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Cardinal Christoph Schönborn:   The New York Times,  July 07, 2005

… Any system of thought that denies or seeks to explain away the
overwhelming evidence for design in biology is ideology, not science.

… Scientific theories that try to explain away the appearance of
design as the result of “chance and necessity” are not scientific at 
all, but, as John Paul put it, an abdication of human intelligence.
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Ernst Mayr and others:

Can we explain the observations in biology without the 
assumption of a causa finalis ?

The answer is yes, adaptation through variation and selection 
leads to the same result as rational design. 

“Teleonomy replaces teleology”

Evolutionary biotechnology was able to prove this statement.



William of Ockham, ~1285 – 1349

Ockham‘s razor: „ ... plurality should
not be assumed without necessity,“ 

or in modern English:  „ ... keep it simple,
unsophisticated, even stupid.“

No concept, construct or variable should be used that 
is not required for the explanation of phenomena.

If we don‘t need a causa finalis, we have to dismiss it 
without replacement.
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Eugene Wigner’s argument applied to a bacterium:

All genomes have equal probability

600000

Alphabet size:    4

Chain length:    1 000 000 nucleotides

Number of possible genomes:  4 1000000

Probability to find a given bacterial genome:

4 -1000000 10 –600000 = 0.000……001



Wigner’s paradox

The golf course landscape

Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



Solution to Wigner’s paradox

The funnel landscape

Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



Eugene Wigner’s argument revisited:

Every single point mutation leads to an 
improvement and is therefore selected

Alphabet size:    4

Chain length:    1 000 000 nucleotides

Length of longest path to the optimum:  3 1000000

Probability to find the optimal bacterial genome:

0.333.. 10 -6 = 0.000000333..

A U G A

C      C A

A U A



Solution to Wigner’s paradox

The structured funnel landscape

Picture: K.A. Dill, H.S. Chan, Nature Struct. Biol. 4:10-19



The reconstructed folding landscape 
of a real biomolecule: “Lysozyme”

An “all-roads-lead-to-Rome” landscape

Picture:  C.M. Dobson, A. Šali, and M. Karplus, Angew.Chem.Internat.Ed. 37: 868-893, 1988



But (!) landscapes of evolution in nature 

and in the laboratory are unlike all the 

four examples shown here!
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Charles Darwin, The Origin of Species, 6th edition. 
Everyman‘s Library, Vol.811, Dent London, pp.121-122.



Stephen Jay Gould, 1941 – 2002

Punctuated Equilibrium:
Evolution occurs through abrupt 

changes and not gradual.

Niles Eldredge, 1943 –



Gradual change versus punctuated equilibrium in butterfly colors



time

morphologies

morp
ho

log
ies

Phyletic tree as pictured by the gradualists’ and the punctuated equilibrium approach 





Falling meterorites:
An example is the Chicxulub crater in
Mexico dated 65 million years ago

L.W.Alvarez, Mass Extinctions caused by large bolide 
impacts. Physics Today 40: 24-33, 1987



 
 

 
Generation time

Selection and 
adaptation 

10 000 generations 

Genetic drift in 
small populations 
106 generations 

Genetic drift in 
large populations 
107 generations 

RNA molecules 10 sec 
1 min 

27.8 h = 1.16 d 
6.94 d 

115.7 d 
1.90 a 

3.17 a 
19.01 a 

Bacteria 20 min 
10 h 

138.9 d 
11.40 a 

38.03 a 
1 140 a 

380 a 
11 408 a 

Multicelluar organisms 10 d 
20 a 

274 a 
20 000 a 

27 380 a 
2 × 107 a 

273 800 a 
2 × 108 a 

 

Time scales of evolutionary change



Bacterial Evolution

S. F. Elena, V. S. Cooper, R. E. Lenski. Punctuated evolution caused by selection 
of rare beneficial mutants. Science 272 (1996), 1802-1804 

D. Papadopoulos, D. Schneider, J. Meier-Eiss, W. Arber, R. E. Lenski, M. Blot. 
Genomic evolution during a 10,000-generation experiment with bacteria. 
Proc.Natl.Acad.Sci.USA 96 (1999), 3807-3812

S. F. Elena, R. E. Lenski. Evolution experiments with microorganisms: The 
dynamics and genetic bases of adaptation. Nature Review Genetics 4 (2003),
457-469

C. Borland, R. E. Lenski. Spontaneous evolution of citrate utilization in
Escherichia coli after 30000 generations. Evolution Conference 2004, Fort Collins, 
Colorado





1 year

Epochal evolution of bacteria in serial transfer experiments under constant conditions
S. F. Elena, V. S. Cooper, R. E. Lenski. Punctuated evolution caused by selection of rare beneficial mutants. 
Science 272 (1996), 1802-1804



Variation of genotypes in a bacterial serial transfer experiment
D. Papadopoulos, D. Schneider, J. Meier-Eiss, W. Arber, R. E. Lenski, M. Blot. Genomic evolution during a 
10,000-generation experiment with bacteria. Proc.Natl.Acad.Sci.USA 96 (1999), 3807-3812



Innovation after 33 000 generations:

One out of 12 Escherichia coli colonies 
adapts to the environment and starts 
spontaneously to utilize citrate in the 
medium.



Evolution of RNA molecules based on Qβ phage

D.R.Mills, R.L.Peterson, S.Spiegelman, An extracellular Darwinian experiment with a 
self-duplicating nucleic acid molecule. Proc.Natl.Acad.Sci.USA 58 (1967), 217-224

S.Spiegelman, An approach to the experimental analysis of precellular evolution. 
Quart.Rev.Biophys. 4 (1971), 213-253

C.K.Biebricher, Darwinian selection of self-replicating RNA molecules. Evolutionary 
Biology 16 (1983), 1-52

G.Bauer, H.Otten, J.S.McCaskill, Travelling waves of in vitro evolving RNA.
Proc.Natl.Acad.Sci.USA 86 (1989), 7937-7941

C.K.Biebricher, W.C.Gardiner, Molecular evolution of RNA in vitro. Biophysical 
Chemistry 66 (1997), 179-192

G.Strunk, T.Ederhof, Machines for automated evolution experiments in vitro based on 
the serial transfer concept. Biophysical Chemistry 66 (1997), 193-202



RNA  sample

Stock solution:  Q  RNA-replicase, ATP, CTP, GTP and UTP, buffer

Time
0 1 2 3 4 5 6 69 70

The serial transfer technique applied to RNA evolution in vitro



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment



Evolutionary design of RNA molecules

D.B.Bartel, J.W.Szostak, In vitro selection of RNA molecules that bind specific ligands. 
Nature 346 (1990), 818-822

C.Tuerk, L.Gold, SELEX - Systematic evolution of ligands by exponential enrichment: RNA 
ligands to bacteriophage T4 DNA polymerase. Science 249 (1990), 505-510

D.P.Bartel, J.W.Szostak, Isolation of new ribozymes from a large pool of random sequences. 
Science 261 (1993), 1411-1418

R.D.Jenison, S.C.Gill, A.Pardi, B.Poliski, High-resolution molecular discrimination by RNA. 
Science 263 (1994), 1425-1429

Y. Wang, R.R.Rando, Specific binding of aminoglycoside antibiotics to RNA. Chemistry & 
Biology 2 (1995), 281-290 

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



An example of ‘artificial selection’ 
with RNA molecules or ‘breeding’ of 
biomolecules



The SELEX technique for the evolutionary preparation of aptamers



tobramycin
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RNA aptamer

Formation of 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)



The three-dimensional structure of the 
tobramycin aptamer complex

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, 
Chemistry & Biology 4:35-50 (1997)



Computer simulation of RNA optimization

Walter Fontana and Peter Schuster,
Biophysical Chemistry 26:123-147, 1987

Walter Fontana, Wolfgang Schnabl, and
Peter Schuster, Phys.Rev.A 40:3301-3321, 1989





Walter Fontana, Wolfgang Schnabl, and
Peter Schuster, Phys.Rev.A 40:3301-3321, 1989



Evolution in silico

W. Fontana, P. Schuster, 
Science 280 (1998), 1451-1455



Stock Solution Reaction Mixture

Replication rate constant:

fk = / [ + dS
(k)]

dS
(k) = dH(Sk,S )

Selection constraint:

# RNA molecules is 
controlled by the flow

NNtN ±≈)(

The flowreactor as a 
device for studies of 
evolution in vitro and 
in silico



In silico optimization in the flow reactor: Evolutionary Trajectory



28 neutral point mutations during 
a long quasi-stationary epoch

Transition inducing point mutations 
change the molecular structure

Neutral point mutations leave the 
molecular structure unchanged

Neutral genotype evolution during phenotypic stasis 



„...Variations neither useful not injurious 
would not be affected by natural selection, 
and would be left either a fluctuating 
element, as perhaps we see in certain 
polymorphic species, or would ultimately 
become fixed, owing to the nature of the 
organism and the nature of the conditions.
...“

Charles Darwin, Origin of species (1859)



Motoo Kimura’s Population genetics of
neutral evolution. 

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

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



Mount Fuji

Example of a smooth landscape on Earth



Dolomites

Bryce Canyon

Examples of rugged landscapes on Earth



Genotype Space

Fi
tn

es
s

Start of Walk

End of Walk

Evolutionary optimization in absence of neutral paths in sequence space



Genotype Space

Fi
tn

es
s

Start of Walk

End of Walk

Random Drift Periods

Adaptive Periods

Evolutionary optimization including neutral paths in sequence space



Grand Canyon

Example of a landscape on Earth with ‘neutral’ 
ridges and plateaus



Conformational and mutational landscapes of biomolecules 
as well as fitness landscapes of evolutionary biology are

rugged.

Genotype Space

Fi
tn

es
s

Start of Walk

End of WalkAdaptive or non-descending walks on rugged 
landscapes end commonly at one of the low lying local 
maxima.

Genotype Space

Fi
tn

es
s

Start of Walk

End of Walk

Selective neutrality in the form of  neutral networks
plays an active role in evolutionary optimization and 
enables populations to reach high local maxima or even 
the global optimum.
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Walter Gehring, Biozentrum, Universität Basel

Molecular genetics shows that the development 
of all different forms of eyes have the same 
evolutionary origin, which can be traced back to 
a simple form of light-sensitivity found already 
in primitive bacteria.

W. J. Gehring. The genetic control of eye development 
and its implications for the evolution of the various 
eye-types. Zoology 104 (2001):171-183



Walter J. Gehring, The genetic control of eye development and its implications for the evolution of 
the various eye-types. Zoology 104 (2001), 171-183



William A. Harris,
Proc.Natl.Acad.Sci.USA 
94 (1997), 2098-2100



Linear chain

Network

Processing of information in cascades and networks
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2            14
3              6
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Analysis of nodes and links in a step by step evolved 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).



Wolfgang Wieser. Die Erfindung der Individualität oder die zwei Gesichter der Evolution. Spektrum 
Akademischer Verlag, Heidelberg 1998.

A.C.Wilson. The Molecular Basis of Evolution. Scientific American, Oct.1985, 164-173.
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