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Catastrophic weather phenomena – strom, lightning, tornado and hurricane



The Mayas of Chichen Itza

Pyramid, Chaac, and cenote sagrada
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hot

Raleigh-Bénard convection and hurricane formation



Alan M. Turing, 1912-1954

Change in local concentration =

=  diffusion + chemical reaction

A.M. Turing. 1952. The chemical basis of morphogenesis. 
Phil.Trans.Roy.Soc.London B 237:37-72.



Belousov-Zhabotinskii reaction 1959Liesegang rings 1895

Turing pattern: 
Boissonade, De Kepper 1990

Nonequilibrium patterns from chemical self-organization:

Liesegang rings in precipitation from oversaturated solutions,

periodic patterns in the Belousov-Zhabotinskii reaction, and

stationary Turing patterns. 



Color patterns on animal skins



Bates‘ mimicry Müller‘s mimicry

Different forms of mimicry observed in nature



Bates‘ mimicry

milk snake

false coral snake

Different forms of mimicry observed in nature

Emsley‘s or Mertens‘ 
mimicry

coral snake



Skin patterns in an 
inbred strain of cats

Parents and daughter



Genotype, Genome
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cell biology
developmental biology
neurobiology
botany
zoology
anthropology
ecology

biochemistry
molecular biology
structural biology

molecular evolution
molecular genetics

systems biology 
bioinfomatics

genetics
epigenetics
environment

development



Duplication of genetic information

Deoxyribonucleic acid – DNA

The carrier of digitally encoded information



A sketch of cellular information processing



A sketch of a genetic and metabolic network
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The reaction network of cellular metabolism published by Boehringer-Ingelheim.



The citric acid 
or Krebs cycle 
(enlarged from 
previous slide).



Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

3. Selection.

Multiplication is a basic property of all cells in germ lines. 

Variation through mutation and recombination operates on the genotype 
whereas the phenotype is the target of selection. Variations, mutations 
or recombination events, occur uncorrelated with their effects on the
selection process. 

Selection is a consequence of finite population sizes. 

All conditions can be fulfilled not only by cellular organisms but also by
nucleic acid molecules in suitable cell-free experimental assays.



Variation of genotypes through mutation and recombination



Variation of genotypes through mutation



Chemical kinetics of molecular evolution
M. Eigen, P. Schuster, `The Hypercycle´, Springer-Verlag, Berlin 1979



Chemical kinetics of molecular evolution
M. Eigen, P. Schuster, `The Hypercycle´, Springer-Verlag, Berlin 1979



Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Uniform distribution in 
sequence space



Quasispecies

Driving virus populations through threshold

The error threshold in replication





Motoo Kimuras Populationsgenetik der 
neutralen Evolution. 

Evolutionary rate at the molecular level. 
Nature 217: 624-626, 1955.

The Neutral Theory of Molecular Evolution. 
Cambridge University Press. Cambridge, 
UK, 1983.





N = 7

Neutral networks with 
increasing 



N = 24

Neutral networks with 
increasing 



N = 68

Neutral networks with 
increasing 







A sketch of optimization on neutral networks



An example of selection of molecules 
with predefined properties in 
laboratory experiments



tobramycin
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RNA aptamer

Secondary structure of the tobramycin binding RNA aptamer with KD = 9 nM

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, Saccharide-RNA recognition in an aminoglycoside antibiotic-
RNA aptamer complex. Chemistry & Biology 4:35-50 (1997)



Application of molecular evolution to problems in biotechnology



Results from molecular evolution in laboratory 
experiments:

• Evolutionary optimization does not require cells and occurs in 
molecular systems too.

• In vitro evolution allows for production of molecules for 
predefined purposes and gave rise to a branch of biotechnology.

• Direct evidence that neutrality is a major factor for the 
success of evolution.

• Novel antiviral strategies were developed from known molecular
mechanisms of virus evolution.       



The bacterial cell as an example for 
the simplest form of autonomous life

Escherichia coli genome:

4 million nucleotides

4460 genes

The structure of the bacterium Escherichia coli



E. coli: Genome length 4×106 nucleotides
Number of cell types 1
Number of genes 4 460

Four books, 300 pages each

Man: Genome length 3×109 nucleotides

Number of cell types 200

Number of genes 30 000

A library of 3000 volumes, 
300 pages each

Complexity in biology



Wolfgang Wieser. 1998. ‚Die 
Erfindung der Individualität‘ oder 
‚Die zwei Gesichter der Evolution‘. 
Spektrum Akademischer Verlag,
Heidelberg 1998
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Alan C. Wilson.1985. The molecular 
basis of evolution.
Scientific American 253(4):148-157.



Evolution does not design with 
the eyes of an engineer, 
evolution works like a tinkerer.

Francois Jacob, Pantheon Books, 
New York 1982



A model for the genome 
duplication in yeast
100 million years ago

Manolis Kellis, Bruce W. Birren, and Eric S. Lander. Proof and evolutionary analysis of ancient genome 
duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004



The difficulty to define 
the notion of „gene”.

Helen Pearson,
Nature 441: 399-401, 2006



ENCODE Project Consortium. 
Identification and analysis of functional 
elements in 1% of the human genome by 
the ENCODE pilot project. 
Nature 447:799-816, 2007

ENCODE stands for
ENCyclopedia Of DNA Elements. 



Fast and frugal heuristics use simple rules for

• guiding search for information,
• stopping search, and
• decision making.

E. Brandstätter, G. Gigerenzer, R. Herwig. 2006. The priority heuristic: 
Making choices without trade offs. Psychological Review 113:409-432.
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