherent set of interoperable standards to represent 
models and simulations at all levels

● Development of ontologies for model semantics in biology and 
their integration with experimental and clinical data

                       ”W3C” for modelling in biology

● Scaling up BioModels Database to cover all mathematical 
models in biology

● Multi-scale models of neuronal transmission in basal ganglia

● 4D models of post-synaptic density

● Forest of kinase signalling linked by phosphatases

● Integration of biochemical cascades and eletrophysiological 
behaviours

● Mechanical models: spine volume, dendritic remodelling   

● Modelling the basic unit of basal ganglia



  

Multi-approach, multi-scale models in neuroscience

● Models and simulations in neuroscience cover all scales and approaches: Reaction-
diffusion,  biochemistry, electrophysiology (cable approximation), mechanical (neurite 
growth), networks, field approaches (EEG)

● Multi-scale biological problems are concrete:
Molecular basis of synaptic plasticity -> transmission of signal by neuron -> cognitive 
function
mutations -> molecular aggregates -> neuronal death -> behavioural pathologies

● Versatile simulation tools exist that cover all levels. 

● An expertise is building up on hybrid models:
Biochemistry/electrophysiology; networks/fields

● There is a political will: role of the International Neuroinformatics Coordination 
Facility: Development of standards, ontologies and simulation tools.

● Neurobiology can make real the aims of the Virtual Physiological Human by 
déveloping integrated models from the molecule to the organ, and by using them to 
understand normal functions, emergence of pathologies, and to propose/test new 
treatments in silico.



  

 Scientific environment in Bordeaux
● Molecule-synapse: CNRS UMR 5091 Physiologie cellulaire de la synapse (dir. 

Christophe Mulle), soon INES, on the Neurocampus, and in particular the group of  
Daniel Choquet for receptor dynamics

●  Neuron: INSERM U 862 - Physiopathologie de la plasticité neuronale, Neurocentre 
Magendie (dir. Pier Vincenzo Piazza), on the Neurocampus, for the dendritic 
remodelling

● Networks: CNRS UMR 5228 - Centre de Neurosciences Intégratives et Cognitives 
(dir. Georges Di Scala), for the modelling of basal ganglia

● Tissue, organism, pathology: CNRS UMR 5227 - Mouvement - Adaptation – 
Cognition (dir. Jean-Rene Cazalets), and in particular the group of Erwan 
Bezard/Bertrand Bloch, soon institute of  neurodegenerative diseases on the  
Neurocampus

● Computational resources for Systems Biology: CBiB, Antoine de Daruvar and 
soon Macha Nikolskaia 

● Data visualisation and manipulation: MaBioVis/Gravite, Guy Melançon

● Event driven simulations: MAGNOME, David Sherman 

● Advanced numerical methods: MC2, Thierry Colin

● High performance  simulation: HiePACS, Jean Roman

● ....
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